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Abstract

Zona pellucida 3 (ZP3) expression is classically found in the ZP-layer of the oocytes,

lately shown in ovarian and prostate cancer. A successful ZP3 ovarian cancer

immunotherapy in transgenic mice suggested its use as an attractive therapeutic

target. The biological role of ZP3 in cancer growth and progression is still unknown.

We found that �88% of the analyzed adenocarcinoma, squamous and small cell lung

carcinomas to express ZP3. Knockout of ZP3 in a ZP3-expressing lung adenocarcinoma

cell line, significantly decreased cell viability, proliferation, and migration rates in vitro.

Zona pellucida 3 knock out (ZP3-KO) cell tumors inoculated in vivo in immunodeficient

non-obese diabetic, severe combined immunodeficient mice showed significant inhibition

of tumor growth and mitigation of the malignant phenotype. RNA sequencing revealed

the deregulation of cell migration/adhesion signaling pathways in ZP3-KO cells.

Received: 5 February 2024 Revised: 30 May 2024 Accepted: 31 May 2024

DOI: 10.1002/ijc.35098

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2024 The Author(s). International Journal of Cancer published by John Wiley & Sons Ltd on behalf of UICC.

1846 Int. J. Cancer. 2024;155:1846–1857.wileyonlinelibrary.com/journal/ijc

https://orcid.org/0000-0002-9179-0444
https://orcid.org/0000-0003-1086-7460
https://orcid.org/0000-0002-7661-3757
https://orcid.org/0000-0002-7293-0499
https://orcid.org/0000-0003-3401-6599
https://orcid.org/0000-0002-1678-567X
https://orcid.org/0000-0002-1348-7159
https://orcid.org/0000-0001-9008-8285
https://orcid.org/0000-0003-0376-4682
https://orcid.org/0000-0002-7957-7958
https://orcid.org/0000-0002-2342-3597
https://orcid.org/0000-0001-9902-5424
https://orcid.org/0000-0003-3200-210X
https://orcid.org/0000-0003-2261-2393
https://orcid.org/0000-0003-2228-334X
https://orcid.org/0000-0002-7806-1394
https://orcid.org/0000-0003-1550-9400
https://orcid.org/0000-0001-9092-7886
https://orcid.org/0000-0001-5257-870X
mailto:nafis.rahman@utu.fi
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/ijc
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fijc.35098&domain=pdf&date_stamp=2024-07-22


This novel functional relevance of ZP3 in lung cancer emphasized the suitability of ZP3

as a target in cancer immunotherapy and as a potential cancer biomarker.

K E YWORD S

cancer growth, lung cancer, zona pellucida 3

What's New?

The protein ZP3 is frequently expressed in lung cancers, but its function is not well understood.

However, it is an attractive therapeutic target, and an ovarian cancer immunotherapy against

ZP3 has been successful in mice. Here, the authors show that knocking out ZP3 in a lung adeno-

carcinoma cell line decreased cell viability and migration rates. In mice, tumors lacking ZP3 did

not grow well. RNA sequencing revealed that without ZP3, cell migration and adhesion path-

ways were deregulated.

1 | INTRODUCTION

Lung cancers are one of the leading causes of cancer-related deaths

worldwide.1 There are two major types of lung cancer: small cell lung

carcinoma (SCLC) and non-small cell lung carcinoma (NSCLC).2

NSCLCs have a higher prevalence and occur as one of three histo-

pathological subtypes: adenocarcinoma, squamous cell carcinoma, and

large cell carcinoma.2 Recently, an increased incidence of lung adeno-

carcinoma in the general population caused this to become the most

prevalent type of NSCLC.3 The current therapies for lung cancer

encompass surgery, radiotherapy, and chemotherapy.4 It is becoming

more common to perform genotyping or RNA sequencing of cancer

due to genomic alterations that cause aberrant activation of prolifera-

tion pathways and evasion of apoptotic signaling.5 This in-depth insight

into the cancer's genetic makeup may help develop a personalized

treatment plan for the patient, such as immunotherapy approach.

The extracellular layer of the zona pellucida (ZP) surrounds mam-

malian oocytes and in human is composed of four glycoproteins: ZP1,

ZP2, ZP3, and ZP4.6 ZP3 plays an important role in oogenesis, preven-

tion of polyspermy and in the early embryo developmental stages.6

During the initiation of folliculogenesis, a small portion of primary fol-

licles is recruited.7 ZP proteins start being transcribed in growing

oocytes up to the first reductive meiotic division and afterwards, their

transcription ceases.7 The transcription of the ZP proteins is coordi-

nated by folliculogenesis specific basic helix–loop–helix transcription

factor (FIGLA) transcription factor (Folliculogenesis Specific Basic

Helix–Loop–Helix Transcription Factor).8 ZP3 colocalize with the

endoplasmic reticulum and Golgi apparatus, where they undergo

post-translational modifications, such as N-glycosylation.9 ZP3 glyco-

protein is essential for oocyte fertilization and for the activation of

the acrosomal reaction in humans.10 It has been shown that the

ZP3-knockout female mice are infertile and in humans, the ZP3 gene

mutations cause empty follicle syndrome.11,12 Considering the critical

role of ZP3 in the fertilization process, both native and recombinant

ZP3 immunization has been successfully used as a contraception

strategy in wild-life animal populations.13 However, these wild-life

ZP3 immunizations resulted in a loss of ovarian function due to

iatrogenic autoimmune oophoritis (IAO) mediated by ZP3-specific

auto-reactive T cells, which prevented further human trials.13,14 A

specific selection of ZP3 epitopes was found to induce infertility in

animal models without ovarian deleterious effects.15,16 Recently, we

have also demonstrated ZP3 expression in human and murine testis,

but not in any other healthy tissues.17

An abundant expression of ZP3 has been found in ovarian epithe-

lial and granulosa cell cancers, their metastases, and ovarian cancer

cell lines, as well as in prostate cancer.18–20 ZP3 expression in lung

and colorectal cancers has been reported in patent applications.21–23

There is also a recent report on ZP3 expression in hepatocellular carci-

noma cells and its potential association with cirrhosis and hepatitis B

infection in hepatocellular carcinoma patients.24 A successful proof-

of-concept immunization strategy against ZP3 in a malignant ovarian

cancer in a transgenic mouse model established the concept of ZP3 as

an attractive tumor-specific antigen target for cancer immunotherapy

treatment.18 Until now, the potential functional role of ZP3 in cancer,

as well as in tumor progression is not known—pivotal information for

any future clinical ZP3 immunization development.

In this study, we analyzed in-depth the functional role of ZP3 in

lung cancer by generating an in vitro knockout model using the

CRISPR/Cas9 technology in a lung adenocarcinoma A549 cell line

endogenously expressing ZP3. We also checked the in vivo tumori-

genic property of WT and knockout (ZP3-KO) lung adenocarcinoma

A549 cells in the NOD SCID (non-obese diabetic, severe combined

immunodeficient) mouse model and explored the signaling pathways

involved.

2 | MATERIALS AND METHODS

Please also refer to Pulawska et al. 202117 as well as the Supplemen-

tal Materials and Methods (Data S1), where methods for cell viability

assay, cell proliferation assay, cell invasion assay, RNA isolation, quan-

titative PCR, RNAScope in situ hybridization, immunohistochemical

staining, immunocytochemical staining, and total RNA sequencing

have been described.
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2.1 | Human tissue samples

Archival formalin-fixed paraffin-embedded human tissue block

samples or frozen tissues were obtained from the Department of

Pathomorphology and/or University Biobank, Medical University

of Bialystok, Poland. The examined samples contained: lung adeno-

carcinoma n = 14 (10 males and 4 females); squamous cell lung

carcinoma n = 14 (8 males and 6 females); small cell lung carci-

noma n = 17 (12 males and 5 females). All archival materials

were ≤5 years old at the time of the analysis. The samples were

taken for diagnostic (small cell lung carcinoma) and/or treatment

(i.e., surgery, for almost all other types) purposes from patients

ages 32–68 (median 43). Histopathological analysis was done by a

pathologist for all the samples. The human ovarian samples were

from the Medical University of Bialystok Biobank. The normal ova-

ries (n = 5) were removed during the surgery from patients with

BRCA1 or BRCA2 gene mutations undergoing a prophylactic

salpingo-oophorectomy (age between 24 and 36, BMI normal,

inclusion and exclusion criteria: no urogenital cancer, no endome-

triosis, no polycystic ovarian syndrome). A prophylactic salpingo-

oophorectomy has been shown to reduce the risk of ovarian cancer

by more than 96% and also reduces the overall cancer-specific

mortality in patients with BRCA1 or BRCA2 gene mutations.25–28

2.2 | Xenograft tissue samples

NOD SCID mice (n = 10, defined after power analysis) were subcuta-

neously inoculated with A549 cells on the upper back. Wild-type

(WT) lung adenocarcinoma A549 cells were placed on the left side.

Clone D14 of the CRISPR/Cas9 ZP3 knockout in A549 cells (ZP3-KO)

was placed on the right side. For detailed information on A549 WT

(WT) and D14 clone (ZP3-KO), please see Supplemental Materials

(Data S1).

2.3 | Cell culture and CRISPR/Cas9 knockout of
lung adenocarcinoma cell line

The human lung adenocarcinoma cell lines (ATCC, Manassas, VA)

were cultured in the cell culture medium (GIBCO, Paisley, UK) as

recommended by ATCC. NCI-H2030 (RRID:CVCL_1517)29 and

NCI-H1975 (RRID:CVCL_1511),30 were cultured in RPMI1640

medium, A-549 (RRID:CVCL_0023)31 was cultured in Ham's F12K

medium and Calu-3 (RRID:CVCL_0609)32 was cultured in EMEM.

All cell culture media were supplemented with 10% fetal bovine

serum (FBS; Biochrom, Berlin, Germany) and 100 units/mL penicil-

lin, and 100 μg/mL streptomycin (P/S solution; Sigma-Aldrich, Saint

Louis, MO). All cell lines were cultured at 37�C in a humidified

atmosphere in the presence of 5% CO2. All human cell lines have

been authenticated using STR (short tandem repeats) profiling

within the last 3 years. All experiments were performed with

mycoplasma-free cells. Three independent cell platings were

performed in triplicates for each RNA isolation and immunocyto-

chemistry study. The A549 cell line was chosen as a model in this

study, as we found relatively high endogenous ZP3 expression in

them and better performance in CRISPR/Cas9 transfection, compared

to the other cell lines checked in this study.

The two ZP3 knockout single-cell clones of the A549 cell line

(D14 and D21) were obtained using CRISPR/Cas9 technology

(acquired through a guaranteed service from Synthego Inc., Menlo

Park, CA). The A549 cell transfection was approached with the multi-

ple guide RNA targeting exon 5 incorporated into ribonucleoprotein

complexes. No selection agents were applied after the transfection.

Both clones were genotyped by the company, where clone D14 had a

14 nt deletion in the ZP3 genomic sequence, whereas clone D21 had

a 1 nt deletion. The culture conditions for the clones were identical to

the wild-type (WT) A549 cells.

The sequencing was performed by Novogene Co., LTD (Beijing,

China). Libraries were sequenced using a NovaSeq 6000 PE150

instrument (Illumina, Inc., San Diego, CA). The sequencing coverage

and quality statistics for each sample are summarized in Table S1.

2.4 | Statistical analysis

Numerical data are presented as mean ± SD. To analyze statistical

significance, one-way ANOVA or Kruskal–Wallis test with the post

hoc Bonferroni's multiple comparison post hoc test with 95% confi-

dence interval was applied for functional assays, whereas, t-test or

Kolmogorov–Smirnov test was applied for the relative expression

analyses (GraphPad PRISM v. 7.05. GraphPad Software Inc., San

Diego, CA, USA). Results were considered to be statistically signifi-

cant at p < .05 level.

3 | RESULTS

3.1 | ZP3 expression in lung carcinomas and
human lung adenocarcinoma-derived cell lines

ZP3 expression was found in �88% of the different types of lung

cancer cases [adenocarcinoma, n = 12/14 (85.8%), squamous cell,

n = 12/14 (85.8%), and small cell lung carcinoma, n = 15/17

(88.2%)], at mRNA and protein levels (Figure 1A–I). Densitometric

analysis of the immunohistochemical staining revealed the highest

ZP3 expression in adenocarcinoma and the lowest in small cell car-

cinoma (Figure 1D–F, respectively). Similarly, RNAscope in situ

hybridization localized ZP3 mRNA transcripts in lung adenocarci-

noma, squamous cell lung carcinoma and small cell lung carcinoma

(Figure 1G–I, respectively). The positive and negative control stain-

ings for IHC (immunohistochemistry) and ISH (in situ hybridization)

are included in Figure S1. Additional ZP3 immunohistochemistry

staining and in situ hybridization of lung carcinoma samples and

healthy lung are shown in Figures S2 and S3, respectively. A qPCR

analysis confirmed the ZP3 expression in lung adenocarcinoma,

1848 PULAWSKA-MOON ET AL.

 10970215, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijc.35098 by M

ax-D
elbrueck-C

entrum
, W

iley O
nline L

ibrary on [18/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



F IGURE 1 Legend on next page.
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squamous cell lung carcinoma and small cell lung

carcinoma (Figure 1J). ZP3 expression was also found in all of the

analyzed human lung adenocarcinoma-derived cell lines, such as

A549, Calu3, H1975 and H2030. A human ovary was used as a pos-

itive control for the ZP3 expression (Figure 1K). Additionally, immu-

nohistochemical staining showed an abundant ZP3 signal in the

cytoplasm of A549 cells (Figure 1L).

3.2 | Knockout of the ZP3 gene impaired A549
lung cancer cells' viability, proliferation, and
invasion rates

To investigate the functional role of ZP3 in lung cancer, the ZP3 gene

was knocked out in A549 cells by the CRISPR/Cas9 method. Both

qPCR and immunocytochemical examinations confirmed that ZP3 was

successfully knocked out in A549 WT cells (Figure 2A). Both A549

D14 and A549 D21 clones showed no ZP3 expression at protein

(Figure 2B,C) and mRNA level (Figure 2D). A549 D14 ZP3-KO, as well

as, A549 D21 ZP3-KO clones showed inhibition of cell viability

(Figure 2E) and cell proliferation (Figure 2F), compared to A549 WT

cells. Cell invasion was significantly decreased only in the A549 D14

ZP3-KO clone cells, but not in the A549 D21 clone. (Figure 2G).

As the D14 clone was more stable and reliable, further investigations

were carried out on the A549 D14 clone, referred to as A549

ZP3-KO.

3.3 | Altered ZP3 expression affected/deregulated
angiogenesis, cell adhesion, and cell migration
pathways in lung cancer cells

To further select and analyze signaling pathways that may potentially

be regulated by ZP3, total RNA next-generation sequencing (NGS)

was performed in the A549 ZP3-KO (n = 3) and A549 WT (n = 3)

cells from three different passage numbers. Sequencing result analysis

revealed a variety of differentially expressed genes (DEGs) in A549

ZP3-KO cells, compared to A549 WT cells. The total number of iden-

tified genes was 58,735 (Figure 3A). Concordance of two algorithms

found 555 differentially expressed genes (Figure 3A). DESeq2 analysis

identified 60 unique DEGs, whereas EdgeR analysis found 91 unique

DEGs in ZP3-KO cells (Figure 3A). The volcano plot presented the

distribution of significant DEGs (Figure 3B). Among the most deregu-

lated genes in ZP3-KO were insulin like growth factor binding protein

4 (IGFBP4), mitochondrially encoded NADH dehydrogenase 2 (MT-ND2),

transforming growth factor beta induced (TGFBI), transglutaminase

2 (TGM2) and FOS like 2, AP-1 transcription factor subunit (FOSL2)

(upregulated) and tumor protein P53 inducible protein 11 (TP53I11),

solute carrier family 9 (sodium/hydrogen exchanger), isoform 3 regulator

2 (SLC9A3R2), Netrin 4 (NTN4), solute carrier family 16 member

1 (SLC16A), and Ras-related protein Rab-15 (RAB15) (downregulated)

(Figure 3C). The GO (gene ontology) enrichment analysis33 showed that

angiogenesis, cell migration and cell adhesion signaling pathways were

the most significantly deregulated in A549 ZP3-KO cells versus A549

WT (Figure 3D). Representative DEGs of angiogenesis pathway were the

downregulated angiopoietin-like 4 (ANGPTL4) and the upregulated trans-

forming growth factor β-induced protein (TGFBI). DEGs involved in cell

migration were the downregulated midkine (MDK) and carcinoembryonic

antigen cell adhesion molecule 6 (CEACAM6), as well as the upregulated

dual specificity phosphatase 1 (DUSP1). Representative cell adhesion

DEGs were the downregulated contactin 1 (CNTN1) and the upregulated

protein tyrosine phosphatase receptor type F (PTPRF) (Figure 3D). Addi-

tionally, several proteins of the solute carrier family responsible for nutri-

ent transport were deregulated as well (Figure 3D). The representative

DEGs from total RNA sequencing were chosen based on reproducible

result by qPCR (see Section 3.5).

3.4 | ZP3 has a functional implication for lung
cancer tumor growth in vivo

To prove the ZP3 effects on lung cancer cells' tumorigenicity

in vivo, A549 ZP3-KO and A549 WT cells were inoculated in

NOD SCID mice. A significant decrease in tumor growth of A549

ZP3-KO tumors could be observed at every time point after 2, 3,

and 4 weeks, compared to the corresponding A549 WT tumors

(Figure 4A). Consistent with the tumor volume analysis, the A549

ZP3-KO tumor weights, at autopsy after 4 weeks, were signifi-

cantly decreased compared to the A549 WT tumors (Figure 4B).

Histopathological examinations also revealed significant morpholog-

ical changes between the A549 ZP3-KO versus WT tumors

(Figure 4C–F). The A549 WT tumor showed features of higher

malignancy, namely, exhibiting cellular atypia, large nuclei, and a

solid pattern of growth with no glandular differentiation

F IGURE 1 ZP3 expression at protein and mRNA levels in lung cancer tissues and in lung cancer-derived cell lines. Histopathological analyses
of lung adenocarcinoma (A), squamous cell lung carcinoma (B) and small cell lung carcinoma (C). Immunohistochemical analyses of the ZP3
staining in lung adenocarcinoma (D), squamous cell lung carcinoma (E) and small cell lung carcinoma (F). RNAScope in situ hybridization using ZP3

probe in lung adenocarcinoma (G), squamous cell lung carcinoma (H) and small cell lung carcinoma (I). qPCR analysis of the ZP3 expression in lung
adenocarcinoma, squamous cell lung carcinoma and small cell lung carcinoma relative to peptidylprolyl isomerase A (PPIA) with ovary as a positive
tissue control (J). qPCR analysis of the relative ZP3 expression in A549, Calu3, H1975 and H2030 cell lines with ovary as a positive tissue control
(K). Each bar represents the mean ± SD. Immunohistochemical analysis of the ZP3 staining in the A549 cells (L). Original magnification, 40x; scale
bar, 20 μm. Black arrowheads indicate positive staining for ZP3. Each transcript is visible as a single brown dot in the in situ hybridization staining
(bottom row). ACC, adenocarcinoma; SCC, squamous cell lung carcinoma; SCLC, small cell lung carcinoma; S, stroma; OV, ovary. Original
magnification, 40x; scale bar, 20 μm.
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(Figure 4E), whereas the A549 ZP3-KO tumors showed a higher

level of cell differentiation with discernible specialized mucus-

producing cells and single glandular structures (Figure 4F).

Immunohistochemical analysis showed ZP3 localized abundantly

in A549 WT tumors, whereas A549 ZP3-KO tumors were devoid of

ZP3 (Figure 4G,H). Additionally, qPCR analysis showed no ZP3 mRNA

F IGURE 2 Knockout of the ZP3 gene effects on A549 cell viability, proliferation and invasion rates. Immunocytochemical analyses of the ZP3
expression in A549 WT (A), A549 ZP3-KO D14 (B) and A549 ZP3-KO D21 (C). qPCR analysis of the ZP3 expression in A549 WT, A549 ZP3-KO

D14 and A549 ZP3-KO D21 relative to peptidylprolyl isomerase A (PPIA) with ovary as a positive tissue control (D). Effects of the knockout of
the ZP3 gene on the cell viability (E), cell proliferation rate (F) and cell invasion rate (G) in A549 WT, A549 ZP3-KO D14 and A549 ZP3-KO D21
cells. The bar charts are a representation of the percentage of the control (considered as 100%). Each bar represents the mean ± SD. Asterisks
indicate significant differences between A549 ZP3-KO clones and A549 WT control (*, P<.05; **, P<.01; ***, P<.001; ****, P<.0001). ND, not
detected.
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well as differentially expressed genes detected using the DESeq2 algorithm (blue) and EdgeR algorithm (orange) (A). The volcano plot shows the
distribution of gene expression log-fold changes with adjusted p-values (p < 0.05; log2 fold change > 2) (B). Each gene is represented as a single
dot; downregulated genes are marked in green; upregulated genes are marked in red. DESeq2 algorithm analysis of the most up- and
downregulated genes in A549 D14 ZP3-KO vs. A549 WT (C). Colors on the heatmap scale indicate the fold change. GO analysis of the genes
responsive to the knockout of the ZP3 gene. Heatmaps of the genes related to angiogenesis, cell migration and cell adhesion (D).
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expression in A549 ZP3-KO tumors (Figure S4). A549 ZP3-KO tumors

demonstrated a less abundance of Ki67-positive cells compared to

A549 WT tumors (Figure 4I,J), and optical density analysis with Image

J showed a significantly decreased percentage of Ki67-positive cells in

A549 ZP3-KO tumors (Figure S5). Similarly, no ZP3 was detected

in ZP3-KO tumors (Figure S5).

3.5 | Validation of the significantly expressed
DEGs by qPCR in A549 tumor explants

To validate the RNAseq DEG results from A549 ZP3-KO cells, tumor

explants from NOD SCID mice were isolated and qPCR analysis was

performed from them. Genes that appeared significant in the GO

enrichment analysis were taken into account. Genes ANGPTL4

(Figure 5A), CEACAM6 (Figure 5B), PTPRF (Figure 5C), CNTN1

(Figure 5D) and MDK (Figure 5E) were downregulated, whereas

IGFBP3 (Figure 5F), DUSP1 (Figure 5G) and TGFBI (Figure 5H) were

upregulated in the A549 ZP3-KO tumor explants. The qPCR results

were in line with the RNAseq analysis data.

4 | DISCUSSION

In this study, we showed abundant expression of ZP3 in non-small

cell lung carcinomas, that is, lung adenocarcinoma and squamous cell

carcinoma, as well as, in traceable amounts in small cell lung

carcinoma—with a combined �88% incidence rate. Our functional

studies demonstrated that ZP3 knockout in lung adenocarcinoma

A549 cells significantly impaired the cell viability, proliferation and

F IGURE 4 In vivo tumor growth of
A549 WT and A549 ZP3-KO tumor
xenografts. A549 WT and A549 ZP3-KO
tumor volumes for 4 weeks (A) and tumor
weights upon autopsy (B) in NOD SCID
mice. Each bar represents the mean ± SD.
Asterisks indicate significant differences
between A549 ZP3-KO and A549 WT
tumors (*, P<.05; **, P<.01).

Histopathological analyses of the A549
WT (C,E) and A549 ZP3-KO (D,F) tumors.
Immunohistochemical analyses of the ZP3
staining of the A549 WT tumor (G) and
A549 ZP3-KO (H) tumors.
Immunohistochemical analyses of the Ki-
67 staining of the A549 WT tumor (I) and
A549 ZP3-KO (J) tumors. Original
magnification, 40x; scale bar, 20 μm.
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invasion rates. Similarly, another glycoprotein of the zona pellucida,

ZP2, has been shown to promote cell proliferation in a colon cancer

cell line.34 These findings indicate that ZP proteins may play an

important role in cancer biology. Moreover, the A549 ZP3-KO

tumors showed transformation toward a more benign phenotype

and decreased tumorigenicity in vivo, compared to the WT A549

tumors. A549 WT tumors showed a solid pattern of growth with no

glandular differentiation, a characteristic feature of high malignancy that

is usually related to poor prognosis in cancer patients.35 Along with the

knockout of ZP3, in A549-KO cells, these malignant features normalized.

It could be emphasized the fact that the xenografts were not derived

from biopsies/cancer samples but from an adherent cancer cell line,

which was much more homogenous and undifferentiated compared to

naturally occurring tumors/cancer tissue. Due to this reason, in

monolayer culture and A549 WT xenografts, we observed limited

cell differentiation or the formation of clearly defined glandular cells.

Similar morphology (phenomenon) can be seen in cell line-derived

xenografts in another publication.36 Therefore, our results implicated

an important functional role of ZP3 expression in lung cancer forma-

tion and growth.

To gain more in-depth insight into the biological changes triggered

by the knockout of ZP3, RNAseq analysis was performed. Several genes

F IGURE 5 Validation of the selected
differentially expressed genes in A549
ZP3-KO tumor xenografts. qPCR analysis
of the ANGPTL4 (A), CEACAM6 (B),
PTPRF (C), CNTN1 (D), MDK (E), IGFBP3
(F), DUSP1 (G) and TGFBI (H) expression
levels in the A549 ZP3-KO vs. A549 WT
tumors relative to peptidylprolyl
isomerase A (PPIA). Each bar represents

the mean ± SD relative to PPIA. Asterisks
indicate significant differences between
A549 ZP3-KO and A549 WT tumors
(*, P<.05; **, P<.01; ***, P<.001).
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with a known oncogenic function were downregulated in the ZP3-KO

cells, such as ANGPTL4 and CEACAM6, known to promote tumor growth

and metastases and to correlate with poor prognosis in patients.37,38

However, one of the upregulated genes was a zinc transporter—solute

carrier family 39 member 5 (SLC39A5, also known as ZIP5), recently

described as a lung cancer promoter gene activating the PI3K/AKT sig-

naling pathway.39 SLC39A5 is involved in gene transcription, cell growth

and differentiation since the transported zinc is an important cofactor for

many enzymes.40 Not much is yet known about the functional role of

SLC39A5 in tumorigenesis, although while upregulated, it may act as an

oncogene in breast and esophageal cancer.41,42 SLC39A5 is downregu-

lated in hepatocellular carcinoma.43 The role of SLC39A5 is not yet clear

in lung adenocarcinoma, and more research is needed.

Other genes from the solute carrier family were also dysregulated

in the A549 ZP3-KO cells. Genes such as SLC16A5 (a lactate and

ketone bodies transporter), and SLC34A3 (a phosphate transporter

through sodium cotransport) were downregulated whereas SLC5A9

(sodium glucose symporter) was upregulated. This may suggest that

the overall nutrient transport within the A549 cells has been affected.

Notably, in the absence of ZP3 expression, SLC9A3R2 was signifi-

cantly downregulated. This protein acts as a scaffold and regulates

membrane expression and protein–protein interactions of membrane

receptors.44 This may relate to other changes observed in our A549

ZP3-KO model.

In the RNAseq data GO enrichment analysis, cells devoid of ZP3

expression presented with dysregulated molecular pathways involved

in cell adhesion, cell migration and angiogenesis. One of the genes

upregulated in the cell adhesion pathways, PTPRF was described as a

tumor suppressor in breast cancer, and it is tested as a biomarker dur-

ing NSCLC treatment with Erlotinib.45,46 However, an adhesion pro-

tein CNTN1 was significantly downregulated. Contactin has been

shown as a tumor promoter working through the AKT signaling path-

way in lung cancer and several other cancers, such as prostate and

breast cancers.47,48 Its decreased expression has been correlated with

a better prognosis.49 Furthermore, from the genes involved in cell

migration, the differentially upregulated genes are described as tumor

suppressors in lung adenocarcinoma, for example, IGFBP3 acting

through the IGF1 pathway50 and the aforementioned CEACAM6. The

downregulated genes involved in cell migration have been demon-

strated to be tumor-promoting agents, such as MDK and DUSP1

involved in the MAPK signaling pathway.51,52 MDK and DUSP1 are

also involved in regulating tumor angiogenesis, alongside other genes

identified in this study, like ANGPTL4 which was downregulated and

TGFBI upregulated.53,54 High expression of ANGPTL4 was described

to correlate with poor prognosis in lung cancer patients.37 On the

other hand, high expression of TGFBI correlates with a good prognosis

for lung cancer patients.55 Overall, a trend can be noticed where

genes related to poor prognoses are downregulated and genes related

to better prognoses are upregulated. Taken together, our results sug-

gested that ZP3 may play an important role in the lung adenocarci-

noma cell signaling process.

We designed this study to gain an in-depth insight into the

functional role of ZP3 in the pathomechanisms of lung cancer. These

findings provide information about the novel biological and functional

role of ZP3 in lung cancer. Knockout of ZP3 dysregulated cell viability,

proliferation and migration, also tumor formation and growth in vivo,

which were closely related to the malignant potential of the cancer

tissue. This missing link on the functional implication of ZP3 expres-

sion in lung cancer further emphasizes the potential of ZP3 as a target

in cancer immunotherapy.
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