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a1-Antitrypsin deficiency (ATD) is a common genetic disorder that can lead to end-stage liver and lung disease.
Although liver transplantation remains the only therapy currently available, manipulation of the proteostasis
network (PN) by small molecule therapeutics offers great promise. To accelerate the drug-discovery process
for this disease, we first developed a semi-automated high-throughput/content-genome-wide RNAi screen to
identify PN modifiers affecting the accumulation of the a1-antitrypsin Z mutant (ATZ) in a Caenorhabditis ele-
gans model of ATD. We identified 104 PN modifiers, and these genes were used in a computational strategy to
identify human ortholog–ligand pairs. Based on rigorous selection criteria, we identified four FDA-approved
drugs directed against four different PN targets that decreased the accumulation of ATZ in C. elegans. We
also tested one of the compounds in a mammalian cell line with similar results. This methodology also
proveduseful inconfirming drugtargets invivo, and predicting thesuccessofcombination therapy.Wepropose
that small animal models of genetic disorders combined with genome-wide RNAi screening and computational
methods can be used to rapidly, economically and strategically prime the preclinical discovery pipeline for rare
and neglected diseases with limited therapeutic options.

INTRODUCTION

a1-Antitrypsin (AT)/SERPINA1 is the prototypical member of
the serpin superfamily and a major anti-protease in the circula-
tion and extracellular fluids (1). The function of AT is to
protect tissues from collateral damage by neutralizing
leukocyte-derived peptidases (2,3). Decreased circulating AT
levels, as occurs in the classical form of a1-antitrypsin defi-
ciency (ATD), predisposes adults to developing emphysema
and chronic obstructive pulmonary disease (4–6). In addition,
ATD patients homozygous for the most common mutation, Z
(E342K), are at increased risk of developing liver disease
throughout their lifetime (7,8).

Hepatocytes are the major biosynthetic source of AT, where
the protein normally enters the constitutive secretory pathway
(9). However, the Z mutation delays native folding and impairs
secretion, which leads to polymerization and aggregation of the
mutant protein (ATZ) by a domain swapping mechanism (10).
Consequently, ATZ is retained within the endoplasmic reticulum
(ER) as large inclusions that cause fibrosis/cirrhosis and hepato-
cellular carcinoma (11–17). In ATD patients, therefore, a loss
of serpin inhibitory activity underlies the lung disease, whereas
a toxic gain-of-function triggers liver disease.

The only treatment currently available for the complications
of ATD liver disease is transplantation (18). A number of thera-
peutic strategies are being developed, including cell-based
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strategies (19–21), gene therapy strategies (22–24) small mole-
cules originating from structural analysis (25–28) and drugs that
are predicted to capitalize on endogenous proteostasis mechan-
isms (29,30). Although these diverse approaches are in various
stages of evolution towards clinical application, there is still a
great need for small-molecule drugs to enter the discovery pipe-
line for this relatively common genetic disorder (1 in 2000–5000
individuals of Northern European decent) (19). Until recently,
this unmet clinical need stemmed partly from the lack of both
an ATD model amenable to high-throughput genetic modifier
and drug-discovery campaigns. To overcome this problem, we
developed a small animal model of ATD using transgenic C.
elegans strains expressing either wild-type AT (ATM) or
mutant ATZ fused C-terminal to sGFP (s indicates signal peptide).
sGFP::ATZ, but not the control sGFP::ATM, expressing strains
accumulated aggregated protein within their ER and this accu-
mulation resulted in systemic toxicity manifested by decreased
brood sizes, growth and longevity. Moreover, the sGFP::ATZ-
expressing animals were easily distinguished from sGFP::ATM-
expressing animals, which facilitated the development of an
automated high-throughput screening (HTS), high-content
screening (HTS/HCS) assay for drugs that modulate the dispos-
ition of ATZ in live animals (20). Using a modification of this
technology, we report here a semi-automated, genome-wide
RNAi screen for proteostasis network (PN) disease modifiers
of sGFP::ATZ accumulation. By using these PN modifiers to
query target–ligand interaction databases, we developed a com-
putational approach to identify new compounds that were effect-
ive in reducing ATZ accumulation in the C. elegans and a
mammalian cell line overexpressing ATZ. This study demon-
strated that a combination of genome-wide RNAi screens and
in silico drug-discovery strategies provided a rapid and econom-
ical means for preclinical drug repurposing for common as well
as rare and neglected diseases, such as ATD.

RESULTS

A genome-wide RNAi screen for genes that modify
sGFP::ATZ accumulation

Genome-wide RNAi screens are powerful means of systematic-
ally investigating genes that modulate biological processes (21).
Previously, we developed a high-quality, HTS/HCS protocol for
drugs that effect sGFP::ATZ accumulation in C. elegans (20).
We adapted the assay to perform a semi-automated, genome-
wide RNAi screen using the Arhinger feeding library (21). Our
copy of the library contains Escherichia coli strains expressing
double-stranded RNAs for 16 256 genes (�500 of the original
clones were eliminated due to annotation or technical errors
(22)), which covers �85% of the C. elegans genome. The
RNAi library was re-arrayed by chromosome number into 203
deep-well 96-well plates and an aliquot was removed for over-
night growth and IPTG induction. One hundred transgenic
sGFP::ATZ animals with similar fluorescence intensity were
sorted into each well of a 96-well optical bottom assay plate
along with a single bacterial RNAi clone for 48 h. Animals
were immobilized and imaged utilizing the ArrayScan VTI. A
flowchart outlining RNAi screen workflow, ArrayScan VTI

images and development of a high quality single-well screening
assay are summarized in Supplementary Material, Fig. S1A–K.

Image capture and data analysis required 60–80 min per 96-well
plate. Assuming a 40 h workweek, a single person could screen
the entire library of �17 000 clones in �20 days.

For each RNAi sample on a plate, a z-score was calculated
using a single plate sample-based method (see Materials and
Methods). A total of 255 RNAi clones exceeded the arbitrary
threshold of an absolute z-score .2.35 (corresponding to a
P , 0.05) and were selected for verification by a second
round of testing (Fig. 1A and B). The second round of screening
was completed in liquid culture as in the primary screen, except
that: (i) RNAi samples were tested in triplicate wells (n ¼ 100
animals/well), (ii) several vector(RNAi) control wells were
included on each individual plate and (iii) each RNAi sample
was assayed independently on 2 or more separate days. A two-
tailed t-test identified individual RNAi sample well averages on
each plate that were significantly different (P , 0.05) from
that of the corresponding vector(RNAi) controls (Fig. 1C–E).
A total of 104 RNAi clones passed the secondary screen with
100 increasing and four decreasing sGFP::ATZ accumulation
(Supplementary Material, Table S1). Since we inferred that
the action of a wild-type gene was opposite to that of the
RNAi effect (i.e. if gene A was a proteostasis enhancer and
normally decreased sGFP::ATZ accumulation, gene A(RNAi)
increased sGFP::ATZ accumulation), we arbitrarily classified
the two groups of 100 and 4 PN modifier genes as ‘PN
enhancers’ and ‘PN inhibitors’, respectively (Supplementary
Material, Table S1).

Comparison with other RNAi screens directed against
C. elegans models of protein misfolding disorders

Transgenic C. elegans strains have been used to model aspects
the cellular pathology of protein misfolding disorders associated
with polyglutamine (polyQ) repeat sequences (e.g. Huntington’s
disease) (23), a-synuclein mutants (e.g. Parkinson’s-like dis-
eases) (24), tau mutants (e.g. frontotemporal dementia) (25)
and superoxide dismutase (SOD1) mutants (e.g. amyotrophic
lateral sclerosis) (26) (summarized in Supplementary Material,
Table S2). Selected subset or genome-wide RNAi screens
were conducted for PN modifiers, with the majority of RNAi
clones exacerbating abnormal phenotypes or increasing the
accumulation of the misfolded proteins (see Silva et al., for a
notable exception 27). Surprisingly, there was little overlap
among PN modifier sets identified by these studies, although
many of the studies identified genes associated with common
GO biological processes (vide infra).

To determine whether our set of PN modifiers overlapped with
those from the other C. elegans screens, we employed a modified
Fisher’s exact test (28). None of the gene lists from these RNAi
screens showed a statistically significant overlap with our
dataset. However, a total of eight PN modifiers from this study
were detected in a least one of the three genome-wide RNAi
screens for PN modifiers (Fig. 2; Supplementary Material,
Table S2). These screens included two for polyQ-induced path-
ology in either body wall muscle or neurons (23,29), and one for
mutant a-synuclein expression in neurons (26) (Fig. 2; Supple-
mentary Material, Table S2). Notable in this group was genes
involved in the RNAi pathway and protein synthesis.

As a final test to ensure that common PN modifiers had not
been overlooked due to the initial single-well assay format, we
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retested 30 different RNAi clones that were identified in at least
two of the historical RNAi screens (Supplementary Material,
Fig. S2). However, none of these RNAi clones altered
steady-state levels of sGFP::ATZ. Taken together, these studies
suggested that the PN modifiers regulating the cellular response
to sGFP::ATZ were different from those associated with other
aggregation prone-proteins, or that the PN pathways vary to a
certain extent by the cellular (e.g. intestine, neuronal and
muscle) and subcellular sites (e.g. ER, cytosolic) of misfolded
protein accumulation.

Gene ontology analysis

Enrichment of gene ontology (GO) terms significantly overre-
presented in the 104 C. elegans PN modifier genes was assessed

using the GOrilla web-based application (http://cbl-gorilla.cs.
technion.ac.il/) (30). We found no significant enrichment for
any of the molecular function terms. Among the cellular compo-
nent terms, only the intracellular part (GO:0044424) was overre-
presented (1.7-fold) in comparison to a genome-wide control
group of 11870 C. elegans genes with associated GO terms.
However, the majority of enriched terms were associated with
different developmental pathways, as might be expected from
the high degree of development-related annotation in Worm-
Base. To overcome this potential bias and to obtain data relevant
to mammalian systems, the 104 C. elegans PN modifier genes
were assigned human orthologs (Fig. 3A) utilizing two inde-
pendent methods. First, we used WormBase (http://www.
WormBase.org; referential freeze WS236) to query the se-
quence names of the 104 PN modifier genes and identify the cor-
responding human orthologs with the highest pBLAST score
and/or best predicted human ortholog (based on curated data
from TreeFam, Inparanoid, Panther, EnsEMBL-compara ortho-
log prediction programs) (Supplementary Material, Table S1).
Using this method, we found 77% (80 of 104) of the C.
elegans genes to be orthologous to human genes (Fig. 3A and
B). This high percentage of orthologous genes appeared to be
typical (48–61%) of the gene sets accrued from RNAi PN
modifier screens using other C. elegans models of proteotoxicity
(24–27). Second, we utilized the more stringent OrthoList com-
piled by Shaye and Greenwald (31), which is now available as an
online tool via WormBase. The OrthoList was derived from a
meta-analysis of 4 independent prediction methods, in order to
generate a human ortholog list of 7663 C. elegans genes. Of
the 104 C. elegans PN modifiers, 55 were found in OrthoList,
yielding a match of 53% (Fig. 3A and B). While this was a
lower matching rate compared with WormBase, it was still
higher than the 35–38% human orthologs predicted to be
present in the C. elegans genome (31). Comparison of both the
WormBase- and OrthoList-assigned human orthologs showed

Figure 1. RNAi screen for sGFP::ATZ PN modifiers. (A) A schematic showing how the final list of 104 PN modifiers were obtained from 16 256 RNAi clones. (B)
Summary of the genome-wide RNAi screen. Graph shows z-scores for each RNAi treatment. A positive or negative z-score indicates that the treatment either increased
or decreased ATZ accumulation, respectively. (C–E) Sample fluorescence well images. Images show animals treated with an RNAi that had no effect (C), decreased
(D) or increased (E) ATZ accumulation. Numbers at the bottom represent actual z-scores.

Figure 2. Comparison of RNAi screens for modifiers of protein misfolding dis-
eases. A Venn diagram highlighting overlapping hits from other RNAi screens
using models for diseases caused by protein aggregation or misfolding. Wang
et al. (26) study (A), current study (B), Nollen et al. (22) study (C) and Lejune
et al. (29) study (D). The details of each screen are summarized in Supplementary
Material, Table S2. Numbers within parenthesis represent the total number of hits
reported. Numbers not in parentheses represent number of overlapping hits with
other screens. ∗F48F7.1 (alg-1); †C14B9.7 (rpl-21), F42C5.1 (rpl-8), Y46G5.4
(phi-10); ‡C07B5.5 (nuc-1), Y47D3B.2 (hum-5), ZC395.10.
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�90% overlap with a combined set of 85 genes (Fig. 3B; Supple-
mentary Material, Table S1). These findings suggested that the
RNAi screen for PN modifiers identified a proportionally
higher percentage of evolutionary conserved genes.

To compare the profiles of C. elegans PN modifiers to
the human orthologs derived from WormBase and Ortho-
List, all three datasets were analyzed using the Database for An-
notation, Visualization and Integrated Discovery (DAVID)
Bioinformatics Resource v6.7 (32). A functional annotation
chart was generated using a term-centric singular enrichment
analysis so that the protein profiles could be directly compared
from C. elegans to humans (Fig. 3C). The corresponding
donut chart shows overlap of the protein functional profiles,
between C. elegans and humans. Comparison of functional
categories between C. elegans PN modifiers and WormBase-
and OrthoList-assigned genes showed 11/16 (68%) and 7/16
(43%) overlap, respectively. Consistent with �90% overlap
in genes, overlap in 13/16 (81%) functional categories was
seen between WormBase- and OrthoList-assigned human
orthologs.

Computational identification of potential drug–target
interactions using human homologs/orthologs to c. elegans
hits

Based on the examination of our PN modifier set using compara-
tive analysis to other RNAi screens, pathway analysis and ortho-
log searches; no PN master gene set emerged with exception of a
few known PN modifiers such as age-1, ire-1 and daf-16. Rather
than further investigate the biologic activity of each new PN
modifier, we sought to utilize the gene set as whole to serve as
potential drug–target list and search for potential compounds
that would be effective in decreasing sGFP::ATZ accumulation.
The advantage of this approach is (i) prior knowledge of the gene
function was not required, just whether the gene functioned as a
PN enhancer or inhibitor in order to select an agonist or antagon-
istic compound, respectively; (ii) the low cost and high proces-
sivity of screening and validation in C. elegans; (iii) selection
of druggable targets from a gene set based on phenotype; (iv)
the identification of drugs that could be tested rapidly for efficacy
in other types of protein misfolding disorders; and (v) acceler-
ation of the drug-discovery process by repurposing of FDA-
approved drugs that also prove to be effective in vertebrate
models of misfolded protein disorders.

We investigated the possibility of using a computational
approach to identify potentially therapeutic drugs that are pre-
dicted or known to target proteins encoded by the PN modifiers.
We searched STITCH (Search Tool for Interactions of
Chemicals; www.stitch.embl.de) and METACORE by Thomson
Reuters (http://thomsonreuters.com/products_services/science/
science_products/a-z/metacore/) databases for relevant drug–
target interactions (33,34). STITCH currently contains informa-
tion on .2 million interactions between .300 000 chemicals
and 2.6 million proteins from .1100 organisms. MetaCore is
a systems biology platform for pathway analysis and drug-
discovery. STITCH primarily uses keyword mining of the litera-
ture and experimental data to predict protein–drug interactions.
A confidence score (ranging from 0 to 0.999) is provided to indi-
cate the probability that the predicted interaction exists. For
the purpose of this study, only protein–drug interactions with
a confidence score of ≥0.9 were investigated. MetaCore uses
manually curated literature searches, and links drug–target
information to the original references. Unlike STITCH, no con-
fidence score is provided. Of the 85 human PN modifiers queried,
12 drug–target interactions were identified using either STITCH
or MetaCore. These data are captured in expandable online
archive and can be used to identify all potential drug–target
interactions (Supplementary Material, Fig. S3, http://www.
ccbb.pitt.edu/faculty/bahar/hitanalysis/). In some instances,
PN modifiers had multiple (.75) predicted drug interactions.
Conversely, we found some drugs to have multiple predicted
targets. For example, midostaurin, a synthetic indolocarbazole
kinase inhibitor, was predicted to interact with several targets in-
cluding ABL, VEGFR2, PDGFR, AKT-1, PIK3, MAPK10,
ERN1, FLT3 and PRKAA1. To increase stringency, drugs
with multiple or non-specific target interactions were omitted
from further analysis. Moreover, only drug–target interactions
predicted by both STITCH and MetaCore were chosen for
further investigation. Since some drugs were not readily
available due to licensing restrictions or excessive cost, we
tested only those compounds that were found in Library of

Figure 3. Human orthologs and drug–target interaction prediction. (A) A flow
chart summarizing the in silico approach used to identify human drug–targets
from the 104 C. elegans PN modifiers. (B) A Venn diagram showing the
overlap between human orthologs identified by OrthoList and WormBase. (C)
DAVID analysis comparing the WormBase (outer ring) and OrthoList (inner
ring) assigned orthologs to the original C. elegans protein profile (middle
ring). (D) Final list of targets and interacting drugs identified using STITCH
and Metacore.
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Pharmacologically Active Compounds (LOPAC). In total, eight
drugs targeting four PN modifiers (PI3 K, TTR, ABC and
OPRL-1) met our criteria for further investigation (Fig. 3D).

Drug analysis

To determine whether any of the eight compounds were poten-
tially therapeutic, sGFP::ATZ animals were treated for 24 h
and misfolded protein accumulation was measured using
the ArrayScan VTI. Fluphenazine was identified in a previous
small molecule screen to reduce sGFP::ATZ accumulation and
was included as a positive control (20). Average results from
three independent experiments showed that wortmannin, flus-
pirilene, fluoxetine and amiodarone significantly decreased
sGFP::ATZ accumulation in a dose-dependent fashion (12.5–
100 mM) compared with the DMSO control (Fig. 4A and B).
Based on these findings, we selected one of these compounds,
fluspirilene and tested it on a mammalian cell line expressing
ATZ. As shown with C. elegans, fluspirilene showed a dose de-
pendent decrease in ATZ accumulation in ATZ-inducible HeLa
cell line, HTO/Z (Fig. 4C).

Drug–target validation

We used a genetic approach to obtain insight into drug–target
interactions. Wortmannin is a fungal steroid metabolite that inhi-
bits mostly Classes I and III phosphatidylinositol 3-kinases
(PI3Ks) (35). In a C. elegans model of hypoxic injury, 100 mM

wortmannin blocks autophagy by inhibition of the class III
PI3K, VPS-34 (36). Since autophagy inhibition enhances
sGFP::ATZ accumulation, wortmannin was more likely to
inhibit the class I PI3K, AGE-1, which would phenocopy the
effects of reduced insulin/insulin-like signaling (IIS), rather
than VPS-34 (37). To determine whether AGE-1 was the target
of wortmannin in this model, we first crossed sGFP::ATZ
animals with age-1(hx546) mutants. As expected, the loss of
AGE-1 activity resulted in a marked, but not complete, decrease
in ATZ accumulation (Fig. 5A). If the effects of wortmannin and
age-1(hx546) on sGFP::ATZ accumulation were in the same or
different pathways, then treatment of sGFP::ATZ; age-1(hx546)
animals with an effective, but not maximal, dose of wortmannin
(Fig. 5B) would be expected to have no or an additive effective,
respectively. No additive effect was detected (Fig. 5C), despite
GFP(RNAi) demonstrating that the sGFP::ATZ levels were
not below the ArrayScan VTI level of detection (Fig. 5B and
C). Loss of AGE-1 activity, activates a downstream FOXO tran-
scription factor, DAF-16, which leads to decreased sGFP::ATZ
accumulation (Fig. 5A). Thus, if wortmannin inhibits AGE-1,
a daf-16 loss-of-function mutation should suppress the protect-
ive effects of the drug. This was the case as sGFP::ATZ;
daf-16(m26) animals were resistant to the effects of the drug, al-
though sGFP::ATZ accumulation could still be modulated with
GFP(RNAi) treatment (Fig. 5D). Interestingly, the other three
compounds isolated via the in silico screen, as well as the fluphe-
nazine positive control, reduced sGFP::ATZ accumulation in
sGFP::ATZ; daf-16(m26) animals (Fig. 5E). Taken together,
these studies strongly suggested that wortmannin inhibited the
class I PI3K, AGE-1 and that the other compounds were active
on other target pathways. If this were the case, then combination
therapy between wortmannin and one of the other compounds

should be feasible. To test this hypothesis, we treated
sGFP::ATZ animals with equal amounts of wortmannin and
fluphenazine at three different concentrations. In all cases,

Figure 4. Drug–target analysis. (A) L4 GFP::ATZ animals were treated with
100 mM of each drug for 24 h and analyzed using the ArrayScan VTI. (B) Drug–
dose response curves. The experiment was repeated three times, and a representative
experiment shown. The error bars represent the SD of five replicate wells (n . 150
animals/treatment). Statistical significance was determined by using a Student’s
t-test. ∗∗∗P , 0.001, ∗∗P , 0.01. (C) Effect of fluspirilene on steady-state levels
of ATZ in a cell line model of ATZ. HeLa cells engineered to express ATZ
(HTO/Z) were treated with DMSO, carbamazepine (CBZ) (positive control) or flus-
pirilenefor48 h.Lysateswerepreparedandseparatedintosolubleandinsoluble frac-
tions. Samples were analyzed by immunoblotting with antibodies against AT (top)
and GAPDH (middle). GAPDH is cytosolic marker and its absence in the insoluble
fraction indicates correct fractionation. The blots were also stained with GelCode
Blue (bottom) to demonstrate equal sample loading in each well.
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combination therapy decreased sGFP::ATZ accumulation more
than either monotherapy (Fig. 5F).

DISCUSSION

We developed a semi-automated high-content genome-wide
RNAi screening strategy that employs three crucial components
to greatly streamline the screening process: the COPASTM

BIOSORT to select for homogenous fluorescing populations
of transgenic animals (decreases assay variability), the culturing
of 100 animals in liquid media of each well of a 96-well plate
(higher-order plates with this number of animals did not
provide enough capacity for media and bacteria to conduct a
typical 48 h RNAi assay), and the automated ArrayScan VTI

image acquisition platform to identify 104 PN modifiers affect-
ing the accumulation of sGFP::ATZ. These methodological
improvements to genome-wide RNAi screening eliminated the
labor intensiveness, subjective analysis and operator fatigue
associated past screens and permitted one person to complete
the screen in �20 days (23–27).

Analysis of genome-wide of RNAi screens for PN modifiers in
other C. elegans models of misfolded protein accumulation

failed to identify any genes in common to all the models,
which included the expression polyglutamine (polyQ) repeats,
a-synuclein, tau or superoxide dismutase (SOD G85R)
(23–27). Thus, it was not surprising that few of the 104 modifiers
of this RNAi screen were found in common with the others.
While variations in experimental designs and selection criteria
may account for this apparent discrepancy, it also conceivable
that the types of PN modifiers modulating misfolded proteins
localizing to the ER lumen (e.g. ATZ) are different from
those restricted to the cytosol (e.g. polyQs, SOD), much as
ER-associated degradation and heat-shock response pathways
regulate protein misfolding in the ER and cytosol, respectively
(38). The lack of overlap between the results from different
RNAi screens might also be due to the nature of the transgene
product itself (e.g. polyQ versus ATZ) or cell types expressing
the misfolded protein (e.g. muscle versus intestine).

The molecular mechanisms or pathways associated with 104
PN modifiers that modulate sGFP::ATZ disposition are still
poorly defined and merit further investigation. However, the
major advantage of this study was the determination that this
type of RNAi screen could be used to rapidly identify potential
drug targets using computational approaches, even in the
absence of extensive knowledge about target functions, other

Figure 5. Drug–target validation. (A) Steady-state expression levels of sGFP::ATZ in the N2, age-1(hx546) and daf-16(m26) backgrounds. Data are normalized to
N2;sGFP::ATZ worms. (B–D) Effect of wortmannin on steady-state levels of sGFP::ATZ. N2;sGFP::ATZ (B), sGFP::ATZ;age-1(hx546) (C) and
sGFP::ATZ;daf-16(m26) (D) animals were treated with wortmannin (100 mM) for 24 h and analyzed using the ArrayscanVTI. GFP(RNAi) treatment was included
as a control to show that ATZ levels could be further reduced in each line. Note wortmannin reduced the sGFP::ATZ level in the wild-type N2 but not in
age-1(hx546) or daf-16(m26) mutant backgrounds. (E) Effect of various drugs on sGFP::ATZ;daf-16(m26) animals. Of the drugs known to decrease sGFP::ATZ
levels in the N2 background, only wortmannin failed to reduce sGFP::ATZ in the daf-16(m26) background. (F) ATZ::GFP animals were treated with 5, 12.5 or
50 mM of fluphenazine and wortmannin, either singly or in combination. The data were normalized to the untreated DMSO control within each experiment. All experi-
ments were repeated at least three times with n . 150 animals/treatment. Error bars represent SD (A–E) or SEM (F). Statistical significance was determined using the
Student’s t-test. ∗∗∗P , 0.001, ∗∗P , 0.01, ∗P , 0.05.
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than their effects on SGFP::ATZ accumulation. We employed
two independent, but complementary programs, STITCH and
MetaCore, to identify chemical/drug and protein interactions
(33,34). Of the 85 human PN modifiers queried, a total of eight
compounds (two directed against each of four targets) were
selected as a proof-of principal for this strategy. Remarkably,
one compound for each of the four targets showed a dose-
dependent decrease sGFP::ATZ accumulation in C. elegans.
Failure of the other four compounds to have the predicted
effects in C. elegans were not investigated, but might be due to
differences in pharmacokinetics, pharmacodynamics or target-
binding site homology between the C. elegans and mammalian
systems. While the overall success rate of 50% was encouraging,
small numbers preclude the calculation of a meaningful positive
predictive value. The results do, however, underscore the great
potential for combining genome-wide RNAi screens with com-
putational drug-discovery methodologies. The demonstration
that one of the compounds, fluspirilene, was also effective in re-
ducing ATZ accumulation in a mammalian cell line lends add-
itional support for further development of this rapid preclinical
drug discovery/repurposing strategy.

A second advantage of this drug-discovery strategy was the
use of facile genetic techniques in C. elegans to determine
whether the observed drug effect was due to activity within the
predicted target pathway or to an off-target effect. Wortmannin
was identified in the screen as a potential inhibitor of the type I
PI3K kinase, AGE-1. AGE-1 functions downstream of the sole
insulin-like receptor, DAF-2, and inhibition of this IIS
pathway suppresses the proteotoxic effects of sGFP::ATZ in
this C. elegans model, as well as other C. elegans models of mis-
folded protein accumulation (39). However, wortmannin also
inhibits the class III PI3K, VPS-34, which blocks autophagy in
C. elegans and mammals as well (36). Since autophagy was an
important means of reducing sGFP:: ATZ accumulation (40),
suppression of this pathway would be deleterious to these
animals. Treatment of the animals with wortmannin decreased
sGFP::ATZ accumulation, and this effect was neither enhanced
in age-1 mutants nor effective in animals with a mutation in the
downstream AGE-1 target gene, daf-16. Taken together, we con-
cluded that the effects of wortmannin at the concentrations used
in these animals were via inhibition of AGE-1 and not VPS-34 or
some off-target pathway. The large collection of C. elegans
single gene mutants, combined with a simple quantitative
readout system using fluorescent fusion proteins, makes this
system ideal for identifying potential drug targets or target path-
ways after phenotype-based drug screening. While this technol-
ogy was not meant to replace target identification by the
gold-standard of drug–ligand binding measurements in vitro,
it does provide the rationale for embarking upon more detailed
kinetic or structural studies with purified reagents or expensive
development of a lead series by exploring structure–activity
relationships in vitro.

A third advantage of this drug-discovery strategy was the
ability to test for the efficacy of combinational therapy. Due to
their toxicity, drugs like wortmannin have been largely aban-
doned as therapeutics in humans. One means to lower toxicity
is to use different delivery systems, such as microspheres, to dir-
ectly deliver lower concentrations of a drug directly to the tissue
of interest (41). Another means to avoid toxicity is to utilize
lower concentration of drug by combining it with other

therapeutics directed at different targets or target pathways. By
using the genetic methods outlined above, we showed that
unlike wortmannin, none of the other three candidates exerted
their effect via the IIS pathway. This observation was validated
by using the C. elegans model to show that comparable reduc-
tions of sGFP::ATZ accumulation could be achieved at lower
doses of wortmannin when it was combined with one of the
other drugs. This effect underscores the ability of this experi-
mental system to both identify and test the efficacy of comple-
mentary therapeutics. In conclusion, these studies showed that
by utilizing the hits from a genome-wide RNAi screen, compu-
tational methods could be used to rapidly and strategically
develop compounds to prime the preclinical drug-discovery
pipeline for rare or neglected diseases lacking effective
treatments.

MATERIALS AND METHODS

Worm strains and culture conditions

Strains VK694 (vkIs694 [Pnhx-2::sGFP::ATZ;Pmyo-2::mRFP])
and VK695 (vkIs695 [Pnhx-2::sGFP::ATZ;Pmyo-2::mRFP])
were generated by co-injecting young adults with the plasmids
Pnhx-2::sGFP::ATZ and Pmyo-2::mRFP at a final concentration
of 70 and 10 ng/ml, respectively. The extra-chromosomal array
was integrated by gamma irradiation as described (42).
VK2026 (age-1(hx546);vkIs695 [Pnhx-2::sGFP::ATZ;Pmyo-2::
mRFP]) and VK757 (daf-16(m26);vkIs695 [Pnhx-2::-
sGFP::ATZ;Pmyo-2::mRFP]) were generated by crossing
VK695 with strains TJ1052 and DR26, respectively. All
animals were maintained at 228C on nematode growth
medium (NGM) plates seeded with E. coli OP50 (NGM/OP50)
(43).

Preparation of animals for RNAi screening

Twelve to 15 adult sGFP::ATZ transgenic animals were placed
on five 10 cm NGM/OP50 plates. Approximately 7 days later,
early-staged larval animals were isolated by differential sedi-
mentation and transferred to ten 50 cm NGM/OP50 plates. The
larvae were incubated at 228C until the majority of the animals
were at the L4 larval stage, �48 h later. Animal sorting using
the COPAS

TM

BIOSORT. As previously described (20), the
COPASTM BIOSORT (Union Biometric, Holliston, MA, USA)
reduced assay variability by sorting animals into a more homo-
geneous population based upon size and fluorescence intensity.
Animals were cultivated as described above and sorted using
previously described parameters, except that PBS was used for
both washing and sorting (sheath fluid) (20). One hundred L4/
young-adult animals were sorted into each well of a 96-well
optical bottom plate (Nunc MicroWell 96). Approximately
50 000 transgenic animals were required for each 96-well plate
and the sorting time was �45 min/plate. RNAi cultures prepared
as outlined below and added to the wells immediately upon com-
pletion of the sort.

RNAi bacterial preparation and induction

RNAi clones (E. coli strain HT115 (DE3) containing a
PCR-generated genomic DNA fragment ligated into the
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EcoRV site of plasmid L4440) were obtained from the Ahringer
RNAi feeding Library (Geneservice Limited, Cambridge, UK)
(44). A sterile pinning device was used to inoculate each
96-well deep-well plate containing 400 ml of Luria Bertani
(LB) broth (10 g tryptone, 5 g yeast extract, 10 g NaCl and
50 mg/ml ampicillin/l) (45). Each plate was sealed with ThinSeal
(Sigma–Aldrich, St. Louis, MO, USA) film and incubated over-
night at 378C with shaking. The next morning IPTG was added to
each well to a final concentration of 4 mM. The plates were then
resealed and incubated for 1 h with shaking to induce production
of dsRNA. Plates were then centrifuged at 3500 RPM for 5 min
to pellet the bacteria. Supernatant was carefully decanted and the
bacterial pellet was resuspended with 400 ml of LB ampicillin/
IPTG.

RNAi assay procedure

To each well of a 96-well plate seeded with �100 animals, 40 ml of
the induced RNAi culture was added. Next, 5-fluorodeoxyuridine
(FUDR) was added to each well to prevent eggs from develop-
ing. Plates were incubated in a 228C shaking incubator for
48 h. To prevent evaporation, plates were placed into moist
sealed plastic containers.

Image acquisition

Animals in a 96-well plate were anesthetized with 4 mM levami-
sole or 50 mM sodium azide prior to image capture. Images were
acquired with the ArrayScan VTI HCS Reader (Cellomics, Ther-
moFisher, Pittsburgh, PA, USA) fitted with a 2.5× objective and
a 0.63× coupler. The images were captured utilizing a two-
channel (TRITC and GFP) assay previously described (20).
Data were normalized by dividing the total GFP area by the
number of animals per well.

Identification of initial hits

To maintain well alignment with the RNAi library, each plate
contained 96-samples and no additional RNAi controls. As
most RNAi samples were expected to have a minimal effect on
ATZ expression, data from each assay plate served as its own
control. This sample-based, rather than a control-based, normal-
ization has been recommended for RNAi screening by Birming-
ham et al. (46). However, for each batch of plates run on a single
day we included an additional plate containing GFP(RNAi) and
vector(RNAi) as RNAi positive and negative controls, respect-
ively. These controls ensured that the assay was functioning
properly (e.g. animals were viable, growth medium was ad-
equate), but these data were not used for normalization and
were not factored into the z-score determinations. For each
RNAi sample, a z-score was calculated by: z ¼ (x 2 m)/ s,
where x, sample raw score; m, mean of the samples on the
plate; s, the standard deviation of samples on the plate (46).
We arbitrarily selected z-score above or below 2.35 as potential
hits for verification as it corresponds to P , 0.05.

Secondary screening: hit verification

Utilizing the methods described above, RNAi clones yielding
absolute z-score of ≥2.35 were verified by repeating the assay

three times (n ¼ 300 animals). These values were then compared
with the transgenic strain fed on control RNAi (L4440 feeding
vector) for statistical significance through unpaired, Student’s
two-tailed t-test (P , 0.05). RNAi clones that did not show stat-
istically significant data in two of three experiments were
excluded from further analysis. The identity of the positive
RNAi clones were confirmed by DNA sequencing.

Gene ontology analysis

The WormBase ortholog list was generated by entering the 104
PN modifier gene sequence names individually into the search
box, (http://www.WormBase.org; referential freeze WS236),
selecting the ‘for a gene’ search option, and clicking on the hom-
ology section on the left side tool bar. The corresponding human
orthologs with the highest pBLAST score and/or best predicted
human ortholog (based on curated data from TreeFam, Inpara-
noid, Panther and ENSEMBL-compara ortholog prediction
programs)were then selected. The corresponding ENSEMBL
protein ID and gene names were compiled in Supplementary
Material, Table S1. To generate the OrthoList ortholog list, the
PN modifiers were cross-referenced with the published compen-
dium OrthoList compiled by Shaye and Greenwald (31).The
OrthoList was derived from a meta-analysis of four independent
prediction methods, in order to generate a human ortholog list of
7663 C. elegans genes. The corresponding ENSEMBL gene
ID and gene name were compiled in Supplementary Material,
Table S1.

To compare the profiles of C. elegans PN modifiers to the
human orthologs derived from WormBase and OrthoList, all
three datasets were analyzed using The DAVID Bioinformatics
Resource v6.7 (32). The functional annotation option was
selected and the ENSEMBL Gene ID was uploaded for the
OrthoList and WormBase lists (WormBase protein ID was first
converted to gene ID via ENSEMBL website http://useast.
ensembl.org) and the human background selected for analysis.
For the C. elegans dataset, the WormBase gene ID was uploaded
and C. elegans background selected (Supplementary Material,
Table S1), respectively. Functional Annotation was selected
from the tool bar, and SP-PIR-Keywords under the Functional
categories section. A functional annotation chart was generated
detailing the category descriptors, number of genes in this cat-
egory and the associated P-value. To compare the three datasets,
the category descriptors were cross referenced, and a donut chart
generated. Each colored section represents the genes in that cat-
egory, the larger the section, the more genes represented. Note a
single gene may have many associated keywords and therefore
may be present in many categories. The unique category repre-
sents non-overlapping categories.

Computational identification of potential drug–target
interactions using human homologs–orthologs to C. elegans
hits

For the MetaCore analysis, the ENSBL identifier list for both
WormBase and OrthoList was uploaded into MetaCore (from
Supplementary Material, Table S1), and the ‘Drug look-up’
option selected, under the 1-click analysis section. This gener-
ated a list of 12 genes with 69 drug interactors, and 18 genes
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with 147 drugs interactors for the OrthoList and WormBase,
respectively.

For STITCH analysis, the search by name tab was selected and
the gene names entered individually from a composite Worm-
Base, OrthoList ortholog list of 85 genes (Supplementary
Material, Table S1). This generated a list of 23 genes with 41
drugs, and 36 genes with 61 drugs for OrthoList and WormBase,
respectively. The drug lists were then cross-referenced against
the LOPAC library, consolidating the OrthoList to 11 genes
with 17 potential drug interactors, and the WormBase to 10
genes with 44 drug interactors and these data shown in Supple-
mentary Material, Figure S3.

Drug analysis (combination drug analysis)

Animals were synchronized by placing �3000 adult worms onto
a fresh 15 cm NGM agar plate seeded with a lawn of OP50, and
allow egg-laying to occur for 4 h. At that point the adults were
removed by washing in PBS, and only freshly laid eggs were
left. Eggs were allowed to hatch and larvae removed to fresh
seeded plates after 24 h. After 48 h, the worms were then in L4
stage and harvested for the experiment.

The plate was set up by making a 2× assay solution consisting
of 150 l of OP50 working stock, 800 M FUDR, 2× ABAM, in
PBS. This was aliquoted into 200 ml aliquots. The drugs were
reconstituted to 20 mM in DMSO, aliquoted and stored at 2808C.
A fresh aliquot was obtained for each experiment. Drugs were
added to the aliquoted assay solution, to a maximal DMSO con-
centration of 0.5%. Thirty microliters of this solution was then
dispensed into five replicate wells of the 384-well optical
bottom plate.

Animals were harvested and the L4 population selected by dif-
ferential sedimentation, and washed 3× in PBS. Using the
COPASTM BIOSORT (Union Biometrica, Holliston, MA, USA),
35 worms of similar age and GFP expression were sorted into
wells as described (20), diluting the drug solution to 1×.
The plate was then covered in Breathe-EASIERTM film, incu-
bated for 24 h at 208C with shaking. After 24 h, the animals
were anesthetized with 50 mM sodium azide prior to image
capture. Images were acquired with the ArrayScan VTI HCS
Reader previously described (20). Data were normalized by div-
iding the total GFP intensity by the total area of the mRFP head
marker per well.

Fluspirilene treatment of HTO/Z cells

The human epidermal HeLa cell line with doxycycline-
regulated expression of ATZ (HTO/Z) has been described
previously (47). For experiments with Fluspirilene, the Tet-off
inducible cell lines were cultured in the absence of doxycycline
for about 4 weeks to ensure expression of AT. The cells were then
subcultured into separate monolayers in fresh complete growth
medium and incubated for 48 h in the absence or presence of flus-
pirilene or carbamazepine. After the incubation, cells were
homogenized and cell homogenates separated into insoluble
and soluble fractions according to our previously established
technique (48). Samples of 10 mg each were subjected to immu-
noblot analysis for AT and GAPDH. The blots were also stained
with GelCode Blue (Pierce) so that loading of insoluble fractions
could be assessed.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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