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INTRODUCTION: 
We previously demonstrated that TGFB rapidly activates Ras (3-6 min), as well as both 
the Erk and Sapk/JNK Mapk's (within 5-10 min). These effects occurred in 
untransformed epithelial cells and in human breast cancer cells (BCCs) that had 
retained TGFB responsiveness in terms of TGFR's growth inhibitory effects. Since 
TGFR receptors are serine/threonine kinases, the mechanisms for activation of Ras by 
TGFS would differ from those observed for tyrosine kinase receptors. Signaling 
components with SH2 domains would not be expected to directly bind TGFB receptors. 
The objective of the current proposal was to identify TGFR signaling components that 
may regulate the activation of Ras/Mapk/JNK pathways by TGFR. These studies are 
highly relevant to BC, since TGFR proteins are the major endogenous growth inhibitors 
secreted by human BCCs. More advanced BCCs lose responsiveness to TGFB's 
growth inhibitory effects. This is largely mediated by alterations in TGFS signaling 
pathways, such as those under study in this proposal. Elucidation of the diverse signals 
that are activated by TGFR will facilitate our understanding of the mechanisms by which 
this important growth inhibitor mediates its effects, as well as how these signaling 
pathways are subverted to produce malignant breast cancer. 

BODY: 
In the last Progress Report, we indicated that we had identified km23 as a TGFR 
receptor-interacting protein that was also a light chain of the molecular motor protein 
dynein. We reported that TGFB stimulated not only the phosphorylation of km23, but 
also the recruitment of km23 to the dynein intermediate chain (DIC). Recruitment of 
dynein light chains (DLCs) to the dynein complex is important not only for specifying the 
cargo that will bind (Vaughan and Vallee, 1995), but also for the regulation of 
intracellular transport itself (Karcheret al, 2002). Thus, km23 appeared to function as a 
motor receptor, linking the dynein motor to specific signaling complexes contained 
within intracellular vesicular compartments. We also demonstrated that km23 mediated 
specific TGFR responses, including JNK activation, c-Jun phosphorylation, and growth 
inhibition. This work is now published in MBC {Tang et al, 2002). 

Since the binding of km23 to the DIC after TGFR receptor activation is important for 
specifying the nature of the vesicular contents (i.e., TGFR signaling components) that 
will be transported along the microtubules (MTs) {Jin et al, 2003), any disruption in 
km23 would be expected to prevent or alter movement of such cargo along MT's. In 
this way, alterations in km23 result in a mis-localization of these proteins, with a 
disruption of TGF(3 growth inhibitory signals. Accordingly, sequence alterations at 
specific regions of km23 in human tumors appear to play a role in tumor development or 
progression {Ding et al, 2003; Mulder 2003; Ding and Mulder 2004). During this project 
period, we have determined that one out of two human breast carcinomas from patients 
contained km23 alterations (see Table 1). Thus, we have novel data implicating km23 
alterations in the development or progression of breast cancer. In addition, we have 
found several other types of alterations in km23 in human breast tumor sequences in 
the NCBI database (see Table 2). This indicates that a larger samples size would 
permit us to detect additional alterations in km23 in human breast cancers from 
patients. However, since the funds have been expended, we will not be able to proceed 
with these studies. 



Since the last Progress Report, we have also completed studies to address both 
Objectives 1 and 2. Regarding Objective 1, we have determined that Src does not 
directly interact with the TGFB receptors (Fig. 1). However, instead, it appears that Src 
and/or its family members may be in an adaptor complex with other TGFS signaling 
intermediates. These other signaling components, which include km23, appear to 
function as adaptors to link the receptors to the direct activators of Ras during 
endocytosis and early trafficking events. As an example of one of these, we have 
shown that expression of km23 can induce the interaction of Src with the adaptor kinase 
Grk2 (Fig. 2). Grk2 has been shown to regulate the Ras/Mapk pathways through its 
association with Src, the two proteins often linked by an additional adaptor protein (i.e.. 
Wan et al, 2003). In addition, previous results have indicated that another DLC, Tctex- 
1, can interact with the Src family member fyn {Campbell et al, 1998). Thus, it seems 
likely that the DLC we have identified, km23, might also interact with a Src family 
member. This may occur indirectly through the interaction of Src with Grk2 (Fig. 2), or 
directly. Future studies will be required to address this possibility.   However, our 
results do suggest that Src may be involved in TGFB activation of the Ras/Mapk 
pathways, although we did not detect a direct interaction between the receptors and 
Src. The key is that adaptor complexes containing components such as Grk2, and 
km23 are required. 

With regard to Objective 2, we could not detect a specific, TGFB-inducible change in the 
guanine nucleotide exchange factors (GEFs) Sos or GRF. However, there are several 
other GEFs that have been identified since we have submitted this application. It may 
well be that one of these GEFs plays a more important role in the activation of Ras or 
Ras family members by TGFB. For example, it has been shown that the TGFS 
activation of the Ras superfamily member RhoA can involve the GEF NET1 {Shen etal, 
2001). In addition, a new GEF of the Vav family has been identified (Vav3), and shown 
to be regulated by TGFB {Trenkle et al, 2000). Since the funds have been expended, 
studies involving these other GEFs are beyond the scope of the current project. 
However, we feel that the findings we obtained from Objective 1, regarding the 
important role of these adaptor complexes in Ras activation, as well as the results we 
obtained regarding the role of km23 alterations in breast cancer development or 
progression, are highly significant and important outcomes that resulted from the current 
award. 

KEY RESEARCH ACCOMPLISHMENTS: 
• We have extensive functional data to demonstrate that km23 is an important 

component of TGF& signaling pathways such as Ras/JNK. 

• We also have functional data to indicate that km23 is an important component of 
the cell's motor machinery, responsible for moving TGFB signaling components 
to their appropriate destinations in the cell. 

• Expression of km23 induces the interaction of Src with Grk2, forming an adaptor 
complex critical for the activation of components such as Ras and Mapks 

• km23 alterations occur in human breast cancer at specific sites that are critical 



for the cellular functions of knn23. The alterations appear to occur at a high 
frequency in human breast cancer. 

•   We have validated knn23 as a critical anti-cancer therapeutic target using siRNA 
approaches. 
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CONCLUSIONS: 
1. The TGFp receptors do not appear to directly interact with Src (Fig. 1). 

2. km23 can function as a motor receptor to link TGFp signaling components (i.e., 
Src, GEF, Ras, JNKs, Smads) to the motor machinery for their movement along 
microtubules to their appropriate sites of action (Tang et al, 2002; Mulder,2003; 
Ding and Mulder, 2004). 

3. km23 is co-localized with Smad2 at early time points after TGFp addition, prior to 
Smad translocation to the nucleus (Jin et al, 2003). 

4. km23 can directly interact with the TGFp signaling component Smad2 by two 
different methods (Jin et al, 2003). 



5. Blockade of km23 expression using small interfering RNA (siRNA) results in a 
reduction in the ability of TGFp to inhibit cell growth and to induce fibronectin 
expression. Both of these TGFp responses partially require Ras and Mapks 
such as JNK (Jin et al, 2003). 

6. Alterations in km23 in human breast cancer have been identified in one out of 
two patients thus far. 

7. Alterations in km23 can reduce its ability to interact with the dynein motor 
complex, thereby limiting the ability of TGFp signaling components (i.e., Src, 
GEFs, Ras, JNKs, Smads) to function in the appropriate manner (Jin et al, 2003; 
Ding et al, 2003). 

8. km23 is a ubiquitously expressed, cytoplasmic adaptor protein, which when 
expressed, can stimulate the interaction between Src and Grk2, thereby 
facilitating the activation of the Ras/Mapk pathways (Fig. 2). 

SO WHAT SECTION: 
km23 as a "Drugable" Target: Several Different Therapeutic Approaches are Applicable 

• km23 appears to function as a tumor suppressor, blocking cancer cell growth 
under normal conditions. In contrast, km23 alterations in human breast cancer 
abrogate the tumor suppressive function of km23. 

• Several therapeutic approaches have been employed to repair or replace the 
loss of tumor suppressor protein functions (i.e., gene therapy approaches, 
blockade of binding proteins, etc); these are also applicable to km23. 

• Pharmacological screens are unden/vay to identify novel agents that can restore 
the normal functions of km23, or replace the altered forms/functions of km23. 
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Table 1. Detection of Mutations in Breast Cancer Tissues Using 
Laser Capture IVIicrodissection & Nested-RT-PCR 

Case No.    Age (yrs.) Histology Stage/Grade        Mutations 

48 Infiltrating ductal carcinoma III/ 3 

10 

48 Infiltrating ductal carcinoma III/3 Missing exon 3 



Table 2. km23 alterations in human breast tumors in NCBI database 

Human EST- 
accession No. Tumor Source 

Nucleotide 
alterations 

Amino acid 
residue 

alterations 

Exon 

AI910285 Breast AAC-^ACC 
GAC-^AAC 

N20T 
D59N 

2nd 
3rd 

BI861952 Breast 
adenocarcinoma 

cell line 

56th deletion 
GGA^GAA 

G19E 
87aa 

2nd 

BG030777 Breast 56th deletion 
GGA->GAA 

G19E 
87aa 

2nd 

H45788 Breast GTG^GTC 
CGT^GGT 

237th deletion 

V57V 
R58G 
87aa 

3rd 

R50440 Breast GTG-^GTC 
CGT-^GGT 
GAC->GGA 

V57V 
R58G 
N59G 

3rd 

BG033914 Mammary 
adenocarcinoma 

cell line 

56th deletion 
GGA-^GAA 

G19E 
22aa 

2nd 

BE077366 Breast 37th, 38th and 
47th deletion 
CAG-*CAA 
AGC^CCA 

S12P 
20aa 

2nd 

BF744548 Breast ACC^ACG 
ACC-^ATC 

T38T 
T39I 

3rd 

BF744651 Breast ACC-^ACG 
ACC-*ATC 

T38T 
T39I 

3rd 
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Fig. 1 
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Fig. 1: Rll does not directly interact with Src. 
MDCK cells were treated with TGFp (5 ng/ml) for 
the indicated times. Lysates were then 
immunoprecipitated (IP d) with Rll Ab (lanes 1 
and 2), Src Ab (lanes 4-6), or IgG (lanes 3 and 7, 
negative control), analyzed by SDS-PAGE, and 
transferred to PVDF membrane. Top panel: IP Rll/ 
blot Src (lanes 1 and 2) indicates that Rll does not 
interact with Src. However, IP Src/blot Src indicates 
Src band at correct position (lanes 4-6). IgG controls 
had no specific bands (lanes 3 and 7). Bottom 
panel: IP Src/blot Rll (lanes 4-6) indicates that Rll 
does not interact with Src in the opposite direction. 
However, IP RlI/blot Rll indicates Rll band at correct 
position (lanes 1 and 2). IgG controls had no 
specific bands (lanes 3 and 7). 
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Fig. 2 
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Fig. 2: km23 expression induces an interaction 
between Src and the adaptor kinase GRK2. 
293 cells were transfected with EV of km23-Flag 
and treated with EGF (50 ng/ml) for the indicated 
times. Lysates were then immunoprecipitated (IP d) 
with Src Ab (lanes 1-3), or IgG (lane 4, negative 
control), analyzed by SDS-PAGE, and transferred 
to PVDF membrane. Top panel: IP Src/blot GRK2 
indicates that treatment with EGF for 5 min stimulates 
an interaction of GRK2 with Src (lane 2). Transfection 
of km23 also stimulates the interaction of Src with 
GRK2 in the absence of EGF stimulation (lane 3). 
Bottom panel: Equal expression of transfected 
km23-Flag in the relevant lanes is demonstrated by 
Western blotting using a Flag Ab (lanes 3 and 4). 
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The phosphorylated, activated cytoplasmic domains of the transforming growth factor-j3 (TGF^) 
receptors were used as probes to screen an expression library that was prepared from a highly 
TGFj3-responsive intestinal epithelial cell line. One of the TGFjS receptor-interacting proteins 
isolated was identified to be the mammalian homologue of the LC7 family (mLC7) of dynein light 
chains (DLCs). This 11-kDa cytoplasmic protein interacts with the TGFjS receptor complex 
intraceUularly and is phosphorylated on serine residues after ligand-receptor engagement. Forced 
expression of mLC7-l induces specific TGF/3 responses, including an activation of Jim N-terminal 
kinase (JNK), a phosphorylation of c-Jim, and an inhibition of cell growth. Furthermore, TGFjB 
induces the recruitment of mLC7-l to the intermediate chain of dynein. A kinase-defident form 
of TGF/3 RU prevents both mLC7-l phosphorylation and interaction with the dynein intermediate 
chain (DIG). This is the first demonstration of a link between cytoplasmic djniein and a natural 
growth inhibitory cytokine. Furthermore, our results suggest that TGFjS pathway components 
may use a motor protein light chain as a receptor for the recruitment and transport of specific 
cargo along microtublules. 

INTRODUCTION 

Transforming growth factor-^ (TGF/3) is the prototype for the 
TGFjS superfarmly of highly conserved growth regulatory 
pol)q>eptides that also includes the activins, inhibins, bone 
morphogenetic proteins, decapentaplegic (Dpp), nodal. Lefty, 
and others (Roberts, 1998; Spom and Vilcek, 2000; Yue and 
Mulder, 2001). Alterations in the TGF/3 signaling components 
and pathwa)^ have been implicated in a vast array of human 
pathologies, including cancer (Massague et ah, 2000; Spom and 
Vilcek, 2000; Derynck rt al, 2001). 

TGF^ binds to two types of transmembrane serine/thre- 
onine kinase receptors (RI and RII) in a heterotetrameric 
complex, to activate downstream components (Roberts, 
1998; Massague et al, 2000; Spom and Vilcek, 2000; Yue and 
Mulder, 2001). The Smad family of signaling intermediates 
plays an important role in mediating TGF/3 responses (Atti- 

Article published online ahead of print. Mol. Bid. Cell 10.1091/ 
mbc.E02-05-0245. Article and publication date are at www.molbi- 
olceU.org/cgi/doi/10.1091/mbc.E02-05-0245. 

* These authors contributed equally to this work. 
* Present address: Lexicon Genetics Inc., 8800 Technology Forest 

Place, The Woodlands, TX 77381-1160. 
' Corresponding author. E-mail address: kmml5@psu.edu. 

sano and Wrana, 2000; ten Dijke et al, 2000; Yue and Mulder, 
2001). Moreover, TGF/3 has been shown to regulate Ras 
(Mulder and Morris, 1992; Hartsough et al, 1996; Yue et al, 
1998) and several components of the mitogen-activated pro- 
tein kinase (Mapk) pathways (Hartsough and Mulder, 1995; 
Frey and Mulder, 1997; Mulder, 2000; Spom and VUcek, 
2000; Yue and Mulder, 2001). In addition to the Ras/Mapk 
and Smad pathways, several proteins have been identified 
based upon their interaction with the TGF/3 receptors (Yue 
and Mulder, 2001). Furthermore, various Smad-interacting 
proteins have also been identified, including SARA and 
Dab2, which interact with both Smads and the TGFjS recep- 
tors (Tsukazaki et al, 1998; Hocevar et al, 2001; Yue and 
Mulder, 2001). 

Despite advances in our understanding of the mecha- 
nisms by which the Smad and Ras/Mapk cascades mediate 
some TGFp effects, these pathways seem to regulate primar- 
ily transcriptional events (Hocevar et al, 1999; Hu et al, 1999; 
Spom and Vilcek, 2000; Yue and Mulder, 2000a, 2001). How- 
ever, TGFjS is multifunctional and its biological responses 
are diverse. Thus, identification of additional TGFjS signal- 
ing pathways and components will assist in our understand- 
ing of the mechanisms by which alterations in these path- 
ways contribute to human disease. 
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TGF/3 Activates Dynein Light Chain 

Dynein is a molecular motor protein that mediates intra- 
cellular transport by conveying cargo along polarized mi- 
crotubules (MTs) toward the minus ends (Hirokawa, 1998). 
Cytoplasmic dynein superfamily members control various 
cell functions and are important for establishing epithelial 
polarity (Tai et al, 2001). Several different subunits of cyto- 
plasmic dynein can bind to a variety of cargoes (Kamal and 
Goldstein, 2002; Karcher et al, 2002). However, little is 
known about the regulation of the movement that dynein 
motors drive. Two dynein intermediate chains (DICs) are 
known to be important for cargo binding. In addition, most 
cargoes interact with dynein through dynactin, which binds 
to Die (Kamal and Goldstein, 2002; Karcher et al, 2002). 
Four light intermediate chains (LICs) and several dynein 
light chains (DLCs) also seem to be involved in imparting 
proper cargo selection. Finally, a variety of receptor systems 
and transporters have been shown to bind to molecular 
motors, either directly through the light chaii\s (LCs), or 
through motor receptors or adaptor proteins (Klopfenstein 
et al, 2000; Kamal and Goldstein, 2002; Karcher et al, 2002). 

Motor protein binding and transport of cargoes intracel- 
lularly sometimes utilizes a set of proteins involved in cell 
signaling (Bowman et al, 2000; Goldstein, 2001). For exam- 
ple, the Jvm N-terminal kinase (JNK)-interacting proteins 
(JIPs) are thought to serve as scaffolding proteins for the JNK 
signaling pathway (Davis, 2000). These JIP proteins also 
bind with high affinity and specificity to the motor protein 
kinesin (Verhey et al, 2001). It is thought that kinesin carries 
the JIP scaffolding proteins, preloaded with cytoplasmic and 
transmembrane signaling molecules. Similarly, dynein-de- 
pendent movement of signaling molecules along MTs has 
been reported. For example, p53 was found to be localized to 
tiie MTs and physically associated with tubulin (Gianna- 
kakou et al, 2000). The transport of p53 along MTs was 
dynein dependent, suggesting that the interaction of p53 
with dynein facilitated its accumulation in the nucleus after 
DNA damage (Giannakakou et al, 2000). Furthermore, a 
receptor-DLC interaction has been reported for the photo- 
receptor rhodopsin (Tai et al, 1999). The interaction between 
rhodopsin and Tctex-1 is thought to represent a novel mode 
of dynein-cargo interaction in which a dynein subimit di- 
rectly binds to an integral membrane protein cargo molecule 
that serves as a dynein receptor. 

Activation of a motor may occur by posttranslational mod- 
ifications, local changes in ttie cellular environment, or chap- 
erone binding (Hollenbeck, 2001). Because growth factors and 
cytokines are known to regulate such events, the receptors and 
signaling pathways for tiiese polypeptides are potential medi- 
ators of motor protein activation and organelle trafficking, 
events that ultimately determine the collective spatial organi- 
zation of the signaling patt\ways within the cell. 

Herein, we describe a mammalian TGF/3 receptor-interact- 
ing protein, termed mLC7-l, which is also a DLC. TGF/3 stim- 
ulates not only the phosphorylation of mLC7-l, but also the 
recruihnent of mLC7-l to tiie DIG. Kinase-active TGF/3 recep- 
tors are required for mLC7-l phosphorylation and interaction 
with DIG. Recruihnent of DLCs to the dynein complex is 
important not only for specifying the cargo that MTU bind 
(Vaughan and Vallee, 1995), but also for the regulation of 
inh^cellular hansport itself (Karcher et al, 2002). Thus, mLC7-l 
seems to function as a motor receptor, linking the dynein 
motor to specific cargo. We also demonsh^te that mLC7-l can 

mediate specific TGF/3 responses, including JNK activation, 
c-Jun phosphorylation, and growth inhibition. 

MATERIALS AND METHODS 

Reagents 

The anti-FLAG M2 (F3165) and anti-c-myc (M5546) antibodies and 
mouse IgG were from Sigma-Aldrich (St. Louis, MO). The anti-DIC 
monoclonal antibody was from Chemicon (Temecula, CA). The 
anti-V5 antibody (R960 25) was obtained from Invitogen (Carlsbad, 
CA) and the anti-hemagglutinin (HA) antibody (1-583-816) was 
from Roche Applied Science (Indianapolis, IN). The TGF^ RII anti- 
body (SC-220-G or -R), the phospho-c-Jun antibody (KM-1, SC-822), 
and rabbit IgG were from Santa Cruz Biotechnology (Santa Cruz, 
CA). Protein A or G agarose were purchased from Invitrogen 
"=I-TGF/3 (NEX-267), p^Pjorthophosphate (NEX-053), y-P^PJATP 
(BLU002H), and pHlthymidine (NET-027X) were from PerkinElmer 
Life Sciences (Boston, MA). TGF^j was purchased from R&D 
Systems (Minneapolis, MN). 

Cell Culture 

COS-l cells (CRL-1650) and MvlLu cells (CCL-64) were obtained from 
American Type Culture Collection (Manassas, VA) and were grown in 
DMEM supplemented with 10% fetal bovine serum. 293T cells were 
obtained from T.-W. Wong (Bristol-Myers Squibb, Princeton, NJ) and 
were maintained as for COS-l cells. Madin-Darby canine kidney 
(MDCK) cells (CCL-34) were grown in nunimal essential medium-a, 
supplemented with 10% fetal bovine serum. Cultures were routinely 
screened for mycoplasma by using Hoechst staining. 

Cloning of TGF^ Receptor Targets 

Construction ofTGFp Receptor Expression Plasmids. The intracel- 
lular domains of TGF0 RH and RI were polymerase chain reaction 
(PCR) amplified using the full-length human cDNA's for TGF^ RH 
(Lin et a!., 1992) or TGF/3 RI (Franzen et al, 1993), respectively, as 
templates. These domains were inserted into the pET15b-mod (con- 
taining N-terminal His and FLAG tags) or pET30c (containing N- 
terminal His and S tags) expression constructs, respectively, and the 
correct DNA sequences were confirmed. 

Expression and Activation of Intracellular Domains. The BLR 
(DE3) or HMS174 (Novagen) Escherichia coti strains were hrans- 
formed separately with each of the TGF/3 receptor-containing vec- 
tors or the corresponding empty vectors (EVs), followed by selec- 
tion on kanamydn and ampidlHn. Expression was induced with 
isopropyl ^-D-tiiiogalactoside and verified by Western blotting us- 
ing tag antibodies that differed for each receptor cytoplasmic do- 
main. Recombinant receptor domains were affinity purified sequen- 
tially to isolate heteromeric receptors eiuiched for the activated 
complex. In vitro kinase assays (Bassing et al, 1994) were performed 
to phosphorylate the infraceUular domains. Phosphorylation of both 
RI and RII was confirmed by SDS-PAGE. The higher degree of RI 
phosphorylation in kinase reactions performed viath both receptors, 
as opposed to orUy RI, suggested that transphosphorylation of RI by 
Rn had occurred. Supemafants derived from kinase assays with 
cold ATP were used to approximate the specific activity of ^^P- 
labeled proteins. 

Preparation and Screening of Expression Library from TEC 4-1 
Cells. An expression library was prepared from the rat 4-1 lEC line 
(Mulder et al, 1993) by using tiie Superscript Choice System for 
cDNA syntiiesis (Invitrogen). Double-sfranded cDNA ligated to 
EcoRI adaptors was size selected, and relevant fractions were pooled 
and ligated into the TriplEx expression vector (CLONTECH, Palo 
Alto, CA). The ligated DNA was incorporated into phage particles 
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(Gigapack n gold; Stratagene, La Jolla, CA) and titered by infection 
of E. coll strain XLl-Blue, according to the manufacturer's instruc- 
tioiB (CLONTECH). Recombinant phage were screened using a 
modified CORT protocol (Skolnik et al, 1991). Briefly, the activated 
intracellular domains of both TGF/3 receptors (prepared as de- 
scribed above) were incubated with filters, and interactions between 
phosphorylated receptors and library-expressed proteins were de- 
tected by autoradiography. Positive plaques were picked and en- 
riched. Numerous positive clones were identified using this 
method, of which one will be described in detail herein. A partial 
cDNA of approx. 463 base pairs was originally isolated and se- 
quenced (tefhleen mulder #23 in the series, km23). This partial 
cDNA was then used to obtain the full-length rat km23 gene, 
including the 5' and 3' regioi\s. A human placental cDNA library 
(CXONTECH) was screened to isolate human km23 (hkm23). On 
comparison of our sequence with human expressed sequence tags in 
the database, the full-length hkm23 gene was obtained. The nude- 
otide sequences for human (accession no. AY026513) and rat 
(AY026512) km23 are available at http://www.ncbi.nlm.nih.gov: 
80/entrez. The protein identifications are AAK18712 and 
AAK18711, respectively. 

Transient Transfections, ^I-TGF^ Cross-Linking, 
Immunoprecipitation/blot, Westerns, and In Vivo 
Phosphorylation Assays 
These assays were performed essentially as described pre- 
viously (Hocevar et al, 1999; Yue et al, 1999a; Yue and 
Mulder, 2000a). To prepare RI-V5, the Alk-5 cDNA was 
digested vwth Notl and Xhol restriction enzymes, followed 
by subcloning into pcDNA3.1/V5-His (V-810-20; Invitro- 
gen). To prepare krri23-FLAG, the coding region of rat or 
human km23 was PCR amplified with additional suitable 
flanking restriction eiKyme sites for Bglll (5') and Sail (3') 
and inserted into pCMV5-FLAG (Sigma-Aldrich) after di- 
gestion with BglE and Sail restriction enz)anes. 293T, 
MDCK, COS-1, or MvlLu cells were transiently transfected 
using either LipofectAMINE Plus (catalog no. 10964-013; 
Invitrogen) or LipofectAMINE 2000 (catalog no. 11668-027; 
Invitrogen), according to the manufacturer's instructions. 

Phosphoamino Acid Analysis 
COS-l cells were transfected and labeled as for in vivo phosphor- 
ylation assays. After the cell lysates were normalized for radioac- 
tivity, labeled km23/mLC7-l protein was immunoprecipitated with 
anti-FLAG, separated by SDS-PAGE, transferred, and visualized by 
autoradiography. The membrane containing ^^P-labeled km23/ 
mLC7-l was excised, and phosphoamino add analysis was per- 
formed as described previously (Boyle et al., 1991). 

Stable Transfections 
hkm23-FLAG was inserted into a pEGFP-Cl plasmid (CLONTECH) 
to create an N-terminal GPP tag. The resulting construct or the 
equivalent EV was transfected into MvlLu cells using Lipo- 
fectAMINE 2000 (Invitrogen) according to the manufacturer's pro- 
tocol. Twenty-four hours after transfection the cells were split at a 
ratio of 1:5. After another 24 h, 1000 jag/ml G418 was added for a 
selection period of 11 d, at which time surviving colonies were 
pooled and maintained in the presence of 1000 fig/ml G418. Ex- 
pression of km23/mLC7-l was verified by Westem blot analysis, 
and stably transfected pools of km23-FLAG or EV-transfected pools 
were used for JNK, c-Jim, and growth assays. 

JNK In Vitro Kinase Assays 
These assays were performed as described previously (Frey 
and Mulder, 1997; Yue and Mulder, 2000b), except that anti- 

JNK (C-17; Santa Cruz Biotechnology) was used for the immu- 
noprecipitations (IPs) and glutathione S-transferase (GST)-c- 
JUN (1-79) (Santa Cruz Biotechnology) was the substrate. 

Growth Assays 
The TGF/3 respor^siveness of cells was verified by pH]thymidine 
incorporation assays, performed as described previously (Hart- 
sough and Mulder, 1995). For Figure 5, pools of MvlLu cells stably 
bransfeded with km23-FLAG or EV were plated at 2 X 10^ cells per 
96-well dish and were analyzed at several days thereafter using 
crystal violet (EMSdence #1011; Fisher Sdentific, Pittsburgh, PA), 
according to the assay protocol at http://www-ufk.med.uni-ros- 
tock.de/lablinks/protocols/e_protocols/cvassay.htm. 

GST Pull-Downs 
To prepare GST-km23, tiie coding region of rat or human km23 was 
PCR amplified with additional suitable flanking restriction enzyme 
sites for BamHI (5') and Xhol (3'), and inserted into pGEX-4T-l (Am- 
ersham Biosdences, Piscataway, NJ) after digestion with BamHI and 
X?ioI restriction enzymes. The baderiaUy expressed rkm23-GST was 
isolated according to the manufacturer's instructions (Amersham Bio- 
sdences) and used in the GST pull-downs by standard methods (Cur- 
rent Protocols in Molecular Biology). The products were analyzed by 
SDS-PAGE or immunoblotting/Coomassie staining. 

RESULTS 

We have developed a novel method for the identification of 
TGF/3 receptor-interacting proteins, as depicted in Figure 
lA. The phosphorylated, activated cytoplasmic domains of 
the TGF/3 receptors were used as probes to screen an expres- 
sion library that was prepared from a highly TGF^-respon- 
sive lEC Une (Mulder et al, 1993). The cytoplasmic regions of 
both receptors were phosphorylated in vitro using a kinase 
assay before screening, as described in MATERIALS AND 
METHODS. Figure IB illustrates the results of an vitro ki- 
nase assay performed using the cytoplasmic regions of the 
receptors. Lanes 3 and 4 depict the phosphorylated receptor 
proteins after expression of either RII or RI alone, as indi- 
cated. Autophosphorylation of both receptors is clearly vis- 
ible, as described previously (Lin et al, 1992; Bassing et al, 
1994; Chen and Weinberg, 1995). No phosphorylation is 
visible after expression of only empty vectors (pET 15/30). 
On expression of both receptor domains (lane 6), there is an 
increase in the phosphorylation level of both receptors, in- 
dicating that trans-phosphorylation was also occurring. 
These data indicate that the cytoplasmic domains of RI and 
RII can interact and become catalytically activated in vitro. 
These phosphorylated receptor domains were used to screen 
the expression library as illustrated in Figure lA. 

Several positive clones were isolated as described in MATE- 
mAlS AND METHODS. Among the clones isolated, km23 
was pursued initially because early database searches identi- 
fied the Drosophila bithoraxoid (bxd) region of the bithorax 
complex (BX-C) as being most closely related. The BX-C is a 
cluster of homeotic genes that transcribe positional information 
into segmental identity for specific parasegments (Morata and 
Kerridge, 1981; Martin et al, 1995). bxd is a 40-kb region of 
BX-C, immediately upstream from the Ultrabithorax (Ubx) 
vmit, and capable of exerting cis-regulatory control over expres- 
sion of this unit (Lipshitz et al, 1987). It had already been 
shown that the TGF/3 superfamily member Dpp stimulated 
transcription of Ubx and that the Ubx protein was necessary 
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Figure 1. Identification of a novel TGFjS receptor-interacting pro- 
tein. (A) Method for identifying TGF^ receptor-interacting proteins. 
The q^oplasmic domains of both receptors were expressed, sequen- 
tially isolated, kinase-activated in vitro, and used as probes to 
screen an expression library. (B) In vitro kinase activation of the 
cytoplasmic regions of TGF/3 Rl and RII result in both auto- and 
trans-phosphorylation. Bacterially expressed TGF)3 receptor pro- 
teins were precipitated with Ni'*-NTA agarose beads before per- 
forming an in vitro kinase assay. Bacterial lysates were prepared 
after expression of either EVs (pETlS, pET30, and pET15/pET30), 
the intracellular domains of RII or Rl alone (pET15-His-RII-FLAG 
and pET30-His-RI-S), or together (pET15-Rn-FLAG/pET30-RI-S). 

but not sufficient for full activation of dpp expression (Mafhies 
et al., 1994; Sun et al, 1995; Eresh et al, 1997). Thus, it was 
conceivable that a homologue of the regulatory region of Ubx 
might be important in TGFjS signaling. In addition, tiie TGF/3 
sufjerfamily of secreted polypeptides is knovm to convey crit- 
ical signals during the control of development in various con- 
texts, and BX-C is also important in development. 

Several otiier dones were obtained in our screen, including a 
previously recognized TGF/3 Rl-interacting protein, the alpha 
subunit of famesyl protein transferase (Kawabata et al, 1995; 
Ventura et cd., 1996). The other dones identified in our screen 
will be the subjects of future investigations. We would not have 
expected to identify Smads in our screen, because we used 

catalytically active TGF/3 receptors as the probes. It has been 
proposed that activation of RSmads by Rl releases them from 
the complex, to mediate downstream signaling. For example, 
Macias-Silva et al (1996) have demonstrated that the interac- 
tion between the TGF/3 receptor complex and Smad2 was 
increased when Rl was made inactive by mutation of the 
kinase domain. Furthermore, Lo rf al (1998) have shovm tfiat 
removal of the C-terminal domain of Smad2 increased its in- 
teraction with Rl, suggesting ttiat docking was inhibited when 
the C-tail was phosphorylated. Therefore, in our screen, the in 
vitro kinase assay performed on Ae receptors before library 
screening would be expected to prevent binding of Smads to 
the receptor complex. 

The novel TGF^ signaling intermediate we identified, ini- 
tially termed km23, is a 96-amino acid protein encoded by a 
291-base pair open reading frame. It is a ubiquitously ex- 
pressed, cytoplasmic protein with a predicted molecular 
mass of 10.667 kDa and a calculated molecular mass of 11 
kDa on Western blots. The rat and human km23 amino acid 
sequences differ by only three amino adds and are 98% 
similar. Additional alignments of km23 wdth sequences in 
the National Center for Biotechnology Information database 
indicated that km23 is the mammalian homologue of the 
Drosophila protein roadblock (robl), which belongs to the 
LC7 family of Chlamydomoms DLCs {chlLCT) (Bowman et al, 
1999). robl is a light chain of the motor protein dynein that 
interacts with the DIG. It is involved in mitosis and axonal 
transport. Mutants lacking this gene display defects in in- 
tracellular transport, and an accumulation of cargoes, as 
well as an increase in the mitotic index. 

Table 1 lists the percentage of homologies, identities, and 
similarities of some of the DLCs of the km23/robl/LC7 
family. Differences in the number of amino acids are also 
shown. As indicated, there is a second mammalian member 
of the LC7 family in the National Center for Biotechnology 
Information database. This form of mLC7 (designated 
mLC7-2 in Table 1; AA446298) displays 70% homology with 
the km23/mLC7-l form we have identified. In contrast, a 
total of five LC7/robl-like genes have been identified in 
Drosophila, yet Caenorhabditis elegans seems to have only a 
single km23/robl-like gene (National Center for Biotechnol- 
ogy Information database T24H10.6; Bovraian et al, 1999). 
There does not seem to be a family member in Saccharomyces 
cerevisiae. There are also other DLC families that bind to DIG, 
induding Tctex-l/LC14, Tctex-2/LC2, LC6, and LC8/PIN 
(Bowman et al, 1999; King, 2000; Makokha et al, 2002). Of 
these other DLCs that bind to the DIC, Tctex-1 and LC8 have 
been shown to function as motor receptors to link cargo to 
the motor machinery (Almenar-Queralt and Goldstein, 
2001). Although Tctex-1 and LC8 share limited sequence 
identity, both bind a number of vmrelated cargo in a similar 
manner (Mok et al, 2001; Makokha et al, 2002). Similariy, 
these DLCs are only 8 and 14% identical to mLC7-l, respec- 
tively. It is conceivable that mLC7-l also mediates motor 
complex assembly and connection to the transported cellular 
cargo. 

Because we had identified mLC7-l by its ability to interact 
with the cytoplasmic regions of the TGF/3 receptors, it was of 
interest to veriiy whether mLC7-l was present in assodation 
with the TGF^ receptors intracellulariy. Accordingly, affin- 
ity cross-linking experiments were performed using "^1- 
TGF/3 (Yue et al, 1999a). Figure 2A indicates that both Rl and 

Vol. 13, December 2002 
4487 



Q. Tang et al. 

Table 1. Comparison of km23/mLC7-l to some other family members 

Homologue Species % Homology % Identity % Similarity Amino adds 

mLC7-2 
robl 
ch/LC7 
bxd-like 
bxd 

Homo sapiens 
Drosophila melanogaster 
Chkmydomonas 
C. elegans 
D. melanogaster 

70 
67 
59 
56 
42 

77 
71 
55 
47 
23 

91 
81 
74 
76 
51 

96 
97 

105 
95 

101 

Rn are present in km23/mLC7-l immunocomplexes (lane 5) 
from cell lysates of 293T cells, which had been transiently 
transfected with both TGF^ receptors and Ian23-FLAG. The 
positions of RI and RII were confirmed by analysis of total 
cell lysates (lane 2). Unlabeled TGFjS completely competed 
for binding to both receptors as shown in lane 6 (Figure 2A). 
Fiirthermore, no receptors were detectable in FLAG IPs after 

expression of both receptors without km23/mLC7-l (our 
unpublished data). The control blots in the lower panels 
demonstrate that the appropriate constructs were expressed 
to similar levels. Thus, diese results suggest that mLC7-l is 
associated with the activated receptor complex. 

To determine whether the interaction between the recep- 
tors and mLC7-l occurred rapidly after ligand stimulation. 
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Figure 2. Verification of TGF^ re- 
ceptor interaction with mLC7-l. (A) 
RI and RH TGF/3 receptors are 
present in mLC7-l immimocom- 
plexes. 293T cells were transiently 
transfected with km23-FLAG, RI- 
myc, RII-HA, and/or EVs, and affin- 
ity labeling was performed. After file 
4-h i2si.TGF)3 labeling paiod (4°C), 
the cross-linking agent disucdnimi- 
dyl suberate was added for an addi- 
tional 15 min. Top, total cell lysates 
(lanes 1 and 2) or lysates immuno- 
predpitated with an anti-FLAG M2 
antibody (lanes 3-6) or with IgG 
(lane 7, control) were visualized by 
SDS-PAGE and autoradiography. 
No bands were visible in FLAG IPs 
after transfection of only RI and RII 
(otir tmpubHshed data). Bottom, 
Westem blots for FLAG, myc, and 
HA demonstrate expression of ihe 
relevant constructs (lanes 2 and 4-6 
for km23/mLC7-l; lanes 2,5, and 6 
for RI and RH). (B) Interaction be- 
tween mLC7-l and the TGF/3 recep- 
tors occurs within 5 min of TGF^ 
addition. 293T cells were transiently 
transfected with kin23-FLAG,RI-V5, 
RH-HA, and/or EVs, followed by 
IP/blot analyses wifli FLAG as the 
ff antibody and an RH polydonal 
antibody as the blotting antibody 
(top). Cells were incubated in se- 
rum-free medium for 60 irdn before 
addition of TGF^ for the indicated 
times. Bottom, controls for expres- 
sion and loading of km23/mLC7-l 
(FLAG blot), RI (V5 blot), and M 
(RII blot). (Q TGF|3 induces a rapid 
assodation of mLC7-l with endoge- 

nous TGF^ receptors in MDCK cells. EV or km23-FLAG constructs were expressed in MDQC cells, and TGFjS treatments and IP/blot analyses were 
performed as for Figure 2B. (D) mLC7-l interacts with RII via ff/blot analyses in 293T cells. Cells were transienfly transfected with km23-ELAG and 
Rn-HA as indicated. Top, cell lysates were immunopredpitated with anti-FLAG or HA and blotted with an HA antibody. The presence of RH in lanes 
3 and 4, but not in lanes 1 and 2, demonstrates an interaction between kn23-FLAG and RII-HA. Bottom, lysates were immunopredpitated with anti-HA 
and blotted with anti-FLAG. The presence of km23/mLC7-l in only lane 3 indicates that an interaction between km23-FLAG and RII-HA is detectable 
in this direction as well. Results are representative of two experiments for each. 

D 
RII 

293T 

TGFP(min) 

l<m23/mLC7-1 —♦ 

IPAb: 

BlotAb: 

kni23/mLC7-1 - 

EV|     kin23^nag 
0  0   S  15 30 130 

12   3   4   5 16 

kD 
17 

RII-HA 
kmZ3-Flag 

82- 
I 

IPAb- 

■♦-RII 

, RII igG 

Flag 

«■ 
3   4 

HM 
1 2 5 6! 

17 
EV 

km23-Rag 
RII-HA 

14~ 
BlotAb: Flag 

1   2   3[4| 
Flag     HA 

293T 

- + + 

-lon23/mLC7-1 
12    3, 

IPAb: 
BtotAb^ 

KA 

Flag 

4488 Molecular Biology of the CeE 



TGF/3 Activates Dynein Light Chain 

we performed IP/blot analyses in the presence and absence 
of TGF^. Coexpression of both TGF/3 receptors is known to 
result in heteromeric complex formation and receptor acti- 
vation in the absence of ligand (Ventura et al., 1994), as 
shown in Figure 2B (lane 4). However, Figure 2B demon- 
strates not only that km23/mLC7-l interacts with RII, but 
also that TGF^ induces this interaction within 5 min of TGF/3 
addition (lanes 4-6, top). The appearance of the RII band 
with slightly slower mobility (lanes 5 and 6) suggests that 
TGF/3 also induced the interaction of km23/mLC7-l with a 
differentially phosphorylated/modified form of RII. No spe- 
cific band was apparent after expression of orJy km23/ 
mLC7-l or the receptors alone (lanes 2 and 3, top). We were 
unable to assess whether RI was also present in the complex 
using this assay, due to the interference of the IgG bands at 
the RI position on such blots. However, because an RII 
antibody was used as the blotting antibody in these exper- 
iments, our data indicate that mLC7-l does associate with 
RH. 

To ensure fliat the interaction was not the result of overex- 
pression of the TGF/3 receptors, we performed similar IP/blot 
analyses in MDCK cells expressing endogenous TGF/3 recep- 
tors. These cells are TGF^ responsive as revealed by a 70% 
iiMjition of cell growth within 24 h of 10 ng/ml TGF/3 addi- 
tion (our vinpublished data). As seen in Figure 2C, TGF/3 in- 
duced a rapid interaction between km23/mLC7-l and endog- 
enovis TGF^ receptors. The kinetics were similar to those 
observed for ttie 293T cells. Thus, TGF/3 induces the interaction 
of mLC7-l with flie TGF)3 receptors in two different cell types, 
and without overexpression of the receptors. 

The results in Figure 2, A-C, are consistent with mLC7-l 
interacting with botfi receptors in 6\e complex simultaneously 
or with RE alone, due to the fact that RH interacts with and 
conh-ols ligand binding to the complex (Wrana et al, 1992). To 
determine whether both receptors were required for mLC7-l 
interaction with the receptor complex, we performed IP/blot 
analyses after expression of orUy RII in 293T cells. Figure 2D 
depicts the interaction of km23/mLC7-l with RII, either using 
FLAG as tiie IP antibody, and the HA antibody as the blotting 
antibody (top), or by performing the analyses in the reverse 
direction (bottom). As indicated by the results in either direc- 
tion, it seems that km23/mLC7-l can interact with RH alone. In 
contrast, upon expression of RI alone, no detectable interaction 
of RI with mLCf7-l was observed (our vmpublished data). 
However, because 293T cells do express a low level of endog- 
enous RI receptors, overexpression of RII could cause an inter- 
action of RH witti ttie endogenous RI receptors. It is possible, 
then, that some RI is still present in the receptor complex in 
Figure 2D. Thus, mLC7-l may interact with the receptor com- 
plex through the RH receptor, and RI may not be a direct 
binding partner. In contrast, expression of RH alone may be 
sufficient for TGF/3 regulation of mLC7-l. 

TGF/3 receptors have serine/threonine kinase activity, which 
can mediate the phosphorylation of intracellular proteins as 
one mechanism for initiating TGF/3 signaling events and re- 
sponses. Thus, if mLC7-l is- a component of a TGF/3 signaling 
cascade, it is conceivable ttiat the TGF/3 receptors could phos- 
phorylate mLC7-l as a mechanism for activation. To determine 
whether mLC7-l was phosphoiylated by the TGF/3 receptors, 
we performed in vivo phosphorylation assays (Vue and Mul- 
der, 1999a;b) after h-ansient expression of km23/mLC7-l and 
both receptors, each being detectable by distinct tag antibodies. 

as indicated in Figure 3A. From the results in the top panel, it 
is clear that the TGF/3 receptor complex resulted in phosphor- 
ylation of km23/mLC7-l Gane 5). Bqsression of km23/mLC7-l 
alone did not result in a band at the km23/mLC7-l position 
(lane 2), indicating that mLC7-l is not constitutively phosphor- 
ylated when expressed in these ceUs. The IgG and FLAG bind- 
ing peptide conb-ol lanes (7 and 8) indicate that the band noted 
is specific for km23/mLC7-l. 

After complex formation, the TGF^ receptors are known to 
become phosphorylated on specific serine and threonine resi- 
dues (Souchelnytskyi et al, 1996). Moreover, TGF/3 receptor 
activation affects the phosphorylation of specific serine resi- 
dues in RSmads, which are required for TGF^ signaling 
(Souchelnytskyi et al, 1997). Thus, if mLC7-l is a subsb-ate for 
the TGF/3 receptor kinase activity, phosphorylation of mLC7-l 
on serine residues might be expected. To examine whether this 
was the case, we performed phosphoamino add analysis of 
phosphorylated mLC7-l obtained after coexpression of km23/ 
mLC7-l and both TGF/3 receptors in COS-1 cells, similar to the 
analyses for Figure 3A in 293T cells. Figure 3B indicates that 
km23/mLC7-l is phosphorylated primarily on serine residues 
in response to TGF/3 receptor activation. These findings are 
consistent with mLC7-l fimctioning as a subsh^te for the ki- 
nase activity of the TGF/3 receptors. Conversely, mLC7-l does 
not seem to stimulate the kinase activity of ttie receptors (our 
unpublished data). 

Based upon the current model for TGF^ receptor activa- 
tion, RII mediates the phosphorylation of RI and the activa- 
tion of downstream TGF/3 components and responses (Rob- 
erts, 1998; Massague et al, 2000; Spom and Vilcek, 2000; Yue 
and Mulder, 2001). Accordingly, if TGF^ activation of the 
receptor complex is required for phosphorylation of 
mLC7-l, expression of a kinase-deficient version of RII (KN- 
Rn) would be expected to block mLC7-l phosphorylation. 
Figure 3C (top) depicts the results of in vivo phosphoryla- 
tion of km23/mLC7-l after coexpression of either wild-type 
RII (lanes 2 and 3) or KN-RH Oane 4) with wild-type RI. As 
shown previously, km23/mLC7-l alone was not consHha- 
tively phosphorylated (lane 1), and expression of both TGF/3 
receptors witi\ km23/mLC7-l resulted in km23/mLC7-l 
phosphorylation (lane 2). Figure 3C indicates, furthermore, 
that TGF^ treabnent for 15 min enhanced km23/mLC7-l 
phosphorylation (lane 3). This phosphorylation of km23/ 
mLC7-l was completely blocked upon expression of the 
KN-RII (lane 4), thereby demonstrating that the kinase ac- 
tivity of RII is required for mLC7-l phosphorylation. 

To determine whether RI was also required for mLC7-l 
phosphorylation, we performed similar in vivo phosphoryla- 
tion experiments using various kinase-active and kinase-defi- 
dent versions of RI. Figure 3D confirmed that expression of 
both receptors with km23/mLC7-l induced km23/mLC7-l 
phosphorylation (lane 4) and that KN-RII blocked fliis phos- 
phorylation (lane 7). However, in addition, this figure indicates 
that km23/mLC7-l is still phosphorylated after coexpression 
of Rn with KN-RI (lane 9). Only limited phosphorylation of 
Smad2 has been reported to occur under such conditions (Ma- 
das-Silva et al, 1996). Because the KN-RI would be expected to 
abrogate any residual activity from endogenous RI receptors 
present in COS-1 cells, these data suggest that the RI kinase is 
not required for phosphorylation of mLC7-l, alttiough it is 
present in mLC7-l immimocomplexes vn\h RH by affinity- 
labeling experiments (Figure 2A). Lane 11 in Figure 3D dem- 
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onstrates no detectable phosphorylation of km23/mLC7-l af- 
ter expression of a constitutively active RI mutant (T204D). 
However, when wild-type RU was coexpressed with this mu- 
tant, km23/mLC7-l phosphorylation was observed (lane 13), 
presumably due to the kinase activity of RE. Collectively, the 
data suggest that although both receptors may be present in a 
complex with mLC7-l, ttie RII kinase is required for mLC7-l 
phosphorylation. The data do not rule out ttie possibility that 
another kinase is also present in the complex. 

The method of isolation of mLC7-l, as well as the results in 
Figures 2 and 3, suggest that mLC7-l may function as a sig- 
naling intermediate for TGF/3. Thus, it was of interest to exam- 
ine whether mLC7-l could mediate any of the known TGF/3 
signaling events. We have previously shown that TGF/3 rap- 
idly activates the JNK family of Mapks (Frey and Mulder, 
1997). Furttiermore, JNK activation by TGF/3 is required for 
such TGFj3 responses as production of TGF^j and induction of 
fibronectin expression (Hocevar et al., 1999; Yue and Mulder, 
2000a). JNK activation by TGF/3 may also play a role iii TGF/3- 
mediated growth inhibition, either through the amplification of 
TGFj3 production, via cross talk with the Smads, and/or by 
regulation of cell cycle inhibitors (Derynck et al, 2001; Yue and 
Mulder, 2001). 

To determine the effect of forced expression of wild-type 
mLC7-l on JNK activation, we stably expressed a FLAG- 
tagged version of km23/mLC7-l in miiik lung epithelial cells 
(Figure 4A, third panel) and performed in vitro kinase assays 
to determine the ability of JNK to phosphorylate GST-c-Jun in 

Figure 3. A functional RII TGF^ receptor is reqtiired for mLC7-l 
phosphorylation. (A) inLC7-l is phosphorylated upon activation of 
TGF^ receptois. 293T cells were transiently transfected with RI-V5, 
Rn-HA, and either EV or kin23-FLAG. Forty-eight hours after trans- 
fection, cells were labeled for 3 h with pPJ, lysed, and immonopre- 
dpitated with an anti-FLAG antibody. Top, in vivo phosphorylation of 
km23/mLC7-l was visualized by SDS-PAGE and autoradiography. A 
blocking peptide (b.p.) for the FLAG antibody was added in lane 8. 
Bottom, expression of transfected km23-FLAG was confirmed by im- 
munoblot analysis. Results are representative of three experiments. B, 
activation of the TGF/3 receptors results in phosphorylation of mLC7-l 
primarily on serine residues. km23/mLC7-l was phosphorylated in 
vivo as for A, and phosphoamino add analysis was performed. ^^P- 
labeled km23/mLC7-l was excised from the polyvinyKdene difluoride 
membrane and subjected to add hydrolysis (6 M HQ, 1 h, 110°C). 
Phosphoserine (pS), phosphothreonine (pT), and phosphotyrosine 
(pY) were separated in two dimensions by using Hunter Thin Layer 
Peptide Mapping Electrophoresis System (CBS Sdentific, Del Mar, 
CA), togetiier with phosphoamino add standards. Labeled and stan- 
dard phosphoamino adds were visuaUzed by ninhydrin spray (0.25% 
in acetone). ^^P-labeled phosphorylated amino adds were visualized 
by autoradiography. (C) TGFp cannot phosphorylate mLC7-l when a 
kinase-defident RII is expressed with RI. COS-1 cells were transienfly 
transfected as in A, except that the KNRH was coexpressed witti 
wild-type RI in lane 4. Celk were incubated in serum-free, phosphate- 
free medium for 30 min and TGF/3 was added during the last 15 min 
of the labeling period (lanes 3 and 4). Lysates were anaL5fzed as for A. 
Top, in vivo phosphorylation of km23/mLC7-l. Bottom, expression of 
transfected km23/mLC7-l, RI, and RII was confirmed by Western blot 
analysis with FLAG, V5, and a polydonal RU antibody, respectively, as 
indicated. Results are representative of two experiments. (D) Kinase 
activity of RI does not seem to be required for phosphorylation of 
mLC7-l. In vivo phosphorylation assay and transfection of COS-l cells 
was performed as for Figure 3C, except that no TGFjS was added and 
different receptor mutants were evaluated as indicated. Results are 
representative of two experiments. 
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the absence and presence of TGF/3. As shown in Figure 4A, in 
Ae EV-expressing cells, TGF)3 began activating JNK within 10 
min of TGF/3 addition; JNK activity increased further by 30 min 
posttreatment (top, left). These kinetics are similar to those 
obtained for other cell types (Frey and Mulder, 1997). In con- 
trast, when km23/mLC7-l was stably expressed in these cells, 
JNK was superactivated in the absence of TGF/3 (top, right). 
JNK activity was -15 times greater in the km23/mLC7-l- 
expressing cells than in the EV-expressing cells during the 2- to 
10-min period after TGF/3 addition. By 30 min post-TGF/3 treat- 
ment, JNK activation levels were more similar between the 
km23/mLC7-l- and EV-expressing cells. These findings sug- 
gest that mLC7-l may function as a signaling intermediate for 
the activation of JNK by TGF/3. 

Previous results have indicated that c-Jun, a downstream 
effector of JNK, can be phosphorylated by TGF/3 (Huang et al, 
2000). To determine whether this downstream effector of JNK 
could also be phosphorylated by stable expression of mLC7-l, 
we performed immunoblot aiwlysis at various times after 
TGF/3 treatment using a phospho-c-Jun-specific antibody. This 
antibody is spedfic for c-Jun phosphorylated at serine-63, and 
does not cross-react with unphosphorylated c-Jun or with the 
phosphorylated forms of Jun B or Jun D. These studies were 
performed in the same MvlLu cells stably expressing km23/ 
mLC7-l ttiat were used for Figure 4A. The results in Figure 4B 
demonstrate that forced expression of km23/mLC7-l induced 
the phosphorylation of c-Jun in tiie absence of TGF/3 (compar- 
ing left and right, top). As for JNK activity, c-Jun phosphory- 
lation was superactivated in the absence of TGF/3. Figure 4B, 
bottom, indicates that c-Jun phosphorylation levels were ap- 
proximately 10 times greater in the km23/mLC7-l-expressing 
cells than in the EV-expressing cells. Collectively, the results in 
Figure 4 suggest that mLC7-l's cellular effects on JNK and 
c-Jim activation are downstream of TGF^ receptor activation. 

In addition, our findings in Figure 4 suggest that overexpres- 
sion of mLC7-l may result in the constitutive activation of 
specific TGF/3 signaling components and pathways. These in- 
termediates may, in turn, be involved in mediating specific 
TGF/3 responses in the absence of ligand activation of recep- 
tors. Accordingly, because one of TGF/3's most prominent bi- 
ological effects is growth inhibition of epithelial cells, we ex- 
amined whettier overexpression of mLC7-l in the MvlLu- 
transfected pools could result in growrth inhibition in the 
absence of TGF/3. The results in Figtue 5 indicate that, relative 
to EV-transfected pools, die km23/mLC7-l-expressing cells 
were growth inhibited by -50%. These data support the con- 
tention that overexpression of mLC7-l may mediate some 
TGF0 responses in a constitutive manner. Alternatively, with 
regard to the growth inhibitory effect observed, the overexpres- 
sion of mLC7-l may have disrupted the interaction of cytoplas- 
mic dynein with tiie kinetochore, thereby reducing growth. 
Similar results have been reported upon overexpression of 
dynamitin, a dynactin subunit that can disrupt the dynein/ 
dynactin interaction (Echeverri et al, 1996). 

As mentioned above, mLC7-l is the mammalian homologue 
of the chlLC7 and Drosophila robl proteins, which are DLCs 
(Bowman et al., 1999). Accordingly, it was of interest to deter- 
mine whett\er mLC7-l could interact with the DIG as chlLC?/ 
robl does. As shown in Figure 6A, we performed GST pull- 
down assays after expressing and purifying GST-km23. An 
anti-DIC antibody was used as the blotting antibody to detect 
tiie presence of dynein in the GST-km23 complexes. This anti- 
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Figure 4. mLC7-l expression can induce JNK and result in phos- 
phorylation of the downstream target c-Jun. (A) Stable expression of 
mLC7-l results in activation of JNK in the absence of TGF/3. Top, 
MvlLu cell pools, stably transfected with either empty vector (lanes 
1-4) or km23-FLAG (lanes 5-8), were incubated in serum-free medium 
for 30 min before addition of 10 ng/ml TGFjS for the indicated times. 
Cell lysates were immunopredpitated with anti-JNK (C-17; Santa Cruz 
Biotechnology) and subjected to in vitro kinase assays using GST<- 
JUN (1-79) as the substrate. The phosphorylated proteins were re- 
solved by SDS-PAGE and visualized by autoradiography. Normal 
rabbit IgG was used as the negative control. Middle, equal JNK and 
km23/mLC7-l expression was confirmed by Westem blotting. Bottom, 
plot of densitometric scan of results in top. (B) Stable expression of 
mLC7-l results in phosphorylation of c-Jun in the absence of TGF^. 
Top, cells were treated with TGF/3 and lysates were obtained as for 
Figure 4A, except that they were analyzed by Westem blot analysis 
with a phospho-c-Jun antibody (KM-1 and SC-822). Middle, Westem 
blot demonstrating equal km23/mLC7-l expression in the pook stably 
expressing km23/mLC7-l, but not in the EV-transfected pools. Bottom, 
plot of densitometric scan of results in top. Results are representative of 
two experiments for each. 
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Figure 5. Stable expression of mLC7-l resiilts in growth inhibition 
in the absence of TGF/3. MvlLu cell pools stably expressing km23/ 
mLC7-l or EV were plated and analyzed for cell niunber at several 
days ttiereafter as indicated, by using the crystal violet assay de- 
scribed in MATERIALS AND METHODS. The percentage of inhi- 
bition of growth is indicated in parentheses on top of the relevant 
bars. 

body detects a protein of ~74 kDa. In Figxire 6A, it is clear that 
dynein is visible in GST-km23 immvinoprecipitates (lane 2), but 
not in immunoprecipitates from GST alone (lane 1). The inter- 
action between the Smad binding domain (SBD) of SARA and 
Smad2-FLAG (TsvkazaM et al, 1998) is shown as a positive 
control for comparison (lane 4). The results clearly demonstrate 
that mLC7-l is a dynein-assodated protein. 

The finding that mLC7-l associates with and is phosphory- 
lated by activated TGF/3 receptors, and that it can activate JNK 
and c-Jun and inhibit cell grovrth, suggests that mLC7-l may 
function in a TGF/3 signaling pathway. Furthermore, because it 
is thought that DLCs may be important for specifying the 
nature of the cargo that wdU be carried by the motor (Klopfen- 
stein et al., 2000; Kamal and Goldstein, 2002), it is likely that 
extracellular factors (such as growrfh factors and cytokines) 
might be able to select the particular DLCs that are recruited to 
the motor in specific cellular contexts. Accordingly, it was of 
interest to determine whether TGFjS could mediate the recruit- 
ment of mLC7-l to the DIG. For these studies, we performed 
IP/blot analyses by tising anti-DIC as the IP antibody and 
anti-FLAG as the blotting antibody. Figure 6B, top, demon- 
strates that km23/mLC7-l does interact with cytoplasmic DIG 
by IP/blot analyses. In addition, as shown in lanes 3-5 and 
8-10 of this figure, 10 ng/ml TGFp induced a rapid recruit- 
ment of km23/mLC7-l to the DIG. Although a basal level of 
interaction between kir\23/mLC7-l and DIG was detectable in 
some cases (lane 2), a threefold increase in this association was 
visible within 15 min of TGF/3 addition to the TGF^-responsive 
MDCK cells. This increase in the interaction between km23/ 
mLG7-l and DIG began as early as 2 min after TGF/3 addition 
(top right) and seemed to remain relatively constant for at least 
60 min (lanes 4 and 5, top). The bottom panels demonstrate 
roughly equal expression and loading. TTius, TGF^ rapidly 
inducai the recruitment of the mLG7-l to the DIG. 

The results in Figure 6B indicate that TGFjS can stimulate the 
recruitment of mLG7-l to the DIG, suggesting a connection 
between TGF^ signaling and DLC recruitment. To provide 
definitive evidence that TGF/3 receptor activation is required 
for the mLC7-l-DIG interaction, we examined the interaction 
between mLG7-l and DIG in the absence and presence of a 

kinase-deficient form of TGF/3 RH. This receptor mutant can 
function in a dominant negative manner to block the kinase 
activity of endogenous RII when overexpressed in cells (Wieser 
et al., 1993). Furthermore, we have shown in Figure 3D that 
expression of KN RII vidth wild-type RI does not permit 
mLG7-l phosphorylation. Figure 6C indicates that the TGF/3- 
induced interaction between km23/mLG7-l and DIG (lanes 
3-5) was blocked when KN RH was expressed (lanes 7-10). No 
specific band was detectable in EV and IgG control lanes. 
Expression of km23/mLG7-l and KN RE in the relevant lanes 
was also confirmed (middle and bottom panels). Thus, mLG7-l 
phosphorylation by kinase-active TGF/3 receptors is necessary 
for the recruitment of mLG7-l to the DIG. 

DISCUSSION 
Our results provide a novel method for the identification of 
TGFp signaling components, based upon their ability to 
bind to the phosphorylated intraceUtdar domains of the 
TGFj3 receptors. Furthermore, we have verified the success 
of this method with the isolation of a imique TGF/3 receptor- 
interacting protein, termed mLG7-l. The mLG7-l interaction 
with the TGF/3 receptors was confirmed by '^I-TGF^ affin- 
ity labeling and by IP/blot analysis. Furthermore, TGF/3 
induced the interaction of mLG7-l with endogenous TGF/3 
receptors within 5 min of ligand addition in MDGK cells, 
and a similar kinetic profile was observed in at least one 
other cell t)rpe. Finally, mLG7-l was able to transduce spe- 
cific TGF/3 signaling events, including an activation of JNK, 
a phosphorylation of c-Jun, and an inhibition of cell growth. 

We have also shown that TGF^ receptor activation results in 
the phosphorylation of mLG7-l primarily on serine residues, 
consistent with the kinase specificity for the receptors. For 
example, the RSmads are activated by serine phosphorylation 
at a G-terminal SSxS motif (Souchelnytskyi et al, 1997). Al- 
though this could suggest that mLG7-l is a direct substrate of 
the TGF/3 receptor Idnase activity, it is also possible that an- 
other kinase is associated vnth the mLG7-l/TGF/3 receptor 
complex. There are consensus phosphorylation sites for protein 
kinase G and casein Idnase H within the mLC7-l coding region. 
Perhaps, these or other serine kinases are the inunediate acti- 
vators of mLG7-l. However, it is clear that TGF^ does stimu- 
late the interaction of mLC7-l wdth the receptors, and that 
TGF/3 receptor activation leads to mLG7-l phosphorylation 
and recruitment of mLG7-l to DIG. 

Our results indicate, furthermore, that the kinase activity of 
the RH receptor is required for mLG7-l phosphorylation and 
interaction vwth DIG, because a kinase-deficient version of RH 
blocked TGF|3 induction of both events. TGF^ RI did not seem 
to be required for mLG7-l phosphorylation, although RI was 
present in mLG7-l immimoprecipitates in affinity-labeling ex- 
periments. Several pieces of evidence support the conclusion 
that RH is the activating receptor for mLC7-l. First, coexpres- 
sion of RH with a kinase-deficient version of RI induced 
mLC7-l phosphorylation to an extent equivalent to that which 
occurred by expression of RII alone. Second, expression of both 
TGF/3 receptors resulted in no additional increase in km23/ 
mLC7-l phosphorylation compared with expression of only 
RH. Finally, constitutively active RI alone did not result in 
phosphorylation of mLC7-l, as it does for the RSmads. Simi- 
larly, previous studies have described TGF^ signaling mole- 
cules that were regulated spedficaUy by the RH receptors. For 
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Figure 6. Interaction between 
the mLC7-l and the DIC is reg- 
ulated by TGF/3 and requires RII 
kinase activity. (A) mLC7-l in- 
teracts with DIC via GST pull- 
down assays. Top, MDCK cell 
lysates were incubated with 
Sepharose-bound bacterially ex- 
pressed GST alone, GST-kin23, 
or GST-SBD (positive control). 
GST-bound proteins were ana- 
lyzed by SDS-PAGE (10%) and 
were immunoblotted witti an 
anti-DIC antibody. Proteins 
were detected by enhanced 
chemiluminescence. Dynein in- 
teracts with GST-kni23 (lane 2), 
but not with GST alone (lane 1). 
The interaction between FLAG- 
tagged Smad2 and GST-SBD 
(Tsukazaki et al., 1998) was con- 
firmed as a positive control (lane 
4). Bottom, Coomassie staining 
of gel in top panel, demonstrat- 
ing the presence of GST and GST 
fusion proteins in the relevant 
lanes. TTie sizes are as expected 
for the different fusion proteins 
(approx. 37 kDa for GST-km23; 
approx. 35 kDa for GST-SBD) or 
GST alone (approx. 27 kDa). (B) 
TGF^ stimulates the recruitment 
of the mLC7-l to the DIC within 
2 min of TGF/3 treatment. MDCK 
cells were transiently transfected 
with either empty vector or 
km23-FLAG. Thirty-six hours af- 
ter transfection, cells were incu- 
bated in serum-free medium for 
60 min before addition of 10 
ng/ml TGFp for the indicated 
times. Cell lysates were sub- 
jected to IP by using a monoclo- 
nal anti-DIC antibody, followed 
by inmiunoblot analysis with an 
anti-FLAG antibody (top). West- 
em blot analysis with anti-FLAG 
(middle) or anti-DIC (bottom) 
demonstrates equal protein ex- 
pression and loading. The right 
side shows the results at earlier 
time points. Results are repre- 
sentative of three experiments. 
(C) Phosphorylation of mLC7-l 
is required for recruitment of 
mLC7-l to the DIC. CeU treat- 
ments and IP/blot analyses were 
performed in MDCK cells as for 
B, except that cells were trans- 
fected with km23-FLAG in the 
absence (left, top) or presence 
(right, top) of KN RE. Western 
blot controls for expression of 
km23/mLC7-l and KN RII are 
shown in the middle and bottom 
pEinels, respectively. 
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example, the Daxx adaptor protein has been proposed to me- 
diate TGF^induced apoptosis ttirough its interaction with RH 
(Perlman d al., 2001). 

Based upon the report describing the cloning of the Drosoph- 
Ua robl protein and the chlLC7 (Bowman et al., 1999), km23/ 
mLC7-l is (he mammalian homologue of the DLC/LC7/robl. 
We have shown that TGF^ leads to the recruitment of mLC7-l 
to the Die in a rapid, TGF/3-inducible manner. This interaction, 
however, occurred writhin a slightly different time frame than 
the interaction of mLC7-l with the TGF^ receptors. This find- 
ing suggests that the receptors themselves may not be the cargo 
that dynein will transport via mLC7-l. That is, the mLC7-l- 
receptor interaction peaks at 5 min, and seems to begin declin- 
ing by 15 min after TGF^ addition (Figure 2, B and C), consis- 
tent with the receptors being released once mLC7-l has been 
phosphorylated. In contrast, it is clear from Figure 6, B and C, 
fiiat fee interaction between mLC7-l and DIG begins as early 
as 2 min after TGF/3 addition, yet mLC7-l is still bound to DIG 
at 60 min after TGF^ addition. Previous studies have indicated 
that the transport of p53 along MTs was dynein dependent, 
suggesting that the interaction of p53 with dynein facilitated its 
accumulation in the nucleus after DNA damage (Giannakakou 
et al., 2000). Similarly, subsequent to receptor activation, TGFp 
sigr\aling components nwy be transported along the MTs 
througfi the interaction of mLC7-l witii DIG. 

Although evidence indicates that Smads 2/3/4 may be dis- 
tributed along the MT network, the MTs seemed to sequester 
the Smads from the receptor before cellular stimulation by 
TGF^ (Dong et al, 2000). Perhaps this occurs because a motor 
protein light chain such as mLC7-l is in an inactive, xmphos- 
phorylated state until TGFjS receptor activation occurs. Phos- 
phorylation of the DLC may affect a conformational change in 
ttiis protein, followed by its recruitment to a motor complex for 
transport of TGFjS signaling components (i.e., Smads and 
JNKs) along the MTs. 

A link between TGFjS receptor signaling and the minus-end 
MT motor protein dynein has not been demonstrated previ- 
ously. However, a receptor-DLC interaction has been reported 
for the photoreceptor rhodopsin (Tai et al, 1999). In addition, 
the Trk neurotrophin receptors have been shown to associate 
with the DLC Tctex-1, suggesting that transport of neurotro- 
phins during vesicular trafficking may occur through this di- 
rect interaction between the Trk receptor and the dynein motor 
machinery (Yano et al, 2001). It has been shown that nerve 
growth factor remains bound to TrkA after endocytosis, 
ttiereby allowing the receptor to continue to activate signaling 
proteins (Grimes et al, 1996). In the case of TGFft however, the 
receptor location for either initiation or transnussion of TGF/3 
signaling activities has not been clearly defined. It has been 
shown Siat heteromeric TGF/3 receptors are internalized and 
down-regulated after TGFjS activation via a clathrin-dependent 
mechanism (Anders et al, 1997; Dore et al, 1998) and that the 
kinase activity of RII is required for these processes to occur 
optimally (Anders et al, 1998). A more recent report has indi- 
cated that Smad phosphorylation does not occur until the 
GTPase dynamin 2ab excises the budded vesicle from the 
plasma membrane to form an endocytic vesicle (Penheiter et al, 
2002). This report also demonstrated that the formation and 
activation of the receptor complex was not sufficient for Smad 
signaling, and that an activity or activities downstream of 
dynamin 2ab function was/were required. It is possible that 
mLC7-l recruitment to the DIG, and dynein motoring of TGF/3 

signaling components along the MTs, represent at least some of 
these activities. 

Because vesicles derived from a donor compartment fuse 
with specific acceptor membranes to directionally transfer 
cargo molecules during trafficking (Gonzalez and ScheUer, 
1999), it is likely that distinct events occur in different cell 
compartments during TGF/3 signaling. Thus, the fate of the 
TGFjS-receptor complex and specific signaling complexes may 
differ. With regard to the Drosophila TGF/3 superfamily member 
Dpp, the rates of endoq^tic trafficking and degradation deter- 
mine Dpp signaling range (Entchev et al., 2000). A similar 
situation may exist for TGF/3 in mammalian cells. However, 
further investigation wiU be required for a complete under- 
standing of how TGF/3 receptor endocytosis, intraceUular traf- 
ficking, and cell signaling events are integrated. 

Collectively, our data are consistent with a role for mLC7-l 
in both TGF^ signaling and dynein-mediated transport along 
MTs. It is likely that the binding of mLC7-l to the DIC after 
TGFjS receptor activation is important for specifying the iiature 
of the cargo that will be transported along the MTs. Any 
disruption in mLC7-l could prevent or alter movement of 
specific cargo along MT's. In this way, alterations in mLC7-l 
might result in a mislocalization of these proteins, with a dis- 
ruption of TGF/3 growth inhibitory signals. Along these lines, 
protein traffic direction is required for the maintenance of ceU 
polarity, which, if lost, can result in tumor formation (Peifer, 
2000; Bader et al, 2000). Accordingly, sequence alterations at 
specific regions of mLC7-l in human tumors might play a role 
in tumor development or progression. Future studies wiU ad- 
dress this possibility. 
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SUMMARY 

Transforming growth factor p (TGFP) is a potent growth inhibitor for epithelial 

cells, often displaying tumor-suppressor activity. We have identified km23 as a novel 

TGFp receptor-interacting protein. Here we show that km23 is ubiquitously expressed 

in human tissues and that cell-type specific differences in endogenous km23 protein 

expression exist. In addition, we demonstrate that the phosphorylation of km23 was 

TGFp-dependent. Further, the kinase activity of both TGFp receptors appeared to play 

a role in the TGFp-mediated phosphorylation of km23. Subcellular fractionation 

analyses revealed that km23 is a cytoplasmic protein.  In addition, 

immunofluorescence analyses indicate that km23 is colocalized with the TGFp 

signaling component Smad2, either in the absence of TGFp treatment, or during early 

time periods after its addition. km23 also interacted with Smad2 in glutathione-S- 

transferase (GST) pull-down and immunoprecipitation (IP)/blot assays.  Blockade of 

km23 using small interfering RNA (siRNA) significantly decreased the ability of TGFp to 

inhibit thymidine incorporation. Our findings suggest that km23 is necessary, but not 

sufficient, for TGFP-mediated inhibition of DNA synthesis. 



INTRODUCTION 

TGFp is growth inhibitory for normal cells of endothelial, hematopoietic, 

neuronal, and epithelial origin (Piez and Sporn, 1993; Akhurst and Derynck, 2001; Yue 

and Mulder, 2001). However, cancers are often refractory to this growth inhibitory effect, 

due to genetic loss of TGFp receptors or, more commonly, perturbation of TGFp 

signaling pathways (Akhurst and Derynck, 2001; Yue and Mulder, 2001). In fact, most 

of the components of TGFp signal transduction pathways have been shown to be 

involved in a tumor suppressor pathway (Sporn and Vilcek, 2000; Akhurst and Derynck, 

2001; Attisano and Wrana, 2002). 

Resistance to growth inhibition by TGFp due to a lack of TGF(3 receptor 

expression has been reported for a variety of different human cancer cell lines, 

including gastric and colon cancer cells (Hartsough and Mulder, 1997; Kim et al., 2000; 

Massague et al., 2000).  In a number of colon cancers, resistance to TGFp-mediated 

growth inhibition is associated with mutations in either Rll or in the signal transducers 

Smad4 and Smad2 (Hartsough and Mulder, 1997; Fink et al., 2001). Defects in TGFp 

receptors and in Smad2 have been reported in ovarian cancer (Wang et al., 2000). 

Mutations in Rl have been reported in head and neck cancer metastases, metastatic 

breast cancer, and ovarian cancer (Chen et al., 1998; Chen et al., 2001a; b). In 

addition, alterations in Smad4 have been reported for pancreatic carcinomas and 

colon carcinomas (Massague et al., 2000; Derynck et al., 2001; Yue and Mulder, 2001). 

However, such alterations only account for TGFp resistance in a small percentage of 



tumors (Akhurst and Derynck, 2001; Yue and Mulder, 2001). Thus, alterations In novel 

TGF3 signaling components are likely to be found. 

In addition to cancer, aberrant TGFp signaling results in developmental 

disorders, including hereditary chondrodysplasia and persistent mullerian duct 

syndrome, as well as others (Wall and Hogan, 1994; Massague et al., 2000; Yue and 

Mulder, 2001; Attisano and Wrana, 2002). TGFp superfamily members play a role in 

almost every cellular process, including early embryonic development, cell growth, 

differentiation, cell motility, and apoptosis (Hartsough and Mulder, 1997; Massague, 

1998; Roberts, 1998). Since TGFp is an important factor in the development of such a 

large number of human diseases, any component that can be shown to play a role in 

TGFP-mediated cellular events is of interest to explore. 

TGFp initiates its signals by producing an active tetrameric receptor complex 

consisting of Rl and Rll serine/threonine kinase receptors. After TGFP binds to Rll, it 

transphosphorylates, and thereby activates Rl. The active receptor complex then 

propagates signals to downstream cellular components and regulatory proteins (Feng 

and Derynck, 1997; Attisano and Wrana, 1998; Massague et al., 2000; Miyazono, 2000; 

Sporn and Vilcek, 2000; ten Dijke et al., 2000). Two primary signaling cascades 

downstream of the TGFP receptors have been elucidated: the Smads and the 

Ras/mitogen-activated protein kinase (MARK) pathways (Yue and Mulder, 2001). In 

addition, several TGFp receptor-interacting factors (Yue and Mulder, 2001) and Smad- 

interacting factors (ten Dijke et al., 2000) have been reported. Further, NF-KB, 

SnoN/Ski oncoproteins, and others have been shown to act as negative regulators of 



TGFP signaling, often by regulating the Smad proteins (Massague et al., 2000; Derynck 

et al., 2001; Yue and Mulder, 2001). However, the mechanisms by which TGFp elicits 

its numerous biological effects have not nearly been defined. 

We have previously identified a novel TGFP receptor-interacting protein that is 

also a light chain of the motor protein dynein (Tang et al., 2002). This TGFp signaling 

intermediate, termed km23, interacts with the receptor complex through TGFP Rll and it 

is phosphorylated after TGFp receptor activation. Here we show that km23 is a 

ubiquitously expressed cytoplasmic protein.  Further, TGFp mediated a rapid increase 

in km23 phosphorylation, and the kinase activity of both receptors appeared to play 

some role in this phosphorylation event.  Immunofluorescence studies revealed that 

km23 is colocalized with Smad2 before Smad2 is translocated to the nucleus.  In 

addition, km23 interacted with Smad2 in GST pull-down and IP/biot assays. Blockade 

of km23 using siRNA decreased the ability of TGFp to inhibit DNA synthesis in Madin 

Darby canine kidney (MDCK) epithelial cells. Our findings suggest that km23 plays a 

role in mediating the inhibitory effect of TGFp, and that Smad2 is likely involved in this 

pathway. 



MATERIALS AND METHODS 

Reagents-The anti-Flag M2 (F3165) antibody (Ab) and nnouse IgG were from Sigma- 

Aldrich (St. Louis, MO). The anti-dynein intermediate chain (DIG) monoclonal Ab 

(MAB1618) and anti-Lamin A/C Ab (MAB3211) were from Chemicon (Temecula, CA). 

The anti-hemagglutinin (HA) Ab (1-583-816) was from Roche Applied Science 

(Indianapolis, IN). The TGPp Rll Ab (SC-220-R), K-Ras Ab (SC-30), Sp1 Ab (SC-59) 

and rabbit IgG were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The Smad2 

Ab (51-1300) was from Zymed Laboratories (South San Francisco, CA). Protein A or G 

agarose were purchased from Invitrogen (Carlsbad, CA). ^^P-orthophosphate (NEX- 

053), Y-^^P-ATP (BLU002H), and f H]thymidine (NET-027X) were from PerkinElmer Life 

Sciences (Boston, MA). TGFPi was purchased from R&D Systems (Minneapolis, MN). 

The human tissue mRNA blot was purchased from BD Biosciences Clontech (Palo 

Alto, CA). Alexa 594 goat anti-rabbit IgG and Alexa 488 goat anti-mouse IgG (H+L) 

were purchase from Molecular probes (Eugene, OR). Anti-Smad2/3 mAb was 

(610843) from BD Biosciences transduction laboratories (Palo Alto, CA). Anti-Myc (06- 

549) was from Upstate Biotechnology (Waltham, MA). 

Antibody production-Jhe rabbit km23 anti-serum used for Western blotting studies 

was prepared against the following sequence: GIPIKSTMDNPTTTQYA (corresponding 

to amino acids 27-43) of hkm23 by either Strategic BioSolutions (Newark, DE) or 

Covance Reseach Products, Inc. (Denver, PA). Preimmune serum was also provided 

by each company. The rabbit km23 anti-serum used for the immunofluorescence 



studies was prepared against the following sequence: MAEVEETLKRIQS 

(corresponding to amino acids 1-13 of hkm23) by Strategic BioSolutions. 

Ce//cu/fure~Mv1Lu (CCL-64), 293 (CRL-1573), and COS-1 (CRL-1650) cells were 

purchased from American Type Culture Collection (Manassas, VA) and were grown in 

DMEM supplemented with 10% FBS. MDCK cells (CCL-34) and HepG2 cells (HB- 

8065) were also obtained from ATCC and were grown in MEM-a supplemented with 

10% FBS. 293T cells were obtained from T-W. Wong (Bristol-Myers Squibb, Princeton, 

NJ) and were maintained as for 293 cells. OVCA 433 cells were obtained from R.C. 

Bast Jr. (M.D. Anderson Cancer Center, Houston, TX) and were maintained in MEM 

supplemented with 10% FBS. FET cells were maintained as described previously 

(Zipfel et al., 1993).  Cultures were routinely screened for mycoplasma using Hoechst 

33258 staining. 

Transient transfections, IP/blot, Westerns, and In vivo pfiosphorylation assays were 

performed essentially as described previously (Hocevar et al., 1999; Yue et al., 1999a; 

b; Yue and Mulder, 2000; Tang et al; 2002). 

siRNA expressionslRHA was purchased from Dharmacon Research (Lafayette, CO) 

and interference was performed according to the manufacturer's recommendations. 

The double-stranded siRNA corresponded to nucleotides 77-97 of the hkm23 coding 

region (5'-AAGGCATTCCCATCAAGAGCA-3').   siRNA was transfected using 

Oligofectamine (12252-011; Invitrogen). 

Fluorescence microscopy-CeWs were fixed with 4% paraformaldehyde in phosphate- 

buffered saline for 20 minutes at room temperature, and permeabilized with 0.5% 

Triton X-100 in phosphate-buffered saline for 5 minutes. Subsequently, these ceils 



were incubated successively with km23 rabbit anti-serum (1:200) or 5 jig/mi anti- 

Smad2/3 mAb for one hour. The bound primary antibodies were visualized with 5 

^ig/ml Alexa 594 goat anti-rabbit IgG or Alexa 488 goat anti-mouse IgG, respectively. 

Finally, immunofluorescence images were captured using a Nikon Diaphot 

microscope with a Retiga 1300 CCD camera (BioVision Technologies, Inc., Exton, PA) 

running IPLab v3.6.3 software (Scanalytics, Inc., Fairfax, VA). 

Cellular fractionation-The NE-PER Nuclear and Cytoplasmic Extraction Reagent kit 

(78833; Pierce, Rockford, IL) was used to fractionate Mv1Lu cells according to the 

manufacturer's protocol. 

fHJthymidine incorporation assays were performed as described (Hartsough and 

Mulder, 1995). 

Statistical analyses-A Student's t-test was used to determine the level of statistical 

significance of the decrease in f H]thymidine incorporation by TGFp between siRNA- 

treated and mock-treated MDCK cells. 

GST pull-downs vjere performed as described (Tang et al., 2002). 
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RESULTS 

km23 is a novel TGFP receptor-interacting protein that is also a light chain of the 

motor protein dynein (Tang et al., 2002). As indicated in Fig. 1, hkm23 is very similar to 

the Danio Rerio (Zebrafish) ZFIN (80% identity or 93% similarity), Drosophila robi 

(68% identity or 82% similarity), and Chlamydomonas LC7 (55% identity or 81% 

similarity) sequences.  In addition, a counterpart of km23 in Caenorhabditis elegans 

(T24H10.6) displays 56% homology to hkm23, and the predicted protein would be 76% 

similar.  In contrast, hkm23 displays 71% similarity to Spermatozopsis B15 (Dole et al., 

2000), 54% similarity to Drosophila bithoraxoid (bxd) and only 33% homology 

(predicted protein would be 32% similar) to Leishmania LMAJFV1 (Akopyants et al., 

2001).  The single-celled flagellar parasite Leishmania is an animal-like. Protozoan 

form of Protista, the Kingdom that also includes plant-like forms of green algae, such 

as Chlamydomonas and Spermatozopsis.  Thus, km23 displays a considerable 

degree of conservation across different Kingdoms and Phyla. 

There also appears to be another mammalian km23 form, designated km23-2 

in Table 1. Table 1 lists the % homologies, identities, and similarities of hkm23 

compared with the rat and mouse sequences for the two forms. As indicated, rkm23-1 

(96% identity or 98% similarity) and mkm23-1 (95% identity or 98% similarity) are 

highly conserved when compared with hkm23.  In addition, hkm23-2 displays 70% 

homology and 91% similarity with hkm23-1. Similarly, the rat and mouse forms of 

km23-2 display 71% homology and 91% similarity with hkm23-1. We have also 

sequenced the cadnine km23-1 from a.a ? to ?, and this region, it displays /% identity 



Thus, the mammalian forms of both km23-1 and km23-2 have very similar sequence , 

although they may be ? distinct. 

In order to determine the tissue distribution of hkm23, we performed Northern 

blot analysis using a human tissue blot obtained from BD Biosciences Clontech. The 

coding region of hkm23-1 was used as the probe (Fig. 2, top). The blots were stripped 

and reprobed with p-actin cDNA as a control for equal loading of RNA (Fig. 2, middle). 

Both blots were then scanned by densitometry and the km23 values were corrected for 

differences in RNA loading using the P-actin levels (Fig. 2, bottom). As indicated in Fig. 

2, km23 was expressed at a high level in brain, kidney, and placenta. Intermediate 

levels of expression were observed in the heart, skeletal muscle, and liver. Low levels 

were detectable in the colon, spleen, small intestine, and lung.  In longer exposures, 

barely detectable levels were observed in the thymus and in peripheral blood 

leukocytes. The calculated size of the hkm23-1 mRNA from the blot was approximately 

0.7 kb. 

The cellular effects of TGFp are dependent upon cell type, stage of 

differentiation, growth conditions, concentration of ligands, and the presence of other 

growth factors (Roberts and Sporn, 1990; Yue and Mulder, 2001). Since km23 was 

identified as a TGFP receptor-interacting protein, it was of interest to determine 

whether TGFP could modulate the expression of the endogenous km23 protein.  In 

order to perform these studies, we developed polyclonal rabbit km23 anti-serum 

against amino acids 27-43 of hkm23 and performed Western blot analysis in MDCK 

epithelial cells to determine whether the km23 anti-serum was specific. As indicated 
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in Fig. 3A (left panel), the rabbit km23 anti-serum specifically recognized a single band 

of 11 kDa by Western blot analysis (left panel, lanes 1-4). This band was not present 

after blotting with preimmune serum (right panel, lane 2). The results of Fig. 3 clearly 

indicate that TGFp does not induce the expression of endogenous km23 (left panel, 

lanes 1-4). 

In order to determine whether cell-type specific differences in km23 protein 

expression existed, we examined the relative expression levels of endogenous km23 

in various mammalian cell types.  Due to the high level of similarity (98%) among the 

mammalian km23-1 forms from amino acids 27-43, the polyclonal km23 anti-serum 

could detect endogenous km23 levels equally well in the different species. As shown 

in Fig. 3B, km23 is highly expressed in HepG2 human hepatoma cells (lane 4, top 

panel) and in MDCK cells (lane 6, top panel), while MvlLu mink lung epithelial cells 

(lane 5, top panel) displayed reduced expression levels. We also found that the 

expression level of km23 in the TGFp-resistant, human ovarian cancer cell line OVCA 

433 (lane 3, top panel) was lower than that in either the MDCK or HepG2 cells. km23 

was expressed at intermediate levels in 293 human embryonic kidney cells (lane 1, 

top panel) and in TGFp-responsive FET human colon cancer cells (lane 2, top panel). 

Equal loading was confirmed by blotting with a DIG Ab (bottom panel), since we have 

previously determined that DIG levels are relatively constant among such cell lines. 

Thus, cell-type specific differences in km23 protein expression do exist. 

In order to examine the subcellular localization of km23, we performed Western 

blot analysis after subcellular fractionation of cells incubated in the presence or 

absence of TGFp. As indicated in Fig. 4, when km23 was expressed in the absence of 
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TGFp (lanes 1-6, left panel), both endogenous and expressed km23 were easily 

detectable in the cytoplasmic fraction (lane 3, top panel). In contrast, as expected, 

endogenous Lamins A and C were not detectable in the cytoplasnnic fraction (lanes 1- 

3, bottom panel). Further, both endogenous and expressed km23 were absent in the 

nuclear fraction (lanes 4-6, top panel), whereas Lamins A and C were easily 

detectable in this compartment (lanes 4-6, bottom panel) (Georgatos et al., 1994). The 

results indicate that km23 is a cytoplasmic protein. A similar result was observed after 

the cells were exposed to TGPp (lanes 7-12, right panel), indicating that TGF3 

treatment does not affect a nuclear translocation of km23. As expected, no change in 

the localization of Lamins A and C was detected after TGPp treatment. 

The serine/threonine kinase activity of the TGPp receptors mediates 

phosphorylation of downstream molecules to affect TGPp responses. We have 

previously shown that km23 was phosphorylated by the TGPp receptor complex in 

human embryonic kidney 293T cells (Tang et al, 2002). However, we did not examine 

the ligand-dependent role of TGPp in km23 phosphorylation in those cells. Here, we 

performed in vivo phosphorylation assays (Yue et al., 1999a; b) after transient 

expression of km23-flag, Ri-HA, and RII-HA in the absence and presence of TGPp. As 

shown in Pig. 5 (left panel), km23 was phosphorylated upon co-expression of both 

types of TGPp receptors (lane 2). A ligand-dependent increase in km23 

phosphorylation was observed at 5 and 15 minutes after TGPp treatment (lanes 3 and 

4). As shown previously, km23 was not auto-phosphorylated (lane 1), nor was there 
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phosphorylation in the IgG control lane (lane 5). These results indicate that km23 

phosphorylation by TGFp is ligand-dependent. 

Since TGFp stimulation increased phosphorylation levels of km23, it was of 

interest to see whether another growth factor ligand produced a similar effect. 

Epidermal growth factor (EGF) is known to phosphorylate many downstream targets 

after activation of its receptor (Jorissen et al, 2003). For example, She (Sakaguchi et al, 

1998), Src (Mao et al, 1997), STATs (David et al, 1996), PLC-y (Wahl et al, 1990), and 

PPARy (Camp and Tafuri, 1997) have all been shown to be phosphorylated within 30 

minutes of EGF treatment. In order to determine whether km23 could be 

phosphorylated by EGF, we performed in vivo phosphorylation assays similar to those 

for TGFp. As shown in Fig. 5 (right panel), EGF did not stimulate km23 

phosphorylation during a treatment period of 0-30 minutes (lanes 7-12).  EGF has 

been shown to phosphorylate other substrates during this time period in this cell line 

(Camp and Tafuri, 1997). As expected, no km23 phosphorylation was observed in the 

negative control (lanes 6-13). Collectively, our results suggest that km23 

phosphorylation may be mediated specifically by TGFp. 

We have also previously shown that overexpression of either the activated TGFP 

receptor complex or Rll alone could phosphorylate km23 in COS-1 cells (Tang et al, 

2002). However, it was unclear whether co-expression of Rl with Rll altered km23 

phosphorylation by Rll. As shown in Fig. 6 the level of ligand-dependent 

phosphorylation of km23 by Rll alone (lanes 7 and 8) was similar to that observed after 

co-expression of both receptors (lanes 2 and 3). As previously shown, km23 
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phosphorylation was completely blocked upon expression of KN Rll, even after 

treatment with TGFp (lanes 11 and 12). As expected, co-expression of Rl and Rll 

without km23 resulted in no detectable phosphorylation (lane 1). The IgG control (lane 

4) was also negative. Thus, phosphorylation of km23 by TGFp can occur in the 

absence of Rl, and the presence of wild-type Rl does not alter the ability of Rll to 

phosphorylate km23. These results also confirm the ligand-dependent 

phosphorylation of km23 in another cell line, COS-1 (Fig. 6, lanes 2 and 3). 

In order to address the role of the kinase activity of Rl in the TGFP-mediated 

phosphorylation of km23, in vivo phosphorylation assays were performed using 

various mutant forms of Rl and Rll alone or in combination. Here, we examined 

whether a kinase deficient version of Rl (KN Rl) could block ligand-dependent 

phosphorylation of km23. By comparison of the bands in lanes 7 and 9, in the 

absence of TGFp km23 was phosphorylated to a reduced extent after co-expression of 

Rll with KN Rl, as opposed to Rll alone. In contrast, in the presence of TGFp, KN Rl 

reduced km23 phosphorylation by approximately 3-fold, relative to that observed after 

expression of Rll alone (lanes 8 and 10). As shown in lanes 5 and 6, km23 was not 

phosphorylated when Rl alone was co-expressed with km23. Thus, phosphorylation 

of km23 by TGFp can occur without the kinase activity of Rl, and the presence of wild- 

type Rl does not alter the ability of Rll to phosphorylate km23. However, the kinase 

activity of Rl appears to contribute to km23 phosphorylation in some manner. 
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Our previous data suggested that km23 might function as a "motor receptor" to 

recruit TGFp signaling complexes to the dynein motor for intracellular transport along 

MT toward the nucleus (Tang et al, 2002). Since Smad2 is a critical intracellular 

mediator of TGF|3 signaling (Macias-Silva et al., 1996; Heldin et al., 1997; Attisano and 

Wrana, 1998, Massague 1998), and it is co-localized with Rll in specific endosome 

compartments after receptor endocytosis (Hayes et al., 2002). It was conceivable that 

Smad2 might function as one of the cargo that km23 might recruit. If this was the case, 

we would expect   Smad2 to be co-localized with km23. In order to determine whether 

this was the case, we performed immunofluorescence studies in TGPP-responsive 

MDCK cells, using the km23 rabbit antiserum prepared against amino acids 1-13. As 

indicated in Fig. 7A, in the absence of TGFp treatment, endogenous km23 was present 

in perinuclear puncta and was partially co-localized with endogenous Smad2. TGFp 

treatment resulted in a greater co-localized of Smad2 with km23 at both 2(B) and 5(C) 

minutes after its addition to MDCK cells. In contrast, once Smad2 had translocated to 

the nucleus by 15 minutes (D), km23 was still localized in the cytoplasm and no longer 

co-localized. Smad2 would be expected to execute its functions in the transcriptional 

regular of gene expression, whereas km23 is likely to be transported to acidic 

vesicular compartments for degradation. Thus, our results indicate that km23 and 

Smad2 are co-localized either in the absence of TGFp, or following TGFp treatment for 

2 or 5 min, prior to the entry of Smad2 into the nucleus. 

Since km23 and Smad2 appeared to be co-localized in the absence of TGFp, 

but were then separated into distinct cell locales after TGFp treatment, it was of interest 
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to determine whether km23 could directly interact with Smad2. We performed GST 

pull-down assays after transfection of Smad2-flag into 293T cells. Cell lysates were 

Incubated with sepharose-bound, bacterially-expressed GST alone or GST-rkm23. An 

anti-flag Ab was used as the blotting Ab to detect Smad2-flag in the GST-km23 

complex. As shown in Fig. 8A, Smad2 was visible in the GST-km23 

immunoprecipitates (lane 4), but not in the immunoprecipitates from GST only (lane 3). 

EV control lanes were also negative (lanes 1, 2). The results indicate that km23 

interacts with Smad2 in vitro. 

In order to determine whether km23 and Smad2 interacted in vivo, we 

performed IP/blot analysis after transfection of either EV or km23-Flag. As shown in 

Fig. 8B, immunoprecipitation of the Smad2 protein using an anti-Smad2 Ab was able 

to co-IP km23 (lane 2, left panel). In contrast, the EV control was negative (lane 1, left 

panel). The interaction between Smad2 and Sp1 (Feng et al., 2000, Pardali et al., 

2000) is shown as a positive control for comparison (lane 3, right panel). Further, we 

did not find a direct interaction between Smad2 and DIG (lane 4, right panel), yet the 

positive control (IP DIG, blot DIG, lane 5, right panel) did reveal the appropriate location 

of the DIG band. The results clearly demonstrate that km23 interacts with Smad2 

under physiological conditions, but that it cannot directly interact with the dynein motor 

complex. 

A noted biological effect of TGFp in epithelial cells is growth inhibition (Piez and 

Sporn, 1993; Akhurst and Derynck, 2001; Yue and Mulder, 2001). Further, inactivation 

of Smad2 has been shown to effectively eliminate TGFp-induced growth inhibition, 

without an apparent effect on the ability of TGFp to induce expression of other genes 
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(Feng et al., 2002). Since we have shown that km23 interacts with and co-localized 

with Smad2, it was of interest to determine whether blockade of km23 would lead to a 

change in the ability of TGFp to inhibit the cell cycle in late G1, as assessed by a 

change in DNA synthesis. The MDCK cells used for these studies are naturally 

responsive to the growth inhibitory effects of TGFp, and display an inhibition of 

f H]thymidine incorporation of approximately 90%. Therefore, we transfected MDCK 

cells with siRNA to disrupt the expression of endogenous km23 using Oligofectamine 

as described in the "Materials and Methods." Western blot analysis was then 

performed to determine whether km23 expression was blocked. As shown in Fig. 9A, 

treatment with either 0.10 ^iM or 0.12 [xM siRNA induced a marked decrease 

(compared to mock-treated cells) in km23 levels at both 24 hours (lanes 1-3) and 48 

hours (lanes 4-6) after addition of the siRNA. The decrease in endogenous km23 was 

maximal at 24 hours after transfection of siRNA (lanes 2 and 3, top panel), with a 

reduction of km23 expression by approximately 65%. The silencing effect was 

apparent for at least an additional 24 hours, yet this effect was not enhanced when the 

siRNA concentration was increased from 0.10 ^iM to 0.12 [iM (lanes 2, 3, 5, and 6, top 

panel). After 72 hours, there was no difference in endogenous km23 levels between 

the mock-treated and siRNA-treated cells (lanes 7-9, top panel). The bottom panel of 

Fig. 9A depicts the results of densitometric scans of the top panel, with the percent of 

control values provided above the relevant bars. 

Since 0.1 ^iM siRNA resulted in maximal silencing at 24 hours after addition to 

MDCK cultures, we examined TGFP-mediated inhibition of DNA synthesis of MDCK 
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cells in the presence and absence of 0.1 ^lM siRNA at this time point. The 

[ H]thymidine incorporation analyses in Fig. 9B indicate that blockade of endogenous 

km23 led to a reduction in the ability of TGFp to inhibit DNA synthesis. While TGFp 

inhibited the DNA synthesis of the mock-treated cells by 92%, cells transfected with 

km23 siRNA displayed only a 73% inhibition of DNA synthesis by TGFp. Statistical 

analyses using the Student's t-test revealed that this difference was statistically 

significant (p<0.01). Together, these results demonstrate that km23 plays a role in 

TGFp-mediated inhibition of DNA synthesis. 
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DISCUSSION 

We have Isolated km23 via its ability to interact with the intracellular portions of 

the TGFP receptors. Further, we have demonstrated that this TGPp receptor-interacting 

protein is associated with the TGFp receptor complex through Rll (Tang et al., 2002). 

Here we show that TGFp induced a ligand-dependent increase in km23 

phosphorylation, mediated by preferentially by the kinase activity of Rll. However, co- 

expression of a kinase-deficient version of Rl with Rll decreased km23 

phosphorylation relative to that observed after expression of only Rll. Thus, the kinase 

activity of Rl also appears to play a role in phosphorylation of km23. 

Of greater significance, km23 appeared to be partially required for TGF|3- 

mediated inhibition of thymidine incorporation in MDCK cells. A complete blockade of 

thymidine incorporation by the km23 siRNA would not be expected, however for two 

reasons.  First, the siRNA blockad of km23 expression was not complete (only 65%). 

Second, other pathway components are known to be involved in mediating this 

complex biological response with regard to the latter point, TGFp activation of Ras, 

extracellular signal-regulated kinases (Erks) and of stress-activated protein 

kinases/Jun N-terminal kinases (Sapk/JNKs) is known to be required for TGFP- 

mediated growth inhibition (Mulder and Morris, 1992; Hartsough et al., 1996; Frey and 

Mulder, 1997; Yue et al., 1998; Yue et al., 1999b; Mulder, 2000). Additional evidence 

indicate that over-expression of the p65 subunit of the NF-KB/Rel family in Hs578T 

cells can abrogate the ability of TGFp to inhibit cell growth (Sovak et a!., 1999), 
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suggesting that TGFp regulation of NF-KB/Rel activity is also associated with TGFp- 

mediated growth inhibition. Thus, several TGPP-regulated components appear to be 

required to mediate the growth inhibitory response to TGFp. km23 may represent a 

novel member of this group of signaling components. 

Subcellular localization of a signaling molecule plays an important role in its 

ability to function during the transduction of cellular signals. It is essential for a 

signaling molecule to be in the appropriate cell location at the appropriate time for 

efficient activation (Whitmarsh and Davis, 2001). Our data indicate that km23 is a 

TGFP receptor-interacting protein that directly interacts with Smad2 in the cytoplasm 

under both in vivo and in vitro conditions. Further, km23 is co-localizes with Smad2 

either in the absence of TGFp, or at early time periods after TGFp addition, suggesting 

that Smad2 may be one of the cellular cargo that km23 recruits to the dynein complex 

for intracellular transport along MTs. After 15 minutes of TGFp treatment, however, 

Smad2 translocates to the nucleus, while km23 remains in the cytosol. 

Smads2/3/4 have been shown to be distributed along the MT network (Dong et 

al. 2000). However, little is known about how Smads transition from the MTs to an 

activated state. We have shown that km23 is the light chain of dynein, and 

TGFP leads to the recruitment of km23 to the DIG in a rapid, TGFP-inducible manner 

(Tang et al. 2002). Based upon our finding that km23 may control the cell localization 

of TGFP signaling components such as Smad2 in the cytoplasm, it is possible that 

km23 can transport Smad2 toward the nucleus along the MTs, prior to Smad2's effects 

on nuclear transcription events. 
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It has been shown recently via genetic studies in Drosophila that a trio of 

membrane-associated proteins act in a common pathway to regulate epithelial cell 

polarity and cell growth (Bilder et al., 2000). Since TGFP and its signaling components 

can function as tumor suppressors, similar to this trio of protein, perhaps km23 

contributes to appropriate trafficking of provides TGFP signaling components such as 

Smad2, thereby maintain cell polarity in the signaling pathway. In this regard, we have 

provided evidence to suggest that km23 is important for maintain the appropriate 

localization of TGPP signaling components such as Smad2.  It is conceivable that an 

alteration of km23 might result in a mis-localization of such signaling intermediators, 

with a concomitant disruption of TGFp growth inhibitory signals.  Indeed, an alteration 

in the homologue to km23 (rob1) resulted in accumulation of cargoes and an increase 

in mitotic index (Bowman et al; 1999).  Our results using km23-specific siRNA suggest 

that km23 may, indeed, play an important role in TGFP-mediated growth suppression. 
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FIGURE LEGENDS 

Fig. 1. Alignment of amino acid sequences comparing km23 family members. The 

coding region for the following km23 family members are aligned to illustrate the 

relative identities: hkm23-1 (accession #AY026513), ZFIN (accession # AAH46084; 

74% homology to hkm23-1), robi (accession # AF141920; 67% homology to hkm23-1), 

LC7 (accession # AF140239; 59% homology to hkm23-1), T24H10.6 (accession 

#Z54216; 56% homology to hkm23-1), B15 (accession # AJ243446; 56% homology to 

hkm23-1), bxd (accession # M27999; 40% homology to hkm23-1), and LMAJFV1 

(accession # AQ850960; 33% homology to hkm23-1). 

Fig. 2.  Northern blot analysis of km23 mRNA expression in several human tissues. 

Top panel, a human tissue mRNA blot was obtained from BD Bioscience Clontech 

and was probed with the ^^P-labeled cDNA for hkm23. Middle panel, the membrane 

was reprobed with p-actin as a control. As expected, the primary P-actin band was 2 

kb, whereas an additional species of 1.7 kb was observed in heart and skeletal 

muscle. Bottom panel, plot of densitometric scan of results from top panel after 

normalization of km23 expression levels against P-actin control levels. 

Fig. 3. km23 protein expression was detectable by Western blot analysis using a 

rabbit polyclonal km23 anti-serum. A: TGFp does not modulate the expression of 

endogenous km23.  Left panel, MDCK cells lysates were incubated in serum-free a- 
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MEM medium for 1 hour prior to treatment with (lanes 2-4) or without (lane 1) TGFp (10 

ng/ml). Lysates were analyzed by SDS-PAGE (15%) and transferred to a PVDF 

membrane. The membrane was then incubated with rabbit polyclonal km23 anti- 

serum, followed by incubation with an anti-rabbit IgG secondary antibody (1:7500). 

Right panel, MDCK cells lysates were analyzed as in left panel, except that one lane 

was incubated with preimmune rabbit serum as a control (lane 2) to demonstrate the 

specificity of the Ab. B: The rabbit km23 polyclonal anti-serum could detect km23 in 

various species. Top panel, protein lysates (75 [xg) were prepared from 293, FET, 

OVCAR 433, HepG2, MvlLu, and MDCK cells, and analyzed as in A. Equal loading 

was confirmed by blotting with a DIG Ab (Chemicon). 

Fig. 4. TGFP does not cause a translocation of km23 to the nucleus. Mv1Lu cells were 

either mock transfected or transiently transfected with EV or km23-flag. Twenty-four 

hours later, cells were treated without (lanes 1-6) or with (lanes 7-12) TGFp (10 ng/ml) 

for 30 minutes.  Cells were then fractionated as described in "Materials and Methods." 

Top panel, both cytoplasmic and nuclear fractions were subjected to SDS-PAGE 

(15%), transferred to a PVDF membrane, and blotted with anti-flag. Bottom panel, the 

membrane was then reprobed with anti-lamin A/C Ab as a nuclear marker. 

Fig. 5. Specificity of TGFp-dependent phosphorylation of km23. 293T cells were 

transiently transfected with either EV, km23-flag, and/or RI-HA and RII-HA as indicated. 

Twenty-four hours after transfection, cells were labeled for 3 hours with [^^Pj] in the 
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absence or presence of TGFp (5 pig/ml) (left) or EGF (100 ng/ml) (right) for the 

indicated times. Thereafter, cells were lysed and IP'd with anti-Flag. In vivo 

phosphorylation of km23-flag was visualized by SDS-PAGE (15%) and 

autoradiography. 

Fig. 6. Role of Rl and Rll in ligand-dependent phosphorylation of km23. COS-1 cells 

were transiently transfected with either EV, km23-flag, and/or wild-type or mutant Rl 

and Rll as indicated. Twenty-four hours after transfection, cells were labeled for 3 

hours with f^P] in the absence or presence of TGFp (10 

ng/ml, 10 minutes), followed by cell lysis and IP with an anti-Flag Ab. Top panel, in 

vivo phosphorylation of km23-flag was visualized by SDS-PAGE (15%) and 

autoradiography.  Bottom panel, plot of densitometric scans of km23 phosphorylation. 

km23 expression values from a flag immunoblot (not shown) were used to normalize 

loading and expression among the lanes. 

Fig. 7. km23 colocalizes with Smad2 in TGFp dependant maner. A: MDCK cells were 

fixed, permeabilized, and stained with rabbit km23 anti-serum (left, top row) and 

mouse anti-Smad2 (left, second row). The overlap and a region from this panel 

magnified are shown in third row.  No signal was detected in the control (right panel). 

B: MDCK cells were fixed, permeabilized, and stained with rabbit km23 anti-serum (left, 

top row) and mouse anti-Smad2 (left, second row). The overlap and a region from this 

panel magnified are shown in third row.  No signal was detected in the control (right 
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panel). B: MDCK Cells were incubated with TGFp ( 2.5ng/ml) for 2 minutes, and then 

cells were fixed, permeabilized, and stained with rabbit km23 anti-serunn (left, top row) 

and mouse anti-Smad2 (left, second row). The overlap and a region from this panel 

magnified are shown in third row.  No signal was detected in the control (right panel). 

C: MDCK Cells were incubated with TGFp ( 2.5ng/ml) for 5 minutes, and then cells 

were fixed, permeabilized, and stained with rabbit km23 anti-serum (left, top row) and 

mouse anti-Smad2 (left, second row). The overlap and a region from this panel 

magnified are shown in third row.  No signal was detected in the control (right panel). 

D: MDCK Cells were incubated with TGFp ( 2.5ng/ml) for 15 minutes, and then cells 

were fixed, permeabilized, and stained with rabbit km23 anti-serum (left, top row) and 

mouse anti-Smad2 (left, second row). The overlap and a region from this panel 

magnified are shown in third row.  No signal was detected in the control (right panel). 

Fig. 8. km23 interacts with Smad2 via GST pull-down and IP/blot assays. A: Top 

panel, 293T cells were transfected with either Flag-tagged Smad2 or EV, and lysates 

were incubated with sepharose bound, bacterially-expressed GST alone or GST- 

rkm23. GST- bound proteins were analyzed by SDS-PAGE and were immunoblotted 

with an anti-flag Ab. Smad2 interacts with GST-km23 (lane 4), but not with GST alone 

(lane 3). EV control lanes (lanes 1, 2) were also negative. Lower panel. Western blot 

analysis of total cell lysates to confirm expression of Smad2 in the relevant samples 

prior to assay (lanes 3, 4). B: IP/blot analysis of Smad2 interaction with km23. Left 

panel, Mv1Lu cells were transfected with EV or km23-Flag. Following IP with a Smad2 

Ab, lysates were subjected to SDS-PAGE (15%), transferred to a PVDF membrane, and 

35 



t^ 

blotted with an anti-flag Ab. Right panel, Mv1Lu lysates were analyzed by IP/blot, as 

indicated, to verify the interaction between Smad2 and Sp1 (positive control), but not 

between Smad2 and DIG (negative control). 

Fig. 9. siRNA blockade of km23 expression reduces TGFp-mediated inhibition of DNA 

synthesis in MDCK cells. A: Blockade of endogenous km23 protein expression using 

siRNA. Top panel, MDCK cells were either mock-transfected or transfected with 0.10 

[LM or 0.12 nM double-stranded siRNA corresponding to nucleotides 77 to 97 of the 

hkm23 coding region (5'-AAGGCATTCCCATCAAGAGCA-3') as described in "Materials 

and Methods." After incubation for 24-72 hours, expression levels of endogenous 

km23 were analyzed via Western blot analysis using rabbit km23 anti-serum (1:500) 

as described for Fig. 3B. Bottom panel, plot of densitometric results from top panel. 

km23 levels are shown as a percent of control in parentheses above the relevant bars 

relative to the corresponding mock-treated values. B: The TGFp-mediated repression 

of f H]thymidine incorporation was partially reversed following blockade of endogenous 

km23 by siRNA. MDCK cells were either mock-transfected or transfected with 0.1 \iM 

siRNA as described in A. Twenty-four hours after transfection, f H]thymidine 

incorporation analyses were performed as described in "Materials and Methods." The 

asterisk indicates a statistically significant difference (Student's t-test, p<0.01) in 

f H]thymidine incorporation by TGFp between siRNA-treated and mock-treated MDCK 

cells. 
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Fig. 2 
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Fig. 6 
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Table I: Comparison of hkm23-1 to closely related sequences 

Homoloque Species % homoloqv % identity % similarity 

rkm23-1 Rattus 
norvegicus 

91 96 98 

mkm23-1 Mus musculus 90 95 98 

hkm23-2 Homo sapiens 70 77 91 

rkm23-2 Rattus 
norvegicus 

71 76 91 

mkm23-2 Mus musculus 71 76 91 
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