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Hematopoietic PBX-interacting protein is a substrate and an
inhibitor of the APC/C-Cdc20 complex and regulates mitosis

by stabilizing cyclin B1
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Proper cell division relies on the coordinated regulation
between a structural component, the mitotic spindle, and a reg-
ulatory component, anaphase-promoting complex/cyclosome
(APC/C). Hematopoietic PBX-interacting protein (HPIP) is a
microtubule-associated protein that plays a pivotal role in cell
proliferation, cell migration, and tumor metastasis. Here, using
HEK293T and HeLa cells, along with immunoprecipitation and
immunoblotting, live-cell imaging, and protein-stability assays,
we report that HPIP expression oscillates throughout the cell
cycle and that its depletion delays cell division. We noted that by
utilizing its D box and IR domain, HPIP plays a dual role both as
a substrate and inhibitor, respectively, of the APC/C complex.
We observed that HPIP enhances the G,/M transition of the cell
cycle by transiently stabilizing cyclin B1 by preventing APC/C—
Cdc20-mediated degradation, thereby ensuring timely mitotic
entry. We also uncovered that HPIP associates with the mitotic
spindle and that its depletion leads to the formation of multiple
mitotic spindles and chromosomal abnormalities, results in defects
in cytokinesis, and delays mitotic exit. Our findings uncover HPIP
as both a substrate and an inhibitor of APC/C-Cdc20 that main-
tains the temporal stability of cyclin B1 during the G,/M transition
and thereby controls mitosis and cell division.

Accurate chromosome segregation is essential for proper cell
division in normal cells. Two important post-translational
modifications, phosphorylation, and ubiquitin-mediated prote-
olysis during mitosis, play crucial roles in this process (1). The
anaphase promoting complex/cyclosome (APC/C),? a ubiqui-
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tin ligase, controls the cell division by regulating mitosis
through ubiquitin-directed proteolysis of key substrates in an
ordered fashion to direct progression through the mitotic exit,
chromosome segregation, and cytokinesis (2—4). The activity of
APC/C is coordinated by two regulatory proteins, Cdc20 and
Cdh1, through phase-specific interactions during the cell cycle
and promotes cell division with precision and accuracy (5). For
example, APC/C—-Cdc20 degrades Securin and cyclin B1 at ana-
phase onset. This ensures Separase activation and proteolysis of
Cohesin, which holds pair of sister chromatids together during
early mitosis. The spindle assembly checkpoint, which depends
on multiprotein complexes including Mad2, BubR1, and Bub3,
delays APC/C-Cdc20 activation until all chromosomes are
properly aligned at the metaphase plate (6, 7). Perturbation of
this checkpoint results in chromosomal abnormality (8).

Entry into mitosis is coordinated by cyclin B1-dependent
activation of cyclin-dependent kinase 1 (CDK1) during G,
phase and form a Cdk1- cyclin B1 complex also known as mat-
uration-promoting factor, which is crucial for G,/M transition
(9). Cyclin B1 accumulates in the nucleus as the cells progress to
mitosis, although the activation of CDK1- cyclin B1 is initiated
at the cytoplasm (10). Cyclin B1 binding triggers a conforma-
tional change in Weel phosphorylated and inactive CDK1,
restoring the activity in CDK1 (11). The activated CDK1-
cyclin B1 complex triggers initiation of chromosome con-
densation, nuclear envelope breakdown, and mitotic spindle
assembly through phosphorylation of its substrates (10). It also
phosphorylates APC/C-Cdc20 for its complete activation, but
later during mitosis cyclin B1 is degraded by APC/C-Cdc20
(12, 13). Abolishing the degradation of cyclin B1 leads to arrest
of cells in mitosis, suggesting timely degradation of cyclin B1 by
APC/C, is important for proper cell cycle progression (14, 15).
Although transcriptional up-regulation of cyclin Bl and its
increased stability of mRNA during the G, phase has been
described before (16), the role of proteasomal pathway in
increased cyclin B1 levels is largely unknown.

Hematopoietic PBX-interacting protein (HPIP, also known as
PBXIP1) is a protooncoprotein that has been shown to be overex-
pressed in several cancer types including infiltrative ductal carci-
noma (17), hepatocellular carcinoma (18), glioma (19), and ovarian
cancer (20). Previous reports have shown that HPIP promotes cell
proliferation by modulating the expression of cyclins during the
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Role of HPIP in cell cycle regulation
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Figure 1. Loss of HPIP expression delays cell division. A, HPIP knockdown by various HPIP-specific sShRNAs (shHPIP-1, shHPIP-2, and shHPIP-3) in HeLa cells was
analyzed by Western blotting. B, cell proliferation upon HPIP knockdown in Hela cells was analyzed by WST-1 assay. C, representative time-lapse live cell images of
HPIP-depleted Hela cells (magnification, 20X). D, quantification data of C. A total of 20 cells were analyzed for each sample (n = 20). £, flow cytometry (FACS) analysis
showing Hela cells at various stages of cell cycle (percentage) upon HPIP knockdown. F, representative time-lapse live cell fluorescent images of either siCtrl or
siHPIP-treated HeLa-H2B/tubulin cells that are synchronized by DT block at the S phase followed by release into fresh medium and captured at indicated time points.
Green, H2B-EGFP; red, a-Tubulin-mCherry (magnification, 20X). EGFP, enhanced green fluorescence protein. G, quantification data of F. A total of 13 cells were
analyzed for each sample (n = 13). H, HeLa cells transfected with either shCtrl or shHPIP were fixed and stained with H3Pho-s10 antibody and propidiumiodide and then
subjected to flow cytometry analysis. The mitotic cells were boxed. The mitotic indices are indicated as percentages of total cell population. The quantified results are
presented as means =+ S.D.using Student’s ttest. **, p < 0.001; ***, p < 0.0001 were considered significant. Ctrl, control; sh, short hairpin; Rel. OD, relative optical density.

cell cycle (21, 22). However, the precise mechanism by which HPIP
regulates cell cycle progression remains elusive. Here, we demon-
strated that HPIP protein levels oscillate during various stages of
cell cycle and HPIP is degraded during mitosis by APC/C—-Cdc20
but not by APC/C—-Cdh1l. Further, we also found that HPIP inhib-
its APC/C-Cdc20—mediated cyclin B1 degradation during early
mitosis perhaps to facilitate the G,/M transition. Moreover, this

chromosomal abnormality, and delayed mitotic exit. These studies
suggest a dual role for HPIP as substrate and an inhibitor of APC/
C—Cdc20 during cell cycle progression.

Results
Loss of HPIP expression delays cell division

study also demonstrates that HPIP associates with mitotic spindle,
and its depletion leads to the formation of multiple spindle poles,
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To determine the role of HPIP in cell proliferation, we
silenced endogenous HPIP expression in HeLa cells by lentivi-

J. Biol. Chem. (2019) 294(26) 10236-10252 10237



Role of HPIP in cell cycle regulation

A

MW
kDa

Double Thymidine treatment and release
E‘] S G2/M I\ﬂG1 G1
11 12 24 time (hr)

Asn0 2 4 6 78 9 10

100- s s s . | cme— HPIP

551 T g == = Cyclin A

55

Cyclin B1

38 - e ————— gy CAPDH
123456 7 8 9 101112 lane
G1 65 83 68 36 25 18 14 12 26 44 46 56
S 12 09 24 58 53 24 14 10 18 23 30 22
G2/M 23 08 08 06 22 68 72 74 56 33 24 22

C Thymidine-Nocodazole treatmentand release

Asn. 0 30 60 90 120 180 time (min)
1007 S o W e e o= === |D|D
60 D W WP w— — - Cyclin B1

4o D W w—— —— Cc20

25-
———

pH3 Ser10

357 —— GAPDH
MW 1 2 3 4 5 6 7 lane
kDa M M/G1 G1

0O HPIP B Cyclin A B Cyclin B1

Protein level
»

hmﬂ { il

OAsn 0 "2 46 7 8 910 11 12 24
Time (hr)
D o HPIP
o CyclinB1
4 B Cdc20
— 35 m pH3Ser10
T 3
>
225
=
i 2
515
&y
0.5
0
Asn 0 30 60 90 120 180
Time (min)

Figure 2. HPIP protein levels oscillate across the cell cycle progression. A, Hela cells synchronized by double thymidine block were release into fresh
medium. The cells collected at indicated time points were analyzed by Western blotting (upper panel). (Note: Protein samples from lanes -9 and 10-12 were
run on two different gels.) The percentage of cells at various stages of the cell cycle indicated was derived from FACS analysis (lower panel). B, bar graph showing
the quantification of protein bands (relative to glyceraldehyde-3-phosphate dehydrogenas) from A (upper panel). C, HeLa cells synchronized by thymidine-
nocodazole block were released into fresh medium at indicated time points, and cell lysates were analyzed by Western blotting. D, bar graph showing the
quantification of protein bands (relative to glyceraldehyde-3-phosphate dehydrogenase) from C. Protein band intensities was determined using Image)J

software. MW, molecular weight.

ral-mediated shRNA silencing approach. After confirming
HPIP silencing in HeLa cells (Fig. 14), the cell proliferation rate
was determined. We found a significant decrease in cell growth
upon depletion of HPIP in HeLa cells (Fig. 1B). Next, cell
division dynamics were monitored by time-lapse microscopy.
Depletion of HPIP significantly delayed the cell division in
HeLa cells by an average of ~3.4 h as compared with control
cells (shCtrl versus shHPIP: 14.2 *+ 0.6 h versus 17.6 = 1.0 h)
(Fig. 1, Cand D, Videos S1 and S2). To assess which phase of the
cell cycle might be influenced by HPIP, cell cycle progression
was analyzed by flow cytometry (FACS). The FACS analysis
indicated a significant accumulation of cells at the G,/M phase
upon HPIP silencing as compared with control cells (Fig. 1E and
Fig. S1). To explore the role of HPIP during cell-cycle progres-
sion more precisely, we depleted HPIP in HeLa cells expressing
H2B-EGFP and a-tubulin—-mCherry and synchronized them
in the S phase by double thymidine (DT) block. We subse-
quently measured the time between the S and M phases in
HeLa—H2B/tubulin cells by time-lapse microscopy following
release from a DT block and found a significant delay in mitotic
entry in HPIP knockdown cells as compared with control
siRNA-treated cells (shCtrl versus shHPIP: 12.9 * 1.9 versus
18.7 = 2.5 h) (Fig. 1, Fand G; and Videos S3 and S4). Moreover,
HPIP depletion markedly decreased the mitotic index, which is
measured by FACS based histone H3%*"'° staining, in HeLa
cells as compared with control cells (shCtrl versus shHPIP,
2.4 * 0.2% versus 1.4 = 0.1%) (Fig. LH). Together, these results
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indicated that HPIP expression is required for normal cell divi-
sion, and HPIP may act as a G,/M transition regulator.

HPIP protein level oscillates during cell cycle

To decipher the underlying mechanism of HPIP-mediated
cell division, we examined the expression dynamics of HPIP in
different stages of the cell cycle. HeLa cells synchronized at
G,/S boundary by DT block were released and harvested at
different time points, which are confirmed by FACS analysis
(Fig. S2A), and HPIP protein levels were analyzed by Western
blotting. HPIP protein levels oscillated to varying degree
throughout the cell cycle, specifically a sharp decline at the time
period between hours 9 and 10 when mitosis took place (Fig. 2,
A and B). The degradation of HPIP was similar to cyclin A, which
is a substrate of APC/C—Cdc20. But mRNA levels of HPIP remain
unchanged (Fig. S2B). We next studied the protein dynamics of
HPIP during mitosis by thymidine—nocodazole block/release
approach. We observed that HPIP levels were decreased as mitosis
progresses, suggesting a possibility of proteasomal degradation of
HPIP in the midmitosis (Fig. 2, C and D; and Fig. S2C). Taken
together, our data indicated that HPIP might be a possible sub-
strate of APC/C during mitosis.

HPIP is a substrate of APC/C-Cdc20 but not APC/C-Cdh1

Next, we investigated whether HPIP is degraded by APC/C
ubiquitin-mediated pathway. The APC/C complex utilizes
either Cdc20 or Cdhl as coactivators to degrade its substrates

SASBMB


http://www.jbc.org/cgi/content/full/RA118.006733/DC1
http://www.jbc.org/cgi/content/full/RA118.006733/DC1
http://www.jbc.org/cgi/content/full/RA118.006733/DC1
http://www.jbc.org/cgi/content/full/RA118.006733/DC1
http://www.jbc.org/cgi/content/full/RA118.006733/DC1
http://www.jbc.org/cgi/content/full/RA118.006733/DC1

Role of HPIP in cell cycle regulation

- - -+ -+ MEI32 B - - - - - 4+ MGIR c . +MG132
- - - - * % HA-Cdc20 - - 1255 5 HA-Cdc20 (ug) - - 12555 HACdh1 (ug)
+ + - - HACdh1 MW I
MW kDa - + + + + + T7-HPIP kDa - + + + + + T7-HPIP
kDa - + + + + + TI-HPP
100~ S [ 100- ———— T7
100 - R T
60— e o g e H A 60~ A
60 - Y o~ Sy H A
< - GEeseesessesme  GAPDH
38 - e————  APDH 38
———— e
38 - GAPDH 1 2345 6 Lane 1 2 34 56 Lane
1.2 3 4 5 6 Lane
+ - - shCul Double Thymidine treatment and release
MW - + - shCdc20 MW shCtrl shCdc20
kDa - - 4+ shCdhi kDa 0 2 4 6 8 9 10 12 0 2 4 6 8 9 10 12 time(hr)
o I | o [ BT g ST
100- . 100 T ————— P~ — . vy o HPIP
=~ HPIP - . ettt
. 60-——--—--- S S s s s Cdc20
60 - ;
S . o Cdh1 - i
‘ TSRO CRe -
60—____Cd620 1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Lane
1.5
47 - emmwe—— (_actin £S] shCtrl
e A shCdc20
1 2 3 Lane £ T 1.2
= o I
o N
33
@
g £ o9
]
<
0.6

Time (hr)

Figure 3. Cdc20 but not Cdh1 stimulates HPIP degradation. A, HEK293T cells were co-transfected with T7-HPIP and HA-Cdc20 or HA-Cdh1 plasmid
constructs. Following MG132 (10 um) treatment, cell lysates were blotted as indicated. Band C, HEK293T cells were co-transfected with T7-HPIP and increasing
concentrations of either HA-Cdc20 (B) or HA-Cdh1 (C) (1-5 ng) plasmid constructs. After 8 h of MG132 treatment, cell lysates were blotted as indicated. D, HelLa
cells were transfected with control shRNA, Cdc20 shRNA, or Cdh1shRNA, and cell lysates were analyzed by Western blotting as indicated. E, Cdc20 shRNA-
treated cells were synchronized and released at indicated time points and blotted as indicated (upper panel). The bar graph showing the quantification of HPIP
protein band intensity (lower panel) (n = 2). Ctrl, control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; sh, short hairpin; MW, molecular weight.

during cell cycle progression (5). To prove which coactivator is
likely to be involved in HPIP proteolysis during mitosis, we
co-transfected T7—HPIP and either HA-Cdc20 or HA-Cdh1l
in HEK293T cells, and protein levels were analyzed by Western
blotting. HA-Cdc20 co-transfected cells showed reduced
T7-HPIP protein level (Fig. 34, lane 5), but MG132 treatment
restored it (Fig. 34, lane 6). However, there is no change in the
levels of T7—HPIP upon overexpression of HA-Cdh1 (Fig. 34,
lane 3). We next monitored the dosage effect of Cdc20 or Cdh1
on HPIP in HEK293T cells. As shown in Fig. 3B, we observed a
gradual decrease of T7—HPIP upon dose-dependent increase of
HA-Cdc20 but not with HA-Cdh1 (Fig. 3C). Conversely,
knockdown of Cdc20 substantially increased HPIP levels in
HeLa cells (Fig. 3D, lane 2), whereas Cdhl knockdown did not
alter it (Fig. 3D, lane 3). Furthermore, HPIP protein dynamics
were altered upon Cdc20 knockdown (although it was ~50%)
and remained almost unchanged from 6 to 12 h in synchronized
HeLa cells as compared with control cells, suggesting that
Cdc20-mediated degradation of HPIP is cell cycle—specific (Fig.
3E). Together, these data indicated that HPIP is a possible sub-
strate of APC/C complex utilizing Cdc20 as a coactivator but
not Cdhl.

Role of D box in HPIP degradation by APC/Cdc20 during
mitosis

APC/C complex recognizes its substrates through a specific
degron motif (23, 24). For instance, APC/C-Cdc20 utilizes

SASBMB

either D box (RXXL, where R is arginine, L is leucine, and X is
any amino acid) or KEN motifs in the substrates for their inter-
action and degradation, whereas APC/C—Cdh1 utilizes a KEN
box. We analyzed the HPIP protein sequence and found seven
putative D box motifs, which are located at different regions of
HPIP and one KEN motif (277-279 amino acids) at the N-ter-
minal region of HPIP (Fig. 44). Of seven D box motifs, only four
are conserved in human and mouse (Fig. 4B). To determine
whether these motifs are important for proteolysis, we gener-
ated mutants for all the conserved degron motifs of HPIP. First,
HEK293T cells were transfected with these mutants with or
without the HA-Cdc20 expression construct. The protein
levels of all mutants except D4 mutant were reduced upon
HA-Cdc20 ectopic expression (Fig. 4C, lanes 8 and 9). Next, we
performed co-immunoprecipitation (co-IP) analysis using pro-
tein lysates prepared from HEK293T cells that were co-trans-
fected with either T7—HPIP or mtHPIP-D4 and with or with-
out the GFP-Cdc20 expression to check whether loss of a D
box motif (D4 in HPIP) abrogates APC/C—Cdc20-mediated
ubiquitination. As expected, T7-HPIP readily ubiquitinates
in Cdc20-overexpressing cells, but D4 mutation abrogated
Cdc20-mediated ubiquitination (Fig. 4D). Consistent with
these data, mtHPIP—D4 was stable during mitosis in synchro-
nized HeLa cells unlike T7—-HPIP (Fig. 4E). Together, the com-
pelling evidence suggests that D4 domain is responsible for
HPIP proteolysis by APC/C—-Cdc20.

J. Biol. Chem. (2019) 294(26) 10236-10252 10239
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Figure 4. D box but not KEN motifis required for HPIP degradation by APC-C/Cdc20. A, physical map of HPIP displaying the location of various D boxes and
the KEN box presentin it. B, HPIP domain conservation in human (h) and mouse (m). Conserved arginine and leucine residues at respective D box were replaced
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with various HPIP (T7 tag) mutant plasmid constructs and HA-Cdc20. 48 h post-transfection, the cell lysates were blotted as indicated. D, HEK293T cells were
co-transfected with HA-ubiquitin and various combinations of plasmid constructs including wtHPIP or mtHPIP-D4 (T7 tag) and with or without GFP-Cdc20
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Cdc20 interacts and ubiquitinates HPIP at lysine 274 during
early mitosis

We hypothesized that HPIP proteolysis by Cdc20 depends
on their physical interaction. To test this, HEK293T cells were
co-transfected with either T7—HPIP or mtHPIP-D4 (expressed
with a T7 tag) and HA—Cdc20, and cell lysates were subjected to
co-IP using T7 antibody. T7-HPIP, but not mtHPIP-D4 or
control IgG, was readily associated with HA-Cdc20 (Fig. 5A).
Furthermore, immunoprecipitation analysis of lysates pre-
pared from synchronized HeLa cells demonstrated a strong
interaction between HPIP and Cdc20 at the beginning of mito-
sis (at 0—1 h after release) but almost lost at 2 h after release, a
time point where cells will undergo anaphase and cytokinesis
(Fig. 5B). Together, these results indicate that HPIP and Cdc20
are specifically associated during early to midmitosis.

Because there are several putative ubiquitination sites on
HPIP, we considered only two potential lysines i.e. Lys-274 and
Lys-634, which have been shown to undergo ubiquitination by
whole proteome analysis (25). Therefore, these two conserved
lysines were mutated (Fig. 5C). These mutants were then
checked to verify whether APC/C—-Cdc20 mediates ubiquitina-
tion at Lys-274 or Lys-634 sites, by co-transfecting T7-HPIP
(wt), mtHPIP-K274R, or mtHPIP-K634R constructs along with

10240 J. Biol. Chem. (2019) 294(26) 10236-10252

HA-Cdc20. Interestingly, protein levels of both T7—HPIP, as
well as mtHPIP-K634R were reduced upon ectopic expression
of HA-Cdc20 (Fig. 5D, lanes 2 and 6), although the expression
levels of these proteins are different (Fig. 5D, lanes 1, 3, and 5),
whereas mutation at Lys-274 abrogated it (Fig. 5D, lane 4).
Consistent with these data, T7—HPIP but not mtHPIP-K274R
was readily ubiquitinated, supporting the fact that lysine 274 of
HPIP undergoes APC/C—-Cdc20 —mediated ubiquitination per-
haps during mitosis (Fig. 5E).

Having demonstrated that HPIP modulates the G,/M
phase of cell cycle, we next examined the functional signifi-
cance of the D box motif and lysine 274 of HPIP in this
process. To test this, cell proliferation was measured by the
WST-1 assay, which showed that neither mtHPIP-D4 nor
mtHPIP-K274R could rescue the cell proliferation similar to
T7-HPIP (Fig. 5, F and G). Together, these results indicate
that D4 domain and Lys-274 are critical for HPIP in the
regulation of the G,/M transition.

HPIP stabilizes cyclin B1 to facilitate timely mitotic entry

During the normal cell cycle, activated CDK1- cyclin Bl
complex promotes the progression of cells from G, to M phase,
but its diminished activity renders G, phase arrest (26). In

SASBMB
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Western blot.

accordance with the previous reports, we have shown that HPIP
promotes cell proliferation by enhancing the G,/M transition
during the cell cycle (Fig. 1) (18). We next focused on investi-
gating the molecular mechanism by which HPIP enhances
G,/M phase of the cell cycle. Depletion of HPIP in HeLa cells
resulted in a significant loss of cyclin B1 expression as com-
pared with control cells (Fig. 64, lanes 1 and 2), but it was
restored upon treatment with MG132, a proteasome inhibitor,
suggesting a possible proteasomal degradation of cyclin Bl
(Fig. 6A, lane 3). Furthermore, ectopic expression of T7—HPIP
increased cyclin Bl levels in HEK293T cells where HPIP
abundance is very low (Fig. 6B, lane 2). Although ectopic
expression of HPIP increased cyclin Bl expression, coexpres-
sion of HA—Cdc20 markedly reduced it, further reinforcing the
possibility of HPIP involvement in blocking Cdc20-mediated
cyclin B1 degradation (Fig. 6B). To further strengthen these
data, a chasing experiment was carried out using cyclohexi-
mide, a de novo protein synthesis inhibitor, in synchronized
HeLa cells. As shown in (Fig. 6, C and D), stability of the cyclin
B1 was significantly decreased upon HPIP silencing (¢, = 41 =
10 min) as compared with control cells (¢, = 72 * 15 min). We
reasoned that increased cyclin B1 upon HPIP ectopic expres-
sion could be due to decreased ubiquitination of cyclin B1 by
APC/C—-Cdc20. Hence, we co-transfected GFP-cyclin B1,

SASBMB

HA-Cdc20, and control vector or T7-HPIP into HEK293T
cells, and then cyclin Bl ubiquitination was determined.
Ectopic expression of HA-Cdc20 ensured cyclin B1 ubiquiti-
nation as reported earlier (27) (Fig. 6E, lane 3); however,
T7-HPIP coexpression markedly reduced it (Fig. 6E, lane 4).
We next analyzed the levels of pH3%*"*°, a mitosis marker, in
HPIP-depleted HeLa cells that are synchronized with thymi-
dine block followed by treatment with nocodazole. As shown
Fig. 6F, in control cells pH3%¢"'° levels appeared at 10 h with a
gradual increase and peaked at 14 h, whereas in HPIP-depleted
cells, although pH35¢"'° levels appeared at 10 h but with at
lower levels than in control cells. Together, these results indi-
cate that HPIP stabilizes cyclin Bl to ensure timely mitotic
entry.

HPIP antagonizes APC/C-Cdc20 activity during cell cycle
progression

We wondered how HPIP stabilizes cyclin B1. We ascertained
whether HPIP inhibits APC/C—-Cdc20 to stabilize cyclin B1. To
test this possibility, we analyzed the interaction between APC3,
a core component of APC/C complex, and Cdc20 in HPIP-
depleted cells. Immunoprecipitation analysis showed an
increased interaction between Cdc20 and APC3 upon HPIP
depletion (Fig. 7A). Because Cdc20 is also a component of
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Figure 6. HPIP stabilizes cyclin B1 during G,/M transition. A, Hela cells transfected with shCtrl (lane 7) and shHPIP (lanes 2 and 3) were treated with MG132
(lane 3) and blotted as indicated. B, HEK293T cells were transfected with T7-HPIP alone or in combination of T7-HPIP and HA-Cdc20, and cell lysates were
blotted as indicated. C, stably knocked down Hela cells with indicated shRNAs were synchronized by thymidine-nocodazole block and treated with cyclo-
heximide (20 wg/ml) for the indicated time points. Cell lysates were then analyzed by Western blotting. D, the line graph represents the quantification of cyclin
B1 protein bands from C. E, HEK293T cells were co-transfected with GFP-cyclin BT or HA-Cdc20 and with or without T7-HPIP. 48 h post-transfection, cell lysates
were T7-immunoprecipitated and blotted as indicated. F, double thymidine block synchronized HPIP-depleted Hela cells were released in presence of
nocodazole (100 ng/ml) at the indicated time points and analyzed by Western blotting as indicated. Ctrl, control; GAPDH, glyceraldehyde-3-phosphate
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mitotic checkpoint complex (MCC), we examined whether loss
of HPIP expression could enhance interaction of MAD2 and
Cdc20. However, the interaction between MAD2, a component
of MCC, and Cdc20 is unaltered, suggesting that HPIP does not
interfere with the interaction of Cdc20 with Mad2 (Fig. 7B). It
has been demonstrated that Cdc20 interacts with APC/C com-
plex through IR (where I is isoleucine, and R is arginine) motif,
and thus the loss of IR motif in Cdc20 hampers its interaction
with APC/C and associated functions (28 -30). Inspired by
these prior reports, we analyzed HPIP protein sequence and
found a conserved IR motif in the N-terminal region, between
amino acids 282 and 283 (Fig. 7C). We mutated IR motif in
HPIP by replacing with alanine residues (IR to AA), and co-IP
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was performed to determine its interaction ability with APC3.
As shown in Fig. 7D, IR mutation in HPIP abrogated its inter-
action with APC3, whereas wtHPIP, as well as D4 mutant, could
bind to it efficiently.

Next, we analyzed the effect of IR mutation in HPIP on cyclin
B1, Securin dynamics. HeLa cells were transfected with T7-
HPIP (wt), mtHPIP-D4, or mtHPIP-IR followed by double
thymidine block and then released at various time points. We
observed that mtHPIP-IR protein dynamics were similar to
T7-HPIP, being low at the time period between hours 9 and 10
during which cells are in mitosis, whereas D4 mutation ensured
elevated levels of HPIP and sustained up to hour 12, indicating
that D4 domain but not IR domain is involved in HPIP stability
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Figure 7. HPIP binds and inhibits APC/C-Cdc20 activity through IR motif. A and B, Hela cells stably transfected with either shCtrl or shHPIP were lysed, and
cell lysates were subjected to co-IP by APC3 (A) or MAD2 (B) followed by Western blotting as indicated. C, conservation of IR motif in HPIP among various
species. D, Hela cells transfected with wtHPIP, mtHPIP-D4, or mtHPIP-IR were subjected to co-IP with APC3 antibody followed by Western blotting as
indicated. E, Hela cells transfected with wtHPIP, mtHPIP-D4, or mtHPIP-IR were subjected to double thymidine synchronization followed by release at the
indicated time points and blotted as indicated. An asterisk denotes expression of the indicated proteins at peak in the specified time period. F, representative
time-lapse live cell fluorescent images of GFP-HPIP, GFP-mtHPIP-D4, or GFP-mtHPIP-IR transfected HeLa—H2B-mCherry (red) cells that are synchronized by
DT block at the S phase followed by release into fresh medium and captured at indicated time points (magnification, 20X). G, quantification data of F. The
quantified results are presented as means = S.D. using Student’s t test. *, p < 0.01; **, p < 0.001 were considered significant. Ctrl, control; /P, immunoprecipi-
tation; MW, molecular weight; sh, small hairpin.
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during mitosis (Fig. 7E). Histone H3P%*"'° was also analyzed to
study the mitotic index among these mutants. H3P5*"* signal
started appearing at hour 9 in both mutants as well as in
wtHPIP. In T7-HPIP (WT), cyclin B1 accumulation started at
hour 7 (G, phase) and continued until hour 9, at which cells are
in mitosis, and then declined. However, in mtHPIP—-IR cells,
cyclin B1 accumulation started at hour 7 as similar to wtHPIP
but sustained only for a short period of 1 h (hours 7 to 8) and
declined at the onset of mitosis (from hour 9). Interestingly, in
mtHPIP-D4 cells, cyclin B1 accumulation started at hour 9, i.e.
at the onset of mitosis; peaked at hour 10, and then declined at
the later time points (Fig. 7E). We also analyzed Securin dynam-
ics, an indicator of metaphase to anaphase shift, in all the
mutants. All the mutants as well as T7—HPIP cells had elevated
levels of Securin in the time period between hours 7 and 10
and declined at later time points. To further support these find-
ings, we measured the time between the S and M phases in these
mutants. We transfected either wtHPIP or its mutants
(mtHPIP-D4 or mtHPIP-IR) in HeLa cells expressing H2B-
mCherry and synchronized them in S phase by DT block. Sub-
sequently we measured the time between the S and M phases by
time-lapse microscopy following release from a DT block. In
support of biochemical data, we found that mitotic entry was
significantly delayed in D4 mutant of HPIP, i.e. mtHPIP-D4
as compared with wtHPIP and mtHPIP-IR cells (wtHPIP,
mtHPIP-D, and mtHPIP-IR: 11.9 £ 1.5, 16.0 = 2.8, and
11.0 £ 1.7 h, respectively) (Fig. 7, Fand G; and Video S5-S7).
Together these data suggests that D4 and IR motifs of HPIP
function differently, because D4 domain is primarily
involved in HPIP stability, whereas IR domain participates in
the inhibition of APC-Cdc20 activity and therefore the
altered cyclin B1 dynamics.

HPIP associates with mitotic spindle during mitosis, and its
loss of expression delays mitosis exit

Microtubules are integral part of mitotic spindle that aid in
chromosome segregation during mitosis (31). Although earlier
studies established that HPIP is a microtubule-binding protein
(32, 33), its role in mitotic spindle function is unexplored.
Therefore, we hypothesized that HPIP may associate with
mitotic spindle and thereby control its function. Confocal
imaging indeed showed a marked co-localization of HPIP with
mitotic spindle during mitosis (Fig. 84). Furthermore, loss of
HPIP expression leads to formation of multiple spindle poles
(Fig. 8B). Next we measured the time taken for mitotic exit
upon HPIP depletion in HeLa cells. Live cell imaging of G,/M
synchronized HeLa cells showed delayed mitotic exit upon
HPIP knockdown (1 = 60 cells; shCtrl versus shHPIP: 74.6 *
24.2 versus 90.5 = 29.7 min; p = 0.001) (Fig. 8, C and D; and
Videos S8 and S9). To further support our findings, we next
monitored Clover-Geminin (1-110) levels, a M/G;, transition
marker, during mitosis (34). We depleted HPIP in HeLa cells
transfected with Clover-Geminin (1-110) and synchronized
them at the early M phase by nocodazole block. We subse-
quently monitored the Clover-Geminin disappearance, which
is an indicator of mitosis exit, by time-lapse fluorescence
microscopy. In control siRNA-treated cells, Geminin disap-
peared by approximately 60 min after nocodazole release. By
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contrast, Geminin levels persisted up to ~90 min in HPIP-de-
pleted cells, suggesting that loss of HPIP delays mitotic exit (Fig.
8, E and F; and Videos S10 and S11). These data suggest that a
loss of HPIP delays mitotic exit.

HPIP has spindle check point function

To further delineate the functions of HPIP in mitosis, we set
forth to examine the morphology of the chromosomes during
metaphase. As shown in Fig. 9, A and C, HPIP-depleted cells
shows a significantly higher percentage of metaphase cells hav-
ing premature segregated chromosomes and also higher chro-
mosome breaks per cell (Fig. 9, D and F). MCC or SAC complex
prevents the errors in chromosome segregation, aneuploidy,
tumor progression, and cell death when it is activated. Hence
premature segregation can happen only when SAC is not acti-
vated (35, 36). Previous reports have demonstrated that sup-
pression of MAD2, a SAC component, and Securin, which
inhibits Separase-mediated proteolysis of Cohesin that tether
chromatids, leads to premature chromosomal segregation. We
observed a marked down-regulation of MAD2 and Securin
expression in HPIP-depleted cells (Fig. 9G). However, Securin,
but not MAD2, levels were restored upon treatment with
MG132 (Fig. 9G, lane 3), suggesting a possible transcriptional
regulation of MAD2. Conversely, ectopic expression of HPIP
led to a marked increase in MAD?2 levels (Fig. 9H). We also
determined the duration of metaphase (min) upon HPIP depletion
in G,/M synchronized HeLa cells by time-lapse imaging. We
found that HPIP depletion resulted in a faster metaphase-to-
anaphase transition as compared with control cells (shCtrl
versus shHPIP: 39.6 = 7.0 versus 26.7 = 5.3 min) (Fig. 9, I and
J;and Videos S12 and S13). Together, these data indicate that
loss of HPIP expression accelerates metaphase to anaphase
transition, which could cause chromosomal presegregation
and breaks.

Loss of HPIP expression leads to defects in cytokinesis

Cytokinesis, a process involving the division of the cyto-
plasm to generate two daughter cells, overlaps with the final
stages of mitosis. It may start in either anaphase or telophase
(66). We ascertained that the delayed mitotic exit, whereas
faster metaphase to anaphase transition could be due to
defects in cytokinesis. To test this hypothesis, first we exam-
ined the localization of HPIP during telophase and cytokine-
sis by confocal microscopy. We found that HPIP localize to
the midbody, which appeared in telophase and persisted up
to abscission (Fig. 104). Next, we analyzed the morphology
of midbody upon HPIP depletion in HeLa cells. Interestingly,
we found significant defects in midbody formation in HPIP-
depleted HeLa cells (Fig. 10B). Together, these results indi-
cate a plausible role for HPIP in cytokinesis.

Discussion

Our study demonstrates that HPIP is a critical regulator of
G,/M transition by regulating temporal stability of cyclin B1
via inhibition of APC/C-Cdc20 activity. We show that HPIP
and APC/C-Cdc20 antagonizes each other as HPIP inhibits
APC/C-Cdc20, and in turn APC/C-Cdc20 degrades HPIP.
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Reciprocal regulation of HPIP and APC/C-Cdc20 repre- HPIP as a G,/M transition regulator
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function remain elusive (21, 22). Consistent with these reports,
we provide the mechanistic evidence that HPIP promotes cell
proliferation by enhancing G,/M transition. Time-lapse live
cell imaging and cell cycle analysis revealed that HPIP expres-
sion is required for normal cell division. The delay in cell divi-
sion is due to accumulation of cells at G,/M transition. Cyclin
B1-Cdkl complex is essential for G,/M transition because its
diminished activity renders G, phase arrest (26). Recent knock-
out studies reiterated that cyclin B1 knockout mouse embryos
indeed arrest in G, phase (37). Furthermore, accumulation of
cyclin Bl is a prerequisite for timely mitotic entry because aloss
of cyclin B1 expression delays it (9). Based on these previous
reports, we argued that HPIP could regulate G,/M transition by
controlling cyclin B1 levels. In concordance with these reports,
loss-of-function and gain-of-function studies demonstrated
that HPIP stabilizes cyclin B1l. Further ubiquitination studies
supported that HPIP stabilizes cyclin Bl by precluding APC/
Cdc20-mediated ubiquitination and subsequent proteasomal
degradation. Together, these findings point to the critical role
of HPIP in G,/M transition function that partly occurs by con-
trolling cyclin B1 stability.

HPIP and cyclin B1 are two crucial regulators involved in cell
cycle regulation. Multiple lines of evidence indicate that HPIP
and cyclin B1 are overexpressed in a variety of human tumors,
and increased expression of HPIP and cyclin B1 has been cor-
related with malignant behavior of tumors (17, 18, 21, 38, 39).
Because elevated levels of cyclin B1 were associated with
increased ploidy (40), HPIP overexpression observed in sev-
eral cancers might result in increased cyclin Bl levels and
thus polyploidy. This could partly explain that HPIP overex-
pression may be a driving force for cellular transformation
via stabilization of cyclin B1, which can potentially derail the
cell division.

HPIP antagonizes APC/C-Cdc20 function during G,/M
transition

To decipher the mechanism that underlies in HPIP-medi-
ated cyclin B1 stability, we uncovered that HPIP antagonizes
APC/C-Cdc20 activity. Earlier studies established that APC3
acts as a receptor for IR motif, and perhaps, Cdc20 utilizes this
domain to interact with APC3 (29). HPIP contains one such
conserved IR motif similar to Cdc20. Based on the following
evidence, we argue that HPIP renders temporal and spatial sta-
bility to cyclin Bl during G,/M transition utilizing its IR
domain, through which HPIP competitively inhibits the inter-
action between APC3 and Cdc20 and thus its activity. First, loss
of IR domain abrogated HPIP interaction with APC3, whereas
the D box 4 mutant could still bind APC3. Second, in the
absence of HPIP, APC3 interaction with Cdc20 is potentiated
(Fig. 7A). Third, in mtHPIP-IR cells, cyclin B1 accumulation

occurred in a narrow window of time (hours 7— 8) before mito-
sis in contrast to wtHPIP cells where cyclin B1 was stable from
hours 7 to 9 (Fig. 7E). This could be due to the loss of inhibitory
binding of HPIP, as a result of IR mutation, toward APC3,
whereas Cdc20 is accessible to APC3. Co-IP data from Figs. 5 (A
and B) and 7D together suggest that D4 and IR domains in HPIP
mediate the interaction with Cdc20 and APC3, respectively.
Considering the competitive interaction between HPIP and
Cdc20 toward APC3 based on the co-IP data, we propose the
existence of four possible protein complexes during G,/M tran-
sition including HPIP/Cdc20, APC/Cdc20, APC/HPIP, and
APC/Cdc20/HPIP (Fig. 11A). Because either Cdc20 or Cdc20/
mtHPIP-IR complex are freely accessible to bind APC3,
mtHPIP-IR could be a prior substrate for APC/Cdc20 complex
and thus degraded faster as observed in Fig. 7E. Because of this,
cyclin B1 accumulation is confined to a narrow window of
hours 7 and 8 in mtHPIP-IR cells. Whereas in D4 mutants
where interaction between HPIP and Cdc20 is lost, as a conse-
quence, APC3 could have preferred Cdc20-bound cyclin B1
over mtHPIP-IR and subsequently degraded it. Therefore,
cyclin B1 accumulation is delayed (9-11 h) in mt-HPIP-D4
cells in contrast to wtHPIP where it occurred in the time win-
dow between hours 7 and 9. There are several known cellular
inhibitors for APC/Cdc20, which include Mad3p, Acml,
RASSF1A, and Emil (41-44). Similar to Mesl (45), RASSF1A
(41), and SMURF?2 (46), HPIP also acts as both an inhibitor and
a substrate for APC/C complex. However, among these, HPIPs
stand out as a different category of proteins that display antag-
onistic activity utilizing IR motif while serving as a substrate
using D4 domain toward APC/Cdc20. Together, these results
imply that D box and IR domains enable a sort of “facultative
molecular bridge” between HPIP and APC/C-Cdc20 to facili-
tate a temporal and spatial stability to cyclin B1 and thus timely
mitotic entry and cell cycle progression.

HPIP is a substrate of APC/C-Cdc20 complex

This is the first report to show that HPIP is a substrate of
APC/C-Cdc20 during mitosis. We show that HPIP protein lev-
els oscillate during cell cycle stages and are subjected to protea-
somal degradation during mitosis. The protein profile of HPIP
during cell cycle stages was similar to that of cyclin A. cyclin A
destruction occurs prior to mitotic entry (47, 48). Similar to
cyclin A, Nek2A also undergoes APC/C-Cdc20-mediated
ubiquitination and proteasomal degradation (29, 49). We found
that APC/C-Cdc20, but not APC/C-Cdhl, mediates HPIP
destruction during early mitosis. From the co-IP data (Fig. 5B),
it infers that HPIP interact with Cdc20 during early/midmitosis
(0 and 1 h), although the interaction is substantially decreased
at a later time point (2 h). As reported earlier, Cdc20 undergoes
proteasomal degradation by APC—Cdhl during mitosis exit

Figure 8. HPIP associate with mitotic spindle during mitosis. A, confocal images representing the localization of indicated proteins at various stages of
mitosis in Hela cells. Green, HPIP; red, a-tubulin; blue, DNA (DAPI) (magnification, 60X). B, confocal images representing the spindle morphology in control
shRNA or HPIP shRNA-treated Hela cells (magnification, 60X). C, representative time-lapse live cell images of shCtrl or shHPIP-treated Hela cells. 48 h
post-transfection cells were synchronized by aphidicolin-RO-3306 followed by released into fresh medium and time-lapse imaging and then monitoring of the
mitotic exit (magnification, 20 X). D, scatter plot representing the quantification of division time. A total of 60 cells were analyzed for each sample (n = 60). The
quantified results are presented as means =+ S.D. using Student’s t test. **, p < 0.001 was considered significant. £, HeLa cells co-transfected with either siCtrl
or siHPIP and Clover-Geminin (1-110) were synchronized at the early M phase by nocodazole block. After nocodazole release of the cells, Clover-Geminin was
monitored by time-lapse fluorescence microscopy (magnification, 20X). F, schematic diagram depicts the pattern of Clover-Geminin (green) during cell cycle

progression. BF, brightfield; Ctrl, control; Noc., nocodazole; sh, small hairpin.
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(50, 51). The reduced levels of Cdc20 at 2 h could be due to its
proteasomal degradation by APC—Cdhl. That Cdc20 has also
undergone post-translational modification during mitosis exit;
therefore we cannot rule out its effect on interaction with HPIP.
Further, we could also map the ubiquitination site as lysine at
274 in HPIP. Cdc20 interacts with APC/C substrates through
various destruction motifs such as KEN or D box (52). Although
HPIP contains four putative conserved D box motifs and one
KEN domain, it utilizes D box 4 for interaction with Cdc20. D
box 4 mutation rendered HPIP resistant to APC/Cdc20—
mediated destruction during mitosis. Together, these findings
point to the importance of Lys-274 and D box 4 in HPIP stabil-
ity during mitosis. Substrate destruction by APC/C complex
follows a temporal and spatial pattern that may depend on phos-
phorylation status of the substrates (53). Interestingly, HPIP
appears to undergo phosphorylation during mitosis by an
unknown kinase (54). Thus, we propose that ubiquitination of
HPIP by APC/C-Cdc20 may be dependent on its post-transla-
tional modification such that phosphorylation might trigger
HPIP destruction by APC/C-Cdc20. Further studies are war-
ranted to investigate this aspect.
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Role of HPIP in mitotic checkpoint function

This study also reports that HPIP is a spindle checkpoint
regulator. At prophase, the spindle checkpoint proteins Bubl,
BubR1, and Mad2 prevent premature separation of sister chro-
matids by specifically inhibiting APC/Cdc20 (55). Therefore, a
lack of SAC function results in premature segregation of chro-
mosomes occurs. We show that HPIP depletion causes chro-
mosomal presegregation and breaks and accelerated meta-
phase to anaphase transition, a phenotype that was displayed
upon silencing of SAC proteins (55) (Fig. 11B). We partly attrib-
ute this phenotype to the impaired MAD2 expression in the
absence of HPIP. Although the precise mechanism that under-
lie in MAD2 expression by HPIP is unknown, it is possible that
HPIP may regulate MAD2 transcription via Myc. It is based on
the earlier observations that Myc is the transcriptional regula-
tor of MAD?2 gene (56), whereas HPIP is known to cause Myc
up-regulation via the mTOR pathway (57). Loss of SAC func-
tion also results in early degradation of Securin, an inhibitor of
Separase whose activation is required for Cohesin destruction
and subsequently chromosome separation (52). In support of
this, we also found that HPIP depletion results in early degra-
dation of Securin and thus premature segregation chromo-
somes. Together, it implies that HPIP may indirectly regulate
SAC by controlling MAD?2 expression and proper segregation
of chromosomes during mitosis.

Whereas microtubules are the principle components of the
mitotic spindle and essential for accurate chromosome segre-
gation during cell division, it is not surprising that a number of
microtubule-associated proteins act predominantly during
spindle assembly (58). Earlier we reported that HPIP is a micro-
tubule-associated protein (30). In light of these earlier reports,
we found that HPIP associates with mitotic spindle, and thus
loss of HPIP results in the formation of multiple spindle poles.
However, the role of HPIP in mitotic spindle assembly and
function need to be further explored. Intriguingly, we also
observed that HPIP not only localizes to mitotic spindle but also
to midbody. Midbody is formed by central spindle microtu-
bules during cytokinesis and is associated with cell fate and
differentiation (59). In view of this, we also observed defects in
midbody formation in HPIP-depleted cells. This partly explains
the delay in mitotic exit upon loss of HPIP (Fig. 11B). However,
the mechanistic role of HPIP in midbody formation and cyto-
kinesis remains to be determined. In conclusion, our study pro-
vided compelling evidence to support that HPIP plays an essen-
tial role as a substrate as well as an inhibitor of APC/C-Cdc20
to maintain the temporal stability of cyclin B1 during G,/M
transition to ensure timely mitotic entry and progression.

Experimental procedures
Molecular biology

pcDNA3.1-HPIP (T7-HPIP) was made as previously described
(32). The D box mutants of HPIP, i.e. mtHPIP-D3, mtHPIP-D4,
mtHPIP-D6, and mtHPIP-D7, in the T7—HPIP backbone were
generated by replacing arginine and leucine with alanine at
respective positions of the D boxes through site-directed
mutagenesis using specific primers as listed in Table S1 (17).
Similarly lysine mutations in HPIP at Lys-274-and Lys-634 were
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Figure 11. Model represents the role of HPIP during cell cycle progression. A, schematicillustration showing the mechanistic role of HPIP in G,/M transition
during mitosis. I, Il, II, 1V, and V are the possible protein complexes formed in a combinatorial fashion involving HPIP, APC, and Cdc20. HPIP promotes G,/M
transition by stabilizing cyclin B1 during late G, phase and itself is subjected to degradation during mitosis. Degradation of cyclin B1 and then Securin follows
soon after the HPIP destruction by APC/Cdc20. D4 and IR motifs of HPIP function differently, because the D4 domain is primarily involved in HPIP stability,
whereas the IR domain participates in inhibition of APC-Cdc20 activity. B, schematic illustration showing the role of HPIP in spindle checkpoint function and
cytokinesis. In the presence of HPIP, the SAC is on, and cells proceed to cytokinesis with proper midbody/abscission and generate daughter cells with normal
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generated by replacing with arginine, and the clones generated
are denoted as mtHPIP-K274R and mtHPIP-K634R, respec-
tively. mtHPIP-IR mutant was generated by replacing isoleu-
cine and arginine at positions 282 and 283 with alanine, respec-
tively. wtHPIP, mtHPIP-D4, and mtHPIP-IR were PCR-
amplified and subcloned into pEGFP-C1 vector. GFP-Cdc20
clone was generated by PCR using Cdc20-specific primers
listed in Table S1. PCR-amplified Cdc20 was digested with
BamHI and Xhol and cloned into pEGFP-CI1 vector at the same
sites. HA-Cdc20, HA-Cdhl (Provided by Marc Krishner,
Harvard Medical School through Addgene), GFP-cyclin Bl
(Provided by Prof. Jonathon Pines through Addgene), H2B-
mCherry (kind gift from Dr. Robert Benezra), and Clover-

SASBMB

Geminin (1-110) (kind gift from Dr. Michael Lin) were pur-
chased from Addgene. pCMV-Ub and H2B-GFP plasmids
were kind gifts from Dr. Maddika Subbareddy (Center for DNA
Fingerprinting Diagnosis, Hyderabad, India).

Cell culture, transfection, and treatment

The cells were maintained in standard conditions, and trans-
fection was done using Lipofectamine 2000 (Invitrogen) based
on manufacturer’s protocols. Detailed cell culture techniques
are described in supporting “Materials and methods.”

Lentiviral transduction was carried out as described previ-
ously (60). In brief, HEK293T cells were grown and co-trans-
fected with shRNA plasmid (Cdc20 or HPIP) with packaging
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plasmids (pVsVg, pAR, and pREV). Viral soups were harvested
for every 24, 48, and 72 h by replacing with fresh growth
medium to the cells. These viral soups were subsequently added
to the HeLa cells by mixing with complete DMEM (1:1) con-
taining protamine sulfate (5 ug/ml). 48 h post-transduction, the
cells were treated continuously with puromycin (1 ug-10
pg/ml) for 7 days for stable selection. Knockdown of gene of
interest was confirmed by Western blotting.

Cell proliferation assay

Cell proliferation assay was done by using WST-1 reagent
according to the manufacturer’s instructions, and details are
described in the supporting “Materials and methods.”

Cell synchronization and cycle analysis

The cells were synchronized by double thymidine treatment
procedure as described previously (61). The cells were then
released into various time points to enter through various cell
cycle phases and fixed the cells with 70% ethanol followed by
RNase A (200 pg/ml) treatment to remove RNA. After fixing,
the cells were stained with propidium iodide (5 ug/ml) (Sigma—
Aldrich) and were processed by flow cytometry (FACS-Aria;
Becton Dickinson). Subsequently, FCS Express software was
used to analyze the data.

To determine the mitotic index, trypsinized cells were
washed with PBS twice and fixed with 1% paraformaldehyde at
37 °C for 15 min. The cells were then permeabilized with 70% of
methanol and stored at —20 °C overnight. After washing with
PBS, the fixed cells were blocked with blocking buffer (0.5%
BSA in PBS) for 10 min. The cells were then stained with rabbit
anti-phosphohistone H3 (Ser-10) antibody at 1:50 dilution in
blocking buffer for 1 h at room temperature followed by incu-
bation with FITC-conjugated anti-rabbit secondary antibody at
1:100 dilutions for 1 h. The cells were then washed and incu-
bated with 5 ug/ml propidium iodide and 250 wg/ml RNase A
in PBS. Approximately 10,000 cells were analyzed by flow
cytometry.

Thymidine-nocadazole treatment and release

For synchronization into the G,/M phase of cells cycle, HeLa
cells (40% confluence) were treated with 2 mm thymidine for
24 hin cell culture incubator at 37 °C. Following three washes of
cells with 1X PBS, the cells were incubated for 3 h with fresh
DMEM, and subsequently, the cells were again treated with
nocodazole (100 ng/ml) for 12 h. The cells were released in
prewarmed fresh DMEM after washing three times with 1X
PBS and collected at different time points for further analysis.

Live cell imaging for cell cycle progression

Synchronized cells with DT procedure were released into
fresh Flurobrite DMEM (A1896701; Thermo Fisher Scientific),
and live cell imaging was carried out using fluorescence micro-
scope (Olympus IX83 inverted microscope with Andor Zyla 4.2
sCMOS camera, F-UBW for GFP, U-FGW for mCherry, Oko
lab Uno live cell chamber, and Retiga 6000 monochrome detec-
tor; Singapore) connected with CO, for ~24 h. Synchroniza-
tion of cells at the G,/M transition was carried out by arresting
the cells first at G, /S transition using aphidicolin (9 um) for 4 h
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followed treating with CDK1 inhibitor RO-3306 (35 nm) for 7 h
or nocodazole (100 ng/ml) for 12 h. The cells were then released
into fresh medium followed by the capturing of images with a
regular intervals of 5 min, and the videos were generated using
Image] software (Wayne Rasband).

Immunoprecipitation and Western blotting

The cell lysates were collected and subjected to immunopre-
cipitation and Western blotting as described previously (17),
and the details are described in supporting “Materials and
methods.”

RT-PCR

Real-time PCR analysis was done as described previously
(62), and the details are described in supporting “Materials and
methods.”

Ubiquitination assays

For in vivo ubiquitination of HPIP or cyclin B1, the cells were
transfected with respective plasmid constructs using Lipo-
fectamine 2000 and then treated with MG132 (10 um) for 4 h
before harvesting. 48 h post-transfection, the cell extracts were
immunoprecipitated using protein-specific antibody or tag-
specific antibody (GFP/HA/T7) followed by protein A/G bead
incubation for 1 h at4 °C. The protein A/G beads were collected
by centrifugation and washed three times in Nonidet P-40
buffer. The samples were then analyzed by SDS-PAGE and
Western blotting analysis using protein-specific antibodies

(Table S2).

Protein stability and chasing experiments

Synchronized cells were treated with cycloheximide (25
pg/ml) followed by chasing for various time points, and cell
extracts were subjected to Western blotting analysis using pro-
tein-specific antibodies (Table S2). The protein half-life of was
determined as described previously (63, 64).

Confocal microscopy

The cells grown on coverslips were fixed with 4% paraformal-
dehyde and permeabilized by prechilled acetone and methanol
(1:3). After blocking with 3% BSA followed by primary antibod-
ies at4 °C overnight, fluorescently labeled secondary antibodies
were added and incubated at room temperature for 1 h. After
thorough washing, coverslips were mounted on glass slide
using DAPI (Thermo Scientific). Fluorescent images were cap-
tured by a confocal microscope (model NLO710; Carl Zeiss).

Metaphase spread preparation

Metaphase preparation of chromosomes was carried out as
described previously (65). The cells were first arrested in meta-
phase by the addition of 1 ug/ml colcemid (Thermo Scientific)
for 1 h. Then they were trypsinized and washed with PBS. After
washing, the cells were treated with a hypotonic solution (0.56%
KCl) at 37 °C for 6 min followed by the addition of three drops
of freshly prepared ice-cold methanol/acetic acid (3:1) to stop
the reaction. After brief centrifugation, the cells were resus-
pended with dropwise addition of methanol/acetic acid fixative
followed by vortexing at a very low speed. This step was
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repeated again before storing the samples at —20 °C for further
analysis. To get metaphase spreads, the cells were dropped onto
a precleaned glass slide and dried overnight. Metaphases were
then stained with DAPI and visualized under a microscope
(Olympus, Singapore).

Statistical analysis

Statistical analysis was performed using GraphPad prism. All
the data are presented as means * S.D., with two or three inde-
pendent experiments performed. Comparison between groups
was performed using either Student’s ¢ test or analysis of vari-
ance. p < 0.05 was considered as significant.
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