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Expression of the cytokinesis regulator PRC1 results in p53-pathway activation
in A549 cells but does not directly regulate gene expression in the nucleus
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ABSTRACT

Protein regulator of cytokinesis 1 (PRC1) is a microtubule-binding protein with essential roles in
mitosis and cytokinesis. PRC1 is frequently overexpressed in cancer cells where it could contribute
to chromosomal instability. Due to its nuclear localization in interphase, it has been speculated
that PRC1 has additional functions that are involved in its pro-tumorigenic functions. In this study
we investigated the potential nuclear functions of PRC1 in a lung cancer cell line. Genome wide
expression profiling by RNA sequencing revealed that the expression of PRC1 results in activation
of the p53 pathway and inhibition of the pro-proliferative E2F-dependent gene expression.
A mutant of PRC1 that is unable to enter into the nucleus regulated the same gene sets as
wildtype PRC1, suggesting that PRC1 has no nuclear-exclusive functions in A549 cells. Instead,
induction of p53 by PRC1 correlates with multinucleation and depends on the localization of PRC1
to the midbody, suggesting that the induction of p53 is a consequence of overexpressed PRC1 to
interfere with the normal function of PRC1 during cytokinesis. Activation of p53 by PRC1 results in
cellular senescence but not in apoptosis. In conclusion, while PRC1 is frequently overexpressed in
many cancers, the p53 pathways may initially protect cancer cells from the negative effects of
PRC1 overexpression on cytokinesis. Because depletion of PRC1 also results in p53-pathway
activation and senescence, levels of PRC1 need to be tightly regulated to allow unperturbed
proliferation. Targeting the expression or function of PRC1 could create a therapeutic vulnerability
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for the treatment of cancer.

Introduction

Cytokinesis, the final step in cell division process
when daughter cells get separated, is crucial for
maintenance of genome integrity. Cytokinesis failure
causes aneuploidy which can contribute to develop-
ment of cancer [1-3,]. Carter et al. have identified
a chromosomal instability (CIN) signature of genes
whose expression is associated with aneuploidy and
whose overexpression is prognostic of poor clinical
outcome in several cancer types [4]. Out of 10,151
genes of this signature, the second-highly ranked
gene encodes for PRC1 (protein regulator of cyto-
kinesis 1), a key regulator of cytokinesis that binds
and crosslinks antiparallel microtubules at the spin-
dle midzone (also known as central spindle) [5].
PRC1 is also involved in the recruitment of regula-
tory proteins such as KIF4A and PLKI1 to the mid-
zone [6-89,10]. PRC1 is organized into several
domains including a dimerization domain, rod

domain, central microtubule binding domain and
a Lys/Arg-rich domain [8,9,11,]. Microtubule-
binding of PRC1 is mediated by highly conserved
spectrin-fold ~within the microtubule-binding
domain and by the unstructured C-terminal part
which maintains long-lived association with micro-
tubules [9,11]. Additionally, the C-terminus contains
two nuclear localization signals and two motifs for
phosphorylation by CDK1 or PLKI, respectively
[8,11-13,,]. Phosphorylation of PRC1 is crucial for
the spatiotemporal regulation and activation of
PRCI. The N-terminal part of PRCI is composed
of alpha-helices with multiple coiled-coil motifs
mediating binding to kinesin family member 4
(KIF4), which contains a motor domain and trans-
locatet  PRC1 along microtubules [14,15,].
Overexpression of PRC1 may result in cytokinesis
failure and CIN, thus contributing to intratumoral
heterogeneity and tumor evolution [16].
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In addition to its well-established role in cyto-
kinesis, PRC1 has been proposed to function in
cellular signaling that could also be involved in its
pro-tumorigenic functions. Specifically, Chen et al.
recently identified PRC1 as a novel Wnt-target
gene in hepatocellular carcinoma that regulates
Wnt signaling in a positive feedback loop by
sequestering the destruction complex and stabiliz-
ing B3-catenin [17]. It has been suggested that the
activation of Wnt target genes by PRC1 promotes
proliferation, stemness and metastasis of hepato-
cellular carcinoma. Similarly, PRC1 overexpres-
sion leads to increased proliferation of lung
adenocarcinoma cells by activation of the Wnt/f-
catenin pathway [18]. These cytokinesis-
independent functions could contribute to the
tumorigenic activities of PRC1. In addition, the
ability of the kinase CDKI16 to promote cancer
cell proliferation has been linked to the regulation
of nuclear localization of PRC1 [19].

In this study, we investigated the potential
nuclear roles of PRC1 by performing genome-
wide expression profiling by RNA-seq analysis.
We find no evidence for Wnt-signaling regulation
by PRC1 in lung adenocarcinoma cells. Instead,
the p53 pathway is robustly activated upon PRC1
overexpression by both wildtype PRC1 and by
a mutant of PRCI1 that is unable to enter the
nucleus. Activation of p53 by PRCI results in
cellular senescence but not in apoptosis. While
the induction of p53 by PRC1 does not require
nuclear localization of PRC1, it depends on locali-
zation of PRCI to the midbody and correlates with
multinucleation. In conclusion, while PRC1 is fre-
quently overexpressed in many cancers, where it
correlates with an unfavorable clinical prognosis,
activation of the p53 pathways appears to initially
protect cells from the negative effects of PRCI
overexpression on cytokinesis.

Results

Expression of PRC1 results in activation of the
p53 pathway and downregulation of the
E2F-dependent transcriptional program

To address whether PRC1 regulates gene expres-
sion in the nucleus in interphase, we determined
genome wide expression changes by wildtype

PRCI and by a version of PRCI that fails to locate
to the nucleus. We first generated A549 lung can-
cer cell lines stably expressing either doxycycline-
inducible flag-tagged wildtype PRC1 (PRC1-WT)
or PRC1 with mutated nuclear localization signals
(PRCI-NLS3A) (Figure la). Immunoblotting con-
firmed that ectopically expressed PRC1-WT and
PRC1-NLS3A were expressed at similar levels
after induction with doxycycline (Figure 1b). We
next investigated the subnuclear localization of
PRCI1 by immunostaining with an anti-flag anti-
body. Non-induced cells showed only
a background signal compared to doxycycline-
induced cells (Figure 1lc,d). During cytokinesis,
PRC1-WT and PRCI-NLS3A were both localized
to the midbody indicating that the NLS3A muta-
tion does not interfere with the ability of PRCI to
properly localize in mitosis. Importantly, while
PRCI1-WT exhibited nuclear localization in inter-
phase cells, PRC1-NLS3A was excluded from
nuclei. Instead, during interphase PRC1-NLS3A
was localized in the cytoplasm where it co-
localized ~ with  perinuclear ~ microtubule
(Figure 1d).

We next analyzed genome-wide expression
changes upon induction of either PRCI-WT or
PRC1-NLS3A. RNA was isolated from three inde-
pendent biological replicates of cells expressing
either PRC1-WT or PRC1-NLS3A. Non-induced
cells served as controls. Isolated RNA was sub-
jected to RNA-seq. Analysis of the RNA-seq data
revealed that 370 genes were significantly down-
regulated and 351 genes were significantly upregu-
lated by PRCI-WT (adjusted p-value <0.01)
(Figure 2a). Fewer genes were downregulated
(130) and upregulated (145) by PRCI1-NLS3A
compared to control cells by using the same
threshold of adjusted p-value (<0.01) (Figure 2b).
Although fewer genes were up- or downregulated
by PRCI1-NLS3A compared to wildtype PRCI,
gene ontology analysis showed that highly similar
gene sets were enriched by both PRC1-WT and
PRC1-NLS3A (Figure 2c-f). Among the upregu-
lated genes, the p53 signaling pathway was the
most strongly enriched pathway by both PRCI-
WT and PRCI1-NLS3A (Figure 2c,d). On the
other hand, the most significantly downregulated
gene sets in both, PRC1-WT and PRCI-NLS3A
expressing cells are related to the cell cycle,
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Figure 1. Inducible expression and localization of PRC1 and PRC1-NLS3A in A549 lung cancer cells. a) Scheme of the pINDUCER
vector for inducible cDNA expression and of the PRC1 constructs. The NLS3A mutant contains three amino acid changes in the NLS
sequence. Both constructs were generated with an N-terminal flag-tag. Dox: doxycycline; rtTA3: reverse tet-transactivator 3; TRE2:
tetracycline response element 2; MTB: microtubule-binding domain; NLS: nuclear localization signal; b) Expression of PRC1-WT or
PRC1-NLS3A was induced with doxycycline and analyzed by immunoblotting. Tubulin served as a loading control. C) and D)
Expression of PRC1-WT (c) or PRC1-NLS3A (d) was induced with doxycycline. Cells were fixed and immunostained for flag (green),
Hoechst (blue) and tubulin (red) and investigated by fluorescence microscopy. Example of cells in interphase and cytokinesis are

shown. Arrow: midbody. White bar: 25 ym; Magenta bar: 5 um.

including genes regulated by the pro-proliferative
transcription factors E2F and MYC (Figure 2e,f).
PRCI has been linked to the Wnt signaling path-
way in hepatocellular carcinoma and lung adenocar-
cinoma [17,18,]. To analyze possible changes in
expression of Wnt signaling pathway genes by
PRC1, gene set enrichment analysis with FGSEA
(fast preranked gene set enrichment analysis) was
performed by using the human Wnt signaling hall-
mark gene sets from MSigDB (Molecular Signatures
Database) and the RNA-seq data for PRC1-WT and
PRC1-NLS3A. FGSEA analysis revealed that Wnt/[3-
catenin signaling was not significantly altered by
PRCI-WT or PRC1-NLS3A (Figure 3a). Further,

analysis of the Wnt/p-catenin signaling gene group
showed no significant differences between all
expressed genes and Wnt/[B-catenin signaling genes
by either PRCI-WT or PRC1-NLS3A (Figure 3b).
When we plotted the expression of 22 Wnt signaling
pathway genes, no specific pattern of differently
expressed Wnt signaling genes were detectable
upon PRCI-WT or PRCI-NLS3A expression
(Figure 3c). Next, we performed a FGSEA analysis
of the top enriched and down regulated hallmark
gene sets. Similar to gene ontology analysis, the top
enriched hallmark gene set was the p53 pathway.
PRCI-WT and PRC1-NLS3A showed a comparable
normalized enrichment score (NES) of 2.86 (WT)



422 S. HANSELMANN ET AL.

a PRC1-WT b PRC1-NLS3A
) 14 ’
141 P < 0.01 P <0.01
120 @ down-regulated (370) . 124 © down-regulated (130) 3
® up-regulated (351) . ® up-regulated (145) LW
gm— : ? 10 -
£ 8] E
< d
6 , S
S g
4- - .
24. .
O_I T
0
log2(fold change) log2(fold change)
c d

M5939: HALLMARK P53 PATHWAY
hsa04115: p53 signaling pathway
G0:0072331: signal transduction by p53 class mediator
G0:0045862: positive regulation of proteolysis

GO0:1903827: regulation of cellular protein localization

G0:0007264: small GTPase mediated signal transduction

hsa05200: Pathways in cancer

G0:1990778: protein localization to cell periphery
I ]hsa05162: Measles
GO:0031331: positive regulation of cellular catabolic process
GO0:0097305: response to alcohol
GO:1902532: negative regulation of intracellular signal transduction
I 1G0:0031346: positive regulation of cell projection organization
[ 1G0:0070757: interleukin-35-mediated signaling pathway
M5902: HALLMARK APOPTOSIS

G0:0030855: epithelial cell differentiation
hsa04910: Insulin signaling pathway
M5934: HALLMARK XENOBIOTIC METABOLISM
M5905: HALLMARK ADIPOGENESIS
GO0:0031099: regeneration

0 5 10

15
-log10(P)

M5925: HALLMARK E2F TARGETS
M5901: HALLMARK G2M CHECKPOINT
hsa04110: Cell cycle

M5926: HALLMARK MYC TARGETS V1
hsa03030: DNA replication

M129: PID PLK1 PATHWAY

M14: PID AURORA B PATHWAY

M40: PID E2F PATHWAY

M1: PID FANCONI PATHWAY

M5924: HALLMARK MTORC1 SIGNALING

| 1hsa03410: Base excision repair

|1 M258: PID BARD1 PATHWAY

|| M242: PID AURORA A PATHWAY

I 1M5928: HALLMARK MYC TARGETS V2

|1 M66: PID MYC ACTIV PATHWAY

|1 hsa00240: Pyrimidine metabolism

|1 M5951: HALLMARK SPERMATOGENESIS

7] hsa05166: HTLV-I infection

|1 M5907: HALLMARK ESTROGEN RESPONSE LATE

|1 M105: PID TELOMERASE PATHWAY

T
0 20 40 60 80

Jog10(P) 100

M5939: HALLMARK P53 PATHWAY

hsa04115: p53 signaling pathway
GO:0030330: DNA damage response, signal transduction by p53 class mediator
GO:0031638: zymogen activation
[ 1G0:0071496: cellular response to external stimulus
M5902: HALLMARK APOPTOSIS
GO:1902532: negative regulation of intracellular signal transduction
GO:0046685: response to arsenic-containing substance
M5891: HALLMARK HYPOXIA
G0:0031346: positive regulation of cell projection organization
]hsa04211: Longevity regulating pathway
:lhsa05014: Amyotrophic lateral sclerosis (ALS)
G0:0010823: negative regulation of mitochondrion organization
[ ]G0:0001822: kidney development
M5905: HALLMARK ADIPOGENESIS
:MSQOG: HALLMARK ESTROGEN RESPONSE EARLY
M5934: HALLMARK XENOBIOTIC METABOLISM
[ 1G0:0071363: cellular response to growth factor stimulus
G0:0030031: cell projection assembly
[ 1G0:0070988: demethylation

0 5 15
-log10(P)

M5925: HALLMARK E2F TARGETS
M5901: HALLMARK G2M CHECKPOINT
hsa04110: Cell cycle
M14: PID AURORA B PATHWAY
M129: PID PLK1 PATHWAY
M40: PID E2F PATHWAY
M176: PID FOXM1 PATHWAY

1M242: PID AURORA A PATHWAY

1M5924: HALLMARK MTORC1 SIGNALING

IM1: PID FANCONI PATHWAY
] hsa00240: Pyrimidine metabolism

[ 1M5937: HALLMARK GLYCOLYSIS
[—_1M5902: HALLMARK APOPTOSIS
[__1Mé66: PID MYC ACTIV PATHWAY
[__IM195: PID CMYB PATHWAY
[__1M236: PID DELTA NP63 PATHWAY
|1 M5907: HALLMARK ESTROGEN RESPONSE LATE

30
-log10(P)

0 10 20

Figure 2. Expression of PRC1-WT and PRC1-NLS3A results in activation of the p53 pathway and downregulation of E2F-dependent
cell cycle genes. a) b) Volcano plots of RNA-seq data. By adjusted p-value of <0.01, 370 genes were down-regulated and 351 genes
upregulated by PRC1-WT (A) and 130 genes were down-regulated and 145 genes upregulated by PRC1-NLS3A (B). C) and D)
Enriched pathways and gene ontologies (GO) in genes up- (c, d) or downregulated (e,f) after PRC1-WT (c,e) or PRC1-NLS3A (d,f)

expression.

and 2.93 (NLS3A) indicating a similar effect on the
p53 pathway (Figure 3d). The top downregulated
hallmark gene set upon PRC1 expression was the
E2F target gene set which showed a negative and

comparable NES of -3.79 for wildtype PRCI1 and
—3.75 for PRC1-NLS3A (Figure 3d). Next, we further
compared the effect of PRC1-WT and PRC1-NLS3A
on the p53 and E2F pathways by plotting differences
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Figure 3. PRC1 does not regulate Wnt/B-catenin pathway genes in A549 cells. a) FGSEA analysis of RNA-seq data using the human
hallmark gene sets from MSigDB. Ranked lists of differently expressed genes after PRC1-WT or PRC1-NLS3A expression were used.
NES, normalized enrichment score (b) Boxplots showing log2 fold changes comparing differences in gene expression of the Wnt/3-
catenin pathway gene set upon PRC1-WT and PRC1-NLS3A expression. All genes: n=14.880, Wnt/B-catenin signaling: n = 36.
p-values were calculated with a two-tailed Wilcoxon rank sum test (unpaired samples). c) Heatmap and Log 2-fold expression of 22
Wnt signaling pathway genes after expression of PRC1-WT or PRC1-NLS3A. d) FGSEA analysis was performed using the human
hallmark gene sets from MSigDB and ranked lists of differently expressed genes after PRC1-WT or PRC1- NLS3A expression.
Enrichment plots of hallmark p53 pathway and E2F targets are shown. NES, normalized enrichment score E) F) Boxplots comparing
Log2 fold changes (FC) in p53 pathway (e) and E2F target (f) gene expression between PRC1-WT and PRC1-NLS3A. All genes: n =
14.880, p53 pathway: n =176, E2F targets: n = 195. p-values were calculated with a two-tailed Wilcoxon rank sum test.
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in expression relative to all expressed genes by
PRCI-WT and PRC1-NLS3A. In comparison to all
expressed genes, the p53 pathway gene set was sig-
nificantly upregulated by PRC1-WT and PRCI1-
NLS3A (Figure 3e). However, the induction of p53
pathway genes was not significantly different when
we compared PRCI-WT and PRCI1-NLS3A.
Similarly, E2F target genes were significantly down-
regulated in comparison to all genes by PRC1-WT or
PRCI1-NLS3A expression (Figure 3f), although
expression of wildtype PRC1 resulted in slightly
stronger downregulation of E2F targets with
a median log2 fold change (FC) of —0.36 compared
to PRC1-NLS3A with a median log2 FC of —0.31.
We next investigated the top 20 differentially
expressed genes upon expression of PRC1-WT and
PRCI-NLS3A. The top hit was PRC1 itself, confirm-
ing the induction of PRCI1. Interestingly, 10 out of
the 20 top genes are bona-fide p53-target genes
(Figure 4a, highlighted in red). Examples for induced
p53-target genes are the antiproliferative protein
BTG2, the cyclin-dependent kinase inhibitor
CDKNI1A (p21), the E3 ubiquitin ligase MDM2,
the proapoptotic receptor FAS and SESNI1, which
mediates p53 inhibition of cell growth. Analysis of
the log2 fold changes of the top 20 differently
expressed genes showed slightly higher values for
most genes after PRC1-WT expression in compar-
ison to PRCI-NLS3A expression (Figure 4a).
Because the p53 pathway was the most strongly
enriched pathway upon expression of PRC1 and
PRC1-NLS3A, we independently confirmed activa-
tion of p53-target genes by PRCI-WT and PRCI1-
NLS3A by RT-qPCR (Figure 4b). The p53-target
genes BTG2, SESN1, CDKNI1A (p21) and FAS,
which were randomly selected, were all activated
after induction of wildtype PRC1 or PRC1-NLS3A.
Taken together, the genome-wide expression analy-
sis indicates that both wildtype PRC1 and PRCI-
NLS3A lead to activation of the p53 pathway and
to inhibition of the pro-proliferative E2F pathway.

Expression of PRC1 or PRC1-NLS3A results in
multinucleation

We next explored the possible cause of p53
pathway activation by PRC1. By microscopy,
we observed that expression of PRC1-WT and
PRCI1-NLS3A resulted in an increase in cell size

compared to non-induced cells (Figure 5a).
Quantification showed that cell size increased
significantly from around 30 pm to over 90 um
by wildtype PRC1 or PRC1-NLS3A (Figure 5b).

To directly test whether the cell size increase is
related to the functions of PRC1 in mitosis and
cytokinesis, we generated a cell line expressing
a variant of PRCI1 that lacks part of the N-terminal
dimerization domain (PRC1-AN78) (Figure 5c,d).
The N-terminal domain has been shown to be essen-
tial for the function of PRC1 in mitosis and cytokin-
esis [8,14]. PRCI-AN78 was absent from the
midbody but localized to the nuclei of interphase
cells (Figure 5d). PRC1-AN78 only slightly increased
cell size and this effect was not significant (Figure 5a,
b). In addition to an increase in cell size, we observed
multinucleation in cells expressing PRC1-WT or
PRCI-NLS3A (Figure 5e). To better understand the
relationship between PRCI expression and multi-
nucleation, we performed a time course of PRC1
induction and determined the fraction of mono-,
bi- and multinucleated cells by immunostaining
(Figure 5f). Bi- and multinucleation was already
observed after expression of PRC1 for one day and
further increased on day two. Longer induction up to
4 days did not further increase the fraction of bi- and
multinucleated cells. A similar kinetics of bi- and
multinucleation was also observed in cells expressing
PCR1-NLS3A. Importantly, PRC1-AN78 did not
result in any bi- and multinucleation, indicating
that the ability to induce multinucleation depends
on the localization of PRC1 to the spindle midzone
in mitosis. Furthermore, while PRCI1-WT and
PRCI-NLS3A resulted in robust activation of p53
and of the p53-target gene p21 as demonstrated by
immunoblotting and RT-qPCR, PRC1-AN78 failed
to activate p53 and p21 (Figure 5g,h). In conclusion,
PRCI-WT and PRC1-NLS3A lead to cell enlarge-
ment and multi-nucleation, which likely is the
underlying cause of p53-pathway activation. To
determine how expression of PRCI1 affects the sub-
cellular localization of p53, we performed immunos-
taining for p53 before and after induction of PRCI1.
As shown in Supplemental Figure S1, p53 was unde-
tectable in uninduced cells. Strong p53 nuclear
expression was detected after induction of PRC1 or
PRC1-NLS3A, whereas no p53 expression could be
detected following expression of PRCI1-AN78.
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siRNA mediated depletion of p53 before induction
of PRC1 or PRCI-NLS3A confirmed that bi- and
multinucleation as well cell size enlargement are not
dependent on the presence of p53, placing the acti-
vation of p53 downstream to the effects of PRC1 on
cytokinesis (Supplemental Figure S2A-D).

Expression of PRC1 leads to p53-dependent
cellular senescence

Because it been demonstrated to p53 activation due
to cleavage failure can result in senescence or apop-
tosis, we next performed immunoblotting for
cleaved PARP and cleaved caspase-3, markers for
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Figure 5. Expression of PRC1 results in cell size increase and in multinucleation. A) Following expression of the indicated PRC1
constructs, cells were fixed and immunostained for flag (green), Hoechst (blue) and tubulin (red) and investigated by fluorescence
microscopy. The diameter of cells was measured. Bar: 25 um. B) Quantification of the cell sizes from the experiment in (A). Each
symbol represents one independent experiment. n =3 biological replicates. Student’s t-test. *p < 0.05; ***p < 0.0001. Dox: doxycy-
cline. C) Scheme of PRC1-AN78 mutant. D) Expression of PRC1-AN78 was induced with doxycycline. Cells were fixed and
immunostained for flag (green), Hoechst (blue) and tubulin (red) and investigated by fluorescence microscopy. Examples of cells
in interphase and cytokinesis are shown. White bar: 25 um; Magenta. Bar: 5um. E) PRC1-WT, PRC1-NLS3A or PRC1-AN78 were
induced with doxycycline (Dox). Subsequently, cells were fixed and immunostained for flag (green), tubulin (red), and Hoechst (blue)
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were induced with doxycycline (Dox) for 1, 2, 3 and 4 days. The percentage of mono-, bi- and multi-nucleated cells was determined.



apoptotic cells. No cleaved PARP or cleaved cas-
pase-3 were detected upon expression of PRCI,
indicating that expression of PRC1 does not result
in apoptosis (Figure 5g). Next, to test whether
expression of PRC1 results in senescence, we
induced PRC1-WT or PRCI-NLS3A for four and
eight days and then stained cells for 3-galactosidase,
a marker for senescent cells. PRC1 or PRC1-NLS3A,
but not PRC1-AN78 resulted in cells that stained
positive for P-galactosidase, indicating that they
became senescent (Figure 6a-c). Treatment with
Nutlin-3, which inhibits the MDM2-p53 interaction
and thus stabilizes p53, also resulted in activation of
p21, proliferation arrest and senescence but not
apoptosis of A549 cells, indicating that the p53-
pathway is functional in these cells (Supplemental
Figure S3A-E). However, different from PRC1, p53
stabilization by Nutlin-3 resulted in G1 cell cycle
arrest and not in polyploidization (Supplemental
Figure S3E). To directly test whether p53 is required
for induction of p21 and for senescence following
expression of PRCI1, we depleted p53 by RNA inter-
ference and then investigated p21 expression and
senescence. Depletion of p53 reduced the induction
of p21 by PRC1 on mRNA and protein level without
affecting the increase in polyploidy following PRC1
induction (Figure 6d-f). Importantly, depletion of
p53 also reduced senescence upon PRCI expression
(Figure 6g). Similar to PRC1 overexpression, deple-
tion of PRC1 in A549 cells also lead to stabilization
of p53 and senescence [20]. Thus, PRCI levels have
to be tightly regulated and only small deviations
from normal PRCI expression can be tolerated
without affecting normal cell division.

Discussion

The functions of PRC1 in mitosis and cytokinesis
are well established. In this study, we investigated
whether PRCI has additional functions besides its
role as a microtubule-binding protein during cell
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division which could be important for better
understanding its role in carcinogenesis and as
a possible therapeutic target for cancer. Previous
studies have shown that PRC1 is expressed during
interphase before mitosis and is localized in the
nucleus, which led to the hypothesis that PRC1 has
nuclear specific functions in cancer cells that are
independent from its role in cytokinesis [7]
[17,21]. Furthermore, the ability of the kinase
CDK16 to promote proliferation of cancer cells
has been linked to the phosphorylation of PRC1
in the nuclear localization signal (NLS), suggesting
that regulated nuclear localization of PRCI is rele-
vant for cell cycle regulation [19]. To uncover
possible additional novel nuclear functions of
PRCI, we determined the genome-wide expression
changes upon expression of PRC1 by RNA-seq.
Notably, we find that both wildtype PRCI1 and
PRCI-NLS3A, which is unable to enter the
nucleus, result in highly comparable expression
changes. There were no gene sets specific to wild-
type PRC1 and unlike previous studies we did not
find any indication of regulation of the Wnt-
signaling pathway by PRC1. Instead, both wildtype
PRC1 and PRCI1-NLS3A resulted in activation of
the p53 pathway, one of the most important tumor
suppressors pathways which is activated upon cel-
lular stress such as DNA damage, oxidative stress
or oncogenic stress.

The induction of p53 is likely a direct conse-
quence of overexpressed PRCI1 to interfere with
the normal function of PRCI during cytokinesis
ultimately leading to multinucleation. Abnormal
mitosis and tetraploidization is known to trigger
p53-stabilization and activation of p21 resulting in
a tetraploid GI1 state [3,22-24,]. The AN78 mutant
of PRCI, which fails to bind the midzone and does
not interfere with cytokinesis, does not result in
multinucleation. This explains the absence of p53-
activation and senescence upon expression of this
mutant.

In addition to upregulation of p53 target genes
we observed downregulation of the E2F-dependent

Shown is the mean and SD of n =2 independent replicates. G) PRC1-WT, PRC1-NLS3A or PRC1-AN78 were induced with doxycycline.
p53, p21, cleaved-caspase-3 and cleaved PARP were analyzed by immunoblotting. -actin was used as a loading control. H) Cells
were treated as in G) gRT-PCR indicating that the p53-target gene p21 is induced by PRC1 and PRC1-NLS3A, but not by PRC1-AN78.
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Figure 6. Expression of PRC1 results in p53-dependent senescence but not in apoptosis A) -C) Expression of PRC1-WT (A), PRCI1-
NLS3A (B) or PRC1-AN78 (D) was induced for 4 days or 8 days and senescent cells were detected by staining for B-galactosidase. Bar:
100 um. D) and E) Immunoblot and RT-qPCR analysis of p53 and p21 in cells transfected with a siRNA specific for p53 or with
a control siRNA transfection and after induction of PRC1 with doxycycline. F) Flow cytometry analysis of the fraction of cells in
different cell cycle phases. n=3 biological replicates. **p < 0.001; ***p < 0.0001; ns: not significant. G) Cells were treated as in
D. Senescent cells were detected by staining for B-galactosidase. Bar: 200 um.



transcriptional program by PRC1 which is con-
sistent with indirect repression of pro-
proliferative E2F-regulated cell cycle genes by
p53 through the MuvB complex. Dependent on
its interactions with different binding partners,
MuvB an either repress or activate transcription
[25,26,]. Specifically, when the MuvB core inter-
acts with the p130 retinoblastoma protein para-
log, and with E2F4 and DPI1, it forms the
DREAM complex, which represses E2F-
dependent gene expression in quiescent cells
and in early G1. Upon cell cycle entry, p130,
E2F4, and DPI1 dissociate from the complex
and the MuvB core associates with the transcrip-
tion factors B-MYB to form the Myb-MuvB
(MMB) complex that activates genes with key
functions in mitosis and cytokinesis. p53 indir-
ectly inhibits cell cycle gene expression by
induction of the cyclin-dependent kinase inhibi-
tor p21 which lead to dephosphorylation of p130
and a switch from the activating MMB to the
DREAM repressor complex that binds to and
inhibits the promoters of cell cycle genes
[27-29,].

In many cancers, PRC1 is expressed at very
high levels [5], which may appear inconsistent
with induction of the p53-pathway and inhibi-
tion of the E2F-dependent transcriptional pro-
gram. Similar to what we observed here, high
PRCI expression in cancer may initially interfere
with the normal function of PRCI resulting in
cytokinesis failure and CIN, the main source of
tumor heterogeneity [30]. This may not only
drive tumor evolution but also lead to tumor
cells tolerating elevated PRC1 levels and escap-
ing the p53-mediated growth arrest. Of note
similar to overexpression, depletion of PRCI
can also cause cytokinesis failure resulting in
growth arrest [71481414142014311432,,,,]. Thus,
levels of PRC1 have to be tightly regulated and
only small deviations from normal PRC1 expres-
sion can be tolerated without affecting normal
cell proliferation. Targeting the expression or
function of PRC1 could therefore create
a therapeutic vulnerability for the treatment of
cancer. A better understanding of the mechan-
isms and pathways that provide tolerance of
cancer cells to PRCI expression may contribute
to improved anti-cancer therapies.
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Materials and methods
Cell culture

A549 were cultured in RPMI (Thermo Fisher
Scientific) medium containing 10% FBS (Thermo
Fisher Scientific) and 1% Penicillin-Streptomycin
(Thermo Fisher Scientific) and were cultured at
37°C with 5% CO,. PRC1 expression was induced
with 0.25 pg/ml of doxycycline (Sigma Aldrich) for
48 hours unless otherwise stated in the figure
legends.

Antibodies

The following primary antibodies were used: PRC1
(H70): sc-8356 (Santa Cruz Biotechnology). Beta-
Actin (C4): sc -47,778 (Santa Cruz Biotechnology).
p53 (DO-1): sc-126 (Santa Cruz Biotechnology). p21
(clone EA10): OP64 (Calbiochem). Cleaved PARP
(Asp214): 9541 (Cell Signaling Technology). Alpha-
Tubulin  (B-5-1-2): sc -23,948 (Santa Cruz
Biotechnology). Anti-Flag M2: F3165 (Sigma
Aldrich). Anti-Flag: F7425 (Sigma-Aldrich)

Generation of stable cell lines

The lentiviral pINDUCER system was used to
generate cell lines stably expressing inducible flag-
tagged PRC1 [33]. Primers for cloning of PRC1
constructs are listed in Supplemental Table SI.
Lentiviral particles were produced as described
previously [34]. Briefly, pINDUCER20 constructs
were transfected together with psPAX2 and VSVg
plasmid into 293T cells. After 24 hours, medium
replaced by fresh medium. 48- and 72 hours post-
transfection virus-containing medium was col-
lected and used to infect cell lines. Cells were
selected with 600-800 pg/ml neomycin.

Immunoblotting

Cells were lysed in TNN [50 mM Tris (pH 7.5), 120
mM NaCl, 5mM EDTA, 0.5% NP40, 10 mM Na,P,
07,2 mM Na;VO,, 100 mM NaF, 10 mg/mL phenyl-
methylsulfonyl fluoride, protease inhibitors (Sigma)].
Proteins were separated by SDS-PAGE, transferred to
PVDF membrane and detected by immunoblotting.
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Immunostaining

Cells were fixed in 3% paraformaldehyde, 2% sucrose
in PBS, permeabilized with 0.2% Triton X-100 and
blocked with 3% BSA for 30 minutes. Coverslips were
incubated for 1 hour at room temperature with first
antibodies followed by incubation with secondary
antibodies diluted 1:500 in blocking solution for 30
minutes at room temperature. Cells were counter-
stained with 4',6-diamidino-2-phenylindole
(Hoechst; Sigma) and mounted in IMMU-MOUNT
(Thermo Fisher Scientific). Cells were investigated by
fluorescence microscopy (Leica DMI 6000B). Images
have been taken at the same exposure settings.
Fluorescence signals were analyzed by Image J.

Flow cytometry

For flow cytometry, samples were washed once
with ice cold PBS and then fixed in 80% ice cold
ethanol. Then, cells were washed with ice cold PBS
and resuspended with 38 mM sodium citrate with
500 pug/ml RNase A for 30 min at 37°C. Before cells
were analyzed on a Beckman Coulter Fc500, 43
mM propidium iodide was added.

Senescence-Associated B-galactosidase assay

Senescence-associated {3-galactosidase activity was
detected as described [35]. Briefly, cells were fixed
with 3.7% formaldehyde in PBS for 5min and
washed twice with PBS. X-gal staining solution
[1 mg/ml X-Gal, 40 mM citric acid/sodium phos-
phate buffer (dibasic, each 200 mM), 5 mM potas-
sium ferrocyanide (K4Fe(CN)s), 5mM potassium
ferricyanide (K3;Fe(CN)s), 150 mM NaCl, 2 mM
MgCl,] was added to the cells. Cells were incu-
bated at 37°C and 5% CO, for 16 h protected from
light and then washed twice with PBS. The results
were documented by microscopy.

siRNA transfection

A siRNA targeting p53 (GAGGUUGGCUCUGA
CUGUATAT) or a non-targeting control siRNA
(UGGUUUACAUGUCGACUAA) was transfected
with Lipofectamine RNAIMAX according to the
manufacturer’s  protocol  (Thermo  Fisher
Scientific).

RNA isolation, reverse transcription, and
quantitative real-time PCR

Isolation and quantification of RNA was per-
formed as described previously [36]. Briefly, total
RNA was isolated with Total RNA Isolation
Reagent (Thermo Fisher Scientific). 2pg RNA
was transcribed using 125 units MMuLv (Thermo
Fisher Scientific). Quantitative real — time PCR
reagents were from Thermo Scientific and real-
time PCR was performed using the Mx3000
(Agilent) detection system. Expression differences
were calculated as described before [37]. Primer
sequences are listed in Supplemental Table S1.

RNA-Seq

Total RNA was isolated by using the RNeasy
Mini Kit (Qiagen). RNA concentration and qual-
ity were measured by RNA analyzer (Advanced
Analytical Technologies). mRNA was isolated by
using NEBNext Poly(A) mRNA Magnetic
Isolation Module (New England Biolabs). cDNA
libraries were generated with 1pg of purified
mRNA by using NEBNext Ultra II RNA Library
Prep Kit for Illumina (New England Biolabs).
The quality of the cDNA library was determined
by RNA analyzer (Advanced Analytical
Technologies). Libraries were sequenced on the
HiSeq500 platform (Illumina). Galaxy was used
to analyze RNA-seq data (https://usegalaxy.org).
HISAT2 was used to align RNA-seq reads against
hg19 [38]. FeatureCounts and limma were used
to analyze differential expression [39-41,,].
Metascape was used for identification of enriched
pathways [42]. Gene Set Enrichment Analysis
(GSEA) [43] and FGSEA [44] was used to deter-
mine whether a set of genes is enriched or down-
regulated in a list of differentially expressed
genes (ranked list of genes). The molecular sig-
natures database (MSigDB) was used to down-
load gene set collections for FGSEA or gene
group analysis.

Statistical analysis

Statistical analyses were performed using Prism 9
(GraphPad Software). Statistical significance was
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determined using Student’s t-test. p values <0.05
were considered statistically significant.
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