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Abstract
RNA interference (RNAi) has become a popular tool for analyzing gene function in cancer research.
The feasibility of using RNAi in cellular and animal models as an alternative to conventional gene
knock out approaches has been demonstrated. Although these studies show that RNAi can
recapitulate phenotypes seen in knock out animals and their derived cell lines, a systematic study
rigorously comparing downstream effector genes between RNAi and gene knock out has not been
performed. Here we present data contrasting the phenotypic and genotypic changes that occur with
either stable knock down via RNAi of the cyclin dependent kinase inhibitor p21 versus its somatic
cell knock out counterpart in the human mammary epithelial cell line MCF-10A. Our results
demonstrate that p21 knock down clones display a growth proliferative response upon exposure to
Transforming Growth Factor-Beta Type 1 (TGFβ) similar to p21 knock out clones. However, gene
expression profiles were significantly different in p21 knock down cells versus p21 knock out clones.
Importantly p21 knock down clones did not display increased gene expression of interleukin-1α
(IL-1α), a critical effector of this growth response previously validated in p21 knock out cells. We
conclude that gene knock out can yield additional vital information that may be missed with gene
knock down strategies.
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INTRODUCTION
The study of gene function in cancer research has classically relied upon two opposing but
complementary methods: exogenous gene overexpression versus reducing or silencing
expression of a given gene. Techniques for the latter method include antisense RNA, gene
knock out and most recently RNAi (reviewed in refs. 1 and 2). In the few years since its
introduction, RNAi has become a widespread tool to specifically reduce gene function in
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cultured cancer cells and to create mouse models of cancer.3,4 However, as more data has
emerged, it has also become apparent that caveats to this technology exist including the inability
to completely silence the targeted gene, the potential for eliciting cellular anti-viral responses
and off target effects of a given RNAi molecule.5–8 Newer methods to overcome these
limitations have emerged including the use of long double stranded RNA (dsRNA) that are
thought to mitigate off target effects due to the natural cellular processing of these molecules.
Despite this, recent reports from independent laboratories have also shown the presence of off
target effects using long dsRNA technologies.9,10 Thus, precautionary strategies have evolved
to minimize and control for these undesirable effects.7,11

Despite the limitations of RNAi, its ease of use and ability to specifically silence gene
expression has led to its widespread adoption among cancer researchers. Many recent studies
have demonstrated similar or identical phenotypes between RNAi mediated silencing versus
knock out of cancer genes in mouse models and cell lines derived from these systems (reviewed
in ref. 12). Our laboratory has a strong interest in somatic cell gene knock out as well as RNAi
technology to study gene function as related to human breast carcinogenesis. We have recently
presented the results of a global gene expression analysis using the genetically stable MCF-10A
human breast epithelial cell line versus its somatically targeted p21 knock out counterpart and
their response to TGFβ.13 p21 is a well characterized cyclin dependent kinase (CDK) inhibitor,
originally cloned as a downstream effector of the tumor suppressor p53.14 Parental MCF-10A
cells are normally growth inhibited by TGFβ, whereas somatic cell gene knock out of p21
results in a growth proliferative phenotype upon exposure to this cytokine. In addition, p21
knock out cells demonstrate an epithelial to mesenchymal transition after prolonged exposure
to TGFβ. Gene expression analysis and functional studies revealed that the growth response
to TGFβ is mediated in part by the pro-inflammatory cytokine, IL-1α. This system presented
a unique opportunity to evaluate a direct phenotypic and genotypic comparison between p21
knock out cells and p21 knock down cells in a genetically stable cell line using a panel of 52
genes previously validated in their response to TGFβ.

MATERIALS AND METHODS
Cell lines and culture conditions

MCF-10A cells were purchased from ATCC (Manassas, VA). The p21−/− MCF-10A cells have
been previously described.15 Cells were grown in DMEM:F12 without phenol red with 5%
charcoal stripped dextran treated fetal bovine serum (Hyclone, Logan, UT), supplemented with
cholera toxin at 0.1 μg/ml (Sigma, St. Louis, MO), hydrocortisone at 0.5 μg/ml (Sigma, St.
Louis, MO), epidermal growth factor (EGF) at 0.02 μg/ml (Sigma, St. Louis, MO) and human
insulin at 10 μg/ml (Sigma, St. Louis, MO). Cells were maintained in a 37°C incubator with
5% CO2.

Short hairpin RNA specific for p21 (shp21) or GFP (shGFP) vector construction and
generation of stable cell clones

Short hairpins were designed using open access on line software
(www.katahdin.cshl.org:9331/homepage/siRNA/RNAi.cgi?type=shRNA) to identify shRNA
sequences specifically targeting human p21 and green fluorescent protein (GFP) mRNA (Fig.
1A). These sequences were synthesized as DNA oligos and then cloned into a plasmid vector
containing a U6 promoter and a neomycin resistance gene for selection. All constructs were
verified via automated sequencing. Plasmid DNA containing shp21 or shGFP was transfected
into MCF-10A cells using Fugene 6 (Roche, Indianapolis, IN) as per the manufacturer’s
directions and selected in G418 containing media (120 μg/ml) for three weeks. Single cell
clones were evaluated for reduced p21 protein levels using Western blot as described below.
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Western blot analysis
Whole cell lysates were prepared from cells grown in culture and resuspended in Laemmli
buffer. Equivalent amounts of samples were subjected to gel electrophoresis. Western blotting
was performed using NuPage gels (Invitrogen, Carlsbad, CA) as per the manufacturer’s
recommendations. Primary antibodies for human p21 (clone AB-1, Oncogene Research
Products, Boston, MA) and GAPDH (Abcam, Cambridge, England) and secondary antibody
for mouse IgG (Pierce Endogen, Rockford, IL) were used at the manufacturer’s recommended
dilutions. Blots were exposed to Kodak XAR film using chemiluminescence for detection
(Perkin Elmer, Boston, MA).

TGFβ cell proliferation assay
Proliferation assays have been previously described.15 In brief, MCF-10A cells and their
derivatives (knock out and knock down clones) were cultured in assay media, which is identical
to growth media without EGF, and then supplemented with TGFβ at 2 ng/ml (R&D systems,
Minneapolis, MN). Cells were seeded at equal density in 24 well plates and then cultured for
six days. Media was replaced on a daily basis to prevent arrested cells from dying, thus ensuring
that cell counts reflected only cell proliferation and not increased survival. Cells were counted
using a Coulter Cell Counter (Beckman Coulter, Fullerton, CA) as per the manufacturer’s
directions.

Quantitative real time RT-PCR analysis
Total RNA was isolated using the RNeasy system (Qiagen, Valencia, CA). Cells were seeded
as above for proliferation assays, and harvested on day one, thirty minutes after the addition
of TGFβ corresponding with the kinetics of IL-1α gene induction as previously reported.13
Single stranded cDNA was generated using First Strand cDNA Synthesis Kit (Amersham
Biosciences, UK) following the manufacturer’s directions. Control template reactions were
prepared in parallel without the addition of reverse transcriptase. Real time quantitative RT-
PCR was then performed as previously described.15 Primers used for real time RT-PCR are
listed in Supplementary Table 1.

Multidimensional scaling analysis
Values from real time PCR experiments were used to generate a multidimensional scaling
diagram based upon linear discriminate analysis, representing the similarities between samples
as Euclidean distance, as previously described.16 Relationships between samples were plotted
in three- dimensional space. This analysis was performed using the in-house software available
from The National Human Genome Research Institute’s array analysis website https://
arrayanalysis.nih.gov.

RESULTS
Variability of gene knock down using a short hairpin RNA targeting the p21 gene

To begin our analyses, we chose to use DNA based short hairpin RNA (shRNA) to knock down
p21 gene expression. For these studies, commercially available short interfering RNA (siRNA)
molecules could not be used for two reasons. First, although siRNA molecules have a high
transfection efficiency in MCF-10A cells, we could only achieve 50% gene knock down with
these reagents, though in other cell lines such as MCF-7 and HEK293, p21 mRNA and protein
were greatly reduced (data not shown). Others have also shown that reduction of gene
expression via RNAi can have varying effects that are cell type dependent.17,18 Furthermore,
growth assays used to assess TGFβ responses require six days in culture necessitating the
creation of stable knock down clones, as gene knock down using transient transfection of
siRNA or shRNA is generally extinguished after two to three days in culture. We therefore
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constructed a series of shRNA vectors designed to target the p21 gene. Using online software
(see Materials and Methods), we designed eight different shRNA sequences. As before, with
transient transfection none of these sequences were capable of reducing p21 mRNA levels by
more than 30% in the MCF-10A cell line, though one demonstrated marked reduction of gene
expression in HEK293 cells (data not shown). However, the transfection efficiency of
MCF-10A cells with plasmid DNA is greatly reduced compared to siRNA molecules
approaching 50% under optimal conditions. We therefore chose the shRNA vector that yielded
the best gene knock down with transient transfection (Fig. 1A) and stably transfected this
construct into MCF-10A cells with the rationale that stable integration of shRNA constructs
in a clonal population may be able to confer a high degree of gene knock down. Using Western
blotting, we analyzed p21 protein levels in over five hundred individual stably selected clones
to assess the degree of p21 reduction. As shown in (Fig. 1B), the level of p21 protein varied,
with clone sh2 demonstrating the highest amount of gene knock down and clone sh159 having
almost no knock down relative to the MCF-10A parental control. As a negative control, we
used a shRNA vector against green fluorescent protein (GFP) termed shGFP (Fig. 1A).
Unexpectedly, three stable clones derived from this construct also demonstrated a significant
reduction of p21 protein, though this was not seen with transient transfections (representative
clone shown in Fig. 1B). We presume that this particular shRNA sequence has off target effects
resulting in p21 knock down that only manifested after stable integration and expression, and
was not seen transiently due to poor transfection efficiency.

Stable shRNA p21 knock down clones are growth stimulated by TGFβ
We have previously shown that gene knock out of p21 in MCF-10A cells reverses the cellular
response to TGFα from growth inhibitory to growth stimulatory, and that a component of this
effect is mediated by an increase in IL-1α gene expression.13,15 Therefore, we assessed
whether knock down of p21 induced a similar TGFβ growth phenotype by performing a cell
proliferation assay as previously described.15 To ensure accurate comparisons, earlier
passages of p21 knock out clones were used so that these studies were performed on knock out
and knock down clones of equivalent passage number. MCF-10A cells require external growth
factors such as epidermal growth factor (EGF) for normal growth. Removal of arrest facilitating
our ability to this cytokine induces a complete G1 assess even small increases in cell
proliferation mediated by TGFβ.15 As seen in Figure 2, TGFβ gave no growth promotion
phenotype to parental MCF-10A cells while both MCF-10A p21−/− knock out clones (clone1
and clone2) showed a strong growth proliferative effect as expected. The majority of p21 knock
down clones also demonstrated a growth proliferative phenotype upon TGFβ exposure.
However, knock down clones showed varying degrees of cell proliferation relative to plating
efficiencies, and this effect was not entirely consistent with the amount of p21 protein levels.
For example, the most severe knock down clone, sh2, exhibited only a slight growth
enhancement in response to TGFβ. In addition, all other clones demonstrating appreciable
levels of p21 knock down (sh1.4, sh1.15, sh110, sh193) also displayed a growth proliferative
phenotype though again, the magnitude of this response varied. Clones sh159 and sh163 had
minimal to no p21 knock down and accordingly did not show a TGFβ growth proliferative
phenotype identical to parental MCF-10A cells. As described above, the control clone shGFP,
which is a stably transfected shRNA construct against GFP, also had a significant decrease in
p21 protein. Similar to p21 knock down clones, this clone had a growth proliferative response
upon TGFβ exposure.

Gene expression analysis after TGFβ exposure yields distinct groups between knock out
and knock down clones

As seen in Table 1, the expression of 52 genes was analyzed by quantitative real time RT-PCR
following stimulation of the cells with TGFβ. The majority of the genes in this subset had
previously been validated in our study using p21 knock out clones.13 For the current study,
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we repeated all assays with knock out and knock down clones and harvested the cells for RNA
at an earlier time point based upon our prior work demonstrating the upregulation of IL-1α in
the p21 knock out cell lines.13 As predicted, IL-1α gene expression increased by almost three-
fold in p21 knock out clones consistent with our previous report demonstrating this cytokine’s
role in mediating the growth proliferative effects of TGFβ.13 Somewhat unexpectedly,
increased IL-1α gene expression was not seen in any of the knock down clones that
demonstrated a growth proliferative response to TGFβ. Clone sh159 did show a two-fold
increase in IL-1α gene expression upon TGFβ exposure, but curiously this clone has relatively
little to no gene knock down and no proliferative response to TGFβ. In order to visualize the
global relationships of the samples, the data were subjected to a multidimensional scaling
analysis, which measures the magnitude of difference between the sum gene expression
profiles of each sample,16 thus providing an overview of their similarity to each other (Fig.
3). This analysis yielded three distinct subsets, with knock out clones being vastly different
than their knock down counterparts. Notably, knock down clones clustered in one of two
groups, but the availability of only two knock out clones raises the possibility that additional
knock out clones could also show varied patterns of gene expression.

DISCUSSION
The discovery of RNAi has revolutionized the evaluation of gene function for cancer research.
Clearly this powerful means of regulating gene expression has led to numerous insights and
discoveries concerning cancer gene function. Recently, there have been various studies
comparing phenotypes observed with RNAi versus the more traditional approaches of gene
knock out. For example, large scale RNAi screens in Caenorhabditis elegans and Drosophila
melanogaster have demonstrated that RNAi can recapitulate knock out/mutant phenotypes,
though the rate of false negative in some of these screens was quite elevated.19,20 In addition,
stable heritable gene knock down using RNAi has been demonstrated in murine systems and
can lead to phenotypes similar to their knock out mouse counterparts.12 Despite this, to our
knowledge there has not been a systematic analysis of the gene expression changes associated
with stable RNAi versus knock out of a given gene.

Two reports have previously compared phenotypic differences between RNAi versus knock
out of the DNA methyltransferase 1 (DNMT1) gene in human somatic cells.21,22 Using the
same RNAi sequences and identical cell lines these groups yielded disparate results. The first
of these two studies by Robert et al. suggested potential phenotypic discrepancies between
DNMT1 somatic knock out cell lines versus their RNAi gene knock down counterparts when
comparing promoter methylation of genes. However, this was not seen in the study by Ting et
al. The conflicting results observed by these two groups could conceivably be explained by
the use of the HCT-116 cell line. This cell line is known to have a “mutator” phenotype due
to mutations in nucleotide mismatch repair genes,23 and preexisting mutations within this
cancer cell line could potentially obscure conclusions regarding gene function as recently
reported by our group.24 To avoid these potential confounding effects, we have conducted the
current study using the non-tumorigenic MCF-10A human breast epithelial cell line.25 These
cells are genetically stable as assessed for microsatellite instability (our unpublished
observations) and chromosomal instability,26 thus making them ideal for these analyses.

There were several notable results from these experiments. First, severe (>90%) gene knock
down could only be achieved in one out of five hundred clones screened in the MCF-10A cell
line. This appeared to be cell line specific, as others have also reported difficulty in obtaining
high levels of gene knock down in the MCF-10A cell line (Moustakis A, personal
communication). Second, there was generally no consensus between the levels of p21 knock
down and the ability of these clones to proliferate in response to TGFβ. Somewhat
paradoxically the most severe knock down clone, sh2, did not exhibit a strong growth
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proliferative response upon TGFβ exposure, yet other clones with less p21 knock down (sh110
and shGFP) demonstrated a more robust response to this cytokine. The basis of this is unclear.
Third, gene expression profiles using a previously validated gene set clearly demonstrated wide
variability between knock out versus knock down clones. In addition, knock down clones
segregated into one of two clusters that did not correlate with their growth response phenotype.
Although it is possible that stable integration of the shRNA vector by itself altered the gene
expression profiles of knock down clones and caused them to be vastly different than knock
out cell lines, the fact that parental MCF-10A cells also clustered within one of these two groups
strongly argues against this possibility. Fourth, we confirmed that experimental control RNAi
molecules must be used with caution, as our results demonstrate that shRNA vectors designed
to target non-human genes such as GFP, can lead to off target effects. Similarly, we have
recently observed that a commercially available GFP short hairpin vector was also found to
significantly reduce levels of the PTEN protein in MCF-10A cells (unpublished observations).
Presumably, this could also be true for “scrambled” control RNAi molecules commonly used
in many gene knock down studies. Finally, although p21 knock down correlated with a
TGFβ induced growth proliferative response in the majority of stable shRNA clones, none of
these clones could reproduce the magnitude of the growth proliferative response seen in p21
knock out clones. Consistent with this notion, knock down clones did not demonstrate an
increase in IL-1α gene expression upon TGFβ exposure. We recently extensively characterized
and validated this gene’s role in promoting the growth proliferative phenotype induced by
TGFβ in our p21 knock out cell lines, including the ability of TGFβ to directly stimulate the
IL-1α promoter, leading to increased gene transcription.13 This would suggest that complete
absence of this cyclin dependent kinase inhibitor is required for TGFβ to increase IL-1α gene
expression. These results are also consistent with our earlier report demonstrating that IL-1α
mediates part but not all of the growth proliferative response to TGFβ in p21 null cell lines.
Therefore, in addition to the known caveats of RNAi, our study raises an additional concern
of missing important downstream genes using this technology. Although there has been
widespread use of RNAi to functionally assess a gene’s importance to carcinogenesis, gene
knock out strategies may still provide additional information that could serve to further
elucidate molecular mechanisms of a given phenotype.
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RNAi  

RNA interference

TGFβ  
transforming growth factor-Beta type 1

IL-1α  
interleukin-1α
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dsRNA  
double stranded RNA

CDK  
cyclin dependent kinase
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Figure 1.
Stable transfection of short hairpin RNA sequences against p21 in MCF-10A cells leads to
clones with variable degrees of gene knock down. (A) Short hairpin RNA sequence (shp21)
used for stable gene knock down. Short hairpin RNA sequence for GFP (shGFP) used as a
control is also shown. (B) Western blot analysis of protein levels in p21 knock out and knock
down clones. Results are representative of multiple blots.
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Figure 2.
TGFβ growth response in p21 knock out and stable p21 knock down clones. Cells were seeded
at equal density and grown under conditions described in Materials and Methods. Cell counts
for each sample were taken on day one and day six with each bar depicting the relative change
in cell number with and without TGFα (+TGFβ/-TGFβ). Results are expressed as the average
of triplicate measurements and are representative of three independent experiments. Error bars
represent standard error of the mean.
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Figure 3.
Clustering of parental MCF-10A cells and p21 knock out/knock down clones based on gene
expression profiles of 52 genes by quantitative real time RT-PCR after TGFβ exposure. Cells
were seeded and harvested as described in Materials and Methods, and RNA was extracted,
and used to perform quantitative real time PCR. Values from real time PCR were used to
generate a multidimensional scaling diagram, providing a visualization of the global
relationships between the samples. X, Y and Z represent Euclidean distance between each
sample based upon the summation and comparison of the gene expression differences as
described in Materials and Methods.
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