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To define the functional pathways regulating epithelial cell migration, we performed a genome-wide RNAi screen
using 55,000 pooled lentiviral shRNAs targeting ~11,000 genes, selecting for transduced cells with increased
motility. A stringent validation protocol generated a set of 31 genes representing diverse pathways whose
knockdown dramatically enhances cellular migration. Some of these pathways share features of epithelial-
to-mesenchymal transition (EMT), and together they implicate key regulators of transcription, cellular signaling,
and metabolism, as well as novel modulators of cellular trafficking, such as DLG5. In delineating downstream
pathways mediating these migration phenotypes, we observed universal activation of ERKs and a profound
dependence on their RSK effectors. Pharmacological inhibition of RSK dramatically suppresses epithelial cell
migration induced by knockdown of all 31 genes, suggesting that convergence of diverse migratory pathways on
this kinase may provide a therapeutic opportunity in disorders of cell migration, including cancer metastasis.
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Cell migration is a fundamental process in the formation
and maintenance of multicellular organisms. Insufficient
cell migration has been linked to a number of congenital
birth defects involving craniofacial abnormalities, heart
septation defects, and cleft palate, whereas abnormal
activation of migratory programs has been connected to
cancer metastasis (Yang and Weinberg 2008; Acloque
et al. 2009). Mammalian cells may migrate as individual
cells, using so-called amoeboid or mesenchymal modes of
locomotion, or they can do so as multicellular aggregates
known as chain or collective modes (Friedl and Wolf
2010). Cell migration may also reflect baseline cellular
motility or may be induced by loss of cell–cell contact
within cellular monolayers or the application of secreted
chemoattractants, and it may be affected by the compo-
sition, density, orientation, and stiffness of the cellular
substrate. Signals from such extracellular determinants

are integrated through various intracellular pathways,
leading to changes in cytoskeletal organization and activa-
tion of downstream effectors that regulate cellular motility.
Given the critical relevance of cellular migration to the
spread of cancer and the complex inputs capable of modu-
lating this process, we undertook a genome-wide screen
to identify novel regulators of endogenous locomotion in
mammalian epithelial cells.

Genetic screens for genes regulating cell migration have
been reported in Drosophila melanogaster and Caeno-
rhabditis elegans (Cram et al. 2006; Wang et al. 2006),
but comparable RNAi screens in mammalian cell types
have only recently become feasible (Gobeil et al. 2008; Luo
et al. 2008; Silva et al. 2008; Hu et al. 2009; Li et al. 2009).
Two recent studies analyzed wound scratch filling of
cellular monolayers after growth factor stimulation using
focused siRNA libraries targeting mainly kinase and phos-
phatase gene classes (Simpson et al. 2008; Vitorino and
Meyer 2008). These studies identified both known and
novel ‘‘hits,’’ pointing to a broad set of regulatory pathways,
even within these relatively well-annotated gene families.

Beyond interrogating specific gene families, whole-
genome RNAi screens offer an unprecedented ability to
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uncover novel regulators of specific cellular processes. To
be successful, such genome-wide screens require a robust
cellular endpoint as well as sufficient depth in gene
coverage, and extensive post-screen validation to exclude
spurious ‘‘hits.’’ While successful screens using the tradi-
tional arrayed format whole-genome RNAi have been
reported (Hitomi et al. 2008; Hu et al. 2009), they suffer
from the high cost and inefficiency of assessing pheno-
types one gene knockdown at a time, although miniatur-
ization to 96-well and 384-well plate formats alleviates
some of these challenges. The recently developed pooled
shRNA format screening offers considerable advantages
with respect to ease of assay and cost of analysis.
However, pooled shRNA format screening requires an
assay in which cells with the desired phenotype can be
cleanly enriched from their parental population, thus
enabling scoring of relative shRNA abundance using
molecular barcodes linked to each shRNA construct.

To apply such a pooled shRNA screening strategy to
address cellular migration, we made use of a perforated
membrane (Boyden chamber) readily traversed by epithe-
lial cells whose migratory programs have been activated,
but not by their poorly motile parental cells. Highly
reproducible enrichment of migration-inducing shRNAs
was achieved by harvesting cells that had traversed the
membrane, identifying genes whose knockdown dramat-
ically enhances baseline migration of epithelial cells. We
present a cohort of 31 highly validated genes represent-
ing diverse cellular pathways, regulating migration of
MCF10A mammary epithelial cells. A remarkable com-
mon theme among these otherwise disparate migration

gene knockdowns is their shared activation of the ERK
signaling pathway and their dependence on the ERK
effector kinase RSK. Pharmacological suppression of RSK
activity abrogates all shRNA-mediated migratory path-
ways identified here, without associated cell toxicity,
suggesting that it may constitute a therapeutic target for
suppressing cellular migration triggered by diverse stimuli.

Results

Screening and candidate gene validation

The Boyden chamber assay assesses the ability of cells to
traverse across a perforated plastic membrane, providing
a physical separation, and thus enrichment, for cells with
newly acquired migratory ability (Fig. 1A). To identify
novel regulators of cell migration, we targeted 11,000
genes using a lentiviral library containing five hair-
pins per gene (Luo et al. 2008), comparing in quadruplicate
the relative abundance of each shRNA in the en-
riched migratory versus the unselected cell populations.
MCF10A, a nontransformed human breast epithelial cell
line with minimal baseline migration in Boyden chamber
assays, was used for these experiments. The relative
shRNA abundance was measured using microarray hy-
bridization of shRNA barcodes, and the top 1000 shRNAs
in each replicate were chosen for further consideration.
Genes for which two or more distinct shRNA sequences
scored among the top 1000 shRNAs (1.8 percentile) in at
least two of the four replicate experiments were selected
as candidates for follow-up (Fig. 1A).

Figure 1. Screen overview. (A) Schematic
representation of the screen workflow. Sum-
mary of shRNA- and gene-level analysis is
presented on the right. (B) Representative
images of migratory shRNAs recovered from
the screen. The amount of migration was
quantitated and shRNAs were classified into
four categories, indicated by the extent to
which the open circles were filled in.
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To rigorously validate the candidates identified, we
used the following five criteria in deriving the final set of
genes: (1) at least two shRNAs per gene had to display
a migratory phenotype when retested individually under
the original screening conditions (Supplemental Fig. S1).
(2) At least two shRNAs per gene had to display a migra-
tory phenotype under different assay conditions (Supple-
mental Fig. S1; see the Materials and Methods for a de-
tailed description of all assay conditions). Under the
conditions used, an shRNA was scored as positive if it
induced cell migration more than threefold that of a non-
target control shRNA (Fig. 1B). However, the mean and
median fold enrichments for all of the shRNAs shown in
Supplemental Figure S1 were 22-fold and 13-fold, respec-
tively. (3) To minimize the chance of off-target effects,
hairpins for the same gene had to have nonoverlapping
target regions. (4) The candidate genes had to be expressed
at baseline in MCF10A cells, as detected by PCR or
quantitative RT–PCR (qPCR). (5) Where possible, using
qPCR (22 of 31 genes), shRNAs conferring a migratory
phenotype had to demonstrate knockdown of their
intended target. A list of 31 strong candidate regulators
of cell migration is shown in Table 1.

While the above criteria are stringent and aimed at
screening out false positives, many genes for which only
a single shRNA was identified are presumably valid
candidate genes. For example, we noted significant en-
richment of a single shRNA targeting RHOA, a small
GTPase regulator of the cytoskeleton, previously identi-
fied in a number of studies as regulating cell motility
(Simpson et al. 2008; Vitorino and Meyer 2008). Thus, the
rigorously defined candidate list is likely to underesti-
mate the number of key regulators of cell migration.

As a further test for shRNA knockdown specificity, we
validated shRNA-induced phenotypes using chemically
synthesized siRNA duplexes targeting sequences distinct
from those of the shRNA constructs. Pooled siRNA
constructs led to migratory phenotypes in nine of 31
shRNA-defined genes (Supplemental Fig. S2). Of note, the
nine genes phenocopied by siRNA were those in which
siRNA-mediated knockdown efficiency was comparable
with that achieved by shRNAs. For the 22 of 31 genes
where expression levels could be monitored by qPCR, we
compared the efficiency of knockdown by shRNAs (total
of 59 shRNA for 22 genes) to siRNA duplex pools. Target
gene knockdown to <10% and to <25% of the transcript
remaining was seen with 15 (25%) and 30 (51%), re-
spectively, of the 59 shRNA constructs tested here; in
contrast, none of the 22 pooled siRNAs achieved knock-
down to the <10% level and only six (27%) reduced target
gene expression to 25% of baseline. Thus, we achieved
a high confirmation rate in the subset of genes for which
siRNA knockdown was successful.

Despite the extensive validation strategy undertaken to
confirm that migration phenotypes observed for individual
shRNAs within the large pooled screen were specific to the
intended target gene, we observed a remarkable case in
which multiple shRNAs failed to provide specificity
among close gene family members. We identified three
positive shRNAs targeting PRKACG, a gene whose

endogenous expression could not be documented in
MCF10A cells (Supplemental Fig. S3A; data not shown).
Instead, PRKACG shRNAs knocked down an abundantly
expressed close family member, PRKACA (Supplemental
Fig. S3B), despite multiple mismatches in the shRNA
target regions (Supplemental Fig. S3C). Knockdown of
PRKACA using PRKACA-specific shRNAs and siRNAs
yielded the expected migratory phenotypes (Fig. 2; Sup-
plemental Figs. S1, S2, S3D). In summary, within the
limits of this genome-wide analysis, as illustrated by
these false positive and negative cases, our screening
strategy produced a unique set of highly validated regu-
lators of cell migration.

Genes regulating cell migration

Altogether, we identified a set of 31 validated genes in-
volved in epithelial cell migration (Table 1). Interestingly,
only four of these (PRKACA, NUCKS1, MAPK13, and
ZAK) belong to the kinase or phosphatase gene families
targeted by previous studies, thus highlighting the exis-
tence of a rich repertoire of genes that regulate cell
migration. Among the entire set of genes identified in
earlier RNAi studies, four genes in our cohort (NF1, RHOA,
TPD52L3, and PRKACA) were also selected by the study by
Simpson et al. (2008) and two genes (RHOA and CDKN1A)
were shared with the study by Vitorino and Meyer (2008).

In the analysis of shared cellular pathways implicated
by the 31 genes, cAMP signaling emerged as an important
regulator of cell migration. GNAS, which encodes a stim-
ulatory G-protein a subunit, links multiple signal trans-
duction pathways to the activation of adenylyl cyclase,
and PRKACA, which encodes a catalytic subunit of
cAMP-dependent protein kinase (PKA), is a further down-
stream component of this pathway. Thus, elevated levels
of cAMP appear to suppress migration in MCF10A cells.
A role of cAMP in cell migration has been proposed
based on the effects of pharmacological agents such as
forskolin, a direct activator of adenylyl cyclase, or H-89,
a specific PKA inhibitor (Chen et al. 2008). Given the
postulated redundancy of multiple genes encoding each
PKA subunit, the identification of an individual gene,
PRKACA, whose knockdown regulates migration, was,
perhaps, unexpected. Of note, our screen may have been
sensitized to down-regulators of cAMP, given the use of
cholera toxin to culture MCF10A cells. A number of un-
anticipated gene classes were also recovered from this
screen. For example, ABCC3 encodes a member of a mul-
tidrug resistance-associated protein family, MRP3, that
transports a wide variety of organic anions (Borst et al.
2006). DDOST, dolichyl-diphospho-oligosaccharide pro-
tein glycosyltransferase, encodes a component of the
oligosaccharyltransferase complex, which catalyzes the
transfer of high-mannose oligosaccharides to asparagine
residues on nascent polypeptides in the lumen of the
rough endoplasmic reticulum (Shibatani et al. 2005). The
proteins encoded by both of these genes may have specific
substrates whose identification may provide pharmaco-
logic opportunities for regulation of cellular migration.
Collectively, the list of genes identified in this study
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(Table 1) identifies a broad range of pathways whose role
in cellular migration will warrant detailed functional
analyses.

Cell migration genes and the epithelial-
to-mesenchymal transition (EMT) program

While epithelial cells can acquire migratory ability
through a number of different mechanisms, activation

of EMT, a developmental program necessary for proper
embryogenesis, has been implicated in an increasing
number of diseases and syndromes whose etiology can be
traced to aberrations in cell migration (Kurosaka and
Kashina 2008). To evaluate the contribution of EMT to
the phenotypes observed with the 31 candidate migration
genes, we analyzed characteristic epithelial (E-cadherin
and P-cadherin) and mesenchymal (Fibronectin and PAI-1)
markers implicated in this process (Fig. 2A; Supplemental

Table 1. Migration genes

Symbol Name GenBank number Number of hairpins

Signaling
ZAK Sterile a motif and leucine zipper-containing kinase AZK NM_016653 3
GNAS Adenylate cyclase-stimulating G a protein NM_000516 3
MAPK13 Mitogen-activated protein kinase 13, p38d NM_002754 4
TSKU Tsukushin NM_015516 2
NF1 Neurofibromatosis 1 NM_000267 2
NFKBIA NFkB inhibitor a NM_020529 2
PRKACA cAMP-dependent protein kinase catalytic subunit a NM_002730 7
CRADD CASP2 and RIPK1 domain-containing adaptor with death domain NM_003805 4

Transcription
EBF2 Early B-cell factor 2 NM_022659 2
ZNF521 Zinc finger protein 521 NM_015461 2
ZNF589 Zinc finger protein 589 NM_016089 2
HOXC9 Homeobox protein C9 NM_006897 2
LHX3 LIM homeobox protein 3 NM_014564 3
MED12L Mediator complex subunit 12-like NM_053002 2

Metabolism
ADC Arginine decarboxylase NM_052998 3
GFOD2 Glucose–fructose oxidoreductase domain containing 2 NM_030819 3
RETSAT Retinol saturase (all-trans-retinol 13,14-reductase) NM_017750 3

Transport
ABCC3 Multidrug resistance-associated protein member 3 NM_003786 3
ATP1A3 Na+/K+-ATPase a 3 subunit NM_152296 2
CACNA1C Voltage-gated L-type calcium channel Cav1.2 a 1 subunit NM_000719 2

Post-translational
regulation

DDOST Dolichyl-diphospho-oligosaccharide protein glycosyltransferase NM_005216 3
USP47 Ubiquitin-specific peptidase 47 NM_017944 2
HDAC1 Histone deacetylase 1 NM_004964 2

Cytoskeleton
CORO1A Coronin, actin-binding protein 1A NM_007074 4
RHOA Small GTP-binding protein RhoA NM_001664 1

Trafficking
DLG5 Discs Large homolog 5 (Drosophila) NM_004747 2

Cell cycle
CDKN1A Cyclin-dependent kinase inhibitor 1A (p21, Cip1) NM_000389 2

RNA binding
MEX3D Ring finger (C3HC4 type) and KH domain-containing 1 NM_203304 2

Other/unknown
LZIC Leucine zipper domain and ICAT homologous domain containing NM_032368 3
TPD52L3 Tumor protein D52-like 3 NM_033516 3
NUCKS1 Nuclear casein kinase and cyclin-dependent kinase substrate 1 NM_022731 2
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Fig. S4). More than twofold up-regulation of both mesen-
chymal markers was observed upon knockdown of eight of
31 (26%) of the migration genes: ABCC3, DLG5, GNAS,
HOXC9, NF1, PRKACA, LHX3, and TPD52L3. However,
none of these gene knockdowns led to significant reduc-
tion in expression of epithelial markers, a coordinated
pattern associated with EMT. Thus, EMT does not appear
to be a primary mechanism for the induction of migratory
properties in our shRNA screen, although it is possible
that some identified targets are themselves downstream
effectors regulated by the EMT cellular program. However,
the fact that our genome-wide loss-of-function screen did
not identify master negative regulators of EMT, analogous
to known positive transcriptional inducers such as SNAIL,
suggests that such regulators are probably rare (Gumireddy
et al. 2009) and that, more often, EMT is likely to be a gain-
of-function phenomenon.

To test whether some of the identified migration genes
were themselves regulated as part of the cellular EMT
switch, we measured the levels of individual genes upon
induction of EMT by several independent means: over-
expression of SNAIL (Cano et al. 2000), YAP (Overholtzer

et al. 2006), and LBX1/H-rasV12 (Fig. 2B–E; Yu et al. 2009).
Three genes (CORO1A, DLG5, and MAPK13) were iden-
tified as being the most significantly down-regulated
during EMT (more than twofold reduction in two of three
EMT conditions). Of note, EMT in immortalized human
mammary epithelial cells (HMECs) has been linked re-
cently to the acquisition of stem cell-like characteristics
(Mani et al. 2008) marked by the (CD44+/CD24�) pheno-
type. All three genes also displayed down-regulation in
this purified subset of cells. EMT-associated down-regu-
lation of genes whose knockdown leads to increased cell
migration suggests that these could contribute to the
overall phenotype associated with EMT.

Regulation of cell migration by DLG5

We selected DLG5 for further functional analyses since it
highlights a novel pathway not previously implicated in
the regulation of cell migration, and DLG5 protein levels
are clearly down-regulated during EMT triggered by over-
expression of YAP or LBX1/H-rasV12 (Supplemental Fig.
S6A). While its name is derived from partial homology

Figure 2. Migration genes and the EMT
program. (A) Immunoblot analysis of EMT
markers upon knockdown of migration
genes. Selected genes (ABCC3, DLG5,
GNAS, HOXC9, NF1, and PRKACA) are
shown, and the full analysis is presented in
Supplemental Figure S4. Relative strength
of the migration phenotype was classified
into one of the four categories indicated by
the extent to which the open circles were
filled in. Similarly, the amount of target
gene knockdown is indicated by the extent
to which the open circles were filled in.
Dashes indicate that the level of expression
was below the linear range of a standard
qPCR assay. (B) Expression levels of migra-
tion genes during EMT induced by retro-
viral overexpression of YAP in MCF10A
cells. (B–D) Relative expression levels of
migration genes were derived by compar-
ing cells with EMT treatment to cells
transduced with an empty vector. (B–E)
Asterisks mark the three most consistently
down-regulated genes. (C) Expression
levels of migration genes during EMT in-
duced by retroviral overexpression of
LBX1 and H-rasV12 in MCF10A cells.
(D) Expression levels of migration genes
during EMT induced by retroviral over-
expression of SNAIL in MCF10A cells.
(E) Expression levels of migration genes
in the endogenous subpopulation of
CD44+/CD24� HMECs. Relative expres-
sion levels were derived by comparing
the CD44+/CD24� subpopulation (;5%
of the total) to the entire unsorted pop-
ulation.
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with the family of Discs Large (DLG)/Lethal giant larvae/
Scribble cell polarity genes, DLG5 has been shown re-
cently to be an adaptor molecule implicated in deliver-
ing vesicular cargo to the plasma membrane (Taniuchi
et al. 2005; Nechiporuk et al. 2007). In neuroepithelium,
N-cadherin appears to be a substrate of DLG5 (Nechiporuk
et al. 2007), with other substrates likely to be involved
in mammary and other epithelia. In our study, effective
DLG5 knockdown using two independent shRNA con-
structs resulted in significant induction of baseline cell
migration in Boyden chambers, as well as wound scratch-
induced migration assays (Fig. 3A–C). Similar induction
of cell migration upon DLG5 knockdown was observed in
two additional cell lines: MCF12A and HCC1954 (Sup-
plemental Fig. S5). While baseline expression of DLG5 is
10-fold lower in the highly migratory mesenchymal

breast cancer cell line MDA-MB-231 compared with non-
migratory MCF10A cells, ectopic expression of DLG5 to
an equal level resulted in significant inhibition of cell
migration without any effect on proliferation rate or the
overall levels of epithelial or mesenchymal markers (Fig.
3D,E; data not shown). Thus, suppression of high baseline
levels of DLG5 in poorly migratory MCF10A breast
epithelial cells increases their migration, whereas over-
expression of DLG5 in highly migratory breast cancer
cells suppresses migration. To explore a potential role of
DLG5 in breast cancer, we examined expression profiles
of primary breast tumors in several publicly available
data sets (Miller et al. 2005; Chin et al. 2006; Neve et al.
2006; Sotiriou et al. 2006). DLG5 down-regulation was
highly correlated with increasing tumor grade in four in-
dependent data sets (Supplemental Fig. S6B). Among the
various histological subtypes of breast cancer, the lowest
levels of DLG5 expression were observed in basal-type
(Sarrio et al. 2008) and metaplastic (Hennessy et al. 2009)
cancers, which are associated with EMT, stem-like char-
acteristics, and a poor prognosis (Supplemental Fig. S6C).

Since DLG5 has been shown to play a role in the
delivery of N-cadherin to the cell surface (Nechiporuk
et al. 2007), we first looked at the cell surface localization
of candidate molecules such as E-cadherin, P-cadherin,
and N-cadherin upon DLG5 knockdown, but observed
only relatively minor decreases in their cell surface local-
ization (data not shown). To extend these analyses to an
unbiased survey of downstream signaling, we examined
the phosphorylation status of multiple pathways using
phospho-specific antibody arrays (Fig. 3F). Prominent in-
creases in phosphorylation of ERK1 and ERK2; their
downstream kinase, RSK1; and AKT1–3 were observed
following knockdown of DLG5. To functionally test the
involvement of these pathways, we individually activated
these and assessed their effect on cell migration of
MCF10A cells. Activation of ERK1/2 by overexpression
of H-rasV12 or constitutively active RAF1 resulted in
dramatic induction of cell migration (Fig. 4A). In contrast,
overexpression of constitutively active AKT1, AKT2, or
AKT3 did not result in induction of cell migration. To
further dissect the signaling events downstream from
H-rasV12 and RAF1, we used common pharmacolog-
ical inhibitors and tested their ability to suppress cell
migration upon DLG5 knockdown. Suppression of ERK1/
2 by U0126, an inhibitor of the upstream kinase MEK,
abrogated the effect of DLG5 knockdown. A similarly
dramatic suppression was observed upon addition of
either of two inhibitors of RSK kinases: SL0101 and BI-
D1870 (Fig. 4B; Bain et al. 2007). Consistent with the
results of pharmacological inhibition, siRNA-mediated
knockdown of RSK1 suppressed the migratory phenotype
induced by DLG5 knockdown, further suggesting that
this kinase appears to be a critical and specific mediator of
DLG5 signaling (Fig. 4C,D).

RSK is a critical determinant of cell migration

While the functional properties of DLG5 remain to be
defined, the dependence of its migratory phenotype on

Figure 3. DLG5 regulates cell migration. (A) Immunoblot
analysis of DLG5 knockdown in MCF10A cells using two
independent shRNAs. (B) DLG5 knockdown in MCF10A cells
leads to induction of cell migration as assayed by Boyden
chambers. Numbers in the bottom right of each panel represent
quantitation of the migration phenotypes and are derived by
counting individual cells in three representative fields. (C)
DLG5 knockdown in MCF10A cells leads to induction of cell
migration, as assessed by wound scratch assays. (D) Immunoblot
analysis showing DLG5 overexpression in MDA-MB-231 cells
and its relative level in comparison with MCF10A cells. (E)
DLG5 overexpression in MDA-MB-231 cells results in inhibi-
tion of cell migration. Numbers in the bottom right of each
panel represent quantitation of the migration phenotypes and
are derived by counting individual cells in three representative
fields. (F) The phospho-specific antibody array identifies activa-
tion of multiple signaling pathways upon DLG5 knockdown
using the best available hairpin.
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ERK/RSK activation prompted us to investigate the
general motility of parental MCF10A cells upon activa-
tion of the ERK pathway following the addition of
exogenous EGF. Indeed, EGF-induced migration of cells
in a Boyden chamber assay and in a wound scratch assay
was essentially abrogated by the specific RSK inhibitor
BI-D1870 (Fig. 5A,B). To further understand the role of
RSK in cell migration, we made use of a microfluidic
device in which locomotion is mechanically constrained
within an array of linear microcapillaries (Fig. 5C; Irimia
and Toner 2009). Consistent with their low migratory
baseline, MCF10A cells seeded into the microfluidic de-
vice in the absence of EGF did not enter the channels (Fig.
5D; Supplemental Movie 1). In contrast, EGF-treated cells
exhibited robust cell migration with two distinct pheno-
types: initial migration of epithelial cells as a grouped
chain, followed by greatly accelerated locomotion of the
frontrunner as a single cell upon its dissociation from the
chain (Fig. 5C,D; Supplemental Movies 2–5). Addition of
BI-D1870 had a modest effect on migration of cells linked
within a chain, but greatly suppressed single-cell migra-
tion. Single-cell migration has been implicated in cancer
metastasis, although the biological correlates of the effects
measured in microfluidic chambers are only starting to
emerge (Wolfer et al. 2010). Importantly, MCF10A cells,
following treatment with BI-D1870, were visibly viable,
confirming RSK suppression of their motility without
evidence of cytotoxicity.

ERK and RSK appear to play a central role in cell
migration, raising the possibility that other genes identi-
fied in our migration screen, in addition to DLG5, might
also share this effector pathway. We first tested all of the
migratory candidate gene shRNA knockdowns for acti-
vation of the ERK pathway using phospho-specific anti-
bodies. Remarkably, ERK activation was universal upon
suppression of all of the genes identified in our migration
screen (Fig. 6A). These findings were confirmed using
siRNA-mediated knockdown (Supplemental Fig. S7).
Given the effect of RSK inhibition of EGF-induced migra-
tion of MCF10A parental cells, we tested its effect on all of
the shRNA constructs targeting the 31 migration genes

identified in our screen. Boyden chamber assays were used
for optimal quantitation. Remarkably, BI-D1870 effectively
abrogated cell migration induced by all of the hairpins
tested (Fig. 6B). Thus, activation of RSK is a critical
downstream signal for diverse functional pathways iden-
tified in an unbiased global screen for regulators of cell
migration.

Discussion

We report a highly validated collection of genes that
negatively regulate cell migration, identified through a ge-
nome-scale pooled lentiviral shRNA screen. The genes
identify rate-limiting steps within diverse cellular path-
ways whose knockdown has a potent effect in up-regulat-
ing cell migration phenotypes. While some of these have
well-established links to cellular motility, others are
uncharacterized and will benefit from detailed functional
studies. The genes identified represent diverse functional
classes, yet we observed a striking convergence of their
downstream signaling on the ERK pathway, and specifi-
cally RSK activation. This finding points to a prominent
role for this kinase as a common effector for multiple
migratory stimuli, with potential therapeutic implications.

Our genome-wide shRNA screen relied on a high-titer
pooled collection of constructs with multiple validated
shRNAs per gene, high infectivity of MCF10A cells, and
a simple yet rigorous selection criterion; i.e., migration
across a membrane by cells with minimal baseline motil-
ity. Despite these carefully optimized experimental con-
ditions, we found that extensive validation of hits was
essential to distinguish spurious results from bona fide
migration regulators. The false positives and false nega-
tives arose from a variety of factors, and their exclusion
often required detailed analyses, including assay repeti-
tion, confirmation of endogenous gene expression, and
matching level of shRNA and siRNA knockdown with
degree of phenotype. Given these considerations, the set of
31 genes identified here constitute a highly validated set
but are unlikely to represent all rate-limiting hits capable
of activating cellular migration. Of note, our gene set

Figure 4. Activation of the ERK pathway results
RSK-dependent cell migration. (A) Activation of mul-
tiple signaling cascades points to a critical role of the
ERK pathway in the migration of MCF10A cells. (B)
Treatment of cells with small molecule inhibitors of
the ERK/RSK pathway results in suppression of cell
migration phenotypes. Inhibitors were used at pre-
viously described concentrations: 10 mM U0126, 10
mM BI-D1870, and 100 mM SL0101. (C) Knockdown of
RSK1 can significantly attenuate cell migration due to
DLG5 knockdown. (D) Immunoblot analysis showing
efficacy of RSK1 knockdown upon siRNA treatment.
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shares some candidates with two previous siRNA screens,
which targeted kinases and other selected gene families for
enhanced activity in wound-healing assays. Differences in

cell types used, assay conditions, and established criteria
are likely to explain why some hits identified in these
assays did not score in our genome-wide screen.

Our specific analysis of cell migration in the context of
EMT suggests that epithelial cells are not regulated by a
simple loss-of-function switch between epithelial and mes-
enchymal programs. Loss-of-function hits did lead to pro-
nounced up-regulation of mesenchymal markers, but with-
out the coordinated repression of epithelial markers that
is characteristic of EMT. Indeed, a genome-wide shRNA
screen may help dissect a complex cell fate phenotype such
as EMT, which is likely to comprise a number of coregu-
lated components, including cellular migration and expres-
sion of epithelial versus mesenchymal markers. Some
shRNA hits such as CORO1A, MAPK13, and DLG5 were
identified as potential EMT effectors by virtue of their
down-regulation following induction of EMT through ec-
topic expression of well-known transcriptional master
regulators. Interestingly, these migration suppressor genes
were differentially repressed by distinct EMT triggers,
suggesting a degree of molecular variation between grossly
similar EMT phenotypes (Kalluri and Weinberg 2009;
Thiery et al. 2009).

The large number of diverse and unexpected gene
products identified as negative regulators of epithelial cell
migration, which ranged from transcription factors to
signaling molecules and cellular transporters, will require
in-depth functional analysis. As an example, understand-
ing the mechanism underlying the potent effect of DLG5
knockdown on cellular migration may provide new insight
into pathways that are currently poorly defined. While
DLG5 has been implicated as an adaptor molecule
involved in delivering N-cadherin to the cell surface
(Nechiporuk et al. 2007), Dlg5-null mice display abnor-
malities in E-cadherin localization, suggesting a broader
spectrum of substrates. The roles of cadherins in cell
migration have been studied extensively, (Onder et al. 2008;
Simpson et al. 2008), but the rate-limiting steps in their
localization at the cell surface have not been established,
nor has the mechanism by which loss of such localization
triggers potent ERK activation and cell migration. Future
studies of DLG5, along with other novel migration regula-
tors identified here, will help define the full range of
pathways with a rate-limiting role in cell motility.

The convergence of diverse cellular migration path-
ways on the ERK effector RSK is remarkable. This kinase
has been identified previously as an important compo-
nent of RAF1-mediated migration in canine MDCK cells
(Doehn et al. 2009), and our genome-wide scan now
points to this gene as a common downstream effector
for multiple distinct migratory stimuli. RSK kinases are
unusual in that they possess two kinase domains sequen-
tially activating one another. ERK1/2 phosphorylates
the RSK C-terminal domain, which activates the RSK
N-terminal domain and allows it in turn to phosphorylate
a large set of target proteins (Anjum and Blenis 2008).
While the extent of functional redundancy among the
four RSK1–4 family members is not completely under-
stood, all of them are suppressed by the BI-D1870 in-
hibitor, which targets the common N-terminal kinase

Figure 5. RSK modulates cell migration in multiple cell
migration contexts. (A) Wound scratch assay showing decreased
cell migration upon addition of RSK inhibitor BI-D1870 (10 mM)
in an EGF-stimulated model of cell migration using MCF10A
cells. Wound scratch was introduced when MCF10A cells
became confluent. Fresh media containing EGF and the in-
hibitor was added after introducing the wound scratch. Migra-
tion status was monitored at the indicated time points. (B)
Boyden chamber assay showing decreased cell migration upon
addition of RSK inhibitor BI-D1870 (10 mM) in an EGF-stimu-
lated model of cell migration using MCF10A cells. MCF10A
cells were resuspended in an EGF-free media and placed in the
Boyden chamber. Where indicated, EGF was added to the media
in the lower chamber. The assay duration was 24 h. (C)
Schematic representation of migration phenotypic categories
observed in the microfluidic device. (D) Quantitative assess-
ment of the effects observed on cell migration in the micro-
fluidic device. RSK inhibitor BI-D1870 (10 mM) was used.
Horizontal blue bars indicate a mean value for a particular data
set. Two-tailed Student’s t-test was used to conduct pairwise
comparisons of the data. (***) P < 1 3 10�8.
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(Sapkota et al. 2007). Our siRNA experiments knocking
down RSK1 only partially phenocopied the effects of
pharmacological inhibitors (Fig. 4C), suggesting that
multiple family members may regulate cell migration
in MCF10A. In fact, all four members of this family,
RSK1–4, are expressed in MCF10A cells (data not shown).
While the involvement of individual RSK family mem-
bers in cancer remains to be elucidated, initial reports
strongly suggest roles in tumor growth and metastasis.
Overexpression of RSK1 and RSK2 kinases has been
reported in a number of human cancers, including breast
and prostate (Clark et al. 2005; Smith et al. 2005). Over-
expression of constitutively active RSK2 has been shown
to elicit a motile phenotype in MDCK cells (Doehn et al.
2009), RSK2 expression enhanced metastastic potential
in head and neck squamous cell carcinoma (HNSCC)
cells (Kang et al. 2010), and RSK2 knockdown decreased
cell invasion in vitro and attenuated lymph node metas-
tases in a xenograft HNSCC model. These reports clearly
illustrate specific contexts in which RSKs have been
shown to play an important role in cellular migration,
and our studies now suggest a broad functional depen-
dence of cell motility phenotypes on RSK activation.
Beyond cell migration, RSKs have also been implicated in
additional cellular pathways, such as cell survival in

some FGFR1 or FGFR3-driven cancer cell lines (Kang
et al. 2007; Xian et al. 2009). However, RSK inactivation
does not appear to be toxic in most cell types, as
demonstrated by treatment with pharmacologic inhibi-
tors and by the viability of Rsk1/Rsk2/Rsk3 triple-knock-
out mice (Dumont et al. 2005). Should systemic suppres-
sion of RSK activity indeed be well tolerated, RSK family
members may constitute promising therapeutic targets
for the suppression of cancer metastasis.

Materials and methods

Tissue culture

MCF10A cells were cultured as described (Debnath et al. 2003).
Immortalized HMECs were a kind gift from Dr. Joan Brugge and
were cultured as described previously (Overholtzer et al. 2006).
MDA-MB-231, MCF12A, and HCC1954 cells were grown according
to American Type Culture Collection (ATCC) recommendations.

Primary screen

Use of the lentiviral pooled library has been described previously
(Luo et al. 2008). Briefly, MCF10A were infected at a multiplicity
of infection (MOI) of ;0.3 and selected using 2 mg/mL puromy-
cin. Cells were switched to EGF-free assay media (Debnath et al.

Figure 6. Mechanistic convergence of all migration genes identified. (A) Immunoblot analysis showing increased levels of phospho-
ERK1/2 upon knockdown of migration genes. (B) Migratory phenotype of all hairpins tested displayed striking dependence on RSK
activity. RSK inhibitor BI-D1870 (10 mM) was used.
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2003) for 24 h before setting up the migration assays. One-
hundred-forty-four Boyden chambers were set up in a six-well
format with 5 3 105 cells per chamber. Migratory cells were
recovered from the bottom of the filters after 48 h, then expanded
for 3 d and harvested. Cells from 36 individual wells were
combined together, thus providing us with four independent
pools of enriched cells. Control cells that did not undergo the
enrichment scheme were harvested at the same time to provide
a reference population, also in quadruplicate. Isolation of DNA,
labeling, microarray hybridization, and data processing were
done as described previously (Luo et al. 2008).

Boyden chamber migration conditions

MCF10A condition #1 Cells were switched to an EGF-free assay
media for 24 h before the migration assay. Cells were trypsinized,
counted, and plated at 5 3 104 cells per chamber in the 24-well
plate format. Both the top and bottom of the chamber contained
the same assay media. After 48 h, excess cells in the top chamber
were removed with cotton swabs, and the cells on the bottom of
the filter were fixed and stained with Crystal Violet.

MCF10A condition #2 No pretreatment with EGF-free assay
media was done under these conditions. Cells were trypsinized,
counted, and plated at 5 3 104 cells per chamber in the 24-well
plate format. Both the top and bottom of the chamber contained
the same assay media. After 24 h, excess cells in the top chamber
were removed with cotton swabs, and the cells on the bottom of
the filter were fixed and stained with Crystal Violet. To quanti-
tate the number of cells, three representative nonoverlapping
fields, each representing ;10% of the total membrane surface
area, were counted manually. Numbers reported represent the
average number of cells per field.

Other cell lines MDA-MB-231, MCF12A, and HCC1954 cells
were set up similarly to MCF10A condition #2 described above,
except that 2 3 104, 5 3 104, and 5 3 104 cells, respectively, were
used per chamber.

Hairpin level confirmations

MCF10A cells were plated in 24-well dishes at 2 3 104 per well
and were spin-infected the next day with individual lentiviruses
at an approximate MOI of 1–3. The next day, puromycin
selection (at 2 mg/mL) was started to obtain stable cell popula-
tions. After 2 d, cells were replated to 6-cm2 dishes and migration
assays were set up when confluency of ;50%–75% was reached.
The identity and sequences of positive hairpins for the 31 mi-
gration genes are listed in Supplemental Table S1.

siRNA confirmations

ON-TARGETplus SMARTpool duplexes (Dharmacon) were trans-
fected using Lipofectamine2000 reagent (Invitrogen) according to
manufacturer’s instructions. MCF10A cells were plated in six-well
plates and transfected the following day with siRNA duplexes at
a final concentration of 25 nM for 48 h. Cells were then expanded
into 6-cm dishes and migration assays were set up in the following
day using condition #2, outlined above.

Immunoblot analysis

Cells were harvested in 13 RIPA buffer containing 13 protease
inhibitor cocktail (Complete, Roche). Cell lysates were cleared
by centrifugation at 14,000 rpm for 10 min at 4°C. For immuno-
blotting analysis, lysates were loaded onto 4%–15% SDS-PAGE

gels (ReadyGel, Bio-Rad), and subsequently transferred onto
Immobilon PVDF membrane (Millipore). Proteins were visual-
ized with Western Lightning Plus chemiluminescence kit
(Perkin Elmer). Antibodies used were CDH1 (610181; BD Bio-
sciences), CDH3 (610227, BD Biosciences), PAI-1 (612024;
BD Biosciences), Fibronectin (F3648, Sigma), b-actin (ab6276,
Abcam), phospho-ERK1/2 (Thr 202/Tyr 204) (9101, Cell Signal-
ing), total-ERK1/2 (4695, Cell Signaling), and DLG5 (HPA00555,
Sigma).

FACS

FACS isolation of the CD44+/CD24� population was done as
described previously (Yu et al. 2009).

qPCR

RNA was extracted using RNeasy Minikit (Qiagen), and cDNA
synthesis was performed using SuperScript III reverse transcrip-
tase (Invitrogen). Twenty-two of 31 migration genes were
expressed at sufficient levels permitting reliable qPCR quanti-
tation using Power SYBR Green PCR Master Mix (Applied
Biosystems). The sequences of the PCR primer pairs (all listed
from 59 to 39) are listed in Supplemental Table S2. All samples
were done in triplicate, and the relative abundance was derived
by standardizing the input to the control signal, GAPDH.

Microfluidics

To quantify the motility changes of MCF10A cells at single-cell
resolution, in the presence of RSK inhibitors, we employed
a microfluidic technique developed previously for the study of
persistent cancer cell migration (Irimia and Toner 2009). Briefly,
microfluidic devices were assembled using polydimethyl-
siloxane (PDMS) and glass. PDMS was cast on a silicon wafer
with photolithographically defined features in the form of par-
allel arrays of channels (10 3 10 3 600 mm). After casting, de-
vices were cut to 5-mm diameter, and one 1-mm well was
punched in the center for cell seeding. PDMS devices were
bound to the glass of glass-bottom 24-well plates, two devices
per well, using an oxygen plasma protocol. Immediately after
bonding, the glass and PDMS surfaces of the channels were
coated with collagen IV, deposited by physical absorption from
a 2 mg/mL solution in PBS. Before experiments, the wells of the
plate were filled with 2 mL of media with and without the drug. A
volume of 2 mL from a cell suspension at 1 3 106 cells per milliliter
density was loaded into each well of the PDMS devices, and live
imaging was started immediately afterward. For this purpose, the
plate was placed on the motorized stage of a Nikon Ti microscope,
inside the environmentally controlled chamber (37°C, 5% CO2,
humidified). Images were acquired automatically every 15 min
from the entire plate, under phase-contrast and perfect focusing
conditions for 24 h, under the control of Nikon Elements software.
At least 400 channels were imaged per condition. The migration of
at least 50 cells per condition was tracked manually using ImageJ
by tracking the center of the cells moving through the channels.
The first cell of a chain and individual cells were tracked and
average migration speed was recorded.

Other reagents

All pharmacological inhibitors used were commercially available:
BI-D1870 (Stemgent), SL0101 (Tocris Bioscience), U0126 (EMD
Biosciences). Expression constructs for constitutively activated
RAF1, AKT1, AKT2, and AKT3 were from Addgene. H-rasV12
expression construct was a generous gift from Dr. Julian Downward.
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Human DLG5 ORF was cloned into the pBABEpuro vector as a
BamHI/NotI fragment. A single Flag tag was added to the N ter-
minus during initial PCR. Construct was verified by sequencing.
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