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a b s t r a c t
The correlation of gene and protein expression changes in biological systems has been hampered by the
need for separate sample handling and analysis platforms for nucleic acids and proteins. In contrast to the
simple, rapid, and ﬂexible workﬂow of quantitative PCR (qPCR) methods, which enable characterization
of several classes of nucleic acid biomarkers (i.e. DNA, mRNA, and microRNAs), protein analysis methods
such as Western blotting are cumbersome, laborious, and much less quantitative. However, TaqManÒ
Protein Assays, which use the proximity ligation assay (PLA™) technology, now expand the range of qPCR
applications to include the direct detection of proteins through the ampliﬁcation of a surrogate DNA template after antibody binding. Here we describe an integrated qPCR approach for measuring relative
changes in gene and protein expression from the same starting sample and on a single analytical platform
that pairs TaqManÒ Gene Expression (GEx) Assays with TaqManÒ Protein Assays. We have monitored the
changes in mRNA, microRNA, and protein expression of relevant biomarkers in the pluripotent human
embryonal carcinoma cell line, NTERA2, upon differentiation to neuronal cells. In addition, TaqManÒ Protein Assays have been used to monitor protein expression in induced pluripotent stem cells (iPSC) that
have been reprogrammed from human somatic cells. The data presented establishes a general paradigm
utilizing real-time PCR instruments and reagents for studying the relationship between the stem cell
transcriptome and proteome.
Ó 2010 Published by Elsevier Inc.

1. Introduction
Human embryonic stem (ES) cells can be propagated indeﬁnitely in culture, but will differentiate into major cell lineages under speciﬁc culture conditions. NTERA2, a pluripotent human
embryonal carcinoma cell line, can be induced to differentiate
along neuroectodermal lineages upon exposure to retinoic acid
(RA) [1]. Pluripotent cells can also be derived from somatic cells
that have been reprogrammed. These induced pluripotent stem
(iPS) cells have many of the same characteristics as ES cells, including the ability to differentiate into various cell lineages [2–4].
Understanding maintenance of pluripotency and commitment to
cell differentiation on a molecular level is crucial to understanding
developmental processes of pluripotent cells. The OCT4, NANOG,
SOX2, and LIN28 proteins play critical roles in establishing or
maintaining pluripotency in human ES cells. OCT4, NANOG,
SOX2, and LIN28 are highly expressed in undifferentiated ES cells
and can be used as markers for pluripotency [5].
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mRNA transcripts often serve as the biomarker type of choice
for assessing, monitoring, and/or determining the state of a cell.
This is largely due to the relative ease with which such markers
can be analyzed. However, it still remains to be proven that transcript proﬁles faithfully reﬂect the cellular proteome and the presence and relative abundance of their encoded proteins. TaqManÒ
Protein Assays enable an integrated qPCR approach for measuring
relative changes in gene and protein expression from the same
starting sample and on a single analytical platform that pairs TaqManÒ Gene Expression Assays with TaqManÒ Protein Assays. To
validate this approach, we used NTERA2 cells as a model system
and determined both mRNA and protein expression proﬁles and
fold changes throughout the time course of induction for four stem
cell pluripotency markers and two differentiation markers, NCAM1
and ALCAM. In addition, we used TaqManÒ Protein Assays to monitor gene transfer success in somatic cells that have been transduced with several of the reprogramming genes (OCT4, SOX2,
and KLF4) that are required to generate induced pluripotent stem
cells (iPSC) [2–4].
TaqManÒ Protein Assays are an adapted form of PLA™, a proximity ligation assay technology invented by Ulf Landegren, Simon
Fredriksson, and colleagues, that combines antibody–protein binding with real-time PCR-based detection of the reporter nucleic acid
sequence [6,7]. The three basic steps of the assay are shown in
Fig. 1. The ﬁrst step involves binding of a protein target by paired

S24

E. Swartzman et al. / Methods 50 (2010) S23–S26

F

LIGASE

Homogeneous
Format
Solution Phase
Assay

N

M

3’ 5’
connector

Target
Target

1-2 uL sample
qPCR vol = 20 uL

Step 1

Step 2

Step 3

Incubate sample
& Assay Probes

Ligate in presence
of connector oligo

Perform TaqMan®
Real-Time PCR

Fig. 1. The TaqManÒ Protein Assay is a 3-step homogeneous process that involves (1) binding of paired antibody–oligonucleotide probes to a protein target in whole cell
lysates, (2) templated ligation of the oligonucleotides in proximity, and (3) qPCR detection. No wash step are required and results are obtained within 3.5 h.

assay probes. The assay probes are target-speciﬁc antibodies conjugated to oligonucleotides through a biotin–streptavidin linkage.
Each oligonucleotide in the probe pair presents a 50 or 30 end; these
ends are brought into proximity when the antibody components of
the assay probe pair bind to two different epitopes on the target
protein. The second step involves ligation of the oligonucleotides
by DNA ligase. The substrate for the ligase is a bridge structure
formed by hybridization of a third oligonucleotide complementary
to the oligonucleotide ends of the assay probe pair. This structure
forms preferentially when the assay probes are in proximity to
each other. Subsequent protease treatment inactivates the ligase.
The ﬁnal step involves ampliﬁcation and detection by real-time
PCR with a TaqManÒ probe. The ligation product serves as a template in the TaqManÒ real-time PCR assay.

tein. In parallel, crude cell lysates were processed for RNA with the
PARIS™ kit (Applied Biosystems) and subsequently treated with
TURBO DNA-free™ DNAse (Applied Biosystems). The PARIS™ mirVana kit (Applied Biosystems) was used for mircoRNA puriﬁcation.

2. Materials and methods

All TaqManÒ Protein Assays and associated reagents kits were
obtained from Applied Biosystems. TaqManÒ Protein Assays with
NTERA2 cell lysates were carried out using cell lysate dilutions of
500, 125, 32, and 0 cells per reaction. TaqManÒ Protein Assays with
transduced ﬁbroblast cell lysates were carried out using 500 and 0
cells per reaction.

2.1. NTERA2 retinoic acid induction
NTERA2 cells (4  106) were cultured in T75 ﬂasks in the presence or absence (untreated control) of 10 lM trans-retinoic acid
(RA) for 28 days. Cells were harvested by scraping at multiple time
points and analyzed for protein and gene expression. After 28 days,
the cells were harvested and replated on PDL/laminin coated plates
(BD Biosciences) in the presence of 1 lM cytosine D-arabinofuranoside and 10 lM uridine (both from Sigma–Aldrich) for 21 days at
which time the RA-treated cells were harvested for protein and
gene expression analysis. Only the treated cells survived the
replating procedure and showed morphological changes indicative
of neuronal differentiation.

2.3. Fibroblast transduction and sample preparation
Baculovirus particles (1  107) containing a polycistronic vector
expressing OCT4, SOX2, KLF4, and tagRFP (Invitrogen) was transduced onto 1  106 human dermal ﬁbroblasts. Cells were harvested
24 h and 4 days post-transduction and cell lysates were prepared
using the Protein Expression Sample Prep Kit (Applied Biosystems).
2.4. TaqManÒ Protein Assays and reagent kits

2.5. TaqManÒ Gene Expression Assays and reagent kits
mRNA assays and One-Step RT–qPCR reagents were obtained
from Applied Biosystems. Gene expression Assays were performed
according to the manufacturer’s instructions. No reverse transcription (RT) controls veriﬁed the removal of genomic DNA after
DNAse treatment. microRNA assays and Multiplex RT and qPCR reagents were obtained from Applied Biosystems.

2.2. NTERA2 sample preparation

2.6. Real-time PCR System and data analysis

NTERA2 cell lysates were prepared with Protein Expression
Sample Prep Kit (Applied Biosystems) and assayed directly for pro-

qPCR assays were performed on a StepOnePlus™ Real-Time PCR
System (Applied Biosystems). CT values were determined from ampli-
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Fig. 2. Relative quantiﬁcation was monitored for 6 proteins (A) and their corresponding mRNA (B) (4 pluripotency and 2 differentiation markers [NCAM1, ALCAM]) during RA
induction of NTERA2 cells. The relative abundance of proteins and mRNA was measured with TaqManÒ Protein Assays and TaqManÒ Gene Expression Assays, respectively.
Expression changes are relative to day 0 (untreated).
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ﬁcation plots using a threshold of 0.2. Protein expression fold changes
between untreated and treated samples were determined by ﬁrst calculating DCTs (CT for cell input minus CT for no cell input) for each lysate dilution point and for each protein target. DCTs were then plotted
vs. cell input per assay reaction. The slopes from the resulting plots
were used to determine fold changes. All fold changes (up and down)
are relative to day 0 (untreated cells). Gene expression fold changes
between untreated and treated samples were determined by ﬁrst calculating DCTs (CT for each target minus CT for ACTB [mRNA], RNU48
[miRNA]) for each sample. Gene expression changes were calculated
relative to day 0 using the DDCT method [8].
3. Results
3.1. Monitoring protein, mRNA and microRNA expression levels during
stem cell differentiation using TaqMan based Protein Assays, Gene
Expression Assays, MicroRNA Assays and qPCR
TaqManÒ Protein Assays were used to monitor protein levels
during the course of RA treatment of NTERA2 cells while the mRNA
and microRNA levels were monitored using TaqMan Gene Expression Assays and MicroRNA Assays, respectively. During the course
of RA treatment, the stem cell protein markers NANOG, OCT4,
LIN28 and SOX2 all show decreased expression in NTERA2
(Fig. 2A). NANOG is no longer detectable by day 4. LIN28 and
OCT4 continue to be expressed, but at progressively lower levels.
SOX2 protein levels decrease somewhat during the course of treatment, but recover to near normal levels by day 28. The differentiation markers NCAM1 and ALCAM both exhibit increased
expression during the time course, with NCAM1 exhibiting a greater and earlier increased expression than ALCAM.
For the mRNA assays (Fig. 2B) the relative levels of NANOG,
OCT4, and LIN28 mRNA are all decreased by day 10 of the RA
induction time course. Levels of NANOG and OCT4 mRNA are
noticeably reduced by day 4, while SOX2 mRNA levels are somewhat reduced during the course of treatment but recover by day
28. In contrast, levels of NCAM1 and ALCAM increase throughout
the induction period, with maximal expression at day 28.
Relative expression changes (DDCTs) for a panel of microRNAs
(treated cells minus untreated, day 0) are shown for NTERA2
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cells after 5 days of treatment (treated cells, day 5 minus untreated cells, day 0) (Fig. 3). Negative values denote a decrease
in expression, while positive values denote an increase in
expression. The temporal changes in expression of speciﬁc mature microRNAs such as the Let-7 series during RA induction
correlate well with temporal changes in LIN28 expression, supporting the link between LIN28 and microRNA-mediated cellular
differentiation.
3.1. Monitoring protein expression after viral transduction
Human dermal ﬁbroblasts were transduced with a vector
expressing OCT4, SOX2, KLF4, and RFP (red ﬂuorescent protein)
(Fig. 4). RFP expression can be observed 24 h post-transduction,
but cannot be observed 4 days post-transduction. In contrast,
OCT4, SOX2, and KLF4 protein expression was observed 24 h and
4 days post-transduction using TaqManÒ Protein Assays.
4. Summary
TaqManÒ Protein Assays were used to determine the relative
expression of six target proteins in untreated and RA-treated
NTERA2 cells. As expected, the levels of OCT4, NANOG, LIN28,
and to a lesser extent, SOX2, declined or became undetectable in
RA-induced cells as they became differentiated. In contrast, the differentiation markers NCAM1 and ALCAM were detected at much
lower levels in untreated NTERA2 cells compared to RA-induced
cells. TaqManÒ Gene Expression Assays were used to determine
the relative expression of the corresponding six target transcripts
in untreated and RA-treated NTERA2 cells. As expected, OCT4, NANOG, SOX2, and LIN28 transcripts were detected at high levels in
untreated cells and decreased in RA-induced cells. In contrast,
transcripts for NCAM1 and ALCAM increased with RA-treatment.
Overall, the protein expression proﬁles correlate with gene expression proﬁles in terms of timing and direction of changes over the
course of RA induction. However, the protein and mRNA expression proﬁles are not identical, and the differences observed in the
protein and mRNA expression proﬁles demonstrated here could
be signiﬁcant with respect to our understanding of fundamental
biological processes.
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Fig. 3. Relative quantiﬁcation for a panel of microRNAs (treated cells, day 5 minus untreated, day 0). Negative values denote a decrease in expression in cells at day 5 of
treatment relative to untreated cells, while positive values denote an increase in expression.
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Fig. 4. Baculovirus particles (1  107) containing a polycistronic vector expressing OCT4, SOX2, KLF4, and RFP was transduced onto 1  106 human dermal ﬁbroblasts. Protein
expression was monitored by either ﬂuorescence microscopy (RFP) or TaqManÒ Protein Assays (OCT4, SOX2, and KLF4) at either 24 h post-transduction (A) or 4 days posttransduction (B). RFP expression can be visualized after 24 h, but not 4 days post-transduction, whereas OCT4, SOX2, and KLF4 expression can be observed after 24 h and
4 days post-transduction.

TaqManÒ Protein Assays were also used to monitor the expression of proteins in cells transduced with a vector expressing OCT4,
SOX2, KLF4, and RFP. The TaqManÒ Protein Assays proved to be
more sensitive and more quantitative than ﬂuorescence microscopy in monitoring protein expression. The TaqManÒ Protein
Assays could be used to in lieu of more cumbersome and time-consuming techniques such as immunohistochemistry or Western
blotting to screen for potential iPS colonies.
TaqManÒ Protein Assays provide a simple, rapid, and sensitive
method for protein relative quantiﬁcation in cell lysates. Proteins
can typically be detected in reactions containing 500 or less cell
equivalents. Compared to typical protein detection methods such
as Western blotting, the TaqManÒ Protein Assay requires less sample, is more sensitive, and has a simpler and faster workﬂow. Moreover, the TaqManÒ Protein Assay allows users to determine relative
protein quantiﬁcation and enables correlation to mRNA and/or
miRNA expression results using the same analytical platform and
provides a general paradigm for studying the relationship between
the stem cell transcriptome and proteome.
References
[1] S.J. Pleasure, C. Page, V.M.-Y. Lee, J. Neurosci. 12 (1992) 1802–1815.
[2] K. Takahashi, S. Yamanaka, Cell 126 (2006) 663–676.
[3] J. Yu, M.A. Vodyanik, K. Smuga-Otto, J. Antosiewicz-Bourget, J.L. Frane, S. Tian, J.
Nie, G.A. Jonsdottir, V. Ruotti, R. Stewart, I.I. Slukvin, J.A. Thomson, Science 318
(2007) 1917–1920.
[4] K. Takahashi, K. Tanabe, M. Ohnuki, M. Narita, T. Ichisaka, K. Tomoda, S.
Yamanaka, Cell 131 (2007) 861–872.
[5] International Stem Cell Initiative, Nat. Biotechnol. 25 (2007) 803–816.
[6] S. Fredriksson, M. Gullberg, J. Jarvius, C. Olsson, K. Pietras, S.M. Gustafsdottir, A.
Ostman, U. Landegren, Nat. Biotechnol. 20 (2002) 473–477.
[7] M. Gullberg, S.M. Gústafsdóttir, E. Schallmeiner, J. Jarvius, M. Bjarnegård, C.
Betsholtz, U. Landegren, S. Fredriksson, Cytokine detection by antibody-based
proximity ligation, Proc. Natl. Acad. Sci. USA 101 (22) (2004) 8420–
8424.
[8] J. Kenneth, K.J. Livak, T.D. Schmittgen, Methods 25 (2001) 402–408.

For research use only. Not intended for any animal or human
therapeutic or diagnostic use: Practice of the patented 50 Nuclease

Process requires a license from Applied Biosystems. The purchase of
TaqManÒ Protein Assays includes an immunity from suit under
patents specified in the product insert to use only the amount
purchased for the purchaser’s own internal research when used with
the separate purchase of an Authorized 50 Nuclease Core Kit. No
other patent rights are conveyed expressly, by implication, or by
estoppel. For further information on purchasing licenses contact the
Director of Licensing, Applied Biosystems, 850 Lincoln Centre Drive,
Foster City, California 94404, USA.
TaqManÒ Protein Assay products are covered by IP rights held by
and licensed from Olink AB, Sweden.
Limited use label license no: 306 baculovirus vectors: Certain methods
that utilize the product associated with this limited use label license
are covered by U.S. Patent Nos. 5,731,182 and 5,871,986. This
product is for research use only by those researchers in laboratories
of academic, government, industrial and/or clinical institutions
engaged in the investigation of biological or biochemical processes,
or research and development of biological products. This product is
not to be used in the manufacture, use or sale of human or animal
diagnostic, therapeutic or prophylactic products.
Limited use label license no: 321 TagRFP: This product is for the buyer’s
internal research use only and may not be used for commercial
purposes. No rights are conveyed to modify or clone the gene
encoding fluorescent protein contained in this product. The right to
use this product specifically excludes the right to validate or screen
compounds for commercial purposes. For information on commercial licensing, contact Licensing Department, Evrogen JSC, email:
license@evrogen.com.
Several Molecular Probes’ products and product applications are
covered by U.S. and foreign patents and patents pending.
Ó 2009 Life Technologies Corporation. All rights reserved. Trademarks of Life Technologies Corporation and its affiliated companies:
AB Logo™, Applied BiosystemsÒ, InvitrogenÒ, StepOnePlus™. TaqMan is a registered trademark of Roche Molecular Systems, Inc. All
other trademarks are the sole property of their respective owners.

