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Abstract Advances in genomic research have revealed that
each patient has their own unique tumor profile. While
silencing RNA (siRNA) screening tests can identify which
genes drive tumor cell growth, results obtained from these
assays have been limited in their clinical translatability
because they employ cell lines growing on flat surfaces.
The Cancer BioChip System (CBCS) is a functional screen-
ing assay for identification of siRNA capable of inhibiting
anchorage-independent three-dimensional (3D) cancer cell
growth. Anchorage-independent growth assays are impor-
tant in vitro predicators of regulators of cancer cell growth.
Unique features of the CBCS include a Cancer BioChip,
wherein cells incorporate different siRNAs in parallel and
grow in a 3D matrix to form colonies that can be quantified
using real-time imaging and an image analysis software.
Thus, the CBCS can be developed as a tool for personalized
identification of targeted cancer therapies.

Introduction

Functional screening of candidate drug targets requires the
development of in vitro assays for the testing of gene-
specific inhibitors in a clinically relevant setting. The dis-
covery that double-stranded RNA (dsRNA), also called

silencing RNA (siRNA), can cause post-transcriptional gene
silencing via RNA interference (RNAi) in most eukaryotic
cells has made this approach a technology of choice for
inhibiting gene expression [1–4]. When introduced into the
cell, siRNA interacts with PIWI family proteins to form the
RNA-induced silencing complex (RISC), which recognizes
and then degrades homologous mRNA, leading to post-
transcriptional suppression of gene expression [5, 6]. It is
now possible to design gene-specific inhibitors for any
candidate gene based on its sequence and perform
genome-scale gene silencing experiments for functional
genomics and drug discovery [7–9].

Several studies have been reported using genome-wide
loss-of-function screens for the identification and validation
of cancer drug targets (see Iorns et al. [10], for review).
Some used either Transfected Cell Microarrays (TCM)
[11–15] or pooled shRNA libraries [16–18] for identifica-
tion of shRNAs capable of altering function in cancer cell
lines. Other platforms employed Lentivirus-infected cell
microarrays (LICM) [19, 20] to obtain high levels of
siRNA in immortalized and primary cells. While these stud-
ies supported the feasibility of high-throughput gene silenc-
ing and the influence of gene expression on various
parameters of cell function, none of these studies evaluated
the functional impact of siRNA on cancer cell growth in a
setting that would directly translate to the in vivo milieu.

There are many limitations to TCM assays. The TCM
platform was developed to treat only attached cancer cell lines,
which have altered properties and biological responses that
may not mimic in vivo cancer cell biology. Mammary epithe-
lial cells behave differently when grown in a three-dimensional
(3D) matrix rather than on two-dimensional flat surfaces (see
Jacks and Weinberg [21], for review). Furthermore, cancer
cells grown under these conditions tend to migrate, which
limits the duration and throughput capability of this assay,
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since individual siRNAs will have to be spotted at distances
that would keep neighboring cells apart. Another limitation is
that it is not possible to study primary patient tumor cells with
these assays, since they allow both normal and tumor cell
growth. Since cellular sensitivity to treatment is influenced
by in vitro growth conditions, none of these assays can be
used as a stand-alone cancer drug-screening assay. Thus, it is
important to perform these studies in an in vitro 3D setting that
would translate to the clinic.

The most commonly used in vitro test for potential che-
motherapeutic agents is the anchorage-independent growth
assay, also known as soft agar, clonogenicity, human tumor
colony-forming, or human tumor stem cell (HTSC) assay
[22–29]. Anchorage-independent growth is usually quanti-
fied using semisolid media, such as agar. Soft agar assays
are the most stringent assays for cancer drug screening,
since they allow transformed cells, but not normal cells, to
grow in vitro. These transformed cells exhibit stem cell-like
properties, grow in suspension, and exhibit minimal contact-
triggered growth inhibition. Salmon et al. [22] showed cor-
relation between in vitro results obtained using the HTSC
assay and the clinical responses of myeloma and ovarian
cancer patients to a variety of chemotherapeutic agents.
Larger scale testing revealed that clinically effective chemo-
therapeutic agents were also active in the HTSC assay with
the exception of those requiring systemic activation, while
clinically ineffective agents were confirmed to be true neg-
atives with 97 % accuracy [23]. Other groups also showed
the potential use of this assay in predicting patient respon-
siveness to chemotherapy [24–26, 28, 30].

In their current format, anchorage-independent growth
assays are not amenable for large-scale screening [31, 32],
since they require large numbers of cells and the plating
efficiency of human tumor biopsies is very low.
Subsequently, only breast, colorectal, kidney, lung, melano-
mas, and ovarian tumors have been tested in this manner,
since these tumors produce sufficient cell yields [28]. Most
importantly, current assays are capable of only testing one
inhibitor at a time and are tedious, time consuming, and
costly since they are not easily amenable to automation.

We have developed a high-throughput 3D assay for
screening siRNA, the Cancer BioChip System (CBCS)
(Falcon Genomics, Inc., Pittsburgh, PA; US Patent #
7,537,913 B2 and 8,110,375 B2). The CBCS is a kit that
includes a device (“Cancer Biochip”), into which multitudes
of chemical compounds to be tested (e.g., siRNA library)
are embedded or overlaid on a matrix that inhibits cell
attachment, along with a top matrix to be mixed with the
cells (see Fig. 1). The top matrix allows 3D cell growth and
limits cell migration. When cells are mixed with the matrix
and cultured on the Cancer BioChip, they incorporate the
underlying active agent and grow in 3D. When used, the
CBCS evaluates the effect of the chemical compounds on

the cells in real-time by tracking growth using commercially
available imaging systems and custom-designed imaging
and image analysis software. Results obtained from these
studies will give information about gene function, cytotox-
icity, therapeutic targets, and functional genomic profiles of
cancer patients.

Thus, the unique features of the CBCS are as follows:
rapid, one-step, high-throughput siRNA transfection ap-
proach combined with live assessment and quantification
of anchorage-independent cancer cell growth. By miniatur-
izing assay conditions, smaller amounts of patient tissue and
reagents are needed. This allows for testing of a multitude of
compounds simultaneously and in parallel without require-
ment of large incubator space. The ability to observe tumor
cell growth in real time and over a long period of time
allows for identification of early, latent, stable, and/or tran-
sient effects of each compound.

In this paper, we report on the validation of a first-
generation CBCS (CBC-1) capable of simultaneous
quantitative real-time assessment of the effect of 50
different siRNA mixtures on anchorage-independent tu-
mor cell growth (Fig. 1). Matrices employed in the
CBC-1 consisted of soft agar. Cells that are plated on
the CBC-1 incorporate the underlying siRNA and form
colonies that can be examined and quantified over a
long period of time.

The CBC-1 can be used to optimize basic functions of the
CBCS prior to scaling up to a high-throughput full genome
screen. These include plating, transfection, silencing, and
cytostatic efficiencies. In this paper, we report on each one
of these parameters for the validation of the CBC-1 as a
stand-alone in vitro test for identification of inhibitors of
breast cancer cell growth in a clinically relevant setting.

Results

Anchorage-Independent Growth of Breast Cancer Patient
Cells and Cell Lines on the CBC-1 (Plating Efficiency)

High-throughput anchorage-independent growth testing is a
unique property of the CBCS. Using the CBC-1, we have
determined colony growth in agar of transformed breast
cancer cell lines (MDA-MB-231, M4A4, MCF7, and
SKBR3) and immortalized NIH-3T3 fibroblast cells. We
have observed colony formation in all cells except for the
nontransformed NIH-3T3 cells (Online Resource 1). Plating
efficiencies, as determined by percent of cells that formed
live colonies, were between 20 and 39 % for these cell lines.

Analysis of colony formation on the CBC-1 for primary
breast cancer patient cells gave a wide range of results.
Since these cells consisted of a mixture of all cell types
obtained from a tumor, the percent of transformed tumor
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cells varied among patients. In addition, the growth rate of
cells obtained from different patients was different.
Figure 2a shows examples of colonies that formed from five
different breast cancer patients and corresponding plating
efficiencies.

For each patient, a plating efficiency experiment has to be
performed to identify the optimal starting cell number for
each CBC-1. The number of colonies formed has to be
directly related to the starting cell counts. For these experi-
ments, we determine the plating efficiency by measuring the
percentage of colonies formed, after seeding 100, 300, 500,
700, and 1,000 cells per well on the CBC-1 (n05). Figure 2b
and c show results from one representative experiment using
primary breast cancer cells. Shown are representative
merged z-stack images from individual wells (Fig. 2b).
Analysis of cell and colony size showed that the average
cell area at day 1 was estimated to be 203±12 μm2 and
average colony size on day 9 was 1,504±40 μm2. For this
patient, we have observed a linear correlation between start-
ing cell numbers and numbers of formed colonies at day 9
with an average plating efficiency of 51.6±2.5 % (Fig. 2c).
Thus, a starting cell number of 700 cells per well could be

used for further testing on the CBC-1, whereby the assay
would be in the linear range. These results show that we can
use the CBC-1 to determine the plating efficiency of prima-
ry patient cells prior to functional genomic testing on a
higher throughput CBCS.

Silencing RNA Transfection on the CBC-1 Using
a Proprietary One-Step Method

The CBCS is intended to achieve efficient delivery of
siRNA into primary cancer cells. Since different cells have
different transfection efficiencies, it is essential to determine
the method of choice for transfection for every cell type to
be tested on the CBCS. This can be quickly achieved using
the CBC-1. siRNA can be delivered into cells cultured on
the CBC-1 using different types of transfection reagents. We
tested lentiviral vector-mediated delivery using control vec-
tors from the Mission TRC (Sigma) and Accell siRNA
delivery methods (Dharmacon). The Accell siRNA method
is unique, since it uses a proprietary siRNA backbone mod-
ification to drive uptake of the siRNA into the cells; as a
result, there is no need for a separate delivery reagent.
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Fig. 1 Diagram of the Cancer BioChip System (CBCS) kit and meth-
od. Abnormally expressed genes are targeted with siRNA on the
Cancer BioChip to determine their effect on anchorage-independent
tumor cell growth. Cells cultured on the Cancer BioChip incorporate
siRNA while being suspended in a 3D matrix. Growth of siRNA-
transfected colonies is monitored using customized imaging and image

analysis methods. Results obtained from the CBCS lead to identifica-
tion of potential therapeutic targets in a setting that has high clinical
translatability. Shown is a first-generation Cancer BioChip (CBC-1)
with and without staining with MTT for viability testing. The center
photomicrograph depicts merged z-stack images acquired from a CBC-
1 well using an inverted microscope and a 4× objective
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Another advantage of using Accell siRNA for CBCS devel-
opment is that it does not require the specialized equipment
needed for safe manipulation of lentiviruses (Biological
Safety level 2+).

To determine transfection efficiency on the CBC-1 using
either transfection method, we employed the following pos-
itive controls: the Mission TRC control vector, a lentiviral
vector expressing the gene for Turbo Green Fluorescence
Protein (TurboGFP) and the Accell Green siRNA control, a
FAM-labeled Accell Non-Targeting siRNA. We have tested
the impact of several variables on expression of the Mission
TRC TurboGFP control into primary patient cells and the
MDA-MB-231 breast cancer cell line. We found that the
TurboGFP signal in these cells was very weak using
Mission TRC TurboGFP. In both MDA-MB-231 and pri-
mary breast cancer cells, the transfection efficiency on the
CBC-1 using the Mission TRC TurboGFP vector ranged
between 8 and 20 % (data not shown).

On the other hand, control Accell Green Non-Targeting
RNAs gave a very strong signal in most primary breast
cancer cells tested on the CBC-1. Figure 3 shows represen-
tative photomicrographs of primary breast cancer cells
growing on the CBC-1 in the presence of increasing doses
of Accell Green (2.5, 5, and 10 μM). While we can obtain
up to 65 % transfection efficiency at 2.5 μM Accell Green
(65±8 %), the highest transfection efficiency was observed
at 5 μM (96±2 %). No further increase in percent-transfected
cells could be observed with the higher concentrations, and

expression can bemaintained at a lower level for up to 21 days
(Table 1). At day 21, colonies remained viable as determined
by MTT stain (data not shown). However, the signal was not
transmitted to all daughter cells in the colonies. Further testing
of primary patient breast cancer cells (n014) with Accell
Green (10 μM) gave transfection efficiencies ranging between
55 and 95 % at day 2 (data not shown). In summary, we
observed elevated siRNA expression in primary breast cancer
cells and cell lines on the CBC-1 using the Accell delivery
method, while Mission TRC TurboGFP expression was much
weaker.

Silencing Efficiency of EGFP siRNA in M4A4
EGFP-Expressing Cells Growing on the CBC-1

Successful transfection does not necessarily imply success-
ful suppression of the gene of interest. The following experi-
ments were performed to determine whether we could
achieve inhibition of gene expression on the CBC-1. We
have tested whether EGFP siRNA can suppress EGFP pro-
tein expression in breast cancer cell lines that have been
engineered to express EGFP (M4A4 cells, ATCC).

Although we could not see high transfection efficiencies
with the Mission TRC TurboGFP particles on the CBC-1,
we have observed gene silencing with both lentiviral trans-
fection of shRNA for eGFP (Mission TRC control, Sigma;
data not shown) and the Accell EGFP shRNA pool (Thermo
Fisher Dharmacon). Figure 4 shows silencing of EGFP in

Plating Efficiency: 34 3 47 3 41 2 30 2 54 2

29 28 21 20 19Patient Number:
a)

100 300 500 700 1000Starting cell #/well:

b)

c)

0

200

400

600

0 300 600 900 1200

C
O

L
O

N
IE

S

CELLS / WELL

± ± ± ± ±

Fig. 2 a Plating efficiency of
primary breast cancer patient
cells on the CBC-1. Shown are
photomicrographs of MTT
stained CBC-1 imaged at days
21–22 (patients 19, 20, and 21)
and days 28–29 (patients 28 and
29) in culture. Cells were seed-
ed on the CBC-1 at 600–700
cells per well. b Growth of pri-
mary breast cancer patient cells
on the CBC-1 after 9 days in
culture. Shown are bright field
photomicrographs of the entire
well with 100, 300, 500, 700,
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per well. Colonies appear as
black dots. c Scatter plot show-
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M4A4 cells grown on the CBC-1 and transfected with
increasing concentrations of Accell EGFP siRNA (2.5, 5,
and 10 μM). Signal intensity for each colony was assessed
by measuring average integrated density for all colonies.
While maximal suppression of EGFP signal was 64 % at
day 8 with the Accell EGFP siRNA (Fig. 4), it reached 93 %
with the Mission TRC EGFP shRNA at day 14 (data not
shown).

These results prove that silencing of gene expression can
be obtained even with low levels of lentiviral shRNA

transfection efficiency. The most important deliverable in
our assay is silencing of gene expression and this can be
obtained with either lentiviral vectors or Accell siRNA.

Suppression of MCF7 Colony Formation with Estrogen
Receptor α (ESR1) siRNA on CBC-1

The ultimate validation for the CBCS is the inhibition of
cancer cell growth by siRNA knockdown of tumor genes.
For these studies, we determined MCF7 breast cancer cell
line growth response to ESR1 Accell siRNA on the CBC-1.
MCF7 cells have been very well characterized in the litera-
ture and are known for their dependence on the estrogen
receptor [33]. For these experiments, four different Accell
siRNAs (10 μM) targeting different sequences in the ESR1
gene were tested on the CBC-1 either individually (ESR1-1,
ESR1-2, ESR1-3, and ESR1-4) or together in a pool (ESR1
pool). In addition, each CBC-1 included the following con-
trols: no cells, no siRNA, and Accell nontargeting siRNA
(10 μM). Figure 5a shows representative merged z-stack
images from MCF7 cells after 7 days of culture on the
CBC-1 in the presence of each of the abovementioned
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Table 1 Percent transfection efficiency of Accell Green into primary
breast cancer cells at 5, 12, and 21 days post-transfection

Accell Green Day 5 Day 12 Day 21

0.0 μM 8±2 13±5 5±3

2.5 μM 65±8a 50±12a 34±3a

5.0 μM 96±2a,b 90±2a,b 66±7a,b

10.0 μM 82±14a 72±17a 55±14a

a p<0.05 relative to 0.0 μM
b p<0.05 relative to 2.5 μM using Student's t test

HORM CANC (2012) 3:261–270 265



conditions. The number of colonies (size greater than
1,500 μm2) as well as the average size of all cells was
measured at different time points in culture. Measurement
of relative change in colony numbers and change in average
cell size from days 2 to 7 showed that ESR1-2, ESR1-3,
ESR1-4, and ESR1 pools suppressed colony formation on
the CBC-1 (Fig. 5b, c), while ESR1-1 was ineffective.
While untransfected cells (No siRNA) and cells transfected

with nontargeting siRNA showed increase in number of
colonies and average cell size over time, those transfected
with ESR1 Accell siRNAs were suppressed except for
ESR1-1. The highest level of colony suppression was
obtained with either ESR1-4 or ESR1 pools. These results
show that we can demonstrate suppression of breast cancer
colony growth on the CBC-1 using siRNAs for genes
known to be involved in breast cancer.
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z-stacks and merged green
fluorescence z-stacks (eGFP).
EGFP Signal was expressed
relative to controls (n05).
aP<0.05 relative to control.
bP<0.05 relative to 2.5 μM.
Magnification: 10×

N
on

-T
ar

ge
tin

g

E
SR

1-1

E
SR

1-
2 E

SR
1-3

E
SR

1-
4

E
S

R
1 pool

Non-
targeting

ESR1-1

ESR1-2

ESR1-3

ESR1-4
ESR1 
pool

No siRNA

0

50

100

150

C
h

an
g

e 
in

 a
ve

ra
g

e 
ce

ll 
si

ze
 

(%
 o

f 
co

n
tr

o
l)

Non-
targeting

ESR1-1

ESR1-2

ESR1-3

ESR1-4

ESR1 
pool

No siRNA

0

50

100

150

R
el

at
iv

e 
ch

an
g

e 
in

 c
o

lo
n

y 
n

u
m

b
er

 (
%

 o
f 

co
n

tr
o

l)

* *
* *

*
* *

*

a)

b)

c)

Fig. 5 a Suppression of MCF7 cell growth on the CBC-1 with Accell
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Discussion

The CBCS is a functional genomic assay that identifies
inhibitors of anchorage-independent 3D cell growth. In this
paper, we developed a first-generation Cancer BioChip,
CBC-1, which can be employed for initial determination
of plating, transfection, silencing, and cytotoxic efficiencies
for every cell type prior to high-throughput screening. We
show that we can grow primary patient cells on the CBC-1
with varying plating efficiencies. We show a linear correla-
tion between the number of cells seeded on the CBC-1 and
the number of colonies formed. We also compared two
siRNA delivery methods on the CBC-1 and found higher
transfection efficiency into primary patient cells using
Accell siRNA as compared to lentiviral vector-mediated
delivery. However, both siRNA delivery methods led to
suppression of target gene expression. We also demonstrate
the effectiveness of different ESR1 siRNAs, individually
and as a pool, at inhibiting MCF7 colony growth at different
time points and in real time. These studies validate the utility
of the CBC-1 at identifying inhibitors of primary patient
cells that can grow in an anchorage-independent fashion.
These cells are thought to be the tumor-initiating cells and
should be targeted for therapy. Such data could translate into
clinically relevant results for cancer target identification and
personalized formulation of therapy.

There are many advantages for using soft agar as opposed
to other matrices on the CBCS. Soft agar assays are consid-
ered to be optimal for testing primary tumor cells for the
following reasons:

1. Unlike collagen and other mammalian cell-derived ma-
trices which can alter cellular properties, agar is a poly-
saccharide derived from marine algae and does not
influence cellular behavior. Matrices consisting of
Extracellular Matrix (ECM) components, such as colla-
gen and Matrigel, allow all types of cells to grow and
influence their in vitro behavior. In fact, nonmalignant
Human Mammary Epithelial Cells (HMEC), differenti-
ate into mammary acini when cultured in 3D collagen or
laminin gels [34, 35].

2. Soft agar assays selectively allow transformed tumor
cells to grow. When cells become transformed, they
acquire the innate capability of dividing in suspension,
do not need cell–cell contact, do not require attachment
to a surface, and can recapitulate the tumor phenotype
when transplanted in SCID nude mice [36]. The most
widely used model for testing carcinogenic compounds
in vitro is the NIH-3T3 soft agar assay. NIH-3T3 fibro-
blast cells cannot form colonies in soft agar unless they
become transformed. Transformation could be obtained
by treatment with carcinogens, infection with tumor
viruses, or genetic manipulation [37–39].

3. Soft agar assays also provide an environment for low
cellular attachment, which is optimal for growth of
“mammospheres” in the presence of selective media.
These mammospheres are considered to be “tumor-ini-
tiating cells” with CD44+CD24−/low phenotype [35, 40].
These cells are thought to be responsible for tumor
recurrence and metastasis.

4. Another important feature of using agar on the CBCS is
that it limits migration of the cells and keeps them
immobilized on top of the tested siRNA, which allows
for higher throughput testing of compounds embedded
at higher density within the Cancer BioChip. Thus, the
soft agar matrix used on the CBC-1 is a stringent envi-
ronment for high-throughput chemosensitivity testing of
transformed tumor cells obtained from primary biopsies.

While TCM siRNA screening methods have been used
for the identification of genes essential for viability and
proliferation of breast cancer cells, these assays utilize cell
lines growing on flat surfaces. For these assays, attachment
of the cells is essential for the incorporation of underlying
siRNA. Thus, targets obtained from these studies were most
often individually validated using anchorage-independent
growth assays. In some instances, cells responded different-
ly upon validation, which further emphasizes the need for
siRNA screening of cells growing in an anchorage-
independent 3D fashion [41].

There have been several previous attempts at developing
high-throughput anchorage-independent growth assays.
Some involved using 96-well plates with automated colony
counting at 1 week using the CytoFluor® Series 4000 Multi-
Well Plate Reader [42]. The use of Alamar blue for colony
readout also allowed for automated colony counting using
the CytoFluor® Series 4000 Multi-Well Plate Reader.
However, the need for a separate cell transfection step prior
to plating cells in agar increases assay time and results in
further cell loss. In addition, the use of Alamar blue for cell
staining limits the ability to obtain a real-time chemosensi-
tivity response, and it would not allow for the identification
of drugs that might lead to resistance. The 96-well format
supports the testing of a larger number of inhibitors than
previously possible but is still unable to provide efficient
real-time siRNA screening in 3D.

Other large-scale siRNA screens in 3D employed the
pooled shRNA library dropout approach [43, 44]. For these
assays, primary cells are virally transduced with shRNA
libraries and then cultured in 3D to identify inhibitors of
cellular transformation. While these assays identified poten-
tial tumor suppressor genes, they could not be employed as
an in vitro diagnostic test for identification of patient-
specific therapies. For these assays, every cell has to be
transduced with at least one viral replicon, and cells that
do not grow in these assays are correlated with shRNA
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lethality. Since the cells are transduced with shRNA prior to
plating, this approach will not work for screening of inhib-
itors of primary patient cells, which do not grow at 100 %
plating efficiency. Cell death under these conditions could
be attributed to either low plating efficiency or shRNA
lethality. Since our approach employs a transfection method
that occurs in cells growing in an anchorage-independent
environment, lack of growth under these conditions is solely
attributed to siRNA transfection. Therefore, it is essential to
have on-agar transfection/transduction of siRNA/shRNA in
order to perform functional genomic screens for inhibitors
of anchorage-independent cell growth.

In summary, the CBCS is a technology for screening
siRNA capable of inhibiting anchorage-independent and 3D
primary patient tumor cell growth. We validate a first-
generation CBCS that can be employed for determination of
plating efficiency of patient cells, siRNA transfection method
for high siRNA incorporation, silencing efficiency of target
genes, and cytostatic efficiency. Our results show that we can
grow patient cells that incorporate underlying siRNA at high
efficiency. We also show high specificity and efficiency of
siRNA suppression of target genes and inhibition of tumor cell
growth. Thus, the CBC-1 can be used for functional genomic
profiling of primary patient cells and identification of more
efficient and targeted patient-specific treatment modalities.

Methods

Silencing RNA

Accell siRNA (Thermo Fisher Dharmacon, Lafayette, CO) or
Mission TRC shRNA-expressing lentiviral vectors (Sigma,
Saint Louis, MO) were employed in this study. Accell
siRNA controls included: Accell Non-Targeting and Accell
Green Non-Targeting siRNA. For Accell ESR1 siRNAs, the
sequences were: ESR1-1: CCGUAAUGAUUCUAUAAUG,
ESR1-2: GCCUGGUGAUUAUUCAUUU, ESR1-3:
GGAAGGUUUUACAUUAUUC , a nd ESR1 - 4 :
UAUUCAUGUUAAGAUACUA. A pool of all four sequen-
ces was also tested. The Mission TRC shRNA-expressing
lentiviral vectors were: Mission pLKO.1-puro Control
Transduction Particles, Mission TurboGFP Control
Transduction Particles, and Mission eGFP shRNA Control
Transduction Particles. Lentiviral vectors at a titer of 106

particles/ml, which gives 5,000 particles per well, were mixed
with Protamine Sulfate (6 μg/ml) and agar prior to application
on the CBC-1.

Preparation of the CBC-1

A CBC-1 (Falcon Genomics, Inc., Pittsburgh, PA) that con-
sisted of CultureWell chambered coverslips (Grace Bio-labs,

Inc., Bend, OR), with each spot being 3 mm in diameter and
1 mm deep was used. The matrix consisted of soft agar
(Noble Agar, Difco, BD & Co, Sparks, MD). After applica-
tion of a base agar (0.8 % in delivery media) layer in each
well, siRNA mixed with agar (0.2 % in delivery media) was
applied, followed by cancer cells mixed with top agar
(0.4 % in delivery media). The CBC-1 was incubated in a
CO2 incubator at 37 °C overnight, covered with complete
growth medium on the following day, and fed twice a week
thereafter. Colony formation was monitored using an
inverted microscope at different time intervals up to 20–
29 days. At the end of this incubation period, cell viability
was determined using MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) stain.

Patient Cell Culture

Primary breast cancer cells were procured from a commer-
cial supplier (Celprogen, San Pedro, CA) or prepared in-
house from fresh patient tumor tissue collected by the
Cooperative Tissue Network (CHTN), which is funded by
the National Cancer Institute, NIH. All patient tissues were
procured by CHTN according to current regulations and
guidance for repositories from the Office of Human
Research Protections (OHRP, DHHS). The Institutional
Review Board (IRB) protocol for this study was authorized
and approved by the Allegheny Singer Research Institute-
WPAHS IRB. Patient tumor samples were shipped from
CHTN affiliated institutions in RPMI-1640 containing anti-
biotics, 10 % fetal calf serum, and 2.5 μg/ml fungizone and
maintained cold during shipment. Upon arrival to our facil-
ity, tissue was immediately processed for preparation of
tumor cells. We used collagenase types 3 and 1
(Worthington, Lakewood, NJ) sequentially to digest the
tissue and isolate cells. We then cultured the cells in flasks
coated with Geltrex (Invitrogen) in the presence of HuMEC
medium (Invitrogen).

Cell Lines

Breast cancer cell lines, including MDA-MB-231, M4A4,
MCF7, SKBR3, and the immortalized fibroblast cells NIH-
3T3, were obtained from the American Type Culture
Collection (ATCC, Manassas, VA). All cells were cultured
according to ATCC guidelines in medium (DMEM
(Hyclone Laboratories, South Logan, UT) for MCF7,
NIH-3T3, and M4A4 cells; RPMI (Sigma) for SKBR3 cells;
Leibovitz's L-15 Medium (Sigma) for MDA-MB-231 cells)
containing 10 % fetal bovine serum, 1 % antibiotics-
antimycotics (Invitrogen, Carlsbad, CA; Catalogue #
15240-062) at 37 °C in the presence of 5 % CO2. Cells
were passaged using Trypsin–EDTA (0.05 %; Hyclone)
when they reached 70–80 % confluency in culture.
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Imaging and Image Analysis

Individual wells were imaged on an inverted Motic AE31
microscope using high-resolution cooled CCD cameras,
CoolSnap K4 (Photometrics, Inc.), or QiCam (Qimaging®).
Several images were acquired along the z-axis and were
processed to create z-stacks, which were subsequently merged
using ImageJ (National Institute of Health).

Image analysis was performed using custom-designed
image analysis macros in ImageJ. These macros measure
number of cells/colonies, their average size, and the total
area occupied by cells for each condition in an automated
fashion. Change in average size from day 2 to later days is
calculated and expressed as percent of controls. Relative
change in colony number was also calculated by subtracting
the number of colonies between day 2 and later time points,
normalized to total cell counts at day 2, and expressed as a
percent of controls. Growth curves were obtained by plot-
ting the total area at different time points. Plating efficiency
was determined by calculating the number of live colonies
as a percent of total measured cells at day 2.

Determination of both transfection and silencing efficien-
cies requires measurement of the presence or absence of a
fluorescence signal in each cell or colony. Since cells grow in
a 3D matrix on the CBC-1, imaging of each cell and identifi-
cation of its level of fluorescence signal requires acquisition of
z-stacks in both bright field and fluorescence, respectively.
For fluorescent signal analysis, z-stacks were first merged
using maximum intensity for the fluorescence images and
minimum intensity for the bright field images. Background
signal was subtracted from the merged fluorescence
images. Particles ranging between 300 and 10,000 μm2

were identified as regions of interest (ROI) in the
merged bright field images. ROIs were then overlaid
on the merged fluorescence image followed by measure-
ment of the fluorescence intensity.

To determine transfection efficiency, background intensi-
ty of the fluorescence signal was calculated by averaging the
maximum signal per colony from all colonies observed in
the control wells (n05 wells per experiment). Cells that
expressed a signal intensity that is equivalent to the
average background signal plus two times its standard
deviation (average background signal +2* SD) were
considered to be transfected by either Accell Green or
Mission TurboGFP. Percent transfection efficiency was
determined by dividing the number of transfected colo-
nies by total number of cells observed in each well and
multiplying by 100.

For silencing efficiency, the average integrated fluores-
cent signal density for all M4A4 colonies was measured in
the presence or absence of Accell EGFP siRNA or Mission
TRC EGFP shRNA. Data was expressed as percent EGFP
signal relative to control.

Statistical Analysis

For plating efficiency experiments, a linear regression anal-
ysis was performed to determine the percent colonies
formed at different starting concentrations of cells on the
CBC-1. The slope of the linear regression determined plat-
ing efficiency. ANOVA followed by Student's t test was
used to compare between different experimental conditions.
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