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ABSTRACT

MicroRNAs (miRNAs) are evolutionary conserved noncoding molecules
that regulate gene expression. They influence a number of diverse bi-
ological functions, such as development and differentiation. However,
their dysregulation has been shown to be associated with disease states,
such as cancer. Genes and pathways regulating their biogenesis remain
unknown and are highly sought after. For this purpose, we have vali-
dated a multiplexed high-content assay strategy to screen for such
modulators. Here, we describe its implementation that makes use of a
cell-based gain-of-function reporter assay monitoring enhanced green
fluorescent protein expression under the control of miRNA 21 (miR-21);
combined with measures of both cell metabolic activities through the
use of Alamar Blue and cell death through imaged Hoechst-stained
nuclei. The strategy was validated using a panel of known genes and
enabled us to successfully progress to and complete an arrayed genome-
wide short interfering RNA (siRNA) screen against the Ambion Silencer
Select v4.0 library containing 64,755 siRNA duplexes covering 21,565
genes. We applied a high-stringency hit analysis method, referred to as
the Bhinder-Djaballah analysis method, leading to the nomination of
1,273 genes as candidate inhibitors of the miR-21 biogenesis pathway;
after several iterations eliminating those genes with only one active
duplex and those enriched in seed sequence mediated off-target effects.
Biological classifications revealed four major control junctions among
them vesicular transport via clathrin-mediated endocytosis. Altogether,

our screen has uncovered a number of novel candidate regulators that
are potentially good druggable targets allowing for the discovery and
development of small molecules for regulating miRNA function.

INTRODUCTION
icroRNAs (miRNAs) are small, noncoding RNA mole-
cules composed of 20-23 nucleotide (nt) length that
regulate gene expression at the mRNA post-transcriptional
level resulting in translational repression or degrada-
tion. Discovered in 1993 from nematode Caenorhabditis elegans, Lee
and coworkers found that lin-4, an important gene for postembry-
onic development of C. elegans does not code for a protein; instead, it
is transcribed into a 22-nt RNA molecule.' Seven years later, a second
miRNA, let-7 also emerged as a heterochronic switch gene from
C. elegans genetic screening” and the discovery of many more miRNAs
in their biological roles has continued thereafter. A major milestone in
2002 established association of miRNAs with cancer when Calin and
coworkers demonstrated deletion and downregulation of miR-15 and
miR-16 in lymphocytic leukemia.®> miRNAs are now implicated in a
number of diverse biological functions, including cell proliferation,
development, differentiation, and metabolism.

According to the current biogenesis model,"”> miRNAs are tran-
scribed by RNA polymerase II or RNA polymerase III inside the nucleus
into primary miRNA (pri-miRNA). The pri-miRNA undergoes en-
donucleolytic cleavage by the microprocessor complex® composed of
DROSHA”® and DGCR8.° The resulting 60-110-nt long precursor-
miRNA (pre-miRNA) is exported into the cytoplasm by Exportin-5
(XPO5) in complex with Ran-GTP, where it gets loaded onto the RNA-
induced silencing complex (RISC).'® RISC is a multiprotein complex
composed of DICER, tar-RNA binding protein (TRBP), and PIWI fam-
ily of argonaute proteins. TRBP initiates conformational changes in
DICER;'" activating it for cleavage of pre-miRNA into 20-22 nt long
mature miRNA composed of a guide strand and its complementary
passenger strand. The mature miRNA are loaded into RISC along with
EIF2C2 to target mRNA.'” The complementary seed region of the miRNA
binds to either the upstream 3’ untranslated region (UTR) or poly A tail of
the mRNA sequence resulting in translational repression or degradation.
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count; OTE, off-target effect; pre-miRNA, precursor-miRNA; pri-miRNA, primary miRNA; RISC, RNA-induced silencing complex; RNAi, RNA interference; siRNA, short
interfering RNA; TGF-P, transforming growth factor beta; TRBP, tar-RNA binding protein; UTR, untranslated region; XPO5, Exportin-5.
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Gene regulation by miRNA is essential for normal development
and strong evidence supports its role in underlying disease states,
including cancer.'*'* Although the mode of action has been exten-
sively studied in the past decade, we have only begun to understand
how genes and pathways regulate miRNA biogenesis and expression.
Recent research has introduced several new proteins that interact
with the miRNA biogenesis, for example, transforming growth factor
beta (TGF-B) and bone morphogenetic protein (BMP) regulate
DROSHA-mediated pri-miRNA processing of miR-21 through bind-
ing of SMAD proteins.'® In another study, Fukuda and coworkers
identified DEAD-box RNA helicase subunits, p68 and p72, in the pri-
miRNA processing.'® Briefly, miRNAs are now recognized as im-
portant regulators of gene expression of which dysregulation leads to
dramatic consequences and emerging studies are now driven toward
understanding their biogenesis.

RNA interference (RNAi) is emerging as a powerful tool for func-
tional genomics analysis to identify genes involved in diverse cellular
processes. In particular, synthetic 20-25-nt double-stranded RNA
molecules or short interfering RNA duplexes (siRNA) are commonly
employed in focused and genome-wide screening applications to
uncover how genes are involved in biological processes. Recently, a
genome-wide siRNA screen identified RBMX to be essential in the
repair of DNA double-stranded breaks.'” Additionally, a kinome-
focused siRNA screen identified PDGFR as a sensitizer of pancreatic
cancer cells.'® As such, we made use of a recently described reporter
cell line of miRNA activity for chemical screening; adapting the
multiplexing potential of the assay to search for modulator genes
using siRNA technology to interrogate and dissect the miRNA bio-
genesis pathway by loss-of-function analysis.'® Our strategy makes
use of a multiplexed-approach to score for genes that modulate miR-
21 biogenesis by monitoring enhanced green fluorescent protein
(EGFP) expression, while simultaneously assessing cell death through
imaged Hoechst-stained nuclei (NUCL), and the cellular metabolic
activity through the use of the Alamar Blue (AB).

In this report, we first describe the implementation and validation
of our multiplexed high-content screening strategy against a panel of
known and reported genes of the miRNA biogenesis pathway. Next,
we report on the execution and performance of our arrayed genome-
wide siRNA screen against the Ambion Silencer Select v4.0 library
containing 64,755 siRNA duplexes covering 21,565 genes. We ap-
plied a high-stringency hit nomination method encompassing cri-
teria of at least two active duplexes per gene and filtered for potential
off-target effects (OTEs), referred to as the Bhinder-Djaballah anal-
ysis (BDA) method,?® and leading to the identification of 1,273 in-
hibitor gene candidates of the miR-21 biogenesis pathway; the
knockdown of which resulted in enhancement of the EGFP fluores-
cence signal output. Here, we present the results of our screen to-
gether with the application of the BDA method to identify active
siRNA duplexes and nominate their gene as potential modulators of
the miRNA biogenesis pathway in general, and discuss how these
newly identified genes and pathways would provide a better under-
standing of miRNA production and regulation. We also provide a list
of 121 high-confidence gene candidates.
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MATERIAL AND METHODS
Cell Culture and Materials

The reporter cell line harboring EGFP under miRNA regulation was
generated as previously reported.'® In brief, HeLaS3 cells were seeded
into a 24-well plate at 200,000 cells per well in 500 pL of growth
media containing Dulbecco’s modified Eagle’s medium (DMEM), high
glucose with L-glutamine, D-glucose, and sodium pyruvate supple-
mented with 10% heat-inactivated fetal bovine serum (FBS). After
24 h, pcDNA/TO/EGFPmiR21 (Addgene, Cambridge, MA) was diluted
with Opti-MEM media to 0.2 pg/well; in which Lipofectamine 2000
transfection solution was added at a final concentration of 0.4 pL/
well, and incubated at room temperature for 15min to promote
transfection reagent complex formation. Next, 100 pL of transfection
reagent complex was added into the wells and incubated for an ad-
ditional 24 h. Cells were passaged, and then selected with Zeocin at a
concentration of 200 pug/mL for 6 days. Zeocin-resistant cells were
harvested and cell stocks were stored at — 170°C."® Cells were grown
at 37°C and 5% CO, in complete growth media containing DMEM,
high glucose with L-glutamine, D-glucose, and sodium pyruvate
supplemented with 10% heat-inactivated FBS, and 200 pg/mL of
Zeocin. All cell culture supplies were from Life Technologies
(Carlsbad, CA) and Sigma-Aldrich (St Louis, MO).

Liquid Dispensing and Automation System

Several liquid dispensing devices were used throughout this study.
siRNA duplexes were plated and transferred using a 384 stainless
steel head with disposable low-volume polypropylene tips on a PP-
384-M Personal Pipettor (Apricot Designs, Monrovia, CA). The ad-
dition of cell suspensions and growth media was performed using the
Multidrop 384 (Thermo Fisher Scientific, Waltham, MA) and AB
addition was performed using the FlexDrop IV (Perkin Elmer,
Waltham, MA). Cell fixation and staining was performed using the
ELx405 automated washer (Biotek, Winooski, VT). Assay plates were
incubated in the Steri-Cult automated incubator (Thermo Fisher
Scientific) under controlled humidity at 37°C and 5% CO,. The assay
was performed on a fully automated linear track robotic platform
(Thermo Fisher Scientific) using several integrated peripherals for
plate handling, cell incubators, liquid dispensing, and detection
systems.

Assay Validation with Focused Panel of Genes

Assay optimization and adaptation into 384-well plate format was
performed as previously described.'® To validate the reporter assay
for RNAi screening, our optimized conditions were tested with a
focused panel targeting 17 genes: (1) known and active components
of the miRNA pathway: DGCRS8, DICER1, DROSHA, EIF2C1, EIF2C2,
EIF2C3, EIF2C4, DHX9, MOV10, TARBP2, TNRC6A, TNRC6B,
TNRC6C, XPO5, (2) cell cycle regulators as functional controls for
transfection efficiency: KIF11, PLK1, and (3) an unrelated gene as a
negative functional control: SCPEP]. Three siRNA duplexes per gene
were obtained from the Ambion Silencer Select v4.0 library, in-
cluding the Silencer Select Negative Control siRNA #1 (4390843) as
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the assay negative control. The siRNA duplexes were diluted from
stock solutions in nuclease-free water and 5 pL was transferred into
assay plates to achieve the desired final concentration of 50 nM.
Next, 10 pL/well Opti-MEM media was added followed by 15 pL/well
Lipofectamine RNAi Max transfection solution at a final concen-
tration of 0.1 uL/well and incubated at room temperature for 20 min
to promote siRNA-transfection reagent complex formation. Next, cell
suspensions, 500 cells per well, were dispensed into the assay plates
in 50 pL growth media. At day 5 post-transfection, 8 pL AB reagent
was added to the cells and further incubated for another day. The
resulting fluorescence intensity was read on the LEADseeker Multi-
modality Imaging System (GE Healthcare, Piscataway, NJ). Cells were
then fixed in 4% paraformaldehyde (w/v) for 20 min followed by
nuclei staining in a solution containing 1M Hoechst and 0.05%
Triton X-100 (v/v) for 15 min. Cells were washed twice in PBS and
assay plates stored at 4°C until imaging. Images of cells in assay
plates were acquired on the IN Cell Analyzer 3000 (INCA3000) for
EGFP fluorescence intensity and Hoechst-stained nuclei.

Gene Expression Analysis Using Quantitative
Polymerase Chain Reaction

Cells were treated with siRNA duplexes targeting specified genes at
5 nM using the Lipofectamine RNAi Max transfection solution for 2
days. Total RNA was extracted from these siRNA-treated cells and
TagMan gene expression assays were run according to the manu-
facturer’s specifications (Life Technologies). As a reference control,
18S rRNA was used for normalization of quantitative real-time
polymerase chain reaction (PCR) data.”!

miRNA Expression Analysis Using Quantitative PCR

Cells were treated as described above with siRNA duplexes tar-
geting EIF2C2, DGCR8, DROSHA, DICER1, and PLK 1. Total RNA was
extracted from these siRNA-treated cells with the miRCURY RNA
Isolation Kit (Exiqon, Woburn, MA) and 10 ng of RNA was used for
first-strand cDNA synthesis with the Universal cDNA Synthesis Kit
(Exiqon). For detection of miRNA expression, PCR amplification was
carried out in a final volume of 10 pL containing 4 pL of cDNA diluted
80x from the cDNA synthesis, 5uL of SYBR Green master mix
(Exiqon), and 1uL of hsa-miR-21 PCR primer mix (Exiqon). The
following conditions were used in the PCR amplification assay: de-
naturation at 95°C for 10 min, followed by an amplification step of 40
cycles at 95°C for 10s, and finally a 60°C step for 1 min on the ABI
7900HT (Life Technologies). As a reference control, 5S rRNA was
used for normalization of quantitative real-time PCR data.*?

Genome-Wide siRNA Library

The Ambion Silencer Select v4.0 library was purchased from Life
Technologies. The arrayed genome-wide siRNA library contains
64,755 siRNA duplexes covering 21,565 genes with an approximate
redundancy of three duplexes per gene and plated across 186 384-
well polypropylene source plates with columns 13 and 14 empty for
controls. The siRNA duplexes have been chemically modified to
enhance their specificity and based on antisense strand analysis;

99.9% of the sequences are unique with a 0.1% degree of redundancy.
In addition, the library has undergone a 5-step bioinformatics fil-
tering process to predict and eliminate siRNA duplexes with OTEs.*
For quality control, the siRNA duplexes are purified, analyzed by
MALDI-TOF mass spectrometry, re-annealed, and then checked by
gel electrophoresis to ensure proper annealing.

Genome-Wide siRNA Library Screening
for Modulators of miRNA Biogenesis

For the genome-wide screen, the siRNA library was diluted from
20 uM stock solutions in nuclease-free water to 1 pM concentration
and 5pL was transferred into assay plates to achieve a final con-
centration of 50 nM. For internal reference, each assay plate con-
tained Silencer Select Negative Control #1 siRNA (4390843) as
negative control in column 13 and EIF2C2 siRNA (s25931) as the
positive control in column 14 at a final concentration of 50 nM. Next,
10 puL/well Opti-MEM medium was added followed by 15 pL/well
Lipofectamine RNAi Max transfection solution at a final concen-
tration of 0.1 pL/well and incubated at room temperature for 20 min
to promote siRNA-transfection reagent complex formation. Next, cell
suspensions, 500 cells per well, were dispensed into the assay plates
in 50 L growth media. At day 5 post-transfection, 8 uL AB was added
to the cells and read on the LEADseeker following a 1-day incubation
as described above. Cells were then fixed and stained followed by
imaging on the INCA3000 for EGFP fluorescence intensity and
Hoechst-stained nuclei. The genome-wide screen was performed in
duplicate to assess reproducibility in a total of 372 assay plates.

Image Acquisition, Analysis, and Screening
Data Management

Images were acquired with an exposure time of 1.5ms on the
automated laser confocal INCA3000 microscope at the following
wavelengths: 364 nm excitation/450 nm emission in the blue chan-
nel for Hoechst-stained nuclei, and 488 nm excitation/535nm
emission in the green channel for the EGFP signal. For assay devel-
opment, nine images per well were collected using a 40 X magnifying
objective covering 90% of the well and required 45 s per well, with a
total imaging time of 180 min for a complete 384-well microtiter
plate. For screening, four images per well were collected using a 40 X
magnifying objective covering 40% of the well and required 10 s per
well, with a total imaging time of 60 min for a complete 384-well
microtiter plate. Images were analyzed using the Raven 1.0 software’s
built-in object intensity analysis module to assess EGFP fluorescence
intensity per well and count the number of Hoechst-stained nuclei.
Analysis of the EGFP signal and the NUCL count required approxi-
mately 20 min for a complete 384-well microtiter plate. Screening
data files were loaded into Oncology Research Informatics System, a
custom-built suite of modules for RNAi registration, plating, and data
management.

Data Analysis by the BDA Method
Assay validation and genome-wide screening data were scored by
applying the BDA method on the multiplexed readouts for EGFP
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signal enhancement, NUCL count, and AB signal output. The BDA
method comprises of 5 steps to analyze and score for the active siRNA
duplexes and genes; namely, (1) active duplex identification, (2)
active gene identification, (3) OTE filtering, (4) re-scoring, and (5)
biological classifications.?® To identify modulators of miRNA bio-
genesis, siRNA duplexes were individually scored as active using an
EGFP signal threshold based on 2 standard deviations (26) from the
mean of the negative control with the Silencer Select Negative
Control #1 siRNA. The active genes were nominated from the active
siRNA duplexes using a hit rate per gene (H score) of >60. H score is
defined as follows:

number of active siRNA duplexes
total number of siRNA duplexes

H score= (1)

To identify cytotoxic genes, siRNA duplexes were individually
scored for NUCL count and AB signal using a threshold of 80% in-
hibition relative to the data median. Genes were nominated as cy-
totoxic using an H score of >60. Active genes were further classified:
noncytotoxic active genes were categorized as nonessential genes
and cytotoxic active genes were categorized as essential genes. The
essential and nonessential genes were subjected to OTE filtering,
followed by re-scoring of the active genes after removing siRNA
duplexes, which qualified as high confidence-OTE. The genes deemed
as active after re-scoring were further analyzed for their biological
classification. Enriched gene ontology (GO) functional categories and
InterPro (IPR) protein domains were found using the DAVID func-
tional annotation tool. A functional activity map was created after
removing redundant GO and IPR terms for the biological functions,
molecular functions, and protein domains in nonessential genes and
essential genes. The statistical data analysis was done using Perl. The
human 3'UTR sequences were obtained from the University of Cali-
fornia at Santa Cruz genome browser: human genome assembly
GRCh37/hg19 (http://genome.ucsc.edu).** The sequences for human
miRNAs were obtained from miRBase release 18 (www.mirbase
.org).”® The drug and druggable target information was downloaded
from DrugBank (www.drugbank.ca).?®

RESULTS
Multiplexed High-Content Assay to Identify
Modulators of miRNA Biogenesis

To screen for genes and pathways that modulate miRNA biogen-
esis, we adapted a previously described cell-based high-content as-
say.'® The reporter cell line expresses a plasmid encoding EGFP fused
to a sequence with perfect complementarity to miR-21 in its 3/ UTR
region, whereby miR-21 endogenously generated by the HeLa S3
cells specifically destabilizes the EGFP mRNA resulting in low-level
protein expression of EGFP; hence, low fluorescence output. By
knocking down genes potentially involved in the miR-21 biogenesis,
the miR-21 levels will be reduced; thus, allowing for the expression
and stabilization of the EGFP mRNA resulting in an increase pro-
duction of the EGFP protein and its fluorescence output (Fig. 1A).
This gain-of-function assay strategy was successfully implemented
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for chemical screening '° and we hypothesize that RNAi-mediated
knockdown of genes involved in the biogenesis pathway would result
in rescue of EGFP expression, and resulting in a gain of a measurable
EGFP fluorescence signal output; hence, a perfect surrogate reporter
to study the cellular miRNA biogenesis activity (Fig. 1B).

As a proof of concept, we adapted the strategy for large-scale
siRNA screening. To achieve the set goals of identifying genes and
pathways that modulate the miRNA biogenesis pathway, we have
devised a simple monitoring of cell metabolic activity using AB to-
gether with dual image acquisition for both EGFP signal and
Hoechst-stained nuclei. By combining this multiplexed approach
with an arrayed siRNA library, we could score on-the-fly for en-
hancement of EGFP fluorescence intensity as the primary readout of
inhibition of miR-21 production, processing, and function; and cell
death by two measures of metabolic activities with AB and cell death
through remaining nuclei per assayed well (Fig. 1C). To our knowl-
edge, this is the first RNAi screening strategy for modulators of
miRNA biogenesis with multiplexed readout enabling us to score for
both nonessential and essential genes in host cells.

Validation of a Multiplexed High-Content Assay

As previously described, we have optimized cell seeding and
transfection conditions in 384-well plate format to identify modulators
of the miRNA biogenesis pathway.'® To evaluate the performance of the
reporter cell line, we validated the assay following an optimized
workflow (Table 1), against a focused panel of siRNA duplexes targeting
17 genes; with some reported to be active components of the miRNA
biogenesis pathway. The library consisted of 14 genes involved in the
miRNA pathway (DGCR8, DHX9,”” DICER1, DROSHA, EIF2C1,%®
EIF2C2, EIF2C3,°°® EIF2C4,”® MOV10,° TARBP2,° TNRC6A,”’
TNRC6B,*' TNRC6C,>' and XP05), an unrelated gene (SCPEP1°?) as a
negative functional control, and two genes were selected as phenotypic
controls targeting cell cycle regulation (KIF11°% and PLK 1°*).KIF11 isa
motor protein involved in chromosome positioning during cell mitosis
and PLK1 is a key regulator of cell division whose knockdown results in
cell death. In addition, we included the Silencer Select Negative Control
#1 siRNA containing a scrambled ineffective siRNA sequence to
measure background EGFP fluorescence intensity.

Three siRNA duplexes were tested for each gene at 50 nM con-
centration and individually scored as a modulator of miRNA bio-
genesis if the EGFP fluorescence intensity was above a threshold
based on 26 from the mean of the Silencer Select Negative Control #1
siRNA (Table 2). siRNA duplexes targeting EIF2C2, DGCRS,
DROSHA, TNRC6B, DICER1, TARBP2, EIF2C3, and MOV10 lead to
an upregulation above the threshold of 20% EGFP signal gain. Of the
reported active components of miRNA biogenesis, our multiplexed-
assay identified EIF2C2, DGCR8, DROSHA, DICERI, and EIF2C3
with at least 2/3 active siRNA duplexes, while TNRC6B, TARBP2, and
MOV10 had only 1/3 active siRNA duplex. As expected, siRNA du-
plexes for SCPEP1 had no effect on EGFP signal; and more impor-
tantly, KIF11 and PLK1 resulted in cell death as measured by AB and
Hoechst-stained nuclei. Representative images obtained for each
duplex tested for the following genes: EIF2C2, DGCR8, DROSHA,
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. DICER1, XPO5, and PLK1 are shown in Figure
A Ui lgenes 2A. The overall acquired images for the valida-
tion are found in Supplementary Table SI
pre-miR-21 S ) (Supplementary Data are available online at
Endogenous miR-21 processing miR!m — RNAi mlirr:i%rj;gg;n[?r:giigggucnon of www.liebertpub.com/adt].
= To evaluate the mRNA levels of the tested
miR21 = = genes after siRNA transfection, we performed
e EGFP mRNA degradation EOFPC BUTR . . oon o i gPCR gene expression analysis and scored those
- == i siRNA duplexes as active for gene knockdown
Low Fluoresc::e Signal Qutput High Fluorescence Signal Output using a threshold set at 60% gene knockdown.
High Endogenous Levels of miR-21 Low Endogenous Levels of miR-21 We find that all three siRNA duplexes per
gene targeting DROSHA, TNRC6B, DICERI,
B Inhibitor g TARBP2, EIF2C1, DHX9, XP05, MOVIo,
— SCPEP1, and PLK1 scored as active for gene
— . knockdown as assessed by qPCR (Fig. 2B).
O = = + = = gthase gu'fgfjfp However, those duplexes targeting EIF2C2,
/@ _—r ] EIF2C4, TNRC6A, and TNRC6C had 2/3 knock-
. = (g down activity, whereas DGCR8 had only one
Engineered Reporter Cell Line siRNA duplexes [— 0 = = active duplex. Duplexes targeting EIF2C3 were
/@ found to be inactive for gene knockdown by
o et No Change in EGFP qPCR. Furthermore, we assessed miR-21 levels
Signal Output following siRNA treatment on four genes, which
C . cnr:. ::;?:[I;GFP . c::ah;:]tggFP Co.nstitute the C(?re miRNA biogenesis regllllators
Signal Output Signal Output using qPCR miRNA expression analysis and
o ) & %;-_ scored siRNA duplexes as active for knockdown
m— T — using a threshold of 40% miR-21 expression
oy f@ remanining. For EIF2C2, 3/3 siRNA duplexes
siRNAduplexes  Engineered Reporter Cell Line were active for knockdown of miR-21. DGCR8
: . AP and DROSHA had 2/3 and 1/3 active siRNA
duplexes, respectively; surprisingly, DICERI
Sl had 0/3 active siRNA duplexes by miR-21 ex-
— = pression analysis (Fig. 2C). Taken together, these
results demonstrate our assay’s sensitivity and
robustness; thus, providing a validated strategy
+ siRNA plating - arrayed format + Alamar Blue readout on LEADseeker to pI’OgI'ESS to the genome—wide screen.
+ Transfection reagent + Fix cells
+ Seed cells + Hoechst Staining
: 2I:?nyairn;:]ub:23:itinn Ei!ﬁ;ﬁ;ﬁ;o:hg;:;mmw Genome_Wide siRNA Screen
“Aicay eusatn - megeanaysh for Modulators of the miR-21

Biogenesis Pathway
To identify genes and pathways that modulate
miRNA biogenesis, the multiplexed-assay was

Fig. 1. Multiplexed-assay strategy to identify gene and pathway modulators of microRNA
(miRNA) biogenesis. (A) Principle of the cell-based reporter assay. Cells expressing a
plasmid encoding an enhanced green fluorescent protein (EGFP) fused to a sequence with ) E 4
perfect complementarity to miR-21 in its 3’ untranslated region (UTR) results in low protein ~ screened against a genome-wide siRNA library
expression levels; hence, low fluorescence intensity output; the EGFP mRNA destabilization containing 64,755 siRNA duplexes covering
is caused by endogenous levels of miR-21. Depletion of miR-21 levels by knocking down 21,565 genes with approximately three siRNA
genes potentially involved in its biogenesis, would allow for restoring the EGFP mRNA
leading to the production of the EGFP protein, and resulting in higher fluorescence signal
output. (B) Adaptation of the cell-based assay to RNAi screening. Cells were reverse
transfected with siRNA duplexes for 6 days. siRNA knockdown of gene targets that inhibit assess the assay robustness and performance. To
miRNA biogenesis results in an increased EGFP fluorescence signal. siRNA knockdown of monitor the assay’s performance throughout the
gene targets that do not effect miRNA biogenesis have no change in EGFP fluorescence screen, Silencer Select Negative Control #1 siRNA
signal. (C) Workflow of the mul'tiplexed-assay gnd imaging analysis. Cells (590 ce}ls per was added to column 13 for negative control and
well) are reverse-transfected with 50nM of siRNA duplexes from the Ambion Silencer EIF2C2 SiRNA into col 14 f it

Select v4.0 library for 6 days. Cells are also incubated with Alamar Blue (AB) reagent to s 1nto cofumn 14 for postiive con-
measure metabolic activity. Automated image analysis scored EGFP fluorescence intensity ~ trol. The controls worked as expected with box
as readout for modulators of miRNA biogenesis and Hoechst-stained nuclei for cytotoxicity. plot analysis of EGFP signal gain showing good

duplexes per gene target at a concentration of
50 nM. The screen was performed in duplicate to
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Table 1. Workflow of Multiplexed-Assay

Step Parameter Value Description
1 siRNA plating-arrayed 5ul SIRNA duplexes diluted in water at 1M
format concentration
2 siRNA dilution 10 puL Opti-MEM media
3 Transfection reagent 15 L Lipofectamine RNAi Max at 0.1 pl/well
in Opti-MEM media
4 Complex formation 20 min Complex formation for siRNA delivery
into cells
5 Cell plating 50 pL 500 cells in growth media
6 Incubation time 5 day 37°C, 5% CO,
7 Alamar Blue 8uL Alamar Blue addition
8 Incubation time 1 day 37°C, 5% CO,
9 Alamar Blue readout | Epi mirror: FLINT LEADseeker multimodality imaging
Emission mirror: Cy3/Cy3B | system
10 Fix 50 uL 4% PFA (w/v) for 20 min
1 Nuclear staining 50 pl 1 uM Hoechst solution with 0.05%
Triton X-100 (v/v)
12 Assay readout 364 nm/450 nm & 488 nm/ | INCA3000 automated microscope
535nm (ex/em)
13 Image analysis - Multiparametric analysis using Raven
1.0 software
Step Notes

1. Dispensing on the PP-384-M Personal Pipettor using a custom 384 head; 30sec per 384-well

microplate.

2. Dispensing into assay plate with Multidrop 384.
3. Dispensing into assay plate with Multidrop 384.
4. Assay plates at room temperature.

5. Cells prepared in media and dispensing into 384-well assay plate with Multidrop 384.
6. Assay plates stored in the Steri-Cult; an automated incubator.

7. Dispensing into assay plate with FlexDrop IV.
8. Assay plates stored in the Steri-Cult.

9. Alamar Blue fluorescence signal quantified with FLINT epi mirror and Cy3/Cy3B emission mirror.
10-11. Aspirating on the ELx405 automated washer and dispensing with Multidrop 384; 1 min per

384-well microtiter plate.

12. For assay development, nine images per well for 45 sec per well with total imaging time of 180 min
per 384-well microtiter plate. For screening, four images per well for 10sec per well with total
imaging time of 60 min per 384-well microtiter plate.

13. Analysis of EGFP signal output and Hoechst-stained nuclei, 20 min per 384-well microtiter plate.

INCA3000, IN CELL Analyzer 3000.

separation from 1% to 100% for the negative and positive controls
(Supplementary Fig. S1). However, the Z' factor was <0 due to large
standard deviations given the heterogeneity of gene silencing from cell
to cell (Fig. 3A). As a gain-of-function assay, the Z' factor had no
impact on the performance and does not affect hit identification.

196 ASSAY and Drug Development Technologies APRIL 2013

Hit Nomination Using the BDA Method

To identify modulators of the miR-21 biogen-
esis, we have implemented the BDA method to
nominate active hits as nonessential or essential
genes and further analyzed for their biological
classification (Fig. 4). In the first step of active
duplex identification for the EGFP signal readout,
individual siRNA duplexes were scored using a
threshold based on 2o from the mean of the
negative control that translates to an EGFP signal
gain of 40% and 7,760 siRNA duplexes were
identified as active (Fig. 3B and Supplementary
Table S2). In the second step for active gene
identification, we set an H score of > 60 to identify
active genes corresponding to at least 2/3 active
siRNA duplexes. In total, 1,301 (219%) of the genes
had an H score =260 and were nominated as
modulators of miRNA biogenesis, while the re-
maining 4,981 (79%) of the genes were filtered out
(Fig. 4).

In parallel for active duplex identification of
NUCL count readout, individual siRNA duplexes
were scored using a median-based method at 80%
inhibition and 5,013 siRNA duplexes identified as
cytotoxic (Fig. 3C). Using an H score =60, 755
(19%) of the genes were nominated as cytotoxic,
while the remaining 3,215 (81%) of the genes were
filtered out (Fig. 4). Similarly for AB signal read-
out, individual siRNA duplexes were scored using
amedian-based method at 80% inhibition and 930
siRNA duplexes were identified as cytotoxic (Fig.
3D). Using an H score of 260, 169 (24%) of the
genes were nominated as cytotoxic, while the re-
maining 525 (76%) of the genes were filtered out
(Fig. 4). The genes nominated using the AB signal
had a complete overlap with the genes selected
from the NUCL count, and we obtained a nomi-
nated list of 755 cytotoxic genes. We incorporated
cytotoxicity data to classify the 1,301 nominated
genes for EGFP signal into two categories: genes
that were noncytotoxic, therefore nonessential,
and genes that were cytotoxic, therefore essential.
This classification resulted in 1,238 nonessential
genes and 63 essential genes. The two categories
were individually subjected to OTE filtering fol-
lowed by re-scoring to obtain a final list of
nominated hits.

Nomination and classification of the 1,216 nonessential gene can-
didates for the miR-21 biogenesis pathway. To nominate the final
list of genes involved in the miR-21 biogenesis pathway, the third
step of the BDA method consisted of OTE filtering to flag potential
false positives due to enrichment of the 7-mer seed sequence (seed
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Table 2. Validation of Multiplexed-Assay

did not score as active with the exception of EIF2C3;
whereas 2/3 siRNA duplexes were active in the vali-

Gene EGFP gain® | Cell viability® | Gene knockdown® Reference dation and only 1/3 siRNA duplexes was active in the
EIF2C2 (Ago2) 2/3 siRNA No effect 2/3 siRNA 12 screen. Among the nonessential genes, we also iden-
e 3/3 SRNA 1/3 SIRNA toxic 13 SIRNA 9 tified two genes previously known to have a regula-
tory role in miRNA biogenesis: HDACI, and NHLH1

DROSHA (RNASEN) 2/3 siRNA 1/3 siRNA toxic 3/3 siRNA 7.8 (HEN1). HDACI is a histone deacetylase, which has
— 13 SIRNA o 313 SiANA 31 recently shown to be a regulator of DGCRS activity.>®
NHLH]1, a methyltransferase that stabilizes miRNA

DICER1 2/3 siRNA 2/3 siRNA toxic 3/3 siRNA 11 during its processing on the 3’ end to prevent ur-
) ) . ) idylation activity.>® Furthermore, RNA polymerase II

TARBF2 113 SiRNA 113 SIRNA toxic 313 siRNA 0 has been described to be an initiator of the miRNA
EIF2CT (Ago1) No gain 1/3 siRNA toxic 3/3 siRNA 28 pathway as it is required for miRNA gene transcrip-
) ) ) ) tion.”” We identified GTF2A2, general transcription

EIF2C3 (Ago3) 2/3 siRNA 1/3 siRNA toxic 0/3 siRNA 28 factor TTA, that is a transcription activator and com-
EIF2C4 (Ago4) No gain No effect 2/3 siRNA 28 ponent of the RNA polymerase II-mediated tran-

i i scription machinery.

TNRCEA No gain No effect 2RI 3 Focusing on the four core components (EIF2C2,
TNRC6C No gain No effect 2/3 siRNA 31 DGCR8, DROSHA, and DICER1I) as seed nodes in
Ingenuity Pathway Analysis (Ingenuity Systems,

Uit M GEI S e 8 Sl 27 Regdwootg City, CA})I, we C(})Instructid negvori maps
XP0O5 No gain No effect 3/3 siRNA 10 to understand how our nominated genes interact
] ] ] ] with known modulators of miRNA biogenesis (Fig.

Y U el U el e S it 2 5A). Among the core components, we identified
SCPEP1 No gain 1/3 siRNA toxic 3/3 siRNA 32 several upstream interactions, including RNASEH 1
and NCK1, which directly interact with DROSHA,

AT e geim 3/3 siRNA toxic 3/3 siRNA - and HDACI, which interacts with DGCRS. In ad-
PLK1 1/3 siRNA 3/3 SiRNA toxic 3/3 SiRNA 34 dition, it has been previously shown that HSP90

“Number of siRNA for given gene resulting in >2c EGFP fluorescence above background as

determined by Silencer Select Negative Control #1 siRNA.

°®Number of siRNA resulting in cytotoxicity with >80% inhibition relative to data median.
‘Number of siRNA resulting in knockdown using a threshold of 40% gene expression remaining.

heptamer) in the antisense strand. The active siRNA duplexes from
nonessential genes were tested for three characteristics of the seed
heptamer in the antisense strand: over-representation in the active
siRNA duplexes relative to the library with P<0.05 (Supplementary
Fig. S2), >10% enrichment in the human 3'UTR sequences, and at
least one perfect match with existing human miRNAs. We found 28
siRNA duplexes in nonessential genes qualifying in 3/3 criteria as
high-confidence OTE that were, therefore, removed from subsequent
analysis (Supplementary Table S3). Furthermore, 396 siRNA duplexes
in nonessential genes qualifying in 2/3 criteria were flagged as low-
confidence OTE and retained for subsequent analysis. As the fourth
step, the remaining subset of the siRNA duplexes was re-scored with
an H score > 60 to obtain a final nominated list of 1,216 nonessential
genes (Supplementary Table S4).

Among the 1,216 nonessential genes nominated in the screen, we
have identified the four core components involved in miRNA biogenesis;
namely, EIF2C2, DGCR8, DROSHA, and DICER]I; consistent with our
validation results. Similarly, the remaining genes from the focused panel

stabilizes EIF2C2 and controls its localization to the
P-bodies and stress granules®® and we identified 11
upstream interactions of HSP90: TGFBR1, NLRP2,
CYP2E1, STUBI, ICK, CD28, CNTF, CD14, FGFR3,
PRMTS5, and BIRC5. Of the reported miRNA bio-
genesis components that were not active in our
validation, network mapping revealed several
known upstream regulators among the nominated genes, including
SMAD4 and TNFRSF1B for XP0O5, TRIM24 for MOV10, and GSN for
DHXO9. Furthermore, we performed network analysis on the entire list
of nominated genes to identify highly interconnected gene clusters.
Subsequently, we identified four high-scoring gene clusters (Fig. 5B).
The most enriched cluster was found to be associated with the
components of the exosome core complex. Additionally, we identi-
fied gene clusters involved in functions relating to transcription
regulation, translation activity, and SMAD binding activity.

Next, we analyzed the 1,216 nonessential genes for enrichments in
GO functional categories (Supplementary Fig. S3) and identified eight
prominent functional clusters: ribonuclease activity (G0:0004540,
G0:0004518, G0:0004527), ribonucleoprotein complex binding (GO:
0043021), transcription factors and regulators (G0:0003700,
G0:0030528), vesicular transport (GO:0016192), cell adhesion (GO:
0007155), enzymatic activity (G0:0016407, G0:0004579, GO:
0008080, GO:0016410, GO:0016765, and GO:0016769), metabolism,
(G0:0032774, G0:0009100, G0:0046148, G0:0018196,
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processes, including signaling. In
addition, we identified members

o s involved in SMAD binding
e (P=0.03), including  MENI,
TGFBR1, CREBBP, COL3Al,

SMAD4, STUB1, and BMPR1A and
its nuclear translocation are also
members of the TGF-f pathway.
Furthermore, we analyzed the
canonical pathway associations
(Supplementary Fig. S4) for the
1,216 nonessential genes and have
identified seven members of the
BMP signaling with P=0.0007. The
TGF-B/BMP signaling pathway is
widely reported to have an estab-
lished role in miRNA biogenesis
through recruitment of SMADs on
pri-miRNAs and enhancing pro-
cessing activity of DROSHA.'® We
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also found enrichments in four
other canonical pathways involved
in signal transduction, including
Activin A, PKA, cAMP, and SIP1.
Activin belongs to the TGF- su-
perfamily and the signaling path-

Fig. 2. Validation results and expression analysis with quantitative polymerase chain reaction (qPCR).
Cells were tested against a focused panel of siRNA duplexes using reverse-transfection, then eval-
uated with image analysis and qPCR. (A) Representative images of cells treated with siRNA duplexes
for EIF2C2, DGCR8, DROSHA, DICER1, XPOs, and PLK1. Images were acquired using the IN CELL
Analyzer 3000 (INCA3000) with green channel for EGFP signal and blue channel for Hoechst-stained
nuclei. (B) Gene expression analysis of cells treated with 5nM of siRNA for 2 days. (C) miRNA
expression analysis of cells treated with 50nM of siRNA for 6 days.

G0:0006486, G0:0006487, and G0:0004576), and development
(GO:0046530, GO0:0030182, GO0:0007423, GO0:0048666, and
G0:0043010). The protein domains enrichments in IPR classification
revealed structural motifs, such as basic-leucine zipper (b-ZIP),
bromodomain signatures, ATPase P-type proton pump, cadherin, and
exoribonulease domains. The highest numbers of the active genes
belonged to DNA/RNA binding and transcription regulators
(P<0.002); especially 20 regulators of transcription were specifically
associated with the RNA polymerase II activity. Genes involved in
cell adhesion were identified and reported as activators of miRNA
biogenesis.>® Also, we found multiple GO categories associated with
the exonuclease activity (P<0.005) and these enrichment results
suggest a closely knit circuit of miRNA biogenesis regulation pri-
marily at the gene expression level. ATP2A2, ATP2A3, and ATP2C2,
containing the ATPase P-type proton pump were found to be in-
volved in translocation of Ca?* from the cytosol to the sarcoplasmic
reticulum lumen in muscle cells resulting in regulation of the Ca**
levels. Modulation of Ca®* levels are involved in multiple cellular
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way is involved in SMAD2/
SMAD3-SMAD4 complex-medi-
ated regulation of transcription of
certain genes. Similarly, the PKA
signaling pathway is also involved
in the SMAD4-mediated gene ex-
pression regulation. These findings
not only reemphasizes the known
role of SMAD2/3 in regulation of
the microprocessor complex activity to further support the role of
SMAD4 and multiple canonical SMAD pathways as modulators of
miRNA biogenesis. We have identified eight nonessential genes, in-
cluding clathrin as members of the clathrin-coated vesicle cycle
pathway (CMT) with P=0.002 as a novel regulatory process in the
miRNA processing.

Nomination and classification of the 57 essential gene candidates for
the miR-21 biogenesis pathway. To nominate the final list of essential
genes, the BDA method was employed and six siRNA duplexes quali-
fying in 3/3 criteria as high confidence-OTE and, therefore, removed
from subsequent analysis (Supplementary Table S5). Forty-two siRNA
duplexes qualifying in 2/3 criteria were flagged as low confidence-OTE
and retained for subsequent analysis. The remaining subset of the
siRNA duplexes was re-scored with an H score =60 to obtain a final
nominated list of 57 essential genes (Supplementary Table S6).
Among the 57 essential genes, we identified PDCD6IP (ALIX),
previously reported to be involved in miRNA biogenesis. PDCD6IP is
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Fig. 3. Assessment of the assay performance during screening. Cells (500 cells per well) were screened against Ambion Silencer Select v4.0
library covering the 21,565 genes at 50 nM using reverse transfection and evaluated at 6 days postseeding. (A) Frequency distribution plot
of control wells for EGFP signal. Performance of negative control for % EGFP signal gain is 1%+ 20% and positive control is 100% + 47%. (B)
Distribution plot of siRNA duplex activity during screening for EGFP signal. Inset contains plot of active siRNA duplexes per gene for EGFP
signal. (C) Distribution plot of siRNA duplex activity during screening for NUCL count. Inset contains plot of active siRNA duplexes per gene
for NUCL count. (D) Distribution plot of siRNA duplex activity during screening for AB signal. Inset contains plot of active siRNA duplexes

per gene for AB signal.

associated with the late endosome/multivesicular bodies and was
shown to be involved in GW182 sorting, which promotes RISC as-
sembly.*® Next, we analyzed the 57 essential genes for enriched GO
functional categories and found four main functional clusters
(P<0.05): cell cycle, protein localization and transport, cytoskeleton
organization, and ubiquitin-protein ligase activity (Supplementary
Fig. S5). Based on the lowest P value of <6.0x 10°, cell cycle
regulation and cytokinesis emerged as most prominent functions
followed by protein transport and targeting. It has been reported that
cell cycle is involved in mature miRNA activity during translation
regulation*! and cytokinesis during mitosis regulates the activity of
RNA polymerase II;** therefore, it is plausible that these functions
have an indirect role in miRNA biogenesis. Protein domains enrich-
ments using IPR classification revealed several proteosome compo-
nents. It has previously been reported that the activity of genes, such
as TARBP and EIF2(C2, are under the control of ubiquitination and
proteosomal degradation.*>** These findings indicate the possibility
of ubiquitin-related post-transcription control on the core compo-
nents that regulate miRNA biogenesis. Canonical pathway association
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of the essential genes revealed enriched processes, including cell
cycle, metabolism, proteolysis, signaling, and translation among the
top 10 pathways (Supplementary Fig. S6). In addition, we have
identified Wnt signaling as an enriched pathway, which has been
suggested to be involved in nuclear translocation of SMAD4 and
might be interlinked with the TGE-B/BMP signaling pathway.**

Identification of Druggable Gene Targets

miRNA dysregulation has been described as oncogenic because of
their emerging role in multiple types of cancer and, hence, has be-
come an attractive therapeutic target.'>'* An alternate strategy in-
stead of directly targeting miRNAs, is to target the genes involved in
its biogenesis and accordingly targeting them with already known
drugs can have a huge implication in accelerating the process of drug
discovery. Our study reports 1,216 nonessential genes and 57 es-
sential genes, with an implicated role in various stages of miRNA
biogenesis and localization in specific, and thus provides a frame-
work of various potential therapeutic targets. Based on the infor-
mation obtained from the DrugBank, 11% of our 1,216 nominated
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a multiplexed high-content cell-
based reporter assay to search for
such modulators using RNAi tech-
nology. The assay was successfully
validated against a focus panel of
genes and identified previously
known core components of the
miRNA biogenesis pathway, includ-
ing EIF2C2, DROSHA, DGCRS, and
DICERI1. Applying this assay ap-
proach, we report the first complete
genome-wide siRNA screen scoring
for modulators of miRNA biogenesis
and cell death. We have successfully
screened the Ambion Silencer Select
v4.0 library and classified our nom-
inated hits as nonessential and es-
sential genes for miRNA biogenesis.

To nominate active genes in the
genome-wide screen for modulators
of miRNA biogenesis, we applied the
BDA method for a standardized data

RMNAIi screen data input 21,565 genes ( 64,755 siRNA duplexes )
Assay readout : EGFP Assay readout : NUCL ~ Assay readout : AB
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SR 2 Howa ™ 20 o f ) )
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Fig. 4. The Bhinder-Djaballah analysis method workflow. Sequential systematic workflow consisting
of five steps: (1) active siRNA duplex identification, (2) active gene identification, (3) off-target effect

(OTE) filtering, (4) re-scoring, and (5) biological classifications.

nonessential genes are druggable targets out which 24 genes have
FDA-approved drugs targeting them (Supplementary Table S4). Out
of the 56 essential genes, 12% of the genes were identified as drug-
gable targets out which three genes (PSMA4, PSMA7, and RRM2)
have FDA-approved drugs targeting them (Supplementary Table S6).
Among the targets, HDACI, which regulates DGCR8 activity®> and
whose enzymatic activity can be inhibited by an FDA-approved small
molecule inhibitor vorinostat; currently used for treatment of cuta-
neous T-cell lymphoma. Perhaps, two interesting therapeutic targets
would be AMHR2 and CREB1 because of their roles in the TGF-f3
signaling pathway and transcription regulation, respectively.

High-Confidence Gene Candidates
for the miR-21 Biogenesis Pathway

Out of the total of 1,273 nominated gene candidates, 121 gene
candidates were selected as high-confidence candidates as each gene
had 3/3 siRNA duplexes active in the screen, and a thorough OTE
analysis revealed no apparent and potential adverse effects. The list is
summarized in Supplementary Table S7.

DISCUSSION

Although the core components of the miRNA biogenesis pathway
have been identified, yet the genes and pathways involved in its reg-
ulation remain largely unknown. For this purpose, we have developed
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mizing the false positives arising
from off-target silencing. Target
specificity is a major concern in
RNAI screens and sequence-depen-
dent off-target silencing is omni-
present.*® This implies that a single
active siRNA duplex for a given gene might not be a true indicator of
the gene to be nominated as a hit. Screening libraries are designed to
allow combinatorial knockdowns using multiple siRNA duplexes per
gene as such; a siRNA duplex library typically has three siRNA du-
plexes per gene, but this number may vary. In this case, a threshold
based on the number of active siRNA duplexes for hit nomination is
not very meaningful. We addressed this issue by assigning an activity
ratio to each gene in the form of H score. Using a stringent H score of
260, only those genes are identified as hits, which have a repro-
ducible phenotype across maximal targeting siRNA duplexes. After
applying an H score, we filtered active siRNA duplexes for seed
heptamer enrichment to eliminate putative false positives. Our OTE
filtering analysis results revealed multiple cases of a seed heptamer
mimic between an endogenous miRNA and an active siRNA duplex,
therefore suggesting a potential false positive originating via an off-
target silencing of a miRNA target (Table 3).

After implementing the five steps of the BDA method on the 21,565
genes screened, we nominated two classes of hits that affect miRNA
biogenesis with 1,216 nonessential and 57 essential gene candidates
for cell survival and viability. Among the nominated genes were four
core components of the miRNA biogenesis pathway: DROSHA and
DGCRS8, components of the microprocessor complex; and EIF2C2 and
DICER1, components of RISC. This result was found to be consistent
with the validation of the focus panel, demonstrating the robustness of
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Fig. 5. Biological classifications of nominated gene candidates. (A) The network map using in-
genuity pathway analysis shows interactions between the core biogenesis proteins and the
nominated genes. Identified core components of miRNA biogenesis are bolded in red. Reported
miRNA biogenesis components that were inactive are bolded in black. The nonessential genes are
depicted in blue and essential genes are depicted in green. (B) Top four core gene clusters found
in nonessential genes. The ranking of each cluster is based on a statistical score from MCODE.

our assay and hit nomination methodol-
ogy to efficiently identify key constituents
of the miRNA pathway. However, we did
not find several reported factors and reg-
ulators involved in miRNA biogenesis in
both the validation and the genome-wide
screen. Importantly, XP0O5, a widely re-
ported miRNA nuclear export protein,
exhibited an overall EGFP signal mar-
ginally below our threshold settings in
validation as well as genome-wide screen
(Fig. 2A). Yiand coworkers had performed
an RNAi study for involvement of XPO5
in miR-21 biogenesis, wherein a single
siRNA duplex against XPO5 was found to
significantly increase luciferase expres-
sion in 293T cells using the pCMV-luc-
miR-21(P) reporter system.'® As eluded to
earlier, a single active siRNA duplex
might not be an efficient indicator of
designated on-target silencing. Our data
imply the stringency of the BDA method
in identifying only those genes that as-
sociate with a consistently strong pheno-
type as determined by its maximal active
siRNA duplexes. Of note, XPO5 was also
not identified as a hit in the only other
genome-wide miRNA biogenesis screen in
C. elegans wherein the authors identified
imb-4, an ortholog of XP0O1.*” However,
our network analysis revealed a number
of nominated genes as upstream regula-
tors of XPO5 and Ran-GTP to emphasize
the merits of our biological classification
in hit assessment.

The biological classification of our
nominated genes revealed four major
cellular control junctions in biogenesis
pathway namely: epigenetic control,
transcription regulation, RNA processing
by the exosome complex, and vesicular
transport via clathrin-mediated endocy-
tosis. The epigenetic control is an im-
portant cellular process related to
DNA methylation or histone post-trans-
lational modification and consequential
control of gene expression in general.
Histone acetylases and deacetylases are
responsible for a transcription level con-
trol via the post-translational modifica-
tions of the lysine residues and, thus,
generating binding sites for specific pro-
tein domains, such as bromodomains. In
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this study, we have identified HDAC]1, histone deacetylase 1, an inte-
gral component of the microprocessor complex that regulates the ac-
tivity of DGCR8 by deactelyation of its lysine residues.*® Interestingly,
we have also found six genes (ELP3, TAF10, TAF5, CREBBP, MGEA5,
and CDY2A) with histone acetyltransferase activity, which has an
antagonistic effect to that of histone deacetylases. All six genes with
acetyl transferase activity are recruited by estrogen receptor for
transcriptional activation; a recent study has reported a role of the
estrogen receptor in dissociation of the microprocessor complex.*®
Additionally, the proteins containing bromodomains bind to the
acetylated lysine residues and further exert a control on gene ex-
pression. We have identified
CREBBP, the CREB binding protein,
the bromodomains of which have
been shown to bind with the lysine
acetylated p53 and consequentially
leading to a cell cycle arrest medi-

Antisense sequence ‘ miRNA ID

strate that the rrp44 (DISC3) and mtr3 (EX0SC6) knockdown of neu-
rospora strains resulted in a decrease in mature miRNA like small RNAs
(milR) and an increase in pre-milR levels.** As a result, the exosome
complex is required in milR maturation due to its role in trimming of
pre-milR into a smaller length and generation of single stranding pre-
milR. Furthermore, the 3'-end trimming activity of exosomes in dro-
sophila has also been demonstrated in miR-1017, and intron-derived
miRNAs referred to as mirtrons through knockdown experiments.*®
Flynt and coworkers have shown depletion of four exosome proteins:
dis3, rrp6 (EXO0SC10), mtr3, and rrp45 (EXOSC9) of which leads to
reduction in mature miRNA levels. These observations extend strong

Table 3. Off-Target Filtering Results of Matched microRNA Seed Sequences

miRNA sequence

ated via activation of p21. Taken  Gene BAHD1 UAAGUGCUCAGGUCUGUAATA | hsa-miR-302a UAAGUGCUUCCAUGUUUUGGUGA
i NCBI ID NM_014952

together, the above observations . - hsa-miR-3020 | UAAGUGCUUCCAUGUUUUAGUAG

provide evidence toward an or-  Supplier ID | s22606

chestrated epigenetic control of hsa-miR-302¢c UAAGUGCUUCCAUGUUUCAGUGG

miRNA biogenesis at a gene ex- hsa-miR-302d | UAAGUGCUUCCAUGUUUGAGUGU

pression level.

For the second control junction, hsa-miR-372 AAAGUGCUGCGACAUUUGAGCGU
we report an enriched cluster of five hsa-miR-373 | GAAGUGCUUCGAUUUUGGGGUGU
transcription regulation factors with
previously unknown association hsa-miR-520e AAAGUGCUUCCUUUUUGAGGG
with  miRNA  biogenesis: TAF4, hsa-miR-520a-3p | AAAGUGCUUCCCUUUGGACUGU
TAF4B, TAF5, TAF10, and GTF2A2.

These factors are involved in the hsa-miR-520b AAAGUGCUUCCUUUUAGAGGG

transcription initiation activity of hsa-miR-520c-3p | AAAGUGCUUCCUUUUAGAGGGU

RNA polymerase II, the key enzyme

driving the transcription of miRNAs. hsa-miR-520d-3p | AAAGUGCUUCUCUUUGGUGGGU

In total, we have found 66 genes hsa-miR-302 | UAAGUGCUUCCAUGCUU

with a transcription regulation ac-

tivity and out of these report 11 Gene TMEM14B AAAAGUAACAGAUGUAGCGGC | hsa-miR-559 UAAAGUAAAUAUGCACCAAAA
NCBI ID NM_030969

genes (MAF, MAFG, ATF4, FOSL2, . - hsa-miR-5480-5p | AAAAGUAAUUGUGGUUUUGGCC

CREB3, CEBPD, CREB1, ATF7, TEF, Supplier ID | s37836

FOSB, and NFIL3) are b-ZIP tran-
scription factors. As a third control
junction, we report six core compo-
nents of the exosome complex;
namely, EXOSC1, EXO0SC3,
EXO0SC5, EX0SCe, EX0SC9, and
DIS3. The proteins constituting the
exosome complex are primarily en-
riched in RNase domain and have a
3/-5" exoribonuclease activity. The
exact mechanism of miRNA proces-
sing via the argonaute proteins dur-
ing miRNA biogenesis is not known.
Recently, Xue and coworkers used a
Northern blot analysis to demon-

hsa-miR-548a-5p | AAAAGUAAUUGCGAGUUUUACC

hsa-miR-548¢c-5p | AAAAGUAAUUGCGGUUUUUGCC

hsa-miR-548d-5p | AAAAGUAAUUGUGGUUUUUGCC

hsa-miR-548; AAAAGUAAUUGCGGUCUUUGGU
hsa-miR-548h AAAAGUAAUCGCGGUUUUUGUC
hsa-miR-548i AAAAGUAAUUGCGGAUUUUGCC
hsa-miR-548w AAAAGUAACUGCGGUUUUUGCCU
hsa-miR-548y AAAAGUAAUCACUGUUUUUGCC

hsa-miR-548ab AAAAGUAAUUGUGGAUUUUGCU

hsa-miR-548ak AAAAGUAACUGCGGUUUUUGA
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support to our findings of enrichments in DISC3, EXOSC6, and
EX0SC9 along with three additional core components of the exo-
some complex, further emphasizing the importance of this complex
in the miRNA biogenesis pathway and their processing into the
mature form.

Previously, it has been suggested that late endosome/multi-
vesicular bodies are the sites for miRNA-loaded RISC accumulation
and are enriched in GW182, a regulator of EIF2C2 activity.*® Ad-
ditionally, exosomes have been shown to contain mature miRNAs
and have been suggested to be possibly involved in their export to the
neighboring cells.”’ Altogether, these findings by other groups in-
dicate involvement of a vesicular transport system for miRNA lo-
calization to its target sites. Similarly, we have not only identified
genes involved in vesicular transport and trafficking in general, but
also report eight genes in specific, which are involved in all stages of
the CMT pathway from initiation of vesicle formation to recycling
endosome (Fig. 6). The CMT pathway is novel with regard to its role in
miRNA biogenesis and the exact mechanism of its function in the
biogenesis pathway still needs to be elucidated. We hypothesize that
this might be an essential step in miRNA sorting and targeting post
the miRNA processing stage, and thus accounting for the fourth
control junction.

We report the first genome-wide siRNA screen for modulators of
miRNA biogenesis in mammalian cells. Parry and coworkers reported
the only other genome-wide screen for miRNA biogenesis modula-
tors in C. elegans.*” Out of the 213
gene hits reported, 152 human or-
thologs were identified using Or-

A1 ASSAY FOR THE miR-21 BIOGENESIS PATHWAY

BMP family.'® We have identified genes with SMAD binding and
translocation activity to further demonstrate our assay’s robustness. In
addition to the already-known association of the TGF-/BMP signal-
ing pathways, we also found five other pathways involved in SMAD-
mediated gene expression regulation: Wnt signaling, Activin A, PKA,
cAMP, and SIP1.

In conclusion, we report on the successful implementation of
a multiplexed high-content assay and the execution of the first
genome scale screen to identify modulators of miRNA biogenesis
using stringent thresholds for hit scoring and nomination. We
validated this multiplexed high-content assay strategy as a no-
vel way to score for both nonessential and essential gene
function with four core component genes of the biogenesis
pathway identified. Our overall gene function analysis reveals
four novel control junction points together, with several drug-
gable genes as potential modulators of the miRNA biogenesis
pathway. We report on 121 gene candidates as high-confidence
hits. These newly identified genes and pathways may provide
novel insights into the biogenesis machinery, with the ultimate
goal of the development of small molecule therapeutics for
controlling miRNA function in disease state.
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