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Abstract

Introduction: Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive malignancy with a poor response to chemother-
apy and an extremely poor prognosis. Recent studies have revealed that phospholysine phosphohistidine inorganic pyrophosphate
phosphatase (LHPP) can inhibit the growth of various cancers. Therefore, the current study was conducted to investigate the
antitumor effects of LHPP in PDAC and to explore its mechanism using proteomics analysis. Methods and Results:
Immunohistochemical analysis of clinical samples demonstrated that LHPP expression levels were lower in tumor tissues com-
pared to adjacent nontumor tissues. Moreover, multivariate COX regression analysis showed that LHPP expression level was an
independent prognostic factor for the patients with PDAC. Patients with high LHPP expression had a better prognosis. The len-
tiviral vectors for normal control (NC), LHPP knockdown (KD), and LHPP overexpression (OE) were infected with BxPC-3 and
PANC-I cell lines. Cell counting kit-8 assay, Transwell assay, and flow cytometry analyses showed that LHPP overexpression sig-
nificantly inhibited the cell viability, migration, and proliferation of BxPC-3 and PANC-1 cells. Moreover, xenograft tumor model
demonstrated that LHPP overexpression inhibited xenograft tumor growth in vivo. Subsequently, proteins with significantly
altered expression in BxPC-3 cells after lentivirus infection were detected using proteomics analyses. Interestingly, compared
to the NC group, the expression of Syndecan | (SDCI) was significantly upregulated in the KD group, while that of SI00P
was significantly downregulated in the OE group. Conclusion: LHPP might emerge as an important target for delaying the
advancement of PDAC, thereby providing a novel therapeutic approach for the treatment of PDAC.
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patients are diagnosed with invasion of cancer cells into adjacent
tissues or organs, thereby losing the chance of radical cure, with a
5-year survival rate of 2% to 9%.% PDAC is not sensitive to che-
motherapy, and survival for patients who receive chemotherapy
is only a few months to half a year. Recent studies showed
several prognostic factors for PDAC to guide the treatment strat-
egy for PDAC. However, the clinical application is limited due to
suboptimal specificity and sensitivity.*® Therefore, it is essential
to explore new effective PDAC therapeutic targets and prognos-
tic factors to adjust the treatment strategy for PDAC.

Protein phosphatases play a critical role in cellular signaling
pathways, and their dysregulated expression is significantly
involved in cancer development.” Phospholysine phosphohisti-
dine inorganic pyrophosphate phosphatase (LHPP) was origi-
nally identified in swine brain tissue.® A study in patients
with hepatocellular carcinoma (HCC) identified LHPP as a
potential tumor suppressor, and its dysregulated expression
contributed to the development of HCC.® Subsequent studies
have also suggested that LHPP can inhibit cervical cancer, pap-
illary thyroid cancer, bladder cancer, and colorectal cancer via
the phosphatidylinositol 3 kinase (PI3K)/AKT pathway.'*"?

The current study first analyzed the data from clinical
samples to assess the relevance of LHPP levels to the prognosis
of patients with PDAC. Subsequently, in vivo and in vitro
experiments were used to validate the antitumor effects of
LHPP in PDAC cells. Finally, proteomic analysis using
tandem mass tag (TMT) and parallel reaction monitoring
(PRM) was performed to identify differentially expressed pro-
teins affected by LHPP to explore its anticancer mechanisms.

Materials and Methods

Patients and Samples

Clinicopathological data and pathological tissue wax blocks were
collected from patients with PDAC who underwent surgical treat-
ment at the Department of Hepatobiliary Surgery, Shandong
Provincial Hospital affiliated to Shandong First Medical
University, from September 2004 to December 2008. The criteria
for patients included in this study were as follows: (1) age
between 18 and 90 years; (2) no preoperative radiotherapy, che-
motherapy, or neoadjuvant therapy; and (3) PDAC diagnosed
by pathology. The following criteria were used to exclude
patients: (1) incomplete clinicopathological data or pathological
tissue wax blocks; (2) incomplete follow up; and (3) had received
postoperative radiotherapy, chemotherapy, or neoadjuvant
therapy. Based on these criteria, a total of 99 patients were
enrolled in this study. Clinical data including: gender, age,
tumor location, pathological grade, tumor node metastasis classi-
fication, American Joint Committee on Cancer staging, short-time
postoperative death, and survival time, were collected from an
out-patient clinic or (and) follow up on the telephone. Survival
time of <6 months was considered as short-term survival.

The human tissue samples involved and the associated
experimental plan in this study were approved by the Ethics
Committee of Shandong Provincial Hospital (2020-3019;

dated: December 19, 2020), and written informed consent
was obtained from all included patients. The patient consented
to the collection of tissue, its use in the experiments, and the
publication of the results. The patients were informed about
the purpose and main content of the whole study. This study
does not involve any patient privacy.

Immunohistochemical Staining

Tissue wax blocks were serially cut into 4 pm thick sections, and
the tissue sections were routinely deparaffinized and hydrated.
Hydrogen peroxide was used to inactivate peroxidase. Samples
were incubated overnight at 4 °C with LHPP primary antibody
(sc-376527), and then incubated with the goat-antirabbit second-
ary antibody (#7076, Cell Signaling Technology). Color develop-
ment was performed with diaminobenzidine, and the nuclei were
counterstained using hematoxylin. Three pathologists, who did
not access to the patient’s data, independently read and scored
the immunohistochemical (IHC) staining results. The presence
of brown granules in the cytoplasm was considered a positive
result. The staining intensities of negative, weakly positive, mod-
erately positive, and strong positive were scored as 0, 1, 2, and 3
points, respectively. The value >1 indicated high expression of
LHPP, while the value <1 suggested low expression of LHPP.

Cells Culture

Human PDAC cell lines (BxPC-3 and PANC-1) were pur-
chased from Shanghai Genechem Co., Ltd. PANC-1 and
BxPC-3 cells were cultured in DMEM (10-013-CVR,
Corning) and RPM1-1640 cell culture medium (15-059-CVR,
Corning), respectively, containing 10% fetal bovine serum
(FBS, VS500 T, A11-102, Ausbian).

Lentiviral Infection

LV-LHPP (42862-1) lentivirus, LV-LHPP-RNAi (81742-1)
lentivirus, and negative control lentivirus (CON313) were pur-
chased from Shanghai Genechem Co., Ltd. The target sequence
of LHPP was 5-CAACCCAAACTGTGTGGTAAT-3'.
BxPC-3 and PANC-1 cells were infected with negative
control lentivirus (NC group), LHPP-knockdown lentivirus
(KD group), and LHPP-overexpressing lentivirus (OE group),
respectively, according to the manufacturer’s instructions.
And 72 h later, the expression levels of LHPP were observed
by fluorescence microscope to ensure an infection efficiency
of 80% or more.

Real-Time Quantitative Polymerase Chain Reaction
Analysis

TRIzol reagent (3101-100, Shanghai Pufei Biotechnology Co.,
Ltd) was used to isolate and extract total RNA. The concentra-

tion and quality of the extracted RNA were determined using a
nanodrop spectrophotometer (Thermo). Complementary DNA
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(cDNA) was synthesized using a cDNA synthesis kit (TaKaRa,
Japan). Real-time quantitative polymerase chain reaction
(RT-qPCR) analysis was performed using an SYBR Master
mix (DRR041B, TaKaRa) and an RT-qPCR instrument
(LightCycler 480 II, Roche). The primer sequences were as
follows: LHPP-F: 5’-GCCAGATCCTGAAGGAGCAA-3’,
LHPP-R: 5-GAGCACCTGGAAGGCGTTAT-3’, GAPDH-
F: 5-TGACTTCAACAGCGACACCCA-3’, and GAPDH-R:
5’-CACCCTGTTGCTGTAGCCAAA-3".

Western Blot Analysis

Total proteins were extracted using radio immunoprecipitation
assay lysis buffer (P0013B/, Beyotime). Protein contents were
determined using a bicinchoninic acid (BCA) protein sequenc-
ing kit (P0010S/, Beyotime). Then, SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; VE-180,
Tanon) was performed. The proteins were transferred to the
PVDF membrane (IPVH00010, Millipore) by electroporation
at 4 °C with a constant current of 300 mA for 150 min. PVDF
membrane was blocked by incubating with 6% nonfat milk at
room temperature for 1.5 h. The blocked PVDF membrane
was first incubated with primary antibody for 2 h at room tem-
perature, and then incubated with secondary antibody for
1.5 h. Information on the antibodies used in this study was as
follows: anti-LHPP (ab254788, 1:1000, Abcam), anti-f-actin
(ab8226, 1:5000, Abcam), anti-SDC1 (10593-1-AP, 1:2000,
Proteintech), and anti-S100P  (11803-1-AP,  1:2000,
Proteintech). The membrane was then removed after incubation.
ECL-PLUS/Kit luminescent solution (Thermo) was added and
exposed on a chemical colorimeter (4600, Tanon) for 1s to
several minutes. The exposure time was adjusted according to
the visual observation of the fluorescence.

Cell Proliferation Assay

Cell Counting Kit-8 (CCK-8, Dojindo Chemical Laboratory)
was used to detect cell viability. The cell density was set to
2500 cells/well, and inoculated into 96-well plates. Each well
was injected with 100 pL serum-free medium (n=3 wells per
each group) for 5 days. Starting on day 2 after inoculation, 10
pL CCK-8 reagent was added to the wells 2 h before the termi-
nation of culture, and incubated continuously for 4 h. The plates
were then placed on a shaker for 2 min, and the optical density
(OD),s50 of each well was measured using a microplate reader
(M2009PR, Tecan infinite).

Cell Migration Assay

Cell migration capacity was assessed using an 8 m Transwell
chamber (7534, Corning). First, 100 pL serum-free media
was added to the upper chamber and incubated for 1.5 h at 37
°C. Then, 550 pL of medium containing 30% FBS and 150
pL of cell suspension were added to the lower and upper cham-
bers, respectively, and incubated for 24 h. The migrated cells
were fixed with 4% paraformaldehyde fixative solution

(Sinopharm Chemical Reagent Co., Ltd) for 30 min, and
stained with crystal violet (R20755, Shanghai yuanye
Bio-Technology Co., Ltd) for 5 min. Under the microscope,
the field view was randomly selected, and 6 images at 100X
and 12 images at 200X were taken. The images taken at
200X were used for data analysis and cell counting to assess
the differences between the cell migration abilities of the exper-
imental and control groups.

Flow Cytometry

When cells reached 80% cell confluency on 6-cm well plates,
they were digested with trypsin and collect with complete
medium in a 5 mL centrifuge tube. Cell was centrifuged at
4°C and 1200 rpm for 5 min. After centrifugation, they were
washed once with precooled D-Hanks (pH=7.4, Shanghai
Genechem Co., Ltd) solution. Cells were fixed with 75% pre-
cooled ethanol (precooled at 4 °C for at least an hour). The fix-
ative solution was then removed, and the cells were washed
again with D-Hanks solution. The 40xPI (2 mg/mL) and
100xRNase stock solutions (10 mg/mL) were prepared into
Ix cell staining solution using 1xXD Hanks. Onboard testing
and data were analyzed.

Xenograft Tumor Model

BxPC-3 cells (5x 10° cells/mice) from the NC, KD, and OE
groups were injected into the right underarm skin of BALB/c
nude mice (4 weeks old, female) (Shanghai Lingchang
Biotechnology Co., Ltd) (6 mice per group, random assign-
ment). On the third day of injection, the body weight of the
nude mice and the width and height of the tumor masses
formed under the skin were measured, followed by twice
weekly measurements to detect the volume of the tumor
masses and to draw volume curves. Mice were euthanized on
the 34th day of injection. Three mice were placed in the con-
tainer at a time, and air was first provided, followed by a
gradual increase in CO, concentration until respiratory
cardiac arrest occurred. The CO, replacement rate was 40%
of the container volume per minute. Tumor tissues were iso-
lated, weighed, and photographed. Efforts were made in this
study to reduce the number of animals used and to reduce
their suffering. No other agents were used in this study. The
reporting of this study conforms to ARRIVE 2.0 guidelines."*
This study followed the ‘Guide for the Care and Use of
Laboratory Animals, 8th Edition’.'> The animal-related exper-
imental plan involved in this study was approved by the
Ethics Committee of Shanghai Genechem Co. Ltd
(GSZE0257693; dated: October 27, 2020).

TMT Quantitative Proteomic Analysis

An appropriate amount of SDT lysis buffer was added to the
infected BxPC-3 cells and incubated in boiling water for
15 min. The samples were then centrifuged at 14,000 g for
15 min, and the supernatant was collected. Total protein



Technology in Cancer Research & Treatment

content was determined by BCA analysis. After adding 6X
loading buffer to each 20 pug protein sample, they were incu-
bated in boiling water for 5 min. Samples were run on 12%
SDS-PAGE at a constant voltage of 250 V for 40 min, followed
by staining with Coomassie brilliant blue. Then, the proteins
were digested into peptide fragments using FASP enzymatic
hydrolysis. And 100 pg of peptide fragments were taken from
each sample and labeled using a TMT labeling kit (Thermo)
according to the manufacturer’s instructions. The labeled pep-
tides from each group were pooled and fractionated using an
Agilent 1260 infinity II HPLC system. The Nanoliter flow
Easy nLC system was used to separate each sample. Solution A
was 0.1% formic acid aqueous solution, and solution B was
0.1% formic acid acetonitrile aqueous solution (acetonitrile is
80%). The chromatographic column (Thermo Fisher Scientific,
Acclaim PepMap RSLC 50 pm X 15cm, nano viper,
P/N164943) was calibrated using 100% solution A. The sample
was loaded from the autosampler onto the analytical column,
and the sample components were separated at a flow rate of
300 nL/min. The samples were chromatographed and analyzed
using a Q Exactive Plus mass spectrometer. The parameters
used in the mass spectrometry analysis were as follow: the anal-
ysis time was 90 min; the detection mode was positive ion; the
precursor ion scanning range was 350 to 1800 m/z; the resolution
of the primary mass spectrometer was 70,000; the AGC target
was 3e6; and the maximum IT of the primary ion was 50 ms.
A total of 10 fragment maps (MS2 scan) were collected after
each full scan. The secondary spectrum acquisition parameters
were as follows: the MS2 activation type was HCD; the isolation
window was 2 m/z; the MS2 resolution was 35,000; the AGC
target was 2e5; the minimum AGC target was 2e3; the secondary
maximum IT was 45 ms; the collection charge was 2 to 6; the ion
dynamic exclusion time was 30 s; and the normalized collision
energy was 30eV. A high-resolution mass spectrometer Q
Exactive Plus for TMT quantitative proteomic analysis was
used in this study. Library identification and quantitative analysis
were performed using Mascot2.6 and Proteome Discoverer2.2
software, and the database used in this study was
Uniprot_HomoSapiens_20367_20200226 (download link: http:/
www.uniprot.org). The proteins with Fold Change (FC)>1.2
and P-value (Student’s #-test) <.05 were considered to have sig-
nificant differential expression.

Bioinformatics Analysis

Protein expression levels of LHPP in several malignant tumors
and normal tissues were obtained from UALCAN (https:/
ualcan.path.uab.edu/).'® Protein functional enrichment was per-
formed using gene ontology (GO)'” and pathway enrichment
analysis. Pathway enrichment analysis was performed using
the KEGG (Kyoto Encyclopedia of Genes and Genomes) data-
base.'® Fisher’s exact test was used for target protein enrich-
ment analysis.

PRM-MS Analysis

A 2 pg sample was injected and separated using nano-LC, fol-
lowed by an online electrospray tandem mass spectrometry
analysis. The complete LC-MS set consisted of a liquid phase
system (Easy nLC system, Thermo Fisher Scientific) and a
mass spectrometry system (Q-Exactive Plus, Thermo Fisher
Scientific). Solution A and B were 0.1% formic acid in water
and 0.1% formic acid in acetonitrile in water (80% in acetoni-
trile). Sample was separated using a nonlinearly growing gradi-
ent solution in an analytical column (Thermo Fisher Scientific,
Acclaim PepMap RSLC 50 umX15cm, nano viper, P/
N164943) at a flow rate of 300 nL/min. LC cycle conditions
were as follows: 0 to 1 min, the linear gradient of solution B
increased from 2% to 8%; 1 to 46 min, the linear gradient of sol-
ution B increased from 8% to 28%; 46 to 56 min, the linear gra-
dient of solution B increased from 28% to 40%; 56 to 57 min,
the linear gradient of solution B increased from 40% to 90%; 57
to 60 min, the linear gradient of solution B maintained at 90%.
The MS parameters were set as follows: the scan range (m/z)
was 350 to 1500; the resolution was 60,000; the AGC target
was le6; and the maximum injection time was 50 ms. For
PRM, the resolution was 15,000, the AGC target was le5, the
maximum injection time was 50 ms, the loop count was 10,
the isolation window was 1.6 m/z, and the NCE was 27%.

Statistical Analyses

All statistical analyses were performed using Statistical Product
Service Solutions 22.0 (IBM Corporation). Categorical carri-
able data in the basic biological characteristics, baseline
graph, and effect determination were used for Pearson’s
chi-square test and continuity-corrected chi-square test, which
were expressed as the x* test. Continuous variables with a
normal distribution were expressed as means and standard devi-
ation (SD) of the mean. Kaplan-Meier survival analysis was
performed, and the survival curves were drawn using
GraphPad Prism 6.0. Most experiments were performed in trip-
licates. P-value <.05 was considered statistically significant.

Results

High Expression of LHPP is Associated With Better
Clinical Outcomes in Patients With PDAC

Analysis of data covered by the the cancer genome atlas and
clinical proteome tumor analysis consortium databases
showed reduced expression of LHPP in most types of tumors,
including PDAC, as shown in Figure la and b. The results
were verified by IHC experiments performed on tumor tissues
(n=99) and adjacent nontumor tissues (n="71) collected clini-
cally from patients with PDAC. The IHC results confirmed that
LHPP expression levels were decreased in PDAC tissues (P =
.001), as shown in Figure 1c and d. Based on the expression
level of LHPP, patients were divided into 2 groups, including
the LHPP high expression group (n=35 patients) and the
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Figure 1. (a) and (b) Expression levels of LHPP in tumor and normal tissues obtained from the UALCAN database. The blue histogram
represents normal tissue, and the red histogram represents tumor tissue. (c) IHC staining of LHPP in adjacent nontumor tissues and PDAC tissues,
scale bar, 50 pm. (d) Staining score of LHPP in normal adjacent nontumor tissues and PDAC tissues, normal tissues (n =99), adjacent nontumor
tissues (n="71), P=.001. (e) Kaplan—-Meier curve analysis. A considerably longer OS was observed in the LHPP high expression group (n=35)
as compared to the LHPP low expression group (n = 64). Median OS: 33 months versus 8 months, P=.0015, log-rank test. Abbreviations: IHC,
immunohistochemical; LHPP, phospholysine phosphohistidine inorganic pyrophosphate phosphatase; PDAC, pancreatic ductal adenocarcinoma;
OS, overall survival.
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LHPP low expression group (n= 64 patients), and the overall
survival (OS) of patients in both groups was compared.
Patients in the LHPP low expression group had a significantly
worse prognosis, lower OS and shorter survival time compared
to those in the LHPP high expression group (Figure le).
Moreover, univariate and multivariate COX regression analyses
suggested that LHPP expression level, pathological grade, and
N stage were independent prognostic factors for patients with
PDAC (Table 1). The clinicopathological characteristics of
the patients with PDAC are listed in Supplemental Table 1.

LHPP Inhibits the Cellular Viability, Migration, and
Proliferation of PDAC Cells

To investigate the specific effects of LHPP expression on PDAC
progression, we used lentiviral infection to stably KD or OE
LHPP in BxPC-3 and PANC-1 cells, as shown in Figure 2a
and b. Subsequently, the effects of LHPP expression on the cellu-
lar viability, migration, and proliferation of these cells were
detected and analyzed using CCK-8 assay, Transwell assay, and
flow cytometry, respectively. The results showed that overexpres-
sion of LHPP significantly inhibited the cellular viability, migra-
tion and proliferation of BxPC-3 and PANC-1 cells, while
knockdown of LHPP promoted the viability, migration, and pro-
liferation of these cells, as shown in Figure 2c¢ to e.

LHPP Inhibits PDAC Xenograft Tumors Growth In Vivo

The above results indicated that LHPP could inhibit the prolif-
eration and migration of PDAC cells in vitro. Subsequently, the
effects of LHPP OE or KD on the tumor formation and growth
of PDAC cells in vivo were investigated using a subcutaneous
xenograft mouse model. The size and weight of tumor masses
formed in the OE group mice were significantly smaller than
those in the NC group (P=0.001), whereas the size and

Table 1. Univariate and Multivariate Analysis of Factors Associated
With the Survival of 99 Patients With PDAC.

Survival

Univariate Multivariate analysis

analysis

P-value HR (95% CI) P-value
Age 815
Gender .624
Pathology grade .006 9.493(1.379-4.240)  .002
Location 784
T stage 217
N stage .014 7.378(1.234-3.677)  .007
M stage 439
AJCC stage .020 723
LHPP (low vs .001 4.023(0.318-0.987)  .045

high)

Abbreviations: AJCC, American Joint Committee on Cancer;LHPP,
phospholysine phosphohistidine inorganic pyrophosphate phosphatase; PDAC,
pancreatic ductal adenocarcinoma.

weight of tumor masses formed in the KD group mice were sig-
nificantly larger than those in the NC group, as shown in
Figure 3a to c. These results suggested that LHPP inhibited
the tumor formation and growth of PDAC cells in vivo.

Overexpression or Knockdown of LHPP Significantly
Affects the Expression of 27 Proteins, Especially SDCI
and S100P

Given the unique role of LHPP in potentially impeding PDAC
progression, we sought to explore its possible mechanism of
action using proteomic analysis. TMT quantitative proteomic
analysis displayed that 32 proteins were upregulated and 92
proteins were downregulated in the LHPP-KD group compared
to the NC group, while 81 proteins were upregulated and 158
proteins were downregulated in the LHPP-OE group, as
shown in Figure 4a. Subsequently, the differentially expressed
proteins were analyzed using GO and KEGG pathway enrich-
ment analyses, as shown in Figure 4b and c. According to the
GO annotation results, the main biological processes enriched
for differentially expressed proteins included “cellular pro-
cesses,” “metabolic processes,” “biological regulation,” and
“response to stimulus”; the main molecular functions enriched
were “binding” and “catalytic activity”’; and the main cellular
components enriched were “membrane” and “protein-
containing complex,” as shown in Figure 4b. According to
the KEGG pathway analysis, the differentially expressed pro-
teins in the KD and OE groups were mainly co-enriched in
“chemical carcinogenesis,” as shown in Figure 4c.
Subsequently, 30 differentially expressed proteins were
screened from all the differentially expressed proteins for
PRM validation. The screening criteria were as follows: (1)
the proteins that were identified by both PRM and TMT; (2)
the proteins with FC >1.2 or <0.833 and P-value <.05 compared
to the NC group; (3) PRM unique peptides >2; and (4) func-
tional proteins. Twenty-seven proteins could be accurately
identified by PRM, and these proteins are listed in Table 2. In
the KD group, the expression levels of IL1A, SDCI1, and
NAASO were significantly upregulated, whereas the expression
of L1A, THBD, ANXA6, PTMS, SPRRIB, ITGA®6,
ALDHI1A3, DHRSI, and S100A14 were significantly downre-
gulated. Furthermore, in the OE group, the expression levels of
SCD, HSPA4L, F3, HI-5, JAG1, CDK6, HNRNPAB, and
CHORDOCI were significantly upregulated, whereas the expres-
sion of DDX58, TGM2, S100P, TRIM25, NCEH]1, and OAS3
were significantly downregulated (Table 2). Taking the largest
expression difference and the largest number of Ingenuity
Pathway Analysis (IPA) as keywords entries for the screening
criteria, it was observed that the significant upregulation of
SDC1 and downregulation of S100P could meet the screening
criteria in the KD and OE groups, respectively. The validation
results of RT-qPCR and western blot also demonstrated that
both mRNA and protein levels of SDC1 were significantly
upregulated in BxPC-3 and PANC-1 cells with LHPP-KD,
while mRNA and protein levels of S100P were significantly
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Figure 2. Overexpression and knockdown efficiencies were confirmed using qRT-PCR (a) and WB analyses (b). WB shows the results of an
independent replicated experiment. However, in each of the independent replicate experiments, 3 replicates were performed for each sample. (c)
Viabilities of PDAC cells with LHPP overexpressed or knocked down were analyzed using CCK-8 assay. (d) Migration abilities of PDAC cells
with LHPP overexpressed or knocked down were analyzed using the Transwell assay. () Cellular proliferation abilities of PDAC cells with

LHPP overexpressed or knocked down were analyzed using flow cytometry. “P<.05, “"P<.01, **P <.001, and **""P <.0001. Abbreviations:
LHPP, phospholysine phosphohistidine inorganic pyrophosphate phosphatase; PDAC, pancreatic ductal adenocarcinoma; RT-qPCR, real-time

quantitative polymerase chain reaction; WB, western blot.

downregulated in BxPC-3 and PANC-1 cells with LHPP-OE, Discussion
as shown in Figure 5. These data suggested that LHPP KD
might be involved in PDAC progression by upregulating
SDC1 expression, while high expression of LHPP might by
downregulating S100P expression.

Boyer detected the intermediate product of oxidative phospha-
tase known as phosphohistidine, in 1962, which led to the dis-
covery of LHPP.'" In 2018, LHPP was first shown to be
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involved in cancer progression, and to be a tumor suppressor in
HCC.'° Restoration or increase of LHPP expression level can
significantly delay the progression of HCC and improve the
prognosis.”?° Recent study discovered that KD of LHPP pro-
moted the development and metastasis of HCC, and the expres-
sion levels of LHPP were negatively correlated with the
expression levels of the genes involved in epithelial-
to-mesenchymal transition (EMT).?! Subsequent successive
studies have reported key antitumor roles of LHPP in different
types of cancer and different mechanisms of action. In glioblas-
toma, LHPP might induce the ubiquitin-proteasome degrada-
tion of PKM2, thereby preventing glycolysis and respiration
throughout energy metabolism and slowing tumor growth.?*
In oral squamous cell carcinoma, LHPP could inhibit tumor
growth by inhibiting the PI3K/AKT signaling pathway

activation and inducing apoptosis.>> In colorectal cancer, over-
expression of LHPP could lead to a significant increase in the
expression level of Smad7, which negatively regulated the
TGF-p/Smad signaling pathway.>* The tumor-suppressing
effects of LHPP were also observed in renal cancer and intrahe-
patic cholangiocarcinoma.*>

In this study, in vitro and in vivo experiments demonstrated
the tumor suppressive effect of LHPP in PDAC. KD of LHPP
significantly promoted the proliferation and migration of
PDAC cells and the growth of xenograft tumors in vivo. In con-
trast, LHPP overexpression exhibited a significant inhibitory
effect on PDAC cell proliferation, migration and xenograft
tumor growth in vivo. In addition, this study not only identified
the downregulation of LHPP expression in PDAC, but also
revealed the correlation between LHPP levels and prognosis



Xia et al

OE VS NC

KD VS NC

—
©
-

i
&8s

aneAdo1Bor-

KD VS NC

(b)

B Cellular component

B Molecular function

Biological process

(s)suiejoid jo abejusdIag
8 g g g g

3 8 < ~ ©

[l wewoduico senieo 1sou
[ xoriuwod minospowsiane

[ I ——.

I oo uopoun; seposiow
I /unace soreibes uopduosuea

i
OE VS NC

Biological process WM Molecular function WS Cellular component

UoREzI[EBUIWOK
oge|x0p

- ssao0id anonpoids)

I Buppy 190

- Uoroui000f
Bugmbn

|- uosssupe erboro

- esao0ud wsiuwBio-ynw

- someueq

- $159u860Iq 10 UD[IEZIUEBI0 1UBUOAIOD IBIAISD
£300.d affoGEIOW
‘ssao0d feivauidorenan

} ssoc0id sepje

- snuns o) esuodsas

- amoss
onez(eo0

- 5890040 WIeAS GuNILE

- uogeinBes eaBojon

- vogesamoid uoeindod 180
‘sse00id fewsiueBio setirw

- 552004 AWK

120

g8 8 8 % R °

suiaj0ad JO Jaquinu 3y

(%)suejoud jo abejussiag
°
2 8 2 g ] o
| 1nd uowen
| pespr

[ 1usuoduos senos 1sou
W sruico mnssoweidns

[ r—
I vosai wnpesenxe

Hanaze sousmo sepomous

| Auanoe xaceoes obie

| suassttey Bupioy usioxt
I fanioe souodsuen

} 601 wioroud.

[l fanioe ovnompus eimionas
N fuoe opkpees

Bump 10

- voreoyoien
e
wogonpoide:

- 650000 Wesks sunNWWL

- uorstupe KON
S28UR00N 10 VOTEZIUEAI0 JUAIOAWND ENIED

- wrouoo0

- burmbm

- uogmnbe. (eboKg
3800, HjoQEIBW

- $5200. JRN|RO

- 55600 BATONPOIKISI
wonezreon
]

- SIS 0 25Uodsds

- umoo

- vosEIsHOId UOTEINGOH (180

- omeusa

- 93000.d weweblo wnw
53000.d [T UOUXI0)OADD
PR e g—

- 535300, JnuuyAYs

g 8§ & °

q
suiejoid Jo Jequinu ey|

200

o
o
~

T

o §°

Faa

®n g7

> %o

=2 o

e .
o

o
7

g 1.

w & |

> &

8 -

g 1

0

(c)

DNA sspieaton

Comperrt s o s [

Herpss smplex vinus 1 nfsction

Artigen proessing and prosertatan

Epsten-Bat vinus nscton

Vematopoietc cel ineage.

Gl achesion molecuies (CAV]

Irflionza A

Lelshmanasis:

Lyscsome

[ PTOR———

R —

Col oy - ot

[P ——

R
—
P—po—

Measies

—
erescnares. S
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Table 2. PRM Protein Quantification Results.

Protein KD/ OE/

accession Gene name  NC P-value NC P-value
000767 SCD 0.865 3.441E-03 1.762 1.178E-03
095757 HSPA4L 1.108 1.089E-03  1.439 2.407E-05
095786 DDX58 0.849 4.817E-04 0.405 2.619E-06
P01583 IL1A 0.357 2.072E-04 0.722 1.949E-04
P07204 THBD 0.309 2.846E-03 0.726 1.100E-01
P08133 ANXA6 0.425 1.118E-04 0.686 5.663E-04
P13726 F3 1.042 1.255E-01 1.240 8.584E-03
P16401 H1-5 1.144 1.737E-03  1.189 7.014E-04
P17931 LGALS3 1.483 1.955E-04 0.867 2.769E-02
P18827 SDC1 1.474 2.189E-04 0.990 8.558E-01
P20962 PTMS 0.693 1.496E-02 0.687 1.239E-02
P21980 TGM2 0.757 1.595E-05 0.456 2.462E-07
P22528 SPRR1B 0.376 2.131E-03  0.624 1.319E-02
P23229 ITGA6 0.452 3.015E-06  0.988 5.703E-01
P25815 S100P 0.990 7.654E-01 0.661 4.669E-04
P47895 ALDHI1A3 0360 8.545E-08 1.132 1.747E-03
P78504 JAGI1 1.008 7.458E-01 1.848 1.091E-05
Q00534 CDK6 0.769 4.082E-04 1.382 9.703E-05
Q14258 TRIM25 0.722 1.178E-03  0.650 4.520E-04
Qo6PIU2 NCEH1 0.869 2.592E-04 0.575 1.116E-05
Q96LJ7 DHRSI1 0.440 1.977E-05 0.697 4.062E-04
Q99729 HNRNPAB 1.262 6.469E-02 1.351 5.752E-02
Q9GZZ1 NAAS50 1.330 4.289E-03 1.226 1.248E-02
QI9HO008 LHPP 0.682 3.403E-01 11.766 1.458E-05
QI9HCY8 S100A14 0.623 5.412E-06 1.032 7.950E-02
Q9UHDI1 CHORDC1 1.027 2.551E-01 1.355 1.133E-04
QI9Y6KS OAS3 0.813 3.923E-01 0.174 4.879E-03

Abbreviations: KD, knockdown; NC, normal control; PRM, parallel reaction
monitoring.

of patients with PDAC. Patients with high LHPP expression
had significantly better prognosis. The expression level of
LHPP, pathological grade, and N stage were independent prog-
nostic factors for patients with PDAC. These data demonstrate
the potential of LHPP as a prognostic predictor for PDAC and
the potential of LHPP plasmids delivered by technologies such
as nanoparticles for the treatment of PDAC.>"*

The molecular characteristics and mechanism of LHPP were
investigated using proteomics analysis, and a number of pro-
teins affected by LHPP expression were identified. According
to GO annotation and KEGG enrichment, these proteins are
mainly involved in cellular processes, metabolic processes, bio-
logical regulation, stimulatory responses, and even chemical
carcinogenesis. These proteins may be more membrane proteins
or components of protein complexes, or enzymes with catalytic
activity. For example, SCD (stearoyl coenzyme A desaturase) is
a key lipid regulator that may be involved in PDAC resistance
to gemcitabine and cisplatin.?’ LHPP exerts its tumor suppres-
sive effects in PDAC probably by regulating these proteins.

This study showed that the expression of SDC1 was signifi-
cantly upregulated in the LHPP-knocked down BxPC-3 cells.
SDCI1 is a heparin sulfate proteoglycan (HSPG), belonging to
the syndecan proteoglycans family. IPA keyword analysis sug-
gests that SDCI is a protein associated with cellular apoptosis,
invasion, and proliferation. SDC1 exhibits significant
pro-pathogenic effects on cancer, which can enhance the signal-
ing of oncogenes and growth factors, prevent cancer cell death,
and support angiogenesis.’® In addition, the localization of
SDC1 on the cell surface of PDAC regulates micropinocytosis,
an important metabolic pathway that promotes PDAC cell
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Figure 5. (a) The relative mRNA levels of SDC in BxPC-3 and PANC-1 cells that knocked down LHPP with qRT-PCR. (b) The relative mRNA
levels of SI00P in BXxPC-3 and PANC-1 cells that overexpressed LHPP with qRT-PCR. (c) The protein expression of SDC with western blot. (d)

EEE

The protein expression of S100P with western blot.

P <.001. Abbreviations: LHPP, phospholysine phosphohistidine inorganic pyrophosphate

phosphatase; RT-qPCR, real-time quantitative polymerase chain reaction; SDC, Syndecan.
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growth and is critical for PDAC progression.>' E-cadherin is a
common tumor suppressor protein, and its expression is often
lost in metastatic tumor cells. Another study on pancreatic
cancer suggests that silencing the SDCI gene stimulates the
production of E-cadherin.*? Furthermore, cancer cells exhibit
increased levels of E-cadherin after LHPP overexpression.'’
In conclusion, we speculate that reduced expression of LHPP
may lead to the progression of PDAC by upregulating SDCI.

The current study also indicated that S100P expression was
significantly downregulated in BxPC-3 cells overexpressing
LHPP. S100P is a calcium-binding protein, and its high expres-
sion is associated with poor prognosis and strong invasiveness
in various cancers,”*>® and contributes to the aggressiveness of
pancreatic cancer. SI00P can maintain the growth and survival
of pancreatic cancer cells by preventing the onset of apopto-
sis,3 7 and can also drive cancer cell invasion and movement
by regulating cytoskeletal remodeling.*® Upregulation of
S100P expression also exhibited induction of the EMT
process in tumor cells.*® Therefore, the present study speculates
that high expression of LHPP may hinder PDAC progression,
especially PDAC aggressiveness by downregulating S100P
expression.

One of the limitations of this study is that only 2 cell lines
were used. The use of additional cell lines for results validation
would be beneficial to further increase the credibility of this
study. In addition, although using proteomics, this study ana-
lyzed the proteins affected by LHPP when it acts, as well as
the cellular processes and signaling pathways that may be
involved. However, its specific mechanism of action and
molecular pathways are still unknown and require more
research and exploration. How LHPP regulates the expression
of SDC1 and S100P is still unknown.

Conclusion

In summary, the current study revealed the potential of LHPP as
a novel prognostic marker for PDAC, and demonstrated its
tumor-suppressing role in PDAC. Proteomics analyses
showed that the expression levels of 27 proteins, especially
SDCI1 and S100P, were significantly affected by LHPP overex-
pression or knockdown. These results might be of great signifi-
cance for the subsequent deeper evaluation of LHPP molecular
characteristics and mechanisms. LHPP might emerge as an
important target for delaying the advancement of PDAC,
thereby providing a novel therapeutic approach for the treat-
ment of PDAC.
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