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Abstract: Phosphodiesterase 4B (PDE4B) is a key enzyme involved in regulating intracellular cyclic adenosine mo-
nophosphate levels and plays a significant role in the diagnosis, classification, treatment, and prognosis of various
cancers. However, the role of PDE4B in gastric cancer (GC) remains unclear. We used the GEPIA2 (Gene Expression
Profiling Interactive Analysis 2) database to analyze the differential expression level of PDE4B across tumor sam-
ples and verified our findings via qPCR and immunohistochemical analysis. We also analyzed the correlation be-
tween PDE4B expression levels and clinical pathological parameters, and prognosis, in the database. The effects
of PDE4B on GC proliferation, migration, and invasion were evaluated through in vitro and in vivo experiments.
Enrichment analysis was performed using bioinformatic tools, and results were validated by western blot analysis.
The correlation between PDE4B expression and immune cell infiltration was investigated using bioinformatics tools.
PDE4B is highly expressed in GC and is significantly associated with deep infiltration, distant metastasis, tumor,
node, metastasis (TNM) stage, and preoperative CA199 levels. Over-expression of PDE4B promotes proliferation,
clonal formation, migration, and invasion of GC cells and is associated with poor prognosis. PDE4B promotes the
infiltration of immune cells into the tumor microenvironment (TME) and the phosphorylation of PI3K/AKT pathway,
increasing MYC expression. PDE4B can serve as an independent prognostic biomarker for GC. We found that PDE4B
can promote immune cell infiltration of the TME and mediate malignancy in gastric cancer through the PI3K/AKT/
MYC pathway.
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Introduction

Gastric cancer (GC) is a globally significant dis-
ease, with the majority of new cases diagnosed
in developing countries [1]. In China, GC ranks
as the second most prevalent cancer. Early-
stage GC often lacks discernible symptoms,
and by the time symptoms manifest, the dis-
ease is frequently advanced and incurable,
resulting in a high mortality rate [2, 3]. The cur-
rent treatment options for GC primarily include
surgery, radiotherapy, and chemotherapy; how-
ever, the incidence of local recurrence or dis-
tant metastasis after surgery exceeds 40% [4],
leading to a 5-year survival rate of only 20%-
40% for GC patients [5]. Consequently, the
development of new, less invasive biomarkers

for the early detection and prognostic predic-
tion of GC is imperative to curing this disease
and improving patients’ quality of life.

Phosphodiesterase 4 (PDE4) controls the hydro-
lysis and degradation of cyclic adenosine mono-
phosphate (cCAMP). Four PDE4 genes (PDE4A-
PDE4D) have been identified, each encoding
different subtypes of the enzyme [6]. PDE4 is
widely expressed in inflammatory cells. PDE4
Inhibitors have demonstrated anti-inflammato-
ry activity and are used in the treatment of
conditions such as psoriasis [7], systemic scle-
rosis [8], asthma, chronic obstructive pulmo-
nary disease [9] and idiopathic pulmonary fibro-
sis [10]. PDE4B specifically inactivates the sec-
ondary messenger cCAMP, preventing apoptosis
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and promoting cell survival and proliferation
[11]. PDE4B has been found to limit apoptosis
in diffuse large B-cell lymphoma [12] and is
associated with reduced apoptosis and in-
creased metastasis in both renal carcinoma
[13] and endometrial carcinoma [14]. Studies
have confirmed that PDE4B is a promising can-
didate as a therapeutic target and prognostic
molecular marker in colorectal cancer (CRC)
[15]. However, the expression and regulation of
PDE4B in GC, and its correlation with clinical
treatment and prognosis, remain unclear.

The objective of this study was to determine the
role of PDE4B in GC. We examined the differ-
ences in PDE4B expression between GC tumor
cells and normal cells. Furthermore, we ana-
lyzed the correlation between PDE4B levels
and clinicopathological characteristics of GC
patients. We manipulated PDE4B expression in
vitro and evaluated its impact on the biological
behavior of GC cells. Finally, we demonstrated
that variation in PDE4B expression affects GC
progression via the PI3K/AKT/MYC pathway.
Our findings suggest that PDE4B may be a suit-
able prognostic biomarker and a new therapeu-
tic target for GC patients in the future.

Materials and methods
PDE4B expression in database

We used the “Expression analysis-Box Plots”
module of GEPIA2 database[16] (http://gepia2.
cancer-pku.cn) to get the box diagrams of dif-
ferential expressions of tumor tissues and nor-
mal tissues in GTEx (genotype-tissue expres-
sion) database, including 408 STAD (stomach
adenocarcinoma) tissues and 211 normal gas-
tric tissues. We obtained the violin charts of
PDE4B expression in all TCGA cancer tissues
in different pathological stages (stage |, stage
Il, stage lll and stage IV) through GEPIA2’s
“Pathological Stage Plot” module.

Analysis of survival prognosis in database

We utilized the survival analysis module of
GEPIA2 to obtain the significant maps of overall
survival (OS) data. The high cut-off value (50%)
and the low cut-off value (50%) were used as
the expression thresholds to divide the sam-
ples into high-expression and low-expression
groups, and the critical value was set as medi-
an. The hypothesis testing was performed
using the log-rank test.
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Human gastric tissue samples

The pathological specimens used in this study
were collected from the Pathology Department
of Bayannur Hospital between February 2006
and January 2016. A total of 666 tissue sam-
ples were obtained from patients after surgery
or gastric endoscopic biopsy, including 501 GC
tissues and 165 paired para-carcinoma tis-
sues. None of the volunteers undergone any
chemotherapy or radiotherapy before surgery
or biopsy. Histopathological confirmation of tis-
sues was performed by two pathologists blind-
ed to each other. Clinicopathological data such
as age, tumor size, grade and TNM stage were
collected from patients’ medical records. This
study adhered to medical ethical standards
and was approved by the Ethics Committee of
Inner Mongolia Medical University. Written
informed consent was obtained from all partici-
pants in the study.

Tissue microarray (TMA) construction and im-
munohistochemistry (IHC)

All tissue samples were fixed with 4% formalin
and embedded in paraffin. The TMA was con-
structed with paraffin-embedded blocks of
donor tissues. Cores biopsies of 3 mm in diam-
eter acquired from donor blocks were cut into 3
pum thicknesses. Sections of the tissue blocks
were placed on glass slides and deparaffinized
in gradient ethanol. The TMA was subjected to
antigen retrieval by heating in citrate buffer
(0.01 M, pHB6.0), followed by blocking of endog-
enous peroxidase activity using 3% H,0,. The
sections were then incubated with rabbit anti
PDE4B polyclonal primary antibodies and
stained. Sections were stained after incubated
with an anti-PDE4B polyclonal primary anti-
body. The staining intensity was scored on a
scale of O (negative), 1 (weakly positive), 2
(moderately positive), and 3 (strongly positive).
The final score was calculated as 100x the
product of the staining intensity and the per-
centage of stained cells.

Evaluation of the PDE4B immunohistochemical
(IHC) staining was performed by two patholo-
gists who were blinded to patient information.
The cutoff value was determined as 195 by the
X-tile-based TMA data analysis. Scores between
0 and 195 represented low expression of
PDE4B, while scores between 196 and 300
represented high expression of PDE4B.
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Stable cell lines

The human GC cell lines MNK-1, HGC-27 and
human gastric mucosal cell line GES-1 were
cultured in an incubator at 37°C with 5% CO,.
Purchase lentivirus-based shRNA targeting
PDE4B and lentivirus vector. The GC cell lines
HGC-27 were respectively infected with the len-
tivirus expressing shNC or shPDE4B. Lentivirus-
mediated PDE4B-cDNA were transfected into
MNK-1 cells, resulting in the creation of two cell
lines: ovPDE4B and ovNC.

qRT-PCR

To detect PDE4B mRNA expression, total RNA
was extracted from cells, and then the cDNA
was synthesized through reverse transcription.
The human PDE4B primers used were as fol-
lows: forward 5-CAAGCATCTCACGCTTTGGAG-
3, and reverse 5-GCCACGTCAGAATGGTAAT-
GG-3'. The human GAPDH primers were as fol-
lows: forward 5-CTGGGCTACACTGAGCACC-3,
and reverse 5-AAGTGGTCGTTGAGGGCAATG-3.
The Ct values for the PDE4B genes were com-
pared to the Ct values for GAPDH, which served
as an internal control gene. Each experiment
was conducted three times in total. The relative
expression was calculated using the 2°(-AACt)
technique.

Western blot

Extract total proteins from different stable cells
using RIPA buffer. Protein samples were degen-
erated at 100°C for 10 min after being mixed
with loading buffer. The same amounts of pro-
teins were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a polyvinylidene
fluoride (PVDF) membrane. Incubate the mem-
brane with primary antibodies of PDE4B,
P-PI3K, PI3K, P-AKT, AKT, MYC, GAPDH, CD19,
CD117 and SMA at 4°C overnight. After three
rinses with PBST buffer for 15 min each time,
incubate the membrane with horseradish-per-
oxidase-labeled secondary antibody at room
temperature for 2 h. Then, the membrane was
rinsed with PBST and developed.

CCK-8 assay
A total of 2000 cancer cells were added into

each well of 96-well plate. Next, 10 yL of CCK-8
solution was added to each well, and the absor-

3453

bance of each well was measured at 450 nm
after incubated at 37°C for 2 h. The cells were
plated in 96-well plate at a density of 5x103
cells/well for each experimental group. The cell
proliferation level was assessed at 24 h, 48 h,
72 h, and 96 h, respectively. The cells in each
well were incubated with a 100 ul mixture of
medium and CCK-8 reagent (9:1), followed by
measuring the absorbance at OD450 using a
microplate reader after incubating at 37°C in
the dark for 2 h.

Clone formation assay

The cells of each group were planted in a 6-well
plate with 1000 cells/well. The plate was cul-
tured in an incubator with 5% CO, at 37°C for 2
w. The culture medium was changed every 72
h. Then the cells were rinsed with PBS buffer
three times gently and soaked in 4% parafor-
maldehyde for 30 min. The cells were incubat-
ed with 0.5% crystal violet solution at room
temperature for 30 min. Finally, the cell clones
were rinsed by ddH,0.

Trans-well assays

Migration assay: Suspend cells in serum-free
medium and plant in the upper chamber of
Trans-well insert. Place the Trans-well chamber
in a 24-well plate containing filled with medium
containing 20% FBS. Incubate the cells in the
incubator for 24 h. Gently remove the cells in
the upper chamber using a cotton swab. Fix the
chamber with 4% paraformaldehyde for 30 min,
then stain the cells with 0.2% crystal violet for
30 min. After rinsing and drying, observe cell
clones and count them.

Invasion analysis: Dilute the Matrigel basement
membrane matrix in a 1:3 ratio using serum-
free culture medium at 4°C. Add 100 ul of the
matrix mixture onto the surface of the upper
chamber and dry at 37°C for 1 h. The subse-
quent steps are the same as those of the migra-
tion assay described previously.

Flow cytometry method

Firstly, collect all cells and wash off EDTA. After
resuspend with PBS, centrifuge at 1000 rpm
for 5 min and discard the supernatant. And
resuspend with 200 ul Binding Buffer, then
incubate at room temperature in dark for 10
min after add 5 upl Annexin V-FITC. Then, at
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1000 rpm, centrifuge for 5 minutes and dis-
card the supernatant. After resuspend with
200 pl Binding Buffer and add 5 pl PI staining,
it was detected.

Subcutaneous tumor model

A total of 12 five-week-old male BALB/C nude
immunodeficient mice were used in the study.
Cells of the MNK-1 group were suspended at a
density of 1x107 cells/ml. Cell suspensions
(150 pl) were injected into the armpit region of
the left upper extremity of the mice, and tumor
weight was measured.

The tumor volume was calculated as longest
diameter x shortest diameter?/2.

Gene set and functional enrichment analysis

The WGCNA algorithm and the DAVID Bioin-
formatics Resources database (https://david.
ncifcrf.gov/) [17] were used for Gene Ontology
(GO) functional analysis of PDE4B genes to
understand the biological process of the target,
the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway were used to analyze the main
signaling pathways [18].

Immune infiltration analysis

We used the ESTIMATE algorithms to evaluate
each TCGA sample by scoring immune cells,
tumor purity, and stromal cells [19]. The
CIBERSORT algorithm was used to estimate the
proportion of different immune cells in cancer
tissue, and the differences of immune cells
between high and low PDE4B groups in GC tis-
sue were analyzed [20]. We used the “immune
gene” module of TIMER 2.0 database [21]
(http://timer.cistrome.org/) to explore the rela-
tionship between the expression of PDE4B and
tumor immune infiltrations.

Statistical analysis

All statistical analyses were conducted on
SPSS 19.0 statistical software package, R soft-
ware (version 4.1.2) and GraphPad Prism 8.
The difference between the two groups was
analyzed by independent T test. The associa-
tions between patient clinical characteristics
and PDE4B expression were assessed using
the Chi-square test or Trend test. Overall sur-
vival was calculated using the Kaplan-Meier
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method, and survival curves were analyzed
using the log-rank test. P values < 0.05 were
considered statistically significant. The P val-
ues < 0.05, 0.01, and 0.001 were respectively
represented by *, ** and ***,

Results
PDE4B expression in GC tissues

We used the GEPIA2 database to analyze the
expression of PDE4B in stomach adenocarci-
noma (STAD), which accounts for 95% of GC
cases, using normal tissue from the GTEx data
set as a control. This analysis included a total of
408 STAD tissues and 211 normal gastric tis-
sues. We found that the gene expression of
PDE4B was significantly higher in STAD tissues
compared with normal gastric tissues (P <
0.05, Figure 1A). The expression of PDE4B
increased through the pathological stages
(stage I/1I/11/1V) (P < 0.05, Figure 1B) and was
linked to overall survival rates (P < 0.05, Figure
1C). To verify this result, we measured the
expression of PDE4B mRNA and protein in the
human GC cell lines MNK-1, HGC-27 and the
human gastric mucosal cell line GES-1. We
found that PDE4B mRNA and protein expres-
sion in was significantly higher in the GC cell
lines (P < 0.001, Figure 1D-F). To confirm the
protein expression of PDE4B in gastric tissue,
we conducted immunohistochemical (IHC)
analysis on tissue microarrays (TMAs), which
comprised 501 GC tissues and 165 adjacent
non-tumor tissues. IHC staining revealed that
PDE4B was primarily localized to the cytoplasm
and demonstrated significant expression in
tumor tissue (a staining score > 200 indicates
high expression, Figure 1E). We found that only
25.45% (42/165) of normal gastric tissues
exhibited high expression of PDE4B, whereas
in GC tissues, the incidence was 80.84%
(405/501) (Table 1).

Association between PDE4B expression and
clinicopathological characteristics

Our analysis using the GEPIA2 database also
revealed a gradual increase in the expression
level of PDE4B in STAD tissues across diffe-
rent pathological stages. We investigated the
impact of PDE4B on the clinical characteristics
of GC patients by examining the association
between PDE4B expression and various patho-
logical features (Table 2). Our analysis demon-
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Figure 1. PDE4B expression in GC. A: PDE4B expression in GC tissues and normal tissues in TCGA database. B:
PDE4B mRNA expression in GC tissues at different stage. C: Overall survival curves for patients with different
PDE4B expression. D, E: Expression of PDE4B in GC and human gastric mucosal cell lines. F: Representative images
of PDE4B protein in gastric tissues. a. Low-differentiated squamous carcinoma. b. Well-differentiated squamous
carcinoma. c. Signet-ring cell carcinoma. d. Low-differentiated adenocarcinoma. e. Well-differentiated adenocarci-
noma. f. Pericarcinomatous tissues. *P < 0.05, **P < 0.01, ***P < 0.001.
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Table 1. PDE4B protein expression in gastric mucosa tissues
PDE4B expression (%)

Characteristics N - X? P
Low or no High
Carcinoma 501 96 (19.16) 405 (80.84) 172.508 <0.001*
Pericarcinomatous tissue 165 123 (74.55) 42 (25.45)
*P<0.05.
Table 2. PDE4B protein expression level and GC patient clinicopathological characteristics
. PDE4B expression
Characteristics N - Pearson x? P
Low or no High
Total 501 96 (19.16) 405 (80.84)
Gender 1.221 0.269
Female 149 33 (22.15) 116 (77.85)
Male 352 63 (17.90) 289 (82.10)
Age 0.082 0.774
<60 168 31 (18.45) 137 (81.55)
>60 333 65 (19.52) 268 (80.48)
HP infection 3.520 0.061
Positive 208 48 (23.08) 160 (76.92)
Negative 293 48 (16.38) 245 (83.62)
Differentiation 1.182 0.554
Well 142 30(21.13) 112 (78.87)
Moderate 207 35 (16.91) 172 (83.09)
Poor 152 31(20.39) 121 (79.61)
Depth of invasion 9.581 0.002*
Tis+T1+T2 87 27 (31.03) 60 (68.97)
T3+ T4 414 69 (16.67) 345 (83.33)
Lymph node metastasis 0.050 0.824
NO 98 48 (18.82) 207 (81.18)
N1+ N2 + N3 403 48 (19.51) 198 (80.49)
Distant metastasis 8.474 0.004*
MO 407 88 (21.62) 319 (78.38)
M1 94 8 (5.51) 86 (91.49)
TNM stage 29.647 < 0.001*
| 39 20 (51.28) 19 (48.72)
Il 192 29 (15.10) 163 (84.89)
1] 189 36 (19.05) 153 (80.95)
\Y 81 11 (13.58) 70 (86.42)
Preoperative CEA, ng/ml 0.651 0.420
<5 201 42 (20.90) 159 (79.10)
>5 300 54 (18.00) 246 (82.00)
Preoperative CA199, ng/ml 4.826 0.028*
<37 201 48 (23.88) 153 (76.12)
>37 300 48 (16.00) 252 (84.00)
Her-2 3.721 0.054
Negative 82 22 (26.83) 60 (73.17)
Positive 419 74 (17.66) 345 (82.34)
*P < 0.05.
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Table 3. Univariate and multivariate analyses of the prognostic factors for overall survival in GC

Univariate analysis

Multivariate analysis

HR P-value 95% Cl HR P-value 95% CI

PDE4B expression

Low or no vs High 5.254 <0.001* 3.587-7.696  4.742 <0.001* 3.226-6.971
Age (year)

<60 vs >60 0.998 0.983 0.804-1.237
Gender

Male vs Female 0.966 0.758 0.774-1.206
Depth of invasion

Tis+T1+T2vs T3+ T4 1.679 0.001~* 1.239-2.276
Lymph node metastasis

NO vs N1 + N2 + N3 1.118 0.412 0.857-1.458
Distant metastasis

MO vs M1 3.018 <0.001* 2.362-3.855 2.049 < 0.001* 1.566-2.682
TNM stage

I+ 1vslll+1V 1.295 0.014* 1.054-1.592 1.517 0.001~* 1.214-1.894
Differentiation

Well vs Moderate vs Poor 1.112 0.124 0.971-1.272
HP infection

Negative vs Positive 1.729 <0.001* 1.401-2.133 1.482 0.001~* 1.173-1.873
Preoperative CEA, ng/ml

<bvs>5 1.218 0.064 0.989-1.500
Preoperative CA199, ng/ml

<37vs=>37 1.748 <0.001* 1.410-2.165 1.650 < 0.001* 1.330-2.047
Her-2

Negative vs Positive 1.201 0.203 0.906-1.593

*P < 0.05. HR: Hazard ratio; Cl: Confidence interval.

strated significant correlations between PDE4B
expression and the following factors: depth of
invasion (x2 = 9.581, P = 0.002), distant metas-
tasis (x?> = 8.474, P = 0.004), TNM stage (x? =
29.647, P < 0.001), and preoperative CA199
levels (x2 = 4.826, P = 0.028). Our findings indi-
cate that GC cases with a high expression of
PDE4B often progress to more advanced clini-
cal stages with an increased likelihood of dis-
tant metastasis when compared with GC cases
with low expression of PDE4B.

Relationship between PDE4B expression and
prognosis for GC patients

We divided the GEPIA2 database STAD tissue
samples into high- and low-expression groups
based on the median expression level of PDE4B
MRNA. We found that high expression of PDE4B
is associated with poor prognosis. By applying
univariate analysis to the clinicopathological
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phenotypes, various risk factors for overall sur-
vival (0OS) were identified, including PDE4B
expression (P < 0.001), depth of invasion (P <
0.001), distant metastasis (P < 0.001), He-
licobacter pylori (Hp.) infection (P < 0.001), and
preoperative CA199 (P < 0.001) (Table 3).
These statistically significant factors were then
included in a multivariate analysis. The results
revealed that high expression of PDE4B (HR:
4.742; 95% Cl: 3.226-6.971; P < 0.001), dis-
tant metastasis (HR: 2.049; 95% CI: 1.566-
2.682; P < 0.001), TNM stage (HR: 1.517; 95%
Cl: 1.214-1.894; P = 0.001), Hp. infection (HR:
1.482; 95% Cl: 1.173-1.873; P = 0.001), and
preoperative CA199 (HR: 1.650; 95% Cl: 1.330-
2.047; P < 0.001) are independent prognostic
factors for GC patients (Figure 2A-E). These
results suggest that PDE4B expression could
serve as an independent prognostic biomarker
for GC patients and provide valuable insights
into predicting GC patient outcomes.
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Figure 2. Survival curves of GC patients using the Kaplan-Meier method and the log-rank test. A: Overall survival
curves for patients with low PDE4B expression and patients with high PDE4B expression. B: Overall survival curves
by distant metastases. C: Overall survival curves by TNM stage. D: Overall survival curves by HP infection. E: Overall

survival curves by preoperative CA199.

Decreased PDE4B expression hinders the pro-
gression of GC

To investigate the role of PDE4B on GC develo-
pment, PDE4B expression was knocked down
in GC cell lines HGC-27. PDE4B is known to
hydrolyze the second messenger cAMP, there-
fore cCAMP level change was examined by WB
(Figure 3A, 3B). A cell proliferation (CCK-8)
assay showed that down-regulation of PDE4B
inhibited the proliferation of GC cells (Figure
3C). A subsequent clone formation assay to
measure cell survival further confirmed the
adverse impact of PDE4B silencing on cell via-
bility (Figure 3D). A transwell assay also showed
that the knockdown of PDE4B hindered the
invasion and migration of GC cells (Figure 3E,
3F).

Flow cytometry demonstrated that apoptosis
increased after PDE4B knockdown (Figure 3G).
Finally, we constructed a tumor xenotransplan-
tation model to determine the role of PDE4B on
the development of GC in vivo. The results
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showed a significant decrease in the volume
and weight of subcutaneous tumors in the shP-
DE4B group (Figure 3H-J) compared with con-
trols. These results indicate that the knock-
down of PDE4B inhibits the malignant biologi-
cal characteristics of GC.

Over-expression of PDE4B accelerates the pro-
gression of GC

We over-expressed PDE4B in the GC cell line
MNK-1 (Figure 4A, 4B). A CCK-8 assay showed
that over-expression of PDE4B increased the
proliferation of GC cells (Figure 4C). A clone for-
mation assay further confirmed the positive
effect of PDE4B over-expression on cell viability
(Figure 4D). Additionally, a transwell migration
assay demonstrated that over-expression of
PDE4B increased the migratory and invasive
abilities of GC cells (Figure 4E, 4F). Flow cytom-
etry showed that apoptosis decreased follow-
ing PDE4B knockdown (Figure 4G). These
results strongly suggest that PDE4B over-
expression promotes malignancy in GC.
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Figure 3. PDE4B plays an oncogenic role in GC cells. A: PDE4B expression of HGC27 cells after shPDE4B trans-
fection. B: PDE4BmRNA expression of HGC-27 cells after shPDE4B transfection. C: The proliferation of GC cells
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increased after PDE4B knockdown. H: The volumes of tumors in the xenograft mouse model. |, J: The volume and

weight of tumors in the xenograft mouse model.

The regulatory mechanism of PDE4B in STAD

To further understand the possible biological
function and signal pathway of PDE4B, we used
the WGCNA and ESTIMATE algorithms to screen
for the co-expression of genes related to PDE4B
(Figure 5A), selecting the module exhibiting the
highest correlation with immune cells and stro-
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mal cells. Enrichment analysis was conducted
on these 188 genes using the DAVID database.
KEGG analysis indicated that the function of
PDE4B significantly relates to the cytokine-
cytokine receptor interaction, chemokine sig-
naling pathway, B-cell receptor signaling path-
way, PI3K-Akt signal pathway and cell adhesion
molecules (Figure 5B). Gene ontology (GO)
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decreased after PDE4B over-expression.

analysis showed that the expression of PDE4B
may be related to the immune response, signal
transduction and cell morphogenesis (Figure
5C).

Silencing PDE4B inhibits the PI3K/AKT/MYC
pathway

In our preliminary bioinformatic analysis, we
observed a potential association between the
function of PDE4B and the PI3K/AKT signal
pathway. MYC is an important proto-oncogene
involved in cell regulation, proliferation, differ-
entiation, and metabolism, and is also a down-
stream actor in the PIBK/AKT pathway. To fur-
ther investigate the role of PDE4B in GC, west-
ern blot analysis confirmed that silencing
PDE4B reduced MYC expression. Furthermore,
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upon down-regulation of PDE4B expression, we
found that phosphorylation of the PISK/AKT
pathway was inhibited. Conversely, over-expres-
sion of PDE4B led to increased levels of MYC
and enhanced phosphorylation of the PISK/
AKT pathway (Figure 5D). Using a PI3K inhibi-
tor, wortmannin, reversed the effect of over-
expression of PDE4B on cell proliferation, mig-
ration, and invasion (Figure 5E, 5F). In summa-
ry, these findings suggest that PDE4B promotes
GC progression through activation of the PI3K/
AKT/MYC pathway.

PDE4B expression is related to immune cell
infiltration

Studies have shown that the infiltration of
immune cells into the tumor microenvironment
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(TME) plays an important role in regulating
tumor occurrence, development, and prognosis
[22]. Our GO analysis also found that PDE4B is
associated with immunity. Therefore, we used
the ESTIMATE algorithm to measure the corre-
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lation between PDE4B and immune cell infiltra-
tion. The results showed that PDE4B was posi-
tively correlated with immune score (P <
0.0001, r = 0.63) and stromal score (P <
0.0001, r=0.64) (Figure 6A, 6B). These results
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Table 4. PDE4B protein expression level and immune cell infiltration in TME

o PDE4B expression
Characteristics N - Pearson x? P
Low or no High
Total 276 51 (18.48) 225 (81.52)
CD19 5.666 0.017*
Low or no 86 23 (26.74) 63 (73.26)
High 190 28 (14.74) 162 (85.26)
CD117 2.807 0.097
Low or no 112 26 (23.21) 86 (76.79)
High 164 25 (15.24) 139 (84.76)
SMA 13.140 <0.001*
Low or no 53 19 (23.08) 34 (76.92)
High 233 32 (16.38) 191 (83.62)
*P<0.05.

suggest that the expression level of PDE4B
may be related to the infiltration of immune
cells into the TME of GC.

Subsequently, we used CIBERSORT to calculate
the proportion and expression of different
immune cell types in TCGA-STAD tissue (Figure
6C). The results showed that the high expres-
sion of PDE4B was related to the infiltration of
various types of immune cells, including memo-
ry B cells, CD8+ T cells, CD4+ T cells, T follicular
helper cells, T regulatory cells (Tregs), activated
natural killer (NK) cells, MO macrophages, M2
macrophages, mast cells, and neutrophils (P <
0.05).

We further investigated the correlation between
PDE4B mRNA expression and specific immune
cell infiltration ugh the TIMER2.0 database
(Figure 6D). We found that PDE4B was signifi-
cantly positively correlated with the infiltration
of B cells (R = 0.482, P = 1.81e-23), M2
Macrophages (R = 0.612, P = 2.17e-40), Mast
cells (R = 0.293, P = 6.22e-09), neutrophils (R
= 0.658, P = 1.96e-48), Tregs (R =-0.196, P =
1.20e-04) and cancer-associated fibroblasts (R
=0.41, P = 8.16e-17), while it was significantly
negatively correlated with the infiltration of MO
macrophages (R = -0.158, P = 2.07e-03), acti-
vated NK cells (R =-0.159, P = 1.85e-03).

We selected three immune cell types for valida-
tion via IHC staining: B cells, mast cells, and
cancer-associated fibroblasts. We then con-
ducted correlation analysis with the expression
of PDE4B. We found that the expression of
CD19, a B-cell marker, was positively correlat-
ed with the expression of PDE4B (x? = 5.666, P
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= 0.017). The expression of CD117, a mast
cell marker, was positively correlated with the
expression of PDE4B. And the expression of
SMA, a cancer-associated fibroblast marker,
was significantly positively correlated with the
expression of PDE4B (x? = 13.140, P < 0.001)
(a staining score > 200 indicates high expres-
sion, Table 4).

Discussion

Phosphodiesterase-4 (PDE4) has four isoforms,
and PDE4B plays a crucial role in the diagnosis,
classification, treatment, and prognosis of vari-
ous cancers [23]. The expression level of
PDE4B mRNA is significantly elevated in hema-
tologic malignancies [12, 24-26], glioblastoma
[27, 28], neuroblastoma [29], melanoma [30],
esophageal cancer [31], colorectal cancer [32],
and lung cancer [33]. Furthermore, PDE4B
expression is associated with colorectal cancer
recurrence [15], and anti-apoptotic activity and
metastasis in endometrial cancer [14] and
renal cell carcinoma [13]. It has also been asso-
ciated with tumor heterogeneity changes in
inflammatory breast cancer [34]. PDE4B can
promote cell migration and invasion during
bladder cancer by inducing epithelial-mesen-
chymal transition [35]. Increased expression of
PDE4B has been observed in lung adenocarci-
noma and is correlated with the prognosis and
immune infiltration of LUAD [36]. Numerous
studies and clinical data have demonstrated
that PDE4B inhibitors can enhance cancer cell
apoptosis and inhibit cancer cell proliferation,
transformation, and migration. In this study, we
analyzed bioinformatic data, clinical pathologi-
cal information, and experimental validation,
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andfoundthat PDE4AB mRNAis highly expressed
in GC cells. The protein expression rate of
PDE4B in GC tissues is higher than in normal
gastric tissues. This high level of PDE4B expres-
sion is significantly associated with deep inva-
sion, distant metastasis, TNM stage, and pre-
operative CA199 levels. GC patients with high
expression of PDE4B tend to be in a more
advanced clinical stage, exhibit distant metas-
tasis, and have significantly decreased 0S. We
have experimentally confirmed that down-regu-
lation of PDE4B significantly inhibits the prolif-
eration, migration, and invasion of GC cells in
vitro and in vivo. Conversely, over-expression of
PDE4B accelerates the malignant biological
functions of GC, promoting GC development.
These findings suggest that PDE4B promotes
the progression of GC and is significantly posi-
tively associated with poor prognosis in GC
patients. It may serve as a new prognostic bio-
marker and therapeutic target for GC.

Extensive research has confirmed that PDE4B
is a critical regulator of intracellular cAMP lev-
els [37, 38]. The cAMP/PDE4 pathway partici-
pates in inflammation and immune regulation
and is involved in the development of various
cancer-related pathways. PDE4 serves as an
anti-angiogenic target in diffuse large B-cell
lymphoma (DLBCL), and PDE4B affects the
cAMP-mediated inhibition of the PI3K/AKT sig-
naling pathway, leading to the down-regulation
of vascular endothelial growth factor secretion.
This pathway may play an important role in
the pathogenesis of hematologic malignancies
[24]. Additionally, KEGG and GO enrichment
analysis showed that the regulatory mecha-
nisms of PDE4B may be linked with the PI3K/
AKT pathway. Extensive evidence suggests that
the PI3K/Akt pathway plays a vital role in vari-
ous cellular processes, including tumor prolif-
eration, apoptosis, angiogenesis, and metasta-
sis [39]. The MYC protein acts as a downstream
protein of the PI3K/AKT pathway [40], and
functions as a transcription factor involved in
cell proliferation, apoptosis, differentiation,
and metabolism [41]. MYC is a major oncogene
in humans [42]. The correlation between PDE4B
and MYC in GC tissues was confirmed by west-
ern blot analysis, which demonstrated that
silencing PDE4B led to the suppression of MYC
expression. Upon knockdown and over-expres-
sion of PDE4B, the expression and phosphory-
lation levels of the PI3K/AKT pathway were
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analyzed. It was found that PDE4B significantly
enhanced the phosphorylation levels of the
PI3K/AKT pathway. These findings suggest that
PDE4B regulates MYC expression through the
PI3K/AKT pathway, thereby influencing the pro-
gression of GC.

Given the important role of immune cells in
tumorigenesis, development, and metastasis
within the TME, this study employed the
CIBERSORT algorithm and TIMER 2.0 database
to interrogate the role of PDE4B in immune cell
activity during GC. It was found that a high
expression level of PDE4AB mRNA was signifi-
cantly positively correlated with M2 macro-
phages, regulatory T cells (Treg), cancer-associ-
ated fibroblasts, B cells, mast cells, and neutro-
phils. Conversely, it was significantly negatively
correlated with MO macrophages and activated
NK cell infiltration.

There are various subtypes of immune cells
present in the TME, and research has indicated
that certain subtypes of immune cells are asso-
ciated with tumor progression and adverse
prognosis. Examples of these subtypes include
M2 macrophages, Treg cells, and cancer-asso-
ciated fibroblasts [43-45]. Furthermore, stud-
ies have suggested that B-cell infiltration may
be associated with tumor metastasis and can
enhance tumor activity through the production
of immunosuppressive cytokines [46, 47].
Additionally, mast cells play a role in promoting
tumor development by releasing angiogenic
and lymphangiogenic factors [48] that reshape
the TME [49]. Neutrophils can release reactive
oxygen species (ROS) [50, 51] and contribute to
immune evasion [52], thereby facilitating tumor
proliferation [53, 54], tumor cell migration, and
suppressing anti-tumor T-cell responses [55].
Research has shown that high relative infiltra-
tion abundance of MO macrophages is asso-
ciated with improved tumor prognosis and
treatment efficacy [56]. NK cells are involved in
antiviral and anti-tumor immunity and have
emerged as promising therapeutic targets for
several solid tumors and hematologic malig-
nancies [57]. Based on these findings, we spec-
ulate that the high expression of PDE4B in GC
tissues may promote tumor occurrence and
development by reshaping the TME and impact-
ing the effectiveness of immunotherapy.

This study demonstrates that PDE4B is highly
expressed in GC cells and is significantly posi-
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tively correlated with poor prognosis in GC.
PDE4B promotes proliferation, colony forma-
tion, migration, and invasion by GC cells by
regulating the PISK/AKT/MYC pathway and
immune cell infiltration into the TME. Therefore,
PDE4B may serve as a new prognostic biomark-
er and therapeutic target for GC patients.
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