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Abstract 

Our previous results have demonstrated that km23-2 has functions in TGFß signaling that are 
distinct from those for km23-1. In the current report, we demonstrate that blockade of km23-2 
decreased TGFß activation of the human Smad7 promoter Smad7-Luc, an endogenous 
Smad3-target promoter. Luminescence-based mammalian interaction mapping (LUMIER) analyses 
showed that TGFß stimulated the interaction of km23-2 preferentially with Smad3, relative to that 
with Smad2. Size exclusion chromatography experiments revealed that km23-2 and Smad3 were 
recruited into the same complex after TGFß treatment. Moreover, in the presence of TGFß, but 
not in the absence, km23-2 was present in early endosomes with the TGFß receptors (TßRs) and 
Smad3. Collectively, our data indicate that km23-2 is a critical signaling intermediate in a 
Smad3-dependent TGFß signaling pathway. We also provide evidence of the novel finding that 
TGFß stimulates the rapid recruitment of the km23-2 dimer to the dynein intermediate chain 
(DIC) of the dynein complex, whereas a kinase-deficient form of TßRII prevented this interaction. 
Finally, we demonstrate for the first time that TGFß stimulated not only assembly of the dynein 
motor attachment complex, but also triggered the tethering of the km23-2-Smad3 cargo to the 
other dynein components. Thus, our data demonstrate a novel function for km23-2 as a motor 
receptor to recruit Smad3 to the dynein complex for intracellular transport, thereby mediating 
Smad3-dependent TGFß signaling. 
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Introduction 
TGFß is the prototype for the TGFß superfamily 

of highly conserved growth regulatory polypeptides, 
which regulate a variety of physiologic and patho-
logic processes, such as embryogenesis, wound heal-
ing, fibrosis, growth control, and oncogenesis [1-4]. 
TGFß initiates its signaling by activating two pairs of 
structurally similar, single-pass transmembrane re-
ceptors, TGFß receptor type II (TßRII) and type I 
(TßRI). The activated receptor complex stimulates 
various TGFß signaling events, including recep-
tor-regulated Smads (RSmads) and non-Smad path-

ways [1-4]. The activated RSmads form a complex 
with the common partner Smad4 and translocate to 
the nucleus, where they regulate transcription of tar-
get genes such as Smad7 [1-4].  

Although Smad2 and Smad3 are structurally 
similar, accumulating evidence suggests that Smad2 
and Smad3 play distinct roles in mediating the cellu-
lar responses induced by TGFß [5]. For example, it has 
been shown that TGFß-mediated induction of matrix 
metalloproteinase-2 is selectively dependent upon 
Smad2, whereas induction of c-fos and Smad7 relies 

 
Ivyspring  

International Publisher 



Int. J. Biol. Sci. 2013, Vol. 9 

 
http://www.ijbs.com 

532 

on Smad3 [6]. However, the mechanisms underlying 
this differential regulation of TGFß responses by 
Smad2 and Smad3 are still unclear. We have previ-
ously reported that differential utilization of km23 
dynein light chain (DLC) isoforms by Smad2 and 
Smad3 could be partially responsible for 
Smad2-dependent versus Smad3-dependent TGFß 
signaling [7]. Along these lines, cytoplasmic dynein is 
a motor complex that transports membrane vesicles 
and diverse motor cargoes along microtubules in a 
retrograde manner [8, 9]. The cargo attachment com-
plex is variably composed of light intermediate chains 
(DYNC1LI), intermediate chains (IC2; DYNC1I), and 
three dimeric light chain subunits [9]. The three clas-
ses of cytoplasmic DLCs that have been identified in 
mammals to date are LC8 (DYNLL), Tctex-1/rp3 
(DYNLT), and km23/LC7/roadblock (DYNLRB) 
[8-10]. While the LC8 and Tctex families of DLCs have 
been shown to bind to diverse cargos, often inde-
pendent of the dynein motor complex, the km23/LC7 
family displays unique characteristics, with compara-
tively fewer binding partners identified to date [9]. 

With regard to the km23/LC7 family, we first 
described the km23-1 DLC as a novel TßR-interacting 
protein, also termed mLC7-1[11], Robl1[12], DNLC2A 
[13] and DYNLRB1[10]. In addition, we have demon-
strated that km23-1 is required for both 
Smad2-dependent and Smad-independent TGFß re-
sponses [14-16]. In contrast to km23-1, we have also 
demonstrated that km23-2, another member of the 
km23/DYNLRB/LC7/robl family of DLCs, has func-
tions in TGFß signaling that are distinct from those for 
km23-1 [7]. In the current report, we describe the role 
of km23-2 in TGFß/Smad3 signaling. Further, we 
demonstrate for the first time that TGFß regulates the 
interplay between the km23-2 dimer and other dynein 
motor subunits, further supporting the unique nature 
of the km23/LC7 family of dynein adaptors. 

Materials and Methods 
Reagents--The anti-Flag M2 antibody (Ab) was 

from Sigma. The anti-dynein intermediate chain (DIC) 
monoclonal Ab (M11618) was from Chemicon 
(Temecula, CA). The anti-HA Ab (1-583-816) was 
from Boehringer Manheim. The TGFß RII Ab 
(SC-220), rabbit IgG, dynein heavy chain (DHC) Ab, 
protein A/G plus agarose were from Santa Cruz Bio-
tech. 32P- orthophosphate (NEX-053) and 
[3H]-thymidine (NET-027X) were from Perkin Elmer 
(Boston, MA). The rabbit Smad3 Ab (51-1500) was 
from Zymed (South San Francisco, CA). The p150 Glued 
Ab was from BD Transduction Laboratories. TGFß1 
was purchased from R & D Systems (Minneapolis, 
MN). The Fugene 6 transfection reagent was from 
Roche Applied Science (Indianapolis, IN). The 

Lipofectamine™ 2000 transfection reagent was from 
Invitrogen (Carlsbad, CA). The Dual-Luciferase Re-
porter Assay System (Cat. # E1960) was purchased 
from Promega (Madison, MI). Gel filtration standards 
were purchased from Bio-Rad and Amersham. 

Cell Culture--HaCaT cells and Mv1Lu cells 
(CCL-64) were obtained from ATCC (Rockville, MD) 
and were grown in DMEM supplemented with 10% 
fetal bovine serum. 293T cells were obtained from 
T-W. Wong (Bristol-Myers Squibb) and were main-
tained as for Mv1Lu cells. The rat IEC 4-1 cell line was 
cultured as described previously [17]. Cells were rou-
tinely screened for mycoplasma using Hoechst stain-
ing. For studies involving TGFß treatment, respon-
siveness to TGFß was assessed by thymidine assays as 
described previously [11].  

LUMIER assays were performed as described as 
previously [18]. Briefly, IEC4-1 cells were transiently 
co-transfected with hRL-Smad2, hRL-Smad3, pRL-TK, 
together with Ski-Flag or km23-2-Flag as indicated. 
pRL-TK is renilla luciferase (RL) driven by the thy-
midine kinase (TK) promoter and is a negative control 
[18]. 28h after transfection, cells were incubated in 
serum-free (SF) medium for 1h prior to incubation for 
5 min in the absence and presence of TGFß1 (5 
ng/ml). Cells were lysed, followed by immunopre-
cipitation (IP) using an anti-Flag Ab, or using IgG as a 
control. Protein interactions on anti-Flag IP’s were 
determined by performing a renilla luciferase enzy-
matic assay.  

siRNAs-- Human km23-2 stealth siRNA 
(5’-GGACAACUCAACAACUGUUCAAUAU-3’), 
km23-1 stealth siRNA (5’-ACCAGAUAAAGACU 
AUUUCCUGAUU-3’), and negative control (NC) 
stealth siRNA (5’-AAUUCUCCGAACGUGUCA 
CGUGAGA-3’) were designed by BLOCK-iT™ RNAi 
Designer (Invitrogen) and synthesized by Invitrogen.  

Luciferase reporter assays-- HaCaT cells were 
plated at 1×104 cells/cm2 in 24-well plates. 24h after 
plating, the cells were transfected with the indicated 
amounts of either km23-2 siRNA or NC siRNA, to-
gether with Smad7-Luc. Renilla was used to normal-
ize transfection efficiencies. 24h after transfections, the 
cells were washed once with SF medium and incu-
bated in SF medium for 1h. The cells were then cul-
tured in the absence and presence of TGFß1 (5 ng/ml) 
for an additional 18 h. Luciferase activity was meas-
ured using the Dual-Luciferase Reporter Assay Sys-
tem following the manufacturer’s instructions. All 
assays were performed in triplicate. Data are ex-
pressed as mean ±SEM.  

Size exclusion chromatography--IEC4-1 cells (10 
near 60-80% confluent 10-cm dishes) were transiently 
transfected with km23-2-Flag using Fugene 6 accord-
ing to the manufacturer’s instructions. 24h after 
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transfections, IEC4-1 cells were washed once with SF 
medium, incubated in SF medium for 1h, and then 
incubated in the absence and presence of TGFß1 for 5 
min. The cells were washed twice with ice-cold 1xPBS, 
scraped in lysis buffer as described [11], and centri-
fuged at 100,000 x g for 10 min. Clarified whole cell 
lysates of 500 µl (containing 1-2 mg of protein) were 
loaded on a fast protein liquid chromatography 
(FPLC)/Superose 12 HR 10/30 column (Amersham 
Biosciences, Piscataway) equilibrated in lysis buffer 
without Triton x-100 and glycerol. The column was 
calibrated with two sets of gel filtration standards 
according to the manufacturer’s instructions. The flow 
rate was 0.5 ml/min and fractions were collected 
every min with a total of 60 fractions being collected.  

In vivo phosphorylation assays were performed 
essentially as described previously [11]. Briefly, cells 
were washed and incubated for 30 min in phos-
phate-free medium prior to incubation in the presence 
of [32Pi]-orthophosphate (1mCi/plate) for 3h. TGFß1 
was added during the last 15 min of the labeling pe-
riod. Cells were lysed on ice, followed with IP with an 
anti-Flag Ab and SDS-PAGE. 

Sucrose gradient assays-- Early-endosome- 
containing fractions were prepared as described pre-
viously [14], except using IEC4-1 cells transiently 
transfected with km23-2-Flag.  

Transient transfections, IP/blotting, Westerns 
were performed as described previously [11]. 

Statistical analyses were by Student's t test. 
Triplicate samples were analyzed and mean ± SE 
plotted unless otherwise indicated. 

Results 
Our previous results have shown that TGFß re-

ceptor (TßR) expression and activation in 293T cells 
stimulated the interaction of km23-2 preferentially 
with Smad3 over Smad2. To further confirm that 
km23-2 interacts with Smad3 in a ligand-dependent 
manner, we performed LUMIER analyses in the ab-
sence and presence of TGFß in IEC4-1 intestinal epi-
thelial cells. Using LUMIER, proteins of interest are 
fused to Renilla luciferase [18], and the association 
with Flag-tagged proteins co-expressed in mammali-
an IEC4-1 cells is assessed by performing a luciferase 
assay on anti-Flag immunoprecipitates collected us-
ing an automated robotics platform. IEC4-1 cells were 
used in these studies because of their high level of 
TGFß sensitivity and their well-characterized TGFß 
pathways [17]. As shown in Fig. 1A, in the absence of 
TGFß, a basal level of interaction of km23-2 with 
Smad3 was observed (lane 7, left panel). However, 
addition of TGFß1 resulted in a strong interaction 
between km23-2 and Smad3 (lane 8, left panel). In 
contrast, no interaction between Smad2 and km23-2 

was observed in the absence of TGFß (lane 9, left 
panel). TGFß stimulation caused a baseline level of 
interaction of km23-2 with Smad2 (lane 10, left panel). 
As prescribed previously [18], the negative control 
pRL-TK (lanes 1-2, 5-6, left panel) was used for com-
parison. As expected, there was no interaction ob-
served between pRL-TK and Ski or between pRL-TK 
and km23-2 in the absence or presence of TGFß. The 
interaction between the Ski and Smad3-Flag (lanes 
3-4, left panel) is shown as a positive control for 
comparison [18]. The IgG control was also negative 
(lane 11, left panel). Equal expression and loading of 
Ski-Flag, km23-2-Flag and γ-tubulin were confirmed 
(top, right panel), as was the expression of pRL-TK, 
hRL-Smad2 and hRL-Smad3 (bottom, right panel). 
Thus, LUMIER analyses confirm that km23-2 interacts 
preferentially with Smad3, relative to Smad2, in a 
ligand-dependent manner. 

To determine whether the km23-2 DLC and 
Smad3 proteins were in the same complex in vivo 
under native conditions, lysates from TGFß-treated 
IEC4-1 cells were fractionated by FPLC/size exclusion 
chromatography [19, 20]. This strategy has been used 
successfully to separate various protein complexes, 
including Smad and dynein subunit proteins [21, 22]. 
The collected fractions were examined for Smad3 and 
km23-2 by Western blot analysis. As shown in Fig. 1B, 
km23-2 was detected in the fractions close to 29 kDa 
(lanes 35-36), suggesting that the km23-2 dimer is 
present after TGFß treatment in vivo, consistent with 
previous results indicating that km23 can form stable 
homodimers [23]. In addition, km23-2 co-fractionated 
with Smad3 in fractions 28-30 (approx. 150 kDa), 
which would be consistent with the km23-2 dimer 
bound to the Smad3/4 complex. Collectively, we 
demonstrate by two different approaches that TGFß 
induces a rapid complex between the km23-2 DLC 
and Smad3 proteins. 

TGFß activates varied and intricate cellular re-
sponses as a result of differential transcriptional reg-
ulation, as well as non-transcriptional effects that de-
pend upon the cell context and physiological envi-
ronment [1, 3]. Among the transcriptional mediators 
of TGFß effects, the RSmad proteins (Smad2/3) are 
key regulators of TGFß signaling and downstream 
responses [1, 2]. In addition to R-Smads and the 
co-Smad Smad4, there is a third Smad protein family, 
namely the inhibitory Smads (Smad6 and Smad7), 
which have been documented to play key roles in 
regulating signal transduction of TGFß family cyto-
kines [24, 25]. Since we show here that km23-2 inter-
acts with Smad3, it is conceivable that km23-2 might 
play a role in TGFß regulation of the promoters of 
Smad3 targets. The Smad7 promoter represents the 
first natural promoter in vertebrates that has been 
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shown to contain the 8-base pair (GTCTAGAC) pal-
indromic Smad-binding element (SBE) [26], a key 
regulatory element of Smad3-targeted promoters [6, 
27]. In order to more definitively establish whether 
km23-2 was required for TGFß induction of Smad7 
promoter activity, we utilized a small interfering RNA 
(siRNA) approach to block km23-2 expression by 
km23-2-specific stealth siRNAs, as described previ-
ously [7, 14-16]. We examined the effects on tran-
scriptional regulation of the human Smad7 promoter, 
as assessed by the Smad7-Luc reporter. As shown in 

Fig. 2, in the NC stealth siRNA-transfected cells, TGFß 
stimulated a 3-fold induction of the Smad7-Luc activ-
ity. However, in the km23-2 stealth siRNA-transfected 
cells, TGFβ-induction of the Smad7 promoter reporter 
activity was significantly decreased (to levels of only 
1.5-fold), compared to that in the NC stealth siR-
NA-transfected cells. Thus, km23-2 inhibition attenu-
ated TGFß-inducible transcriptional activity of the 
human Smad7 promoter, suggesting that km23-2 is 
required for Smad3-dependent TGFß signaling. 

 

 
Fig 1. TGFß stimulates km23-2 and Smad3 recruitment to the same complex. A: IEC4-1 cells were transiently co-transfected with hRL-Smad2, 
hRL-Smad3, pRL-TK, together with Ski-Flag or km23-2-Flag as indicated. 28h after transfection, cells were incubated in SF medium for 1h prior to incu-
bation for 5 min in the absence and presence of TGFß1 (5 ng/ml). Cell lysates were subjected to IP using an anti-Flag Ab, or IgG (control). Protein in-
teractions on anti-Flag immunoprecipitates were determined by performing a renilla luciferase enzymatic assay (LUMIER) as described in “Materials and 
Methods.” Western blot analysis with the indicated Abs demonstrates equal loading and expression of Ski-Flag, km23-2-Flag, hRL-Smad2, hRL-Smad3, 
pRL-TK and γ-tubulin (right panel). The results shown are representative of two similar experiments. B: IEC4-1 cells were transiently transfected with 
km23-2-Flag and were treated with TGFß1 as described in “Materials and Methods.” FPLC size exclusion chromatography analyses were performed as 
described in “Materials and Methods.” The numbers 158, 44, 29 and 17 on the top indicate the position of protein markers of molecular weights 158-, 44-, 
29- and 17-kDa. The results shown are representative of two similar experiments.  
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Fig 2. siRNA blockade of endogenous km23-2 expression inhibits 
TGFß-mediated transcriptional activation of the human Smad7 
promoter in Hep3B cells. Hep3B cells were transfected with either NC 
stealth siRNA or km23-2 stealth siRNA along with Smad7-Luc, followed by 
treatment with TGFß1, and luciferase reporter analysis as described in 
“Materials and Methods.” *p< 0.001 indicates a statistically significant 
difference in the fold changes for +/-TGFß between NC stealth siR-
NA-transfected and km23-2 stealth siRNA-transfected Hep3B cells. The 
results shown are representative of three similar experiments.  

 
Since km23-2 appeared to preferentially modu-

late Smad3 signaling, we investigated the precise 
subcellular location for km23-2’s effects on 
Smad3-dependent TGFß signaling. Along these lines, 
previous reports have shown that the TßRs and asso-
ciated signaling components are localized to early 
endosomes (EEs) for optimal signal transduction [28, 
29]. To determine whether km23-2 was co-localized 
with Smad3 after TGFß treatment, we performed su-
crose flotation gradients to isolate the endosomal 
compartments enriched for early endosome antigen-1 
(EEA1), as described previously [14, 30]. As shown in 
Fig. 3, in the absence of TGFß (left panel), the majority 
of Smad3 (top panel) and km23-2 (2nd panel) was 
present in fractions 6-8. However, upon TGFß treat-

ment for 5 min (right panel), the localization of Smad3 
and km23-2 to the EEA1-enriched fractions was in-
creased (fractions 4-5). The bottom panel designates 
the EEA1-enriched EE fractions (fractions 4-5). Thus, 
km23-2 is present in early endosomes with Smad3 in 
the presence of TGFß.  

As mentioned earlier, km23-2 is a member of the 
km23/LC7/robl family of light chains of the motor 
protein dynein in mammalian cells [7, 11]. To deter-
mine whether TGFß could stimulate the interaction 
between the km23-2 DLC and the DIC, we performed 
IP/blot analyses, in this case in HaCaT cells that ex-
press endogenous TßRs, in order to further extend our 
observations to TGFß-sensitive human keratinocyte 
cells. As shown in Fig. 4A, there was no detectable 
interaction between the km23-2 and DIC in the ab-
sence of TGFß (lane 2, top panel). However, TGFß 
induced a time-dependent increase in the recruitment 
of km23-2 to DIC beginning as early as 2 min after 
TGFß treatment (lanes 3-7, top panel). The IgG control 
was negative (lane 1, top panel). Western blot analysis 
with anti-Flag (middle panel) or anti-DIC (bottom 
panel) demonstrates equal protein expression and 
loading. Similar results were observed in IEC 4-1 cells 
(data not shown). Collectively, these data demon-
strate for the first time that TGFß induced a rapid 
recruitment of km23-2 to DIC in two different 
TGFß-responsive cell lines expressing endogenous 
TßRs. Also of interest, however, was the escalating 
degree of complex formation, extending to at least 60 
min after TGFß treatment, at a time when Smad3 
would have translocated to the nucleus and become 
actively engaged in mediating downstream TGFß 
responses [31]. These findings are consistent with a 
novel stabilizing role for km23-2 in the cytoplasm 
during the transmission of TGFß/Smad3 events.  

 
Fig 3. km23-2 is present in EEA1-enriched early endosomes together with Smad3 after TGFß treatment. IEC4-1 cells were transiently 
transfected with km23-2-Flag. 24 h after transfection, cells were incubated in SF medium for 1 h, followed by incubation of the cells in the absence (left 
panel) or presence of TGFß1 (5 ng/ml) for 5 min. The cells were then harvested for sucrose gradient analysis, followed by Western blot analysis as 
described in “Materials and Methods.” EE indicates early endosome/EEA1-enriched fractions. The results shown are representative of two similar ex-
periments.  
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Fig 4. The interaction between DIC and km23-2 is induced by TGFß and regulated by TβRII kinase activity. A: HaCaT cells were tran-
siently transfected with km23-2-Flag. 32 h after transfection, cells were incubated in SF medium for 1h prior to addition of TGFß1 (5 ng/ml) for the indicated 
times. Top panel: Cell lysates were subjected to IP/blot analyses using a DIC Ab or IgG (control) as the IP Ab and a Flag Ab as the blotting Ab. Middle 
panel: Western blot analysis to demonstrates equal loading and expression of km23-1-Flag and DIC. Bottom panel: Plot of densitometric scan of results 
in top. The results shown are representative of three similar experiments. B: HaCaT cells were transiently transfected with km23-2-Flag, EV, and 
KNRII-HA as indicated. Studies were performed as for A. The same membrane was re-blotted with anti-DIC (middle panel) to show equal protein loading. 
Western blot analysis (two bottom panels) with anti-Flag or anti-HA demonstrates protein expression of KNRII and km23-2. The results shown are 
representative of three similar experiments. C: HaCaT cells were transiently transfected with km23-2-Flag, and either RII-HA or KNRII-HA. 32 h after 
transfection, cells were incubated in SF medium for 1h prior to addition of TGFß1 (5 ng/ml) for the indicated times. Cell lysates were subjected to IP using 
a monoclonal anti-DIC Ab and were separated by 4-12% NuPAGE under non-reducing conditions (native), followed by immunoblot analysis using an 
anti-Flag Ab (top panel). Western blotting with anti-DIC (middle panel) or anti-Flag (bottom panel) demonstrates equal protein loading and expression. The 
results shown are representative of three similar experiments. 

 
To provide definitive evidence that TßR activa-

tion is required for the km23-2-DIC interaction, we 
examined the interaction between km23-2 and DIC in 
the absence and presence of a kinase-deficient form of 
TßRII (KNRII). This receptor mutant can function in a 
dominant-negative manner to block the kinase activ-
ity of endogenous TßRII when overexpressed in cells 
[32]. As shown in Fig. 4B (left), TGFß stimulated the 
recruitment of km23-2 to DIC beginning at 5 min after 
treatment and increasing further at 15 min post-TGFß 
incubation (lanes 2, 1). In the absence of TGFß, km23-2 
binding to DIC was not observed (lane 3). As shown 
in Fig. 4B (right), expression of KNRII completely 
blocked the interaction between km23-2 and DIC in 
the presence of TGFß treatment (lanes 6-7, top panel). 
IgG control and empty vector (EV) control were both 
negative (lanes 8, 4). Equal expression and loading of 
DIC and km23-2 were confirmed (two middle panels), 
as was the expression of KNRII (bottom panel). Thus, 

we show for the first time that TßRII kinase activity 
regulates the recruitment of km23-2 to DIC, suggest-
ing a connection between TGFß signaling and DLC 
recruitment. 

Since the results in Fig. 1B suggest that km23-2 
forms a dimer after TGFß treatment in vivo, it was of 
interest to determine whether TGFß could stimulate 
binding of the km23-2 dimer to DIC. Hence, we per-
formed IP/blot analyses under non-reducing condi-
tions, after co-expression of km23-2-Flag, and either 
KNRII-HA or RII-HA in the absence and presence of 
TGFß. As shown in Fig. 4C, TGFß rapidly induced the 
formation of a complex between the km23-2 dimer 
and DIC (lanes 2-5). More importantly, expression of 
KNRII completely blocked this interaction between 
km23-2 and DIC at 5 min after TGFß treatment (lane 
1). No specific band was detectable in the IgG control 
(lane 6). Equal expression and loading of DIC and 
km23-2 was also confirmed (middle and bottom pan-
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els). Thus, the kinase activity of TßRII was required 
for the recruitment of the km23-2 dimer to the DIC. 

It is thought that DLCs may be important for 
specifying the nature of the cargo that will be trans-
ported by the motor [33]. Therefore, it is likely that 
extracellular factors (such as growth factors, cyto-
kines, etc) might be able to select the particular DLCs 
to be recruited to the motor in specific cellular con-
texts to specify and carry the cargo. Along these lines, 
we had previously shown that TßR activation was 
associated with not only km23-1-Smad2 complex 
formation, but also an increase in km23-1 binding to 
the DIC [11, 14]. However, we had not previously 
examined the ability of TGFß to regulate the interplay 
among other components of the dynein motor com-
plex. The cargo attachment complex is also associated 
with the DHC, which conveys the ATPase activity for 
motoring along microtubules (MTs) [9, 34]. In addi-

tion to the dynein motor itself, intracellular transport 
of signaling cargoes generally requires the attachment 
of the dynactin complex [9, 34]. This multisubunit 
complex contains 11 different subunits, including the 
largest subunit, p150Glued, and a filament of ac-
tin-related protein 1 (Arp1). It has been found to be 
essential for many cellular functions of cytoplasmic 
dynein [9, 34]. Here we show for the first time (Fig. 
5A) that TGFß stimulates complex formation not only 
between the DHC and DIC (top panel), but also be-
tween the p150Glued subunit of dynactin and DIC 
(middle panel). The bottom panel confirms equal 
loading, supporting the presence of a TGFß-regulated 
dynein complex in TGFß-responsive epithelial cells. 
Our findings provide the first evidence that dynein 
motor subunit assembly can be rapidly stimulated by 
a multifunctional cytokine. 

 
Fig 5. TGFß regulates the tethering of the specific km23-2-Smad3 cargo to the other dynein components. A: MDCK cells were incubated 
in SF medium for 1h prior to addition of TGFß1 (5 ng/ml) for the indicated times. Cell lysates were subjected to IP using a monoclonal anti-DIC Ab and were 
separated by 4-12% NuPAGE, followed by immunoblot analysis using an anti-DHC Ab (top panel) or an anti-p150 Ab (2nd panel). The same membrane was 
re-blotted with anti-DIC (bottom panel) to show equal protein loading. The results shown are representative of three similar experiments. B: MDCK cells 
were transiently transfected with either EV or km23-2-Flag as indicated. 24h after transfection, cells were incubated in SF medium for 1h prior to addition 
of TGFß1 (5 ng/ml) for the indicated times. Cell lysates were subjected to IP using a monoclonal anti-DIC Ab and were separated by 4-12% NuPAGE, 
followed by immunoblot analysis using an anti-Flag Ab (top panel) and an anti-Smad3 Ab (2nd panel). The same membrane was re-blotted with anti-DIC (3rd 
panel) to show equal protein loading. Western blot analysis (two bottom panels) with anti-Flag or anti-DIC demonstrates equal protein expression of 
km23-2 and DIC. The results shown are representative of two similar experiments. C: A schematic diagram illustrating the role of km23-1 in 
Smad3-dependent Smad7 transcriptional activation after TGFß stimulation. 
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Since TGFß stimulated dynein motor complex 
assembly very rapidly after treatment of the 
TGFß-sensitive cells, it was conceivable that the 
km23-2-Smad3 complexes analyzed in Figs. 1 and 3 
were actually signaling cargo recruited to the dynein 
motor. In order to investigate whether TGFß stimu-
lated not only assembly of the dynein motor attach-
ment complex, but also triggered the tethering of the 
km23-2-Smad3 cargo to the other dynein components 
known to be required for motoring along MTs, we 
performed IP/blot analyses in TGFß-responsive 
MDCK cells at various times after ligand stimulation. 
As shown in Fig. 5B, TGFß stimulated a rapid inter-
action of DIC with km23-2 at 5 min after TGFß treat-
ment (lane 4, top panel). In contrast, the association 
between km23-2 and DIC was significantly decreased 
at 15 and 60 min after TGFß addition (lanes 5, 6). The 
EV controls were negative (lanes 1- 2, top panel). In 
addition, TGFß induced a rapid interaction of Smad3 
with DIC in km23-2-transfected cells (lanes 3-6, 2nd 
panel). The kinetics were similar to those for km23-2 
binding to the DIC (lanes 3-6, top panel), showing 
some basal interaction, but with increased association 
at 5 min after TGFß addition. Since the Smad3 Ab that 
we used does cross-react with Smad2, the two specific 
bands detected in the EV-transfected cells (lanes 1-2, 
middle panel) suggest that endogenous DIC 
co-precipitated with both endogenous Smad2 and 
Smad3. In addition, TGFß stimulated a rapid interac-
tion of DIC with Smad2/3 (lane 2, 2nd panel). Collec-
tively, our results indicate for the first time that TGFß 
regulated the tethering of km23-2-Smad3 to the other 
dynein components, suggesting that Smad3 is a spe-
cific cargo of the dynein motor complex.  

Discussion 
Our previous results have demonstrated that 

km23-2 has functions in TGFß signaling that are dis-
tinct from those for km23-1. In the current report, we 
showed that TGFß regulated the interaction of the 
km23-2 DLC preferentially with Smad3, relative to 
that with Smad2, in cells expressing endogenous 
TßRs. km23-2 and Smad3 proteins were recruited into 
the same complex upon ligand activation of the TßRs. 
We also show for the first time that knockdown of 
endogenous km23-2 expression resulted in a reduc-
tion of Smad3-dependent Smad7 transcriptional acti-
vation. In addition, km23-2 was present in early en-
dosomal compartments with Smad3 after TGFß 
treatment. TGFß stimulated not only the phosphory-
lation of km23-2, but also the recruitment of km23-2 
dimer to DIC in TGFß-sensitive cells. Kinase-active 
TßRII was required for both km23-2 phosphorylation 
and interaction with DIC. Most importantly, we 
demonstrate for the first time that TGFß not only 

stimulated assembly of the dynein motor attachment 
complex, but also triggered the tethering of the 
km23-2-Smad3 cargo to the other dynein components. 
Collectively, based upon our results and those of 
others, we propose a model for km23-2 action in 
Smad3-dependent TGFβ signaling. According to this 
model, upon TßRs activation, km23-2 may function as 
a motor receptor to recruit Smad3 to the dynein com-
plex for intracellular transport, thereby mediating 
Smad3-dependent TGFβ signaling, as assessed by 
Smad7 transcriptional activation (Fig. 5C).  

The TßRs are known to be internalized with 
Smad2/3 into early endosomes within minutes of 
TGFß addition to cells [29]. This is in contrast to 
non-Smad signaling in response to TGFß, which has 
been shown to occur in lipid rafts [16, 35]. Further, 
differential activation of Smad2 and Smad3 can occur 
as a result of interactions with unique subsets of pro-
teins after TßR activation [36]. In addition, our pre-
vious results have shown that km23-1 selectively in-
teracts with Smad2 complexes in early endosomes 
[14]. In contrast, herein we show that Smad3 was re-
cruited into an early endosomal complex with km23-2 
at 5 min after TGFß treatment. It is possible that the 
formation of the specific Smad3-km23-2 complexes 
described herein may help to selectively direct Smad3 
to the appropriate sub-domains or sub-compartments 
in early endosomes. 

Cytoplasmic dynein with distinct light chain 
content can exhibit target -binding specificity. For 
example, LC8 is thought of as an ordered hub protein, 
which regulates the ordering and dimerization of lo-
cally disordered partner proteins by binding [37]. In-
terestingly, although the Tctex/DYNLT light chain 
family is a structural homolog of the LC8/DYNLL 
family, with no apparent sequence similarity, there is 
no overlap in known targets of the two light chains 
[8]. More importantly, even members of the same 
DLC family exhibit target-binding specificity. For 
example, Tctex-1 binds rhodopsin, whereas rp3 does 
not [38]. Our previous results have shown that km23-1 
interacts with the TGFß/Smad2 complex [14]. Simi-
larly, kinesin, the motor protein that transports sig-
naling cargoes toward the cell periphery, regulates 
Smad2 localization after TGFß treatment [39]. Further, 
a light chain of kinesin has been shown to undergo 
phosphorylation and binding to Smad2 after activa-
tion of a specific kinase by TGFß [40]. Here we show 
that km23-2 selectively interacts with Smad3 and is 
required for Smad3-depedent Smad7 transcriptional 
activation [14]. More importantly, TGFß stimulated 
not only assembly of the dynein motor attachment 
complex, but also triggered the tethering of the 
km23-2-Smad3 cargo to the other dynein components. 
Thus, our results demonstrate for the first time that 
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the km23-2 DLC may function as a dynein cargo 
adaptor linking TGFß/Smad3 signaling complex to 
dynein.  

Phosphorylation is one of the mechanisms that 
regulates the functions of the DLC families. For ex-
ample, biochemical studies clearly showed that LC8 
phosphorylation at Ser88 can disrupt dimer assembly 
[41]. In contrast to LC8, the phosphomimetic mutant 
of Tctex-1 retains its association state in the native 
dimer [41]. Our previous results have shown that 
km23-1 and zebrafish km23 (zkm23) are phosphory-
lated upon TGFß activation [11, 42]. Here we show 
that the kinase activity of TβRII is required for the 
regulation of km23-2 binding to DIC. In relation to 
these findings, a recent crystal structure and in vitro 
binding studies suggest that phosphorylation does 
not directly affect km23-1 binding to DIC [43]. There-
fore, it is possible that TGFß-stimulated interactions 
between km23-1 or km23-2 and an additional signal-
ing component or components are required to regu-
late DIC binding [43]. Specific kinases and other rel-
evant signaling components are likely involved in 
these dynamic regulatory events.  

In the current report, we also show that blockade 
of km23-2 diminished TGFß induction of Smad7 
transcriptional activation. Smad7 has been shown to 
be a direct gene target of Smad3/4 in several cell 
types. For example, an absolute requirement for 
Smad3, but not Smad2, has been demonstrated for 
TGFß induction of the Smad7 promoter in human 
MD-MBA-468 cells [27], human Hep3B cells [44], and 
mouse embryonic fibroblasts [6]. Similarly, km23-2 
appears to be required for TGFß induction of Smad7 
promoter activity via a Smad3-specific TGFß path-
way. Our findings in this regard are particularly sig-
nificant in that Smad7 is an important negative feed-
back regulator of signaling pathways involved in de-
velopment and tumorigenesis [6, 27, 35, 36]. For ex-
ample, inhibitor of differentiation-1 (Id1), a domi-
nant-negative transcriptional antagonist, was found 
to be rapidly induced by TGFß, dependent upon 
Smad3, but not Smad2, and regulated by Smad7 
feedback inhibition [45, 46]. Further, TGFß regulation 
of this Smad3-/Smad7-dependent target plays critical 
roles in both the metastatic potential of pancreatic 
cancer and in the self-renewal capacity of hu-
man colon cancer-initiating cells, events that may in-
volve p21, a known km23-2/Smad3 downstream tar-
get [47, 48]. Overall then, the ability of km23-2 to fa-
cilitate TGFß/Smad3 signaling to downstream events 
such as p21 and Smad7 provides clear evidence of the 
importance of km23-2 in TGFß signaling, and impli-
cates km23-2 in cancer progression and metastasis. 
Altogether, our results emphasize the unique nature 
of the km23 family of DLCs, and stress the importance 

of considering the in vivo regulation of dynein subu-
nit assembly and cargo interactions by extracellular 
stimuli such as cytokines or growth factors.  
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