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1. Introduction

Aberrant energy metabolism and cell cycle regulation both critically contribute

to malignant cell growth and both processes represent targets for anticancer
therapy. It is shown here that depletion of the AAA+-ATPase thyroid hormone
receptor interacting protein 13 (Trip13) results in mitotic cell death through a
combined mechanism linking lipid metabolism to aberrant mitosis.
Diminished Trip13 levels in hepatocellular carcinoma cells result in
insulin-receptor-/Akt-pathway-dependent accumulation of lipid droplets,
which act as functional acentriolar microtubule organizing centers disturbing
mitotic spindle polarity. Specifically, the lipid-droplet-coating protein perilipin
2 (Plin2) is required for multipolar spindle formation, induction of DNA
damage, and mitotic cell death. Plin2 expression in different tumor cells
confers susceptibility to cell death induced by Trip13 depletion as well as
treatment with paclitaxel, a spindle-interfering drug commonly used against
different cancers. Thus, assessment of Plin2 levels enables the stratification of
tumor responsiveness to mitosis-targeting drugs, including clinically
approved paclitaxel and Trip13 inhibitors currently under development.

Cancer is characterized by sustained cell
proliferation with high demands for cellular
energy and building blocks which require
specific metabolic adaptations, commonly
referred to as metabolic reprograming.[!]
However, despite the fact that altered
metabolism is now considered an impor-
tant hallmark of cancer, the role of spe-
cific metabolic pathways, such as “de novo”
fatty acid and lipid synthesis as well as stor-
age in lipid droplets, is far from being fully
elucidated,?l and may even be regulatedin a
context- and tumor-type-specific manner.®!

In addition, malignant cell proliferation
is associated with alterations in cell cycle
control, which in turn is interrelated with
other central features of tumor develop-
ment, such as chromosomal instability and
aneuploidy.l*! Mitosis is a cell cycle related,
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tightly controlled process with high energy demands.l>! Concep-
tually, it is reasonable to assume that functional connections
must exist between regulation of metabolism and cell cycle con-
trol. Still, if and how metabolic regulation is associated with mi-
tosis and particularly mitotic spindle abnormalities as well as ge-
nomic instability in malignant cells is widely unexplored.

During normal mitosis, centrosomes regulate cell bipolarity
and chromosome alignment in the metaphase plane. This align-
ment is a prerequisite for the inactivation of the spindle assembly
checkpoint (SAC) through disassembly of its key effector, the mi-
totic checkpoint complex (MCC).l°! Different aberrations in the
mitotic spindle formation induce persistent SAC activation and
mitotic arrest, which can result in mitotic cell death. In this con-
text, it is important to note that escape from mitotic arrest might
underlie the development of resistance to antimitotic drugs lim-
iting their efficacy in cancer therapy, a process still incompletely
understood.”]

Microtubules are core constituents of the mitotic spindle, and
arise from discrete sites of microtubule nucleation, termed mi-
crotubule organizing centers (MTOCs).[®] Historically, MTOC
function has been assigned exclusively to centrosomes,®) but re-
cent studies have established that nondividing cells often develop
acentriolar (a) MTOCs.[* These aMTOCs were found to form at
various locations throughout the cytoplasm and, in contrast to
centrosome MTOCs, generate a dynamic and unoriented micro-
tubule array.'%) These findings suggest a functional role for aM-
TOCs in nonmitotic processes, such as cell polarity, migration,
invasion, and intracellular trafficking.['"]

The AAA+ family ATPase thyroid hormone receptor interact-
ing protein 13 (Trip13) has initially been characterized concern-
ing its role in chromosome recombination during meiosis.!'
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Subsequently, Trip13 was found to play an essential role in
p31cmet.dependent MCC silencing during mitosis,['*! allowing
for p31«°™<-binding to mitotic arrest deficient 2 (Mad2) and caus-
ing MCC disassembly, enabling the cell division cycle protein 20
homolog (Cdc20) release, anaphase-promoting complex (APC/C)
activation, and metaphase to anaphase progression.'¥ When in
its open conformation, Mad2 can bind target proteins that con-
tain Mad2 interacting motifs (MIMs) such as Cdc20. Thus, Mad2
in open conformation is mandatory to be recruited to the MCC
and activate the SAC. In this state, Mad2 in closed conformation
stabilizes the MCC. Trip13 has been described as a key protein
in this process and its activity is required to reopen the Mad2
for MCC disassembly. It has been described that in cells lacking
Trip13 function, Mad2 remains in the closed conformation, pre-
venting the binding to MIM containing proteins.!'] Interestingly,
elevated levels of Trip13 have been shown for various types of
cancer,!*® and in accordance with a function in the control chro-
mosome segregation, are associated with chromosomal instabil-
ity gene signatures.!1%17]

Our study now discovers a new role of Trip13 in metabolic
reprograming in hepatocellular carcinoma (HCC). We show
that Tripl3 expression is elevated in both murine and hu-
man HCC. Depletion of Tripl3 induced insulin-receptor-/Akt-
pathway-dependent lipogenesis. Upon diminished Trip13 lev-
els, lipid droplets accumulated and acted as functional aMTOCs
disturbing spindle polarity during mitosis, which triggered tu-
mor cell death. This new role of lipid droplets in mitosis was
dependent on perilipin2, and the described combinatorial ef-
fects of Trip13 depletion identify an undescribed mechanism
of mitotic cell death. Of clinical relevance, we demonstrate that
Plin2 expression in different tumor cells confers susceptibility
to Trip13-depletion-induced mitotic cell death and, importantly,
to paclitaxel treatment, the latter representing a mitotic-spindle-
interfering chemotherapeutic drug commonly used against dif-
ferent cancers. Following the concept of precision medicine, as-
sessing Plin2 levels will allow for the stratification of tumor re-
sponsiveness to specific mitosis-targeting drugs, including fu-
ture Trip13 inhibitors as well as clinically established drugs such
as paclitaxel.

2. Results

2.1. Trip13 Is Induced in Human and Mouse Hepatocellular
Carcinoma

We used publicly available expression data on healthy human
liver and hepatocellular carcinoma (E-GEOD-25097) to study
deregulated mitotic proteins. Interestingly, we observed that the
top three upregulated mitotic proteins in human HCC were in-
volved in the SAC (Bub1, Bub1b, and Trip13) (Figure 1A). Intrigu-
ingly, Trip13 was also upregulated at messenger RNA (mRNA)
and protein levels in tumor tissue from a diethylnitrosamine
(DEN)-induced mouse model of liver cancer (Figure 1B and Fig-
ure S1A (Supporting Information)). Confirming our animal data
and previous studies,!'®>¢! the expression levels of Trip13 were
upregulated in an independent set of human HCC and matched
normal livers (Figure 1C). As an additional independent confir-
mation, we also determined Trip13 protein levels in 19 HCC and
the corresponding normal liver samples. Trip13 protein levels
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Figure 1. Trip13 is induced in human and mouse hepatocellular carcinoma. A) Bub1, Bub1b, and Trip13 mRNA expression levels in human liver samples
from publically available data (E-GEOD-25097; https://www.ebi.ac.uk/arrayexpress). B) Quantification of Trip13 mRNA levels in normal mouse liver or
liver tumors induced by dimethylnitrosamine (DEN) treatment. C) Trip13 mRNA expression levels (log2) in nonmalignant human liver tissue, NT (n =
239), or matched hepatocellular carcinoma, tumor (n = 247). D) Quantification of Trip13 protein levels in nonmalignant human liver tissue, N, or
matched hepatocellular carcinoma, T (n = 19). E) Growth curve of HLF cells transfected with siRNA control or siTrip13 (n = 3). F) Western blot cells
from (E) showing levels of Trip13, cleaved caspase-3, and pHistone H3 (n = 3). G) Growth curve of HLF cells infected with control shRNA or two different
Trip13-targeting shRNAs (n = 3). All data in the figure are shown as the mean + SEM. n numbers refer to biological replicates. (A, B, C, D) Student’s

t-test. *p < 0.05, **p < 0.01, ***p < 0.001.

were consistently increased in tumor tissue compared to non-
tumor liver tissue from the same patients (Figure 1D and Fig-
ure S1B (Supporting Information)), demonstrating that the SAC-
regulating!’® Trip13 represents a highly deregulated component
in the pathophysiology of human and mouse HCC.

In line with its proposed role as a therapeutic target in vari-
ous tumor entities,!*) Trip13 knockdown (KD) reduced HCC cell
number in vitro with increased apoptosis and DNA damage (Fig-
ure 1E,F). Interestingly, we also observed an increase in phospho-
histone H3 serine 10, a marker of cells in mitosis (Figure 1F).
Next, by using lentiviral-mediated small hairpin RNA (shRNA)
delivery, we targeted mouse and human Trip13 in several HCC
celllines (Hepal-6, HLF, and Huh7). In agreement with previous
findings from different cancer cells,[*! Trip13 KD was sufficient
to completely blunt HCC cell proliferation in vitro (Figure 1G
and Figure S1C-E (Supporting Information)). To further validate
these findings, we investigated the effect of Trip13 KD in HCC
cell lines in vivo by injecting control and Trip13 KD cells subcu-
taneously into mice. KD of Trip13 in Hepal-6 cells resulted in
markedly smaller tumors compared to tumors formed upon in-
jection of control cells (Figure S1F,G, Supporting Information).

Adv. Sci. 2022, 9, 2104291

Notably, Huh7 and HLF cells completely lost their tumorigenic
capacity upon Trip13 KD (Figure S1H, Supporting Information).
Together, these data supported the notion that Trip13 plays an im-
portant role in maintaining oncogenic properties in HCC cells in
vitro and in vivo.

2.2. Loss of Trip13 Triggers Mitotic Failure to Induce Cell Death

To further characterize the mechanisms involved in Trip13 KD
effects in liver cancer cells, we focused on HLF cells as a repre-
sentative human HCC cell line. Bromodeoxyuridine (BrdU) in-
corporation was markedly reduced at day three post-transfection
with Trip13—small interfering RNA (siRNA) in parallel with an
increased level of apoptosis (Figure 2A and Figure S2A (Support-
ing Information)). Interestingly and in agreement with the ele-
vated levels of phospho-histone H3 (pH3), we observed a grad-
ual increase in the mitotic index upon Trip13 KD, suggesting a
prolongation of the time the cells remain in mitosis (Figure 2B).
To investigate the process of mitosis in more detail in our panel
of HCC cells, we performed immunofluorescence (IF) staining

2104291 (3 0f19) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Loss of Trip13 triggers mitotic failure to induce cell death. A) BrdU incorporation at days 1, 2, or 3, post-transfection in HLF cells transfected
with control or Trip13-targeting siRNA (n = 3). B) Mitotic index in HLF cells at days 1, 2, or 3 after siControl or siTrip13 transfection. C) Number of
mitotic poles per cell in control or Trip13 KD HLF cells. Cells were IF stained for tubulin and spindle poles were counted (n = 3). D) Representative
immunofluorescence (IF) images of HLF cells showing mitotic shapes at day 3 after Trip13 KD. Green (tubulin), blue (DAPI) (n = 3). E) Quantification
of pericentrin IF foci per mitotic cell in HLF control or Trip13 KD cells (n = 3). F) Representative images showing pericentrin foci in Trip13 KD HLF cells.
G) HLF cells expressing H2B-Cherry and transfected with siControl or siTrip13 were followed during mitosis by live microscopy from the time of nuclear
envelope breakdown (NEBD) to anaphase (n = 2). H) Protein extracts from control or Trip13 KD HLF cells were used for pH2Ax, pH3, and Cyclin b1
western blot analysis (n = 6). I) Growth curve of HLF cells transfected with siControl, siTrip13, siAurora kinase A, or combinations (n = 3). ) Protein
levels of cleaved caspase 3 and pH2Ax in HLF cells transfected as in (I) (n = 3). K) Apoptosis measured by caspase 3/7 activity of HLF cells transfected
with siControl, siTrip13, siAurora kinase A, or siTrip13 and siAurora kinase A (n = 2). L) Western blot of siControl- or siTrip13-transfected HLF cells after
synchronization in G2 or mitosis, showing levels of Aurora kinase A (n = 3). All data in the figure are shown as the mean + SEM. n numbers refer to

biological replicates. (A, B, E, K) 1-way ANOVA with Tukey’s Multiple Comparison test. (C, G) Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.

for tubulin, showing drastically disturbed spindle orientation in
Trip13 KD cells, characterized by chromosome mislocalization
with no metaphase plate formation and an increased number
of mitotic poles (Figure 2C,D). Next, we stained for pericentrin
which acts as a scaffold protein exerting a crucial role in MTOC
formation. Indeed, quantification of pericentrin foci confirmed
the formation of multiple MTOCs per cell, with gradually in-
creasing number from day one to day three post-transfection of
Trip13-siRNA (Figure 2E,F). To further confirm these findings,
we performed live imaging of HLF cells stably expressing hi-

Adv. Sci. 2022, 9, 2104291

stone H2B-mCherry, the latter enabling a sensitive analysis of
chromosome dynamics, and determined the time of mitosis. In
agreement with our previous data, KD of Trip13 resulted in an
approximately fourfold prolongation of the time of mitosis (Fig-
ure 2G). Interestingly, most of the Trip13 KD cells died during
mitosis with only few cells progressing to G1 phase (data not
shown). Consistent with live imaging data, western blot (WB)
analysis revealed elevated levels of pH3 and cyclin B1 in Trip13
KD cells compared to control cells, the accumulation of which un-
der conditions of diminished cell proliferation was indicative of

2104291 (4 0f19) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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mitotic delay (Figure 2H). DNA damage determined by phospho-
histone H2Ax (pH2Ax) was also increased in Trip13 KD cells. In
our experimental settings of Trip13 depletion in HCC cells, DNA
damage and apoptosis were highly induced during mitosis (Fig-
ure S2B, Supporting Information).

Our data indicated that Trip13 depletion in HCC cells induced
cell death presumably as a consequence of prolonged and aber-
rant mitosis associated with elevated levels of DNA damage. To
further explore the role of Tripl3 in mitosis regulation, we de-
cided to analyze the role of Aurora kinase A, an important regula-
tor of centrosome and mitotic spindle formation.[?”) Immunoflu-
orescence revealed a mislocalization of Aurora kinase A dur-
ing mitosis (Figure S2C, Supporting Information), including the
presence of multipolar foci indicative of multiple active MTOCs
as observed before with pericentrin staining. The mislocalization
of Aurora kinase A and its role in microtubule dynamics during
mitosis prompted us to analyze the effect of Aurora kinase A KD
in Trip13 KD cells. Remarkably, the KD of Aurora kinase A was
sufficient to rescue proliferation in Trip13 KD cells (Figure 2I).
Interestingly, Aurora kinase A depletion also counteracted ele-
vated DNA damage levels and apoptosis (Figure 2J,K), and re-
duced mitotic index and normal appearance of mitotic cells in
the Trip13 background (not shown). Of note, expression levels of
Aurora kinase A in synchronized Trip13 KD cells was similar to
controls, indicating that Aurora kinase A mislocalization, but not
levels, was, atleast in part, responsible for prolonged mitosis and
induced DNA damage upon Trip13 depletion (Figure 2L).

Collectively, these data supported a model in which prolonga-
tion of mitosis, DNA damage, as well as mislocalization of spin-
dle proteins were required components of Trip13-KD-dependent
induction of apoptosis in HCC cells.

2.3. Trip13 KD Results in Lipid Droplet Accumulation through
Activation of the Insulin Signaling Pathway

As mitosis is a highly energy demanding process and Trip13 KD
induced mitosis blockage prior to cell death, we hypothesized that
metabolic adaptations were part of the Trip13 KD mitotic pheno-
type. Unexpectedly, we did not detect any changes in adenosine
triphosphate (ATP), acetyl coenzyme A (Acetyl-CoA), or nicoti-
namide adenine dinucleotide phosphate (NADPH) levels despite
the prolonged mitosis observed in Tripl13 KD cells (data not
shown). Furthermore, Seahorse analysis of glucose, glutamine,
and fatty acid oxidation did not show any significant differences
between control and Trip13 KD cells (Figure S3A-C, Support-
ing Information). However, metabolic characterization including
Bodipy staining for intracellular lipids revealed a marked accu-
mulation of lipid droplets upon KD of Trip13 (Figure 3A). Trip13-
KD-dependent lipid droplet accumulation was consistently ob-
served in the different HCC cell lines, increasing the proportion
of lipid droplet detection from 5% to 10% in control to around
90% in Trip13-depleted HLF and Huh?7 cells (Figure 3A,B). Inter-
estingly, lipid droplet accumulation was observed in interphase
and mitotic HCC cells, indicating that lipid droplets did not re-
flect cell cycle exit or cell differentiation (Figure 3C).

Despite the fact that bodipy staining only detects neutral lipids,
we wanted to evaluate if Trip13 KD also affected other lipid
species. In line with the observed accumulation of lipid droplets,
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we observed a significant increase in triglyceride levels upon
Trip13 KD with no changes in phospholipid or cholesterol levels
(Figure S3D, Supporting Information). We next aimed to study
the source of triglycerides in our cells. To this end, we deter-
mined the capacity of Trip13 KD cells to synthetize triglycerides
from extracellular free fatty acids provided as oleate. As demon-
strated before, Trip13 KD cells exhibited an increased triglyceride
content when compared to control cells (Figure S3E, Support-
ing Information). However, in the presence of high extracellular
oleate, we observed overall increased but not significantly differ-
ent triglyceride (TG) contents in control and Trip13 KD cells (Fig-
ure S3E, Supporting Information). Therefore, increased free fatty
acid (FFA) uptake could not explain the accumulation of lipid
droplets and the increased TG levels observed in Trip13 KD cells,
suggesting that de novo fatty acid synthesis and lipogenesis were
the main sources for induced TG synthesis in our cells. To test
this hypothesis, we measured TG content of Trip13 KD cells cul-
tured in lipoprotein deficient serum or low glucose conditions. As
expected, low glucose conditions significantly reduced TG con-
tent in Trip13 KD cells (Figure S3F, Supporting Information). By
contrast, low lipoprotein containing media did not significantly
reduce the TG content of the cells (Figure S3F, Supporting In-
formation). Related to the decrease in TG content, low glucose
conditions widely rescued cell growth in Trip13 KD cells, as well
as attenuated the induction in apoptosis, DNA damage, and mito-
sis markers (Figure S3G,H, Supporting Information). These data
suggest a relevant role of elevated TG storage in the induction of
cell death mediated by Trip13 loss-of-function.

As insulin/Akt signaling is the major pathway in hepatic lipo-
genesis, we probed for Akt signaling upon Trip13 KD in HCC
cells. To rule out the possibility of confounding differences in
Akt activity due to the accumulation of mitotic cells upon Trip13
KD, we analyzed Akt phosphorylation in synchronized HLF cells
in G2 and M phases. Interestingly, Trip13 KD was sufficient to
markedly induce pAkt in G2 phase, whereas no activation was
observed during mitosis (Figure 3D and Figure S3I (Supporting
Information)).

These data uncovered a novel, mitosis-independent function
of Trip13 in the regulation of Akt signaling. Indeed, Trip13 KD
increased pAkt levels, the effect of which was enhanced by in-
sulin treatment depending on the concentration and the time
point (Figure 3E). By contrast, genetic inhibition of insulin sig-
naling by knocking down the insulin receptor (IR) prevented in-
duced Akt phosphorylation by Trip13 KD in both, nonstimulated
or insulin-stimulated HCC cells (Figure 3F). Despite this, Trip13
KD cells starved in 1% fetal bovine serum (FBS) (used to not in-
duce a strong stress response due to complete serum deprivation)
still showed some degree of Akt activation when compared with
control cells (Figure 3E,F). Of note, total serum starvation (0%
FBS, i.e., complete deprivation of insulin and other growth fac-
tors) prevented Akt phosphorylation in response to Trip13 KD,
demonstrating that Akt induction uponTrip13 loss-of-function
was mediated by an extracellular signal (Figure 3G and Figure S3]
(Supporting Information)). Furthermore, other growth factors
such basic fibroblast growth factor (bFGF) or epidermal growth
factor (EGF) did not induce Akt activation and even insulin-
like growth factor (IGF) showed only a minor activation Akt in
response to Trip13 KD (Figure 3G and Figure S3] (Supporting In-
formation)). Taken together, these data indicate that the observed

2104291 (5 0f19) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Trip13 KD results in lipid droplet accumulation through activation of the insulin signaling pathway. A) Representative images of HLF and Huh7
cells transfected with siControl or siTrip13 showing lipid droplet accumulation. Green (bodipy), blue (DAPI) (n = 3). B) Quantification of the proportion
of HLF and Huh7 cells displaying lipid droplets under control and Trip13 KD conditions (n = 3). C) Immunofluorescence images of Trip13 KD HLF
cells showing lipid droplets in interphase and in mitosis. Red (Aurora kinase A), blue (DAPI) (n = 3). D) Western blot analysis of Trip13 KD HLF cells
synchronized in G2 or mitosis, showing levels of Akt phosphorylation. E) Levels of Akt phosphorylation in Trip13 KD HLF cells before and 15 min or
24 h after insulin treatment (10 or 100 nm) (n = 3). F) Western blot of HLF transfected with siTrip13 alone or in combination with silnsulin receptor (IR)
showing levels of pAkt before and after 15 min treatment with insulin 10 nm (n = 3). G) Western blot of HLF transfected as in (F), showing levels of
pAkt before and after 15 min treatment with 10 nm IGF or EGF subsequent 24 h total serum starvation (0% FBS) (n = 3). H) Levels of pAkt in Trip13 KD
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induction of Akt phosphorylation (both pAkt308- and pAkt473-
dependent activation) upon KD of Trip13 was mediated by in-
sulin signaling through the insulin receptor. To confirm this, we
blocked the IR by using an IR antagonist peptide (S961) or a spe-
cific IR blocking antibody. In both approaches, the levels of Akt
phosphorylation in Trip13 KD cells were restored to the levels
of control cells (Figure 3H and Figure S3K (Supporting Informa-
tion)). Importantly, the KD of the IR was able to rescue the effects
of Trip13 KD on proliferation, apoptosis, and mitotic index (Fig-
ure 31-K), demonstrating that activation of the IR pathway was an
essential mechanistic component of the overall Trip13 KD phe-
notype. To corroborate these findings, we knocked down phos-
phatase and tensin homolog (PTEN), a phosphatase negatively
regulating the Akt pathway, or overexpressed a constitutively ac-
tive form of PI3K, a pathway component upstream of Akt. Ac-
tivation of Akt signaling by these means increased proliferation
of HCC cells (Figure S3L-O, Supporting Information), indicat-
ing that the previously observed cell death by Akt activation in
HCC cells occurred specifically in the context of Trip13 KD. In
agreement with the latter conclusion, no significant changes in
mitotic index were observed in PTEN KD or phosphoinositide 3-
kinase (PI3K) overexpression (OE) cells (Figure S3P, Supporting
Information).

These data revealed an as-yet unknown and critical role of
Trip13 in the regulation of the insulin/Akt signaling pathway
and downstream lipid metabolism in HCC cells, suggesting that
Trip13-KD-dependent Akt activation during interphase was re-
quired for the mitotic defects observed in HCC cells.

During mitosis, Trip13 is involved in the disassembly of the
MCC by direct binding to p31<°™met,[31314] thereby inducing ATP-
hydrolysis-dependent Mad2 inactivation by switching it to an
open conformation, a process representing a prerequisite for
proper chromosome segregation and mitotic exit.3?!l Interest-
ingly, the mitotic checkpoint components p31°™¢ and Mad2
have been shown to be also involved in the regulation of insulin
receptor signaling, in which p31°°™ is required for the inhibition
of Mad2-/Bubrl-dependent IR endocytosis in hepatocytes.[??] In
the context of mitotic checkpoint regulation, Mad2 remains in
the closed conformation in the absence of Trip13, which inhibits
the binding to Bubrl and prevents mitotic exit.’ Accordingly,
we hypothesized that KD of Trip13 induces insulin signaling by
preventing Mad2/Bubr1 binding and removal of the IR from the
plasma membrane. Indeed, Mad2 KD in HCC cells also induced
Akt phosphorylation and reduced cell proliferation, mimicking
Trip13 KD effects (Figure S3Q,R, Supporting Information). We
next aimed to confirm Mad2 binding to insulin receptor by co-
immunoprecipitation (CoIP). Consistent with our previous ob-
servations, Mad2 was found to bind to the IR and this interaction
was markedly reduced upon Trip13 KD (Figure 3L).

Taken together, these data demonstrate for the first time that
Trip13 regulated insulin signaling by inactivating Mad2 through
the conversion from its closed to the open conformation, rem-
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iniscent of mechanisms described for MCC inhibition during
mitosis.

2.4. Inhibition of Trip13-KD-Induced Accumulation of Lipid
Droplets Rescues Mitotic Abnormalities and Cell Death

Since Trip13 KD induced Akt activation during interphase re-
sulted in lipid droplet accumulation, we decided to investigate
whether the changes in de novo fatty acid and triglyceride synthe-
sis pathway were involved in the observed dysregulation of mito-
sis in HCC cells. To this end, we first analyzed lipid droplets in
mitotic cells in more depth. As shown before, Trip13 KD induced
lipid droplet accumulation in mitotic cells. Interestingly, some
lipid droplets were located at the edges of the multipolar spin-
dles which formed upon Trip13 depletion (Figure 4A). Strikingly,
concomitant insulin receptor KD completely blunted Trip13-KD-
dependent lipid droplet formation and restored bipolar spindles
(Figure 4A,B), This is in line with the finding that IR KD reversed
Trip13 KD effects on cell proliferation and mitotic index (Fig-
ure 3H,]I). To gain further insights into the role of lipid droplets
in spindle polarity, we determined the number of centrosomes
during mitosis. Interestingly, based on p350 centrosomal antigen
staining, Trip13 KD as well as control cells show two centrosomes
per mitotic cell (Figure 4C,D). However, Trip13 KD showed mul-
tiple MTOCs arising from lipid droplets, the larger ones similar
to centrosomal MTOCs and the smaller ones inducing spindle
deformations (Figure 4D). Using live cell imaging in Trip13 KD
HLF cells constitutively expressing H2B-mCherry and Aurora ki-
nase A—green fluorescent protein (-GFP), aMTOCs were shown
to be highly dynamic and abundant with a live time of a few min-
utes and cumulative number around 30 per mitosis (Figure 4E
and Movies S1 and S2 (Supporting Information)). Interestingly,
the first aMTOCs in Trip13 KD cells appeared at very early time
points in mitosis corresponding with the time of prometaphase
in control cells, and aMTOC accumulation continued until cell
death. These data show for the first time that lipid droplets act as
aMTOCs during mitosis, inducing aberrant microtubule nucle-
ation, multipolar spindle formation, and eventually chromosome
mislocalization and cell death.

To validate that lipid droplets were indeed responsible for mi-
totic aberrations, we next determined different components of
the de novo lipid synthesis pathway in Trip13 KD cells. We did
not find any increase in Acetyl-CoA carboxylase (ACC) and fatty
acid synthase (FASN) total protein expression in HCC cells upon
KD of Tripl3 (Figure 4F). However, we observed a marked in-
crease in the activating phosphorylation of ATP-citrate lyase (pA-
CLY) (Figure 4F), representing a well-established target of Akt
catalyzing the synthesis of acetyl-CoA required for de novo lipid
synthesis. In order to exclude that lipid accumulation was a sec-
ondary consequence of reduced utilization due to mitotic arrest,
we determined the levels of proteins involved in de novo lipid syn-
thesis and markers of mitosis (pH3), DNA damage (pH2Ax), and

HLF cells before and 15 min after 10% serum stimulation in combination with 10 ug mL™" of insulin receptor blocking antibody (n = 3). I) Western blot
showing levels of pAkt and cleaved caspase 3, and ]) growth curve of HLF cells with KD for Trip13 and/or insulin receptor (n = 3). K) Mitotic index of
cells transfected as in (I) (n = 3). L) ColP of insulin receptor and Mad2 in HLF cells transfected with siControl or siTrip13 (n = 3). All data in the figure
are shown as the mean + SEM. n numbers refer to biological replicates. (K) 1-way ANOVA with Tukey’s Multiple Comparison test. (B) Student’s t-test.

%p < 0.05, #%p < 0.01, **%p < 0.001.
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Figure 4. Prevention of Trip13-KD-induced accumulation of lipid droplets rescues mitotic abnormalities and cell death. A) Representative images of HLF
control cells and cells upon KD of Trip13 and/or insulin receptor showing lipid droplets and mitotic spindles. Red (Aurora kinase A), green (bodipy), blue
(DAPI) (n=3). B) Quantification of the proportion of cells displaying lipid droplets transfected as in (A). C) Quantification of the number of centrosomes
in mitotic HLF cells. D) Representative images of control and Trip13 KD HLF cells showing lipid droplets (Bodipy) and centrosomes (p350) (n = 3).
E) Number of MTOCs formed during mitosis in Trip13 KD cells. The green bar represents the time of metaphase initiation in control cells, the red bar
represents the time of anaphase in control cells (n = 5). F) Western blots showing FASN, ACC, and pACLY in Trip13 KD HLF cells (n = 4). G) Levels
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cell death (Casp3), as well as intracellular TG levels at different
time points after siRNA transfection (Figure S4A,B, Supporting
Information). Importantly, Akt and ACLY phosphorylation upon
Trip13 KD were induced already at 24 h post-transfection, clearly
before the induction of mitotic arrest, DNA damage, and cell
death (Figure S4A, Supporting Information). However, minor or
no increase was observed in FASN or ACC total protein levels
at any time point (both normally induced by Akt), possibly due
to negative selection of cells with high expression of these pro-
teins. Furthermore, TG levels were already increased 24 h after
transfection, demonstrating that lipid droplet accumulation pre-
ceded mitotic arrest and cell death upon Trip13 KD (Figure S4B,
Supporting Information). The induction of pACLY upon Trip13
KD was consistent in human HCC cell lines, including the com-
monly used HepG2 cells (Figure S4C, Supporting Information),
suggesting a role of induced lipid synthesis and particularly ACLY
activation in the development of the Trip13-KD-induced pheno-
type. Indeed, ACLY KD was able to rescue the effect of Trip13
KD on cell proliferation, apoptosis, mitotic index, spindle polar-
ity, and lipid droplet accumulation (Figure 4G-K). In order to rule
out that the observed effects of ACLY KD were more related to its
role in tumor cell aggressiveness by inducing acetyl-CoA-level-
dependent protein acetylation,?}! we also performed the KD of
ACC, the latter representing the enzyme catalyzing the follow-
ing step in de novo lipogenesis utilizing acetyl-CoA for fatty acid
synthesis. Despite the fact that ACC was not upregulated under
Trip13 KD, the combination of Trip13 and ACC KD in HLF cells
also rescued the mitotic phenotype and increased cell prolifera-
tion by reducing lipid droplet accumulation (Figure 4],K and Fig-
ure S4D-F (Supporting Information)).

Given that lipid droplets contain mainly TGs, we decided
to further validate our findings on their role in Trip13-KD-
dependent effects by depletion of acyl-glycerol phosphate acyl-
transferase 2 (AGPAT2), one of the rate-limiting enzymes in the
TG synthesis pathway. Indeed, KD of AGPAT?2 did not only re-
duce lipid droplet accumulation but also restored cell prolifera-
tion and prevented mitotic defects in Trip13 KD cells (Figure 4],K
and Figure S4D,G,H (Supporting Information)).

The data provided so far suggested that an induction of de novo
lipogenesis (DNL) downstream of IR/Akt signaling was mainly
responsible for TG accumulation contributing to mitotic aberra-
tions upon Trip13 KD. In order to further exclude a relevant role
of extracellular lipid uptake for the Trip13-KD-dependent pheno-
type, we knocked down CD36, an important membrane receptor
involved in lipid uptake. In agreement with our previous data,
CD36 KD did not rescue the effects of Trip13 KD on prolifera-
tion, apoptosis, DNA damage, mitotic arrest, or TG accumulation
(Figure S41,], Supporting Information, and data not shown). Of
note, the CD36 KD significantly reduced TG levels in Trip13 KD
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cells (Figure S4K, Supporting Information). However, this reduc-
tion was minor in comparison to the TG accumulation induced
by Trip13 KD as well as to the rescue effects upon knock down
of lipogenic genes (ACLY, ACC, AGPAT?2), indicating that the de
novo lipid synthesis was the main source of TGs accumulating
upon Trip13 KD. To further validate these findings, we analyzed
the TG composition in control and Trip13 KD HLF cells at the
30 h post-transfection time point, in which TG levels are already
increased but preceding massive induction of cell death, as pre-
viously demonstrated (Figure S4A,B, Supporting Information).
As expected, the targeted lipidomic analysis showed that KD of
Trip13 induced a marked elevation in TG levels when compared
with control cells (Figure 4L). Interestingly, the strongest fold
changes were observed for TGs containing between 42 and 48
carbon atoms, i.e., TGs consisting of combinations of C12, C14,
and C16 saturated and monounsaturated fatty acids (Figure 4L).
While C12, C14, and — to the largest extent — C16 fatty acids can
be directly synthesized with the fatty acid synthase or after short-
ening of C16,2* their monounsaturated counterparts need an
additional dehydrogenation step via desaturases.[®! Altogether,
these compounds can be considered as the primary products of
de novo fatty acid synthesis. Most interestingly and represent-
ing surrogate markers for de novo lipid synthesis, we observed
strong increases in TGs containing monounsaturated fatty acids
(C14:1, C16:1, C18:1), indicating a higher activity of desaturases
in response to Trip13-KD-induced DNL (Figure 4L). This is fur-
ther supported by higher product-to-precursor ratios of the A9-
desaturase (D9D.C16:1/C16:0; D9D.C18:1/C18:0) in siTrip13 KD
cells (Figure S4L,M, Supporting Information). In line with our
previous findings, the results from the lipidomics measurements
confirmed an increase in DNL as a result of the Trip13 KD. Col-
lectively, our data demonstrated that lipid droplet accumulation
through IR-/Akt-driven DNL, rather than acetyl-CoA pool size or
exogenous lipid uptake, was critical for the mitotic aberrations
observed upon Trip13 KD, eventually resulting in HCC cell death.

2.5. The Lipid Droplet Coat Protein Perilipin-2 Is a Key
Component of the Trip13-KD-Induced Mitotic Phenotype

Our data suggested that lipid droplets contribute to Trip13-KD-
induced cell death by serving as aMTOCs inducing multipolar
spindle formation. To gain further insights into the underly-
ing mechanisms, we investigated whether lipid droplet coat pro-
teins were involved in the development of the mitosis pheno-
type. First, we determined the levels of the five perilipins in HCC
cells upon KD of Trip13. Despite the fact that all five perilipins
were expressed in HLF cells, perilipin-2 was the only one show-
ing increased levels upon Trip13 KD (Figure 5A and Figure S5A

of cleaved caspase 3, pH2Ax, and pH3 in HLF control cells or upon KD of Trip13 and/or ACLY (n = 3). H) Representative images of HLF cells with
KD of Trip13 alone or in combination with ACLY KD showing spindle abnormalities and lipid droplet accumulation (n = 3). 1) Growth curve of HLF
control cells or upon KD of Trip13 and/or ACLY (n = 3). J) Mitotic index of HLF cells upon Trip13 KD alone or in combination with KD of ACLY, ACC, or
AGPAT2 (n = 3). K) Percentage of HLF cells displaying lipid droplets transfected as in (J) (n = 3). L) Lipidomic analysis showing log2 fold changes of
TG concentrations between Trip13 KD (siTrip13) and control (siControl) HLF cells at 30 h post-transfection (n = 5). The x-axis represents triglycerides
(TGs) with number of carbon atoms and number of double bonds. The y-axis indicates one fatty acid (out of three per TG) that can be specified using
the multiple reaction monitoring (MRM)-based Lipidyzer assay. (B, C, J, K) Data are shown as the mean + SEM and analyzed by 1-way ANOVA with
Tukey’s Multiple Comparison test. *p < 0.05, **p < 0.01, ***p < 0.001. (L) Data were analyzed using unpaired Wilcoxon rank-sum tests corrected
for multiple comparisons using the Benjamini-Hochberg method. g values <0.05 (*) were considered as statistically significant. n numbers refer to
biological replicates. See also Figure S4 in the Supporting Information.
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Figure 5. The lipid droplet coat protein perilipin-2 is a key component of the Trip13-KD-induced mitotic phenotype. A) Western blot showing levels of
perilipins 1-5 in Trip13 KD HLF cells (n = 3). B) Growth curve of HLF cells transfected with siTrip13 alone or in combination with siPlin1-5 (n = 3). C)
Quantification of lipid droplets accumulation in cells transfected with siTrip13 alone or in combination with siPlin2 (n = 4). D) Representative images
of HLF cells transfected as in (C) (n = 3). E) Western blot of HLF cells transfected with siTrip13 alone or in combination with siPlin2, showing levels of
apoptotic, DNA damage and mitotic markers (n = 4). F) Relative cell number, G) mitotic index, and H) mitotic aberrations in HLF cells KD for Trip13
alone or in combination with Plin2 KD. I) Representative images of HLF cells KD for Trip13 alone or in combination with Plin2 KD, showing localization
of Aurora kinasa A, g-tubulin, and lipid droplets (n = 3). J) Western blot of total lysate or lipid droplets fraction from HLF cells transfected with siTrip13
(n = 3). K) Western blot of total lysate or lipid droplets fraction from HLF cells transfected with siTrip13 and treated with 200 um oleate (n = 2). All data
are shown as the mean + SEM. n numbers refer to biological replicates. (C, F, G, H) 1-way ANOVA with Tukey's Multiple Comparison test. *p < 0.05,
**p < 0.01, ***p < 0.001. See also Figure S5 in the Supporting Information.
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(Supporting Information)). To determine if any of these lipid
droplet coat proteins was involved in the mitotic phenotype, we
knocked down the five perilipins in combination with Trip13 KD.
Concomitant perilipin-1 KD did not rescue the Trip13 KD ef-
fects (Figure 5B and Figure S5B (Supporting Information)). In-
stead, KDs of perilipin-2, -4, and -5 were able to reduce the lev-
els of apoptosis, DNA damage, and mitosis blockage induced by
Trip13 KD (Figure S5B, Supporting Information). Notably, KD of
perilipin-2 showed the strongest rescue effect on apoptosis, DNA
damage, and mitosis blockage when compared with the other
perilipins, and was the only interference with a perilipin protein
family member able to restore cell proliferation (Figure 5B and
Figure S5B (Supporting Information)).

It has been described that binding to lipid droplets stabi-
lizes perilipin-2, and this binding protects lipid droplets from
degradation.[?] Also, it was previously described that perilipin-
2 regulates the insulin/Akt signaling pathway.!?’] As we had
shown that the reduction in lipid droplets by KD of the IR,
ACLY, ACC, and AGPAT?2 rescued the Trip13-KD-mediated mi-
totic phenotype, we were wondering whether the rescue induced
Dby perilipin-2 was also associated with a reduction in lipid droplet
accumulation or insulin signaling attenuation. Strikingly, the KD
of perilipin-2 rescued Trip13-KD-mediated effects on prolifera-
tion, DNA damage, and cell death, but exerted only minor effects
on lipid droplet formation (Figure SC-F). Moreover, Plin2 KD in
HCC cells did not affect insulin signaling in control or Trip13
KD cells (Figure S5C, Supporting Information). This suggested
that lipid droplets coated with perilipin-2, and not lipid droplets
per se, were essential for mediating mitotic cell death induced by
Trip13 KD. Given that our previous data indicated that the forma-
tion of lipid droplets was required for the mitotic aberrations and
mitotic arrest in Trip13 KD cells, we decided to further investi-
gate whether the lipid droplets observed in perilipin-2 KD cells
still retained these functions. Interestingly, the mitotic index of
Trip13 KD cells was restored to control levels by perilipin-2 KD
(Figure 5G). Moreover, mitotic aberrations and aMTOC amplifi-
cation were completely rescued by perilipin-2 KD (Figure 5H). To
validate these findings, we also studied the role of perilipin-2 in
other HCC cell lines. As expected, Trip13 KD in HepG2 cells in-
creased protein levels of perilipin-2 (Figure S5D, Supporting In-
formation). Also, the KD of perilipin-2 in HepG2 cells rescued the
Trip13 KD phenotype, without affecting Akt regulation, thereby
confirming the effects observed in HLF cells (Figure S5D, Sup-
porting Information).

As perilipin-2-coated lipid droplets were essential for Trip13
KD effects, we were wondering if loading of HCC cells with
lipids would be sufficient to affect mitosis progression. HLF cells
treated with 200 um oleate did not shown any changes in mitotic,
DNA damage, or apoptotic markers (Figure S5E, Supporting In-
formation). Also, IF of these cells showed larger lipid droplets
than the ones observed upon Trip13 KD. Interestingly, KD of
Trip13 in cells treated with oleate still induced the mitotic defects
described above, which were rescued by Plin2 KD (Figure S5F,
Supporting Information). As oleate treatment had no effect on
Plin2 levels in HLF cells, we were wondering if palmitate, a more
toxic fatty acid, could affect Plin2 levels. Treatment of HLF cells
with 200 pm palmitate increased Plin2 levels and induced the
apoptotic marker Casp3, but (in contrast to Trip13 KD) without
affecting mitosis progression (Figure S5G, Supporting Informa-
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tion). Next, we speculated that Trip13 regulated the amount of
Plin2 binding to lipid droplets. To test this hypothesis, we decided
to study the levels of Plin2 protein in lipid droplets of control and
Trip13 KD cells treated with oleate. WB of purified lipid droplets
from those cells did not show any evident changes in the amounts
of Plin2 (Figure S5H, Supporting Information).

To understand how lipid droplets could affect mitosis under
Trip13 KD conditions, we performed IF for proteins involved in
spindle pole organization. Encouragingly, Trip13 KD induced the
colocalization of lipid droplets with g-tubulin and Aurora kinase
A, key components of microtubules organization (Figure 5I). Fur-
thermore, Plin2 KD restored the normal spindle localization of
g-tubulin and Aurora kinase A in the context of Trip13 KD (Fig-
ure 5I). Also, western blot analysis of purified lipid droplets con-
firmed that Trip13 KD induced g-tubulin interaction with these
organelles, not only in basal conditions, but also in cells loaded
with oleate (Figure 5],K).

In summary, these data demonstrated that metabolic alter-
ations induced by Tripl3 KD resulted in the formation of
perilipin-2-coated lipid droplets. This perilipin-2 component of
the accumulating lipid droplets was essential for the recruitment
of microtubule organization components and aMTOC genera-
tion, leading to mitotic aberrations and cell death.

2.6. Perilipin-2 Confers Susceptibility to Trip13-KD-Induced Cell
Death

The data provided above demonstrated that Trip13 KD induced
a complex phenotype in HCC cells, involving changes in lipid
metabolism associated with mitotic aberrations and arrest as well
as DNA damage. Importantly, all these changes were required
for the resulting induction of cell death. To determine whether
this newly discovered mechanism also extended to other tumor
entities beyond HCC, we determined the effects of Trip13 KD in
different tumor cell lines. In order to gain specific insights from
these experiments, we selected two cell lines that, in accordance
with the human protein atlas, express Trip13.

We first studied the effect of Trip13 KD in the osteosarcoma
cell line U20S. Western blot analysis of Tripl13 KD in U20S
showed increased levels of perilipin-2 and elevated markers of
mitotic arrest, DNA damage, and apoptosis, associated with a
marked reduction in cell growth (Figure 6A,B). In accordance
with our previous results in HCC cells, Trip13 KD also in-
creased lipid droplet accumulation, mitotic index, and mitotic
aberrations (Figure S6A-C, Supporting Information). To con-
firm that the mitotic phenotype observed in U20S upon Trip13
KD was also dependent on the corresponding metabolic dys-
regulation, we knocked down ACC and perilipin-2 in combi-
nation with Trip13 KD. ACC KD partly rescued Trip13 KD ef-
fects (Figure S6D-F, Supporting Information), whereas the KD
of perilipin-2 completely rescued the Trip13 KD phenotype (Fig-
ure S6D-F, Supporting Information). Interestingly, the rescue
induced by perilipin-2 KD was independent of lipid droplet accu-
mulation, confirming our HCC data that perilipin-2-coated lipid
droplets were specifically responsible for the mitotic arrest and
cell death induced by lowering Trip13 levels.

Next, we also studied the effect of Trip13 KD in SK-BR3 hu-
man breast cancer cells. This cell line showed rather low levels
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Figure 6. Perilipin-2 confers susceptibility to Trip13-KD-induced cell death. A) Western blots showing levels of cleaved caspase3 pH2Ax and pH3 in
Trip13 KD U20S cells (n = 4). B) Growth curve of U20S cells transfected as in (A). C) Western blot of HLF and SK-BR3 cells transfected with siControl
or siTrip13 showing levels of cleaved caspase3 pH2Ax and pH3 (n = 3). D) Growth curve of Trip13 KD SK-BR3 cells. E) Lipid droplet accumulation and
mitotic index of SK-BR3 cells KD for Trip13. F) Western blot of HLF and U87MG cells transfected with siTrip13 showing levels of cleaved caspase3 pH2Ax
and pH3 (n = 3). G) Western blot of HLF wt or Plin2 overexpressing cells transfected with siTrip13, showing levels of cleaved caspase3 pH2Ax and pH3
(n = 3). H) Growth curve of cells transfected as in (G). I) Representative images of HLF Trip13 KD cells with high or ]) low levels of Plin2 overexpression
showing Plin2 and Aurora kinase A localization (n = 3). K) Mitotic index of cells transfected as in (G) (n = 3). L) Western blot of HLF and Hela cells
transfected with siTrip13 showing levels of Plin2, cleaved caspase3, pH2Ax, and pH3 (n = 2). M) Representative images of HeLa cells KD for Trip13
showing lipid droplets (n = 3). N) Western blot of HeLa wt or Plin2-overexpressing cells transfected with siTrip13, showing levels of cleaved caspase3
pH2Ax and pH3 (n = 3). All data are shown as the mean + SEM. n numbers refer to biological replicates. (E, K) 1-way ANOVA with Tukey’s Multiple
Comparison test. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S6 in the Supporting Information.
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of Trip13 under basal conditions when compared with HCC cells
(Figure 6C). Nonetheless, knocking down Trip13 in these cells
was sufficient to induce markers of mitotic arrest, DNA damage,
and apoptosis, all of them to comparable levels as previously ob-
served in HCC cells (Figure 6C). In congruence with our previ-
ous results in HCC cells, the reduction in cell growth upon KD
of Trip13 in SK-BR3 was associated with increased lipid droplet
accumulation and mitotic arrest (Figure 6D,E), suggesting that
induction of cell death by Trip13 KD was not necessarily deter-
mined by its basal levels in different tumor entities. Therefore,
assessing relative Trip13 expression levels will not be sufficient
to predict susceptibility or resistance of tumors to its inhibition.

Since our results showed that perilipin-2-coated lipid droplets
were required for the aMTOC formation and induction of cell
death upon Trip13 KD, we hypothesized that low levels of
perilipin-2 conferred resistance to Trip13 KD effects. To test this
hypothesis, we focused on the glioblastoma cell line U87MG,
which based on publicly available data (https://www.ebi.ac.uk/
gxa/home), is characterized by very low expression levels of
perilipin-2. Indeed, Plin2 protein levels were undetectable in
U87MG when compared with HLF cells even upon Trip13 KD
(Figure 6F). Interestingly, Trip13 KD in U87MG cells did not exert
significant mitotic arrest, DNA damage, or expression of apop-
totic markers (Figure 6F). Despite the fact that U87MG cells carry
an inactivating mutation of PTEN that results in a high Akt phos-
phorylation, Trip13 KD in these cells increased Akt activity still
further, also reflected by the induction of ACLY phosphorylation
(Figure S6G, Supporting Information). Of note, also FASN and
ACC protein levels were increased upon Trip13 KD in U87MG.
These findings supported our hypothesis in such that we did not
observe induced FASN and ACC protein levels in the cell lines
undergoing cell death upon Trip13 KD, such as HLF cells. This
was potentially due to a strong negative selection of cells exhibit-
ing a strong lipogenic response. Thus, U87MG cells lacking Plin2
still showed Akt activation and elevated levels of proteins involved
in de novo lipogenesis, but were resistant to Trip13-induced mi-
totic arrest and cell death. This suggested that depletion of Trip13
induced mitotic cell death only in presence of Plin2. To test this
assumption, we generated a lentivirus vector used for constitutive
expression of a Plin2—GFP fusion protein in HLF cells. Strikingly,
overexpressing Plin2 alone in this cell line was sufficient to in-
crease the levels of mitotic, DNA damage, and apoptotic markers
(Figure 6G). Moreover, IF of Plin2—GFP alone or in combination
with Trip13 KD colocalized with Aurora kinase A in cells with
low or high overexpression levels (Figure 61,]), and Plin2-GFP
OE reduced proliferation associated with a significant increase in
mitotic index (Figure 6H,K). While all the effects of Plin2 overex-
pression mimicked the Trip13 KD phenotype to some extent, we
did not detect any changes in Trip13 levels. The combination of
Trip13 KD with Plin2 overexpression did not further increase the
effects of Trip13 KD alone in terms of mitosis phenotype, DNA
damage, and apoptosis (Figure 6G—K). However, we were able to
detect an increase in the percentage of nuclear abnormalities in
interphase cells, indicative of mitotic failure, when Plin2 over-
expression was combined with Trip13 KD (Figure S6H,I, Sup-
porting Information). Finally, we overexpressed perilipin-2-GFP
fusion protein in U87MG, a cell line without any detectable ex-
pression of perilipin-2, as shown in Figure 6F. The overexpres-
sion of perilipin-2 alone in U87MG cells, either upon transfec-

Adv. Sci. 2022, 9, 2104291

www.advancedscience.com

tion or lentivirus transduction, had no detectable effects on the
measured parameters (Figure S6]-M, Supporting Information).
However, in agreement with our HCC cell line data, the combi-
nation of Trip13 KD with perilipin-2 overexpression resulted in a
pronounced increase in markers of mitotic arrest, DNA damage,
and apoptosis, which was reflected in a dramatic reduction of cell
growth (Figure S6]-M, Supporting Information).

As most descriptions of Trip13 regulation of mitosis were done
in Hela cells, we decided to check if our findings would be also
applicable to this extensively investigated cell line. Due to resis-
tance to Trip13 KD previously described for Hela cells, we hy-
pothesized that Plin2 expression levels in this cell line should
be very low. Indeed, KD of Trip13 in Hela cells did not induce
any markers of defective mitosis, DNA damage, or apoptosis (Fig-
ure S6N, Supporting Information). Moreover, and in agreement
with our hypothesis, HeLa cells did not display any detectable lev-
els of Plin2 when compared with HLF cells (Figure 6L). Of note,
Trip13 KD in Hela cells did not induce mitotic abnormalities,
despite Akt activation and lipid droplet accumulation observed
in cells in mitosis and interphase (Figure 6M and Figure S60,P
(Supporting Information)). Intriguingly, Plin2 overexpression in
HelLa cells induced high levels of DNA damage and apoptosis
markers, and these effects were stronger than the ones induced
by Trip13 KD alone, overall without major changes in the mitotic
marker pH3 (Figure 6N). The combination of Trip13 KD with
Plin2 overexpression induced a further increase in DNA dam-
age and apoptotic markers, associated with a marked reduction
in cell number (Figure 6N and Figure S6Q (Supporting Infor-
mation)). Due to the fact that the Hela cells seemed not to be
blocked in mitosis upon Trip13 KD, in contrast to other cell mod-
els, we decided to investigate if Plin2 overexpression was involved
in mitotic aberrations that could explain the observed DNA dam-
age and cell death. Interestingly, mitotic index was drastically re-
duced in this cell line when Trip13 KD was combined with Plin2
overexpression, in accordance with the pH3 levels (Figure S6R,
Supporting Information). To further investigate if Plin2 overex-
pression in HelLa cells was only inducing a mitotic exit in the
context of Trip13 KD or was also affecting mitosis fidelity, we an-
alyzed the nucleus of cells in interphase. Plin2 overexpression
was enough to cause a significant increase in micronucleus con-
taining cells and binucleated cells, indicating a failure during
mitosis (Figure S6R-T, Supporting Information). Furthermore,
when Plin2 overexpression was combined with Trip13 KD, we ob-
served a drastic increase in micro-, bi-, and multinucleated cells,
explaining the increase in DNA damage and reduced cell num-
ber observed under these conditions (Figure S6R-T, Supporting
Information).

Together, our results revealed a new role of Trip13 in the
regulation of lipogenesis contributing to Trip13-KD-induced cell
death of tumor cells from different cancer entities, showing for
the first time that Plin2 was indispensable for mitotic cell death
induction under conditions of SAC disturbance.

2.7. High Perilipin-2 Levels Sensitize Tumor Cells to
Mitosis-Targeting Paclitaxel

Our findings provided mechanistic insights relevant for the
exploitation of future Trip13 inhibitors for cancer therapy by
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defining Plin2 as predictive marker for the susceptibility of tu-
mors to a respective targeted therapy in the context of a precision
medicine approach.

Despite the fact that a Trip13-specific inhibitor (DCZ0415) has
been recently described, showing a potent antitumor activity in
multiple myeloma in vitro and in vivo,l"! it is not expected to
be in the clinics any time soon. Consequently, we were wonder-
ing if Plin2 was affecting cell survival when treated with clini-
cally approved mitosis-targeting drugs. To this end, we focused
on paclitaxel, a microtubule poisoning agent acting on the cells
by a microtubule stabilizing mechanism. Remarkably, paclitaxel
treatment (1-5 nm) in HLF cells with KD of Plin2 displayed
lower levels of DNA damage and mitotic markers when com-
pared with control cells, which translated to an increased resis-
tance of paclitaxel-induced cell death (Figure 7A,B). Furthermore,
U87MG cells overexpressing Plin2 and treated with paclitaxel
showed higher levels of DNA damage and mitotic markers, with
reduced cell survival compared to control cells (Figure 7C,D).

Finally, we also studied if Plin2 expression could affect pacli-
taxel sensitivity of HeLa cells. Interestingly, and as we expected,
Plin2 overexpression induced higher levels of DNA damage and
reduced survival in combination with reduced mitotic markers,
when compared to control cells (Figure 7E,F). In summary, our
results demonstrated that Plin2 was required for induction of mi-
totic aberrations and cell death in different tumor entities, im-
plying that Plin2 could be a predicting marker of susceptibility
to future tumor treatments affecting SAC and to microtubule-
poisoning drugs already in clinical use.

3. Discussion

Mitosis is an essential biological process and its dysregulation
represents one of the defining features of tumor cells. As such,
mitosis has been used as a common target in different human
cancers from almost the beginning of chemotherapy. Despite the
fact that the mechanism of action of respective chemicals is based
on the activation of the SAC leading to a prolonged mitotic arrest
and eventually cell death, these drugs are only effective in a sub-
set of cancer patients. However, the tumor characteristics that de-
fine and predict the therapeutic response to these drugs are still
mainly unknown.

In this context, we show that the SAC regulating protein Trip13
is commonly increased in mouse and human HCC as compared
to normal livers, which is in agreement with previous reports
from various cancer entities.'®] Moreover, we demonstrate that
Trip13 depletion in proliferating HCC cells strongly interferes
with mitosis, causing aberrations in spindle formation, mitotic
arrest, and eventually mitotic cell death. Previous publications
demonstrated that Trip13 loss-of-function reduces tumor growth
in head and neck cancer and colon cancer, as well as more re-
cently in HCC.I*] The oncogenic effects of Trip13 have mainly
been attributed to an enhanced capacity for DNA damage repair,
particularly through DNA-dependent protein kinase ¢ (DNA-
PKc)-dependent nonhomologous end joining, thereby contribut-
ing to genomic instability.'®! In fact, we were able to prevent
Trip13-KD-induced cell death by interfering with the DNA dam-
age response through inactivation of the ATM/ATR pathway. No-
tably, while we observed a modest increase in DNA damage im-
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mediately after Trip13 KD, the gradually increasing portion of
HCC cells displaying mitotic arrest suggests that DNA damage
accumulates during prolonged mitosis contributing a combina-
torial mechanism resulting in mitotic cell death upon diminished
Trip13 levels.

As outlined in the introduction, various studies contributed to
the characterization of the role of Trip13 in cell cycle control,
defining its function in p31°™'-dependent MCC disassembly
and mitotic exit,['*!*?8] or proposing a dual role in SAC activation
and inactivation.?? While there might be cell-type-dependent
differences, Trip13’s regulatory function in mitosis has been
attributed to the capacity of this ATPase to remodel the mi-
totic checkpoint protein Mad2, affecting Mad2 complex forming
properties.?!3%] The mitotic arrest that we observed upon Trip13
depletion in HCC cells is in line with its function as a MCC si-
lencing protein enabling mitotic exit. However, the present study
reveals a new role of Trip13 in the regulation of lipid metabolism
in liver cancer cells. Specifically, mitotic cell death upon Trip13
depletion in HCC cells was dependent on insulin receptor/Akt
signaling, which resulted in cellular lipid droplet accumulation
acting as functional aMTOCs. Of note, these findings widely ex-
clude that the observed mitotic arrest upon Trip13 KD could be
explained by the previously described inhibition of APC/C due to
mitotic DNA damage, the mechanism of which is not completely
elucidated.?!]

While the role of Trip13 in mitotic checkpoint complex reg-
ulation has been studied extensively, not much is known about
other functions related to its ATPase activity, the latter of which
was shown to catalyze conformational changes in substrate pro-
teins involved in regulatory processes.!?!] In this respect, it is of
particular interest that a recent publication proposed a role of the
MCC proteins p31«™et and Mad2 in metabolic control.??l The
authors showed in hepatocytes that Mad2 binds to the insulin
receptor and is involved in endocytosis of the receptor upon in-
sulin binding. IR endocytosis is inhibited by p31°™* binding to
Mad2, stabilizing unstimulated IR. However, beyond showing
the p31°me=/~ displayed glucose intolerance and insulin resis-
tance, the study has not further elucidated the relevance of this
mechanism under specific physiological or pathophysiological
conditions, particularly not a role in IR-/Akt-signaling-dependent
tumor cell death. As mentioned above, Trip13 is required for
Mad2 binding to MIM containing proteins. Indeed, our findings
now demonstrate that Trip13 regulates Akt activation, mainly me-
diated through the IR (a MIM containing protein), with Trip13
being a key player in the p31<°™*'-/Mad2-dependent regulation of
insulin signaling in liver cancer cells.

Interestingly, very recent studies revealed a functional link
between intracellular lipids and MTOC formation in cancer
associated fibroblasts,[*2! as well as in prostate tumor cells.[**] In
proliferating prostate cancer cells, inhibition of the lipogenesis
gene diacylglycerol o-acyltransferase 1 (DGAT1) exerted antipro-
liferative effects due to dual regulatory functions on lipid storage
as well as on aMTOC protein levels, suggesting a role of aMTOCs
in tumor growth and aggressiveness.[**] We now provide data
supporting a different mechanism in which accumulating Plin2-
coated lipid droplets acts as functional aMTOCs which induce
aberrant mitotic spindle formation and mitotic failure in cancer
cells. Strikingly, we could demonstrate that the lipid droplets act-
ing as aMTOCs accumulate as the result of increased insulin/Akt
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Figure 7. High perilipin-2 levels sensitize tumor cells to mitosis-targeting paclitaxel. A) Western blot of HLF cells transfected with siPlin2 and treated with
2 nm paclitaxel for 48 h, showing levels of pH2Ax and pH3 (n = 3). B) Growth curve of HLF cells transfected as in (A) and treated with 0-5 nm paclitaxel
(n = 3). C) Western blot of U87MG control or Plin2 overexpressing cells treated with 2 nm paclitaxel for 48 h, showing levels of pH2Ax and pH3 (n = 3).
D) Growth curve of U87MG cells transfected as in (C) and treated with 0-5 nm paclitaxel (n = 3). E) Western blot of Hela wt or Plin2-overexpressing
cells treated with 2 nm paclitaxel for 48 h, showing levels of pH2Ax and pH3 (n = 3). F) Growth curve of Hela cells transfected as in (E) and treated with
0-5 nm paclitaxel (n = 3). All data are shown as the mean + SEM. n numbers refer to biological replicates.
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signaling and de novo lipogenesis upon Trip13 KD, defining a
novel combinatorial mechanism of induced mitotic cell death.
Different studies have shown that the metabolic status of oocytes
(a model of aMTOCs) is very important for the fertility and the
survival of these cells.**] Notably, increased accumulation of
lipid droplets and misdistribution in oocytes of mice under high-
fat diet (HFD) feeding conditions correlates with an increase
in inappropriate progression of meiosis mainly due to spindle
defects detected in more than 50% of the oocytes studied.l*!
While the mechanistic role of lipid droplets in oocyte function re-
mains widely unclear, the spindle defects observed in oocytes of
HFD-fed animals resemble very much the same aberrations that
we described in Trip13 KD cells, suggesting that lipid droplets
could also act as aMTOCs interfering with spindle orientation in
meiosis.

Given the lack of a more specific definition, as long as cell
death processes are activated within the duration of mitosis lead-
ing to cell death during mitosis or thereafter, this is regarded as
mitotic cell death or mitotic catastrophe.l*] Different anticancer
drugs target the highly regulated and therefore vulnerable pro-
cess of mitosis, including those interfering with microtubule dy-
namics or regulatory kinases, such as inhibitors of Chk1, as well
as novel ones holding the promise of improving cancer treatment
in the future.l”%”] Interestingly, mitotic cell death or mitotic catas-
trophe is known to be induced by DNA damage in mitosis, and
multipolar spindles are characteristic of this process.*®] Here,
we show that lipid droplet accumulation, concretely perilipin-2-
coated lipid droplets, is required for multipolar spindle forma-
tion and cell death in the context Trip13 KD or antimitotic drugs
such as paclitaxel. Thus, it would be interesting to investigate
whether perilipin-2 levels in different human tumors influence
the efficiency of therapeutic inducers of mitotic catastrophe to ac-
tivate this cell death pathway. It is also tempting to speculate that
the combination of DNA-damaging agents with inducers of lipid
accumulation, such us cyclic adnosine monophosphate (CAMP)
mimics or novel inhibitors of Trip13 could exert synergistic anti-
tumor effects.

Lipid droplets had already been shown to be involved in the mi-
tosis process in Drosophila taking on a dual role of energy supply
and protein buffering. Concretely, Drosophila lipid droplets bind
various proteins, but histones are the most extensively studied.
Moreover, binding of histones to lipid droplets seems to be me-
diated by Jabba on the surface of lipid droplets.***! Due to this,
it is tempting to speculate that Trip13/Plin2 could have a similar
role in mammals as Jabba does in Drosophila, by regulating the
binding of mitotic proteins to lipid droplets and thus inducing
aMTOC formation.

4, Conclusion

Our research demonstrates a new role of lipid droplets in mito-
sis, but how perilipin-2 is able to “transform” lipid droplets into
functional aMTOCs remains an open question that is beyond the
objective of this paper and will need further investigation. How-
ever, the described functional link of Trip13-lipid metabolism and
especially Plin2 in the regulation of mitosis, provides novel im-
plications for cell biology as well as for the development of an-
timitotic treatment strategies against cancer.
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5. Experimental Section

Mouse Experiments: Male mice were obtained from Charles River Lab-
oratories (Brussels, Belgium) and maintained on a 12 h light-dark cycle
at room temperature with regular unrestricted diet and free access to wa-
ter. For inducing HCC in mice, C3H/HeNCrl mice (Charles River) were in-
jected with 25 mg kg™ DEN or vehicle at 2 weeks of age. Mice were killed
at 26 and 30 weeks and tumors were dissected from the liver and snap-
frozen for further analyses. For subcutaneous tumor growth experiments,
Hepal-6, Huh7, or HLF cells were transduced with lentiviruses described
below expressing shControl or shTrip13 and selected with puromycine for
3 days. 2 x 10° cells were injected into the left flank of BALB/c nude mice
(CAnN.Cg-Foxn1nu/Crl, Charles River) and tumor growth was monitored
twice a week for two to four weeks depending on the implanted cell line and
tumor growth, after which mice were sacrificed for tissue sampling. Animal
handling and experimentation was performed in accordance with the Eu-
ropean Union directives and the German animal welfare act (Tierschutzge-
setz) and approved by local authorities (Regierungsprisidium Karlsruhe;
approval number 35-9185.81/G-177/11).

Cell Culture, Growth Curves, Mitotic Index, and Apoptosis: HLF, Hepal-
6, Huh7, HepG2, U20S, SK-BR3, U87MG, and Hela cell lines were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supple-
mented with 10% FBS (Millipore), and cultured at 37 °C, 5% CO,, and
95% humidity. Growth curves were monitored using the MTT Cell Prolifer-
ation Kit (Roche Diagnostics GmbH, Germany) or crystal violet staining.
Cell proliferation was assessed using the BrdU Cell Proliferation Assay
Kit (New England Biolabs). Insulin, IGF, EGF, or bFGF stimulation was
performed in cells cultured in DMEM supplemented with 0-1% FBS for
12-24 h and treated with 10-100 nm insulin (Sigma 19278), 10 nm IGF-|
(PeproTech 100-11), 10 nm EGF (PeproTech AF-100-15), 10 nm bFGF (Pe-
proTech 100-18B), or 10% FBS for 15 min or 10-100 nm insulin for 24 h
(as indicated in the figure legends). Insulin receptor blocking experiments
were performed in cells cultured in DMEM supplemented with 1% FBS
for 24 h and treated with 10 ug mL™" insulin blocking antibody (Fisher
Scientific, InVivoMADb anti-human CD220 (Insulin Receptor), Clone: IR 83-
22, Ref.: 50-206-5623) or 0.1-1 um insulin receptor peptide antagonist
(NovoNordisk, S961) for 30 min prior to the 10% FBS stimulation lasting
15 min. Cell synchronization was obtained by double thymidine/RO-3306
treatment as described elsewhere.[*0] Briefly, cells were treated with 2 mm
thymidine (Sigma 89270) for 17 h, released from the blocking growth me-
dia without thymidine for 9 h, and then subjected to a second thymidine
block for 14 h. During the second thymidine block, cells were transfected
with siControl or siTrip13, released for 2 h, and treated for 8 h in growth
media containing RO-3306 (10 um) (Sigma SML0569). Cells in G2 were
harvested immediately after release from the RO-3306 block and mitotic
cells were selected by mitotic shake-off 1 h after RO-3306 release. For as-
sessing growth curves, 12 h after transfection, cells were seeded in 24-
well plates and fixed every 24 h. Relative cell number was determined by
measuring absorbance at OD550 of crystal violet stained cells. For deter-
mination of the mitotic index, cells were seeded 12 h after transfection in
24-well plates, and stained at different time points with Hoechst-33258.
Total cell number and mitotic cells in each condition were counted in 5
independent fields of each triplicate and represented as percentage of mi-
totic cells. Apoptosis was quantified by Apo-ONE Caspase3/7 assay from
Promega (G7790) according to the manufacturer’s instructions.

Metabolic Flux and Lipid Levels: Mitochondrial respiration and gly-
colytic flux were measured with the Seahorse Bioscience XF Extracellular
Flux Analyzer (Agilent Technologies). After transfection, cells were seeded
in XF cell culture plates (Agilent Technologies 102416-100) and cultured
for 24 h before medium replacement with Seahorse XF DMEM (Agilent
Technologies 103575-100) supplemented with 1 mm pyruvate, 2 mm L-
glutamine for glycolytic rate assay or 1 mm pyruvate, 2 mm L-glutamine,
and 10 mwm glucose for Mito stress and Mito fuel flex assays. The experi-
ments were performed following manufacturer’s instructions. Concretely,
after basal measurements, compounds were added sequentially to the
cells as follows. Glycolytic rate assay (Agilent Technologies 103344-100),
10 mm glucose, 0.5 um rotenone, and 50 mm 2-deoxyglucose. Cell Mito
stress assay (Agilent Technologies 103015-100), 1.5 um oligomycin, 1 uM
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carbonyl cyanide-ptrifluoromethoxyphenylhydrazone (FCCP), and 0.5 um
rotenone/actimycin. For Mito fuel flex assay (Agilent Technologies 103260-
100), 2 um UK5099, 3 um bi-2-(5-phenyacetamido-1,2,3-thiadiazol-2-yl)
ethyl sulfide (BPTES), or 4 um Etomoxir were used in different combi-
nations following manufacturer instructions. After normalization to the
protein content, data were analyzed and represented by using the Agilent
Technology software.

Triglycerides, cholesterol, or phospholipids were quantified by triglyc-
eride determination kit (Spinreact 1001310), cholesterol determination kit
(Spinreact 100010193), or phospholipids assay kit (Abcam ab234050), fol-
lowing manufacturer’s instructions. In detail, cells were resuspended in
phosphate-buffered saline (PBS) at different time points after transfection,
as indicated in the corresponding figures. Protein concentration was de-
termined by bicinchoninic acid (BCA) assay and lipids were extracted in
2:1 chloroform:methanol. After normalization of the volumes by protein
concentration, lipid assays were performed and data represented as per-
centage of the controls.

Lipidomic Analysis: 1 x 108 HLF cells were seeded in 6-well plates and
transfected with siControl or siTrip13 as mentioned above. For each sam-
ple, 30 h post-transfection, cells from 2 wells of a 6-well plate were re-
covered in dry ice cooled 80% methanol (1 mL) and immediately stored
at —80° until analysis was performed. Five siControl and five siTrip13
cell samples were homogenized in 80% MeOH with 320 mg glass beads
(0.5 mm, VK-05, PeglLab) using a PeqLab Precellys24 homogenizer. Sam-
ples were cooled to 0-3 °C and homogenized twice at 5500 rpm for 25
with 5 s breaks in-between. The homogenate was further used for three
purposes. First, 250 uL of the homogenate was extracted with methyl-tert-
butyl ether according to the protocol published by Ghorasaini et al.[*!] Sec-
ond, 100 pL of each sample homogenate was pooled to a total volume of
100 pL and extracted in triplicates in the same way as the individual study
samples for quality control purposes. Finally, the cell count was estimated
using DNA levels based on fluorescence labeling with the Hoechst dye (fi-
nal concentration: 20 ug mL~" in PBS) as described by Muschet et al.[#?]
Lipids were quantified using the Sciex Lipidyzer platform as described in
Morigny et al.[#3]

All lipidomic data processing and analyses steps were conducted using
the R Statistical language (version 4.1.0; R Core Team, 2021). Concentra-
tion values were normalized to cell numbers using the results from the
Hoechst assay. A three-step procedure was used to ensure high data qual-
ity: first, lipids containing more than 35% of missing values in the pool
samples were discarded from the data set (n = 480). Furthermore, lipids
having more than 50% of missing values in each study group (siTrip13,
siControl) were discarded (n = 8). In a second step, lipids with a coeffi-
cient of variation >25% in the pool samples were removed from the data
set (n = 11). The last quality control step comprised the calculation of
the dispersion ratio (D-ratio) for each lipid.[“4] All in all, 173 lipids had
a D-ratio larger than 50%, indicating that the variability of lipid species
concentrations in the biological study samples was predominantly based
on technical variance. After the quality control process, 398 lipid species
from 13 lipid classes remained in the data set. Remaining missing val-
ues (n = 140, equivalent to 3.5% of the total data points) were imputed
using the KNN-obs-sel imputation method by Do et al.[*3] with K = 5 near-
est neighbors. The activities of desaturases were estimated by calculating
product-to-precursor ratios as described in Gerl et al.[6]

Antibodies: The following Cell Signaling Technology antibodies were
used: ATM (13934), perilipin-1 (#9349), ACC (#3662), ACLY (#13390), pA-
CLY (#4331), carbohydrate response element binding ptotein (ChREBP)
(#58069), carnitine palmitoyl transferase 1 (CPT1) (#12252), stearyl-
coenzyme A desaturase (SCD1) (#2794), Akt (#4691 or #9272),
pAktS473 (#9271), pAktT308 (#13038), phospho-mammalian target of ra-
pamycin (pmTOR) (#5536), pS6 (#2215), pp70S6K (#9234), pH2Ax
(#9718), pH3 (53348), cyclin B1 (#12231), phospho-insulin receptor
(pINSR) (#3026), cleaved caspase-3 (#9661), actin (#5125), PTEN
(#9188). Plin1 (ab61682), Plin2 (ab108323 and ab52356), Plin3 (ab47638),
Plin4 (ab234752), Plin5 (ab222811), sterol regulatory-element bind-
ing protein (SREBP) (ab28481), Mad2 (ab97777), GFP (ab290), peri-
centrin (ab4448), CD36 (ab133625), tubulin (ab7297), and valosin-
containing protein (VCP) (ab11433) were ordered from abcam, P350 (ATA-
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AMAB91164-100) from Biozol, Trip13 (19602-1-AP) from Proteintech, and
INSR (sc-711), FASN (sc-20140) from SantaCruz Biotech.

Plasmids, Viral Constructs, and RNA Interference: pLKO.T containing
scrambled control shRNA was obtained from Addgene (#1864), pLKO.1
vector sets with shRNA against TRIP13 were obtained from Sigma-
Aldrich. The following clones resulted in strong knockdown of Trip13
and were selected for further experiments: clones TRCN0000022063
and TRCN0000022059 for human TRIP13, TRCN0000319690 for mouse
TRIP13. pLenti6-H2B-mCherry was a gift from Torsten Wittmann (Ad-
dgene plasmid # 89766). pHR_dSV40-Aurora A-GFP was a gift from
Ron Vale (Addgene plasmid # 67924). pEGFP-C1-ADRP was a gift from
Elina lkonen (Addgene plasmid # 87161). pLenti6-ADRP was generated
by subcloning. pBabe puro HA PIK3CA E545K was a gift from Jean Zhao
(Addgene plasmid # 12525). psPAX2 (Addgene plasmid # 12260) and
pMD2.G (Addgene plasmid # 12259), both were a gift from Didier Trono.

ON-TARGETplus siRNAs were from Dharmacon: siControl (D-001810-
01), siTrip13 (L-016262-00), siAurora A (L-003545-01), siACLY (L-004915-
00), SIACC (L-004551-00), SiAGPAT2 (L-003811-00), siCD36 (L-010206-
00), silNSR (L-003014-00), Mad2 (L-003271-00), siPten (L-003023-00),
siMad2 (L-003271-00), siPlin1 (L-019595-01), siPlin2 (L-019204-01),
siPlin3 (L-015979-00), siPlin4 (L-184319-00), siPlin5 (L-033568-01).

Transfection and Infection: For KD experiments using siRNAs, the
different cell lines were transfected in 6-well plates with Lipofectamine
RNAiMax combined with 10 nm of the different ON-TARGETplus siR-
NAs from Dharmacon as indicated. 12 h after transfection, cells were
trypsinized and seeded for the corresponding assays. For siRNA/DNA co-
transfection, cell lines were seeded in 6-well plates and transfected with
Lipofectamine 2000 combined with 10 Nm of the ON-TARGETplus siRNAs
from Dharmacon and 1 ug of plasmid DNA. For lentivirus generation, 1
X 106 HEK293T cells were seeded in 6-well plates in DMEM 10% FBS
the day before transfection. 1 pg of pLenti6-H2B-mCherry, pHR_dSV40-
Aurora A-GFP, pLenti6-ADRP, or pLKO vectors were transfected in the
cells with Lipofectamine 2000 (Invitrogen 11668027), in combination with
1 pg psPAX2 and 100 ng pMD2.G. 48 h later, the supernatant was recov-
ered, filtered, and used to infect the cells.

Quantitative Tagman Reverse Transcriptase-Polymerase Chain Reaction:
Total RNA was extracted from pulverized, homogenized tissue or cultured
cells using Qiazol reagent (QIAGEN, Hilden, Germany) and RNeasy (Qi-
agen, Hilden, Germany). cDNA was prepared by reverse transcription us-
ing the M-MuLV enzyme and Oligo dT primer (St. Leon-Rot, Germany).
cDNA was amplified using assay-on-demand kits, the ABIPRISM 7700 Se-
quence detector (Darmstadt, Germany) and the StepOne Plus software
(Darmstadt, Germany). RNA expression data were normalized to levels of
TATA-box binding protein RNA.

Western Blot Analyses and Immunoprecipitation: Cells were lysed at
4 °C in 300 pL of IP lyses buffer (Pierce 87787) containing protease
(Roche 11697498001) and phosphatase (Roche 04906837001) inhibitors,
and sonicated. Cell extracts were centrifuged 14 000x RPM for 5 min
4 °C and the supernatant collected to protein concentration determina-
tion with BCA protein assay (Pierce 23225). 20 ug of total protein was sub-
jected to SDS-PAGE electrophoresis, and after transfer, membranes were
blocked and incubated overnight at 4 °C with primary antibodies. After
secondary antibody incubation for 1 h at room temperature, signals were
visualized by Chemidoc Image System (BioRad) and ImageLab software
or Odyssey image system (Li-COR) and ImageStudioLite software. For co-
immunoprecipitation of the insulin receptor, 400 pg protein lysate was
precleared with 20 uL of protein A/G agarose beads (SantaCruz biotech
sc-2003). After agarose beads were removed (14 000x RPM 4 °C), super-
natants were incubated with 5 pg of the insulin receptor antibody or GFP
antibody overnight at 4 °C under rotation. On the following day, 20 pL of
protein G agarose beads was added to the samples and incubated for 1h
at 4 °C under rotation. After washing the immune complex 5 times with
lysis buffer, proteins were eluted in glycine pH3.5 and run by western blot.
For co-immunoprecipitation of Mad2, Pierce Co-IP kit (ThermoFisher Sci-
entific 26149) was used following the manufacturer‘s instructions.

Western Blot Quantification: Densitometric quantifications from
Chemidoc Image System (BioRad) acquired images were analyzed with
Image) software and from Imagelab software or Odyssey image system
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(Li-COR) acquired images were analyzed with ImageStudioLite software.
Quantifications of the different proteins were normalized by total protein
for phospho-Akt, by SREBP-P for SREBP-M or by actin for all other proteins
from 3 independent experiments and represented as percentage of the
control in each experimental setting. The quantification of all Western
blots included in the paper are provided in Figures S7-S10 (Supporting
Information) and the Supporting Information figure legends refer to
specific Western blots in the paper.

Immunofluorescence: Immunofluorescence was performed in cells
grown on glass slides (Thermo Fisher FALC354108). After fixation with
4% paraformaldehyde, cells were permeabilized by incubation with 0.5%
Triton X-100 in PBS, 5 min. Blocking was performed with 3% bovine serum
albumin, 0.2% Triton X-100, 0.02% Tween-20 in PBS for 1 h, and the slides
were incubated with primary antibodies (Tubulin, perilipin, Aurora kinase
A, p350) at 4 °C overnight. Slides were incubated with secondary antibod-
ies, donkey anti-rabbit IgG Alexa Fluor 488 or 555 (Thermo Fisher A-21206
and A-31572) and donkey anti-mouse Alexa Fluor 488 or 555 (Thermo
Fisher A-21202 and A-31570) for 1 h at room temperature. Lipids were
stained with Bodipy (Life Technologies D3922), which was added with
the secondary antibodies. All the washing steps were performed at room
temperature for 10 min in 0.2% Triton X-100, 0.02% Tween-20 in PBS.
The slides were mounted with ProLong Diamond Antifade Mountant with
4’ 6-diamino-2-phenylindole (DAPI) (Life Technologies P36962), and pic-
tures were taken using a Laser Scanning Confocal Microscope (Olympus
Fluoview 1200, Olympus, Tokyo, Japan) equipped with an Olympus UP-
lanSApo 60x 1.35 and an UPlanSApo 40x 1.25 Sil Oil immersion objective
(Olympus, 37 Tokyo, Japan).

Live Cell Imaging: Stable cells expressing H2B-mCherry alone or in
combination with Aurora A-GFP were seeded in 8-well p-Slides (Ibidi
80826), 12 h after transfection with siControl or siTrip13 as described
above. Live imaging was performed on a Leica microscope equipped with a
humidity (95%), temperature (37 °C), and CO, (5%)-controlled chamber
(Leica TCS SP5 Confocal, Leica Microsystems). Cell pictures were taken
every minute and used to quantify time from nuclear envelope breakdown
(NEBD) to anaphase or MTOC dynamics. Movies were generated with Im-
age] software.

Human Data: Trip13 mRNA expression levels in human liver sam-
ples shown in Figure 1A were determined using publically available data
(E-GEOD-25097; https://www.ebi.ac.uk/arrayexpress). Gene expression
analysis of Trip13 in human nontumor and HCC tissue samples (Fig-
ure 1C) was performed in a HCC cohort (GSE14520) from the Liver Cancer
Institute and Zhongshan Hospital, Fudan University which was published
previously (GSE14520).147] For western blot analysis (Figure 1D and Fig-
ure S1B (Supporting Information)), 19 liver samples from patients with
HCC (17 male/2 female; mean age 70.9 + 1.3 years) from tumor (T; n =
19) and nontumorous tissue (NT; n = 19) were obtained from patients
undergoing surgical resection for HCC. Matched T and NT tissues were
derived from the same patient. Diagnosis of HCC was made by computed
tomography and by magnetic resonance imaging in selected cases. Sero-
logical markers of hepatitis B virus and hepatitis C virus were assessed
for all patients, as well as anti-human-immunodeficiency-virus, which was
negative for all cases. All patients were treated surgically and received the
same postoperative care by the same team of surgeons in the Charité-
Universititsmedizin Berlin. Diagnosis was confirmed by a histologist and
the surrounding tumor free tissue was also evaluated by the histologist.
The study was approved by the local ethics committee (Ethikkommis-
sion der Charité-Universitatsmedizin Berlin, Germany, Approval Number
EA4/080/14), and patients gave their written informed consent to partici-
pate in the study. HCC was confirmed and graded as poorly (n = 4), mod-
erately, (n = 10), or well differentiated (n = 4) or multifocal (n = 1). Tumor-
surrounding liver tissue samples from the same patients were confirmed
as nontumorous by the histopathologist.

Statistical Analysis:  All data were presented as mean + standard error
of the mean (SEM). Normal variance test was performed before subse-
quence analysis. Comparisons were analyzed using Student’s t-test, one-
or two-way Analysis of variance (ANOVA) using GraphPad Prism (Graph-
Pad Software, San Diego). Differences were considered statistically signifi-
cantatp < 0.05. See individual figure legends for specific statistical details.
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