The ubiquitin ligase Rnt6 regulates local
LIM kinase 1 levels in axonal growth cones
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LIM Kkinase 1 (LIMK1) controls important cellular functions such as morphogenesis, cell motility, tumor cell
metastasis, development of neuronal projections, and growth cone actin dynamics. We have investigated the

role of the RING finger protein Rnf6 during neuronal development and detected high Rnf6 protein levels in
developing axonal projections of motor and DRG neurons during mouse embryogenesis as well as cultured
hippocampal neurons. RNAi-mediated knock-down experiments in primary hippocampal neurons identified
Rnf6 as a regulator of axon outgrowth. Consistent with a role in axonal growth, we found that Rnf6 binds to,
polyubiquitinates, and targets LIMK1 for proteasomal degradation in growth cones of primary hippocampal
neurons. Rnf6 is functionally linked to LIMK1 during the development of axons, as the changes in axon
outgrowth induced by up- or down-regulation of Rnf6 levels can be restored by modulation of LIMK1
expression. Thus, these results assign a specific role for Rnf6 in the control of cellular LIMK1 concentrations
and indicate a new function for the ubiquitin/proteasome system in regulating local growth cone actin

dynamics.
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For the establishment of neuronal circuits, axons of de-
veloping neurons are directed by guidance cues to their
correct destinations. The growth cone is located at the
tip of the outgrowing axon and senses guidance cues in
the environment and translates this information into
changes in the cytoskeleton, thereby determining the di-
rection of growth (Sanes and Lichtman 1999; Dickson
2002). Ubiquitination events are crucial for the develop-
ment and functions of neurite outgrowth and neuronal
circuits (Murphey and Godenschwege 2002; DiAntonio
and Hicke 2004; van Horck et al. 2004). However, little is
known as to the identities of the molecules involved in
these processes.

LIM kinase 1 (LIMK1) is located predominantly in the
cytoplasm and serves as a critical regulator of the cellu-
lar actin cytoskeleton. Activation of the Rho/Rock or
Rac/PAK signaling pathways results in the phosphoryla-
tion and activation of LIMKI1, thereby enabling it to
phosphorylate the actin depolymerizing factors ADF/co-
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filin. Phosphorylation of cofilin leads to an increase in
actin polymer (F-actin) formation by decreasing the abil-
ity of cofilin to bind to and depolymerize actin (Arber et
al. 1998; Yang et al. 1998). It is thought that this ability
to influence the dynamics of actin polymerization is re-
sponsible for the various cellular functions that have
been attributed to LIMKI1. These functions range from
the regulation of cell morphogenesis and motility, to tu-
mor cell metastasis, to the development of neuronal pro-
jections. In neurons, LIMK1 has been shown to be in-
volved in the regulation of neuronal growth cone actin
dynamics and axon formation as well as the develop-
ment of hippocampal dentritic spines, synapses, and
long-term potentiation (LTP) (Sarmiere and Bamburg
2002; Fukazawa et al. 2003; Gungabissoon and Bamburg
2003; Rosso et al. 2004). Changes in LIMKI1 concentra-
tion have been found to be important for most of these
functions.

The covalent attachment of ubiquitin to its target pro-
tein occurs in a series of enzymatic steps that are medi-
ated by the ubiquitin-activating enzyme (E1), ubiquitin-
conjugating enzyme (E2), and the ubiquitin ligase (E3).
The ubiquitin ligase determines the specificity of this
reaction by forming protein-protein interactions with
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the E2 enzyme and the substrate protein. Polyubiquiti-
nated substrate proteins are often targeted for degrada-
tion by the 26S proteasome. The RING finger has been
identified as a conserved protein domain harboring the
catalytic domain of the ubiquitin ligases (Pickart 2001).
The ubiquitin ligase RLIM regulates the activity of LIM
homeodomain proteins (LIM-HD), a class of transcrip-
tion factors that plays important roles for the develop-
ment of neuronal structures and cell types (Bach 2000;
Hobert and Westphal 2000; Shirasaki and Pfaff 2002).
RLIM mediates polyubiquitination of CLIM cofactors
(cofactors of LIM-HD, also known as NLI, Ldb), which
are required by LIM-HD proteins to exert their develop-
mental activity (Becker et al. 2002; Thaler et al. 2002;
Matthews and Visvader 2003), thereby targeting them for
proteasomal degradation (Bach et al. 1999; Ostendorff
et al. 2002; Hiratani et al. 2003). Here, we identify the
RING finger protein Rnf6, belonging to a family of
RLIM-like proteins, as an ubiquitin ligase, able to bind to
and mediate polyubiquitination of LIMK1. We show that
Rnf6 protein is highly expressed in projections of neuro-
nal cell types, where LIMK1 is localized, and present
evidence that Rnf6 targets LIMKI for proteasomal deg-
radation in axonal growth cones of primary hippocampal
neurons, with functional implications for axonal out-
growth. Thus, our results indicate an Rnf6-mediated
regulation of growth cone actin dynamics via LIMK1 lev-
els.

Results

Identification and expression of the RLIM-like RING
finger protein family

Mammalian LIM-HD proteins are subdivided into
groups based on sequence conservation with two repre-
sentatives for each group (Hobert and Westphal 2000).
Since there are also two CLIM cofactors in mammals
(Bach et al. 1997), we predicted the existence of a second,
RLIM-like molecule. A search of the GenBank database
identified Rnf6 as the protein with the highest sequence
homology to RLIM. In particular, functional domains
such as the RING finger and the basic domain displayed
high sequence homologies.

In order to gain insight into the similarities and diver-
gences of Rnf6 and RLIM, we raised specific antibodies
and compared the distribution of both proteins during
mouse neural tube development. We focused these stud-
ies on the neural tube since the biological activity of
several LIM homeodomain proteins, in conjunction with
CLIM cofactors, is involved in the correct development
of axonal projections of specific neurons in the ventral
neural tube (Shirasaki and Pfaff 2002). Indeed, we de-
tected expression of both Rnf6 and RLIM proteins in the
ventral portion of the developing neural tube of embry-
onic days 12.5-13 (E12.5-E13) mouse embryos (Fig.
1A,B), coinciding with expression of LIM-HD proteins in
this region (Shirasaki and Pfaff 2002). Furthermore, both
proteins were highly expressed in the floorplate (Fig.
1A,B). Surprisingly, higher magnification revealed a dif-
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Figure 1. Rnf6 and RLIM proteins are differentially expressed
in E12.5-E13 mouse spinal cord. Unless otherwise indicated,
transversal vibratome sections at the thoracic level of wild-type
mice are shown. Immunohistochemical staining of E12.5-E13
mouse embryos using anti-Rnf6 (A) and anti-RLIM (B) poly-
clonal antibodies. High Rnf6 and RLIM expression is observed
in similar regions of the developing ventral neural tube where
motor- and inter-neurons reside and the floorplate (arrow).
(C) Diffused Rnf6 staining in the developing mouse embryo in-
dicating cytoplasmic expression. Higher magnification of the
region boxed in A. (D) RLIM is highly expressed in nuclei of
cells during mouse neural tube development. Higher magnifi-
cation of the region boxed in B. Rnf6 staining in putative axonal
projections of E12.5-E13 wild-type (E) and erbB3~/~ (F) mouse
embryos. The arrows indicate staining of axonal projections.

fused Rnf6 expression pattern, indicating cytoplasmic
expression (Fig. 1C,D). We also detected Rnf6 in long
neuronal extensions resembling axonal projections of
DRG and ventral neural tube neurons (Fig. 1E). To iden-
tify whether these structures were axonal projections or
glial cells accompanying these projections, we stained
sections of erbB3-null mice, that at E12.5 temporarily
display axonal projections but lack glial cells (Riethma-
cher et al. 1997), with our Rnf6 antibody. The detection
of Rnf6 protein in sections of erbB3-null mouse embryos
indicated that Rnf6 is expressed in axonal projections
(Fig. 1F).

Rnf6 regulates axon outgrowth in cultured primary
hippocampal neurons

One established model system to study neurite develop-
ment is the primary culture of dissociated hippocampal
neurons (Dotti et al. 1988; Craig and Banker 1994). Cul-
tured neurons first extend several undifferentiated neu-
rites (stages 1 and 2). At stage 3, one of these neurites
grows rapidly and becomes the axon, whereas the other
neurites subsequently develop into dentrites at stage 4.



Since we found Rnf6 expression in developing neuronal
projections during mouse embryogenesis, we examined
its distribution in primary hippocampal neurons pre-
pared from newborn mice (post-natal day 1 [P1]) at stage
3 using our rabbit anti-Rnf6 polyclonal antibodies. It is
thought that axons develop at this stage, leading to a
polarization of neurons (Craig and Banker 1994). As ex-
pected, we found that Rnf6 is widely expressed in the
cytoplasm and projections of stage 3 neurons (Fig. 2A).
We detected high levels of Rnf6 in growth cones of pro-
jections that appeared as developing axons, suggested by
their increased lengths and high levels of the axonal
marker Tau. A similar expression pattern has been re-
ported for the neuronal polarity proteins mPar3/mPar6
(Shi et al. 2003). Next, we investigated the effects of Rnf6
down-regulation on cultured hippocampal neurons using
siRNA oligonucleotides. Only specific Rnf6 siRNA sig-
nificantly reduced the level of the endogenous Rnf6 pro-
tein but not that of the related RLIM protein (Fig. 2B) in
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cell extracts prepared from siRNA-transfected neurons.
Cotransfection of this siRNA with the GFP-C3 expres-
sion construct dramatically increased the axonal length
of the transfected neurons in comparison with neurons
cotransfected with GFP-C3 alone and control siRNA
(Fig. 2C). While the average axonal length of neurons
transfected with control siRNA was ~85 um, that of neu-
rons transfected with Rnf6 siRNA was almost twice as
long (~170 pm) (Fig. 2D). Expression of Rnf6 siRNA had
no effect on the number of neurites per neuron.

These results suggest that Rnf6 is important for the
control of axon outgrowth as its down-regulation results
in a significant increase in the length of axons of cul-
tured primary neurons 24 h after transfection. We there-
fore overexpressed GFP-Rnf6 in cultured neurons and ob-
served a significant decrease in neurite length, from ~90
pm for control-transfected neurons to ~30 pm (Fig. 2E,F).
RING-finger-deleted versions of E3 ligases often behave
as dominant-negative molecules (Pickart 2001). There-

Figure 2. Rnf6 regulates axonal growth in primary hip-
pocampal neurons. (A) Rnf6 is expressed in growth

A B cones of primary hippocampal neurons. Neurons were
cultured for 36 h and stained with Rnf6 antibodies
Tau Phase Rnf6 SiRNA - + (green) and antibodies directed against the axonal
c-Rnf6siRNA_+ - marker Tau (red). Note strong Rnf6 staining in the
- #—Rnf6 growth cone of the projection with the highest Tau lev-
<« RUM els, which will most likely develop into the axon.
(Right panel) A phase-contrast image of the same neu-
<Bwbylin  ron. Bar, 10 pm. (E) Treatmgnt of primary hippocampal
neuron cultures with Rnf6 siRNA decreases the level of
Rnf6 protein. Western blot of protein extracts of Rnf6
siRNA and control siRNA (c-Rnf6 siRNA) transfected
c D primary hippocampal neuron cultures probed with spe-
cific Rnf6 as well as with RLIM and B-tubulin antibod-
- 23 — ies as specificity and loading cogtrols, re;spectively.
o E 180 (C) Down-regulation of Rnf6 in primary hippocampal
é-_’ 2 160 neurons results in increased axon length. Primary neu-
5 E }gg rons were cultured for 24 h prior to cotransfection of
© 100 siRNAs with the empty pEGFP-C3 vector to visualize
Neurgfiament gg transfected cells. Twenty-four hours later, cells were
GFP 40 processed for immunocytochemistry and stained with
& 20 5 anti-neurofilament antibody. GFP signals (green, upper
> 2 . ..

O& Ky g panels) and neurofilament staining (red, lower panels)
3’_9‘2 & g of representative projections are shown. Bar, 10 um.
- & F (D) Statistical analysis of axon lengths of Rnf6 siRNA-
Neurofilament & 3 transfected neurons. The mean values of three indepen-
dent transfections of control siRNA and Rnf6 siRNA
are shown. The total number of neurons measured is
indicated for each transfected siRNA. Neurofilament-
E F positive projections were measured using analySIS Pro
GFP software. (**) P <0.0001. Error bars indicate SEM.

- pm s . : .
0 180 (E) Analysis of the axon lengths of primary hippocampal
= 1?8 neurons transfected with constructs expressing GFP-
. 120 . Rnf6, GFP-Rnf6ARING, and GFP-C3. Neurofilament-
&'_ © 100 positive projections were measured, using analySIS Pro
G& 80 software. Representative neuronal projections of trans-

60 C .
© 40 fected cells are shown. Bar, 10 um. (F) Statistical analy-
g:“:g 20—_[117] !111 105 sis of axon lengths of neurons transfected with GFP
i & o ) fusion constructs. The mean values of three indepen-
U] ; S RS .

& & &g dent transfections are shown. The total number of neu-
Y & o rons measured is indicated for each transfected con-

R

struct. (**) P < 0.0001. Error bars indicate SEM.
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fore we also examined the effects of GFP-Rnf6ARING
expression on axonal length of transfected neurons. Con-
sistent with a role of Rnf6 for neurite development, the
RING-finger-deleted Rnf6 protein functioned in a domi-
nant-negative manner and led to an increase in axonal
length of the transfected neurons in a similar way to that
of neurons treated with RNF6 siRNA (Fig. 2E,F). In con-
trast, overexpression of RLIM had no significant effect
on neurite length (data not shown).

Rnfé6 interacts with and targets LIMK]1
for proteasomal degradation

Because of the great similarity between RLIM and Rnf6,
and since the effects of Rnf6 on neurons is dependent on
its RING finger (Fig. 2E,F), we postulated that Rnf6, like
RLIM, is also an E3 ubiquitin ligase targeting proteins for
degradation. It is therefore possible that Rnf6 regulates
axonal outgrowth indirectly by mediating targeted pro-
teasomal degradation.

We have previously shown that LIMK1 can bind to
RLIM (Bach et al. 1999). Due to the high conservation of
the LIM-domain-interacting basic domain between
RLIM and Rnf6, we examined the possibility that Rnf6
also interacts with LIMKI. Indeed, in GST pull-
down assays, Rnf6 and RLIM interacted with both
mouse and rat LIMK1 (Fig. 3A). In coimmunoprecipita-
tions of Cos7 cell lysates coexpressing HA-tagged LIMK1
and the more stable RING-finger-deleted Myc-Rnf6
(Myc-Rnf6ARING) and Myc-RLIM (Myc-RLIMARING),
both proteins interacted with HA-LIMKI1 (Fig. 3B, lanes
5,8). To show interaction in primary hippocampal neu-
rons, and to rule out the possibility that the previously

observed interaction between these two proteins was
due to the large amount of proteins in the overexpression
system, we performed coimmunoprecipitation of the en-
dogenous proteins. Immunoprecipitation using primary
hippocampal cell lysates with anti-LIMK1 mAb or non-
specific IgG followed by Western blotting with anti-Rnf6
antibodies demonstrated an interaction between endog-
enous Rnf6 and LIMKI1 (Fig. 3C).

RING finger proteins are ubiquitin ligases, able to au-
toubiquitinate (Lorick et al. 1999). Therefore, we first
confirmed that Rnf6 is, indeed, an ubiquitin ligase, able
to autoubiquitinate in a RING-finger-dependent manner
in the presence of the E2 enzyme UbcH5, by performing
in vitro ubiquitination assays (Fig. 4A). Because Rnf6 and
RLIM can interact with LIMK1, we investigated whether
LIMKI1 could serve as a substrate for both ubiquitin li-
gases. Intriguingly, both E3s were able to mediate ubiq-
uitination of LIMK1 (Fig. 4B). Most or all lysine residues
(K) on an ubiquitin molecule can form ubiquitin-ubig-
uitin isopeptide linkages, and the type of linkage greatly
influences the fate of the ubiquitinated protein. A pro-
tein can be modified at one or more lysine residues by a
single ubiquitin molecule (monoubiquitination), by ly-
sine-linked chains of ubiquitin (polyubiquitination), or
combinations of both. Proteins attached to K48-linked
polyubiquitin chains are degraded by the 26S proteasome
(Weissman 2001). To distinguish between these possi-
bilities, we performed in vitro ubiquitination assays
with LIMK1 using Rnf6 as E3 ligase and ubiquitin mu-
tant proteins lacking all lysine residues (KO) or contain-
ing only one lysine at position 48 (K48only). Whereas the
assays with the KO ubiquitin resulted only in a weak
ubiquitination of LIMK1 representing monoubiquitina-

Figure 3. Rnf6 associates with LIMKI1 in A B I BEREE e

cells. (A) Rnf6 and RLIM interact with M T

LIMKI1 in vitro. (Upper panel) 3°S-labeled in SSHUIMKT  SSrLIMKL MycLhx3 - - - 4 - - 4 « -

vitro translated full-length mouse and rat T T Myc-RnféARING - - - - 4+ + - - -

LIMK] (mLIMK]l and rLIMKI) proteins gegZ ge3 MRLIDARING = = = =~ = =4 ¥

were tested for their ability to interact with = ¥r e E Fo >0 . ‘ !‘ Wi ouki

GST-Rnf6 and GST-RLIM fusion proteins. 2888 28989 N - i

(Lower panel) As input control, half of the % %% B 2 @ 3

reaction was run in parallel on a separate gel =~ LIMK1 - == w= - '?.‘S_ .9.;9} '?&; (") '4%; ?‘,

and proteins were visualized by Coomassie v g %o_ Z, %?o Z, %§

blue staining. (B) Overexpressed Rnf6 and

RLIM interact with overexpressed LIMK1 in : C P

cells. Cell extracts of HeLa cells transfected |

with Myc- and HA-tagged constructs were w4 3 o g . 2

immunoprecipitated with the indicated an- T Ee = - 5 E g

tibodies. To obtain higher protein levels, we 28 Bl 3 & &= &= 4 £

used Rnf6 and RLIM constructs with de- z = & ey . .

leted RING fingers. The Western Blot was - AaNe. =W Rnf6 5 . | WB: o:Rnf6
robed with anti-HA antibodies. For nega- i :

Eive controls, cells were cotransfected w;gth Freteln Inpad LIMKP’. e WB: LMK

HA-LIMK1 and the empty Myc vector

pCS2-MT, which expresses six Myc epitops, or with the nonrelated Myc-Lhx3 expression plasmid. The arrow indicates the band
expected for HA-LIMKI1. (C) Interaction of endogenous Rnf6 and LIMK1 in primary hippocampal neuron cultures. Total cell extracts
of primary hippocampal neurons, treated with the proteasome inhibitor MG132 for 6 h, were immunoprecipitated with either
anti-LIMK1 mAb or nonspecific IgGs. The Western blot was probed with anti-Rnf6 or, as control, anti-LIMK1 antibodies. Twenty
percent input is shown. The arrows indicate the bands expected for Rnf6 or LIMKI1.
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Figure 4. Rnf6 polyubiquitinates and targets LIMKI1 for proteasomal degradation. (A) Rnf6 is a RING-finger-dependent ubiquitin
ligase. In vitro 3°S-labeled full-length Rnf6 protein or the RING-finger-deletion mutant Rnf6ARING (A589-667) protein was incubated
with or without the ubiquitin-conjugating (E2) protein UbcH5. The arrow indicates the position of the nonubiquitinated Rnf6 proteins.
Polyubiquitinated proteins are indicated by three asterisks (***). Note that in contrast to full-length Rnf6, the RING-finger-deletion
mutant cannot autoubiquinate. (B) Bacterially expressed Rnf6 and RLIM mediate ubiquitination of #*S-labeled LIMK1 protein in vitro.
The arrow indicates nonubiquitinated LIMK1 protein. Polyubiquitinated proteins are indicated by three asterisks (***). (C) Rnf6
polyubiquitinates LIMK1, generating K48 isopeptide linkages. Wild-type (wt) ubiquitin, ubiquitin lacking all lysine residues (KO0), or
an ubiquitin containing only one lysine at position 48 (K48only) was used for the in vitro ubiquitination assays. The arrow indicates
nonubiquitinated LIMK1 protein. Polyubiquitinated proteins are indicated by three asterisks (***). Note that incubation with the KO
ubiquitin mutant protein results in little LIMK1 ubiquitination, whereas ubiquitination reactions using the K48only ubiquitin mutant
protein were almost as efficient as those using wild-type ubiquitin. (D) Rnf6 targets LIMK1 protein for degradation. Western blots of
total protein extracts of HEK293T cells cotransfected with Myc-LIMKI1 and untagged RLIM, Rnf6, or the deletion mutant Rnf6ARING
constructs were probed with anti-Myc antibodies. (E) Rnf6 decreases the half-life of LIMK1. GST-LIMKI1 was expressed in Cos7 with
or without Rnf6, and the proteins were labeled with 3>S-methionine for 1 h, followed by washings and chasing in normal medium for
time periods up to 7 h in the presence or absence of MG132. At each time point, GST-LIMK1 was pulled-down and subjected to
Western blotting followed by exposure to Phosphorlmager. (F) Rnf6 targets endogenous LIMK1 for degradation. HeLa cells were trans-
fected with the dominant-negative Myc-Rnf6ARING expression plasmid. Cells were stained with anti-Myc (green) and anti-LIMK1
(red) antibodies. Note that endogenous LIMKI1 levels (red) are greatly increased in cells transfected with Myc-Rnf6ARING (green).

tions, we detected strong polyubiquitination of LIMK1
using the K48only ubiquitin mutant protein, similar to
the ubiquitination pattern detected when wild-type
ubiquitin was used (Fig. 4C).

In order to test whether LIMKI1 is a physiological tar-
get of Rnf6 or RLIM, we cotransfected cells with combi-
nations of LIMK1, RLIM, and Rnf6 expression plasmids
(Fig. 4D). We observed that overexpressed Rnf6 induced
the degradation of Myc-tagged LIMK1 (Fig. 4D, fifth lane
from the left) and that this effect was dependent on a
functional RING finger since cotransfection with the
Myc-Rnf6ARING construct did not reduce LIMK1 levels
(Fig. 4D, sixth lane from the left). Addition of the pro-
teasome inhibitor MG132 partially restored LIMK1 lev-
els (Fig. 4D, eighth lane from the left), indicating that
Rnf6 targets LIMK1 for proteasomal degradation through
the 268 proteasome. In these experiments, overexpressed
RLIM only marginally targeted LIMK1 for degradation
(Fig. 4D, fourth lane from the left).

To further determine if Rnf6 plays a role in the regu-
lation of LIMKI stability, we analyzed the half-life of
LIMKI1 protein in the presence or absence of Rnf6 (Fig.
4E). The results obtained in these pulse-chase experi-

ments demonstrate that GST-LIMKI1 is a stable protein
with a half-life of ~20 h (data not shown). However,
when coexpressed with Rnf6, the half-life of GST-LIMK1
protein was reduced to only 4 h. Consistent with a role of
Rnf6 in ubiquitin-dependent proteasomal degradation,
the addition of MG132 increased LIMK1 protein half-life
in the presence of Rnf6 overexpression while having no
detectable effect on LIMKI1 expression in the absence of
Rnf6 (Fig. 4E). Although obtained by overexpression ex-
periments, these findings strengthen the notion that
Rnf6 is a LIMKI1-specific E3 ligase involved in the deg-
radation of LIMKI1.

To investigate if Rnf6 is involved in degradation of the
endogenous LIMK1 protein, we transfected the RING-
finger-deleted Rnf6 construct that can act in a dominant-
negative manner for Rnf6 function, into HeLa, Cos7, or
HEK293T cells. As expected, the overexpression of
Rnf6ARING resulted in increased levels of endogenous
LIMKI1 protein in the transfected cells (Fig. 4F; data not
shown), indicating that Rnf6 regulates cellular LIMK
concentrations. Combined, these experiments identify
Rnf6 as an ubiquitin ligase, able to mediate polyubiqui-
tination of LIMK1, resulting in proteasomal degradation.
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Rnf6 and LIMK]1 proteins are partially colocalized
in primary hippocampal neurons

To examine whether the interaction between Rnf6 and
LIMKI1 plays a role during mouse development, we com-
pared the tissue distribution of Rnf6 and LIMKI1 by per-
forming immunohistochemistry on mouse embryonic
sections. At E12.5-F13, LIMK1 displayed a remarkably
similar expression pattern to that of Rnf6 with high ex-
pression levels of both proteins in the mouse ventral
neural tube as well as in axonal projections of wild-type,
erbB3*/~, and erbB3~/~ mice (Fig. 5A; data not shown). As
previously reported (Foletta et al. 2004) and similar to
Rnf6, the diffuse signals indicate that LIMK1 is mainly
expressed in the cytoplasm of ventral neural tube neu-
rons.

We next investigated the cellular localization of Rnf6
and LIMKI1 by staining cultured mouse primary hippo-
campal neurons with a specific guinea pig Rnf6 poly-
clonal antibody and a rat LIMK1 monoclonal antibody.
To identify neuronal projections, we used an antibody
directed against neurofilament (data not shown). We
found that Rnf6 and LIMKI1 partially colocalized in cy-
toplasmic regions around the nuclei as well as in neuro-
nal projections (Fig. 5B,C). Similarly, in growth cones
both proteins were expressed in an asymmetric fashion
(Fig. 5D). Furthermore, higher magnification revealed
that in growth cones, a high degree of overlapping ex-
pression consistently occurred only in small areas that
appeared as an interface between regions of high Rnf6 or
LIMKI1 expression (Fig. 5D). This reciprocal protein dis-
tribution suggests active regulation of LIMK1 concentra-
tions by Rnf6.

Rnfé6 regulates LIMK]1 levels in growth cones
of primary hippocampal neurons

Together, the results described above strongly suggest
that Rnf6 targets LIMK1 for proteasomal degradation in
growth cones. However, several prerequisites must be
fulfilled before such a scenario can take place. One pre-
requisite is that LIMKI1 levels must be regulated by the
proteasome in growth cones. To test this possibility, we
treated primary hippocampal cell cultures with the pro-
teasome inhibitor MG132. Indeed, higher LIMK1 levels
were detected in extracts of cells treated with MG132 in
a time-dependent manner (Fig. 6A). Focusing on neuro-
nal projections, we found that MG132 treatment of neu-
rons resulted in increased relative LIMK1-fluorescence
intensities, indicating increased LIMK1 levels in growth
cones (Fig. 6B,C). During the investigated timeframe,
this up-regulation was not homogeneous over the entire
growth cone but had a more subregional pattern. A mild
increase of LIMKI1 expression was also observed in the
axons upon MG132 treatment. Another prerequisite is
that the mouse homolog of UbcHS5, the ubiquitin conju-
gating enzyme used by Rnf6 to polyubiquitinate LIMK1
(Fig. 4B,C), must be expressed in axonal growth cones.
Immunocytochemical staining using a specific antibody
directed against UbcH5 indicated that this enzyme is
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Figure 5. Rnf6 expression partially colocalizes with LIMKI1 in
neuronal projections. (A) LIMK1 and Rnf6 proteins display an
overlapping expression pattern during mouse nervous sys-
tem development. Vibratome sections of E12.5-E13.5 erbB3*/~
and erbB3~/~ mice were stained with anti-Rnf6 polyclonal and
anti-LIMK1 monoclonal antibodies. Arrows indicate stained
axonal projections. (B) Rnf6 and LIMK1 partially colocalize in
peri-nuclear punctae of hippocampal neurons. Mouse primary
hippocampal neurons were cultured for 4 d and stained with
anti-Rnf6 (red) and rat anti-LIMK1 antibodies (green). The yel-
low color indicates colocalization of both proteins (merge).
Bar, 10 uym. (C) Rnf6 and LIMKI partially colocalize in
projections of hippocampal neurons. Mouse primary hippo-
campal neurons were cultured for 4 d and stained with anti-
Rnf6 (red) and LIMKI1 antibodies (green). Bottom panels
show higher magnification of the boxed regions in the top pan-
els. Arrows indicate punctuate regions of colocalization.
Bar, 10 pm. (D) Colocalization of Rnf6 and LIMK1 in growth
cones is restricted to a small interface region of the two pro-
teins. Primary hippocampal neurons cultured for 2 d were
stained with anti-Rnf6 (red) and anti-LIMK]1 antibodies (green).
Neurofilament-positive projections are shown. Bar, 4 um. Im-
ages were captured by confocal microscopy using a 63x objec-
tive. Enlargement of the boxed region is shown in the lower
panel. Note the small area of colocalization as indicated by
arrows.
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hippocampal neurons. Western blot analysis of total protein extracts of primary hippocampal neuron cultures treated with the
proteasome inhibitor MG132 for 1, 3, and 6 h, probed with anti-LIMK1 and B-tubulin antibodies. (B) LIMK1 concentrations at the
growth cones are regulated by the proteasome. Primary hippocampal neurons cultured for 2 d were treated for 1, 3, and 6 h with
MG132, followed by staining with anti-LIMK1 antibodies (green). Only neurofilament-positive projections are shown. The time-
dependent increase in LIMK1 concentrations was so high that the photomultiplier of the confocal microscope was set to a 50% lower
level for cells treated for 3 and 6 h with MG132. Representative cells from three independent experiments are shown. (C) Relative
LIMKI1 levels in axonal growth cones of hippocampal neurons after 6 h of MG132 treatment as measured by fluorescence intensity of
same-sized growth cone areas in three independent sets of experiments. Relative fluorescence intensities at 0 h of MG132 treatment
were measured and normalized as 1. The total number of growth cones measured is indicated. (**) P < 0.0001. (D) The mouse UbcH5
ortholog is expressed in growth cones. Primary hippocampal neurons cultured for 2 d were stained with anti-UbcH5 antibodies (red).
A neurofilament-positive projection is shown. (Right panel) A phase-contrast image of the same neuron. (E) Treatment with protea-
some inhibitor results in colocalization of Rnf6 and LIMK1 over large parts of the growth cone. Primary hippocampal neuron cultured
for 2 d and treated with MG132 for 3 h were stained for Rnf6 (red) and LIMK1 (green). Only neurofilament-positive projections are
shown. Bar, 4 nm. Images were captured by confocal microscopy using a 63x objective. Enlargement of the boxed region is shown in
the right panel. Note that colocalization of Rnf6 and LIMK1 occurs over large parts of the growth cone. Similar results were obtained
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in five independent experiments.

expressed throughout cultured hippocampal neurons in-
cluding growth cones (Fig. 6D; data not shown). To fur-
ther investigate whether the proteasome and Rnf6 are
involved in the turnover of LIMKI in axonal growth
cones, we treated primary hippocampal neuron cultures
with proteasome inhibitor and examined the overlap in
the expression of Rnf6 and LIMK1. Immunocytochemis-
try of MG132-treated cells revealed that the colocaliza-
tion of LIMK1 with Rnf6 in growth cones was notably
increased in comparison to untreated cells (cf. Figs. 5D
and 6F). These experiments were repeated five times
with consistent results showing that growth cone re-
gions expressing high levels of Rnf6 and LIMK1 were
largely overlapping in cells treated with MG132, indicat-
ing that the potential for both proteins to localize in
growth cone subregions is similar.

To demonstrate that Rnf6 targets LIMK1 for degrada-
tion in growth cones, we investigated LIMK1 levels in
primary hippocampal neuron cultures treated with Rnf6
siRNA. Indeed, the down-regulation of Rnf6 resulted in
increased overall LIMK1 levels (Fig. 7A). Immunocyto-
chemical staining of Rnf6-siRNA-treated primary hippo-
campal neurons showed that the down-regulation of
Rnf6 was accompanied by increased LIMK1 expression
in growth cones (Fig. 7B). To provide even further evi-
dence that Rnf6 targets LIMKI1 for degradation in growth
cones, we overexpressed a GFP-Rnf6 fusion protein in
primary hippocampal neurons. Whereas overexpressed

GFP alone showed colocalization with endogenous
LIMK1 over wide areas in the growth cones, there was
little colocalization of GFP-Rnf6 with LIMK1 (Fig. 7C,
top two panels). In contrast, incubation of the GFP-Rnf6
transfected neurons with the proteasome inhibitor
MG132 for 2 h dramatically increased the colocalization
of both proteins (Fig. 7C, third panel). Furthermore, over-
expression of the dominant-negative GFP-Rnf6ARING
protein resulted in its strong colocalization with LIMK1
(Fig. 7C, lower panel), similar to that observed after treat-
ment of Rnf6-transfected neurons with MGI132. To-
gether, these results show not only that LIMK1 levels are
regulated by the proteasome in neuronal growth cones,
but also indicate that Rnf6 participates actively in tar-
geting LIMKI1 for proteasomal degradation in this struc-
ture.

Opposing roles of Rnf6 and LIMK1 during axon
outgrowth

It has previously been reported that the overexpression
of LIMK1 in primary hippocampal neurons results in in-
creased length of early neurites (Rosso et al. 2004).
Therefore, we investigated if LIMK1 and Rnf6 are func-
tionally linked during axon outgrowth using RNAi. We
first tested the efficiency of our LIMKI1 siRNA and
showed that it greatly reduced the level of LIMKI in
cultures of primary hippocampal neurons (Fig. 8A). Next,
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Figure 7. Rnf6 regulates LIMKI levels in axonal
growth cones. (A) Western blot of total protein ex-

tracts of primary hippocampal neuron cultures
transfected with Rnf6 siRNA and control siRNA
(c-Rnf6 siRNA) was probed with Rnf6 antibodies.

The same blot was reprobed with LIMK1 antibodies

and, as a loading control, with RLIM antibodies.

Note that in cells transfected with Rnf6 siRNA,

Rnf6 levels are decreased while LIMK1 levels are
increased when compared with control-transfected

cell extracts. Transfection efficiencies were ~70%.

(B) Representative growth cones of primary hippo-
campal neurons cotransfected with control siRNA

or Rnf6 siRNA, together with the GFP-C3 expres- c
sion vector to visualize transfected neurons. Cells
were stained with Rnf6 (red) and LIMKI1 (blue) anti-
bodies. Bar, 6 pym. Note that in Rnf6 siRNA-trans-
fected cells Rnf6 levels decrease, whereas LIMK1
levels increase. (C) Overexpressed GFP-Rnf6 does
not colocalize with endogenous LIMKI in growth
cones. Primary hippocampal neurons were trans-
fected with GFP-Rnf6, GFP-Rnf6ARING, and, as a
control, GFP-C3 expression plasmids. GFP is shown
in green, LIMK1 in red. Only neurofilament-positive
projections are shown. Images were captured by con-
focal microscopy using a 63x objective. Enlarge-
ment of the boxed regions is shown to the right. Bar,
4 um. Note that colocalization of GFP and GFP-
Rnf6ARING with LIMK1 occurs over large parts of
the growth cone, whereas GFP-Rnf6 colocalizes
with endogenous LIMK1 only upon inhibition of the
proteasome by MG132.
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we examined the effect of LIMKI siRNA on axonal
length of the transfected neurons. As expected, neurites
of neurons transfected with this siRNA are considerably
shorter than those transfected with control siRNA.
While the average length of axons treated with control
siRNA was 80 um, that of neurons expressing LIMK1
siRNA was only ~35 um (Fig. 8B,C). If the increase in
neurite length in Rnf6-siRNA-treated neurons (Fig.
2C,D) is due to increased LIMKI1 levels, then one would
expect that, in neurons in which LIMKI1 is knocked
down, a parallel down-regulation of Rnf6 should have
little or no additional effect on axonal length. Indeed,
cotransfecting Rnf6-siRNA with LIMK1-siRNA reduced
the average length of the Tau-positive neurites axons
from ~155 pm in neurons treated with Rnf6-siRNA
alone to ~47 pm, a similar length to that of neurons
treated with LIMKI1 siRNAs (Fig. 8B,C), indicating
that the effect of Rnf6 on axon outgrowth is LIMKI-
dependent. We next investigated whether the observed
inhibitory effect of Rnf6 overexpression on neurite out-
growth (Fig. 2E,F) could be rescued by overexpression of
LIMKI. In agreement with the above siRNA experi-
ments, the overexpression of GFP-LIMKI1 partially re-
stored the Rnf6-mediated down-regulation of average
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axonal length from ~35 pm to ~80 um, the length of
control-transfected neurons (Fig. 8D,E). These experi-
ments demonstrate that LIMKI1 regulates neuronal
axons and establish a functional link between Rnf6 and
LIMKI1 for axonal outgrowth in cultured hippocampal

neurons.

Discussion

The data presented here shed light on the functional role
of the ubiquitin—proteasome pathway, with the ubiqui-
tin ligase Rnf6 as an effector, in the regulation of axon
outgrowth in cultured hippocampal neurons via the
regulation of LIM kinase levels.

Rnf6 is a RING-finger-dependent ubiquitin ligase
similar to the previously identified RLIM. The wide-
spread expression of Rnf6 mRNA in a variety of mouse
organs suggests that Rnf6 plays a role in many cell types.
The overlapping expression patterns of Rnf6 and RLIM
in the ventral neural tube suggest that the same cell
types express both E3 ligases, indicating potential cross-
regulation. A high level of Rnf6 protein is found in axo-
nal projections of ventral motor neurons and dorsal root
ganglia at E12.5-E13.5, a time point when projections are
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Figure 8. Rnf6 is functionally linked with LIMK1 during axonal growth. (A) Western blot of total protein extracts of primary
hippocampal neuron cultures transfected with LIMK1 siRNA or control siRNA (c-LIMK1 siRNA) was probed with anti-LIMK1 mADb
and anti-B-tubulin antibodies as loading controls. Note that in cells transfected with LIMK1 siRNA, the protein levels of LIMK1 are
decreased in comparison with control-transfected cell extracts. Transfection efficiencies were ~75%. (B) The increase in axon length
mediated by Rnf6 siRNA is dependent on LIMKI. Dissociated primary hippocampal neurons were cultured for 24 h prior to cotrans-
fection of siRNAs with the empty pEGFP-C3 vector to visualize transfected cells. Twenty-four hours later, cells were stained with
anti-Tau antibody. GFP signals (green) and Tau staining (blue) of representative projections are shown. Bars, 10 um. Note that the
length of axonal projections of neurons cotransfected with both Rnf6 and LIMK1 siRNAs is similar to that of LIMK1 siRNA-
transfected neurons. (C) Statistical analysis of axon lengths of neurons cotransfected with Rnf6 and LIMK1 siRNAs. Mean values of
three independent experiments are shown. The total number of measured neurons is indicated. Tau-positive projections were mea-
sured, using analySIS Pro software. (**) P < 0.0001. Error bars indicate SEM. (D) Opposing roles of Rnf6 and LIMK1 for axon outgrowth.
Primary neurons were cultured for 24 h prior to cotransfection of Myc or GFP expression constructs. Twenty-four hours later, cells
were processed for immunocytochemistry and stained with anti-Tau and Myc-antibodies. GFP signals (green) and Tau and Myc
stainings (blue and red, respectively) of representative projections are shown. Bars, 10 um. Note that the length of axonal projections
of neurons coexpressing Rnfé6 and LIMK1 is similar to control-transfected neurons. (E) Statistical analysis of the lengths of primary
hippocampal neurons cotransfected with Rnf6 and LIMK1 expression constructs. Mean values of three independent transfection
experiments are shown. The total number of neurons measured is indicated for each transfection. Cells were stained with anti-Myc
and anti-neurofilament antibodies. Tau-positive projections were measured using analySIS Pro software. (**) P < 0.0001. Error bars
indicate SEM.

hippocampal neurons leads to a significant decrease in
axon length and that the down-regulation of Rnf6 activ-
ity by specific siRNAs or dominant-negative Rnf6 stimu-

actively developing, suggesting a role for Rnf6 in the de-
velopment of these neurons. This is strongly supported
by our findings that overexpression of Rnf6 in primary
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lates axon outgrowth (Fig. 2). Since Rnf6 and LIMK]1 are
also expressed in other neuronal extensions, it is likely
that functions of Rnf6 are not restricted only to axonal
projections.

We and others have detected LIMK1 expression in
growth cones (Endo et al. 2003; Foletta et al. 2004; Rosso
et al. 2004). Thus, we compared the expression of LIMK1
with Rnf6 in these structures and found minimal over-
lapping expression of these two proteins. However, in a
relatively small area, resembling an interface between
these proteins, colocalization was observed. Since we
have shown that endogenous Rnf6 is able to interact
with endogenous LIMKI1 in cultured neuronal cells (Fig.
3), it is most likely that these proteins form complexes in
such regions of colocalization. The demonstration that
LIMK1 levels are controlled by the proteasome, and that
the colocalization of Rnf6 and LIMK]1 in growth cones is
dramatically increased upon inhibition of Rnf6 activity
by treatment with MG132, shows that both proteins dis-
play a similar expression pattern in growth cones and
that proteasomal activity is responsible for the observed
differences in their cellular localization in untreated
cells. These observations are consistent with the notion
that Rnf6 actively targets LIMK1 for proteasomal degra-
dation in growth cones. This is further highlighted by
our findings that, similarly to neurons transiently over-
expressing LIMKI1 (Rosso et al. 2004), MG132 treatment
also resulted in an increase in growth cone size and the
appearance of growth cone-like structures along axons
(data not shown). In addition, the result that endogenous
LIMKI1 colocalizes with overexpressed GFP-Rnf6 in axo-
nal growth cones only upon addition of proteasome in-
hibitor or with overexpressed dominant-negative RING-
finger-deleted Rnf6, indicates that Rnf6 is directly in-
volved in the turnover of LIMK1 in growth cones. The
fact that MG132 treatment induced surprisingly high
LIMKI1 levels restricted to specific regions of the growth
cone further indicates that particularly high LIMK1 turn-
over takes place in a proteasome-dependent manner in
these structures. These results are in agreement with
previous findings that attribute rapid local protein deg-
radation to growth cones (Campbell and Holt 2001). Fur-
thermore, our results match well with the finding that
actin filaments within axonal growth cones are more
dynamic and flexible than those in other neurites
(Bradke and Dotti 1999).

Because LIMK]1 is important for a large number of cel-
lular activities, its levels must be tightly regulated. One
of the ways to regulate cellular LIMK1 activity is by
controlling its phosphorylation levels, as its activity cor-
relates with the levels of its phosphorylation. We have
recently shown that LIMK1 activity is regulated by sling-
shot phosphatase, which was first identified as cofilin
phosphatase (Soosairajah et al. 2005). Thus, the identifi-
cation of Rnf6 as an important regulator of LIMK1 levels
via proteasomal degradation adds another level of com-
plexity to the regulation of LIMK1 activity.

It is thought that dynamic changes to the cytoskeletal
actin network in growth cones play crucial roles for axon
growth (Bradke and Dotti 1999). Therefore, it is likely
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that LIMK1, a key regulator of actin dynamics, plays an
important role in the regulation of axonal growth. In-
deed, in agreement with previous findings that attribute
a role for LIMK1 in axon formation (Rosso et al. 2004),
we confirmed that LIMKI1 siRNA inhibits axon out-
growth (Fig. 8A,B). A link between Rnf6 and LIMKI is
confirmed by the observation that the stimulating effect
on axon outgrowth by Rnf6 siRNA is mostly antago-
nized upon cotransfection of LIMK1 siRNAs. The in-
complete neutralization observed in these experiments
is probably due to the fact that our siRNA did not com-
pletely remove the respective proteins (Figs. 7A, 8A).
The overexpression experiments showed that the Rnf6-
mediated decrease in axon outgrowth can be rescued by
LIMK1 overexpression, further corroborating the func-
tional connection between Rnf6 and LIMKI1 (Fig. 8D,E).
Combined, our data indicate that the most likely mecha-
nism by which Rnf6 participates in the development of
axonal projections is the adjustment of local LIMK1 con-
centrations necessary for appropriate actin dynamics to
occur. In this context, it is interesting to note that in-
hibitors of proteasome function block responses to guid-
ance cues (Campbell and Holt 2001; Mann et al. 2003).
The observations that cues regulating neurite outgrowth
and axon guidance are translated into changes in cyto-
skeletal actin dynamics in growth cones (da Silva and
Dotti 2002; Dickson 2002; van Horck et al. 2004; Camp-
bell and Holt 2003) and that the activity of ubiquitin
ligases is often regulated (Pickart 2001), open up the in-
triguing possibility that Rnf6 is involved in axonal path-
finding events by regulating local LIMK1 levels.

As mentioned above, the regulation of LIMKI1 levels is
of great importance for many cellular functions, and up-
or down-regulation of its activity may have detrimental
effects on a variety of cellular functions. For example,
ablation of LIMK1 expression in LIMK1 knockout mice
results in abnormalities in dentritic spine morphology
and in synaptic function (Meng et al. 2002). In addition,
cultured hippocampal neurons from these knockout
mice have reduced growth cone size, a very similar phe-
notype to that shown in this study and in that of Rosso
et al. (2004). On the other hand, overexpression of LIMK1
in breast or prostate cancer cell lines increases their in-
vasiveness, implicating LIMK1 in cancer metastasis
(Davila et al. 2003; Yoshioka et al. 2003). The fact that
LIMK1 has been involved in regulatory events such as
the dynamics of the Golgi apparatus as well as cell mo-
tility and the development of hippocampal dentritic
spines, synapses, and LTP (Sarmiere and Bamburg 2002;
Fukazawa et al. 2003; Gungabissoon and Bamburg 2003;
Rosso et al. 2004) further indicates the importance of
tight regulation of the level and activity of this protein.

There are several lines of evidence that point toward a
more general involvement of Rnf6 in LIMK regulation.
We have shown that Rnf6 is able to target LIMKI1 for
degradation in a variety of different cell types, including
HeLa, HEK293T, Cos7, and primary hippocampal neu-
rons. Moreover, the cytoplasmic expression of Rnf6 and
its partial colocalization with LIMK1 in many organs
and cellular compartments (data not shown) make it



likely that Rnf6 might also affect functions mediated by
LIMK1 in cellular compartments and cell types other
than neuronal growth cones. Thus, our findings strongly
suggest a more general participation of Rnf6 in the regu-
lation of LIMKI1 levels.

It has been speculated that ubiquitin ligases are criti-
cal regulators of proteins important for the integration/
synchronization of specific cellular programs (Conaway
et al. 2002; Bach and Ostendorff 2003). We and others
have demonstrated that Rnf6 and RLIM ubiquitin ligases
control the cellular concentrations of key proteins such
as CLIM (Ostendorff et al. 2002; Hiratani et al. 2003),
HDAC (Kramer et al. 2003), and LIMK. This is of par-
ticular interest, as Rnf6 and RLIM (Scanlan et al. 1999;
Lo et al. 2002), as well as their substrate proteins LMO
(Rabbitts et al. 1999; Visvader et al. 2001; Wang et al.
2004), LIMK1 (Yoshioka et al. 2003), and CLIM (Mat-
thews and Visvader 2003), are associated with biological
processes involved in human pathology such as impaired
embryonic development, metastasis, and invasion of
cancer. Since many of these proteins are also involved in
neuronal differentiation and the development of proper
neuronal projections (Becker et al. 2002; Meng et al.
2002, 2003; Thaler et al. 2002), these results indicate that
Rnf6 and RLIM not only play central roles in coordinat-
ing neuronal development but may also be involved in
oncogenesis.

In summary, we propose that the ubiquitin ligase Rnf6
mediates proteasomal regulation of local LIMKI1 levels,
thereby playing a central role in controlling actin dy-
namics in subcellular structures.

Materials and methods

Cloning of Rnf6, plasmids, and antibodies

RT-PCR was used to isolate full-length cDNAs encoding mouse
and human Rnf6 as described previously (Ostendorff et al. 2000)
on mRNA prepared from whole E9.5 mouse embryos and HeLa
cells. Amplified cDNAs were sequenced and subcloned in vari-
ous bacterial and eukaryotic expression vectors. The plasmids
used in this work were full-length GFP-Rnf6, GFP-Rnf6ARING
(A589-667), and GFP-LIMKI1 in pEGFP-C3 (Clontech); and full-
length Myc-tagged Rnf6, Rnf6ARING, and RLIMARING in
pCS2-MT. The mammalian GST-LIMKI1 expression construct
was previously described (Foletta et al. 2003).

Rnf6 polyclonal antibodies were raised in guinea pigs against
a region of the mouse protein that displays little sequence ho-
mology with RLIM (amino acids 225-362) for highest specific-
ity. Previously described antibodies against mouse RLIM (Bach
et al. 1997; Ostendorff et al. 2002) were used for protein detec-
tion in Western blots, immunocytochemistry, and immuno-
histochemistry. Mouse anti-LIMK1 monoclonal antibody
(mAD; Transduction Laboratories) and the rat anti-LIMK1 mAb
(Foletta et al. 2004) were used for Western blots and for immu-
nocyto- and histochemistry, respectively. Primary hippocampal
neurons were stained with neurofilament 200 mAb (Sigma), Tau
(DakoCytomation), and UbcH5 antibody (Chemicon). Anti-Myc
polyclonal (Santa Cruz) and 9E10 mAb (Roche) and anti-HA.11
mAD (BabCo) were used to detect and immunoprecipitate M
yc- and HA-tagged proteins, respectively. As loading control
for Western blots, the B-tubulin (Covance) and GFP (abcam)
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antibodies were used. Secondary antibodies were horseradish
peroxidase-anti-mouse and horseradish peroxidase-protein A
(Bio-Rad). Biotinylated secondary antibodies for the immuno-
histochemistry were goat anti-guinea pig (Vector) and goat anti-
rat (MoBiTec). For immunocytochemistry, we used Alexa 488
goat anti-mouse (MoBiTec), Alexa 488 goat anti-guinea pig
(MoBiTec), Cy3 goat anti-rabbit (Jackson), Cy5 goat anti-rabbit
(MoBiTec), and Cy5 goat anti-rat (MoBiTec).

Transient transfections, immunocytochemistry,
immunohistochemistry, and in vitro ubiquitination assays

The cell lines used in this work were CHO, Cos7, HEK293T,
and HeLa. Transient transfections and cotransfections of cell
lines and immunocytochemical experiments were carried out as
described previously (Ostendorff et al. 2002). Fluorescent im-
ages were taken and analyzed on a confocal microscope (Leica
SP2). Immunohistochemical staining was performed on E12.5
mouse embryo sections. Briefly, embryos were fixed in 4% para-
formaldehyde for 2 h, then de- and rehydrated in EtOH. Endog-
enous peroxidases were quenched with 0.3% H,O, for 30 min in
PBS. After washing, the sections were blocked in 10% bovine
serum and 0.2% BSA followed by incubation with the primary
antibody. Following additional washings, the sections were in-
cubated with the secondary antibody. DAB staining was per-
formed using the Vectastain ABC Kit (Vector) according to the
manufacturer’s instructions. The Rnf6- and RLIM-dependent in
vitro ubiquitination reactions were carried out as described pre-
viously (Ostendorff et al. 2002) using mutant ubiquitin proteins
KO and K48only (Boston Biochem).

GST pull-down and coimmunoprecipitations

The in vitro protein—protein interaction experiments were car-
ried out with bacterially expressed GST fusion proteins and
35G-labeled proteins produced using the TNT in vitro transcrip-
tion/translation kit (Promega) as described (Ostendorff et al.
2002). For coimmunoprecipitations, HEK293T cells were co-
transfected with HA-tagged LIMKI1 and either Myc-tagged
Rnf6ARING or Myc-tagged RLIMARING. Cells were lysed in
IP-buffer (50 mM Tris at pH 7.6, 150 mM NaCl, 1 mM EDTA,
0.1% Nonidet P-40, 5% glycerol, protease inhibitors) and clari-
fied by centrifugation at 4°C. Lysates were incubated with cor-
responding antibodies for 2 h at 4°C after 30 min of preclearing
with protein-A/G agarose beads (Amersham). Beads were
washed (50 mM Tris at pH 7.6, 150 mM NaCl, 1 mM EDTA,
0.1% Nonidet P-40, protease inhibitors) at 4°C. Immunoprecipi-
tated proteins were analyzed by SDS-PAGE followed by West-
ern blotting. The membrane was probed with the indicated pri-
mary antibodies followed by incubation with anti-HA mouse
IgG (BabCo) and horseradish peroxidase-conjugated anti-mouse
antibody (Sigma). Coimmunoprecipitations of endogenous pro-
teins were performed alike on protein extracts prepared from
cultured hippocampal neurons.

Half-life experiments

For the half-life experiments, GST-LIMK1 c¢cDNA was trans-
fected with or without RNF6 ¢cDNA into Cos7 cells by electro-
poration. Forty-eight hours post-transfection, the cells were
washed twice with methionine-free DME medium containing
1% FCS. The cells were then incubated for 1 h in the same
medium containing 0.1 mCi/mL **S-methionine to label all the
proteins in the transfected cells. After two washes with normal
culture media (DME/10% FCS), the cells were incubated in the
same media with or without 15 mM of the Proteosome inhibitor
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MG132 (Sigma) for various times. At each time point, cells were
harvested, lysed in protein lysis buffer (50 mM Tris at pH 7.4,
150 mM NaCl, 1% Triton X-100, and protease inhibitor cocktail
tablet [Roche]), and sonicated for 10 sec. Cell debris was re-
moved by centrifugation at 13,000 rpm for 10 min. GST-LIMK1
was pulled-down with glutathione-Sepharose beads. Pulled-
down proteins were resolved on 10% Tris-Glycine precast poly-
acrylamide gel followed by transfer to nitrocellulose filter, and
the membrane was analyzed by exposure to Phosphorlmager.

Primary hippocampal neuronal cultures

Primary cultures of hippocampal neurons were prepared from
adult mice as reported previously (Neuhoff et al. 1999). For axo-
nal outgrowth assays, transient transfections of primary hippo-
campal neurons were carried on cells cultured for 24 h. All
transfections were performed using Lipofectamin 2000 (Invitro-
gen) according to the manufacturer’s instructions. Primary hip-
pocampal neurons were fixed and stained 24 h after transfec-
tion. Proteasome inhibitor was added to transfected cells 2 h
prior to fixation. A single neurofilament/Tau-positive projec-
tion was considered an axon when its length was at least twice
as long as all the other projections. Axon lengths of transfected
neurons were determined using the analySIS Pro software (Soft
Imaging System GmbH). Only the longest, neurofilament/Tau-
positive projection of each transfected neuron was measured.
For each point, three independent transfections were carried
out. The error bars reflect SEM of the mean. Statistical signifi-
cance was calculated according to the Student’s ¢t-test. The fluo-
rescence intensity of same-sized growth cone areas was quanti-
fied with the Leica Confocal Software, measured in three inde-
pendent sets of experiments. To prevent bleaching of GFP (green
channel) and Cy3 (red channel) signals, pictures were focused
using Cy5 signals (blue channel) before image recording. Pho-
tomultiplier settings were predetermined to avoid pixel satura-
tion. Images of projections were taken on a confocal microscope
(Leica SP2) using the 63x objective, and enlargements were ob-
tained by digital image processing. The sequences of siRNAs
(STEALTH; Invitrogen) used in this study were as follows: Rnf6
siRNA, UUUCUGAGUCUCCAUCACUUGCCGC (antisense);
c-Rnf6 siRNA, UUUCGCGAGUCUCUCUACUUCACGC (an-
tisense); LIMK1 siRNA, UAGUACUGGUGUGAAAGGGAGA
CGC (antisense); and ¢c-LIMK1 siRNA, UAGGAAUGUCGUGAG
UGAAAGGCGC. Cotransfections of these siRNAs were car-
ried out with the empty pEGFP-C3 vector.
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