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Huntingtin-interacting protein 1-related is required for accurate 
congression and segregation of chromosomes
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Huntingtin-interacting protein 1-related (HIP1r) is known to 
function in clathrin-mediated endocytosis and regulation of the 
actin cytoskeleton, which occurs continuously in non-dividing 
cells. This study reports a new function for HIP1r in mitosis. 
Green fluorescent protein-fused HIP1r localizes to the mitotic 
spindles. Depletion of HIP1r by RNA interference induces mis-
alignment of chromosomes and prolonged mitosis, which is 
associated with decreased proliferation of HIP1r-deficeint cells. 
Chromosome misalignment leads to missegregation and ulti-
mately production of multinucleated cells. Depletion of HIP1r 
causes persistent activation of the spindle checkpoint in mis-
aligned chromosomes. These findings suggest that HIP1r plays 
an important role in regulating the attachment of spindle mi-
crotubules to chromosomes during mitosis, an event that is re-
quired for accurate congression and segregation of chromosomes. 
This finding may provide new insights that improve the under-
standing of various human diseases involving HIP1r as well as 
its fusion genes. [BMB reports 2010; 43(12): 795-800]

INTRODUCTION

Mitosis is the process by which replicated chromosomes in a 
parent cell are separated into two identical sets. Accurate dis-
tribution of replicated chromosomes through mitosis is crucial 
for cellular viability, normal development of organisms, and 
genetic inheritance over generations. In addition, chromosome 
instability caused by dysfunctions in mitosis is associated with 
various genetic human diseases. 

Microtubules (MTs) are responsible for ensuring efficient 
and accurate distribution of chromosomes throughout mitosis. 
As the nuclear envelope is disassembled, MT spindles emanat-
ing from centrosomes bind to the kinetochores of each sister 
chromatid. This bipolar attachment of MTs to chromosomes 

ensures that chromosomes congress correctly at the metaphase 
plate. Sister chromatids are then segregated to each pole in 
anaphase and telophase by the combined actions of MT 
shrinkage and MT-associated proteins (1). Therefore, fast and 
accurate attachment of the MT spindle to the paired sister 
chromatids is essential for proper distribution of chromosomes 
to the two daughter cells. Although regulation of the overall 
progression of mitosis has been studied, much remains to be 
learned about the molecules responsible for correct chromo-
some congression and segregation.

Recent reports indicate that endocytic proteins are involved 
in mitotic events. Endocytosis is the process by which cells in-
ternalize molecules from the exterior by membrane trafficking. 
Endocytosis is critically important for nutrient uptake, signal 
processing, and maintenance of the surface area of the plasma 
membrane (2, 3). However, the biological contribution of en-
docytosis is likely defined in interphase cells. For example, 
with respect to receptor-mediated endocytosis, as the cell en-
ters mitosis, clathrin-mediated traffic is rapidly shutdown and 
resumes only in late telophase (4-6). During mitosis, clathrin is 
localized on the mitotic spindle (5, 7). Royle et al. showed that 
clathrin is directly bound to the spindle and stabilizes ki-
netochore fibers (8). Interestingly, clathrin is not associated 
with the membrane during mitosis. This suggests that the func-
tion of clathrin in mitosis is not dependent on endocytosis. 
Dynamin 2, a GTPase involved in vesicle formation, is also in-
volved in centrosome separation and cytokinesis (9). These ob-
servations suggest that endocytic machines may be function-
ally relevant to cell division. 

The proteins of the Huntingtin-interacting protein 1 (HIP1) 
family, including HIP1 and HIP1-related (HIP1r), bind to cla-
thrin and possess domains for binding to phosphoinositides 
and actin (10, 11). Several previous reports have shown that 
these proteins primarily regulate the formation of clathrin- 
coated vesicles and trafficking by associating with actin at the 
plasma membrane (12, 13). However, it was unexpectedly 
found that embryonic fibroblasts derived from either HIP1 or 
HIP1r single knockout mice do not have any endocytic defects 
(3, 14, 15). Additionally, double HIP1/HIP1r knockout (DKO) 
mouse embryonic fibroblasts have no clearly observable de-
fects in clathrin trafficking, growth factor signaling, or the actin 
pathway (15, 16). All observed data using knockout mice sug-
gest that HIP1 family proteins play roles in the regulation of 
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Fig. 1. GFP-HIP1r localizes to mitotic spindles in HeLa cells. (A) 
HeLa cells were transfected with GFP or GFP-HIP1r and fixed in −20oC methanol after nocodazole removal. GFP-HIP1r, green; 
DNA, TOPRO3, blue; phalloidin, red. (B) GFP-HIP1r associates 
with mitotic spindles. HeLa cells expressing GFP- or GFP-HIP1r 
were synchronized by sequential combination of 10 mM thymi-
dine and 1 μM nocodazole. Mitotic spindles were purified, and 
the presence of HIP1r in mitotic spindles was determined by 
Western blot using antibodies specific to α-tubulin and GFP.

cell proliferation and survival, although there are no clear data 
supporting this hypothesis. Therefore, the true function of 
HIP1/HIP1r remains unknown. 

HIP1 was originally identified as a protein that binds to 
Huntingtin, a gene that is mutated in patients with Hunting-
ton’s disease, which is an inherited and autosomal dominant 
neurodegenerative disease (17, 18). HIP1 was also found to be 
part of a chromosomal translocation with PDGFbR in myelomo-
nocytic leukemia with t(5;7)(q33;q11.2) (19). The chromoso-
mal locus of 7q11 for HIP1 (12q for HIP1r) was deleted and 
mutated in human patients with various genetic syndromes 
(20, 21). Chromosomal alterations such as mutations and dele-
tions usually occur when there is an error in cell division fol-
lowing meiosis or mitosis. Therefore, it may be possible that 
dysregulated HIP1 family proteins are involved in chromoso-
mal instability related to various human diseases. The involve-
ment of HIP1 and HIP1r in mitosis was investigated in this 
study. It was found that green fluorescent protein-fused HIP1r 
(GFP-HIP1r) was localized to MT spindles of mitotic HeLa 
cells. HIP1r was important for accurate congression and segre-
gation of chromosomes.

RESULTS 

To investigate the functions of HIP1 family proteins during cell 
division, localization of HIP1 and HIP1r in mitosis was first 
examined. HeLa cells were transfected with GFP-fused HIP1 or 
HIP1r. GFP-HIP1 signals were seen as small puncta represent-
ing clathrin-coated vesicles throughout the cell cycle (11). 
These signals became diffusely distributed and blurred during 
mitosis. On the other hand, the subcellular distribution of 
GFP-HIP1r was found to be unique during specific phases of 
the cell cycle. During interphase, GFP-HIP1r in HeLa cells was 
found to be associated with clathrin-coated vesicles as pre-
viously described (12, 13). In metaphase, the fluorescence sig-
nal was found to be concentrated to mitotic spindle fibers, as 
judged by immunostaining of α-tubulin (Fig. 1A). To assess 
whether HIP1r associates with spindles, mitotic spindles were 
purified (13). HIP1r was identified in the purified mitotic spin-
dles (Fig. 1B). These findings suggest that HIP1r may have 
played a role in mitotic progression. Therefore, this study fo-
cused on investigating the function of HIP1r during mitosis.

HeLa cells were transfected with a small interfering RNA 
(siRNA) against HIP1r and then cultured for 72 h. During this 
time, the cells were subjected to double thymidine block and 
nocodazole block in order to synchronize progression of the 
cell cycle. Treatment with siRNA produced a marked decrease 
in the protein level of HIP1r, whereas expression of HIP1 was 
not affected (Fig. 2A). Cells were collected at different time 
points after release from nocodazole block. The population of 
cells in each stage was measured by staining for chromosomes 
and MTs. A large percentage of the cells treated with siRNA 
against HIP1r was delayed from exiting mitosis. More than 
55% of cells were in prometaphase for over 4 h following no-

codazole release, whereas most of the control cells (＞90%) 
had progressed through mitosis into interphase (Fig. 2B). 
Immunofluorescence analysis of mitotic cells in these pop-
ulations revealed that although the majority of cells had 
formed a bipolar spindle, the chromosomes were widely scat-
tered (Fig. 2C). In some cells, chromosomes remained at the 
poles or had orientated with an apparent lack of MT attach-
ment (arrows and insets). Regarding control cells, only 4% 
contained misaligned chromosomes. In contrast, more than 
51% of HIP1r-depleted cells were found to have misaligned 
chromosomes. Misaligned chromosomes were observed even 
up to 7 h after mitotic entry. Furthermore, some of the HIP1r- 
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Fig. 2. Depletion of HIP1r causes misalignment of chromosomes
and prolonged mitosis. (A) Treatment with siRNA specific to 
HIP1r results in a marked decrease in HIP1r protein levels. 
Downregulated HIP1r expression was detected by Western blot 
analysis with anti-HIP1R antibody. HIP1r knockdown did not af-
fect expression of HIP1. (B) HIP1r-knockdown induces a delay in 
mitosis from prometaphase to anaphase. The percentage of cells 
in each mitotic stage was determined by DNA and MT staining. 
Two hundred cells were counted in three independent 
experiments. The bar graphs represent standard errors. (C) HIP1r 
depletion results in misalignment of chromosomes at metaphase 
as well as abnormal chromosome congression (left). Arrow shows 
chromosomes with an apparent lack of MT attachment (magnified 
in inset). Percentages of cells with chromosome misalignment 
(right). Data are the mean from 100 cells of three independent 
experiments. (D) Misaligned chromosomes in HIP1r-deficient cells 
lead to missegregation of chromosomes. Multinucleate cells with 
macro- and micronuclei and nuclear bridges were observed dur-
ing interphase of HIP1r-deficient cells (left). Percentages of cells 
with aberrant multiple nuclei caused by HIP1r knockdown (right). 
Data are mean from 100 cells of three independent experiments.

Fig. 3. Mad2 staining of control and HIP1r-deficient cells indicates 
that HIP1r knockdown causes failure of MT attachment to chro-
mosomes. Immunostaining of Mad2 and CENPA was performed 
90 min after removal of nocodazole.

depleted cells with misaligned chromosomes slowly pro-
gressed to anaphase and subsequently to telophase, resulting 
in production of multinuclear cells containing micro- and mac-
ronuclei (Fig. 2D). Aberrant nuclear bridges were also fre-
quently observed in interphase cells. These results suggest that 
the spindle checkpoint mechanism was also impaired in these 
HIP1r-depleted cells and that chromosome misalignment in 
HIP1r-deficient cells led to missegregation of chromosomes. 

Staining of the cells for Mad2, a mitotic spindle-checkpoint 
protein, revealed that HIP1r depletion causes loss of MT at-
tachment to chromosomes (Fig. 3). Spindle checkpoint pro-
teins associate with kinetochores in the absence of spindle MT 
binding, where they function to arrest cell cycle progression 
(22). Persistent activation of checkpoint proteins prolongs 
mitosis. In control mitotic cells, Mad2 was not present on the 
chromosomes. In contrast, in HIP1r-depleleted cells, Mad2 sig-
nals were localized to some of the kinetochores of the mis-
aligned chromosomes. These signals in HIP1r-depleleted cells 
persisted during metaphase. These results indicate that HIP1r 
depletion caused loss of MT attachment to chromosomes. 

Video microscopy was used to monitor the mitotic pro-
gression of cells subjected to HIP1r depletion. While most 
control cells transitioned from prometaphase to telophase 
within 90 min, HIP1r-depleted cells were arrested in meta-
phase during the entire observation period of 240 min (Fig. 
4A). These results are likely associated with reduced cellular 
proliferation after HIP1r depletion. When the rate of pro-
liferation of HIP1r knockdown cells was measured over 4 
days, it was found that the cells grew very slowly compared to 
control cells at the normal rate (Fig. 4B). This suggests that pro-
longed mitosis in HIP1r-deficinet cells was associated with re-
duced proliferation. 

Taken together, the findings described above suggest that 
HIP1r localized on mitotic spindles regulated spindle MT at-
tachment to chromosomes for proper chromosome alignment 
during mitosis, which is required for accurate chromosome 
congression and segregation.

DISCUSSION

HIP1 family proteins including HIP1 and HIP1r have been im-
plicated as functioning at the interface between clathrin-medi-
ated endocytosis and actin, based on structural and functional 
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Fig. 4. Prolonged mitosis in HIP1r-de-
ficient cells is associated with reduced 
cell proliferation. (A) Prolonged mitosis
in HIP1r knockdown cells. Video mi-
croscopy revealed that HIP1r-deficient 
cells were arrested in prometaphase. 
Progression into interphase was observed 
over 240 min. Arrowheads show cells 
in prometaphase before division. (B) Re-
duction of the proliferation rate of HIP1r- 
depleted cells. HeLa cells were plated 
in 12-well plates at equal densities, tran-
sfected with control or HIP1r siRNA, har-
vested, and then counted on the indi-
cated days after siRNA transfection to 
determine the cellular growth rates. Data
are the mean of three independent ex-
periments.

data. However, studies using knockout mice indicate that 
HIP1 and HIP1r function in the maintenance of diverse adult 
tissues rather than playing a role in endocytosis. The in-
activation of HIP1 in mice leads to spinal, hematopoietic, and 
testicular defects as well as cataracts (3, 15). In HIP1-deficient 
mice, male infertility associated with testicular degeneration 
may be due to the presence of numerous multinucleated cells 
in the seminiferous tubules of the testis as well as excessive 
apoptosis of post-meiotic spermatids. Increased cataracts is al-
so due to cell death in the lens and kypholordosis. Further-
more, mice deficient in both HIP1 and HIP1r are characterized 
by accelerated development of the abnormalities common in 
HIP1-deficient mice (15, 16). All of the phenotypes observed 
in multiple tissue types were likely attributable to diminished 
cellular proliferation and increased apoptosis. Importantly, em-
bryonic fibroblasts derived from HIP1 and/or HIP1r single or 
double knockout mice did not display any consistent endo-
cytic or signaling abnormalities. Together, although significant 
advances have been made in understanding the roles of HIP1 
and HIP1r in the actin cytoskeleton and endocytic trafficking 
during interphase, the actual roles of these proteins in vivo are 
not yet known. In this work, HIP1r was found to localize to 
MT spindles and regulate accurate distribution of chromo-
somes. This observation may be helpful in uncovering im-
portant new aspects of how HIP1 family proteins affect cell 
proliferation and the survival of diverse types of cells. 
Chromosomal mutations of the HIP1 and HIP1r genes occur in 
various genetic syndromes (20, 21). Given the evidence that 

HIP1r functions in mitosis, HIP1r may be primarily required 
for chromosome integrity, which is essential for cell viability, 
speciation, birth defects, cancer, or human disease. 

The localization of HIP1r to mitotic spindles suggests that 
HIP1r bound to spindle microtubules or microtubule-associated 
proteins. HIP1r directly binds to clathrin via its central coiled- 
coil domain (13). Since HIP1r and clathrin show remarkably 
similar temporal and spatial regulation in living cells, HIP1r lo-
calized to spindles may also function with clathrin. Royle et al. 
showed that clathrin directly binds to mitotic spindles for the 
purpose of stabilization (8). The trimeric structure of the cla-
thrin heavy chain stabilizes kinetochores fibers. Clathrin deple-
tion resulted in reduced kinetochore-spindle contacts, persis-
tent activation of the spindle checkpoint, and defective con-
gression of chromosomes as shown in HIP1r-depleted cells. 
Further, HIP1r is known to form a rod-shaped stable dimer via 
its coiled-coil domain (23). Therefore, conformational associa-
tion of HIP1r and clathrin may strengthen the stabilization of 
kinetochore fibers. 

In this study, the functional contribution of HIP1 during mi-
tosis was not identified. It is likely that the mitotic functions of 
HIP1 family proteins are limited to HIP1r. To date, it is gen-
erally believed that HIP1 and HIP1r have overlapping roles in 
vivo and can compensate for the loss of each other, since the 
HIP1/HIP1r DKO mouse phenotype is more severe compared 
to the HIP1 or HIP1r single knockout phenotype (16). Howev-
er, HIP1r differs from HIP1 in several aspects. HIP1r is ex-
pressed more ubiquitously, whereas HIP1 is highly expressed 
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in human and mouse brain tissue (11, 24). In addition, the af-
finity for Huntingtin, clathrin, and actin is distant (11). Diffe-
rences in the phenotypes between single HIP1 and HIP1r 
knockout mice also suggest that the proteins encoded by these 
genes have at least partially non-overlapping functions. Alter-
natively, HIP1r may prefer a homodimer configuration, which 
produces its specific function, rather than the heterodimer con-
figuration with HIP1 during progression of normal mitosis in 
human HeLa cells. Identification of the direct binding targets 
of HIP1r in mitotic spindles will help solve these problems and 
should be an important subject of future advanced research. 

MATERIALS AND METHODS 

Materials
His-tagged full-length HIP1r was expressed in insect cells (Sf9), 
and the purified protein was used for production of anti-HIP1r 
antibody in rabbits. Purified anti-HIP1r antibody recognized 
endogenous HIP1r in HeLa cell lysates, as confirmed by 
Western blotting, but it was not used for immunofluorescence 
and immunoprecipitation analyses. The following antibodies 
and dyes were used: anti-α-tubulin (DM1A, Sigma), anti-β-tu-
bulin (Sigma), anti-Mad2 (COVANCE), anti-CENPA (Transduction 
Laboratories), TOPRO3 (Molecular Probes), and Hoechst 
33342 (Sigma). The sequences of the siRNA duplexes used 
were as follows: HIP1r #1: 5'-UUCUCAUGAUGCGUGCCCA 
GGAUGA-3' for sense, 5'-UCAUCCUGGGCACGCAUCAUG 
AGAA-3' for antisense; HIP1r #2; 5'-AAACAUGAGCUUCAC 
UGUGUAGUGG-3' for sense, 5'-CCACUACACAGUGAAGC 
UCAUGUUU-3' for antisense. The siRNAs were transfected 
into the cells with Lipofectamine 2,000 (Invitrogen) according 
to the manufacturer’s instructions.

Cell culture and transfection
HeLa cells were maintained at 37oC in Dulbecco’s modified 
Eagle’s medium supplemented with 10% fetal bovine serum 
and penicillin-streptomycin. Cells were synchronized in S 
phase by the double-thymidine block protocol (two cycles of 
12 h culture with 10 mM thymidine and 9 h of culture without 
thymidine). Enrichment of mitotic cells was achieved by treat-
ment with 1 μM nocodazole after release from thymidine 
block. When transfection was performed during the second 
thymidine block, HeLa cells were washed 9 h after initiation of 
the second thymidine block, transfected in Opti-MEM using 
Lipofectamine Plus (Invitrogen) for 4 h, and then cultured 
again in the original culture medium for 4 h in the continued 
presence of thymidine before thymidine removal. Lipofecta-
mine 2,000 was used to transfect siRNA into HeLa cells 
(Invitrogen). 

Immunofluorescence 
Cells collected at various time points during mitosis were fixed 
in −20oC methanol for 10 min. PBS containing 1% BSA was 
added to cells for 1 h to block non-specific interactions. 

Primary antibodies were then added for 1 h at RT and the cells 
were washed and secondary antibodies were added for 30 min 
at room temperature. The immunocomplex was detected with 
appropriate secondary antibodies labeled with Alexa 488, 
Alexa 594, or Alexa 697 (Molecular Probes). DNA was stained 
with TOPRO3, Hoechest 33342, or DAPI. Cells were exam-
ined using an Olympus IX70 or a Zeiss LSM510 confocal 
imaging system. 

Live-cell imaging
HeLa cells transfected with the indicated oligonucleotides or 
constructs were grown on glass-base dishes. After treatment of 
cells, images were acquired for approximately 300 min at 
15-20 min intervals using the Olympus IX70 confocal imaging 
system. 

Isolation of mitotic spindles
Mitotic spindles were purified as previously described (13). 
Cells were synchronized by sequential combination of 10 mM 
thymidine and 1 μM nocodazole. The cells were then col-
lected by shake-off and centrifugation at 300 g, followed by 
washing in PBS and release into normal medium for 50 min 
until most of the cells had reached metaphase. Microtubules 
were then stabilized by the addition of 5 μg/ml of taxol for 3 
min. The cells were then collected, washed with PBS contain-
ing 2 μg/ml of latrunculin B, 1 mM PMSF, and 5 μg/ml of tax-
ol, and incubated in lysis buffer (100 mM PIEPS, 1 mM 
MgSO4, 2 mM EGTA, 0.5% NP-40, 5 μg/ml of taxol, 2 μg/ml 
of latrunculin B, 200 U/ml of DNase I, 10 μg/ml of RNase A, 1 
U/ml of micrococcal nuclease, 20 U/ml of benzonase, Com-
plete Protease Inhibitors (Roche), 1 mM PMSF, and 20 mM 
b-glycerophosphate) for 15 min at 37oC. The mitotic spindles 
were isolated by incubating the lysed cell ghosts in isolation 
buffer (1 mM PMSF, 5 μg/ml of taxol, and complete protease 
inhibitors) for 5 min, followed by centrifugation at 1,500 g for 
3 min. The pellet was then washed three times in isolation buf-
fer, and the presence of mitotic spindles and HIP1r was con-
firmed by immunofluorescence staining for tubulin and HIP1r. 
The spindles were then disrupted by sonication, and proteins 
were resolved on SDS-PAGE gels.
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