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anti-mitotic drugs.
Methods: The biological effects of SLC39A6 (LIV-1) and GrpE-like 1 (GRPEL1) on mitotic exit and apopto-
sis were evaluated both in vitro and in vivo using flow cytometry, western blotting, xenografts and time-

Keywords: lapse imaging. The interactions between proteins and the ubiquitination of GRPEL1 were assessed by GST
LIV-1-GRPEL1 axis pull down, immunoprecipitation and mass spectrometry analysis. The expression of LIV-1 in cancers was
Mitotic exit assessed by immunohistochemistry.

Apoptosis Findings: Overexpression of LIV-1 led to direct apoptosis. Depleted for LIV-1 evade anti-mitotic agent-

Anti-mitotic agents

induced killing through a rapid exit from arrested mitosis. LIV-1 interacts with GRPEL1 and Stabilizes
Human cancer

GRPEL1 Protein by Preventing Ubiquitylation of GRPEL1. LIV-1-GRPEL1 axis depletion works to reduce the
mitotic arrest by inducing PP2A-B55« phosphates activity, while inhibit apoptosis by banding AIF and
preventing the latter’s release into the nucleus. Loss of function in this axis was frequent in multiple
types of human epithelial cancer.
Interpretation: These data demonstrate that LIV-1-GRPEL1 axis dually regulates mitotic exit as well as
apoptosis by interacting with PP2A B55« and AIF. Its discovery constitutes a conceptual advance for the
decisive mechanism of cell fate during damaged mitosis.
Fund: National Clinical Research Center for Obstetric and Gynecologic Diseases, the National Natural Sci-
ence Foundation of China.
© 2019 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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proposed a model in which cell fate is dictated by two com-
peting but independent networks: one activates cell death

Evidence before this study and the other is related to the degradation of cyclin B1.
However, little is known about how cell death or survival is

Understanding how cells respond to mitotic poisons is of determined during exposure to anti-mitotic drugs. The key
great biomedical and clinical significance. Previous studies molecules/pathways that are capable of dually wiring these

two opposite signaling networks during MC remains unclear
and necessitates further exploration.
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Added value of this study

We identified that LIV-1 and its downstream target GR-
PEL1 promote cell death by simultaneously regulating cell-
death signaling and mitotic arrest interacting with PP2A
B55« and AIF. Loss of the LIV-1-GRPEL1 axis enabled tumour
cells to resist mitotic poisons by blocking apoptosis, facilitat-
ing slippage, and recapitulating the cell cycle. Loss of function
in this axis was frequent in multiple types of human cancer.
Our discovery of the LIV-1-GRPEL1 axis provides a new start-
ing point for elucidating how mitotic exit is controlled after
exposure to mitotic poisons.

Implications of all the available evidence

In this study, we provide in vitro and in vivo evidence that
LIV-1 and its downstream mediator GRPEL1 act as a criti-
cal death signal that accumulates during mitotic arrest and
is indispensable for anti-mitotic agent-induced cell death. As
such, identification of the LIV-1-GRPEL1 axis constitutes a
conceptual framework for understanding tumorigenesis and
developing a new generation of mitosis-targeting therapies.

1. Introduction

To date, one of the most successful anti-cancer strategies has
been the use of anti-mitotic drugs to disrupt normal mitotic pro-
gression [1]. Drugs such as the taxanes and the vinca alkaloids,
which target microtubule dynamics, have successfully been used
for the treatment of various human malignancies and have demon-
strated outstanding therapeutic efficacy [2,3]. Moreover, novel anti-
mitotic agents that target mitotic kinases and components other
than microtubules have been developed [4-6]; their benefits are
currently under investigation in clinical trials [7-13].

During anti-mitotic drug-induced mitotic checkpoint (MC),
some cancer cells can survive and enter a second round of mi-
tosis [14]. Several mechanisms have been proposed to guarantee
cancer-cell survival during damaged mitosis [15]. First, these cells
may fail to execute apoptosis efficiently due to defects in apop-
tosis pathways. For example, failure to degrade an anti-apoptosis
protein MCL1 during exposure to anti-tubulin chemotherapeutics
confers resistance to these agents in some primary tumours [16].
Second, cancer cells may slip out of mitotic arrest before they die,
a phenomenon that is commonly termed “slippage” or “adaptation”
[17,18]. Gascoigne and Taylor proposed a model in which cell fate
is dictated by two competing but independent networks: one acti-
vates cell death and the other is related to the degradation of cy-
clin B1 [14,19,20]. During prolonged mitotic arrest, these two net-
works work in opposite directions. Consistent with this model, pre-
mature exit from mitotic arrest due to a weakened MC is known
to decrease sensitivity to anti-mitotic agents; blocking of mitotic
exit is a more-effective anti-mitotic strategy than perturbing spin-
dle assembly [21].

LIV-1 (SLC39A6) is a member of the Zrt/Irt-like protein family
of zinc transporters [22]. In the zebrafish gastrula organiser, LIV-1
regulates the epithelial-mesenchymal transition as a downstream
target of STAT3 [23]. Clinically, elevated LIV-1 transcriptional ex-
pression is associated with tumour progression in certain tumour
types [24]. A recent genome-wide association study on esophageal
carcinoma identified common variants in LIV-1 that were asso-
ciated with survival [25]. These results have provided important
clues that point to a potentially important role of LIV-1 in the pro-
gression of human cancer.

In this study, we provide in vitro and in vivo evidence that LIV-1
acts as a critical death signal that accumulates during mitotic ar-
rest and is indispensable for anti-mitotic agent-induced cell death.
LIV-1 and its downstream mediator GrpE-like 1 (GRPEL1) forms

the LIV-1-GRPEL1 axis to adjust cell fates on response to mitotic
poisons. As such, identification of the LIV-1-GRPEL1 axis consti-
tutes a conceptual framework for understanding tumorigenesis and
developing a novel generation of mitosis-targeting therapies.

2. Materials and methods
2.1. Plasmids and constructs

Pcep4 vector carrying anti-sense LIV-1 cDNA was named AS-
LIV-1 as previously described [26]. EGFP/LIV-1 plasmid was gen-
erated by ligating the amplified coding region of human LIV-1
cDNA to EGFP in the EGFP-C1 plasmid (Clontech). To generate the
inducible expression lentivirus LV/LIV-1, a LIV-1/V5 fusion plas-
mid was generated by cloning LIV-1 into pcDNA3.1/V5-his-TOPOR,
which was subcloned into a lentivirus tetracycline-inducible ex-
pression vector. LIV-1 deletion constructs were generated by fusing
base pairs 1-141, 1-282, 283-1149, or 283-1299 of the LIV-1 cDNA
to EGFP, respectively named aal-47, aa1-94, aa95-383, aa95-433.
Each construct was confirmed by DNA sequencing. The N-terminal
141 bp of the LIV-1 gene was synthesized and cloned into the
PGEX-4T1 vector to generate the GST aal-47 plasmid. The coding
region of GRPEL1 was cloned into the EGFP-C1 plasmid to generate
the EGFP/GRPEL1. Each construct was confirmed by DNA sequenc-
ing. Mito-DsRed and pDsRed-ER were purchased from Addgene.
Lentivirus carrying anti-sense LIV-1 shRNA was named LV-sh/LIV-1.
Lentivirus carrying GFP-¢-tubulin was named GFP-tubulin.

2.2. Antibodies

Rabbit anti-human LIV-1 was obtained from Abcam (ab61307).
Rabbit anti-AIF (ab32516), rabbit anti-S-actin (ab8226), rabbit anti-
Phospho-histone H3 (H3P) (Ser10, ab5176), rabbit antibody against
GFP (ab290), rabbit antibody against ubiquitin (ab137025), rabbit
anti-V5 tag (ab9116) and rabbit anti-Ki67 (ab92742) were obtained
from Abcam. Mouse anti-cyclin B1 (4135), rabbit anti-Phospho-
(Ser) CDKs substrate (9477), and rabbit anti-cleaved PARP (5625)
were purchased from Cell Signaling Technology. Mouse anti-B55¢
(sc-81606) was purchased from Santa. Rabbit anti-GRPEL1 (12720-
1-AP), rabbit anti-GST (10000-0-AP), rabbit anti-MCL1 (16225-
1-AP), rabbit anti-COX2 (12375-1-AP) and rabbit, rabbit anti-o-
tubulin (11224-1-AP), and anti-Hsp90 (13171-1-AP) were pur-
chased from Proteintech. Rabbit anti-cleaved caspase 3 (AC033),
and rabbit anti-histone 3 (AH433) were obtained from Beyotime
Biotechnolog.

2.3. Cell culture

The OV2008 ovarian cancer cell line was kind gifts from Dr.
Rakesh Goel (Ottawa Regional Cancer Center, Ottawa, Canada).
HeLa, 293 (HEK-293), A549, and HepG2 cell lines were purchased
from the American Type Culture Collection (ATCC, Manassas, VA,
USA). MCF-7 cells were cultured in DMEM containing 0.01 mg/ml
bovine insulin.

The T-REx™-293 cell line (293T) was purchased from Invit-
rogen. To generate a 293T/LIV-1/V5 stable cell line, 293T cells
were transfected with the inducible expression lentivirus LV/LIV-
1/V5 and selected in medium containing blasticidin (5 pg/ml)
and zeocin (200 pg/ml) for 14 days. The expression of inserted
gene could be induced with tetracycline (1 pg/ml). To gener-
ate a HeLa/GFP-tubulin stable cell line, HelLa cells were trans-
fected with LV-GFP-tubulin and cultured in medium containing
puromycin (600 ng/ml). To generate HeLa/LV-sh/LIV-1 or HeLa/LV-
sh/mock stable cell lines, HeLa cells were stably transfected with
LV-sh/LIV-1 or LV-sh/mock and cultured in medium containing
puromycin (600 ng/ml).
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2.4. siRNAs

The siRNAs against LIV-1 are siRNA1 (AUA AAG GAC AGC CUG
CUU AAC GGU C) and siRNA2 (AUU AUG GUC AGA GUG AUG CuUC
GUG G). siRNA against MAD2 (AAG AGU CGG GAC CAC AGU UUA),
siRNA against GRPEL1 (UUU CGU GGC UGU GCA CAA CAA CCG G),
siRNA against AIF (AUA GCA UUG GGC AUC ACC UUA ACC C), siRNA
against B55a (GCA GAU GAU UUG CGG AUU ATT) and a nega-
tive universal siRNA duplex were all obtained from Invitrogen. In
general, siRNA transfection was performed at a final concentration
of 50 nM using Lipofectamine RNAIMAX (Invitrogen) according to
the manufacturer’s instructions. The sequence of anti-sense LIV-1
shRNA was used as following: ACA GGA AGT CTA CAA TGA A.

2.5. Real-time PCR

Real-time PCR was performed using the SYBR Green real-time
PCR method. Each sample was tested in triplicate, and relative gene
expression was determined using the 2-22CT method. Results are
expressed as fold induction compared with the untreated group.
Real-time PCR was performed with the CFX96™ Real-Time PCR
Detection System (Bio-Rad). The following primer sequences were
used: LIV-1 primer, forward 5’- CAC TTA CTG GCT TAT-3/, reverse
5'- GTT GGT CAA TAA TGT AAT AAG AC-3’; CyclinB1 primer, for-
ward 5'-TCG AGC AAC ATA CTT TGG CCA-3/, reverse 5-GCA AAA
AGC TCC TGC TGC AA-3’; GAPDH primer, forward 5’- TGC ACC ACC
AAC TGC TTA GC-3/,reverse 5'- GGC ATG GAC TGT GGT CAT GAG-3'.

2.6. Apoptosis

For apoptosis detection, cells were assayed with an Annexin
V-FITC/PI apoptosis kit (MultiSciences Biotech Co., Ltd. Nanjing,
China) and analyzed by flow cytometry. The GFP transfected cells
were assayed with an Annexin PI/7AAD apoptosis kit (Multi-
Sciences Biotech Co., Ltd. Nanjing, China) and analyzed by flow cy-
tometry.

2.7. Tumour xenografts in Nod/SCID mice

HeLa cells were labelled with luciferase (Shanghai Genechem
Co.) using a lentiviral transduction method. Luciferase-labelled
HeLa cells were stably transfected with lentivirus carrying LIV-
1 shRNA (HeLa /LIV-1 shRNA cells) or mock shRNA (HeLa/Mock
cells) (Shanghai Genechem Co.). 1x 106 tumour cells were im-
planted subcutaneously into the right flanks of Nod/SCID mice. The
mice were injected i.p once a week (for four weeks) with Taxol
(12 mg/kg) [27,28] or DMSO when tumour sizes reached 200 mm?3.
The bioluminescence signal intensity (BLI) and tumour volumes
were measured using the Xenogen IVIS spectrum in vivo imaging
system (Caliper Life Sciences, Inc.). All animals were obtained from
BEIJING HFK BIOSCIENCE Co., Ltd. (Beijing, China), and experiments
were approved by the Committee on the Ethics of Animal Experi-
ments of Tongji Medical College. Mice were maintained in the ac-
credited animal facility of Tongji Medical College.

2.8. Cell synchronization and cell cycle assays

Cells were synchronized via double-thymidine (2 mM) block-
ade, then released and harvested at the indicated time points. For
mitotic synchronization, cells were treated with double-thymidine,
then released to nocodazole-containing medium (0.1 pM) for 12 h
before mitotic cells shaken off. For thymidine-taxol, cells were syn-
chronized via double-thymidine blockade and released into taxol-
containing medium (0.1 pM). Cell-cycle distributions were ana-
lyzed via flow cytometry as previously described [29].

2.9. H3P staning

The cells were trypsizined, pelleted and fixed in ice cold
Ethanol. Then, the cells were incubated in rabbit anti-histone H3
(phosphoS10) antibody (1/1000; ab5176; Abcam) in 1% bovine
serum albumin (BSA)/phosphate-buffered saline (PBS), washed, in-
cubated in sheep anti-rabbit-FITC antibody in 1% BSA/PBS and
counterstained with PI. Debris was eliminated and Mitotic cells as
defined by H3P immunofluorescence, were counted via flow cy-
tometry using FL2-A/FL2-W. At least 15000 cells were counted.

2.10. Metaphase spreads

Cells were hypotonically swollen in 40% full medium/60% tap
water for 5.5 min. Hipotonic treatment is stopped by adding an
equal volume of Carnoy’s solution (75% pure methanol, 25% glacial
acetic acid), cells are then spun down and resuspended and fixed
with Carnoy’s solution for 10 min. After fixation cells are dropped
from a 5 cm height onto glass slides. Slides are stained with 5%
Giemsa in PBS for 7 min. To evaluate premature separation of sister
chromatids, pre-treated cells were harvested for metaphase chro-
mosome spreads according to standard protocols. Cells with sep-
arated sister chromatids were observed via Olympus FV1000 con-
focal laser scanning microscopy. Chromatids were counted in 400
mitotic cells.

2.11. Time-lapse imaging

For time-lapse imaging, phase-contrast and fluorescence images
of live cells were captured every 2 min with a 100 x objective and
processed using an Olympus FV1000 confocal laser scanning mi-
croscope Viewer. The temperature of the imaging medium was
maintained at 37 °C and 5% CO,. Cellular behaviour was evaluated
manually. To evaluate cell fate in response to anti-mitotic agents,
pre-transfected HeLa/GFP-tubulin cells were released into taxol-
containing medium. Image acquisition was performed for a further
45 h.

2.12. Immunofluorescence in paraffin sections or cultured cells

Paraffin sections were removed the paraffin and dehydrated
with standard protocol. Cultured cells were fixed with cold
methanol during 15 min at 20 °C, washed in PBS containing 0.1%
BSA (Sigma). Sections or cells were incubated with 0.1% Triton X
for permeabilization. Sections or cells were then blocked with 3%
BSA and incubated with primary antibodies for 2-4 hr at 37 °C.
The matching secondary antibodies (Alexa 488 or Alexa 594) are
from Molecular Probes (Invitrogen). Images were obtained using
an Olympus FV1000 confocal laser scanning microscopy or Leica
DFC490.

2.13. Co-immunoprecipitation (Co-IP)

Co-immunoprecipitation analysis was performed with Pierce
Crosslink Immunoprecipitation Kit (cat. no. 26147; Thermo Scien-
tific) according to the manufacturer’s instructions. The eluted frac-
tions were subjected to liquid chromatography and tandem mass
spectrometry (LC-MS/MS; The Beijing Genomics Institute, China).

2.14. GST pull-down

GST pull-down assays were performed using a GST protein in-
teraction pull-down kit (cat. no. 21516; Thermo Scientifific). GST or
GST aal-47 fusion protein was produced in Rosetta-gami B (No-
vagen) E. coli strains for 4 h at 37 °C after the addition of 1 mM
IPTG (Sigma). The protein complexes were further processed for
immunoblot or mass spectrometry analysis.
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2.15. LIV-1 knockout mouse study

LIV-1 knockout mice (B6; 129S5-Slc39a6tm1Lex/Mmucd,
#032587-UCD) were purchased from the Mutant Mouse Regional
Resource Center. Genomic DNA was isolated from tails and PCR
was used to screen mouse genotypes using a common primer out-
side of target exon 2 and a primer in the neo gene. The following
primer sequences were used: Primers target LIV-1 exon 2, forward
5’-ATC TGT AAT CAT GAT CTT GAC C-3/, reverse 5'-AAA GCG AGT
TCC TTC AGA GA-3’; Primers target Neo gene, forward 5'-GAA GAG
GCG TAC ACA T-3’, reverse 5-GCA GCG CAT CGC CTT CTA TC-3'.
The RNA was isolated from tails and RT-PCR was used to detect
LIV1 transcript isform. The following primer sequences were used:
forward 5-AAT CAA AAG AAA CCT GAA AAT-3’; reverse 5'-GAA
ATT TAT ACG AAA CAC AAT-3'.

LIV-1+/~ females were crossed to LIV-1*/~ males, DMSO or
taxol (Sigma; 30 mg/kg, every other day) was injected (i.p.) into
pregnant females from E10.5 to E12.5. After the last administra-
tion of drug, mice were sacrificed 3 days later and embryos were
isolated for the subsequent experiments. Six weeks old mice (LIV-
1*++or LIV-1-/-) were injected (i.p.) with DMSO or taxol (30 mg/kg,
once a week for four weeks). After the last administration of drug,
mice were sacrificed 3 days later and tissues were isolated for the
subsequent experiments.

MEFs were isolated from E13.5 embryos and cultured in Dul-
becco’s modified Eagle medium with 10% fetal bovine serum con-
taining 100 nM glutamine medium (CM) [30]. The fibroblasts (PO,
passage 0) are the only cells that have the ability to attach to the
gelatine-coated flasks. Ideally, cells are 80-90% confluent after 24 h
and at this stage a major part of PO cells is frozen for further us-
age. MEFs of the second to fifth passages (P1-P3) were used for
experiments.

2.16. Subcellular fractionation

Mitochondria isolation was performed using the Mitochondria
Isolation Kit (cat no.89874; Thermo Scientific) according to the
manufacturer’s instructions. Factions enriched in muclear and mi-
tochondrial proteins were obtained from 1.5 x 107 cells.

3. Phosphatase activity assay

For in vivo phosphatase assays, pre-treated cells (5~8 x 106
cells, ~5000 pg protein) were suspended in lysis buffer (0.025 M
Tris, 0.15 M NaCl, 0.001 M EDTA, 1% NP-40, 5% glycerol, protease
inhibitors; pH 7.4), cleared from debris by centrifugation, incu-
bated with anti-rabbit B55«¢ beads (40ul) or with control anti-
rabbit IgG beads (40ul). The beads were washed with lysis buffer,
resuspended in phosphatase reaction buffer and determined for
PP2A-B55« activity using Serine/Threonine Phosphatase Assay kit
(Millipore) according to Malachite Green Phosphatase Assay Proto-
col. Colorimetric assay was measured using microplate reader at
620 nM (Hyperion).

For in vitro phosphatase assays, 293 cells (5~8 x 106 cells,
~5000 pg protein) were suspended in lysis buffer, cleared from
debris by centrifugation, incubated with anti-rabbit B55« beads
(40 pl) or with control anti-rabbit IgG beads (40 pl) at 4°C for
8 h. Next, the beads was washed with lysis buffer for three times
and then incubated with different concentration of recombinant
GST or GST/GRPEL1 proteins at 4°C for 8 h. Finally, the beads
were washed with lysis buffer, resuspended in phosphatase reac-
tion buffer and analyzed for PP2A-B55« activity.

3.1. Ethical approval

The tissues were obtained from Tongji Hospital (Wuhan, China).
The tissue microarray was obtained from Xi'an Alena Biotechnol-
ogy Ltd., Co. The study was approved by the Ethical Committee.
The specimens were completely anonymous and had no direct
identifiers and no codes or indirect identifiers that link back to
subjects.

3.2. Immunohistochemical statistics

For semi-quantitative evaluation, an immunoreactivity-scoring
(IRS) system was applied as reported previously [31]. In briefly,
the scoring method was based on the fact that the specimens
clearly showed a varying degree of staining intensity and percent-
age of cells staining. Therefore, a combined assessment of stain-
ing intensity and the percentage of positively stained cells was
used. The staining intensity was scored as follows: 0=no expres-
sion, 1=weak expression, 2 =moderate expression, 3 =strong ex-
pression. For each intensity score, the percentage of cells with that
score was estimated visually. A combined weighted score, consist-
ing of the sum of the percentage of cells with each score, was cal-
culated for each sample. For example, a sample with 65% strong
staining, 15% moderate staining, and 20% weak staining would
be scored as follows: 65 x 3+ 15 x 2 + 20 x 1 =245. The maximum
score should be 300. The slides were evaluated by two indepen-
dent pathologists.

3.3. Statistical analysis

Statistical comparisons between two groups were conducted
with Unpaired 2-tailed t test. One-way analysis of variance was
used for multiple-group comparisons. The Pearson correlation co-
efficient was used to measures the linear association between the
two scale variables. In general, statistical analysis was performed
using SPSS version 16.0. All data are shown as mean + SEM; Prob-
abilities of P < 0.05 were considered significant.

4. Results

4.1. LIV-1 is activated and indispensable for the killing of tumour
cells by mechanistically distinct anti-mitotic agents

Our recent genome-wide search for mediators of histone
deacetylase inhibitor (HDACi) action revealed that LIV-1 is poten-
tially responsible for HDACi-induced apoptosis [32]. Surprisingly,
LIV-1 was also indispensable for the killing of tumour cells by
mechanistically distinct anti-mitotic agents, but not by other com-
monly used chemotherapeutics (Fig. S1A-D). Knockdown of LIV-1
was required for HeLa cells to resist killing by anti-mitotic agents
(Fig. S1E-F and Fig. 1A). To assess the effect of LIV-1 on resist-
ing killing by anti-mitotic agents in vivo, HeLa [LIV-1 shRNA cells
or HeLa/Mock cells were subcutaneously injected into Nod/SCID
mice, followed by injecting i.p once a week with Taxol. We found
that the luciferase activity and tumour volume of HeLa/mock group
were significantly lower than that of the HeLa/LIV-1 shRNA group
after Taxol treatment, suggesting that tumour cells in the LIV-1
shRNA group are more resistant to Taxol (Fig. 1B-D).

To determine the expression of LIV-1 during cell-cycle progres-
sion, LIV-1 displayed a cell cycle-specific expression pattern that
was identical to that of cyclin B1 (Fig. S1G and Fig. 1E). More strik-
ingly, treatment with taxol induced a dramatic and persistent el-
evation in LIV-1 protein levels that was coordinated with grad-
ual activation of caspase-3 and cleavage of PARP (Fig. 1F, left and
middle panels). However, the apoptotic cascade was attenuated by
knockdown of LIV-1 (Fig. 1F, right panel). Thus, LIV-1 is activated
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Fig. 1. LIV-1 is Required for Anti-Mitotic Agent-Induced Killing. (A) HeLa cells were transfected with various siRNAs for 72 h and then exposed to anti-mitotic agents. At
48 h, cells were assayed for apoptosis. (Unpaired 2-tailed t-test, *P < 0.01 versus neg siRNA). (B-D) HeLa/Mock cells or HeLa /LIV-1 shRNA cells were implanted subcutaneously
into the right flanks of Nod/SCID mice. The mice were injected i.p. with Taxol. (Day 10; arrow) (n=7 each group). (B) Bioluminescence images of mice with tumor at day
50. (C) Bioluminescence intensity of tumor at indicated time points (One-way ANOVA, *P < 0.01). (D) Weights (mg) of tumors from the experiment shown in (B) (One-way
ANOVA, *P < 0.05, **P < 0.01). (E) HeLa cells were synchronized via double-thymidine blockade, released, and sampled at 2-h intervals for immunoblotting. (F) HeLa cells
transfected with the indicated siRNAs for 72 h were synchronized and released into DMSO- or taxol-containing culture medium. (G-H) HeLa cells were transfected with
EGFP/LIV-1 or EGFP-C1 and evaluated for apoptosis. (G) The fates of transfected cells were tracked via video confocal microscopy. Scale bar, 5 pm. Numbers represented
the recording time. (H) The percentage of apoptosis was determined in GFP-positive and -negative HeLa cells via flow cytometry 72 h after transfection (Unpaired 2-tailed
t-test, *P < 0.01 versus EGFP-C1). (I) GFP-positive cells were sorted and immunoblotted 72 h after transfection. Date are represented as Mean + SEM in triplicate from a
representative experiment of three independent experiments.
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and indispensable for the killing of tumour cells by mechanistically
distinct anti-mitotic agents.

To address the functional consequences of LIV-1 overexpression,
Hela cells were transfected with EGFP/LIV-1. While cells trans-
fected with control vector underwent normal mitosis, ectopic ex-
pression of LIV-1 directly induced apoptosis (Fig. 1G). Apoptosis in
EGFP-positive cells were therefore analyzed by flow cytometry and
western blot (Fig. 1H,I). Ectopic expression of LIV-1 led to direct
apoptosis.

Taken together, these results demonstrate that LIV-1 was indis-
pensable for the killing of tumour cells by mechanistically distinct
anti-mitotic agents, while knockdown of LIV-1 was required for
HeLa cells to resist killing by anti-mitotic agents and overexpres-
sion of LIV-1 led to direct apoptosis.

4.2. Tumour cells depleted for LIV-1 evade anti-mitotic agent-induced
killing through a rapid mitosis exit

Since anti-mitotic agents kill tumour cells by inducing mitotic
arrest, we investigated how depletion of LIV-1 impacts mitotic ar-
rest. Simultaneous knockdown of LIV-1 T1 and T2 overrode taxol-
induced mitotic arrest in HeLa cells (Fig. 2A,B). In many other tu-
mour cell lines, LIV-1 inhibition reproducibly attenuated cell-cycle
arrest induced by various anti-mitotic agents (Fig. S2A). Surpris-
ingly, LIV-1 inhibition enabled tumour cells to slip out of mitotic
arrest with cytokinesis and return to the G1 phase in a diploid
state (Fig. 2C). The tetraploidization conferred by MAD2 siRNA was
completely rectified by knockdown of LIV-1 (Fig. 2C).

To examine the direct impact of LIV-1 inhibition on mitosis,
synchronized Hela cells were released and the kinetics of mito-
sis was monitored. Upon release, knockdown of LIV-1 dramatically
accelerated the kinetics of mitosis (Fig. 2D). In asynchronous Hela
cells, > 60% of LIV-1 siRNA-transfected mitotic cells showed pre-
mature separation of sister chromatids, in contrast to < 10% of mi-
totic cells transfected with control siRNA (Fig. 2E).

Then, time-lapse confocal imaging was employed to track cell
fates following exit from anti-mitotic agent-induced mitotic arrest
with LIV-1 knockdown. After exposure to taxol, HeLa cells typically
underwent several fates (Fig. S2B). Some cells died in mitosis or
exited mitosis and died in the next interphase. The other cells un-
derwent persistent cell-cycle arrest in the interphase (dormancy).
In contrast, LIV-1 depleted cells successfully entered mitosis and
underwent cytokinesis in the presence of taxol (Fig. 2F and Video
S1-5). Nevertheless, LIV-1 depleted cells took much shorter time
to complete cell division than that of the negative control (Fig. 2D,
Fig. S2C and Video S1-2), and LIV-1 depleted cells in the pres-
ence of taxol took much longer time to divide their DNA and ex-
ecute cytokinesis than those of HeLa cells in the absence of taxol
(Fig. 2F, Video S1-4). Depletion of LIV-1 did not affect the intra-
cellular concentration of taxol at all the time points examined by
high-performance liquid chromatography and tandem mass spec-
trometry (LC-MS/MS), indicating effects of LIV-1 knockdown on
mitosis is specific (Fig. S2D-F). The results suggest that LIV-1 in-
hibition enabled tumour cells to slip out of mitotic arrest and re-
turn to the G1 phase in a diploid state, which did not affect the
intracellular concentration of taxol.

4.3. GRPEL1 interacts with LIV-1 and functions downstream of LIV-1

To unravel the mechanisms by which LIV-1 regulates apoptosis
and mitosis, we investigated the proteins that interact with LIV-
1. LIV-1 localizes prominently to the endoplasmic reticulum (ER)
rather than to mitochondria (Fig. S3A). During mitosis, LIV-1 dis-
played a diffuse intracellular distribution (Fig. S3B). To identify the

proteins that interact with LIV-1, we initially sought to increase in-
tracellular LIV-1 levels by transfecting HelLa cells with a LIV-1 ex-
pression plasmid. However, this transfection yielded low numbers
of EGFP/LIV-1-positive cells because LIV-1 overexpression is toxic
and induces instant apoptosis (Fig. 1G-I). LIV-1 contains 433 amino
acids (aa) and four putative ER transmembrane domains predicted
with the SOSUI algorithm (Fig. 3A). Four LIV-1 deletion mutants
(aa1-94, 1-47, 95-433, and 95-383) were constructed based on
the putative topological structure. Subcellular localization analysis
of the deletion mutants justified the predicted topological struc-
ture of the deletion constructs (Fig. S3C). A functional transfection
assay showed that mutant aal-94 displayed potent pro-apoptotic
activity similar to that of LIV-1 (Fig. 3B). Since aa1-94 contains the
cytoplasmic region of LIV-1 and exhibits key pro-apoptotic activ-
ity, mutant aal-47, the cytoplasmic portion of mutant aal-94, was
chosen for subsequent co-ip experiments to identify proteins that
interact with LIV-1.

Recombinant GST aa1-47 was incubated with a lysate from 293
cells, and the polypeptides that co-ip with it were subjected to
LC/MS/MS (Fig. S3D). Notably, GRPEL1 was the only protein bound
to GST aal-47 that was identified reproducibly in all three inde-
pendent experiments (Fig. 3C; Table S1). LIV-1/V5 precipitated en-
dogenous GRPEL1 in 293 cells that inducibly expressed LIV-1/V5
(Fig. S3E). In 293 cells, endogenous GRPEL1 precipitated LIV-1 pro-
tein (Fig. 3D).

Knockdown of GRPEL1 facilitated rapid slippage of HeLa cells
from taxol-arrested mitosis into a 2 N G1 phase (Fig. 3E). In many
other tumour cell lines exposed to various anti-mitotic agents,
knockdown of GRPEL1 reproducibly overrode mitotic arrest (Fig.
S3F). Overexpression of GRPEL1 was sufficient to induce apopto-
sis in HeLa cells (Fig. S3G). In EGFP/GRPEL1-transfected cells, ec-
topic expression of GRPEL1 led to direct activation of caspase-3
and cleavage of PARP (Fig. 3F). These data demonstrate that at least
some of the functions of GRPEL1 are identical to those of LIV-1.
Notably, overexpression of LIV-1 failed to induce apoptosis when
GRPEL1 was knocked down (Fig. 3G). On the other hand, the pro-
apoptotic activity due to GRPEL1 overexpression was not affected
by the status of LIV-1 expression (Fig. 3H). These data addressed
LIV-1 interacts with GRPEL1, and acts through GRPEL1

4.4. LIV-1 stabilizes GRPEL1 protein by preventing ubiquitylation of
GRPEL1

Currently, the function of human GRPEL1 is not known. GR-
PEL1 is a mitochondria-localized protein in E. coli and has been
proposed to act as a co-chaperone [33-35]. In this study, however,
GRPELT1 protein displayed a diffuse intracellular distribution, which
display in cytoplasm and nucleus localization and didn’t display
any mitochondrial locazation (Fig. S3H-I).

In Hela cells, knockdown of LIV-1 directly reduced GRPEL1
levels, with a lag of 24 h behind the reduction in LIV-1 levels
(Fig. 3I). Depletion of LIV-1 reproducibly led to a dramatic de-
cline in GRPEL1 levels; this decrease was abolished by the addi-
tion of proteasome inhibitors (Fig. 3]). While GRPEL1 was effec-
tively polyubiquitylated in HeLa cells, taxol exposure attenuated
GRPEL1 ubiquitylation (Fig. 3K). On the other hand, knockdown of
LIV-1 substantially enhanced GRPEL1 ubiquitylation both at base-
line and after taxol exposure (Fig. 3L). GRPEL1 protein expression
did not display an obvious cell cycle-specific pattern in HeLa cells
released from a synchronized state (Fig. 3M, left panels). Hela
cells treated with taxol increased their GRPEL1 levels with a lag
of 24 h behind the increase in LIV-1 levels (Fig. 3M, right panels).
These data indicate that LIV-1 function is a potent upstream signal
that prevents GRPEL1 ubiquitylation and subsequent proteasomal
degradation.
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Fig. 2. Tumor Cells Depleted for LIV-1 Evade Anti-Mitotic Agent-Induced Killing. (A-B) HelLa cells were transfected with the indicated siRNAs for 72 h and then treated
with taxol, sampled, and analyzed for mitotic arrest. (A) The cell cycle was analyzed by flow cytometry at the indicated time points. (B) Mitotic cells (black circles, the
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a diploid state.

4.5. Genetic ablation of LIV-1 results in lower levels of GRPEL1 and
overrides taxol-induced mitotic arrest in vivo

We next tested whether depletion of LIV-1 in vivo reproduced
the functional phenotype observed in vitro. LIV-1 knockout mice
were generated via homologous recombination in embryonic stem
cells (Fig. 4A). LIV-1-/~ mice were viable and fertile and did not
develop obvious illness. Genomic DNA and RNA were isolated
from tails and amplified by PCR to confirm the deletion of LIV-
1 (Fig. 4B,C). In line with our findings in vitro, mouse embry-
onic fibroblasts (MEFs) derived from LIV-1~/~ mice harbored sub-
stantially less endogenous GRPEL1 (Fig. 4D) as well as dramati-
cally enhanced ubiquitylation of GRPEL1 versus cells from LIV-1+/+
or LIV-1*/~ mice (Fig. 4E). MEFs derived from LIV-1-/~ embryos
overrode taxol-induced mitotic arrest (Fig. 4F). In contrast, LIV-

1*+/+ and LIV-1*/~ MEFs displayed striking taxol-induced mitotic
arrest.

To evaluate the functional status of taxol-induced mitotic arrest
in LIV-1-/~ mice, LIV-1*/~ female mice were crossed with LIV-
1*/~ males. Females were exposed to DMSO or 30 mg/kg taxol.
There were no evident abnormalities in the appearance of LIV-
1+/+, LIV-1+/~ and LIV-1-/- embryos (Fig. 4G). Inmunohistochem-
istry revealed that metaphase arrest was significantly relieved in
LIV-1-/= embryos after taxol treatment, indicating that impaired
mitotic arrest was caused by deletion of LIV-1 (Fig. 4H). Strik-
ingly, taxol-exposed LIV-1-/- embryonic tissues retained high pro-
liferative capacity and exhibited lower frequencies of apoptosis
than tissues from LIV-1+/* or LIV-1*/~ embryos (Fig. 4I). More-
over, adult LIV-1-/- mice also exhibited impaired mitotic arrest af-
ter taxol treatment. Four week-treatment of LIV-1-/~ and LIV-1+/+
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mice with taxol did not significantly affect the viability of these
mice. Spleen tissue from LIV-1*/*+ mice displayed hydropic degen-
eration of splenic sinus cells, increased hemogonia in the splenic
sinus, and dramatic metaphase arrest; no similar histological ab-
normalities were evident in taxol-treated LIV-1~/~ mice (Fig. 4]).

MEFs derived from LIV-1-/~ embryos overrode taxol-induced
mitotic arrest and immunoblotting revealed that LIV-1-/— cells
failed to increase the levels of cyclin B1 and H3P after treatment
with taxol (Fig. 4K). Notably, loss of LIV-1 led to prominently lower
GRPEL1 levels that did not increase after taxol exposure (Fig. 4K).
Collectively, these data demonstrate that genetic ablation of LIV-1
results in reduced endogenous GRPEL1 levels and impaired mitotic
arrest induced by taxol in vivo.

4.6. GRPEL1 dually regulates mitotic exit as well as apoptosis by
interacting with PP2A B55« and AIF

To address how GRPEL1 regulates apoptosis and mitosis, we
sought to identify the proteins that interact with GRPEL1. Hela
cells were transfected with EGFP-C1 or EGFP/GRPEL1 and lysed
for co-ip with GFP antibody. Polypeptides that co-ip with EGFP-
C1 or EGFP/GRPEL1 were analyzed with LC/MS/MS (Fig. S4A-C).
More than 100 bound polypeptides co-ip with EGFP/GRPEL1; these
polypeptides cover a wide range of cellular functions, such as the
regulation of cell cycle and apoptosis (Fig. S4C). Notably, several
well-known critical regulators of apoptosis and the MC, such as
apoptosis inducing factor (AIF), Bcl-2-associated transcription fac-
tor (BTF), and regulatory subunits of PP2A phosphatase complexes
(B55c) were identified (Fig. S4A-C).

We were intrigued by our identification of B55«¢ and AIF be-
cause these proteins are known to play critical roles in the control
of mitotic exit and apoptosis [36-38]. In 293 cells, endogenous GR-
PEL1 precipitated AIF and B55« (Fig. S4D), and both endogenous
AIF and B55« precipitated GRPEL1 (Fig. S4E-F). In HeLa cells trans-
fected with EGFP-C1 or EGFP/GRPEL1, endogenous AIF and B55«
were pulled down by EGFP/GRPEL1 in a time-dependent fash-
ion (Fig. 5A). Knockdown of AIF partially rescued EGFP/GRPEL1-
induced apoptosis (Fig. 5B). In response to pro-apoptotic stimuli,
AIF induces apoptosis by detaching from the mitochondria in a
truncated form and translocating to the nucleus [38,39]. Interest-
ingly, elevated GRPEL1 expression directly induced the release and
translocation of AIF in a time-dependent fashion (Fig. 5C-E), sug-
gesting that GRPEL1 promotes apoptosis partially through the ac-
tion of AIF. On the other hand, knockdown of B55« substantially
rescued GRPEL1 siRNA-impaired mitotic arrest (Fig. 5F and Fig.
S4G,H), indicating that B55« is the downstream target of GRPEL1
to regulate mitotic exit.

To examine how GRPEL1 affects the PP2A phosphatase activity
of B55¢, B55c¢ was immunoprecipitated from 293 cells with anti-
B55« agarose and then incubated with recombinant protein GST
or GST/GRPEL1 before phosphatase activity assay. B55« directly
pulled down GST/GRPEL1 (Fig. 5G, left panel), and GRPEL1 inhib-
ited the PP2A phosphatase activity in a dose-dependent fashion
(Fig. 5G, right panel). In HeLa cells, taxol treatment significantly re-
duced the phosphates activity; this inhibition was completely abol-
ished when GRPEL1 was knocked down (Fig. 5H). Further, taxol
treatment dramatically decreased the PP2A activity in LIV-1+/+ but
not in LIV-1-/~ MEFs (Fig. 5I). These data indicate that GRPEL1 is
required for the down-regulation of PP2A-B55« activity after ex-
posure to taxol.

Collectively, these data demonstrate that the LIV-1-GRPEL1 axis
depletion works to reduce the mitotic arrest by inducing PP2A-
B55« phosphates activity, while inhibit apoptosis by banding AIF
and preventing the latter’s release into the nucleus.

4.7. Inactivation of the LIV-1-GRPEL1 axis occurs frequently in
multiple types of human cancer

To address the clinical relevance of the LIV-1-GRPEL1 axis in
human cancer, we examined LIV-1 status in a wide range of human
malignancies. Immunohistochemical analysis of LIV-1 protein from
a tissue array including multiple types of human cancers demon-
strated that LIV-1 preferentially expressed in most of normal ep-
ithelial tissues. Strikingly, expression of LIV-1 protein was dramat-
ically lower in most tumours of epithelial origin than in corre-
sponding non-neoplastic tissues (Fig. S5A-C).

We further examined LIV-1 protein expression in a large pool of
primary samples from gastric and ovarian cancers to confirm these
observations. Neoplastic gastric and ovarian samples displayed re-
markably lower levels of LIV-1 protein than that of normal tis-
sues (Fig. 6A,B, left panels). Notably, lower LIV-1 levels in gastric
and ovarian cancer samples were consistently related to tumour
grade (Fig. 6A,B, middle panels). In contrast, LIV-1 levels in gas-
tric cancer samples were not related to tumour stage (Fig. 6A,
right panel). Interestingly, samples from primary ovarian cancer
patients who were clinically sensitive to taxol-based chemotherapy
displayed higher levels of LIV-1 than samples from patients who
were resistant to chemotherapy (Fig. 6B, right panel).

In primary gastric cancer samples, LIV-1 levels significantly cor-
related with GRPEL1 levels (r=0.446, P < 0.01; Fig. 6C), which is
in good consistence with our previous findings. Collectively, these
data demonstrate that frequent inactivation of the LIV-1-GRPEL1
axis occurs in multiple types of human cancer through a post-
transcriptional mechanism.

5. Discussion

In this study, we present in vitro and in vivo data support-
ing a model in which cell fate during anti-mitotic agent-damaged
mitosis is regulated by a previously unrecognized LIV-1-GRPEL1
axis (Fig. 6D). LIV-1 expression was elevated after treatment with
Anti-mitotic agents, which in turn led to the accumulation of en-
dogenous GRPEL1 by preventing its ubiquitylation and proteaso-
mal degradation. One of the LIV-1-GRPEL1 axis elevation works
to maintain the mitotic condition by inhibiting PP2A-B55¢ phos-
phates activity, while the other works to induce apoptosis by band-
ing AIF and promoting the latter’s release into the nucleus. On the
other hand, LIV-1-GRPEL1 axis inhibition enabled tumor cells to
slip out of anti-mitotic agent caused mitotic arrest with cytokinesis
and return to the G1 phase in a diploid state.

The current investigation adds critical knowledge to our under-
standing of cancer biology. First, we have shown that the LIV-1-
GRPEL1 axis is indispensable for the killing of tumour cells by a
wide spectrum of mechanistically distinct anti-mitotic agents. Sec-
ond, it is the previously unrecognized pathway identified to date
whose functional status adjusts cell fate during damaged mitosis
by dually regulating mitotic exit and apoptosis. Third, we observed
that mice lacking the gene that encodes LIV-1 reproduce the func-
tional features of the LIV-1-GRPEL1 axis. Fourth, inactivation of
the LIV-1-GRPEL1 axis apparently leads to a distinct slippage phe-
notype that facilitates the survival of anti-mitotic agent-damaged
cells. The consequences of a defective checkpoint reduce the dura-
tion of mitotic arrest in taxol and other anti-mitotic agents. How-
ever, virtually all slipped cells were reported to exit mitosis in a
tetraploid state without undergoing chromosome segregation and
cytokinesis before endocycling. Surprisingly, here, loss of the LIV-
1-GRPEL1 axis resulted in a previously unrecognized slippage phe-
notype in which cells exited damaged mitosis with chromosome
segregation and cytokinesis in the presence of microtubule stabiliz-
ing/destabilizing drugs. At present, we do not have a clear molecu-
lar explanation for this slippage phenotype. Given that GRPEL1 reg-
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from 293 cell extracts was incubated with indicated concentration of recombinant GST or recombinant GST/GRPEL1 for 8 h. Left panel, Immunoblots of eluates with GST
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protein was immunoprecipitated from the indicated treated cells by anti-B55« antibody and analyzed for PP2A phosphatase activity. (H) HeLa cells were transfected with the
indicated siRNAs for 72 h and treated with or without taxol. (I) LIV-1+/* and LIV-1-/- MEFs cells were treated with or without taxol (*P < 0.01, One-way ANOVA). Date are
represented as Mean + SEM in triplicate from a represeBntative experiment of three independent experiments.(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

ulates PP2A-B55« phosphates activity and binds importin81, the
LIV-1-GRPEL1 axis may also play a critical role in the regulation
of post-mitotic assembly events such as chromosome segregation
and cytokinesis. Finally, our findings strongly argue that the LIV-1-
GRPEL1 axis is clinically relevant. Dramatically reduced or absent
LIV-1 expression was common across a large variety of primary tu-
mours and was closely correlated with chemotherapeutic sensitiv-

ity and tumour grade. As such, our findings highlight a regulatory
mechanism that adjusts cell fate during damaged mitosis.

Several studies have proposed mechanistic explanations of how
cancer cells slip out of mitotic arrest and survive damaged mitosis
[40]. Mitotic slippage involves several factors, including the accel-
erated destruction of cyclinB1 [41] and gain or loss of the func-
tion of mitotic kinases, all of which lead to premature inactivation
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Fig. 6. Significantly Decreased Expression of LIV-1 and GRPEL1 Occurs Frequently in Human Cancer. (A-B) Assessment of LIV-1 expression via semi-quantitative im-
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of cyclin-dependent kinase-1 (CDK1) during the damaged mitotic
arrest [42,43]. The roles of mitotic-exit regulators that act down-
stream of the CDC20-CDK1 axis in anti-mitotic agent-associated
slippage have never been addressed. Here we observed that taxol
treatment inhibited PP2A-B55« activity in a LIV-1-GRPEL1 axis-
dependent fashion. Inactivation of this axis failed to reduce PP2A-
B55« activity and was therefore unable to prevent mitotic exit dur-
ing an activated MC. Therefore, the LIV-1-GRPEL1 axis appears to
be the previously unappreciated key regulator to act downstream
of the CDC20-CDK1 axis and to operate independent of MC activity.

Despite a long history of research, the mechanism that reg-
ulates PP2A-B55« activity during cell-cycle progression is still

poorly understood. The only key regulator identified to date is
Greatwall kinase (also known as MASTL) [44-46]. In the current
study, GRPEL1 appears to constitute a novel mechanism for in-
hibiting PP2A-B55« activity during damaged mitosis through direct
protein-protein interactions. Our discovery of the LIV-1-GRPEL1
axis provides a new starting point for elucidating how mitotic exit
is controlled after exposure to mitotic poisons.

Our findings have important clinical implications. Our identi-
fication of the LIV-1-GRPEL1 axis provides a conceptual frame-
work for developing revolutionary anti-mitotic agents. Given our
observation of differential LIV-1 expression in neoplastic and cor-
responding non-neoplastic tissues, tumour-selective killing is likely
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to be achieved with this strategy; here, reactivating the LIV-1-
GRPEL1 axis by overexpressing GRPEL1 effectively killed tumour
cells. Finally, inactivation of the LIV-1-GRPEL1 axis led to the pro-
duction of genetically unstable progeny. Accumulating evidence
has shown that haploinsufficiency of spindle assembly checkpoint
components leads to a defective checkpoint as well as a high rate
of tumour production. Further elucidation of the contributions of
an inactivated LIV-1-GRPEL1 axis to tumorigenesis is a matter of
great clinical significance.
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