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The pericentriolar stacks of Golgi cisternae are separated
from each other in G2 and fragmented extensively during
mitosis. MEK1 is required for Golgi fragmentation in G2 and
for the entry of cells into mitosis. We now report that Myt1
mediates MEK1’s effects on the Golgi complex. Knockdown
of Mytl by siRNA increased the efficiency of Golgi complex
fragmentation by mitotic cytosol in permeabilized and intact
HeLa cells. Mytl knockdown eliminated the requirement of
MEKI1 in Golgi fragmentation and alleviated the delay in
mitotic entry due to MEKI1 inhibition. The phosphorylation
of Mytl by MEKI1 requires another kinase but is indepen-
dent of RSK, Plk, and CDK1. Altogether our findings reveal
that Myt1 is inactivated by MEK1 mediated phosphorylation
to fragment the Golgi complex in G2 and for the entry of
cells into mitosis. It is known that Mytl inactivation is
required for CDK1 activation. Myt1 therefore is an important
link by which MEK1 dependent fragmentation of the Golgi
complex in G2 is connected to the CDK1 mediated break-
down of Golgi into tubules and vesicles in mitosis.
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Introduction

The pericentriolar stacks of Golgi cisternae are separated
from each other in G2 (Shima et al, 1998). The Golgi stacks
continue to fragment until metaphase and appear to be
composed of small tubules and vesicles (Jesch and Linstedt,
1998; Jokitalo et al, 2001; Axelsson and Warren, 2004; Pecot
and Malhotra, 2004). In late anaphase/telophase, the
fragmented Golgi membranes fuse and assemble into stacks
of Golgi cisternae by a process that also involves membrane
export from the ER, and finally the stacks are localized to the
pericentriolar region of the cells after cytokinesis (Lucocq
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et al, 1987; Lucocq and Warren, 1987; Colanzi et al, 2007;
Persico et al, 2009). This process thus ensures the
partitioning of Golgi membranes into daughter cells during
cell division (Shorter and Warren, 2002). Surprisingly,
inhibiting fragmentation of the Golgi complex in G2
prevents or delays entry of cells into mitosis (Sutterlin et al,
2002; Preisinger et al, 2005; Colanzi et al, 2007; Feinstein and
Linstedt, 2007).

What is the role of the pericentriolar stacks of Golgi cisternae
and why does inhibiting stack separation and dispersal arrest
cells in G2? Incubation of isolated Golgi membranes or per-
meabilized cells, with mitotic cytosol and an ATP-regenerating
system causes extensive Golgi membrane fragmentation, and
these procedures have revealed the involvement of
three different kinases: the mitogen activated kinase kinase
(MEK1), polo like kinase (Plk), and cyclin dependent
kinase CDK1 (Misteli and Warren, 1994; Acharya et al, 1998;
Lowe et al, 1998; Colanzi et al, 2000, 2003; Sutterlin et al,
2001). MEK1 and polo like kinase (Plk) are required for the
dispersal of the pericentriolar Golgi apparatus into smaller
stacks and fragments, which then breakdown into small
tubules and vesicles by a CDK1 dependent process (Lowe
et al, 1998; Kano et al, 2000; Sutterlin et al, 2001; Shorter
and Warren, 2002). A protein called Golgi matrix protein 130
(GM130) localized on the cis side of the Golgi membranes is
phosphorylated by CDK1 at Ser25 (Lowe et al, 1998). However,
new recent evidences suggest that phosphorylation of Ser25 in
GM130 is not required for Golgi membrane fragmentation and
mitotic progression (Sundaramoorthy et al, 2010). PIk binds to
the CDK1 phosphorylated Golgi membrane associated protein
GRASP65; however the net effect of this reaction on the Golgi
complex during mitosis is poorly understood (Lin et al, 2000).

MEK1 phosphorylates the Golgi membrane protein
GRASP55 (Feinstein and Linstedt, 2008). Importantly,
depletion of GRASP55 alleviates the requirement of MEK1
in the process of Golgi membrane fragmentation. The data
suggests that GRASP55 is required for connecting Golgi
stacks laterally; phosphorylation by MEKI1/Extracellular
signal-regulated kinase (ERK) inactivates the function of
GRASP55, which leads to the separation of Golgi stacks
from each other in G2 and thus the entry of cell into
mitosis (Feinstein and Linstedt, 2008). However, the
function of MEK1 in the Golgi membrane fragmentation is
also reported to be independent of its well-characterized
targets ERK1/ERK2 (Acharya et al, 1998). For example,
deletion of the N-terminal residues of MEK1 required for
binding ERK1/ERK2 does not affect its ability to fragment
Golgi membranes (Colanzi et al, 2000). There are also reports
of a specific spliced variant of ERK, ERKlc, as the target of
MEK1 dependent Golgi membrane fragmentation (Shaul and
Seger, 2000). It is likely that MEK1 has additional targets on
the Golgi membranes or that MEK1 does not directly
phosphorylate GRASPSS5 to catalyse Golgi stacks separation.
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As mentioned above, the overall breakdown of Golgi com-
plex into tubules and vesicles is mediated sequentially by
MEK1 and CDKI1, respectively. How are these events con-
nected? We have tested the hypothesis that these sequential
events are connected by the ER-Golgi complex associated
kinase called Myt1, which is expressed only in the metazoans
(Liu et al, 1997). Our assumption is based on the following
facts. Mytl phosphorylates CDK1 on Thr14 and Tyrl5
(Mueller et al, 1995) and the Mytl phosphorylated CDKI1 is
inactive (Booher et al, 1997). Inactivation of Myt1 is therefore
necessary for the activation of CDK1 and entry into mitosis.
MEKT1 is known to phosphorylate Myt1l via p90RSK (90 kDa
ribosomal S6 kinase) and this event is required for the entry
of Xenopus oocytes into meiosis (Palmer et al, 1998). We now
report that MEK1 inactivates Mytl in mammalian somatic
cells. We show that this reaction is required for the process by
which Stacks of Golgi cisternae are separated from each other
-independent of CDK1- in G2 and promote entry of cells into
mitosis. Surprisingly, the MEK1 dependent inactivation of
Mytl is RSK and CDKI1 independent. The description of our
findings on the involvement of Mytl in Golgi membrane
reorganization and mitotic entry follows.

Results

Myt1 knockdown promotes early entry into mitosis
HeLa cells were arrested in S-phase or mitosis (pre-meta-
phase) by incubation for 18 h with thymidine or nocodazole,
respectively, and the cell lysates western blotted with an anti-
Mytl antibody. Compared with S-phase cells, Myt1 in mitotic
cells migrated as a higher mol.wt polypeptide (Figure 1A).
The total cell lysate of cells arrested in mitosis was incubated
with A protein phosphatase and probed by western blotting
with an anti-Mytl antibody. Phosphatase treatment shifted
Mytl to the size observed in non-mitotic cells (Figure 1B).
This confirms the mitosis specific phosphorylation of Mytl
reported by Nishida and colleagues (Nakajima et al, 2008). To
investigate the kinetics of Mytl phosphorylation during
mitotic progression, HeLa cells were arrested in S-phase
with a double thymidine block, thymidine was then
removed and the cells placed in normal thymidine free
medium. At the indicated times, cells were lysed and the
lysates western blotted with an anti-Mytl antibody. Mytl
phosphorylation peaked at 10 h post release from the double
thymidine block, and contrary to a previous report (Nakajima
et al, 2008), Mytl was dephosphorylated and not degraded
after M-phase (Figure 1C).

Is Mytl required for mitotic entry and progression under
our experimental conditions? HeLa cells were transfected
with control and Mytl specific siRNA oligos, and the cell
lysates western blotted with an anti-Mytl antibody.
Transfection with Mytl specific siRNA oligo reduced Mytl
level by 80% compared to control cells (Figures 1D and E).
The same procedure of Mytl knockdown was repeated in
cells arrested in S-phase with a double thymidine block, the
cells were then washed to remove thymidine and incubated
in normal medium. At the indicated times, the cells were
stained with a DNA binding dye DAPI to identify mitotic cells,
and with an anti-phospho-histone H3 antibody to identify
cells in late G2-phase and in mitosis (Colanzi et al, 2007). In
control cells, a mitotic index (cells in mitosis/total number of
cells) of 25% was observed at 10 h after removal of the cells
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from S-phase block. Knockdown of Myt1 did not increase the
mitotic index, however, the peak of mitotic index was
observed at 8h post removal from the S-phase block
(Figure 1F). In other words, Mytl knockdown changed the
kinetics of entry into mitosis, and the peak of mitotic index
was observed at 8h instead of 10h. To further test the
involvement of Mytl in G2 to M-phase transition, we counted
the number of cells in late G2-phase (uncondensed DNA and
specific punctate phospho-histone H3 staining, as also shown
by Corda and colleagues (Colanzi et al, 2007)) and the total
number of cells that were in late G2 and M-phase (all the cells
that are phospho-histone H3 positive from late G2 to all the
mitotic stages). In control and Mytl siRNA transfected cells,
6h after thymidine release, 70% of phospho-histone H3
positive cells were in G2. Interestingly, 8h after thymidine
release, 40% of phospho-histone H3 positive control cells
were still in G2 whereas in Mytl knockdown cells, only 20%
of phospho-histone H3 positive cells were in G2 (Figure 1G).
These results suggested that Mytl knockdown increases the
kinetics of G2-M transition.

The role of Myt1 in the organization of Golgi complex
We investigated the role of Mytl in Golgi complex organiza-
tion and function in interphase cells. HeLa cells were trans-
fected with control or Mytl specific siRNA oligos and after
48h, the cells were fixed and visualized by fluorescence
microscopy with an anti-TGN46 (of the Trans Golgi
Network) and anti-GM130 (of the early Golgi cisternae)
antibody, respectively. Mytl knockdown did not affect the
overall organization of the Golgi complex (Figure 2A).
Moreover, fluorescence recovery after photobleaching an
area of the Golgi membranes revealed no obvious kinetic
difference between control and Mytl specific siRNA trans-
fected cells. Thus unlike the dissociation of Golgi stacks from
each other upon GRASP55 knockdown in HeLa cells
(Feinstein and Linstedt, 2008), Mytl knockdown does not
affect the lateral connexions between Golgi stacks
(Figure 2B). HeLa cells stably expressing signal sequence
and V5 tagged horseradish peroxidase (ss-HRP) were trans-
fected with control, Mytl, or SCFD1 (a Sec family domain
containing 1) specific siRNA oligos and the quantity of HRP
secreted by the cells was monitored by chemiluminescence as
described previously (von Blume et al, 2009). Knockdown of
SCFD1, which is involved in vesicular transport between the
ER and the Golgi apparatus, significantly inhibited HRP
secretion, whereas knockdown of Mytl was without any
obvious effect (Figure 2C). Altogether, these data reveal
that Mytl knockdown does not affect Golgi membrane orga-
nization and protein secretion in non-mitotic HeLa cells.
Preventing fragmentation of the pericentriolar Golgi com-
plex in G2 is known to prevent or delay entry of the cells into
mitosis (Sutterlin et al, 2002; Preisinger et al, 2005; Colanzi
et al, 2007; Feinstein and Linstedt, 2007). Is Myt1 required for
the fragmentaion of Golgi complex in G2? Control and Mytl
siRNA transfected cells stably expressing Mannosidase II
(ManlIl)-GFP were arrested in S-phase with a double
thymidine block. The cells were then washed to remove
thymidine and incubated in normal medium. After 8h, the
cells were stained with an anti-phospho-histone H3 antibody
to identify the cells in G2. We visualized the organization of
Golgi membranes in these cells stably expressing ManlI-GFP
by fluorescence microscopy. Quantitation of this data
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Figure 1 Mytl knockdown promotes early entry into mitosis. (A) HeLa cells were incubated for 18 h with DMSO (asynchronized cells),
thymidine (S-phase cells) or nocodazole (mitotic cells), and Mytl expression was analysed by western blotting the total cell lysate. Western
blotting with an anti-p-actin antibody was used as a loading control. (B) Lysates from cells synchronized in mitosis were treated with or
without A protein phosphatase and analysed by western blotting with an anti-Mytl and an anti-B-actin antibody, respectively. (C) HeLa cells
were arrested in S-phase with a double thymidine block, the cells were washed to remove thymidine and at the indicated times the total cell
lysates were western blotted with an anti-Mytl antibody. Western blotting with an anti-p-actin antibody was used as a loading control and
western blotting with an anti-cyclin-B1 antibody was used to monitor the progression of cells into mitosis. (D) HeLa cells were transfected with
control or Mytl specific siRNA oligos and after 48 and 72 h, respectively, the levels of Mytl were analysed by western blotting the total cell
lysates. Western blotting with an anti-B-actin antibody was used as a loading control. (E) Quantitation of Mytl protein upon siRNA
transfection. (F) The percentage of cells in mitosis (mitotic index) was determined by staining DNA with DAPI and an anti-phospho-histone H3
antibody at the indicated times after thymidine release for control and Myt1 siRNA transfected cells. 400 cells were counted for each time point
(mean *s.d., n=3). (G) The percentage of cells in late G2 in the total number of cells in late G2 and all stages of mitosis was determined at the
indicated times after thymidine release for control and Myt1 siRNA transfected cells. For each time point, 400 cells were counted (mean *s.d.,
n=3). Source data for this figure is available on the online supplementary information page.

revealed that the Golgi complex was fragmented in 60% of
the control cells in G2. However, 80% of the cells transfected
with Mytl siRNA had fragmented Golgi complex in G2
(Figure 2D). Mytl knockdown did not affect the Golgi mem-
brane organization in cells arrested in S-phase by thymidine
treatment (Figure 2D). Taken together these findings indicate
that Mytl knockdown by siRNA promotes Golgi membrane
fragmentation in G2.

We then tested whether Mytl was required for fragmenta-
tion of the Golgi complex in permeabilized HeLa cells in-
cubated with mitotic cytosol (Acharya et al, 1998). Briefly,
permeabilized HeLa cells stably expressing ManlIl-GFP were
incubated with cytosol prepared from HeLa cells treated with
thymidine (S-phase block) or nocodazole (pre-metaphase
block), and an ATP-regenerating system at 32°C for 1 h. The
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cells were visualized by fluorescence microscopy and
revealed extensive fragmentation of the Golgi complex in
65% of permeabilized cells incubated with mitotic cytosol
(Figure 3A).

Mytl is anchored to the cytoplasmic surface of the Golgi
membranes and the ER and we tested whether it was con-
tained in the mitotic cytosol preparation used for the frag-
mentation of the pericentriolar Golgi complex in
permeabilized HeLa cells. Permeabilized HeLa cells and the
cytosol prepared from S-phase (thymidine treated cells) and
mitotic cytosol (nocodazole treated cells) were analysed by
western blotting. Myt1 is detected in the permeabilized HeLa
cells but not in the S-phase or in the mitotic cytosol prepara-
tions (Figure 3B). Therefore, Mytl is not contained in the
S-phase or the mitotic cytosol used in our experimental
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Figure 2 Mytl knockdown does not modify Golgi organization and function in S-phase but promotes fragmentation of the Golgi complex in
late G2. (A) HeLa cells grown on coverslips were transfected with control or Myt1 specific siRNA oligos. 48 h after transfection, cells were fixed
and processed for immunofluorescence microscopy with DAPI and antibodies to GM130 and TGN46, respectively. Scale bar is 10 um. (B) HeLa
cells expressing ManlI-GFP were transfected with control or Mytl specific siRNA oligo. 48 h after transfection, the central area of the Golgi
complex was bleached and the recovery of fluorescence monitored for 400s. The fluorescence recovery was quantified as the ratio of GFP
fluorescence of the bleached and the unbleached Golgi membrane area and normalized. The rate of recovery in control and Mytl siRNA
transfected cells was plotted and shown (mean *s.d., n=3, >10 cells each). (C) The media from control, SCFD1 and Myt1 knockdown HeLa
cells stably expressing ss-HRP were used to detect HRP secretion by chemiluminescence. HRP activity in the medium was normalized to the
total HRP activity in the cell lysates (meants.d., n=3, *P<0.05). (D) Left panel. Control and Mytl siRNA transfected HeLa cells stably
expressing ManlII-GFP were arrested in S-phase with a double thymidine block. Cells were washed to remove thymidine, incubated for 8 h in
thymidine free medium, fixed and stained with an anti-phospho-histone H3 antibody and visualized by fluorescence microsopy. The images
show cells in G2. Scale bar is 10 um. Right panel. Percentage of cells with fragmented Golgi in S-phase and G2 in control and in Mytl
knockdown cells. For each condition, 200 cells on 2 different coverslips were counted (mean *s.d., n=3, *P<0.05).

procedures. We then transfected HeLa cells stably expressing cells transfected with control or Mytl specific siRNA oligos
ManlI-GFP with control and Mytl specific siRNA oligos for with serial dilutions of mitotic cytosol. After 1 h at 32°C, the
48 h. Cells were permeabilized, washed to remove cytoplas- organization of the Golgi membranes was monitored by
mic proteins, incubated with S-phase or mitotic cytosol, and fluorescence microscopy. We found that 2-fold diluted mitotic
the organization of the Golgi complex monitored by fluores- cytosol was ineffective in fragmenting Golgi complex in cells
cence microscopy. Incubation of HeLa cells transfected with transfected with control siRNA oligo. However, 4-fold diluted
control siRNA oligo and mitotic cytosol revealed fragmented mitotic cytosol fragmented Golgi membranes in cells trans-
Golgi complex in 60% of the cells. The percentage of HeLa fected with Mytl specific siRNA oligos (Figure 4B). This
cells with fragmented Golgi complex increased to almost further suggests that depletion of Myt1 increases the potency
100% in cells transfected with Mytl specific siRNA oligos of mitotic cytosol to fragment Golgi complex.

(Figure 4A). Thus knockdown of Myt1 potentiated the ability To determine whether the kinase activity of Mytl was
of mitotic cytosol to fragment Golgi complex. However, this required for fragmentation of the Golgi complex, HeLa cells
effect was mitotic cytosol specific as there was no change in were transfected with a wild type (WT) or a kinase dead (KD)
the organization of the Golgi complex in Mytl knockdown variant of Myc-Tagged Mytl. HeLa cells stably expressing
cells incubated with S-phase cytosol (Figure 4A). To further ManlI-GFP were permeabilized and incubated in the presence
ascertain the effect of Mytl knockdown on fragmentation of of an ATP-regenerating system at 32°C, for 1h with S-phase
the Golgi complex by mitotic cytosol, we incubated HeLa or mitotic cytosol, respectively. The organization of the Golgi
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Figure 3 Fragmentation of the Golgi complex with mitotic cytosol
in permeabilized cells. (A) Left panel. HeLa cells stably expressing
ManlI-GFP were grown on coverslips and incubated with thymidine
for 12h before permeabilization. Permeabilized cells were incu-
bated with an ATP-regenerating system and either KHM buffer (top
panel), S-phase cytosol (centre panel), or mitotic cytosol (bottom
panel), at 32°C for 1h. Cells were fixed and visualized by fluores-
cence microscopy. Scale bar is 10 pm. Right panel. Quantitation of
the experimental data. 200 cells on 2 different coverslips were
counted (mean*s.d., n=3, *P<0.05) for each experimental con-
dition to obtain the percentage of cells with fragmented Golgi
complex. (B) Left panel. Total cell lysate, S-phase, and mitotic
cytosol were western blotted with the antibodies shown. Right
panel. The level of the same (indicated) proteins was analysed by
western blotting the total cell lysate of non-permeabilized cells and
cells permeabilized for 1, 2 and 3 min with digitonin and washed
with 1M KCI in KHM bulffer. Source data for this figure is available
on the online supplementary information page.

membranes was monitored by fluorescence microscopy.
Transfection of the WT or the KD form of Mytl had no effect
on the organization of Golgi complex in permeabilized cells
incubated with S-phase cytosol. However, incubation of cell
expressing Myt1-WT with mitotic cytosol decreased the num-
ber of cells with fragmented Golgi complex (from 60-65% to
under 40%) whereas the expression of the KD form of Mytl
increased the number of cells with fragmented Golgi complex
to 80% (Figure 4C).

Taken together, these results strongly suggest that Mytl
inhibits fragmentation of the Golgi complex by mitotic
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cytosol; its knockdown, or overexpression of a KD form,
increases the efficiency of this reaction.

MEKT1 regulates Golgi membrane fragmentation via
Myt1

Plk is known to phosphorylate and inactivate Mytl
(Nakajima et al, 2003; Inoue and Sagata, 2005). Is Mytl
involved in Plk dependent Golgi complex fragmentation by
mitotic cytosol? We depleted Plk from mitotic cytosol by
immunoadsorption with an anti-Plk antibody. This
procedure resulted in greater than 70% depletion of Plk
from the mitotic cytosol (Figure 5A and B). Permeabilized
HeLa cells were incubated with control or Plk-depleted
mitotic cytosol and after 1h incubation at 32°C, in the
presence of an ATP- regenerating system visualized by fluor-
escence microscopy. Incubation of permeabilized cells with
Plk-depleted mitotic cytosol significantly inhibited fragmen-
tation of the Golgi complex (Figure 5C). We then tested the
effect of Mytl knockdown on Plk dependent Golgi complex
fragmentation. HeLa cells were transfected with control or
Mytl specific siRNA oligos as described above and the cells
were incubated with either control or Plk-depleted mitotic
cytosol. Fluorescence microscopy revealed that knockdown
of Mytl did not alleviate the requirement of Plk for the
mitotic cytosol dependent Golgi complex fragmentation
(Figure SD). This suggests that Myt 1 is not downstream of
the Plk mediated Golgi fragmentation process.

Is Mytl required for MEK1 dependent Golgi complex
fragmentation by mitotic cytosol? Permeabilized HeLa cells
were incubated with mitotic cytosol in the presence of DMSO
(control), the MEK1 inhibitor PD98058 (PD) or U0126, the
RSK inhibitor SL0101 or BI-D1870, and the CDK1 inhibitor
olomoucine or RO-3306. The inhibitory activity of these
chemicals on their respective kinases was confirmed and
shown in Supplementary Figure S1. After 1h of incubation
at 32°C, in the presence of an ATP-regenerating system, the
cells were visualized by fluorescence microscopy. PD or
U0126 treatment inhibited fragmentation of the Golgi
complex in 75% of the cells (Figure 6A and Supplementary
Figure S2). This confirms our previous findings that MEK1 is
required for mitotic cytosol dependent Golgi complex frag-
mentation (Acharya et al, 1998; Colanzi et al, 2000, 2003).
RSK inhibitor SL0101 or BI-D1870 did not block Golgi
complex fragmentation by mitotic cytosol. This suggests
that RSK, which is required for MEK1 dependent Mytl
phosphorylation (and its inactivation in Xenopus egg
extracts (Palmer et al, 1998)) is not important for the
fragmentation of Golgi complex (Figure 6A and
Supplementary Figure S2). The CDK1 inhibitor olomoucine
or RO-3306 was ineffective in mitotic cytosol dependent
fragmentation of Golgi complex to the extent reconstituted
in our assay as also reported previously (Figure 6A and
Supplementary Figure S2) (Colanzi et al, 2000).

What is the effect of Mytl knockdown on PD dependent
inhibition of Golgi complex fragmentation? HelLa cells were
transfected with control or Mytl specific siRNA oligos as
describe above. These cells were then permeabilized, washed
and incubated with mitotic cytosol and either DMSO or PD
for 1 h at 32°C and visualized by fluorescence microscopy. In
cells transfected with control siRNA oligo, PD inhibited Golgi
complex fragmentation by mitotic cytosol. Myt1 knockdown,
on the other hand, annulled the inhibitory effect of PD on

©2013 European Molecular Biology Organization
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Figure 4 Mytl inactivation promotes fragmentation of the Golgi complex. (A) Left panel. HeLa cells stably expressing ManlI-GFP were
transfected with control or Mytl specific siRNA oligo. After incubation with thymidine for 12 h, cells were permeabilized, salt-washed and
incubated with S-phase cytosol (top panel) or mitotic cytosol (bottom panel), and visualized by fluorescence microscopy. Scale bar is 40 pm.
Right panel. Percentage of cells with fragmented Golgi upon incubation with S-phase or mitotic cytosol in control and in Myt1 knockdown cells.
For each condition, 200 cells on 2 different coverslips were counted (mean *s.d., n=3, *P<0.05). (B) HeLa cells stably expressing ManII-GFP
were transfected with control or Myt1 specific siRNA oligo. After incubation with thymidine for 12 h, permeabilized and salt-washed cells were
incubated with KHM buffer, S-phase cytosol, or serial dilutions of mitotic cytosol. The organization of Golgi membranes was analysed by
fluorescence microscopy. Scale bar is 20 pm. (C) Left panel. HeLa cells stably expressing ManlI-GFP were transfected with Myc-Myt1 wild type
(WT) plasmid and Myc-Mytl kinase dead (KD) plasmid. After incubation with thymidine for 12 h, permeabilized and salt-washed cells were
incubated with S-phase cytosol (top panel) or with mitotic cytosol (bottom panel) and visualized by fluorescence microscopy. Transfected cells
were identified by staining with an anti-Myc antibody. Scale bar is 15um. Right panel. Percentage of cells with fragmented Golgi upon
incubation with S-phase or mitotic cytosol in untransfected cells, cells expressing Myc-Mytl WT, or Myc-Myt1 KD. For each condition, 200 cells
on 2 different coverslips were counted (mean +s.d., n=3, *P<0.05).

Golgi complex fragmentation (Figure 6B). Does Mytl knock-
down affect PD dependent inhibition of Golgi complex frag-
mentation in intact cells in G2? Control and Mytl siRNA
transfected cells were arrested in S-phase with a double
thymidine block. The cells were then washed to remove
thymidine and incubated in normal medium with either
DMSO or PD. Eight hours after release, cells were stained
with an anti-phospho-histone H3 antibody to identify and
quantitate cells in G2. In these cells, PD inhibited Golgi
complex fragmentation in cells transfected with control

©2013 European Molecular Biology Organization

siRNA oligo. However, Mytl knockdown abrogated the
inhibitory effect of PD on Golgi complex fragmentation
(Figure 6C). Altogther the data derived from permeabilized
and intact cells implies that Mytl depletion alleviates the
need of MEKI in fragmentation of Golgi complex.

MEK1 regulates entry into the mitosis through Myt1

Transfection of HeLa cells with MEK1 specific siRNA oligos
reduced MEK1 levels by 80% compared with control siRNA
transfected cells (Figures 7A and B). We used this procedure
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Figure 5 Plk does not regulate fragmentation of the Golgi complex via Myt1. (A) Mock and Plk-depleted mitotic cytosol were western blotted
with an anti-Plk antibody. Western blotting with an anti-CDK1 antibody was used as a loading control. (B) Quantification of Plk levels in
mitotic cytosol upon immunodepletion. (C) Left panel. After incubation with thymidine for 12 h, permeabilized and salt-washed cells were
incubated with mock or Plk-depleted mitotic cytosol, and an ATP-regenerating system for 1 h at 32°C. The organization of the Golgi membranes
was visualized by fluorescence microscopy. Scale bar is 10 pm. Right panel. Percentage of cells with fragmented Golgi upon incubation with
mock or Plk-depleted mitotic cytosol. For each condition, 200 cells were counted on 2 different coverslips (mean ts.d., n=3, *P<0.05).
(D) Left panel. HeLa cells stably expressing ManlI-GFP were transfected with control or Myt1 specific siRNA oligo, and after incubation with
thymidine for 12 h, permeabilized and salt-washed cells were incubated with mock or Plk-depleted mitotic cytosol and an ATP-regenerating
system. The organization of the Golgi membranes was visualized by fluorescence microscopy. Scale bar is 10 um. Right panel. Percentage of
cells with fragmented Golgi in the experimental conditions describe above. For each condition, 200 cells were counted on 2 different coverslips
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(mean+s.d., n=3, *P<0.05).

to knockdown MEKI1 in HeLa cells arrested in S-phase with a
double thymidine block. In a parallel experiment, HeLa cells
arrested in S-phase were treated with DMSO or PD. The cells
were washed to remove thymidine and incubated in normal
medium. At the indicated times the cells were stained with
DAPI (to identify mitotic cells) and with an anti-phospho-
histone H3 antibody to identify cells in late G2-phase and in
mitosis (Colanzi et al, 2007). In control cells, cells transfected
with control siRNA, or treated with DMSO, a mitotic index
(cells in mitosis/total number of cells) of 25% was observed
at 10h after removal of the cells from the S-phase block.
Knockdown of MEKI1 or its inhibition with PD delayed the
peak mitotic index by 2h compared with control cells
(Figures 7C and D). Under these experimental conditions,
the analysis of cells in G2 showed that in PD treated cells, the

VOL 32 | NO 1] 2013

kinetic of transition from G2 to M-phase was delayed com-
pared with DMSO treated cells (Figure 7E). As described
above, knockdown of Mytl accelerates the peak of mitotic
index by 2 h (from 10 to 8 h. Figure 1F). We tested the effect of
Mytl knockdown on the delay in mitotic index observed
upon MEK1 knockdown or its inhibition by PD. HeLa cells
were arrested in S-phase and transfected with MEK1 specific
siRNA oligos or incubated with PD to inactivate MEKI.
The cells were then transfected with control or Myt1 specific
siRNA oligos. These cells were then washed to relieve the
S-phase block and incubated in normal medium. At the
indicated times, the mitotic index was determined by staining
cells with DAPI and an anti-phospho-histone H3 antibody.
The results show that the delay of entry into mitosis due to
MEKI1 inhibition was annulled by the knockdown of Mytl

©2013 European Molecular Biology Organization



MEK1 inactivates Myt1 in mammalian cells
J Villeneuve et al

A DMSO PD98059 *
80 ~ -
3|1 [
g |
3 60 -
c
[0}
1S
g 40 -
£
Rsk inhibitor Olomoucine 2 T
2 20 A
[0}
o
2
0 T T : )
DMSO PD98059 SL0101 Olomoucine
B DMSO PD98059
100 - O DMSO
B PD98059 1
§ *
siCTRL 8 80 -
3 1
5
g 60 -
(2]
g
£ 40 1
2
2
siMyt1 & 20 -
2
0
siCTRL siMyt1
C DMSO PD98059
100 ~
0O DMSO
W PD98059
.. : 1
siCTRL -
60 4

Manll-GFP Manll-GFP

£ 401
20 1
O 1 |
| [LEUREtE SICTRL siMytt
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(Figures 7F and G). Similarly, knockdown of Myt1 alleviated
the G2/M-phase transition delay induced by PD treatment
(Figure 7H). Altogether, these results provide strong evidence
that Myt1 is downstream in the MEK1 dependent fragmenta-
tion of the Golgi complex and the entry of cells into mitosis.

©2013 European Molecular Biology Organization

MEKT1 is required for Myt1 phosphorylation

HeLa cells arrested in S-phase or mitosis by incubation for
18 h with thymidine or nocodazole, respectively, were incu-
bated with either DMSO (control) or PD (MEK1 inhibitor).
HeLa cells were lysed and the cell lysates western blotted
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Figure 7 MEKI1 regulates mitotic entry via Mytl. (A) HeLa cells were transfected with control or MEK1 specific siRNA oligos and after 48 h the
level of MEK1 depletion was evaluated by western blotting the total cell lysates. Western blotting with an anti-B-actin antibody was used as a
loading control. (B) Quantification of the MEK1 levels upon siRNA transfection. (C and D) The mitotic index was determined at the indicated
times after thymidine release for control and MEK1 siRNA transfected cells (C) and DMSO and PD treated cells (D). (E) The percentage of cells
in late G2 in the total number of cells in late G2 and all stages of mitosis was determined at the indicated times after thymidine release for
DMSO and PD treated cells. For each time point, 400 cells were counted (mean +s.d., n=3). (Fand G) To test the effect of Mytl knockdown on
the delay in mitotic entry induced by MEK1 downregulation, the mitotic index was calculated at the indicated times after thymidine release for
control and Myt1 siRNA transfected cells, in cells transfected with MEK1 siRNA (F) or treated with PD (G). (H) The percentage of cells in late
G2 in the total number of cells in late G2 and all stages of mitosis was determined at the indicated times after thymidine release for control and
Mytl siRNA transfected cells, in cells treated with PD. For each time point, 400 cells were counted (mean +s.d., n=3). Source data for this
figure is available on the online supplementary information page.

with an anti-Myt1 antibody. The mitosis specific Myt1l phos- blotted with an anti-Mytl, anti-phospho-CDK1, and anti-
phorylation was inhibited by PD treatment indicating the phospho-histone H3 specific antibody, respectively.
involvement of MEKI1 in this process (Figure 8A). To further Knockdown of MEKI1 caused a 2h delay in the peak of
ascertain the role of MEK1 in Mytl phosphorylation, HeLa Mytl  phosphorylation  during mitotic  progression
cells were arrested in S-phase, then washed to remove (Figure 8C). Mytl is known to inactivate CDK1 and we
thymidine and cultured in thymidine free medium in the therefore tested whether the delay in Mytl phosphorylation
absence or the presence of PD. The cells were then collected affected CDK1 activation. In DMSO treated cells or control
at the indicated times and western blotted with an anti-Myt1, siRNA transfected cells, the peak of Mytl phosphorylation
anti-phospho-CDK1, and anti-phospho-histone H3 specific coincided with CDK1 activation as monitored by dephosphor-
antibody, respectively. In DMSO treated cells, Mytl phos- ylation of Tyrl5 and the phosphorylation of Histone H3.
phorylation peaked at 10h post thymidine release. In PD In PD treated cells or MEK1 siRNA transfected cells, the
treated cells, Mytl phosphorylation peaked at 12h post delay in Mytl phosphorylation coincided with a delay in
thymidine release (Figure 8B). We repeated the same experi- CDK1 inactivation and phosphorylation of Histone H3
ment but instead of inhibiting MEK1 with PD, the cells were (Figures 8B and C). These results indicate that MEKI
transfected with MEK1 specific siRNA oligos to knockdown mediated Mytl phosphorylation affects CDK1 activation,
MEKI1. The cells were released from the S-phase and at the and therefore likely to inhibit CDK1 dependent downstream
indicated times collected, lysed, and the cells lysates western mitotic events.
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Figure 8 MEKI is required for Mytl phosphorylation. (A) HeLa cells were incubated 18h with DMSO (asynchronized cells), thymidine
(S-phase cells) or nocodazole (mitotic cells), with or without PD, and Mytl phosphorylation monitored by western blotting the total cell
lysates. Western blotting with an anti-B-actin antibody was used as a loading control. (B) HeLa cells were arrested in S-phase with double
thymidine block, washed to remove thymidine, and incubated with DMSO or PD. At the indicated times, the cell lysates were western blotted
with antibodies to Myt1l, CDK1 (pY15), Histone H3 (pSer10) and B-actin. (C) HeLa cells transfected with control or MEK]1 specific siRNA oligos
were arrested in S-phase with double thymidine block, washed to remove thymidine, and at the indicated times, the cell lysates were western
blotted with antibodies to Mytl, CDK1 (pY15), Histone H3 (pSer10) and B-actin. (D) Total cell lysate, S-phase and mitotic cytosol, and Golgi
membrane preparation was western blotted with antibodies to TGN46, Myt1 and MEK]1. (E) Isolated Golgi membranes were incubated for 1 h at
37 °C with S-phase or mitotic cytosol preincubated with DMSO, PD, SL0101 or olomoucine, and an ATP-regenerating system. The reaction was
terminated by the addition of an excess of cold KHM buffer supplemented with phosphatase inhibitors. The Golgi membranes were collected by
ultracentrifugation, resuspended in the SDS sample buffer and western blotted with an anti-Myt1l antibody. Western blotting of the same
preparation with an anti-TGN46 antibody was used as a loading control. Source data for this figure is available on the online supplementary
information page.

We tested the requirement of MEK1 for Myt1 phosphoryla- the fragmentatoin of the Golgi complex by mitotic cytosol
tion in vitro. Western blotting isolated Golgi membranes (Figure 6A and Supplementary Figure S2). It is therefore
(from interphase cells), S-phase and mitotic cytosol with an unlikely that RSK is involved in mitotic cytosol dependent
anti-Myt1l and MEKI1 antibody revealed the presence of Myt1 Mytl phosphorylation in the events leading to the fragmenta-
but not MEK1 in the Golgi membrane fraction. MEK1 on the tion of the Golgi complex.
other hand was present only in the cytosol preparations The finding that PD inhibited Mytl phosphorylation
(Figure 8D). Golgi membranes isolated from HeLa cells prompted us to test whether MEK1 was directly involved in
were incubated with MEK1 containing S-phase or mitotic this reaction. We purified recombinant wild type (WT) and
cytosol in the presence of DMSO, PD, RSK inhibitor SL0101, or kinase dead (KD) Mytl, and constitutively active (CA) and
the CDK1 inhibitor olomoucine, and an ATP-regenerating kinase dead (KD) MEKI1. The activity of recombinant MEK1
system for 1h at 37°C. The reactions were terminated by proteins was tested by their ability to phosphorylate ERK2
the addition of excess of cold buffer containing phosphatase (Figure 9A, left panel). Myt1 undergoes autophosphorylation
inhibitor, the membranes collected by centrifugation and (Figure 9B), and in silico analysis has revealed that Mytl
western blotted with an anti-Mytl antibody. The results contains 32 potential phosphorylation sites. Recombinant
reveal that Mytl in the Golgi membrane fraction is phos- WT or KD-Mytl was incubated with MEK1-CA, or MEKI1-
phorylated by mitotic cytosol and this event is inhibited by KD with y-(**P) ATP at 30°C for 30 min. The samples were
treatment with PD and RSK inhibitor (Figure 8E). While RSK then analysed by SDS-PAGE followed by autoradiography
inhibitor blocked Myt1l phosphorylation, it had no effect on and reveal that recombinant MEK1 does not directly
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Figure 9 Mytl is not directly phosphorylated by MEK1 in vitro. (A) 500

ng of recombinant 6-His-tagged MEK1 proteins (constitutively active,

CA; kinase dead, KD) (Left panels), and 500 ng of FLAG-tagged MEK1 proteins purified from S-phase and mitotic cells (Right panels) were

incubated with 1 pg of recombinant ERK2 protein in the presence of y-(*?

P)ATP for 30 min at 30°C. The reactions were stopped by the addition

of SDS sample buffer and analysed by SDS/PAGE. Coomassie blue staining and the autoradiogram of the gels are shown. (B) 500ng
recombinant 6-His-tagged MEK1 proteins (CA and KD form) (Left panels) and 500 ng of FLAG-tagged MEK]1 proteins purified from S-phase and
mitotic cells (Right panels) were incubated with 1pg of GST-tagged Mytl proteins (wild type, WT; kinase dead, KD) in the presence of
v-(3*P)ATP for 30 min at 30°C. The reactions were stopped by the addition of SDS sample buffer and analysed by SDS/PAGE. Coomassie blue

staining and the autoradiogram of the gels are shown.

phosphorylate Myt1 (Figure 9B, Left panel). It is reported that
the activity is MEKI1 is specifically regulated during mitosis

(Colanzi et al, 2003; Harding et al, 2003). We
therefore tested whether MEK1 isolated from mitotic
cytosol phosphorylates Mytl directly. MEKI was

immunoprecipitated from S-phase and mitotic cytosol and
incubated with ERK2 (Figure 9A, right panel) or with recom-
binant WT or KD-Myt1 in the presence of y-(3*P)ATP at 30°C
for 30min (Figure 9B, Right panel). The reaction mixtures
were analysed by SDS-PAGE and the radiolabeled polypep-
tides visualized by autoradiography. We did not observe any
obvious shift or an increase in the amount of radioactivity
incorporated into Mytl by mitotic MEK1 compared with
S-phase MEK1 (Figure 9B, Right panel). We then tested
whether MEK1 required ERK2 to phosphorylate Mytl.
MEK1 was immunoprecipitated from mitotic cytosol and
incubated with recombinant pure ERK2 and recombinant
KD-Mytl in the presence of y-(**P)ATP at 30°C for 30 min.
The samples were then analysed by SDS-PAGE followed by
autoradiography and our results show that ERK2 does not
phosphorylate Mytl (Supplementary Figure S3). Altogether,
these results suggest that MEK1 mediated phosphorylation of
Mytl is not via ERK2, Plk, RSK or CDKI.

GRASP5S5, a Golgi membrane associated protein is phos-
phorylated by MEK1/ERK2 (Jesch et al, 2001). We tested
whether MEK1/ERK2-mediated GRASP55 phosphorylation
during  mitosis  required = Mytl.  GRASP55  was
immunoprecipitated from HeLa cells synchronized in
S-phase (thymidine-treated cells) or mitosis (nocodazole-
treated cells). Then, using the mitotic phosphoprotein
monoclonal-2 (MPM-2) antibody, which recognizes a Ser/
Thr-phospho epitope, we tested whether GRASP55 reacted
with the MPM-2 antibody as reported by Linstedt and
colleagues (Jesch et al, 2001). As shown in Supplementary

The EMBO Journal VOL 32 | NO 1] 2013

Figure S4A, GRASP55 immunoprecipitated from mitotic cells
was strongly MPM-2 reactive. GRASP55 immunoprecipitated
from S-phase synchronized cells did not show a detectable
signal with MPM-2 antibody. Treatment with the MEK1
inhibitor PD reduced the phosphorylation of GRASPS5S in
mitotic cells as revealed by the decreased reactivity with
MPM-2 antibody (Supplementary Figure S4A). In order to
determine whether Mytl activity was required for the
GRASP55 phosphorylation by MEK1, HeLa cells were trans-
fected with control or Mytl specific siRNA oligos and syn-
chronized in mitosis by nocodazole treatment in the presence
or absence of PD. The downregulation of Myt1 did not affect
the MPM-2 reactivity of GRASP55 immunoprecipitated from
mitotic cells (Supplementary Figure S4B), suggesting that
MEK1 mediated GRASP55 phosphorylation in mitotic cells
is not mediated by Myt1.

Discussion

In the mammalian cells, the pericentriolar stacks of Golgi
cisternae are separated from each other and dispersed in the
cytoplasm. This change is evident in G2 and first reported by
Warren and colleagues (Shima et al, 1998). The cells then
enter in mitosis and the stacks are broken into small tubules
and vesicles. Understanding the mechanism and the reason
for the G2 and mitosis specific changes in Golgi organization
are of fundamental importance, and our new findings provide
important insights into these two challenges as discussed
below.

The first step (separation of Golgi stacks from each other
and their dispersal from the pericentriolar region) is mediated
by MEK1 and Plk. CDKI1 is required for the second step by
which the stacks are converted into small tubules and
vesicles (Kano et al, 2000). Our new findings reveal the

©2013 European Molecular Biology Organization



involvement of Mytl in the MEK1 dependent event, which
occurs in G2. Loss of Mytl promotes the fragmentation of the
Golgi complex in G2 and the entry of cells into mitosis.
Depletion of Mytl alleviates the dependence on MEKI1 for
the purpose of Golgi fragmentation and it also abrogates the
delay in mitotic entry produced by the knockdown or
inactivation of MEK1. Mytl therefore is a negative regulator
of Golgi fragmentation in G2 and of the process by which the
pericentriolar organization of the Golgi membranes controls
entry of cell into mitosis.

It is important to note that the MEK1-Mytl1 effects on the
Golgi fragmentation are independent of CDK1 and the chal-
lenge now is to identify the target(s) of Mytl on Golgi
membranes. It is known that inactivation of Myt1 is required
for the activation of CDK1. The identification of Mytl in the
MEKI1 pathway is therefore important because it connects
two sequential steps by which the pericentriolar Golgi stacks
are first converted into small stacks by MEK1 in G2 and then
into small tubules and vesicles by CDK1 in mitosis.

MEK1 dependent Myt1 phosphorylation is not by RSK
During meiosis, in Xenopus oocytes, inactivation of Mytl by
MEK]1 (for the subsequent activation of CDK1) requires RSK
(Palmer et al, 1998). We have found that in HeLa cells,
inactivation of RSK (by chemical inhibitors) inhibited
phosphorylation of Mytl without affecting mitosis specific
Golgi membrane fragmentation. Therefore, RSK is unlikely to
be the intermediary kinase in the MEK1 dependent Mytl
phosphorylation. Mytl is heavily phosphorylated during
mitosis as evident by its phosphorylation dependent
(approximately) 10kD increase in mol.wt. These
observations are strengthened by in silico analysis, which
has revealed 32 potential phosphorylation sites, which
include phosphorylation by Plk, RSK and CDK1. Mapping
the residue(s) phosphorylated in the presence of MEK1 will
reveal the elusive kinase(s) and the mechanism by which
Mytl controls Golgi membrane organization in association
with the cell cycle events.

Resolving the controversy on the role of MEK1 in
Golgi membranes fragmentation during mitosis
Warren and colleagues have claimed that fragmentation of
isolated Golgi enriched fractions with mitotic cytosol is
independent of the activity of MEK1 (Lowe et al, 1998).
However, their starting material is the end product of a
MEK1 dependent reaction; so this is not really a concern.
They reported that NRK cells arrested in S-phase with
aphidicolin for 14 h then washed and incubated with MEK1
inhibitors for 4h, were not defective in mitotic entry. As
shown here, loss or inactivation of MEK1 causes a 2 h delay
but not a strict block in entry of cells into mitosis. This would
not be evident based on a single time point that was used to
monitor the mitotic index by Warren and colleagues (Lowe
et al, 1998). It was also reported that treatment with lethal
factor (which inactivates MEK1) did not affect the overall
organization of the Golgi membranes in mitotic cells (Lowe
et al, 1998). As shown here, MEK]1 is required for the early
stages of the disassembly of the Golgi complex and the entry
of cells into mitosis. Loss of MEK1 affects the kinetics of
mitotic entry and not the overall fate (breakdown into mitotic
Golgi fragments: tubules and vesicles) of the Golgi complex
per se during mitosis. Pines and colleagues reported that
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overexpression of cyclin B2 (the Golgi localized cyclin) and
CDKI1 in non-mitotic cells affected the organization of the
Golgi complex, which was unaffected by treatment with
MEK]1 inhibitor PD or U0126 (Draviam et al, 2001).
However, MEK1 is required for very early changes in Golgi
complex in late G2 and for the subsequent entry of cell into
mitosis, and neither MEK1 nor Mytl have a role in the
organization of Golgi membranes in non-mitotic cells in
S-phase. Additionally, it has been reported that CHO cells
released 3 h post G2 block in the presence of PD were found
in all stages of mitosis (Draviam et al, 2001). However, as
described above, MEKI1 dependent Golgi membrane
fragmentation affects the kinetics of mitotic entry: a single
point 3 h after release from G2 would not have uncovered the
effects on the kinetics of this process.

Fragmentation of the Golgi complex and mitotic entry: a
checkpoint or a kinetic timer?

Inhibiting fragmentation of the pericentriolar Golgi apparatus
was found to block entry of NRK cells into mitosis (Sutterlin
et al, 2002; Colanzi et al, 2007; Feinstein and Linstedt, 2007).
Barr and colleagues found that preventing fragmentation of
the Golgi complex did not block cells in G2 per se but the
entry into mitosis was delayed (Preisinger et al, 2005). Our
new findings also reveal that MEK1 knockdown in intact
HeLa cells does not arrest cells in G2 but the peak of mitotic
index is delayed by 2h. A plausible explanation for this
discrepancy is the involvement of parallel pathways that
play a role in the pericentriolar organization of the Golgi
membranes. We suggest that a block in Golgi complex
fragmentation is a signal to arrest cells in G2. However, the
cytoplasmic microtubules that connect Golgi stacks laterally
and hold them in the pericentriolar region start
depolymerizing, which triggers the separation of Golgi
stacks. In fact, it is known that treatment with nocodazole
overrides the block in mitotic entry created by a defect in
Golgi fragmentation (Sutterlin et al, 2002). In other words,
there are two distinct pathways that fragment the Golgi
complex in G2: a microtubule dependent and a microtubule
independent pathway. A defect in mitotic entry induced by a
block in Golgi complex fragmentation through the MEKI-
Mytl pathway is compensated by the microtubule dependent
separation of Golgi membranes. The contribution of the
microtubule dependent Golgi stack separation could be cell
type and might explain the difference in the kinetic of the
mitotic entry due to the defect on pericentriolar Golgi
fragmentation reported by differents groups. It is also
important to map the timing of microtubule dependent
stack separation with respect to MEK1-Mytl process for a
better understanding of the significance and the mechanism
of Golgi apparatus mediated control of mitotic entry.

Materials and methods

Reagents, antibodies and plasmids

Reagents used in this study were obtained from the following
sources: Phorbol-12-myristate-13-acetate (PMA), nocodazole, thy-
midine and digitonin were from Sigma Aldrich. PD98059, SL0101
and olomoucine were from Calbiochem. U0126 was from Promega.
BI-D1870 was from Symansis. Lambda protein phosphatase was
from New England Biolabs. RO-3306 and recombinant human
protein ERK2 were from Millipore. Antibodies used in this study
were purchased from the following sources: Mouse monoclonal
antibodies against B-actin and c-Myc (clone 9E10) were from Sigma
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Aldrich. Mouse monoclonal antibodies against GM130 and MEK1
were from BD Biosciences. The mouse monoclonal antibody against
Plk (clone F-8) was from Santa Cruz Biotechnology, the sheep
antibody against TGN46 was from AbD Serotec, and the rabbit
polyclonal antibody against phospho-Histone H3 was from Upstate
Biotechnology. Rabbit polyclonal antibodies against phospho-
GSK3a,/B (Ser21/9) and phospho-CDK1 (Tyrl5) were from Cell
signaling Technology. Rabbit polyclonal antibodies against Cyclin
B1 (clone H-433), Cyclin B2 (clone H-105), Rab6 (clone C-19), CDK1
(clone H-297) and CDK2 (clone M2) were from Santa Cruz
Biotechnology. Rabbit monoclonal antibodies against ERK1/2 and
phospho-ERK1/2 (Thr202/Tyr204) were from Cell Signaling
Technology. Secondary antibodies for immunofluorescence micro-
scopy and western blotting were from Invitrogen. The mouse IgG2a
and rabbit IgG control isotypes were from BD Biosciences and
Sigma Aldrich, respectively. We generated the rabbit polyclonal
antibody against GRASP55 as described previously (Duran et al,
2008). We kindly thank Dr Angel R Nebrada (Institute for Research
in Biomedicine (IRB), Barcelona, Spain) for the generous gift of the
mouse monoclonal antibodies against MPM-2 and GSK3a/f, and
Dr Helen Piwnica-Worms (Washington University School of
Medicine, St Louis, MO) for the generous gift of the rabbit
polyclonal antibody against Mytl, and c-Myc-Mytl wild type
(WT) and c-Myc-Mytl kinase dead (KD) plasmids. The cDNA
encoding full-length human Mytl was inserted into pGEX4T1 to
express protein with a N-terminal GST-tag. The kinase dead Mytl
N238A was generated by mutagenesis using the Quick Change II site
directed mutagenesis Kit (Stratagene) following the manufacturer’s
recommendations. The cDNA encoding full-length human MEK1
was inserted into pRSETA to express protein with an N-terminal His-
tag. The constitutively active (CA) form of MEK1 S128E S222E, and
KD form of MEK1 K97M, was generated by mutagenesis using the
Quick Change II site directed mutagenesis Kit (Stratagene) following
the manufacturer’s recommendations. The ¢cDNA encoding full-
length human MEK1 was inserted into pcDNA3 to express protein
with a C-terminal FLAG-tag.

Preparation of S-phase and mitotic cytosols and incubation
with permeabilized cells

HeLa cells were grown in complete medium consisting of DMEM
containing 10% FCS, 100 U/ml penicillin, and 100 pg/ml streptomy-
cin at 37°C with 7% CO,. Cytosol from HeLa cells, arrested in
S-phase (thymidine treated cells) or mitosis (nocodazole treated
cells) at a concentration of 12-14 mg/ml was prepared as described
previously (Acharya et al, 1998). Permeabilization of cells grown on
coverslips and the Golgi membrane fragmentation assay was
performed as described previously (Acharya et al, 1998). In brief,
HeLa cells stably expressing Manll-GFP were treated with 2 mM
thymidine for 12 h and permeabilized on ice with 30 pg/ml digitonin
in KHM buffer (25 mM HEPES-KOH, pH 7.4, 125mM potassium
acetate and 2.5 mM magnesium acetate). Permeabilized cells were
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washed with 1M KCl-containing KHM and incubated with S-phase
or mitotic cytosol and an ATP-regenerating system. After 1h of
incubation at 32°C, cells were fixed and processed for
immunofluorescence microscopy. When chemical inhibitors were
used, cytosolic extracts were pretreated with the corresponding
inhibitors for 10 min at 32°C, and intact cells were preincubated
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permeabilized as describe above. PD was used at 75uM,
olomoucine and SLO0101 at 20uM, UO0126 and BI-D1870 at 10 uM,
and RO-3306 at 5 uM.

Statistical analysis

All data are presented as mean = s.d. Differences in the mean values
between 2 groups were assessed by 2-tailed Student ¢-test. P<0.05
was taken to imply statistical significance.
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