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Microtubule segment stabilization by RASSF1A is
required for proper microtubule dynamics and

Golgi integrity
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ABSTRACT The tumor suppressor and microtubule-associated protein Ras association do-
main family 1A (RASSF1A) has a major effect on many cellular processes, such as cell cycle
progression and apoptosis. RASSF1A expression is frequently silenced in cancer and is associ-
ated with increased metastasis. Therefore we tested the hypothesis that RASSF1A regulates
microtubule organization and dynamics in interphase cells, as well as its effect on Golgi integ-
rity and cell polarity. Our results show that RASSF1A uses a unique microtubule-binding pat-
tern to promote site-specific microtubule rescues, and loss of RASSF1A leads to decreased
microtubule stability. Furthermore, RASSF1A-associated stable microtubule segments are
necessary to prevent Golgi fragmentation and dispersal in cancer cells and maintain a polar-
ized cell front. These results indicate that RASSF1A is a key regulator in the fine tuning of
microtubule dynamics in interphase cells and proper Golgi organization and cell polarity.
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INTRODUCTION

Ras association domain family 1A (RASSF1A) is a tumor suppressor
whose inactivation is believed to be responsible for 40 types of
sporadic human cancers (van der Weyden and Adams, 2007). Re-
cruitment of DNA methyltransferases to the RASSF1A promoter
and subsequent promoter hypermethylation serves as the main
mechanism of RASSF1A loss (Dammann et al., 2000; Burbee et al.,
2001; Lee et al., 2001). Because RASSF1A lacks enzymatic function
(Donninger et al., 2007), the currently accepted function is to serve
as a scaffold for a number of essential signaling interactions
(Donninger et al., 2007). Therefore RASSF1A can participate in a
variety of processes that regulate apoptosis (Vos et al., 2000; Baksh
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et al., 2005) and cell cycle progress (Shivakumar et al., 2002), both
of which likely impart the tumor-suppressive function of RASSF1A
by decreasing cancer cell number. Besides the scaffolding function,
RASSF1A also strongly binds microtubules (MTs) in vitro and in cells
(Dallol et al., 2004). Such binding increases MT stability: in cells,
RASSF1A overexpression induces MT hyperstabilization, whereas
RASSF1A depletion decreases MT resistance against depolymeriz-
ing drugs (Liu et al., 2003; Dallol et al., 2004). The MT-binding abil-
ity of RASSF1A was proposed to be important for mitotic spindle
dynamics and cell cycle progression (Rong et al., 2004; Vos et al.,
2004). It is clear that RASSF1A regulates cell cycle progression by
acting as an Aurora A-dependent scaffolding platform within a
complex signaling mechanism (Rong et al., 2007). MT binding likely
contributes to this mechanism via RASSF1A recruitment (Song
et al.,, 2004; Rong et al., 2007), which may be important for the tu-
mor-suppressive function of RASSF1A, as mutants deficient in MT
binding were not as potent in cell cycle arrest (Dallol et al., 2004).
However, there is no direct evidence for the importance of RASSF1A-
dependent MT stabilization in mitosis.

Of importance, loss of RASSF1A expression in cancer cells is
concomitant with the formation of a more invasive and metastatic
cancer phenotype (Lee et al., 2001; Muller et al., 2003; Kang et al.,
2004; Liu et al., 2005; Jo et al., 2006), which depends strongly on
migratory rather than proliferative features of cancer cells. Indeed,
RASSF1A depletion was shown to facilitate HelLa cell migration in
vitro (Dallol et al., 2005). It has been hypothesized that the ability of

Molecular Biology of the Cell



| RASSF1A

— S S — ‘Actin

RASSF1A binds to the nondynamic portion of MTs. (A) Western blot analysis of
endogenous RASSF1A (lanes 1 and 2) and expressed RFP-RASSF1A (lanes 3 and 4) in RPE1 and
MCEF-7 cells. (B) RPE1 cells expressing RFP-RASSF1A (red) fixed and stained for tubulin (green).
Immunostaining. Bar, 5 um. (B’-B"”") RFP-RASSF1A (white arrowheads) localizes segmentally
along MTs (yellow arrow) shown in B. Bar, 2 pm. (C) Detection of GFP-RASSF1A (green) and
mCherry-EB3 (red) in time-lapse TIRFM movie of a MCF-7 cell (5 s/frame). Maximum intensity
projection of four frames from mCherry-EB3 channel illustrates polymerizing MT plus end (C”).
Bar, 5 um. (C’'-C"") GFP-RASSF1A does not colocalize with mCherry-EB3 at the tip of MTs shown

in C. Bar, 2 pm.

RASSF1A to bind MTs is responsible for this phenotype (Dallol et al.,
2004), which would have been a justified function for RASSF1A-de-
pendent MT stabilization. Indeed, RASSF1A depletion affects the
overall MT pattern (Dallol et al., 2005); however, the origin of this
change has not been addressed, and whether and how RASSF1A
regulates MT dynamic instability in motile cells are unknown.

Here we apply high-resolution confocal and total internal reflec-
tion fluorescence (TIRF) microscopy to determine RASSF1A-depen-
dent MT regulation in motile cells. Because the function of known
MT-binding proteins depends on their specific localization and dy-
namics within the MT network, we also investigate cellular localiza-
tion of RASSF1A and potentially associated functions. We find that
RASSF1A binds to MTs in a distinct segmental pattern and exerts its
MT-stabilizing effect only within these segments. Such site-specific
MT stabilization increases MT rescue frequency specifically at the
RASSF1A-coated MT segments. RASSF1A-associated MT segments
serve as sites for temporal bundling of short regions within MTs,
which probably contributes to MT network organization. We also
find that RASSF1A-associated MT segments are necessary for the
Golgi complex integrity and positioning, which is a known essential
determinant for polarized cell migration (Kupfer et al., 1983; Miller
et al., 2009; Yadav et al., 2009). This study provides the first evi-
dence of the role of MT-bound RASSF1A in MT dynamic instability
regulation and the architecture of interphase cells.
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RESULTS

RASSF1A localizes at discrete

MT segments

The goal of this study was to investigate
functions for RASSF1A in interphase cells
and determine whether loss of these func-
tions is essential for phenotypes of cancer
cells in which RASSF1A is silenced. To ad-
dress this, we used two cell systems: normal
retinal pigment epithelial cells (RPE1)
and the epithelial breast cancer cell line
Michigan Cancer Foundation-7 (MCF-7). To
determine RASSF1A localization and dy-
namics, we ectopically expressed green
fluorescent protein (GFP)- or red fluores-
cent protein (RFP)-fused RASSF1A in
both cell types and examined expression
levels by immunoblotting. We found that
endogenous expression of RASSF1A was
low in RPE1 and, as previously reported
(Kellokumpu et al., 2002), completely ab-
sent in MCF-7. Because high expression of
RASSF1A is known to overstabilize MTs (Liu
et al., 2003; Dallol et al., 2004; Rong et al.,
2004; Vos et al., 2004), ectopic expression
of fluorescently fused RASSF1A in cells used
for our experiments was maintained at near
or slightly less than endogenous levels
(Figure 1A). Under these conditions,
RASSF1A was detected as short, linear seg-
ments (Figure 1, B” and B"”). Because previ-
ous reports showed that ectopically ex-
pressed RASSF1IA can bind to the
microtubule lattice (Rong et al., 2004), colo-
calization of these segments with MTs was
tested by a-tubulin immunostaining of RFP-
RASSF1A-expressing cells. We found that
RASSF1A was localized linearly along the
lattice of distinct MTs, highlighting a segmental pattern within the
MT network (Figure 1, B-B"”, left cell); however, when RFP-RASSF1A
was overexpressed, this segmental pattern within the MT network
was lost, and MT bundling occurred (Figure 1B, right cell). We hy-
pothesize that this unusual binding pattern may impart an important
function for MT organization.

Binding of RASS1A locally stabilizes MT segments

Because localization of dynamic versus stable MTs defines the con-
figuration of trafficking paths within a cell and thus is tightly con-
nected with MT function, we addressed whether RASSF1A locally
stabilizes MT segments. To determine whether RASSF1A-associated
MT segments were dynamic, we applied live-cell TIRF imaging of
cells coexpressing GFP-RASSF1A and a MT plus-tip marker,
mCherry—end-binding protein 3 (EB3). Polymerizing MTs, detected
by tracking of EB3 comets, were devoid of RASSF1A. In many cases,
RASSF1A was found at the nondynamic portions of MTs, away from
the plus ends undergoing dynamic instability (Figure 1, C-C"”, and
Supplemental Movie S1).

These data suggest that RASSF1A associates with specific, non-
dynamic regions of dynamic MTs away from the polymerizing plus
ends. To test whether binding of RASSF1A extends lifetimes of dis-
tinct regions of MTs, we addressed whether these MT portions were
posttranslationally modified. Because detyrosination (Glu tubulin) is
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RASSF1A binding stabilizes and protects MTs from depolymerization. (A-C) Nontransfected RPE1 cell does
not exhibit detyrosinated (green) MTs in the absence of RFP-RASSF1A (red) expression. Immunostaining. (D) Intensity of
detyrosinated (Glu) tubulin as correlated with RFP-RASSF1A expression. Representative examples out of 20 cells/
condition. Error bars indicate SEM. (E-G) RFP-RASSF1A expression induces MT stabilization in RPE1 cells as detected
by anti-detyrosinated (Glu) tubulin staining. Immunostaining. Bar, 5 ym. (G’-G”) RFP-RASSF1A (red; white arrowheads)
flanks portions of stable MTs as detected by anti-detyrosinated (Glu) tubulin staining shown in G. Immunostaining. Bar,
2 pm. (H, J) Video frames of RFP-RASSF1A- (red) and 3xGFP-EMTB (green)—expressing cells representing pre— and
post-nocodazole treatment. Spinning-disk confocal (5 s/frames). (I) Time sequences pre— and post-nocodazole addition
illustrates RFP-RASSF1A (white arrow) MT protection capacity. Bar, 5 um. (K-O) RFP-RASSF1A (red; white arrowhead)
expression in RPE1 cells can function as sites of MT rescue, as detected by EB3-GFP-labeled growing MT plus ends
(green; yellow arrow). Spinning-disk confocal (5 s/frames). Bar, 5 pm.

an established marker for long-lived MTs, we first tested for this RASSF1A (Figure 2, E-G” and D), where these levels correlated with
posttranslational modification (PTM) by immunostaining in RPE1 the level of RASSF1A expression (Figure 2D). On a single-MT level,

cells transiently expressing variable levels of RFP-RASSF1A. Non-  Glu tubulin either was colocalized with RASSF1A or accumulated at
transfected cells exhibited low Glu tubulin levels (Figure 2, A-D). We MT regions flanked by RASSF1A-coated segments (Figure 2, G'-G"),
detected enhanced levels of Glu tubulin in cells expressing RFP-  indicating that RASSF1A facilitated tubulin detyrosination indirectly
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by increasing MT lifetime. We also found that RASSF1A-associated
MTs were often acetylated, although tubulin acetylation did not
correlate with RASSF1A expression (unpublished data), indicating
that although overstabilized MTs accumulate tubulin acetylation
(Piperno et al., 1987; Westermann and Weber, 2003), other mole-
cules are likely responsible for specific MT acetylation in cells. To
examine whether RASSF1A-associated MT regions were indeed sta-
bilized against depolymerization, we subjected RPE1 cells express-
ing RFP-RASSF1A and 3xGFP-ensconsin  MT-binding domain
(EMTB; Faire et al., 1999; Tanaka et al., 2009) to the MT-depolymer-
izing agent nocodazole. Confocal live-cell imaging revealed that MT
depolymerization proceeds up to the point where RASSF1A is as-
sociated with the MT (Figure 2, H-J, and Supplemental Movies S2—-
S4), indicating that RASSF1A locally protects the MT from further
depolymerization. Thus RASSF1A-coated MT segments might serve
to regulate site-specific MT dynamics.

RASSF1A localization defines sites of MT rescue
Because RASSF1A binds segmentally to the MT lattice, one can
infer that the segment borders provide distinct points of stabiliza-
tion, which could serve as platforms for switching of MTs from de-
polymerization to polymerization (MT rescue). The location and
persistence of rescue sites at interphase MTs, which continuously
undergo dynamic instability, is crucial for MT network configuration.
However, although RASSF1A has been implicated in influencing
MT dynamics in mitosis (Vos et al., 2004), the direct effects of
RASSF1A on MT dynamics in interphase have not been addressed.
To investigate the potential involvement of RASSF1A in regulating
interphase MT dynamics, we performed steady-state analysis of
RPE1 cells coexpressing low levels of RFP-RASSF1A and EB3-GFP.
Cells were imaged with a spinning-disk confocal microscope to
monitor the plus ends of growing MTs. RASSF1A-associated MTs
acted as platforms for polymerizing MTs (Figure 2, K-O, and Sup-
plemental Movies S5 and S6), which suggests that these sites can
serve as points of rescue. To analyze the role of endogenous
RASSF1A in overall MT dynamics parameters, we used TIRF micros-
copy to analyze peripheral MT dynamics in H1792 cells, a non-
small cell lung carcinoma cell line, expressing either endogenous
RASSF1A or short hairpin RNA (shRNA) depleted of RASSF1A
(Figure 3A; Vos et al., 2006). Loss of RASSF1A via shRNA knock-
down resulted in alterations in MT organization as compared with
RASSF1A-expressing cells (Figure 3, B and C). Consistent with our
model, we found that the number of rescue events (Figure 3D) and
pause duration (Figure 3E) per MT were significantly decreased by
RASSF1A depletion, indicating that this protein indeed functions as
a rescue factor by stabilizing MT segments. In addition, our analy-
ses revealed that RASSF1A depletion led to an increase of MT po-
lymerization and depolymerization rates (Figure 3, G and H), as well
as the number of catastrophes per MT (Figure 3F). Such enhance-
ment of MT dynamicity could be a manifestation of a lack of short-
term pauses and rescues and is characteristic for depletion of a
rescue factor (Mimori-Kiyosue et al., 2005; Drabek et al., 2006).
Collectively these alterations in dynamics strongly decreased MT
lifetime after RASSF1A depletion (Figure 3, I-J).

Taken together, our data suggest a critical role for RASSF1A in
fine tuning interphase MT network dynamics.

RASSF1A bundles neighboring MTs

Because RASSF1A-associated MT segments clearly bear a special-
ized function in local MT behavior, we next addressed their position-
ing and integration within the whole MT network. We hypothesized
that if RASSF1A were stably bound to MTs, addition of nocodazole
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would not increase cytoplasmic RFP-RASSF1A levels. Confocal live-
cell imaging under these conditions revealed no appreciable in-
crease in cytoplasmic RFP-RASSF1A levels, and instead RFP-
RASSF1A remained associated with MT fragments (compare a
prenocodazole cytoplasmic fluorescence intensity of 176,952 a.u.
to a postnocodazole intensity of 183,031 a.u.; no significance).
FRAP analysis also revealed that RFP-RASS1A is nondynamic, sug-
gesting that it is stably associated with a MT (Supplemental
Figure S1). Further analysis of live-cell imaging sequences showed
that RASSF1A could promote bundling of preexisting steady-state
MTs (Figure 4, A-B”", Supplemental Figure S2, and Supplemental
Movies S7 and S8). MT bundling often resulted in a change in MT
directionality from random to parallel and coincided with the forma-
tion of thin MT bundles. Fluorescence intensity analysis of 3xGFP-
EMTB-labeled MTs revealed that on average there is a threefold
increase in EMTB signal for RASSF1A-associated segments as com-
pared with single MTs not bound by RASSF1A (Figure 4C), suggest-
ing that RASSF1A can bundle up to three MTs. Quantification of
non-RASSF1A-associated MT bundling events in 1.5-um? squares
(similar to the size of RASSF1A segments) and RASSF1A-associated
MTs revealed that the majority of RASSF1A-coated MT segments
facilitate bundling within the MT network (Figure 4D). In addition,
quantification of non-RASSF1A-associated MT unbundling reveals a
significantly higher number of unbundling events as than with
RASSF1A-associated MTs (Figure 4E). Thus RASSF1A stabilizes MT-
MT interactions, which could provide a significant influence in alter-
ing the MT network configuration. These properties can be used for
specific MT functions required at distinct cellular locations. For ex-
ample, centrally located RASSF1A-associated segments may facili-
tate reliable Golgi complex assembly (Ryan et al., 2012) by main-
taining the Golgi complex integrity (Cole et al., 1996).

RASSF1A-associated MT segments are required for Golgi
integrity

Analysis of the cellular localization of RASSF1A-associated MT
segments revealed that they were accumulated predominantly in
the central cell region. Costaining with a Golgi marker, Golgi ma-
trix protein 130 (GM130), revealed the close proximity of these
segments with the Golgi apparatus (Figure 5, A-C). Such specific
localization may indicate that MTs in the Golgi area possess higher
RASSF1A-binding properties because, for example, a cofactor
needed for this segmental binding is enriched at the Golgi mem-
brane or in the perinuclear region (e.g., the nuclear transport reg-
ulator small GTPase Ran, which was identified as a possible cofac-
tor for MT binding of RASSF1A; Dallol et al., 2004, 2009). Another
attractive possibility is that such location reflects specific functions
of RASSF1A-associated MTs in Golgi organization or positioning.
We hypothesize that RASSF1A localization at the Golgi suggests a
functional relationship by which RASSF1A-induced MT stabiliza-
tion provides a scaffold for Golgi assembly. Indeed, in MCF-7
breast cancers cells, which lack endogenous expression of
RASSF1A, Golgi stacks are dispersed throughout the cell
(Kellokumpu et al., 2002; Figure 5, D-F, and M). To determine the
role of RASSF1A in Golgi positioning, we examined the effects of
altering RASSF1A protein levels on the cellular distribution of the
Golgi, visualized by GM130 immunostaining. First, we used reex-
pression of RFP-RASSF1A in MCF-7 cells at low levels, which we
consider close to physiological expression in noncancerous cells
(Figure 1A). Of interest, we found that under these low-expres-
sion conditions, the typically dispersed Golgi fragments were col-
lected to the cell center (Figure 5, G-l and M), and the number of
Golgi fragments was significantly reduced compared with
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FIGURE 3: RASSF1A depletion influences MT dynamics. (A) Western blot analysis of RASSF1A in vector-expressing
(lane 1) and RASSF1A shRNA-depleted (lane 2) H1792 cells. (B, C) H1792 cells expressing vector (B) or RASSF1A shRNA
depleted (C) fixed and immunostained for tubulin. Immunostaining. Bar, 5 pm. (D-J) Analysis of various MT dynamics
parameters in H1792 RASSF1A shRNA-depleted cells reveals an increase in MT dynamicity. p < 0.05. Error bars indicate
SEM. (1, J), Examples of MT life history plots in control H1792 cells and cells depleted of RASSF1A. Plots reveal
decreased MT lifetimes upon RASSF1A depletion. Representative examples out of 20 cells/condition.

nontransfected cells (Figure 5N). However, when RFP-RASSF1A was
overexpressed at high levels in MCF-7 cells, resulting in coating of
the entire MT network, the Golgi became redistributed throughout
the cell, resembling nontransfected controls (Figure 5, J-M). This
result suggests that low levels of RASSF1A, when it functions to sta-
bilize discrete MT segments, are necessary for proper Golgi assem-
bly. To further test this hypothesis, we addressed whether RASSF1A
depletion in noncancerous cells also affects Golgi structure. In RPE1
cells treated with either small interfering RNA (siRNA) against human
RASSF1A or control scrambled siRNA (Figure 50), we determined
the effect of RASSF1A depletion on Golgi structure by examining
individual cells stained with GM130. In scramble control cells, the
Golgi showed a compact morphology (Figure 5P). In contrast,
RASSF1A-depleted cells showed aberrant Golgi features, including
fragmentation of the Golgi (Figure 5, Q-S). Of interest, the level of
Golgi fragmentation in RASSF1A siRNA-depleted RPE1 cells was
similar to levels observed in nontransfected or RFP-RASSF1A-over-
expressing MCF-7 cells (Figure 5, N and T). Therefore we conclude
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that centrally located RASSF1A is essential for proper Golgi com-
plex organization.

RASSF1A depletion disrupts cell polarity and migration

Because loss of RASSF1A alters MT dynamics and Golgi organiza-
tion, one can hypothesize that this loss would also affect cell migra-
tion. Previous reports found that RASSF1A overexpression can sup-
press cell migration (Dallol et al., 2005; Jung et al., 2013); however,
the ability of low levels of RASSF1A expression to influence direc-
tionality of cell migration or polarization of migrating cells has yet to
be examined. To address the effect on directional persistence of
migration, we examined control or RASSF1A-depleted RPET cells
by differential interference contrast (DIC) microscopy and subjected
them to persistence analysis. Depletion of RASSF1A significantly
decreased the directional persistence of RPE1 cells (Figure 6, A-C),
indicating that RASSF1A, likely through modulation of Golgi integ-
rity, promotes persistent migration. Cell polarity was analyzed by
assessing the direction of cell protrusions formed throughout a time

Molecular Biology of the Cell
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RASSF1A induces local bundling to alter MT network configuration. (A, B) RPE1 cells expressing RFP-
RASSF1A and 3xGFP-EMTB. Area in box is enlarged to the right. Spinning-disk confocal. Bar, 5 pm (A’-A"” and B’-B"").
RFP-RASSF1A (yellow arrow) locally bundles neighboring MTs (white arrow). Bar, 2 pm. (C) Analysis of fluorescence
intensity in single vs. RASSF1A-associated MTs reveals RASSF1A can bundle up to three MTs at one time.
Representative examples out of 15 cells/condition. Error bars indicate SEM. (D) Average number of bundling events per
1.5 pm? reveals a significant increase in these events with RASSF1A-associated vs. non—-RASSF1A-associated MTs.
(E) Average number of unbundling events per 1.5 pm? reveals a significant decrease in unbundling events in RASSF1A-
associated vs. non-RASSF1A-associated MTs. Representative examples out of 10 cells.

sequence. Area taken by all the protrusions was combined, and the
circularity of the resulting shape was quantified. In this analysis, if
protrusions were formed equally around the cell perimeter (lack of
polarity), the overlaid protrusion area formed a donut shape (circu-
larity equals 1). If protrusions form only at one side of a cell (high
polarity), the overlaid area is significantly asymmetric (circularity ap-
proaches 0). This analysis reveals a significant increase in protrusion
circularity when cells were depleted of RASSF1A (Figure 6, D-J).
MCF-7 cells also exhibited high measures of protrusion circularity
similar to siRNA RASSF1A-depleted RPE1 cells (Figure 6, K-M and
Q). Reexpression of RFP-RASSF1A in MCF-7 cells significantly re-
duced protrusion circularity (Figure 6, N-P and Q, and Supplemen-
tal Figure S3) but was unable to completely restore polarity in these
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cells, which may require additional molecular players that are inac-
tive in these immobile cells. In addition, reexpression of RFP-
RASSF1A did not appear to influence the overall migratory ability of
MCF-7 cells. Furthermore, upon reexpression of RFP-RASSF1A in
MD-MBA-231 cells, a highly motile cell type, polarity was restored
to levels seen in control RPE1 cells (Figure 6, R-X, and Supplemental
Figure S3), and these cells exhibited increased directional persis-
tence (Figure 6, Y and A"). Thus these data suggest that the variation
in RASSF1A regulation of cell polarity may greatly depend on the
inherent motile capacity within cell types. Collectively these data
suggest that RASSF1A regulation of cell polarity can potentially oc-
cur through modulation of Golgi integrity and organization, as well
as via regulation of MT dynamics.
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RASSF1A expression alters Golgi morphology. (A-C) MCF-7 cell expressing low
levels of RFP-RASSF1A, fixed and stained for Golgi protein, GM130 (green). Immunostaining.
RFP-RASSF1A localizes at MTs associated with the Golgi and at the cell periphery. (D-L) MCF-7
cells expressing various levels of RFP-RASSF1A (red) and immunostained for Golgi protein,
GM130 (green). (D-F) Nontransfected MCF-7 cell exhibits a dispersed and fragmented Golgi.
(G-1) MCF-7 cell expressing low levels of RFP-RASSF1A exhibits a compact Golgi. (J-L) MCF-7
cell overexpressing RFP-RASSF1A exhibits a dispersed and fragmented Golgi. Bar, 5 ym.

(M) Analysis of Golgi dispersal under various conditions of RFP-RASSF1A expression.
Representative examples out of 10 cells/condition. (N) Analysis of Golgi fragmentation in
nontransfected and low RFP-RASSF1A-expressing MCF-7 cells. Representative examples out of
10 cells/condition. (O) Western blot analysis of RASSF1A siRNA depletion in RPE1 cells. Lane 1,
nontargeted (NT) RASSF1A siRNA,; lanes 2-4, RASSF1A siRNA combinations. (P-S) RPE1 cells
treated with RASSF1A siRNA and immunostained for Golgi protein, GM130. (T) Analysis of Golgi
fragmentation in RPE1 cells after RASSF1A siRNA depletion. Bar, 5 pm (L, MT). Representative

examples out of 10 cells/condition. Error bars indicate SEM.

DISCUSSION

In this study, we detected segmental binding of RASSF1A at MTs,
which is an unusual pattern for a MT-associated protein. The mech-
anism by which RASSSF1A accumulates at selected regions of the
MT lattice may be a consequence of cooperative binding of
RASSF1A molecules to a MT. Indeed, previously described ability
of RASSF1A for self-association (Ortiz-Vega et al., 2002), as well
as for heterodimerization with other RASSF family members
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(Ortiz-Vega et al., 2002; Praskova et al.,
2004; Guo et al., 2007), may promote the
cooperative binding. Alternatively, a pre-
ferred RASSF1A-binding area may exist
within a MT, either due to accumulation of
a RASSF1A-binding partner (e.g., MAP1B;
Dallol et al., 2005) or if modification of tubu-
lin within the MT lattice favors association
with RASSF1A. The latter possibility is less
likely, as indicated by our data (Figure 2).
Any of these mechanisms likely leads to a
high concentration of RASSF1A molecules
on the MT lattice. Thus these short regions
of MT likely exhibit properties similar to
those of extremely stable MTs described in
cells overexpressing RASSF1A (Liu et al.,
2003; van der Weyden et al., 2005). On one
hand, the capacity to stabilize MTs as the
result of MT lattice-binding proteins is very
common; many MT-associated proteins
(MAPs), such as neuronal Tau (Tanaka et al.,
2009) or MAP2 (Takemura et al., 1992) and
MAP4 (Nguyen et al., 1997), stabilize MTs to
build long, reliable tracks for MT-dependent
transport. On the other hand, the unusual
segmental pattern observed with RASSF1A-
driven stabilization of short MT portions
provides a mechanism for distinguishing
two contrasting dynamic behaviors within
one MT and serves to regulate site-specific
MT dynamics.

Furthermore, our data on MT bundling
indicate that massive MT bundling previ-
ously observed upon RASSF1A overexpres-
sion (Liu et al., 2003; El-Kalla et al., 2010) is
not a random artifact but an exaggerated
manifestation of a bona fide function. This
evidence places RASSF1A within a subset of
MAPs that contain MT-bundling abilities
(e.g., PRC1; Mollinari et al., 2002; and syn-
apsin |; Baines and Bennett, 1986). Such
properties likely indicate that RASSF1A is
capable of remodeling the interphase MT
network via local bundling and connection
of short fragments among two or three MTs.
RASSF1A-associated segments found close
to the cell periphery, which can be revealed
by TIRF microscopy (and thus proximal to
the ventral cell surface), might be involved
in the formation of bundled MT arrays,
which may serve for directional post-Golgi
trafficking toward the cell front in motile
cells (Rahkila et al., 1997; Schmoranzer and
Simon, 2003; Lee et al., 2009).

At the same time, we show that centrally located RASSF1A-as-
sociated segments facilitate Golgi complex assembly and integrity.
We hypothesize that RASSF1A defines the sites of preferred Golgi
interaction with MTs and that association of RASSF1A with MT frag-
ments in the cell center promotes Golgi stack fusion and Golgi
complex integrity. In this scenario, extending RASSF1A association
over the whole MT network results in scattering of these sites
throughout the cell. The connection between the Golgi and MTs
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FIGURE 6: RASSF1A expression and depletion disrupt directional persistence and cell polarity.

(A, B) Representative migration tracks from control and RASSF1A-depleted RPE1. (C) Analysis of

directional persistence in control and RASSF1A-depleted RPE1 cells reveals that depleted cells
fail to migrate directionally and exhibit more-random movement. Representative examples out
of 10 cells/condition. (D-I) RASSF1A-depleted RPE1 cells demonstrate a lack of polarity as
compared with control RPE1. (J) Analysis of protrusion circularity in control and RASSF1A-
depleted RPE1 cells. Representative examples out of 12 cells/condition. (K-P) Reexpression of
RFP-RASSF1A in MCF-7 cells partially rescues cell polarity defects. (Q) Analysis of protrusion
circularity in control and RFP-RASSF1A-expressing MCF-7 cells. Representative examples out of
12 cells/condition. (R-W) Reexpression of RFP-RASSF1A in MD-MBA-231 cells significantly
reduces the protrusion circularity. (X) Analysis of protrusion circularity in control and RFP-
RASSF1A-expressing MD-MBA-231. Representative examples out of 12 cells/condition.

(Y=2Z) Migration tracks from control and RFP-RASSF1A-expressing MD-MBA-231 cells indicate
an increase in directional persistence upon RASSF1A reexpression. (A’) Analysis of directional
persistence in MD-MBA-231 cells. Representative examples out of 12 cells/condition.
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may be mediated either directly through
RASSF1A (or some unidentified linker pro-
tein) binding to the Golgi components or
by creating MT sites capable of stronger
molecular motor binding. Alternatively, it is
also possible that RASSF1A affects Golgi
organization indirectly via MT stabilization
specifically within the Golgi region, provid-
ing a long-lived platform for Golgi assem-
bly, or by facilitation of molecular motor
binding (Cai et al., 2009). Furthermore, it
was previously proposed that acetylation, a
robust tubulin PTM found within the Golgi
region, is important for MT-dependent
Golgi assembly (Thyberg and Moskalewski,
1993; Ryan et al., 2012). MT acetylation
may contribute to a RASSF1A-dependent
mechanism of Golgi assembly, but is not
likely to be the whole mechanism, because
tubulin acetylation was found, in many
cases, to be independent of RASSF1A bind-
ing to MTs (unpublished data). Ultimately,
we can infer that a disruption in the Golgi
structure, by loss of RASSF1A, specifically
interferes with other MT-dependent pro-
cesses at the Golgi, such as post-Golgi
trafficking.

In addition, we show that loss of RASSF1A
leads to defects in cell migration and polar-
ity; reexpression of RASSF1A can partially
rescue polarization defects. We hypothesize
that loss of RASSF1A at the Golgi signifi-
cantly compromises the integrity and orga-
nization of the Golgi structure, both of which
are required for directional cell migration
and polarization (Bershadsky and Futerman,
1994; Yadav et al., 2009). With this idea, loss
of RASSF1A would lead to scattering of
Golgi membranes throughout the cell and
the inability to form a single protrusion, po-
tentially due to lack of directed secretion
(Yadav et al., 2009). Moreover, lack of the
bundling capacity exerted by RASSF1A may
fail to provide the necessary stable MT
tracks needed to establish a polarized front
(Manneville et al., 2010; Chen et al., 2013).
Alternatively, or additionally, RASSF1A-me-
diated regulation of cell migration and po-
larity may be a result of altered MT dynam-
ics and organization. Ultimately, we can infer
that perturbations to RASSF1A levels can
result in significant changes in cell morphol-
ogy and behavior.

Collectively our results strongly suggest
a role for RASSF1A in influencing interphase
MT dynamics and Golgi positioning
(Figure 7A). These functions probably con-
tribute to preventing such cancer pheno-
type features as disorganized cell migration,
which was shown to arise from the loss of
RASSF1A (Dallol et al., 2005). In particular,
precise spatial regulation of MT dynamics in
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FIGURE 7: Models of RASSF1A contribution to MT functions and Golgi organization. (A) Model
of RASSF1A functions in interphase cells. (B) Model of the role of RASSF1A in directional cell

migration.

migrating cells is necessary for maintenance of persistent lamella at
the cell front (Waterman-Storer et al., 1999), contact inhibition of
migration (Kadir et al., 2011), and asymmetric focal adhesion turn-
over (Kaverina et al., 1999). Moreover, an integral polarized Golgi
complex in the cell center is necessary for directional post-Golgi
trafficking to the cell front and directional cell migration (Yadav et al.,
2009). Our findings allow us to hypothesize that a dependence of
directional cell migration on RASSF1A arises from spatial regulation
of the MT network and Golgi organization by RASSF1A-associated
MT segments (Figure 7B).

MATERIALS AND METHODS

Cells

Immortalized human retinal pigment epithelial cells, hTert-RPE1
(Clontech), were maintained in DMEM/F12 (Gibco Media, Grand
Island, NY) with 10% fetal bovine serum (Atlanta Biological, Flowery
Branch, GA). H1792 human tumor cell lines (a gift of Geoffrey
J. Clark) were grown in RPMI (Mediatech, Manassas, VA) with 10%
fetal calf serum. MCF-7 breast cancer cells (American Type Culture
Collection, Manassas, VA) and Hela GFP-tubulin cells (a kind gift of
Paul Chang, MIT, Cambridge, MA) were grown in DMEM with 10%
fetal bovine serum. Cells were grown in 5% CO, at 37°C. Cells were
plated on fibronectin-coated glass coverslips 24 h before experi-
ments. In all live-cell experiments, cells were maintained on the mi-
croscope stage at 37°C under mineral oil for medium equilibrium
maintenance.

Treatments

For MT depolymerization during live-cell imaging, cells were initially
imaged in media lacking nocodazole (Sigma, St. Louis, MO). In the
subsequent frames, the media was aspirated off and replaced with
cell culture media containing nocodazole (2.5 upg/ml) while
imaging.

shRNA, siRNA, and expression constructs

RASSF1A shRNA was previously described (Vos et al., 2006). Single
or a combination of single stealth siRNA oligos against RASSF1A
(HSS174151, HSS117377, Life Technologies, Invitrogen, Darm-
stadt, Germany) were transfected into RPE1 cells using Lipo-
fectamine RNAIMAX (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. The RASSF1HSS174151 siRNA-targeted
sequence was 5-GGGACGCCUUCAGCAUGCCUGAACU-3’, and
the RASSFHSS117377 siRNA-targeted sequence was 5"-ACGCA-
CAAGGGCACGUGAAGUCAUU-3". Experiments were conducted
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tip and MT visualization. RPE1 and MCF-7
cells were transfected with Fugeneé (Roche,
Indianapolis, IN) according to manufactur-
er’s protocols.

Antibodies and immunofluorescence details

For Golgi identification, mouse monoclonal antibody against
GM130 (1:300; BD Transduction Laboratories, San Jose, CA) was
used. MTs were stained with anti—a-tubulin rabbit polyclonal anti-
body (1:1000; Abcam, Cambridge, MA). For detyrosinated tubulin
detection, a rabbit polyclonal antibody was used (1:500; Millipore,
Billerica, MA). For MT and Golgi staining, cells were fixed (15 min at
room temperature) in 4% paraformaldehyde, 0.025% glutaralde-
hyde, and 0.3% Triton in cytoskeleton buffer (10 mM 2-(N-mor-
pholino)ethanesulfonic acid, 150 mM NaCl, 5 mM ethylene glycol
tetraacetic acid, 5 mM glucose, and 5 mM MgCl,, pH 6.1). Alexa
488—conjugated highly cross-absorbed goat anti-mouse immuno-
globulin G (IgG) antibodies and Alexa 488-conjugated goat anti-
rabbit IgG antibodies (1:500; Molecular Probes, Invitrogen, Eugene,
OR) were used as secondary antibodies.

Confocal and live-cell imaging

A Leica TCS SP5 confocal laser scanning microscope with an HCX PL
APO 100x oil lens, numerical aperture (NA) 1.47, was used for taking
confocal stacks of fixed cells and photobleaching of living cells.

TIRFM live-cell videos were acquired on a Nikon TE2000E micro-
scope with a Nikon TIRF2 system using a TIRFM 100x/1.49 NA oil
lens and Cascade 512B camera (Photometrics) and IPLab software
(Scanalytics).

Live cells plated on MatTek glass-bottom dishes were maintained
at 37°C by heated stage (Warner Instruments). Single-plane confo-
cal video sequences were taken were taken by a Yokogawa QLC-
100/CSU-10 spinning-disk head (Visitec assembled by Vashaw) at-
tached to a Nikon TE2000E microscope using a CFI PLAN APO VC
100x oil lens, NA 1.4, with 1.5x intermediate magnification and a
back-illuminated electron-multiplying charge-coupled device cam-
era, Cascade 512B (Photometrics), driven by IPLab software (Scana-
lytics). A 75-mW 488/568 krypton-argon laser (Melles Griot) with
acousto-optical tunable filter was used for two-color excitation. Cus-
tom double dichroic mirror and filters (Chroma) in a filter wheel
(Ludl) were used in the emission light path.

Western blot analysis

Western blotting was performed with the Protein Electrophoresis
and Western Blotting System (Bio-Rad, Hercules, CA). For Western
blotting, a mouse polyclonal antibody against actin (1:1000; pan-
Ab-5; Thermo Scientific, Pittsburgh, PA) and a mouse anti-human
antibody against RASSF1A (1:500; EBioscience, San Diego, CA)
were used. Nitrocellulose membrane was incubated with primary
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and then secondary antibody (IRDye 800 and 700, LI-COR Biosci-
ence, Lincoln, NE) diluted in Odyssey Blocking Buffer with 0.2%
Tween-20 to lower background. An Odyssey Infrared Imaging Sys-
tem (LI-COR Bioscience) was used for membrane scanning.

FRAP

FRAP was performed using a Leica TCS SP5 confocal laser scanning
microscope. Regions of interest (ROIs) were introduced in cells ex-
pressing GFP-tubulin and RFP-RASSF1A within RFP-RASSF1A seg-
ments. Photobleaching of these ROIls was carried out with 100% la-
ser power of a 561-nm laser. Cells were then imaged for 15 min with
30-s intervals to monitor RFP-RASSF1A recovery.

Quantitative analyses

MT dynamics parameters. To analyze MT dynamic parameters in
nontargeted (NT) control cells and RASSF1A-depleted cells, we
used 5-min single-channel TIRFM sequences (3 s/frame) of cells
expressing 3xGFP-EMTB. Individual MTs were manually tracked
using the MTrackJ plug-in of ImageJ (National Institutes of Health,
Bethesda, MD) by following movements of the MT tip as visualized
by 3xGFP-EMTB expression. Cells expressing low levels of 3xGFP-
EMTB were used to avoid analysis of cells with dampened MT
dynamics. We analyzed 20 MTs per condition (NT control or
RASSF1A depleted). Average numbers of events (rescue,
catastrophe, pause, and pause duration) were manually calculated
per MT. This was then used to calculate the frequency (rescue and
catastrophe) per MT/min. Average MT growth and shrinkage rates
were calculated from instantaneous velocity measurements obtained
from the MTrackJ plug-in of ImageJ.

Distance dispersal. Distance dispersal analysis was first performed
with ImageJ. Golgi particles were subjected to thresholding and x,
y coordinates obtained using the Analyze Particles function of
ImagelJ. The x, y coordinates were then analyzed using a custom
program written in MATLAB to calculate average distance between
all particles.

Golgi fragmentation. Golgi fragmentation analysis was performed
with the Analyze Particles function of ImageJ. Golgi particles were
subjected to thresholding, and the number of particles was
automatically calculated.

Fluorescence intensity. Intensity in cells expressing various levels
of RFP-RASSF1A was measured using ImageJ software. Cells of
interest were outlined with a selection tool, and measurements
were set (area, integrated density, and mean gray value). Three
background measurements were taken. To correct for background,
the following formula was used: corrected total cell fluorescence =
integrated density — (area x mean fluorescence of background
readings). Similar methods were used to determine fluorescence
intensity of RFP-RASSF1A-associated MTs and single, nonassociated
MTs.

Bundling and unbundling. Bundling analysis of non-RASSF1A-
associated MTs was restricted to 1.5-um? ROls (similar to the size of
RASSF1A segments). The total number of ROls analyzed was equal
to the total number of RASSF1A segments in the cell. Bundling and
unbundling events were quantified as those lasting two frames (10 s)
or more. Events per ROl were divided by the total number of MTs
within the ROI to determine the “"per-MT" contribution to bundling
(or unbundling). RASSF1A-associated MTs were quantified per
RASSF1A fragment.
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Cell polarity. To analyze cell polarity, we used é-h DIC sequences
(180 s/frame) of cells depleted (RPE1) or expressing (MCF-7 and
MD-MBA-231) RASSF1A. Cell polarity was analyzed by assessing
the direction of cell protrusions formed throughout the time
sequence. The initial area of the cell (frame 1) was subtracted from
the combined area taken by all protrusions in subsequent frames.
The circularity of the resulting shape was quantified by ImageJ
Circularity analysis. In this analysis, if protrusions were formed
equally around the cell perimeter (lack of polarity), the overlaid
protrusion area formed a donut shape (circularity equals 1). If
protrusions form only at one side of a cell (high polarity), the overlaid
area is significantly asymmetric (circularity approaches 0).

Statistical analysis
Statistical significance was determined by Student's t-test (two-
tailed, unpaired).
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