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The phosphorylated, activated cytoplasmic domains of the transforming growth factor-g (TGFpB)
receptors were used as probes to screen an expression library that was prepared from a highly
TGEB-responsive intestinal epithelial cell line. One of the TGFpB 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 TGFS receptor complex
intracellularly and is phosphorylated on serine residues after ligand-receptor engagement. Forced
expression of mLC7-1 induces specific TGFB responses, including an activation of Jun N-terminal
kinase (JNK), a phosphorylation of c-Jun, and an inhibition of cell growth. Furthermore, TGFf3
induces the recruitment of mLC7-1 to the intermediate chain of dynein. A kinase-deficient form
of TGEp RII prevents both mLC7-1 phosphorylation and interaction with the dynein intermediate
chain (DIC). This is the first demonstration of a link between cytoplasmic dynein and a natural
growth inhibitory cytokine. Furthermore, our results suggest that TGFB 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-B (TGEP) is the prototype for the
TGFB superfamily of highly conserved growth regulatory
polypeptides that also includes the activins, inhibins, bone
morphogenetic proteins, decapentaplegic (Dpp), nodal, Lefty,
and others (Roberts, 1998; Sporn and Vilcek, 2000; Yue and
Mulder, 2001). Alterations in the TGFp signaling components
and pathways have been implicated in a vast array of human
pathologies, including cancer (Massague et al., 2000; Sporn and
Vilcek, 2000; Derynck et al., 2001).

TGEFpB 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; Sporn and Vilcek, 2000; Yue and
Mulder, 2001). The Smad family of signaling intermediates
plays an important role in mediating TGFS responses (Atti-
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sano and Wrana, 2000; ten Dijke ef al., 2000; Yue and Mulder,
2001). Moreover, TGFB has been shown to regulate Ras
(Mulder and Morris, 1992; Hartsough ef 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; Sporn and Vilcek,
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 TGFp 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 TGF 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 TGEB effects, these pathways seem to regulate primar-
ily transcriptional events (Hocevar et al., 1999; Hu et al., 1999;
Sporn and Vilcek, 2000; Yue and Mulder, 2000a, 2001). How-
ever, TGFB is multifunctional and its biological responses
are diverse. Thus, identification of additional TGFp 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.

© 2002 by The American Society for Cell Biology



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 DIC (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 chains (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 Jun N-terminal kinase (JNK)-interacting proteins
(JTPs) 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
the 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 ef al., 1999). The interaction between
rhodopsin and Tctex-1 is thought to represent a novel mode
of dynein—cargo interaction in which a dynein subunit 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 the 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 these polypeptides are potential medi-
ators of motor protein activation and organelle trafficking,
events that ultimately determine the collective spatial organi-
zation of the signaling pathways within the cell.

Herein, we describe a mammalian TGFf receptor-interact-
ing protein, termed mLC7-1, which is also a DLC. TGFp stim-
ulates not only the phosphorylation of mLC7-1, but also the
recruitment of mLC7-1 to the DIC. Kinase-active TGF recep-
tors are required for mLC7-1 phosphorylation and interaction
with DIC. Recruitment of 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 (Karcher et al., 2002). Thus, mLC7-1
seems to function as a motor receptor, linking the dynein
motor to specific cargo. We also demonstrate that mLC7-1 can
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mediate specific TGFS responses, including JNK activation,
¢-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 Invitrogen (Carlsbad,
CA) and the anti-hemagglutinin (HA) antibody (1-583-816) was
from Roche Applied Science (Indianapolis, IN). The TGFpB 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.
125I-TGFB (NEX-267), [**Plorthophosphate (NEX-053), y-[**P]ATP
(BLUO02H), and [*H]thymidine (NET-027X) were from PerkinElmer
Life Sciences (Boston, MA). TGFB, was purchased from R & D
Systems (Minneapolis, MN).

Cell Culture

COS-1 cells (CRL-1650) and Mv1Lu 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-1 cells. Madin-Darby canine kidney
(MDCK) cells (CCL-34) were grown in minimal essential medium-c,
supplemented with 10% fetal bovine serum. Cultures were routinely
screened for mycoplasma by using Hoechst staining.

Cloning of TGFfB Receptor Targets

Construction of TGFf3 Receptor Expression Plasmids. The intracel-
lular domains of TGFB RII and RI were polymerase chain reaction
(PCR) amplified using the full-length human ¢cDNA’s for TGFS RII
(Lin et al., 1992) or TGEFB 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 coli strains were trans-
formed separately with each of the TGFp receptor-containing vec-
tors or the corresponding empty vectors (EVs), followed by selec-
tion on kanamycin and ampicillin. Expression was induced with
isopropyl B-p-thiogalactoside 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 enriched for the activated
complex. In vitro kinase assays (Bassing ef al., 1994) were performed
to phosphorylate the intracellular domains. Phosphorylation of both
RI and RII was confirmed by SDS-PAGE. The higher degree of RI
phosphorylation in kinase reactions performed with both receptors,
as opposed to only RI, suggested that transphosphorylation of RI by
RII had occurred. Supernatants derived from kinase assays with
cold ATP were used to approximate the specific activity of 32P-
labeled proteins.

Preparation and Screening of Expression Library from IEC 4-1
Cells. An expression library was prepared from the rat 4-1 IEC line
(Mulder et al., 1993) by using the Superscript Choice System for
cDNA synthesis (Invitrogen). Double-stranded ¢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 II gold; Stratagene, La Jolla, CA) and titered by infection
of E. coli strain XL1-Blue, according to the manufacturer’s instruc-
tions (CLONTECH). Recombinant phage were screened using a
modified CORT protocol (Skolnik et al., 1991). Briefly, the activated
intracellular domains of both TGEB 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 (kathleen 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’ regions. A human placental cDNA library
(CLONTECH) 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 nucle-
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-TGFPB 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 with NotI and Xhol restriction enzymes, followed
by subcloning into pcDNA3.1/V5-His (V-810-20; Invitro-
gen). To prepare km23-FLAG, the coding region of rat or
human km23 was PCR amplified with additional suitable
flanking restriction enzyme sites for Bg/II (5) and Sall (3')
and inserted into pCMV5-FLAG (Sigma-Aldrich) after di-
gestion with Bg/Il and Sall restriction enzymes. 293T,
MDCK, COS-1, or Mv1Lu 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-1 cells were transfected and labeled as for in vivo phosphor-
ylation assays. After the cell lysates were normalized for radioac-
tivity, labeled km23/mLC7-1 protein was immunoprecipitated with
anti-FLAG, separated by SDS-PAGE, transferred, and visualized by
autoradiography. The membrane containing 3?P-labeled km23/
mLC7-1 was excised, and phosphoamino acid analysis was per-
formed as described previously (Boyle et al., 1991).

Stable Transfections

hkm23-FLAG was inserted into a pEGFP-C1 plasmid (CLONTECH)
to create an N-terminal GFP tag. The resulting construct or the
equivalent EV was transfected into MvlLu cells using Lipo-
fect AMINE 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 ug/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 ug/ml G418. Ex-
pression of km23/mLC7-1 was verified by Western blot analysis,
and stably transfected pools of km23-FLAG or EV-transfected pools
were used for JNK, c-Jun, 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-
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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 TGFp responsiveness of cells was verified by [*H]thymidine
incorporation assays, performed as described previously (Hart-
sough and Mulder, 1995). For Figure 5, pools of Mv1Lu cells stably
transfected 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 (EMScience #1011; Fisher Scientific, 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, the coding region of rat or human km23 was
PCR amplified with additional suitable flanking restriction enzyme
sites for BarHI (5') and Xhol (3'), and inserted into pGEX-4T-1 (Am-
ersham Biosciences, Piscataway, NJ) after digestion with BamHI and
Xhol restriction enzymes. The bacterially expressed rkm23-GST was
isolated according to the manufacturer’s instructions (Amersham Bio-
sciences) 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
TGEFpB receptor-interacting proteins, as depicted in Figure
1A. The phosphorylated, activated cytoplasmic domains of
the TGEP receptors were used as probes to screen an expres-
sion library that was prepared from a highly TGFB-respon-
sive IEC line (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 1B 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 1A.

Several positive clones were isolated as described in MATE-
RIALS 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 ef al., 1995). bxd is a 40-kb region of
BX-C, immediately upstream from the Ultrabithorax (Ubx)
unit, and capable of exerting cis-regulatory control over expres-
sion of this unit (Lipshitz et al., 1987). It had already been
shown that the TGFB superfamily member Dpp stimulated
transcription of Ubx and that the Ubx protein was necessary
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Figure 1. Identification of a novel TGF receptor-interacting pro-
tein. (A) Method for identifying TGF receptor-interacting proteins.
The cytoplasmic 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 TGFB RI and RII result in both auto- and
trans-phosphorylation. Bacterially expressed TGFS 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 (pET15, pET30, and pET15/pET30),
the intracellular domains of RII or RI alone (pET15-His-RII-FLAG
and pET30-His-RI-S), or together (pET15-RII-FLAG/pET30-RI-S).

but not sufficient for full activation of dpp expression (Mathies
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 TGFS signaling. In addition, the TGFf3
superfamily of secreted polypeptides is known to convey crit-
ical signals during the control of development in various con-
texts, and BX-C is also important in development.

Several other clones were obtained in our screen, including a
previously recognized TGFB Rl-interacting protein, the alpha
subunit of farnesyl protein transferase (Kawabata et al., 1995;
Ventura et al., 1996). The other clones 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
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catalytically active TGFB receptors as the probes. It has been
proposed that activation of RSmads by RI releases them from
the complex, to mediate downstream signaling. For example,
Macias-Silva et al. (1996) have demonstrated that the interac-
tion between the TGFB receptor complex and Smad2 was
increased when RI was made inactive by mutation of the
kinase domain. Furthermore, Lo ef al. (1998) have shown that
removal of the C-terminal domain of Smad?2 increased its in-
teraction with RI, suggesting that docking was inhibited when
the C-tail was phosphorylated. Therefore, in our screen, the in
vitro kinase assay performed on the receptors before library
screening would be expected to prevent binding of Smads to
the receptor complex.

The novel TGFp 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 acids and are 98%
similar. Additional alignments of km23 with 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 Chlamydomonas DLCs (chILC7) (Bowman et al.,
1999). robl is a light chain of the motor protein dynein that
interacts with the DIC. 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/mLC7-1 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; Bowman et al., 1999).
There does not seem to be a family member in Saccharomyces
cerevisine. There are also other DLC families that bind to DIC,
including Tctex-1/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 unrelated cargo in a similar
manner (Mok et al., 2001; Makokha et al., 2002). Similarly,
these DLCs are only 8 and 14% identical to mLC7-1, respec-
tively. It is conceivable that mLC7-1 also mediates motor
complex assembly and connection to the transported cellular
cargo.

Because we had identified mLC7-1 by its ability to interact
with the cytoplasmic regions of the TGFp receptors, it was of
interest to verify whether mLC7-1 was present in association
with the TGFp receptors intracellularly. Accordingly, affin-
ity cross-linking experiments were performed using '*°I-
TGEB (Yue et al., 1999a). Figure 2A indicates that both Rl and
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Table 1. Comparison of km23/mLC7-1 to some other family members

Homologue Species % Homology % Identity % Similarity Amino acids
mLC7-2 Homo sapiens 70 77 91 96
robl Drosophila melanogaster 67 71 81 97
ch/LC7 Chlamydomonas 59 55 74 105
bxd-like C. elegans 56 47 76 95
bxd D. melanogaster 42 23 51 101

RII are present in km23/mLC7-1 immunocomplexes (lane 5)
from cell lysates of 293T cells, which had been transiently
transfected with both TGFp receptors and km23-FLAG. The
positions of RI and RII were confirmed by analysis of total
cell lysates (lane 2). Unlabeled TGFB completely competed
for binding to both receptors as shown in lane 6 (Figure 2A).
Furthermore, no receptors were detectable in FLAG IPs after

expression of both receptors without km23/mLC7-1 (our
unpublished data). The control blots in the lower panels
demonstrate that the appropriate constructs were expressed
to similar levels. Thus, these results suggest that mLC7-1 is
associated with the activated receptor complex.

To determine whether the interaction between the recep-
tors and mLC7-1 occurred rapidly after ligand stimulation,

A 203T B 203T Figure 2. Verification of TGFp re-
km23-Flag[= + - + * + ev[F + £ = & = = ceptor interaction with mLC7-1. (A)
Rlemyc| - + - - + + + km23-Flag| - + - + + + + RI and RII TGFB receptors are
RI-HA| - + - - + + + REVS| - - 4 4+ + + + present in mLC7-1 immunocom-
unlabelled TGFB| - - - - - + - | RIEHA| o = ok tb ok o 4 plexes. 293T cells were transiently
5 o TER-p(minLe 15 8 O S 1s i transfected with km23-FLAG, Ri-
R | — = <+—Rll myc, RI-HA, and/or EVs, and affin-
R—>| |88 P Abs L 3 4 5 6,7 ity labeling was performed. After the
1 213 4 5 6|7 f Flag IgG 4h 15L.TGF labeling period (4°C),
T,“y‘ge"tg?a” FlaglP  IgG Blot Ab: RII the cross-linking agent disuccinimi-
dyl suberate was added for an addi-
[ e < km23/mL C7-1 | - -—--I «—km23/mLC7-1  tional 15 min. Top, total cell lysates
1.2 3 4 56 L1 2 3 4 5 8 7 (lanes 1 and 2) or lysates immuno-
Blot Ab: Flag Blot Ab: Flag precipitated with an anti-FLAG M2
[ @e«r antibody (lanes 3-6) or with IgG
5 A A B & ‘ - an e e .-{ <«—RI (lane 7, control) were visualized by
Blot Ab:l—*—lmyc T T A & 8T SDS-PAGE and ‘ a}utoradiography,
Blot Ab: V5 No bands were visible in FLAG IPs
<RIl after transfection of only RI and RII
-— (our unpublished data). Bottom,
L1 2 3 4 5 8) I - I 7 Rl Western blots for FLAG, myc, and
Blot Ab: HA Blot Ab: R HA demonstrate expression of the
relevant constructs (lanes 2 and 4-6
c MDCK 293T for km23/mLC7-1; lanes 2, 5, and 6
RI-HA[+ - + + for RI and RII). (B) Interaction be-
) Ev]  km23-Flag kD km23-Flag| - + + + tween mLC7-1 and the TGFB recep-
TGFp (min)| 0 0 5 15 30 [30 _F !!4—RII tors occurs within 5 min of TGFgB
km23imLCT-1 —»] < = = B2~ a4 addition. 293T cells were transiently
6 1P Ab: l—l—lﬂag HA transfected with km23-FLAG, RI-V5,

12 2% 518] R RIFHA, and/or EVs, followed b
; , , y
IP Ab: Rl lgG HloL A e IP/blot analyses with FLAG as the
: . IP antibody and an RII polyclonal
Blot Ab: Flag EV+EI_73T_ antibody as the blotting antibody
km23/mLC7-1 _,E_ 7 km23-Flag| - + + (top). Cells were incubated in se-
12 3 4 5 6 R";rﬂ i m—ﬁee medium for 60 rrun l?efore
Blot Ab: Flag < Kkm23/mLC7-1 addition of TGF for the indicated

1 2 3
IP Ab: HA

| |
Blot Ab: Flag

times. Bottom, controls for expres-
sion and loading of km23/mLC7-1
(FLAG blot), RI (V5 blot), and RII
(RII blot). (C) TGEB induces a rapid
association of mLC7-1 with endoge-

nous TGEB receptors in MDCK cells. EV or km23-FLAG constructs were expressed in MDCK cells, and TGFg treatments and IP/blot analyses were
performed as for Figure 2B. (D) mLC7-1 interacts with RII via IP/blot analyses in 293T cells. Cells were transiently transfected with km23-FLAG and
RI-HA as indicated. Top, cell lysates were immunoprecipitated with anti-FLAG or HA and blotted with an HA antibody. The presence of RII in lanes
3 and 4, but not in lanes 1 and 2, demonstrates an interaction between km23-FLAG and RII-HA. Bottom, lysates were immunoprecipitated with anti-HA
and blotted with anti-FLAG. The presence of km23/mLC7-1 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.
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we performed IP/blot analyses in the presence and absence
of TGFB. Coexpression of both TGFf 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/mLC7-1 interacts with RII, but
also that TGFB induces this interaction within 5 min of TGF
addition (lanes 4-6, top). The appearance of the RII band
with slightly slower mobility (lanes 5 and 6) suggests that
TGER also induced the interaction of km23/mLC7-1 with a
differentially phosphorylated /modified form of RII. No spe-
cific band was apparent after expression of only km23/
mLC7-1 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 mLC7-1 does associate with
RIL

To ensure that the interaction was not the result of overex-
pression of the TGFf receptors, we performed similar IP/blot
analyses in MDCK cells expressing endogenous TGFf recep-
tors. These cells are TGFpB responsive as revealed by a 70%
inhibition of cell growth within 24 h of 10 ng/ml TGFp addi-
tion (our unpublished data). As seen in Figure 2C, TGFp in-
duced a rapid interaction between km23/mLC7-1 and endog-
enous TGEFB receptors. The kinetics were similar to those
observed for the 293T cells. Thus, TGF induces the interaction
of mLC7-1 with the TGFp receptors in two different cell types,
and without overexpression of the receptors.

The results in Figure 2, A-C, are consistent with mLC7-1
interacting with both receptors in the complex simultaneously
or with RII alone, due to the fact that RII interacts with and
controls ligand binding to the complex (Wrana et al., 1992). To
determine whether both receptors were required for mLC7-1
interaction with the receptor complex, we performed IP/blot
analyses after expression of only RII in 293T cells. Figure 2D
depicts the interaction of km23/mLC7-1 with RII, either using
FLAG as the 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/mLC7-1 can interact with RII alone. In
contrast, upon expression of RI alone, no detectable interaction
of RI with mLC7-1 was observed (our unpublished data).
However, because 293T cells do express a low level of endog-
enous RI receptors, overexpression of RII could cause an inter-
action of RII with the endogenous RI receptors. It is possible,
then, that some RI is still present in the receptor complex in
Figure 2D. Thus, mLC7-1 may interact with the receptor com-
plex through the RII receptor, and RI may not be a direct
binding partner. In contrast, expression of RII alone may be
sufficient for TGFp regulation of mLC7-1.

TGEFp receptors have serine/threonine kinase activity, which
can mediate the phosphorylation of intracellular proteins as
one mechanism for initiating TGFp signaling events and re-
sponses. Thus, if mLC7-1 is a component of a TGFg signaling
cascade, it is conceivable that the TGFp receptors could phos-
phorylate mLC7-1 as a mechanism for activation. To determine
whether mLC7-1 was phosphorylated by the TGFf receptors,
we performed in vivo phosphorylation assays (Yue and Mul-
der, 1999a;b) after transient expression of km23/mLC7-1 and
both receptors, each being detectable by distinct tag antibodies,
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as indicated in Figure 3A. From the results in the top panel, it
is clear that the TGFp receptor complex resulted in phosphor-
ylation of km23/mLC7-1 (lane 5). Expression of km23/mLC7-1
alone did not result in a band at the km23/mLC7-1 position
(lane 2), indicating that mLC7-1 is not constitutively phosphor-
ylated when expressed in these cells. The IgG and FLAG bind-
ing peptide control lanes (7 and 8) indicate that the band noted
is specific for km23/mLC7-1.

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

Based upon the current model for TGFS receptor activa-
tion, RII mediates the phosphorylation of RI and the activa-
tion of downstream TGFB components and responses (Rob-
erts, 1998; Massague et al., 2000; Sporn and Vilcek, 2000; Yue
and Mulder, 2001). Accordingly, if TGFB activation of the
receptor complex is required for phosphorylation of
mLC7-1, expression of a kinase-deficient version of RII (KN-
RII) would be expected to block mLC7-1 phosphorylation.
Figure 3C (top) depicts the results of in vivo phosphoryla-
tion of km23/mLC7-1 after coexpression of either wild-type
RII (Ianes 2 and 3) or KN-RII (lane 4) with wild-type RI. As
shown previously, km23/mLC7-1 alone was not constitu-
tively phosphorylated (lane 1), and expression of both TGFf3
receptors with km23/mLC7-1 resulted in km23/mLC7-1
phosphorylation (lane 2). Figure 3C indicates, furthermore,
that TGFB treatment for 15 min enhanced km23/mLC7-1
phosphorylation (lane 3). This phosphorylation of km23/
mLC7-1 was completely blocked upon expression of the
KN-RII (lane 4), thereby demonstrating that the kinase ac-
tivity of RII is required for mLC7-1 phosphorylation.

To determine whether RI was also required for mLC7-1
phosphorylation, we performed similar in vivo phosphoryla-
tion experiments using various kinase-active and kinase-defi-
cient versions of RI. Figure 3D confirmed that expression of
both receptors with km23/mLC7-1 induced km23/mLC7-1
phosphorylation (lane 4) and that KN-RII blocked this phos-
phorylation (lane 7). However, in addition, this figure indicates
that km23/mLC7-1 is still phosphorylated after coexpression
of RII with KN-RI (lane 9). Only limited phosphorylation of
Smad?2 has been reported to occur under such conditions (Ma-
cias-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 mLC7-1, although it is
present in mLC7-1 immunocomplexes with RII by affinity-
labeling experiments (Figure 2A). Lane 11 in Figure 3D dem-
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onstrates no detectable phosphorylation of km23/mLC7-1 af-
ter expression of a constitutively active RI mutant (T204D).
However, when wild-type RII was coexpressed with this mu-
tant, km23/mLC7-1 phosphorylation was observed (lane 13),
presumably due to the kinase activity of RII. Collectively, the
data suggest that although both receptors may be present in a
complex with mLC7-1, the RII kinase is required for mLC7-1
phosphorylation. The data do not rule out the possibility that
another kinase is also present in the complex.

The method of isolation of mLC7-1, as well as the results in
Figures 2 and 3, suggest that mLC7-1 may function as a sig-
naling intermediate for TGFp. Thus, it was of interest to exam-
ine whether mLC7-1 could mediate any of the known TGF
signaling events. We have previously shown that TGFB rap-
idly activates the JNK family of Mapks (Frey and Mulder,
1997). Furthermore, JNK activation by TGEp is required for
such TGFp responses as production of TGFf, and induction of
fibronectin expression (Hocevar et al., 1999; Yue and Mulder,
2000a). JNK activation by TGFB may also play a role in TGF-
mediated growth inhibition, either through the amplification of
TGFB 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
mLC7-1 on JNK activation, we stably expressed a FLAG-
tagged version of km23/mLC7-1 in mink 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 TGFp receptor is required for mLC7-1
phosphorylation. (A) mLC7-1 is phosphorylated upon activation of
TGEB receptors. 293T cells were transiently transfected with RI-V5,
RII-HA, and either EV or km23-FLAG. Forty-eight hours after trans-
fection, cells were labeled for 3 h with [*2P}], lysed, and immonopre-
cipitated with an anti-FLAG antibody. Top, in vivo phosphorylation of
km23/mLC7-1 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 receptors results in phosphorylation of mLC7-1
primarily on serine residues. km23/mLC7-1 was phosphorylated in
vivo as for A, and phosphoamino acid analysis was performed. 3?P-
labeled km23/mLC7-1 was excised from the polyvinylidene difluoride
membrane and subjected to acid hydrolysis (6 M HCI, 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 Scientific, Del Mar,
CA), together with phosphoamino acid standards. Labeled and stan-
dard phosphoamino acids were visualized by ninhydrin spray (0.25%
in acetone). ¥*P-labeled phosphorylated amino acids were visualized
by autoradiography. (C) TGFB cannot phosphorylate mLC7-1 when a
kinase-deficient RII is expressed with RI. COS-1 cells were transiently
transfected as in A, except that the KNRII was coexpressed with
wild-type RI in lane 4. Cells were incubated in serum-free, phosphate-
free medium for 30 min and TGFB was added during the last 15 min
of the labeling period (lanes 3 and 4). Lysates were analyzed as for A.
Top, in vivo phosphorylation of km23/mLC7-1. Bottom, expression of
transfected km23/mLC7-1, RI, and RII was confirmed by Western blot
analysis with FLAG, V5, and a polyclonal RII antibody, respectively, as
indicated. Results are representative of two experiments. (D) Kinase
activity of RI does not seem to be required for phosphorylation of
mLC7-1. In vivo phosphorylation assay and transfection of COS-1 cells
was performed as for Figure 3C, except that no TGFg 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 TGFf. As shown in Figure 4A, in
the EV-expressing cells, TGFB began activating JNK within 10
min of TGFB 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/mLC7-1 was stably expressed in these cells,
JNK was superactivated in the absence of TGFB (top, right).
JNK activity was ~15 times greater in the km23/mLC7-1-
expressing cells than in the EV-expressing cells during the 2- to
10-min period after TGFB addition. By 30 min post-TGF} treat-
ment, JNK activation levels were more similar between the
km23/mLC7-1- and EV-expressing cells. These findings sug-
gest that mLC7-1 may function as a signaling intermediate for
the activation of JNK by TGFg.

Previous results have indicated that c-Jun, a downstream
effector of JNK, can be phosphorylated by TGFB (Huang et al.,
2000). To determine whether this downstream effector of JNK
could also be phosphorylated by stable expression of mLC7-1,
we performed immunoblot analysis at various times after
TGEB treatment using a phospho-c-Jun—specific antibody. This
antibody is specific 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 Mv1Lu cells stably expressing km23/
mLC7-1 that were used for Figure 4A. The results in Figure 4B
demonstrate that forced expression of km23/mLC7-1 induced
the phosphorylation of c-Jun in the absence of TGFS (compar-
ing left and right, top). As for JNK activity, c-Jun phosphory-
lation was superactivated in the absence of TGFp. Figure 4B,
bottom, indicates that c-Jun phosphorylation levels were ap-
proximately 10 times greater in the km23/mLC7-1-expressing
cells than in the EV-expressing cells. Collectively, the results in
Figure 4 suggest that mLC7-1’s cellular effects on JNK and
c-Jun activation are downstream of TGFf receptor activation.

In addition, our findings in Figure 4 suggest that overexpres-
sion of mLC7-1 may result in the constitutive activation of
specific TGFp signaling components and pathways. These in-
termediates may, in turn, be involved in mediating specific
TGEFp responses in the absence of ligand activation of recep-
tors. Accordingly, because one of TGFB’s most prominent bi-
ological effects is growth inhibition of epithelial cells, we ex-
amined whether overexpression of mLC7-1 in the Mvl1Lu-
transfected pools could result in growth inhibition in the
absence of TGFp. The results in Figure 5 indicate that, relative
to EV-transfected pools, the km23/mLC7-1-expressing cells
were growth inhibited by ~50%. These data support the con-
tention that overexpression of mLC7-1 may mediate some
TGFp responses in a constitutive manner. Alternatively, with
regard to the growth inhibitory effect observed, the overexpres-
sion of mLC7-1 may have disrupted the interaction of cytoplas-
mic dynein with the 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, mLC7-1 is the mammalian homologue
of the chILC7 and Drosophila robl proteins, which are DLCs
(Bowman et al., 1999). Accordingly, it was of interest to deter-
mine whether mLC7-1 could interact with the DIC as chILC7/
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
the presence of dynein in the GST-km23 complexes. This anti-
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Figure 4. mLC7-1 expression can induce JNK and result in phos-
phorylation of the downstream target c-Jun. (A) Stable expression of
mLC7-1 results in activation of JNK in the absence of TGFB. Top,
Mv1Lu 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 TGEp for the indicated times.
Cell lysates were immunoprecipitated with anti-JNK (C-17; Santa Cruz
Biotechnology) and subjected to in vitro kinase assays using GST-c-
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/mLC7-1 expression was confirmed by Western blotting. Bottom,
plot of densitometric scan of results in top. (B) Stable expression of
mLC7-1 results in phosphorylation of c-Jun in the absence of TGEB.
Top, cells were treated with TGFB and lysates were obtained as for
Figure 4A, except that they were analyzed by Western blot analysis
with a phospho-c-Jun antibody (KM-1 and SC-822). Middle, Western
blot demonstrating equal km23 /mLC7-1 expression in the pools stably
expressing km23/mLC7-1, 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 mLC7-1 results in growth inhibition
in the absence of TGFB. Mv1Lu cell pools stably expressing km23/
mLC7-1 or EV were plated and analyzed for cell number at several
days thereafter 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 Figure 6A, it is clear that
dynein is visible in GST-km23 immunoprecipitates (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 (Tsukazaki et al., 1998) is shown as a positive
control for comparison (lane 4). The results clearly demonstrate
that mLC7-1 is a dynein-associated protein.

The finding that mLC7-1 associates with and is phosphory-
lated by activated TGFf receptors, and that it can activate JNK
and c-Jun and inhibit cell growth, suggests that mLC7-1 may
function in a TGF signaling pathway. Furthermore, because it
is thought that DLCs may be important for specifying the
nature of the cargo that will be carried by the motor (Klopfen-
stein et al., 2000; Kamal and Goldstein, 2002), it is likely that
extracellular factors (such as growth 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 TGFB could mediate the recruit-
ment of mLC7-1 to the DIC. For these studies, we performed
IP/blot analyses by using anti-DIC as the IP antibody and
anti-FLAG as the blotting antibody. Figure 6B, top, demon-
strates that km23/mLC7-1 does interact with cytoplasmic DIC
by IP/blot analyses. In addition, as shown in lanes 3-5 and
8-10 of this figure, 10 ng/ml TGFB induced a rapid recruit-
ment of km23/mLC7-1 to the DIC. Although a basal level of
interaction between km23/mLC7-1 and DIC was detectable in
some cases (lane 2), a threefold increase in this association was
visible within 15 min of TGF addition to the TGFB-responsive
MDCK cells. This increase in the interaction between km23/
mLC7-1 and DIC began as early as 2 min after TGF 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. Thus, TGFB rapidly
induced the recruitment of the mLC7-1 to the DIC.

The results in Figure 6B indicate that TGF can stimulate the
recruitment of mLC7-1 to the DIC, suggesting a connection
between TGFp signaling and DLC recruitment. To provide
definitive evidence that TGF receptor activation is required
for the mLC7-1-DIC interaction, we examined the interaction
between mLC7-1 and DIC in the absence and presence of a
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kinase-deficient form of TGFB RII. 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 with wild-type RI does not permit
mLC7-1 phosphorylation. Figure 6C indicates that the TGFf3-
induced interaction between km23/mLC7-1 and DIC (lanes
3-5) was blocked when KN RII was expressed (lanes 7-10). No
specific band was detectable in EV and IgG control lanes.
Expression of km23/mLC7-1 and KN RII in the relevant lanes
was also confirmed (middle and bottom panels). Thus, mLC7-1
phosphorylation by kinase-active TGFp receptors is necessary
for the recruitment of mLC7-1 to the DIC.

DISCUSSION

Our results provide a novel method for the identification of
TGEFB signaling components, based upon their ability to
bind to the phosphorylated intracellular domains of the
TGER receptors. Furthermore, we have verified the success
of this method with the isolation of a unique TGFp receptor-
interacting protein, termed mLC7-1. The mLC7-1 interaction
with the TGF receptors was confirmed by '*°I-TGFp affin-
ity labeling and by IP/blot analysis. Furthermore, TGFf
induced the interaction of mLC7-1 with endogenous TGFf3
receptors within 5 min of ligand addition in MDCK cells,
and a similar kinetic profile was observed in at least one
other cell type. Finally, mLC7-1 was able to transduce spe-
cific TGE signaling events, including an activation of JNK,
a phosphorylation of c-Jun, and an inhibition of cell growth.

We have also shown that TGFp receptor activation results in
the phosphorylation of mLC7-1 primarily on serine residues,
consistent with the kinase specificity for the receptors. For
example, the RSmads are activated by serine phosphorylation
at a C-terminal SSxS motif (Souchelnytskyi et al., 1997). Al-
though this could suggest that mLC7-1 is a direct substrate of
the TGEp receptor kinase activity, it is also possible that an-
other kinase is associated with the mLC7-1/TGFf receptor
complex. There are consensus phosphorylation sites for protein
kinase C and casein kinase II within the mLC7-1 coding region.
Perhaps, these or other serine kinases are the immediate acti-
vators of mLC7-1. However, it is clear that TGFB does stimu-
late the interaction of mLC7-1 with the receptors, and that
TGFB receptor activation leads to mLC7-1 phosphorylation
and recruitment of mLC7-1 to DIC.

Our results indicate, furthermore, that the kinase activity of
the RII receptor is required for mLC7-1 phosphorylation and
interaction with DIC, because a kinase-deficient version of RII
blocked TGFp induction of both events. TGFB RI did not seem
to be required for mLC7-1 phosphorylation, although RI was
present in mLC7-1 immunoprecipitates in affinity-labeling ex-
periments. Several pieces of evidence support the conclusion
that RII is the activating receptor for mLC7-1. First, coexpres-
sion of RII with a kinase-deficient version of RI induced
mLC7-1 phosphorylation to an extent equivalent to that which
occurred by expression of RII alone. Second, expression of both
TGEFp receptors resulted in no additional increase in km23/
mLC7-1 phosphorylation compared with expression of only
RII. Finally, constitutively active RI alone did not result in
phosphorylation of mLC7-1, as it does for the RSmads. Simi-
larly, previous studies have described TGFB signaling mole-
cules that were regulated specifically by the RII receptors. For
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Figure 6. Interaction between
the mLC7-1 and the DIC is reg-
ulated by TGFpB and requires RII
kinase activity. (A) mLC7-1 in-
teracts with DIC via GST pull-
down assays. Top, MDCK cell
lysates were incubated with
Sepharose-bound bacterially ex-
pressed GST alone, GST-km23,
or GST-SBD (positive control).
GST-bound proteins were ana-
lyzed by SDS-PAGE (10%) and
were immunoblotted with an
anti-DIC  antibody. Proteins
were detected by enhanced
chemiluminescence. Dynein in-
teracts with GST-km23 (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. The 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)
TGEFp stimulates the recruitment
of the mLC7-1 to the DIC within
2 min of TGFp 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 TGFpB for the indicated
times. Cell lysates were sub-
jected to IP by using a monoclo-
nal anti-DIC antibody, followed
by immunoblot analysis with an
anti-FLAG antibody (top). West-
ern 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 mLC7-1
is required for recruitment of
mLC7-1 to the DIC. Cell 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 RIL. Western
blot controls for expression of
km23/mLC7-1 and KN RII are
shown in the middle and bottom
panels, respectively.
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example, the Daxx adaptor protein has been proposed to me-
diate TGFB-induced apoptosis through its interaction with RII
(Perlman et al., 2001).

Based upon the report describing the cloning of the Drosoph-
ila robl protein and the chILC7 (Bowman ef al., 1999), km23/
mLC7-1 is the mammalian homologue of the DLC/LC7/robl.
We have shown that TGFp leads to the recruitment of mLC7-1
to the DIC in a rapid, TGFB-inducible manner. This interaction,
however, occurred within a slightly different time frame than
the interaction of mLC7-1 with the TGFp receptors. This find-
ing suggests that the receptors themselves may not be the cargo
that dynein will transport via mLC7-1. That is, the mLC7-1-
receptor interaction peaks at 5 min, and seems to begin declin-
ing by 15 min after TGFp addition (Figure 2, B and C), consis-
tent with the receptors being released once mLC7-1 has been
phosphorylated. In contrast, it is clear from Figure 6, B and C,
that the interaction between mLC7-1 and DIC begins as early
as 2 min after TGF addition, yet mLC7-1 is still bound to DIC
at 60 min after TGFB 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, TGFf3
signaling components may be transported along the MTs
through the interaction of mLC7-1 with DIC.

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
TGFpB (Dong et al., 2000). Perhaps this occurs because a motor
protein light chain such as mLC7-1 is in an inactive, unphos-
phorylated state until TGFp receptor activation occurs. Phos-
phorylation of the DLC may affect a conformational change in
this protein, followed by its recruitment to a motor complex for
transport of TGFB signaling components (i.e., Smads and
JNKs) along the MTs.

A link between TGFp 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,
thereby allowing the receptor to continue to activate signaling
proteins (Grimes et al., 1996). In the case of TGFS, however, the
receptor location for either initiation or transmission of TGFf3
signaling activities has not been clearly defined. It has been
shown that heteromeric TGFB receptors are internalized and
down-regulated after TGFp activation via a clathrin-dependent
mechanism (Anders et al., 1997; Doré et al., 1998) and that the
kinase activity of RII is required for these processes to occur
optimally (Anders ef 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
mLC7-1 recruitment to the DIC, and dynein motoring of TGFf3
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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 Scheller,
1999), it is likely that distinct events occur in different cell
compartments during TGFS signaling. Thus, the fate of the
TGEFB-receptor complex and specific signaling complexes may
differ. With regard to the Drosophila TGF superfamily member
Dpp, the rates of endocytic trafficking and degradation deter-
mine Dpp signaling range (Entchev et al., 2000). A similar
situation may exist for TGFB in mammalian cells. However,
further investigation will be required for a complete under-
standing of how TGFp receptor endocytosis, intracellular traf-
ficking, and cell signaling events are integrated.

Collectively, our data are consistent with a role for mLC7-1
in both TGFp signaling and dynein-mediated transport along
MTs. It is likely that the binding of mLC7-1 to the DIC after
TGFp receptor activation is important for specifying the nature
of the cargo that will be transported along the MTs. Any
disruption in mLC7-1 could prevent or alter movement of
specific cargo along MT’s. In this way, alterations in mLC7-1
might result in a mislocalization of these proteins, with a dis-
ruption of TGFB growth inhibitory signals. Along these lines,
protein traffic direction is required for the maintenance of cell
polarity, which, if lost, can result in tumor formation (Peifer,
2000; Bilder et al., 2000). Accordingly, sequence alterations at
specific regions of mLC7-1 in human tumors might play a role
in tumor development or progression. Future studies will ad-
dress this possibility.
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