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The Golgi apparatus (GA) of mammalian cells is positioned in the vicinity of the centrosome, the major microtubule
organizing center of the cell. The significance of this physical proximity for organelle function and cell cycle progression
is only beginning to being understood. We have identified a novel function for the GA protein, GM130, in the regulation
of centrosome morphology, position and function during interphase. RNA interference–mediated depletion of GM130
from five human cell lines revealed abnormal interphase centrosomes that were mispositioned and defective with respect
to microtubule organization and cell migration. When GM130-depleted cells entered mitosis, they formed multipolar
spindles, arrested in metaphase, and died. We also detected aberrant centrosomes during interphase and multipolar
spindles during mitosis in ldlG cells, which do not contain detectable GM130. Although GA proteins have been described
to regulate mitotic centrosomes and spindle formation, this is the first report of a role for a GA protein in the regulation
of centrosomes during interphase.

INTRODUCTION

The centrosome, the major microtubule-organizing center
(MTOC) of the cell, can be formed by two pathways involv-
ing template-based and de novo formation of centrioles (La
Terra et al., 2005; Kleylein-Sohn et al., 2007; Peel et al., 2007;
Rodrigues-Martins et al., 2007). Template-based centrosome
duplication during S-phase involves the formation of a pro-
centriole next to a pre-existing centriole, followed by elon-
gation and maturation through the sequential recruitment of
centrosomal proteins (Kleylein-Sohn et al., 2007). Duplicated
centrosomes, each containing a pair of centrioles, separate
upon entry into mitosis to form the poles of the mitotic
spindle. In the absence of a centriole, de novo centriole
formation can occur through a template-independent path-
way in which Centrin2-positive foci recruit other centroso-
mal marker proteins, followed by maturation into a normal
centriole during the next cell cycle (Khodjakov et al., 2002;
Uetake et al., 2007). These pathways of centrosome forma-
tion have to be tightly controlled because dysregulation may
result in supernumerary centrosomes, which lead to multi-
polar mitoses, chromosome loss, and aneuploidy (Nigg,
2006).

There is evidence that the organization of the centrosome
can be regulated by Golgi apparatus (GA)-associated pro-
teins. We have shown that the GA protein, GRASP65, is
necessary for bipolar spindle formation and cell cycle pro-
gression as depletion of this protein resulted in multiple
aberrant spindles, metaphase arrest, and cell death (Sutterlin
et al., 2005). Tankyrase-1 and Rint-1, which are associated
with the GA and the early secretory pathway, respectively,
are also required for mitotic spindle formation (Chang et al.,
2005; Lin et al., 2007).

To understand how GRASP65 regulates spindle forma-
tion, we investigated whether the GRASP65-interacting pro-
tein, GM130, is also involved in the formation of a bipolar
spindle. GM130 is a large coiled-coil protein of the cis-GA
that has recently been shown to regulate the stability and
localization of GRASP65 (Puthenveedu et al., 2006). GM130
has also been proposed to regulate mitotic GA fragmenta-
tion (Nakamura et al., 1997; Lowe et al., 1998), endoplasmic
reticulum-to-GA transport (Seemann et al., 2000), GA ribbon
formation (Puthenveedu et al., 2006; Marra et al., 2007), and
cell migration (Preisinger et al., 2005). Although these studies
have focused on the roles of GM130 in membrane trafficking
and GA biogenesis, they have not examined an involvement of
this protein in spindle formation and cell cycle progression.

In this report, we show that GM130 regulates the associ-
ation of GRASP65 with the GA and is necessary for the
formation of a bipolar mitotic spindle. Surprisingly, how-
ever, GM130 does not appear to exert its effect on spindle
formation via GRASP65. Instead, we found that GM130
regulates centrosome morphology and function before entry
into mitosis. Thus, the effect of GM130 on spindle formation
is indirect and a consequence of aberrant centrosomes. These
findings provide evidence of a second, GRASP65-indepen-
dent pathway by which a GA-associated protein is able to
regulate the centrosome.

MATERIALS AND METHODS

Antibodies
Antibodies were from the following sources: GRASP65, GRASP55, and Giantin
(Dr. Vivek Malhotra, University of California, San Diego), GM130 (Dr. Adam
Linstedt, Carnegie Mellon University, Pittsburgh, PA), Golgin 97 (Dr. Ed Chan,
University of Florida, Gainesville), Centrin2 hCten2.4 and 20H5 (Dr. Jeffrey
Salisbury, Mayo Clinic), Kendrin (Dr. Mikiko Takahashi, University of Koke,
Japan), GM130 (BD Biosciences, San Jose, CA), �-tubulin, acetylated-tubulin,
GM130 (Sigma, St. Louis, MO), GRASP65 (Santa Cruz Biotechnologies, Santa
Cruz, CA), phospho-Histone H3 (Upstate Biotechnology, Lake Placid, NY), �-tu-
bulin, �-tubulin, Ninein (AbCam, Cambridge, MA), bromodeoxyuridine (BrdU;
Calbiochem, LA Jolla, CA), EB1 (BD Transduction Laboratories, Lexington, KY),
BrdU (MP Biomedicals, Solon, OH), fluorochrome and HRP-conjugated second-
ary antibodies (Molecular Probes, Eugene, OR/Invitrogen, Carlsbad, CA).
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Molecular Biology
Knockdown plasmids were constructed in pSUPER as described (Brum-
melkamp et al., 2002). Targeting sequences within the human GM130 cDNA
were GM130-1 (nucleotides 985-1005) and GM130-2 (nucleotides 1646–1665;
Puthenveedu et al., 2006) or a scrambled control sequence with similar nu-
cleotide composition (Sutterlin et al., 2005; Puthenveedu et al., 2006). The H1
promoter-short hairpin cassette was amplified by PCR and cloned two more
times into pSuper, generating plasmids with three sequential H1 promotor-
short hairpin cassettes. Human GM130 cDNA was provided by Dr. Antonino
Colanzi (Consozorio Mario Negri Sud, Italy). Rescue experiments were car-
ried out by coexpressing the triple GM130 knockdown or control cassette and
green fluorescent protein (GFP), GFP-tagged GM130, and GFP-tagged �N690
from the same plasmid.

Cell Culture
HeLa, U2-OS, SaOS-2 (all from ATCC, Manassas, VA), HeLa GalNAc-T2 (Dr.
Adam Linstedt), and A549 (Dr. Ingrid Ruf, University of California, Irvine)
cells were grown in Advanced DMEM (Invitrogen) supplemented with 2 or
4% fetal FBS and 2 mM GlutaMAX-I (GIBCO, Rockville, MD). Cells at 50%
confluency grown in six-well dishes were transfected using Fugene 6 (Roche,
Indianapolis, IN). The low plating confluency at the time of transfection was
important to achieve complete knockdown. Small interfering RNA (siRNA;
Qiagen, Chatsworth, CA) was transfected using Oligofectamine (Invitrogen)
as described (Sutterlin et al., 2005). Twenty-four hours later, cells were split
onto a coverslips and processed for immunofluorescence.

The mitotic index and spindle organization were determined as described
(Sutterlin et al., 2005). In brief, cells were harvested using warm EDTA-PBS
and replated onto poly-l-lysine–coated coverslips, fixed, and analyzed by
immunofluorescence with antibodies to phospho-Histone H3 and �-tubulin,
followed by the quantification of the observed phenotypes.

Wild-type and mutant IdlG Chinese hamster ovary (CHO) cells (Dr. Monty
Krieger, Massachusetts Institute of Technology, Cambridge, MA) were grown
in Ham’s F-12 medium (Gibco BRL), supplemented with 5% FBS and 2 mM
l-glutamine, and plated onto coverslips for immunofluorescence analysis.
Although wild-type cells were grown at 37°C, ldlG mutant cells were grown
at the permissive temperature of 34°C.

Immunofluorescence Microscopy
Cells were fixed for 8 min with warm 4% formaldehyde or for 3 min with
ice-cold methanol at �20°C and blocked in 10% blocking solution (0.1%
Triton X-100, 10% FBS). Primary and secondary antibodies were diluted into
2.5% blocking buffer (0.1% Triton X-100, 2.5% FBS). Cells were imaged with a
Zeiss Axiovert 200M microscope (Thornwood, NY) and analyzed with linear
adjustments with the Zeiss Axiovision software.

Western Blot Analysis
Cells were lysed in 150 mM NaCl, 20 mM Tris-HCl, pH 7.4, 1% NP-40, 2 mM
pepstatin, 150 mM aprotinin, and 1 mM leupeptin on ice for 10 min, followed
by clearing the lysates by centrifugation. Twenty micrograms of total cell
lysate per lane were separated by SDS-PAGE and subjected to Western blot
analysis using enhanced chemiluminescence (Amersham Pharmacia, Piscat-
away, NY) for signal detection.

BrdU Incorporation
The BrdU incorporation assay was carried out as described (Sutterlin et al.,
2002). In brief, U2-OS cells, transfected with control and the GM130 knock-
down plasmid 48 h after transfection, were pulse-labeled with 10 �M BrdU
(Calbiochem) for 30 min, followed by washing the cells three times with each,
PBS and medium. Twenty-four hours after the incubation with BrdU, cells
were fixed in 4% formaldehyde, denatured with 4 N HCl, quenched in 0.1 M
sodium borate, and stained with an antibody to BrdU.

Wound Healing Assay
siRNA-transfected A549 were plated as a confluent monolayer onto 35-mm
MatTek (Ashland, MA) glass-bottom dishes. Scratch wounds were intro-
duced, followed by washing the cells with medium to remove debris and
mitotic cells (Geiser et al., 2004). Wound healing was imaged with a 20�
long-working phase objective (Zeiss). After the last time point, cells were
fixed and processed for immunofluorescence.

Fluorescence-activated Cell Sorting Analysis
For fluorescence-activated cell sorting (FACS) analysis, transfected U2-OS
cells were incubated for 30 min in complete media containing 10 �g/ml
Hoechst 33342 (Molecular Probes/Invitrogen). Cells were then harvested
with Tryp LE (Gibco BRL), and resuspended in PBS containing 10 �g/ml
propidium iodide (Molecular Probes/Invitrogen). Cells were collected using
a Becton Dickinson LSRII (Franklin Lakes, NJ) and analyzed using FlowJo
(Tree Star, Ashland, OR).

RESULTS

GM130 Regulates the Association of GRASP65 with
the GA
To analyze the relationship between the GA proteins,
GRASP65 and GM130, we took an overall approach of de-
pleting GM130 protein levels and assaying the effect on
GRASP65 function. We used two complementary RNA in-
terference (RNAi)-based methods to deplete GM130, target-
ing sequences within the GM130 cDNA that previously led
to efficient protein depletion (Figure 1A; Puthenveedu et al.,
2006). In the first approach, we transfected GM130-1 siRNA
(Figure 1A) into cells and depleted endogenous GM130 by
90% at 48 h, as assayed by Western blots (Figure 1B). In a
second approach, we used a knockdown plasmid containing
three sequential short hairpins of the GM130-1 sequence
(shRNA). GM130 levels were also reduced by 90%, although
this level of depletion required 72 h (Figure 1B), which may
reflect the additional time needed to generate double-
stranded RNA from the plasmid. In these experiments, there
were �5–10% untransfected cells, which may account for the
low levels of residual GM130. For both approaches, a control
consisting of a scrambled sequence had no effect on GM130
levels (Figure 1, A–C).

Having successfully depleted GM130, we examined the
stability of GRASP65 and other GA marker proteins. Deple-
tion of GM130 by siRNA or shRNA did not affect the levels
of GRASP65 (Figure 1B). Also, levels of GRASP55, a
GRASP65-related protein, and Golgin 97, a Golgin family
member, were not altered (Figure 1C). Similar results were

Figure 1. GM130 regulates the GA association of GRASP65, not its
stability. (A) RNAi targeting sequences (GM130-1 and GM130-2)
and their positions within the human GM130 cDNA are shown. (B)
HeLa cells, transfected with the control or knockdown siRNA
(GM130-1 siRNA) or short hairpin-expressing plasmids (GM130-1
shRNA), were harvested at the indicated time points after transfec-
tion. Western blot analysis was used to reveal the levels of GM130,
GRASP65, and �-tubulin as a loading control. (C) Lysates of control
and GM130-depleted cells were examined by Western blot analysis
with antibodies to GM130, Golgin 97, GRASP55, and �-tubulin as a
loading control. (D) Control or GM130-depleted cells were analyzed
by immunofluorescence with antibodies to GRASP65, GRASP55,
and Giantin 72 h after knockdown transfections. Scale bar, 10 �m.
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obtained with an shRNA construct targeting a different se-
quence in GM130 (GM130-2, Figure 1A).

We next examined if GM130 depletion could affect the
localization of GRASP65 as monitored by immunofluores-
cence. In these and the following studies, we only present
the results obtained with the GM130-1 shRNA although
similar observations were made with the GM130-2 shRNA
and GM130 knockdown by siRNA. In contrast to the lack of
an effect on protein levels, GM130 depletion disrupted the
association of GRASP65 with the GA, resulting in a dis-
persed, cytosolic appearance of GRASP65 (Figure 1D). The
effect was specific for GRASP65, because the GA association
of GRASP55 and the transmembrane protein, Giantin, were
unaltered. Thus, our data indicates that GM130 is necessary
for the GA localization, but not the stability of GRASP65.
The results have been confirmed by depleting GM130 pro-
tein levels with two different RNAi-based methods and by
targeting two different GM130 sequences.

GM130 Is Required for Bipolar Spindle Formation
As GRASP65 is required for bipolar spindle formation and
cell cycle progression, we examined whether depletion of
GM130 could cause a similar phenotype of spindle defects
and mitotic arrest. We first compared the growth behavior of
GM130-depleted cells over a period of 4 days. Although
control cells doubled at an exponential rate, GM130-de-
pleted cells did not proliferate and underwent cell death
between days 3 and 4 (data not shown). Before this end-
point, however, we observed an increased mitotic index as
measured with the mitotic marker, phospho-Histone H3

(Juan et al., 1998), indicating that cells were arrested in
mitosis as discussed in more detail below (Figure 3B).

We next examined mitotic spindle organization in
GM130-depleted cells by staining microtubules and spindle
poles with antibodies to �-tubulin and to the centriole pro-
tein Centrin2, respectively, and by visualizing DNA with the
dye Hoechst 33342. Based on the organization of microtu-
bules, spindle poles and the DNA, we grouped mitotic,
GM130-depleted cells into four phenotypes, which we de-
fined as normal (phenotype a: bipolar spindle with aligned
DNA), mild (phenotype b: bipolar spindle that does not
align DNA in the metaphase plate), moderate (phenotype c:
multipolar spindle that does not align DNA in the meta-
phase plate), and severe (phenotype d: undefined spindle
poles and misaligned DNA; Figure 2A). Control cells pre-
dominantly formed bipolar spindles, which were nucleated
at two Centrin2-positive spindle poles and which aligned
DNA in the metaphase plate (phenotype a; Figure 2B). In
contrast, only 4% of mitotic, GM130-depleted cells had nor-
mal bipolar spindles (phenotype a). The great majority con-
tained disorganized spindles with 55% of the cells, showing
the most severe defects (phenotype d) with disorganized
microtubules, undefined poles, and unaligned DNA (Figure
2B). These results were confirmed by depleting GM130 with
shRNA targeting a different sequence (GM130-2, Figure 1A)
and by using siRNA (data not shown).

To determine if these spindle defects are a general conse-
quence of GM130 depletion, we repeated the spindle anal-
ysis in additional cell lines. We did not detect the spindle
phenotype in p53-positive cell lines, such as the osteosar-

Figure 2. GM130 is required for bipolar spin-
dle formation. (A) HeLa, HeLa GalNAc-T2,
and SaOS-2 cells were transfected with control and
knockdown plasmids, fixed after 72 h, and
stained with antibodies to Centrin2, �-tubulin
to monitor the microtubule organization and
with the dye Hoechst 33342 to visualize DNA.
Spindle organization and DNA alignment
were used as criteria to group the mitotic phe-
notypes into four categories. A representative
cell for each phenotype is shown. Scale bar, 5
�m. (B) The distribution of mitotic control and
GM130-depleted HeLa among these spindle
phenotypes was quantified (n � 3). (C) Spin-
dle poles of mitotic control or GM130-de-
pleted HeLa and SaOS-2 cells were stained
with antibodies to Centrin2 and Kendrin. The
merged images also reveal the organization of
DNA as detected with the dye Hoechst.
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coma cell line, U2-OS, because a loss of GM130 appeared to
lead to an overall decrease in the rate of cell proliferation
and a cell cycle delay at the G2-M transition (to be discussed
in more detail below). However, we were able to examine
spindle organization in p53-deficient cell lines, such as a
HeLa cell line stably expressing GFP-tagged N-acetylgalac-
tosaminyl-transferase-2 (GalNAc-T2) that has been used in a
previous analysis of GM130 (Storrie et al., 1998; Puthenv-
eedu et al., 2006), and SaOS-2, a p53-deficient counterpart of
U2-OS (Chandar et al., 1992). The four mitotic knockdown
phenotypes were detected in these cell lines at frequencies
similar that of HeLa cells (Figure 2A). To further character-
ize the aberrant spindle poles of GM130-depleted HeLa and
SaOS-2 cells, we costained these cells with antibodies to
Centrin2 and the pericentriolar markers, Kendrin (Taka-
hashi et al., 1999; Flory and Davis, 2003) and �-tubulin and
found that each spindle pole contained centriole and peri-
centriolar marker proteins (Figure 2C, data for �-tubulin not
shown). This phenotype is different from the spindle pole
composition of mitotic GRASP65-depleted cells, in which
Centrin2 is only present in two of the multiple spindle poles,
whereas �-tubulin is detected at each of them (Sutterlin et al.,
2005).

To verify that the observed mitotic phenotypes were due
to the depletion of GM130 and not to nonspecific off-target
effects, we carried out functional rescue experiments. We
generated a construct that contained the triple knockdown
cassettes together with GFP-tagged GM130 or GFP for con-
trol experiments. GFP-GM130 was designed with five silent
point mutations within the RNAi-targeting sequence so that
it would resist RNAi-mediated degradation. Transfection of
this rescue plasmid into HeLa cells led to the replacement of
endogenous GM130 by GFP-GM130 expressed at about
four- to fivefold higher levels (Figure 3A). GFP-GM130, but

not GFP alone, restored cell cycle progression and normal
bipolar spindle formation (Figure 3B). Taken together, our
results demonstrate that depletion of GM130 blocks cell
cycle progression and causes aberrant spindle formation in
p53-negative cells, implicating GM130 in a role in bipolar
spindle formation during mitosis.

The Role of GM130 in Spindle Formation Appears to be
Independent of GRASP65
Because both GRASP65 (Sutterlin et al., 2005) and GM130
(Figure 2A) are required for bipolar spindle formation, we
next determined whether these two GA proteins function
together in the same regulatory pathway. We restored
GRASP65 localization to the GA in GM130-depleted cells by
expressing the C-terminal domain of GM130 (GFP-�N690),
which mediates the GA association of GM130 and which is
also the interaction domain for GRASP65 (Nakamura et al.,
1997; Barr et al., 1998; Figure 4A). Relocalized, GA-bound
GRASP65 was functional, as it was able to correct the mi-
crotubule acetylation defect of GM130 knockdown cells (see
Figure 8C). Intriguingly, correcting GRASP65 localization
did not change the GM130 depletion phenotype: cells still
arrested in mitosis and formed aberrant spindles that fell
into the same four categories detected in GM130-depleted
cells with cytosolic GRASP65 (Figure 4C). This result sug-

Figure 3. Defects in spindle formation are corrected by expressing
full-length GM130. (A) HeLa cells were transfected with the control
or GM130 knockdown plasmid, which also expressed cytosolic GFP
(�GFP) or GFP-tagged RNAi-resistant GM130 (�GFP-GM130). Ly-
sates were prepared and analyzed by Western blotting with anti-
bodies to GM130, Golgin 97, GRASP65, and �-tubulin. (B) In paral-
lel, the cells described in Figure 3A were replated onto coverslips,
fixed and processed for immunofluorescence with antibodies to
phospho-Histone H3 and �-tubulin to reveal the mitotic index and
spindle organization, respectively. The percentage of cells in mitosis
and with aberrant mitotic spindles is shown (n � 3).

Figure 4. The role of GM130 in spindle formation is independent
of GRASP65. (A) Control and GM130-depleted (knockdown) HeLa
cells expressing GFP alone (�GFP) or the C-terminus of GM130
(�GFP-�N690) were fixed 72 after transfection and examined by
fluorescence microscopy for the localization of GFP and GRASP65.
Scale bar, 5 �m. (B) Control and GM130-depleted cells expressing
GFP or the GM130 C-terminus, GFP-�N690, were stained with
antibodies to phospho-Histone H3 and �-tubulin to reveal the mi-
totic index and the organization of the mitotic spindle, respectively.
The percentage of cells in mitosis and with aberrant spindles was
determined from three independent experiments. (C). Microtubule
organization and DNA alignment were used as criteria to categorize
spindle organization into the same four categories defined in Figure 2B.
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gests that the function of GM130 in spindle formation is
independent of GRASP65.

GM130 Regulates Centrosome Morphology
We next investigated whether the aberrant spindle poles
present in GM130-depleted cells during mitosis could have
resulted from aberrant interphase centrosomes. To address
this issue, we examined centrosomes morphology during
interphase by immunofluorescence with antibodies to
marker proteins of the centrosome and the pericentriolar
matrix. Although control cells contained the normal set of
two or four centrioles, GM130-depleted cells had supernu-
merary Centrin2-positive foci (Figure 5A), whereas normal
Centrin2 expression levels were maintained (data not
shown). Interestingly, these foci did not stain for all markers,
as they contained Kendrin, but not the mother centriole-
specific protein, Ninein (Ou et al., 2002), or the pericentriolar
matrix proteins, �-tubulin (Figure 5A), GCP2, and GCP-WD
(data not shown).

To verify our findings, we examined the morphology of
interphase centrosomes in additional GM130-depleted cell
lines. We detected aberrant centrosomes in HeLa Gal-
NAc-T2 (Figure 5B), U2-OS (Figure 5C), and SaOS-2 (data
not shown) cells that were similar to those seen in HeLa
cells. Normal centrosome morphology was restored in
U2-OS cells by the expression of GFP-GM130, but not GFP or
the GFP-tagged GM130 C-terminus (GFP-�N690), which
corrects GRASP65 localization. This result suggests that the
function of GM130 in centrosome regulation is independent
of GRASP65, which is consistent with the detection of nor-
mal centrosomes in GRASP65-depleted cells (Figure 5, D

and E). Interestingly, the abnormal centrosomes of GM130-
depleted cells were mislocalized above the nucleus in more
than 90% of GM130-depleted U2-OS cells, whereas control
centrosomes localized adjacent to the nucleus (Figure 5E).
This mispositioning phenotype was corrected by expression
of RNAi-resistant GM130, but not the C-terminus of GM130,
GFP-�N690 (Figure 5E). We conclude that GM130 is re-
quired for the normal organization and positioning of cen-
trosomes during interphase.

Centrosome Defects Precede the Spindle Defects in the
Absence of GM130
To examine whether the centrosome and the spindle defects
of GM130-depleted cells were linked, we carried out cell
cycle synchronization studies in HeLa cells, in which both
phenotypes are observed. We first treated cells with the
nucleotide analog thymidine, which is known to cause cells
to arrest in S-phase. Similar to nonsynchronized cells, 70–
80% of S-phase–arrested GM130-depleted cells contained
multiple Centrin2-positive foci (Figure 6A). We then re-
moved thymidine and allowed control and knockdown cells
to progress through the cell cycle and to enter mitosis syn-
chronously. In contrast to control cells, which had normal
bipolar spindles, more than 90% of GM130-depleted cells
contained aberrant spindles, which resulted in mitotic arrest.
Post mitotic cell death, which was frequently seen in such
experiments, was prevented by treatment with the caspase
inhibitor ZVAD, explaining the higher mitotic index in
knockdown versus control cells. Similar results were ob-
tained with GM130-depleted cells in which GRASP65 local-
ization to the GA was corrected (data not shown). These

Figure 5. GM130-depleted cells contain ab-
normal and mispositioned centrosomes. (A)
HeLa cells were transfected with the control
(control shRNA) or knockdown plasmid
(GM130 shRNA), fixed 72 h later, and pro-
cessed for immunofluorescence. Centrosome
morphology was revealed by staining cells
with antibodies to Centrin2 (green) and
GM130, Kendrin, Ninein, or �-tubulin (all in
red). (B) GalNAc-T2 cells were stained with
antibodies to GM130 (gray) and Centrin2
(red). GFP-GalNAc-T2 (green) is shown as
small inset revealing the overall organization
of the GA. (C) Interphase control and GM130-
depleted U2-OS cells were analyzed by immu-
nofluorescence as described for HeLa cells in
A. Scale bar, (A–C) 2 �m. (D) Control and
GM130-depleted U2-OS cells expressing
RNAi-resistant GM130 (�GFP-GM130) or the
C-terminus of GM130 (�GFP-�N690) were
analyzed for the presence of abnormal centro-
somes. We also analyzed and quantified the
organization of centrosomes in control and
GRASP65-depleted U2-OS cells. The percent-
age of cells with more than four Centrin2-
positive foci is presented (n � 3). (E) Control,
GM130-, and GRASP65-depleted U2-OS cells
were stained with antibodies to GM130 (red),
Centrin2 (green), and the DNA dye Hoechst
(gray). The small inset corresponds to the
boxed region in each figure. (F) The percent-
age of cells with mispositioned centrosomes in
respect to the nucleus was quantified for each
condition. Scale bar, 5 �m. n � 3.
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results suggest that aberrant centrosomes are generated inde-
pendent of cell cycle progression and precede the formation of
aberrant spindles. We therefore propose that the primary role
of GM130 is the regulation of the interphase centrosome.

GM130 Depletion in U2-OS Cells Leads to a Delay at the
G2-M Transition
In the course of our experiments, we found that the centro-
somal phenotypes in GM130-depleted cells differed depend-
ing on whether a cell line was p53-positive or -negative.
Although we were able to detect defective mitotic spindles
in p53-deficient cell lines, p53-positive cell lines appeared to
arrest before mitosis. We first analyzed their growth behav-
ior by monitoring their proliferation rate over a period of 3 d
and found that GM130-depleted cells were unable to grow
(Figure 7A). To examine whether these cells were arrested at
a particular stage in the cell cycle, we determined the DNA
profile of Hoechst-labeled control and knockdown cells us-
ing flow cytometry. We observed that a nonsynchronized
population of GM130-depleted cells contained �30% more
cells in the G2 peak with 4 N DNA content than control cells
(Figure 7B), suggesting that the cells were delayed at the
G2-M transition. We also assayed these cells for the incor-
poration of BrdU in S-phase. Control and GM130-depleted
U2-OS cells were pulse-labeled with BrdU and tested for
their ability to incorporate BrdU into DNA during replica-
tion (Figure 7C). Although 47% of control cells contained
BrdU-labeled DNA, only 17% of GM130-depleted cells were
able to incorporate BrdU (Figure 7D). Taken together, p53-
positive, GM130-depleted cells proliferate at a reduced rate
and appear to be delayed at the G2-M transition. These
findings are consistent with the reduced incorporation of
BrdU and the absence of mitotic cells.

Abnormal Centrosomes of GM130-depleted Cells Are
Defective with Respect to Microtubule Organization and
Cell Migration
We next investigated whether the effects of GM130 depletion
on centrosome morphology were accompanied by functional
defects by examining microtubule organization. Control cells
contained microtubules that originated predominantly at the
centrosome forming a radial cytoskeleton network. In contrast,
the majority of microtubules in GM130-depleted cells were
organized as thick and elongated bundles next to the nucleus.
In addition, relatively few microtubules nucleated at the cen-
trosome below the nucleus (Figure 8A, white arrow). Consis-
tent with this result, the staining of cells with antibodies to the
microtubule tip-binding protein EB1 revealed a significant re-
duction of EB1-positive comets (Figure 8B). GM130 depletion
thus appears to affect centrosomally nucleated microtubules,
but also the overall assembly of the microtubule array.

We also analyzed the organization of acetylated tubulin
and found that GM130-depleted cells were unable to form
stable, acetylated microtubules (Figure 8C). This phenotype
was, however, corrected by expressing either full-length
GM130 or its C-terminus. Although our results demonstrate
that the loss of GM130 leads to aberrant centrosomes that are
unable to nucleate dynamic microtubules, the role of GM130
in microtubule acetylation appears to be indirect through
the regulation of GRASP65 localization.

As cell migration has been shown to correlate with cen-
trosome reorientation in many cell types (Yvon et al., 2002),
we also tested whether GM130 depletion had an effect on
cell migration. We used a wound-healing assay, in which
cells migrate into a scratch wound, to evaluate the ability of
a cell to reposition its centrosome. Using live imaging, we

Figure 6. Defects in spindle formation are a consequence of ab-
normal interphase centrosomes. (A) Control and GM130-depleted
HeLa cells were left untreated or incubated with thymidine for 18 h,
followed by fixation and processing for immunofluorescence with
antibodies to GM130 and Centrin2. The centrosomes of representa-
tive cells are shown in insets that correspond to the boxed image
area. (B) Cells arrested in S-phase with thymidine or released from
a thymidine block for 8 h were fixed and processed for immuno-
fluorescence with antibodies to phospho-Histone H3 and �-tubulin
to reveal the mitotic index and spindle organization, respectively.
The cells were also incubated with the caspase inhibitor ZVAD to
prevent apoptotic cell death. The percentage of cells in mitosis and
with aberrant spindles are shown (n � 3).

Figure 7. GM130 depletion leads to an overall reduction in cell
growth and cell cycle delay at the G2-M transition. (A) The growth
of cells treated with control or GM130-specific siRNA was moni-
tored over a period of 3 days. (B) U2-OS cells were transfected with
control or knockdown plasmid, and 72 h later were labeled with
Hoechst 33342 for 30 min and subjected to flow cytometry. The
profiles of cells are representative of three experiments (�30,000
cells per profile). (C) Control (control shRNA) and knockdown
(GM130 shRNA) U2-OS cells were pulse-labeled with BrdU for 30
min, fixed 24 h later, and processed for immunofluorescence with a
BrdU-specific antibody. Representative phase-contrast and immu-
nofluorescence images are shown. Scale bars, 10 �m. (D) The per-
centage of BrdU-positive control and knockdown cells is shown as
average values of three independent experiments.
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observed that A549 lung carcinoma cells depleted of GM130
by siRNA were unable to migrate, and the wound in the
monolayer remained open (Figure 9A). In contrast, control
cells closed the gap in the monolayer within 24 h. Immuno-
staining with antibodies to GM130 and Centrin2, followed
by quantifications, confirmed that the cells that failed to
migrate were negative for GM130 and contained aberrant
centrosomes that were unable to reorient (Figure 9B). These
results, which were confirmed through scratch wound as-
says in U2-OS cells (data not shown), suggest that GM130 is
required for cell migration through its regulatory role on the
centrosome, but possibly also through effects on microtu-
bule assembly and dynamics.

ldlG Cells Contain Aberrant Interphase Centrosomes and
Defective Mitotic Spindles
To confirm that the abnormal interphase centrosomes and
defective mitotic spindles in GM130-depleted cells are not
an artifact of RNAi-mediated protein knockdown, we exam-
ined the organization of the centrosome in ldlG cells, a
mutant CHO cell line that constitutively lacks detectable

GM130 (Vasile et al., 2003). The majority of interphase ldlG
cells, but not the parental wild-type CHO cells, contained
aberrant Centrin2-positive foci, in which Kendrin, but not
Ninein and �-tubulin was detected (Figure 10, A and B).
Furthermore, mitotic ldlG cells contained aberrant spindles
that were unable to align chromosomes in the metaphase
plate (Figure 10C). In contrast to the other p53-negative cell
lines used in this study, ldlG cells with aberrant spindles did
not arrest in metaphase and did not undergo cell death.
Instead, they were able to proliferate, which may be due to
the absence of the spindle checkpoint in CHO cells and the
fact that this mutant cell line has been selected for viability
(Hobbie et al., 1994; Hut et al., 2003). Overall, these experi-
ments provide compelling evidence for a role of GM130 in
the regulation of centrosome organization during interphase
and spindle formation during mitosis.

DISCUSSION

In this study, we have identified a novel and unexpected
role for GM130 in the regulation of centrosome morphology,

Figure 8. The depletion of GM130 causes defects in
centrosome function. (A) Control and GM130-depleted
U2-OS cells were analyzed by immunofluorescence
with antibodies to GM130, Centrin2, and �-tubulin to
reveal the level of GM130 depletion and centrosome
and microtubule organization, respectively. Arrows
point to the position of the centrosome. (B) Control and
GM130-depleted U2-OS cells were stained with anti-
bodies to GM130 and EB1 to observe the growing ends
of microtubules. (C) Control and GM130-depleted
U2-OS cells expressing RNAi-resistant GM130 (�GFP-
GM130) or the C-terminus of GM130 (�GFP-�N690)
were analyzed for the presence of acetylated microtu-
bules. Scale bars, 10 �m.

Figure 9. GM130-depleted cells cannot migrate or
reorient their centrosomes in wound healing assays.
(A) Migration of control and GM130-depleted A549
cells into a scratch wound was monitored by live
imaging. After the last time point, cells were fixed
and stained with antibodies to GM130 to visualize
GM130 depletion and to Centrin2 to observe the
organization of the centrosome. The cells in the bot-
tom panel correspond to the cells shown in boxes in
the phase-contrast image. Scale bar, 50 �m. (B) The
percentage of control and knockdown cells with cen-
trosomes that are oriented toward the wound edge
were quantified 30 min, 1 h, and 4 h after introduc-
tion of the scratch wound.
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position, and function during interphase. GM130 appears to
be necessary for the normal organization of the centrosome
as its depletion resulted in aberrant centrosomes during
interphase and nonfunctional multipolar spindles during
mitosis. We performed a number of confirmatory studies to
verify this novel finding because it has not been described in
previous GM130 depletion studies (Preisinger et al., 2004;
Puthenveedu et al., 2006; Marra et al., 2007). We used two
RNAi-mediated approaches, achieving 90% protein knock-
down with both siRNA and plasmid-based shRNA. We also
replicated our knockdown studies by individually targeting
two distinct sequences in the GM130 cDNA. We repeated
our knockdown studies with five distinct human cell lines
and detected the same centrosome phenotype in each. For
example, we observed both aberrant centrosome morphol-
ogy during interphase and altered spindle formation during
mitosis in the HeLa GalNAc-T2 cell line previously used for
GM130 depletion studies (Puthenveedu et al., 2006). We
showed that the centrosome phenotypes in interphase and
mitosis are the specific consequence of GM130 depletion as
they could be corrected in functional rescue experiments.
Finally, the role of GM130 in centrosome regulation is bol-
stered by our observation that aberrant interphase centro-
some and defective mitotic spindles are seen in ldlG cells, a
CHO cell line that does not produce detectable GM130 (Va-
sile et al., 2003).

A number of possible reasons may explain why this novel
role for GM130 in centrosome morphology has not been
previously described. Studies of GM130 have focused on its
known role in protein transport and GA biogenesis and may
not have examined the organization of the centrosome in the
absence of GM130 (Nakamura et al., 1997; Lowe et al., 1998;
Seemann et al., 2000; Puthenveedu et al., 2006). Furthermore,

the ability to detect centrosome phenotypes during inter-
phase and spindle defects during mitosis can be influenced
by the choice of cell lines and the use of different experimen-
tal parameters. For instance, we found that the spindle phe-
notype was best detected in p53-deficient cells, because they
did not undergo cell cycle arrest in response to changes in
centrosome morphology. We also found that the knock-
down efficiency was dependent on the cell culture condi-
tions and plating confluency (Materials and Methods).

Although our results suggest that GM130 is necessary for
both normal centrosome morphology during interphase and
mitotic spindle formation, its primary regulatory role ap-
pears to be on the interphase centrosome. We detected al-
terations in centrosome morphology during interphase in all
GM130-depleted cell lines, independent from active cell cy-
cle progression, and in a GM130-deficient cell line. However,
we only detected defective multipolar spindles in p53-defi-
cient cell lines, such as HeLa, SaOS-2, and CHO cells, be-
cause these cells were able to enter mitosis. In contrast, when
we depleted GM130 from p53-positive cell lines, such as
U2-OS cells, we observed a delay at the G2-M transition,
leading to an overall reduction in the rate of cell prolifera-
tion. Our results indicate that loss of GM130 affects cell cycle
progression at the G2-M transition in a p53-dependent man-
ner. Further investigations will be necessary to characterize
the details of the observed effect on cell cycle progression.

Our findings lead us to propose that GM130 can affect cell
cycle–specific centrosome organization and function via two
independent pathways: 1) GM130 controls the localization
of GRASP65 to the GA via its C-terminal domain. Although
we have demonstrated that GA-bound GRASP65 is neces-
sary for the regulation of microtubule acetylation, its signif-
icance for mitotic spindle formation is not understood. 2)
GM130 also has a role in the regulation of centrosome mor-
phology, position, and function during interphase. This lat-
ter function does not appear to depend on GRASP65 for the
following reasons. First, in contrast to depletion of GM130,
GRASP65 depletion does not affect the organization and
function of the centrosome (Figure 5, D–F). Second, relocal-
izing GRASP65 to the GA in GM130-depleted cells does not
correct the aberrant centrosome phenotypes during inter-
phase and mitosis (Figures 4B, 5D, and F). Third, the com-
position of the spindle poles in GM130-depleted cells and
GRASP65-depleted cells is different (Figure 2A; Sutterlin et
al., 2005).

In addition to the effects on the centrosome, we found that
GM130 depletion resulted in defects in microtubule organi-
zation and cell migration. These phenotypes can be ex-
plained as the consequence of altered interphase centro-
somes. Alternatively, GM130 may control microtubule
organization and cell migration independently of its role in
regulating centrosome function. For example, the GA has
been proposed to behave as a potent MTOC in interphase
cells (Chabin-Brion et al., 2001; Efimov et al., 2007), and
GM130 from its location on the GA may mediate this effect,
possibly via GRASP65. GM130 has also been shown to acti-
vate the Ste20-like kinase, YSK1, which has a functional role
in cell migration (Preisinger et al., 2004).

Our findings represent the first report of a role for a GA
protein in the regulation of the interphase centrosome. We
propose that GM130 is necessary for the normal organiza-
tion of the centrosome as its depletion resulted in aberrant
centrosomes during interphase and nonfunctional multipo-
lar spindles during mitosis. There is precedent for a func-
tional link between the GA and the centrosome as we have
previously shown that the GA protein, GRASP65, is in-
volved in spindle formation during mitosis (Sutterlin et al.,

Figure 10. ldlG cells contain abnormal centrosomes in interphase
and defective spindles in mitosis. Wild-type and GM130-deficient
(ldlG) CHO cells, grown at 37 or 34°C, respectively, were fixed and
processed for immunofluorescence. (A) Representative interphase
cells are shown which are stained with antibodies to Centrin2
(green) and to GM130, Kendrin, Ninein, and �-tubulin (all in red).
Scale bar, 2 �m. (B) The percentage of cells with �4 Centrin2-
positive foci determined for parental CHO and ldlG cells (n � 3). (C)
Wild-type and ldlG cells in mitosis were stained with antibodies to
�-tubulin and Kendrin (shown in the small inset) to monitor the
organization of the mitotic spindle and spindle poles, respectively.
DNA organization was monitored by staining cells with the dye
Hoechst 33342. Two representative wild-type and mutant cells are
shown. Scale bar, 5 �m.
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2005). Several other proteins of the GA or the early secretory
pathway, including Tankyrase-1 and Rint-1, have also been
shown to be required for the formation of a bipolar spindle
(Chang et al., 2005; Lin et al., 2007). A novel functional
connection between the GA and the centrosome during in-
terphase is intriguing because it would coincide with the
time in the cell cycle when the two organelles are in close
physical proximity. Until now, the pericentriolar location of
the GA during interphase has been recognized as a feature
of mammalian cells that is not found in yeast, insects, or
plants, but the significance has not been understood (Col-
anzi et al., 2003). We propose that from its pericentriolar
position, the interphase GA, through associated proteins
such as GM130, may regulate the formation and function of
centrosomes. It is, however, also conceivable that GA pro-
teins act directly at the centrosome.
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