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ABSTRACT
We describe a microarray-based approach for the highthroughput screening of gene function in stem cells and demonstrate the potential of this method by growing and isolating
clonal populations of both adult and embryonic neural stem
cells. Clonal microarrays are constructed by seeding a population of cells at clonal density on micropatterned surfaces
generated using soft lithographic microfabrication techniques.
Clones of interest can be isolated after assaying in parallel for
various cellular processes and functions, including prolifera-

tion, signal transduction, and differentiation. We demonstrate
the compatibility of the technique with both gain- and loss-offunction studies using cell populations infected with cDNA
libraries or DNA constructs that induce RNA interference. The
infection of cells with a library prior to seeding and the compact
but isolated growth of clonal cell populations will facilitate the
screening of large libraries in a wide variety of mammalian
cells, including those that are difficult to transfect by conventional methods. STEM CELLS 2007;25:2928 –2935
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INTRODUCTION
Since the sequencing of the genome of the bacterium Haemophilus influenzae Rd. in 1995, the genomes of more than 300
organisms have been sequenced to date [1]. As a consequence of
this vast influx of knowledge, there has been an increasing
interest in functional genomics, with particular emphasis on
developing high-throughput screens for gene function in cells
[2–10]. Ziauddin et al. first developed a cell-based microarray,
based on the transfection of cells with microarrayed DNA
plasmids, for gene function screens [2]. Other researchers have
also used modifications of this reverse transfection technique to
incorporate microarrayed small interfering (si)RNA constructs
into mammalian cells for RNA interference (RNAi) studies [4,
9, 11–14]. However, conventional transfection methods may
have low efficiencies in mammalian cells, especially in primary
cell types [3, 12]. To address this limitation, Bailey et al.
recently demonstrated the use of microarrayed lentiviruses to
facilitate the expression of short hairpin (sh)RNA and cDNA in
primary mammalian cells [5]. This approach, however, requires
the independent packaging and purification of each member of
a library and also requires the generation of high-titer viral
solutions. These constraints may make it difficult to apply this
method to screen large libraries and would render pan-genomic
experiments challenging [2].
We demonstrate the use of clonal microarrays for the
screening of gene function in stem cells. This method utilizes

soft lithographic microfabrication techniques that are inexpensive and procedurally simple, require minimal access to
expensive equipment, and do not require stringent control
over the laboratory environment [15, 16]. Although microfabrication techniques have been used to pattern stem cells on
substrates [17, 18], and stem cells have been immobilized in
microfabricated structures [19], these techniques have not
previously to our knowledge been applied for gene function
screens. We use microcontact printing to form an array of
cytophilic regions separated by cytophobic regions on a
gold-coated substrate [15, 20, 21]. For gene function screens,
cell libraries generated by infection with a viral vector can be
seeded on the arrays at clonal density (i.e., zero or one cell
per cytophilic island). Viral transduction prior to cell seeding
prevents the need for individual packaging of each library
sequence and enables the infection of a wide variety of cell
types with high efficiency. The method then generates an
array of clonal cell populations whose behavior can be
screened using various assays at a high throughput. Cell
populations of interest can be easily isolated from the arrays
for further downstream analysis. As proof of principle, we
demonstrate the use of our method to observe RNAi in situ,
to isolate clones that overexpress akt1—a gene known to
enhance proliferation in neural progenitor cells (NPCs), and
to screen NPC populations infected with a cDNA library for
clones that undergo rapid cell proliferation under suboptimal
culture conditions.
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METHODS

Photolithography and Soft Lithography
The elastomeric stamps used for microcontact printing were generated by standard soft lithographic techniques [16]. We first created
a silicon master using standard photolithographic techniques and a
transparency photomask (PageWorks, Cambridge, MA, http://www.
pageworks.com). The silicon master was rendered inert by overnight exposure to vapors of (tridecafluoro-1,1,2,2-tetrahydrooctyl)
trichlorosilane (Gelest Inc., Morrisville, PA, http://www.gelest.
com). Replica molding using poly(dimethyl siloxane) (PDMS)
(Dow Corning from Essex/Brownell Products, Edison, NJ, http://
www.dowcorning.com) was used to create a “soft master”—a replica of the silicon master in PDMS. PDMS was cured on top of the
silicon master by heating a 10:1 mixture of PDMS and curing agent
overnight at 60°C. The soft master was silanized by exposure to
vapors of (tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane and
could then be used repeatedly to produce numerous PDMS elastomeric stamps for microcontact printing.

Generation of Micropatterned Substrates by
Microcontact Printing
Fisherbrand (Fisher Scientific International, Hampton, NH, http://
www.fisherscientific.com) microscope cover glass (24 ⫻ 50 #1.5)
slides were cleaned by sequential washes in toluene and methanol
followed by sonication for 1 minute in acetone. After drying, 25 Å
of titanium followed by 125 Å of gold (International Advanced
Materials, Spring Valley, NY, http://www.iamaterials.com) were
deposited onto cover glass slides using a Temescal BJD1800 electron beam evaporator. To make micropatterned substrates, the surface of a PDMS stamp was coated with a 2-mM solution of
11-mercaptoundecanoic acid dissolved in absolute ethanol, dried
under a nitrogen stream, and then brought in contact with the
gold-coated glass cover slip for 30 seconds. The cover slip was then
immersed into a 2-mM solution of tri(ethylene glycol)-undecanethiol, forming a cytophobic self-assembled monolayer in the remaining regions. After a 2-hour incubation period, the chemically
modified gold slides were rinsed with absolute ethanol and dried
under a nitrogen stream.

Cell Culture
Adult neural progenitor cells were isolated from the hippocampi of
6-week-old female Fischer 344 rats and cultured as described [22].
Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium with
N-2 supplement (Invitrogen, Carlsbad, CA, http://www.invitrogen.
com) and fibroblast growth factor (FGF)-2 (Promega, Madison, WI,
http://www.promega.com) was changed every other day, and cells
were subcultured using Accutase (Phoenix Flow Systems, San Diego, http://www.phnxflow.com) upon reaching 70% confluency on
polyornithine/laminin-coated plates. To generate cells expressing
the green fluorescent protein (enhanced green fluorescent protein;
Clontech, Palo Alto, CA, http://www.clontech.com), cells were
infected with the retroviral vector pCLPIT-GFP [23] and selected
with puromycin (Sigma-Aldrich, St. Louis, http://www.sigmaaldrich.com).
Timed pregnant Swiss Webster mouse embryos (Taconic Farms,
Germantown, NY, http://www.taconic.com) at E13 were used to isolate
embryonic neural stem cells. The embryonic cerebral cortex was dissected and enzymatically dissociated in papain (Worthington Biochemical, Lakewood, NJ, http://www.worthington-biochem.com) [24]. Embryonic cortical neural cells were cultured at 37°C with 5% CO2 and
100% humidity in uncoated 6-well plates. DMEM (2 mM L-glutamine,
1 mM sodium pyruvate), supplemented with B-27 and N-2 (Gibco,
Grand Island, NY, http://www.invitrogen.com), and 20 ng/ml FGF-2
and 20 ng/ml epidermal growth factor was the standard culture medium. One mM fresh N-acetyl-cysteine (Sigma) was added to the
standardized medium before cell plating.
To generate clonal microarrays, micropatterned substrates were
generated as described above. Cells were seeded onto the array at
the desired density in medium containing 10 g/ml laminin. After
30 minutes, the microarrays were rinsed with warm medium and
cultured as described above.
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FGF-Induced Akt Signaling
The pleckstrin homology (PH) domain of Akt fused to green fluorescent protein (GFP) (a kind gift from J. Haugh, North Carolina State
University) was inserted into the vector pCLPIT, packaged, concentrated as described [23], and used to infect NPCs followed by puromycin selection. The resulting PH-GFP-NPCs were seeded onto 100 ⫻
200 microarrays at 200 cells per cm2 and cultured in medium containing 20 ng/ml FGF-2 over a 5-day period to form clonal neurospheres.
To reduce FGF-induced signaling to basal levels, neurospheres on the
microarray were FGF starved for 24 hours on the 6th day. On the 7th
day, the FGF-2 level of 20 ng/ml was reestablished on one microarray,
and the FGF-2 level was maintained at 0 ng/ml on a second microarray.
The presence or absence of membrane localization of PH-GFP within
neurosphere populations was monitored by confocal fluorescence microscopy (Zeiss LSM 510/Meta; Carl Zeiss, Jena, Germany, http://
www.zeiss.com).

Antibody-Staining, Imaging, and Image Analysis of
Clonal Microarrays
To monitor stem cell fate, NPCs were cultured under proliferative
(20 ng/ml FGF-2) or differentiation-inducing (1% fetal bovine
serum, 1 M retinoic acid) conditions for 2 days and then seeded at
200 cells per cm2 onto 100 ⫻ 200 patterned surfaces and cultured
under respective conditions for another 6 days. The patterned microarrays were then fixed with 4% paraformaldehyde (Sigma) in
phosphate-buffered saline (PBS) for 10 minutes and rinsed gently
with PBS twice. The arrays were blocked by 1 hour of incubation in
Tris-buffered saline (TBS) supplemented with 5% donkey serum
(Sigma) and 0.3% Triton X-100 (Sigma) (TBS-DT). Following
blocking, primary antibody staining was performed overnight in
TBS-DT at 4°C. Mouse anti-nestin antibody (BD Pharmingen, San
Diego, http://www.bdbiosciences.com/index_us.shtml), guinea pig
anti-glial fibrillary acidic protein (GFAP) antibody (Advanced Immunochemical, Long Beach, CA, http://www.advimmuno.com),
and neuronal class III ␤-Tubulin rabbit monoclonal antibody (Covance, Princeton, NJ, http://www.covance.com) were used at a
1:1,000 dilution. After primary staining, the arrays were washed,
stained with secondary antibodies (Invitrogen) and 4,6-diamidino2-phenylindole (DAPI; Pierce, Rockford, IL, http://www.piercenet.
com), and mounted as described [22]. Hoechst 33342 (Invitrogen)
was used to stain the nuclei of live cells. All microarray images
were collected on either a Nikon Eclipse TS100 inverted fluorescence microscope equipped with a SPOT Insight QE CCD camera
(Diagnostic Instruments, Sterling Heights, MI, http://www.diaginc.
com) and an Xcite-120 Fluorescence Illumination System (EXFO
Life Sciences Group, Mississauga, ON, Canada, http://www.exfolifesciences.com) as the light source or a Zeiss LSM 510/Meta
confocal microscope equipped with Argon laser (458, 477, 488, and
514 nm excitation), Helium-Neon lasers (543 and 633 nm excitation), and a 405-nm excitation diode laser. The fluorescence intensities of entire neurospheres were quantified by integrating under
the curve of an intensity histogram created by Image J software
(NIH freeware). Cell number in the three-dimensional neurospheres
was counted by viewing the neurospheres at different optical planes,
being careful to only count cells as their DAPI-stained nuclei came
into focus. Most neurospheres were composed of two to three cell
layers.

In Situ RNAi Demonstration
RNAi-inducing constructs were generated as previously described
[25]. Briefly, the human U6 promoter was amplified from pTZU6 ⫹
1 using a universal 5⬘ primer (5⬘-ATAAGAATGCGGCCGCCCCGGGGATCCAAGGTCGGG-3⬘) and a 3⬘ primer that is complementary to the 3⬘ terminus of the U6 promoter and adds on a
shRNA encoding sequence directed against GFP (GGAGCGCACCATCTTCTTC), which was selected based upon prior results with
RNAi utilizing siRNAs [26]. The resulting shRNA expression cassette was inserted into a lentiviral vector and packaged as previously
described [23]. The GFP-NPCs were then infected at an approximate multiplicity of infection of 3.
RNAi-GFP-NPCs and GFP-NPCs were then cultured as previously mentioned, seeded (50/50) onto 20 ⫻ 100 microarrays at 200
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cells per cm2, and cultured for 4 days in medium containing 20
ng/ml FGF-2. On the 5th day, clonal microarrays were fixed, DAPI
stained, and imaged as previously mentioned. A line scan of fluorescence intensity on a microarray photograph was created using
Image J software.

Akt1 Gene Function Validation
cDNA encoding wild-type Akt1 (a kind gift of S. Ferguson, Robarts
Research Institute, London, Ontario, Canada) was inserted into
pCLPIT, packaged as previously described [23], and utilized to
infect NPCs. A (1:1) mixture of Akt-NPCs and GFP-NPCs was
seeded onto 20 ⫻ 100 microarrays at 200 cells per cm2 and cultured
in medium containing 1 ng/ml FGF-2 for 4 days. After 4 days, the
microarrays were imaged, and one GFP-positive clone and two
substantially larger GFP-negative clones were isolated for expansion and subsequent polymerase chain reaction (PCR). In addition,
the average number of cells per neurosphere for GFP-positive
clones and GFP-negative clones (n ⫽ 20 for each group) was
assessed after staining the microarrays with Hoechst (Pierce). Furthermore, the proliferative capacity of GPF-NPCs and Akt-NPCs
cells was assessed in a 96-well plate assay. Briefly, each cell line
was FGF-starved for 24 –36 hours, seeded in 96-well plates at 2,000
cells per well (n ⫽ 4), and allowed to proliferate in medium
containing 1 ng/ml FGF-2 for 4 days, and cell number was quantified using the CyQuant Kit (Molecular Probes, Eugene, OR,
http://probes.invitrogen.com).

cDNA Library Generation and Retroviral Infection
To generate cDNA libraries, total RNA was isolated from approximately 1.5 ⫻ 108 neural progenitor cells with TRIzol reagent
(Invitrogen), and the mRNA fraction was then purified using the
Poly(A)-Quick mRNA Isolation Kit (Stratagene, La Jolla, CA,
http://www.stratagene.com). cDNA libraries were then generated
using the ZAP-cDNA Synthesis kit (Stratagene). Second-strand
synthesis was achieved using the enzymes DNA polymerase I and
Pfu, using primers to add an Xho I site to the 3⬘ ends. Eco RI site
adaptors were subsequently ligated onto the 5⬘ ends of cDNAs.
After digestion, the cDNA was then inserted via Eco RI and Xho I
into pCLPCX, a retroviral vector that contains the puromycin resistance gene (puromycin acetyltransferase) for expression from the
cytomegalovirus promoter. After electroporation into Escherichia
coli, the viral library was estimated at ⬃1 ⫻ 106 independent
clones, based upon counting bacterial colonies after plating a small
fraction of the electroporation. Virus was packaged and concentrated by ultracentrifugation to a titer of approximately 107 transducing units per milliliter as previously described [23]; 3.5 ⫻ 107
NPCs were then incubated with virus at a multiplicity of infection
of 0.3 infectious units per cell, followed by selection in 1 g/ml
puromycin.

Proliferation Screen for NPCs Infected with the
cDNA Library
NPCs infected with the cDNA library were FGF starved in culture
for 24 –36 hours and then seeded onto 20 ⫻ 100 patterned substrates
at 200 cells per cm2 and cultured in medium containing 1 ng/ml
FGF-2. Fifty percent of the medium was changed ever other day.
After 5 days in culture, large neurospheres were manually isolated
using a Pasteur pipette, transferred to a 96-well plate, and expanded
in culture. Genomic DNA was isolated using Qiagen’s QIAmp
DNA Micro kits (Qiagen, Hilden, Germany, http://www.qiagen.
com), and polymerase chain reaction was performed in a Mastercycler Personal (Eppendorf AG, Hamburg, Germany, http://www.
eppendorf.com) using HotStar HiFidelity PCR kit (Qiagen) with
primers for sequences that flanked the retroviral vector cDNA
insertion site. Electrophoresis was conducted to confirm the presence of DNA, and sequencing was then performed at the University
of California Berkeley DNA Sequencing Facility.
To validate hits from this proliferation screen, the purified
cDNA library sequence was recloned, and naı̈ve NPC populations
were reinfected using previously stated protocols followed by puromycin selection. Naive NPCs expressing empty-pCLPIT and
naı̈ve NPCs expressing pCLPIT with inserted sequence from the
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screen were FGF-starved for 24 –36 hours prior to seeding into
96-well plates in medium containing 10 g/ml mouse laminin at
seeding densities of 100 cells per well. The cells were allowed to
proliferate in medium containing 1 ng/ml FGF-2 for 5 days, and the
cell number in each well was then quantified using the CyQuant Kit
and VICTOR3V (PerkinElmer Life and Analytical Sciences, Boston, http://www.perkinelmer.com) plate reader at 485-nm excitation
and 535-nm emission.

RESULTS
Development of Clonal Microarray
We used microcontact printing to generate arrays of cytophilic
islands, 20 or 100 m in diameter with center-to-center distances of 100 or 200 m, respectively (20 ⫻ 100 or 100 ⫻ 200),
onto gold-coated glass cover slips (see Materials and Methods).
The spaces between the cytophilic islands were rendered cytophobic by functionalization with a self-assembled monolayer of
a tri(ethylene glycol)-terminated alkanethiol (Fig. 1A).
We first tested the use of these micropatterned substrates to
form patterned arrays of three-dimensional cell clusters—neurospheres. Adult rat hippocampal neural progenitor cells expressing green fluorescent protein (GFP-NPCs) and mouse embryonic cortical neural cells seeded on the arrays at 100,000
cells per cm2 in the presence of laminin (10 g/ml) formed
hemispherical cell clusters on the cytophilic regions of the array
within 24 hours (Fig. 1B). Neural stem cells are often cultured
as neurospheres, at low cell density, or in suspension, making it
tedious to count, image, or otherwise analyze numerous neurospheres. The ability to create patterned neurosphere arrays will
therefore greatly facilitate studies of stem cell function in neurospheres.
Next, we tested whether we could grow clonal neurospheres
from single neural stem cells on the micropatterned substrates.
To demonstrate this ability, we seeded a mixture of wild-type
NPCs [22] and GFP-NPCs on micropatterned substrates at a
lower density (1,500 cells per cm2). After 6 days of culture,
clonal neurospheres could be observed (Fig. 2A). The seeding of
cells on the microarray is akin to the classic raindrop problem,
and the number of cells per cell-adhesive island obeys a Poisson
distribution (supplemental online Fig. 1). Consequently, greater
than 99% of neurospheres on a 20 ⫻ 100 microarray seeded at
200 cells per cm2 (hereafter referred to as clonal density) are
clonal, allowing more than 3,600 clonal populations to be
screened on a standard 7.5 cm ⫻ 2.5 cm microscope slide.
Clonal neurospheres of interest can be readily “picked” from the
array and further expanded in culture (Fig. 2B). In the future,
automation of neurosphere isolation should be possible using
commercially available colony pickers, enabling a further increase in throughput.

Assaying Stem Cell Processes and Functions on
Microarrays
Since clonal microarrays would be very useful for gene
function screens, we investigated whether the microarrays
were compatible with multiple standard assays used to probe
cellular processes and functions. We first tested the ability to
quantify the number of cells in each neurosphere in a high
throughput fashion. For this purpose, 100 ⫻ 200 NPC neurosphere microarrays were stained with DAPI nucleic acid
stain (see Materials and Methods) and imaged using a fluorescence microscope; the gold-coated glass coverslips are
optically transparent and compatible with analysis by optical
microscopy [27]. We found that the integrated fluorescence
intensity from the labeled neurospheres varied linearly with
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Figure 1. Formation of neurosphere microarray. (A): Schematic of procedure used
to generate array. (B): Patterned array of
neurospheres of adult rat hippocampal neural progenitor cells expressing green fluorescent protein and mouse embryonic CNCs.
Scale bar ⫽ 100 m. Abbreviations: CNC,
cortical neural cell; GFP-NPC, neural progenitor cell expressing green fluorescent
protein; PDMS, poly(dimethyl siloxane).

Figure 2. Growth and isolation of clonal neurospheres. (A): Time course of clonal neurosphere growth after seeding a mixed population of neural
progenitor cells and neural progenitor cells expressing green fluorescent protein at clonal density (day 1). Monolayer coverage was seen on day 4 and
clonal neurospheres on day 6. (B): Isolation of a single neurosphere (ⴱ) using a pipette. Neurosphere was dislodged using a surgical blade and aspirated
with a pipette. Isolated neurosphere was expanded in culture in a 96-well plate. Scale bar ⫽ 100 m.

the number of cells in the neurosphere (Figure 3A), thereby
providing a parallel high-throughput method to screen for
cell proliferation.
Next, we tested the ability to monitor the subcellular
localization of proteins on clonal microarrays. The binding of
FGF-2 to its receptor (FGFR) in NPCs results in the phoswww.StemCells.com

phorylation of the cytoplasmic tail of FGFR [28], promoting
the recruitment of the enzyme phosphatidylinositol-3-kinase
(PI-3-kinase) to the inner leaflet of the cell membrane. The
recruited PI-3-kinase then catalyzes the conversion of its
membrane-localized substrate, phosphatidylinositol(4,5)P2
(PIP2), to phosphatidylinositol(3,4,5)P3 (PIP3). PIP3 recruits
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Figure 3. Compatibility of clonal microarray with standard assays. (A): Correlation of intensity of DAPI stain integrated over the entire neurosphere
area with the number of cells present in a neurosphere (r2 ⫽ .99). Inset is a fluorescent micrograph of a DAPI-stained neurosphere microarray. (B):
Membrane localization of PH-GFP in PH-GFP-NPCs upon FGF stimulation as assessed by confocal microscopy. (C): Immunofluorescent
triple-staining of arrayed cell populations for Nestin (green), GFAP (red), and ␤III-Tubulin (blue). The nuclei are stained with DAPI (magenta). Scale
bar ⫽ 100 m (A) and 10 m (B, C). Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; FBS, fetal bovine serum; FGF, fibroblast growth factor;
GFAP, glial fibrillary acidic protein; GFP, green fluorescent protein; Tuj1, ␤III-Tubulin.

Akt (also known as protein kinase B) to the membrane via direct
interaction with its PH domain [29]. We generated clonal neurospheres of NPCs expressing green fluorescent protein fused to
the PH domain of Akt1 (PH-GFP-NPCs). The neurospheres
were then FGF-2-starved for 24 hours to reduce FGF-2-induced
signaling to baseline levels. The subsequent addition of FGF-2
to the culture medium (see Materials and Methods) induced
membrane localization of the PH-GFP fusion protein within 30
minutes (Fig. 3B). These results suggest that clonal microarrays
could be used to screen for factors that influence the subcellular
localization of proteins—screens that would be difficult using
other techniques, such as fluorescence-activated cell sorting
(FACS). The results also demonstrate our ability to monitor
cellular signaling on clonal microarrays. In particular, Akt signaling regulates numerous downstream cellular processes, and
high throughput screens of such signal pathway activation have
applications ranging from basic biology to drug discovery.
We also tested the ability to monitor stem cell fate on the
microarrays using standard immunofluorescence techniques.
Neural progenitor cells are characterized by their ability to
proliferate and differentiate into neuronal and glial cells, and
we characterized cell fate by triple staining for Nestin (a
progenitor intermediate filament protein), GFAP (a marker
for glial cells), and ␤III-Tubulin (a neuronal marker) [30]
(Fig. 3C). NPCs cultured under proliferative conditions (20
ng/ml FGF-2) maintained their NPC phenotype and stained
positively for nestin (Fig. 3C). Culturing NPCs under differentiation-inducing conditions (1% fetal bovine serum and 1
M retinoic acid) resulted in both glial and neuronal differentiation; some cells underwent glial differentiation and
stained positive for GFAP, whereas others underwent neuronal differentiation and stained positively for ␤III-Tubulin
(Fig. 3C). These results demonstrate that the NPCs are ca-

pable of multipotent differentiation on the array, and future
use of lineage-specific promoters [31] coupled with fluorescent protein reporters would enable high throughput screening for factors that regulate lineage commitment and differentiation. This approach would also be compatible with
screening for novel factors that induce directed embryonic
stem cell differentiation [32]. These experiments also demonstrate the ability to monitor cell morphology [10] on clonal
microarrays (Fig. 3C), which is another capability that would
be useful for high throughput screens.

Gene Function Screening
The ability to infect cells with recombinant viral vectors
before generating clonal populations makes these microarrays ideal for screening libraries, such as gain of function
cDNA or loss of function RNAi libraries. As a first demonstration of the capabilities of clonal microarrays, we tested
the ability to observe RNAi in situ. A clonal microarray was
seeded with a mixture of GFP-NPCs, and GFP-NPCs also
infected with a viral vector construct that induces RNAi
against GFP (RNAi-GFP-NPCs). Figure 4A shows adjacent
clonal populations of GFP-NPCs (expressing fluorescent protein) and RNAi-GFP-NPCs (showing negligible expression
of fluorescent protein). This figure demonstrates our ability
to monitor a loss of function—in this case a loss or decrease
in protein expression— on clonal microarrays. In the future, a
similar approach could be used for other loss of function
screens; specifically, one could generate clonal populations
of NPCs infected with an RNAi library and identify constructs that influence NPC proliferation, signaling, protein
localization, or differentiation (Fig. 3).
Next, we tested the ability to identify clones overexpressing genes that are known to influence NPC function. To that
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Figure 4. Gene function screens. (A): Photograph of in situ RNA interference on a clonal microarray composed of RNAi-GFP-NPCs and GFP-NPC
cell populations (top panel). Line scan of fluorescence intensity across different cell populations on microarray (bottom panel). Scale bar ⫽ 20 m.
(B): Micrograph of a clonal microarray showing clonal populations of Akt-NPC and GFP-NPC. Gel photograph depicts polymerase chain reaction
(PCR) results for the clonal populations in the micrograph. PCR with primers for the Akt-sequence is expected to yield a 553-bp band. Scale bars ⫽
10 m. (C): Validation of the proliferation screen; number of cells after 5 days for NPCs infected with the Sox2 fragment relative to NPCs infected
with the empty vector. The proliferation assay was run in a 96-well plate with an initial seeding density of 100 cells per well. Significance was
determined using a homoscedastic, two-tailed Student’s t test, and reported data are an average of two independent experiments (n ⫽ 4, p ⫽ .003 and
p ⬍ .001). Abbreviations: Akt-NPC, neural progenitor cell that overexpresses akt1; bp, base pair; GFP-NPC, neural progenitor cell expressing green
fluorescent protein; NPC, neural progenitor cells.

end, we seeded 20 ⫻ 100 microarrays at clonal density with
a mixture of GFP-NPCs and NPCs that overexpress akt1
(Akt-NPCs), as Akt signaling has recently been demonstrated
to be necessary and sufficient for robust NPC proliferation
[33]. After 4 days of culture in medium supplemented with 1
ng/ml FGF-2, GFP-NPC clonal populations were observed
adjacent to larger GFP-negative clonal populations (Fig. 4B).
All three populations observed in this micrograph were isolated from the microarray, expanded in a 96-well plate, and
analyzed for the presence of the akt1 gene insert by PCR;
these results confirmed that the larger GFP-negative clonal
populations were Akt-NPCs (Fig. 4B). On this same microarray, the numbers of cells in 20 GFP-NPC and 20 Akt-NPC
populations were assessed. It was observed that GFP-negative Akt-NPC populations contained a significantly higher
number of cells than GFP-positive populations (supplemental
online Fig. 2A). Similar results were obtained using a proliferation assay in 96-well plates (supplemental online Fig.
2B). Collectively, these results are consistent with the ability
of Akt1 to enhance proliferation and provide further evidence
of the utility of clonal microarrays for gene function screens.
As a final demonstration of the utility of clonal microarrays, we screened NPCs infected with a cDNA library to
identify clonal populations of interest. Cells were infected
with a retroviral vector library carrying cDNA generated
from NPC total mRNA (see Materials and Methods for library generation). We then used clonal microarrays to isolate
www.StemCells.com

a clone that proliferated rapidly in medium containing 1
ng/ml FGF-2, a suboptimal culture condition. The cell library
was seeded onto a 20 ⫻ 100 array at 200 cells per cm2 in
medium containing 10 g/ml mouse laminin and then cultured in medium containing 1 ng/ml FGF-2. After 5 days,
large clonal neurospheres were isolated and expanded. PCR
and sequencing revealed that a clone was infected with the
last 131 base pairs of the sox2 coding region plus 104 base
pairs of the 3⬘ sox2 untranslated region. Sox2 is a transcription factor containing the HMG box DNA binding domain;
however, the isolated cDNA does not contain this domain.
Sox2 plays roles in neuronal maintenance and neurogenesis,
but, most importantly, sox2 depletion significantly impairs
neural progenitor proliferation [34]. Furthermore, Sox2 is a
known marker for both embryonic and adult neural stem cells
[35]. To validate this “hit,” the purified cDNA library sequence was recloned, and wild-type NPC populations were
reinfected (see Materials and Methods). As seen in Figure
4C, NPCs overexpressing the identified sequence demonstrated enhanced rates of proliferation relative to NPCs infected with the empty retroviral vector. This improved proliferation occurs when only a small portion of the sox2 gene
is overexpressed, providing an intriguing new avenue for
future study. This experiment clearly demonstrates the use of
the microarrays to screen cDNA libraries and identify novel
clones with desired properties.
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Table 1. Comparison of methods for gene function screening
Methods

Advantages

Disadvantages

● Suitable for functional genomic studies with
any cell type

96-Well plate

Transfected cell microarrays 关2, 3兴

● Compatible with plate readers and
automated microscopy/cell isolation 关38兴
● Ability to generate clonal populations using
single cell sorting and perform clonal
analysis studies
● Compatible with automated microscopy
● High-throughput (7,500 spots per standard
microscope slide)

Lentivirus-infected cell microarrays 关5兴

Clonal microarrays

● Postscreen, selected genetic sequences can
be immediately identified by printed
location
● Suitable for functional genomic studies with
a wide range of cell types
● High-throughput (5,000 spots per standard
microscope slide)
● Compatible with automated microscopy
● Postscreen, selected genetic sequences can
be immediately identified by printed
location
● Suitable for functional genomic studies with
a wide variety of cell types
● High-throughput (3,600 clonal populations
per standard microscope slide)
● Purification and concentration of individual
members of a genetic library are not
required
● Compatible with automated microscopy
● Ability to generate clonal populations in
situ
● No microarrayer needed

DISCUSSION
We have developed high-throughput clonal microarrays that are
compatible with screens for proliferation, subcellular protein
localization, cell morphology, cell signaling, and differentiation,
and are thus particularly well suited for functional genomics.
Clonal microarrays permit screening of large cDNA and RNAi
libraries without the need to synthesize purified concentrated
solutions of each member of the genetic library as required in
standard microarray protocols [3] and without the use of FACS
to isolate clonal populations expressing select genetic sequences. This technique could expedite the discovery of novel
gene functions, providing further insight into mechanisms that
control stem cell fate. To demonstrate the utility of clonal
microarrays for gene function studies, we have used them to
isolate clones that overexpress a gene known to enhance NPC
proliferation in NPCs and to screen NPC populations infected
with a cDNA library for clones that undergo rapid proliferation
under suboptimal culture conditions. The advantages of clonal
microarrays relative to previously developed methods are summarized in Table 1. The density of clonal arrays can be even
further increased by optimizing the cell seeding method, with an
upper limit greater than 150,000 populations per 7.5 cm ⫻ 2.5
cm microscope slide. Furthermore, if required, regulated gene
expression [36] could be utilized to suppress gene expression
until individual cells have the opportunity to expand into clonal

● Useful for small genetic libraries due to
low-throughput (i.e. footprint of a single
plate is equivalent to the footprint of five
standard microscope slides); automated
systems are available but may not be
accessible to all laboratories
● Must synthesize purified concentrated
solutions of each member of genetic library
● Suitable for functional genomic studies only
in cell types that are easily transfected (not
primary cell types)
● Requires a microarrayer
● Unable to isolate clonal cell populations
● Must synthesize purified concentrated
solutions of each member of genetic library
● Requires a microarrayer
● Unable to isolate clonal cell populations

● Must perform polymerase chain reaction
and sequencing to identify selected genetic
sequence

neurospheres prior to induction of a phenotype. Although the
current work focuses on stem cells, our method should be
broadly applicable for functional genomics screens in eukaryotic cells, many of which can be patterned by microcontact
printing. We note that the arrays could also be used for insertional mutagenesis screens; with only approximately 1.5% of the
human genome coding for proteins, our arrays offer an expedient and convenient method for conducting pan-genomic screens
to discover possible regulatory roles for the remaining 98.5% of
the human genetic sequence [37].
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