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PKHD1L1 blocks the malignant behavior of lung adenocarcinoma cells and restricts tumor growth by regulating CBX7
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Abstract: Objective: To explore the role of polycystic kidney and hepatic disease 1-like 1 (PKHD1L1) in lung adenocarcinoma (LUAD). Methods: Bioinformatics tools were utilized to examine the clinical profile of PKHD1L1 and chromobox protein homolog 7 (CBX7) in LUAD. The Cell Counting Kit-8, colony formation, terminal deoxynucleotidyl transferase dUTP nick end labeling, Transwell, and wound-healing assays were carried out to assess the proliferative, apoptotic, invasive, and migrative capacities of the cells. Furthermore, the interrelation between PKHD1L1 and CBX7 was validated using a co-immunoprecipitation assay. A LUAD mice model was constructed by subcutaneous injection of A549 cells. Finally, immunohistochemical staining was performed to evaluate CBX7 and Ki67 expression. Results: PKHD1L1 was downregulated in LUAD and predicted dismal outcomes in patients with LUAD. PKHD1L1 upregulation repressed the proliferative, invasive, and migrative capabilities of A549 cells and exacerbated the apoptotic rate. Additionally, PKHD1L1 may bind to CBX7 and positively modulate CBX7 expression. CBX7 deletion partly abrogated the effects of PKHD1L1 upregulation on the cellular biological activities in A549 cells. Furthermore, the PKHD1L1/CBX7 axis regulates the Hippo signaling pathway in A549 cells. PKHD1L1 restricted tumor growth in LUAD xenograft mice; this was partly abolished by CBX7 knockdown. Conclusion: PKHD1L1 can hinder LUAD progression by regulating CBX7-mediated Hippo signaling.
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Introduction

Lung cancer is a prevailing reason for cancer-related mortality globally [1]. Non-small cell lung carcinoma (NSCLC) is the major histological form of lung cancer, comprising 85% of cases. As the main histological variant of NSCLC, lung adenocarcinoma (LUAD) accounts for 50% of NSCLC cases [2]. Despite significant advances in surgery, radiotherapy, chemical therapy, targeted therapy, and immunotherapy, the clinical results for patients with LUAD remain unsatisfactory, and the average 5-year survival rate is still below 20% [3]. Therefore, exploring the molecular etiology underlying LUAD progression is urgently warranted to develop novel biomarkers and drug targets for treating patients with LUAD.

Polycystic kidney and hepatic disease 1-like 1 (PKHD1L1) is a macromolecular extracellular protein comprising 4249 amino acids; it comprises a transmembrane domain and an intracellular C-terminal structure. PKHD1L1 is a newly identified coat protein of hair cell stereocilia, which is essential for hearing in mice [4,5]. Meanwhile, PKHD1L1 encodes fibrocystin-L and a receptor with inducible T lymphocyte expression, playing a vital role in cellular immunity [6,7]. In addition, high glucose levels can regulate PKHD1L1, playing an important role in diabetic retinopathy [8]. Although the role of PKHD1L1 has long been discussed, its exact role in human cancer remains poorly understood. To date, a few relevant studies have revealed the importance of PKHD1L1 in esophageal squamous cell carcinoma, breast cancer, and thyroid cancer. The downregulation of PKHD1L1 can aggravate cell proliferation and invasion in thyroid cancer, highlighting the potential of PKHD1L1 in suppressing thyroid cancer [9–11]. Furthermore, in another study involving patients with LUAD, researchers conducted single nucleotide polymorphism gene enrichment and protein-protein interaction network analyses and identified a mutation in PKHD1L1. PKHD1L1 rs768349010 was discovered to be associated with LUAD prognosis. This suggests the involvement of PKHD1L1 in LUAD development [12]. Nevertheless, the precise role and potential regulation of PKHD1L1 in LUAD should be further explored.

Coincidentally, by searching LinkedOmics (https://kb.linkedomics.org/, accessed on 12/03/2024) and Genemania (http://genemania.org/, accessed on 12/03/2024) websites, we observed a potential protein-protein interaction between PKHD1L1 and chromobox protein homolog 7 (CBX7), with PKHD1L1 exhibiting a positive correlation with CBX7 in LUAD. CBX7, a member of the chromobox protein family, is implicated in generating polycomb repressive complex 1, a modulator in epigenetics and targeted genes via chromatin modification [13]. The aberrant expression of CBX7 results in gene expression imbalance, thereby affecting cancer occurrence and development. Previous reports have manifested that CBX7 exerts an antioncogenic function in urinary bladder and cervical cancers [14,15]; however, in gastric and prostate cancers, it serves as an oncogenic gene [16,17]. Thus, CBX7 plays a dual role in tumorigenesis. Importantly, CBX7 is downregulated in LUAD, and CBX7 overexpression abolishes the promoting effect of miR-19 on cancer development; this suggests that CBX7 elicits tumor-suppressive properties in LUAD [18,19]. Further evidence reveals that CBX7 is a repressor of the transcription coactivator Yes-Associated Protein (YAP), an inhibitory target of Hippo signaling and that CBX7 can exert antitumor activity in glioblastoma by activating Hippo signaling [20]. The highly conserved Hippo signaling was first identified in Drosophila melanogaster in 1995. This pathway is a major signaling pathway in mediating organ size, balancing tissue homeostasis, and repressing tumor growth. Accumulating evidence suggests the participation of the dysregulated Hippo pathway in lung cancer [21]. Considering the potential correlation between PKHD1L1 and CBX7, studies should be undertaken to determine whether PKHD1L1 interacts with CBX7 to participate in LUAD progression and whether it is associated with the Hippo pathway.

Therefore, in this study, we explored the role of PKHD1L1 and CBX7 and the potential regulatory mechanism in LUAD progression. Our study will shed novel insights into the advancement of LUAD treatment.

Materials and Methods

Bioinformatics analysis

Starbase (https://rnasysu.com/encori/, accessed on 12/03/2024) [22] was utilized to observe the expression patterns of PKHD1L1 and CBX7 in cancer (n = 526) and normal (n = 59) samples from patients with LUAD and analyze the overall survival for PKHD1L1 and CBX7 in patients with LUAD. Based on gene functions, the Genemania database (http://genemania.org/) [23] was utilized to predict the meshwork of the interrelated proteins of PKHD1L1. The LinkedOmics database (https://kb.linkedomics.org/) [24] was used to determine the interrelation between CBX7 and PKHD1L1 in LUAD.

Cell culture

Human bronchoepithelioid cells 16HBE (FH1013) and the human LUAD cell line A549 (FH0045) were supplied by Shanghai Fuheng Biotechnology Co., Ltd. (Shanghai, China). 16HBE cells were cultured in keratinocyte medium (Sciencell, #2101, Carlsbad, CA, USA), whereas A549 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, C11875500BT, Grand Island, NY, USA) in the presence of 10% fetal bovine serum (FBS; Beyotime Biotechnology, C0251, Shanghai, China) and 1% streptomycin-penicillin (KeyGEN BioTECH, KGY0023, Nanjing, China) under a 5% CO2 atmosphere at 37°C.

Cell transfection

The pcDNA3.1 PKHD1L1 overexpression plasmid (Oe-PKHD1L1), negative control plasmid (Oe-NC), shRNAs specific to CBX7 (sh-CBX7-1, 5′-ATAGGAAGAGAGGTCCGAAAC-3′ and sh-CBX7-2, 5′-CGGAAGGGTAAAGTCGAGTAT-3′), and scrambled shRNA (sh-NC) were supplied by GenePharma (Shanghai, China). Lipofectamine 2000 reagent (Thermo Fisher Scientific, 11668019, Waltham, MA, USA) was utilized to transfect A549 cells at 60%–70% confluence with the abovementioned plasmids or shRNAs. After incubation at 37°C for 48 h, the transfected cells were used for the following research.

Quantitative real-time polymerase chain reaction (qRT-PCR)

TRIzol reagent (Cowin Bio, CW0580S, Taizhou, China) was utilized for the extraction of total RNA. The HiFiScript cDNA Synthesis Kit (Cowin Bio, CW2569M, Taizhou, China) was used for the synthesis of complementary DNA (cDNA). PCR was performed by adopting the UltraSYBR Mixture (Cowin Bio, CW2601S, Taizhou, China). The following primer sequences for Homo sapiens genes were utilized: PKHD1L1, forward, 5′-GTTAGTGTTGTGGTGGGAAGTA-3′, reverse, 5′-GCTTCCAGAAGTTGGTGATAGA-3′; CBX7, forward, 5′-GAGTATCTGGTGAAGTGGAAAGG-3′, reverse, 5′-TTCGGACCTCTCTTCCTATACC-3′; and GAPDH, forward, 5′-CGGGAAATCGTGCGTGAC-3′, reverse, 5′-CAGGAAGGAAGGCTGGAAG-3′. The ΔΔCt method was used, and the data were calibrated using GAPDH as the constitutive marker.

Western blotting

RIPA lysis reagent (Beyotime Biotechnology, P1003E, Shanghai, China) was utilized for the extraction of total proteins, whereas Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime Biotechnology, P0027, Shanghai, China) was utilized for the extraction of nuclear proteins. Protein quantification was achieved by adopting the BCA method (Beyotime Biotechnology, P0012, Shanghai, China). The same amount of protein was separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The separated proteins underwent transfer onto polyvinylidene fluoride (PVDF) membranes (Millipore, IPVH00010, Burlington, MA, USA). The membrane was probed overnight with primary antibodies against PKHD1L1 (Abnova, H00093035-A01, Taiwan), CBX7 (26278-1-AP, Proteintech, Wuhan, China), Ki67 (Abcam, ab16667, Cambridge, UK), PCNA (Abcam, ab18197, Cambridge, UK), Bcl-2 (Abcam, ab32124, Cambridge, UK), Bax (Abcam, ab32503, Cambridge, UK), cleaved-caspase3 (Cell Signaling Technology, #9664, Boston, MA, USA), cleaved-caspase9 (Proteintech, 10380-1-AP, Wuhan, China), phosphorylated (p)-LATS1 (Cell Signaling Technology, #9157, Boston, MA, USA), LATS1 (Cell Signaling Technology, #9153, Boston, MA, USA), p-YAP (Cell Signaling Technology, #75784, Boston, MA, USA), YAP (Cell Signaling Technology, #4912, Boston, MA, USA), lamin A (Abcam, ab26300, Cambridge, UK), and GAPDH (Proteintech, 10494-1-AP, Wuhan, China) at 4°C. Thereafter, the membrane was incubated, at room temperature for 2 h, with a goat anti-rabbit (Abbkine, A21020, Wuhan, China) or goat anti-mouse (Abbkine, A21010, Wuhan, China) HRP-linked IgG secondary antibodies. Eventually, an enhanced chemiluminescence kit (180501, Tanon, Suzhou, China) was adopted for developing the blots.

Cell counting kit-8 (CCK-8) assay

A549 cells were inoculated into 96-well plates at a density of 5 × 103 cells/well. To every well, 10 μL of CCK-8 reagent (Vazyme Biotech Co., Ltd., A311-02, Nanjing, China) was added at varying time points. The cells were then cultured for another 2 h. Quantification of the colored solution was obtained utilizing a microplate reader (Bio-Rad, Hercules, CA, USA) at 450 nm.

Colony formation assay

A549 cells (1.5 × 103 cells/well) were inoculated into 6-well plates and incubated under 5% CO2 atmosphere for 10 days. Then, the cells were immobilized with 4% paraformaldehyde (Biosharp, BL539A, Hefei, China) for 20 min, followed by staining with 0.01% crystal violet (Beyotime Biotechnology, C0121, Shanghai, China) for 20 min. Finally, the colonies formed were counted.

Wound-healing assay

5 × 106 A549 cells were inoculated into 6-well plates. Upon reaching 100% confluency, the scratched cell-free areas were established using an aseptic pipette tip. After removing the cell debris, the adherent cells were washed and cultured in a fresh medium without serum. The wounds were imaged utilizing a light microscope (CX41, Olympus, Tokyo, Japan) at 0, 24 h after wounding.

Transwell assay

100 μL of cell suspension in serum-deprived medium was added to each apical chamber of a Matrigel (Beyotime Biotechnology, C0372, Shanghai, China)-precoated 24-well Transwell (Millipore, PI8P01250, Burlington, MA, USA). The basolateral chamber comprised 500 μL of complete medium in the presence of 10% FBS. Following 24 h of cultivation, the non-invaded cells were eliminated. The adhering cells underwent staining with crystal violet solution for 5 min. Images were acquired using a light microscope (CX41, Olympus, Tokyo, Japan).

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining

The TUNEL Apoptosis Detection Kit (Yeasen, 40306ES60, Shanghai, China) was utilized to assess the cellular apoptotic rate. 1 × 105 A549 cells on chamber slides were immobilized with 4% paraformaldehyde and then received permeabilization with 0.2% Triton X-100. Next, cells were labeled with the TUNEL reaction buffer for 60 min at 37°C away from the light, followed by incubation with DAPI (Beyotime Biotechnology, C1006, Shanghai, China). The fluorescent signals were captured under a fluorescence microscope (IX53, Olympus, Tokyo, Japan).

Protein-protein interaction

HDOCK server (http://hdock.phys.hust.edu.cn/, accessed on 12/03/2024) [25], a web server for protein−DNA/RNA and protein−protein docking, was adopted to predict the interrelation between PKHD1L1 and CBX7, which was further validated by conducting co-immunoprecipitation (Co-IP) assay using an immunoprecipitation kit (Absin, abs955, Shanghai, China). In brief, cell protein lysates were subjected to overnight incubation with anti-PKHD1L1/anti-CBX7 or anti-IgG at 4°C. Untreated proteins were used as an input control. After supplementing protein A/G to the lysates, the immunoprecipitated protein complex was formed, which was then subjected to western blotting using anti-CBX7/anti-PKHD1L1 antibodies for IP detection.

Animal study

Twenty BALB/c nude mice (female, 18−22 g) were supplied by Cavens Biogle Model Animal Research Co., Ltd. (Suzhou, China). All mice were kept in a specific sterile environment with ad libitum access to food and water. After adaption for 1 week, BALB/c mice (n = 5 each group) received subcutaneous injection, at the right flanks, with 1 × 107 A549 cells transfected with lentivirus harboring Oe-PKHD1L1 with or without sh-NC/sh-CBX7. Mouse weight and tumor volume were measured every 3 days. Finally, all mice were sacrificed using 1% sodium pentobarbital (50 mg/kg) via intraperitoneal injection. The tumors were collected after excision. All procedures involving animals were conducted according to the ARRIVE guidelines, with ethical acceptance by The Affiliated Changzhou Second People’s Hospital of Nanjing Medical University (Approval No. IACUC-20210915-01). A part of the tumor was fixed in 10% formalin, and the remaining part was stored in a −80°C refrigerator for western blotting.

Immunohistochemistry (IHC)

Tumor tissues were immobilized with 10% formalin, dehydrated in alcohol, transparent with xylene II, and then subjected to embedment in paraffin. Then, slices with 4-μm thickness were obtained. After deparaffinization using xylene and rehydration in alcohol, the slices were processed for antigen retrieval and blockage of endogenous peroxidase activity in 3% H2O2. After incubation with 10% goat serum (Absin, abs933, Shanghai, China) for 30 min, the slices were successively probed overnight at 4°C with anti-ki67 (Abcam, ab16667, Cambridge, UK) and anti-CBX7 (Proteintech, 26278-1-AP, Wuhan, China) antibodies, and subsequent secondary antibody (Abbkine A21020, Wuhan, China) at room temperature for 2 h. The sections were stained with diaminobenzidine and counterstained with hematoxylin. The final observation was conducted under a light microscope (CX41, Olympus, Tokyo, Japan).

Statistical analysis

The analysis of experimental data was conducted depending on GraphPad Prism 8.0 (GraphPad Software, USA). Data were displayed as mean ± standard deviation of three independent measurements. Significant differences were evaluated with the application of Student’s t-test or one-way analysis of variance (ANOVA) along with Tukey’s post hoc test. A p-value of < 0.05 was considered as statistical significance.

Results

PKHD1L1 is depleted in LUAD

First, PKHD1L1 expression in LUAD was investigated using the Starbase database. PKHD1L1 expression was downregulated in LUAD tumor samples (p < 0.001; Fig. 1A). Furthermore, downregulated PKHD1L1 expression was positively correlated with the dismal outcomes of patients with LUAD (p = 0.00021; Fig. 1B). These findings suggest the correlation between PKHD1L1 and LUAD development. In addition, PKHD1L1 expression was examined in 16HBE and A549 cells. Compared with 16HBE cells, PKHD1L1 expression at the mRNA expression (p = 0.0282; Fig. 1C) and protein level (p = 0.0014; Fig. 1D) were decreased in A549 cells. Collectively, PKHD1L1 is downregulated in LUAD.
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Figure 1: PKHD1L1 is depleted in LUAD. (A) The Starbase database was used to investigate PKHD1L1 expression in LUAD samples. (B) The Starbase database was utilized to predict the overall survival of patients with LUAD and low/high PKHD1L1 expression. (C) qRT-PCR was carried out to examine the mRNA expression of PKHD1L1 in 16HBE and A549 cells. (D) Western blotting was carried out to measure PKHD1L1 protein levels in 16HBE and A549 cells. Results are displayed as mean ± standard deviation. Student’s t-test was applied to assess significant differences. n = 3. *p < 0.05, **p < 0.01.

PKHD1L1 suppresses the proliferative, migrative, and invasive capacities of A549 cells

To delineate the specific effects of PKHD1L1 on LUAD, Oe-NC, and Oe-PKHD1L1 were transfected into A549 cells. PKHD1L1 expression was substantially increased in the Oe-PKHD1L1 group in comparison to the Oe-NC group (Fig. 2A,B). Subsequently, as observed from colony formation and CCK-8 assays, PKHD1L1 overexpression remarkably reduced cell activity at varying time points and hindered colony formation (Fig. 2C,D). This suggests that PKHD1L1 overexpression can lower the proliferation capacity of A549 cells, which was further verified by the decrease of Ki67 and proliferating cell nuclear antigen (PCNA) protein levels in the Oe-PKHD1L1 group (Fig. 2E). Thereafter, PKHD1L1 upregulation decreased the number of migrated and invaded cells in the Oe-PKHD1L1 group in comparison to the Oe-NC group (Fig. 2F,G), suggesting that PKHD1L1 overexpression can hinder the migrative and invasive capacities of A549 cells. Taken together, PKHD1L1 overexpression abates the aggressive phenotypes of A549 cells.
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Figure 2: PKHD1L1 suppresses the proliferative, migrative, and invasive capacities of A549 cells. (A) After transfection with Oe-NC and Oe-PKHD1L1, qRT-PCR was performed to examine the mRNA expression of PKHD1L1. (B) Western blotting was carried out to measure PKHD1L1 protein levels. ***p < 0.001. (C) CCK-8 assay to examine cell activity at varying time points. *p < 0.05, ***p < 0.001 vs. Oe-NC. (D) Cell proliferation was evaluated using a colony formation assay. (E) Western blotting to measure Ki67 and PCNA protein levels. (F) Wound-healing assay to assess the migrative capacity. (G) Transwell assay to assess the invasive capacity. Results are displayed as mean ± standard deviation. ANOVA along with Tukey’s post hoc test was applied to assess significant differences. n = 3. ***p < 0.001.

PKHD1L1 facilitates the apoptosis rate of LUAD cells

Next, we evaluated the effects of PKHD1L1 on the apoptotic conditions in LUAD. Fig. 3A illustrates higher TUNEL-positive cells in the Oe-PKHD1L1 group than in the Oe-NC group. This indicates that PKHD1L1 overexpression promotes the apoptotic rate of A549 cells. The protein levels of Bcl-2, an antiapoptotic protein, were considerably reduced; however, the protein levels of cleaved caspase-3, cleaved caspase-9, and Bax were greatly elevated following PKHD1L1 overexpression (Fig. 3B). This further demonstrates the proapoptotic property of PKHD1L1 in A549 cells.
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Figure 3: PKHD1L1 promotes the apoptosis rate of LUAD cells. (A) After transfection, a TUNEL assay was performed to determine the cellular apoptosis rate. (B) Western blotting was performed to measure apoptosis-related proteins. Results are displayed as mean ± standard deviation. ANOVA along with Tukey’s post hoc test was applied to assess significant differences. n = 3. ***p < 0.001.

CBX7 is depleted in LUAD and is positively correlated with PKHD1L1

Next, based on Starbase analysis, we observed the downregulation of CBX7 in LUAD tumor samples (p < 0.001; Fig. 4A), with the declined CBX7 expression correlating with the dismal prognosis of patients with LUAD (p = 0.0028; Fig. 4B). Genemania database analysis revealed a potential protein-protein interaction between CBX7 and PKHD1L1 (Fig. 4C). Then, bioinformatics analysis using the LinkedOmics database displayed a positive interrelation between CBX7 and PKHD1L1 expression in LUAD (r = 0.4267, p < 0.001; Fig. 4D). To verify the abovementioned prediction and analysis, CBX7 expression was measured in A549 and 16HBE cells. In comparison to 16HBE cells, the mRNA expression and protein level of CBX7 were markedly lowered in A549 cells (p = 0.0031 in Fig. 4E; p = 0.0009 in Fig. 4F). Using the HDOCK server, we observed the binding sites between CBX7 and PKHD1L1, with an HDOCK score of −279.22 (Fig. 4G). This confirms that PKHD1L1 can directly bind to CBX7. Moreover, the Co-IP assay revealed that CBX7 and PKHD1L1 can interact with each other in A549 cells (Fig. 4H). Further, to expound the detailed interrelation between CBX7 and PKHD1L1 in LUAD, CBX7 expression was measured in A549 cells following Oe-PKHD1L1 transfection. As demonstrated in Fig. 4I,J, PKHD1L1 overexpression significantly elevated CBX7 expression in A549 cells. This confirms that PKHD1L1 can interact with CBX7 and positively regulate CBX7 expression.
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Figure 4: CBX7 is depleted in LUAD and is positively correlated with PKHD1L1. (A) The Starbase database was used to predict CBX7 expression in LUAD samples. (B) The Starbase database was utilized to predict the overall survival of patients with LUAD and low/high CBX7 expression. (C) The Genemania database (http://genemania.org/) was used to predict the possible interrelation between CBX7 and PKHD1L1. (D) The correlation between CBX7 and PKHD1L1 expression in LUAD was analyzed using the LinkedOmics (https://kb.linkedomics.org/) database. (E) qRT-PCR to examine CBX7 expression in A549 and 16HBE cells. (F) Western blotting to measure CBX7 levels in 16HBE and A549 cells. Results are displayed as mean ± standard deviation. Student’s t-test was applied to assess significant differences. (G) Graphical representation of the molecular binding between CBX7 and PKHD1L1 using the HDOCK Server. (H) Co-IP assay for validation of the interrelation between CBX7 and PKHD1L1. (I) After transfection, qRT-PCR was performed to measure CBX7 mRNA expression. (J) Western blotting to measure CBX7 protein levels. Results are displayed as mean ± standard deviation. ANOVA along with Tukey’s post hoc test was applied to assess significant differences. n = 3. **p < 0.01, ***p < 0.001.

CBX7 knockdown weakens the repressive effects of PKHD1L1 on the aggressive behaviors of LUAD cells

To investigate the mechanism by which PKHD1L1 plays an anticancer role by regulating CBX7, functional assays were performed. At first, the mRNA expression and protein level of CBX7 declined in the sh-CBX7-1 and sh-CBX7-2 groups in comparison to the sh-NC group (Fig. 5A,B). Owing to a better transfection efficacy, sh-CBX7-2 was adopted in the follow-up assays. Next, only Oe-PKHD1L1 or Oe-PKHD1L1 and sh-NC/sh-CBX7-2 were transfected into A549 cells. We observed that PKHD1L1 overexpression significantly increased CBX7 expression; however, simultaneous CBX7 knockdown partly abolished this phenomenon (Fig. 5C,D). Subsequently, the colony formation and CCK-8 assays revealed that CBX7 deficiency attenuated the inhibitory effects of PKHD1L1 overexpression on the colony-forming ability and cell viability of A549 cells (Fig. 5E,F). Meanwhile, compared with the Oe-PKHD1L + sh-NC group, Ki67 and PCNA expression were significantly elevated in the Oe-PKHD1L1 + sh-CBX7 group (Fig. 5G).
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Figure 5: CBX7 knockdown weakens the repressive effects of PKHD1L1 on the aggressive behavior of LUAD cells. (A) After transfection with sh-NC or sh-CBX7-1/2, qRT-PCR was carried out to measure CBX7 mRNA expression. (B) Western blotting was performed to measure CBX7 protein levels. (C) Only Oe-PKHD1L1 or Oe-PKHD1L1 and sh-NC/sh-CBX7-2 were transfected into A549 cells, and qRT-PCR was carried out to measure CBX7 mRNA expression. (D) Western blotting to measure CBX7 protein levels. *p < 0.05, **p < 0.01, and ***p < 0.001. (E) The CCK-8 assay measures cell activity at varying time points. **p < 0.01, ***p < 0.001 vs. Oe-NC; ###p < 0.001 vs. Oe-PKHD1L1 + sh-NC. (F) Colony formation assay to estimate cell proliferation. (G) Western blotting to measure Ki67 and PCNA protein levels. (H) Wound-healing assay to assess the migrative capacity. (I) Transwell assay to assess the invasive capacity. Results are displayed as mean ± standard deviation. ANOVA along with Tukey’s post hoc test was applied to assess significant differences. n = 3. *p < 0.05, **p < 0.01, and ***p < 0.001.

Moreover, the wound-healing and Transwell assays illustrated that PKHD1L1 overexpression suppressed the migrative and invasive capacities of A549 cells; this was partly abolished by CBX7 knockdown (Fig. 5H,I). Furthermore, the TUNEL assay revealed that the elevated TUNEL-positive cells caused by PKHD1L1 overexpression were partially restored by CBX7 knockdown (Fig. 6A). This suggests that the proapoptotic role of PKHD1L1 in A549 cells is hindered by CBX7 knockdown. This finding was further verified by elevated Bcl-2 levels and reduced cleaved caspase-3, cleaved caspase-9, and Bax levels in the Oe-PKHD1L1 + sh-CBX7 group in comparison to the Oe-PKHD1L1 + sh-NC group (Fig. 6B). Taken together, the abovementioned findings suggest that CBX7 knockdown partially hinders the repressive effects of PKHD1L1 overexpression on cell proliferative, migrative, and invasive capacities and the promoting effect of PKHD1L1 overexpression on cell apoptosis.
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Figure 6: CBX7 knockdown weakens the stimulatory effects of PKHD1L1 on the apoptotic rate of LUAD cells. (A) Only Oe-PKHD1L1 or Oe-PKHD1L1 and sh-NC/sh-CBX7-2 were transfected into A549 cells. TUNEL assay was performed to determine the cellular apoptosis rate. (B) Western blotting to measure apoptosis-related proteins. Results are displayed as mean ± standard deviation. ANOVA along with Tukey’s post hoc test was applied to assess significant differences. n = 3. **p < 0.01, ***p < 0.001.

Hippo signaling is regulated by the PKHD1L1/CBX7 axis in A549 cells

Further research was conducted to elucidate how the PKHD1L1/CBX7 axis regulates LUAD development. Considering that dysregulated Hippo signaling contributes to lung carcinogenesis and CBX7 can exert antitumor effects by activating Hippo signaling [20,21], we speculated whether PKHD1L1/CBX7 regulation in A549 cells was associated with the Hippo pathway. Therefore, we investigated the changes in the Hippo signaling pathway during the regulation of the PKHD1L1/CBX7 axis in A549 cells. As demonstrated in Fig. 7, PKHD1L1 overexpression distinctly promoted p-YAP and p-LATS1 expression but declined nuclear YAP expression. This indicates that PKHD1L1 can inhibit the YAP translocation into the nucleus and thereby activate the Hippo signaling pathway. In contrast, CBX7 interference partly abolished these changes, hinting that the Hippo signaling pathway is mediated by the PKHD1L1/CBX7 axis in A549 cells.
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Figure 7: Hippo signaling is regulated by the PKHD1L1/CBX7 axis in A549 cells. After transfection with only Oe-PKHD1L1 or Oe-PKHD1L1 and sh-NC/sh-CBX7-2, western blotting was carried out to measure Hippo signaling-related proteins. Results are displayed as mean ± standard deviation. ANOVA along with Tukey’s post hoc test was applied to assess significant differences. n = 3. ***p < 0.001.

CBX7 knockdown restricts the suppressive influence of PKHD1L1 on tumor growth in mice

Finally, we verified our findings concerning the regulatory role of PKHD1L1/CBX7 in LUAD in vivo. As demonstrated in Fig. 8A,B, PKHD1L1 overexpression significantly lowered tumor volume and hindered tumor growth; this was partially abolished by CBX7 knockdown. Furthermore, the weight of the harvested tumor was significantly reduced following PKHD1L1 overexpression; this was also partly reversed by additional CBX7 knockdown (Fig. 8C). Meanwhile, IHC staining revealed that PKHD1L1 overexpression significantly promoted CBX7 expression in tumor samples; this was partly hindered by CBX7 knockdown (Fig. 8D). Moreover, IHC staining images revealed that PKHD1L1 overexpression remarkably reduced Ki67 expression in tumor tissues in comparison to the Oe-NC group; however, this reduction was partly hindered upon simultaneous PKHD1L1 overexpression and CBX7 knockdown (Fig. 8E). Moreover, western blotting revealed that CBX7 knockdown weakened the influence of PKHD1L1 overexpression on downregulating Bcl-2 expression and upregulating Bax expression, confirming that the proapoptotic activity of PKHD1L1 in tumor tissues is restricted by CBX7 knockdown (Fig. 8F). Taken together, the inhibitory role of PKHD1L1 against tumor growth in LUAD-bearing mice may be partially restricted by CBX7 knockdown.
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Figure 8: CBX7 knockdown restricts the suppressive effect of PKHD1L1 on tumor growth. (A) A549 cells were subcutaneously injected into BALB/c mice to construct an in vivo LUAD model. After sacrificing the animals, the tumors were excised and photographed. (B) Mouse weight and tumor volume were measured every 3 days. Results are displayed as mean ± standard deviation. ANOVA along with Tukey’s post hoc test was applied to assess significant differences. n = 5 mice per group. ***p < 0.001 vs. Oe-NC; #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. Oe-PKHD1L1 + sh-NC. (C) Tumor weight measurements. (D) IHC staining to measure CBX7 expression in tumor samples. (E) IHC staining to measure Ki67 expression in tumor samples. (F) Western blotting to measure Bcl-2 and Bax levels in tumor samples. Results are displayed as mean ± standard deviation. ANOVA along with Tukey’s post hoc test was applied to assess significant differences. n = 5 mice per group. **p < 0.01, ***p < 0.001.

Discussion

Lung cancer remains the prevailing reason for cancer-related mortalities, with NSCLC accounting for 85% of mortalities. LUAD is a common histological form of NSCLC, accounting for approximately 40% of all lung cancers, with a proportion as high as 11.6% among all cancers [26,27]. To date, although tremendous efforts have been undertaken to identify tumor suppressors or oncogenes that may elicit critical activities in the course of LUAD, the precise molecular mechanism underlying multiple clinical characteristics remains incompletely elucidated. In this study, we disclosed the downregulation of PKHD1L1 and CBX7 in LUAD and elucidated that PKHD1L1 may suppress the proliferative, migrative, and invasive capabilities of LUAD cells while facilitating the cellular apoptotic cascade partly by upregulating CBX7, accompanied with the involvement of Hippo signaling.

Uncontrolled proliferation and invasion and abnormal apoptosis are important features and contributing factors to metastatic malignant tumors, with metastasis being the prevailing reason for cancer-related mortalities [28]. Dachshund homolog 1 (DACH1) functions as a tumor suppressor because its silencing enhances the proliferative and invasive capabilities of A549 cells while weakening their spontaneous apoptosis [29]; β, β-Dimethyl-acryl-alkannin (ALCAP2) can inhibit invasiveness and metastasis of LUAD cells, thereby serving as a tumor suppressor in LUAD [30]. Therefore, the modulators of cell proliferation, invasion, and apoptosis play important roles in tumorigenesis and cancer progression. In the current study, we observed that PKHD1L1 markedly weakened the proliferative, migrative, and invasive abilities and aggravated cell apoptosis rate in A549 cells, proving that PKHD1L1 can play an antioncogenic role in LUAD, consistent with its tumor-suppressing role in thyroid cancer [11].

Growing evidence suggests the importance of protein-protein interactions in numerous biological processes in living cells because proteins prefer to function as team players in a dynamic network [31]. For instance, employing the Co-IP assay, Lan et al. demonstrated the interrelation between P68/DEAD box protein 5 (DDX5) and KRAB domain-associated protein 1 (KAP-1), and disclosed that KAP-1 silencing repressed cell proliferative, migrative, and invasive capabilities by degrading DDX5, thereby hindering thyroid cancer development [32]. Furthermore, Tian et al. proved an interaction between Sirtuin 6 and phosphatase and tensin homolog (PTEN), and Sirtuin 6 inhibited colon cancer progression by modulating PTEN/protein kinase B (Akt) signaling [33]. Consistently, we also confirmed a remarkable interaction between PKHD1L1 and CBX7 by employing the Co-IP assay. Meanwhile, we proved that CBX7 expression positively regulates PKHD1L1. Additional functional assays revealed that the tumor-suppressive activity of PKHD1L1 was partially weakened owing to CBX7 knockdown. This suggests that PKHD1L1 represses LUAD development by partially upregulating CBX7.

The Hippo signaling pathway in mammals comprises a kinase cascade: upstream regulatory elements (MST1/2, LATS1/2) and a downstream effector (YAP). When Hippo signaling is activated, MST kinases phosphorylate and activate LATS1/2, followed by the subsequent YAP phosphorylation. Phosphorylated YAP remains in the cytoplasm for ubiquitination and degradation. Once Hippo signaling is inhibited, which leaves YAP unphosphorylated, YAP can enter the nucleus to induce transcription factor activity, thereby activating multiple downstream genes that are associated with cell proliferation, survival, mobility, stemness, and differentiation, ultimately mediating tumor development [34,35]. In recent years, accumulating evidence confirms that the Hippo signaling pathway is vital for lung cancer development. For instance, WW domain binding protein-2 (WBP2) represses Hippo signaling by reducing LATS1 phosphorylation and facilitating YAP nuclear translocation, eventually contributing to aggressive lung cancer progression [36]. Additionally, FERM-domain-containing protein-1 (FRMPD1) has been discovered to activate the Hippo pathway, accompanied by elevated p-LATS1 levels, which can inhibit the invasive and proliferative capacities of lung cancer cells [37]. Thus, controlling the Hippo pathway may be an alternative method to discover targeted strategies for lung cancer treatment. Consistently, in this study, we observed that p-LATS1 and p-YAP were upregulated but nuclear YAP was significantly downregulated following PKHD1L1 overexpression, revealing that PKHD1L1 may hinder the nuclear translocation of YAP by promoting LATS1 phosphorylation, ultimately activating the Hippo signaling pathway. Therefore, PKHD1L1 may suppress the malignant behaviors of LUAD cells by activating the Hippo pathway. Furthermore, existing evidence suggests that CBX7 is a repressor of the transcription coactivator YAP/TAZ. Exogenous CBX7 expression inhibited YAP/TAZ-dependent transcription, thereby inhibiting glioma cell migration. This indicates that CBX7 exerts a regulatory function in cancer by regulating the Hippo signaling pathway [20]. In this study, the nuclear translocation of YAP was inhibited by PKHD1L1 overexpression but was partly restored by CBX7 silencing. This suggests that PKHD1L1 modulates Hippo signaling partly depending on its interaction with CBX7 in LUAD.

The present study has some limitations that should be considered. First, the expression patterns and vital role of PKHD1L1 and CBX7 in LUAD should be validated in clinical trials. Second, in addition to CBX7, diverse CBX family members play important roles in LUAD [38]. Therefore, whether PKHD1L1 can also regulate other CBX family members remains unclear, deserving investigation in our future work. Third, the exact mechanism of the involvement of Hippo signaling via the PKHD1L1/CBX7 axis during LUAD progression should be further studied. Finally, to improve the clinical relevance of this study, a CBX7 inhibitor (such as UNC3866 [39]) should be examined in an in vivo assay in our future work.

Conclusion

To summarize, this is the first study in which the antitumor role of PKHD1L1 against LUAD has been confirmed and its molecular mechanism has been elucidated. In detail, PKHD1L1 can suppress the malignant behavior of A549 cells and restrict tumor growth in vivo. This may be partly achieved by regulating the CBX7-mediated Hippo signaling pathway. Our study findings offer a new perspective for understanding and treating LUAD.
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