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Targeted genome editing

 ADD.          DELETE.        SWAP.

EDIT FOR THE BETTER.

It’s here. Introducing CompoZr™ ZFN technology, a breakthrough 
 that enables simple and efficient genomic editing––exclusively from 

 Sigma Life Science. Zinc Finger Nuclease (ZFN) technology, optimized over 
 the years by Sangamo Biosciences, allows easy creation of novel cell lines 

 and model organisms with precise and heritable gene additions, deletions 
 or modifications. A proven technology with unimaginable potential. 

 Now it’s all possible.

The future of genomic research is at your fingertips. 
Discover the ZFN technology at compozrzfn.com

http://www.sigma-aldrich.com
http://www.compozrzfn.com
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Dear Researcher, 

Since the discovery of the double-helix structure of DNA by Watson  
and Crick some 60 years ago, we have seen many milestones that 
have irreversibly changed the path of life science forever. The 
discovery of the Polymerase Chain Reaction and the advancement 
of automatic sequencing protocols enabled breakthrough 
discoveries as to the identity of the genetic code that makes  
life possible. 

This mapping of the genetic code, while a watershed moment, 
was only the beginning of the search for complete biological 
knowledge. The next act involved assigning function to the 
genetic code through technologies such as RNAi, a technology 
that for the first time gave researchers complete control over 
where and when genes were expressed.

As Sigma continues to be at the forefront of both the sequencing 
and RNAi revolutions, we are very excited to lead the next frontier 
of genomic research: the ability to precisely and permanently 
‘edit’ the genome as easily as a writer would modify a letter or a 
poet compose a beautiful sonnet.

In this issue of Life Science Innovations, we will introduce you to 
CompoZr™ Zinc Finger Nuclease (ZFN) Technology for Targeted 
Genome Editing. With CompoZr ZFN Technology, the power to 
change the genetic code will be in your hands. Sigma will provide 
the technology and we ask you, our dear readers: “How will you 
use this technology in your research? How will the CompoZr ZFN 
Technology enable you to change the world?”

Good Luck and Good Research, 

Phil Simmons 
Market Segment Manager 
Sigma Life Science

Derek Douglas 
Product Manager 
Sigma Life Science
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Targeted Genome Editing
Targeted Genome Editing Using 
Engineered Zinc Finger Nucleases
Phil Simmons and Derek Douglas  
Product Management, Biotechnology Division, Sigma-Aldrich

The determination of complete genome sequences for a wide 
variety of experimental organisms established a first step in the 
search for an in-depth understanding of the complex genetic 
functions that define living entities. Extensive genetic, biochemi-
cal, cytological and physiological analyses are now required to 
correlate genome sequence with the next level of understanding 
of genetic function. As such, technologies that allow researchers 
to routinely and efficiently edit the genomes of virtually any 
species, by directing mutations in a truly targeted fashion, would 
greatly enhance the understanding of basic biology, and 
potentially lead to novel ways of treating human disease.

Early Approaches to Targeted Genome Editing
While early approaches to genetic manipulation used random 
and/or non-targeted methods such as ionizing radiation and 
chemical-induced mutagenesis to make changes to the genome, 
more recent methods have employed targeted methods of 
genomic editing. The most well studied methods have relied on 
the process of homologous recombination (HR), a naturally 
occurring DNA-repair mechanism found in most cells that uses 
the second copy of a chromosome as a template to repair 
damage to a gene. 

Starting with Nobel Prize winner Mario Capecchi’s earliest work, 
it was discovered that the HR process could be harnessed and 
directed in mouse embryonic stem cells (MESCs) by introducing 
exogenous DNA as a repair template to induce precise point 
mutations, gene deletions, and gene insertions. This approach to 
gene targeting led to the development of knockout mice as a 
research tool, still considered the gold standard for many 
functional genomics studies. However, HR was found to be 
woefully inefficient in many other relevant model systems, 
including mammalian somatic cells, in which the rate of HR is 
much lower than the rate of HR in MESCs. For this reason HR 
never found its footing as a robust means of mutatgenesis in cell 
types commonly used in functional genomics, target validation, 
and protein production settings.

The Zinc Finger as a DNA Targeting Tool
In the early 1990s, the discovery and manipulation of zinc finger 
protein domains started a field of research that enabled a very 
targeted approach to genetic manipulation in higher level 
eukaryotes that was one thousand times more efficient than the 
prevailing HR-based mechanism. Zinc fingers are structures of 
about 30 amino acids held together by a zinc ion, and they 
determine the binding specificity of the most abundant class of 
transcription factors found in a wide range of species. Each zinc 
finger binds to a specific set of three bases.

Zinc Finger Nucleases: Highly Specific  
‘Genomic Scissors’
More important was the discovery that the DNA-binding 
properties of zinc fingers could be fused to proteins with DNA- 

cutting function. For instance, four zinc finger units can be 
assembled into a zinc finger chain that recognizes a 12 base pair 
DNA sequence. This chain can then be fused to the catalytic 
domain of the endonuclease FokI to create a zinc finger nuclease 
(ZFN). Since the endonuclease sub-unit of Fokl must dimerize in 
order to cleave DNA, ZFNs are designed as a pair, to bind to 
adjacent sequences in the target DNA with precise sequence 
specificity and spacing, so that cleavage occurs only at the 
desired target site, in essence creating a pair of very specific 
‘genomic scissors’ (Figure 1).

Figure 1. Zinc Finger Nucleases: Highly-Specific  
‘Genomic Scissors’

FokI

FokI

DNA-Binding 
Domain

a)

DNA-Cleaving 
Domain

b)

Figure 1. Each Zinc Finger Nuclease (ZFN) consists of two functional domains: 
a) A DNA-binding domain comprised of a chain of two-finger modules, each 
recognizing a unique hexamer (6 bp) sequence of DNA. Two-finger modules are 
stitched together to form a Zinc Finger Protein, each with specificity of > 12 bp. 
b) A DNA-cleaving domain comprised of the nuclease domain of FokI. When  
a pair of ZFNs binds adjacent sites on DNA with the correct orientation and 
spacing, a highly-specific pair of ‘genomic scissors’ is created.

ZFN-mediated Genome Editing
The power of a ZFN-induced double-strand break (DSB) comes 
from the fact that a DSB can be repaired by one of two repair 
processes: non-homologous end joining (NHEJ) or homology-
dependent repair (HDR). In the absence of an available repair 
template, NHEJ is the preferred mechanism for DNA repair, as it 
produces localized mutations due to deletion and/or insertion of 
short sequences at the break site, some of which may result in 
disruption of gene function.1-3

Alternatively, if an insertion of a transgene into the user-defined 
spot in the genome is desired, a donor DNA template with ends 
homologous to the sequences at the break site can be co-delivered 
into the cell along with the ZFNs, and the DSB repaired using 
HDR – during which the frequency of homologous recombination 
is >1000-fold higher than in the absence of DNA repair. This can 
result in as much as 20% of the cells containing a gene insertion 
at the target site (Figure 2). 

ZFN-mediated gene targeting is a very powerful and versatile tool 
for targeted genome editing of a wide range of organisms and 
cells. The process of ZFN-mediated gene modification is as simple 
as a single transfection experiment, and edits occur in as little as 
three days. With as much as 20% of the cells undergoing 
targeted genomic editing, selection markers are most often 
unnecessary. Once high-quality ZFNs have been constructed, 
isogenic stable cell lines containing the modifications can be 
generated in as little as a month through simple dilution cloning. 
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Targeted genome editing with ZFNs has a wide variety of 
applications, and three key modes of action have been a focus 
thus far: targeted gene knockouts, targeted gene integration, 
and targeted gene correction.

Targeted Gene Knockout
Gene knockout – the complete disruption of gene function –  
is the most powerful tool for determining gene function or for 
permanently modifying the phenotype of a cell. In addition, gene 
knockouts can be created in multiple cell lines in order to identify 
and/or validate a potential drug target, and provide a way to 
completely delete the functions of genes that are not amenable 
to technologies such as RNAi.

ZFNs offer a rapid single-step approach to targeted gene 
knockout in mammalian cells, using NHEJ. As an example, ZFNs 
have been used to target the dihydrofolate reductase (DHFR) 
gene in a Chinese hamster ovary (CHO) cell line diploid for a 
functional DHFR generated gene. CHO cells were chosen for this 
experiment as they are often the system of choice for the 
production of therapeutic recombinant proteins. In this particular 
study, gene disruption at a frequency of >1% was obtained 
without the use of selection markers, and studies were done to 
confirm that deletion of the gene at the DNA level did indeed 
translate into an phenotype expected of a DHFR– cell line.4 

Additionally, ZFN-mediated gene knockout may be a robust 
approach across several different species, as illustrated by its 
successful application to Zebra fish.5 In another proof-of-concept 
experiment, ZFNs targeting the zebrafish golden and no tail/
Brachyury (ntl) genes were designed. Up to 32% of embryos 
injected with ZFNs targeting golden carried clones of unpig-
mented cells in the eye, representing loss of golden gene 
function. Injecting the ZFN targeting the ntl gene resulted in 27% 
of the embryos showing the stunted tail growth phenotype. With 
alternative knockout methodologies such as antisense and RNAi, 
possible toxicity effects of long-term expression of these polynucle-
otides, as well as the incomplete phenotypic penetrance that may 
arise from partial knockdown using these methods, may prove 
undesirable. In such cases, rapid and permanent gene knockout 
using ZFNs can offer distinct advantages.

Targeted Gene Integration
ZFN-mediated gene integration allows users to place exogenous 
genetic sequences precisely into targeted sites of the genome.  
This newfound ability will not only lead to a new generation of 
functional genomics studies, but will have great impact in the 
drug discovery world as it will the allow creation of new cell lines 
containing fusion tags or reporters that can be used for more 
efficient cell-based screening.

In order to gain acceptance as a robust methodology, any means 
of targeted gene integration should occur at a frequency high 
enough to obviate the need for time-consuming selection of cells 
carrying the desired gene. Indeed, using the ZFN methodology, 
targeted gene integration frequencies of 15, 6 and 5% have 
been observed, respectively, for insertion of a 12 bp tag, a 900 bp 
open reading frame and a 1.5 kb promoter-transcription unit at  
a specific location in human cells, without selection for desired 
recombinants.7 In addition to holding promise for gene therapy 
research, this proof of principle makes ZFN-mediated gene integra-
tion available as a tool to researchers who need to insert genetic 
material into a wide variety of organisms to better under stand gene 
function, or create commercially important cell lines and organisms.

Targeted Gene Correction
Efficient correction of deleterious changes in genes would provide 
researchers with the ability to fully understand the impact of the 
mutation on the organism, improve cell lines that are valuable 
research tools or have commercial importance, and of course correct 
genetic defects that can cause human disease. ZFN-mediated 
gene correction provides this capability across a wide range of 
organisms and cell types.

Since X-linked severe combined immunodeficiency disease (SCID) 
has been the target of gene therapy efforts, it was used as a 
model system to demonstrate the utility of ZFN-mediated gene 
correction.8 SCID is caused by mutations in the IL2R gene. Using 
ZFNs, targeted alterations were achieved in this gene in more 
than 18% of the recipient cells – without selection. Remarkably, 
about 7% of the cells acquired the genetic modification on both 
X chromosomes. 

Figure 2. ZFN-mediated Targeted Genome Editing

b)

a)

break

FOKI FokI

FokI

a)

ZFN Pair Delivered 
into Cell by
Transfection or
Electroporation

d)

b)

c) 

FokI

FokI

OR

d)

c)

FOKI FokI

FokI

Nucleus

ZFN Pair Makes Double- 
Strand Break and 
dissociates from DNA 

REPAIR TEMPLATE co-
transfected with ZFN Pair:
1-20% of cells contain Gene 
Integration in Target Site. 

Cellular Process Used: 
Homologous Recombination

NO REPAIR TEMPLATE 
co-transfected with 
ZFN Pair: 1-20% of cells 
are mis-repaired resulting 
in a Gene Deletion. 

Cellular Process Used: Non-
Homologous End Joining

ZFN Pair Recognizes 
and Heterodimerizes 
around Target Site

Figure 2. ZFN-mediated genome editing takes place in the nucleus when a pair of ZFNs targeting the user’s gene of interest (GOI) is delivered transiently into a cell 
line, either by transfection or electroporation.
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Targeted Genome Editing
Successful genetic manipulation of an organism requires that 
progenitor and stem cells be modified efficiently ex vivo by gene 
transfer, with subsequent culturing and re-infusion into the 
organism to establish a stable and heritable change. This is of 
course a requirement for human gene therapy, and again SCID 
has been used as a model system to demonstrate the effective-
ness of ZFN-mediated correction. Using a gene delivery approach 
based on integrase-defective lentiviral vectors, ZFNs have been 
used to generate permanent and heritable modifications of the 
IL2R gene in hematopoietic progenitor cells as well as human 
embryonic stem cell lines at high frequencies, allowing rapid, 
selection-free isolation of clonogenic cells with the desired 
genetic modification.9 Up to 50% targeted gene addition was 
achieved in a panel of recipient human cell lines, and up to 5% 
of human embryonic stem cells. ZFN-mediated gene correction 
can clearly provide highly efficient gene correction that can be 
used in a wide variety of organisms.

Sangamo BioSciences:  
Pioneering Zinc Finger Research
Sangamo BioSciences has been a major leader in the develop-
ment of zinc finger protein technologies as a means of gene-
specific editing. Currently, Sangamo is focused on using these 
technologies to develop gene regulation and correction therapeu-
tics. They are currently conducting phase 1 and 2 trials for 
application of the up-regulation of endogenous VEGF-A in the 
treatment of diabetic neuropathy. Sangamo is also focusing on 
the development of therapeutics for cardiovascular and periph-
eral artery disease, cancer, neuropathic pain, HIV/AIDS, congestive 
heart failure and monogenic diseases.

Sangamo has led not only in the development of the design of 
zinc finger nucleases specific for essentially any known DNA 
sequence, but also in the development of applications of ZFNs for 
gene knockout, correction and gene integration in a wide variety 
of species, as well as gene editing in human stem cells.4,5,7-9 

Sigma-Aldrich: Making ZFN Technology Accessible 
In 2007, Sigma-Aldrich formed an exclusive partnership with 
Sangamo to make ZFN technology easily available to research 
scientists around the world through its CompoZr™ brand line of 
products and services. 

The CompoZr Custom ZFN offering, launched in Fall 2008, supplies 
partners with Zinc Finger Nucleases that have been validated to 
target and edit customer-defined genes of interest. Deliverables 
of the CompoZr Custom ZFN service include ready-to-transfect 
amounts of Zinc Finger Nuclease, as well as controls and reagents 
for screening for mutational events. 

Future CompoZr products based on ZFN technology, available in 
2009, will include ZFNs targeting popular genes, gene families, 
and pathways. These ‘off-the-shelf’ reagents will complement the 
CompoZr Custom ZFN offering and allow customers to easily edit 
genes in cell lines of interest.

To learn more about the CompoZr line of ZFN-based reagents, 
visit compozrzfn.com.

Conclusion
The ability to routinely edit genes in cell lines, animals and plants 
has long been a goal sought after by researchers seeking an in-depth 
understanding of complex genetic functions and applying that 
knowledge to develop new pharmaceuticals, improve agricultural 
productivity, and even cure human disease through gene therapy. 
Zinc finger nuclease technology promises to realize this goal by 
providing the tools to precisely and efficiently induce genetic 
changes in systems ranging from human stem cell lines to fruit 
flies, plants and a host of other organisms. Sangamo BioSciences 
has led the way in developing this revolutionary technology by 
designing ZFNs that are exquisitely specific and efficient, and 
demonstrating their utility for generating targeted gene knockouts, 
gene integration and even gene correction in relevant biological 
systems. Sigma’s ability to deliver high quality research reagents 
and services to researchers all over the world through the CompoZr 
brand of products, combined with Sangamo’s substantial expertise 
in the field of ZFNs, provide the life science research community with 
access to this unparalleled technology for genomic modification.  
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Enhancing Lentiviral Transduction Efficiency
Methods for Enhancing Lentiviral 
Transduction Efficiency

  

Andrea Spencer 
Research and Development, 
Biotechnology Division, 
Sigma-Aldrich

Abstract
An experiment to directly compare three methods of lentiviral 
transduction of Jurkat cells was conducted in order to determine 
the method that yields the greatest transduction efficiency. 
Spinoculation was carried out in parallel with an overnight 
incubation of virus with cells in the presence of polybrene 
(hexa dimethrine bromide), and with transductions conducted on 
fibronection-coated plates. Spinoculation was shown to be the 
most successful method of transduction for Jurkat cells. 

Introduction
RNAi is a useful tool for functional analysis of genes and developing 
a potential therapeutic strategy for various diseases. Unlike murine-
based MMLV or MSCV retroviral systems, lentiviral-based particles 
permit efficient transduction and integration of a specific shRNA 
construct into differentiated and non-dividing cells.1 While incubation 
of lentivirus pseudotyped with G glycoprotein from vesicular 
stomatitis virus (VSV-G) and cells in the presence of polybrene  
can efficiently serve as the method of transduction for many  
cell types, some cells are more difficult to transduce. Therefore, 
modifications have been made to transduction protocols for hard- 
to-transduce lines, such as T-cells, to facilitate binding of viral 
envelope protein to cells. Some of these modifications include 
spinoculation,2 magnetic transduction (see MISSION® ExpressMag® 
product line), transduction of cells on fibronectin-coated plates,3 
and incubation of cells with concentrated viral particles4 (greater 
than or equal to 108 TU/ mL). The following is a spinoculation 
protocol that was successful in the transduction of VSV-G pseudo-
typed lentivirus in Jurkat cells. The protocol was carried out in 
parallel with an overnight incubation of virus with cells in the 
presence of polybrene and with transductions conducted on 
fibronection-coated plates. 

Materials and Methods
Multiplicity of infections (MOIs) of 0.1, 0.5, 1.0, 5.0, and 10.0 using 
MISSION® TurboGFP™ Control Transduction Particles (SHC003V) 
were added to 2 × 105 Jurkat cells in 2.0 mL of complete medium 
(RPMI 1640, 2 mM L-glutamine, 1.5 g/L sodium bicarbonate, 
4.5 g/L glucose, 10 mM HEPES, 1.0 mM sodium pyruvate, 10% 
fetal bovine serum) for the three methods of transduction tested. 
Cells were centrifuged at 800 × g for 30 minutes at 32 ºC. Virus- 
containing medium was aspirated, and pellets were dissociated 
by pipetting in 2.0 mL of complete medium for transductions via 
spinoculation. Cells were then plated in 6 well plates and incubated 
in a 37 ºC, 5% CO2 incubator overnight. Superfibronectin (S5171) 
stock solution was diluted in sterile PBS for a final concentration 
of 5 µg/mL, and 3.0 mL per well was added to each well of tissue 
culture treated 6 well plates. Plates were then incubated at 37 ºC 
for 1.5 hours. Each well was rinsed 2× with 2.0 mL complete 
medium before adding cells. Cells and viral particles were then 
plated in 6 well plates and incubated in a 37 ºC, 5% CO2 incubator 
overnight. Transductions conducted by the incubation of cells and 
virus were carried out by adding viral particles to complete medium 
containing 8 µg/mL polybrene and cells. Each sample was mixed 
gently by pipetting. Cells and viral particles were plated in 6 well 
plates and incubated in a 37 ºC, 5% CO2 incubator overnight. 
After approximately 18 hours of incubation, all transduced cells 
were centrifuged, and medium was changed to fresh complete 
medium. Three days post-transduction, all samples were pelleted 
as described above and resuspended in fresh complete medium 
containing 2 µg/mL puromycin. Along with the transduced cultures, 
a non-transduced culture was seeded in puromycin-containing 
medium to serve as a control for judging when the transduced 
cultures emerged from selection. Cells were incubated overnight 
as described above. All samples were centrifuged as before and 
medium was changed with complete medium that contained 
2 µg/mL puromycin. Cells were then incubated for an additional 
48 hours until they completely emerged from selection as noted 
by cell death due to puromycin being no longer visible, and by 
the non-transduced well being completely dead. An aliquot of 
cells was added to an equal volume of trypan blue (0.4%) and 
cells were counted. Two counts were made for each sample and 
numbers were averaged.

Results and Discussion
In all three methods of transduction tested, cell viability as determined 
by trypan blue dye exclusion was greater than or equal to 98%. 
Furthermore, for all three methods of transduction tested, the 
number of cells surviving puromycin selection increased in a linear 
fashion as MOI was increased from 1 to 10. Spinoculation was 
the most effective method for transducing Jurkat cells (Figure 1), 
resulting in greater than half of the original plating density on day 
seven post-transduction. At lower MOIs, only minimal differences 
between the varied transduction methods can be observed. At 
higher MOIs, a more dramatic effect is seen with fibronection 
producing an approximately 50% increase in surviving cells over 
polybrene, while spinoculation generated approximately a 5-fold 
increase in surviving cells over polybrene.  
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Figure 1. Jurkat Transductions by Various Methods
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Figure 1. The graph shows viable Jurkat cell numbers resulting from the 
comparison of three methods of lentiviral transduction and subsequent 
puromycin selection. Cells were counted on day seven post-transduction. 

Conclusions
While spinoculation was shown to be the most efficient method 
of transduction for Jurkat cells, it is important to note that the 
method of transduction chosen by researchers will be cell-type 
dependent, and that one method may work well for a particular 
cell type but may be suboptimal for another. It should be noted 
that for the spinoculation method of transduction, the time of 
centrifugation and the g force used may be increased to potentially 
increase transduction efficiency2 in some cell types. To determine 
how easily a particular cell type is to transduce, one should begin 
with a range of MOIs using a control virus such as MISSION® 
Non-Target shRNA Control Transduction Particles (SHC002V),  
and incubate cells and virus in the presence of polybrene overnight. 
If transduction efficiency is low using this method, the transduc-
tion protocol modifications suggested above should be performed. 
All of the above methodologies facilitate the binding of viral 
envelope proteins to cells, the first step in transduction. Jurkat are 
a commonly used suspension cell line, and improved transduction 
protocols in this line will likely be expandable to other cell types. 

Figure 2. Lentiviral Transduction
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Ordering Information
Cat. No. Description

SHC002V  MISSION® Non-Target shRNA Transduction Particles

SHC003V  MISSION TurboGFP Control Transduction Particles

R0883 RPMI 1640 Medium

59202C  L-Glutamine Solution 200 mM 

G8644  D-(+)-Glucose solution 

H0887  HEPES solution

S8636  Sodium pyruvate solution

F6178  Fetal Bovine Serum

S5171  Superfibronectin

P5493  Phosphate buffered saline

H9268  Hexadimethrine bromide

P9620  Puromycin dihydrochloride

T8154  Trypan blue solution (0.4%)
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Don’t Have Time? 

Sigma‘s commitment to life science research extends far 
beyond quality products. 

Find out how we can help at sigma.com/lifescienceservices, 
with our array of services that will accelerate your research 
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siRNA Design, Quality, and Delivery
Key Drivers of Performance in the 
siRNA Workflow

  

Steven Suchyta 
Product Management, 
Biotechnology Division, 
Sigma-Aldrich

Overview of siRNAs and  
RNA Interference
RNA interference (RNAi) is a natural biological mechanism 
wherein short inhibitory RNA (siRNA) duplexes induce potent 
inhibition of gene expression. These siRNA duplexes are produced 
naturally when an enzyme, Dicer, cleaves long double-stranded 

RNA (dsRNA) into smaller fragments. The resulting 21-23 
nucleotide dsRNA fragments, termed siRNAs, then associate with 
an RNase-containing complex to form the RNA-induced silencing 
complex (RISC). The RISC unwinds the duplex and releases the 
sense strand. The RISC-bound antisense strand then serves as a 
guide for targeting the activated complex to complementary 
mRNA sequences. This results in subsequent mRNA cleavage and 
degradation. In effect, only catalytic amounts of siRNA are 
required for destruction of mRNA, resulting in the knockdown or 
silencing of the target gene and diminished protein expression. 

This elegant RNAi mechanism has been quickly adopted by the 
research community as a method for targeted gene expression 
knockdown. Gene expression silencing has become a very 
important strategy in functional genomics. Optimized siRNA 
reagent kits and protocols have now made RNAi experiments fast 
and convenient. More importantly, the availability of extensive 
siRNA libraries, high-throughput screening (HTS) platforms, and 
bioinformatics software has enabled comprehensive identification 
and investigation of gene functions in various metabolic pathways 
and disease processes. Therefore, RNA interference is a promising 
technology that is revolutionizing research in functional genomics 
and drug discovery.

RNA Interference with MISSION siRNA

Processing by Dicer
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The siRNA Experimental Workflow
A typical siRNA experiment starts with the selection of a gene 
target and ends in the determination of knockdown efficiency, 
which is interpreted with respect to the objectives of the 
experiment. For studies that are focused on individual gene 
targets, there may be a variety of decision-making steps involved, 
as well as process optimization requirements. For the purpose of 
this article, we will take a high-level look at some of the impor-
tant factors to consider when designing and executing your 
siRNA experiment. We will also describe the ways in which Sigma 
has been able to overcome some of the more challenging aspects 
of siRNA experimentation, and to make its knowledge and 
expertise available to customers.

Step 1: Design of siRNA
Current studies suggest that the design of an siRNA is an extremely 
important, if not the most important, factor for a successful RNAi 
experiment. It is for this reason that Sigma-Aldrich entered into an 
exclusive partnership with Rosetta Inpharmatics, a wholly owned 
subsidiary of Merck & Co., to use their best-in-class, proprietary 
siRNA design algorithm to design its MISSION® line of siRNAs. 
MISSION siRNAs provide RNAi researchers with cutting-edge 
technology for enhanced performance through improved target 
specificity and sensitivity in gene silencing applications. 

Sigma’s Partnership with Rosetta Provides 
Customers Access to the Following:
n Best-in-Class siRNA Design Algorithm – MISSION siRNA designs 

are based on a unique and proprietary design algorithm developed 
by key Rosetta scientists and bioinformaticians. This tool has 
been optimized and upgraded based on more than three years 
of extensive experimental validation and testing. 

n Comprehensive Gene Coverage – MISSION siRNA has over 
775,000 pre-designed siRNA, with multiple siRNA targeting 
every human, mouse, and rat gene. Finding MISSION siRNA  
is easy with Sigma’s “Your Favorite Gene” search engine, 
sigma.com/yfg.

n siRNAs of high specificity – The potential for off-target effects 
is reduced by minimizing homology of the MISSION siRNA seed 
region (nucleotide residues 2-8 in the antisense strand) to the 
3’UTR region of non-target mRNAs.

n siRNAs of high potency – MISSION siRNA sequences are 
designed to efficiently knock down both high and low 
abundance messages.

n Guaranteed – Sigma-Aldrich guarantees that two out of three 
siRNA duplexes per target gene will achieve knockdown 
efficiencies of greater than or equal to 75%.

Step 2: Quality siRNA Synthesis
Well-designed siRNAs will be less efficient if not accompanied by 
subsequent high-quality siRNA manufacturing. In most cases, 
high quality is assured by implementation of extensive process 
controls throughout the manufacturing supply chain. 

For manufacture of MISSION siRNAs, Sigma utilizes its subsidiary, 
Custom Products, to produce world-class siRNA oligos. The most 
critical reagents in the synthesis of siRNA, the amidites, are manu-
factured under the highest quality specifications of Sigma Fine 
Chemicals. Sigma Custom Products manufactures MISSION siRNA 
using technologies for higher quality and faster turnaround times. 
The authenticity of the siRNA oligos is systematically verified by 
mass spectrometry, while precise siRNA concentrations are 
determined by UV spectrophotometry. The integrity of the duplex 
is confirmed by gel-shift assays. Finally, protocols are standardized 
at our worldwide manufacturing sites to ensure timely delivery of 
high-quality MISSION siRNAs or custom siRNAs anywhere in the 
world. Sigma Custom Products has the capability to manufacture 
up to 3 million oligonucleotides per year for rapid completion of 
large projects. For animal studies, synthesis scales of up to 100 
mg and larger with purity levels up to in vivo quality are available. 

Step 3: Delivery of siRNA to the Cell
Once an siRNA has been designed and synthesized, the researcher’s 
next challenge lies in finding a way to deliver siRNAs into the cell. 
For transient knockdown of gene expression, Sigma has demon-
strated efficient siRNA transfection and knockdown using the 
N-TER Nanoparticle siRNA Transfection System. This transfection 
system utilizes a cell-penetrating peptide that binds to siRNA 
non-covalently to form a nanoparticle. The nanoparticle then 
interacts directly with lipids on the surface of the plasma membrane, 
allowing diffusion across the cell membrane and delivery of the 
siRNA directly to the cytoplasm.

Sigma siRNA Workflow

Order siRNA
Duplexes

Pre-designed MISSION® siRNA
MISSION siRNA Libraries
Custom siRNA Synthesis

N-TER™  siRNA
Transfection System

GenElute™ Mammalian Total 
RNA Miniprep Kits

Quantitative RT-PCR

Sigma Antibodies

Deliver siRNA
to Cells

Select
Target Gene

Detect
Knockdown
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Features and Benefits of the N-TER Nanoparticle 
Transfection System 
n Flexible – with N-TER you can use your choice of cell culture 

media, with or without serum.

n Rapid transfection – N-TER nanoparticles complexed with 
nuclei acids quickly cross the cell membranes and induce rapid 
knockdown of the target transcript, sometimes as early as 
5 hours post-transfection. 

n Efficient – The effective transport of the nanoparticle minimizes 
the amount of siRNA needed for gene knockdown and 
minimizes off-target and cytotoxic effects. 

n Validated – The N-TER nanoparticles have been experimentally 
validated in a wide variety of cell types, including primary cells, 
neuronal cells, differentiated cells, and non-dividing cells. 
However, for particular applications the conditions may need 
to be optimized.

Step 4: Assay for Knockdown Efficiency
Experimentally, complete knockdown of a gene is difficult to 
achieve and often some residual expression is observed. The 
efficacy of gene silencing can be measured in a variety of ways, 
but it is very important to verify that the effect being measured is 
a result from the knockdown of the targeted gene and not due 
to off-target effects. Assays of the gene-knockdown effect can  
be at the transcriptional (mRNA) level, the translational (protein) 
level, or the phenotypic level. In general, most mRNA assays and 
protein assays are performed 24 to 72 hours post-transfection. 
However, optimal time points may need to be assessed for 
particular target genes or experimental conditions.

The recommended assays listed below are not intended to be 
comprehensive, but provide a glimpse of the different alternatives 
for the researcher to explore.

1. mRNA Quantitation to Monitor Transcript 
 a.  Measuring remaining mRNA levels for the gene of interest  

is a direct method for monitoring knockdown efficiency. 
Residual mRNA may be quantitated by a variety of methods, 
the most common of which is quantitative RT-PCR. 

2. Quantitation to Monitor Protein Production 
There are a variety of options available to assay protein production 
levels, from the more traditional methods such as Western blotting, 
ELISA, and immunofluorescence, to the recent mass spectrometric 
techniques such as the AQUA and the 18O labeling technologies.

 a.  Western Blotting – This assay is analogous to Southern 
blotting for DNA and Northern blotting for RNA. The proteins 
are separated by electrophoresis, and transferred to a mem-
brane. The protein bands are then probed with labeled 
antibodies. Sigma-Aldrich offers over 2,000 primary antibodies 
against both human and mouse proteins along with a 
comprehensive set of labeled anti-species secondary 
antibodies. Optimized protocols are widely available.

 b.  Protein-AQUA™ Labeling Technology – This is a mass 
spectrometry-based assay for the Absolute QUAntitation of 
proteins. An AQUA Peptide™ sequence is selected from the 
sequence of the target protein and then chemically synthesized 
with a stable isotope label, such as 13C and 15N. The target 
protein is enzymatically digested and a known amount of 
the AQUA Peptide is added to the digest as an internal 
standard or calibrant. The masses of the native peptide and 
the AQUA Peptide usually differ by 8-12 amu, depending on 
the peptide sequence used. The concentration of the target 
protein is then calculated based on the relative MS signals of 
the target peptide and the isotope-labeled AQUA Peptide.

 c.  18O Labeling Technology – This mass spectrometry-based 
protein assay is somewhat analogous to the AQUA strategy, 
except that this is designed for relative protein quantitation. 
Proteins from two different treatment conditions are digested 
with trypsin and then one of the samples is labeled with 18O. 
The masses of the two peptides differ by 4 amu and are clearly 
resolved by MS. The relative ion intensities of the two peptides 
are quantitative indicators of their relative abundance. 

Conclusions
Various factors contribute to optimizing siRNA used in RNA 
interference studies. Design, Quality and Delivery represent three 
of the most important elements that allow for accurate analysis 
of gene knockdown. Through our ongoing commitment to the 
study of gene function, Sigma has forged partnerships and made 
investments in this area that bring these elements together to create 
our best-in-class pre-designed MISSION® siRNA and MISSION 
siRNA Libraries. The development of these products is a result  
of partnerships with world class bioinformatics leader Rosetta 
Inpharmatics for the latest design rules, the acquisition of key 
intellectual property, and worldwide siRNA manufacturing 
capabilities for unsurpassed capacity and large-project flexibility. 
The continuous search for new technologies and advancements 
by our dedicated staff of R&D scientists pull together the entire 
workflow and create unique solutions that enable the study of 
RNA interference.

To learn more about Sigma’s products for RNAi and to contact 
Sigma’s RNAi experts, please visit us online at sigma.com/rnai.

Ordering Information
Cat. No. Description Quantity

N2913  N-TER Nanoparticle siRNA  120 µL 
 Transfection System 400 µL 
  1 mL

SI00100 MISSION siRNA Human Druggable Genome 1 set

SI20100 MISSION siRNA Rat Druggable Genome 1 set

SI42050 MISSION siRNA Mouse Kinase Library 1 set



TransPlex® RNA Amplification Kit
Tr

an
sP

le
x 

R
N

A
 A

m
p

lifi
ca

ti
o

n
 K

it

10 To place an order, call your local office or visit sigma.com/ordersigma.com/innovations

TransPlex Complete Whole 
Transcriptome Amplification Kit: 
Whole Transcriptome Amplification  
of Highly-Degraded RNA from  
FFPE Tissues 
Ken Heuermann and Brian Ward 
Research and Development, Biotechnology Division, 
Sigma-Aldrich

Abstract
The TransPlex Complete Whole Transcriptome Amplification  
(WTA2) Kit effectively amplifies intact and highly degraded RNA. 
To benchmark maintenance of representative RNA levels during 
amplification, differential gene expression of human liver and 
brain tissues was examined by microarray analysis. Expression 
profiles of high-quality RNA amplified with the TransPlex Complete  
WTA2 Kit or Eberwine linear amplification were compared with 
that of unamplified cDNA. Results indicate that the TransPlex 
Complete WTA2 Kit and unamplified profiles correspond closely. 
Effective amplification of RNA extracted from formalin-fixed 
paraffin-embedded (FFPE) tissue was demonstrated by comparing 
the array results using target prepared from frozen or FFPE malignant 
prostate samples, versus matched frozen normal tissue. KEGG 
pathway profiles and global transcriptome analysis reveal that 
amplified FFPE target performed comparably to that of frozen 
malignant tissue. The TransPlex Complete WTA2 Kit is able to 
amplify nanogram quantities of intact total RNA or highly degraded 
RNA from FFPE tissue samples while maintaining transcript levels 
representative of that of the unamplified input RNA. 

Introduction
The sequencing of the human genome has transformed etiological 
studies of human pathology and the pursuit of novel therapies. 
Until recently, validated drug targets, demonstrated to be associated 
with a particular disease or condition, were screened for their 
response to potential drug candidates. Target-based drug discovery 
has been increasingly replaced by phenotype-based approaches.1 
Phenotype-based discovery relies on high-throughput and high- 
content detection and screening processes to identify potential 
drug targets, which are de-convoluted by further experimentation 
and analysis. The gene expression microarray, for example, provides 
a high-content snapshot of sample-specific expression and  is able 
to detect subtle, transcriptome-wide changes in mRNA levels 
resulting from disease, physiological development, or therapeutic 
treatment. These platforms have been successfully used to define 
disease markers.2,3,4,5 But whereas a relatively small number of RNA  
source samples may identify potential disease markers, validation 
requires a substantially larger sample pool. Inaccessibility to a 
sufficient number of fresh (or fresh frozen) clinical samples impedes 
the validation process, and consequently, progress towards 
development of novel treatments for disease. 

Over the years, histological studies have amassed large reposito-
ries of well-characterized formalin-fixed paraffin-embedded (FFPE)  
tissue samples. Amplified genomic DNA from fixed tissues has 
yielded a significant body of relevant information.6 However, RNA 
lability and the effects of formaldehyde on RNA7 give rise to 
degradation and chemical modification. To date, the scope of 
application for FFPE RNA has been restricted to rt-qPCR,8,9,10  
and a focused, diagnostic array platform.11,12 Efforts to utilize 
amplified FFPE RNA for whole transcriptome microarray applica-
tions have met with some success, however only when using 
mildly degraded RNA, still maintaining a distinct 28S/18S total 
RNA banding pattern.13

In this study, maintenance of relative transcript abundance during 
TransPlex Complete WTA2 Kit amplification is first validated with 
commercially prepared high-quality RNAs. Subsequently, microarray 
expression profiles generated with target prepared from highly 
degraded RNA extracted from FFPE tissue are shown to be compa-
rable to those prepared from the matched frozen counterpart. 

Materials
Matched normal and malignant human prostate samples, frozen 
and FFPE, were acquired from the Human Tissue Resource Network, 
College of Medicine, at Ohio State University. Total human liver and 
brain RNAs (RIN = 8.5–9.0, defined in Methods) were purchased 
from Ambion (an Applied Biosystems company, Foster City, CA). 
Agilent 4 × 44 K Whole Genome Microarrays (G4112F, Agilent, 
Santa Clara, CA) and ancillary consumables were used for 
microarray analysis (see Methods). All other materials and 
reagents were provided by Sigma-Aldrich Corporation or its 
affiliates unless otherwise specified.

Methods
Total RNA was extracted from FFPE tissue samples using the Qiagen 
RNeasy® FFPE Kit; total RNA was extracted from frozen tissue 
using the GenElute™ Mammalian Total RNA Extraction Kit (RTN10). 
Contaminating DNA was removed using RNase-free DNase I 
(AMPD1). Nucleic acid was quantified with Nanodrop™ spectros-
copy (a Thermo Fisher Scientific company, Wilmington, Delaware). 
RNA was assayed following the Agilent RNA 6000 Nano Bioanalyzer 
Kit protocol and assigned an “RIN” (RNA integrity number) based 
on a predictive algorithm for RNA quality.14

RNA was amplified using the TransPlex Complete WTA2 Kit  
(5 ng input quantity for intact RNA, 50 ng for FFPE RNA) or 
Agilent Low RNA Input Linear Amp Kit PLUS, Two-Color (500 ng), 
per directions. The Agilent RNA Spike-In Kit was used with the 
linear amplification method to monitor operator-related variance. 
Microarray cDNA target was direct-labeled using the Agilent 
Genomic DNA Labeling Kit PLUS. Hybridization conditions for all 
arrays were 65 °C, 20 rpm, using Agilent Oligo aCGH/ChIP-on-chip  
Hybridization Kit reagents. Slides were washed and developed 
using the Oligo aCGH/ChIP-on-Chip Wash Buffer Kit procedure, 
then scanned using the Agilent microarray scanner (model G2525B).  
Raw intensities were interpreted with Agilent 9.5.3.1 Feature 
Extraction software. All absent, saturated, and non-uniform 
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features were removed in Microsoft® Excel. Processed data were 
further analyzed using Spotfire® Decisionsite® 9.0 analysis software 
(Spotfire, Inc.) and Genesifter® (VizX™ Labs). 

Dye-swap technical replicate data were processed in Excel, and 
subjected to Genesifter pair-wise analysis, including Welch’s t-test, 
Benjamini and Hochberg correction, and fold-threshold setting of 
1.5. Significant data (adjusted p = 0.05) were screened, referencing 
Genesifter ontological patterns and KEGG pathway15 association. 
For comparative Genesifter KEGG pathway analyses (Figure 5), 
relative differential gene regulation (y-axis) was defined as the 
difference between the numbers of down- and up-regulated 
genes divided by the total number of genes in each pathway. 
Differential gene regulation was normalized (to 0) by subtracting 
the mean value of each data set from each individual value. 

Results and Discussion
Amplification of High-Quality RNA
To validate the TransPlex Complete WTA2 Kit, differential expression 
of human brain and liver was examined by dual-color microarray 
analysis. cDNA targets (TransPlex Complete WTA2-amplified, 
linear-amplified,16 and unamplified control) were prepared from 
commercially available total RNA, labeled, and hybridized as 
described in Methods. Log ratios of dye-corrected feature intensities 
for arrays treated with amplified target were plotted against the 
corresponding log ratios for unamplified control target (Figure 1). 
(The log ratio for each array feature represents the differential 
expression of a transcript.) Some observations are worthy of note. 
The slope of the plots for both amplification methods was less than 
one, indicating a marginal reduction in amplification efficiency 
with increasing differential expression. It has been proposed that 
amplification biases due to template length and sequence composi-
tion are responsible for this phenomenon.17,18 The linearity of the 
TransPlex Complete WTA2 plot, however, indicates uniform amplifica-
tion with respect to differential expression. Of critical consequence, 
R2 was significantly higher for TransPlex Complete WTA2. Increased 
scatter perpendicular to the trendline at the distal regions of the 
plot observed for the linear amplification method indicates significant 
variance for genes showing lower and higher differential expression. 
The tighter R2 value for TransPlex Complete WTA2 is interpreted to 
indicate exceptional maintenance of relative transcript abundance 
during amplification. 

Further comparison of representative amplification for the 
TransPlex Complete WTA2 and linear methodologies is illustrated 
in Figure 2. Average log2 intensities for human liver were plotted 
versus those of brain, for unamplified and amplified cDNA targets. 
A defined range of differential expression (log2[brain] versus 
log2[liver]) is marked blue in the unamplified control plot (row 1) 
using Spotfire array analysis software. Axes’ coordinates are then 
transformed to TransPlex Complete WTA2 or linear amplification 
intensity values (rows 2 and 3, respectively). Less pervasive scatter 
parallel to the trendline observed for TransPlex Complete WTA2  
is interpreted as greater uniformity of amplification efficiency, 
compared to that seen for the linear method (contrary to published 
results17). Scatter perpendicular to the data trendline (trendline 
not shown: running from lower left to upper right) is negligible 

for TransPlex Complete WTA2 indicating that differential expression 
(log2(intensitybrain/intensityliver)) remains relatively unchanged. 

Figure 1. Differential Expression in Human Brain and Liver
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Figure 1. Log2 ratios ([brain]/[liver]) for arrays targeted with (A) TransPlex 
Complete WTA2 and (B) Eberwine linear amplified-cDNA are plotted against 
the corresponding log2 ratios for unamplified cDNA using Spotfire®. 

It is essential to understand how these observations relate to a 
basic principle behind the utility of the TransPlex Complete WTA2 
Kit. Variance in amplification efficiency between different transcripts 
(Figures 1 and 2) does not confound assessment of differential 
expression for a given transcript. Maintenance of the relative 
abundance of a transcript or “RNA representation” during amplifica-
tion, however, is absolutely critical. A simple illustration provides 
explanation. Consider hypothetical unamplified RNA-source 
samples A and B. For A, the copy number of Transcript 1 is 1000, 
and Transcript 2, 100 (i.e., a 10-fold copy number ratio for the two 
different transcripts in sample A). Sample B contains 4000 copies 
of Transcript 1 and 25 copies of Transcript 2 (an intra-sample ratio 
of 160). The differential expression of transcripts 1 and 2, between 
samples A and B, is, however, 4 and 0.25, respectively. Due to biases 
intrinsic to exponential amplification, 1000-fold amplification is 
observed for Transcript 1 and 5000-fold amplification for Transcripts 2 
(biases exaggerated for sake of illustration). Differential expression 
is maintained: 

Differential expression of Transcripts 1 and 2, between  
Sample A and Sample B (Sample B/Sample A) is constant,

 Transcript 1 unamplified  B/A = 4000/1000 = 4 
 Transcript 1 amplified B/A = (1000 × 4000)/(1000 × 1000) = 4

 Transcript 2 unamplified  B/A = 25/100 = 0.25 
 Transcript 2 amplified  B/A = (5000 × 25)/(5000 × 100) = 0.25

whereas, the intra-sample ratio of the two transcript levels  
(Transcript 1 versus Transcript 2, T1/T2) changes. 

 Sample A unamplified T1/T2 = 1000/100 = 10 
 Sample A amplified T1/T2 = (1000 × 1000)/(5000 × 100) = 2

 Sample B unamplified T1/T2 = 4000/25 = 160 
 Sample B amplified T1/T2 = (1000 × 4000)/(5000 × 25) = 32

In summary, though the two transcripts are amplified with differing 
efficiencies, sample-to-sample differential expression of each 
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transcript is maintained. (In cases where comparative expression 
analysis does not appear to lend itself to a differential comparison, 
introduction of a reference RNA to establish a differential resolves 
this dilemma.) Hence, the expression profiles for the amplified 
samples are facsimiles of the unamplified samples.

The results of this benchmark experiment therefore confirm that 
TransPlex WTA2 is able to maintain relative differential expression 
between samples. 

Amplification of Highly Degraded RNA from  
FFPE Tissue Samples
The utility of TransPlex Complete WTA2 for amplifying highly 
degraded RNA was demonstrated by microarray analysis of 
differentially labeled target prepared from matched malignant 
and normal prostate tissues. Amplified RNA from malignant prostate 
was first extracted from either frozen or FFPE tissue samples, and  
in both instances, compared to amplified RNA from normal (non- 
malignant) frozen prostate tissue. RNA extracted from frozen 
tissue was determined to be of high quality (RIN ª 9), whereas 
degraded FFPE sample RNA averaged ª 100 bases in size, showing 
no rRNA banding pattern (Figure 5). 

Representative and efficient amplification of FFPE RNA was detected 
with Spotfire analysis (Figure 4). The slope of frozen malignant 
feature intensities versus frozen normal is 0.9639, and for FFPE 
malignant versus frozen normal, 0.8905, inferring an overall 
higher amplification efficiency for frozen RNA, likely due to the 

degraded condition of the FFPE RNA. Based on scatter parallel to 
the slope, amplification efficiency for FFPE RNA appears to be 
more uniform than for high-quality RNA (Figure 2). Uniform FFPE 
target size, as indicated by the highly degraded condition of the 
FFPE RNA (Figure 3) may explain this observation, as opposed to 
the broader range of target size for intact RNA target (200–400 bp,  
data not shown). Though representation remains to be generally 
well maintained, there appears to be more scatter perpendicular 
to the trendline in Figure 4 for FFPE RNA than was found for intact 
RNA (Figure 2). This also may be due to the degraded condition 
and coincident reduction of target complexity of the FFPE RNA, 
contrary to the case of the frozen tissue target. Also, with the 
decreased size distribution of the degraded RNA template, 
semi-degenerate primer-driven amplification may become 
increasingly difficult.19

Surprisingly, despite suggestion of a potential loss of relative 
transcript levels, discussed above in Figure 4, KEGG pathway 
profiles generated from microarray analysis of FFPE malignant 
prostate tissue are comparable to those for the frozen malignant 
tissue (Figure 5). FFPE malignant vs. frozen normal very closely 
tracks frozen malignant vs. frozen normal for up- and down-
regulated expression (panel A) and highly populated KEGG 
pathways (panel B). 

Figure 2. Comparative Transcript Representation and Amplification Efficiency for TransPlex WTA of High-Quality RNA
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Figure 2. For log2[Liver] vs log2[Brain], selected array features are marked (blue) in columns A, B, C for unamplified cDNA (row 1). The corresponding features for 
TransPlex Complete WTA2 and Eberwine Linear Amplification are shown in rows 2 and 3, respectively.
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Figure 3. Bioanalyzer Virtual Gel Image of RNAs  
Isolated from Frozen and FFPE Tissues

4000 –
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1000 –

500 – Rin = 9.0 Rin = 8.8

Frozen FFPE

200 –

25 –

Normal Malignant

Figure 3. Lanes (l-r): marker, frozen normal prostate, frozen malignant prostate, 
FFPE malignant prostate. Two hundred fifty nanograms of RNA were applied to 
each non-marker lane.

Figure 4. Comparative Transcript Representation  
and Amplification Efficiency for FFPE vs.  
Frozen Sample Target
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Figure 4. Marked array features as described in Figure 2.

Figure 5. Array Target Prepared from Amplified RNA 
FFPE vs Frozen Tissue

A. Statistically Significant KEGG Pathways
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Figure 5. Maintenance of representation during amplification for FFPE vs. 
frozen target. A. The x-axis corresponds to KEGG pathways having the 
numerically largest number of functionally related genes. B. The x-axis 
corresponds to the top 10 up-regulated and down-regulated KEGG pathways, 
based upon the Z-test score for up- or down-regulated genes subsets within the 
pathway. (A single asterisk indicates a significant Z-score (z < 0.5, or z > 2) for a 
respective up- or down-regulated gene subset for TransPlex® WTA2-amplified 
target; a double-asterisk indicates significance for both up- and down-regulated 
gene subsets.)

Conclusions
TransPlex whole transcriptome amplification has previously been 
reported to provide key advantages over other RNA amplification 
methods including 1000-fold amplification in less than 4 hours, 
without 3’- bias.19 Results presented here demonstrate the ability 
of the next generation TransPlex WTA2 Kit to effectively maintain 
relative transcript abundance during amplification of intact and 
highly degraded RNA. 
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Introduction
Well-characterized antibodies are essential tools for pro tein studies, 
global proteomics analysis, as well as for clinical diagnostics. 
Although production of antibodies is a well-established process 
and a large number of antibodies are commercially available 
through many vendors, specific anti bodies still do not exist for 
the majority of human proteins. An underlying factor limiting the 
available antibody repertoire is that commercial production tends 
to focus on popular targets. The current needs of the proteomics 
community demand a far more global approach.1,2 A second 
significant issue is the lack of a universally defined standard for 
antibody quality. This makes it difficult to compare anti bodies of 
various sources without committing resources to us ing the antibody 
in its final application. Initial standardized testing for specificity 
and sensitivity followed by a thorough characterization would be 
of great interest to the end user, but this is a costly endeavor and 
most efficiently accomplished on a larger scale. 

At present, there are only a handful of large-scale high-through put 
antibody production efforts initiated around the world.3 One such 
initiative is the Swedish Human Protein Atlas (HPA) program.4 The 
aim of this program is to explore the entire human proteome using 
an antibody-based proteomics approach.5,6 Specifically, the HPA 
program generates protein expression profiles of the non-redundant 
set of human pro teins, presented as immunohistological images 
from the majority of human tissues. All images are annotated and 
made publicly available via an open access database, the Human 
Protein Atlas (proteinatlas.org). An ambitious and thor ough 
quality-control process has been developed by which all antibodies 
have to pass a set of criteria prior to being tested by immunohisto-
chemistry (IHC) and other methods.7

The Human Protein Atlas Program
The Swedish Human Protein Atlas (HPA) program is an academic 
initiative, headed by Professor Mathias Uhlén at the Royal Institute 
of Technology in Stockholm, Sweden and the Rudbeck Laboratory 
in Uppsala, Sweden. The vision of the HPA program is to systemati-
cally generate quality-assured antibodies to all non-redundant 
human proteins, and to use these reagents to functionally explore 
human proteins, protein variants and protein interactions. At present, 
50 new antibod ies are generated per week along with 50,000 new 
IHC im ages. In order to manage this large amount of material and 

data generated, methodologies have been developed to sup port 
high-throughput systems including data collection, image handling 
and storage.

Antibody Development and  
Quality Control
The HPA proteomics approach is based on affinity-puri fied polyclonal 
antibodies (mono-specific antibodies, msAbs) raised toward 
bioinformatically-designed Protein Epitope Sig nature Tag (PrEST) 
antigens. The PrEST antigens, the mono-specific antibodies and 
the resultant images for the Human Protein Atlas are generated 
in a high-throughput manner as outlined in Figure 1.

Figure 1. Schematic Overview

PrEST 
design 

& 
Molecular 
biology

Sequencing Protein factory MS analysis Immunization Affinity 
purification

IF analysis Western blot Bioinformatics and 
literature search

IHC analysis Protein 
microarray

Human Protein Atlas

Figure 1. Schematic overview of the workflow and control steps in the HPA 
antibody devel opment process (top row) and the various expression profiling 
analyses and validation steps (bottom row).

The initial step of the process is the antigen design. Tailor-made 
bioinformatics software based on the Basic Local Align ment Search 
Tool (BLAST) function is used to design the PrEST antigens. The 
scanning procedure permits selection of fragments of a specified 
size, between 50-150 amino acids, with a minimal sequence 
similarity to other human proteins. Further, this program allows 
for the avoidance of certain re striction enzyme sites, transmem-
brane regions, and signal peptides.

The computer selected PrEST regions are RT-PCR ampli fied from 
pools of human total RNA and cloned into an ex pression vector 
as a fusion to a histidine tag and an albumin binding protein (ABP).8 
All recombinant PrEST clones are fully sequenced to verify the correct 
insert and that no polymerase-introduced mutations are present. 
The PrEST sequence analy sis is the first of several quality control 
steps that must be passed before further processing (Figure 1).

The sequence-verified PrEST clones are expressed in E. coli and the 
produced PrEST antigens are affinity purified by immobilized metal 
ion chromatography under denaturing con ditions. The purified 
PrEST antigens are quality controlled by mass spectrometry (MS) 
for sequence accuracy, by SDS-PAGE analysis for protein purity 
analysis, and by bicinchoninic acid assay (BCA) for protein 
concentration determination.
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The purified PrEST proteins serve various purposes in the downstream 
antibody development and control process, first as antigens for 
immunizations, secondly as PrEST-ligands cou pled to affinity columns 
for antibody purification and thirdly as ligands on protein arrays 
used to help ensure specific antibody binding to the complemen-
tary antigen.

Mono-specific polyclonal antibodies are purified from raw antiserum 
in a three-step process, starting with depletion of unwanted 
specificities, i.e. His6-ABP affinity tag-specific an tibodies. The 
flow-through is then passed through a PrEST antigen column, 

allowing capture of anti-PrEST specific anti bodies. Finally, after 
washing, captured antibodies are eluted and loaded onto a 
desalting column for buffer exchange. The purified mono-specific 
polyclonal antibodies are then ana lyzed for specificity on a protein 
array consisting of 384 dif ferent PrEST antigens spotted on glass 
slides, including the matching PrEST antigen to the msAb to be 
tested.9 An example of a typical PrEST array analysis is shown in 
Figure 2. It illustrates specific reactivity between the msAb and 
the corresponding PrEST protein, which is contrasted against low 
background re activity to other PrEST proteins.

Figure 2. Four Examples of Prestige Antibodies with Corresponding Quality Control Data and Expression Profiling Results

Protein arrayMS analysis IHC normal Western blot

Small intestine

Oral mucosa

Liver

Vagina

U-251MG

A-431

U-251M

IF

Breast cancer

Colorectal cancer

Malignant melanoma

Testis cancer

IHC cancerPrestige Antibodies

Anti-GPKOW
HPA000287
G patch domain and KOW 
motifs-containing protein  

Anti-EMD
HPA000609
Emerin

Anti-MTHFD1
HPA000704
C-1-tetrahydrofolate
synthase, cytoplasmic 

Anti-HSPA9
HPA000898
Stress-70 protein

U-2 OS

MS analysis. Mass spectrometry analysis of the PrEST antigens are presented in the first lane (MS analysis). A single peak of correct mass verifies production and 
purification of the correct PrEST antigen.

Protein array. Binding specificity for each purified Prestige Antibody is verified by protein microarray analysis (lane 2; Protein array). In the initial phase of the HPA 
program, each PrEST antigen was spotted in duplicate and two peaks verify antigen-specific binding as shown for each of the four Prestige Antibodies in Figure 2. 
However, presently 384 different PrEST antigens are spotted, each as a single spot, allowing analysis of background reactivity towards a larger set of PrEST antigens. 
Depending on PrEST array set up, the resulting images on the Human Protein Atlas will show two specific peaks (duplicate spots) or one specific peak (single spot).

IHC normal tissue. In lane 3 (IHC normal), one out of 144 images from IHC stained normal tissue samples are shown. The tissue localization of a protein is shown  
by specific binding of an antibody to its corresponding antigen in IHC, indicated by brown staining. The tissue section is counter-stained with hematoxylin to enable 
visualization of microscopical features. Hematoxylin stains both cells and extracel lular material in blue.

IHC cancer tissue. IHC expression analysis of cancer tissue samples is performed the same way as IHC staining of normal tissue, with the binding of the antibody to 
its antigen resulting in a brown staining pattern. One out of 432 images from IHC stained cancer tissue samples is shown in lane 4. 

Western blot. The Prestige Antibodies are analyzed by Western blot against total protein lysates from two human cell lines (RT-4 and U-251MG), two human tissues 
(liver and tonsil) and human plasma in a high-throughput standardized manner (lane 5, Western blot).

Immunofluorescence (IF). A large number of Prestige Antibodies have been used for subcellular localization by immunofluorescence (lane 6, IF). The protein targeted 
by the Prestige Antibody is shown in green, the endoplasmic reticulum in yellow, cytoskeleton in red and nuclei in blue.
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Human Protein Expression Profiling
All mono-specific antibodies that pass the protein array control 
step are tested on a standard set of human Tissue Microarrays 
(TMAs), carefully selected to be tissue representative. The final  
set of TMAs stained for full protein expression profiling includes 
formalin-fixed paraffin-embedded samples from 48 non-neoplas tic, 
morphologically normal human tissues in triplicate and tis sues from 
20 common cancer types derived from 4-12 individu als performed 
in duplicate. In addition, each antibody is used to stain Cell 
Microarrays (CMAs) from 47 cell lines and 12 samples of primary 
blood cells, each performed in duplicate.10

In total, more than 700 high-resolution IHC images, each represent-
ing a tissue or cell section, are generated per antibody, and uploaded 
onto the Human Protein Atlas. With the aid of a web-based 
annotation program, certified pathologists or specially trained 
personnel annotate all newly tested antibodies. One or several 
representative cell types are annotated for each tissue and given  
a staining score. To ensure high quality, all annotated tissue images 
are curated by a second person. Annotation of cell sample images 
is done automatically by image analysis software.11

Each antibody in the Human Protein Atlas is given a validation 
score. A validation score is assigned based on (i) the IHC stain ing 
pattern, (ii) available bioinformatic data, and (iii) whether supporting 
data exists in the literature. The validation score indi cates how 
well the quality assurance data supports the specificity of the 
antibody against the expected human target protein.

In order to obtain a high validation score, two independent 
an tibodies targeting the same protein and showing similar staining 
patterns are required. In addition, the staining pattern must be 
consistent with experimental and/or bioinformatic data. 

A medium score is assigned when the staining pattern is con sistent 
with experimental and/or bioinformatic data.

When the staining pattern is only partially consistent with 
ex perimental and/or bioinformatic data, a low score is assigned. 

For profiling of human proteins where experimental and/or  
bio informatic data is not available, or the staining pattern is not  
con sistent with such data, the antibody is assigned a very low score.

All results generated, including the PrEST array result, IHC images, 
annotation results, literature summary and validation score, are 
published by the Human Protein Atlas (protein atlas.org).

Additional Applications
All new antibodies are analyzed by Western blot in a high-throughput 
standardized manner. Total protein lysates from two human cell 
lines (RT-4 and U-251MG), two human tissues (liver and tonsil) and 
human plasma are used to evaluate the antibody target binding 
in a Western blot setting. The Western blot analysis for each antibody 
is performed using identical set-ups with no optimization, i.e. the 
same five protein lysates, as well as the same conditions are used 
for all antibodies. As the protein samples and running conditions 
are not specifical ly selected and adapted for each antibody and its 
correspond ing protein, not every antibody has been successfully 
validated for Western blot application. However, the Western blot 
data do have an impact on the validation score.

Figure 3. Confocal Images

A B

C D

Figure 3. Confocal images of immunofluorescent staining of the human cell line 
U-2OS using the nucleoli specific Prestige Antibody anti-HMGB2 (HPA0003506) 
in combination with organelle probes specific for the endoplasmic reticulum, 
cytoskeleton and nuclei. The four-color image is acquired in four separate 
channels that can be viewed separately or in different com binations.

Image A. View of one channel showing the Prestige Antibody staining of 
nucleoli in green.

Image B. A second channel is turned on for an overlay view of the control 
staining of nuclei (blue) and the anti-HMBG2 Prestige Antibody (green).

Image C. A third channel is turned on for a three-color overlay view of 
cytoskeleton (red), nuclei (blue) and the anti-HMBG2 Prestige Antibody (green).

Image D. The fourth channel is turned on for a four-color overlay view of 
endoplasmic reticulum (yellow), cytoskeleton (red), nuclei (blue) and the 
anti-HMBG2 Prestige Antibody (green).

In addition to the standard immunohistochemical expres sion profiling 
performed with each antibody, subcellular lo calization studies  
by confocal microscopy and immunofluo rescence (IF) staining is 
performed for a large number of the Prestige Antibodies,12 as 
shown in Figure 3. In the Human Protein Atlas, the cell lines used 
for IF staining can be visualized in several ways. The protein 
targeted by the Prestige Antibody is shown in green, nuclei in 
blue, cytoskeleton in red and endoplasmic reticulum in yellow.  
In order to optimize the view, one or several channels can be 
removed and/or com bined.

How to Use the Human Protein Atlas
The Human Protein Atlas currently consists of a collection of over 
2.9 million IHC images covering the majority of normal and cancer 
tissues as well as a large selection of cell lines and primary cells. In 
the current version (3.1) more than 3,000 antibodies have been 
screened for protein profiling of more than 2,600 human proteins. 
More than half of these antibod ies are Prestige Antibodies targeting 
approximately 3,600 hu man proteins. New data and new features 
are released on an annual basis. 

http://www.proteinatlas.org
http://www.sigmaaldrich.com/catalog/search/ProductDetail?ProdNo=HPA0003506&Brand=SIGMA
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There are three ways of searching the database: (i) by viewing the 
proteins by chromosome, (ii) by using the simple search box, or  
(iii) by advanced search. The simple search box allows searches  
by gene name, gene description, antibody ID (product number)  
or Ensembl ID.

The advanced search tool is based on protein expression levels in 
all the included normal and cancer tissues, and a combination of 
searching criteria can be utilized, such as “and” or “and not” queries. 
In addition, it is possible to search for proteins differentially expressed 
within a tumor type, i.e. among different patients having the same 
cancer type. For example, the number of patients of a given tumor 
type that should show a specified staining intensity, higher or 
lower intensity as compared to the rest of the patients of the 
same tumor type can be selected. For a detailed description of 
the advanced search option and in silico biomarker discovery, 
refer to Björling and co-workers.13

A search query results in a list of proteins/antibodies fit ting the 
search criteria. The expression profile overview page is viewed by 
clicking on the antibody ID. The normal and can cer tissues can be 
sorted in alphabetic or histogenic order. All tissues and cells are 
given a protein expression level score, visualized by a colored pie 
chart, ranging from strong staining (red) to no staining (white). 
The pie chart system gives a quick overview of the protein expression 
profile. An annotation sum mary provides a brief description of 
the major findings from the IHC analysis. The high-resolution IHC 
images are viewed by clicking on the tissue type name. To see 
specific detail, all images can be viewed at higher magnification.

Conclusions
The lack of high-quality protein-affinity reagents for ex tensive and 
efficient proteomics studies is a widely accepted problem.1 Here 
we have described one effort to increase the availability of anti- 
human protein antibodies, as well as the use of antibody-based 
proteomics to explore the human proteome.

With a proven high-throughput strategy for development of  
well-characterized antibodies against human protein targets, and 
the subsequent use of these antibodies in an extensive protein 
expression profiling study, the Human Protein Atlas (HPA) program 
will have a major impact on proteomics re search for many years 
to come.

The current HPA antibody development pipeline generates about 
2,000 new well-characterized anti-human antibodies every year. 
These Prestige Antibodies are valuable tools in protein research 
and proteomics studies, not only for the pro tein expression studies 
performed by the HPA program, but also for other scientific 
researchers around the world.

The main application for which all Prestige Antibodies are validated 
are immunohistochemical staining of paraffin-embedded, formalin- 
fixed tissue and cell samples. In addi tion, a large number of the 
Prestige Antibodies have been successfully used in Western blot 
analyses and immunofluo rescence staining.

With the overall objective of achieving the first draft of a Human 
Protein Atlas covering the majority of the non-redun dant human 
proteins by year 2014, the HPA initiative is well positioned to 
substantially increase the number of available anti-human protein- 

affinity reagents of exceptional quality and thus revolutionize 
how proteomic research is conducted.
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Immunohistochemistry

Anti-PIK3CA: (HPA009985): Immunoperoxidase staining of formalin-fixed, 
paraffin-embedded human duodenal tissue showing cytoplasmic staining of 
glandular cells.

Immunohistochemistry

Anti-TNRC6B: (HPA003180): Immunoperoxidase staining of formalin-fixed, 
paraffin-embedded human urinary bladder tissue showing cytoplasmic and/or 
membranous staining of surface epithelial cells.

Immunohistochemistry

Anti-CD44: (HPA005785): Immunoperoxidase staining of formalin-fixed, 
paraffin-embedded human salivary gland tissue showing membranous staining 
of glandular cells.

Immunohistochemistry

Anti-KNG1: (HPA001616): Immunoperoxidase staining of formalin-fixed, 
paraffin-embedded human kidney tissue showing granular cytoplasmic and/or 
membranous staining of cells in tubuli as well as extracellular positivity.

Anti-BID Cat No. HPA000722 
on A-431 cells shown in green, 
nucleus in blue, microtubules in 
red and endoplasmic reticulum 
(ER) in yellow. 
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We’ve listed only a few of the currently available 3,800 Prestige Antibodies powered by Atlas Antibodies. For a complete list and to learn 
more about the most highly validated antibodies in the industry, see sigma.com/prestige.

Product Name  Host Form Gene Symbol Species Reactivity Application Cat. No.

Anti-ALCAM  rabbit affinity isolated antibody ALCAM, human human IHC (p)
PA

HPA010926-100UL

Anti-APOBEC3G  rabbit affinity isolated antibody APOBEC3G, human human IHC (p)
PA, WB

HPA001812-100UL

Anti-ARG1  rabbit affinity isolated antibody ARG1, human human IHC (p)
PA, WB

HPA003595-100UL

Anti-BCHE  rabbit affinity isolated antibody BCHE, human human IHC (p)
PA

HPA001560-100UL

Anti-BNIP3  rabbit affinity isolated antibody BNIP3, human human IHC (p)
PA

HPA003015-100UL

Anti-CA12  rabbit affinity isolated antibody CA12, human human IHC (p)
PA

HPA008773-100UL

Anti-CD44  rabbit affinity isolated antibody CD44, human human IHC (p)
PA, WB

HPA005785-100UL

Anti-CDH13  rabbit affinity isolated antibody CDH13, human human IHC (p)
PA

HPA001380-100UL

Anti-CP  rabbit affinity isolated antibody CP, human human IHC (p)
PA

HPA001834-100UL

Anti-DCN  rabbit affinity isolated antibody DCN, human human IHC (p)
PA

HPA003315-100UL

Anti-DICER1  rabbit affinity isolated antibody DICER1, human human IHC (p)
PA

HPA000694-100UL

Anti-GLA  rabbit affinity isolated antibody GLA, human human IHC (p)
PA, WB

HPA000966-100UL

Anti-GNG2  rabbit affinity isolated antibody GNG2, human human IHC (p)
PA

HPA003534-100UL

Anti-KNG1  rabbit affinity isolated antibody KNG1, human human IHC (p)
PA, WB

HPA001616-100UL

Anti-LAT2  rabbit affinity isolated antibody LAT2, human human IHC (p)
PA

HPA003462-100UL

Anti-MBNL3  rabbit affinity isolated antibody MBNL3, human human IHC (p)
PA

HPA001584-100UL

Anti-MMP9  rabbit affinity isolated antibody MMP9, human human IHC (p)
PA

HPA001238-100UL

Anti-OSTM1  rabbit affinity isolated antibody OSTM1, human human IHC (p)
PA

HPA010851-100UL

Anti-PGRMC1  rabbit affinity isolated antibody PGRMC1, human human IHC (p)
PA, WB

HPA002877-100UL

Anti-PIK3CA  rabbit affinity isolated antibody PIK3CA, human human IHC (p)
PA

HPA009985-100UL

Anti-PIM2  rabbit affinity isolated antibody PIM2, human human IHC (p)
PA, WB

HPA000285-100UL

Anti-REST  rabbit affinity isolated antibody REST, human human IHC (p)
PA

HPA006079-100UL

Anti-S100A4  rabbit affinity isolated antibody S100A4, human human IHC (p)
PA

HPA007973-100UL

Anti-SFRP2  rabbit affinity isolated antibody SFRP2, human human IHC (p)
PA

HPA002652-100UL

Anti-SOX9  rabbit affinity isolated antibody SOX9, human human IHC (p)
PA

HPA001758-100UL

Anti-TJP1  rabbit affinity isolated antibody TJP1, human human IHC (p)
PA

HPA001636-100UL

Anti-TNRC6B  rabbit affinity isolated antibody TNRC6B, human human IHC (p)
PA

HPA003180-100UL

Anti-TRPV4  rabbit affinity isolated antibody TRPV4, human human IHC (p)
PA

HPA007150-100UL

Anti-VCAN  rabbit affinity isolated antibody VCAN, human human IHC (p)
PA

HPA004726-100UL

Anti-VIM  rabbit affinity isolated antibody VIM, human human IHC (p)
PA, WB

HPA001762-100UL
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