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Summary 13 

The microtubule motor complex cytoplasmic dynein is known to be involved in multiple processes 14 

including endomembrane organization and trafficking, mitosis, and microtubule organization. The 15 

majority of studies of cytoplasmic dynein have focussed on the form of the motor that is built around 16 

the dynein-1 heavy chain. A second isoform, dynein heavy chain-2, and its specifically associated 17 

light intermediate chain, LIC3 (D2LIC), are known to be involved in the formation and function of 18 

primary cilia. We have used RNAi in human epithelial cells to define the cytoplasmic dynein 19 

subunits that function with dynein heavy chain 2 in primary cilia. We identify the dynein light chain 20 

Tctex-1 as a key modulator of cilia length control; depletion of Tctex-1 results in longer cilia as 21 

defined by both acetylated tubulin labelling of the axoneme and Rab8a labelling of the cilia 22 

membrane. Suppression of dynein heavy chain-2 causes concomitant loss of Tctex-1 and this 23 

correlates with an increase in cilia length. Compared to individual depletions, double siRNA 24 

depletion of DHC2 and Tctex-1 causes an even greater increase in cilia length. Our data show that 25 

Tctex-1 is a key regulator of cilia length and most likely functions as part of dynein-2. 26 

27 
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Introduction 28 

Primary cilia are found on nearly all cells in the human body (Satir et al., 2010; Ishikawa and 29 

Marshall, 2011). They are a major mechanosensory organelle with key roles in developmental 30 

patterning and cell growth control. Dysfunction of primary cilia is associated with a growing number 31 

of diseases including polycystic kidney disease and a large array of ciliopathies (Baker and Beales, 32 

2009). The core of the primary cilium is formed by the axoneme, a 9+0 array of microtubules. These 33 

microtubules are marked by acetylation allowing specific detection using an antibody to detect this 34 

post-translational modification (Piperno and Fuller, 1985). The small GTPase Rab8a has been 35 

shown to be required for the formation and function of cilia (Nachury et al., 2007; Yoshimura et al., 36 

2007) and can be used as a marker of the cilia membrane (Hattula et al., 2006) which while 37 

contiguous with the rest of the plasma membrane forms a functionally distinct domain. Trafficking 38 

with the cilium occurs by intraflagellar transport (Scholey, 2008), a process by which particles are 39 

translocated along the axoneme driven by kinesin-2 in the anterograde direction and dynein-2 in the 40 

retrograde direction. The particles that are moved are responsible for delivery of components 41 

necessary to build and maintain the cilium as well as to remove components and balance the 42 

growth of axoneme and membrane.   43 

The microtubule motor cytoplasmic dynein (Paschal et al., 1987; Schroer et al., 1989) has clear 44 

roles in microtubule organization, mitosis, organelle structure and positioning, and membrane 45 

trafficking (Vallee et al., 2004). In vertebrates, the dynein motor is built around a heavy chain 46 

subunit that provides ATPase-dependent force generation as well as microtubule coupling. 47 

Associated with this large subunit are a number of accessory subunits that appear to provide some 48 

functional specialization of the motor (King et al., 2002). There are two isoforms of the cytoplasmic 49 

dynein heavy chain in humans (Gibbons et al., 1994; Vaisberg et al., 1996), DHC1 (DYNC1H1) is 50 

the best studied and can be considered the canonical dynein motor responsible for the core 51 

functions of dynein. DHC2 (DYNC2H1) (Gibbons et al., 1994) is associated with unique isoforms of 52 
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other dynein subunits: an intermediate chain ((FAP133 in Chlamydomonas reinhardtii, DYCI-1 in 53 

Caenorhabditis elegans, and WDR32 in humans (Rompolas et al., 2007; Ishikawa and Marshall, 54 

2011)), a light intermediate chain LIC3 (DYNC2LI1, also called D2LIC) (Grissom et al., 2002; 55 

Mikami et al., 2002; Perrone et al., 2003), and light chain LC8 (DYNLL1). Note that throughout we 56 

use the common names for the dynein subunits with the gene name as defined by (Pfister et al., 57 

2005) in the first instance of each case. Expression of DHC2 and LIC3 is consistent with a cilia 58 

function (Mikami et al., 2002) and compelling evidence exists for a role of these two subunits in the 59 

formation and function of primary cilia (Pazour et al., 1998; Pazour et al., 1999; Porter et al., 1999; 60 

Signor et al., 1999). Dynein-2 is a principle motor for retrograde intraflagellar transport within the 61 

cilium (Scholey, 2008). Notably, cells lacking D2LIC also lack monocilia (Rana et al., 2004) and 62 

show defects in embryogenesis. Mutations in DHC2 cause asphyxiating thoracic dystrophy and 63 

short rib-polydactyly syndrome, type III (Dagoneau et al., 2009) which are likely also ascribable to 64 

defects in cilia. Intriguingly though, in Tetrahymena thermophila dynein-2 regulates cilia length but 65 

is not itself required for ciliogenesis in (Rajagopalan et al., 2009). 66 

It is intriguing that so little is known of the role for the other subunits of cytoplasmic dynein in the 67 

function of dynein-2 or indeed in the process of ciliogenesis or intraflagellar transport. The light 68 

chain LC8 has been shown to be involved in this latter process in Chlamydomonas reinhardtii 69 

(Pazour et al., 1998) and indeed this work provided early compelling evidence of a role for dynein 70 

as the principle retrograde motor for intraflagellar transport.  71 

In previous work we have used RNA interference (RNAi) to define the roles of individual subunits of 72 

the cytoplasmic dynein motor in intracellular membrane trafficking (Palmer et al., 2009). While 73 

previous work has shown that dynein-2 localizes to the Golgi (Grissom et al., 2002), we were 74 

unable to define any role for dynein-2 in ER-to-Golgi transport, Golgi organization, recycling 75 

endosome function or lysosome distribution (Palmer et al., 2009).  During this previous study we 76 

used an in vitro assay for the formation of primary cilia (serum starvation of human retinal pigment 77 



5 

 

epithelial (RPE1) cells and acetylated tubulin labelling of primary cilia) to validate the efficacy of our 78 

DHC2 and LIC3 suppression (cited in (Palmer et al., 2009) as unpublished observations). We also 79 

used our RNAi approach to determine whether the suppression of other dynein subunits had any 80 

effect on primary cilia. Using this approach we found that the suppression of the dynein light chain 81 

Tctex-1 caused consistent defects in cilia function, manifest by a dramatic increase in cilia length. 82 

This phenotype was indistinguishable from that seen on suppression of DHC2 and indeed further 83 

analysis showed that suppression of DHC2 using specific siRNAs caused a concomitant loss of 84 

Tctex-1 from cells consistent with a physical interaction. Thus, our data define Tctex-1 as a key 85 

regulator of cilia length and implicate it as a component of the dynein-2 motor.    86 
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Results and discussion 87 

Our previous work included validation of siRNA duplexes against all known cytoplasmic dynein 88 

subunits (Palmer et al., 2009). The majority of this previous work was undertaken in HeLa cells and 89 

validated in RPE1. This latter cell line generates primary cilia on serum starvation and consequently 90 

we used this to test the requirement for physiological levels of expression of the other dynein 91 

subunits in ciliogenesis. Figure 1 shows our validation of the efficacy of dynein-2 suppression in 92 

these cells. For all experiments we used suppression of lamin A/C as a siRNA control and α-tubulin 93 

as a loading control (shown here for DHC2). Immunoblotting confirmed effective suppression of 94 

both DHC1 (Figure 1A) and DHC2 (Figure 1B) in RPE1 cells; expression of DHC2 is weakly 95 

detectable with available antibodies making quantification of suppression practically impossible by 96 

immunobloting. Following a total of 72 hours of siRNA suppression including 48 hours of serum 97 

starvation, cells were fixed and processed for immunofluorescence using anti-acetylated tubulin as 98 

a marker for cilia. It was anticipated from the published literature that DHC2 and LIC3 would show 99 

clear phenotypes in this assay (Grissom et al., 2002; Perrone et al., 2003; Rana et al., 2004). The 100 

first duplex targeting DHC2 (“DHC2 #1”) which was also the most effective as judged by 101 

immunoblotting (Figure 1B) and by qPCR (see below and Figure 3C) resulted in a decrease in the 102 

number of cells producing cilia. Only 5-15% of “DHC2 #1” transfected cells producing cilia 103 

compared to 40-80% in control experiments (n=5 independent experiments, >100 cells). Figure 2A 104 

shows cilia in control cells (enlarged in Figure 2B and 2C) with obvious emergence of cilia from 105 

centrosomes. Figure 2D (enlarged in Figure 2E-H) shows examples of cilia in DHC2 depleted cells. 106 

Cells transfected with DHC2 #1 either have very short cilia (Figure 2E), have normal cilia (Figure 107 

2F, i.e. indistinguishable from control cells), or fail to show cilia (as monitored by elongated 108 

acetylated tubulin labelling) (e.g. Figures 2G, H). Suppression of LIC3 yielded similar results (<20% 109 

cells producing cilia, data not shown).  110 
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Intriguingly cells depleted of DHC2 with a second siRNA duplex, DHC2 #2, showed a distinct 111 

phenotype – a clear elongation of cilia (Figure 2J compared to 2I, showing a examples of acetylated 112 

tubulin-labelling taken at the same magnification from control (lamin A/C suppressed cells, Figure 113 

2I) and DHC2 #2-suppressed cells, Figure 2J). In this case, the number of ciliated cells in each 114 

experiment was indistinguishable from controls (ranging from 40-80%). Immunoblotting consistently 115 

revealed DHC2 #1 to be most effective at dynein-2 suppression. Our interpretation is that this near-116 

loss of dynein-2 leads to a failure to produce cilia while a partial depletion (as seen using DHC2 #2 117 

for example) led to an increase in cilia length. Cilia elongation on transfection with DHC2 #2 was 118 

also validated by imaging GFP-Rab8a labelling of the cilia membrane (Figure 2K).  119 

Previous work has shown localization of dynein-2 to the Golgi apparatus (Grissom et al., 2002). We 120 

therefore tested its role in Golgi organization. Figure 2L shows that the Golgi apparatus (marked by 121 

giantin labelling) is unaffected by DHC2 suppression (siRNA #2 shown, indistinguishable results 122 

were found using siRNA #1). Quantification of multiple images from 5 independent experiments 123 

revealed no statistically detectable difference in number, size or distribution of giantin-labelled Golgi 124 

structures suggesting that dynein-2 is not required for the structural organization of this organelle 125 

(see also (Palmer et al., 2009)).  126 

Following on from this, we decided to test all cytoplasmic dynein subunits for their role in 127 

ciliogenesis in these cells. Cells were transfected with validated siRNA duplexes targeting each 128 

subunit individually (Palmer et al., 2009). We then used automated detection and measurement of 129 

the ciliary axoneme in cells suppressed for each cytoplasmic dynein subunit. Figure 3A shows the 130 

results from these assays (n=3) for those dynein subunits for which a phenotype was evident (and 131 

statistically validated). Statistically detectable increases in cilia length were seen following 132 

suppression of Tctex-1. Only one of two of our siRNA duplexes targeting LC8 produced an increase 133 

in cilia length in this assay despite clear evidence of a role for LC8 in cilia (Pazour et al., 1998). 134 

Many cells did show a clear increase in cilia length on suppression using the LC8-1 duplex but this 135 
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was not statistically detectable following automated image quantification. In contrast, both duplexes 136 

targeting Tctex-1 showed a consistent increase in cilia length (Figure 3A). Individual data points are 137 

plotted in Figure 3B along with the mean values (grey bars). Suppression of other dynein subunits 138 

(DHC1 (DYNC1H1), IC2 (DYNC1I2), LIC1 (DYNC1LI1), LIC2 (DYNC1LI2), or most notably the 139 

other light chains rp3 (DYNLT3) or Roadblock-1 (DYNLRB)) resulted in no difference in cilia length 140 

when compared to either non-transfected, or lamin A/C suppressed cells (not shown).  141 

To resolve to discrepancy between the data following suppression using DHC2 #1 and DHC2 #2, 142 

we used a further 3 siRNA duplexes targeting DHC2. Figure 3A and 3B show that these duplexes 143 

(DHC2 #3, #4, and #5) all led to a statistically detectable increase in cilia length. As with DHC2 #2, 144 

the number of ciliated cells was the same as in control experiments. These data correlated well with 145 

the efficacy of knockdown as measured using quantitative PCR (Figure 3C). Our interpretation is 146 

that highly effective suppression of DHC2 (by DHC2 #1) leads to a failure to produce cilia in hTERT-147 

RPE-1 cells where partial suppression (using DHC2 #2, #3, #4, or #5) result in increased cilia 148 

length. 149 

Suppression of Tctex-1 was validated using immunoblotting (Figure 3D). In addition to measuring 150 

the length of the axoneme, we transfected cells suppressed for Tctex-1 with GFP-Rab8a to 151 

determine the length of the cilium membrane. We observed an increase in length of the cilia 152 

membrane in cells depleted of Tctex-1 compared to controls (Figure 3E). The data from these 153 

experiments gave the same results as those in which we measured axoneme length (data not 154 

shown).  155 

To examine the relationship between DHC2 and Tctex-1, we immunoblotted cell lysates following 156 

suppression of DHC2 to determine the stability of Tctex-1 (Figure 4A). To our surprise, we noted 157 

that the 4 siRNA duplexes targeting DHC2 that produced an increase in the length of the axoneme 158 

resulted in loss of Tctex-1 (Figure 4B, grey bars). That we see this with four independent sequences 159 
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argues strongly against an off target effect. It is not entirely clear why we do not observe a loss of 160 

Tctex-1 following suppression using the DHC2 #1 duplex but one possibility is that this reflects 161 

some adaptation of the cells during the 72 hour time course of these experiments. Double 162 

transfection with DHC2 #1 and Tctex-1 #1 resulted in a failure of >95% (n=3 independent 163 

experiments, total 200 cells) of cells to produce cilia (Figure 4C). These data reflect those seen 164 

following depletion of DHC2 alone. Depletion with both DHC2 #2 and Tctex-1 #2 resulted in an 165 

increase in cilia length over and above that seen with single depletions alone (Figure 4C). Here the 166 

mean cilium length was 4.2 µm, compared to 1.8 µm for lamin A/C siRNA, 2.7 µm for Tctex-1 siRNA 167 

#2, and 2.5 µm for DHC2 siRNA #2. This more robust phenotype is consistent with Tctex-1 and 168 

DHC2 acting in the same complex.  169 

We conclude from this that Tctex-1 is a component of dynein-2 that is specifically required for the 170 

control of elongation of primary cilia. Despite extensive efforts we have been unable to demonstrate 171 

biochemically that Tctex-1 is indeed associated with DHC2 as well as DHC1 (robust association 172 

with DHC1 is readily detectable, not shown). The availability of antibodies that are capable of 173 

discriminating between the closely related dynein heavy chains is a major limitation here. A major 174 

caveat here is that available reagents might preclude detection of any interaction but our data would 175 

also be consistent with a dynein-2 independent function for Tctex-1 in regulating cilia length. 176 

However, we believe this unlikely for the following reasons. In Chlamydomonas, dynein-2 is known 177 

to include LIC3 and functional data strongly implicate LC8 in this complex (Pazour et al., 1998; 178 

Cole, 2003; Perrone et al., 2003). While LIC3 and DHC2 co-immunoprecipitate together LC8 did not 179 

co-sediment or co-immunoprecipitate with DHC2 (Perrone et al., 2003). This is consistent with the 180 

many dynein-independent functions of LC8 (King, 2008). Tctex1 and rp3 are capable of forming 181 

heterodimers (Lo et al., 2007) but only homodimeric complexes of either Tctex-1 or rp3 are capable 182 

of binding to dynein intermediate chains (Lo et al., 2007). Conflicting data exist relating to dynein-183 

independent functions of Tctex-1. Sucrose density centrifugation showed that all Tctex-1 was found 184 
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in fractions that co-sediment with the intact dynein complex (Lo et al., 2007), suggesting that unlike 185 

for LC8 (King, 2008), all Tctex-1 is in a dynein-based complex. However, other work has identified 186 

dynein-independent pools of Tctex-1 (Tai et al., 1998) and suggested dynein-independent functions 187 

for Tctex-1 in neurite outgrowth (Chuang et al., 2005). Reconciliation of these data might come from 188 

in the observation that the association of Tctex-1 with dynein is controlled by protein 189 

phosphorylation (Yeh et al., 2006). Indeed a picture appears to be emerging of functions for Tctex-1 190 

following its regulated dissociation from the dynein complex. Intriguingly, these appear to include 191 

the regulation of cilium disassembly as cells re-renter mitosis following a period in Go (Li et al., 192 

2011). Together these data are consistent with a model in which Tctex-1 is found in the context of 193 

both dynein-1 and dynein-2 complexes. We believe that the simplest interpretation of our own data 194 

is that Tctex-1 is a component of dynein-2 that is required for length control in primary cilia. Whether 195 

its regulated dissociation from dynein-2 is selectively involved in ciliary disassembly (Li et al., 2011) 196 

remains to be tested. It is important to note here that siRNA depletion of Tctex-1 is of course not the 197 

same as its regulated dissociation from dynein Li et al. (2001) propose a model in which 198 

phosphorylated Tctex-1 (independent of dynein) has a direct role in regulating actin dynamics 199 

around the centrosomes to trigger breakdown of the cilium. Clearly, in Tctex-1 depleted cells, such 200 

a mechanism would not occur.  201 

In several systems, it has been clearly demonstrated that loss of dynein-2 function results in short 202 

cilia that are enlarged with electron dense material, likely due to defects in retrograde IFT (Pazour 203 

et al., 1999; Porter et al., 1999; Rana et al., 2004). Our data show that effective suppression of 204 

DHC2 results in a loss of cilia formation in cells. We do observe an increase in the number of 205 

shortened cilia but also frequently classify cells as non-ciliated (i.e. they have no acetylated tubulin 206 

labelling that extends beyond the centrosome).  207 

Why then does partial loss of DHC2 function, or suppression of Tctex-1 lead to lengthening of cilia 208 

on our system? In single celled organisms and mammals, significant data exists that implicates IFT 209 
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directly in the control of cilium length (Iomini et al., 2001; Engel et al., 2009; Besschetnova et al., 210 

2010). It is intriguing to consider these data in the light of what has been observed in Tetrahymena 211 

where knockout of dynein-2 function does not result in loss of cilia but instead in a loss of cilia 212 

length control (Rajagopalan et al., 2009). This is clearly a very different experimental system, and 213 

notably a knockout versus a knockdown. However, it raises the possibility that a disturbance of 214 

normal dynein-2 function in these two systems might reflect a similar outcome in the role of IFT in 215 

axoneme lengthening. During IFT, the kinesin-2 motor actively delivers dynein-2 to the tip of the 216 

cilium to initiate retrograde transport (reviewed in (Scholey, 2008)). In mammalian dynein-2 217 

knockouts (Rana et al., 2004), the accumulation of anterograde IFT particles leads to stumpy cilia. 218 

Perhaps in our dynein-2 knockdowns, partial inhibition of retrograde IFT does not lead to a failure of 219 

anterograde IFT and so cilia length increases. Consistent with this idea, anterograde IFT is ongoing 220 

in C. elegans DHC2 mutants, (Signor et al., 1999). Why this is also seen in Tetrahymena dynein-2 221 

knockouts (Rajagopalan et al., 2009) is unclear. Perhaps kinesin-2 activity in Tetrahymena does is 222 

not controlled by the presence of dynein-2.  223 

One possible model arising from this would be that the presence of dynein-2 is required to engage 224 

kinesin-2 activity for anterograde IFT In our knockdowns, we do not lose sufficient dynein-2 to 225 

prevent this but do have significant effects on retrograde transport, thus, cilia length increases. 226 

Perhaps this is phenocopied by loss of Tctex-1 because Tctex-1 is required for retrograde IFT but 227 

not control of kinesin-2 activity. Tctex-1 might directly engage a specific cargo during IFT that is 228 

intimately involved in length control through intracellular signalling (Besschetnova et al., 2010) or 229 

through control of IFT particle size (Engel et al., 2009). In summary, our data reveal a role for Tctex-230 

1 in controlling the length of primary cilia in human cells. The exact role of Tctex-1 whether in cargo 231 

binding, communication with other motors, or intracellular signalling awaits further study.   232 

233 
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Materials and Methods 234 

All reagents were purchased from Sigma-Aldrich (Poole, UK) unless stated otherwise. GFP-Rab8a 235 

(Hattula et al., 2006) was a kind gift from Johan Peränen (Helsinki, Finland) and was transfected 24 236 

hours prior to imaging or fixation. Antibody sources were as follows: anti-alpha tubulin (Clone 237 

DM1A) was from Sigma-Aldrich, anti-acetylated tubulin (Sigma-Aldrich, Poole UK; clone 6-11B-1 238 

(Piperno and Fuller, 1985)), anti-giantin (rabbit polyclonal, Covance, Princeton, New Jersey), DHC2 239 

and LIC3 antibodies were kind gifts from Prof Richard McIntosh (Boulder, CO), Stephen J King 240 

(University of Missouri-Kansas City) and Richard Vallee (Columbia University, New York). Anti-241 

Tctex-1 was kindly provided by Viki Allan (University of Manchester, UK). An additional anti-Tctex-1 242 

was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Horseradish peroxidise 243 

conjugated anti-GAPDH and anti-lamin A/C were from Cell Signaling Technologies/NEB (Hitchin, 244 

UK).  245 

siRNA transfection and quantitative PCR.  246 

Human telomerase immortalized retinal pigment epithelial cells (hTERT-RPE1) were depleted of 247 

targets using siRNA. Key siRNA sequences were as follows (DHC2 #1, DHC2 #2, Tctex-1 #1, and 248 

Tctex-1 #2 were previously used in (Palmer et al., 2009). Duplexes were designed to target all 249 

known splice variants of each subunit by searching the NCBI database (October 2005). Duplexes 250 

were designed using the online tool of Eurofins MWG Operon (Ebersberg, Germany) and 251 

synthesized with dTdT overhangs. Duplexes were transfected using a modified calcium phosphate 252 

method at 3% CO2 as described previously (Watson and Stephens, 2006). In all cases, cells were 253 

used for experiments 72 h after transfection. Cells were serum starved for the final 48 hours of 254 

depletion before either live cell imaging or methanol fixation and immunofluorescence. 255 
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DHC2 #1: GGA AUU GAA UAC UCU UCA A; DHC2 #2: ACA GGC UCU UCU CUC UGA A ; DHC2 256 

#3: GCA GUG CAC UUA UUC AAG A; DHC2 #4: GUC UGA AGA UAA CAU AUG A; DHC2 257 

#5:UCA GUA GAA UCU AAU GAC A. 258 

DYNLT1 #1: AUA CAU CGU GAC CUG UGU A; DYNLT1 #2: GUG AAC CAG UGG ACC ACA A 259 

Sequences of all other siRNA oligonucleotides (MWG-Eurofins) along with details of the siRNA 260 

screening platform and image acquisition and processing have been previously described (Palmer 261 

et al., 2009). 262 

Quantitative PCR was performed as described previously (Palmer et al., 2009). Briefly, RNA was 263 

isolated from cells using the TRIzol extraction method (Invitrogen, Paisley, UK). 50 µg RNA was 264 

used for reverse transcription using Omniscript reverse transcriptase (Qiagen, Crawley, United 265 

Kingdom) for 60 min at 37°C. Newly synthesized cDNA was then used for real-time qPCR using the 266 

DyNAmo SYBR green qPCR kit (New England Biolabs, Ipswich, MA). The following primers were 267 

used (designed using Primer3 software; (Rozen and Skaletsky, 2000); available at 268 

http://primer3.wiki.sourceforge.net). Primers used were designed using Primer3 software. Two sets 269 

of primers were designed against DHC2 and gave indistinguishable results. The primer pairs (5’-3’) 270 

used were: (fwd) TTG GAC TTC CTA GGG GGA CT with (rev) CTC CAA CTC CCC AAA GAT CA 271 

and (fwd) ACA GCT AGC CAA GCT CGA AG with (rev) GAT AGG CAT CCC GTT CTT GA. Each 272 

sample was run in triplicate using the target primers, together with primers designed to amplify RNA 273 

polymerase II (fwd, GCACCACGTCCAATGACAT and rev, GTGCGGCTGCTTCCATAA), as a 274 

control. Amplification was performed and detected using an Opticon2 cycler (Bio-Rad, Hercules, 275 

CA), and data were analyzed using the comparative Ct method, which utilizes the formula 2(-ΔΔCT), 276 

where Ct is regarded as the threshold cycle). The amount of target relative to lamin A/C–277 

suppressed samples and normalized to RNA polymerase II was calculated. 278 
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Quantification of image data and statistical analysis 279 

Cilia length was measured using automated detection of acetylated tubulin labelling and the 280 

measurement functions in Volocity (version 4.3, Perkin-Elmer, Seer Green, UK). Statistical 281 

differences between two groups of data were analysed using ANOVA with a Dunnett’s post-hoc 282 

multiple comparison test (each condition relative to lamin A/C suppression) in GraphPad Prism 4 283 

(GraphPad Software, Inc., La Jolla, CA).   284 
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Figure Legends:  394 

Figure 1: Suppression of dynein heavy chains in RPE1 cells. Cells were transfected with siRNA 395 

duplexes targeting either DHC1 or DHC2 or lamin A/C as a positive control. 72 hours after 396 

transfection, cell lysates were separated by SDS-PAGE on 5% gels and immunoblotted for either 397 

(A) DHC1 or (B) DHC2. Lamin A/C and α-tubulin are included as siRNA and loading controls 398 

respectively (tubulin loading control shown for one example only). Molecular weight markers as 399 

indicated by arrows.  400 

Figure 2: Depletion of DHC2 results in increase cilia length. (A, B) Cells transfected with siRNA 401 

targeting (A) lamin A/C or (B) DHC2 #1 were labelled to detect acetylated tubulin. Insets (B) and (C) 402 

show cilia in control cells; DHC2 depletion with duplex #1 results in either very short cilia (D), some 403 

normal cilia (F) and many cells with no acetylated tubulin labelling visibly extending beyond the 404 

centrosome (scored as no cilia, G, H). (I, J) depletion of DHC2 with siRNA#2 results in elongated 405 

cilia (J) compared to controls (I); five examples of each are shown. (K) Cilia elongation following 406 

transfection with DHC2 siRNA #2 is also evident when using GFP-Rab8a as a marker for the cilium 407 

membrane. (L) Cells were labelled to detect giantin (Golgi apparatus) and acetylated tubulin 408 

(axoneme and centrosomes). Bars (all panels) = 10 µm. 409 

Figure 3: Depletion of Tctex-1 results in increase cilia length. Cells were transfected with siRNA 410 

duplexes targeting each cytoplasmic dynein subunit. (A) Graph showing the mean cilia length for 411 

those subunits for which a statistically detectable difference in cilia length was found. Error bars 412 

show s.d., asterisks show p values determined from ANOVA with Dunnett’s post-hoc test compared 413 

to the lamin A/C depleted control compared to lamin A/C suppressed cells (3 independent 414 

experiments). (B) Means (gray bars) and individual measurements of cilia length following 415 

suppression of lamin A/C, Tctex-1 and DHC2. (C) QPCR was used to monitor the efficaicy of 416 

depletion for each DHC2 duplex used. (D) Immunoblotting shows efficiacy of the depletion of Tctex-417 
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1; lamin A/C is included as a control, GAPDH as a loading control. (E) Images of cells suppressed 418 

for lamin A/C or Tctex-1 and expressing GFP-Rab8a. Bars = 10 µm.  419 

Figure 4: Depletion of DHC2 results in concomitant loss of Tctex-1. Cells transfected with siRNA 420 

duplexes targeting dynein subunits as indicated were processed for immunoblotting with antibodies 421 

to detect lamin A/C, GAPDH (as a loading control) or Tctex-1 as indicated. Molecular weight 422 

markers are shown (kD). (B) Quantitation of the amount of Tctex-1 remaining. Statistical evaluation 423 

shows p values determined from ANOVA with Dunnett’s post-hoc test compared to lamin A/C 424 

depleted control (3 independent experiments). Gray bars indicate those suppressions for which a 425 

statistically detectable increase in cilia length was observed (Figure 3). (C) Immunofluorescence 426 

showing acetylated tubulin labelling of cells depleted of both DHC2 and Tctex-1 with siRNA 427 

duplexes as indicated. Each box is 20 x 20 µm. 428 
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