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Abstract

Background: Fork-head box protein M1 (FOXM1) plays critical roles in development
and progression of multiple cancers, including hepatocellular carcinoma (HCC). How-
ever, the exact regulatory hierarchy of FOXM1 remains unclear. Here, a genome-wide
screen is performed to identify intranuclear proteins that promote FOXM1 transcription
activity via liquid-liquid phase separation (LLPS).

Results: Abnormal spindle-like microcephaly associated (ASPM) is identified to inter-
act with FOXM1 protein via LLPS and enhance its stability by preventing proteasome-
mediated degradation. ChIP-sequencing data show ASPM and FOXM1 co-occupy
the promoters of multiple genes to promote their transcription, enhancing FOXM1-
driven oncogenic progression. In functional experiments, inhibition of ASPM sup-
presses tumor growth of HCC cells in vivo and in vitro, while overexpression of ASPM
has opposite effects. Importantly, reconstitution of FOXM1 partially compensates

for the weakened proliferative capacity of HCC cells caused by ASPM silencing. Intrigu-
ingly, FOXM1 binds to the promoter region of ASPM and transcriptionally activates
ASPM expression in HCC cells. Furthermore, we find that a higher co-expression

of ASPM and FOXM1 significantly correlates with poor prognosis in HCC patients. It
indicates a double positive feedback loop between ASPM and FOXM1 which coordi-
nately promotes the aggressive progression of HCC.

Conclusions: Collectively, we demonstrate that LLPS and transcriptional regulation
form an oncogenic double positive feedback loop between ASPM and FOXM1. This
provides a rationale strategy to treat HCC by targeting this mechanism.

Keywords: Human hepatocellular carcinoma, Double positive feedback loop, Liquid—
liquid phase separation, FOXM1, Protein degradation
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Background

Hepatocellular carcinoma (HCC) is the sixth-most diagnosed cancer and the third major
reason of cancer-associated death worldwide in 2020 [1]. Imbalance of gene regulation
disrupts the homeostasis in liver tissues [2]. In the past decades, a series of transcription
factors, such as c-Myc, YAP1, FOXM1 et al., have been demonstrated to be critical in
HCC pathogenesis [3]. However, the therapeutics based on transcription factors are still
lack and difficult to exploit in HCC [4].

Liquid-liquid phase separation (LLPS) describes the spontaneous demixing of a
homogeneous solution into two or more distinct phases. It occurs when interactions
among subsets of molecules overcome the tendency to remain disordered in solution,
causing these molecules to become enriched in the demixed (condensed) phase and
depleted from the bulk (diffuse) solution [5]. These molecules often exhibit a sticker-
and-spacer configuration [6]. Stickers, also known as domains/motifs interacted with
other biomolecules, are multiple folded binding modules and/or short interaction
sequences. Spacers, also known as intrinsically disordered regions (IDR) in LLPS, are
often unfolded or disordered. “Stickers” are usually separated by “spacers” within a mol-
ecule, achieving multivalency while promoting liquid-like behaviors [5, 6]. During the
LLPS process between proteins with sticker-and-spacer configuration, noncovalent
interactions between “stickers” within and from different proteins will lead to the forma-
tion of reversible physical crosslinks firstly, and then the “spacers” hinged together [6].
It suggests that protein—protein interaction analysis (e.g., molecular docking) remains
valuable in prediction of LLPS between intrinsically disordered proteins (IDPs).

LLPS is widely observed to directly regulate key cellular processes, including tran-
scriptional regulation [7], proteasomal degradation [8], and so on. Although Trojanowski
et al. claimed that transcription activation is enhanced by multivalent interactions inde-
pendent of phase separation [9], more and more papers illustrated LLPS are involved
in transcriptional regulation, especially toward transcriptional activation [10-12]. Boija
A et al. found that, under physiological conditions, activation domains from multiple
transcription factors form phase-separated condensates with mediator to activate gene
expression [10]. Zhang et al. demonstrated that, during acute stress, heat-shock tran-
scription factor 1 (HSF1) forms LLPS condensates at heat-shock-protein gene loci and
promotes their transcription [11]. Recently, Liu et al. uncovered the feasibility of using
phase-separation proteins to assist in the enhancement of gene expression, via develop-
ing CRISPR-assisted transcription activation system by phase-separation proteins [12].
In HCC, Liu et al. reported that accumulated glycogen undergoes phase separation to
suppress Hippo signaling in HCC-initiating cells [13]. However, more mechanisms of
LLPS involved in development and progression of HCC are still unclear.

Forkhead box protein M1 (FOXM1) is a member of the forkhead box transcription
factor family that plays critical roles in mitosis, DNA damage repair, and tissue regen-
eration by binding to classical binding motifs on the promoter region of target genes
and transactivating downstream genes [14, 15]. In recent years, a growing body of evi-
dence has demonstrated that FOXM1 widely regulates multiple malignant behaviors in
cancers, including unlimited cancer cell proliferation, radiotherapy and chemotherapy
resistance, metabolic reprogramming, angiogenesis, and so on [16]. It has been docu-
mented that FOXM1 is essential for development and progression of many types of solid
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tumors. Aberrantly high activation of a FOXM1-driven signaling is frequently associated
with poor prognosis in cancer patients [16]. Recently, in the process of deeply under-
standing the underlying mechanism of FOXM1-driven oncogenic progression, it was
reported that FOXM1 cooperates with oncogenic transcription factor YAP1 to contrib-
ute to chromosome instability in hepatocarcinogenesis [17]. In addition, we also showed
that FOXM1-mediated transcriptional activation of CCNB1 and STMNT1 could be the
more precise biomarkers for prognostic prediction in human hepatocellular carcinoma
[18, 19]. Collectively, the global identification of the FOXM1-involved network provides
a significant guidance for clinical application including prognostic analysis and cancer
treatment. However, on the other side of a coin, the upstream regulatory mechanism of
FOXM1 itself is still an open issue waiting for absolute investigation.

The abnormal spindle-like microcephaly associated (ASPM), the human ortholog of
the Drosophila melanogaster “abnormal spindle” gene (asp), encodes ASPM which local-
izes at the centrosome of apical neuro progenitor cells and is involved in spindle pole
positioning during neurogenesis [20]. Loss-of-function mutations in ASPM are associ-
ated with microcephaly primary type 5, which affects the majority of all microcephaly
primary hereditary (MCPH) patients worldwide [21]. In addition, ASPM, as a scaffold
protein, promotes the recruitment of TopBP1 and RAD9 on replication forks, thus pro-
moting the activation of ATR-CHKI1 signal axis under replication stress. At the same
time, ASPM recruited blocked replication forks to protect newly synthesized DNA
strands from being degraded by nuclease MRE11, thus maintaining the stability of repli-
cation forks and ensuring the stability of genome to avoid the occurrence of tumors and
other diseases [22]. Strikingly, a large number of works in recent years have reported
that an aberrantly high level of ASPM is a biomarker for aggressive progression and poor
prognosis in many types of solid tumors, including liver cancer [23], gastric cancer [24],
pancreatic cancer [25], prostate cancer [26], and glioma [27]. Among all documented
types of cancers, HCC was firstly reported to be related with ASPM [23]. It was found
that a high level of ASPM is an indicator of vascular invasion, early recurrence, and
poor prognosis in HCC [23]. However, the functional role and regulatory mechanism
of ASPM in malignant diseases are still ambiguous. Until recently, it has been identi-
fied that ASPM isoforms showed remarkably different subcellular location. Specifically,
ASPMH-iI is exclusively localized to the cytoplasm of pancreatic cancer cells and gastric
cancer cells, while ASPM-ill is predominantly expressed in the cellular nucleus [28].
Mechanistically, Tsai Lab identified that cytoplasm-localized ASPM isoform interacts
with disheveled (Dvl) family members to augment -catenin-dependent oncogenic acti-
vation [24-26, 29]. Importantly, the amino acid sequence of ASPM-ill contains three
specific nuclear localization signals and is thought to selectively regulate the expression
of cell cycle-related molecules in the cellular nucleus to promote cell proliferation [30].
Most cell cycle-related molecules are believed to be closely associated with tumorigen-
esis and progress in malignant disease. However, as an important participant in cell cycle
progression, how cellular nucleus-localized ASPM regulates tumorigenesis and aggres-
sive progress in HCC has not been clearly reported.

In this study, we identify that ASPM physically interacts with FOXM1 and induces
liquid-liquid phase separation in the cellular nuclei of HCC cells, leading to increased
stability of FOXM1 proteins by preventing proteasome-mediated degradation.
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Furthermore, ASPM and FOXM1 coordinately promote a FOXM1-driven oncogenic
progression in HCC cells. Intriguingly, FOXM1 transcriptionally activates the expres-
sion of ASPM. These findings indicate that a double positive feedback loop between
ASPM and FOXM1 coordinately promotes the aggressive progression in HCC.

Results

A genome-wide screen identifies potential intranuclear partner components in phase
separation for boosting FOXM1 during hepatocellular carcinoma progression

To investigate significance of nuclear translocation of FOXM1 in the progression of
hepatocellular carcinoma, we collected HCC tissues with different stages and adjacent
normal tissues from the clinic (Additional file 1: Table S1). Immunohistochemical (IHC)
staining assays displayed that H-Score ratio between nuclear and total FOXM1 signifi-
cantly elevated with advanced progression of HCC (Fig. 1A, Additional file 1: Fig. S1A).
Previous studies reported that nuclear translocation of FOXM1 is mediated by a serial
of kinases, such as CDK4/6 and PLK1 [31, 32]; however, none of them were elevated sig-
nificantly with advanced progression of HCC by bioinformatic analysis in TCGA-LIHC
data (Additional file 1: Fig. S1B). Accordingly, some unknown mechanisms might be
involved in nuclear localization of FOXM1 in HCC.

It has been demonstrated that liquid—liquid phase separation drives cellular function
and dysfunction in cancers by forming intracellular biomolecular condensates, espe-
cially in the nucleus [5, 33, 34]. We supposed that phase separation might be involved in
FOXM1 transcription activity and consequent progression of HCC in the nucleus, and
we performed a genome-wide screen as depicted in Fig. 1B. All 5654 nucleus-located
genes were screened by GSEA assays one by one, and 175 genes were positively rela-
tive to a widely accepted FOXM1 downstream gene set [35]. Then, all the 175 candidate
genes were evaluated by PhaSePred [36], an online meta-predictor for phase-separating
proteins, 5 genes were filtered out with high partner-dependent phase-separating (PS-
Part) score and low self-assembling phase-separating (PS-Self) score. Among them,

(See figure on next page.)

Fig. 1 A genome-wide screen identifies ASPM involved in phase separation of FOXM1 in nucleus and
promoting transcription activity of FOXM1 in HCC. A Relative FOXM1 signaling between nuclear and total
cells in different-stage clinical HCC samples by immunohistochemical staining assays. B Schematic depiction
of the genome-wide screen. All 5654 nucleus-located genes (data from Uniprot) were screened by GSEA
assays one by one, and 175 genes were positively relative to a widely accepted FOXM1 downstream gene
set. Then, all the 175 genes were evaluated by PhaSePred, an online meta-predictor for phase-separating
proteins, 5 genes were filtered out with high partner-dependent phase-separating (PS-Part) scores and

low self-assembling phase-separating (PS-Self) scores. C Confocal microscopy images of condensates
formation in cells after transfection GFP-FOXM1 and indicated genes. The scale bar is 5 um. D The expression
plasmids ASPM-mCherry and FOXM1-GFP were co-transfected in HEK-293 T cells. Co-IP experiments were
performed to test the interaction of these two molecules. After immunoprecipitation with an anti-mCherry
tag or anti-GFP tag antibody, the immunoprecipitation was analyzed for mCherry(-ASPM) and GFP(-FOXMT1)
by immunoblotting, respectively. E The localization of ASPM and FOXM1 in HCC tissues was analyzed by
immunofluorescence. The nuclei (blue) were stained with DAPI, the ASPM (green) was labeled with Alexa
Fluor 488, and the FOXM1 (red) was labeled with Alexa Flour 555. The scale bars are 50 um (top) and 10 um
(bottom). F Molecular docking analysis between ASPM and DNA binding domain (DBD) of FOXM1 by ClusPro
server. G Genomic distribution and top enriched motifs of ASPM (n =437,295) ChlIP-seq peaks in HepG2
cells. H Genomic distribution and top enriched motifs of FOXM1 (n =159,359) ChIP-seq peaks in HepG2 cells.
1 Venn diagrams showing overlap between ASPM-associated and FOXM1-associated genes in ChiP-seq
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Fig. 1 (Seelegend on previous page.)

ASPM, the abnormal spindle-like microcephaly-associated protein, ranked one of the
top candidates (Additional file 1: Table S2). Furthermore, these 5 candidate genes were
co-transfected with GFP-FOXM1 in HEK-293 T cells, respectively, and only Aspm-ill
(the isoform located in nucleus, named ASPM in short later) triggered condensates for-
mation of FOXMLI in the nucleus (Fig. 1C). It indicated that ASPM might play a critical
role in triggering LLPS of FOXM1 in HCC.

Furthermore, we performed co-immunoprecipitation (co-IP) assays to investigate
whether ASPM interacts with FOXM1 in HCC. As shown in Fig. 1D and Additional
file 1: Fig. S1C, ASPM and FOXM1 interact with each other in HCC cells and tumor
tissues, respectively. In addition, data of the immunofluorescent staining also showed
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obviously co-localization of ASPM and FOXML1 in the cellular nucleus. It was not only
in HCC cell lines (Additional file 1: Fig. S1D), but also in sections from clinical tumor
samples (Fig. 1E). Given that the crystal structure of ASPM has not been resolved, we
predicted it by AlphaFold, a powerful tool that could predict protein structure closely
to crystal structure data [37, 38]. Then, the molecular docking assay testing interaction
between ASPM and FOXM1 was performed by ClusPro, and the molecular visualization
results showed that there are dozens of amino acid residues of ASPM that is involved
in binding to residues in FOXM1 through hydrogen bond interactions (Fig. 1F, Addi-
tional file 1: Fig. S2C and Additional file 1: Table S3). Above results indicated that ASPM
can interact directly with FOXM1 in nuclei of HCC cells. More importantly, analysis of
nuclear and cytoplasmic fractions showed that knockdown of ASPM decreases the ratio
of nuclear to cytoplasmic FOXM1 (Additional file 1: Fig. S1E-F), while overexpression
of ASPM increases the ratio of nuclear to cytoplasmic FOXM1 in HCC cells (Additional
file 1: Fig. S1G).

Next, we wondered if interaction between ASPM and FOXM1 can promote FOXM1-
driven gene expression. Given that ASPM has no obviously known DNA binding
domain, if ASPM could interact with FOXM1 and promote FOXM1’s transcriptional
activity, these two molecules should have the similar pattern on the genomic occupancy.
Thus, we performed ChIP-seq assay in HCC cells by using ASPM and FOXM1 antibody,
respectively. As shown in Fig. 1G, H, a total of 437,295 binding peaks (10,765 genes
involved) were detected in the ASPM ChIP-seq data and 159,359 peaks (7827 genes
involved) in the FOXM1 group. As expected, the genomic distribution and Gene Ontol-
ogy (GO) enrichment analysis of ASPM and FOXM1 binding peaks were significantly
similar (Fig. 1G, H and Additional file 1: Fig. SIH). Importantly, the great majority of
ASPM annotated genes overlapped with FOXM1-bound genes (Flg. 1I), and the clas-
sical binding motif of FOXM1 was also found among the predicted binding motifs of
ASPM (Fig. 1G, H). Furthermore, we then performed ChIP-qPCR to test the predicted
downstream genes that can be coordinatively regulated by ASPM and FOXM1 in HepG2
cancer cells. As shown in Additional file 1: Fig. S1I, the binding capacity of ASPM on the
genomic loci of CCNE1 and SOX2, classical downstream genes of FOXMI, is signifi-
cantly dampened with the downregulation of endogenous FOXM1 expression.

Taken together, ASPM was screened and confirmed to interact with FOXM1 and aug-
ments its transactivation in the human hepatocellular carcinoma cells.

FOXM?1 interacts and forms dynamic condensates with ASPM

To investigate whether the interaction of FOXM1 and ASPM trigger liquid—liquid phase
separation, we conducted super-resolution microscopic observations on cells transfected
with green fluorescent protein-FOXM1 (GFP-FOXM1) and mCherry-ASPM. Compared
to cells transfected with GFP-FOXM1 or mCherry-ASPM alone, cells transfected with
GFP-FOXM1 and mCherry-ASPM showed more significant droplet-like condensates in
the nuclei (Fig. 2A, B). Compared with solid-like condensates, liquid-like condensates
are more dynamic with rapid fluorescence recovery after photo bleaching (FRAP). Live-
cell imaging revealed discrete nuclear puncta in the region of FOXM1-ASPM drop-
lets (Fig. 2B right). These FOXM1-ASPM puncta recovered fluorescence rapidly and
exhibited liquid-liquid-like properties (Fig. 2C). Super resolution imaging showed that
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endogenous FOXM1 and ASPM formed small condensates in cells, and colocalized con-
densates were observed. Removing either FOXM1 or ASPM significantly affected the
formation of the condensates (Fig. 2D). These data identified the dynamic and reversible
properties of FOXM1-ASPM condensates in cells.

Next, to explore the structural basis of FOXM1-ASPM condensates, we analyzed the
amino acid sequences of the two proteins (Fig. 2E and Additional file 1: Fig. S2A-B). The
N- and C-terminal of FOXM1 and the N-terminal of ASPM were predicted as intrin-
sic disordered regions (IDRs). As shown in the confocal microscopy assay, either the
depletion of IDRs in FOXM1 or ASPM disrupted condensate formation, indicating that
the predicted IDRs contribute to phase separation of ASPM and FOMX1 in HCC cells
(Fig. 2F). Furthermore, the absence of predicted FOXM1 interaction region impaired
condensate formation (FOXM1 N-IDR and FOXM1 C-IDR, in Fig. 2E, F), indicating that
the interaction between FOXM1 and ASPM is essential for condensate formation.

To further confirm the biological contribution of ASPM on LLPS of FOXM1, we fused
IDR of ASPM to the N-terminal of CDK6, a FOXM1 interacting protein. As shown in
Fig. 2G, CDK6 alone did not trigger condensate formation of GFP-FOXM1, while the
fusion protein of CDK6 and ASPM IDR triggered condensate formation of GFP-FOXM1
in HEK-293 T cells. Collectively, these observations revealed a multivalent interaction
model that the interaction between the FOXM1 and ASPM is a prerequisite for con-
densate initiation, and the weak promiscuous interactions between the IDRs of both
FOXM1 and ASPM promote condensate formation.

ASPM enhances FOXM1 protein stability by preventing proteasome-mediated degradation
To further identify the regulatory mechanism of ASPM on FOXM1, we used two inde-
pendent siRNAs to knock down ASPM in SNU-739 and HepG2 cell lines (Additional
file 1: Fig. S3A-B). As shown in Fig. 3A, knockdown of ASPM reduced the protein level
of FOXM1 in SNU-739 and HepG2 cells; furthermore, significant decrease also be
observed in classic downstream genes of FOXM]1, such as Cyclin E1, SOX2 (Fig. 3B).
However, there is no obvious change on the RNA level of FOXM1 in both tested cell
lines (Fig. 3C), indicating that ASPM-mediated regulation FOXM1 may be in a post-
transcriptional manner.

(See figure on next page.)

Fig. 2 FOXM1 interacts and forms dynamic condensates with ASPM. A Confocal microscopy images of
condensate formation in HepG2 cells. The scale bar is 2 um. B Line scan analysis results of fluorescence
intensity along the indicated lines in Fig. 2 A are shown. C Top: quantification of FRAP data for GFP-FOXM1
droplets. The bleaching event occurs at t=0s. Mean &= SEM. n = 3. Bottom: representative images of
fluorescence recovery. The scale bar is 2 um. D TOP: structured illumination microscopy analysis of
endogenous FOXM1 and ASPM localization in HepG2 cells. Middle and bottom: the fluorescence images with
knocking down FOXM1 or ASPM. The scale bar is 5 um. E Protein structure and IDR analysis of FOXM1 (left)
and ASPM (right). The scores above 0.5 indicate disorder. The representative diagrams indicating the major
domains of full-length FOXM1 and ASPM and the truncated constructs are shown below. FL, full length; DB,
DNA binding; IDR, intrinsically disordered regions; CH, Calponin-homology; IQ, IQ protein domain. F Confocal
microscopy images of condensates formation in HepG2 cells transfected with the indicated constructs. Line
scan analysis results of fluorescence intensity along the indicated lines are shown on the right. The scale bar is
5 um. G Confocal microscopy images of condensates formation in HepG2 cells transfected with GFP-FOXM1
and indicated constructs. Line scan analysis results of fluorescence intensity along the indicated lines are
shown on the right. The scale bar is 5 um
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Fig. 3 ASPM increases the protein stability of FOXM1 in a proteasome-dependent manner. A ASPM-targeted
siRNAs were transfected into the HCC cell line SNU-739 and HepG2. ASPM silencing effect was tested by
Western blot. B Western blot was performed to detect the protein levels of the classical downstream genes
of FOXM1, including cyclin E1, SOX2, and XIAP in ASPM-knockdown HCC cells. C The gRT-PCR assays were
performed to detect the mRNA levels of ASPM and FOXM1 in ASPM-knockdown cell lines. The data were
presented as the mean = SD of three independent experiments. The significance was analyzed by the
one-way ANOVA. ns, no significance; ***p <0.001. D SUN-739 cells were transfected with the indicated siRNAs
for 48 h. CHX (50 pg/mL) was then added at 0, 6, 12, 18, and 24 h. Lysates were collected at the indicated time
points and immunoblotted with FOXM1, ASPM, and GAPDH antibodies. The average gray density of FOXM1/
GAPDH was quantified by software ImageJ and graphed. The experiments were performed in triplicates. E
Western blot was used to detect the expression of FOXM1 in HCC cells treated with the lysosome inhibitor
Bafilomycin A1 (BafA1, 250 nM) and proteasome inhibitor MG132 (20 uM) for 12 h, respectively. GAPDH
protein was detected as a loading control. F SNU-739 cells were transfected with ASPM siRNAs for 48 h.

CHX (50 pg/mL) and MG132 (20 uM) were then added at 0, 6, 12, 18, and 24 h. Lysates were collected at the
indicated time points and immunoblotted with the indicated antibodies. The average gray density of FOXM1/
GAPDH was quantified by software ImageJ and graphed. The experiments were performed in triplicates. G
Line chart statistics for Fig. 2 D (left) and 2F (right). Dotted lines indicate half-life of FOXM1. The significance
was analyzed by Student’s t test. ***p <0.001. H ASPM-overexpressing cell lines were established using the
expression plasmids. The ubiquitination status and the protein level of FOXM1 were detected by Western blot

Therefore, we used cycloheximide (CHX) to block the biosynthesis of new proteins
and to further confirm the effect of ASPM knockdown on the protein level of FOXM1.
The half-life of FOXM1 protein was significantly reduced in ASPM-KD cells with the
treatment of CHX (Fig. 3D and Fig. 3G left). To further analyze the form of protein
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degradation of FOXM1 in ASPM-KD cells, we especially focused on the lysosome and
proteasome-mediated protein degradation. Bafilomycin Al (BafAl) and MG132 are
small molecular inhibitors of these two protein-degradation signaling pathways, respec-
tively. It was found that MG132, but not BafA1, elevates protein level of FOXM1 in HCC
cells (Fig. 3E), indicating that proteasome-mediated degradation is a dominant regula-
tory mechanism on the protein level of FOXM1. More importantly, MG132 almost com-
pletely eliminates the effect of silencing of ASPM on regulation of the FOXM1 protein
level (Fig. 3F and 3G right). And as expected, ubiquitination of FOXM1 was significantly
reduced in ASPM-overexpressing HCC cells (Fig. 3H). In summary, these results suggest
that ASPM promotes accumulation of FOXM1 by inhibiting its proteasome-mediated
degradation.

ASPM is required for survival and proliferation of HCC cells in vitro

To investigate the potential role of ASPM in the pathogenesis of human hepatocellu-
lar carcinoma, we designed both the loss-of-function and gain-of-function experiments.
Firstly, we used two independent siRNAs to knock down ASPM in SNU-739 and HepG2
cells and overexpressed ASPM in MHCC-LM3 cells, respectively. The efficiencies of
gene interference and overexpression were confirmed by western blot and qRT-PCR
(Additional file 1: Fig. S3A-B). Based on these manipulations, we tested the effect of
ASPM on survival and proliferation in HCC cells. As shown in Fig. 4A, the cell viability
was significantly reduced with ASPM silencing as determined by CCK-8 assays in HCC

(See figure on next page.)

Fig. 4 ASPM is essential for proliferation of HCC cells in vitro and in vivo. A Cell viability of SNU-739 and
HepG2 cells, transfected with siRNAs targeted ASPM (siASPM) or negative control (siControl), was detected
by cell counting-8 kit (CCK-8). The data were presented as the mean £ SD of three independent experiments.
The significance was analyzed by one-way ANOVA. ***p <0.001. B Cell viability of MHCC-LM3 cells, transfected
with ASPM-overexpression vector or empty vector (EV), was detected by cell counting-8 kit (CCK-8). The
data were presented as the mean =+ SD of three independent experiments. The significance was analyzed

by Student’s t test. ***p < 0.001. C Plate clone formation assay of SNU-739 and HepG2 cells, transfected

with siRNAs targeted ASPM (siASPM) or negative control (siControl), was performed. Clone numbers

were measured by ImageJ software. The data were presented as the mean = SD of three independent
experiments. The significance was analyzed by one-way ANOVA. ***P <0.001. D Plate clone formation assay
of MHCC-LM3 cells, transfected with ASPM-overexpressed vector or empty vector (EV), was performed.
Clone numbers were measured by ImageJ software. The data were presented as the mean & SD of three
independent experiments. The significance was analyzed by Student’s t test. ***p < 0.001. E Cell proliferation
of HCC cells was detected by EdU staining. The scale bar is 50 um. F Statistics of EJU cell proliferation data in
Fig. 2E. The cell rate was the ratio between the number of EdU-stained cells and the total cells. The data were
presented as the mean = SD of three independent experiments. The significance was analyzed by one-way
ANOVA. *p <0.05.G The SNU-739 cells were stably infected with lentivirus expressing the shRNAs targeting
ASPM and the control shRNA, respectively. And then, stable clones were injected subcutaneously into the
back of 8-week-old nude mice to grow tumors. Subcutaneous tumors were stripped and photographed
after injection for 5 weeks. H The mice were sacrificed after 5 weeks and tumors were removed to measure
the weight. The data were presented as the mean = SD. The significance was analyzed by one-way ANOVA.
*p <001, **p<0.001.1 The tumor volume was measured and calculated by V=0.5 x Length x Width?.

The data were presented as the mean =% SD. The significance was analyzed by one-way ANOVA. **p <0.01,
***p<0.001.J Survival curve of mice bearing xenografts was recorded. Mice with a tumor volume greater
than 600 mm? were considered dead K Ki-67 expression of the tumor tissues was detected by IHC and the
percentage of positive cells was calculated by ImageJ IHC Profiler. The scale bar is 100 um. The data were
presented as the mean = SD of three different fields of view at low magnification (x 40). The significance was
analyzed by one-way ANOVA. ***p <0.001. L The protein levels of ASPM and FOXM1 in subcutaneous tumors
were detected by Western blot
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cells. And the similar results were also observed in the clone formation assays (Fig. 4C).
Vice versa, overexpression of ASPM in MHCC-LM3 cells enhanced HCC cell prolifer-
ation and clone formation (Fig. 4B, D). Additionally, EAU incorporation assay showed
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that silencing of ASPM reduces the proliferation capacity in SNU-739 cells (Fig. 4E, F),
whereas overexpression of ASPM enhances the proliferation capacity of MHCC-LM3
cells (Additional file 1: Fig. S3C) in vitro. Collectively, the above data demonstrate that
ASPM is required for survival and proliferation of HCC cells in vitro.

ASPM is essential for tumor growth in vivo

To investigate the oncogenic roles of ASPM in vivo, we established a nude mouse xeno-
graft model by subcutaneously injecting SNU-739 HCC cells. As shown in F4g. 4G-],
ASPM-deficient tumors had much lower levels in tumor volume, tumor weight, and
tumor growth rate compared with the control ones. Moreover, the survival rate of mice
with ASPM-deficient xenograft was significantly higher than the control group (Fig. 4]).
In addition, with knockdown of ASPM, the signals of Ki-67 staining in tumor tissue sec-
tions were significantly reduced (Fig. 4K). Finally, the expression of FOXM1 was almost
undetectable in ASPM-deficient tumors (Fig. 4L). All these results suggest that ASPM
knockdown suppresses tumor growth and further confirm the essential role of ASPM in
advanced progression of HCC in vivo.

Re-constitutive expression of FOXM1 weakens ASPM-deficiency induced suppression

on HCC growth

To explore the role of FOXM1 in ASPM-involved tumor cell proliferation, we reintro-
duced exogenous FOXM1 in ASPM-KD cells (Fig. 5A, B). The result of CCK8 assay
showed that knockdown of ASPM significantly decreases cancer cell viability; however,
this trend of inhibited proliferation is as expected reversed by re-constitutive expres-
sion of FOXM1 (Fig. 5C). Similar phenomena were also observed in the clone formation
assay and EdU incorporation staining (Fig. 5D, E). Our results demonstrate that re-con-
stitutive expression of FOXM1 weakens ASPM-deficiency induced suppression on HCC
growth and emphasizes the critical role of FOXM1 in ASPM-involved tumor growth.

ASPM and FOXM1 are coordinately expressed in HCC

According to our above findings that ASPM interacts with FOXM1 and enhances the
FOXM1 protein stability by preventing proteasome-mediated degradation, we proposed
a proper scenario that ASPM and FOXM1 may be coordinately expressed in HCC. To
test this hypothesis, we performed immunohistochemistry (IHC) to investigate the
expression of ASPM and FOXM1 in clinical samples of HCC and adjacent normal tissues
used in Fig. 1A. The result showed a similar expression pattern of ASPM and FOXM1 in
tumor tissues (Fig. 6A,B and Additional file 1: Fig. S4A).

Intriguingly, using the online tools to analyze the expression pattern of ASPM and
FOXM1 in serials of independent clinical cohorts, we found that the mRNA levels of
ASPM and FOXM1 are frequently co-expressed in almost all types of solid tumors,
including hepatocellular carcinoma (Oncomine for Fig. 6C, GEO and TCGA for Fig. 6D
and GEPIA for Additional file 1: Fig. S4B). Furthermore, it was observed that mRNA
levels of ASPM and FOXM1 have a closely positive correlation in all solid tumor samples
from the TCGA database, especially in HCC (Fig. 6E). In addition, the similar expression
pattern of ASPM and FOXM1 in protein and mRNA levels were also tested in multiple
HCC cell lines (Fig. 6F and Additional file 1: Fig. S4C-D). Taken together, we found that
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The significance was analyzed by one-way ANOVA. ns, no significance; **p <0.01; ***p <0.001. D Plate clone
formation assay was performed and the number of clones was measured by ImageJ software. The data were
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Fig. 6 Coordinated expression of ASPM and FOXM1 in HCC. A Protein levels of FOXM1 and ASPM in HCC
samples were analyzed by IHC. The scale bar is 50 um. B Protein levels (H-Score) of FOXM1 and ASPM in
tumor and adjacent normal tissues were analyzed by IHC. The significance was analyzed by Student'’s t test.
**p<0.01, ****p<0.0001. C Analysis of the mRNA levels of ASPM and FOXM1 (cancer vs. normal) in multiple
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GSE14520) and TCGA dataset of HCC. The data were presented as the mean =+ SD of different samples. The
significance was analyzed by Student’s t test. ***p < 0.001, ****p < 0.0001. E The correlation of FOXM1 and
ASPM expression in 31 solid tumors (including ACC, BLCA, BRCA, CESC, CHOL, COAD, ESCA, GBM, HNSC,
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correlation of FOXM1 and ASPM expression in LIHC (n=374) TCGA data (right). F The correlation between the
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ASPM and FOXM1 are not only closely correlated in the protein levels, but also have a
positive relationship in the mRNA levels in HCC cells.

Reciprocal regulation of ASPM and FOXM1 forms a double positive feedback loop in HCC
cells

According to above findings, we hypothesized that there is a double positive feedback loop
between ASPM and FOXM1 in HCC cells. To test this hypothesis, we transiently trans-
fected the exogenous CDS region of ASPM in the HCC cells. Then we designed one pair
of qPCR primers, covering the 3'UTR region of ASPM, to detect its endogenous level
(Additional file 1: Fig. S5A). The qRT-PCR assay showed that the endogenous ASPM is
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upregulated with the expression of exogenous expression of ASPM CDS (Fig. 7A). In addi-
tion, we also found that the half-life of total (endogenous and exogenous) FOXM1 is sig-
nificantly extended with the overexpression of exogenous FOXM1 (Fig. 7B and Additional
file 1: Fig. S5B). These results indicated that a double positive feedback loop can promote
the expression of ASPM and FOXM1 in HCC cells. Given that the interaction between
ASPM and FOXM1 augments FOXM1’s transactivation capability in HCC cells, we sup-
posed that FOXM1 might be the upstream regulator of ASPM in HCC cells. As shown
in Fig. 7C, D, knockdown of FOXM1 decreases both the protein and the mRNA level of
ASPM in SNU-739 and HepG2 cell lines. To further identify the regulatory mechanism
of FOXM1 on the expression of ASPM, we searched the public ChIP-seq database and
observed a remarkable FOXM1 binding peak in the proximal region of the ASPM genomic
locus (Additional file 1: Fig. S5C). In addition, we cloned the canonical promoter region of
ASPM (—2000 bp to+ 500 bp) to validate the FOXM1-medaited transactivation on ASPM.
As shown in Fig. 7E, F, overexpression of FOXM1 significantly activates the luciferase activ-
ity of the wild-type ASPM promoter. Subsequently, based on the canonical binding motifs
of FOXM1 on the target genomic loci, we analyzed the putative binding site of FOXM1
on ASPM promoter and accordingly designed the ChIP-qPCR primers (Fig. 7E). ChIP-
qPCR assay showed that FOXM1 significantly interacts with the promoter region of ASPM
(— 1354 to — 1348 bp, — 374 to — 368 bp and + 111 to+ 117 bp) (Fig. 7G). Taken together, we
demonstrated FOXM1 transcriptionally upregulates ASPM and revealed a double positive
feedback loop between ASPM and FOXM1 in HCC cells.

Co-overexpression of ASPM and FOXM1 is closely related to poor prognosis in HCC

To investigate the clinical significance of an ASPM-FOXM1 feedback loop in progression of
HCC, we used the GEPIA tool (http://gepia.cancer-pku.cn/index.html) to mine the bioin-
formatics data integrated in the TCGA resources according to ASPM and FOXM1 expres-
sion. The result showed that patients bearing solid tumors with high levels of ASPM or
FOXML1 have lower overall survival rate and disease-free survival rate (Fig. 8A), including
HCC (Fig. 8B). To further investigate the effect of co-overexpression of ASPM and FOXM1
on HCC progression, we analyzed the expression status of ASPM and FOXM1. The LIHC
patients in TCGA were divided into four groups: (1) FOXM1 High / ASPM High (2) FOXM1
High ) ASPM ¥, (3) FOXM1 " / ASPM "igh and (4) FOXM1 ¥ / ASPM “°¥. The result
showed that patients bearing FOXM1 High / ASPM Migh HCC have much shorter overall sur-
vival (p<0.01) than patients whose tumors overexpressed either or neither of ASPM and
FOXM1 (Fig. 8C). Moreover, we analyzed the relationship between these molecules and the
clinical stages of HCC in the TCGA dataset. With the continuous increase of tumor stage,
the expression of ASPM and FOXM1 are gradually increased (Fig. 8D). Collectively, all data
here are in accordance with the existence of an ASPM-FOXM1 double positive feedback
loop and reveal the prognostic value of the combined utilization of ASPM and FOXM1.

Discussion

Fork-head box protein M 1 (FOXM1) belongs to the Fox superfamily characterized by
a conserved winged helix DNA-binding domain and is a master regulator in the cell
cycle signaling network [39]. It has three different isoforms, and among them, FOXM1b
(known as FOXM1) is the mostly reported functional transcription factor in multiple
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Fig. 7 FOXM1 transcriptionally activates ASPM in HCC cells. A The HCC cell line HepG2 was used to establish
ASPM-overexpressing cells by lentivirus infection. Total and endogenous ASPM mRNA levels were detected
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by gRT-PCR, via the primers at CDS or 3'UTR region in ASPM mRNA (shown in Additional file 1: Fig. S5A).
ASPM OE, overexpression of ASPM. EV, empty vector. B HepG2 cells were transfected with the indicated
plasmids for 48 h. CHX (50 ug/mL) was then added at 0, 6, 12, 18, and 24 h. Lysates were collected at the
indicated time points and immunoblotted with the indicated antibodies. FOXM1 OFE, overexpression of
FOXM1. EV, empty vector. C The SNU-739 and HepG2 cells were used to establish FOXM1-knockdown cells
by lentivirus mediated shRNA delivery system. The protein levels of FOXM1 and ASPM were detected using
Western blot. D The gRT-PCR assay was performed to detect the mRNA expression of ASPM and FOXM1 in

FOXM1-knockdown cells. The data were presented as the mean =4 SD of three independent experiments. The

significance was analyzed by one-way ANOVA. **p <0.01, ***p <0.001. E The binding regions of FOXM1 on
ASPM promoter were predicted by bioinformatics. TSS, Transcriptional Start Site. F Dual luciferase reporter
assay of FOXM1 and ASPM promoter. The data were presented as the mean 4 SD of three independent
experiments. The significance was analyzed by Student’s t test. **p <0.01. FOXM1 OE, overexpression of
FOXM1. BV, empty vector. G The ChIP-gPCR was used to determine the direct binding of FOXM1 on the

promoter region of ASPM in SNU-739 cell lines. Design primers according to Fig. 7E. The data were presented
as the mean = SD of three independent experiments. The significance was analyzed by Student's t test. ns, no

significance; **p <0.01; ***p <0.001
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Fig. 8 The high activation of ASPM-FOXM1 double positive feedback loop is a risk of poor prognosis for

HCC patients. A Overall survival and disease-free survival rate of 31 solid tumors (including ACC, BLCA, BRCA,
CESC, CHOL, COAD, ESCA, GBM, HNSC, KICH, KIRC, KIRP, LGG, LIHC, LUAD, LUSC, MESO, OV, PAAD, PCPG, PRAD,
READ, SARC, SKCM, STAD, TGCT, THCA, THYM, UCEC, UCS, and UVM) from TCGA database were analyzed using
the GEPIA platform; n =9494. B Overall survival and disease-free survival rate of LIHC from TCGA database
were analyzed using the GEPIA platform; n =364. C Overall survival rate of LIHC from the TCGA dataset was
analyzed according to the mRNA levels of ASPM and FOXM1. ASPM High / FOXM1 High (n=133); ASPM High
/FOXM1 Low (n =21); ASPM Low /FOXM1 High (n =22); ASPM Low /FOXM1 Low (n=118). D The mRNA
levels of ASPM and FOXM1 in different stages of HCC. The significance was analyzed by one-way ANOVA. ns,
no significance; **p <0.01; ***p <0.001. E A working model of this study

biological effects [40]. It has been demonstrated that FOXM1 plays a crucial role in
mammalian cell division by stimulating expression of genes necessary for cell cycle
progression. Several genes that regulate G2/M progression are critically dependent on
FOXM1, and cells lacking FOXM1 fail to enter M phase [14]. Although overexpres-
sion of FOXM1 is commonly observed in human cancers, there is no high frequency
of genetic alterations on the FOXM1 gene, indicating that transcriptional, translational
and even trans-locational manners may be involved in the regulation of FOXM1 [31,
41, 42]. For instance, FOXM1 is overexpressed and essential in the progression of Ras-
driven HCC [43]. FOXML1 is upregulated by hepatitis B virus X (HBx) through the ERK/
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CREB pathway in the progression of HBV-associated HCC [44]. Nuclear translocation
of FOXM1 is mediated by CDK4/6 and PLK1 [31, 32]. However, as a transcription fac-
tor containing nuclear export signal in coding sequences, why FOXM1 is stuck in the
nucleus in HCC is still unknown. In our study, we developed a genome-wide screening
assay to find the key molecules, which enhance the entrapment of FOXM1 in the nuclei
of HCC cells. Combining subcellular localization information and GSEA results to
downstream genes of FOXM1, we could narrow down the gene set to no more than two
hundred candidates contained. And it might be a universal method to look for regulators
of transcription factors in some subcellular location. This warrants further validation.

Liquid-liquid phase separation (LLPS) is widely observed to directly regulate tran-
scription activity in cancer biology, and the condensed phase usually entraps transcrip-
tion factors in the nucleus for continuous activation [45, 46]. It was reported that YAP
condensates form a transcription hub to maximize target gene expression in anti-PD-
1-treated cancer cells [45]. And homotypic and heterotypic mechanisms of LLPS gov-
ern NUP98—HOXA9 puncta formation to regulate transcriptional activity and further
transformation of hematopoietic cells [46]. Here, we found that a high level of nuclear
localized FOXM1 is closely associated with the advanced progression of HCC. Accord-
ingly, we hypothesized that LLPS may be involved in nuclear localization and aberrantly
high activation of FOMX1 in HCC cells. Definitely, the functionally associated mole-
cules triggering LLPS should locate in the nuclei of HCC cells. By using a genome-wide
screening mentioned above, imaging and biochemical approaches, we demonstrated
that FOXML1 interacts with ASPM-ilIl, a nucleus isoform of abnormal spindle-like micro-
cephaly associated (ASPM) protein and triggers LLPS between FOXM1 and ASPM in
the nuclei of HCC cells. LLPS between ASPM and FOMX1 further facilitates FOXM1-
driven expression of its downstream oncogenic genes and functionally promotes
advanced progression of HCC. According to our knowledge, this study revealed a LLPS
involved mechanism promoting FOXM1-driven hepatocellular carcinoma firstly.

Phase-separating biomolecules usually have different roles [5]. Scaffolds, also known as
drivers of LLPS, are both necessary and sufficient for phase separation. Clients can selec-
tively partition into scaffold-containing condensates but cannot independently phase
separate. In our study, neither over-expressing FOXM1 nor ASPM could form conden-
sates in HCC, separately (Fig. 2A). Meanwhile, knock down of either ASPM or FOXM1
could reduce endogenous condensates obviously (Fig. 2D). It suggests that both ASPM
and FOXMI1 are not scaffolds (drivers) of LLPS. However, if ASPM and FOXM1 over-
expressed in HCC simultaneously, significant condensates form in the nuclei (Fig. 2F).
Furthermore, interaction domains (e.g., DNA binding domain of FOXM1) and IDRs are
all essential for the LLPS in HCC (Fig. 2E,F). Rescue experiments also confirmed this
conclusion (Fig. 2G). Collectively, ASPM and FOXM1 do not function as conventional
“drivers” of LLPS individually; however, their IDRs and the interplay between them syn-
ergistically facilitate the formation of LLPS condensates in HCC.

Abnormal spindle-like microcephaly associated (ASPM) gene is the human orthologue
of the Drosophila abnormal spindle (asp) and the most commonly mutated functional
gene in autosomal recessive primary microcephaly [47]. Its encoding protein is local-
ized in the centrosome and required for bipolar spindle formation, indicating it plays
a critical role in mitotic progression. It was shown that as a mitotic spindle molecule,
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the ASPM gene is expressed in proliferating tissues and frequently upregulated in trans-
formed cells [48]. It locates at chromosome 1q31, a region with frequent gain in HCC.
Accordingly, it was reported that the aberrant high level of ASPM is closely associated
with advanced progression, early tumor recurrence, and even poor prognosis in human
HCC [23]. Consequently, an increasing body of studies showed that overexpression of
ASPM is a biomarker for poor prognosis in glioblastoma, prostate cancer, gastric can-
cer, and pancreatic cancer [24-27]. Moreover, the functional experiments demonstrated
that ASPM is a potential target in multiple cancers. Nevertheless, the understanding on
ASPM-driven oncogenic mechanism remains elusive. The previous explanation is that
ASPM affect the activation of B-catenin-mediated oncogenic transcriptional signal-
ing pathways through a molecular interaction in the cytoplasm. It was identified that
ASPM in the cytoplasm interacts with Dvl1/2/3 proteins, which relieve the binding
of B-catenin to the inhibitor of B-catenin and T-cell factor (ICAT), leading to nuclear
translocation of B-catenin and its oncogenic transactivation [24-26, 29]. In the present
study, we identified nucleus-located ASPM, also known as ASPM-ill, interacts with the
DNA binding domain (DBD) of FOXM1 through its intrinsically ordered regions (IQ
domains) and drives LLPS of FOXML1 in the nucleus of HCC cells via their intrinsically
disordered regions (IDRs). Although the nucleus-located ASPM is not documented in
the Uniport database, we predicted its reliable structure using AlphaFold2, particularly
for its C-terminal ordered regions (Additional file 1: Fig. S2C). Furthermore, although
ASPM is not a DNA-binding protein, our ChIP-sequencing data using ASPM-specific
antibody showed that it can occupy on the genomic loci. More importantly, the respec-
tive binding peaks of ASPM and FOXM1 in the annotated genes are highly overlapped,
indicating ASPM may facilitate FOXM1-driven oncogenic signaling. In addition, data
from the loss of function experiments in vitro and in vivo further confirmed the impor-
tant role of ASPM in tumorigenesis of HCC. Mechanistically, ASPM interacts and trig-
gers LLPS with FOXMI1 in the cellular nuclei and consequently enhances the stability
FOXM1 protein by preventing proteasome-mediated degradation, which augments
the FOXM1-driven oncogenic transactivation capability in HCC cells. Recently, it has
been proposed that E3 ligase-based proteolysis-targeting chimeras (PROTAC) could
be a potential strategy to promote degradation of the FOXM1 oncoprotein [49]. How-
ever, one issue should be given sufficient attention, in which the molecular interaction
between ASPM and FOXM1 is likely to lead to FOXM1'’s resistance to ubiquitination
modification and consequent proteasome-mediated degradation. This indicates that dis-
ruption of the molecular interaction between ASPM and FOXM1 could be a key step to
inhibit FOXM1’s carcinogenic effects. Therefore, our findings here not only expanded
the underlying mechanisms of ASPM-involved oncogenic effects in HCC, but also pro-
posed a rational therapeutic strategy in patients with both high levels of ASPM and
FOXM1. The investigation of whether the inhibition of ASPM and FOXM1 interaction
holds potential benefits for HCC patients necessitates further exploration.

Clinically, although ASPM and FOXM1 have been reported to be indicators for poor
prognosis in HCC, respectively, we demonstrated that co-overexpression of ASPM and
FOXM1 could be a more potential biomarker to poor prognosis in HCC. Collectively,
in the present study, we identified a physical interaction between ASPM and FOXM1,
which reinforces FOXM1-mediated pro-cancer transcriptional regulation in HCC cells.
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Mechanistically, ASPM forms condensed phase with FOXM1 in the nuclei, thereby
protecting FOXM1 from the proteasome-dependent degradation in HCC cells. More
importantly, ASPM is identified as a direct downstream gene transcriptionally regulated
by FOXM1 in HCC cells. And the high frequency of coordinately expression of ASPM
and FOXM1 is closely associated with poor prognosis in HCC. In summary, our study
demonstrates that reciprocal regulation of ASPM and FOXM1 amplifies the oncogenic
progression and an ASPM-FOXM!1 double positive feedback regulatory loop could be a
potential biomarker and therapeutic target in human hepatocellular carcinoma.

Conclusions

Our study reveals that liquid-liquid phase separation (LLPS) between ASPM and
FOXM1 entraps FOXM1 in the nuclei of HCC cells and stabilize FOXM1 proteins in
HCC. In addition, ASPM is transcriptional activated by FOXM1 in HCC. Collectively,
our findings underscore the significance of an ASPM-FOXM1 double positive feedback
loop as a potential biomarker and therapeutic target for HCC.

Methods

Patients and specimens

This study was approved by the Medical Ethics Committee of the First Affiliated Hospi-
tal of the Air Force Medical University (approval number: XJYYLL-2015625). The sup-
plier of samples completed the informed consent of all patients in the process of data
collection. The clinicopathological characteristics of the HCC patients are listed in Addi-
tional file 1: Table S1. Tissue microarrays were prepared as previously reported [50].

Immunohistochemistry (IHC) staining and analysis

Tissue microarrays were deparaffinized with xylene (3 x 15 min) and rehydrated with
serial dilutions of ethanol (2 x 100%, 1 x 85%, and 1 x 75%, 5 min each) followed by rins-
ing in ddH,O. Heat-mediated antigen retrieval was performed by microwaving with
EDTA pH 9.0. The sections were cooled on a decolorization shaker in PBS (3 x 5 min),
immersed in 3% hydrogen peroxide, incubated at room temperature in darkness for
25 min, washed three times with PBS, and incubated for 30 min in blocking solution
(3% BSA). The primary antibodies (anti-FOXM1, Santa Cruz Biotechnology, sc-376471,
1:50) and anti-ASPM (Proteintech, 26,223—1-AP, 1:100) were diluted with PBS and incu-
bated with sections for 1 h at 37 °C or overnight at 4 °C. The sections were washed three
times for 5 min (3 x 5 min) with 1 x PBS on a shaker and then incubated with secondary
antibody (HRP labeled) for 500 min at 37 °C. The sections were then washed 3 x 5 min
with PBS and stained with the Immunohistochemical kit DAB chromogenic agent (Ser-
vicebio, G1211). The color development time was controlled under the microscope. The
sections were counterstained with hematoxylin stain solution for approximately 3 min.
Finally, tissues were dehydrated and mounted in Eukitt medium.

Images were captured with a light microscope. Histochemistry score (H-score) of
nucleus and total cells were analyzed by AIPATHWELL software (developed by Wuhan
Servicebio Technology Co.). The comparation and correlation of protein expression was
analyzed using GraphPad Prism (Version 8; La Jolla, CA, USA).
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Cell lines and cell culture conditions

Human hepatocellular carcinoma cell line MHCC-LM3 and human hepatocel-
lular carcinoma cell line SNU-739 were cultured in PRMI Medium 1640 (GIBCO
BRL, Grand Island, NY, USA) with 10% fetal bovine serum (GIBCO BRL), penicillin
(100 mg/ml), and streptomycin (100 mg/ml). Human hepatocellular carcinoma cell
line HepG2 and human embryonic renal epithelial cell line HEK293T were cultured
in Dulbecco’s modified Eagle’s medium (GIBCO BRL) with 10% fetal bovine serum
(GIBCO BRL), penicillin (100 mg/ml), and streptomycin (100 mg/ml). Human hepa-
tocellular carcinoma cell lines SNU-739, HepG2, and MHCC-LM3 were obtained
from the Type Culture Collection of the Chinese Academy of Sciences. Human
embryonic renal epithelial cell line HEK293T was purchased from ATCC (Manassas,
VA, USA). All cells are tested quarterly to make sure they are mycoplasma free.

DNA construction

The human FOXM1 and ASPM shRNAs were constructed by ligation of oligonu-
cleotide sequences targeting human FOXM1 and ASPM into the Age | and EcoR |
digested pLKO.1-TRC cloning vector (Addgene, Cambridge, MA, USA; 10,878).
The pCDH-FOXMI1 plasmid was constructed via insertion of a PCR-amplified
human FOXM1 cDNA into a pCDH vector digested with BamH I and EcoR 1. The
pcDNA3.1-ASPM-mCherry plasmid was constructed via insertion of a PCR-ampli-
fied human ASPM cDNA into a pcDNA3.1-mCherry vector digested with Nhe 1
and Kpn 1, and the corresponding mCherry fusion genes including ZFP91, CDC27,
MORCS3, PHF20L1, and CDK6 were also constructed using the similar strategy. The
pcDNA3.1-FOXM1-GFP plasmid was constructed via insertion of a PCR-amplified
human FOXM1 cDNA into a pcDNA3.1-GFP vector digested with Hind III and
BamH 1. The pPCMV-ASPM-3 x Flag plasmid was purchased from Genechem (Shang-
hai, China). For siRNA treatments, siASPM#1, siASPM#2, and siControl were pur-
chased from GenePharma (Shanghai, China). The sequences of shRNAs and siRNAs
are listed in Additional file 1: Table S5.

Cell line treatments

To inhibit lysosome function, cells were cultured with 250 nM BafA1 (Selleck, S1413)
for 12 h. To inhibit proteasome function, cells were cultured in 20 pM of MG132
(GLPBIO, GC10383) for 12 h. To inhibit nascent protein synthesis, cells were cultured
with 50 ug/ml Cycloheximide (CHX, Selleck, S7418) for a specific time.

Western blot

Cells were collected and washed with phosphate buffer saline (PBS) three times,
and then harvested using RIPA Lysis Buffer. Protein in the cell lysate was resolved
on 8-15% SDS polyacrylamide gel and transferred to a nitrocellulose membrane.
Before incubation with primary antibodies, the membrane was blocked with 5% non-
fat milk. Membranes were incubated with the corresponding antibodies overnight
at 4 °C. After incubation with peroxidase-conjugated secondary antibodies for an
hour at room temperature, the signals were visualized using ECL chemiluminescent
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reagents by Tanon 5500 (Tanonn Science & Technology; Shanghai; China). The fol-
lowing antibodies and dilutions were used: anti-FOXM1 (1:1000; Santa Cruz Bio-
technology sc-376471), anti-ASPM (1:500; proteintech; 26,223-1-AP), anti-GAPDH
(1:1000; proteintech; 10,494—1-AP), anti-Histone H3 (1:1000; Cell Signaling Technol-
ogy; 9715), anti-SOX2 (1:1000; EPITOMICS; 2683-1), anti-cyclinE1 (1:1000; abcam;
ab3927), anti-XIAP (1:1000; abcam; ab21278), anti-Integrin a5 (1:1000; Cell Signaling
Technology; 98,204), anti-LaminA/C (1:1000, proteintech, 10,298-1-AP).

Quantitative RT-PCR

RNA isolation and quantitative real-time PCR were performed as previous described.
Briefly, 5 x 10° cells were harvested for purification of total RNA using TRIzol Reagent
(Invitrogen), and 1 pg of total RNA of each sample was reversed to cDNA by Prime-
Script RT Master Mix (TaKaRa, Tokyo, Japan). For detecting the mRNA level of specific
genes, the diluted cDNA of each sample was used as a template to perform quantita-
tive PCR and the amplifications were done using SYBR-green PCR MasterMix (TaKaRa).
RT-PCR assays were performed three times and the fold changes of genes were obtained
after normalizing to GAPDH using the comparative Ct method (fold change =2724CY),
Primers used for quantitative RT-PCR are listed in Additional file 1: Table S6.

ChlIP sequencing

ChIP, sequencing library preparation, and data analysis were conducted by LC-Bio
(Hangzhou, Zhejiang, China). Genomic DNA degradation and contamination were
monitored on 1% agarose gels. DNA purity was checked using the NanoPhotometer®
spectrophotometer (IMPLEN, CA, USA). The DNA concentration was measured using
a Qubit® DNA Assay Kit in a Qubit® 2.0 Fluorometer (Life Technologies, CA, USA). A
total amount of 50 ng DNA per sample was used as input material for the ChIP sample
preparations. The Chip-Seq library construction mainly includes the steps of cell cross-
linking, cell lysis, protein co-immunoprecipitation, extraction of co-precipitated com-
plex DNA, and construction of DNA next-generation sequencing library. Sequencing
libraries were generated using NEBNext® Ultra™ DNA Library Prep Kit for Illumina®
(NEB, USA) following the manufacturer’s recommendations and index codes were added
to attribute sequences to each sample. Briefly, Chip DNA was end-blunted and added
with an “A” base so the adaptors from Illumina with a “T” can ligate on the ends. Then we
used magnetic beads to recover the target size fragments and performed PCR amplifica-
tion to obtain the library to be sequenced. The constructed library was checked for qual-
ity by agarose electrophoresis. Libraries were quantified using Qubit 2.0 to determine if
the library concentration was suitable for use on the machine. After the library quality
inspection was qualified, different libraries were sequenced on the Illumina sequencer
according to the requirements of effective concentration and target data volume. The
clustering of the index-coded samples was performed on a cBot Cluster Generation
System using a HiSeq Rapid Duo cBot Sample Loading Kit (Illumina) according to the
manufacturer’s instructions. MACS2 (v2.1.1) was used to call peak, giving a robust and
high-resolution ChIP-Seq peak predictions. Peaks were annotated related genes using
Homer (v4.10). ChIPseeker (v1.5.1) was used to depict the reads distribution on chro-
mosomes. Homer (v4.10) was used to search motif and analyze transcription factors.
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Fluorescence recovery after photobleaching (FRAP)

For FRAP experiments in living cells, an area of FOXM1 puncta were bleached for
500 ms using 10% laser power (405 nm laser line) and images were collected every 2 s
post-bleaching using Olympus FV3000 invert confocal. Fluorescence intensities were
quantified using the Olympus Cellsens software. GFP fluorescence signal was collected
over time and photobleaching was performed after three fluorescence signals were col-
lected. The droplet was photobleached in three regions ROIs that were defined for these
experiments. ROI-1 was the indicated circular region in the droplet, and ROI-2 was
a similarly sized circular region in the same droplet but in an area that was not pho-
tobleached. ROI-3 was defined as background and drawn outside the droplet and its sig-
nal was subtracted from both ROI-1 and ROI-2. Fluorescence intensity was measured
using Cellsens and plotted using Prism software. Each data point is representative of the
mean and standard deviation of fluorescence intensities in three unbleached (control) or
three bleached (experimental) granules. And the prebleached fluorescence intensity was
normalized to 1.

Subcellular fractionation

The subcellular fractionation was performed as described previously using a Qproteome
Cell Compartment (QIAGEN, 1,073,571). Briefly, lysis Buffer was added to cells and
selectively disrupted the plasma membrane without solubilizing it, resulting in the isola-
tion of cytosolic proteins. Plasma membranes and compartmentalized organelles, such
as nuclei, mitochondria, and the endoplasmic reticulum (ER), remained intact and were
pelleted by centrifugation. Next, the pellet from the previous step was resuspended in
Extraction Buffer CE2, which solubilizes the plasma membrane, as well as all organelle
membranes except the nuclear membrane. After solubilization, the sample was centri-
fuged. The supernatant contains membrane proteins and proteins from the lumen of
organelles (e.g., the ER and mitochondria). The pellet consists of nuclei. In the next step
nuclei were solubilized using Extraction Buffer CE3 in which all soluble and most mem-
brane-bound nuclear proteins are extracted. Addition of Benzonase® Nuclease allows
the release of proteins tightly bound to nucleic acids (e.g., histones). After another cen-
trifugation, Extraction Buffer CE4 was used to solubilize all residual — mainly cytoskel-
etal — proteins in the pellet.

Dual luciferase reporter assay

Cells were co-transfected with pGL3-ASPM-promoter, pRL-TK, and pCMV-FOXM1 /
GFP using Lipofectamine 2000 (Invitrogen). Cell extracts were prepared and luciferase
activity was measured using the Dual Luciferase Reporter Assay System (Promega, Mad-
ison, W1, USA). The relative firefly luciferase activity was normalized with its respective
Renilla luciferase activity.

Chromatin immunoprecipitation assay

The chromatin immunoprecipitation analysis was performed as described previously
using a SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling Technology, 9003).
Hepatocellular carcinoma cell line SNU-739 or HepG2 were infected with siControl or
siRNAs. A total of 1.2 x 107 cells were crosslinked with 1% formaldehyde solution for
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15 min at room temperature. The crosslink reaction was then stopped by addition of
10% glycine and lysed in 1 ml lysis buffer on ice. Lysates was harvested and sonicated
into DNA fragments with 150-900 bp using the Micrococcal nuclease and Scientz-
1500F Ultrasonic disperser (Ning Bo, China). Sonicated samples were spun down and
subjected to overnight immunoprecipitation with IgG or FOXM1 antibody (Santa Cruz
Biotechnology). After the proteins and RNA are removed by Protease K and RNase
A, the chromatin pulled-down by antibodies is purified. The enrichment of ASPM is
detected by qPCR amplification. Primers for qPCR amplification are listed in Additional
file 1: Table S7.

EdU cell proliferation

The EdU cell proliferation analysis was performed as described previously using a Mei-
lun EdU Cell Proliferation Kit with Alexa Fluor 555 (mellunbio, MA0425). An appro-
priate number of cells were inoculated in a 96-well plate and cultured overnight and
incubated with 10 pM EdU working solution for 2—3 h. After EQU labeling was com-
pleted, the culture medium was removed and 1 ml 4% paraformaldehyde was added to
fix at room temperature for 15 min. Cells were washed 3 times with washing solution
for 3-5 min each time. After being added permeabilization solution and incubated for
10-15 min, the cells were washed three times again. And then, cells were incubated with
200 pl Click reaction solution for 30 min in the dark to label cells with bright red fluores-
cence. And the nuclei were stained with Hoechst33342.

Immunofluorescence and confocal microscopy

SNU-739 cells were seeded on chamber slide and subsequently fixed with 4% PFA for
15 min, permeabilized with Triton-X 100 for 20 min at 37°C and blocked with 5% BSA
in PBS. Then cells were incubated with FOXM1 antibody (Santa Cruz Biotechnology;
sc-376471; 1:200) and ASPM antibody (proteintech; 26,223—1-AP; 1:200) overnight at
4.°C. And then cells were stained with Alexa Flour 555 and Alexa Fluor 488 (1:1000, Life
Technologie). The nuclei were stained with DAPI. Images were visualized using a Nikon

confocal microscope.

Cell viability assay

Cell viability was analyzed using Cell Counting Kit-8. Cells were pre-seeded in 96-well
plates with the number of 1 x 10%. The cell culture medium was discarded and replaced
with culture medium containing 0.5 pg/pl Cell Counting Kit-8 (0.5 mg/ml) reagent and
cells were incubated at 37°C. After 0.5—4 h, the absorbance of the culture medium was
detected using a Bio-RAD (Hercules, CA, USA) Microplate Reader with a wavelength of
450 nm.

Colony formation assay

Long-term cell survival was monitored by the colony formation assay. In brief, 1000 cells
were seeded into 6-well plates and allowed to grow for 2 weeks. Cells were fixed with 4%
paraformaldehyde for 15 min and stained by 0.5% (w/v) crystal violet (Sigma Aldrich).
Colons in the plate were scanned using Odyssey Scanner (LI-COR, Lincoln, NE, USA)
and the number of colons was quantified by Image] software.
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Protein stability assay

The cycloheximide (CHX)-based assay was performed as previously described to
evaluate protein turnover in cells. To determine the half-life of FOXM1 protein,
50 pg/ml CHX was added to the cell culture medium and cells were harvested at the
indicated time points. Then, cells were lysed with RIPA and protein levels of FOXM1,
ASPM, and GAPDH were performed with western blot. To block the proteasome-
mediated protein degradation, cells were incubated with 20 uM MG132 and 50 pg/
ml CHX simultaneously and harvest cells at the indicated time points. Finally, protein
levels of FOXM1 were quantified by gray scale scanning using the Image]J software.

Immunoprecipitation assay

The number of 1 x 10’ HepG2 cells were washed with pre-chilled phosphate-buff-
ered saline (PBS) and lysed with NP-40 containing protease inhibitors. Cell lysates
were incubated on ice for 10 min and centrifugated with 12,000 rpm for 15 min. The
supernatant was then transferred to a new centrifuge tube. Antibodies were added
and incubated at 4 °C for 3 h with rotation for immunoprecipitation. Finally, mag-
netic beads conjugated protein G (Thermo Fisher) were incubated overnight at 4 °C to
capture immune-complexes. The immuno-complexes were subjected to western blot
assay after washing the beads.

Animal studies

To generate mouse subcutaneous tumors, male 8-week-old BALB/c nude mice were
implanted subcutaneously in the flank of back with 1 x 10’ HCC cells. The mice were
housed in 3-5 per cage under specific pathogen-free conditions in a 12-h light/dark
cycle with food and water ad libitum. The experiments were approved by the Institu-
tional Animal Experiment Administration Committee of the Fourth Military Medical
University (IACUC-20171005). The volume of the tumor was measured every 3 days
after the tumor was successfully loaded. The mice were sacrificed after 5 weeks and
in vivo solid tumors were dissected and weighed. Tumor volume was determined using
the formula 0.5 x L x W2, where L is the longest diameter and W is the shortest diam-
eter. Tumors were removed into 4% polyformaldehyde solution for fixing tissues. Our
study examined male mice because male mice exhibited less variability in phenotype.

Molecular docking

The protein structures of ASPM, ZFP91, CDC27, MORC3, and PHF20L1 were pre-
dicted by Alphafold2 as previously reported [37]. The 3D structure of the FOXM1
(PDB ID: 3G73) was downloaded from RCSB Protein Data Bank (https://www.pdbus.
org/). Protein—protein docking between each of the five molecules and FOXM1 was
simulated online by ClusPro server (https://cluspro.org) [51]. Non-covalent interac-
tions between proteins were identified by Protein Ligand Interaction Profiler (https://
plip-tool.biotec.tu-dresden.de/) [52]. Molecular graphics were generated using
PyMOL as previously described [53].
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Public database

Subcellular localization information was downloaded from UniProt database (https://
www.uniprot.org/). The expression of FOXM1 and ASPM in different cancer tissues
and normal tissues were analyzed using Oncomine database (https://www.oncomine.
org/). The mRNA levels of FOXM1 and ASPM in hepatocellular were obtained from
Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) and normal-
ized using GEO2R. Correlation analysis and survival analysis of FOXM1 and ASPM
from 31 TCGA solid tumors was done using Gene Expression Profiling Interactive
Analysis (GEPIA, http://gepia.cancer-pku.cn). RNA-seq data of Cdk4/6 and PIkl in
hepatocellular carcinoma were from The Cancer Genome Atlas Liver Hepatocellular
Carcinoma (TCGA-LIHC) database (https://portal.gdc.cancer.gov/). The raw count
matrix of RNA-seq was converted into transcripts per kilo million (TPKM). The cor-
relation data of FOXM1 and ASPM from TCGA were obtained using cBioportal for
cancer genomics (http://www.cbioportal.org). The FOXM1-related protein was ana-
lyzed using STRING database (https://string-db.org/). The intrinsic unstructured
proteins were analyzed from an IUPred2A-based online tool (https://www.novopro.
cn/tools/disordered.html) and ANCHOR Database (https://iupred.elte.hu/). The pub-
lic ChIP-seq data was obtained from ENCODE database (https://www.encodeproject.
org/).

Gene set enrichment analysis (GSEA)

A novel gene subset for GSEA was defined according to a widely accepted FOXM1
downstream gene list previously [35]. For each nucleus-located gene, 374 TCGA-
LIHC samples were divided into high and low groups according to the median expres-
sion of this gene. Then, differential expression gene analysis between the high and low
groups were performed by "DEseq2" R package, and GSEA assays were done by the
"clusterProfiler” R package. Normalized enrichment score (NES) and p value of all the

intranuclear genes were used for further analysis.

Manders’ colocalization coefficients

Fluorescence co localization analysis characterized by Manders’ Colocalization Coef-
ficients (MCC) using the Image] plugin Coloc 2. M1 and M2 represent the portion of
a protein colocated with another protein, accounting for the proportion of the total
amount of this protein. ROIs were set manually around the cytoplasm of the cells,
excluding the background from the analysis. Results from three independent experi-

ments were pooled.

Statistics

The in vitro experiments were repeated at least three times unless stated other-
wise. As indicated in the figure legends, all quantitative data were presented as the
mean+SD of three biologically independent experiments or samples. Statistical
analysis was performed using GraphPad Prism 8 (GraphPad, San Diego, USA). Com-
parisons between two groups were done by two-tailed unpaired or paired Student’s
t test. Comparisons among three or more groups were done with ANOVA followed
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by Tukey’s multiple comparison post-test. The correlation of protein expression was
analyzed by linear regression analysis. p <0.05 was considered as significant (*p < 0.05,
**p<0.01, **p <0.001).
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