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Error-free cell division depends on the accurate assembly of the spindle midzone from dynamic spindle microtubules to ensure
chromatid segregation during metaphase—anaphase transition. However, the mechanism underlying the key transition from the
mitotic spindle to central spindle before anaphase onset remains elusive. Given the prevalence of chromosome instability phenotype
in gastric tumorigenesis, we developed a strategy to model context-dependent cell division using a combination of light sheet
microscope and 3D gastric organoids. Light sheet microscopic image analyses of 3D organoids showed that CENP-E inhibited
cells undergoing aberrant metaphase-anaphase transition and exhibiting chromosome segregation errors during mitosis. High-
resolution real-time imaging analyses of 2D cell culture revealed that CENP-E inhibited cells undergoing central spindle splitting
and chromosome instability phenotype. Using biotinylated syntelin as an affinity matrix, we found that CENP-E forms a complex
with PRC1 in mitotic cells. Chemical inhibition of CENP-E in metaphase by syntelin prevented accurate central spindle assembly by
perturbing temporal assembly of PRC1 to the midzone. Thus, CENP-E-mediated PRC1 assembly to the central spindle constitutes
a temporal switch to organize dynamic kinetochore microtubules into stable midzone arrays. These findings reveal a previously
uncharacterized role of CENP-E in temporal control of central spindle assembly. Since CENP-E is absent from yeast, we reasoned that
metazoans evolved an elaborate central spindle organization machinery to ensure accurate sister chromatid segregation during
anaphase and cytokinesis.
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Introduction in mitosis depends on the spindle assembly checkpoint that

Organism physiology requires accurate cell division and
renewal. Chromosome segregation errors can lead to chromo-
some damage and aneuploidy that are prevalent in cancer.
During cell division cycle, accurate chromosome segregation
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prevents premature exit from mitosis (Cleveland et al., 2003;
McKinley et al., 2018). In addition, chromosome segregation
error can also trigger cell death progress to avoid the inflamma-
tory chain response and harboring chromosome instability in
tissue (Bakhoum et al., 2018). Congression of chromosomes to
the metaphase plate is driven by a processive, plus end-directed
kinetochore motor CENP-E (Yao et al., 2000; Kapoor et al.,
2006; Kim et al., 2010). During prometaphase—metaphase
transition, the motility of CENP-E converts from a lateral mode
into an end-on mode, and it maintains its association with
both the assembling and disassembling microtubule plus ends
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during chromosome oscillation (Gudimchuk et al., 2013). CENP-E
exhibits a dynamic distribution from kinetochore to the midzone
of central spindle during metaphase—anaphase transition
(Yao et al., 1997; Dou et al., 2015; Ding et al., 2019; Huang
et al., 2019). However, the mechanisms underlying the switch
of CENP-E from mitotic spindle to central spindle remain
unknown.

Microtubule plus-end tracking proteins (+TIPs), a large group
of evolutionarily unrelated proteins, bind selectively to growing
microtubule plus ends (Akhmanova and Steinmetz, 2008;
Liu et al., 2009; Ward et al., 2013; Xia et al., 2014; Adams et al.,
2016; Huang et al.,, 2019). +TIPs have been shown to be
involved in regulating microtubule dynamics and chromosome
segregation. PRC1, a different group of proteins, selectively
binds to overlapping microtubules, thus forming the central
spindle (or the midzone) during cell division (Fu et al., 2007;
Liu et al., 2009; Subramanian et al., 2013). However, it remains
elusive as how PRC1 targets to the central spindle during
metaphase—anaphase transition and whether PRC1 cooperates
with kinetochore molecules such as CENP-E to switch spindle
microtubule to central spindle.

Recent studies show that epithelial cells exhibit high chromo-
some segregation fidelity in tissues but that this is lost when
tissue 3D structure is disrupted (Knouse et al., 2018; McKinley
et al., 2018). The stomach shares a number of features with
the intestine, including a common endodermal origin and a
constantly renewing epithelium (Forte and Yao, 1996; Yao and
Smolka, 2019). The renewal of gastrointestinal epithelial cells
is fueled from stem cells populations located within the epithe-
lium. In the stomach, the epithelium is organized into multiple
gastric units that are comprised of flask-shaped tubular glands,
several of which feed into a single pit that opens out onto the
surface epithelium (Yao and Forte, 2003; Yao and Smolka, 2019).
These multi-potent stem cells, which are responsible for the
renewal of the gastric epithelium, enabled the establishment of
long-lived organoids resembling mature pyloric epitheliumin the
stomach (Barker et al., 2010). Each gastric organoids are con-
sidered to be functionally monoclonal, with all cellular progeny
being derived from a single stem cell (McDonald et al., 2008;
McCracken et al., 2014; Bartfeld etal., 2015; Eicheretal., 2018).
This dominant stem cell is thought to maintain a small, steady-
state population of clonal, multi-potent stem cells in the gas-
tric unit through infrequent symmetric division. Daughter cells
generated by much more frequent asymmetric division of these
multi-potent stem cells subsequently exit the stem cell niche
and differentiate to generate the parietal and chief cell lineage
as they migrate bi-directionally toward the gland (Bjerknes and
Cheng, 2002). Thus, we consider gastric organoids as a unique
model system to illuminating the cellular dynamics underlying
stem cell division and plasticity control with respect to specific
contexts in physiology and in diseases.

Here, we report modeling physiology of cell division control
in epithelial cells using 3D gastric organoids and chemical
inhibitors of mitosis. Remarkably, two structurally distinct
CENP-E chemical inhibitors syntelin and GSK923295 perturb
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cell metaphase—anaphase transition by antagonizing central
spindle assembly. Syntelin does not perturb inter-polar micro-
tubule assembly but abrogates the anti-parallel microtubule
bundle formation. Using syntelin as an affinity matrix coupled
to mass spectrometric identification of proteins bound to
syntelin, we have identified a novel protein complex containing
CENP-E-PRC1. Importantly, the interaction between CENP-E and
PRC1 establishes stable midzone arrays for accurate central
spindle assembly. Our results highlight the strength of modeling
mitosis in organoids as it faithfully recapitulates fundamental
cellular processes.

Results
Insights from modeling of mitosis in 3D gastric organoids

Gastric cancer is a leading cause of cancer deaths; the
Cancer Genome Atlas (TCGA) project proposed a molecular
classification dividing gastric cancer into four subtypes with
common characteristics on chromosomal instability, which
provides a roadmap for design of targeted therapies of gastric
cancer. An emerging therapeutic strategy for cancer is to induce
selective lethality in a tumor by exploiting interactions between
its driving mutations and specific drug targets. To this end, we
established a screening platform, including FDA-approved drugs
for synthetic lethality in the clinic oncology (data not shown)
and mitotic inhibitors for delineating mechanisms of action
underlying chromosomal instability. Based on this platform, we
imaged cellular dynamics of human gastric organoids derived
from gastric carcinoma, which carry distinct genetic mutation,
in response to those chemical compounds (Figure 1A). Typically,
the gastric organoids were generated as described (Barker et al.,
2010) and have been successfully replated on a weekly basis
for at least 3 months, without losing the properties such as
histamine-elicited acid secretion. Gastric organoids typically
appeared as hollow structures with a sealed lumen surrounded
by a single layer of cylindrical epithelial cells under light sheet
microscope, visualized by staining with filamentous actin marker
phalloidin and 4’,6-diamidino-2-phenylindole (DAPI; Supple-
mentary Figure S1B).

To probe the cellular dynamics of mitosis in 3D environment,
we treated gastric organoids with various chemical modulators
of mitotic regulators such as BI2536 (PLK1 inhibitor; Steegmaier
etal., 2007), GSK923295 (CENP-E kinesin inhibitor; Wood et al.,
2010), Syntelin (CENP-E kinesin inhibitor; Ding et al., 2010), and
monastrol (EG5 kinesin inhibitor; Mayer et al., 1999) for 60 min
to visualize the mitotic phenotype associated with inhibition of
mitotic kinase or kinesin (Supplementary Figure S1A). To deter-
mine whetherthe stem cell division arrest that arises from inhibi-
tion of CENP-E reflects an underlying defect in spindle assembly
or maintenance, we visualized spindles with antibodies against
tubulin and identified chromosomes with DAPI. As expected,
control cells in dimethyl sulfoxide (DMSO)-treated organoids
passed through the mitosis with all phases of the mitotic cells
(including early and late prometaphase, metaphase, and early
and late anaphase, respectively; Supplementary Figure S1B).
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Figure 1 Modeling mitosis using a light sheet microscopy and chemical probes. (A) Cartoon presentation of generation of patient-derived
gastric organoids. The organoid model provides a unique platform to delineate cellular dynamics during cell division in native tissue and
imply synthetic lethal strategy to identify individualized medication. (B) 3D projections of gastric organoids montages from four different
focal planes (Z = 92, 126, 142, and 246, respectively) that were labeled with tubulin and DAPI. The magnified images provide apparent
configuration of chromosome relative to mitotic spindle. The lower imaging toxicity combined with unlimited sample depth has established
light sheet microscope as a unique platform for studying molecular and cellular dynamics in live tissue. Aberrant chromosome movements
such as misalignments are indicated by arrows. Scale bar, 100 um in organoids imaging; 10 ym in magnified montage of individual mitotic
cells. (C) Statistical analyses of mitotic index from different chemical probes such as CENP-E inhibitors. Note that CENP-E inhibition by syntelin
and GSK923295 exhibits chronic mitotic arrest. Data represent mean + SEM from three independent experiments. Statistical significance
was determined by two-sided t-test (**P < 0.01; n = 21 for each group). (D) Magnified montage of an anaphase cells treated with syntelin.
The magnified anaphase cell exhibits typical lagging chromosome (arrow). (E) Statistical analyses of aberrant anaphase cells from organoids
treated with mitotic modulators such as CENP-E inhibitors. Note that CENP-E inhibition by syntelin and GSK923295 significantly increased
the number of cells exhibiting aberrant anaphase chromosomes (**P < 0.01; n = 23 for each group). Data represent mean £ SEM from three
independent experiments.

In contrast, at comparable time points, most CENP-E inhibited  arrest phenotype was also apparent in GSK923295-treated
cells had established bipolar spindles but each contained mis-  organoids (Supplementary Figure S1C). Since GSK923295
aligned and lagging chromosomes that were readily apparentin  exhibits completely different structure of syntelin but shares
the enlarged montages (Figure 1B). This syntelin-elicited mitotic =~ common inhibition on CENP-E, the mitotic arrest phenotype
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in syntelin-treated cells indicates the importance of functional
CENP-E in cell division in gastric organoids. Statistical analyses
indicate that modeling of mitosis using chemical inhibitors of
CENP-E, PLK1 etc. is efficient as CENP-E and PLK1 inhibitors
specifically arrest gastric stem cells in mitosis in gastric
organoids (Figure 1C). Additional phenotype-based screen with
Eg5 inhibitor monastrol and PLK1 inhibitor BI2536 revealed
expected mitotic phenotype of monopolar spindle without
perturbation of cell polarity of interphase cells (Supplementary
Figure S1D and E), indicating cell-cell interactions, cell division
circadian control, and 3D glandular architecture are maintained
in gastric organoids. Thus, we conclude that 3D gastric organoids
is a physiological model system to study cell division control
in response to the dynamic changes of intracellular and
extracellular cues.

To systemically examine the mitotic phenotypes associated
with chemical inhibition, we carried out examination of serial
sections of treated organoids. Careful examination of serial sec-
tion of gastric organoids revealed that premature anaphase hall-
marked by the chromosome bridges between partially sepa-
rated sister chromatids (dashed box in Figure 1B, bottom panel;
Z = 246). At a higher magnification, one premature anaphase
cell with the lagging chromosomes at the midzone of the sepa-
rating sister chromatids was imaged (Figure 1D, arrow). Careful
examination of mitotic cells from three different preparation
indicated that syntelin and GSK923295 arrest cells in prema-
ture anaphase (Figure 1E). As a control, Mps1 kinase inhibitor
(reversine) treatment did not significantly increase the percent-
age of aberrant anaphase cells. Thus, we conclude that CENP-E
is essential for accurate mitosis and healthy cell renewal in
organoids.

CENP-E motor activity is essential for accurate anaphase onset
The functional relevance of CENP-E in metaphase—anaphase
transition during mitosis has been suggested from an early
antibody injection experiment in which microinjection of the
mAb177 into metaphase cells blocks or significantly delays
progression into anaphase (Yen et al., 1991). However, the
precise role and underlying mechanism have never been directly
examined due to the lack of analytical tools for temporal
dissection. In addition, the classical tools such as siRNA-
mediated suppression do not distinguish the enzymatic function
of kinesin from its structural role. To characterize that the
premature anaphase phenotype seen in syntelin-treated cells
from gastric organoids is not a tissue-specific feature, we
took the advantage of high-efficient cell cycle synchronization
in 2D culture of HelLa cells (Liu et al., 2009; Ding et al.,
2010). As schematically illustrated in Figure 2A, Hela cells
were synchronized in metaphase using monastrol plus MG132
treatment followed by released into syntelin treatment to see
whether CENP-E is required for anaphase onset. To examine
the precise function of CENP-E, Hela cells expressing GFP-H2B
and mCherry-tubulin were treated with monastrol and MG132
to synchronize Hela cells in metaphase (Mo et al., 2016).
After three washes with Dulbecco’s modified Eagle’s medium
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Figure 2 CENP-E kinesin activity is essential for accurate anaphase
onset. (A) Schematic presentation of delineating temporal function
of CENP-E in mitosis. Hela cells were synchronized at metaphase
using chemical inhibitors and exposed to syntelin treatment. (B)
Representative montage from live Hela cells expressing GFP-H2B
and mCherry-tubulin. Hela cells were transfected to express GFP-
H2B and mCherry-tubulin for 24 h prior to MG132 synchronization
and real-time imaging experimentation as illustrated in A. Note
that the cell was treated with DMSO. Scale bar, 10 pm. (C) Repre-
sentative montage from live Hela cells expressing GFP-H2B and
mCherry-tubulin with syntelin treatment. Hela cells were trans-
fected to express GFP-H2B and mCherry-tubulin for 24 h prior
to MG132 synchronization and parallel experimentation with syn-
telin as in B. Note that the cell treated with 1 pM syntelin at
the metaphase exhibited aberrant metaphase—anaphase transition
with chromatid split phenotype. Note that arrowheads indicate the
chromatid split phenotype. Scale bar, 10 pm. (D) Quantification
of aberrant anaphase phenotypes of live Hela cells treated with
DMSO, syntelin (1 uM), GSK923295 (100 nM), or BI2536 (100 nM).
Data represent mean + SEM from three independent experiments.
Statistical significance was tested by two-sided t-test (*P < 0.05;
**P < 0.01; n = 25 for each group).

(DMEM) media containing DMSO and syntelin (1 pM) but without
MG132, Hela cells were then subjected to real-time imaging as
previously reported (Ding et al., 2010). As shown in Figure 2B,
we began real-time imaging of metaphase-synchronized Hela
cells expressing mCherry-tubulin and GFP-H2B to visualize
chromosome alignment and subsequent metaphase—anaphase
transition. In general, it takes an average of 50 = 4 min (n =8
cells) for Hela cells to transit from metaphase to the anaphase
onset of sister chromatid separation. Although the average
time (54 £+ 4 min; n = 8 cells) for syntelin-treated cells to
transit from metaphase to anaphase onset is similar to that of
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DMSO-treated cells, careful examination revealed that the sister
chromatids were not equally segregated into anaphase as some
of the chromatids were further split (Figure 2C, lower panel,
white arrowheads). Careful examination of mitotic cells from
three different preparation indicated that addition of syntelin
and GSK923295 into metaphase cells perturbed accurate
anaphase onset (Figure 2D). As a positive control, PLK1 kinase
inhibitor (BI2536) treatment also exhibited less but significant
perturbation of anaphase onset. Thus, we conclude that CENP-E
is essential for metaphase—anaphase transition.

CENP-E s required to organize PRC1 to the spindle midzone
during mitosis

The syntelin-elicited perturbation of central spindle morphol-
ogy is reminiscent of what was seen in PRC1 impaired cells
(Fuetal., 2007; Liu et al., 2009). CENP-E is a mitotic kinesin that
accumulates in Go/M and translocates to kinetochore upon the
nuclear envelope breakdown (Yen et al., 1991). During mitosis,
CENP-E relocates from kinetochore to the central spindle during
metaphase—anaphase transition (Yen et al., 1991). Immuno-
electron microscopic analyses revealed that CENP-E translocates
to the midzone during metaphase—anaphase transition and
cross-links the interzonal microtubules beginning in anaphase
B (Yao et al., 1997). We sought to examine whether PRC1
distributes with CENP-E to the midzone of mitotic cells. As shown
in Supplementary Figure S2A, PRC1 signal is readily evident at
the central spindle where it is superimposed to that of CENP-E
(merge, ‘yellow fibers’) in anaphase cell. The co-distribution
profile of CENP-E and PRC1 to the interzonal microtubules
remains through telophase (merge, lower panel). As expected,
exogenously expressed mCherry-PRC1 indeed colocalized with
CENP-E to the central spindle and their co-distribution remains
through telophase (Supplementary Figure S2B, ‘magenta
fibers’). Thus, we conclude that PRC1 colocalizes with CENP-E
to central spindle from anaphase to telophase during mitosis.

To examine whether CENP-E inhibition in metaphase alters the
assembly of PRC1, we began real-time imaging of metaphase-
synchronized Hela cells expressing GFP-PRC1 and mCherry-H2B.
Syntelin was added into prometaphase cells during the monas-
trol washout, and time-lapse imaging was started as the cells
in prometaphase. In general, it takes an average of 54 + 4 min
(n = 8 cells) for control Hela cells to transit from prometaphase
to anaphase onset and PRC1-labeled fibers are well organized
(Figure 3A). The GFP-PRC1-marked central spindle was disorga-
nized as the syntelin-treated cells struggled to enter anaphase
(Figure 3B; between 54 and 69 min), suggesting that CENP-E
activity is required to organize PRC1 to the spindle midzone.

In a separate experiment using single color GFP-PRC1 for real-
time analysis, we confirmed that syntelin treatment inhibited
the formation of PRC1-organized anti-parallel central spindle as
GFP-PRC1 hardly formed organized fibers in syntelin-treated cells
(Figure 3D). Syntelin was added into metaphase cells during
the MG132 washout, and time-lapse imaging was started as
the cells underwent metaphase—anaphase transition. In the

Syntelin 0’

Organized central spindle
(% of DMSO)

Figure 3 CENP-E kinesin is required to organize PRC1 to the spindle
midzone. (A) Representative montage from live HelLa cells expressing
dual-color reporters (GFP-PRC1 and mCherry-H2B). Hela cells were
transfected to express GFP-PRC1 and mCherry-H2B for 24 h prior to
synchronization at the metaphase for the real-time experimentation.
Note that the cell treated with DMSO progressed into anaphase
with accurate chromatid segregation. (B) Representative montage
from live Hela cells expressing dual-color reporters (GFP-PRC1 and
mCherry-H2B) with syntelin treatment. HelLa cells were transfected to
express GFP-PRC1 and mCherry-H2B for 24 h prior to synchronization
atthe metaphase for syntelin treatment and the real-time experimen-
tation. Note that the cell treated with 1 uM syntelin at the metaphase
exhibited perturbation in establishment of central spindle midzone
and errors in sister chromatid separation and segregation. (C) Rep-
resentative montage from live Hela cells expressing GFP-PRC1. Note
that PRC1-labeled central spindle was organized and dynamically
concentrated into the midbody in DMSO-treated cells. (D) Repre-
sentative montage from live Hela cells expressing GFP-PRC1. Note
that the cell was treated with 1 pM syntelin at the metaphase and
syntelin treatment inhibited the formation of PRC1-organized anti-
parallel central spindle. (E) Quantification of mitotic phenotypes
of live Hela cells treated with DMSO, syntelin (1 pM), GSK923295
(100 nM), or reversine (300 nM). Data represent mean + SEM from
three independent experiments. Statistical significance was tested
by two-sided t-test (**P < 0.01; n = 50).

DMSO-treated cells, PRC1-labeled central spindle was organized
and dynamically concentrated into the midbody (Figure 30).
Statistical analyses indicate midzonal microtubules and PRC1
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organization are perturbed by CENP-E inhibitors syntelin and
GSK923295, but not Mps1 inhibitor reversine (Figure 3E). Thus,
we conclude that CENP-E motor activity is essential for accurate
organization of PRC1-rich central spindle midzone during
mitosis.

CENP-E is essential for accurate central spindle establishment

Our early immuno-electron microscopic analyses demon-
strated that CENP-E was only found microtubule-associated in
the electron dense region with overlapping microtubule plus
ends (Yao et al.,, 1997), suggesting that CENP-E is located
to stable anti-parallel microtubule midzone at metaphase-
anaphase transition onset. To explore the potential role of
CENP-E interaction in metaphase—anaphase transition, we
synchronized Hela cells at metaphase by MG132 followed by
washout to allow cells to progress into anaphase in the presence
or absence of syntelin as illustrated in Figure 2A. Syntelin-
treated and control cells were then fixed and stained with
CENP-E, tubulin, and DAPI, respectively. Careful examination
of the microtubule network revealed that inhibition of CENP-
E perturbed the establishment of a stable central spindle
as syntelin-treated cells exhibited no apparent anti-parallel
microtubules at anaphase onset (Figure 4A, lower panel, arrow).
The central spindle in DMSO-treated cells is organized and
apparent, suggesting that anti-parallel microtubules may not be
established and/or stabilized in the absence of CENP-E motor
activity.

To score the impact of CENP-E inhibition on central spindle
assembly, we next examined the location of MKLP1, a critical
kinesin for central spindle elongation as anaphase progression.
To this end, syntelin-treated and control cells were then fixed
and stained with MKLP1, tubulin, and DAPI, respectively. Inter-
estingly, inhibition of CENP-E by chemical inhibitor syntelin pre-
vented central spindle location of MKLP1 as no apparent MKLP1
molecules are located to the central spindle in syntelin-treated
cells (Figure 4B, bottom panel, arrow). On the other hand, the
central spindle localization of MKLP1 in DMSO-treated cells is
organized and apparent, suggesting that CENP-E motor activity
isimportant for localization of central spindle organizers such as
MKLP1. Statistical analyses indicate that CENP-E is essential for
organization of midzonal microtubule and localization of MKLP1
(Figure 40).

Error-free cell division depends on the accurate and dynamic
reorganization of the spindle midzone from spindle micro-
tubules during metaphase—anaphase onset. To determine
whether inhibition of CENP-E prevents anti-parallel microtubule
establishment, we carried out immuno-electron microscopic
analyses of Hela cells treated with syntelin and DMSO. As shown
in Figure 4D, anti-parallel microtubules are readily apparent
in DMSO-treated cells in a magnified montage (upper right
panel). The 10-nm gold particles are surrounding the anti-
parallel microtubule bundles, which demonstrated that CENP-E
motor activity is critical for stable anti-parallel microtubule
midzone establishment. Significantly, no apparent anti-parallel
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microtubules are found in syntelin-treated anaphase cell
(Figure 4D, lower right panel). Thus, we conclude that CENP-E
is essential for accurate organization of anti-parallel central
spindles (Figure 4E).

CENP-E forms a functional complex with PRC1 in mitosis

To delineate the mechanism underlying syntelin-elicited
aberrant central spindle organization, we sought to examine
whether there is a temporally regulated complex of CENP-E
with PRC1 in metaphase—anaphase transition. We took the
advantage of CENP-E inhibitor syntelin as a functional linker
and used biotinylated syntelin as an affinity matrix to isolate
CENP-E interacting proteins as illustrated in Figure 5A. Our trial
experiment showed that biotinylated syntelin can generate
characteristic chromosome with syntelic attachment in a similar
manner to that of unconjugated syntelin (Supplementary
Figure S3), suggesting that biotinylation did not alter syntelin
binding to CENP-E. After demonstrating the labeling efficiency
of biotinylated syntelin, we used avidin-sepharose beads
as affinity matrix to absorb CENP-E and its binding partners
bound to biotinylated syntelin from mitotic cell lysates. After
extensive washing, unconjugated syntelin was used to elute
proteins bound to biotinylated syntelin. The resulting pull-
down proteins from syntelin competition were subjected to
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) analyses followed by Coomassie Brilliant Blue
staining and mass spectrometric identification (Figure 5B).
Using western blotting analyses, we confirmed that CENP-E,
BubR1, and PRC1 proteins were recovered from syntelin
affinity pull-down assay (Figure 5C, lane 2). These analyses
indicate that CENP-E forms a complex with PRC1 in mitotic
cells.

To confirm the interaction of CENP-E with PRC1, we carried
out immunoprecipitation experiment using mitotic Hela cell
lysates. As shown in Figure 5D, CENP-E antibody, but not control
immunoglobulin G (IgG), pulled down PRC1 protein along with
CENP-E (top two panels, lane 3). This indicates that PRC1 is
a cognate binding protein of CENP-E in mitosis. To further
pinpoint the binding interface between the physical contact of
CENP-E-PRC1 interaction, recombinant GST-PRC1, Histidine-
CENP-E, GFP-CENP-E, and their deletion mutant proteins were
engineered as illustrated in Supplementary Figure S4A and B.
Recombinant GST-PRC1 was purified from bacteria and used
as affinity matrix to absorb GFP-CENP-E and its deletion
mutants from mitotic HelLa cell lysates. After extensive washing,
GST-PRC1 and its associated proteins were fractionated on
SDS-PAGE followed by western blotting analyses with an
anti-GFP antibody. As shown in Supplemental Figure S4C,
this pull-down assay showed that GFP-CENP-E C-terminal
(GFP-CENP-E®*"2-2701) possesses the binding activity to the PRC1
N-terminal (GST-PRC1%-1#°), To validate whether CENP-E directly
binds to PRC1, we further characterized the PRC1-CENP-E
binding interface. Specifically, we employed GST-PRC1 as affinity
matrix to isolate purified histidine-tagged CENP-E deletion
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Figure 4 CENP-E kinesin is essential for accurate establishment of central spindle. (A) Hela cells treated with DMSO and syntelin (1 pM)
were subjected to immunofluorescence assay for CENP-E (red), tubulin (green), and DAPI. Note that syntelin-treated cells exhibit aberrant
central spindle revealed by tubulin staining (arrow). Scale bar, 10 um. (B) Hela cells treated with DMSO and syntelin (1 pM) were subjected
to immunofluorescence assay for MKLP1 (red), tubulin (green), and DAPI. Note that syntelin-treated cells exhibit virtually no MKLP1 (arrow).
Scale bar, 10 pm. (C) Quantification of central spindle location of CENP-E, MKLP1, and PRC1 in Hela cells treated with DMSO, syntelin (1 uM),
GSK923296 (100 nM), and reversine (300 nM), respectively. Data represent mean &+ SEM from three independent experiments. Statistical
significance was tested by two-sided t-test (**P < 0.01; n = 50). (D) Inhibition of CENP-E perturbed central spindle organization. Hela cells
were processed as described in Materials and methods prior to electron microscopic analyses of anaphase central spindle of Hela cells
treated with DMSO and syntelin (1 pM). (@) Lower magnification of view of a late anaphase Hela cell bearing elongated spindle poles, labeled
with asterisks. Interzonal microtubules are readily seen (boxed). Scale bar, 2 um. (b) Magnified view of the boxed region in a, showing that
anti-parallel microtubules are readily apparent (red arrowhead). Arrows indicate CENP-E gold particle deposition. Scale bar, 200 nm. (c) Lower
magnification of view of a late anaphase Hela cell treated with syntelin, labeled with asterisks. Interzonal microtubules are perturbed without
apparent central spindle (boxed). Scale bar, 2 um. (d) Magnified view of the boxed region in ¢, showing that anti-parallel microtubules are
collapsed (red arrow). Scale bar, 200 nm. Note that syntelin treatment prevents the establishment of anti-parallel microtubules that fail to
power the elongation of central spindles. (E) Schematic presentation of working model to account for CENP-E function in central spindle anti-
parallel microtubule establishment and organization. We proposed that CENP-E organizes anti-parallel microtubules and powers microtubule
sliding in overlapped midzone.

mutant proteins from bacteria. Recombinant bacterial CENP-E  western blotting analyses with an anti-histidine antibody. As
and its deletion mutant proteins were purified and incubated  shownin Supplementary Figure S4D, CENP-E tail (CENP-E2¢02-271)
with GST-PRC1 beads. After extensive washing, PRC1 and its  physically binds to the N-terminal PRC1 (GST-PRC1!-'*). Thus,
associated proteins were fractionated on SDS-PAGE followed by ~ we conclude that PRC1 binds to CENP-E and the CENP-E-PRC1
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Figure 5 CENP-E forms a functional complex with PRC1 in mitosis. (A) Schematic drawing of syntelin-affinity matrix-based discovery of CENP-E
binders. In brief, clarified mitotic Hela cell lysates were subjected to binding to biotinylated syntelin followed by absorption with avidin-
sepharose beads. The bound materials after extensive wash will be resolved by SDS-PAGE followed by mass spectrometric identification.
(B) Representative SDS-PAGE analyses from syntelin-affinity purification. The clarified mitotic HelLa cell lysates were used as inputs for
incubation of biotinylated syntelin followed by isolation with avidin-based affinity matrix. The proteins bound to avidin matrix were eluted
with syntelin and resolved by SDS-PAGE followed by Coomassie Brilliant Blue staining. Mass spectrometric analyses indicate that CENP-E and
PRC1 were recovered from avidin matrix. (C) Representative western blotting analyses for proteins isolated by syntelin-affinity purification.
Note that BubR1, CENP-E, and PRC1 were isolated by syntelin—biotin—avidin matrix. (D) Identification of PRC1 as a cognate binding protein
of CENP-E. The clarified mitotic HeLa cell lysates were used as inputs for incubation of anti-CENP-E antibodies followed by Protein A/G affinity
chromatography. Immunoprecipitation experiment showed that endogenous PRC1 binds to CENP-E. (E) Working model accounts for novel
CENP-E function in facilitating an initial central spindle establishmentvia a temporally controlled CENP-E-PRC1 interaction. CENP-E is situated
on the outermost surface of the kinetochore during initial lateral microtubule attachment. After biorientation, CENP-E links kinetochores
to spindle microtubules to achieve metaphase alignment. At metaphase, CENP-E releases and redistributes to midzone with PRC1 where
they organize interzonal microtubules and power microtubule sliding that leads to pole-to-pole separation. It remains elusive as how the
interaction of CENP-E with PRC1 guides the central spindle elongation and resolution in telophase.

interaction in anaphase is essential for central spindle midzone  division within epithelia. We investigated cell division in gastric

establishment. organoids to delineate context-dependent physiology and
polarity establishment after the exit of cell division. To overcome
Discussion the sample depth limitation of classical confocal microscope,

The functions of epithelial tissue rely on the organized we adopted Marianas light sheet microscopic imaging system
architecture of variety of epithelial cells with uniform polarity.  in which dual inverted selective plane illumination was used
The homeostatic renewal of epithelial cells requires accurate cell ~ to visualize live mitosis in organoids. With Marianas light
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sheet microscope, we were able to image the chromosome
segregation and spindle plasticity controlin live gastric organoids,
and thereby we gained new insights into the mechanisms of
chromosome segregation and revealed the temporal function of
CENP-E in metaphase—anaphase transition. Together with bio-
chemical characterization and chemical biological interrogation,
our study shows that CENP-E interaction with PRC1 orchestrates
a critical switch from the lateral association to end-on capture
of microtubules (Figure 5E), which provides molecular insight
underlying the dynamic remodeling of spindle microtubule into
central spindle during metaphase—anaphase transition.

Although CENP-E localizes to midbody and central spindle
during metaphase—anaphase, the mechanism of action under-
lying CENP-E function in central spindle assembly was never
addressed despite the fact that an early microinjection experi-
ment suggested a role of CENP-E in anaphase (Yen et al., 1991).
Significantly, CENP-E inhibition perturbed the establishment of
stable central spindle as syntelin-treated cells exhibited fewer
anti-parallel microtubules in anaphase onset. Our findings sug-
gest CENP-E binding to PRC1 contributes to central spindle orga-
nization during anaphase onset. The spindle midzone is assem-
bled by incorporating microtubules from the kinetochore micro-
tubules (Eggert et al., 2006; Roostalu and Surrey, 2017). A sub-
set of these spindle microtubules overlaps with anti-parallel ori-
entation while other microtubules such as spindle microtubules
terminate at the kinetochore. During metaphase—anaphase tran-
sition, CENP-E and PRC1 relocate to the central spindle. Concur-
rently, stable association of PRC1 with microtubule plus ends
promotes cross-linking of the anti-parallel microtubules. Our cur-
rent study did not address how the interaction of CENP-E-PRC1
is regulated in space and time during metaphase—anaphase
transition. Further study will be directed to understanding how
microtubule plus ends are tagged by CENP-E-PRC1 as they tran-
sit into midzone array and whether post-translational modifica-
tions such as phosphorylation and acetylation provide a spatial
cue for the selectivity. This can be achieved using FRET-based
reporter to illuminate the gradient of mitotic phosphorylation
(Chuetal., 2011), methylation (Chu et al., 2012), and acetylation
(Bao et al., 2018).

Several recent studies address the cellular dynamics during
cell division in organoids. Using intestinal organoids, Vale and
colleagues show that the process of cytokinesis in elongated
mammalian epithelia allows lineages to intermix and that cel-
lular aspect ratio is a critical modulator of the progeny pattern
(McKinley et al., 2018). Using 3D organoid culture systems,
Amon and colleagues examine the importance of the tissue
environment for chromosome segregation by comparing chromo-
some segregation fidelity across several cell types in native and
non-native contexts (Knouse et al., 2018). They find that physi-
ological tissue architecture promotes the correction of aberrant
microtubule-kinetochore attachments during cell division, and
thisis especiallyimportant for maintaining chromosome stability
in the polyploid liver. Their findings strengthen the importance
of extracellular context in regulating intrinsic cellular processes
and the advantage of organoid systems for studying cellular

dynamics that naturally function within atissue. Itis worth noting
that a combination of small molecule compounds such as these
FDA-approved medications with patients-derived and genetically
defined organoids will enable us to identify and design individ-
ualized precision treatment in clinic oncology.

In sum, our study demonstrates that gastric organoids is a
unique model system to delineate the molecular mechanisms
underlying context-dependent cell division control in 3D tissue
environment. Modeling mitosis in organoids using chemical
probes led us to uncover the functional regulation of CENP-E
in metaphase—anaphase transition. Finally, the spatiotemporal
regulation of CENP-E-PRC1 interaction may provide an insight
into molecular delineation of dynamic transition from spindle
microtubule into central spindle and cell fate decision control.
Future work will aim to identify the spatiotemporal cues within
the mitotic spindle to regulate CENP-E-PRC1 interaction for
accurate anaphase midzone formation.

Materials and methods
Organoids culture

A detailed protocol for gastric organoids culture was doc-
umented (Barker et al., 2010; Bartfeld et al., 2015). Briefly,
glands were extracted from 1 c¢cm? of human gastric mucosa
using ethylenediaminetetraacetic acid (EDTA) in cold chelation
buffer, seeded in Matrigel (BD Biosciences), and overlaid with
medium containing advanced DMEM/F12 supplemented with
penicillin/streptomycin, 10 mM HEPES, GlutaMAX, 1 x B27
(all from Invitrogen), and 1 mM N-acetylcysteine (Sigma-
Aldrich). Growth factors were added to the basal medium. The
final human stomach culture medium contained the following
essential components: 50 ng/ml EGF (Invitrogen), 10% noggin-
conditioned medium, 10% R-spondini-conditioned medium,
50% Wnt-conditioned medium, 200 ng/ml FGF10 (Peprotech),
1 nM gastrin (Tocris), and 2 pM TGF-B1 (A-83-01; Tocris). The
facultative componentwas 10 mM nicotinamide (Sigma-Aldrich).
After seeding, RHO kinase inhibitor Y-27632 (10 pyM; Sigma-
Aldrich) was added. In general, the passages 2—-8 organoids
from five different preparations were used in our experiments
without noticed difference in morphology and acid secretory
activity in response to histamine stimulation. The generation of
human gastric organoids in this study was approved by the Ethics
Committee of the Dongzhimen Hospital of the Beijing University
of Chinese Medicine, and written informed consent was obtained
from all patients.

Cell culture, synchronization, and transfection

Hela cells and HEK293T cells (American Type Culture Col-
lection) were cultured in DMEM (Invitrogen) with 10% (v/v)
FBS (Hyclone) and penicillin—streptomcyin (100 units/ml and
100 pg/ml, respectively; Invitrogen) at 37°C in a humidified
atmosphere with 8% CO,. For cell cycle synchronization, Hela
cells were first blocked in G1/S with 2.5 mM thymidine (Sigma)
for 16 h and then released in fresh culture medium for 8 h to
enrich mitotic cells (Akram et al., 2018). For some experiments,



cells were exposed to 10 uM MG132 and 1 pM syntelin or
DMSO foranother 1 h before fixation. Plasmid transfections were
performed with Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s instructions.

Antibodies and chemical inhibitors

Anti-a-tubulin antibody (mouse, FITC-DM1A, F2168; Sigma-
Aldrich), anti-CENP-A antibody (mouse, ab13939; Abcam), anti-
MKLP1 antibody (rabbit, ab204478; Abcam), and Rhodamine-
conjugated phalloidin (R415; Invitrogen) were used forimmuno-
fluorescence. The appropriate secondary antibodies were pur-
chased from Jackson ImmunoResearch Laboratories. Antibodies
used for western blots were anti-a-tubulin (mouse, DM1A,
T9017; Sigma-Aldrich) and anti-BubR1 (mouse, 612503; BD
Biosciences). Anti-CENP-E antibody (HpX) was generated as
previously described (Yao et al., 1997). Anti-PRC1 antibody
used in immunofluorescence and western blot was generated
as described (Fu et al., 2007).

Nocodazole (100 ng/ml), monastrol (50 uM), MG132 (10 uM),
and reversine (300 nM) were from Sigma. G5K923295 (100 nM)
and BI2536 (100 nM) were from Selleckchem. Syntelin (1 pM)
was synthesized as described before (Ding et al., 2010). The
protease inhibitor cocktail was from Sigma.

Recombinant protein expression and purification

Recombinant human His-CENP-E truncation plasmids were
transformed into Escherichia coli strain Rosetta (DE3) and
protein expression was induced with 0.5 mM IPTG at 16°C for
10 h. Bacteria expressing His-tagged CENP-E proteins were
suspended and lysed in lysis buffer (50 mM NaH,PO,, pH 8.0;
300 mM NaCl; 10 mM imidazole) with 1 ug/ml PMSF. His-
tagged proteins were bound to Ni-NTA resin (Qiagen) and
eluted with elution buffer (50 mM NaH,PO,, pH 8.0; 300 mM
NaCl; 200 mM imidazole) for corresponding experiments. All
purification procedures were performed at 4°C, and protease
inhibitor cocktail was added to prevent protein degradation.

GST-PRC1 truncation plasmids were transformed into E. coli
strain Rosetta (DE3), and protein expression was induced with
0.5 mM IPTG at 16°C. Bacteria expressing GST-PRC1 were sus-
pended and lysed by sonication in phosphate buffered saline
(PBS) buffer supplemented with 1% Triton X-100. The prepara-
tion was incubated with glutathione-Sepharose 4B (GE Health-
care) for 1.5 h at 4°C. The resin was washed three times, and
GST-H3 protein was eluted with 10 mM glutathione.

Immunoprecipitation

For immunoprecipitation, synchronized Hela cells were lysed
in IP buffer (50 mM Tris-HCl, pH 8.0; 120 mM NacCl; 0.2% NP-40)
supplemented with protease inhibitor cocktail. After pre-clearing
with protein A/G resin (ThermoFisher Scientific), the lysate was
incubated with CENP-E antibody at 4°C for 24 h with gentle
rotation. Protein A/G resin was then added into the cell lysates to
incubate for another 6 h followed by spun down and washed five
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times with lysis buffer. The immunoprecipitates were resolved by
SDS-PAGE and immunoblotted with the indicated antibodies.
For pull-down assays, GST-PRC1-bound sepharose beads
were incubated with HEK293T cell lysates containing ectopically
expressed GFP-tagged CENP-E orwith purified His-tagged CENP-E
from bacteria in PBS containing 0.2% Triton X-100 at 4°C for 4 h.
The binding fraction was washed with PBS for three times and
analyzed by Coomassie Brilliant Blue stained SDS-PAGE gel.

Syntelin affinity pull-down assay

Mitotic HelLa cell lysates were incubated with biotin-syntelin
(5 uM) or DMSO for 2 h. Then the cells were lysed in lysis buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% (v/v) Triton X-
100, 5 mM EDTA and proteinase inhibitors) and centrifuged
at 16000 g for 20 min at 4°C. The supernatant was incubated
with Avidin Agarose (ThermoFisher Scientific) for 2 h. The
beads were washed three times with lysis buffer and then
resuspended in 50 pl lysis buffer with 10 pM syntelin to compete
with biotin-syntelin. After 30-min incubation for competition,
supernatant was removed and SDS-PAGE sample buffer was
added into the beads. The samples were resolved by SDS-PAGE
and immunoblotted with indicated antibodies.

Immunofluorescence and light sheet microscope

Hela cells growing on coverslips after transfection or drug
treatment were extracted by pre-warmed PHEM (60 mM PIPES,
25 mM HEPES, pH 6.9, 10 mM EGTA, 2 mM MgCl,, and 4 M
Glycerol), followed by 1 min of permeabilization with PHEM con-
taining 0.1% Triton X-100. The extracted cells were then fixed
with 3.7% paraformaldehyde in PHEM for 5 min. After being
washed three times with PBST (0.05% Tween-20 in PBS), cells
were blocked with 1% bovine serum albumin (BSA; Sigma) in
PBST for 1 h, then incubated with primary antibodies for 1 h
and secondary antibodies for 1 h at room temperature. DNA
was stained with DAPI (Sigma). Images of 2D cell culture were
acquired every 0.25 ym at z axis to generate 3D image stacks
using an Olympus 60x/1.42 Plan APO N objective on an Olym-
pus IX71 microscope (Applied Precision DeltaVision). The 3D
image stacks were deconvolved and projected with SoftWorx
(Applied Precision) and mounted in figures with Photoshop and
Illustrator (Adobe). Fluorescence was qualified with Image) soft-
ware (NIH).

For 3D organoids imaging, gastric organoids were fixed with
4% paraformaldehyde in PBS for 2 h. After being washed three
times with PBST (0.05% Tween-20 in PBS), organoids were
treated with 0.2% Triton X-100 in PBS for 2 h and blocked with
1% BSA (Sigma) in PBST for 1 h, then incubated with primary
antibodies for 1 h (DM1A anti-a-tubulin antibody; Sigma) and
secondary antibodies for 1 h at room temperature. DNA was
stained with DAPI (Sigma). Fixed and stained samples were
acquired every 0.5 pm at Z axis to generate 3D image stacks
using a 3i Marianas LightSheet fluorescence microscope (Intel-
ligent Imaging Innovations, Inc.), fitted with 10x illumination
objectives and an achromatic 40 x detection objective. The laser
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wavelengths used were 405 nm, 488 nm, and 561 nm and
the laser intensity was kept to a minimum. Fluorescent beads
(ThermoFisher Scientific) were used as fiduciary markers and
calibration.

Data analysis was performed using the 3i analysis software
slidebook6. Three-dimensional visualizations of the data were
generated using the 3D Volume View of Slidebooké6. The posi-
tional data and numerical features were generated using MultiD
channel View of slidebooké.

Live cell imaging

Time-lapse imaging of cultured cells was accomplished with
a 60x oil-immersion 1.42 numerical aperture objective lens
on an Olympus IX71 microscope as previously described (Xia
et al., 2012). Images were recorded at 37°C in Lab-Tek Cham-
bered 1.0 Borosilicate Coverglass system (Nunc) or MatTek glass-
bottom microwell dishes (MatTek) in CO,-independent medium
(Gibco) containing 10% (v/v) FBS, 100 units/ml penicillin, and
100 pg/ml streptomycin. For time-lapse microscopy of chromo-
some segregation in mitotic cells, images were taken with 500-
ms exposures for mCherry-tubulin and 100-ms exposures for
GFP-PRC1 and GFP-H2B every 2—3 min from 24 h after transfec-
tion. The frames were then projected with SoftWORX software
(Applied Precision) and mounted by Photoshop and Illustrator
(Adobe).

Electron microscopy

To understand the ultrastructure of central spindle in CENP-
E-inhibited cells, we carried out immuno-electron microscopic
analyses of Hela cells treated with syntelin at metaphase using
an established protocol (Yao etal., 1997). Specifically, HeLa cells
were treated as illustrated in Figure 2A followed by fixation with
1% glutaraldehyde (Tousimis) in PBS. After three washes in PBS,
fixed cells were then postfixed in 2% osmium tetroxide (Electron
Microscopy Sciences), dehydrated in a graded alcohol series
followed by 100% acetone, and embedded in Epoxy (Ernest
F. Fullam, Inc.). The cells were detached from coverslips using
hydrofluoric acid, and the designated areas were excised and
glued to blocks. Thin serial sections (silver-gold) were then cut,
placed on copper grids, and stained with uranyl acetate and
lead citrate. The immuno-gold labeling was monitored by 10-nm
gold conjugated goat anti-rabbit IgG. Immunostained grids were
stained with uranyl acetate before examination. The sections
were examined by a JEOL 1200 EM.

Statistical analysis

All statistics were described in the figure legends. Two-sided
unpaired Student’s t-test was applied for experimental compar-
isons, using GraphPad Prism.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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