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The mitotic spindle is required for chromosome congres-
sion and subsequent equal segregation of sister chroma-
tids. These processes involve a complex network of sig-
naling molecules located at the spindle. The endocytic
protein, clathrin, has a “moonlighting” role during mitosis,
whereby it stabilizes the mitotic spindle. The signaling
pathways that clathrin participates in to achieve mitotic
spindle stability are unknown. Here, we assessed the mi-
totic spindle proteome and phosphoproteome in clathrin-
depleted cells using quantitative MS/MS (data are avail-
able via ProteomeXchange with identifier PXD001603). We
report a spindle proteome that consists of 3046 proteins
and a spindle phosphoproteome consisting of 5157 phos-
phosites in 1641 phosphoproteins. Of these, 2908 (95.4%)
proteins and 1636 (99.7%) phosphoproteins are known or
predicted spindle-associated proteins. Clathrin-depletion
from spindles resulted in dysregulation of 121 proteins
and perturbed signaling to 47 phosphosites. The majority
of these proteins increased in mitotic spindle abundance
and six of these were validated by immunofluorescence
microscopy. Functional pathway analysis confirmed the
reported role of clathrin in mitotic spindle stabilization for
chromosome alignment and highlighted possible new
mechanisms of clathrin action. The data also revealed a
novel second mitotic role for clathrin in bipolar spindle
formation. Molecular & Cellular Proteomics 15: 10.1074/
mcp.M115.054809, 2537–2553, 2016.

During mitosis, a mitotic spindle is established to pull sister
chromatids toward opposite poles of the dividing cell. This
ensures that upon mitotic exit, each newly formed daughter
cell receives one copy of each chromosome. Premature chro-
mosome segregation results in aneuploidy—a hallmark of
many human cancers. This adverse situation is avoided by

activation of the spindle assembly checkpoint (SAC).1 This
signaling pathway consists of a number of protein complexes
that monitor mitotic spindle assembly, delaying anaphase
onset until all chromosomes are stably attached to kineto-
chores (KTs) (1).

In addition to components of the SAC (e.g. Bub1, Bub3,
BubR1, Mad1, and Mad2), a large number of proteins asso-
ciate with the mitotic spindle and regulate its assembly, sta-
bility, and function. Targeted approaches as well as proteo-
mics have identified nearly one thousand experimentally
validated spindle protein components (2, 3). These include
structural proteins (e.g. tubulin, NUMA, and TPX2), microtu-
bule nucleating and stabilizing (e.g. TPX2, MAP2, TACC3, and
ch-TOG), destabilizing proteins (e.g. MCAK and Katanin) (4),
motor proteins (e.g. kinesin family members and cytoplasmic
dynein) (5, 6), and regulatory proteins such as protein kinases
(e.g. Aurora B and Plk1) and phosphatases (e.g. PP2A) (7).
Disruption of many of these components by siRNA or small
molecule inhibitors leads to a plethora of mitotic phenotypes
consistent with mitotic spindle dysfunction such as monopo-
lar spindles, a reduced number of spindle microtubules, mis-
aligned chromosomes, and loss of tension of kinetochore-
fibers (K-fibers). These disruptions often lead to the activation
of the SAC, however, if this fails, progression through meta-
phase may occur, leading to mis-segregation and aneuploidy.
Despite the identification and characterization of a large num-
ber of mitotic spindle proteins, our understanding of the
cross-talk between pathways that regulate the mitotic spindle
remains poor.

Clathrin is a protein complex of three identical 190 kDa
clathrin heavy chains (CHCs) arranged in a trimer (called a
triskelion) of three “legs” connected by their C termini at a
central vertex (8, 9). A globular N-terminal domain (TD) is
found at the end of each leg. During endocytosis, clathrin can
interact with multiple adapter proteins such as amphiphysin
via its TD. Clathrin is best known for its role in clathrin-
mediated endocytosis, where it cycles between the cytoplas-
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mic triskelion and a polymerized coat on vesicles or mem-
branes. However, during mitosis, a pool of clathrin localizes to
the spindle (10, 11), where it is involved in organizing and
stabilizing spindle microtubules, instead of endocytosis (10,
12). Clathrin spindle function is dependent on its trimerisation
and its interaction with phosphorylated TACC3 and ch-TOG
(11, 12). ch-TOG is important for microtubule outgrowth from
spindle poles, whereas TACC3 binds microtubules (13, 14)
and loads ch-TOG onto the spindle (15, 16). Aurora A medi-
ates TACC3 phosphorylation (17, 18). The phospho-TACC3/
clathrin/ch-TOG complex is then recruited to the spindle mi-
crotubules by a mechanism that is currently under debate (11,
12, 19). It is believed that at the spindle, this complex forms a
structural bridge connecting two microtubules within a K-fiber
to aid chromosome congression (10), with TACC3 directly
interacting with microtubules (15, 16).

Both SAC activation and inhibition are targets for new
classes of potential chemotherapeutic agents, many of which
are currently under investigation in human cancer clinical
trials. siRNA-mediated depletion of clathrin or inhibition by
small molecules causes defective chromosome congression
to the metaphase plate and persistent SAC activation (10,
20–23). This is analogous to the effects of Aurora A inhibitors,
which are also SAC activators (24–28) and block clathrin
recruitment to the spindle by blocking TACC3 recruitment
(11). It is possible that SAC activation and the anticancer
properties of Aurora A inhibitors are partly caused by the
blocking of clathrin function at the spindle.

A thorough characterization and understanding of the mo-
lecular pathways that clathrin is involved in at the mitotic
spindle is essential for addressing the fundamental issues of
the molecular mechanisms of mitosis as well as for develop-
ing more potent antimitotic compounds as potential new ther-
apeutics for cancer treatment. In this study, we carried out
quantitative proteomics and phosphoproteomics of purified
human mitotic spindles from clathrin-depleted metaphase
cells. We identified a significant accumulation of mitotic spin-
dle proteins and phosphorylation site occupancy in clathrin-
depleted mitotic spindles. The results reveal that clathrin has
two mitotic roles (1) in bipolar spindle formation and (2) in
spindle stabilization and chromosome alignment. These find-
ings provide insight into the cross-talk between signaling
pathways that regulate these processes, specifically those
that are regulated by clathrin.

EXPERIMENTAL PROCEDURES

siRNA Transfection and Mitotic Spindle Isolation—HeLa S3 cells
were grown in RPMI media (Invitrogen, Mulgrave, Australia) contain-
ing 10% fetal bovine serum (FBS) (Invitrogen) to a density of 7.5 e6

cells per ml for each treatment (total of three treatments in one
experiment). Two of these pools of cells were transfected with 250 �M

siRNA that was directed either toward CHC [sense: 5�-GCAAT-
GAGCTGTTTGAAGA-3�; antisense: 5�-TCTTCAAACAGCTCATTGC-
3�] or Luc [sense: 5�-CGUACGCGGAAUACUUCGATT-3�; antisense:
5�-UCGAAGUAUUCCGCGUACGTT-3�] using the Neon™ Transfec-

tion System 100 �l kit (Invitrogen). One pool of HeLa S3 cells was left
untransfected. The cells were then transferred to six multiflasks (BD
Falcon, Noble Park, Australia), with five growth layers in each, per
treatment for large-scale production of transfected or untransfected
HeLa cells and grown for 72 h post-transfection at 37 °C. Penicillin-
streptomycin (100 IU/ml and 100 �g/ml, respectively) (Invitrogen) was
added 24 h post-transfection to all flasks. Cells were synchronized to
pro-metaphase with 40 ng/ml Nocodazole (Sigma, Castle Hill, Aus-
tralia) for 14 h before collection by mitotic shake-off. Mitotic spindle
protein isolation was carried out as described by (69). Briefly, the cells
were collected in PBS by mitotic shake-off and resuspended in 20 ml
of RPMI medium. A small aliquot (750 �l to 1 ml) of the transfected
HeLa lysate in RPMI was set aside before cell lysis and resuspended
in lysis buffer containing 5 M Tris (pH 7.4), 1% Triton-X 100, 150 mM

NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM phenylmethylsulphonyl fluoridie
(PMSF), 40 �g/ml Leupeptin, a complete EDTA-free protease inhibitor
(one tablet per 5 ml; Roche, Sydney, Australia) and phosphatase
inhibitor mixture set II (1:100 diluted; Merck, Millipore [Calbiochem],
Bayswater, Australia) at 4 °C. The lysate was sonicated and used to
confirm the absence of clathrin by Western blots. The cells were
allowed to progress through mitosis for �40 min at 37 °C until they
reached metaphase. At �35 min, the mitotic spindles were stabilized
by the addition of Taxol (5 mg/ml, Sigma). The cells were washed in
a solution containing 5 �g/ml Taxol, 2 �g/ml Latrunculin B and 1 mM

PMSF. The cells were centrifuged at 300 g and the pellet was resus-
pended in spindle lysis buffer (100 mM Pipes at pH 6.9, 1 mM MgSO4,
2 mM EGTA, 0.005% Nonidet P-40, 5 �g/ml Taxol, 2 �g/ml Latrun-
culin B, 200 �g/ml DNase I, 10 �g/ml RNase A, 20 U/ml Bensonase
HC, 1 �g/ml Pepstatin, 1 �g/ml Leupeptin, 1 �g/ml Aprotinin, and 1
mM PMSF) for 20 min at 37 °C. The pellet was harvested (1000 g, 3
min) and incubated again in spindle lysis buffer for 5 min. The lysate
was centrifuged again and washed twice (incubated for 20 min at
37 °C and spun at 2000 g for 5 min) with a low ionic strength buffer
containing 1 mM Pipes pH 6.9 and 5 �g/ml Taxol. An aliquot of the
isolated mitotic spindles (20 �l) was resuspended in 4% paraformal-
dehyde for confirmation of mitotic spindle isolation by microscopy.
The spindle lysate was finally resuspended in 0.1 M Glycine, pH 2.8
and sonicated to disaggregate the spindles for proteomic analysis.

Immunoblotting—HeLa cell lysates were collected by centrifuga-
tion, washed with PBS, then resuspended in ice-cold lysis buffer for
sonication [20 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM

EGTA, 0.1 mM PMSF, 1% Triton X-100, 1 �g/ml Leupeptin, and
EDTA-free Complete protease inhibitor mixture (Roche)] followed
by incubation on ice for 30 min. The supernatant was collected
following centrifugation at 13,000 rpm for 30 min at 4 °C. Cell
lysates and purified isolated mitotic spindles were fractionated by
SDS-PAGE for immunoblot analysis with the following antibodies:
anti-EG5 (ab137535, Abcam, Melbourne, Australia), diluted 1:500;
anti-CHC (610500, BD Biosciences, San Jose, USA), diluted
1:1000; anti-�-Tubulin (T5326, Sigma), diluted 1:50,000; and anti-
INCENP (ab86088, Abcam), diluted 1:500. Antibody bound to the
indicated protein was detected by incubation with a horseradish
peroxidase-conjugated secondary antibody (Jackson ImmunoRe-
search Laboratories, Inc., Waterford, Australia). Blotted proteins
were visualized using the SuperSignal® West Pico Chemilumines-
cent Substrate (Thermo Scientific) or SuperSignal® West Dura
Extended Duration Substrate (Thermo Scientific).

Immunofluorescence Microscopy—HeLa cells were grown on
glass coverslips in RPMI and 10% FBS under 5% CO2. 90 nM Luc or
CHC siRNA duplexes (see above) were transfected using Lipo-
fectamine 2000 (Invitrogen). Control and treated cells were fixed in
�20 °C methanol for 4 min 68–72 h after transfection. After fixation,
samples were typically blocked for 40 min at RT in 3% BSA/PBS.
Cells were then incubated with primary antibodies for 60–90 min,
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washed four times with PBS, stained with fluorescently labeled sec-
ondary antibodies, washed four times with PBS, and mounted with
ProLong Gold (Life Technologies, Mulgrave, Australia). The following
primary antibodies were used: anti-EG5 (ab137535, Abcam), diluted
1:100; anti-INCENP (ab3645, Abcam), diluted 1:100; anti-MCAK/
KIF2C (ab42676, Abcam), diluted 1:200; anti-NuMA (#3888S, Cell
Signaling Technology, Arundel, Australia), diluted 1:50; anti-RIF1
(ab13422, Abcam), diluted 1:50; anti-TPX2 (NB500–179, Novus), di-
luted 1:1000; anti-CHC (610500, BD Biosciences), diluted 1:200; anti-
CHC (ab21679, Abcam), diluted 1:200; anti-CHC (SC-6579, Santa-
Cruz Biotechnologies, Mulgrave, Australia), diluted 1:200; anti-TACC3
(SC-22773, SantaCruz Biotechnologies), diluted 1:200; anti-TACC3
(ab56595, Abcam), diluted 1:200; anti-TACC3-S558 (#5645S, Cell
Signaling Technology), diluted 1:200; anti-�-Tubulin (T9026, Sigma),
diluted 1:500; and Alexa Fluor 488-conjugated anti-�-Tubulin
(322588, Life Technologies), diluted 1:1000. Secondary antibodies
labeled with Alexa Fluor 488, Alexa Fluor 568 or Alexa Fluor 647 from
Life Technologies (diluted 1:500) were used along with 1 �g/ml DAPI.
Cells were imaged using an 100�, 1.4 NA U-Plan S-Apo objective on
a microscope (IX70, Olympus) equipped for optical sectioning micros-
copy (DeltaVision, Applied Precision, Parramatta, Australia) using
standard filters (DAPI: 390/18, 435/48; FITC: 475/28, 523/36; TRITC:
543/27, 594/45; Cy5: 632/22, 676/34) and a CCD camera (Cool-
SnapHQ2, Roper Scientific, Tucson, USA). Each z series (0.3 �m
intervals) was acquired, deconvolved and projected using SoftWoRx
(Applied Precision). All images were scaled using linear transforma-
tions in Adobe Photoshop CS or ImageJ. Photoshop CS and Illustra-
tor CS were used to construct final figures.

The staining intensity of the validated proteins in untreated and
knock-down cells was quantified in z projections by measuring the
total intensity (IntDen) using the Measure plugin in ImageJ. For EG5,
TPX2, and TACC3 proteins, 20 circular selections, each 20 pixels in
diameter, were drawn at different positions in a mitotic spindle. All
circles were drawn at similar positions and were separated by a
similar distance in all analyzed cells. For NuMA, a selection of 100
pixels wide and 42 pixels high was drawn around each spindle pole.
For p-TACC3-S558, a circle of 30 pixels in diameter was drawn
around each spindle pole. For INCENP, three regions were used: a
selection (84 pixels wide and 62 pixels high) was drawn around each
spindle pole, and the third selection (305 pixels wide and 159 pixels
high) was drawn around the metaphase plate. For KIF2C, a selection
(377 pixels wide and 338 pixels high) covering the entire spindle was
used. The IntDen values for each selection in a spindle were then
summed to give a spindle total intensity value per analyzed cell. Each
total intensity of a spindle was normalized by dividing it by the mean
spindle total intensity of untreated cells from all experiments per
studied condition.

Tryptic Digestion and Dimethylation Labeling—The spindle protein
lysates were precipitated with TCA-acetone and dissolved in 6 M

Guanidine-HCl. Equal protein amounts were used for the three treat-
ments within each biological replicate. The Guanidine-HCl in the
protein lysate solution was diluted with 0.1 M TEAB and samples were
incubated in a reducing buffer containing 0.05% SDS and 0.005 M

tris(2-carboxyethyl) phosphine (TCEP) (Sigma Aldrich, Australia) in 0.1
M TEAB at 85 °C for 5 min, then at 60 °C for 30 min. Samples were
incubated at room temperature for 10 min with 5 mM S-methyl meth-
ane thiosulfonate (MMTS) (Sigma Aldrich, Australia). Trypsin (Pro-
mega, Alexandria, Australia) was added (1:20 trypsin: protein by
weight) for 16 h at 37 °C. The tryptic peptides from the spindle lysates
were each loaded onto Oasis HLB sorbent cartridges (Waters, Ry-
dalmere, Australia) in 0.1% TFA. The peptides were eluted with 70%
acetonitrile (ACN) in 0.1% formic acid and dried.

The peptides were then labeled with light, medium and heavy
isotope dimethyl labels (70, 71), using (1) 5% CH2O and 500 mM

NaBH3CN (light), (2) 5% C[2H]2O and 500 mM NaBH3CN (medium),
and (2) 5% 13C[2H]2O and 500 mM NaB[2H]3CN (heavy) for untrans-
fected, Luc siRNA-transfected and CHC siRNA-transfected spindle
sample pools, respectively. Lipids were precipitated by the addition of
1% formic acid with vortexing for 10 min at 1500 rpm followed by a
centrifugation at 13000 rpm for 5 min. The supernatant was dried
down and dissolved in 0.1% formic acid. The combined sample was
dried and enriched for phosphopeptides.

TiO2 Phosphopeptide Enrichment and Strong Cation Exchange
Separation of Nonphosphopeptides—TiO2 [from a disassembled Ti-
tansphere column (GL Sciences, Tokyo, Japan)] was packed into
micro-columns for chromatography as described previously (29) us-
ing a C8 plug (3 M Empore disk, Thermo Fisher Scientific, Scoresby,
Vic, Australia). The dimethylated peptides were loaded into the micro-
column slowly in a loading solution (60 �l) of 50% ACN and 5% TFA.
The column was washed three times with the loading solution and the
phosphopeptides were eluted using (1) a solution of 2% NH4OH
(29.1% NH3 in water) and 20% ACN and then (2) a solution of 20%
NH4OH and 20% ACN. These were pooled together for high pH-
reverse phase and loaded in 10 mM ammonium formate (pH 10).
They were eluted stepwise with 5%, 10%, 15%, 20%, 25%, 30%,
and 80% ACN in 10 mM ammonium formate and each fraction was
dried, resuspended in 10 �l of 0.1% formic acid, and analyzed by
LC-MS/MS.

The unbound/nonphosphopeptide solution was separated by SCX
chromatography on micro-columns. A GeLoader tip (Bio-Rad Labo-
ratories Pty., Ltd, Gladesville, Australia) was packed with Strong
Cation Exchanger (SCX) beads (material obtained from a dismantled
SCX column within an iTRAQ reagent methods development kit,
AB SCIEX, Scoresby, Victoria, Australia) in a manner similar to that
described for TiO2 enrichment (29). The sample was loaded onto the
SCX micro-column in a loading solution containing 10 mM KH2PO4 in
25% ACN at pH 3. The micro-column was washed twice with loading
buffer and the nonphosphopeptides were eluted stepwise with 50,
100, 200, 300, 400, and 500 mM KCl at pH 3. The eluted samples were
de-salted using a POROS R3 (Life Technologies, Mulgrave, Victoria,
Australia) micro-column. The R3 flow-through was dried, resus-
pended in 10 �l of 0.1% formic acid and analyzed by LC-MS/MS.

Label-free Proteomics—HeLa S3 cells were grown in RPMI media
(Invitrogen, Mulgrave, Australia) containing 10% FBS (Invitrogen) to a
density of 7.5 e6 cells per ml. Cells were synchronized to prometa-
phase with 40 ng/ml Nocodazole (Sigma) for 14 h before collection by
mitotic shake-off. Mitotic spindle protein isolation was carried out as
previously described by Sillje et al., 2005. The proteins were reduced
(0.05% SDS and 0.005 M TCEP) and alkylated (5 mM MMTS) as
before. Trypsin was added (1:20 trypsin: protein by weight) for 16 h at
37 °C. TiO2 phosphopeptide enrichment was carried out as described
above without fractionating the eluted peptides by high pH-reverse
phase. The unbound/nonphosphopeptide solution was separated by
SCX chromatography as described above.

ESI-LC MS/MS for the Dimethylation Labeling Approach—Samples
were injected via the autosampler in 5 �l aliquots and the separation
of peptides was done using a Dionex 3000 HPLC (Thermo Fisher
Scientific, Mulgrave, Australia). Each sample was loaded onto to an
in-house (75 �m inside diameter (i.d.) capillary column) ReproSil-Pur
120 C18-AQ (3 �m beads, Dr Maisch, Germany) packed 18 cm
column. Mobile phase buffer A consisted of 0.1% formic acid in water
and phase B consisted of 90% acetonitrile, 0.1% formic acid, and
9.9% water. The peptides were eluted using a 165 min gradient from
0% to 35% buffer B (90% ACN and 0.1% formic acid) at a rate of 250
nL min�1 and introduced into an LTQ-Orbitrap Velos mass spectrom-
eter (Thermo Fisher Scientific) via a 10 �m i.d. nanoelectrospray
coated SilicaTip (New Objective, Woburn, MA). Following a single
round of analysis for all fractions (both phospho and nonphospho-
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peptides), the respective phosphopeptide fractions within each rep-
licate were pooled and loaded onto a longer in-house (75 �m i.d.
capillary column) ReproSil-Pur 120 C18-AQ (3 �m beads, Dr Maisch,
Germany) packed 35 cm column. The peptides were eluted using the
same gradient and buffer conditions as above. Technical replicates of
these were run until the samples lasted for maximum coverage. The
same technique was applied to the respective SCX fractions of non-
phosphopeptides within each replicate.

The LTQ-Orbitrap Velos mass spectrometer was operated using
the following parameters: capillary temperature, 275 °C; nanospray
source voltage 2.2 kV; Orbitrap automatic gain control target, 300000;
S-lens RF level 69; MS ion time, 50 ms; and AGC target set to 1 � 106.
A full MS scan in the mass area of 300–1800 Da was performed in the
Orbitrap with a resolution of 30,000 FWHM and a target value of 1 �
106 ions. The ten most intense ions (default charge state �2) were
selected from each full scan event for higher energy collision disso-
ciation (HCD) and detected at a resolution of 7500 FWHM. The
following parameters were used for HCD mode: minimum signal
required, 10,000; isolation width, 2; normalized collision energy, 45;
and activation time, 0.1s. A normalized collision energy of 40 was
used to collect data from all the nonphosphopeptide fractions.

Data Processing—Raw data files from each sample generated on
the LTQ-Orbitrap Velos mass spectrometer were processed using
MaxQuant version 1.3.0.5 (Max Planck Institute of Biochemistry, Ger-
many). Peak lists were searched against the UniProt reference pro-
teome for Homo sapiens (downloaded 16th September 2013). Deami-
dation (N/Q), oxidation (M) and phosphorylation (S/T/Y) were
specified as variable modifications. The digestion enzyme was set to
trypsin, including cleavage before proline. The first search and main
search were set to 20 and 6 ppm, respectively, allowing up to three
missed cleavages and a maximum of seven modifications per pep-
tide. MS/MS search parameters were set as follows: the MS/MS
tolerance for FTMS and ITMS were set to 20 ppm and 0.5 Da,
respectively (default setting). “Methylthio” (C) was used as a fixed
modification, the protein and peptide false discovery rate (FDR) was
set to 0.05 for the analysis of phosphopeptides, whereas the site FDR
was set to 0.01. Only phosphosites with a localization probability
�0.75 were reported. For the nonphosphopeptide analysis, an FDR of
0.01 was used for peptide, protein and site FDR. The minimum
peptide length was set to 5. Minimum peptides for quantification was
set to 2 using “unique and razor peptides.” A reversed database was
searched to determine the FDR. All other parameters were the default
settings.

Data Analysis—The phospho and nonphosphopeptide raw files
were processed separately and so were files from Analysis 1 and
Analysis 2 approaches as depicted in supplemental Fig. S5. The
proteinGroups.txt output file from MaxQuant (nonphosphopeptide
data set) was imported into Microsoft Excel for further analysis. The
proteinsGroups.txt file thus processed separately from Analysis 1 and
Analysis 2 was then combined manually. Reversed database identi-
fication and contaminants were deleted. The average ratios from the
same protein found from both analyses was used. Protein abundance
ratios (CHC/Luc) from each biological replicate were averaged and
only those ratios determined from three or more replicates for each
protein are reported. Significance tests (t test) were carried out on
log2-transformed ratios and proteins with a p value � 0.05 were
considered significant. It should be noted that because of the strict
processing thresholds applied for calculation of protein abundance
(minimum of two peptides per protein) in MaxQuant, single “unmod-
ified” peptides are eliminated. Such peptides were found in the “Evi-
dence.txt” file. Although the protein abundance of clathrin and TACC3
is high in HeLa cells, they may have been present at a very low
abundance at the spindle compared with whole cell lysates. These
were therefore not found in the actual files (proteinGroups.txt) used

for processing. The average of all peptides found for clathrin from
the separately processed phosphopeptide and nonphosphopeptide
data sets found in the respective Evidence.txt files were therefore
extracted.

The Phospho(STY).txt output file from MaxQuant was imported into
Microsoft Excel. The Phospho(STY).txt file thus processed separately
from Analysis 1 and Analysis 2 was then combined manually. Phos-
phosites with p � 0.75 were classified as Class I peptides. Peptides
with the same phosphosite position were grouped and averaged
(including Class II peptides with p � 0.75 within the same group). If,
however, no Class I peptides were found within the grouped peptides,
the phosphosites were eliminated from the analysis.

Each phosphopeptide ratio (CHC/Luc) was divided by the respec-
tive protein abundance ratio generated above for each respective
biological replicate to correct for differences in protein abundance.
There were instances where the protein ratio was not available to
apply a correction (i.e. either nonphosphorylated peptides were not
detected for that protein or the respective protein abundance ratio
was not detected within a biological replicate). Such ratios/instances
were not considered for phosphorylation abundance analysis. After
correction, the average ratio for each phosphopeptide was calculated
across the six biological replicates. Only phosphosites that were
detected in three or more replicates are reported. Significance tests
were carried out on log2-transformed ratios and phosphosites with p
values � 0.05 were considered significant. The ratio intensities for
phosphosites in the PhosphoSTY.txt file are reported for peptides
that passed a certain internal threshold set by the algorithm Max-
Quant uses. All peptides that passed or did not pass this threshold
are present in the Evidence.txt file. As a result, phosphopeptides for
the protein TACC3 were eliminated from further analysis using the
PhosphoSTY files because a) not all peptides passed the internal
algorithm criteria and b) those that did pass were finally found in �3
biological replicates. TACC3 is an important protein with regards to
this study; therefore, we extracted information for data analysis of this
protein from the Evidence.txt file. Further information is provided in
the Results section.

Bioinformatics—The online tool JVENN was used to identify pro-
tein,phosphopeptide and kinase consensus motif overlaps between
the lists compared (http://bioinfo.genotoul.fr/jvenn/example.html)
(30). NetworkAnalyst (http://www.networkanalyst.ca) was used for
protein interaction network analysis. Spindle protein prediction was
performed using Predster (http://predster.cathdb.info/). Consensus
kinase motifs in phosphopeptides were searched for using the Scan-
Prosite tool (Prosite; ExPASy Bioinformatics resource Portal). Search
Tool for the Retrieval of Interacting Genes/Proteins (STRING v9.1) (31)
was also used for protein interaction assessment and GO enrichment.

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium (http://proteomecentral.proteome
xchange.org) via the PRIDE partner repository (32) with the data set
identifier PXD001603.

Experimental Design and Statistical Rationale—A human spindle
proteome reference library was created to identify and classify as
many proteins at the metaphase mitotic spindle. These were com-
pared with various published literature sources and databases in an
attempt to extend the list of spindle-associated proteins. The effect of
clathrin-depletion on the metaphase mitotic spindle was then studied
using the methods described above. All proteomic experiments were
conducted with six biological replicates and at least three technical
replicates (where indicated). For proteomic data analysis, a pair-wise
t test was used to compare clathrin-knock-down spindle data with
luciferase siRNA treated spindle data for the purposes of direct com-
parison of the respective effects. Instances that displayed p values �
0.05 following a t test were considered to be a significant change.
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RESULTS

A Reference Mitotic Spindle Proteome—To investigate the
effects of depletion of clathrin on the human mitotic spindle
proteome and phosphoproteome, we first established a ref-
erence library of the human mitotic spindle. Mitotic spindles
(containing KTs and centrosomes) from metaphase-synchro-
nized HeLa cells were purified essentially as previously de-
scribed (33). Enrichment of mitotic spindles was confirmed by
microscopy, revealing that the samples contained predomi-
nantly spindle poles with associated microtubules (supple-
mental Fig. S1A), as previously described (33). Enrichment of
mitotic spindles was also confirmed by immunoblotting se-
lected key spindle proteins (supplemental Fig. S1B). We used
label-based and label-free proteomics approaches to ensure
comprehensive coverage of the spindle proteome and phos-
phoproteome, because these two approaches are known to
result in identification of different subsets of the proteome/
phosphoproteome (34–36). A label-free approach was used
only for identification (supplemental Fig. S1C). Multiplex pep-
tide dimethyl stable isotope labeling was used for both iden-
tification and quantification of spindle peptides and proteins
(Fig. 1A). From six independent experimental replicates, we
identified a combined total of 3046 proteins using the two
approaches (supplemental Table S1). This number included
1345 and 2701 from the label-free (supplemental Table S2)
and dimethyl labeling (supplemental Table S3 and S4) ap-
proaches, respectively, with 1000 proteins in common (sup-
plemental Table S1).

We next assessed the breadth and specificity of the pro-
teins that we identified as being spindle-associated by com-
paring our findings to the reported (3) and predicted (37)
spindle proteomes (Fig. 1B; supplemental Table S1, supple-
mental Table S5). Sauer et al. (3) reported 156 spindle pro-
teins. We identified 126 of these proteins (supplemental Table
S1). We also identified an additional 219 proteins that have
been classified as spindle and/or spindle-associated accord-
ing to MiCroKiTS v4 (supplemental Table S1), an on-line da-
tabase containing protein localization information from multi-
ple organisms (2). We also compared our spindle proteome to
the predicted spindle proteomes—Spindle Predictions Inte-
grated Platform (SPIP) as well as the online tool Predster
(SPINDLE mode) (37). Both platforms assign individual pro-
teins with a Fischer score to indicate their likelihood of being
a spindle protein, whereby the higher the score, the more
likely it is to be a spindle protein. All, but 138 proteins (4.4%
had no score indicating they are unlikely to be spindle pro-
teins), had a Fisher score indicating that our spindle prepara-
tion has a high level of purity.

We next took a candidate approach and assessed the
localization of RIF1. RIF1 had been assigned the highest
Fischer score of 13.62, among the down-regulated proteins
on clathrin depletion (supplemental Table S1, supplemental
Table S3), indicating that it is highly likely to be spindle-

associated. Immunofluorescence microscopy revealed that it
localized along the spindle fibers (supplemental Fig. S2). Col-
lectively, we report a spindle proteome consisting of 2908
proteins. Thus, we generated a spindle proteome fraction of
high purity with 95.4% of proteins having been either exper-
imentally validated or predicted to be spindle proteins.

The Clathrin-depleted Spindle Proteome—To assess the
effect of depleting clathrin on the spindle proteome and phos-
phoproteome, we carried out quantitative LC-MS/MS of iso-
lated mitotic spindles from untreated metaphase HeLa cells
and metaphase HeLa cells transfected with CHC siRNA or
control Luciferase (Luc) siRNA (Fig. 1A). Depletion of clathrin
by its target siRNA was confirmed in total cell lysates (prior to
mitotic spindle isolation) by Western blotting (supplemental
Fig. S3), as well as in purified mitotic spindles by immunoflu-
orescence microscopy (Fig. 1C). The microtubule arrays were
similar in all three experimental conditions, suggesting that
the cells were synchronized at a similar mitotic stage. Con-
sistent with the role of clathrin in stabilizing K-fibers (11), we
observed a reduction in the numbers of spindle fibers asso-
ciated with each spindle pole following CHC siRNA treatment
(Fig. 1C). Nevertheless, an equivalent amount of spindle pro-
teins of similar purity were isolated in all experimental sam-
ples. To quantitate the changes in protein and phosphopep-
tide abundance by LC-MS/MS, mitotic spindles isolated from
untreated, Luc-depleted and CHC-depleted cells were la-
beled with light, medium and heavy dimethyl isotope variants,
respectively. An equal amount of each labeled sample was
combined. Phosphopeptides were enriched for and sepa-
rated for analysis. The nonphosphopeptide flow-through was
fractionated by strong cation exchange to obtain comprehen-
sive coverage (supplemental Fig. S1B). To obtain quantifiable
changes because of clathrin depletion with a high level of
confidence, we only assessed those proteins that were iden-
tified in at least three of the six independent biological repli-
cates. Thus, a total of 835 proteins were analyzed (supple-
mental Table S3).

Analysis by tandem MS of the protein levels of CHC (sup-
plemental Table S6), the microtubule-binding partner MAP7,
and ch-TOG provided an independent assessment of the
depletion efficiency as well as the specificity of the CHC
targeted siRNA (Fig. 1D). No significant change in MAP7
abundance was detectable, demonstrating the specificity of
the CHC siRNA. Consistent with previous reports (19), recruit-
ment of ch-TOG to the mitotic spindle was not dependent on
clathrin because we observed no reduction in its abundance
in clathrin-depleted spindles (Fig. 1D). Nonphosphopeptides
of TACC3 could not be identified to assess the effect of
clathrin depletion on its spindle localization. However, the lack
of detection of nonphosphorylated TACC3 in isolated spindle
is consistent with the idea that the spindle localization of
TACC3 is dependent on its phosphorylation (17, 18). Deple-
tion of CHC caused a significant change in the abundance
(up-regulated or down-regulated) of 121 out of 835 proteins
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FIG. 1. Mitotic spindle proteomics. A, Untransfected HeLa S3 cells and cells transfected with Luc-targeting siRNA or CHC-targeting siRNA
were synchronized to pro-metaphase with Nocodazole and collected by mitotic shake-off. The workflow describes isolation of mitotic spindle
proteins, tryptic digestion, dimethylation labeling of tryptic peptides, followed by preparation of each sample for analysis of phosphopeptides
and nonphosphopeptides on the Orbitrap Velos mass spectrometer. B, Bar graph depicting the number of proteins that overlap between
proteins identified in our study (Proteins) and proteins classified as localizing to the spindle by Sauer et al., 2005 (Sauer spindle list) (3),
MiCroKiTS, predicted spindle proteins in the whole human proteome (SPIP), the Expert list (37) and the online tool Predster. C, Representative
wide-field microscopy images of isolated mitotic spindles. Spindle structures of untreated cells and cells treated with siRNA against Luc or
CHC stained for �-Tubulin (green) and CHC (magenta). Scale bar: 5 �m. D, Graph shows the relative change in abundance (mean 	 S.E.) of
clathrin, the microtubule- associated protein Map7 and ch-TOG by quantitative mass spectrometry. n�3. *, p � 0.05.
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(14%) compared with Luc siRNA-treated spindles (Fig. 2A and
supplemental Table S3). Similar results were observed in CHC
siRNA treated cells compared with untreated cells (supple-
mental Table S7 and supplemental Fig. S4). Consistent with

these data, Luc siRNA treatment did not result in a statistically
significant change compared with the untreated control
(supplemental Table S8), indicating that Luc siRNA had no
apparent effect on protein levels and/or spindle integrity.

FIG. 2. Depletion of clathrin causes a change in protein abundance of mitotic spindle proteins. A, Bar graph depicting total protein
abundance of significantly altered proteins upon CHC knockdown. Data is presented as the ratio of CHC/Luc. Error bars represent S.E. n�3,
p � 0.05 (t test). Red asterisk, known spindle or spindle-associated proteins. Green asterisk, predicted spindle proteins. B, Network of
significantly increased proteins upon CHC knock-down. Green nodes represent up-regulated proteins. Blue dots represent proteins involved
in the cell cycle, yellow dots represent endocytic proteins. Groups of proteins involved in common mitotic functions are represented in the
indicated colored balloon with matching colored text labels. Red start indicates those proteins with a putative clathrin binding motif. C, Network
of significantly decreased proteins upon CHC knock-down. Red nodes represent down-regulated proteins. Blue dots represent proteins
involved in the cell cycle, yellow dots represent endocytic proteins. Proteins with putative clathrin binding motifs are grouped into the purple
balloon.
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Thus, all subsequent analysis is discussed in the context of
CHC siRNA versus Luc siRNA.

We next examined the protein interaction network of the
121 proteins that significantly changed in abundance follow-
ing clathrin depletion (Fig. 2B and 2C) using NetworkAnalyst
(38, 39). A significant number of up-regulated proteins (except
for RRP15, nucleoprotein TPR, MAP7D1, and HIST1H3A) are
known spindle proteins with key roles in processes that drive
mitotic progression (Fig. 2B). Similar results were obtained by
using the Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING v9.1; supplemental Table S9). In contrast,
most of the down-regulated proteins are predicted spindle
proteins with no known spindle role (Fig. 2C). The results
show that depletion of clathrin causes an accumulation of
proteins on the mitotic spindle that are associated with chro-
mosome alignment and spindle assembly.

To gain insight into how clathrin might function with any of
the proteins that were up- or down-regulated, we scanned the
sequence of each protein for the presence of a clathrin-
binding motif (L[IVLMF]X[IVLMF][DE]) using the Eukaryotic
Linear Motif (ELM) resource (40). The results revealed that
43% (32 of 75 proteins) of up-regulated proteins and 24% (11
of 46 proteins) of down-regulated proteins contained at least
one clathrin-binding motif (Table I). To test for specificity of
the motif prediction, 1000 proteins from the HeLa proteome
(41) were analyzed by ELM for the presence of a clathrin-
binding motif. Of these, 27% of the 1000 proteins were found
to contain at least one predicted clathrin-binding motif, illus-
trating that a significant proportion of the proteins that were
up-regulated, but not down-regulated, are potential clathrin-
binding proteins.

The Spindle Phosphoproteome Following Depletion of
Clathrin—From the label-free (supplemental Table S10) and
dimethyl labeling (supplemental Table S11) experiments de-
scribed above, we identified 758 and 4784 phosphosites,
respectively, following enrichment using TiO2 and fraction-
ation by a high pH-reverse phase micro-column method. 385
were phosphosites identified in common between the two
experimental methods, revealing a total of 5157 unique phos-
phosites identified. These collectively belonged to 1641 phos-
phoproteins, of which 70 are known spindle proteins (3), 199
are spindle/spindle-associated proteins according to Mi-
CroKiTS, 464 are categorized to the “Expert” list and 1636 are
classified as spindle-associated proteins using SPIP (37) (Fig.
3A; supplemental Table S12). We also manually compared all
phosphopeptides (that contained the exact same residues
within the tryptic peptide) to three other reported spindle
phosphoproteomes (Fig. 3B) (42–44). We identified 4097
phosphopeptides that were unique to our spindle phospho-
proteome. The other 1060 were found in previous studies. We
quantified the change in abundance of 1259 phosphosites
(identified in n�3 experimental replicates) in clathrin-depleted
mitotic spindles (supplemental Table S11). The presence and
abundance of at least two nonphosphopeptides within the

same protein of each phosphopeptide were used to correct
for the underlying change in protein abundance associated
with each phosphopeptide. Phosphopeptides lacking corre-
sponding protein abundance data were excluded from further
analysis (supplemental Table S13). From a final list of 803
phosphosites that could be analyzed, 47 phosphosites had
significantly altered site occupancy (p � 0.05; t test) in clath-
rin-depleted spindles, which included increased occupancy of
30 phosphosites and decreased occupancy of 17 phospho-
sites (Fig. 3C). The change in phosphorylation was then com-
pared with those corresponding proteins whose abundance
was changed significantly by clathrin depletion (Fig. 3D) to
determine if the increase/decrease in phosphorylation was
because of a corresponding significant change in protein
abundance or to a phosphorylation event. Of the 47 phospho-
sites that had altered site occupancy, 27 had a corresponding
change in protein abundance. The increase in phosphosite
occupancy in the proteins SRRM1, LMNB2, LMNA, NUP35,
and MYBBP1A, and decrease in the proteins HSPB1,
PLEKHA5, and GTSE1, did not correlate with a significant
change in the abundance of these proteins, indicating that
these phosphorylation events are regulated by kinases/phos-
phatases. Although we were not able to detect any TACC3
nonphosphopeptides, we were able to detect TACC3 phos-
phosites. Despite not being able to normalize TACC3 phos-
phorylation based on protein abundance, we noted that the
phosphosites quantified were significantly decreased in clath-
rin-depleted spindles compared with control spindles (Fig. 3E;
supplemental Table S14), as previously reported (19).

We then analyzed our quantified data set of 803 phospho-
sites for the presence of a consensus site(s) for the mitotic
kinases, Plk1, Aurora kinases and Cdk1 (supplemental Table
S15). We used the ScanProsite tool (Prosite; ExPASy Bioin-
formatics resource Portal) to scan for the following motifs
within the phosphopeptides: (1) D/E-X-S/T (Plk1), (2) R/K-R/
K-X-S/T (Aurora A and B kinases), (3) S-S/T (Polo box-binding
domain), and (4) S/T-P (Cdk1). A total of 616 unique phos-
phopeptides contained at least one consensus motif for Plk1,
Cdk1 or Aurora kinases (Fig. 3F and supplemental Table S15).
The majority of phosphosites contained at least one consen-
sus motif for Cdk1. In line with this trend, 29 of 31 phospho-
sites that were up-regulated in CHC-depleted spindles were
Cdk1 predicted substrates. Among the 17 down-regulated
phosphosites, 10 were predicted Cdk1 substrates and five
contained a polo box-binding domain or Plk1 motif including
the phosphorylated residue. Collectively, these results indi-
cate that clathrin function at the mitotic spindle is associated
primarily with a small subset of Cdk1-dependent substrates.

Proteomic Validation and effect of Clathrin Depletion on
Spindle Localization of Selected Proteins—To experimentally
verify our proteomics data set, we performed immunofluores-
cence microscopy, whereby we calculated the fluorescence
intensity at the mitotic spindle of selected proteins whose
abundance increased in clathrin-depleted spindles. This
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method was chosen as immunoblotting is not sufficiently
sensitive and reliable to detect small but significant changes
in protein abundance (45). We selected five critical spindle
proteins for assessment by immunofluorescence microscopy:
KIF11/Eg5, KIF2C/MCAK, INCENP, NUMA1, and TPX2. All

five proteins assessed displayed their previously reported
mitotic localization: spindle pole (Kif11/Eg5, INCENP, TPX2
and NUMA1), spindle microtubules (Kif11/Eg5, Kif2C/MCAK,
TACC3, and TPX2) or both (Kif11/Eg5 and TPX2) in untreated
and Luc siRNA-treated cells (Fig. 4). This provides additional

TABLE I
Proteins with clathrin-binding motifs as predicted by ELM

Protein name Gene name Protein Change upon
CHC depletion

No. of
motifs

Amino acid position of clathrin-
binding motif(s) in protein

Glioma tumor suppressor candidate
region gene 2 protein

GLTSCR2 Q9NZM5 0.62 1 86–90

Coiled-coil domain-containing protein 86 CCDC86 Q9H6F5 0.67 1 32–36
Nucleoprotein TPR TPR P12270 0.75 3 1008–1012; 328–332; 504–508
Treacle protein TCOF1 E9PHK9 0.75 1 996–1000
Prelamin-A/C;Lamin-A/C LMNA P02545 0.76 1 226–230
ATP-dependent RNA helicase DDX54 DDX54 Q8TDD1 0.78 1 298–302
Nucleolar complex protein 2 homolog NOC2L Q9Y3T9 0.78 1 365–369
Transcriptional repressor p66-alpha GATAD2A B5MC40 0.79 1 387–391
La-related protein 4 LARP4 Q71RC2 0.82 1 2–6
Lamin-B2 LMNB2 J9JID7 0.83 2 203–207; 241–245
Proliferation-associated protein 2G4 PA2G4 Q9UQ80 0.87 1 105–109
Telomere-associated protein RIF1 RIF1 Q5UIP0 0.89 4 274–278; 429–433; 549–553; 750–754
Spectrin beta chain, brain 1 SPTBN1 Q01082 1.09 3 1005–1009; 219–223; 560–564
ATP-binding cassette sub-family F

member 1
ABCF1 Q8NE71 1.17 1 472–476

Structural maintenance of chromosomes
protein 1A

SMC1A Q14683 1.2 2 6–10; 978–982

Tubulin gamma-1 chain;Tubulin gamma-
2 chain

TUBG1;TUBG2 P23258 1.22 1 66–70

Centromere protein F CENPF P49454 1.23 5 1210–1214; 1751–1755; 1853–1857;
2268–2272; 784–788

Myosin-9 MYH9 P35579 1.25 2 1426–1430; 1848–1852
Condensin complex subunit 1 NCAPD2 Q15021 1.25 4 140–144; 176–180; 722–726; 938–942
Double-stranded RNA-specific

adenosine deaminase
ADAR E7ENU4 1.27 1 377–381

Golgin subfamily A member 2 GOLGA2 Q08379 1.27 1 504–508
5-azacytidine-induced protein 1 AZI1 Q9UPN4 1.27 1 99–103
Sentrin-specific protease 3 SENP3 Q9H4L4 1.28 1 468–472
Chromosome-associated kinesin KIF4A KIF4A O95239 1.29 3 182–186; 686–690; 920–924
Calmodulin-regulated spectrin-

associated protein 1
CAMSAP1 Q5T5Y3 1.3 3 26–30; 1233–1237; 1250–1254

Kinesin-like protein KIF22 KIF22 Q14807 1.33 2 251–255; 443–447
Eukaryotic translation initiation factor 4

gamma 2
EIF4G2 D3DQV9 1.33 2 116–120; 730–734

Inner centromere protein INCENP Q9NQS7 1.36 1 31–35
Sperm-associated antigen 5 SPAG5 Q96R06 1.36 3 312–316; 442–446; 522–526
Junction plakoglobin JUP F5GWP8 1.37 1 315–319
Tubulin beta-6 chain TUBB6 Q9BUF5 1.42 1 65–69
Kinesin-like protein KIF14 KIF14 Q15058 1.44 1 1579–1583
CLIP-associating protein 1 CLASP1 B7ZLX3 1.46 2 68–72; 1349–1353
Collagen alpha-1(XII) chain COL12A1 Q99715 1.46 2 340–344; 2510–2514
Serine hydroxymethyltransferase,

mitochondrial
SHMT2 P34897 1.51 1 381–385

Kinesin-like protein KIF20A KIF20A O95235 1.55 1 798–802
Protein disulfide-isomerase A3 PDIA3 P30101 1.6 1 47–51
Gamma-tubulin complex component 2 TUBGCP2 Q9BSJ2 1.62 1 225–229
Smoothelin SMTN P53814 1.62 2 583–587; 876–880
Non-POU domain-containing octamer-

binding protein
NONO Q15233 1.64 1 274–278

MAP7 domain-containing protein 3 MAP7D3 Q8IWC1 1.67 1 788–792
Epiplakin EPPK1 P58107 1.68 9 103–107; 641–645; 916–920; 1602–1606;

2260–2264; 2794–2798; 3328–3332;
3862–3866; 4930–4934

Kinesin-like protein KIF2C KIF2C Q99661 1.76 1 599–603
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FIG. 3. Phospho-regulation upon CHC knock-down. A, Bar graph depicting the number of phosphoproteins that overlap between our
study (Phosphoproteins) and proteins classified as localizing to the spindle by Sauer et al., 2005 (Sauer spindle list) (3), MiCroKiTS, the Expert
list and predicted spindle proteins in the whole human proteome (37). B, Bar graph depicting the number of phosphosites that were identified
in our study (Phosphosites) and those that were also identified in studies by (42, 43, 44). C, Bar graph depicting the normalized abundance of
significantly altered phosphosites upon CHC knockdown. Data is presented as the ratio of CHC/Luc. Error bars represent S.E. n�3, p � 0.05
(t test). Red asterisk, known spindle or spindle-associated proteins; Green asterisk, predicted spindle proteins. D, Bar graph depicting the
normalized abundance of significantly altered phosphosites (white bars) among significantly altered proteins (black bars) upon CHC knock-
down. Data is presented as the ratio of CHC/Luc. Error bars represent S.E. n�3, p � 0.05 (t test). E, Total phosphoprotein abundance of TACC3
(nonnormalized), as determined by quantitative mass spectrometry. Error bars represent S.E. n�3. w.r.t value of 1). F, Venn diagram depicting
the overlap of consensus motifs for Plk1 (D/E-X-S/T), Aurora A/B kinases (R/K-R/K-X-S/T), Polo box-binding domain (S-S/T) and Cdk1 kinase
(S/T-P) within the quantified phosphopeptides (803 normalized phosphopeptides). The size of each list is shown in the bar graph below.
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validation of our spindle proteome. In line with our MS results,
the fluorescence intensity of KIF11/Eg5, KIF2C/MCAK,
INCENP, and NUMA1 increased at the mitotic spindle in
clathrin-depleted metaphase cells compared with control
cells (Fig. 4). We also assessed the enrichment of TACC3 and
phosphorylated TACC3-S558 at the spindle as well as its
spindle localization. Both TACC3 and TACC3-S558 decorated
the spindle poles as well as the spindle fibers, as previously

reported (19) and again, consistent with the lack of detection
of these proteins in isolated spindles by MS, the spindle
localization of both was reduced in clathrin-depleted cells
(Fig. 4). We were unable to detect a significant increase in
TPX2 (Fig. 4). Overall, the proteomics and immunofluores-
cence microscopy data was similar.

To investigate the link between these proteins and clath-
rin, we also determined if the specific spindle localization of

FIG. 4. Validation of protein localization by immunofluorescence. A, Staining quantification of the selected proteins at the mitotic
spindle. The graph (mean 	 S.E.) shows the relative integrated fluorescence density of the indicated proteins. In total, n�33 cells assessed
per protein from three independent experiments. *, p � 0.05; **, p � 0.005; ***, p � 0.0005 (One-way ANOVA). B, Representative
immunofluorescence images showing the localization and abundance of KIF11/Eg5, KIF2C/MCAK, INCENP, NUMA1, TPX2, TACC3 and
pTACC3-S558 in CHC siRNA- and control Luc siRNA-treated metaphase cells. Untreated HeLa cells and those treated with siRNA against
Luc or CHC were fixed and labeled with the indicated antibodies. Maximum projections of deconvolved z series are shown. Scale bar:
5 �m.
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all proteins assessed (KIF11/Eg5, KIF2C/MCAK, TACC3,
TACC3-S558, INCENP, NUMA1, and TPX2) was perturbed in
clathrin-depleted mitotic spindles (Fig. 4). Only the distribution
of INCENP at the metaphase plate was slightly impaired,
consistent with disruption of chromosome alignment. Among
this subset of spindle proteins, clathrin only contributes to the
spindle recruitment of TACC3. Instead, this data suggests
that clathrin cooperates with most spindle proteins once they
have arrived at the spindle to participate in multiple spindle
functions including bipolar spindle formation, spindle stability,
and chromosome alignment (Fig. 5).

DISCUSSION

In this study, we reveal the proteome and phosphopro-
teome of the mitotic spindle in the presence and absence of

clathrin. Functional pathway analysis of the proteins disrupted
by clathrin depletion confirmed the reported role of clathrin in
stabilizing the mitotic spindle but also revealed a novel sec-
ond role for clathrin in bipolar spindle formation. The findings
provide insights into the molecular pathways that clathrin is
associated with during these processes.

We report a comprehensive coverage of the spindle pro-
teome and spindle phosphoproteome. A complete identifica-
tion of the spindle proteome/phosphoproteome is challenging
for the systems biology field because its assembly requires
many distinct structural and regulatory proteins and once
established it is a highly dynamic structure with many proteins
only associating transiently in a spatiotemporal manner as the
cell proceeds through mitosis. Nevertheless, large-scale pro-

FIG. 5. Processes regulated by clathrin during mitosis. Clathrin has a moonlighting role during mitosis, whereby it stabilizes the mitotic
spindle. Depicted is a global overview of the mitotic processes regulated by proteins whose abundance at the mitotic spindle is affected by
the depletion of clathrin. The absence of clathrin disrupts bipolar spindle formation, spindle stabilization, chromosome alignment and
chromosome segregation. We hypothesize that clathrin may also have a role in regulating the abundance of spindle proteins by transporting
them as cargo between the spindle and cytoplasm.
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teomics experimental approaches have contributed substan-
tially to the characterization of many spindle components,
with the first spindle proteome reporting 795 proteins (con-
taining 126 known spindle proteins (3)) and a spindle phos-
phoproteome of 736 phosphosites (containing 312 phospho-
sites from known spindle proteins) (43). We report a spindle
proteome that consists of 3046 proteins (351 previously iden-
tified) and a spindle phosphoproteome of 5157 phosphosites
(269 from known spindle proteins). Specifically, we identified
4097 new phosphosites in known and predicted spindle pro-
teins. Of the 2695 proteins and 4888 phosphorylation sites
that have not been previously reported to be spindle-associ-
ated, most are likely bona fide spindle components because
�95% are predicted spindle proteins. In support of this idea,
by using a candidate-based approach, we identified the telo-
mere-associated protein, RIF1, as a component of the spin-
dle, in which it localizes along microtubules. In agreement
with a role for clathrin in stabilizing the mitotic spindle, the
abundance of spindle components involved in this process
was disrupted by clathrin depletion, including 9.2% of pro-
teins and 2.2% of phosphorylation sites. This small global
effect is expected given that clathrin acts to stabilize a subset
of microtubules within the kinetochore fibers (10). To date, this
role is known to involve its association with phosphorylated
TACC3 and ch-TOG (11, 12). Our quantitative mass spec-
trometry findings vastly extend the link between clathrin and
spindle stabilization because the abundance of the following
groups of proteins involved in spindle stability was increased
in clathrin-depleted spindles: spindle stability and microtubule
bundling (MAP7D3, SPAG5/astrin, NUSAP1, TPX2, CLASP1,
NUMA1, NUMA1 phosphorylated at S1862, PRC1, RBM14,
GTSE1, and HAX1), chromosome congression and alignment
(KIF22/KID, KIF22 phosphorylated at S581, KIF4A, KIF14,
KIF2C/MCAK, CENPF, CENPF phosphorylated at S3150 and
S3175, INCENP, and HAX1), as well as chromosome segre-
gation (KIF23/MKLP1, KIF20A/MKLP2, GLTSCR2, SENP3,
and RBM14) (Fig. 5). Overexpression of many of these such
as NUMA1 (46), TPX2 (47), and SPAG5/astrin (48) leads to
mitotic phenotypes consistent with clathrin depletion (10, 12)
and include an increase in metaphase plate width, loss of
spindle fibers, chromosome misalignment and mis-segrega-
tion. In contrast, we observed a reduction in TACC3 and
phospho-TACC3 spindle localization in clathrin-depleted
spindles, suggesting that clathrin contributes to spindle sta-
bilization via additional pathways that do not involve TACC3.
Another mitotic regulator that stabilizes kinetochore fibers is
HURP/DLGAP5 (49). HURP/DLGAP5 was detected in our
study but was not reported in the final quantitative results
because it was detected in only two biological replicates.
Nevertheless, clathrin depletion resulted in a 1.6 	 0.47
(mean 	 S.D.) fold increase in HURP levels. The overall trend
in increased protein levels at the mitotic spindle suggests
compensation for the lack of clathrin to aid in spindle
stabilization.

One of the major findings of our study is that clathrin
depletion increased the abundance of spindle proteins asso-
ciated with a role in bipolar spindle formation, which occurs at
the onset of mitosis. These proteins include microtubule-
binding proteins, kinesin motor proteins, condensin compo-
nents, and centromeric proteins. Functional pathway analysis
revealed that they play key roles in centrosome separation
(KIF11/Eg5 and KIFC2/KNSL1), microtubule nucleation
(TUBG1, TUBB6, TUBGCP2, and TUBGCP6), chromosome
condensation (SMC1A, SMC2, NCAPD2, and, NCAPH), and
bipolar spindle assembly (Aurora A and GM130). Condensin I
and II aid the displacement of excess INCENP from the arms
of mitotic chromosomes for subsequent mitotic stages (37,
50), and thus the observed increase in the condensin subunits
(SMC2, NCAPD2, and NCAPH) as well as in SMC1A might be
because of the increase in INCENP. The centrosome protein
AZI1/CEP131, has been classified as a spindle component
but its mitotic role is unknown. Its spindle abundance also
increased following clathrin depletion. The centrosome local-
ization of AZI1/CEP131 suggests it may play a role in bipolar
spindle formation and thus we hypothesize that this may
involve co-operation with clathrin.

The depletion of clathrin also had a significant effect on the
abundance of an additional 89 proteins (44 increased and 45
decreased) and 47 phosphorylation sites (27 increased and 20
decreased) in proteins that have not previously been classi-
fied as locating to the spindle. However, all of these are
predicted spindle proteins. Four proteins can be linked to
mitosis: RBM14, GTSE1, SENP3, and GLTSCR2 (Fig. 5). In an
analogous manner to known spindle proteins, the spindle
levels of all proteins, except GLTSCR2, increased following
CHC depletion. RBM14 interacts with the centriole assembly
factor STIL to prevent assembly of centriolar protein com-
plexes, thus ensuring proper spindle assembly (51). GTSE1 is
a microtubule plus-end tracking protein (�TIP) that binds
directly to the microtubules. Its depletion results in disorga-
nized microtubules (52). SENP3 is a SUMO isopeptidase that
during mitosis interacts with Borealin, a chromosomal pas-
senger complex protein involved in regulating chromosome
congression, the SAC, and cytokinesis (53). This interaction
results in desumoylation of Borealin. Similarly, SENP3 inter-
acts with and desumoylates nucleophosmin (NPM1) (54),
which locates to the mitotic centrosome and participates in
centrosome and spindle formation as well as chromosome
congression (55). GLTSCR2 is also an upstream negative
regulator of NPM1, whereby it induces its nucleoplasmic
translocation, leading to increased proteasomal-mediated
degradation of NPM1 (56). The level of GLTSCR2 decreased
in CHC-depleted spindles, and consistent with the role of
GLTSCR2, NPM1 abundance was unaffected. GLTSCR2 may
play a role in regulating NPM1 centrosome levels and there-
fore contribute to regulating bipolar spindle formation. Both
GLTSCR2 and SENP3 contain putative clathrin-binding motifs

Clathrin-dependent Mitotic Spindle Proteome

Molecular & Cellular Proteomics 15.8 2549



and thus their localization/function at the spindle may be
regulated by clathrin directly.

Our analysis did not show a significant effect of clathrin
depletion on the abundance of SAC components or its regu-
lators. This is surprising given that clathrin depletion activates
the SAC (20). SAC activation would have resulted in an in-
crease in the spindle abundance of the kinetochore compo-
nents CENP-E and dynein, their target components ZW10
and ROD, and spindle checkpoint proteins such as Mad1,
Mad2, BubR1 and Cdc20 (1). There are several reasons why
we most likely were unable to observe a response in SAC
proteins: (1) only MAD1 and ZW10 were detectable, however,
they were not quantifiable because they were not detected in
both control and clathrin-depleted samples or were detected
in �3 biological replications; and (2) clathrin depletion does
not cause a complete block in chromosome segregation, but
rather a delay, and thus the time point taken for analysis may
have prevented detection of SAC components. This incom-
plete block is likely because of redundancy, whereby alternate
spindle assembly and stability pathways are up-regulated. For
example, the spindle abundance of the microtubule-binding
protein TPX2 is involved in spindle assembly. Its abundance is
increased following CHC depletion and excess TPX2 leads to
spontaneous microtubule assembly (57, 58). Future experi-
ments that deplete CHC in combination with proteins that are
up-regulated will determine if they function in the same or
parallel pathways.

Several kinases and phosphatases play an important role in
regulating protein phosphorylation throughout mitosis to en-
sure key events occur in a spatially and temporally regulated
manner. Specifically, Aurora A kinase is involved in bipolar
spindle assembly and subsequently in spindle stability (59,
60). Two key substrates are TPX2 and TACC3. Aurora A
spindle abundance increased significantly following CHC de-
pletion. However, this did not appear to result in an increase
in phosphorylation of Aurora A-mediated substrates. No
phosphorylation sites that changed in spindle abundance fol-
lowing CHC depletion were predicted Aurora A kinase sub-
strates. Thus, we hypothesize that clathrin functions down-
stream of Aurora A and does not regulate its activity.
However, the abundance of two Aurora A-binding partners,
SPAG5/astrin and TPX2, increased on CHC-depleted spin-
dles. Both are required for directing Aurora A to the mitotic
spindle (61, 62). Consistent with this idea, Aurora A spindle
levels increased following CHC-depletion. Thus, our data sug-
gests that clathrin does not appear to be important for regu-
lating Aurora A kinase activity but instead may contribute to
regulating the levels of Aurora A at the spindle via its binding
partners, SPAG5 and TPX2, thereby, contributing to spindle
assembly and stability. This may be by direct interaction, at
least with SPAG5, which contains three putative clathrin-
binding motifs.

It was not surprising that the majority of phosphorylation
sites that changed in abundance at the spindle following CHC

depletion were predicted to be a substrate of Cdk1 and a few
contained a putative motif for Plk1 or for PBD, which is a
phospho-peptide-binding motif for Plk1. The availability of
data resources that cater specifically to phosphatases is lim-
ited and thus we were unable to scan the phosphorylation
sites that changed in spindle abundance for putative phos-
phatase motifs. However, given that the majority are SP/TP
motifs, potential phosphatases with known roles in mitosis
include Cdc14A, Cdc14B, PP1, PP2A, and Ptpcd-1 (63).
These could be candidate phosphatases for dephosphorylat-
ing those proteins whose phosphorylation decreased in CHC-
depleted spindles.

The only reported clathrin-interacting partner during meta-
phase is TACC3, and together they form a complex with either
ch-TOG or GTSE1 (11, 19, 64, 65). This study identified 43
potential novel clathrin-binding partners (during metaphase
based on the observations that their spindle abundance is
dependent on clathrin and they contain at least one clathrin-
binding motif (L[IVLMF]X[IVLMF][DE]), suggesting that clathrin
participates in key mitotic functions via direct interactions. We
reasoned that proteins that decreased in abundance in clath-
rin-depleted spindles represent interacting partners that are
dependent on clathrin for their spindle localization. In con-
trast, the up-regulated proteins may associate with clathrin
once located at the spindle to regulate specific functions.
Twelve of the down-regulated proteins contained at least one
clathrin-binding motif. Of these, only TPR is a known spindle
protein, although the others are predicted spindle proteins.
TPR is a component of the nuclear pore complex and binds to
the SAC proteins MAD1 and MAD2. Depletion of TPR de-
creases the level of Mad1 at KTs, correlating with an inability
to activate Mad2, which is required for inhibiting APC (Cdc20)
and thus satisfying the SAC (66). Although we did not observe
an effect on SAC proteins the decrease in TPR suggests a
potential mechanism for how clathrin depletion activates the
SAC. TPR is predicted to contain three clathrin-binding motifs
and thus clathrin may directly associate with and tether TPR
at the spindle. In contrast, 31 proteins that increased in spin-
dle abundance following clathrin depletion contained at least
one putative clathrin-binding motif and 15 of these were spin-
dle-associated proteins. Analysis of the localization of the
known clathrin-binding partner, TACC3, as well as KIF2C/
MCAK and INCENP, which contain putative clathrin-binding
motifs, revealed that the spindle localization of TACC3 and
INCENP is dependent on clathrin. In contrast, the localization
of KIF11/Eg5, NUMA1, and TPX2, which do not have a clath-
rin-binding motif, was unaffected. Clathrin is not exclusively
localized to the spindle in metaphase cells. In the cytoplasm,
it can form “classical” clathrin cages that sequester a pool of
mitotic proteins such as TACC3, ch-TOG and GTSE1 (67).
Thus, it is possible that clathrin also participates in a number
of mitotic functions by binding spindle proteins such as cargo
on clathrin-coated vesicles to traffic proteins toward the spin-
dle (down-regulated in CHC-depleted spindles) or from the
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spindle (up-regulated in CHC-depleted spindles). This sug-
gests that in addition to its role at the spindle, clathrin also
contributes to regulating the spatial and temporal accumula-
tion of spindle proteins for efficient mitotic progression.

The findings clearly demonstrate that we have moved well
beyond generating a spindle components list. The Plk-de-
pendent spindle proteome and spindle phosphoproteome
have been identified and provide a solid platform to investi-
gate and improve our understanding of the signaling path-
ways that Plk1 is associated with (44). Here, we further ex-
emplify the power of using quantitative mass spectrometry by
characterizing the clathrin-dependent spindle proteome and
phosphoproteome. The findings provide a solid foundation for
potential new mitotic roles for clathrin that have not previously
been identified using standard molecular biology techniques,
such as siRNA-mediated depletion and ectopic expression of
mutants. Specifically, we show that the mitotic role of clathrin
is not only in spindle stabilization but is also linked to a large
number of mitotic processes spanning mitotic entry through
to chromosome segregation. The data also provides substan-
tial insight into clathrin-associated signaling pathways during
metaphase.
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