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Abstract Immortalization-upregulated protein (IMUP)
plays a vital role in cell proliferation and tumor progres-
sion. However, its role in pancreatic ductal adenocarci-
noma (PDAC) remains unclear. Here, we select IMUP
as an alternative gene based on GeneChip analysis of
clinical PDAC tissues and transcriptome data from The
Cancer Genome Atlas. IMUP expression is upregu-
lated in PDAC tumor tissues. Moreover, high IMUP
expression correlates with poor prognosis, while IMUP
depletion inhibits PDAC cell proliferation and colony
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formation capacity in vitro, and decreases xenograft
tumor growth in vivo. IMUP downregulation leads
to cell-cycle arrest in the S phase. IMUP knockdown
increases the expression of four-and-a-half LIM domain
protein 1 (FHL1), which regulates the phosphorylation of
cell division cycle 25A (CDC25A) by cycle checkpoint
kinase 1 (CHK1) and promotes cytoplasmic distribu-
tion of CDC25A by interaction with 14-3-3&. Further-
more, FHLI knockdown restores the effects induced by
IMUP depletion. Liquid chromatography tandem mass
spectrometry and immunoprecipitation analysis further
show that IMUP interacts directly with nucleophos-
min (NPM1) and enhances its stability. DNA methyla-
tion sequencing shows that FHLI promoter methylation
decreases when IMUP is downregulated. Overexpression
of NPM1 can increase the methylation level of FHLI,
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thereby decreasing its expression. Our study provides a
novel perspective on IMUP/NPM 1/FHL1-mediated cell-
cycle arrest by regulating CDC25A phosphorylation in
PDAC. These findings may provide a new therapeutic
target for PDAC.

Keywords IMUP - Pancreatic cancer - Cell cycle -
S phase

Abbreviations
CDC25 Cell division cycle 25
CDK Cyclin-dependent kinases

CHK1 Cycle checkpoint kinase 1

DEGs  Differentially expressed genes

FHL1 Four-and-a-half LIM domain protein 1
IMUP  Immortalization upregulated protein
NCGs  Negatively correlated genes

NPM1 Nucleophosmin

PDAC  Pancreatic ductal adenocarcinoma

SRGs Survival-related genes
TCGA  The Cancer Genome Atlas

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a malig-
nant tumor with poor prognosis (Siegel et al. 2019).
Although various hallmark capacities of cancer have
been recognized (Hanahan and Weinberg, 2011), no
effective pharmacotherapeutic or chemotherapeutic strat-
egies exist for PDAC. Among the ten cancer hallmarks,
one of the most important is sustaining cell proliferation
capability (Hanahan and Weinberg, 2011). The abnormal
regulation of cell-cycle checkpoints greatly contributes to
malignant cell proliferation. DNA damage caused by ion-
izing radiation, chemicals, and drugs typically induces
cell-cycle checkpoint arrest, thus, providing the oppor-
tunity for increased DNA repair (Murakami and Nurse,
2000). However, cancer cells acquire the ability to cir-
cumvent cell-cycle checkpoints by activating intracellular
signaling pathways, thereby, facilitating their continual
grow. In earlier studies, many researchers focused on the
regulation of G1 and G2 checkpoints as prominent cell-
cycle arrests were more readily observed in the G1 and
G2 phases. Meanwhile, the S-phase checkpoint has a
more significant role in maintaining genetic stability than
either G1 or G2 phases (Bartek et al. 2004).
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Immortalization-upregulated protein (IMUP) was
first identified in SV40-immortalized fibroblasts and
includes two isoforms, namely, IMUP-1 and IMUP-2
(Kim et al. 2000). IMUP is reportedly upregulated
in many cancer tissues and cell lines, while its over-
expression is associated with tumorigenicity (Ryoo
et al. 2006) and cell-cycle acceleration (Jeon et al.
2013). Moreover, Qian et al. reported that IMUP is
highly expressed in PDAC tumor tissues based on
bioinformatic analysis (Qian et al. 2021). However,
the function and mechanism of IMUP in PDAC have
not yet been characterized.

Four-and-a-half LIM domain protein 1 (FHLI)
is downregulated in many cancers, including gastric
(Asada et al. 2013), breast (Ding et al. 2011), and
lung cancers (Wang et al. 2018a, b, ¢). FHL1 has
been confirmed as a tumor suppressor that inhibits
cell growth, invasion, and cancer progression. Xu
et al. reported that FHL1 interacts with cell divi-
sion cycle 25 (CDC25), cell-cycle checkpoint kinase
(CHK) 2, and 14-3-3¢ in HelLa and MCF-7 cell
lines, all of which represent key cell-cycle check-
point proteins that participate in cell-cycle progres-
sion regulation (Xu et al. 2017). Remarkably, the
downregulation of FHLI in gastric (Asada et al.
2013) and liver cancers (Wang et al. 2017) is asso-
ciated with promoter methylation. Nucleophosmin
(NPM1), a nucleocytoplasmic shuttling protein, has
a sandwich-like structure that allows it to form a his-
tone complex, thus regulating diverse cell biological
processes, including epigenetic modification (Holm-
berg Olausson et al. 2015), cell-cycle progression,
chromatin remodeling, and transcription regulation
(Karimi Dermani et al. 2021). Moreover, NPM1
reportedly plays an important role in various solid
tumors (Qin et al. 2020; Xu et al. 2014). However,
the potential molecular mechanisms of FHL1 and
NPM1 in PDAC have not yet been elucidated.

Here, we discovered that IMUP is upregulated in
PDAC tumors and has a negative impact on the sur-
vival rates of patients. Downregulation of IMUP
inhibits cell growth in vivo and in vitro via cell-cycle
arrest at the S phase, which is related to increased
expression of FHL1. In addition, we confirmed that
IMUP enhances NPM1 stability via direct binding.
IMUP inhibits the transcription of FHLI through
NPM1-mediated epigenetic modification. Our results
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provide novel insights into the cell-cycle checkpoint
mechanisms regulated by IMUP, which may contrib-
ute to the future exploration of biological markers and
therapeutic targets for PDAC.

Materials and methods

GeneChip analysis and data analysis of The Cancer
Genome Atlas (TCGA)

Total RNA was isolated from 20 samples (collected
from Henan Provincial People’s Hospital), includ-
ing ten tumor tissues and ten adjacent normal tissues,
using an mirVana™ RNA isolation kit (AM1561,
Thermo Fisher, USA). RNA clean-up was performed
using RNasey Mini Kit (Qiagen p/n 74,104). Quan-
tification and quality control were achieved by Nan-
oDrop ND-2100 (ThermoFisher) and Agilent Bioana-
lyzer 2100 (Agilent Technologies, Palo Alto, USA).
cDNA synthesis and biotin labeling of cRNA were
performed using One-Cycle Target Labeling and
Control Reagents (Affymetrix, Santa Clara, USA) and
the GeneChip™ Hybridization, Wash and Stain Kit
(Affymetrix) following the manufacturer’s protocol.
The purified and fragmented labeled cRNAs were
hybridized onto the Affymetrix PrimeView™ Human
Gene Expression microarray. After washing and
staining, the arrays were scanned and analyzed using
Affymetrix Scanner 3000 (Affymetrix). GeneChip
Command Console Software (version 4.0, Affym-
etrix) and Genespring software (version 14.9, Agilent
Technologies) were used to analyze the transcriptome
data. Differentially expressed genes (DEGs) from
TCGA were analyzed using DESeq2 package within
R language (version 3.4.3).

Human tissues and immunohistochemistry (IHC)

Tumor tissues and adjacent normal tissues were
collected from 57 surgically resected PDAC
patients at Henan Provincial People’s Hospital for
GeneChip analysis, western blotting (WB), and
IHC analysis. The clinical stage of the disease was
defined according to the 8th edition of the Ameri-
can Joint Committee on Cancer classification. IHC
was performed according to the protocol described
in our previous study (Zhang et al. 2020). Antibod-
ies against IMUP (1:100; #ab221063) from Abcam

(Cambridge, UK) and FHL1 (1:50; #10,991-1-AP)
from Proteintech (Wuhan, China) were used for
[HC to verify their expression in PDAC and xeno-
graft tumor tissues. The IHC scores were produced
by multiplying the proportion of positive cells by
the dyeing intensity (pale yellow, 1; brownish yel-
low, 2; brown, 3). The expression level was defined
as high or low when the score was>1 or<I,
respectively. All the human tissues were de-identi-
fied before analysis.

Cell culture, cell proliferation, and colony formation
assays

Human immortalized pancreatic ductal epithelial
cells (HPDE), HEK293T cells, and human PDAC
cell lines, including BxPC-3, SW1990, and PANC-1
cells, were purchased from the American Tissue
Type Culture Collection. MIA paca-2 cells were
purchased from the National Collection of Authen-
ticated Cell Cultures (Shanghai, China). The results
of mycoplasma contamination tests were negative.
Cells were cultured in Dulbecco’s modified Eagle’s
medium (Invitrogen, CA, USA) containing 10%
fetal bovine serum (Biological Industries, Israel).
The concentration of DNA methyltransferase inhib-
itor 5'-aza-2'-deoxy-cytidin (5'-aza) (Sigma, St.
Louis, MO, USA) used in the medium was 0.5 pm.
In the cycloheximide (CHX) (Invitrogen) assays,
cells were treated with 100 pg/mL CHX for 0, 12,
24, and 48 h to block protein synthesis. Cell Count-
ing Kit-8 and colony formation assays were per-
formed as previously described (Xia et al. 2020).

Flow cytometry

The cell cycle was detected using propidium iodide
and RNase staining solution according to the manu-
facturer’s protocol (Beyotime, C1052). Flow cytom-
etry data were obtained using a BD FACSAria™ III
Cell sorter (USA) and analyzed using ModFit ver-
sion LT4.1.

Mouse xenograft

Five-week-old male BALB/c nude mice were bred
by Vital River (Beijing, China). All mice were raised
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and treated following the guidelines of the Zheng-
zhou University Laboratory Animal Care Committee
(ZZU-LAC20210416[07]). Each mouse was injected
in the right forelimb armpit with 1x 10’ BxPC-3 cells,
which were suspended in 100 pL phosphate buffered
saline. Calipers were used to measure the tumor size
every 2 to 3 days. The formula used to compute tumor
volume was: /6 Xlength X widthXxheight. Tumor
masses were subsequently excised, weighed, and
stored in a tissue stabilizer (Vazyme, Nanjing, China)
for IHC or WB.

Plasmids, siRNAs, and lentivirus

siRNAs were purchased from RiboBio (Guangzhou,
China). To construct IMUP-, FHL1-, or NPM1-
expressing plasmids, we amplified and inserted
IMUP, FHL1, or NPM1 cDNA into pCDNA3.1 (Inv-
itrogen) for overexpression with a GFP- or Flag-tag.
Lentivirus small hairpin RNAs (shRNAs) targeting
IMUP and FHL1 were selected from Dharmacon™
GIPZ™ Lentiviral shRNA Library (Cambridge, UK).
HEK?293T cells co-transfected with lentivirus vectors,
gag/pol, VSV-G, and REV were used to produce len-
tiviruses. After 48 h, the lentiviruses were collected
and added to the medium of BxPC-3 or SW1990 cells
with polybrene (1:1000; Beyotime, Wuhan, China).
The target sequences of the siRNAs and shRNAs are
shown in Table S1.

RNA sequencing (RNA-seq) analysis

BxPC-3 cells were transfected with three different
IMUP siRNAs and normal control siRNA (si-NC)
for 36 h. Total RNA was extracted from cells using
Trizol (Invitrogen) and purified using Epicentre-
Ribo-Zero rRNA Removal Kit (Illumina, USA).
Subsequently, a cDNA library was constructed
using NEBNext® Ultra™ RNA Library Prep Kit for
[Nlumina® (NEB, USA). RNA-seq was performed
on a HiSeq3000 platform (RiboBio). HISAT2 ver-
sion 2.1.0 was used to align the clean reads. Dif-
ferential expression was assessed by DEseq R pack-
ages (version 1.30.0). DEGs between si-NC and
si-IMUP were selected based on fold changes>?2
and adjusted P value <0.05. All the DEGs were
used for heat map analysis and Kyoto Encyclopedia
of Genes and Genomes enrichment analysis (http://
www.genome.jp/).
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WB, immunoprecipitation (IP), and liquid
chromatography tandem mass spectrometry (LC/MS)

Antibodies against IMUP (1:500; #ab228823),
pCDC25A (Phospho S124; 1:1000; #ab156574),
pCHK1 (1:500; ab79758), from Abcam; cyclin-
dependent kinase 2 (CDK2) (1:1000; #AF6237) from
Affinity Biosciences (OH, USA); Cyclin A2 (1:1000;
#BF683) and Cyclin E1 (1:1000; #HE12) from Cell
Signaling Technology (Danvers, MA, USA); and
FHL1 (1:500; #10,991-1-AP), CDC25A (1:1000;
#55,031-1-AP), CHKI1 (1:1000; #25,887-1-AP),
CDC25C (1:1000; #16,485-1-AP), 14-3-3& (1:1000;
#11,648-2-AP), SP1 (1:1000; #21,962-1-AP), and
NPMI1 (1:1000; #10,306—-1-AP) from Proteintech
were used for WB assays.

Antibodies against IMUP (1:100; #ab228821)
from Abcam; GFP-Trap® Magnetic Agarose (20
pL per reaction; #gtma-100) from Proteintech; and
Pierce™ anti-DYKDDDDK Magnetic Agarose (20
pL per reaction; #A36798) from Invitrogen were
used for IP to detect protein interactions. For LC/
MS, immunocomplexes from GFP-Trap® Magnetic
Agarose, anti-IMUP agarose, or anti-DYKDDDDK
magnetic agarose were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis. Subse-
quently, the candidate bands were cut and identified
by LC/MS.

DNA methylation analysis

BxPC-3 cells were transfected with control shRNA,
IMUP-shRNA, or co-transfected with GFP-tagged
NPM1 vector. The DNeasy Tissue Kit (QIAGEN)
was used to extract total DNA. Genomic DNA was
bisulfite converted using the EpiTect Bisulfite Kit
(QIAGEN) and amplified by PCR using FHL1 pro-
moter-specific primers (fragment 1: forward GGG
TTTAGTAAATTGAATGTTGAGT, reverse CCC
CATCCATAATCCCAATAC; fragment 2: forward
TGGTTTTTTAGGGTTGGGTAT, reverse TCCACC
CCACTACCTCTTAA). Pyrosequencing was per-
formed on the PyroMark Q48 Autoprep (QIAGEN)
according to the manufacturer’s instructions.

Quantitative real-time PCR

TRIzol reagent (Beyotime), HiScript RT SuperMix
(Vazyme), and PowerUpTM SYBRTM Green Master
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Mix (ThermoFisher) were used for RNA extraction,
reverse transcription, and quantitative real-time PCR
(RT-gPCR) as previously described with the primers
listed in Table S2 (Xia et al. 2020).

Chromatin immunoprecipitation assay (ChIP)

Antibodies against SP1 (1:50; #21,962—1-AP) from
Proteintech and ChIP Assay Kit (P2078) from Beyo-
time were used for ChIP assay according to the man-
ufacturer’s instructions. Two SP1-binding sites of
FHLI promoter region were determined by RT-PCR.
Details of the primers used are provided in supple-
mentary Table S2. The FHLI upstream and actin pro-
moter were employed as negative controls.

Statistical analysis

GraphPad Prism 5.0 and SPSS Statistics 22.0 were
applied for data analysis. Comparisons between two
groups were assessed using unpaired two-tailed Stu-
dent’s ¢ test or paired-samples ¢ test. The Mann—Whitney
U test or Wilcoxon signed rank test was used for non-
normal distribution analysis. The correlation of two var-
iables was determined by the Pearson coefficient. The
overall survival (OS) and disease-free survival (DFS)
curves of patients were plotted using the Kaplan—-Meier
method, and statistical differences were verified by a
Log-rank test. All statistical tests were two-tailed, and
P <0.05 was considered statistically significant.

Results

IMUP is upregulated in PDAC and associated with
poor prognosis

We detected the transcriptomics of tumor and adja-
cent normal tissues of ten paired primary PDAC
patients by microarray scanning using GeneChip.
DEGs between tumor and adjacent tissues were
analyzed (Fig. Sla, b). In addition, we obtained
DEGs and survival-related genes (SRGs) from the
TCGA database (http://www.cbioportal.org/index.
do). The intersecting DEGs between GeneChip (fold
change >4), TCGA, and SRGs identified IMUP as the
most notable gene (Fig. 1a).

The data from the MEXPRESS online tool indi-
cated that tumor stage and OS of PDAC patients were

associated with IMUP expression (Fig. 1b) (Koch
et al. 2019). The general characteristics of patients,
including age, sex, years smoked, and alcohol history,
were not significantly different in terms of IMUP
expression (P>0.05; Fig. 1b). Consistent with these
results, bioinformatics analysis of data from TCGA
and GTEx databases by GEPIA demonstrated that
the mRNA level of IMUP was upregulated in tumors
(Fig. 1¢) (Tang et al. 2019).

Protein levels were investigated in PDAC tumor
tissues and adjacent normal tissues using WB and
IHC. Results showed that the IMUP abundance in
tumor tissues was higher than that in adjacent tis-
sues (Fig. 1d, Fig. S2a). Moreover, data from GEPIA
demonstrated that patients with high IMUP abun-
dance had a poor OS, DFS, and an advanced clinical
stage (Fig. le—g) (Tang et al. 2019), which was con-
sistent with the results of Kaplan—Meier analysis of
our clinical tissues (P<0.001) (Fig. 1h). Univariate
and multivariate Cox regression analyses confirmed
that high IMUP abundance was a significant predic-
tor of OS (hazard ratio=3.695, P<0.001; Table S4).
Finally, we verified that IMUP levels in PDAC cell
lines, including BxPC-3, SW1990, MIA Paca-2, and
PANC-1, were significantly elevated in comparison
with those in HPDE cells (Fig. 1i). Collectively, these
data suggest that IMUP is upregulated in PDAC and
negatively affects patient prognosis. Hence, IMUP
may play a critical role in PDAC progression.

IMUP knockdown inhibits cell growth in vitro and in
vivo

Three shRNAs were used to interfere with IMUP
expression in BxPC-3 and SW1990 cells. The
mRNA and protein levels of IMUP were markedly
depleted by shRNA-1 and shRNA-2 (Fig. 2a), and
IMUP knockdown significantly inhibited the prolif-
erative and colony formation capacity of BxPC-3 and
SW1990 cells (Fig. 2b—d). Flow cytometry results
revealed that the cells were blocked at the S phase by
IMUP depletion (Fig. 2e, f). Moreover, IMUP deple-
tion inhibited tumor xenograft formation of BxPC-3
cells in BALB/c nude mice (Fig. 2g). The volume
and weight of IMUP-shl and IMUP-sh2 xenograft
tumors also decreased significantly in comparison
with the normal control group (shNC) xenograft
tumors (Fig. 2h, 1). IHC was used to assess IMUP
downregulation in the xenograft tumors (Fig. S2b).
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«Fig. 1 IMUP is upregulated in PDAC and correlates with poor
prognosis. a IMUP was selected from the intersection of dif-
ferentially expressed genes (DEGs) from GeneChip, DEGs
from TCGA, and survival-related genes (SRGs) from TCGA.
b IMUP expression differs between different simplified tumor
stages (P <0.0001) and is negatively correlated with overall
survival (OS). No differences were observed between the gen-
eral characteristics of patients, including age, gender, years
smoked, alcohol history (P>0.05). ¢ IMUP mRNA level ana-
lyzed by GEPIA. d IMUP protein abundance in tumors and
adjacent tissues from PDAC patients by WB tests. Representa-
tive immunohistochemical staining of IMUP in PDAC tumor
tissues and adjacent tissues. Scale bar: 100 um. e, f, g Kaplan—
Meier analysis of OS and disease-free survival (DFS), and
clinical stage analysis of TCGA data. h Kaplan—-Meier analysis
of OS of our clinical data. i mRNA and protein level of IMUP
in BxPC-3, SW1990, PANC-1, and human immortalized pan-
creatic ductal epithelial cells (HPDE). An unpaired Student’s ¢
test is used to perform statistical analysis

Results indicated that IMUP knockdown significantly
suppressed tumor growth in vitro and in vivo, conse-
quently confirming the potent role of IMUP in PDAC
tumorigenicity.

IMUP regulates cyclin A2/cyclin E1/CDK2 proteins
via FHLI

To investigate the mechanisms of IMUP in cell-
cycle arrest, we performed RNA-seq for BxPC-3
cells with or without IMUP knockdown. A total of
621 genes were differentially upregulated, while 153
genes were downregulated following IMUP depletion
(Fig. 3a). In addition, we analyzed IMUP-correlated
genes from the TCGA database using LinkedOmics
(Vasaikar et al. 2018). Gene Ontology (GO) analy-
sis results showed that IMUP-associated genes were
enriched in regulation of cyclin-dependent protein
kinase activity (Fig. 3b). The positively and nega-
tively correlated genes (PCGs and NCGs, respec-
tively) associated with IMUP were analyzed using the
results from GeneChip, RNA-seq (fold-change >2),
and the TCGA database. The intersection of PCGs
from them provided wingless-type MMTV integra-
tion site family member 10A (WNT10A) (Fig. S3a),
whereas that of NCGs from them provided G protein
subunit gamma 2 and FHL1 (Fig. 3c), which might
be regulated by IMUP. Among these DEGs, FHLI
is reportedly associated with negative regulation of
cell growth. The data from GeneChip and TCGA
verified that FHLI expression was significantly nega-
tively correlated with IMUP (Fig. 3d, e). Moreover,

high expression of FHLI correlated with longer OS
(P=0.023) in patients with PDAC (Fig. 3f) (Tang
et al. 2019). Thus, we hypothesized that FHL1 may
mediate the inhibition of tumor growth induced by
IMUP depletion.

The WB results showed that knockdown of IMUP
decreased the abundance of cyclin A2, cyclin El,
and CDK?2 in BxPC-3, SW1990, PANC-1, and MIA
Paca-2 cells, which are the key protein kinases of
the S phase, and increased the mRNA and protein
levels of FHL1 (Fig. 4a; Fig. S3b and c). The silenc-
ing of FHLI via siRNA restored the protein inhibi-
tion induced by IMUP-shRNA (Fig. 4b). In addition,
the results of PDAC tumor tissue IHC revealed that
high expression of IMUP was associated with a low
level of FHLI1, while Pearson’s correlation analysis
suggested that their IHC scores were negatively cor-
related (Fig. 4c). These results confirm that IMUP
regulates cell-cycle protein activity of PDAC cells by
FHLI.

Knockdown of FHL1 rescues the phenotype inhibited
by IMUP depletion

To determine whether FHLI is a potential target of
IMUP that promotes tumor growth, FHLI-shRNA
was co-transfected with IMUP-shRNA into BxPC-3
and SW1990 cells. Results showed that FHLI-shRNA
restored cell proliferation, colony formation, S phase
arrest, and tumor xenograft growth in mice, which
were inhibited by IMUP knockdown (Fig. Sa—c, g).
The data showed significant statistical differences
among IMUP-shRNA cells, control shRNA cells, and
cells co-transfected with IMUP-shRNA and FHLI1-
shRNA (Fig. 5d—f, h). Thus, we confirmed that IMUP
promotes tumor progression of PDAC by regulating
FHL1 expression.

IMUP inhibits the transcription of FHL1 by
NPM1-induced promoter methylation

To determine the mechanism by which IMUP regu-
lates FHL1 expression, GFP-tagged IMUP overex-
pression and endogenous IMUP were used for IP
(Fig. S4a). The intersection of GFP-IMUP-binding
proteins and endogenous IMUP-binding proteins
strongly supports that NPM1 is a probable target
of IMUP according to LC/MS analysis (Table S5).
Co-IP assay was further used to assess the direct
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Fig. 2 Knockdown of IMUP inhibits cell growth and tumo-
rigenicity. BxPC-3 and SW1990 cells infected with normal
control shRNA (shNC), IMUP-shRNA1 (shl), sh2, and sh3
were used to analyze a IMUP expression by RT-qPCR and
WB, b proliferation by cell Counting Kit-8, ¢ colony forma-
tion capability by colony formation assay, e cell cycle by flow
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Fig.4 IMUP regulates cyclin A2/cyclin E1/CDK2 pro-
teins via FHL1. a WB analysis of BXPC-3 and SW1990 cells
infected with lentivirus carrying IMUP-shl or sh2. GAPDH
and tubulin were used as a loading control. b WB analysis
of BxPC-3 and SW1990 cells infected with lentivirus carry-
ing IMUP-sh or co-infected with IMUP-sh and FHL1-siRNA.
¢ Representative IHC staining of IMUP and FHLI1 in 57

interaction between IMUP and NPM1 (Fig. 6a). Con-
focal imaging revealed a partial colocalization of
IMUP and NPM1 in PDAC cell nucleus (Fig. 6¢).

In addition, we found that knockdown of IMUP
reduced the protein level of NPM1 (Fig. 6b). How-
ever, the protein level of IMUP was not affected
by NPMI1 depletion induced by NPMI-siRNAs
(Fig. S5a). The mRNA of NPM1 was not affected by
IMUP knockdown (Fig. S5b). We believe that IMUP
sustained NPM1 stability. CHX was used to block
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IMUP, respectively. (case 1, high IMUP and low FHL1; Case
2, low IMUP and high FHL1). Scale bars: 100 pm. Correla-
tion between IMUP and FHL1 analyzed by Pearson correlation
tests

protein synthesis in BxXPC-3 and SW1990 cells trans-
fected with control and IMUP siRNAs. The results
showed that NPMI1 protein degraded slowly after
CHX treatment within 48 h in the control group,
whereas IMUP knockdown obviously facilitated
NPM1 protein degradation (Figs. 6d, e, and S5c).
These data indicate that IMUP stabilizes nuclear pro-
tein NPM1.

Many studies have reported that FHL1 undergoes
epigenetic regulation by promoter methylation in
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«Fig. 6 IMUP inhibits FHL1 transcription by NPM1-induced
promoter methylation. a BXxPC-3 cells were transfected with
GFP-tagged IMUP. Exogenous co-immunoprecipitation was
performed by GFP beads (left). Endogenous interaction was
tested in BXPC-3 cells by anti-NPM1 (right). b WB analysis of
proteins extracted from BxPC-3 infected with control shRNAs,
IMUP shl, or sh2. ¢ Immunofluorescence double-staining of
BxPC-3 cells showed the location of IMUP and NLM1. Cells
were stained with anti-IMUP (green) and anti-NPM1 (red).
The nuclei were stained with DAPI (blue). Scale bars: 50 pm.
d BxPC-3 cells transfected with /MUP or control siRNAs were
treated with 100 pg/mL CHX at the indicated time. Proteins
were analyzed with anti-IMUP, anti-NPM1, and anti-tubulin.
e The densitometric quantitation of NPM1 protein at the indi-
cated time was normalized by tubulin. Statistical differences
were analyzed by two-tailed Student’s ¢ test (¥**P <(0.0001).
f Structure of the human FHL1 gene. Dotted lines indicate
two exon fragments containing CpG islands and correspond-
ing sequences. g The pyrosequencing maps of FHL1 promoter
CpG islands. DNA was collected from BxPC-3 cells infected
with control shRNAs, IMUP-shRNAs, or co-transfected with
IMUP-shRNAs and NPM1 vectors. The methylation rates of
FHLI promoter CpG islands. Fragment 1 (left histogram) and
fragment 2 (right histogram). Statistical differences were ana-
lyzed using two-way ANOVA test. ***P <0.0001. h Trans-
lational factor SP1-binding motif and putative SP1-binding
sequences of FHLI promoter. i ChIP-qPCR revealed SP1
enrichment on the FHLI promoter in BxPC-3 cells infected
with either control shRNAs, or IMUP-shRNAs or co-trans-
fected with IMUP-shRNAs and NPM1 vectors. The upstream
of FHLI promoter and actin promoter were used as negative
controls. Statistical differences were analyzed by two-tailed
Student’s ¢ test (**P <0.001, ***P <0.0001)

various cancers (Koike et al. 2013), and NPM1 plays
an important role in epigenetic regulation (Karimi
Dermani et al. 2021). Thus, to determine whether
IMUP regulated methylation of the FHLI promoter
through NPM1, we assessed the promoter methyla-
tion status of two promoter exon fragments. Pyrose-
quencing results confirmed that the methylation
of 16 CpG sites decreased significantly in IMUP-
depleted BxPC-3 cells (Fig. 6f, g). However, NPM1
overexpression restored promoter methylation. The
same phenomenon was observed in SW1990 cells
(Fig. S6a). We also analyzed the methylation status in
clinical samples. The results indicated that the mean
methylation level of 16 CpG sites was obviously
elevated in patients with IMUP high expression com-
pared to that in patients with IMUP low expression
(Fig. S6b). To investigate whether FHLI promoter
methylation directly affected its transcription, we
identified two putative specific protein 1 (SP1)-bind-
ing sites in the FHLI methylated promoter region:
site] (AGGGCAGGGT) and site2 (GGGGAGGGGT)

(Fig. 6h). ChIP qPCR results revealed that SP1 was
enriched at two sites of the FHLI promoter. Moreo-
ver, IMUP knockdown increased SP1 enrichment in
FHLI promoter. NPM1 overexpression inhibited SP1
binding to the FHLI promoter (Fig. 61). Meanwhile,
qPCR demonstrated that FHLI expression was inhib-
ited by the NPM1 vector following IMUP knockdown
(Fig. S7a). However, FHL1 expression was restored
to previous levels when the cells infected with
shIMUP and GFP-NPM1 vectors were treated with
DNA methyltransferase inhibitor 5'-aza (Fig. S7a). To
determine the role of SP1 in the regulation of FHL1
expression, we disrupted SP1 expression by siRNAs
after knockdown of IMUP in BxPC-3 and SW1990
cells. The results indicated that FHL1 was inhibited
by SP1 siRNAs after IMUP knockdown (Fig. S7b).

FHL1 regulates cell-cycle protein kinases by
interacting with CHK1/CDC25A/14-3-3¢

IP was performed to explore the mechanisms by
which FHL1 regulates cell-cycle arrest. After flag-
tagged FHL1 vectors were transfected into BxPC-3
cells, FHL1-binding proteins were analyzed by LC/
MS (Fig. S4b, Table S6). Multiple subtypes of 14-3-3
proteins have been identified as candidate-binding
proteins, which are related to cell-cycle regulation
(Gardino and Yaffe, 2011). Co-IP was used to validate
the interaction between FHL1 and 14-3-3 proteins.
We also verified the binding of FHL1 with CDC25A
and CHKI1 proteins, which reportedly interact with
FHL1 in other cancer cells (Xu et al. 2017). The
results showed that Flag-FHL1 interacted with 14-3-
3&, CDC25A, CDC25C, and CHK1 (Fig. 7a). The
interactions between FHL1 and 14-3-3&, CDC25A,
CDC25C, and CHK1 were determined to be direct as
endogenous 14-3-3&, CDC25A, CDC25C, and CHK1
bound to FHL1 (Fig. 7b).

CDC25 subtypes, including CDC25A, CDC25B,
and CDC25C, play critical roles in the regulation
of cell-cycle checkpoints (Donzelli and Draetta,
2003). Among them, phosphorylation of CDC25A
by CHKI1 generally contributes to cell-cycle arrest
in the S phase (Zhao et al. 2002). FHL1 may regu-
late CDC25A activity by forming a protein complex
with CHK1. Thus, we further investigated whether
FHL1 regulated the phosphorylation of CDC25A and
found that FHL1 overexpression promoted CDC25A
degradation by phosphorylation, thereby inhibiting
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Fig. 7 FHL1 interacts with CHKI1/CDC25A/14-3-3¢ and
promotes the phosphorylation of CDC25A via CHKI1. a WB
analysis of input and anti-Flag IP derived from BxPC-3 cells
transfected with Flag-FHL1 vectors. b Endogenous proteins
from BxPC-3 were immunoprecipitated using anti-CDC25A,
CDC25C, CHK1, 14-3-3€ antibody, or rabbit IgG as a nega-

the protein levels of cyclin A2, cyclin E1, and CDK2
(Fig. 7c). However, FHL1 did not phosphorylate
CDC25A directly, as the phosphorylation events were
observed to significantly decrease following treat-
ment of cells with a CHK1 inhibitor, which inhibited
CHKI1 phosphorylation (Fig. 7c). Moreover, overex-
pression of FHLI increased the interaction between
CDC25A and CHKI1 (Fig. 7d). These results indi-
cated that FHL1 increased CHK1-mediated phospho-
rylation of CDC25A.

It has been reported that 14-3-3¢ binds to
CDC25A and prevents CDC25A from activating
cell-cycle kinase in HeLa cells (Kohama et al. 2019).
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tive control. ¢ WB analysis of BxPC-3 and SW1990 cells
treated with control vectors, Flag-FHL1 vectors, or/and treated
with 25 pmol CHK1 inhibitor (GDC-0575 analog). d BxPC-3
cells were treated with control vectors or Flag-FHL1 vectors.
WB analysis of IP by anti-CHK1 or IgG

Binding between 14-3-3& and CDC25A in the cyto-
plasm inhibited CDC25A activity in cell-cycle pro-
gression (Al-Matouq et al. 2017). Further, we deter-
mined whether FHLI1 affected CDC25A location.
WB analysis of nuclear-cytoplasmic isolated pro-
tein showed that FHL1 overexpression increased the
cytoplasmic distribution of CDC25A in BxPC-3 and
SW1990 cells. However, 14-3-3¢ knockdown via
siRNA neutralized the modulatory effect of FHLI
on CDC25A localization (Fig. 8a). We also verified
that CDC25A was blocked in the cytoplasm by IMUP
knockdown and that 14-3-3& siRNA could restore this
effect (Fig. 8b). The mechanism underlying CDC25A
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distribution regulation by FHL1 was that FHL1 over-
expression facilitated the interaction between 14-3-3¢
and CDC25A (Fig. 8c). In addition, immunofluores-
cence of xenograft tumors showed that CDC25A was
transferred from the nucleus to the cytoplasm after
IMUP knockdown (Fig. 8d). This should be attributed
to the upregulation of FHL1 induced by IMUP deple-
tion. These results suggest that FHL1 causes localiza-
tion of CDC25A in the cytoplasm by forming a com-
plex with 14-3-3¢&.

Discussion

Sustaining proliferation signaling is a crucial mecha-
nism in malignant tumors (Hanahan and Weinberg,
2011). Chemoradiation therapies aim to inhibit the
proliferation of cancers by inducing DNA damage
and cell-cycle delay (Wang et al. 2018a, b, c¢). How-
ever, only 4% of PDAC patients achieve a complete
pathological response after chemoradiation therapy
(Gillen et al. 2010). Cell cycle alteration is known to
play a vital role in radiation resistance (Buckley et al.
2020). Here, we found that IMUP is significantly
upregulated in PDAC tissues and is correlated with
poor patient prognosis. In addition, we demonstrated
that IMUP promotes proliferation and tumorigenicity
of PDAC cells both in vitro and in vivo. However, the
mechanisms underlying IMUP regulation in PDAC
are poorly understood.

IMUP is reportedly associated with cell prolifera-
tion (Jeon et al. 2013) and cell-cycle regulation (Kim
et al. 2000). Our results verified that IMUP depletion
leads to S phase arrest in PDAC cells and decrease
of cell-cycle related proteins, including cyclin A2,
cyclin El, and CDK2. CDC25A is a pivotal phos-
phatase for the activation of cyclin E/A-CDK2 kinase
complexes and is a key S phase-promoting enzyme
(Bartek et al. 2004). Hu et al. reported that hypericin-
induced CDC25A inhibition led to S phase arrest and
apoptosis by decreasing the CDK2/cyclin A com-
plex in colorectal cancer (Hu et al. 2021). Svider-
skiy et al. also determined the function of the ATR/
CHK1/CDC25A/CDK2 DNA damage response axis
in basal-like breast cancer (Sviderskiy et al. 2020).
Another trigger cell-cycle checkpoint protein, CHK1,
which is primarily activated in the S and G2 phases,
can induce cell-cycle arrest by phosphorylating
CDC25A in response to DNA damage (Rahnamay

Farnood et al. 2021). Moreover, it was reported that
the interaction of CDC25A with 14-3-3& inhibits
cell-cycle progression in HeLa (Chen et al. 2003) and
skin cancer cells (Holmes et al. 2020).

We examined the mechanisms by which IMUP
regulates cell-cycle delay in PDAC and found FHL1
to be a significant contributor to this mechanism.
FHL1 has been reported as a tumor suppressor in
many cancers. However, although it contributes to the
suppression of tumor growth and metastasis, recent
studies have shown that FHL1 increases chemoradio-
therapy resistance in some cancers (Asada et al. 2013;
Xu et al. 2017; Ji et al. 2015; Zhou et al. 2018). Thus,
some researchers considered that FHL1 may have
promoting effects in cancer (Wei and Zhang, 2020).
Nevertheless, the fact that FHL1 induces cell-cycle
arrest was confirmed (Niu et al. 2012; Wong et al.
2010). Ren et al. also found that FHL1 can inhibit
tumor progression of tongue squamous cell carci-
noma by G1/S arrest (Ren et al. 2015). Similarly, we
found that IMUP knockdown promotes FHL1 expres-
sion. Subsequently, FHL1 inhibits PDAC cell pro-
liferation and tumorigenicity by inducing cell-cycle
arrest.

FHL1 has been confirmed as a fragile tumor
suppressor gene on chromosome X that is read-
ily epigenetically silenced by DNA methylation
(Asada et al. 2013). In fact, FHL1 is suppressed
by promoter methylation in many cancers (Wang
et al. 2014). Therefore, we hypothesized that IMUP
decreases the transcription of FHLI via DNA
methylation. Notably, IMUP has been identified
as a nuclear protein (Kim et al. 2000). Moreover,
another highly expressed nucleolus phosphoprotein,
NPM1, was found to directly interact with IMUP in
our study. Meanwhile, we also found that IMUP-
depletion decreases the protein level of NPMI.
Previous studies have shown that NPM1 plays a
crucial role in cell-cycle progression and transcrip-
tion regulation and promotes DNA replication in
the S phase (Karimi Dermani et al. 2021; Qin et al.
2020). Nuclear NPM1 makes a significant contri-
bution to cell-cycle progression from the S to G2
phase (Lim and Wang, 2006). Many studies have
examined the mechanisms underlying NPM1 and
have reported that NPM1 is closely related to DNA
methylation (Wang et al. 2020; Wang et al. 2018a,
b, ¢). Our pyrosequencing results revealed a high
level of FHLI promoter methylation in PDAC cells
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«Fig. 8 FHLI1 causes CDC25A to become sequestered in the
cytoplasm via binding to 14-3-3¢. a BxPC-3 and SW1990
cells were treated with control vectors, Flag-FHL1 vectors,
or co-transfected with Flag-FHL1 vectors and 14-3-3¢ siR-
NAs. Nuclear-cytoplasmic isolated proteins were used for WB
analysis. C, cytoplasm; N, nucleus. b BxPC-3 and SW1990
cells were treated with control siRNAs, IMUP-siRNAs, or co-
transfected with IMUP siRNAs and 14-3-3€ siRNAs. Nuclear-
cytoplasmic isolated proteins were used for WB analysis. Right
panels show the densitometric analysis of CDC25A distributed
in the cytoplasm or nucleus in three independent experiments.
Statistical differences (the ratio of nucleus to cytoplasm) were
analyzed by unpaired Student’s ¢ test. ***P <0.0001. ¢ BxPC-3
cells were transfected with control vectors or Flag-FHL1
vectors. WB analysis of IP by anti-14-3-3¢ or IgG. d Repre-
sentative immunofluorescence analysis of xenograft mouse
tumors infected with control shRNA and IMUP-shl. Cells
were stained with anti-CDC25A (red). Nuclei are stained with
DAPI (blue). Scale bars: 100 pm. e Schematic of the mecha-
nism underlying IMUP-regulated S phase progression through
NPM1/FHL1-mediated cell-cycle kinase protein activation.
IMUP enhances the stability of NPM1 by direct binding.
NPM1 indirectly facilitates promoter CpG island methylation
of FHLI and inhibits the transcription of FHLI. FHLI pro-
motes the phosphorylation of CDC25A by CHKI1 and seques-
ters CDC25A in the cytoplasm by forming CDC25A/14-3-3€
complexes

in comparison with IMUP-depleted cells. This indi-
cated that IMUP knockdown decreases DNA meth-
ylation of FHL1 and promotes binding of transcrip-
tion factor SP1 to the FHLI promoter. However,
NPMI1 overexpression restores the methylation and,
thus, inhibits FHLI transcription. Therefore, the
results suggested that IMUP induces FHL1 meth-
ylation through NPM1.

We also demonstrated that FHL1 directly binds to
CHKI1 and CDC25A and promotes CDC25A phos-
phorylation. Degradation of CDC25A further leads
to inhibition of the cyclin A2/E1-CDK2 complex and
S-phase arrest. In addition, FHL1 promotes the inter-
action between CDC25A and 14-3-3¢, which further
inhibits the function of CDC25A in the nucleus by
sequestering it in the cytoplasm. Furthermore, we
found that FHLI1 interacts with CDC25C, which was
confirmed as an important factor in cancer develop-
ment (Donzelli and Draetta, 2003). However, whether
FHLI1 regulates the progression of PDAC through
CDC25C remains to be confirmed.

The IMUP/NPMI1/FHL1-mediated =~ CDC25A-
CHK1-14-3-3¢ activity represents a novel insight into
cell-cycle checkpoints (Fig. 8e). As such, an IMUP
inhibitor or NPM1-induced-methylation blocker may

serve as a novel therapeutic drug candidate for PDAC.
In addition, the inhibition of IMUP may enhance chem-
otherapeutic effects in PDAC patients through cell-
cycle arrests. However, this study has two major limita-
tions that must be investigated further. First, the specific
mechanism by which IMUP regulates NPM1 levels
remains unclear. Second, more research is required to
elucidate the detailed mechanism underlying NPM1-
induced methylation of the FHLI promoter.

In summary, these novel findings regarding IMUP/
NPM1/FHL1-mediated regulation of cell-cycle check-
points may provide potential therapeutic targets for
PDAC. To advance these findings, we will explore the
mechanisms regulated by IMUP in more detail in future
research. In addition, we will examine the effect of
IMUP inhibition on PDAC chemotherapy.

Funding This work was supported by the Joint Construction
by Provinces and the Ministry of Education [SB201901083],
National Natural Science Foundation of China [31671440,
81773132], and the Key Science and Technology Research
Project of Henan Province [212102310151].

Data availability All data in this study are available from the
corresponding author.

Declarations

Ethics approval The study was approved by the Medical Eth-
ics Committee of Henan Provincial People’s Hospital (Ethical
Review 2021(69)). Informed consent for the tissue experiment
was obtained from the patients.

Consent for publication All authors have read and agreed to
the published version of the manuscript.

Competing interests The authors declare no competing inter-
ests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/

2086

Cell Biol Toxicol (2023) 39:2069-2087

References

Al-Matouq J, Holmes T, Hammiller B, Tran N, Holmes
M, Freeman SC, et al. Accumulation of cytoplasmic
CDC25A in cutaneous squamous cell carcinoma leads
to a dependency on CDC25A for cancer cell survival
and tumor growth. Cancer Lett. 2017;410:41-9.

Asada K, Ando T, Niwa T, Nanjo S, Watanabe N, Okochi-
Takada E, et al. FHL1 on chromosome X is a single-hit
gastrointestinal tumor-suppressor gene and contributes
to the formation of an epigenetic field defect. Oncogene.
2013;32:2140-9.

Bartek J, Lukas C, Lukas J. Checking on DNA damage in S
phase. Nat Rev Mol Cell Biol. 2004;5:792-804.

Buckley AM, Lynam-Lennon N, O’Neill H, O’Sullivan J.
Targeting hallmarks of cancer to enhance radiosensitiv-
ity in gastrointestinal cancers. Nat Rev Gastroenterol
Hepatol. 2020;17:298-313.

Chen MS, Ryan CE, Piwnica-Worms H. Chkl kinase nega-
tively regulates mitotic function of Cdc25A phos-
phatase through 14-3-3 binding. Mol Cell Biol.
2003;23:7488-97.

Ding L, Niu C, Zheng Y, Xiong Z, Liu Y, Lin J, et al. FHL1
interacts with oestrogen receptors and regulates breast
cancer cell growth. J Cell Mol Med. 2011;15:72-85.

Donzelli M, Draetta GF. Regulating mammalian checkpoints
through Cdc25 inactivation. EMBO Rep. 2003;4:671-7.

Gardino AK, Yaffe MB. 14-3-3 proteins as signaling integra-
tion points for cell cycle control and apoptosis. Semin
Cell Dev Biol. 2011;22:688-95.

Gillen S, Schuster T, Meyer Zum Biischenfelde C, Friess H,
Kleeff J. Preoperative/neoadjuvant therapy in pancreatic
cancer: a systematic review and meta-analysis of response
and resection percentages. PLoS Med. 2010;7:¢1000267.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next
generation. Cell. 2011;144:646-74.

Holmberg Olausson K, Elsir T, Moazemi Goudarzi K, Nistér
M, Lindstrom MS. NPMI1 histone chaperone is upregu-
lated in glioblastoma to promote cell survival and main-
tain nucleolar shape. Sci Rep. 2015;5:16495.

Holmes TR, Al-Matouq J, Holmes M, Nicola L, Rudd JC,
Lovas S, et al. Targeting 14-3-3e-CDC25A interactions
to trigger apoptotic cell death in skin cancer. Onco-
target. 2020;11:3267-78.

Hu J, Song J, Tang Z, Wei S, Chen L, Zhou R. Hypericin-
mediated photodynamic therapy inhibits growth of colo-
rectal cancer cells via inducing S phase cell cycle arrest
and apoptosis. Eur J Pharmacol. 2021;900:174071.

Jeon SY, Lee HJ, Na KH, Cha DH, Kim JK, Park JW, et al.
Hypoxia-induced downregulation of XIAP in tropho-
blasts mediates apoptosis via interaction with IMUP-2:
implications for placental development during pre-
eclampsia. J Cell Biochem. 2013;114:89-98.

Ji C, Liu H, Xiang M, Liu J, Yue F, Wang W, et al. Deregula-
tion of decorin and FHL1 are associated with esopha-
geal squamous cell carcinoma progression and poor
prognosis. Int J Clin Exp Med. 2015;8:20965-70.

Karimi Dermani F, Gholamzadeh Khoei S, Afshar S, Amini R.
The potential role of nucleophosmin (NPM1) in the devel-
opment of cancer. J Cell Physiol. 2021;236:7832-52.

@ Springer

Kim JK, Ryll R, Ishizuka Y, Kato S. Identification of cDNAs
encoding two novel nuclear proteins, IMUP-1 and IMUP-
2, upregulated in SV40-immortalized human fibroblasts.
Gene. 2000;257:327-34.

Koch A, Jeschke J, Van Criekinge W, van Engeland M, De
Meyer T. MEXPRESS update 2019. Nucleic Acids Res.
2019;47:W561-5.

Kohama Y, Saito M, Yada M, Sakurai H. Regulation of the
stability and activity of CDC25A and CDC25B by pro-
tein phosphatase PP2A and 14-3-3 binding. Cell Signal.
2019;54:10-6.

Koike K, Kasamatsu A, Iyoda M, Saito Y, Kouzu Y, Koike H,
et al. High prevalence of epigenetic inactivation of the
human four and a half LIM domains 1 gene in human oral
cancer. Int J Oncol. 2013;42:141-50.

Lim MJ, Wang XW. Nucleophosmin and human cancer. Can-
cer Detect Prev. 2006;30:481-90.

Murakami H, Nurse P. DNA replication and damage check-
points and meiotic cell cycle controls in the fission and
budding yeasts. Biochem J. 2000;349:1-12.

Niu C, Liang C, Guo J, Cheng L, Zhang H, Qin X, et al. Down-
regulation and growth inhibitory role of FHL1 in lung
cancer. Int J Cancer. 2012;130:2549-56.

Qian X, Jiang C, Shen S, Zou X. GPRC5A: an emerging prog-
nostic biomarker for predicting malignancy of pancre-
atic cancer based on bioinformatics analysis. J Cancer.
2021;12:2010-22.

Qin G, Wang X, Ye S, Li Y, Chen M, Wang S, et al. NPM1
upregulates the transcription of PD-L1 and suppresses T
cell activity in triple-negative breast cancer. Nat Commun.
2020;11:1669.

Rahnamay Farnood P, Danesh Pazhooh R, Asemi Z, Yousefi
B. DNA damage response and repair in pancreatic can-
cer development and therapy. DNA Repair (Amst).
2021;103:103116.

Ren W, Lian P, Cheng L, Du P, Guan X, Wang H, et al.
FHL1 inhibits the growth of tongue squamous cell car-
cinoma cells via G1/S cell cycle arrest. Mol Med Rep.
2015;12:3958-64.

Ryoo ZY, Jung BK, Lee SR, Kim MO, Kim SH, Kim HIJ, et al.
Neoplastic transformation and tumorigenesis associated
with overexpression of IMUP-1 and IMUP-2 genes in cul-
tured NIH/3T3 mouse fibroblasts. Biochem Biophys Res
Commun. 2006;349:995-1002.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA
Cancer J Clin. 2019;69:7-34.

Sviderskiy VO, Blumenberg L, Gorodetsky E, Karakousi TR,
Hirsh N, Alvarez SW, et al. Hyperactive CDK2 activity in
basal-like breast cancer imposes a genome integrity liabil-
ity that can be exploited by targeting dna polymerase e.
Mol Cell. 2020;80:682-698.e7.

Tang Z, Kang B, Li C, Chen T, Zhang Z. GEPIA2: an enhanced
web server for large-scale expression profiling and inter-
active analysis. Nucleic Acids Res. 2019;47:W556-60.

Vasaikar SV, Straub P, Wang J, Zhang B. LinkedOmics: ana-
lyzing multi-omics data within and across 32 cancer
types. Nucleic Acids Res. 2018;46:D956—-63.

Wang Y, Fu J, Jiang M, Zhang X, Cheng L, Xu X, et al. MiR-
410 is overexpressed in liver and colorectal tumors and
enhances tumor cell growth by silencing FHL1 via a
direct/indirect mechanism. PLoS One. 2014;9:¢108708.



Cell Biol Toxicol (2023) 39:2069-2087

2087

Wang J, Huang F, Huang J, Kong J, Liu S, Jin J. Epigenetic
analysis of FHL1 tumor suppressor gene in human liver
cancer. Oncol Lett. 2017;14:6109-16.

Wang H, Mu X, He H, Zhang XD. Cancer radiosensitizers.
Trends Pharmacol Sci. 2018a;39:24-48.

Wang J, Li F, Ma Z, Yu M, Guo Q, Huang J, et al. High expres-
sion of TET1 predicts poor survival in cytogenetically
normal acute myeloid leukemia from two cohorts. EBio-
Medicine. 2018b;28:90-6.

Wang X, Wei X, Yuan Y, Sun Q, Zhan J, Zhang J, et al.
Src-mediated phosphorylation converts FHL1 from
tumor suppressor to tumor promoter. J Cell Biol.
2018¢;217:1335-51.

Wang S, Wu Z, Li T, Li Y, Wang W, Hao Q, et al. Mutational
spectrum and prognosis in NRAS-mutated acute myeloid
leukemia. Sci Rep. 2020;10:12152.

Wei X, Zhang H. Four and a half LIM domains protein 1 can
be as a double-edged sword in cancer progression. Cancer
Biol Med. 2020;17:270-81.

Wong CH, Fung YW, Ng EK, Lee SM, Waye MM, Tsui SK.
LIM domain protein FHL1B interacts with PP2A catalytic
B subunit a novel cell cycle regulatory pathway. FEBS
Lett. 2010;584:4511-6.

Xia P, Liu P, Fu Q, Liu C, Luo Q, Zhang X, et al. Long non-
coding RNA EPICI interacts with YAP1 to regulate the
cell cycle and promote the growth of pancreatic cancer
cells. Biochem Biophys Res Commun. 2020;522:978-85.

Xu DH, Liu F, Li X, Chen XF, Jing GJ, Wu FY, et al. Regu-
latory role of nucleophosmin during the differentiation of
human liver cancer cells. Int J Oncol. 2014;45:264-72.

Xu X, Fan Z, Liang C, Li L, Wang L, Liang Y, et al. A signa-
ture motif in LIM proteins mediates binding to checkpoint
proteins and increases tumour radiosensitivity. Nat Com-
mun. 2017;8:14059.

Zhang X, Zhu M, Jiang XL, Liu X, Liu X, Liu P, et al. P-selec-
tin glycoprotein ligand 1 deficiency prevents development
of acute pancreatitis by attenuating leukocyte infiltration.
‘World J Gastroenterol. 2020;26:6361-77.

Zhao H, Watkins JL, Piwnica-Worms H. Disruption of the
checkpoint kinase 1/cell division cycle 25A pathway abro-
gates ionizing radiation-induced S and G2 checkpoints.
Proc Natl Acad Sci USA. 2002;99:14795-800.

Zhou L, Ding L, Liu J, Zhang Y, Luo X, Zhao L, et al. 2018
Four-and-a-half LIM protein 1 promotes paclitaxel resist-
ance in hepatic carcinoma cells through the regulation
of caspase-3 activation. J Cancer Res Ther. 14(Suppl.):
767-773.

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer



	Immortalization-upregulated protein promotes pancreatic cancer progression by regulating NPM1FHL1-mediated cell-cycle-checkpoint protein activity
	Abstract 
	Introduction
	Materials and methods
	GeneChip analysis and data analysis of The Cancer Genome Atlas (TCGA)
	Human tissues and immunohistochemistry (IHC)
	Cell culture, cell proliferation, and colony formation assays
	Flow cytometry
	Mouse xenograft
	Plasmids, siRNAs, and lentivirus
	RNA sequencing (RNA-seq) analysis
	WB, immunoprecipitation (IP), and liquid chromatography tandem mass spectrometry (LCMS)
	DNA methylation analysis
	Quantitative real-time PCR
	Chromatin immunoprecipitation assay (ChIP)
	Statistical analysis

	Results
	IMUP is upregulated in PDAC and associated with poor prognosis
	IMUP knockdown inhibits cell growth in vitro and in vivo
	IMUP regulates cyclin A2cyclin E1CDK2 proteins via FHL1
	Knockdown of FHL1 rescues the phenotype inhibited by IMUP depletion
	IMUP inhibits the transcription of FHL1 by NPM1-induced promoter methylation
	FHL1 regulates cell-cycle protein kinases by interacting with CHK1CDC25A14–3-3ξ

	Discussion
	Anchor 25
	References


