Actin- and microtubule-dependent regulation
of Golgi morphology by FHDC1
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ABSTRACT The Golgi apparatus is the central hub of intracellular trafficking and consists of
tethered stacks of cis, medial, and trans cisternae. In mammalian cells, these cisternae are
stitched together as a perinuclear Golgi ribbon, which is required for the establishment of cell
polarity and normal subcellular organization. We previously identified FHDC1 (also known as
INF1) as a unique microtubule-binding member of the formin family of cytoskeletal-remodel-
ing proteins. We show here that endogenous FHDC1 regulates Golgi ribbon formation and
has an apparent preferential association with the Golgi-derived microtubule network. Knock-
down of FHDC1 expression results in defective Golgi assembly and suggests a role for FHDC1
in maintenance of the Golgi-derived microtubule network. Similarly, overexpression of FHDC1
induces dispersion of the Golgi ribbon into functional ministacks. This effect is independent
of centrosome-derived microtubules and instead likely requires the interaction between the
FHDC1 microtubule-binding domain and the Golgi-derived microtubule network. These ef-
fects also depend on the interaction between the FHDC1 FH2 domain and the actin cytoskel-
eton. Thus our results suggest that the coordination of actin and microtubule dynamics by
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FHDC1 is required for normal Golgi ribbon formation.

INTRODUCTION

The Golgi apparatus is the central controller of subcellular trafficking
found in all eukaryotes. In most cells, the Golgi occurs as a series of
cisternae tethered together as stacks organized from cis to trans.
Incoming traffic arrives at the cis face of the Golgi and moves
through the medial and trans cisternae before exiting through the
trans-Golgi network. At the same time, retrograde trafficking returns
cargo proteins to the endoplasmic reticulum (ER) and maintains the
localization of Golgi-resident enzymes as the cisternae mature (Rizzo
et al., 2013). In higher organisms, these stacks are tethered laterally
to form a Golgi ribbon typically found in tight association with the
centrosome. The cis-to-trans stacking of the Golgi is found in almost
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all eukaryotes and is believed to facilitate cargo processing and
modification. The additional requirement for the ribbon is unclear,
but it has been suggested that ribbon formation may aid in the traf-
ficking of very large cargo and reflects the more complex role of the
Golgi in higher organisms (Lavieu et al., 2014). Current models sug-
gest that the assembly of the Golgi ribbon is an actin- and microtu-
bule (MT)-dependent process and that proper positioning and
maintenance of the Golgi is required for polarized cellular trafficking
and normal cell motility (Dippold et al., 2009; Miller et al., 2009;
Yadav et al., 2009; Zhu and Kaverina, 2013; Deakin and Turner,
2014; Guet et al., 2014; Gurel et al., 2014).

Assembly of the perinuclear Golgi ribbon relies on two cytoplas-
mic MT networks, one originating at the centrosome and one origi-
nating at the Golgi itself (Rogalski and Singer, 1984; Miller et al.,
2009; Rivero et al., 2009). Golgi-derived MTs are nucleated at the
cis-Golgi through the GM130-mediated recruitment of AKAP450,
myomegalin, and the y-TuURC MT-nucleating complex (Chabin-Brion
et al., 2001; Rivero et al., 2009; Roubin et al., 2013; Wang et al.,
2014). This complex is absent from the trans-Golgi, and it has been
proposed that, as the nascent MTs emerge at the cis-Golgi, they
are likely captured by CLASP proteins, which are themselves
recruited to the trans-cisternae by the Golgin GCC185 (Efimov
et al., 2007; Sutterlin and Colanzi, 2010; Vinogradova et al., 2012;
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Zhu and Kaverina, 2013). Treatment with nocodazole or other MT-
disrupting drugs causes the Golgi to disperse into ministacks that
redistribute to ER-exit sites (Thyberg and Moskalewski, 1985; Cole
et al., 1996). After removal of the drug, reassembly of the ribbon
proceeds in two stages (Miller et al., 2009). In the G stage, the
Golgi-derived MTs collect the dispersed ministacks into larger as-
semblies, which provide a bigger target for capture by MTs origi-
nating from the centrosome. In the C stage of assembly, the cap-
tured ministacks are transported along centrosome-derived MTs
toward the centrosome, where they are tethered into the perinu-
clear Golgi ribbon (Corthesy-Theulaz et al., 1992; Burkhardt, 1998;
Miller et al., 2009; Vinogradova et al., 2012; Maia et al., 2013). Dis-
ruption of the Golgi-derived MT network causes the G stage of re-
assembly to fail, resulting in Golgi dispersion or formation of com-
pact Golgi circles located proximal to the centrosome (Miller et al.,
2009; Maia et al., 2013).

The asymmetric subcellular positioning of the Golgi ribbon re-
sults in the polarized orientation of the Golgi-derived MT network.
This asymmetry is required for directional cell migration and is
believed to facilitate polarized secretion to the leading edge
(Preisinger et al., 2004; Bisel et al., 2008; Vinogradova et al., 2009;
Yadav et al., 2009; Hurtado et al., 2011). Golgi-derived MTs are
enriched for acetylated a-tubulin (Jasmin et al., 1990; Thyberg and
Moskalewski, 1993; Chabin-Brion et al., 2001), which likely affects
both MT dynamics and selective recruitment of motor proteins
(Reed et al., 2006; Janke, 2014). We previously found a close as-
sociation between MT acetylation and the function of the novel
MT-binding formin FHDC1 (Young et al., 2008; Thurston et al.,
2012), raising the possibility that FHDC1 activity might be con-
nected to the Golgi-derived MT network.

FHDC1 (previously known as INF1), like other formins, contains
formin homology (FH) 1 and FH2 actin regulatory domains (Higgs,
2005; Young et al., 2008). It is distinguished from other formin family
members by the presence of a unique C-terminal MT-binding do-
main (MTBD) and the absence of any of the regulatory domains
present in other formins (Young et al., 2008). The full-length protein
is constitutively active, and expression of full-length FHDC1 is suffi-
cient to induce actin stress fiber formation, MT stabilization, and MT
acetylation. Thus it is distinct from other formins in that its activity is
not regulated by autoinhibition (Chesarone et al., 2010). Conversely,
knockdown of FHDC1 expression inhibits the accumulation of acet-
ylated MTs (Young et al., 2008), suggesting that FHDC1 participates
in the normal regulation of this process. The effects of FHDC1 on
actin dynamics are FH2 dependent, as expected. In contrast, ex-
pression of either the isolated FH1-FH2 or isolated MTBD is suffi-
cient to induce MT stabilization and acetylation (Young et al., 2008;
Thurston et al., 2012). Indeed, the ability to regulate MT modifica-
tion and stabilization is a common feature of FH2 domains (Bartolini
et al., 2008; Bartolini and Gundersen, 2010; Thurston et al., 2012).

As with the Golgi ribbon, FHDC1 is an evolutionary innovation in
vertebrates (Young et al., 2008), and there is a growing appreciation
that normal Golgi assembly and maintenance is both actin and MT
dependent (Egea et al., 2006; Campellone et al., 2008; Dippold
etal., 2009; Farber-Katz et al., 2014). Given the association between
FHDC1 and MT acetylation, as well as its ability to regulate both
actin and MT dynamics, we investigated the role of FHDC1 in Golgi
ribbon formation. We show here that a pool of endogenous FHDC1
protein accumulates at the Golgi and likely has a preferential affinity
for the Golgi-derived MT network. FHDC1 overexpression disperses
the Golgi into functional ministacks, and FHDC1-induced Golgi dis-
persion is both FH2 and MTBD dependent. The ability of FHDC1 to
induce Golgi dispersion did not correlate with its ability to induce

Volume 27 January 15, 2016

MT acetylation, suggesting that the effects of FHDC1 on Golgi as-
sembly are separate consequences of FHDC1 expression. Consis-
tent with these observations, small interfering RNA (siRNA)-medi-
ated knockdown of FHDC1 expression also disrupts Golgi ribbon
formation. Together our results suggest that FHDC1 acts at the
Golgi-derived MT network to coordinate actin and MT dynamics
and facilitate formation of the Golgi ribbon.

RESULTS

A pool of FHDC1 associates with the Golgi ribbon

We first noted a connection between FHDC1 and the Golgi ribbon
while investigating a potential role for FHDC1 in cell polarity. In
these experiments, the subcellular localization of endogenous
FHDC1 protein was determined in NIH 3T3 fibroblasts migrating in
a scratch-wound model of directional cell migration (Figure 1A). The
position of the Golgi ribbon was used as a marker of cell polarity
and visualized with the cis-Golgi marker GM130; endogenous
FHDC1 protein was detected with anti-FHDC1 antibody (Young
et al., 2008). Two hours after wounding, cells at the wound'’s edge
reoriented and began to migrate into the wound. Both at the
wound's edge and away from the wound, endogenous FHDC1 is
associated with the microtubule (MT) network and is concentrated in
a perinuclear region corresponding to the position of the Golgi rib-
bon. A similar distribution of FHDC1 protein was also observed in
randomly migrating cells (Figure 1B). Colocalization of FHDC1 with
GM130 was further confirmed by a pixel intensity plot, showing the
extensive overlap of the FHDC1 and GM130 signals (Figure 1B’).
We also observed preferential association of endogenous FHDC1
with the Golgi ribbon in spreading cells (Supplemental Figure S1). In
newly attached cells, the Golgi and centrosome are not connected
(Kisurina-Evgen’eva and Onishchenko, 2004). Under these condi-
tions, FHDC1 accumulates at and around the Golgi and not with the
distinct population of cytoplasmic MTs at the cell periphery. These
observations prompted us to further investigate the connections
between FHDC1, the Golgi ribbon, and Golgi-derived MTs.

FHDC1 accumulates at Golgi-derived microtubules
Golgi ribbon assembly and integrity is MT dependent (Rogalski and
Singer, 1984; Chabin-Brion et al., 2001; Vinogradova et al., 2012).
Because FHDC1 is a MT-binding protein, we wanted to determine
whether the accumulation of FHDC1 at the Golgi is MT dependent.
We treated NIH 3T3 cells with nocodazole to dissolve MTs and in-
duce Golgi dispersion (Miller et al., 2009). In untreated cells, FHDC1
is bound to MTs and concentrated at the Golgi as before (Figure
2A). After nocodazole treatment, FHDC1 punctae are distributed
diffusely throughout the cytoplasm, and the Golgi is dispersed into
ministacks. We did not observe any obvious association of FHDC1
with the Golgi remnants in nocodazole-treated cells (Figure 2B). Af-
ter nocodazole washout, FHDC1 can be seen to take on a more fila-
mentous distribution as the Golgi and MTs recover (Figure 2, C-F).
We also found that in recovering cells, FHDC1 protein concentrates
at cytoplasmic Golgi clusters (Figure 2, C'—E’) that form as the Golgi-
derived MT network is reestablished and are likely to correspond to
the late G phase of Golgi assembly (Efimov et al., 2007; Miller et al.,
2009; Vinogradova et al., 2012). Two hours after removal of no-
codazole, both Golgi and FHDC1 distributions have fully recovered,
and a clear association of FHDC1 with the perinuclear Golgi ribbon
is observed (Figure 2, F and F). This suggests that FHDC1 accumu-
lates at the Golgi in an MT-dependent manner.

Cytoplasmic MTs are nucleated at both the centrosome and the
Golgi (Petry and Vale, 2015). The centrosome can be specifically
depleted from NIH 3T3 fibroblasts by extended treatment with the
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A pool of FHDC1 accumulates at the Golgi ribbon. (A) NIH 3T3 cells migrating in a scratch-wound assay
(wound to left) were fixed 2 h after wounding and stained with rabbit anti-FHDC1 antibody to detect endogenous
FHDC1 (red) and mouse anti-GM130 antibody to detect the Golgi marker GM130 (green). FHDC1 localizes to
cytoplasmic microtubules and concentrates at the Golgi ribbon in cells migrating into the wound, as well as in cells away
from the wound'’s edge. (B) FHDC1 associates with the Golgi ribbon. As in A, endogenous FHDC1 protein is distributed
on cytoplasmic microtubules and concentrates at the Golgi in randomly polarized, cycling cells. Scale bar, 10 um.
(B’) Pixel intensity plot to assess the colocalization of FHDC1 with the Golgi marker GM130 in the area highlighted in B.
The pixel intensity histogram is plotted for the area indicated by the white line in the left image and shows extensive
colocalization of the FHDC1 and GM130 signals (Pearson’s r = 0.59 + 0.04 [SEM)]).

PLK4 inhibitor centrinone (Wong et al., 2015). Surprisingly, this
does not block division of the treated cells or affect normal Golgi
assembly. We cultured cells in the presence of centrinone for 14 d
to completely eliminate centrosome formation and determined the
effect on Golgi assembly and endogenous FHDC1 subcellular
localization (Figure 3). In control cells, FHDC1 was present on the
MT network, and the centrosome was readily detected with an
anti—y-tubulin antibody (Figure 3A). In centrinone-treated cells, the
centrosome could no longer be detected, the Golgi remained in-
tact, and FHDC1 maintained its association with cytoplasmic MTs
(Figure 3, B and C).

The centrinone results prompted us to consider that FHDC1
may have a preferential affinity for the Golgi-derived microtubule
network. Golgi-derived MTs are enriched for acetylated MTs
(Thyberg and Moskalewski, 1993; Chabin-Brion et al., 2001), and
we previously observed a close association between FHDC1 activ-
ity and MT acetylation (Young et al., 2008; Thurston et al., 2012).
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To test the idea that FHDC1 associates with Golgi-derived MTs,
we treated cells with brefeldin A (BFA) to disrupt the Golgi ribbon
and Golgi-derived MTs while leaving centrosome-derived MTs in-
tact. In vehicle-treated cells, FHDC1 is predominantly associated
with the MT network and Golgi ribbon as before (Figure 4A). BFA
treatment quickly induces Golgi ribbon disassembly, leaving be-
hind a remnant Golgi matrix as revealed by GM130 staining
(Nakamura et al., 1995). We found that with prolonged BFA treat-
ment (45 min), the accumulation of FHDC1 at the Golgi was lost,
and the filamentous distribution of FHDC1 was replaced with a
more punctate staining pattern in the majority of cells (Figure 4, B
and E). On washout of BFA, the filamentous distribution of FHDC1
was quickly regained, concomitant with the reassembly of the
Golgi ribbon (Figure 4, C and D). These results suggest a prefer-
ential association of FHDC1 with the Golgi-derived MT network.
This hypothesis was further tested by examining the subcellular
distribution of endogenous FHDC1 in cells allowed to recover
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FHDC1 localizes to cytoplasmic sites of Golgi reassembly after nocodazole treatment. (A) In untreated NIH
3T3 fibroblasts, FHDC1 (red) localizes primarily to the microtubule network and concentrates at the Golgi ribbon
(GM130, green). (B) FHDC1 punctae are distributed diffusely throughout the cytoplasm of cells treated with 2.5 pg/ml
nocodazole for 120 min; the Golgi is dispersed into ministacks in treated cells. (C) At 20 min and (D, E) 40 min after
removal of nocodazole, FHDC1 clusters at cytoplasmic sites of Golgi reassembly (C’, D, E’). (F) At 120 min after removal
of nocodazole, FHDC1 subcellular localization is fully recovered, and the protein is distributed on microtubules and
concentrated at the perinuclear Golgi ribbon (F"). Scale bar, 10 pm.
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Endogenous FHDC1 distribution is not affected by centrinone-induced centrosome depletion. NIH 3T3 cells
were treated with the Plk4 inhibitor centrinone for 14 d to induce centrosome depletion. The effects of this treatment
on the distribution of the endogenous FHDC1 protein were assessed by immunofluorescence. (A) Vehicle-treated
control cells were stained with anti-FHDC1 (red) and anti—y-tubulin (green) antibodies. The centrosome is easily detected
as a prominent perinuclear spot. (B) Centrinone-treated cells were stained with anti-FHDC1 (red) and anti-y-tubulin
(green) antibodies. The centrosome is no longer detected in treated cells, whereas FHDC1 maintains its filamentous
distribution. (C) Centrinone-treated cells were stained with anti-FHDC1 (red) and anti-GM130 (green) antibodies. The
accumulation of a pool of FHDC1 protein at the Golgi ribbon is unaffected in centrinone-treated cells. Scale bar, 10 pm.

from nocodazole-induced MT disruption in the presence or
absence of BFA. As before, FHDC1 was primarily associated with
the MT network and enriched at the Golgi in untreated cells
(Figure 5A). In cells treated with nocodazole and BFA, the Golgi is
dispersed, and FHDC1 was redistributed as a diffuse array of cyto-
plasmic punctae (Figure 5B). Two hours after nocodazole washout,
in the absence of BFA, the perinuclear Golgi ribbon had reassem-
bled and FHDC1 had completely regained its MT association
(Figure 5D). In cells recovered from nocodazole treatment in the
presence of BFA, however, the Golgi remained dispersed, and
FHDC1 failed to regain its filamentous distribution and remained
primarily in cytoplasmic punctae (Figure 5C). We also compared
the distribution of endogenous FHDC1 with that of CLASP2, an
MT-binding protein and marker for the Golgi-derived MT network.
Using antibodies against endogenous FHDC1 and endogenous
CLASP2, we found that a pool of both proteins accumulated on
MTs at the Golgi ribbon and colocalized on a subset of cytoplas-
mic MTs (Figure 6). Accordingly, in cells recovering from no-
codazole treatment in the presence of BFA, CLASP2, like FHDCT,
no longer accumulates on MTs at the Golgi ribbon (Supplemental
Figure S2). Together these data point to a preferential association
of FHDC1 with the Golgi-derived MT network.
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FHDC1 induces Golgi dispersion

We next sought to investigate what role FHDC1 might play in the
assembly and positioning of the Golgi. We first chose to address
this question by testing the effects of FHDC1 overexpression on
Golgi morphology. We expressed a full-length FHDC1 derivative
with an N-terminal mCherry tag (FHDC1.mCherry) in NIH 3T3 cells
by transient transfection. mCherry-transfected cells served as a
negative control. The cells were fixed 24 h posttransfection and the
effects of FHDC1 expression on Golgi assembly and localization
were assessed by immunofluorescence. In mCherry-expressing
controls, the Golgi was organized as a perinuclear ribbon in nearly
90% of transfected cells (Figure 7, A and C). In contrast, in >90% of
FHDC1-expressing cells, the Golgi ribbon was completely dis-
persed (Figure 7, B and C). The Golgi fragments, while sometimes
found in a perinuclear halo, had no consistent, specific subcellular
localization (see later discussion of Figures 8B, 9, B, E, and H, 10C,
11A, and 12C for additional examples). This striking phenotype is
remarkably robust and is reminiscent of the effects caused by loss
or overexpression of other regulators of Golgi assembly (Campel-
lone et al., 2008; Dippold et al., 2009; Yadav et al., 2009, 2012;
Farber-Katz et al., 2014). It also suggests that FHDC1 might play an
important role in this process.
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Brefeldin A treatment decreases FHDC1 microtubule localization. (A) In
untreated cells, FHDC1 is found primarily on the microtubule network and in close
association with the Golgi. (B) After 45 min of treatment with 5.0 pg/ml brefeldin A, FHDC1
subcellular localization in many cells is less filamentous and has a more punctuate and
diffuse cytoplasmic distribution, as typified by the indicated cell (arrow). (C) At15 min after
removal of brefeldin A, the Golgi ribbon has begun to reassemble; FHDC1 is regaining a
more filamentous distribution and is concentrated at the Golgi. (D) In fully recovered cells,
FHDCH1 is primarily filamentous and preferentially associated with the Golgi. Scale bar,

10 pm. (E) Quantification of data shown in A-D. In untreated cells, FHDC1 is primarily
filamentous (blue bars). In contrast, after 45 min of treatment with brefeldin A, FHDC1
exhibits a more punctuate distribution. N = 3, >100 cells counted per experiment. Error
bars indicate SEM.
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FHDC1-induced Golgi dispersion

is FH2 and MTBD dependent

FHDC1 binds both actin filaments and MTs
(Young et al., 2008), and Golgi ribbon as-
sembly and perinuclear positioning are
both actin and MT dependent (Rogalski
and Singer, 1984; Magdalena et al., 2003;
Lazaro-Dieguez et al., 2006; Dippold et al.,
2009; Gurel et al., 2014). We therefore
sought to determine which aspect of
FHDC1 function might be required for its
effects on Golgi dispersion. To this end, we
generated the FHDC1.1180A derivative to
selectively inactivate FH2. In this mutant,
residue 180 in the FHDC1 FH2 is mutated
from isoleucine to alanine to abolish the
ability of FH2 to bind to the barbed end of
F-actin (Xu et al., 2004). We confirmed that
this mutant no longer affects actin dynamics
but is still able to bind MTs and induce MT
acetylation in cell-based assays (Supple-
mental Figure S3). The 1180A mutant and a
series of FHDC1 deletion derivatives defec-
tive in either FH2 or MTBD activity were
tested for their effects on Golgi morphol-
ogy. As before, expression of FHDC1 is suf-
ficient to induce Golgi dispersion in >90%
of transfected cells, and the tagged protein
is bound to the MT network. The FHDCI1.
[180A derivative also associated with MTs
and was enriched at the Golgi, but expres-
sion of FHDC1.1180A failed to induce Golgi
dispersion (Figure 8, C and F). This suggests
that FHDC1 effects on Golgi are likely FH2
and actin dependent. Similarly, expression
of the isolated FHDC1 MT-binding domain
(958C) also had no effect on perinuclear
Golgi ribbon assembly (Figure 8, E and F),
despite its marked effects on MT bundling
and network organization (Young et al,
2008). In the same way, expression of an
MTBD-deleted FHDC1 derivative (958N)
also failed to induce Golgi dispersion to the
same extent as the full-length protein, with
a normal perinuclear ribbon present in
>60% of transfected cells (Figure 8, D and
F). Thus the effects of FHDC1 on Golgi dis-
persion are both FH2 and MTBD depen-
dent. We also compared the effects of
FHDC1 expression to the effects of express-
ing constitutively active derivatives of other
formins believed to participate in the regu-
lation of Golgi dynamics (Colon-Franco
et al.,, 2011; Ramabhadran et al., 2011; Zil-
berman et al., 2011). In cell-based assays,
these proteins (FMNL1, INF2, mDia1) are all
potent inducers of F-actin accumulation
and MT acetylation (Thurston et al., 2012).
As previously observed, expression of
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Brefeldin A blocks FHDC1 recruitment to microtubules during recovery from nocodazole treatment. (A) In
untreated cells, FHDC1 (red) is concentrated on microtubules associated with the Golgi (GM130; green). (B) Cells were
treated for 2 h with 2.5 ug/ml nocodazole and 5.0 pg/ml brefeldin A. The Golgi is dispersed throughout the cytoplasm;
FHDC1 has a punctate cytoplasmic distribution. (C) Cells were allowed to recover after nocodazole washout for 120 min
in the presence of brefeldin A. FHDC1 does not recover its filamentous staining pattern and maintains its punctate
cytoplasmic distribution. (D) Cells were allowed to recover for 120 min in the absence of BFA, with FHDC1 regaining its

association with the microtubule network. Scale bar, 10 pm.

constitutively active FH1 + FH2-containing derivatives of FMNL1,
INF2, and mDial had some effect on Golgi morphology but failed
to induce dispersion in the majority of cells (Supplemental Figure
S4). These results demonstrate the specificity and striking robust-
ness of the effects of full-length FHDC1 on Golgi assembly.

FHDC1-dispersed Golgi fragments support subcellular
trafficking

To gain insight into the nature of the FHDC1-dispersed Golgi rem-
nants, we sought to determine whether the Golgi fragments are still
capable of supporting intracellular trafficking. To do this, we took
advantage of the temperature-sensitive vesicular stomatitis virus G
(VSVG) ts045—green fluorescent protein (GFP) trafficking reporter
(Presley et al., 1997). At the nonpermissive temperature (40°C), the
mutant VSVG protein is trapped in the ER and is released only upon
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a shift to the permissive temperature of 32°C. Before this shift, cy-
cloheximide is added to inhibit protein synthesis to facilitate the
tracking of the VSVG reporter once it is released from the ER. Once
shifted to the permissive temperature, VSVG proceeds from the ER
to the Golgi and from there to the plasma membrane. We coex-
pressed VSVG ts045-GFP in NIH 3T3 cells with FHDC1, FHDC1.
[180A, or mCherry and followed trafficking of the reporter at non-
permissive and permissive temperatures. After 6 h at 40°C, the
VSVG-GFP protein has accumulated in the ER of mCherry-, FHDC1.
[180A-, and FHDC1-expressing cells (Figure 9, A-C). Thirty minutes
after the shift to 32°C, in the presence of cycloheximide, VSVG-GFP
had left the ER and accumulated in the perinuclear Golgi ribbon of
mCherry- and FHDC1.1180A-expressing cells (Figure 9, D and F); it
could also be clearly seen to have trafficked to the Golgi fragments
present in FHDC1-expressing cells (Figure 9E). After 90 min at 32°C,

Molecular Biology of the Cell
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FHDC1 and CLASP2 localize to an overlapping microtubule network. (A) NIH 3T3 cells were stained with
rabbit anti-FHDC1 antibody to detect endogenous FHDC1 (red) and rat anti-CLASP2 antibody to detect endogenous
CLASP2 (green), and mouse anti-GM130 (white) was used as a Golgi marker. FHDC1 and CLASP2 colocalize (yellow) to
an overlapping set of cytoplasmic microtubules and concentrate at the Golgi ribbon. Boxes 1 and 2 highlight areas of
FHDC1 and CLASP2 colocalization. The white arrows indicate MT-associated FHDC1 and CLASP2 codistribution. Cells
were fixed in 4% paraformaldehyde in PHEM buffer for optimal CLASP2 staining. Scale bar, 10 pm. (B) A pixel intensity
plot used to assess the colocalization of FHDC1 and CLASP2 in the region indicated by the white line in B". The pixel
intensity histogram reveals extensive colocalization of the FHDC1 and CLASP2 signals.

VSVG-GFP had moved from the Golgi to the plasma membrane in
all cells, including those with FHDC1-dispersed Golgi (Figure 9,
G-I). We also examined distribution of the lysosome marker LAMP1-
RFP and the ER marker calreticulin-GFP in untransfected and
FHDC1-expressing cells and found no obvious differences in their
distribution (Supplemental Figure S5). Thus the FHDC1-induced
Golgi fragments were still able to support trafficking from the Golgi
to the plasma membrane, the lysosome, and the ER.

FHDC1-induced Golgi dispersion is F-actin

and MT dependent

Golgi assembly and positioning relies on the coordinated action of
both the actin and MT networks, and we observed that FHDC1-
induced dispersion is both FH2 and MTBD dependent. The
FHDC1 FH2 domain, however, is able to regulate both actin and
MT dynamics (Young et al., 2008; Thurston et al., 2012). To deter-
mine whether the effects of FHDC1 expression on Golgi assembly
are actin dependent, we tested the effects of the actin-disrupting
drug latrunculin B (LatB) on FHDC1-induced Golgi dispersion.
FHDC1-expressing cells were fixed after 120 min of treatment with
2 uM LatB, and the effects on actin assembly and Golgi morphol-
ogy were determined by immunofluorescence. In control mCherry-
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expressing cells, LatB treatment altered ribbon morphology and
induced the formation of perinuclear Golgi clusters (Figure 10, A
and B), as observed previously (Lazaro-Dieguez et al., 2006; Zilber-
man et al., 2011). Similar effects were observed in FHDC1-express-
ing cells, for which LatB treatment reversed FHDC1-induced Golgi
dispersion and resulted in the reassembly of perinuclear Golgi
clusters (Figure 10, D and E). This suggests that the effects of
FHDC1 are actin dependent, consistent with the results obtained
with the [180A mutant.

The data in Figures 2-6 suggest that FHDC1 may preferentially
associate with Golgi-derived MTs; however, the FHDC1 overexpres-
sion phenotype could also be caused by disrupting the connection
between the Golgi ribbon and the centrosome-derived MT network
(Miller et al., 2009; Yadav et al., 2009). We thus wished to determine
whether or not either of these two networks is required for the ef-
fects of FHDC1 on Golgi assembly. To determine whether FHDC1-
induced dispersion was dependent on the centrosome-derived MT
network, we expressed FHDC1 in centrinone-treated cells and as-
sessed the effects on Golgi assembly. In both control and centro-
some-depleted cells, FHDC1 induced Golgi dispersion in >90% of
transfected cells (Figure 11), suggesting that the effects of FHDC1
are not centrosome dependent.
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Assembly of the Golgi-derived MT network requires the GM130-
dependent recruitment of AKAP450 to the cis-Golgi, which in turn
recruits the y-TuRC MT-nucleating complex to allow assembly of
Golgi-derived MTs (Rivero et al., 2009; Roubin et al., 2013; Rios,
2014; Petry and Vale, 2015). Knockdown of GM130 expression
should therefore selectively inhibit MT nucleation at the cis-Golgi
while leaving the Golgi ribbon and the centrosome-derived MT net-
work largely intact. We therefore examined the effects of GM130
depletion on FHDC1 function and subcellular localization. We trans-
fected cells with GM130-targeted siRNA or control duplex and as-
sessed the efficiency of GM130 depletion by immunoblotting and
immunofluorescence (Figure 12, D and F, and Supplemental Figure
S6). In control cells, endogenous FHDC1 was associated with cyto-
plasmic MTs and concentrated at the Golgi as before (Figure 12A).
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The depletion of GM130, however, caused a distinct reduction in
filamentous FHDC1 staining despite the presence of abundant cyto-
plasmic MTs (Figure 12B and Supplemental Figure Sé, A and B). In-
deed, the FHDC1 distribution was very similar to that seen in cells
recovering from nocodazole treatment in the presence of BFA
(Figure 4 and Supplemental Figure S2). GM130 depletion did not
affect FHDC1 expression levels as assessed by immunoblotting
(Figure 12F and Supplemental Figure S6G).

Depletion of GM130 also inhibited the ability of FHDC1 expres-
sion to induce Golgi dispersion. In control cells, as before, FHDC1
expression induced Golgi dispersion, and intact perinuclear Golgi
ribbons were observed in <10% of FHDC1-expressing cells (Figure
12, C and E). In GM130-depleted cells, giantin staining was used to
visualize the Golgi. In these cells, the Golgi appeared somewhat
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fragmented but retained its perinuclear position (Figure 12D). De-
spite this fragmentation, knockdown of GM130 expression actually
protected the Golgi from the effects of FHDC1; in GM-130 depleted
cells, normal Golgi ribbons were observed in >30% of transfected
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VSVG-GFP

DISCUSSION

Our findings indicate that FHDC1 likely acts at the Golgi-derived
MT network to regulate Golgi assembly. Golgi-derived MTs are
highly acetylated (Thyberg and Moskalewski, 1993), and, as noted

cells expressing FHDC1. GM130 knockdown
had no effect on the ability of FHDC1 to in-
duce MT acetylation (Supplemental Figure
S6, C-E), consistent with previous reports
that loss of the Golgi-derived MT network
does not affect acetylation of non-Golgi MTs
(Rivero et al., 2009). This suggests that
FHDC1 activity was not generally inhibited in
GM130-depleted cells and that the centro-
some-derived MT network remains intact
(Figure 12B). We also found that GM130
depletion neither enhanced nor suppressed
the effects on Golgi dispersion of an FHDC1
derivative lacking the MTBD (FHDC1.958N;
Figure 12E). This is consistent with the pro-
tective effects of GM130 depletion being
dependent on the loss of Golgi-derived
MTs. Together these data point to a model
in which the ability of FHDC1 to affect Golgi
morphology depends on its ability to bind to
the Golgi-derived MT network and to actin
filaments. In support of this model, we find
that the full-length FHDC1 protein is able to
bind directly to both F-actin and MTs in vitro
(Supplemental Figure S7).

FHDC1 depletion inhibits Golgi
assembly

Given the dramatic effect that FHDC1 ex-
pression has on Golgi morphology, we
sought to determine whether FHDC1 activ-
ity is required for Golgi ribbon formation.
We transfected NIH 3T3 cells with control
siRNA duplexes or duplexes targeting
FHDC1. The efficiency of FHDC1 knock-
down was assessed by immunoblotting
(Figure 13F), and the effects on Golgi mor-
phology were determined by immunofluo-
rescence, using GM130 as a Golgi marker.
As expected, a normal perinuclear Golgi
ribbon was observed in the majority of con-
trol cells (Figure 13, A and E). In contrast,
major defects in Golgi assembly were ob-
served in >80% of cells transfected with the
FHDC1 siRNA duplex. The defects fell into
three categories: cytoplasmic Golgi disper-
sion (Figure 13B), perinuclear compact
Golgi circles (Figure 13C), and a diverse
group of fragmented Golgi structures
(Figure 13D). Knockdown of FHDC1 with a
second siRNA duplex yielded similar results
(Figure 13E). Each of these phenotypes is
consistent with defects in the function of the
Golgi-derived MT network during Golgi as-
sembly (Miller et al., 2009; Vinogradova
et al., 2012), which suggests that FHDC1
plays an important role in this process.

Molecular Biology of the Cell



E 100

®  ©
o o

-~
o

Cherry
= FHDC1

% dispersed golgi (transfected cells)
- n w H (% [}
o o o o o

o

o

- LatB + LatB

Latrunculin B inhibits FHDC1-induced Golgi dispersion.
mCherry (red in merged image)-expressing cells were treated with
(A) vehicle (-LatB) or (B) 2 pM latrunculin B (+LatB) for 2 h to disrupt
the F-actin network as detected by phalloidin staining (green in
merged image). The effects on Golgi morphology were assessed by
immunofluorescence using anti-GM130 (cyan in merge). (C) FHDC1
expression (red in merge) induces actin stress fiber formation and
Golgi dispersion in vehicle-treated cells. (D) LatB treatment reverses
the effects of FHDC1 expression and induces the formation of
perinuclear Golgi clusters similar to control and untransfected cells.
(E) Quantification of data in A-D. Scale bar, 10 ym.

previously, FHDC1 preferentially associates with acetylated MTs
(Young et al., 2008). We find that the endogenous FHDC1 protein
accumulates on MTs in close association with the Golgi ribbon. This
association is also observed during recovery from nocodazole treat-
ment at cytoplasmic Golgi clusters. These clusters likely represent
late G phase of Golgi assembly as Golgi-derived MTs are reformed
(Miller et al., 2009), suggesting that FHDC1 is recruited to nascent
Golgi-derived MTs. Similar results were obtained in spreading cells,
where FHDC1 first accumulates at the Golgi and is largely absent
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from the abundant cytoplasmic microtubules present in newly at-
tached cells. Conversely, in BFA-treated cells, the association of
FHDC1 with MTs is reduced, and BFA treatment largely prevents the
reassociation of FHDC1 with MTs during recovery from nocodazole
treatment. Consistent with the effects of BFA on MT binding by
FHDC1, we find that endogenous FHDC1 is efficiently recruited to
MTs in centrosome-depleted cells, but MT binding is reduced in
GM130-knockdown cells, where Golgi-derived MT formation should
be inhibited (Rivero et al., 2009; Rios, 2014). Two major phenotypes
were observed in FHDC1-depleted cells: Golgi dispersion and for-
mation of compact Golgi circles. Both of these are consistent with
defects in the G phase of Golgi assembly as observed either during
recovery from nocodazole treatment (Miller et al., 2009) or during
postmitotic Golgi reassembly (Vinogradova et al., 2012; Maia et al.,
2013).

As with FHDC1 depletion, FHDC1 overexpression also has major
effects on Golgi structure. Expression of the full-length FHDC1 pro-
tein induces Golgi dispersion. The dispersed Golgi fragments most
likely represent Golgi ministacks and are still able to support most
aspects of Golgi trafficking. It is unlikely that FHDC1-induced dis-
persion arises as a secondary effect of FHDC1-induced changes in
MT dynamics. First, there is no correlation between the ability of
FHDC1 to induce MT acetylation and the ability to induce Golgi
dispersion. All of the tested FHDC1 derivatives induce MT acetyla-
tion to a similar extent (Young et al., 2008; Thurston et al., 2012), but
only the full-length protein induces dispersion. Second, dispersion
is unrelated to effects on MT stability: the isolated FHDC1 MTBD is
a much more effective inducer of MT stabilization than the full-
length protein (Young et al., 2008), yet expression of the isolated
MTBD does not induce Golgi dispersion.

We also found that FH2 activity is required for the effects of
FHDC1 on Golgi assembly and that these effects are actin depen-
dent. It is not clear how FHDC1-induced changes in actin dynamics
induce dispersion directly. Previous studies suggested that F-actin
formation would be expected to induce Golgi compaction (Lazaro-
Dieguez et al., 2006) rather than the dispersion we observe with
FHDC1 expression. In addition, expression of either full-length
FHDC1 or the 958N deletion derivative is sufficient to induce exten-
sive thin stress fiber formation (Young et al., 2008), but 958N expres-
sion has only minimal effects on Golgi dispersion.

We propose that FHDC1-induced Golgi dispersion is not a sim-
ple consequence of disrupting normal actin or MT dynamics. In-
stead, FHDC1 expression disrupts a specific connection between
Golgi, actin filaments, and the Golgi-derived MT network. This is
consistent with the protective effect that GM130 knockdown has on
FHDC1-induced Golgi dispersion. GM130 depletion should inhibit
the nucleation of Golgi-derived MTs and would therefore remove
the proposed site of FHDC1 action. In agreement with this model,
we find that loss of GM130 does not modify the effects of
FHDC1.958N expression on Golgi morphology. The 958N deriva-
tive lacks the MTBD, and therefore its activity should be unaffected
by loss of Golgi-derived MTs, precisely as observed. It is likely that
the overexpressed FHDC1 protein is able to bind both Golgi- and
centrosome-derived MTs (Young et al., 2008), and our data do not
exclude additional FHDC1 functions at centrosome-derived MTs,
which may also be affected by GM130 knockdown (Kodani and
Sutterlin, 2008; Kodani et al., 2009). GM130 depletion does not af-
fect the ability of FHDC1 to induce MT acetylation, and thus not all
aspects of FHDC1 activity are affected by the loss of GM130. Given
that the loss of Golgi-derived MTs does not affect the acetylation of
centrosome-derived MTs (Rivero et al., 2009) this suggests that the
centrosome-derived MT network is still intact in GM130-depleted
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cells but does not contribute significantly to the effects of FHDC1
on Golgi assembly. This is entirely consistent with the observation
that centrosome depletion does not affect FHDC1-induced Golgi
dispersion.

Our results therefore point to a specific function for FHDC1 at
the Golgi-derived MT network during Golgi assembly. We favor a
model in which FHDC1 acts as a cytoskeletal bridging factor re-
quired to promote the stability of Golgi-derived MTs by coordinat-
ing actin and MT dynamics (Rodriguez et al., 2003; Gundersen
et al., 2004; Dippold et al., 2009). In this scenario, FHDC1 would be
recruited to the Golgi-derived MT network at the cis-Golgi, where it
acts in an actin-dependent manner to stabilize the nascent MTs as
they are handed over from the GM130/AKAP450/y-TuRC complex
at the cis-Golgi to GCC185/CLASP proteins at the trans-Golgi (Mill-
arte and Farhan, 2012; Zhu and Kaverina, 2013). Our results suggest
that FHDC1 would then remain bound to the Golgi-derived MTs as
they extend into the cytoplasm and track along actin filaments. This
model accounts for the accumulation of FHDC1 with cis-Golgi mark-
ers, the association of FHDC1 with the Golgi in spreading cells, and
the ability of brefeldin A treatment or GM130 depletion to inhibit
MT binding by FHDC1. It also accounts for the FH2/F-actin and
MTBD/MT-dependent effects of FHDC1 expression on Golgi as-
sembly and is consistent with the Golgi phenotypes observed in
FHDC1-depleted cells.

In conclusion, the assembly of a perinuclear Golgi ribbon is a
vertebrate evolutionary innovation whose function has still not been
clearly defined (Nakamura et al., 2012). FHDC1, like the Golgi rib-
bon, is also unique to the vertebrate lineage. It was proposed re-
cently that ribbon assembly is required to facilitate the efficient
transport of large cargo such as extracellular matrix (ECM) proteins
(Lavieu et al., 2014). We reported previously that FHDC1 is highly
expressed in fibroblasts (Young et al., 2008). It is therefore interest-
ing to speculate that FHDC1 activity may be of particular impor-
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tance for maintaining Golgi structure in these cells so as to assist in
their primary function of generating and secreting ECM proteins.
Our results identify a new role for FHDC1 in the assembly of the
Golgi ribbon and suggest that FHDC1 plays an important role in the
function of the Golgi-derived MT network during this process. How
endogenous FHDC1 is preferentially recruited to Golgi-derived MTs
is being investigated.

MATERIAL AND METHODS

Reagents and plasmids

Full-length FHDC1 and the 958N and 958C derivatives, as well as
the mDia1, FMNL1, and INF2 F1F2 + C derivatives, were previously
described (Young et al., 2008; Thurston et al., 2012). The FHDC1.
[180A mutation was generated by overlapping PCR to convert the
codon encoding isoleucine at position 180 to alanine. The VSV-G
reporter gene (11912; Addgene, Cambridge, MA) was previously
described (Presley et al., 1997). The following antibodies were used
in this study: mouse anti—o-tubulin (T5168; Sigma-Aldrich, Oakville,
Canada), mouse anti-GM130 (610822; BD Transduction Laborato-
ries, Mississauga, Canada), rabbit anti-giantin (ab24586; Abcam,
Toronto, Canada), mouse anti-acetylated tubulin (clone 6-11B-1;
T-6793; Sigma-Aldrich), mouse anti-FLAG (F7425; Sigma-Aldrich),
rabbit affinity-purified anti-FHDC1 (Young et al., 2008), rat anti-
CLASP2 (MAB9738; Abnova, Walnut, CA), and Alexa Fluor 488—
phalloidin (A12379; Molecular Probes, Burlington, Canada). No-
codazole (M1404; Sigma-Aldrich) and brefeldin A (B76571;
Sigma-Aldrich) were used at the indicated concentrations. Centri-
none was kindly provided by Tim Gahman (Small Molecule Discov-
ery Program, Ludwig Cancer Research, San Diego, CA).

Cell culture, transfections, and treatments

NIH 3T3 fibroblasts were obtained from the American Type Culture
Collection (ATCC, Manassas, VA) and cultured according to the
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FHDC1 and o-tubulin. In the gels shown, duplex 1 resulted in a 63% knockdown of FHDC1 protein levels relative to

untransfected cells, and duplex 2 resulted in a 51% knockdown.

supplied guidelines in DMEM (Wisent, St. Jean Baptiste, Canada)
supplemented with 10% donor bovine serum (DBS; ATCC) in 5%
CO5,. Transient transfections were performed using polyethyleni-
mine (PEl) as described previously (Young et al., 2008). Briefly,
1.5 pg of total plasmid DNA was diluted in 50 pl of OptiMEM, 5 pl
of 1 mg/ml PEl was added, and the mixture was incubated for
25-30 min at room temperature. The DNA/PEI mix was added to
cells in 1 ml of OptiMEM and left for 5 h under normal culture
conditions. At the end of 5 h, the medium was replaced with 2 ml
of the appropriate culture medium. siRNA-mediated knockdown
was performed as previously described (Young et al., 2008) with
Dicer substrate siRNA duplexes from Integrated DNA Technolo-
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gies and Dharmafect1 transfection reagent according to the sup-
plier's protocol. We used FHDC1 siRNA duplex 1, 5-GCUAUAG-
CACCAAAGAGAAAUUCCT-3" and 5-AGGAAUUUCUCUUUG-
GUGCUAUAGCAU-3’ (Young et al., 2008); duplex 2, 5-CCAUC-
GUAGAGGAUAUCUATT-3" and 5-UAGAUAUCCUCUACGAUG-
GAC-3; and GM130 siRNA duplex, 5-GCAUGUCAAGAAA-
GAGCUAGCCCGG-3’ and 5-CCGGGCUAGCUCUUUCUUGACA-
UGCUG-3'. Efficient knockdown of FHDC1 was obtained by per-
forming the initial transfection, followed by a repeat transfection
48 h later. Cells were fixed 48 h after the second transfection. For
FHDC1 expression in GM130 knockdown cells, the cells were
transfected with siRNA duplex, replated after 48 h, and transfected
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with the appropriate plasmid the next day. Cells were fixed 96 h
after the initial siRNA transfection.

Cells were treated with nocodazole for 2 h at 37°C at a final con-
centration of 2.5 pg/ml. After treatment, cells were washed five
times in ice-cold complete medium and 37°C medium and allowed
to recover for 20, 40, 60, and 120 min before fixation in methanol.
Cells were treated with brefeldin A for 5, 10, 15, 10, and 45 min at a
final concentration of 5.0 pg/ml, recovered by washing twice in
complete medium, and fixed 5, 15, 30, 60, 90, and 120 min after
inhibitor removal. In combined nocodazole/brefeldin A treatments,
cells were incubated with nocodazole (2.5 pg/ml) and brefeldin A
(5.0 pg/ml) for 2 h and then washed with ice-cold medium with or
without brefeldin A, allowed to recover at 37°C, and then fixed in
methanol at 20, 40, 60, and 120 min after removal of nocodazole.
For latrunculin B treatment, cells were treated with the drug (2 pM)
for 120 min before fixation. Cells were treated with 300 nM centri-
none for 14 d to induce centrosome depletion, as previously de-
scribed (Wong et al., 2015).

Cell-based assays

Scratch wounds were created in confluent cells using a sterile P200
pipette tip. Three wounds were created per coverslip, and cells
were fixed in methanol at 0, 1, 2, 4, and 6 h after wounding. For
spreading-cell experiments, cells were trypsinized, reseeded at
19,000 cells/cm?, and fixed in methanol 1, 2, and 4 h after plating.

The Golgi was scored as “dispersed” when the ribbon was frag-
mented into >30 units with an average fragment size of <1 ym and
there was loss of polarized distribution of the fragments. The Golgi
was scored as “intermediate” if either it was fragmented but still had
an asymmetrical perinuclear position or the ribbon was intact
(€25 subunits, 22 pm in size) but perinuclear polarity was lost. An
intact ribbon obviously located to one side of the nucleus was
scored as “normal.” To control for cell-cycle effects on Golgi mor-
phology, we included a separate mCherry-transfected control sam-
ple as a comparator. The initial quantification of the effects of FHDC1
overexpression on Golgi morphology were confirmed by a second
observer working blind with respect to the identity of the sample.

SRF reporter gene assays were performed as in Copeland et al.
(2007). Briefly, 50 ng of the SRF reporter p3D.ALuc and 0.25 g of
the transfection control reporter pMLV-LacZ were transfected for
each sample. Cells transfected with 50 ng of pEF-SRFEVP16 were
included as a positive control standard and set to 100% in each re-
porter gene experiment. After transfection, cells were incubated
overnight in DMEM plus 0.5% DBS and harvested in reporter gene
lysis buffer (Promega).

To monitor VSV-G trafficking, cells were transfected with 0.25 g
of pCDM8.1-VSVG.ts045-GFP (Presley et al., 1997) as described.
After 16 h, transfected cells were shifted to 42°C for 6 h. Cyclohexi-
mide (20 pg/ml final concentration) was added 5 min before the shift
to 32°C. The temperature shift was performed by changing to 32°C
medium also containing cycloheximide. Cells were fixed in metha-
nol at 30, 60, and 90 min after the 32°C shift.

Immunofluorescence

Cells were prepared for immunofluorescence as in Young et al.
(2008). Briefly, cells cultured on acid-washed glass coverslips were
fixed for 10 min directly in 2 ml of ice-cold methanol or 4% parafor-
maldehyde freshly prepared in PHEM (60 mM PIPES, 21 mM HEPES,
10mM EGTA, 2 mM MgCly, pH 7.0) buffer (Schliwa and van Blerkom,
1981). After fixation, the cells were permeabilized and blocked for
20 min in 0.3% Triton X-100 and 5% DBS in 1x phosphate-buffered
saline (PBS). The coverslips were washed in 1x PBS and incubated
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with the appropriate primary antibody in 0.03% Triton X-100 and 5%
DBS in 1x PBS for 1 h at room temperature. The coverslips were
washed three times in 1x PBS and then incubated with secondary
antibody in the same solution for 1 h at room temperature. After
being washed in 1x PBS, the coverslips were mounted in Vecta-
shield with 4’,6-diamidino-2-phenylindole (DAPI) and sealed with
nail polish.

Microscopy

All microscopy was performed on a Zeiss AXIO Imager.Z1 with a
Zeiss Apotome.2 structured illumination system for optical section-
ing and using a 63x (numerical aperture [NA] 1.4) oil immersion lens
or a 40x (NA 0.75) dry objective and a Zeiss AxioCam HRm camera
(60N-C 1”7 1.0X 426114) controlled with AxioVision (release 4.8.2;
Zeiss). Coverslips were mounted in Vectashield (Vector Labs) with or
without DAPI. Cy5 and Alexa Fluor 488 and 594 secondary antibod-
ies were from Jackson ImmunoResearch. Figures were prepared in
Adobe Photoshop and Adobe lllustrator.
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