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ABSTRACT: RNA interference (RNAi) is a potent gene delivery system for studying the regulation of gene expression in a
wide variety of eukaryotic cells. In the present study, different RNAi approaches, namely, synthetic small interfering RNA
(siRNA) and plasmid- and lentivirus-based short hairpin RNA (shRNA) were investigated to assess the down-regulation of
Nck1 protein efficiency in the Jurkat T cell line. Jurkat T cells treated with these three different systems substantially and
specifically reduced the expression of the Nck1 protein but not that of the Nck2 protein. Although the three systems showed
a similar Nck1 knockdown efficiency, they led to different T cell activation outcomes. After stimulation, CD69 expression
and IL-2 production were impaired in Nck1-siRNA and plasmid-based Nck1-shRNA transfected Jurkat cells. However,
these T cell activation outcomes were increased in lentiviral vector based Nck1-shRNA transfected cells. These data suggest
that the outcomes from transfection with the shRNA based lentiviral vector differ from those of siRNA and shRNA-based
plasmids although they provide the same gene silencing efficiency. The verification of suitable RNAi strategies to silence
target genes is therefore necessary before using it in experiments.
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INTRODUCTION

RNA interference (RNAi) is a powerful technique to
investigate mammalian gene function by sequence-
specific gene silencing. RNAi, first discovered in the
nematode Caenorhabditis elegans1, is the biological
process underlying double-stranded RNA (dsRNA)-
induced gene silencing resulting in the inhibition of
specific gene expression. The RNAi hallmark is
the specificity of the dsRNA in which sequences are
homologous to that of the target mRNA2. Experi-
mentally, RNAi can be achieved by transfecting cells
either directly using synthetic siRNA constructs or by
using DNA vectors or viral vectors encoding short
hairpin (sh) RNA3.

Small interfering RNAs (siRNAs) comprise of
specific sequences of 19–21 nucleotides that can be
chemically synthesized consisting of sense and com-
plementary anti-sense strands. These complemen-
tary strands are annealed to form a double stranded
siRNA duplex, which is then introduced into host

cells by various transfection techniques. siRNAs can
reduce the expression of the gene of interest by
enzymatic degradation of a target mRNA via the
RNA-induced silencing complex. The efficiency of
siRNA is that it specifically reduces the expression
of the gene of interest without influencing irrelevant
genes. However, the synthetic siRNA provides a
transient knockdown of the target gene as it undergoes
enzymatic degradation in the host cells or becomes
diluted in rapidly dividing cells4. The effectiveness
of gene knockdown can be prolonged using vector-
based approaches where a shRNA expression sys-
tem continually generates siRNA-like species5. The
shRNA consists of a siRNA sequence followed by a 9
nucleotide loop and a reverse complementary siRNA
sequence, which is then inserted into a plasmid or viral
vector. In comparison to the plasmid-based shRNA
system, some viral-based shRNA types, such as the
lentiviral vector, can integrate their shRNA-encoding
genome stably into a host genome resulting in stable
gene knockdown. The lentivirus is commonly used for
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long term gene silencing because it can be transfected
into a wide variety of cell lines and primary cells both
in in vitro and in vivo3, 5, 6.

The noncatalytic region of tyrosine kinase (Nck)
is an adaptor protein expressed in a variety of tissue
cells and cell lines. The Nck family consists of two
known members in humans, including Nck1/Nckα
and Nck2/Nckβ. Each Nck isoform contains three
src homology 3 (SH3) domains and one SH2 domain.
In many cell types, Nck links phosphotyrosine signals
and regulates actin cytoskeletal rearrangements7. In T
cells activated via their T cell antigen receptor (TCR),
Nck is essential in regulating actin rearrangement and
immunological synapse formation8–14. Interestingly,
our recent data have shown that silencing of Nck1 by
transfection of siRNA to Jurkat T cell results in abro-
gation of T cell activation as indicated by decreased
interleukin-2 (IL-2) secretion and CD69 expression14.

RNAi is commonly achieved by either siRNA,
plasmid-based shRNA or viral-based shRNA; how-
ever, researchers normally rely on one of these meth-
ods. Our research therefore examines whether these
three RNAi systems would be equally effective in
gene knockdown. For this, two important readouts as-
sociated with T cell activation were examined: CD69
expression and IL-2 production.

MATERIALS AND METHODS

Cell culture

Jurkat E6.1 T cells (clone E6-1; American Type Cul-
ture Collection, Rockville, MD, USA) were cultured
in RPMI-1640 medium (Gibco, Gaithersburg, MD,
USA) supplemented with 10% foetal bovine serum
(Gibco) and 1% penicillin/streptomycin (JRH Bio-
sciences, Victoria, Australia), and 2 mM L-glutamine
(JRH Biosciences). Cells were grown in a humidified
incubator at 37 °C with 5% CO2.

Nck siRNA transfection

The siRNA duplex sequences targeting Nck1 and con-
trol siRNA were designed and synthesized chemically
by Invitrogen (Invitrogen, Carlsbad, CA, USA). The
siRNA sequence targeting Nck1 used in this study was
5′-GGGTTCTCTGTCAGAGAAA-3′. The siRNA
transfection was performed as previously described14.
Briefly, 2× 105 Jurkat cells were harvested, washed
with D-PBS (Invitrogen) and resuspended in 10 µl
solution R plus 50 pmol of stealth RNAi siRNA
duplexes specific for Nck1. Negative controls were
performed by using negative stealth siRNA low in GC
content (Invitrogen). Cells were then electroporated
in a microporator pipette by MicroPorator (Digital Bio

Technology, Seoul, Korea) using three pulses of 10 ms
at 1600 V. The transfected cells were used after 48 h
post transfection.

Nck1-shRNA plasmid construction and
transfection

The Nck1-shRNA construct was designed according
to the Lenti-X Lentiviral Expression Systems manual
(Clontech, Mountain View, CA). The Nck1-shRNA
sequence was 5′-GATCCGGGGTTCTCTGTCAG
AGAAATTCAAGAGATTTCTCTGACAGAGAA
CCCTTTTTTACGCGTG-3′. The sense sequence
targeting Nck1 was designed based on the Nck1-
siRNA oligonucleotide. The Nck1-shRNA was 64
nucleotides in length consisting of 19 nucleotide sense
and antisense sequences separated by a 9 nucleo-
tide noncomplementary loop sequence. This Nck1-
shRNA oligonucleotide was flanked with a BamHI
restriction site at the 5′ end and an RNA polymerase
III termination signal followed by an EcoRI restriction
site at the 3′ end. The Nck1-shRNA oligonucleotides
were cloned into the pLVX-shRNA1 vector (Clon-
tech) at the multiple cloning sites downstream of the
U6 promoter. The constructed plasmid was trans-
formed into competent cells and the positive clones
were subsequently confirmed by sequencing. Trans-
fection of constructed plasmid into Jurkat T cells was
carried out as described above. Briefly, 2× 105 Jurkat
T cells were transfected with either 1 µg Nck1-shRNA
or control scramble expressing plasmid (Addgene).
After incubation for 48 h, 4 µg/ml of puromycin
was added into the culture to generate stable Nck1-
knockdown cell lines.

Lentiviral particle production and transduction

Lentiviral supernatant was generated in HEK293T
cells. Briefly, the 293 T cells were cultured in the
DMEM medium supplemented with 10% tetracycline-
free FBS (Clontech) and 2 mM L-glutamine. Ap-
proximately 24 h before transfection, 1× 107 cells
were plated on a 100 mm culture dish containing
10 ml of complete medium and incubated at 37 °C,
5% CO2 overnight. To produce Nck1-specific shRNA
lentivirus, cells were co-transfected with 1 µg/µl of the
constructed Nck1-shRNA plasmid and Lenti-X HTX
packaging mix (Clontech) using Xfect kit (Clontech).
shRNA control (scramble shRNA) lentivirus super-
natant was prepared by co-transfection of HEK293T
cells with 4 µg of pCMV-dR8.2 dvpr, 4 µg of pCMV-
VSV-G, and 7 µg scramble shRNA vector (Addgene).
Four hours post-transfection, the cultures were re-
freshed with 10 ml fresh medium and incubated
at 37 °C for an additional 24–48 h. Viral super-
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natants were concentrated using Lenti-X Concentrator
according to manufacturer’s instructions (Clontech).
Lentiviral titter was determined using a Lenti-X qRT-
PCR titration kit (Clontech).

For transduction of lentivirus to target cells,
2× 105 Jurkat T cells were cultured in complete
medium for 12–18 h before transduction. Jurkat T
cells were then transduced with the lentiviral particles
with multiplicity of infection 10 and in the presence
of 4 µg/ml of polybrene. After 24 h of incubation, the
cultured medium was replaced with fresh medium and
further incubated for 24–48 h followed by incubating
cells in medium containing 4 µg/ml puromycin for 4–
7 days.

Immunoblotting

Protein samples were resolved on 10% sodium do-
decyl sulphate-polyacrylamide gel and transferred to
a polyvinylidene difluoride (PVDF) membrane (Pall,
Ann Arbor, MI, USA). The membrane was blocked
with RapidBlock solution (Amresco, Solon, Ohio,
USA). The membrane was then incubated with rab-
bit monoclonal antibodies against human Nck1 (Cell
Signalling Technology, Danver, MA, USA), or Nck2
(Abnova Corp., Taipei, Taiwan) or β-actin (Cell Sig-
nalling Technology). The membrane was developed
using enhanced chemiluminescence reagent (ECL:
Bio-Rad, USA) and was then observed by the Im-
ageQuant LAS 4000 imaging system (GE healthcare,
Uppsala, Sweden).

IL-2 production and measurement

Jurkat E6.1 T cells in the logarithmic growth phase
were harvested and resuspended in complete medium.
2× 105 cells were then seeded into a 96-well tissue
culture plate pre-coated with 1 µg/ml anti-CD3 an-
tibody (OKT3, eBioscience, San Diego, CA, USA)
in the presence of 1 µg/ml soluble anti-CD28 anti-
body (eBioscience, San Diego, CA, USA). Cells
were then incubated for 24 h at 37 °C with 5%
CO2. Secreted IL-2 in the supernatant was determined
using a commercial enzyme-linked immunosorbent
assay (ELISA) kit (R&D, Minneapolis, MN, USA)
following the manufacturer’s instructions. The optical
density at 450 nm was read using a microplate reader
(Perkin Elmer).

Detection of CD69 expression by flow cytometry

The expression of CD3 molecules on T cell surface
was determined using anti-CD3 conjugated FITC an-
tibody. To examine the expression of CD69, Jurkat T
cells were stimulated as described above. Cells were
washed twice with PBS containing 1% FBS, and then
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Fig. 1 Nck1 protein expression was reduced in siRNA,
plasmid- and lentiviral-based shRNA systems. Jurkat T cells
were treated with Nck1-specific siRNA (siRNA), or plas-
mid encoding Nck1-specific shRNA (plasmid), or lentivirus
generating Nck1-specific shRNA (lentivirus). Protein ex-
pression was assessed by immunoblotting using anti-Nck1,
Nck2 andβ-actin antibody and was quantified by the ImageJ
software. The quantified signal intensities of the Nck1 or
Nck2 were normalized to their corresponding actin and these
values were relative to that in the control cells (Ctl), set as 1.
Numbers below the band indicate expression level of Nck1
and Nck2 compared with control (Ctl). One representative
experiment out of two is shown.

incubated with phycoerythrin-conjugated mouse anti-
human CD69 mAb or isotype control for 30 min at
4 °C in the dark. Finally, cells were assessed for CD69
expression using an FACScalibur (Becton Dickinson,
NJ, USA) and analysed with CELLQUESTPRO.

RESULTS

All three RNAi strategies provided an effective
down-regulation of the Nck1 protein in Jurkat T
cells

The ability of the RNAi system to silence gene ex-
pression has been proven to be invaluable for studying
gene function in cultured mammalian cells. The
achievement or failure to silence a gene of interest
depends on RNAi delivery systems and cell types.
In this study, Jurkat E6.1 T cells were transfected
with either Nck1-siRNAs or plasmid-based Nck1-
shRNAs or transduced with lentiviral-based Nck1-
shRNA. These three approaches showed a reduc-
tion of Nck1 protein expression level to about 75%
(Fig. 1). In addition, these three techniques exhibited
gene-specific silencing since they did not affect the
expression of a related protein such as Nck2. Thus
both non-viral and viral vector methods successfully
delivered Nck1siRNA and Nck1-shRNA into target
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Fig. 2 TCR expression level in Jurkat T cells. Jurkat T cells were treated with (a) Nck1-siRNA, (b) shNck1 plasmids,
and (c) shNck1 lentivirus. The TCR expression of control cells (Ctl) (bold solid line) and Nck1-knockdown cells (siNck1
or shNck1) (grey histogram) was determined by staining cells with anti-CD3 conjugated FITC antibody or isotype control
antibodies. The stained cells were then analysed by flow cytometer. The dotted line represents the isotype control in each
group. The data are representative of two independent experiments.

cells to mediate specific gene silencing.

Three RNAi systems did not affect TCR
expression

The T cell receptor (TCR) together with its associated
CD3 signalling subunits (TCR-CD3 complex) is es-
sential for antigen recognition and activation of T cell.
The effect of these RNAi systems on TCR expression
was monitored. The TCR-CD3 complex molecules
on the cell surface were stained with anti-CD3 conju-
gated FITC antibody and analysed by flow cytometry.
The results indicated that there were no significant
differences of the TCR expression level among these
RNAi systems (Fig. 2). Hence the silencing of Nck1
expression by these three different techniques did not
impair TCR expression on the T cell surface.

CD69 expression and IL-2 production depended
on RNAi-mediated Nck1 silencing techniques

T cell activation normally leads to the expression
of the CD69 molecule and production of numerous
cytokines and chemokines, which are important for
the immune response. CD69 is a type-II C-type
lectin receptor, known as one of the earliest cell
surface activation markers15. The upregulation of
CD69 surface expression on T cells is followed by
cell proliferation and an increase in the secretion of
IL-2 and IFN-γ. In this study, CD69 expression
and IL-2 production were examined and compared
between cells treated with different RNAi-mediated
Nck1 silencing techniques. Nck1-knockdown cells
obtained from three RNAi approaches were stimu-
lated with 1 µg/ml anti-CD3 OKT3 antibody plus
1 µg/ml anti-CD28 antibody for 24 h. Cells were

then analysed for CD69 expression by flow cytometry
and supernatants containing IL-2 were quantitatively
measured by ELISA. It was found that CD69 ex-
pression was impaired in Nck1 knockdown cells using
siRNA and plasmid-based shRNA treatment, but not
Nck1 knockdown cells using lentiviral-based shRNA
treatment (Fig. 3). The results were consistent with
IL-2 production (Fig. 4).

DISCUSSION

RNAi-based gene silencing is commonly used to
study gene function in T cell responses4, 16–19. Here
we compared three different RNAi strategies, in-
cluding synthetic siRNA, plasmid- and lentivirus-
mediated shRNA production in silencing of the Nck1
gene and their outcomes after cell activation. Among
these three different RNAi methods, synthetic double-
stranded siRNA with about 21 nucleotides is more
potent in mediating sequence-specific gene silencing
as it resembles natural cellular machinery. However,
introducing double-stranded siRNA molecules of over
50 nucleotides long can induce an interferon response
in mammalian cells, resulting in translation inhibition
and mRNA degradation of non-specific gene20, 21. In
this study, Nck1-specific siRNA duplexes of 19 nu-
cleotides long were used to transfect into Jurkat T cells
for suppressing Nck1 expression. Although synthetic
siRNA duplexes can be used to avoid non-specific
global suppression of gene expression caused by the
interferon responses2, the transient nature in gene
silencing of siRNA makes it unsuitable for generation
of stable gene knockdown in Jurkat cell lines. Hence
plasmid- and lentiviral-based shRNA systems have
been used to achieve prolonged gene silencing as they
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Fig. 3 CD69 expression was down-regulated in Nck1-siRNA and plasmid-based Nck1-shRNA but was up-regulated in
lentivirus-based Nck1-shRNA systems. Nck1 knockdown cells mediated by different systems including (a) Nck1-siRNA,
(b) plasmid- based Nck1shRNA, and (c) lentiviral-based Nck1 shRNA, were stimulated with anti-CD3 antibody precoated
on the plate and soluble anti-CD28 antibody for 24 h at 37 °C. CD69 expression was assessed by flow cytometer. Numbers in
CD69 histogram indicate frequency of positive cells. Black bold solid line and black letter are control cells, grey histogram
and grey letter are Nck1 knockdown cells, and dotted and grey lines are isotype control. The data are representative of two
independent experiments.
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Fig. 4 The production of IL-2 was impaired in Nck1-siRNA and plasmid-based Nck1-shRNA transfected Jurkat cells but
was upregulated in lentivirus-based Nck1-shRNA transduced Jurkat cells. Nck1 knockdown cells mediated by different
systems including (a) Nck1-siRNA, (b) plasmid- based Nck1shRNA, and (c) lentiviral-based Nck1 shRNA, were stimulated
with anti-CD3 antibody precoated on the plate and soluble anti-CD28 antibody for 24 h at 37 °C. Supernatants containing
IL-2 were measured by ELISA. Data are representative of two independent experiments and shown as mean± SD from
triplicate samples. *p < 0.05.

endogenously and continuously express shRNAs in
Jurkat T cells. These shRNAs are then processed in
the cytoplasm to siRNA duplexes by a cellular enzyme
called endoribonuclease dicer22.

For shRNA expression systems, the proper design
of shRNA expression cassettes is required. The stable
expression of shRNA is driven by RNA polymerase
III promoters, H1, or U6 promoters23, 24. In contrast
to the H1 promoter, the U6 promoter leads to a
high level of shRNA expression, which provides a
stronger reduction of the target gene25. However, it
has been found that a flawed vector design of the U6-
shRNA vector can cause the IFN response26. This IFN
response is induced by the presence of AA residues at

the transcription start site (−1/+1) of the U6-shRNA
vector. Replacement of AA with a C/G sequence at
position −1/+1 could prevent IFN induction26. In the
present study, we used the U6-shRNA vector (pLVX)
to construct shRNA expression cassettes. This vector
contains a consensus C/G at position −1/+1 of the
transcription start site. These constructed plasmids
can be directly transfected into Jurkat T cells for
endogenous expression of shRNA specific to the Nck1
gene. Alternatively, they can be combined with
lentiviral packaging plasmids to produce lentiviruses,
which can infect Jurkat cells and continually expresses
shRNA. The use of lentiviruses to mediate stable gene
silencing is more powerful since they can be applied
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Table 1 Summary of advantages and disadvantages of different transfection techniques.

Transfection technique Advantages Disadvantages

Electroporation Nonchemical method Loss of cell viability
Does not alter the biological structure or
functions of target cells

Requires parameter optimization for dif-
ferent cell types

Easy to perform
High efficiency
Able to apply to a wide range of cell types

Lentiviral delivery system High gene delivery efficiency Labour intensive
Simplicity of infection Requires packaging cell lines
Able to transduce to a wide range of cell
types, including non-dividing and dividing
mammalian cells

Requires special bio-safety equipment

Stable gene expression

in dividing and non-dividing cells as well as cells that
are difficult to transfect.

In humans, Nck1 shares 68% amino acid identity
with Nck27. Jurkat T cells treated by these three
different systems achieved similar reduction of Nck1
expression by about 60–80% without affecting the
expression of Nck2. This indicates sequence-specific
gene silencing of these systems. Notably, although
these three different RNAi strategies were effectively
able to knockdown the Nck1 gene in Jurkat T cells,
they showed distinct phenotypes as observed by CD69
expression and IL-2 production. These readouts are
the primary indicators of T cell activation. Here,
we found that knockdown of Nck1 by siRNA and
shRNA expression plasmids impair CD69 expression
and IL-2 production during TCR-mediated Jurkat T
cell activation. Surface expression of CD69 is reg-
ulated through the Ras activation pathway, which is
essential for IL-2 gene transcription and production27.
Moreover, Nck has been known to interact with son of
sevenless (SOS) factor, which is required to control
the activation of Ras28–30. Thus the reduced CD69
expression and IL-2 secretion were probably due to
the loss of Nck that interact with SOS. In agreement
with this notion, mutation on the third SH3 domain of
Nck1 to inhibit Nck-SOS interaction has been found
to abrogate CD69 expression and Erk activation31. In
sharp contrast, expression of CD69 and production of
IL-2 were up-regulated in Jurkat cells transduced with
lentiviruses to mediate Nck1 knockdown. The ran-
dom integration of lentiviral DNA into the host cell’s
genome may result in the insertional mutagenesis of
an unpredictable gene32, 33, which may cause the up-
regulation of CD69 expression and IL-2 production.
Altogether, we show that these three RNAi methods
provide inconsistent results.

Although several pieces of evidence have shown
that transfection of siRNA or transduction of lentivirus
to express shRNA could activate the interferon sig-
nalling and interferon-stimulated gene26, 34, 35, RNAi
technology is still the great promise for gene function
analysis in T cell research. All three methods had
advantages and disadvantages depending on research
applications and facilities available in the laboratory,
as summarized in Table 1. Identification of suitable
RNAi techniques as well as designing correct shRNA
expression cassettes and systems are therefore essen-
tial before proceeding with the experiments. Fur-
thermore, functional outcomes should be examined
empirically.

In conclusion, this study provides comparison of
three RNAi delivery methods to the Jurkat E6.1 T cell
line. This included the siRNA, vector-based shRNA
transfection, and shRNA lentiviral vector transduc-
tion. We found that siRNA and vector-based shRNA
transfection provided similar results while these dif-
fered from shRNA lentiviral vector system.
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