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Abstract
We have previously reported that the dynein light chain (DLC) km23-1 is required for Smad2-
dependent TGFß signaling. Here we describe another member of the km23/DYNLRB/LC7/robl
family of DLCs, termed km23-2, which is also involved in TGFβ signaling. We show not only that
TGFβ stimulates the interaction of km23-2 (DYNLRB2) with TGFβ receptor II (TβRII), but also
that TGFβ regulates the interaction between km23-2 and endogenous TβRII in vivo. In addition,
TGFβ treatment causes km23-2 phosphorylation, whereas a kinase-deficient form of TβRII
prevents km23-2 phosphorylation. In contrast to the km23-1 isoform, blockade of km23-2
expression using small interfering RNAs (siRNAs) decreased key TGFβ/Smad3-specific
responses, including the induction of both plasminogen activator inhibitor -1 (PAI-1) gene
expression and p21 protein expression. Blockade of km23-1 expression had no effect on these two
major TGFβ/Smad3 responses under similar conditions. Further, km23-2 was required for TGFβ
stimulation of Smad3-dependent Smad-binding element (SBE)2-Luc transcriptional activity, but
not for TGFβ stimulation of Smad2-dependent activin responsive element (ARE)-Lux
transcriptional activity. In order to assess the mechanisms underlying the preferential stimulation
of Smad3- vs. Smad2-specific TGFβ responses, immunoprecipitation (IP)/blot analyses were
performed, which demonstrate that TGFβ stimulated preferential complex formation of km23-2
with Smad3, relative to Smad2. Collectively, our findings indicate that km23-2 is required for
Smad3-dependent TGFβ signaling. More importantly, we demonstrate that km23-2 has functions
in TGFβ signaling that are distinct from those for km23-1. This is the first report to describe a
differential requirement for unique isoforms of a specific DLC family in Smad-specific TGFβ
signaling.
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INTRODUCTION
Transforming growth factor β (TGFβ) is the prototype for the TGFβ super-family of highly
conserved growth regulatory polypeptides that are critically involved in various biological
processes, including cell growth, differentiation, apoptosis, motility, and extracellular matrix
production (Derynck and Akhurst, 2007; Siegel and Massague, 2003; Yue and Mulder,
2001). As a result, TGFβ superfamily members influence a variety of physiologic and
pathologic processes, including embryogenesis, wound healing, fibrosis, growth control, and
oncogenesis (Derynck and Akhurst, 2007; Goumans et al., 2009; Roberts and Wakefield,
2003; Shi and Massague, 2003; Yue and Mulder, 2001).
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TGFβ initiates its signaling by the binding of extracellular TGFβ to TβRII, followed by
transphosphorylation of TGFβ receptor I (TβRI). The activated receptor complex stimulates
intracellular mediators of TGFβ signaling, including receptor-activated Smads (RSmads).
These activated RSmads form a complex with the common partner Smad4 and translocate to
the nucleus, where they regulate transcription of a wide range of target genes (Feng and
Derynck, 2005; Goumans et al., 2009; Roberts and Wakefield, 2003; Schmierer and Hill,
2007; Shi and Massague, 2003; Yue and Mulder, 2001). These target genes include cell
cycle regulatory genes such as p21(Datto et al., 1995; Moustakas and Kardassis, 1998) and
genes involved in extracellular matrix formation such as PAI-1 (Li et al., 1998;
Westerhausen et al., 1991).

Although Smad2 and Smad3 are structurally similar, accumulating evidence suggests that
Smad2 and Smad3 play distinct roles in mediating the cellular responses induced by TGFβ
(Kretschmer et al., 2003; Piek et al., 2001). For example, HaCaT human keratinocytes
display a Smad3-dependent up-regulation of p21 by TGFβ at both the mRNA and protein
levels (Datto et al., 1995; Pardali et al., 2000). In addition, previous results have shown that
TGFβ strongly induces PAI-1 levels in HaCaT cells (Laiho et al., 1990a; Siegel and
Massague, 2003), a response that is mediated through the Smad3-targeted PAI-1 promoter
(Shen et al., 1998). Further, it has been shown that TGFβ-mediated induction of matrix
metalloproteinase-2 is selectively dependent upon Smad2, whereas induction of c-fos and of
Smad7 relies on Smad3 (Piek et al., 2001). While, it is clear that Smad2 and Smad3 have
distinct roles in mediating specific TGFβ responses, little is known about the mechanisms
underlying this differential regulation of TGFβ responses by Smad2 and Smad3. A potential
mechanism underlying this differential Smad2 versus Smad3 utilization will be described in
the current report.

km23-1 [also known as km23, mLC7-1, DNLC2A, robl, DYNLRB1(Jiang et al., 2001;
Nikulina et al., 2004; Pfister et al., 2005; Tang et al., 2002)] was shown to be a TβRII-
interacting protein that is also a DLC (Tang et al., 2002). Consistent with a role for km23-1
in TGFβ signaling, siRNA blockade of km23-1 expression resulted in a reduction in both
total intracellular Smad2 levels and in nuclear levels of phosphorylated Smad2 after TGFβ
treatment (Jin et al., 2007). Further, blockade of km23-1 decreased TGFβ/Smad2-dependent
ARE-lux transcriptional activity, with no effect on TGFβ/Smad3-dependent SBE2-Luc
transcriptional activity, indicating that km23-1 is required in Smad2-dependent TGFβ
signaling (Jin et al., 2008). Here we describe km23-2 (DYNLRB2), another mammalian
ortholog of Chlamydomonas LC7 and Drosophila robl (Ding and Mulder, 2004; Nikulina et
al., 2004; Tang et al., 2002). As for km23-1, km23-2 interacts with the TβRs after TGFβ
stimulation and kinase-active TβRII is required for km23-2 phosphorylation. However, in
contrast to km23-1, siRNA blockade of km23-2 decreased the ability of TGFβ to induce
both PAI-1 gene expression and p21 protein expression, two major TGFβ/Smad3-specific
responses. In keeping with these results, siRNA-specific blockade of km23-2 also reduced
transcriptional regulation of a TGFβ/Smad3-specific, but not a Smad2-specific, reporter.
Finally, TGFβ stimulated a preferential interaction of km23-2 with Smad3 relative to
Smad2, suggesting that differential utilization of km23 DLC isoforms by Smad2 and Smad3
might be partially responsible for Smad2-dependent versus Smad3-dependent TGFβ
signaling. Thus, our results demonstrate for the first time that km23-2 has functions distinct
from those for km23-1 and is required for Smad3-dependent TGFβ signaling.

MATERIALS AND METHODS
Reagents

The anti-Flag M2 (F3165) and anti-c-myc (M5546) antibodies (Abs) and mouse IgG were
from Sigma-Aldrich (St. Louis, MO). The c-myc monoclonal Ab (9E10) developed by Dr. J.
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Michael Bishop was obtained from the Developmental Studies Hybridoma Bank (Iowa City,
IA). The anti-dynein intermediate chain (DIC) monoclonal Ab was from Chemicon
(Temecula, CA). The anti-V5 Ab (R960 25) and the Lipofectamine™ 2000 transfection
reagent were obtained from Invitrogen (Carlsbad, CA). The TβRII Ab (SC-220), rabbit IgG,
and protein A/G plus agarose were from Santa Cruz Biotech (Santa Cruz, CA). 32P-
orthophosphate (NEX-053) was from Perkin Elmer (Boston, MA). TGFβ1 was purchased
from R & D Systems (Minneapolis, MN). The Fugene 6 transfection reagent was from
Roche Applied Science (Indianapolis, IN). The Dual-Luciferase Reporter Assay System
(Cat. # E1960) was purchased from Promega (Madison, MI). The anti-p21 antibody (CP74)
was obtained from Neomarkers (Fremond, CA).

Cell Culture
HaCaT cells and Mv1Lu cells (CCL-64) were obtained from ATCC (Rockville, MD) and
were grown in DMEM supplemented with 10% FBS. R1B cells and DR26 cells were kindly
provided by Dr. Joan Massague (Sloan-Kettering) and maintained as for Mv1Lu cells. 293T
cells were obtained from T-W. Wong (Bristol-Myers Squibb) and were maintained as for
Mv1Lu cells. Cultures were routinely screened for mycoplasma using Hoechst staining.

Construction of pCMV5-human km23-2 (hkm23-2)-Flag plasmid
To prepare human km23-2-Flag, hkm23-2 was polymerase chain reaction (PCR)-amplified
from a plasmid (IMAGE cDNA clone: 781013, Invitrogen) containing the coding region of
human km23-2, with primers containing additional suitable flanking restriction enzyme sites
for BglII (5’ primer) and SalI (3’ primer), and inserted into pCMV5-Flag (Sigma) after
digestion with BglII and SalI restriction enzymes. The correct DNA sequences were
confirmed by sequencing in both directions.

Transient transfections, IP/blot, Western
were performed essentially as described previously (Jin et al., 2007; Tang et al., 2002).

siRNAs
For the p21 experiments, km23-2 siRNA was constructed as follows. Briefly, the sense
strand of the hairpin km23-2 siRNA, corresponding to nucleotides 102-126 of the km23-2
coding region (5’-GGACAACTCAACAACTGTTCAATAT-3’), was cloned into the
pSUPER plasmid vector (Oligoengine, Seattle, WA). The km23-1 siRNA and NC siRNA
were prepared as described previously (Jin et al., 2005). For other experiments, km23-2
siRNAs (sense, 5’-GGACAACUCAACAACUGUUCAAUAU-3’ and antisense, 5’-
AUAUUGAACAGUUGUUGAGUUGUCC- 3’) were designed by BLOCK-iT™ RNAi
Designer (Invitrogen) and synthesized by Invitrogen. For the luciferase reporter assays, both
km23-1 and km23-2 siRNAs were cloned into the same RNAi-ready pSIRED-DNR-DsRed
express vector (Clontech), respectively.

Luciferase reporter assays
HaCaT cells were plated at 1×104 cells/cm2 in 24-well plates. 24 h after plating, the cells
were transfected with the indicated siRNAs, together with ARE-Lux and FAST-1 (Yeo et
al., 1999), or SBE2-Luc, (Zawel et al., 1998) or PAI-1-Luc (Abe et al., 1994). Renilla was
used to normalize transfection efficiencies. 24 h after transfections, the cells were washed
once with serum-free (SF) medium and incubated in SF medium for 1 h. Then the cells were
cultured in the absence and presence of TGFβ (5 ng/ml) for another 18 h. The luciferase
activity was measured using the Dual-Luciferase Reporter Assay System following the
manufacturer’s instructions. All assays were performed in triplicate. Data are expressed as
mean±SEM.
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Reverse transcription (RT)- PCR
HaCaT cells were transfected with NC siRNA, km23-1 siRNA, or km23-2 siRNA and
treated as for luciferase assays. RNA isolation and RT were performed as described
previously (Ding et al., 2005). Knockdown of km23-1 was confirmed by RT-PCR as
described previously (Ding et al., 2005). The forward primer for km23-2 was 5’-
TAGCGTTTTTGACATCCCG-3’ and the reverse primer was 5’-
TTCCAACCCAGTGTCTAAA -3’. The conditions used for km23-2 PCR were 28 cycles as
follows: 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 30 seconds. The forward
primer for GAPDH was 5’-ATCACTGCCACCCAGAAGAC-3’; reverse primer, 5’-
ATGAGGTCCACCACCCTGTT -3’). The conditions used for GAPDH PCR were 21
cycles as follows: 95°C for 15 seconds, 57°C for 30 seconds, and 72°C for 50 seconds.

Real-Time quantitative RT- PCR
HaCaT cells were transfected with NC siRNA, km23-1 siRNA, or km23-2 siRNA and
treated as for luciferase assays. Total RNA was isolated from HaCaT cells using TRIzol
reagent according to the supplied protocol (Invitrogen, Carlsbad, CA), and digested with
DNase RQI (Promega) to remove any contaminating genomic DNA. For RT, first strand
cDNA was synthesized from 1.0 μg of total RNA using random hexamer primers and the
SuperScript III Reverse Transcription kit (Invitrogen; Carlsbad, CA) by standard methods.
The concentration and quality of the resulting cDNA was quantified and analyzed using a
NanoDrop ND-1000 Fluorospectrometer. 40 ng of cDNA per sample was then utilized as a
template for real-time PCR in a SYBR Green Master Mix (Qiagen Corp, USA). The 18S
rRNA primers (Eurogentec, San Diego, CA), and the human PAI-1 specific primers
[forward primer: 5’-GAG ACA GGC AGC TCG GAT TC-3’; reverse primer: 5’-GGC CTC
CCA AAG TGC ATT AC-3’] (Kurisaki et al., 2003) were designed with the computer
program Primer Express (Applied Biosystems) and produced by Invitrogen (Carlsbad, CA).
To exclude the possibility of genomic DNA contamination, control PCR reactions with no
cDNA template were also included for each gene-specific primer set. PCR amplifications
were performed as described previously (Kurisaki et al., 2003). Levels of PAI-1 expression
in each sample were determined using the relative standard curve method, with the 18S
rRNA gene as an endogenous control (Kurisaki et al., 2003).

RESULTS
As mentioned earlier, km23-2 is a member of the DYNLRB/km23/LC7/robl family dynein
motor protein LCs in mammalian cells (Tang et al., 2002, Nikulina et al., 2004, Ding et al.,
2005). Because we have demonstrated that km23-1 is a TβR-interacting protein and is
required for Smad2-dependent TGFβ signaling, it was of interest to determine the function
of km23-2 in TGFβ signaling. In order to assess whether km23-2 could interact with the
TβRs, we performed IP/blot analyses in the presence of TGFβ after transient transfection of
RI-V5, RII-HA, and km23-2-Flag, or empty vector (EV). As shown in Fig. 1A, an
interaction was observed between km23-2 and TβRII (lane 3, top panel). No specific band
was apparent after expression of only EV or km23-2 alone (lanes 1 and 2, top panel). The
IgG control was also negative (lane 4, top panel). Equal expression and loading of RI-V5,
RII-HA, and km23-2-Flag were confirmed by Western blotting (lower panels). Thus,
km23-2 did interact with TβRII in the presence of TGFβ.

To ensure that the interaction was not the result of over-expression of the TβRs and to
determine whether the interaction between the receptors and km23-2 was regulated by
TGFβ, we performed IP/blot analyses in HaCaT cells expressing endogenous TGFβ
receptors in the absence or presence of TGFβ. As shown in Fig. 1B, no interaction between
km23-2 and TβRII was detected in the absence of TGFβ (lane 1). In contrast, TGFβ induced
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a rapid interaction of km23-2 with endogenous TβRII at 5 min after TGFβ addition (lane 3).
Further, the association of between km23-2 and TβRII was significantly decreased at 10-30
min after TGFβ addition to HaCaT cells (lane 4-6). As expected, no specific RII band was
apparent after expression of EV alone (lane 1). The IgG control lane (lane 7) indicated that
the band noted was specific for RII. Thus, basal levels of km23-2 –TβRII interaction were
undetectable, and TGFβ regulated the interaction between km23-2 and endogenous TβRII.

TβRs display serine/threonine kinase activity and can phosphorylate a number of
intracellular proteins to initiate and propagate various TGFβ signaling events and responses
(Shi and Massague, 2003; Yue and Mulder, 2001). Since we have shown that km23-2
interacts with TβRII in the presence of TGFβ, it is conceivable that km23-2 could be
phosphorylated upon TβR activation. To determine whether this was the case, we performed
in vivo phosphorylation assays (6, 8) after transient co-expression of either TβRII or a
dominant-negative kinase deficient RII (KNRII) with RI and km23-2. As shown in Fig. 1C,
in the absence of TGFβ, expression of both receptors with km23-2 resulted in no detectable
phosphorylation of km23-2 (lane 1, top panel). However, TGFβ treatment for 5 min resulted
in a significant increase in km23-2 phosphorylation (lane 2, top panel). Furthermore, this
phosphorylation of km23-2 was completely blocked upon expression of the KNRII (lane 3,
top panel). The IgG control (lane 4, top panel) indicated that the band noted was specific for
km23-2. Equal expression of km23-2 was confirmed by blotting with an anti-Flag Ab
(bottom panel). Thus, the results in Fig. 1C demonstrate not only that km23-2 is
phosphorylated upon TβR activation, but also that the kinase activity of TβRII is required
for km23-2 phosphorylation.

To further confirm whether the kinase activity of TβRII and/or TβRI is required for km23-2
phosphorylation, we performed in vivo phosphorylation assays (Jin et al., 2005; Tang et al.,
2002) in Mv1Lu cells expressing endogenous TβRs and in various receptor mutant lines
derived from Mv1Lu cells (Boyd and Massague, 1989; Laiho et al., 1991; Laiho et al.,
1990b). For example, we utilized R1B cells, which lack functional TβRI, and DR26 cells,
which contain a truncated, nonfunctional TβRII (Laiho et al., 1991; Laiho et al., 1990b). As
shown in Fig. 1D, in the absence of TGFβ, km23-2 was not phosphorylated in either the
parent Mv1Lu cells or in the two mutant cell lines used (lanes 1, 3, 5), demonstrating that
km23-2 is not constitutively phosphorylated when expressed in these cells. Upon TGFβ
treatment for 5 min, km23-2 was highly phosphorylated in the parental Mv1Lu cells (lane
2). In contrast, in DR26 cells, with aberrant TβRII receptors that cannot transduce TGFβ-
induced signals, km23-2 was not phosphorylated (lane 4). In R1B cells lacking functional
TβRI, km23-2 was phosphorylated, but to a reduced extent (lane 6). Equal expression of
km23-2 was confirmed by blotting with anti-Flag (bottom panel). These results demonstrate
that the kinase activity of TβRII is required for km23-2 phosphorylation. Further, these
results suggest that the presence of TβRI may enhance the phosphorylation of km23-2 via
TβRII, although the kinase activity of TβRI may not be absolutely required for km23-2
phosphorylation.

The results in Fig. 1 suggest that km23-2 may function as a TGFβ signaling intermediate. In
order to more definitively establish whether km23-2 was required in the signaling of any of
the known TGFβ responses, we chose PAI-1 and p21 as two major downstream target genes
of TGFβ (Datto et al., 1995;Siegel and Massague, 2003) to examine after knockdown of
km23-2 by siRNA approaches. Initially, we confirmed that km23-2 siRNAs could block
exogenous km23-2 expression by transiently transfecting 293T cells with the indicated
siRNAs. As shown in Fig. 2A, no band was detectable in the EV-transfected cells, as
expected (lane 1, left panel). km23-2-specific siRNAs totally knocked down km23-2-Flag
expression (lane 4, left panel), compared with the NC siRNA (lane 2, left panel). Further,
km23-1-specific siRNAs had no effect on km23-2-Flag expression (lane 3, left panel). Thus,
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the km23-2 siRNAs completely and specifically blocked km23-2-flag expression. As a
control, we have also confirmed that km23-1 siRNAs could specifically block km23-1-Flag
expression, but had no effect on km23-2-Flag expression (Fig. 2A, right panel).

In order to further establish that km23-2 siRNAs could specifically block endogenous
km23-2, we transiently transfected HaCaT cells with the indicated siRNAs, and RT–PCR
analyses were performed to monitor knockdown of km23-2 mRNA levels. Transfection
efficiencies assessed using an RNAi-ready pSIRED-DNR-DsRed expression vector were
about 60%-70% (data not shown). As shown in Fig. 2B, the km23-2 siRNAs specifically
and completely blocked the expression of km23-2 mRNA, but not that of km23-1 mRNA
(left panel). Our real time RT-PCR analyses also confirmed that km23-2 siRNA could
significantly knockdown km23-2 mRNA (data not shown). Similarly, the km23-1 siRNAs
specifically and completely knocked down the expression of km23-1 mRNA, but not that of
km23-2 mRNA (right panel).

Because we have shown that km23-1 and km23-2 siRNAs could selectively and specifically
block expression of both transfected and endogenous km23-1 vs. km23-2, respectively, in
HaCaT cells, we used this approach to examine the effect of km23-2 knockdown on TGFβ-
mediated transcription of the human PAI-1 promoter, which has been shown to be a Smad3-
targeted promoter (Shen et al., 1998). Therefore, we transiently transfected HaCaT cells
with NC siRNA, km23-1 siRNA, or km23-2 siRNA, and then performed PAI-1-luc
luciferase reporter assays in the absence and presence of TGFβ. As shown in Fig. 3A, in the
NC siRNA-transfected cells, TGFβ stimulated a 7-fold induction of PAI-1-Luc luciferase
activity. A similar level of induction of the PAI-1-Luc luciferase activity was also seen in
the km23-1 siRNA-transfected cells. In contrast, in the km23-2 siRNA-transfected cells,
TGFβ-induction of the PAI-1-Luc luciferase activity was significantly decreased (to levels
of only 3.5-fold) compared to those in the NC siRNA-transfected cells. Our results
demonstrate that blockade of km23-2 specifically decreased TGFβ induction of PAI-1 gene
transcription, whereas km23-1 was not required for this TGFβ/Smad3-specific response.

To further examine the km23-2 specificity of this TGFβ response, we examined PAI-1
mRNA expression levels in HaCaT cells using quantitative real-time RT-PCR analyses. For
these studies, HaCaT cells were transiently transfected with NC siRNA, km23-1 siRNA, or
km23-2 siRNAs in the absence and presence of TGFβ. As shown in Fig. 3B, in both NC
siRNA-transfected cells and km23-1 siRNA-transfected cells, PAI-1 gene expression was
induced approximately 6.3-fold after TGFβ stimulation, and the km23-1-specific siRNAs
did not block these effects. In contrast, in the km23-2 siRNA-transfected cells, TGFβ
induction of PAI-1 gene expression was significantly reduced to approximately 2.4-fold.
Our results demonstrate that blockade of km23-2, but not of km23-1, specifically inhibited
TGFβ induction of PAI-1 gene expression, thereby revealing differences in the ability of the
km23 isoforms to mediate this biological response to TGFβ.

As mentioned earlier, another prominent biological effect of TGFβ in epithelial cells is
induction of the cell cycle inhibitor p21 (Akhurst and Derynck, 2001; Roberts and
Wakefield, 2003; Yue and Mulder, 2001). Thus, it was of interest of determine whether
km23-2 was required for this biological response to TGFβ and whether the results would
reveal a differential usage of the km23 isoforms as was seen for PAI-1. Therefore, we
transiently transfected HaCaT cells with the indicated siRNAs and performed Western blot
analyses to examine p21 induction by TGFβ. As shown in Fig. 4, in mock-transfected cells,
there was no detectable p21 protein expression in the absence of TGFβ (lane 1, top panel).
However, levels of p21 protein were greatly increased after TGFβ treatment (lane 2, top
panel). Similar results were obtained in the both NC siRNA-transfected cells (lanes 3 and 4,
top panel) and in the km23-1 siRNA-transfected cells (lanes 5 and 6, top panel). However,
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in the km23-2 siRNA-transfected cells, p21 protein levels were significantly decreased after
TGFβ treatment (lane 8, top panel). Equal protein loading was confirmed by blotting with a
DIC Ab. Thus, the results in Fig. 4 demonstrate that blockade of km23-2 specifically
decreased TGFβ induction of p21 protein expression, whereas km23-1 was not required for
this TGFβ/Smad3-specific response.

Our results in Figs. 3-4 have shown that blockade of endogenous km23-2 specifically
inhibited two Smad3-specific TGFβ targets, namely PAI-1 and p21. In addition, our
previous results have shown that blockade of km23-1 inhibited TGFβ/Smad2-dependent
ARE-lux, but had no effect on TGFβ/Smad3-dependent SBE2-Luc (Jin et al., 2007). Thus, it
was of interest to determine whether blockade of km23-2 could preferentially influence a
Smad3-specific TGFβ-dependent transcriptional reporter, as opposed to the Smad2-specific
reporter regulated by km23-1. In this regard, the SBE2-Luc reporter has been used
previously to demonstrate Smad3/4-dependent responses induced by TGFβ (Zawel et al.,
1998). Accordingly, we performed SBE2-Luc luciferase reporter assays in the absence and
presence of TGFβ after transiently transfecting HaCaT cells with the SBE2-Luc reporter and
either EV, NC siRNA, km23-2 siRNA, or km23-1 siRNA. As shown in Fig. 5A, in the both
EV and NC siRNA-transfected cells, TGFβ stimulated a 3.7-3.8-fold induction of the SBE2-
Luc reporter. This induction level was significantly decreased (to levels that were 50% of
NC siRNA values) upon km23-2 siRNA transfection to knock down km23-2. We also
confirmed that blockade of km23-1 expression had no effect on TGFβ induction of SBE2-
Luc as previously described (Jin et al., 2007). In these experiments, the down-regulation of
km23-2 often decreased both basal and TGFβ-stimulated transcription, suggesting that
km23-2 may also play a role in regulation of other signaling pathways, such as TGFβ
production pathway, that contribute to autocrine TGFβ signaling in HaCaT cells. Thus, our
results indicate that blockade of endogenous km23-2 expression impaired Smad3-specific
transcriptional activity, whereas km23-1 siRNA did not.

The ARE-lux reporter is known to be activated by TGFβ or activin in a Smad2-dependent
manner (Yeo et al., 1999). As mentioned above, we have previously shown that blockade of
km23-1 inhibits Smad2-dependent transcriptional activity of the ARE-Lux reporter (Jin et
al., 2007). In order to examine whether knock-down of km23-2 could also affect this
Smad2-specific reporter (Yeo et al., 1999), we performed ARE-Lux luciferase reporter
assays in the absence and presence of TGFβ, after transiently transfecting HaCaT cells with
the ARE-Lux reporter and FAST1, along with EV, NC siRNA, km23-2 siRNA or km23-1
siRNA. As shown in Fig. 5B, blockade of km23-1 significantly decreased TGFβ-induction
of the ARE-Lux reporter in HaCaT cells, which is consistent with our previous results (Jin et
al., 2007). In contrast, km23-2 and NC siRNAs had no effect on TGFβ-stimulated ARE-Lux
activity. These results demonstrate that blockade of km23-2 had no effect on Smad2-
dependent transcriptional activation, further revealing differences between km23-1 and
km23-2 in regulating TGFβ-mediated events. These findings also support a specific role for
km23-2 in mediating Smad3-dependent TGFβ signaling events.

Based upon our observations here that the km23 isoforms could differentially regulate
Smad2- versus Smad3-specific TGFβ responses in HaCaT cells, it is conceivable that there
may be selective complexes formed between the km23 isoforms and the different RSmads.
Thus, we examined km23-2 complexes with Smad2/3 by IP/blot analyses in the absence and
presence of TGFβ, after co-expression of Smad2-Myc (lanes 1-4), Smad3-Myc (lanes 5-9),
and RI-V5, RII-HA, or EV, with or without km23-2-Flag as indicated. As shown in Fig. 6A,
there was a strong interaction observed between km23-2 and Smad3 in the presence of
TGFβ stimulation (lane 6), while in the absence TGFβ stimulation, there was a very low
level of interaction (lane 7). In contrast, the interaction between Smad2 and km23-2 was
very week even in the presence TGFβ stimulation (lane 2). No bands were observed in the
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lysates from cells expressing the receptors alone (lanes 4 and 8) or when using normal
mouse IgG as the IP antibody (lane 9). In addition, no specific band was apparent after
expression of EV and km23-2 (lanes 1 and 5). Thus, our results demonstrate that TGFβ
preferentially stimulates the interaction of km23-2 with Smad3, over that with Smad2. In
addition, since Smad3-Myc expression levels were lower than those for Smad2-Myc in the
bottom panel, the Smad3-km23-2 specific interactions are actually even greater than those
depicted.

Our previous results have shown that km23-1 is required for a Smad2-dependent TGFβ
signaling (Jin et al., 2007). To further test our hypothesis that the km23 isoforms may
selectively form complexes with the different RSmads, we have also performed IP/blot
analyses after co-expression of Smad3-Myc (lanes 1-4), Smad2-Myc (lanes 5-9), and RI-V5,
RII-HA, or EV, with or without km23-1-Flag as indicated. As shown in Fig. 6B, there was a
strong interaction observed between km23-1and Smad2 in the presence of TGFβ stimulation
(lane 6). Although there was some basal interaction between km23-1 and Smad2, the
association was increased after treatment with TGFβ for 5 min. In contrast, km23-1 had a
very week interaction with Smad3 in both the absence and the presence of TGFβ (lanes 2-3),
further demonstrating Smad isoform specificity for the interaction with km23. As expected,
no bands were observed in the lysates from cells expressing the receptors alone (lanes 4 and
8) or when using normal mouse IgG as the IP antibody (lane 9). In addition, no specific band
was apparent after expression of EV and km23-1 (lanes 1 and 5). Thus, these results
demonstrate that TGFβ preferentially stimulates the interaction of km23-1 with Smad2, over
that with Smad3.

DISCUSSION
We have previously shown that km23-1 plays an important role in Smad2-dependent TGFβ
signaling (Jin et al., 2007). To further define the function of the km23/DYNLRB/LC7/robl
family of DLCs in TGFβ signaling, we have examined a second member of this family in
mammalian cells. In the current report, we found that in similarity to km23-1, TGFβ
regulates the interaction of km23-2 with TβRII and the TβRII kinase activity was required
for the phosphorylation of km23-2 after TGFβ stimulation. However, we also demonstrate
that blockade of endogenous km23-2 attenuated TGFβ stimulation of the Smad3-specific
target genes PAI-1 and p21, while blockade of km23-1 had no effect on either of these
TGFβ responses. Thus, in contrast to km23-1, the km23-2 isoform has unique functions in
mediating Smad3-dependent TGFβ responses. Collectively, our findings indicate for the first
time that the km23-2 DLC is required for Smad3-dependent TGFβ signaling.

In the current report, we have also demonstrated that Smad2- versus Smad3-specific
responses are differentially regulated by km23-1 versus km23-2 in that blockade of
endogenous km23-2 expression reduced TGFβ stimulation of the Smad3-dependent
transcriptional reporter SBE2-Luc, while km23-1 knockdown did not. Conversely, a
reduction in TGFβ stimulation of Smad2-dependent transcription was not observed by
knockdown of km23-2, as we have observed for km23-1 knockdown. Finally, we have
demonstrated that TGFβ regulated the interaction of km23-2 preferentially with Smad3,
relative to Smad2, while TGFβ regulated the interaction of km23-1 with Smad2, but not
with Smad3. Thus, the km23 DLC isoforms form selective complexes with Smad2 and
Smad3 as a potential mechanism for the differential regulation of Smad2 versus Smad3
TGFβ signaling.

PAI-1 induction by TGFβ is a classic target of TGFβ signaling via the Smad pathway and is
Smad3-specific in a variety of cell types (Kortlever et al., 2008; Kretzschmar and Massague,
1998). For example, Smad3 and Smad4 have been shown to mediate TGFβ signaling
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through direct binding to a novel TGFβ-responsive element in the PAI-1 promoter (Song et
al., 1998). Silencing of Smad3, but not silencing of Smad2, blocked TGFβ-stimulated PAI-1
protein levels in HaCaT cells, providing further support that PAI-1 is a Smad3-dependent
target gene in HaCaT cells (Kretschmer et al., 2003). Here we show that blockade of
km23-2, but not blockade of km23-1, diminished TGFβ induction of both PAI-1 promoter
luciferase activity and PAI-1 gene expression. Thus, km23-2, unlike km23-1, is required for
TGFβ induction of PAI-1 via a Smad3-specific TGFβ pathway. In addition, we suggest that
the specific requirement for km23-2 in this regard may be explained by the preferential
formation of km23-2-Smad3 complexes after TGFβ treatment.

TGFβ induction of p21 is a critical step in mediating the inhibitory effects of TGFβ on cell
growth. Further, Smad pathway components, and especially Smad3, are indispensable for
the induction of p21 by TGFβ in HaCaT cells (Feng et al., 2000; Kretschmer et al., 2003;
Pardali et al., 2000). For example, overexpression of Smad3 and Smad4 in HaCaT cells
enhanced TGFβ induction of p21 gene expression, whereas dominant-negative mutants of
Smad3 and Smad4 inhibited p21 induction by TGFβ in a dose-dependent manner (Pardali et
al., 2000). Further, Smad3 has been shown to be the predominant Smad for mediating
transcriptional induction of p21 by TGFβ (Pardali et al., 2000). Moreover, a previous report
has shown that silencing of Smad3 diminished the increase in p21 protein expression in
HaCaT cells (Kretschmer et al., 2003). In the current report, we demonstrate that silencing
of km23-2, but not silencing of km23-1, blocked the ability of TGFβ to mediate induction of
p21 expression. Therefore, in contrast to km23-1, km23-2 appears to be required for TGFβ
induction of p21 expression via a Smad3-specific TGFβ pathway.

It is known that Smad2 and Smad3 associate with a number of cytoplasmic and membrane–
bound proteins to differentially activate Smad2- or Smad3-specific signaling downstream
(Brown et al., 2007; Feng and Derynck, 2005; Roberts et al., 2003; ten Dijke and Hill, 2004;
Zhang and Derynck, 1999). For example, after TGFβ stimulation, the adaptor protein
embryonic liver fodrin interacts with Smads3 and 4, but not with Smad2, in facilitating
TGFβ transcriptional responses (Tang et al., 2003). More recently, a number of putative
Smad2 or Smad3-associated proteins have been identified (Brown et al., 2008). It has been
suggested that protein–protein interactions among these components may aid in the selective
activation of Smad2 versus Smad3, thereby modulating Smad2- and/or Smad3-specific
functions (Brown et al., 2007; Roberts et al., 2003; ten Dijke and Hill, 2004). Similarly, we
show herein that km23-2 interacts with TβRII and preferentially with Smad3 after TGFβ
stimulation. In contrast, our previous results have shown that km23-1 selectively interacts
with TGFβ/Smad2 complexes (Jin et al., 2007). We suggest that the differential regulation
of Smad2- versus Smad3-depedent TGFβ responses by the km23-1 and km23-2 DLCs may
be due, in part, to the formation of selective Smad3-km23-2 and Smad2-km23-1 complexes.
Collectively, our findings herein point to a novel paradigm for TGFβ signaling, namely one
invoking DLCs in the modulation and specification of RSmad-specific signaling pathways.

The fact that Smad2 and Smad3 are not be phosphorylated in the same endocytic locale
(Felici et al., 2003), suggests that there is some mechanism to divert the Smad isoforms to
distinct early endosome compartments (Felici et al, 2003). The formation of the selective
Smad2-km23-1 and Smad3-km23-2 complexes described above may help to selectively
direct Smad2 and Smad3 to the appropriate subdomains or subcompartments in early
endosomes. Along these lines, it is has been reported that TβR-associated proteins play roles
in directing vesicular trafficking. For example, SARA has been shown to be enriched in
early endosomes, bind both TβR and R-Smads, and promote Smad phosphorylation and
TGFβ signaling (Di Guglielmo et al., 2003). Our previous results have shown that km23-1
selectively interacts with TGFβ/Smad2 complexes in early endosomes (Jin et al., 2007).
Similarly, herein we show that km23-2 interacts with TβRII and preferentially with Smad3
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at 5 min after TGFβ addition, when TβR and Smads are internalized in early endosomes (Di
Guglielmo et al., 2003; Jin et al., 2007). The presence of km23-2 in early endosomes at 5
min after TGFβ treatment was also confirmed by sucrose gradient analyses (data not
shown). Overall then, our data suggest that the km23 isoforms may play an important role in
the early endosome compartment specification process for Smad 2 and 3.

It is also of interest that specific Smad TGFβ signaling components form selective
complexes with light chain components of the dynein motor complex. Aside from our
previous report regarding km23-1 complex formation with Smad2 (Jin et al, 2007), dynein
motor regulation in TGFβ signaling has not been widely studied. However, there is one
report describing the regulation of Smad2 signaling by the plus-end directed motor kinesin-1
(Batut et al., 2007). Similar to our findings herein, the kinesin studies demonstrate that a
light chain of kinesin-1 is required for both interaction with Smad2 and trafficking Smad2 to
the cell periphery in response to activin/nodal signaling (Batut et al., 2007). Other reports
have described interactions of other DLCs with receptors for TGFβ or with those for other
TGFβ superfamily members (Machado et al., 2003; Meng et al., 2006). However, the
regulation of Smad-specific TGFβ responses by these interactions is still unclear. In
addition, while reports of DLC binding to specific cargoes (ie, growth factors, receptors,
binding partners), presumably to regulate specific intracellular responses, are abundant in
the literature, all of these reports pertain to DLCs other than km23/DYNLRB (Lo et al.,
2007; Machado et al., 2003; Meng et al., 2006; Tai et al., 1999; Vallee et al., 2004).
Moreover, there are no reports implicating unique isoforms of a specific DLC family in the
differential regulation of TGFβ signaling pathways. Accordingly, our findings are novel and
contribute uniquely and significantly not only to the TGFβ field, but also to the dynein field.
Future studies will address the precise nature of the intracellular regulation of TGFß/Smad3
signaling complexes by km23-2.
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Fig. 1. km23-2 interacts with and is phosphorylated by the TβRs, and the kinase activity of
TβRII is required for this phosphorylation
A: 293T cells were transiently transfected with km23-2-Flag, RI-V5, RII-HA, and/or EV,
followed by IP/blot analyses using an anti-Flag Ab as the IP Ab and an RII polyclonal Ab as
the blotting Ab (top panel). Cells were incubated in SF medium for 1h prior to addition of
TGFb (10 ng/ml) for 5 min. Lower panels, controls for expression and loading of RI (V5
blot), RII (RII blot), and km23-2 (Flag blot). The results shown are representative of two
similar experiments. B: HaCaT cells were transiently transfected either EV (lane 1) or
km23-2-Flag (lanes 2-7). 24h after transfection, HaCaT cells were then incubated with SF
medium for I h prior to addition of TGFβ (5 ng/ml) for the indicated times. Top panel, cells
were then lysed , and lysates were subjected to IP/blot analyses using a Flag Ab as the IP Ab
and an RII Ab as the blotting Ab. Bottom panels, Western blot analysis to demonstrate equal
loading and expression of endogenous RII and km23-2-Flag. C: 293T cells were transiently
transfected with RI-V5, RII-HA or KNRII, and either EV or km23-2-Flag. 28 h after
transfection, in vivo phosphorylation of km23-2 were performed as described previously
(Tang et al., 2002). Lower panel, the gel from top panel was transferred to a PVDF
membrane and blotted with anti-Flag Ab. D: Mv1Lu, R1B (Mv1Lu cells lacking functional
TβRI), and DR26 (Mv1Lu cells containing a truncated, nonfunctional TβRII) (Laiho et al.,
1991; Laiho et al., 1990b) were transiently transfected with km23-2-Flag. 28h after
transfection, in vivo phosphorylation assays were performed as described previously (Tang
et al., 2002). Lower panel, the gel from top panel was transferred to a PVDF membrane and
blotted with an anti-Flag Ab. Results are representative of two experiments.
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Fig. 2. km23-1 and km23-2 siRNAs selectively and specifically knock down both exogenous and
endogenous km23-1 and km23-2
A: Left panel: 293T cells were transiently transfected with either EV (lane 1), or km23-2-
Flag together with NC siRNA (lane 2), km23-1 siRNA (lane 3) or km23-2 siRNA (lane 4).
Top panel, blockade of km23-1-Flag expression was analyzed via Western blotting with an
anti-Flag M2 Ab. Bottom panel, equal loading was confirmed by blotting with an anti-DIC
Ab. Right panel: 293T cells were transiently transfected with either EV (lane 1), or km23-1-
Flag together with NC siRNA (lane 2), km23-1 siRNA (lane 3) or km23-2 siRNA (lane 4).
Top panel, blockade of km23-1-Flag expression was analyzed via Western blotting with an
anti-Flag M2 Ab. Bottom panel, equal loading was confirmed by blotting with an anti-DIC
Ab. B: HaCaT cells were transfected with NC, km23-1-, or km23-2-specific siRNAs. Top
panel, RT-PCR analysis of human km23-1 (left panel), and human km23-2 (right panel)
mRNA expression from HaCaT cells were performed. Bottom panel, GAPDH was used as a
loading control. Results are representative of two experiments.
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Fig. 3. TGFβ-mediated induction of PAI-Luc luciferase activity and endogenous PAI-1 gene
expression in HaCaT cells specifically requires km23-2, but not km23-1
A: HaCaT cells were transfected with NC siRNA, km23-1 siRNA, or km23-2 siRNA. 24h
after transfection, the medium was replaced with SF medium for 1 h, followed by incubation
of cells in the absence (open bar) and presence (black bar) of TGFβ (5ng/ml) for an
additional 18 h. Luciferase activity was measured using the Dual Luciferase Reporter Assay
System (Promega). The results are representative of at least two experiments, each
performed in triplicate. B: HaCaT cells were transfected and treated as described for Fig.
3A. Real-time RT-PCR analysis of human PAI-1 mRNA expression from HaCaT cells was
performed. Bars represent mean ± SD of PAI-1 mRNA levels normalized to control 18S
rRNA levels. Results are representative of two experiments.

Jin et al. Page 16

J Cell Physiol. Author manuscript; available in PMC 2010 June 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. TGFβ induction of p21 expression in HaCaT cells specifically requires km23-2, but not
km23-1
HaCaT cells were transiently transfected with the siRNA plasmids indicated: mock
(lanes1-2), NC siRNA (3-4), km23-1 siRNA (lane 5-6), km23-2 siRNA (lane 7-8) and were
treated with TGFβ as described in Fig. 3A. Top panel, p21 expression was detected by
Western blot analysis using a mouse monoclonal anti-p21 Ab. Bottom panel, equal loading
and expression of DIC was confirmed by blotting with a mouse monoclonal DIC Ab.
Results are representative of two experiments.
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Fig. 5. Knockdown of endogenous km23-2 expression results in inhibition of TGFβ-inducible
Smad3-dependent (A), but not Smad2-dpendent (B), transactivation in HaCaT cells
HaCaT cells were either EV transfected or transiently transfected with either NC siRNA,
km23-1 siRNA, or km23-2 siRNA along with 0.1 μg SBE2-luc (A) or 0.1μg ARE-lux and
0.1 μg FAST-1 (B). Experiments were performed as in Fig. 3A. The results shown are
representative of three similar experiments.
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Fig. 6. km23 isoforms selectively associate with the different R-Smads in IP/blot assays
A: km23-2 interacts preferentially with Smad3, relative to Smad2. 293T cells were
transiently co-transfected with Smad2-Myc (lanes 1-4), Smad3-Myc (lanes 5-9), and RI-V5,
RII-HA, or EV, together with or without km23-2-Flag as indicated. 28h after transfection,
cells were treated as for Fig. 1A. Top panel, 293T cells were lysed, followed by IP/blot
analyses using an anti-Myc Ab as the IP Ab and an anti-Flag Ab as the blotting Ab. Middle
panel, the same membrane was blotted with an anti-Myc Ab to indicate expression of the
IP’d Smads. Bottom panel, equal expression of transfected km23-2-Flag was verified by
immunoblot analysis. The results shown are representative of two similar experiments. B:
km23-1 interacts preferentially with Smad2, relative to Smad3. 293T cells were
transiently co-transfected with Smad3-Myc (lanes 1-4), Smad2-Myc (lanes 5-9), and RI-V5,
RII-HA, or EV, together with or without km23-1-Flag as indicated. Top panel, experiments
were performed as in Fig. 6A. Bottom panels, equal expression of transfected Smad2-myc,
Smad3-myc, and km23-1-Flag were verified by immunoblot analysis.
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