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Abstract

The capacity of nicotine to affect the behavior of non-neuronal cells through neuronal nicotinic
acetylcholine receptors (NAChRs) has been the subject of considerable recent attention. Previously,
we showed that exposure to nicotine activates the nuclear factor of activated T cells (NFAT)
transcription factor in lymphocytes and endothelial cells, leading to alterations in cellular growth and
vascular endothelial growth factor production. Here, we extend these studies to document effects of
nicotine on lymphocyte survival. The data show that nicotine induces paradoxical effects that might
alternatively enforce survival or trigger apoptosis, suggesting that depending on timing and context,
nicotine might act both as a survival factor or as an inducer of apoptosis in normal or transformed
lymphocytes, and possibly other non-neuronal cells. In addition, our results show that, while having
overlapping functions, low and high affinity nAChRs also transmit signals that promote distinct
outcomes in lymphocytes. The sum of our data suggests that selective modulation of nAChRs might
be useful to regulate lymphocyte activation and survival in health and disease.
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Introduction

More than 5,000 bioactive compounds are generated by tobacco pyrolysis, and most remain
in the mouth, throat, and lungs. Nicotine is among the few tobacco toxicants that achieve high
systemic distribution. This compound is responsible for the addictive effects of tobacco, but it
has generally been considered to be otherwise “safe,” and so is the mainstay of tobacco
cessation programs. Still, the possibility that nicotine-containing products used for tobacco
cessation may contribute to cancer and other diseases has not been extensively studied and
recent data suggest that nicotine may contribute to tumor progression (Cooke, 2007; Catassi
et al., 2008). A potential mechanism to explain this relationship is nicotine-dependent
modulation of apoptosis, but experiments evaluating the effects of nicotine on apoptosis in
non-neuronal cells have yielded contradictory results. For example, a direct relationship
between exposure to nicotine and apoptosis of primary human cells and cultured cell lines is
documented, including reports showing that lymphocytes from smokers were more susceptible
to apoptosis than lymphocytes from non-smokers (Mariggio et al., 2001; Wu et al., 2002) and
that nicotine treatment increased expression of Fas ligand (FasL1) (Suzuki et al., 1999). On
the other hand, nicotine also has been shown to prevent or delay apoptosis of normal and
transformed human and mouse cells induced by factors as diverse as tumor necrosis factor-a,
ultraviolet light (UV), chemotherapeutic drugs, opiates, and corticosteroids (Maneckjee and
Minna, 1990; Wright et al., 1993; Aoshiba et al., 1996; Tohgi et al., 2000; Garrido et al.,
2001; Hakki et al., 2001; Sugano et al., 2001), possibly by inhibiting caspases (Garrido et
al., 2001; Hakki etal., 2001), by activating the Akt pathway (West et al., 2003), by upregulating
expression of Survivin (Dasgupta et al., 2006) or by activating phosphorylation of Bcl-2,
through the action of PKCa or of Erk mitogen activated protein kinases (Mai et al., 2003).

These disparate effects of nicotine on cellular survival could be explained by the fact that this
compound binds to high- and low-affinity receptors with distinct functional consequences in
cells. Specifically, nicotinic acetylcholine receptors (nAChR) are members of the ligand-gated
ion channel superfamily of receptors that include neuronal serotonin receptors, y-amino butyric
acid receptors, and glycine receptors (Lindstrom, 1997; Conti-Fine et al., 2000; Grutter and
Changeux, 2001). Binding of acetylcholine (ACh), nicotine or other agonists to nAChRs leads
to an allosteric change with conformational transition to the open-channel state, resulting in
membrane depolarization and influx of calcium from the extracellular environment (Grutter
and Changeux, 2001). Sixteen genes encoding nNAChR subunits that are expressed ubiquitously
have been identified in the mammalian genome (Leonard and Bertrand, 2001; Changeux and
Edelstein, 2005). In both neuronal and non-neuronal cells, NAChR subunits assemble as
heteropentamers (thought to consist of three a subunits and two 8 subunits) to form high-
affinity receptors, or homopentamers (consisting of five a7-receptors) to form low-affinity
receptors.

The cholinergic signaling system is among the oldest and most highly conserved in evolution.
Nicotine is only one among many compounds that plants produce as natural defense systems
to target cholinergic receptors, leading to death of insects and other herbivorous predators

(George etal., 2000). While reasonably effective to balance insect predation, at relatively small
doses nicotine is not lethal for humans. Instead it stimulates addictive behaviors that have led

LAbbreviations used in this manuscript: FasL, Fas ligand; UV, ultraviolet; nAChR, nicotinic acetylcholine receptor; ACh, acetylcholine;
Cai2+, intracellular ionized calcium; NFAT, nuclear factor of activated T cells; ShRNA, small hairpin RNA
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to major health problems in our society. The nAChR signaling pathway has clear behavioral
outcomes in the brain, and functional outcomes in neuromuscular communication. Yet, its
evolutionary persistence in non-neuronal (and non-muscle) cells can only be explained if it
serves an essential physiological function. ACh production and release have been previously
quantified in leukocytes, and may play an important role in immunomodulation (Kawashima
and Fujii, 2000). As apoptosis is the fate for many or most activated leukocytes, the innate and
adaptive immune systems have acquired a variety of mechanisms that support survival during
immune and inflammatory responses, and it is reasonable to anticipate that these mechanisms
took advantage of pre-existing signaling pathways, including nicotinic and muscarinic
cholinergic signaling. The selective advantage of multiple subunits that can form high-affinity
and low-affinity nAChRs is unclear, but it is likely that these receptors play redundant functions
(or at least compensate for one another) in cells, as targeted deletion of single receptors in mice
is not lethal (Cordero-Erausquin et al., 2000; Fowler et al., 2008). Yet, the diversity of nicotine
receptors could readily lend itself for adaptation to various functions, among which could be
modulation of apoptosis. Such functional duality has been documented for other ion channels
that can promote survival or apoptosis under different conditions or in distinct environments
(Lang et al., 2005).

We chose to evaluate the effects of nicotine on apoptosis in cultured human lymphocytes, and
specifically, how distinct nicotine receptor subunits may mediate these effects. We used two
investigational models: peripheral blood T cells and the transformed Jurkat T cell leukemia
line. Experiments to assess T cell receptor-mediated responses in Jurkat cells are informative,
and these cells are especially receptive for genetic manipulation (Abraham and Weiss, 2004).
Our data suggest that nicotine is able to modulate lymphocyte function directly, as well as
through the interaction of lymphocytes with their microenvironment, accounting in part for its
pleotropic influence on cellular survival.

nicotine mobilizes calcium, a key lymphocyte regulator

Various studies show nicotine modulates lymphocyte function (Petro et al., 1992; Geng et
al., 1995; Petro et al., 1999; Middlebrook et al., 2002; Frazer-Abel et al., 2004). The calcium
mobilization that follows binding of NAChR presents a possible initial element of nicotine-
induced effects on cell growth. We evaluated changes in intracellular calcium (Ca;?*) in
primary human T cells (Frazer-Abel et al., 2004) and in cultured Jurkat T cells treated with
nicotine (0-50 uM) and soluble anti-CD3 (10 ng/ml). Ca;2* was measured flow cytometrically
in Indo-1-loaded cells by the ratio of emission at 405 nm (chelated form of the dye) over
emission at 480 nm (free form of the dye). Figure 1a shows stimulation of Jurkat cells with
anti-CD3 showed a characteristic rise in Ca;2* within ~1 min followed by a slowly decreasing
plateau. Pre-treatment with nicotine caused dose-dependent bimodal alterations in Ca;2*: when
nicotine was present at concentrations between 0.05 and 50 nM, the calcium response was
characterized by a slow, steady rise that lasted >5 min, and was still evident when anti-CD3
was added. At concentrations >5 nM, the response was characterized by a rapid calcium spike
within <1 min of addition, which became the dominant response when the concentration
reached 500 nm and was followed by a return to basal levels. Intriguingly, incubation of T cells
in the presence of nicotine at uM doses blunted the calcium response seen upon stimulation
with anti-CD3. This had functional consequences for activation: not only did exposure to
nicotine reduce expression of CDK4 in primary T cells and Jurkat cells (Frazer-Abel et al.,
2004), but it also destabilized cyclin D2. Figure 1b shows this was achieved in Jurkat cells at
least in part by a 2 to 3.5-fold increase of polyubiquitinated complexes that direct the protein
to the proteasome. The native cyclin D2 molecule has an apparent molecular weight of 34 kDa.
Addition of a single ubiquitin molecule reduces its electrophoretic mobility to an apparent
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molecular weight of ~41 kDa, and polyubiquitination further reduces this in increments of ~7
kDa, as evident by the bands that are visible by immunoblotting Cyclin D2 immunoprecipitates
with anti-ubiquitin antibodies (Figure 1b). The effect of nicotine is evident by the relative
increase in polyubiquitinated cyclin D2, as compared to monoubiquitinated cyclin D2 in cells
treated with nicotine. This effect was consistent with previous results showing specific changes
in CDK4 and cyclin D2 (see Cyclin D2 immunoblot in the absence of proteasome inhibitors
in Figure 1b); in contrast, nicotine does not impact CDKG6 levels in primary T cells or in Jurkat
cells (Frazer-Abel et al., 2004). Nicotine also had no effect on accumulation of
monoubiquitinated CDKG6 and there was no appreciable polyubiquitinated CDKG6 in Jurkat
cells (data not shown). In contrast to its effect on CDK4 and Cyclin D2, nicotine led to a ~5-
fold increase in the expression of p27 that was most appreciable in primary T cells stimulated
with soluble anti-CD3, (Figure 1c), potentially contributing to the inability of these cells to
achieve a competent state progress through G1 and into the S phase (Frazer-Abel et al.,
2004).

immortalized lymphocytes express nAChRs

It is possible that the distinct calcium responses, and by extension, the activation of specific
signaling pathways, were related to activation of different receptor types. To verify expression
of nAChR expression in lymphocytes, we used RT-PCR to amplify mRNA isolated from
primary T cells from 10 healthy donors. Figure 2 shows qualitative mRNA expression for o4-
and 84-nAChR subunits (panel a), which are required for assembly of both major types of high
affinity receptors (03/64 and 04/62 heteropentamers). Message for both receptors was
expressed in all subjects; on the other hand, mMRNA encoding the a.7-nAChR subunit that forms
the low affinity receptor, was at or below the level of RT-PCR detection in primary T cells
from normal subjects, but it reached a detectable threshold upon stimulation by anti-CD3 and/
or nicotine (panel b). Unlike our results in primary T cells, immortalized Jurkat T leukemia
cells had detectable levels of a7-nAChR mRNA, and both Jurkat and HL-60 myelogenous
leukemia cells expressed a7-nAChR protein constitutively (panel ¢), suggesting this subunit
is sensitive to upregulation by events that drive or sustain proliferation.

Nicotine increases cell death in activated primary lymphocytes

We next examined how nicotine influenced survival of primary human lymphocytes and cell
lines. Nicotine did not effectively reduce cell proliferation of Jurkat T cells or IL-2-dependent
Kit-225 T cells over a period of 30 days in culture (10 passages) at concentrations ranging from
10 nM to 100 uM. Normal human T cells do not proliferate spontaneously, but remain viable
in culture without stimulation for several days. Consistent with previous studies (Yoshida et
al., 1998; Mariggio et al., 2001), exposure to less than, or equal to, 200 uM nicotine
(replenished daily into the media for up to a week) also did not affect viability based on trypan
blue exclusion or by uptake of 7-AAD in unstimulated peripheral blood lymphocytes (data not
shown) or in UV-treated Jurkat cells (see below). Yet, the effect of nicotine on activated
lymphocytes has been examined in less detail. To test the hypothesis that nicotine signals
modulate lymphocyte proliferation and survival, we added increasing concentrations of
nicotine to T cells cultured with or without anti-CD3. There was a modest trend to increasing
death in activated T cells (from ~10% to ~18 %) that were pre-incubated with nicotine for 30
min prior to stimulation, and that remained exposed to nicotine for the duration of the
experiment, as determined by uptake of 7-AAD after 48-55 hr in culture (Figure 3).

Nicotine promotes pro-apoptotic and anti-apoptotic events in lymphocytes

Several mechanisms could account for the reduced lymphocyte viability seen in the presence
of nicotine. For example, nicotine activates nuclear factor of activated T cells (NFAT)
transcription factors in human T cells (Frazer-Abel et al., 2004), suggesting transcriptional
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NFAT targets such as FasL, the physiological ligand for the Fas (CD95) “death receptor”,
might be upregulated in response to nicotine. Prior experimental data support this notion: FasL
was reportedly elevated in primary lymphocytes from smokers (Suzuki et al., 1999); thus, we
examined the effect of nicotine on FasL expression in primary human lymphocytes (from non-
smokers). Predictably, FasL mRNA was undetectable in unstimulated T cells and was induced
in T cells that were rendered competent with soluble anti-CD3 and cultured for 72 hr (Figure
4), although this does not lead to proliferation (Frazer-Abel et al., 2004). Interestingly, nicotine
alone did not promote robust FasL gene expression, but when nicotine-treated cells were
subsequently stimulated with anti-CD3, steady state levels of FasL mRNA were consistently
increased.

Despite this increase in FasL expression, the observation that nicotine did not promote
extensive cell death (i.e., <20% of cells underwent apoptosis) could be a quantitative
phenomenon, or it could be due to the simultaneous upregulation of survival signals. Nicotine
was reported to induce Survivin expression in lung cancer cells (Dasguptaet al., 2006), possibly
accounting for their resistance to chemotherapy agents. Unlike tumors and cell lines, primary
lymphocytes did not express Survivin mRNA (Figure 4), but the gene was inducible in cells
rendered competent by stimulation with soluble anti-CD3. It is worth reiterating that induction
of “competence” (transition to the GO/G1 boundary) does not result in proliferation, (Modiano
et al., 1999), so upregulation of Survivin does not reflect progression of these T cells into
mitosis when the gene would normally be expressed at high levels. As was true for FasL,
nicotine alone did not promote robust Survivin gene expression, but in cells stimulated by anti-
CD3, nicotine increased the steady state levels of Survivin mRNA.

Consistent with the immortalized phenotype, Survivin and another potent anti-apoptotic
protein, Bcl-2, were expressed constitutively in asynchronously growing Jurkat cells (Figure
5). In these cells, nicotine treatment did not alter the expression of either protein; however,
nicotine reproducibly increased total caspase activity as measured by cleavage of a fluorescent
ZVAD substrate (Figure 6). Nevertheless, nicotine did not significantly affect the net balance
of apoptosis (basal or inducible) in Jurkat cell as measured by measured by DNA fragmentation
or by PARP cleavage (Figure 6). In fact, nicotine treatment alone did not consistently lead to
accumulation of cleaved Caspase-3 in Jurkat cells, and the accumulation of cleaved Caspase-3
in cells exposed to UV irradiation or treated with soluble FasL also was unaffected by nicotine.
On average, expression of Survivin and Bcl-2 also was not significantly different in nicotine-
treated Jurkat cells with or without UV exposure, which was unlike the observed reduction in
the steady state levels of CDK4 (Figure 5). Together, the data suggest the nicotine-associated
activity detected by ZVAD cleavage is independent of Caspase-3 (Frost and Sinclair,
2000;Frost et al., 2001;Kane et al., 2004;Medina-Palazon et al., 2004;Rezvani et al.,
2007;Tambyrajah et al., 2007), or alternatively, that, at least under certain circumstances,
activation of caspases might be dissociated from apoptosis in Jurkat cells.

Distinct nAChRs have unique and overlapping effects of in lymphocytes

Various studies have used selective chemical inhibitors of nAChRs to address the function of
the distinct receptors. While these experiments can be informative, they also have inherent
disadvantages. First, chemical ligands can lack selectivity for the nAChR subunits, and second,
even compounds that selectively bind a single subunit (notably, a-bungarotoxin for a7
subunits) can have mixed agonist/antagonist effects on the receptor. To avoid the bias of
chemical inhibitors, we chose to use a genetic approach to assess the role of high- and low-
affinity nAChRs in cellular survival. We designed small hairpin RNA (shRNA) constructs to
reduce 84- and a7-nAChR subunits (Table 2). To address potential off-target effects, we
designed double point mutant controls for each shRNA (Table 2). Transfection of Jurkat cells
with an irrelevant ShRNA molecule (designed to knock down PTEN (Lin et al., 2007) had no

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Oloris et al.

Page 6

effect on nAChR expression (data not shown). In contrast, transient transfection of the 84- and
a7-shRNA constructs attenuated expression of their respective targets (Figure 7a), although in
these transient transfection experiments, the 84-nAChR shRNA significantly reduced
expression of the a7-nAChR subunit (Figure 7a top panel). The incomplete attenuation of the
64 subunit in the same 64-nAChR shRNA-transfected cells (Figure 7a middle panel) could
have been related to transfection efficiency. We believe this is unlikely, as we normally
achieved transfection of >75% of Jurkat cells, and even though the relative expression of GFP,
used as a transfection indicator, was not normally distributed in the samples, there was no
difference in the overall GFP expression among transfected samples. There also was no
difference in the relative survival of these cells at the time we measured gene expression (48
hr), suggesting the effect might be due to the relative efficiency with which the shRNA
molecule targets the 84 subunit for degradation. The attenuation of the a7 subunit in cells that
were transfected with 84-nAChR shRNA could have been due to off-target effects, or to a
requirement for 84-nAChR signaling to sustain expression of the a7 subunit. To address these
possibilities, we examined nAChR expression in Jurkat cells after stringent selection on
puromycin-containing media. Figure 7b shows that after selection, the expression of the
respective subunit was significantly reduced in each transfectant, and cells transfected with the
84-nAChR shRNA did not maintain an a7-knockdown phenotype. We thus examined how
attenuation of the 84- and a7-nAChR subunits affected nicotine-dependent calcium
mobilization in the stable knockdown cells. As shown in Figure 1, nicotine induced calcium
mobilization in Jurkat cells. The relatively modest effects of nicotine were probably related to
both the total influx of calcium through the nAChR channel and to the number of cells
responding, which was generally <20% of the total population (compared to stimulation by
anti-CD3, which led to a response by >85% of the cells). Predictably, both 84-nAChR and
a7-nAChR knockdown cells had blunted calcium mobilization (both as measured by total
calcium response and by the number of nicotine-responsive cells, which was no different from
the baseline seen in untreated cells) in response to stimulation by nicotine. However, these
cells also showed blunted calcium responses to anti-CD3 with a7-nAChR knockdown cells
showing the more severe phenotype (Figure 7c and d), and in these cells, the addition of nicotine
did not further reduce this calcium response to anti-CD3.

Given the observation that nicotine failed to protect Jurkat cells from apoptotic stimuli, along
with the observation that it might potentiate caspase activity, we sought to determine if
attenuation of NAChR subunits affected lymphocyte survival. Predictably, soluble FasL
induced Jurkat cell apoptosis (measured in this case by appearance of Caspase-3 cleavage
products), and this was unaffected by exposure to soluble anti-CD3 or nicotine (Figure 8).
Intriguingly, reduction of the a7-nAChR subunit enhanced both basal and FasL-mediated
cleavage of Caspase-3 in Jurkat cells (Figure 8). Caspase-3 cleavage products were detectable
in untreateda7-nAChR knockdown cells, while treatment with soluble FasL induced a
reduction in the levels of pro-Caspase-3 with accumulation of additional cleaved Caspase-3.
Cleavage of Caspase-3 in response to soluble FasL was neither inhibited nor enhanced by
nicotine, and likewise, treatment with anti-CD3 antibodies did not consistently prevent
Caspase-3 cleavage in these cells. Attenuation of the 84-nAChR subunit did not consistently
show a comparable, significant enhancement of Caspase-3 cleavage, but in these cells, we
reproducibly observed multiple cleaved Caspase-3 products. These results are consistent with
our observations regarding the survival of these cells in culture. Both the a.7- and the 84-nAChR
knockdown cells grew more fastidiously. Within 3-6 months, cells seemed to revert to a wild
type phenotype with detectable levels of the targeted nAChR, indicating selective pressures
allowed them to circumvent the effects of the ShRNA. This is not unique to these cells, as we
have seen similar effects in other cell types where essential survival factors are knocked down
using the pSuper shRNA system (A. Jackson et al, manuscript in preparation). Curiously,
myeloid leukemia cell lines died rapidly when transfected with ShRNAs against either nAChR
subunit (but not when transfected with the control shRNAs), suggesting that they did not
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tolerate loss of NAChRs. Because the increased tendency to die upon loss of NAChRs may have
been a function of the malignant phenotype, we examined how attenuation of nAChR subunits
affected survival of primary human lymphocytes. Primary T cells were transfected by
nucleofection with dsRed as a fluorescent tracer, concomitantly with control ShRNA, o7-
subunit sShRNA 84-subunit sShRNA, or both a7-and 84-subunit ShRNAs. Survival of transfected
cells (dsRed+) was quantified flow cytometrically. Survival and transfection efficiencies
immediately after the procedure and after 24 hr were not significantly different between any
conditions. However, after 48 hr there were fewer surviving dsRed+ cells in the a7-subunit
KD cells and in the double KD cells, and after 72 hr in culture, the differences were significant
between both nAChR-KD cells and controls (Figure 9). More interestingly, no detectable
dsRed+ cells remained 72 hr after simultaneous knockdown of both subunits (and therefore
high- and low-affinity nAChRS), suggesting that these receptors transmit tonic and inducible
signals that promote lymphocyte survival.

Discussion

Nicotine has pleotropic effects within and outside the nervous system that are incompletely
understood. This is one of the few tobacco-derived compounds that achieve systemic
pharmacological levels (Gritz et al., 1981; Rose et al., 1984; Rose et al., 1985; Benowitz et
al., 1988; Schneider et al., 1996; Jarvik et al., 2000), and its effects on the central nervous
system are largely responsible for the addictive properties of tobacco products. Outside of these
effects, nicotine has been perceived to be rather innocuous, so much so that systemic nicotine
treatment is one of the mainstays of tobacco cessation programs as the active principle in a
variety of devices such as gum, patches, and inhalers (Benowitz and Gourlay, 1997).

Recently, four independent genome wide association studies found that the risk of lung cancer
in smokers was strongly associated with a marker in chromosome 15 that is coincident with
the a3-nAChR subunit (Amos et al., 2008; Berrettini et al., 2008; Hung et al., 2008;
Thorgeirsson et al., 2008), which partners with the 84 subunit to form one of the high affinity
receptors (Leonard and Bertrand, 2001). These groups favored different hypotheses to explain
the association. For example Thorgeirsson et al (Thorgeirsson et al., 2008) suggested a
functional difference in the amount of tobacco consumed could explain the risk (in other words,
the polymorphism might dictate addictive potential), while Hung et al (Hung et al., 2008)
suggested a functional role in transformation in the lung. Our data suggest that altered
inflammation or anti-tumor immunity could be a third, non-mutually exclusive mechanism that
contribute to this association.

We tested a series of consecutive hypotheses to address inherent contradictions in the literature
regarding the effects of nicotine on apoptosis of non-neuronal cells, and specifically white
blood cells. Initially, we tested the hypothesis that leukocytes express functional nicotine
receptors, and may thus be useful surrogates to study systemic effects of nicotine. We
confirmed and extended previous results showing the expression of subunits that form high-
affinity and low affinity nAChR in human PBMC, primary T cells, and transformed lymphoma
and leukemia cell lines (Petro et al., 1992; Geng et al., 1995; Petro et al., 1999; Middlebrook
et al., 2002; Frazer-Abel et al., 2004). We also showed that nAChRs are functional, based on
tubocurarine and hexamethonium-sensitive calcium mobilization in response to nicotine
(Frazer-Abel et al., 2004); so, while some in vivo effects may be attributable to central effects
of nicotine on the hypothalamic-pituitary axis (with consequent release of endogenous
corticosteroids) (Sopori, 2002), nicotine can unquestionably influence lymphocyte activation
in vitro.

We used two complementary models to test nicotine response in human T cells. One was
primary peripheral blood T cells; the other was the Jurkat T cell leukemia line. Nicotine
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responses appear to be conserved across both normal T cells and Jurkat cells, although the dose
response might be left shifted in Jurkat cells (responses plateau at 100 nM to 1 uM (Frazer-
Abel et al., 2004)), perhaps due to constitutive expression of the a7-nAChR subunit in Jurkat
cells. In addition, despite these conserved signaling pathways, potential cell cycle effects noted
in primary peripheral blood T cells (Frazer-Abel et al., 2004) may be dissociated from nicotine
responses in Jurkat cells, which proliferate spontaneously, and the same could be true for pro-
apoptotic responses that require PTEN, a tumor suppressor protein that is inactive in Jurkat
cell lines.

The elevations in Ca;2* induced by nicotine were smaller in magnitude than those induced by
anti-CD3 in both normal T cells and Jurkat cells, not because of fewer cells responding, but
rather because individual cells registered lower Ca;2* concentrations (Frazer-Abel et al.,
2004). Increasing the nicotine concentration also led to reduced calcium mobilization in
response to anti-CD3. This could be due to exhaustion of intracellular stores, abrogation of
antigen receptor signals, a decrease in the number of responding cells, or desensitization of
nAChRs, which may contribute to the antigen receptor mediated extracellular calcium flux. It
is unlikely that the blunted response was due to exhaustion of intracellular stores or to cell
death. The magnitude of the calcium flux induced by nicotine is rather small and most likely
due to influx of extracellular calcium, and measures of viability were unaffected under all
conditions of acute exposure to nicotine at concentrations >100 uM in both normal peripheral
blood T cells and Jurkat cells. Similarly, transmission of T cell antigen receptor signals was
evident by accumulation of early response proteins such as CDK6 and IL-2 receptors (data not
shown). Our data show fewer cells mobilized calcium in response to anti-CD3 at the highest
nicotine concentration tested (72% at 50 pM vs. 88% without nicotine), but there was no
difference in the number of responding cells at all other concentrations, suggesting that between
50 nM and 10 uM, nicotine blunted anti-CD3-dependent calcium mobilization equally in all
the cells. Thus, we favor the explanation that nAChRs, which can undergo desensitization upon
nicotine binding, contribute to the observed calcium influx that follows stimulation through
the antigen receptor. The effects of nicotine are distinct from those of ionomycin, vis-a-vis the
observation that nicotine alone induced Cyclin D2 polyubiquitination (which was not seen in
ionomycin-treated cells), but it did not lead to significant increases in p27 in the absence of
concurrent stimulation by anti-CD3 (whereas p27 levels were significantly increased in cells
treated with ionomycin). This suggests that different patterns of calcium mobilization have
distinct functional consequences or that nicotine activates additional pathways that are
independent of calcium mobilization.

Jurkat cells are commonly used to examine T-cell signaling events (Abraham and Weiss,
2004), as early responses to antigen receptor stimulation are largely preserved and they are
more tractable than primary cells for genetic manipulation. The use of RNA interference to
attenuate specific subunits in immortalized Jurkat cells then allowed us to interpret the calcium
mobilization data more clearly: we predicted NnAChR knockdown cells would be unable to
mobilize calcium in response to nicotine. Indeed, 84-nAChR and a.7-nAChR knockdowns had
blunted calcium fluxes in response to stimulation by either nicotine or anti-CD3. In other words,
not only were basal calcium fluxes in response to anti-CD3 reduced in 84-nAChR knockdown
cells, but also nicotine-treated cells showed reduced calcium mobilization when stimulated
with anti-CD3. The calcium response to anti-CD3 was even more severely blunted in the o7-
nAChR knockdown cells, and pre-incubation with nicotine did not reduce this response further.

Together, these results suggest that lymphocytes require both high- and low-affinity nAChR
to achieve physiological levels of calcium flux upon triggering the antigen receptor/CD3
complex, although the low affinity a7-receptors may account for a greater component of the
response in Jurkat cells. Furthermore, both sets of receptors appear to become desensitized
when previously bound by nicotine. That is to say, we propose that ACh contributes to the
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normal calcium flux associated with lymphocyte activation, and nicotine desensitization of the
receptors diminishes this effect, providing an explanation for why certain antagonists fail to
reverse the effects of nicotine, as they would block the ability to ACh to bind the receptors in
stimulated cells. This phenomenon is well characterized in neurons, where agonist binding to
the nAChR leads to transient desensitization, an effect that may contribute to addiction
(Leonard and Bertrand, 2001).

The dose response profiles also are informative. The Kg4 for nicotine binding of the high affinity
a3/84, and a4/82 heteropentameric receptors in human leukocytes is ~3 — 6 nM (Benhammou
et al., 2000). While the low affinity a7 homopentameric receptor also binds nicotine at nM
concentrations, its half-maximal activation requires ~40 uM nicotine (Leonard and Bertrand,
2001), suggesting high affinity receptors probably are responsible for the slow, steady,
sustained rise in calcium seen at low nicotine concentrations, and low affinity receptors, which
desensitize rapidly (Quick and Lester, 2002; Wang and Sun, 2005), are probably responsible
for the transient spike seen at higher nicotine concentrations. Together, our data support the
hypothesis that human leukocytes harbor functional high affinity and low affinity nicotinic
receptors.

We next tested the hypothesis that nicotine modulates survival of these cells. Previous
experiments evaluating the effects of nicotine on apoptosis in non-neuronal cells have yielded
contradictory results. The literature is replete of examples, but data from Arredondo et al
(Arredondo et al., 2002; Arredondo et al., 2003) are illustrative. The investigators described a
nicotine-induced, a7nAChR-dependent Ca2* influx in keratinocytes exposed to 10uM nicotine
for 24h that led to increased expression of p21, cyclin D1, PCNA, Ki-67 and Bcl-2. However,
expression of Caspase-3 also increased. The authors hence presumed nicotine probably
activates compensatory death and survival mechanisms in keratinocytes.

Our data uncover a similar paradox. Treatment with nicotine potentiated FasL expression in
activated lymphocytes and induced the appearance of a caspase or caspase-like activity,
suggesting it could facilitate apoptosis both of target cells that bear nicotinic receptors and of
neighboring cells in their local microenvironment. At the same time, nicotine induced Survivin
expression in primary T cells upon stimulation that promoted transition across the G0/G1
boundary. Nicotine-mediated upregulation of Survivin is not restricted to T cells, and it may
account for chemoresistance seen in some tobacco-related malignancies (Dasgupta et al.,
2006), although this response was not equally robust in Jurkat cells, perhaps because these
cells have constitutively elevated Survivin expression. There may be crosstalk between these
factors that leads cells to escape from apoptosis; for example, increased Survivin expression
led to a concomitant increase in FasL expression in colon cancer cells which allowed them to
kill immune effector cells by engaging Fas receptors on their surface, and thus evade their
cytotoxic effects and consequent apoptosis (Asanumacet al., 2004). The net balance of apoptosis
in primary cells and in Jurkat cells does not seem to be significantly affected by nicotine,
although this compound may increase “fragility” of primary T cells that are activated by
antigen-receptor signals and may activate caspases in Jurkat cells, although this elevated
caspase activity seems to be independent of Caspase-3. Recent data suggest that nicotine can
modulate proteasomal activity, including effects on chymotrypsin-like and caspase-like
activities (Rezvani et al., 2007; Tambyrajah et al., 2007). Nicotine also appears to modulate
proteasomal activity in lymphocytes, at least reducing degradation of cyclin D2. The
accumulation of p27 in these cells, on the other hand, could reflect increased expression,
reduced turnover, or a combination thereof.

Finally, we tested the hypothesis that high affinity and low affinity nAChRs contribute to these
responses differently, possibly explaining conflicting data from myriad functional studies. Our
data suggest this is likely, but nAChRs also may have overlapping functions. Attenuation of
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the a7-nAChR subunit rendered cells fragile and stable knockdowns only grew fastidiously in
culture with eventual loss of the knockdown phenotype (death). The phenotype caused by
reduction of the 84-subunit was significantly less dramatic, but the cells did show delayed
proliferation and a modest increase in their sensitivity to apoptosis as compared to wild type
Jurkat cells. What is more, myeloid leukemia cell lines died rapidly when transfected with
shRNAs against either NAChR subunit (but not when transfected with other shRNAS),
suggesting these cells are even less tolerant of NAChR loss. The increased tendency to die upon
attenuation of NAChRs was not simply a function of the malignant phenotype, as it was
recapitulated in primary T cells where silencing of the a.7-subunit alone introduced a selective
survival disadvantage, and silencing of both the a7- and the B84-subunit seemed to be lethal,
suggesting these receptors transmit both tonic and inducible signals that promote cellular
survival.

In summary, we show here that nicotine, at concentrations found in the circulation of habitual
users of tobacco products and nicotine cessation devices, can modulate lymphocyte function
and might influence survival. Our data provide a framework and a set of tools that will be useful
to address specific mechanisms that mediate the apparent paradoxically effects of nicotine to
simultaneously promote and oppose apoptosis in lymphocytes and other non-neuronal cells.
We believe these effects are context-specific, and might implicate nicotine directly in the
pathogenesis of cancers that arise outside of the aerodigestive tract (e.g., leukemia). Our data
also suggest that nicotine might modulate inflammation in the tumor microenvironment and
anti-tumor immune responses, both of which we now know are important contributors to the
biological behavior and natural history of human cancers. It is also worth noting that in our
experiments, nicotine did not affect the levels or kinetics of immunomodulating and
inflammatory cytokines (A. Pierce et al, unpublished). Thus, we favor the theory that it is the
effects of nicotine on survival, and not its effect on cytokine responses that explain how this
ubiquitous alkaloid alters pro-inflammatory environments that influence tumor progression.

Material and Methods

Cells and cell culture

Procedures using human cells were reviewed and approved by the Colorado Multiple
Institutional Review Board. Whole blood or apheresis residues were obtained from healthy
adults with informed consent. Primary T lymphocytes and immortalized Jurkat and Kit-225
human T cell leukemias and HL-60 human myelogenous leukemia cells were prepared and
maintained as described (Khare et al., 2003; Frazer-Abel et al., 2004). Transfections were done
one day after fresh passage of cells using electroporation with an Amaxa nucleofector (Lonza,
Cologne, Germany) with the Human T cell Nucleofector Kit on setting U-14 for primary T
cells and the Cell line Nucleofector Kit V on settings S-18/X-005 for Jurkat T cells as per the
manufacturers recommendations. The transfection efficiency using this system was >75% for
Jurkat cells and ~30% for primary T cells. Cells used for experiments were used at a
concentration 1-5x106/ml in 6 well plates. Nicotine was prepared daily by dissolving nicotine
tartrate salt in media immediately prior to addition to the cells. For apoptosis induction, cells
were exposed to UV irradiation for 2 minutes, or to recombinant soluble FasL (10 ng/ml) used
in the presence of a cross-linker as recommended by the manufacturer (Alexis Biochemicals,
Plymouth Meeting, PA) and incubated for 4 hours at 37°C in a humidified 5% CO, atmosphere
prior to harvesting for analysis.

Immunoprecipitation and immunoblotting

Cyclin D2 complexes were immunoprecipitated from Jurkat cells using a monoclonal antibody
directed against the C-terminal domain (Santa Cruz Biotechnology, Santa Cruz, CA, USA) as
described (Modiano et al., 1994). Immunoprecipitates were separated electrophoretically and
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immunoblotted with an antibody directed against ubiquitin (Santa Cruz). Immunoblotting on
whole cell lysates was done generally as described (Jubala et al., 2005) using antibodies against
p27, the pro-survival proteins Survivin and Bcl-2, pro-Caspase-3 and cleaved Caspase-3 (all
from Santa Cruz), a7-nAChR (Abcam, Cambridge, MA), cleaved PARP (Cell Signaling
Technology, Danvers, MA), and 8-actin (mouse monoclonal anti-human, 1:5000, Sigma). For
detection of multiple proteins on the same blot, membranes were stripped for 25 min at 40°C
in 100mM 2-mercaptoethanol, 2%SDS, 62.5mM Tris-HCI pH 6.7 and reprobed.

Calcium mobilization

Calcium mobilization was preformed as described (Frazer-Abel et al., 2004). Briefly, cells
were loaded with 2ug/ml Indo-1-acetoxymethylester (Indo-1) a fluorescent calcium chelator
(Calbiochem, San Diego, CA). After washing the alterations in calcium flux were monitored
on a MoFlo flow cytometer (Beckman Coulter, Miami, FL).

Detection of apoptosis and cell death

Apoptosis was measured using several distinct methods. Membrane integrity (intact
membranes are indicative of viable cells) was measured flow cytometrically by uptake of the
fluorescent vital dye 7-amino actinomycin D (7AAD). Loss of membrane asymmetry was
assessed flow cytometrically by Annexin V binding. Propagation of apoptosis signals was
determined by caspase activation using a fluorescent substrate and specificity verified by use
of a competitive pan-caspase inhibitor (VAD-fmk, Promega, Madison, WI). Finally,
assessment of nucleosomal cleavage was confirmed using the APO-BrdU TUNEL kit
(Invitrogen-Molecular Probes, Eugene, OR) according manufacturer instructions. At least
10,000 events were collected for flow cytometric analyses using the FC500 flow cytometer
(Beckman Coulter). Doublets were excluded from the analysis using the peak versus integral
gating method. Each experiment was repeated 3-5 times; means (xS.D. or S.E.M., as
appropriate) for all replicates or data from a representative experiment are shown as indicated
in the figure legends.

Gene expression

Gene expression was measured as described previously (Benhammou et al., 2000; Frazer-Abel
etal., 2004). The primer sequences and condition used to amplify each of the genes of interest
are listed in Table 1. Messenger RNAs for nAChR subunits in lymphocytes are present in low
abundance, so the following modifications were used to optimize amplification of PCR
products: for the a4-nAChR subunit, a pre-amplification cycle included a denaturing step at
96°C for 3 min, 5 cycles of amplification using 96°C for 1min for denaturation, 46°C for 30
sec for annealing, and 72°C for 1 min for extension, and 5 additional cycles using 96°C for
1min for denaturation, 48°C for 30 sec for annealing, and 72°C for 1 min for extension prior
to 30 cycles using the conditions listed in Table 1. For the 84-nAChR subunit, the pre-
amplification cycle included a denaturing step at 96°C for 3 min, and 5 cycles of amplification
using 96°C for 1min for denaturation, 48°C for 30 sec for annealing, and 72°C for 1 min for
extension followed by 35 cycles using the conditions listed in Table 1. The second set of
oligonucleotide PCR primers used to amplify the 84-nAChR subunit required an initial
denaturation step at 95°C for 5 min followed by 35 cycles using the conditions listed in Table
1. For the a7-nAChR subunit, pre-amplification only required an initial denaturing step at 96°
C for 10 min followed by 30 cycles using the conditions listed in Table 1.

Design of vectors for RNA inhibition

We used the pSuper platform (OligoEngine, Seattle, WA) to clone nAChR short hairpin RNA
molecules (ShRNAS) as described (Lin et al., 2007). Small inhibitory RNA sequences and
controls (Table 2) were designed from the human CHRNA7 and CHRNAB4 gene sequences
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according to previously described algorithms (Lin et al., 2007). Sequences were selected based
on efficacy to knock down the respective target genes in Jurkat cells in transient transfection
experiments, with off-target effects assessed using controls designed by double point mutations
in each sequence where the resulting oligonucleotides did not show perfect matches for any
mammalian sequence using basic blast (NCBI, National Library of Medicine, NIH). Small
hairpin RNA vectors were designed by cloning the oligonucleotides into the Bglll/Hindl111 sites
of the pSuper-puro vector. Stable cell lines integrating ShRNA vectors were selected in
puromycin containing media.

Data were analyzed using GraphPad Prism version 4.0 ¢ (San Diego, CA). Statistical
significance was determined as p < 0.05, as measured by unpaired 2-tailed Student’s t-test.

Image manipulations

Brightness and contrast for the composite blot images were optimized using Adobe Photoshop
CS3 (Adobe, San Jose, CA). Donor samples evaluating expression of a4-nAChR were run in
two separate gels. Images from gels were cropped and joined at D7-D8.
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Figure 1. Dose-dependent calcium mobilization in human T cells induced by nicotine has functional
consequences
Panel a shows Jurkat cells treated with nicotine at the indicated concentrations for 5 min prior

to the addition of anti-CD3 (10 ng/ml). Alterations in Ca;2* were measured using a MoFlo flow
cytometer. Data on the X-axis represent nicotine dose (nM), on the Y-axis, time (sec) and on
the Z-axis (Calcium flux) they are expressed as the product of excitation X proportion of
responding cells. Panel b shows Jurkat cells cultured as indicated in the presence or absence
of proteasome inhibitors Lactacystin and MG132. Cyclin D2 complexes were
immunoprecipitated using anti-cyclin D2 antibody and immunoblotted with an anti-ubiquitin
antibody (top). Monoubiquitinated Cyclin D2 complexes migrate with an apparent MW of 41
kDa; polyubiquitinated complexes migrate with an apparent MW of ~90 kDa (compared to the
34 kDa native protein). The ratio of polyubiquitinated to monoubiquitinated Cyclin D2 was
2.5-fold and 2-fold greater, respectively, in cells treated with nicotine or with anti-CD3 than
in unstimulated cells. The effects of nicotine and anti-CD3 were additive, with the ratio
increasing to 3.2-fold over untreated cells when both compounds were used together. The lower
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immunoblot shows levels of Cyclin D2 in whole cell lysates from cells stimulated in an identical
manner without proteasome inhibitors. Panel ¢ shows the levels of the p27 CDK inhibitor in
whole cell lysates from primary T cells stimulated in an identical manner in the absence of
proteasome inhibitors. The steady state levels of p27 were significantly different (5-fold
greater) in cells treated with nicotine and anti-CD3 together, or with ionomycin than in
untreated cells. lonomycin was included in the experiments shown in panel b and panel ¢ to
control for non-specific effects of calcium mobilization, and 8-actin immunoblots are included
as loading controls.
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Figure 2. Nicotinic acetylcholine receptor expression in human T lymphocytes

The expression of messenger RNA (a and b) for a4-, 84-, and a7-nAChR subunits, and protein
for the a7-subunit (c) was examined in human peripheral blood T cells and in Jurkat T cells
using RT-PCR and immunoblotting, respectively. Panel a shows expression of a4- (418 bp
amplification product) and 84- (472 bp amplification product) subunits in lymphocytes from
ten healthy, adult non-smokers, as well as 8-actin as a loading control (note that data for 84-
nAChR and for 8-actin are compiled from two gels, representing the indicated donors); panel
b shows expression of the a7-subunit (122 bp amplification product) in peripheral blood T cells
from one representative healthy non-smoker and in Jurkat T cells. 8-actin expression in the
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same samples was used to confirm integrity of the RNA and equivalent loading; panel ¢ shows

protein expression of the a7-nAChR in HL-60 and Jurkat cells. A 8-actin immunoblot from
the same samples is shown as a loading control.
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Figure 3. Increased numbers of dead cells are present in activated T cells cultured in the presence
of nicotine

Peripheral blood T cells were incubated with or without nicotine for 30 min prior to competence
induction with anti-CD3 (10 ng/ml) as indicated and cultured for 48-55 hr without additional
stimuli. Loss of cell viability was determined flow cytometrically by uptake of 7-AAD and is
indicated as the percent of total events analyzed. The fold-change in dead cells (normalized to
1.00 for unstimulated cells without exposure to nicotine) is shown above each bar. Data
represent means (£S.D) from three independent experiments.
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Figure 4. Nicotine induces FasL and Survivin gene expression in normal human peripheral blood
T cells

Human peripheral blood T cells were incubated with or without nicotine for 30 min prior to
competence induction as indicated and cultured for 72 hr without additional stimuli. Expression
of FasL and Survivin was examined using RT-PCR under conditions of linear amplification.
Amplification products for each gene were 239 and 199 bp, respectively. The same reaction
omitting input cDNA (H»0) was used as a negative control. Expression of 8-actin (317 bp
amplification product) was used to ensure integrity of the RNA. The experiment was repeated
in at least 3 donors for each gene with similar results.
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Figure 5. Effect of nicotine on expression of Survivin, Bcl-2, and CDK4 in UV-treated Jurkat cells
Jurkat cells were treated by exposure to UV light (2 min) with or without nicotine as indicated
and cultured for 4 hours without additional stimuli. Steady state levels of Survivin, Bcl-2, and
CDK4 were examined by immunoblotting. 8-actin was used as a loading control. The strips
shown are from one representative experiment of at least 5 done for each target protein.
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Figure 6. Nicotine upregulates caspase activity, but does not tilt the net balance apoptosis in Jurkat
cells exposed to UV irradiation

Jurkat cells were treated by exposure to UV light (2 min) with or without nicotine as indicated
and cultured for 4 hours without additional stimuli. (A) Pan-caspase activity was analysed
fluorimetrically using a FITC-labeled VAD-fmk conjugate. Data show the means (£S.E.M.)
of 5 experiments were relative fluorescence was normalized to a maximum of 1.0. (B) DNA
fragmentation was measured flow cytometrically using the Apo-BrDU Tunel assay kit. Data
show the means (£S.E.M.) of 3 experiments were the maximum rate of apoptosis (97% for UV
+ nicotine-treated cells) was normalized to 1.0. The inset shows immunoblots from whole cell
lysates were evaluating cleavage of PARP (a prototypical Caspase-3 substrate). 8-actin was
used as a loading control.
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Figure 7. Attenuation of nAChRs in Jurkat cells using RNA interference

Panel a shows the effect of transient transfection of ShRNA constructs for 84- (Beta-4.5) or
a7- (Alpha-7.13) nAChR subunits in Jurkat T cells. Controls were designed for each sShRNA
by creating double point mutant oligonucleotides (see Table 2). Amplification products for
each subunit and for 8-actin (as a control for RNA integrity and loading) shown in the figure
are from the same experiment. Control shRNA vectors are indicated by the abbreviation DMC
(double point mutant control). Panel b illustrates the nAChR expression phenotypes in Jurkat
T cells after puromycin selection. Expression of nAChR mRNA in both transiently and stably
transfected cells was examined by RT-PCR under conditions of linear amplification (KD =
“knockdown™). Panels ¢ and d show calcium mobilization in the nAChR-knockdown Jurkat
cells. Control Jurkat cells (“WT?”), a7-KD (“a7shRNA”), or 84-KD cells (“84shRNA) cells
were left untreated or treated with nicotine (10 uM) as indicated. After 5 min, cells were allowed
to remain as previously treated, or were stimulated by addition of anti-CD3. Alterations in
intracellular ionized calcium (Ca;**) were measured using a MoFlo flow cytometer. Y-axis
values represent Indo-1 emission ratios at 405 nm/480 nm. Basal ionized calcium levels were
~150 nM.
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Figure 8. Effect of nAChR loss on Jurkat cell apoptosis

Control Jurkat cells (WT),a7-nAChR knockdowns (a7-KD) or 84-nAChR-knockdowns (84-
KD) were cultured in the presence or absence of soluble FasL (sFasL) for 4 hr as indicated,
with or without a 15-min pre-exposure to nicotine (1 uM) and/or concomitant exposure to anti-
CD3 (10 ng/ml). Cleavage of pro-Caspase-3, examined by immunoblotting, was used as a
measure of apoptosis. 8-actin was used as a loading control. The data show one representative
experiment of three done.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2011 February 1.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Oloris et al.

99

dsRed
shRNA

Page 26

10°

10'
FL2 Log

none

102

1

10'
FL2 Log
+

Control

10'
FL2 Log
+

B4-nAChR

144

18.4%

102

10° 10" 10?
FL2 Log
+

o7-nAChR

1

10° 10

102 10°

FL2 Log

+

B4-nAChR + o7-nAChR

Figure 9. Effect of nAChR loss on survival of normal human peripheral blood T cells

T cells were transfected with dsRed and the shRNA constructs indicated. Transfection

efficiencies were comparable for all conditions after 24 hr. The number of dsRed+ cells
remaining in the cultures was evaluated by flow cytometry after 72 hr. Mean percent (range)
dsRed+ cells in triplicate transfections were: none (background), 2.6% (2.4-2.8); Control,
31.7%(25-34), 84-nAChR shRNA, 28%(26-30); a7-nAChR shRNA, 17.4%(15-19); B84-
nAChR shRNA+a7 nAChR shRNA, 1.8%(1.3-2.5).
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Table 2
Target Sequences and Controls for RNA Inhibition

Gene siRNA construct Target Sequence

CHRNA7 (a.7-nAChR) Alpha-7.5 (position 326) AACCAGACATTCTTCTCTATA
CHRNATY negative control Aplha-7.5 DPM AACCTGACATTCTTAACATATA
CHRNB4 (84-nAChR) Beta-4.3 (position 351) TGTCTGGCTGAAACAGGAAT
CHRNBA4 negative control Beta-4.3 DPM TCTCTGGGTGAAACAGGAAT
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