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Translocation from the cytoplasm to the nucleus is required for the
regulation of gene expression by transcription factors of the
nuclear factor kappa B (NF-�B) family. The p65:p50 NF-�B het-
erodimer that predominates in many cell types can undergo stim-
ulated movement, following degradation of the I�B inhibitor, as
well as shuttling in the absence of stimulation with I�B bound.
Disruption of the dynactin complex and knockdown of endoge-
nous dynein were used to investigate the nuclear translocation
requirements for stimulated and shuttling movement of NF-�B. A
differential dependence of these two modes of transport on the
dynein molecular motor and dynactin was found. NF-�B used active
dynein-dependent transport following stimulation while transloca-
tion during shuttling was mediated by a dynein-independent
pathway that could be potentiated by dynactin disruption, con-
sistent with a process of facilitated diffusion. Nuclear translocation
and activation of NF-�B-dependent gene expression showed a
dependence on endogenous dynein in a variety of cell types and in
response to diverse activating stimuli, suggesting that dynein-
dependent transport of NF-�B may be a conserved mechanism in
the NF-�B activation pathway and could represent a potential
point of regulation.

NF-kappaB � nuclear transport � transcription � molecular motor �
active transport

The NF-�B or Rel transcription factors are ubiquitously-
expressed regulators of gene expression that are essential for

physiological processes ranging from innate and adaptive immu-
nity to learning and memory. NF-�B functions as a dimer and is
retained in a latent form in the cytoplasm, bound to the inhibitor
of NF-�B (I�B). In the canonical pathway, incoming stimuli
trigger activation of the I�B-kinase complex (IKK) that phos-
phorylates I�B� and leads to its degradation. The subsequent
translocation of active I�B-free NF-�B from cytoplasm to
nucleus is critical for NF-�B-dependent gene expression. In the
absence of I�B degradation, NF-�B can undergo stimulus-
independent movement back and forth between the nucleus and
cytoplasm in a process termed shuttling (1). Shuttling of p65:p50
NF-�B dimers is believed to result from incomplete masking of
the p50 nuclear localization sequence (NLS) by bound I�B� and
can be observed by blocking exportin1/crm1-mediated nuclear
export under unstimulated conditions (2).

While NF-�B requires importin family members to cross the
nuclear pore (3), the molecular mechanisms underlying NF-�B
cytoplasmic movement remain poorly understood. Studies exam-
ining the role of microtubules are conflicting, possibly because the
pharmacological agents that disrupt microtubules result in a con-
founding activation of NF-�B (4–10). Microtubule-dependent
transport can also be probed by disrupting the multisubunit
dynactin complex, and it was recently reported that dynactin
could play a role in the nuclear accumulation of neuronal NF-�B
(10). Dynactin regulates the processivity of molecular motors
using microtubules, including cytoplasmic dynein and kinesin

(11, 12). Dynein is a retrograde motor, mediating minus-end
directed movement on microtubules. Kinesin has multiple family
members, most of which mediate anterograde, but some of which
also mediate retrograde movement (13, 14). Potential roles for
dynactin in nonmotile processes have also been recognized
(15–19). This study tested the role of dynactin and dynein on the
rate and amplitude of NF-�B nuclear translocation under con-
ditions of shuttling and in multiple activation paradigms. The
finding of differential roles for dynactin and dynein in shuttling
and stimulated translocation suggests that NF-�B can use mul-
tiple mechanisms for cytoplasmic transport.

Results
Disruption of Dynactin Function in MEFs Leads to Dose-Dependent
Inhibition of NF-�B Nuclear Translocation. The dynactin complex is
disrupted by overexpression of either the p50/dynamitin subunit
or of the first coiled coil domain (CC1) of the largest dynactin
subunit, p150Glued. Dynactin function is required for the la-
mellar conformation and function of the Golgi apparatus. Over-
expression in wild-type murine embryonic fibroblasts (MEFs) of
CC1 tagged with monomeric red fluorescent protein (RFP-CC1)
or of dynamitin tagged with the mCherry fluorophore (C-
dynamitin) resulted in Golgi condensation or dispersal, respec-
tively, [supporting information (SI) Fig. S1] demonstrating that
fluorophore tagged RFP-CC1 and C-dynamitin retain dynactin
inhibition. Stimulus-dependent NF-�B translocation can be
monitored in living cells expressing a green fluorescent protein-
tagged p65 (GFPp65) subunit of NF-�B (20). Robust GFPp65
nuclear translocation in response to TNF� was observed by
time-lapse confocal imaging of MEFs coexpressing mCherry
(Fig. 1 A and B). Evaluation of a nuclear region of interest (ROI)
from confocal slices was used to quantitate the time course of
GFPp65 nuclear accumulation. Binning of cells according to
expression level of RFP-CC1 or C-dynamitin, using absolute
fluorescence units (fu) with confocal laser power, voltage, and
gain held constant throughout experiments, revealed dose-
dependent reduction in the rate and amplitude of TNF�-
stimulated nuclear GFPp65 accumulation by dynactin disruption
(Fig. 1 A and B). At high expression levels of RFP-CC1 or
C-dynamitin (fu � 600), GFPp65 nuclear translocation was
undetectable.

Dynactin Disruption Specifically Inhibits Induced NF-�B-Dependent
Transcription. The effect of dynactin disruption on NF-�B-
dependent gene expression was tested by NF-�B luciferase
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reporter assay. Dynactin disruption with increasing amounts of
C-dynamitin resulted in dose-dependent inhibition of TNF�-
induced NF-�B-dependent gene expression (Fig. 2A). Fold
induction of the NF-�B reporter by TNF� was inhibited without
significant effects on unstimulated reporter activity. Dynactin
disruption does not globally inhibit transcription since the ac-
tivity of an NF-�B-independent reporter in which the consensus
�B sites were mutated (mut�B) (21) was not significantly altered
(Fig. 2 A).

To assess whether dynactin might be generally required by
other transcription factors, we tested the effects of dynactin
disruption on a cyclic-AMP response element-binding (CREB)-
dependent reporter (CRE luciferase) and on a reporter respon-
sive to the nuclear factor of activated T-cells (NFAT) transcrip-
tion factor (NFAT luciferase). While CREB is located primarily

in the nucleus, NFAT is initially cytoplasmic and requires
stimulus-induced nuclear relocalization for activation. Stimulus-
induced activation of CREB or of NFAT was not inhibited by
dynactin disruption (Fig. 2 B and C). Slightly elevated NFAT
activity in the presence of stimulation and elevated basal CREB
activity in the absence of stimulation were observed at high
C-dynamitin concentrations, but these effects did not reach
significance (Fig. 2 B and C). These results suggest that even
among transcription factors requiring nuclear translocation for
activation, such as NFAT and NF-�B, distinct transport mech-
anisms exist.

Disruption of Dynactin Function Enhances the Rate and Amplitude of
NF-�B Trafficking by Shuttling. The effect of dynactin disruption on
unstimulated shuttling of NF-�B-I�B� complexes was studied by
treating cells with leptomycin B (LMB) to block CRM1/

Fig. 1. Dynactin Disruption Reduces the Rate and Amplitude of Stimulated
NF-�B Nuclear Translocation. (A) Representative confocal projections from the
time course of GFPp65 nuclear translocation in live MEFs coexpressing either
soluble mCherry, or RFP-CC1, or C-Dynamitin. Green and red channels are
overlayed in the large panels; small panels (Left) show each channel sepa-
rately. Nuclear accumulation of GFPp65 following application of TNF� (time 0)
is evident by 30 min in cells expressing mCherry, but not RFP-CC1 or C-
Dynamitin. (B) The calculated change in nuclear GFPp65 fluorescence for each
time point is averaged across all experiments for MEFs expressing RFP-CC1
(Left), C-Dynamitin (Right), or mCherry; a level of one is no change. Cells are
binned according to high (�600 fu) or low (�600 fu) expression of RFP-CC1
and C-Dynamitin to show dose-dependence. Both high and low RFP-CC1
expressors are significantly different from control (mCherry) at all time points
�20 min (n � 12–34 cells for each graphed point, P � 0.05). High C-Dynamitin
expressers are significantly different from control (mCherry) at all points �20
min (n � 10–34 cells each point, P � 0.05), and low C-Dynamitin expressors are
significantly different from control (mCherry) at time points 10–40 min (n �
12 � 34 cells for each point, P � 0.05). �F/F for nuclear RFP (Nuc.RFP-CC1) and
C-Dynamitin (Nuc. C-Dynamitin) does not change over time and provides a
measure of cell health and nuclear integrity. Error bars represent one s.e.m.

Fig. 2. Specificity of Dynactin Disruption for NF-�B. (A) The effect of dynactin
disruption on NF-�B-dependent gene expression is tested by TNF� stimulation
of 293T cells coexpressing wild-type (wt�B) or mutant (mut�B) NF-�B reporters
and increasing amounts of C-Dynamitin. Dose-dependent inhibition of wt�B
reporter activity is evident both by normalized luciferase activity (Left) and by
calculated fold induction relative to unstimulated samples (Right). Inhibition
of wt�B reporter activity by increasing C-Dynamitin plateaus between 10–30
ng transfected DNA and is significantly different from cells not expressing
C-Dynamitin (0 ng, n � 5–6 samples each point, P � 0.001) at all tested doses.
Activity of a reporter not dependent on NF-�B (mut�B) is unaffected by TNF�

or by C-Dynamitin expression. (B) The effect of dynactin disruption on CREB-
dependent gene expression in 293T cells cotransfected with CREB reporter
and increasing amounts of C-Dynamitin in the presence or absence of fors-
kolin and ionomycin stimulation. Stimulated CREB activity (CRE � stim.) is not
significantly altered by increasing amounts of transfected C-Dynamitin; basal
CREB activity (CRE � stim.) shows a nonstatistically significant elevation at 30
ng transfected C-Dynamitin (n � 6 samples each point). (C) The effect of
dynactin disruption on NFAT activation in 293T cells cotransfected with NFAT
reporter and increasing amounts of C-Dynamitin in the presence or absence of
thapsigargin and PMA stimulation. Stimulated NFAT activity is not inhibited
by dynactin disruption and shows a nonstatistically significant elevation
at higher transfected C-Dynamitin levels; C-Dynamitin overexpression does
not alter basal NFAT activity (n � 6 samples each point). Error bars represent
one s.e.m.
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exportin1-mediated nuclear export (2). Representative projec-
tions from time-lapse confocal imaging of LMB-treated MEFs
expressing GFPp65 and either mCherry, RFP-CC1, or C-
dynamitin are shown in Fig. 3A. Quantitation of nuclear GFPp65
(Fig. 3B) shows that, in contrast to its effects on stimulated
movement, dynactin disruption did not inhibit nuclear NF-�B
translocation by shuttling. Instead, both RFP-CC1 and C-
dynamitin elicited a dose-dependent increase in the rate of
GFPp65 nuclear shuttling in comparison to cells expressing
mCherry alone. Dynactin disruption by C-dynamitin expression
similarly enhanced the nuclear translocation of endogenous p65
as assessed by immunofluorescence (data not shown). The
nuclear levels of RFP-CC1, C-dynamitin, and mCherry were
unaffected by LMB (Fig. 3B). Analysis of GFPp65 nuclear
accumulation longer than 90 min following LMB exposure was
hampered by loss of cell viability, as assessed by visual inspection

and the eventual nuclear accumulation of untagged fluorophore
(mCherry). Analysis of a limited number of healthy long-term
LMB treated cells indicated that increased nuclear GFPp65 in
high RFP-CC1 and C-dynamitin expressing cells reached plateau
after 90 min (data not shown).

Loss of Endogenous Dynein Function Inhibits Stimulus-Induced NF-�B
Activation in Multiple Cell Types. Dynactin can regulate the pro-
cessivity of multiple molecular motors and dynactin disruption
can disable both anterograde and retrograde trafficking (11, 12);
in addition, dynactin may act as a scaffold to dock anchoring or
signaling proteins independently of its role in cellular transport
(15–19). To directly assess the role of cytoplasmic dynein in the
NF-�B response to diverse activating stimuli in multiple cell
types, we designed shRNAs against the heavy chain of dynein for
both mouse and human species. The dynein heavy chain (DHC)
was targeted because, unlike the light and intermediate chains,
there is only one known heavy chain isoform of nonflagellar
cytoplasmic dynein (DYNC1H1). DHC contains ATPase activ-
ity and is essential to dynein’s capacity to move cargo along
microtubules. shRNAs targeting murine (shDHC1,shDHC2) or
human (shDHC1) DHC, and a nontargeting mutant of shDHC1
(shMUT) were inserted into a pLK0.1 lentiviral vector modified
to coexpress GFP. Infection of MEFs and 293T cells produced
dose-dependent knockdown of endogenous DHC by virus ex-
pressing targeting but not mutant shRNA (Fig. 4A). To test the
effect of dynein knockdown on NF-�B nuclear translocation,
MEFs were infected for 3 days with virus expressing shDHC1 or
shMUT. On day 2 of infection, MEFs were transfected with an
mCherry tagged p65 subunit of NF-�B (mCherryp65), and
subjected to TNF� stimulation and time-lapse confocal imaging
(Fig. 4 B and C) the following day. Dynein knockdown signifi-
cantly inhibited mCherryp65 nuclear translocation at time points
�20 min after TNF� (Fig. 4 B and C; see Fig. S2 and SI Methods
for similar results with endogenous p65). The effect of dynein
knockdown on NF-�B-dependent gene expression was examined
by reporter assays in distinct cellular settings. NF-�B reporter
assays in TNF�-stimulated MEFs (Fig. 4D, Left) and 293T cells
(Fig. 4D, Right) showed dose-dependent inhibition of stimulated
NF-�B-dependent transcription in cells expressing shDHC1 and
shDHC2, but not shMUT.

To test dynein’s role in other cellular settings requiring NF-�B
function, we evaluated NF-�B activation from both the immu-
nological synapse and the neuronal synapse (Fig. 4E). Engage-
ment of the T cell receptor (TCR) by the major histocompati-
bility complex (MHC) class II of an antigen-presenting B cell
initiates the formation on T cells of an ordered membrane-
associated signaling complex called the immunological synapse.
Signaling through the immunological synapse is essential for T
cell activation and induces multiple transcription factors, includ-
ing NF-�B. To study this activation pathway, Jurkat T cells were
infected with shDHC1 or shMUT expressing lentivirus at high
MOI. 12 h postinfection Jurkat T cells were transfected for
NF-�B reporter assay and allowed to express for 40 h before
coincubation with Raji B cells presenting the staphylococcal
enterotoxin E (SEE) superantigen to initiate immunological
synapse formation (see Methods) (22). Immunological synapse
formation induced robust NF-�B reporter activation, relative to
unstimulated cells, in T cells expressing no shRNA or shMUT.
In contrast, Jurkat T cells expressing shDHC1 showed signifi-
cantly reduced NF-�B activation relative to no shRNA or
shMUT-expressing cells (Fig. 4E, Left); mut�B reporter activity
was unaltered by shDHC1 compared to no shRNA or shMUT.

NF-�B activation by excitatory neurotransmission occurs in
multiple brain regions and may participate in NF-�B function in
learning and memory. To test the role of dynein in neurotrans-
mission-induced NF-�B activation, primary hippocampal neu-
ronal cultures were exposed to a GABAA receptor antagonist

Fig. 3. Loss of Dynactin Function Enhances Shuttling of NF-�B. (A) Repre-
sentative confocal projections of live MEFs expressing GFPp65 and either
mCherry, RFP-CC1, or C-Dynamitin in a time course from 0 to 90 min following
leptomycin B addition (time 0) to examine NF-�B shuttling. Small panels (Left)
show separate green and red channels, large panels (Right) are overlayed. (B)
The quantitated change in nuclear GFPp65 fluorescence at each time point is
averaged across all experiments for MEFs expressing mCherry, RFP-CC1 (Left),
or C-Dynamitin (Right). Based on average fluorescence, cells are binned into
high (� 300 fu) or low (� 300 fu) expression for RFP-CC1 and C-Dynamitin. The
rate and amplitude of GFPp65 nuclear accumulation by shuttling does not
significantly differ from control at low levels of RFP-CC1 or C-Dynamitin. High
expression of RFP-C1 or C-Dynamitin significantly enhance rate and amplitude
of GFPp65 shuttling for time points �50 min or �30 min, respectively (RFP-
CC1: n � 12 � 19 cells, P � 0.05; C-Dynamitin: n � 16 � 21 cells, P � 0.01 for
each time point). Error bars represent one s.e.m.
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(Bicuculline) that reduces endogenous inhibition and enhances
excitatory neurotransmission (20). Bicuculline effectively in-
duced NF-�B reporter activity relative to unstimulated cells in
neuronal cultures expressing no shRNA or shMUT, while shDHC1-
expressing cultures had significantly reduced bicuculline-
stimulated NF-�B activation (Fig. 4E, Right). Mut�B reporter
activity was unaffected by shDHC1, demonstrating some spec-
ificity for NF-�B-dependent gene expression and an absence of
effects on general transcription machinery. Collectively, these
experiments show that the full induction of NF-�B-dependent
gene expression from both neuronal and immunological syn-
apses relies upon dynein function.

Loss of Endogenous Dynein Function Does Not Alter Nonstimulated
Transport of NF-�B by Shuttling. To test whether shuttling enhance-
ment by dynactin disruption (Fig. 3) reflects either a require-
ment for the dynein motor or an alternative dynactin function,
the effect of dynein knockdown was examined. MEFs were
infected at high MOI with either shDHC1 or shMUT, followed
by mCherryp65 transfection 2 days later, and time-lapse confocal
imaging 24 h posttransfection in the presence of LMB to capture
shuttling (Fig. 5, or Fig. S3 for endogenous p65). Representative
images (Fig. 5A) and quantitation of nuclear ROI (Fig. 5B)
demonstrate that dynein knockdown did not significantly alter
the rate or amplitude of NF-�B shuttling. Nuclear accumulation
of the untagged GFP fluorophore coexpressed with shRNA did
not occur, providing a measure of nuclear integrity. The ampli-
tude and time course of NF-�B nuclear accumulation by shut-
tling in cells expressing shDHC1 or shMUT (Fig. 5) did not

shMUT. Differences in fold induction relative to no infection or shMUT are
significant at all MOI for both shDHC1 and shDHC2 (n � 5–6 samples each
point, P � 0.05). (E) Assays with wtkB or mut�B reporters in jurkat T cells (Left)
or primary hippocampal neurons (Right) 3 days after infection with the
indicated MOI of virus expressing shDHC1, shDHC2, or shMUT. Fold induction
in Jurkat T cells activated by T cell receptor stimulation or primary neurons
activated by synaptic stimulation is significantly different between shDHC1
and no shRNA or shMUT (n � 6 samples each, P � 0.05). Error bars represent
one s.e.m.

Fig. 4. Dynein is Required for the NF-�B Transcriptional Response to Diverse
Stimuli in Multiple Cellular Settings. (A) shRNA-mediated dynein knockdown
is verified by immunoblot with anti-DHC antibody of lysates from MEFs (Left)
or 293T cells (Right). Increasing MOI results in dose-dependent reduction in
DHC for shDHC1 and shDHC2, but not shMUT, as quantified by percent DHC
knockdown (%KD). Samples were normalized for total protein before gel
loading; anti-RSK1 serves as loading control. (B) Representative confocal
projections of TNF�-stimulated nuclear translocation of mCherryp65 in MEFs
infected with lentivirus expressing shDHC1 or shMUT. Overlayed images
(Right) show inhibition of stimulated mCherryp65 nuclear accumulation at 30
and 60 min in cells expressing shDHC1 relative to shMUT. (C) Quantitated
change in nuclear fluorescence demonstrates significant inhibition of TNF�-
stimulated mCherryp65 nuclear accumulation in MEFs expressing shDHC1
compared to shMUT at all time points �20 min (n � 12–16 cells for each point,
P � 0.005), while nuclear levels of untagged GFP are unchanged. (D) Average
fold induction from reporter assays with wild-type (wtkB) or mutant (mut�B)
NF-�B reporters in TNF�-stimulated MEFs (Left) or 293T cells (Right) 3 days
after infection with the indicated MOI of virus expressing shDHC1, shDHC2, or

Fig. 5. Shuttling of NF-�B is Not Altered by Loss of Dynein. (A) Representative
confocal projections show no difference in mCherryp65 nuclear accumulation
in LMB-treated (time 0) MEFs 3 days after infection with lentivirus expressing
shMUT or shDHC1. (B) Average change in nuclear mCherryp65 fluorescence in
LMB-treated MEFs 3 days after infection does not differ between shDHC1 or
shMUT expressing cells. Nuclear levels of untagged GFP, also produced by
pLK0.1 infection, are unchanged by LMB. Error bars represent one s.e.m.
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statistically differ from cells expressing mCherry alone (Fig. 3,
P � 0.05). These results suggest that enhancement of NF-�B
shuttling by dynactin disruption (Fig. 3) is independent of
dynactin’s role in regulating dynein processivity.

Discussion
Our findings indicate that stimulated nuclear translocation of
activated NF-�B and nuclear translocation of NF-�B by shuttling
use distinct transport mechanisms. These findings were repli-
cated in live cell imaging of exogenous GFPp65 and by immu-
nocytochemistry for endogenous p65. Loss of the dynein motor
or disruption of dynactin both strongly inhibited stimulated
nuclear translocation of NF-�B and the induction of NF-�B-
dependent gene expression. In contrast, dynein appeared to play
no role in shuttling of NF-�B and dynactin disruption resulted in
enhanced shuttling. A potential unifying model is that NF-�B
may undergo active transport using dynein following stimulation,
while shuttling may be diffusion-mediated. If shuttling is diffusion-
mediated, enhancement of the process by dynactin disruption could
be consistent with emerging roles for dynactin in nonmotile pro-
cesses such as tethering of signaling molecules (15–19).

We previously found that neuronal NF-�B moved more
rapidly in a retrograde than anterograde direction from distal
dendrites following synaptic stimulation (20). While diffusion
could mediate this effect (e.g., in the context of a binding-protein
gradient), the finding suggested that stimulated NF-�B might use
active transport. Brain NF-�B has been reported to coimmuno-
precipitate dynein intermediate chain and components of dyn-
actin in the presence of cross-linkers (10), and dynein is also
concentrated at the postsynaptic density in neurons (23) and
recruited to the immunological synapse in T cells (24), both sites
which can signal NF-�B activation. We have now shown that
NF-�B nuclear transport following stimulation depends upon
the dynein molecular motor. A conserved dynein requirement
for the full induction of NF-�B-dependent gene expression was
found in all tested mammalian cells (MEFs, 293T, Jurkat, and
primary neuronal cultures) and in response to diverse stimula-
tion paradigms (TNF�, immunological synapse formation, and
neuronal synaptic activation), indicating that dynein-mediated
transport of activated NF-�B is likely characteristic rather than
an exception. While effects were robust and significant, dynein
knockdown did not generate a complete block of NF-�B-
dependent gene expression in any tested cell type. Several
possibilities could account for a lack of complete inhibition by
reporter assay, including incomplete or heterogeneous dynein-
knockdown in the cell populations, or residual stimulated nu-
clear transport in the absence of dynein function. In dynein-
knockdown imaging experiments evaluating individual cells,
residual TNF�-induced nuclear transport was also observed, but
the remaining dynein level in each cell is unknown. In contrast,
in dynactin-disruption experiments, where cells could be binned
by expression level of C-dynamitin or RFP-CC1, a complete
inhibition of nuclear transport of NF-�B was achieved in high-
expressing cells. Dynactin disruption is reported to be graded by
expression levels of the disrupting component (e.g., dynamitin or
CC1) (25). Taken together, our results support an essential role
for dynein-dependent active transport in the rapid NF-�B re-
sponse to inducing stimuli.

While microtubule-dependent transport of vesicles and other
large cargo has been well studied, several reports have high-
lighted microtubule-dependent transport of small nonvesicular
cargo and have also linked dynactin and dynein to nonvesicular
protein transport (26–29). A microinjected complex of the p50
NF-�B subunit with plasmid DNA was reported to enhance
nuclear import and cytoplasmic migration of the DNA with a
dependence on microtubules, dynein, and the p50 NLS (30);
sequences distinct from a NLS bind dynein, and the presence of
an NLS can, but does not necessarily, confer microtubule-

dependent transport (29). Consensus sequences conferring in-
teraction with the dynein light chains LC8 and Tctex-1 are
beginning to be defined. Our analysis of human and mouse p65
protein indicate that no known sites appear present; however,
the interaction sites of most dynein cargo remain uncharacter-
ized (29, 31).

Numerous signaling molecules, including other transcription
factors, use movement from cytoplasm to nucleus as a regulatory
mechanism. The specificity of NF-�B’s requirement for dynein-
based transport was tested by examining the effect of loss of
endogenous dynein on the activity of two additional transcription
factors, one which is largely localized in the nucleus (CREB) and
another which undergoes cytoplasmic to nuclear translocation
(NFAT). Interestingly, dynein knockdown did not significantly alter
either CREB or NFAT reporter activity, although it has been
reported that perturbations in the microtubule network could
inhibit NFAT (32). While p53 is known to use dynein (26), the
transport mechanisms of many nuclear localizing molecules are
either unknown or are independent of the cytoskeleton (29, 33, 34).
The further understanding of both dynein-dependent and indepen-
dent mechanisms of NF-�B transport may reveal additional regu-
latory points in this widespread signaling pathway.

Methods
Cells and Constructs. MEFs were maintained in Dulbecco Modified Eagle’s
medium (DMEM) supplemented with 10% calf serum and the human embry-
onic kidney 293T cell line in DMEM with 10% FBS (FBS). The human Raji B and
Jurkat T cell lines were maintained in RPMI 1640 with 10% FBS and 50 �M
�-mercaptoethanol. Murine hippocampal neurons were cultured as previ-
ously described (20).

The GFPp65 construct was previously described (20). To produce mCher-
ryp65, mCherry (gift of R. Tsien, La Jolla, CA) was inserted into the C1
expression vector (Clontech) to create an N-terminal p65 fusion (mCherryp65).
Dynamitin and RFP-CC1 were gifts of T. Schroer (Baltimore, MD). mCherry
fused to the N terminus of Dynamitin was made by subcloning dynamitin into
mCherry-C1 vector.

shRNA constructs were prepared by cloning shRNAs into the lentiviral
vector pLKO.1. pLKO.1 was modified by excision of the puromycin resistance
cassette and insertion of EGFP in its place (pLKO.1GFP, J. Pomerantz, Balti-
more, MD). The following sequences were used to produce shRNA: shDHC1:
5�GCTAAACTTGGAACGTGCGTT3�, shDHC2: 5�GGCGTTTCCAGCATCATCTTA3�,
shMUT: 5�GCCAACCTCGGTACATGAGTA3�. shDHC1 targets both mouse and
human DHC; shDHC2 targets the mouse sequence only. shMUT contains 7
mismatches with shDHC1. shDHC1, shDHC2, and shMUT sequences were sub-
jected to blast search to ensure lack of significant complementarity for off-
target mRNAs.

Dynein Knockdown by siRNA. Lentiviral particles were prepared as previously
described (35). Lentiviral infection was performed 3–4 days before assessment
by immunoblot or functional assay to allow time for effective siRNA. Immu-
noblots of lysates from infected cells were probed with anti-DHC antibody
(1:200, Santa Cruz Biotechnology, 9115) and a loading control anti-p90 ribo-
somal protein S6 kinase (RSK1, Epitomics, 2004–1) antibody. DHC and RSK1
levels were quantitated by densitometry and knockdown efficiency calculated
by first normalizing DHC to RSK1 for each sample and then dividing by the
normalized value for MOI of 0.

Reporter Assays. NF-�B-dependent transcription was assayed by transient
transfection of an NF-�B luciferase reporter (Ig�2-IFN-LUC) containing two
copies of the Ig light chain �B-site or a mutant reporter with four residues of
the NF-�B consensus binding site mutated as previously described (21). Tran-
scription regulated by NFAT or CREB was assayed by transient transfection of
NFAT-responsive or CRE-luciferase reporters, respectively (Clontech). In all
reporter assays, cotransfection of the pCSK-lacZ vector, which constitutively
expresses �-galactosidase and is not regulated by NF-�B, NFAT, or CREB, served
to normalize transfection efficiency and extract recovery for each sample.
Each reporter experiment included extracts from cells transfected with
pcDNA3 alone as a reference control. Cell lysates were prepared using 1X lysis
buffer (reporter lysis buffer, Promega) and luciferase (Promega) and chemi-
luminescent �-gal (Roche) reporter assays were conducted 46 h after trans-
fection and 3–4 h after stimulation according to manufacturer instructions
using a luminometer (Perkin–Elmer). Samples were compared by subtracting
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the background activity of the reference control, and then normalizing the
luciferase activity of each sample to its �-gal activity. Fold induction was
calculated by dividing normalized stimulated samples by normalized unstimu-
lated samples.

Stimulation of 293T (transfected by CaPO4) and MEFs (transfected by
TransIT-LT1 Reagent, Mirus Bio) was conducted by bath application of either
human TNF� (25 ng/ml) for the NF-�B reporter, thapsigargin (1 �M) and
phorbol 12-myristate 13-acetate (PMA, 50 nM) for the NFAT reporter, or
forskolin (10 �M) and ionomycin (2 �M) for the CREB reporter. NF-�B was
activated in primary hippocampal cultures (transfected by Lipofectamine
2000, Invitrogen) by synaptic stimulation using bicuculline (50 �M) as de-
scribed (20). Antigen-presenting Raji cells were prepared by incubation with
the superantigen SEE (0.4 ng/ml) for 30 min at 37 °C. Jurkats were transfected
(Fugene 6, Roche) for reporter assay immediately following lentiviral infection
with shDHC1 or shMUT. 40 h posttransfection, Jurkats were stimulated
through the T cell receptor by incubation with the SEE-presenting Raji B cells
for 4 h before harvest for reporter assay (J. Pomerantz, unpublished
techniques).

Microscopy. MEFs were cotransfected with desired constructs 24–48 h before
live confocal imaging at 37 °C in Tyrode’s buffer (in mM) [119 NaCl, 4.5 KCl, 2
CaCl2, 0.5 MgCl2, 25 Glucose, 10 Hepes (pH7.33), .01 Glycine] on an LSM5 Pascal
with Axiovert 200 (Carl Zeiss). When required, lentiviral infection occurred
24 h before transfection, followed by imaging 48 h posttransfection. For time

course experiments, confocal images were acquired as a z stack of three slices,
ranging from 0.3–0.7 �m, to minimize phototoxicity. EGFP was excited at 488
nm and emissions collected at 505–530 nm; RFP and mCherry were excited at
543 nm and emissions collected above 560 nm. Laser power, detector gain, and
offset were adjusted to keep fluorescence signals within the dynamic range;
images were never saturated. To permit binning by absolute fluorescence for
C-Dynamitin and RFPCC1, laser power, gain, and offset were held constant
across all experiments. RFPCC1 was binned by nuclear ROI while C-Dynamitin,
which is nonnuclear, was binned by cytoplasmic ROI. Following 24 h serum
starvation (0.5% calf serum), cells were treated with hTNF� (25 ng/ml) or
leptomycin B (LMB, 25 nM) and imaged every 10 min for 60 or 90 min,
respectively, including a pretreatment image (t � 0). Nuclear or cytoplasmic
fluorescence was quantitated by ROI analysis (Pascal, Zeiss). Nuclear ROI was
measured in a representative area not including nucleoli. Normalized change
in nuclear fluorescence was calculated by: (fluorescence–fluorescenceinitial)/
fluorescenceinitial, where fluorescenceinitial was determined from the pretreat-
ment time point.

Statistical comparisons were made by unpaired two-tailed t tests.
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