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The cytoplasmic dynein motor complex is known to exist in multiple forms, but few specific functions have been assigned
to individual subunits. A key limitation in the analysis of dynein in intact mammalian cells has been the reliance on gross
perturbation of dynein function, e.g., inhibitory antibodies, depolymerization of the entire microtubule network, or the
use of expression of dominant negative proteins that inhibit dynein indirectly. Here, we have used RNAi and automated
image analysis to define roles for dynein subunits in distinct membrane-trafficking processes. Depletion of a specific
subset of dynein subunits, notably LIC1 (DYNC1LI1) but not LIC2 (DYNC1LI2), recapitulates a direct block of ER export,
revealing that dynein is required to maintain the steady-state composition of the Golgi, through ongoing ER-to-Golgi
transport. Suppression of LIC2 but not of LIC1 results in a defect in recycling endosome distribution and cytokinesis.
Biochemical analyses also define the role of each subunit in stabilization of the dynein complex; notably, suppression of
DHC1 or IC2 results in concomitant loss of Tctex1. Our data demonstrate that LIC1 and LIC2 define distinct dynein
complexes that function at the Golgi versus recycling endosomes, respectively, suggesting that functional populations of
dynein mediate discrete intracellular trafficking pathways.

INTRODUCTION

Cytoplasmic dynein (Schroer et al., 1989) plays diverse roles
in mammalian cells that include mitosis, membrane traffick-
ing, organelle positioning, intraflagellar transport, and cell
migration (Ross et al., 2008; Scholey, 2008). The two mam-
malian cytoplasmic dynein complexes (cytoplasmic dynein 1
and 2, referred to here as dynein-1 and dynein-2) are built
around the two distinct heavy-chain subunits: dynein-1 heavy
chain (DYNC1H1) and dynein-2 heavy chain (DYNC2H1).
Note that in the first instance we use the common subunits
names followed by the standardized nomenclature (Pfister et
al., 2005). Considerable work has gone in to defining the
subunit architecture of dynein complexes, notably dynein-1,
and the data suggest the existence of complexes comprising
of a homodimer of heavy chains with associated homodimeric
or heterodimeric intermediate chains, homodimeric light inter-
mediate chains, and multiple light chains (King et al., 2002).
Light chains can form homo- and heterodimers (Nikulina et al.,
2004) and are known to participate in many dynein-indepen-
dent processes through direct interactions with other proteins
(Barbar, 2008). Recent structural data show that at least one of
these interactions, with the protein Swallow, is mutually exclu-
sive with interaction of LC8 light chain 1 [hereafter referred to
as LC8 (DYNLL1)] with dynein (Benison et al., 2007), calling in

to question a potential role for LC8 as a dynein-cargo adaptor.
Thus, it is difficult to directly assign function to light
chains in the specific context of the dynein complex, es-
pecially when using reagents that disrupt dynein function
in a general manner.

Roles have been defined for some individual dynein sub-
units based on their interactions with other proteins. For ex-
ample, light IC 1 (LIC1, DYNC1LI1), but not LIC2 (DYNC1LI2),
interacts with pericentrin (Tynan et al., 2000), and LIC1
directs removal of key proteins from the spindle assembly
checkpoint to allow mitotic progression (Sivaram et al.,
2009). LIC1 (DYNC1LI1) also interacts with Rab4A (Bielli et
al., 2001), but it has not been determined whether Rab4A
also interacts with LIC2 (DYNC1LI2). Tctex-1 (DYNLT1) but
not rp3 (DYNLT3), interacts with rhodopsin and mediates
its trafficking in rod photoreceptor cells (Tai et al., 1999).
Such roles are indicative of the existence of subpopula-
tions of dynein that function in discrete pathways. Little is
known about the differential function of the two roadblock
(DYNLRB) subunits except that they bind to a distinct site on
dynein from other light chains (Susalka et al., 2002), have the
capacity to both homo- and heterodimerize (Nikulina et al.,
2004), and show overlapping but different expression pat-
terns in tissues. Similarly discrete roles for different LC8
(DYNLL1) subunits remain undetermined (see Pfister et al.,
2006), but again, differences in tissue distribution are likely
to be important. Distinct subunit composition is likely to be
particularly important in neurons where different dynein
subpopulations mediate fast-versus-slow components of ax-
onal transport (see Susalka and Pfister, 2000). More recently,
the neuron-specific splice form of IC 1, IC1B, has been
shown to specifically associate and move TrkB-containing
endosomes (Ha et al., 2008). These findings hint at the exis-
tence of individual dynein complexes that direct specific
membrane-trafficking events in cells.
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Cytoplasmic dynein-1 is the major motor for minus-end–
directed membrane trafficking in mammalian cells and is
known to play a key role in the organization of the Golgi
complex (Corthesy-Theulaz et al., 1992; Roghi and Allan,
1999) and in endosomal sorting (Lakadamyali et al., 2006;
Driskell et al., 2007). The importance of dynein in these
processes is often understated; evidence clearly implicates
dynein in driving these processes (such as in endosomal
sorting; Driskell et al., 2007) and not simply in enhancing
their efficiency. Work in this area has relied heavily on the
use of nocodazole (which results in depolymerization of the
entire microtubule network and not a specific inhibition of
dynein function) or on use of reagents to perturb dynein
function globally (such as use of inhibitory antibodies such
as monoclonal 70.1 directed against intermediate chains), or
reagents that interfere with the function of the dynein ac-
cessory dynactin (Gill et al., 1991). Examples of the latter
include expression of regions of the critical p150glued subunit
(Quintyne et al., 1999) or overexpression of the structurally
important p50dynamitin subunit (Presley et al., 1997). It is
important to note that experiments using these reagents in
fact disrupt dynactin and not necessarily dynein. The exact
mechanism by which dynein and dynactin operate together
remains equivocal, notably in terms of recruitment and
maintaining association of dynein with membranes where
the microtubule-binding capability of dynactin appears un-
necessary (Haghnia et al., 2007; Kim et al., 2007). Results in
such experiments are further complicated by the fact that
dynactin can also bind to kinesin family motors, at least
kinesin-2 (Deacon et al., 2003) and so can operate in plus-
end–directed transport events. Thus, reagents that disrupt
dynactin do not necessarily specifically perturb dynein-me-
diated processes.

Cytoplasmic dynein-2 has been reported to localize to the
Golgi apparatus in cultured cells and primarily functions in
the assembly and function of cilia and flagella (Pazour et al.,
1999; Porter et al., 1999; Signor et al., 1999; Mikami et al.,
2002). The dynein-2 heavy chain (DYNC2H1) binds to a
unique dynein-2 LIC [also known as D2LIC or LIC3, here
termed D2LIC/LIC3 (DYNC2LI1); Grissom et al., 2002],
which also localizes to the Golgi apparatus. Together, these
data suggest that dynein-2 could function in the organiza-
tion of, or transport through, the Golgi apparatus in addition
to its function in cilia.

The precise function of the multiple possible forms of
dynein that could exist within cells, especially at the level of
individual components, remains undefined. We sought to
examine the roles of each dynein subunit in well-character-
ized membrane-trafficking events using siRNA suppression
of subunit expression. These data assign specific intracellu-
lar functions to defined dynein-1 complexes acting at the
Golgi, endosomes, and provide insight into the key dynein
components that are involved in mitosis and cytokinesis.

MATERIALS AND METHODS

All reagents were purchased from Sigma-Aldrich (Poole, United Kingdom)
unless stated otherwise.

Cell Culture
HeLa (ATTC CRL-2) and HeLa cells stably expressing GRASP65-green fluo-
rescent protein (GFP; Lane et al., 2002) were maintained in DMEM supple-
mented with 10% fetal calf serum. For imaging, cells were grown on 3.5-cm
glass-bottom dishes (MatTek, Ashland, MA), glass-bottom 96-well plates
(MatTek), or eight-well chamber slides (LabTek, Fisher Scientific, Loughbor-
ough, United Kingdom) all with no. 1.5 coverslips (tolerance: 0.16–0.19 mm
thick; all measured as typically 0.17 mm).

Antibodies
Primary antibodies against the following antigens were used in this study:
horseradish peroxidase (HRP)-conjugated anti-GAPDH (Abcam, Cambridge,
United Kingdom); lamin A/C (Cell Signaling Technology, Danvers, MA);
dynein heavy chain 1 (R-325, Santa Cruz Biotechnology, Santa Cruz, CA);
dynein heavy chain 2 (Mikami et al., 2002), kindly provided by Richard Vallee
(Columbia University, NY); Tctex1 (DYNLT1) (a kind gift from Viki Allan,
University of Manchester); IC2 (DYNC1I2) (clone 70.1, Millipore, Watford,
United Kingdom); LC8 (DYNLL1) (Pin1, BD Biosciences, Oxford, United
Kingdom); LIC1 (DYNC1LI1) and LIC2 (DYNC1LI2) were generously pro-
vided by Richard Vallee (Tynan et al., 2000; GalT (CellMab, Göteberg, Swe-
den), ��-COP (Stephens laboratory, raised in rabbit against the following
peptide sequence, KTDINLDEDILDD); ERGIC-53 (ER-Golgi intermediate
compartment [ERGIC]; clone G1/93, Alexis Biochemicals, Nottingham,
United Kingdom); Sec24C (Stephens laboratory; Townley et al., 2008), �-tu-
bulin (clone DM1A, Sigma-Aldrich); GRASP65 (a generous gift from Jon Lane,
University of Bristol; Chiu et al., 2008); phospho-histone H3 (Ser-10; Cell
Signaling Technologies); and giantin (Covance, Berkeley, CA).

Expression Profiling
Cells were lysed and RNA extracted using Trizol (Invitrogen, Carlsbad, CA),
cDNA was synthesized using Omniscript reverse transcription kit (Qiagen,
Crawley, United Kingdom), and PCR was performed using Expand High
Fidelity PCR kit (Roche, Burgess Hill, United Kingdom). Primer sequences
used for RT-PCR were designed to amplify �500 base pairs toward the 3� end of
each transcript. Sequences can be made available on request. Quantitative PCR
(qPCR) was performed as follows. RNA was isolated from cells using the TRIzol
extraction method (Invitrogen). 50 �g RNA was used for reverse transcription
using Omniscript reverse transcriptase (Qiagen) for 60 min at 37°C. Newly
synthesized cDNA was then used for real-time qPCR using the DyNAmo SYBR
green qPCR kit (New England Biolabs, Ipswich, MA). The following primers were
used (designed using Primer3 software; Rozen and Skaletsky, 2000; available at
http://primer3.wiki.sourceforge.net): DYNLRB1: fwd, 5�-AGGGAATCATCG-
TCGTGAAC-3� and rev, 5�-GAGTGGCTTATTCGGTTGGA-3�; DYNC2H1a:
fwd, 5�-CGACTTCCAAGTGCTGTCAA-3� and rev, 5�-TGCATCACCAATT-
TCTTCCA-3�; DYNC2H1b: fwd, 5�-TTGGACTTCCTAGGGGGACT-3� and
rev, 5�-CTCCAACTCCCCAAAGATCA-3�; and DYNC2LI1: fwd, 5�-ACGAT-
GCCCAGTGAAACTCT-3� and rev, 5�-TGTGCCCTTTTGCTCTTCTT-3�. Each
sample was run in triplicate using the target primers, together with primers
against RNA polymerase II (fwd, 5�-GCACCACGTCCAATGACAT-3� and
rev, 5�-GTGCGGCTGCTTCCATAA-3�), which acted as the control. Amplifi-
cation was performed and detected using an Opticon2 cycler (Bio-Rad, Her-
cules, CA), and data were analyzed using the comparative Ct method, which
utilizes the formula 2(���CT), where Ct is regarded as the threshold cycle).
The amount of target relative to lamin A/C–suppressed samples and normal-
ized to RNA polymerase II was calculated.

siRNA Transfection and Rescue
Duplexes were designed to target all known splice variants of each subunit by
searching the NCBI database (October 2005). Duplexes were then designed
using the online tool of Eurofins MWG Operon (Ebersberg, Germany) and
synthesized with dTdT overhangs using the sequences shown in Supplemen-
tary Table S1. Duplexes were transfected using calcium phosphate as de-
scribed previously (Watson and Stephens, 2006). In all cases, cells were used
for experiments 72 h after transfection. For rescue experiments, cells were
again transfected 48 h after small interfering RNA (siRNA) transfection with
plasmids encoding either mouse LIC1 or mouse LIC2. cDNAs encoding the
mLIC1 (IMAGE clone 5040044) and mLIC2 (IMAGE clone 6405596) were
obtained from Geneservice (Cambridge, United Kingdom). mLIC1 was ex-
pression ready in vector pCMV-SPORT6, and mLIC2 was subcloned directly
from the IMAGE clone in to pcDNA3.1� using EcoRI-NotI restriction sites.
Transfected cells were identified by immunolabeling of fixed cells 18–24 h
after transfection.

Sucrose Density Gradient Centrifugation and
Immunoblotting
HeLa cells in which dynein subunits had been suppressed were separated on
5–40% sucrose gradients as previously described (Watson et al., 2005) from
which 1-ml fractions were taken. For detection of dynein heavy chain, 0.5 ml
of each gradient fraction was concentrated using TCA precipitation (16%
trichloroacetic acid, 60 min at 4°C followed by centrifugation at 20,000 � g for
15 min), resuspended in 20 �l of SDS-PAGE sample buffer before separating
on 4% SDS-PAGE gels, and transfer to nitrocellulose. For other samples from
the gradient, 15 ml of each fraction was analyzed directly by SDS-PAGE using
precast polyacrylamide gels (Novex Bis-Tris or Tris-acetate, Invitrogen, Pais-
ley, United Kingdom). For all other immunoblots, cells were lysed for
immunoblotting, and samples were separated by SDS-PAGE followed by
transfer to nitrocellulose membranes; primary antibodies were detected
using HRP-conjugated secondary antibodies (Jackson ImmunoResearch,
West Grove, PA) and enhanced chemiluminescence (ECL, GE Healthcare,
Cardiff, United Kingdom).
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Imaging
In all cases, cells were imaged using an Olympus IX-series microscope (Olym-
pus, Watford, United Kingdom) with either a UPLSAPO 40� NA 0.9 lens (all
images in except those in Figures 2C and 6), a UIS2 PLAPON 60� 1.42 NA oil
immersion lens (see Figure 2C), or a water immersion UIS2 UPLSAPO 60�
NA 1.2 lens (Figure 6). An ASI PZ-2000 X-Y scanning stage was used for
imaging multiple random points within wells of each 96-well plate; the
integral Piezo z-plate of this stage was used for all acquisition in z. Illumina-
tion was provided by a Sutter DG-4 (Sutter, Novato, CA) using a BrightLine
DA/FI/TR/Cy5-4X-A Quad-band “Pinkel” filter set from Semrock (Roches-
ter, NY). Images were captured to a Hamamatsu Orca-ER camera (Bridgewa-
ter, NJ) at 12-bit depth. The system was controlled using Volocity 4 (Impro-
vision, Coventry, United Kingdom). Image planes in z-series were separated
by 1 �m. Images of fixed cells were acquired at room temperature (�20°C),
and live cells were imaged at 37°C using a heated Perspex chamber enclosing
the microscope (Solent Scientific, Portsmouth, United Kingdom). Living cells
were loaded with AlexaFluor-568-transferrin (Invitrogen) for 60 min to pro-
vide steady-state labeling of early endocytic compartments, minimizing ef-
fects of the time taken for image acquisition. Live cells were imaged in DMEM
without Phenol Red supplemented with 0.1 g.l�1 sodium carbonate and 30
mM HEPES, pH 7.4. Fixed cells on 96-well plates and 35-mm glass-bottom
dishes were imaged in phosphate buffered saline, pH 7.4. Representative
images are shown, all experiments were repeated independently at least three
times each, and all findings replicated with cells grown on 22-mm coverslips
(Fisher Scientific) or 35-mm live cell dishes (MatTek). Cells for experiments
shown in Figures 10 and 11 were processed on 0.17-mm-thick coverslips and
imaged on a wide-field imaging system (Olympus IX-71 microscope with
Exfo X-cite 120Q lamp, excitation and emission filter wheel; Ludl, Hawthorne,
NY) containing a DA/FI/TR/Cy5-4 � 4M-B “Sedat” filer set (Semrock) with
image capture on a CoolSnap HQ2 CCD (Photometrics, Tucson, AZ).

Image Deconvolution and Analysis
Image stacks were deconvolved using the iterative deconvolution algorithm
in Volocity 4.2 with 25 iterations and 95% confidence limits. The only other
processing applied was adjustment of brightness and contrast, which was
applied to whole extended focus images only. Deconvolved images were
exported as extended focus TIFF files, and montages were produced in Adobe

Illustrator CS3 (Adobe Systems, San Jose, CA). RGB and magenta green
merges are shown; the latter was produced by copying all information from
the red channel and pasting into the blue channel.

For image quantification, �200 cells were scored in total from three inde-
pendent experiments (typically four fields of view from each well of a 96-well
plate). Images were acquired as z-series covering the entire depth of each cell
to ensure inclusion of all objects regardless of image plane. Automated
analysis of object number was achieved using Volocity 4.2 (Improvision) by
setting thresholds to detect objects with intensities �3 SDs above the mean,
excluding objects �1 �m3, and counting the object number (for the Golgi,
ERGIC, and endoplasmic reticulum exit sites [ERES]). Counts were normal-
ized to the number of cells measured by counting the number of DAPI-labeled
nuclei using the same thresholding method. ERGIC-53–positive objects �4
�m3 were counted without intensity thresholding. The thresholding protocol
was established on three selected images from each data set, saved, and then
applied to the entire data set automatically. Visual inspection of random images
with thresholding applied was used to confirm the appropriateness of the
method. Intensities of Sec24C-positive structures were measured following
thresholding to include only those objects with �50% total intensity. Transferrin-
positive structures in the periphery of cells were identified by manually drawing
“donut” shapes around cells to define the periphery of cells only and to exclude
the perinuclear region of cells and to count the area of fluorescence in 2D
projections. The requirement to manually draw regions of interest for Sec24C
intensity measurements and transferrin area intensity preclude fully automated
image analysis. Data were exported to Microsoft Excel (Redmond, WA) and the
SD was determined. Statistical significance was tested using the unpaired t test
function of Excel (Microsoft) assuming nonequal variances. Differences were
defined as discernable where p � 0.05. Error bars on all histograms show SDs.

RESULTS

Expression Profiling of Cytoplasmic Dynein Subunits and
Efficacy of Gene Depletion
For this study, we chose to use HeLa cells owing to their
widespread use and the efficacy of siRNA transfection and

Figure 1. Suppression of dynein subunit expres-
sion using siRNA. Immunoblots show control sup-
pression of lamin A/C from the same experiment,
GAPDH as a loading control and the results of
transfection with two independent duplexes tar-
geting (A) dynein-1 heavy chain (DYNC1H1), (B)
IC2 (DYNC1I2), (C) LIC1 (DYNC1LI1) and LIC2
(DYNC1LI2), (D) Tctex1 (DYNLT1) and rp3
(DYNLT3), (E) LC8 (DYNLL1), and (F) dynein-2
heavy chain (DYNC2H1). Inclusion of duplexes
targeting isoforms that are not expressed in these
cells provides an additional control and reinforces
the specificity of our knockdowns.
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subsequent gene suppression that we have been able to
obtain with these cells (Watson and Stephens, 2006). Impor-
tantly, use of siRNA depletion (i.e., a knockdown not a
knockout) allows us to examine roles of dynein subunits
even where they might be essential. We first established
which subunits of dynein are expressed in HeLa and other
cell lines (human telomerase immortalized retinal pigment

epithelial cells [hTERT-RPE1], human dermal fibroblasts,
and HepG2) using immunoblotting (Figure 1), RT-PCR
(Supplementary Figure S1), and/or qPCR. IC 1 (DYNC1I1) is
not widely expressed, and indeed we could not detect its
expression in HeLa or other cells examined. In addition, we
could not detect expression of Roadblock 2 (DYNLRB2) or
LC8 light chain 2 (DYNLL2) in any cell type analyzed (Sup-

Figure 2. Effects of dynein subunit suppression on dynein integrity. (A–H) Immunoblots show the expression of (A) GAPDH, (B)
p50dynamitin, (C) DHC1, (D) IC2, (E) LIC1, (F) LIC2, (G) LC8, and (H) Tctex in lysates from HeLa cells transfected with siRNA duplexes
directed against target proteins as indicated. (I–L) Fractions from 5 to 40% sucrose density gradients from cells depleted of (I) lamin A/C,
(J) DHC1, (K) LIC1, or (L) LIC2 were immunoblotted for GAPDH, p50dynamitin, DHC1, IC2, LIC1, or LIC2 as indicated. Fraction 4 corresponds
to 19S as judged by thyroglobulin sedimentation.
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plementary Figure S1). In addition to this, we validated the
efficacy of our siRNA duplexes using immunoblotting. For
each target, two independent siRNAs were used that were
designed to target all splice variants of each gene; lamin
A/C suppression was used as an RNA interference (RNAi)
control, with GAPDH used as a loading control. Figure 1
shows that suppression of each target was achieved. There
are several points to note from these data. Figure 1A shows
effective suppression of dynein-1 heavy chain (DYNC1H1)
expression by immunoblotting. Our batch of antibody
IC74.1 directed against IC 2 [IC2 (DYNC1I2)] detects a non-
specific band (Figure 1B, marked with an asterisk; see Traer

et al., 2007 for further validation of IC2 suppression). Here,
we show that IC2 (DYNC1I2) is efficiently suppressed and
not targeted by duplexes designed to be specific for IC1
(DYNC1I1), confirming duplex specificity. Both light inter-
mediate chains can be efficiently and selectively suppressed
(Figure 1C). The antibody to Tctex1 (DYNLT1) used here
appears to detect both Tctex1 (DYNLT1) and rp3 (DYNLT3)
because we see a partial suppression of expression of both
isoforms (Figure 1D). Only DYNLL1 is expressed in our
HeLa cells, but this can also be efficiently suppressed (Figure
1E). Dynein-2 heavy chain (DYNC2H1) is also effectively
suppressed in HeLa cells as shown by Figure 1F. A lack of

Figure 3. Effect of dynein subunit suppression on
Golgi organization and function. (A) Cells depleted of
targets as indicated were immunolabeled with antibod-
ies to detect (A) GalT and ��-COP or (B) GM130. RGB
and magenta/green merges show, respectively, GalT in
green, with ��-COP in red or magenta. Symbols indi-
cated where GalT localization (Golgi transport) or the
integrity of the Golgi itself (Golgi structure) is (plus) or
is not (minus) perturbed. Nuclei were labeled with
DAPI (blue). Panels show enlargements from entire
fields of view shown in Supplementary Figures S2 and
S4. (C) Immunofluorescence labeling of cells depleted of
lamin A/C, LIC1, or LIC2 with anti-giantin antibodies.
Images in C were acquired with a 60� objective. Bar (all
panels), 10 �m.
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available antibodies with specificity for dynein-2 hampered
further analysis here, but clear suppression in hTERT-RPE1
cells was also evident (not shown). Where suitable antibod-
ies were not available, we used qPCR to monitor target
suppression. This showed that in HeLa cells, Roadblock 1
(DYNLRB1) and D2LIC/LIC3 (DYNC2LI1) were suppressed
to a maximum of 68% (DYNLRB1a) and 81% (DYNC2H1b),
respectively. In hTERT-RPE1 cells Roadblock 1 (DYNLRB1)
suppression was highly effective (92 and 96% average deple-
tion with DYNLRB1a and DYNLRB1b, respectively); D2LIC/
LIC3 (DYNC2LI1) depletion was also effective, showing 61%
suppression with DYNC2LI1a and 52% suppression with
DYNC2LI1b. All results obtained using HeLa cells were vali-
dated using hTERT-RPE1 cells.

Subsequent experiments used indirect immunofluores-
cence and live cell imaging to define the effects of depleting
dynein subunits on cellular function. Cells were grown and
transfected in either eight-well chamber slides or 96-well
plates, and images were acquired using an XYZ scanning
stage set up to image randomly selected areas within each
well with a 40� objective lens. This approach provides an
unbiased analysis of phenotype and includes multiple cells
in each field of view. In all cases, high-resolution images
were obtained using glass-bottomed dishes or coverslips
with high-magnification oil immersion lenses to validate the
data (not shown).

Biochemical Analysis of the Dynein Complex after
Subunit Depletion
It is possible and, based on other studies likely (Caviston et
al., 2007; Grigoriev et al., 2007; Levy and Holzbaur, 2008),
that suppression of some dynein subunits results in concom-
itant loss of other subunits and therefore gross defects in
dynein stability. We therefore blotted lysates of HeLa cells in
which dynein subunits had been suppressed for components
of dynein to assess expression of GAPDH and p50dynamitin as
controls (Figures 2, A and B, respectively) and DHC1
(DYNC1H1, Figure 2C), IC2 (DYNC1I2, Figure 2D), LIC1
(DYNC1LI1, Figure 2E), LIC2 (DYNC1LI2, Figure 2F), LC8
(DYNLL1 Figure 2G), or Tctex1 (DYNLT1, Figure 2H). Dynein
subunit suppression has no effect on GAPDH or p50dynamitin;
in accordance with previous work, dynein heavy-chain sup-
pression results in loss of DHC1 as expected (Figure 2C) as well
as concomitant loss of IC2 (Figure 2D); notably we also see a
partial (�50% loss of each of LIC1, LIC2, and Tctex1 (Figure 2,
E, F, and H, respectively) after DHC1 suppression. Interest-
ingly, suppression of IC2 also causes a loss of Tctex1 (Figure
2H) but not of either LIC. LC8 is not lost from cells other than
when directly targeted by RNAi (Figure 2G). Suppression of
other dynein subunits (both light intermediate chains and all
light chains) only results in loss of the specific subunits that are
suppressed. We then sought to extend this work using sucrose
density centrifugation to define the size of dynein after subunit
suppression (Figure 2, I–L). As expected, suppression of lamin
A/C did not shift dynein on gradient from its expected posi-
tion of �20S (Figure 2I). Suppression of DHC1 (DYNC1H1,
Figure 2J) resulted in a loss of DHC1 immunoreactivity (with a
very small amount visible on 30-min exposures; not shown),
and a shift of IC2 (DYNC1I2), LIC1 (DYNC1LI1), and LIC2
(DYNC1LI2) to lower fractions consistent with disassembly of
the complex. Notably, dynactin integrity (p50dynamitin) was
unaffected. Suppression of LIC1 (Figure 2K) resulted in a loss
of reactivity for the target as expected, but importantly, the
majority of DHC1, IC2, and all LIC2 remained associated with
20S fractions. Consistent with this, loss of LIC2 did not displace
DHC1 or LIC1 from the 20S fraction (Figure 2L), indicating that
there are indeed two distinct populations of dynein containing

either LIC1 or LIC2. This is entirely consistent with previously
published data (Tynan et al., 2000).

Analysis of Transport to the Golgi
To examine the effects of dynein subunit suppression on
membrane trafficking, we first chose to examine transport of
cargo from the ER to the Golgi, a transport step for which
unequivocal evidence exists of a role for dynein. To define
the requirement for dynein subunit function in ER-to-Golgi
transport, we deliberately chose to assay transport of an
endogenous cargo rather than an exogenous, overexpressed
marker. We determined the effects of dynein subunit sup-

Figure 4. Quantification of disruption of Golgi architecture. Cells
depleted of individual dynein subunits using one of two different
siRNA duplexes (denoted a and b) were analyzed by automated
object analysis as described in Materials and Methods. (A) The local-
ization of GalT was quantified by detecting COPI-labeled structures
based on intensity and measuring the intensity of GalT labeling
within these areas. (B and C) Histograms showing the number of
Golgi particles (�1 �m3) labeled with antibodies to detect (B) COPI
or (C) GM130. Error bars, SD; statistical significance, *p � 0.05.
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pression on the localization of �1,4-galactosyltransferase I
(GalT), an enzyme that localizes at steady state to the trans-
Golgi cisternae (Nilsson et al., 1991). GalT cycles slowly
between the ER and Golgi (Storrie et al., 1998), thereby acting
as an endogenous indicator of transport between these com-
partments. A block of ER export or ER-to-Golgi transport
results in a relocalization of GalT to the ER or other pre-
Golgi compartments such as the ERGIC. Concomitantly we
examined the distribution of the COPI coatomer complex,
which is recruited to pre-Golgi membranes and to the Golgi
apparatus itself (reviewed in Lippincott-Schwartz and Liu,
2006). COPI therefore provides an indicator of both Golgi
integrity and of transport between the ER and Golgi.

Depletion of LIC1, Tctex1, or LC8 caused a near complete
loss of punctate labeling for GalT in cells (Figures 3A and
Supplementary Figure S2). Higher exposures (not shown)
revealed a diffuse labeling throughout cells consistent with a
redistribution of GalT to the ER. Consistent with this, im-

munoblotting of cell lysates confirmed that GalT was not
degraded in these cells (Supplementary Figure S3), rather
redistributed. Similarly, no effect on expression levels of
lamin A/C, p150glued, Sec24C, GAPDH, or EEA1 were ob-
served (Supplementary Figure S3, these also serve to act as
further validation of our siRNA specificity). We interpret
these data as revealing a key role for each of these subunits
in the transport of cargo from the ER to the Golgi (i.e., Golgi
structure is perturbed but Golgi remnants are devoid of
detectable GalT). An alternative explanation would be that
dynein is required to retain GalT in the Golgi, but the weight

Figure 5. Effect of dynein subunit suppression on ERES (COPII)
and the ERGIC. Cells depleted of targets as indicated were immu-
nolabeled with antibodies to detect ERGIC-53 (green) and Sec24C
(red, a core component of the COPII coat and marker of ERES). RGB
and magenta/green merges show, respectively, ERGIC-53 in green,
with Sec24C in red or magenta. Panels show enlargements from
entire fields of view shown in Supplementary Figure S5. Bar (all
panels), 10 �m.

Figure 6. Quantification of disruption of ERGIC structures and
ERES. Cells depleted of individual dynein subunits using one of two
different siRNA duplexes (denoted a and b) were analyzed by
automated object analysis as described in Materials and Methods. (A)
Histogram showing total number of ERGIC-53–positive structures
�4 �m3. (B) Histogram showing the total number of ERGIC-53–
positive structures �4 �m3. (C) Histogram showing the total num-
ber of Sec24C-labeled objects �1 �m3. Error bars, SD; statistical
significance, *p � 0.05.
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of evidence presented here and in the literature (Corthesy-
Theulaz et al., 1992; Burkhardt et al., 1997; Presley et al., 1997)
is more consistent with a defect in ER-to-Golgi transport in
these experiments. These experiments showed severe dis-
ruption of Golgi structure (shown by COPI labeling) after
depletion of dynein-1 heavy chain, IC2, LIC1, Tctex1, Road-
block 1, or LC8 (Figure 3A, showing enlargements of cells;
full images of multiple cells with each of the two siRNA
duplexes used are shown in Figure S2). Surprisingly, sup-
pression of several subunits that caused obvious disruption
to Golgi architecture (dynein-1 heavy chain, IC2, and Road-
block 1) did not show the same defect in GalT localization
(Figure 3A, Supplementary Figure S2). In these cases, GalT
remained associated with the scattered Golgi fragments. We
confirmed that GalT is redistributed under these conditions
as opposed to being degraded by immunoblotting of whole
cell lysates (Supplementary Figure S3).

To provide a completely objective analysis of the data, we
undertook automated object analysis as described in Mate-
rials and Methods. This approach, the results of which are
shown in Figure 4, enabled an unbiased determination of the
effects of dynein subunit suppression. We measured the
number of COPI-positive structures (by thresholding the red
channel) that were positive for GalT (by measuring objects
above threshold intensity in the green channel). This pro-
vides a measure of the maintenance of GalT within intact or
scattered Golgi elements and provides an endogenous
marker for ongoing ER-to-Golgi transport. Here, suppres-
sion of LIC1, Tctex1, or LC8 resulted in a statistically dis-
cernable reduction in the localization of GalT to the Golgi
(Figure 4A, horizontal bars and asterisks indicate statistical
significance, where p � 0.05 in an unpaired t test). Quanti-
fication if the number of pre-Golgi and Golgi elements
(COPI-positive structures, Figure 4B) also showed a statisti-
cally discernable (p � 0.05) increase after suppression of
dynein-1 heavy chain, IC2, LIC1, Tctex1, Roadblock 1, or
LC8. We obtained indistinguishable results using giantin (a
transmembrane domain–containing marker of the Golgi;
Figure 3C and data not shown).

Data showing the redistribution of COPI labeling are con-
sistent with a perturbation of Golgi organization; thus we
determined the localization of other Golgi markers in cells
suppressed of individual dynein subunits. GM130 is a pe-
ripheral membrane protein that forms part of the Golgi
matrix (Nakamura et al., 1995). Figure 3B and Supplemen-
tary Figure S4 show that, as seen above, suppression of
dynein-1 heavy chain, IC2, LIC1, Tctex1, or Roadblock 1 all
resulted in disruption of Golgi structure, with a pronounced
scattering of GM130-positive structures throughout the cy-
toplasm. These data were also quantified using automated
analysis (Figure 4C); this confirmed suppression of each of
these subunits, with either of the two independent siRNAs
used, and showed a statistically discernable increase in the
number of discrete Golgi (GM130-positive) elements per
cell. These experiments define two populations of dynein
subunits: those that are involved in transport to the Golgi
and those that are involved in maintenance of Golgi struc-
ture itself.

Analysis of ER Exit Sites and the ERGIC
The first membrane-trafficking step in the secretory pathway
is the formation of COPII-coated transport vesicles at dis-
crete sites on the ER known as ER export sites (Hughes and
Stephens, 2008). These vesicles bud and then coalesce to
form the ERGIC, which is defined by the presence of a
cargo-receptor, ERGIC-53. Antibody labeling of the COPII
component Sec24C and of ERGIC-53 revealed key roles for

dynein-1 heavy chain, LIC1, and to a lesser extent IC2 in
maintaining the architecture of the ERGIC (Figure 5 showing
enlargements of cells; full images of multiple cells with each
of the two siRNA duplexes used are shown in Supplemen-
tary Figure S5, and these data are quantified in Figure 6).
Notably, enlarged structures positive for ERGIC-53 were
seen in cells, a phenotype most dramatically evident after
suppression of LIC1 (Figures 5 and 6A and Supplementary
Figure S5). Note the defects in ERGIC organization that are
reflected by the gross changes in structure; the number of
small ERGIC-53–positive objects was unchanged (Figure
6B). Despite dramatic effects caused by LIC1 suppression,
LIC2 suppression did not cause detectable changes in
ERGIC-53 or COPII localization. The apparent loss of jux-

Figure 7. Effect of dynein subunit suppression on Golgi architec-
ture and transferrin uptake in living cells. Cells stably expressing
GRASP65-GFP (green) were depleted of targets as indicated and
loaded with AlexaFluor-568-transferrin (red) for 1 h at 37°C fol-
lowed by imaging also at 37°C. At this time AlexaFluor-568-trans-
ferrin labels a significant intracellular pool with little peripheral
labeling in controls; peripheral accumulation indicates a defect in
centripetal translocation of transferrin-positive endosomes. Symbols
indicate where depletion of individual subunits does (plus) or does
not (minus) result in peripheral accumulation of transferrin-positive
endosomes. Panels show enlargements from entire fields of view
shown in Supplementary Figure S6. Bar (all panels), 10 �m.
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tanuclear clustering of Sec24C (COPII) would correlate with
our observations on ER-to-Golgi transport as defined by
GalT localization and would be consistent with the reported
cargo-dependent recruitment of COPII to ERES (Forster et
al., 2006; Guo and Linstedt, 2006); however, using threshold-
ing either based on Sec24C-positive object intensity or size,
we were not able to define any difference in intensity, dis-
tribution, or number of Sec24C-positive puncta with any
statistical confidence (Figure 6C). This might therefore be a
result of epitope masking rather than a reduction of Sec24C
at ERES. In addition, although an obvious change in the
morphology of ERGIC-53-positive structures was observed
after suppression of dynein heavy chain-1, IC2, or LIC1, no
change in the number of these objects was evident.

Analysis of Golgi Structure and Endocytosis in Live Cells
Our data relating to Golgi architecture were further vali-
dated using a live cell imaging approach with HeLa cells
stably expressing GRASP65-GFP (Lane et al., 2002). These
cells were also labeled for 60 min with fluorescent trans-
ferrin to monitor endocytosis and early endosome distribu-
tion. These assays were performed on individual glass-bot-
tom dishes rather than multiwell format plates because the
timing of imaging is critical with regard to comparing trans-
ferrin localization between samples. Imaging of GRASP65-
GFP–validated data obtained from COPI labeling in that

suppression of dynein-1 heavy chain, IC2, LIC1, Tctex1,
caused a disruption of Golgi structure (Figures 7 and Sup-
plementary Figure S6, quantified in Figure 8A). Intriguingly,
depletion of Roadblock 1 or LC8 did not cause such dramatic
phenotypes with regard to Golgi structure as we observed in
other experiments. This might reflect a difference in assay
sensitivity when imaging live cells expressing relatively low
levels of GFP-tagged GRASP65 versus strong labeling of
markers using indirect immunofluorescence with fixed sam-
ples. Consistent with this, the automated detection that we
have used counts about half the number of objects here
compared with immunofluorescence labeling of either
GM130 or COPI.

In these live cell imaging assays, discernable differences
were observed in the localization of AlexaFluor-568-trans-
ferrin after a 60-min pulse of labeling (Figures 7 and Sup-
plementary Figure S6, quantified in Figure 8B). We have
previously shown that suppression of the LC8 subunit
causes defects in endocytosis and endosomal sorting (Traer
et al., 2007). Here, we include data on all other dynein
subunits in addition to LC8. We found that suppression of
dynein-1 heavy chain, IC2, LIC2, Tctex1, Roadblock 1, or
LC8 all induced an accumulation of AlexaFluor-568-trans-
ferrin in the cell periphery. This defines a subset of dynein
that is involved in endocytosis and/or endosomal function.
Intriguingly, a key difference here to our experiments look-

Figure 8. Quantification of localization of trans-
ferrin-positive endosomes. Cells depleted of indi-
vidual dynein subunits using one of two different
siRNA duplexes (denoted a and b) were analyzed by
automated object analysis as described in Materials
and Methods. (A) The number of GRASP65-GFP–
labeled Golgi structures (�1 �m3) was counted
based on intensity thresholding. (B) The area cov-
ered by peripherally localized transferrin-positive
endosomes was counted. Error bars, SD; statistical
significance, *p � 0.05.
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ing at Golgi structure is the role of LIC2 in endocytic func-
tion (Figures 7 and Supplementary Figure S6) as opposed to
that of LIC1 in Golgi function (Figures 3 and Supplementary
Figure S2).

Organization of the Microtubule Cytoskeleton
The organization of the Golgi apparatus correlates closely
with the integrity of the microtubule cytoskeleton (Thyberg
and Moskalewski, 1985). Dynein has also been shown to
play a key role in the radial organization of the microtubule
network (Quintyne et al., 1999; Malikov et al., 2004). Thus, we
analyzed the radial array of microtubules in cells (Figures 9
and Supplementary Figure S7). No obvious differences were
seen between cells depleted of any dynein subunit in terms
of a centrally organized microtubule array, suggesting that
the defects in Golgi organization are not down to a gross
disorganization of the microtubule cytoskeleton. Interest-
ingly, cells depleted of LIC2, Roadblock 1, or LC8 showed a
higher proportion of cells that show a failure to complete
cytokinesis (Figure 9) and suggested that these subunits play

important roles in the completion of abscission. We quanti-
fied these data by visual inspection (Figure 9B) and found
that suppression of LIC2, Roadblock1, LC8 all cause a sta-
tistically detectable increase in the number of cytokinetic
failures, which was not seen after suppression of other sub-
units. Further to this, we sought to quantify any possible
defect in mitosis after dynein subunit suppression using
phospho-histone H3 labeling. Figure 9C shows that suppres-
sion of DHC1, IC2, LIC1, LIC2, and LT1, all caused a statis-
tically detectable increase in the number of phospho-H3–
labeled cells. No difference was discernable for suppression
of other dynein light chains or dynein-2 components.

Rescue of LIC1 and LIC2 Suppression
The major findings of this study were that two subpopula-
tions of dynein-1 exist that are involved in trafficking at
different locations within the cell. LIC1-containing dynein
primarily operates at the Golgi and in ER-to-Golgi traffick-
ing. In contrast LIC2-containing dynein operates in the en-
dosomal system. To ensure the specificity of our siRNA
experiments, we used two independent duplexes against
each target and further validated our major findings (Golgi
scattering, relocalization of GalT, and redistribution of recy-
cling endosomes) using two additional siRNA duplexes
against each of LIC1 and LIC2 (DYNC1LI1c, DYNC1LI1d,
DYNC1LI2c, and DYNC1LI2d). In addition, we sought to
“rescue” the effects of suppression of these subunits by
recombinant expression of mouse orthologues of the two
light intermediate chains, mLIC1 and mLIC2; these are not
predicted to be targeted by our siRNAs, and immunofluo-
rescence labeling confirms this (not shown). Cells in which
LIC1 or 2 had been suppressed were transfected with cDNAs
to express untagged versions of mLIC1 or mLIC2 and then
either fixed and immunolabeled these cells for GalT and
GRASP65 (Figure 10) or loaded with AlexaFluor-568-trans-
ferrin for 60 min followed by fixation and labeling with anti-
GRASP65 antibodies (Figure 11).

Figure 10 shows siRNA-transfected cells that have subse-
quently been transfected with a plasmid encoding mLIC1;
asterisks mark the transfected cells with arrows, indicating
cells that were not detectably expressing mLIC1 by immu-
nofluorescence. In nonsuppressed or lamin A/C cells, the
Golgi is located in a classical juxtanuclear position and con-
tains GalT. This is largely unaffected by mLIC1 expression;
it is possible that mLIC1 expression enhances the jux-
tanuclear clustering of the Golgi, but we have not inves-
tigated this further. In DHC1 suppressed cells, expression
of mLIC1 does not alter the scattered Golgi or intensity of
GalT labeling. In cells suppressed for LIC1, expression of
mLIC1 rescues the localization of GalT to the Golgi and
substantially restores the juxtanuclear localization (indis-
tinguishable results were obtained using the DYNC1LI1b
duplex; see Figure 11). In contrast, cells depleted of LIC2
do not show significant Golgi scattering or loss of GalT
labeling from the Golgi, and this is unchanged by expres-
sion of mLIC1.

Our data show that cells depleted of LIC2 show a scatter-
ing of juxtanuclear recycling endosomes to the cell periph-
ery. We used this assay, in combination with Golgi labeling
to determine whether mLIC2 could reverse the loss of LIC2
from HeLa cells. Figure 11A shows that cells that have been
transfected with duplexes to suppress LIC2 and subse-
quently with a plasmid encoding mLIC2 show classical jux-
tanuclear clustering of both the Golgi and transferrin-posi-
tive recycling endosome. In contrast, mLIC1 expression
cannot rescue the peripheral distribution of recycling endo-
somes. We then sought to test the specificity of these rescue

Figure 9. LIC2 (DYNC1LI2) and LC8 (DYNLL1) are required for
the completion of abscission during cytokinesis. (A) Cells depleted
of dynein subunits were processed for immunofluorescence using
antibodies to detect �-tubulin (green in right column); cells were
counterstained with DAPI to visualize cell nuclei (blue). Bar (all
panels), 20 �m. (B) Images were scored by visual inspection for
numbers of cells at the stage of abscission (intercellular tubulin
bridges) and are expressed as a percentage of cells analyzed (�200
cells from three independent experiments). Error bars, SD, asterisks
indicate statistically discernable differences; only LIC2 (DYNC1LI2,
p 	 0.004), Roadblock1 (DYNLRB1, p 	 0.007), and LC8 (DYNLL1,
p 	 0.04) show statistically detectable differences to lamin sA/
C–depleted controls. (C) Cells depleted of dynein subunits were
fixed and immunolabeled to detect phospho-histone H3 (Serine-10).
Error bars, SD; asterisk and horizontal bar indicate statistical signif-
icance: DHC1 (DYNC1H1) p 	 0.002, IC2 (DYNC1I1) p 	 0.01, LIC1
(DYNC1LI1) p 	 0.01, LIC2 (DYNC1LI2) p 	 0.004, Tctex1
(DYNLT1) p 	 0.01, and Roadblock1 (DYNLRB1) p 	 0.03.
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experiments. Figure 11B shows that in cells depleted of LIC1
the Golgi is scattered, but the transferrin-labeled endosomes
retain their juxtanuclear localization. Significantly, in most
cells (�70%) the dispersal of the Golgi is unaffected by
mLIC2 expression, indicating that mLIC2 cannot substan-
tially replace the function of endogenous LIC1 in HeLa cells.
Some cells (�30%) show a greater juxtanuclear clustering of
Golgi elements, but this does not correlate with mLIC2
expression level. These cells could reflect those that were
poorly suppressed for LIC1 initially or potentially indicate
that under certain circumstances, mLIC2 can functionally
replace LIC1. In contrast, as indicated by the results in
Figure 10, expression of mLIC1 can restore the juxtanuclear
localization of the Golgi in cells where LIC1 had previously
been suppressed. Together these data confirm our findings
that LIC1 acts primarily in Golgi function and ER-to-Golgi
transport, whereas LIC2 plays a key role in recycling endo-
some localization.

DISCUSSION

We have used siRNA suppression to define the roles of all
individual dynein subunits in mammalian cells. Other stud-
ies have used a similar strategy, and this experimental ap-
proach has the key advantage of leaving the microtubule
cytoskeleton largely intact but reducing the amount of the
dynein subunits in cells. This contrasts with other ap-

proaches previously used that either target the dynein ac-
cessory complex dynactin or globally block dynein function
through the introduction of inhibitory antibodies. Notably
microinjection of function blocking antibodies routinely tar-
gets IC2 (e.g., Driskell et al., 2007) and therefore would
interfere with the function of all dynein-1 subcomplexes in
most nonneuronal cells.

Immunoblotting and sucrose density gradient centrifuga-
tion reveal some requirements for the structural integrity of
dynein. Suppression of DHC1 also results in a loss of IC2
from cells, as has been shown by others (Caviston et al., 2007;
Grigoriev et al., 2007; Levy and Holzbaur, 2008). Further to
this, we find that Tctex1 is lost from cells suppressed for
DHC1, IC2, or Tctex1 itself. This clearly has important im-
plications for our own data as well as that of others in which
either DHC1 or IC2 is suppressed. Targeting these subunits
should be seen perhaps as a more global suppression of
dynein function. Together with our other data, DHC1, IC2,
and Tctex1 can very much be seen as central to the function
of dynein overall. One of the two dynein-1 light intermedi-
ate chains is required in addition to these. The requirements
for associated light chains differ, and their analysis is signif-
icantly hampered by nondynein functions of these proteins.
Given that suppression of DHC1 causes at least a partial loss
of IC2 as well, one might expect all assays to show near
identical results after either DHC1 and IC2 suppression.

Figure 10. Rescue of LIC1 suppression by mLIC1 expression. Cells
were suppressed for LIC1 followed by transfection with a plasmid
encoding mLIC1. Asterisks indicate expressing cells (as adjudged by
LIC1 immunofluorescence), and arrows indicate cells that were not
detectably expressing mLIC1 above background. Note that suppres-
sion of DHC1 causes Golgi fragmentation that is not rescued by
mLIC1 suppression. Golgi fragmentation in LIC1 suppressed cells is
effectively rescued by expression of mLIC1. Bar (all panels), 20 �m.

Figure 11. Rescue of LIC2 suppression by mLIC2 expression. Cells
were suppressed by siRNA transfection and subsequently with
plasmids encoding either mLIC1 or mLIC2 as indicated. After in-
cubation with AlexaFluor-568-transferrin for 60 min, cells were
extensively washed, fixed, and immunolabeled to detect GRASP65
and mLICs. Asterisks indicate mLIC-expressing cells. (A) The pe-
ripheral distribution of transferrin endosomes in LIC2 suppressed
cells is rescued by mLIC2 expression but not by mLIC1 expression.
(B) Golgi fragmentation caused by LIC1 suppression is rescued by
mLIC1 but not mLIC2 expression. Bar (all panels), 20 �m.
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This does not reflect what we see in all assays, for example,
the effects on ERGIC structure. A likely explanation for this
is that direct suppression of IC2 is more effective in our
hands than suppression of DHC1 and certainly results in a
lower remaining amount of IC2 within cells. Thus, IC2 sup-
pression provides a robust block in almost all trafficking
assays. That IC2 suppression also results in loss of Tctex
perhaps compounds the strength of these phenotypes be-
cause our work implicates Tctex1 in multiple steps of mem-
brane trafficking and mitosis.

Our data clearly define the individual subunits of the
dynein motor that are involved in particular membrane-
trafficking steps (summarized in Table 1 and Figure 12). Our
work shows that almost all known subunits of the cytoplas-
mic dynein-1 complex are required to maintain the structure
of the Golgi with the exception of LIC2 and rp3; our use of
multiple markers for the Golgi (GM130, GRASP65-GFP and
��-COP) validates these findings in both living and fixed
cells. Obvious defects in Golgi organization are consistent
with the role of this organelle, located adjacent to the cen-
trosome in HeLa cells in the vicinity of microtubule minus
ends, as a central hub for diverse dynein-driven membrane
trafficking from many parts of the cell.

We show that LIC1 is a major component of the machin-
ery that maintains the steady-state architecture of the ERGIC
and plays a key role in supporting stable recruitment of
COPII to the ERES. We have previously shown that dynactin
is important for the function of ER exit sites through a direct
interaction between its p150glued subunit and the COPII
component Sec23A (Watson et al., 2005). More recently, we
have found that dynein itself plays a role in the anchoring of
the Sec23-labeled ERES (Gupta et al., 2008). Our data reveal
key roles for LIC1, Tctex1, and LC8 in ER-to-Golgi transport
because their suppression results in a loss of endogenous
GalT from the Golgi. This is consistent with the localization
of Tctex1 to the Golgi (Tai et al., 1998) and with our other
experiments on COPII localization and ERGIC structure.
These data are also consistent with a role for dynein in ER
export; if centripetal transport rather than ER export is per-
turbed, one might expect to have seen an accumulation in

punctate ERGIC or vesicular-tubular clusters; instead, we
observe the relocation of GalT to the ER, consistent with an
inhibition of ER export. ER-to-Golgi transport has long been

Table 1. Summary of findings

GalT localization
phenotype

(ER-to-Golgi
transport)

Golgi scattering
phenotype

(GM130, GRASP65
labelling)

ERGIC structure
phenotype
(ERGIC-53
labeling)

Transferrin-labeled
endosome phenotype

(peripheral
distribution)

Abscission
phenotype
(anaphase
bridges)

Phospho-histone
H3 labeling

phenotype (mitotic
progression)

Dynein-1 heavy chain,
DHC1 (DYNC1H1)

NO YES YES YES NO YES

IC2 (DYNC1LI2) NO YES YES YES NO YES
LIC1 (DYNC1LI1) YES YES YES NO NO YES
LIC2 (DYNC1LI2) NO NO NO YES YES YES
Tctex1 (DYNLT1) YES YES NO YES NO YES
rp3 (DYNLT3) NO NO NO NO NO NO
Roadblock 1

(DYNLRB1)
NO YES NO YES YES YES

LC8 (DYNLL1) YES NO NO YES YES NO
Dynein-2 heavy chain,

DHC2 (DYNC2H1)
NO NO NO NO NO NO

D2LIC1, LIC3
(DYNC2LI1)

NO NO NO NO NO NO

Defects are summarized here based on visual inspection of images and statistical relevance from automated object quantification. Conse-
quently, as an example, LC8 (DYNLL1) scores negative for Golgi structure because we only see a strong phenotype when using COPI as a
marker that also reports ongoing transport between the ER and Golgi. When measured using GM130 or GRASP65-GFP as markers, Golgi
structure is not strongly perturbed after LC8 suppression.

Figure 12. Summary model of the roles for dynein subunits iden-
tified in this study. The summary is compiled from the quantitative
imaging data and is designed to highlight the most prominent of the
phenotypes that we observe. All steps require the dynein heavy
chain (DHC1 subunit) and IC (IC2 subunit) because these are re-
quired for complex assembly, but we do not always observe strong
phenotypes in our assays after suppression of these subunits, which
is most likely due to incomplete suppression of expression. These
data are also summarized in Table 1.
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known to be mediated by dynein in concert with dynactin
(Corthesy-Theulaz et al., 1992; Presley et al., 1997); perhaps
most importantly, our data show the importance of dynein,
rather than the global organization of microtubules, in cen-
tripetal transport from the ER to the Golgi, maintenance of
the steady-state composition, and structural organization of
the Golgi.

Significantly our data identify distinct functions of dynein
in Golgi organization versus ongoing ER-to-Golgi transport.
The presence of these two pools is exemplified by the role of
LC8. Suppression of LC8 expression results in a loss of GalT
from the Golgi but no statistically discernable perturbation
of Golgi organization (at least at the level of our analyses).
The loss of GalT correlates with an increase in number of
COPI-positive structures, consistent with a block in trans-
port to the Golgi, but the overall architecture of the Golgi
matrix (GM130, GRASP65-GFP) is not significantly per-
turbed. Further finer detail from our data is also consistent
with this: those dynein subunits that, when suppressed, lead
to an increase in the number of COPI-positive structures
overlaps with both the set of subunits, which show strong
GalT phenotypes and also those that show strong GM130
and GRASP65 phenotypes (in terms of Golgi scattering).
This is entirely consistent with roles for COPI in both ER-
to-Golgi transport and in maintaining the structural integ-
rity of the Golgi.

The role of dynein in the endocytic pathway is also well
established (Aniento et al., 1993; Burkhardt et al., 1997;
Habermann et al., 2001), and recent work has provided
considerable molecular detail regarding the mechanism of
recruitment of dynein to endosomal membranes (Caviston et
al., 2007; Traer et al., 2007), the requirement for dynein in
receptor sorting (Lakadamyali et al., 2006; Driskell et al.,
2007), and specific roles for individual dynein subunits in
endosomal sorting and trafficking (Traer et al., 2007; Ha et al.,
2008). Notable was the severity of disruption of endosome
distribution after LIC2 depletion, which was a much more
obvious phenotype that we see with other subunits such as
LC8 that we have previously implicated in this process
(Traer et al., 2007). There are two immediate possibilities to
explain this: either LIC2 plays a more direct role in endo-
some motility or loss of one light chain is more easily com-
pensated for by the presence of the other dynein light chains.
Our data reveal a core complex of “endosomal” dynein
controlling the localization of these structures (Table 1 and
Figure 12).

The differential role of the dynein light intermediate
chains in Golgi (LIC1) and endosome (LIC2) function is
perhaps the most striking finding of this study. This speci-
ficity is consistent with the presence of distinct dynein com-
plexes that either contain homooligomers of LIC1 or LIC2
but not heterooligomers of both (Tynan et al., 2000). Other
recent data support the idea of light intermediate chains as
potential linkers to cargo molecules; LIC1 was shown to
remove specific components from the kinetochore during
spindle assembly checkpoint silencing (Sivaram et al., 2009).
In addition this work also shows that LIC1 silencing alone
does not significantly affect dynein complex integrity, con-
sistent with our own data. Furthermore, the difference in
requirement for core dynein subunits, notably DYNC1LIs, in
movement of different organelles provides an obvious
means to control their differential recruitment to mem-
branes. An alternative explanation would be that these two
populations of dynein in fact localize to multiple organelles
yet the affinity of LIC1-dynein for the Golgi is lower than
that for the endosome; thus, one observes Golgi-related de-
fects more readily than endosomal defects. Likewise the

converse could be true for LIC2. Current reagents do not
allow us to test this possibility. Given other data suggesting
similar specific roles for LIC1 (Sivaram et al., 2009), we favor
a model in which LIC1 and LIC2 can direct recruitment of
dynein to the Golgi and endosomes, respectively. Clearly
there are multiple potential mechanisms by which these
subunits direct dynein recruitment and binding to mem-
branes, proteins, and other cargoes.

We also identified Roadblock 1 in our screen for subunits
affecting endosome localization; this is consistent with its
recent identification as a binding partner for Rab6 (Wan-
schers et al., 2008). The peripheral distribution of transferrin
after Roadblock 1 suppression would be predicted from the
recently proposed model implicating Rab6 in anchoring
Rab11-positive recycling endosomes in the juxtanuclear area
via interaction of both Rab6 and Rab11 with Rab6IP1
(Miserey-Lenkei et al., 2007). These and other data hint at
complex mechanisms for the recruitment and control of
activity of dynein on endosomes that clearly requires further
investigation.

Roles for dynein in cell division are also clearly estab-
lished (Pfarr et al., 1990; Yang et al., 2007). Previous work
using siRNA depletion of dynein has previously found no
defects in mitosis or cytokinesis (Kittler et al., 2004; Zhu et al.,
2005). From our studies, suppression of LIC2, Roadblock1,
and LC8 causes failure in the completion of cytokinesis. We
note that these subunits are also implicated in endocytic
function in our assays; notably, depletion of LIC2 shows the
strongest defect in endosome distribution. Thus, it is possi-
ble that the observed defect in cytokinesis is in fact due
indirectly to a defect in the endocytic pathway that is re-
quired for the completion of cytokinesis (Eggert et al., 2006
and references therein). Our analyses also identify the major
dynein subunits, DHC1, IC2, both LICs, TcTex, and Road-
block1 as important for mitosis because suppression of any
one of these results in an increase in cells labeling with
phospho-histone H3 antibodies. This is entirely consistent
with considerable published work, and we have not inves-
tigated these phenotypes further.

We did not identify any role for dynein-2 in any of the
trafficking assays we undertook. Assays were performed
with five independent siRNA duplexes targeting dynein-2
heavy chain (data not shown), and none revealed any role
for dynein-2 in Golgi or early endosome organization. Dy-
nein-2 and its associated light IC LIC3 have been shown to
have key roles in the biogenesis and function of primary cilia
(Pazour et al., 1999; Porter et al., 1999; Signor et al., 1999;
Grissom et al., 2002). We were able to confirm the role of
dynein-2 heavy chain and LIC3 in primary cilia function
(K. J. Palmer and D. J. Stephens, unpublished observations),
which validates the efficacy of these siRNA duplexes. Thus,
our data are not consistent with a direct role for dynein-2 in
Golgi or endosome function.

In summary, our data identify populations of dynein that
are involved in ER-to-Golgi transport, in maintaining the
structure of the Golgi, or in endosome distribution. This
could reflect distinct pools of dynein within the cell that
have specific subunit compositions or could reflect differen-
tial usage of subunits within common complexes (e.g., we
cannot explicitly state that “Golgi” pools of dynein do not
contain rp3 subunits, but our experiments can identify no
role for them at this location). Our results provide a frame-
work for further analysis of the molecular mechanisms by
which individual dynein complexes are recruited to and
function in these individual trafficking steps, as well as in
other intracellular events including cell polarization and
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migration, autophagy, and the movement and positioning of
organelles.
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