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Abstract
Objective: Chromosome segregation during mitosis
requires a physically large proteinaceous structure
called the kinetochore to generate attachments
between chromosomal DNA and spindle micro-
tubules. It is essential for kinetochore components to
be carefully regulated to guarantee successful cell
division. Depletion, mutation or dysregulation of
kinetochore proteins results in mitotic arrest and ⁄or
cell death. HEC1 (high expression in cancer) has
been reported to be a kinetochore protein, depletion
of which, by RNA interference, results in cata-
strophic mitotic exit.
Materials and methods and results: To investigate
how HEC1 protein is controlled post-translation, we
analysed the role of anaphase-promoting com-
plex ⁄cyclosome (APC ⁄C)-Cdh1 in degradation of
HEC1 protein. In this study, we show that HEC1 is
an unstable protein and can be targeted by endo-
genous ubiquitin-proteasome system in HEK293T
cells. Results of RNA interference and in vivo ubiq-
uitination assay indicated that HEC1 could be ubiqui-
tinated and degraded by APC ⁄C-hCdh1 E3 ligase.
The evolutionally conserved D-box at the C-terminus
functioned as the degron of HEC1, destruction of
which resulted in resistance to degradation mediated
by APC ⁄C-Cdh1. Overexpression of non-degradable
HEC1 (D-box destroyed) induced accumulation of
cyclin B protein in vivo and triggered mitotic arrest.

Conclusion: APC ⁄C-Cdh1 controls stability of
HEC1, ensuring normal cell cycle progression.

Introduction

Kinetochores are proteinaceous structures that perform
multiple functions in mitosis in control of kMT (kineto-
chore microtubule) dynamics, attachment of chromo-
somes to spindle michrotubules, generation of force for
chromosome movement and initiation of spindle check-
point signalling required for the onset of anaphase.
Because of the multiple functions, the kinetochore is a
focal point for regulation, which occurs through phos-
phorylation, sumoylation, ubiquitination and methylation
of its components (1,2).

The ubiquitin–proteasome system is responsible for
degrading a wide range of mitotic regulators including
cyclins, mitotic protein kinases, microtubule-associated
proteins and kinetochore proteins (3–5). A ubiquitin-acti-
vating enzyme (E1), a conjugating enzyme (E2), and a
ubiquitin ligase (E3) are three essential components of
this system. Ubiquitin activated via E1 is transferred to E2
and finally conjugated to the substrate by E3. It is only
when this happens that the polyubiquitinated proteins can
be recognized and degraded by the proteasome complex
(6).

Anaphase-promoting complex ⁄ cyclosome (APC ⁄C), a
multisubunit E3 ubiqutin ligase, plays an indispensable
role in regulation of mitotic exit by regulation of degrada-
tion of a series of proteins including TPX2 and Cdc20
(7,8). APC ⁄C is regulated by mitosis-specific phosphory-
lation and by binding of two Fizzy proteins, Cdc20 and
Cdh1, which affect APC ⁄C activity in early mitosis and
late mitosis ⁄G1 respectively (9,10). Activity of APC ⁄
C-Cdc20 is responsible for degradation of anaphase inhib-
itors that trigger chromatid separation (10). APC ⁄C-Cdh1
is required to target an array of cell cycle regulators, such
as cyclin B, to ensure that cells can enter into the next cell
cycle successfully (9). APC ⁄C recognizes two motifs in
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its substrates: destruction box (D-box: RXXLXXXXN)
and KEN-box (KENXX(DQEN)) (11).

Conserved Ndc80 complex (a key component of the
outer kinetochore) plays an essential role in kinetochore
functions, including microtubule binding and control of
the spindle checkpoint. HEC1 (high expression in cancer)
is a functional subunit of NDC80 complex, which is
involved in regulation of kMT dynamics and attachment
to kinetochores of kMTs. HEC1 protein remains at a high
level during prophase to anaphase and decreases markedly
at telophase (12,13). HEC1 protein localized in the cyto-
plasm of interphase cells and translocated to chromo-
somes during mitosis, suggesting that both subcellular
localization and protein level are regulated during the cell
cycle (12,14). Cells lacking HEC1 carry unstable microtu-
bules and their chromosomes fail to attach to the anaphase
spindle (15,16). Overexpression of HEC1 in an inducible
mouse model results in mitotic checkpoint hyperactivation
(17). Thus, it may be important to carefully regulate the
protein level of HEC1 to ensure normal cell division. Pre-
vious reports have indicates that temporal transcriptional
regulation of HEC1 expression may also help restrict its
activity to a narrow window (18).

In this study, we demonstrate that one mechanism for
regulation of HEC1 is through control of its protein stabil-
ity. Exogenous HEC1 protein levels fluctuate during the
cell cycle; depletion of hCdh1 by RNAi results in accumu-
lation of HEC1 proteins, while overexpression of hCdh1
can significantly reduce HEC1 protein levels. Cdh1 over-
expression can sharply enhance polyubiquitination of
HEC1 protein. Our results also reveal that overexpression
of an HEC1 stable mutant results in mitotic arrest, sug-
gesting the importance of HEC1 protein regulation during
the cell cycle.

Materials and methods

Cell culture

Human embryonic kidney cells (HEK293T) were kindly
donated by Dr Kuai and were cultured in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% foetal
bovine serum.

Statistical analysis

To determine the effect of hCDH1 overexpression on fluo-
rescence intensity of HEC1 and difference in mitotic indi-
ces between cells transfected with non-degradable HEC1
and mock vector, values were compared using the Stu-
dent’s t-test. P-value of <0.05 was used as level of signifi-
cance. Statistical analysis was performed using EXCEL
software. Results are reported as mean ± SD.

Plasmid construction

Human HEC1 was amplified by PCR using human foetal
liver cDNA as template, and was subcloned into pEGFP-
N1 and pCMV-myc vector. Deletions of HEC1 were
constructed by PCR. PCR products were inserted into
pCMV-myc (Clontech, Palo Alto, CA, USA) and pEGFP-
N1 as needed. Plasmids which encode hCdh1 and Ub-HA
were kindly donated by Dr Michael Brandeis and Dr Yue
Xiong respectively (19,20).

Cell cycle distribution analysis

HEK293T cells were transfected with either pEGFP-N1-
HEC1 variants or with pEGFP-N1. Attached cells were
harvested, resuspended in 300 ll of PBS (containing
30 ll FBS) and fixed in 2 ml of 70% ice-cold ethanol.
Samples were kept at )20 �C until analysis by flow
cytometry. Cells were washed in PBS, treated with
0.1 mg ⁄ml RNase A (Pharmacia-Biotech, Uppsala, Swe-
den) for 30 min and stained with 40 lg ⁄ml propidium
iodide (Sigma, St Louis, MO, USA). DNA content was
analysed by FACS Calibur (BD, San Jose, CA, USA) (21).

Fluorescence microscopy and image analysis

A total of 2 · 105 HEK293T cells were seeded per well in
six-well plates. After 16 h incubation, cells were co-trans-
fected with hCdh1 and pEGFP-N1-HEC1 ⁄vector mock or
transfected with hCdh1 siRNA and HEC1 ⁄vector mock.
At 48 h post-transfection, total fluorescence intensities of
each field were calculated using QWIN Software (22).

Western blot analysis

Cells were lysed in lysis buffer [50 mM Tris–HCl (pH
7.5); 150 mM NaCl; 1% Tween 20 (v ⁄v); 0.2% NP40;
10% glycerol] with freshly added protease inhibitor cock-
tail tablets (Roche, Indianapolis, IN, USA), 1 mM NaF
and 0.1 mg ⁄ml phenylmethylsulphonyl fluoride. Samples
were separated by 10% SDS–PAGE and transferred to
polyvinylidene fluoride membranes (Millipore, Billerica,
MA, USA) and blotted with anti-c-myc (Clontech, Palo
Alto, CA, USA), anti-cyclin B (BD Pharmingen, San Jose,
CA, USA) or anti-actin (Santa Cruz, CA, USA) antibody.
Immunostained bands were visualized using Super-Signal
(Pierce, Rockford, IL, USA) western blotting detection
system.

In vivo ubiquitination assay

HEK293T cells in 9 cm plates were transfected with com-
binations of 5 lg of HA-ubiquitin expression plasmid,
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1 lg of plasmid encoding human HEC1-myc and 3 lg of
hCdh1. Thirty-six hours after transfection, cells from each
plate were collected and divided into two aliquots. One
aliquot (10%) was used for conventional western blotting
to confirm expression and degradation of transfected pro-
teins. The remaining cells (90%) were used for purifica-
tion of myc-tagged proteins by protein A ⁄G beads. Cell
pellets were lysed in lysis buffer (6 M guanidinium-HCl,
0.1 M Na2HPO4 ⁄NaH2PO4, 0.01 M Tris–HCl (pH 8.0),
5 mM imidazole, 10 mM b-mercaptoethanol] and incu-
bated in anti-c-myc for 4 h at 4 �C; this was followed by
incubation with protein A ⁄G beads for 6–8 h at 4 �C.
Beads were washed in cell lysis buffer. Eluted proteins
were analysed by western blotting of conjugated HEC1
using HA antibody (23).

Cell synchronization and RNA interference

HEK293T cells were synchronized using nocodazole as
described previously (24). Knockdown of Cdh1 was
accomplished by transfecting cells with small interfering
RNAs (Shanghai Genepharma Co., Shanghai, China)
directed against Cdh1 using Oligofectamine�, as
instructed by the manufacturer (Invitrogen, Carlsbad, CA,

USA). RNA interference target sequences are Cdh1: 5¢-
GGATTAACGAGAATGAGAAGT-3¢ and negative con-
trol was provided by Shanghai Genepharma Co. Forty-
eight hours post-transfection, cells were harvested and
whole cell extracts were Western blotted with the indi-
cated antibodies (5).

Evaluation of mitotic index

HEK293T cells transfected with plasmids encoding non-
degradable HEC1-GFP or GFP were fixed in 4% polymer-
ized formaldehyde at room temperature and stained with
DAPI 48 h post-transfection. Percentages of cells with
condensed chromatin were calculated in five fields of view
(each >100 cells) using a fluorescence microscope (25).

Results

HEC1 protein turnover was regulated by the
ubiquitin–proteasome pathway

Cycloheximide (10 lg ⁄ml, a protein synthesis inhibitor)
was applied to detect turnover of exogenous HEC1 in vivo
(26). Figures 1a and S1 reveal that protein level of HEC1

(a) (b)

(c)

Figure 1. Overexpression of hCdh1 accelerates HEC1 protein turnover. (a) HEC1 could be degraded by the endogenous proteasome system.
HEK293T cells transfected with myc-HEC1 were treated with CHX and harvested at the indicated times. HEC1 was quantified by immunoblotting anal-
ysis with anti-myc (for HEC1) antibodies, and actin was used as loading control. (b) HEC1 protein turnover was regulated by a proteasome pathway.
HEK293T cells were transiently transfected with pCMV-HEC1. After 24 h, MG132 was added and incubated for 0, 4 and 9 h. Total cell lysates were
subjected to immunoblotting analysis with anti-myc (for HEC1) and anti-actin (loading control) antibodies. (c) HEC1 protein levels fluctuated during
mitosis to G1 phase. HEK293T cells transfected with plasmid encoding HEC1-myc were arrested with nocodazole treatment at metaphase. Cells were
harvested at 0, 4 or 8 h after nocodazole release. Bottom: Cell cycle distribution was monitored by flow cytometry. As Table S1 shows, more than 80%
cells accumulated at G2/M after nocodazole treatment and a few cells remained with 4N DNA content at 8 hours after release. Top: Protein levels of
HEC1 were detected by immunoblotting with anti-myc antibodies.
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decreased significantly after incubation with CHX for 8
and 16 h, indicating that HEC1 protein might be regulated
by an endogenous degradation system.

To analyse the role of the ubiquitin–proteasome
pathway in regulation of HEC1, MG132 (20 lM, inhib-
itor of the ubiquitin–proteasome pathway) treatment
was applied (27). As shown in Figs 1b and S2, protein
levels of endogenous and exogenous HEC1 increased
rapidly after incubation with MG132 for 9 h, suggest-
ing that HEC1 might be regulated by the ubiquitin–
proteasome system.

To understand how HEC1 protein is controlled in cell
cycle progression, HEK293 cells were transfected with
HEC1-myc plasmid, arrested at metaphase (more than
80% cells accumulated with 4N DNA content) by noco-
dazole treatment (100 ng ⁄ml) and then released to allow
cells to progress from metaphase to the next G1. Cell
cycle profiles of released cells were assayed by flow
cytometry (Fig. 1c, Up). Figure 1c shows that HEC1
protein levels decreased markedly by 4 h post-nocodazole
release. This agrees with previous reports that HEC1
protein levels can hardly be detected by telophase (13),
suggesting that HEC1 proteins are tightly regulated in cell
cycle progression.

Taken together, these results suggest that turnover of
HEC1 proteins may be regulated by the endogenous
ubiquitin–proteasome system in vivo.

HEC1 protein as substrate of APC ⁄C-Cdh1

That APC ⁄C can target its substrates by recognition of
either KEN box [KENxxx (DQEN)] or destruction box (D
box, RxxLxxxxN) in the proteins is well known (28). As
shown in Fig. 2a, sequence alignment of HEC1 proteins
from different species has revealed presence of a con-
served protein D-box at the C-terminus of HEC1. This
was also consistent with previous results that HEC1
protein levels decreased sharply at 4 h post-nocodazole
release (as Fig. 1c shown), implying a steep level of deg-
radation. We therefore hypothesized that HEC1 might be
targeted and degraded by APC ⁄C-Cdh1.

To verify whether HEC1 could be targeted by
APC ⁄C-Cdh1, hCdh1 (an active subunit of APC ⁄C) was
overexpressed to activate the endogenous APC ⁄C-medi-
ated degradation pathway and HEC1 protein level was
monitored in two different ways. As expected, a signifi-
cant reduction in HEC1 protein levels was detected by
immunoblotting with anti-myc antibody. This was consis-
tent with result showing that fluorescence intensity of cells
expressing HEC1-GFP also decreased sharply when
hCdh1 was co-transfected and MG132 treatment abro-
gated this decline in HEC1-myc expression (Fig. 2b; Left,
lane2 and lane 4).

To analyse the role of APC ⁄C in stability of HEC1,
we tested whether HEC1 could be subjected to ubiquitina-
tion. Plasmids encoding hFZR were co-transfected with
HEC1-myc and Ub-HA to activate endogenous APC ⁄C
complex. Part of the cell lysate was immunoprecipitated
with anti-myc antibody and then immunoblotted with
anti-HA antibody, to analyse levels of Ub-conjugated
HEC1. Figure 2c (Right) indicates that the protein level of
polyubiquitinated HEC1 increased sharply, when 26S pro-
teasome inhibitor MG132 was applied. Remnant lysates
were immunoblotted directly with anti-myc antibody and
anti-hFZR antibody. As shown in Fig. 2c, co-expression
of HEC1-myc with hCdh1 resulted in decrease of HEC1-
myc protein level in the cell lysate.

To confirm that APC ⁄C-Cdh1 was required for
destruction of HEC1 in vivo, we inhibited activity of
APC ⁄C-Cdh1 by RNA interference. HEK293T cells were
transfected with Cdh1-specific siRNA (siCdh1) or con-
trol siRNA (siCK) (5). Detection of accumulation of
HEC1 protein and cyclin B was clear when Cdh1 was
significantly knocked down by siRNA transfection, indi-
cating that APC ⁄C-Cdh1 played an essential role in deg-
radation of HEC1 protein (Fig. 2d, bottom). Cyclin B
was used as positive control. We conclude that HEC1
was degraded by the APC ⁄C-Cdh1 pathway in vivo.

D-box at C-terminus functioned as a degron of HEC1
protein

As mentioned above, a potential D-box was discovered at
the C-terminus of HEC1 protein (Fig. 2a). To test the
importance of the D-box motifs for HEC1 destruction, the
D-box at the C-terminus was mutated by deletion of three
amino acid residues (RNE, deletion mutant). Mutated
fragments and truncated HEC1 (truncated mutant 1–
220aa) (Fig. 3a, left) were subcloned into pCMV-myc.

Figure 3b shows that only wild-type HEC1 was effi-
ciently degraded when hCdh1 was co-transfected. The
deletion mutant and truncated mutant both displayed
resistance to degradation of APC ⁄C. Two mutants lacking
D-box failed to be degraded by Cdh1-activated APC ⁄C.
Therefore, it could be concluded that D-box in HEC1 was
necessary for its degradation by APC ⁄C-Cdh1.

Expression of non-degradable mutant of HEC1 resulted in
mitotic arrest

To investigate the physiological significance of degrada-
tion of HEC1 by APC ⁄C-Cdh1, mutated HEC1 proteins
with RNE deletions were subcloned into pEGFP-N1.
Figure 4a shows that overexpression of hCdh1 failed to
decrease protein levels of GFP-fused deleted HEC1
mutant.
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(a)

(b)

(d)

(c)

Figure 2. hCdh1 overexpression enhanced
HEC1 ubiquitination. (a) Alignment of amino
acid sequences of human, chicken, yeast and
duckbill HEC1 predicted a conserved D-box at
the C-terminus of HEC1. (b) HEC1 could be
degraded by APC ⁄C-Cdh1.Top: Plasmids encod-
ing HEC1-myc and hCdh1 were co-transfected
into HEK293T Cells. MG132 was added 8 h
before harvest. Top: HEC1 protein level was
analysed by Western blotting. Bottom: Plasmids
encoding HEC1-GFP and hCdh1 were co-trans-
fected into HEK293T cells. Vector pEGFP-N1
was used as negative control. Bottom: Protein
levels of HEC1 were examined by monitoring
fluorescence intensity of GFP (P1 � 0.02 and
P2 � 0.28). (c) HEC1 was ubiquitinated by
APC ⁄C in vivo. Cells co-transfected with HEC1-
myc, hCdh1 and HA-ubiquitin were collected
and lysed; 400 ll cell lysates were transferred
into a new tube and incubated with anti-myc anti-
body. Immunopurified samples were analysed by
immunoblotting with anti-HA antibody to detect
levels of ubiquitinated-HEC1protein (Left). The
remainder of the lysate was immunoblotted with
anti-myc and anti-actin antibodies directly to
detect protein levels of HEC1 and actin (Right).
(d) Above: Transfection with siRNA against
hCdh1 significantly reduced protein level of
exogenous and endogenous hCdh1. Middle:
Knockdown of hCdh1 by RNA interference
resulted in accumulation of HEC1-myc. siRNA
against hCdh1 or negative control siRNA were
co-transfected with HEC1-myc into HEK293T
cells. At 48 h post-transfection, cells were har-
vested to analyse protein levels of hCdh1 and
HEC1. Cyclin B was used as positive control and
actin was used as loading control. Bottom:
Knockdown of hCdh1 by RNA interference
resulted in increase in fluorescence intensity
of cells transfected with GFP-HEC1 (P-
value = 0.01).
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HEK293T cells transfected with GFP-deleted mutant,
GFP-HEC1 (Wt) or vector mock were analysed by flow
cytometry to observe relative DNA content in GFP-posi-
tive cells (Fig. 4b). A striking accumulation of GFP-posi-
tive cells with 4N DNA content was observed that had
been transfected with GFP-deleted mutant. In contrast,
the GFP-positive cells from the GFP-vector mock trans-
fection and GFP-negative cells from the sample and con-
trol both displayed typical asynchronous cell cycle
distribution. We speculate that cell accumulation with 4N
DNA content is a direct consequence of accumulation of
stable HEC1 mutants during the cell cycle. This observa-
tion pointed to the importance of controlling levels of
HEC1 protein in the cell cycle. However, overexpression
of wild-type HEC1 also induced a slight increase in pro-
portion of G2 ⁄M cells (Fig. S3). G2 ⁄M arrest induced by
wild type HEC1 might be attributed to inadequate ability
of the endogenous degradation system to proteolyse
excess exogenous HEC1 protein in time. To further
understand the mechanism of cell cycle delay induced by
deleted mutant accumulation, mitotic index was calcu-
lated. Figure 4c shows that elevated mitotic index was
observed in cells expressing GFP-deleted mutant and
Fig. S4 showed deleted HEC1 overexpression led to a
sharp increase of the phosphorylated Histone H3 protein
level, suggesting that deleted mutant overexpression
resulted in mitotic arrest. Moreover, a significant increase
in cyclin B protein level was detected in cells transfected
with deleted mutant (lane 3 and lane 6), compared to

cells transfected with deleted mutant and vector mock
(lane 1 and lane4) (Fig. 4d). This result provided another
piece of evidence indicating that deleted mutant accumu-
lation induced mitotic arrest.

Discussion

Degradation of HEC1 by APC ⁄C-Cdh1 and
its physiological role

Previous studies have shown that protein level of HEC1
peaks in G2 and M phases (13). Its expression pattern is
similar to other substrates of APC ⁄C-Cdh1 (the major E3
ubiquitin ligase complex), such as cyclin B and TPX2,
implying that HEC1 degradation activity is tightly regu-
lated in the cell cycle (3,7). In this study, we have pre-
sented a potential molecular mechanism that contributes
to regulation of HEC1. We have provided several lines of
evidence to support the hypothesis that HEC1 is targeted
and ubiquitinated by APC ⁄C-Cdh1 in vivo. First, treat-
ment with CHX, a protein synthesis inhibitor, significantly
reduced levels of HEC1 protein. Second, treatment with
the proteasome inhibitor MG132 resulted in HEC1 accu-
mulation in vivo. Third, protein levels of HEC1 decreased
sharply in cells 4 h post-nocodazole release. Fourth,
HEC1 contains a degradation signal (D-box), which could
be essential for degradation by APC ⁄C-Cdh1. Fifth,
overexpression of hCdh1 decreased protein levels of ectop-
ically expressed HEC1 and enhanced polyubiquitination

(a)

(b)
Figure 3. Destruction box at C-terminus of
HEC1 was required for its degradation. (a)
Two mutants of HEC1, deleted and truncated
HEC1, were subcloned into pCMV-myc. Con-
structs derived from HEC1 used in this study are
shown; number indicates amino acid position
(Above). Expression of myc tagged two mutants
and HEC1 verified by immunoblotting with anti-
myc antibody (Bottom). (b) Degradation of two
mutated HEC1 by APC ⁄C-Cdh1. Deleted and
truncated HEC1 were co-transfected with hCdh1
into HEK293T cells and protein levels were
detected by western blotting using anti-myc
antibodies.
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of HEC1. Finally, depletion of hCdh1by RNA interference
resulted in accumulation of ectopically expressed HEC1.
Taken together, HEC1 is shown to be a novel substrate
of APC ⁄C-Cdh1 in cell cycle progression.

Previous reports also indicate that HEC1 can prevent
degradation of cyclin B, and overexpression of its C-ter-
minus fragment results in the death of daughter cells,
caused by cyclin B accumulation (29). However, the
detailed mechanism of mitotic arrest induced by deleted
mutant overexpression remains unclear. A clear accumula-
tion of mitotic cells expressing non-degradable HEC1

mutant (Fig. 4a) was observed and high concentration of
cyclin B was also detected in cells transfected with non-
degradable HEC1 (Fig. 4b). As overexpression of stable
cyclin B results in mitotic arrest (30), we speculated that
high concentration of cyclin B might contribute to the
mitotic arrest induced by stable HEC1 accumulation.
However, we could not neglect mitotic arrest and cyclin B
accumulation induced by deleted HEC1 because that
the mitotic checkpoint was activated by deleted HEC1
accumulation. Although the detailed physical role of
HEC1 degradation still needs further investigation, serious

(a) (b)

(d)
(c)

Figure 4. Accumulation of non-degradable HEC1 results in mitotic arrest. (a) Deleted HEC1-GFP failed to be degraded by APC ⁄C-Cdh1. The
deleted mutant was inserted into pEGFP-N1 (Above); this plasmid was co-transfected with hCdh1 into HEK293T cells. Vector pEGFP-N1 was used as a
negative control. Protein levels of HEC were examined by monitoring fluorescence intensity of GFP (Bottom). P1 and P2 were both greater than 0.05
(P1 � 0.45; P2 � 0.85). (b) Overexpression of HEC1 variant could trigger G2 ⁄M delay in HEK293T. A significant increase in G2 ⁄M percentage was
detected after GFP-deleted HEC1 transfection. Cells were transfected with plasmids expressing GFP alone or GFP-deleted HEC1. Cell cycle distribution
was analysed according to DNA content of GFP-positive cells at 36 h post-transfection, using flow cytometry. (c) Cell population with mitotic chromatin
increased in cells expressing deleted HEC1-GFP protein. Cells transfected with plasmids encoding deleted HEC1-GFP and GFP were stained by DAPI,
at 24 h after transfection. Percentage of mitotic cells in each group was counted using a fluorescence microscope (P-value is 0.03). (d) Overexpression
of HEC1 variant could result in accumulation of cyclin B protein levels. An clear increase in cyclin B protein level was observed after deleted HEC1
transfection. Cells were transfected with plasmids encoding myc-truncated HEC1, myc-deleted HEC1 or pCMV-myc. Cells were harvested and lysed to
analyse cyclin B protein level at 24 and 36 h post-transfection respectively.
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consequences of HEC1 degradation failure indicate the
importance of spatial and selective regulation of substrate
degradation by APC ⁄C to ensure normal cell cycle
progression.

Inter-regulation of APC ⁄C-26S proteasome and
mitotic regulators

To guarantee normal cell division, it is necessary for
protein level of mitotic regulators to be controlled by
the ubiquitin–proteasome pathway. Yet, activity of the
APC ⁄C-mediated ubiquitin–proteasome system is also
closely regulated by mitotic kinases, including Plk1 and
Bub1 (31). This implies existence of inter-regulation
between mitotic regulators and APC ⁄C. However, there is
little evidence to show how the 26S proteasome complex
is controlled in mitosis. Our research on HEC1 will be
useful in furthering understanding of these areas.

As discussed above, HEC1 can bind and regulate
activity of 26S, and HEC1 is also degraded by APC ⁄C-
mediated proteolysis (29), suggesting that mitotic
regulators control activity of the ubiquitin–proteasome
system in at least two different ways: via inactivation or
activation of the E3 ligase (APC ⁄C) and the 26S protea-
some complex. Continuous association between the
C-terminus of HEC1 and MSS1 resulted in death of
daughter cells, and non-degradable HEC1 accumulation
induced mitotic arrest, suggesting that inter-regulation of
the ubiquitin–proteasome system and mitotic regulators
might play an important role in control of mitotic
progression.

In conclusion, we have demonstrated a novel molecu-
lar mechanism that contributed to restriction of the protein
level of HEC1 during cell cycle progression. HEC1 is an
unstable protein, which can be targeted and polyubiquiti-
nated by APC ⁄C-Cdh1, and D-box at C-terminus of
HEC1 protein functions as the degron, destruction of
which results in degradation failure. Overexpression
of stable HEC1 induced mitotic arrest, indicating that
degradation of HEC1 by APC ⁄C-Cdh1 is essential to
guarantee normal cell division.
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Fig. S1 Endogenous protein level of HEC1 decreased
sharply after CHX treatment.

Fig. S2 MG132 treatment induced accumulation of
endogenous HEC1 protein.

Fig. S3 Overexpression of wild-type HEC1 induced
G2/M arrest slightly.

Fig. S4 Overexpression of deleted HEC1 mutant
induced a sharp increase of phosphorylated histone H3
protein level.

Table S1 Cell cycle distribution following release
from growth arrest by nocodazole treatment.
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