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Abstract: Background: Immunotherapy has significantly improved the treatment of lung cancer, but some patients
experience aggressive disease, the mechanisms of which remain unclear. In particular, the interaction between IncRNA
and the MDM2/MDM4 pathway warrants in-depth exploration. Objectives: This study aimed to investigate the role of
LINCO00511 in promoting aggressive disease during immunotherapy for lung carcinoma by modulating MDM2/MDM4
expression. Methods: This study collected tissues from 30 lung cancer patients undergoing immunotherapy and used A549
cell lines. RT-PCR detected expression of LINC00511, while immunohistochemistry and immunofluorescence detected
MDM2/MDM4 expression. Bioinformatics analysis and luciferase reporter assays were performed to confirm their
relationship. Cell migration, invasion, proliferation and response to PD-1 inhibitors were assessed. Results: using A549
cells and female BALB/c nude mice (n=6 per group). LINC00511 was significantly upregulated in aggressive discase
tissues and positively correlated with tumor stage. MDM2/MDM4 expression was also elevated (P < 0.01). LINC00511
directly targeted MDM2/MDMA4. Silencing LINC00511 effectively inhibited tumor cell proliferation, migration, invasion
and Ki-67 expression in vitro and in vivo . In the xenograft model, BALB/c nude mice treated with Nivolumab (0.1 mg/kg
i.p. every 3 days) showed reduced tumor volume (mean = SD: 445.6 + 45.3 mm? vs. 720.4 = 80.2 mm? in controls; P <
0.01).Conclusion: LINC00511 promotes hyperprogressive disease in lung cancer during immunotherapy by upregulating
MDM2/MDMA4. Inhibition of LINC00511 effectively reverses tumor progression, suggesting a potential therapeutic target.

Keywords: Aggressive disease; LINC00511; Lung carcinoma; MDM2/MDM4

Submitted on 29-11-2024 — Revised on 27-02-2026 — Accepted on 18-03-2026

INTRODUCTION

Lung carcinoma is a highly prevalent solid tumor with
significant morbidity and mortality (Siegel et al., 2025).
The five-year survival rate remains low. Although
diagnostic methods and treatment strategies have been
developed, mortality remains stubbornly high (Reck et al.,
2024). Significant progress has been made in
immunotherapy for various solid tumors. The phenomenon
of pseudoprogression—a condition in which tumors
initially appear to grow on imaging scans (e.g., after
radiation or immunotherapy) but are not truly
progressing—may occur in some patients with lung
carcinoma, leading to the development of the Immune-
related Response Evaluation Criteria in Solid Tumors
(iRECIST) criteria for evaluating immunotherapy efficacy
(Ippolito et al., 2021). These criteria can be used to assess
the efficacy of immunotherapy. Some patients, however,
experience aggressive disease (AD), characterized by
accelerated tumor growth after immunotherapy (Rodrigo et
al., 2024). LncRNAs can act as oncogenes by inhibiting
tumor suppressor genes, including by repressing
endogenous cancer suppressors (Kai-Xin et al., 2021). For
example, certain IncRNAs can promote lung cancer
progression as oncogenes, such as under the induction of
transcription factor SP1 via the LINC00127/FOXDI1 axis
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(Abdi et al., 2023). LINC00511 could play a crucial role in
regulating cell signaling transduction. The
circ_0079586/LINCO00511 axis regulates cell proliferation,
apoptosis, migration and metastasis. LINC00511 promotes
tumor proliferation by targeting the miR-625-5p/NFIX axis,
making it a potential therapeutic target (Wu et al., 2024).
LINCO00511 promotes the occurrence and progression of
liver cancer by inducing miR-195. So it could be adopted
as a potential biomarker for predicting the occurrence of
liver carcinoma (Zhang et al., 2022; Hu et al., 2020). In
non-small cell lung cancer (NSCLC), LINCO00511
promotes tumor progression by binding to EZH2
(Enhancer of zeste homolog 2) and lysine-specific
demethylase 1 (LSD1), thereby downregulating LATS2
and KLF2 (Liu et al., 2022).

The MDM family plays a crucial role in normal epithelial
development (Gao et al., 2026). This regulatory function is
crucial for maintaining cellular integrity. The MDM family
is notably characterized by its negative regulation of the
tumor suppressor p53, thereby modulating cellular stress
responses. The abnormal increase in MDM family protein
expression was closely associated with increased tumor
incidence (Liu et al., 2024). The most notable feature of the
MDM family is its negative regulation of the tumor
suppressor p53, thereby modulating cellular stress
responses. Dysregulation and overexpression of
MDM2/MDM4 are closely associated with increased
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tumor incidence and recurrence risk (Koelsche et al., 2021).
Immune checkpoint inhibitors can enhance IFN-y
expression by modulating the tumor microenvironment and
activating IRF-8. This cascade reaction is significantly
correlated with tumor progression. The AD could be
caused if there was amplification of MDM2. At present, a
phase I study on MDM2 is underway to prevent AD caused
by immunological therapy (Nuiiez et al., 2023; Zhang et al.,
2021).

Justification of animal model: BALB/c nude mice are
widely used for xenograft studies due to their tolerance of
human tumor cells. However, they lack mature T cells and
therefore cannot fully recapitulate PD-1/PD-L1 blockade
mechanisms.This model was used to isolate the cell-
autonomous effects of LINCO00511 on tumor growth
independent of adaptive immunity; findings require
validation in immunocompetent models.

This study aims to investigate the mechanism by which
LINCO00511 promotes aggressive disease during lung
cancer immunotherapy via the MDM2/MDM4 pathway. A
biomarker for predicting patients with aggressive disease
could be screened for. The theoretical basis for the clinical
diagnosis and treatment on lung carcinoma could be
provided. The signal pathway mechanism is shown in
figure 1.

MATERIALS AND METHODS

Tissue and cell culture

All tissue samples were obtained with written informed
consent from the patients and the Ethics Committee of
Ethics Committee of the Fourth Medical Center of the PLA
General Hospital approved the study protocol. Among the
30 lung cancer cases (n = 30), 18 were diagnosed as lung
adenocarcinoma, 10 as squamous cell carcinoma and 2 as
large cell carcinoma, based on histopathological evaluation.
The cohort included 17 male and 13 female patients. The
average age was 63.4 £ 5.8. The clinical information of
these patients was complete. Inclusion criteria for patient
tissue samples were histologically confirmed lung
carcinoma and completion of at least two cycles of
immunotherapy. Exclusion criteria included prior
malignancy, active autoimmune disease, or incomplete
clinical records.

The human lung carcinoma cell strain A549 was purchased
from the ATCC Center in the USA. Cells were cultured in
RPMI1640 medium (Sigma-Aldrich, USA) supplemented
with 10% fetal bovine serum (FBS). Prior to experiments,
cells were serum-starved for 24 hours.

Luciferase reporter gene assay

The binding site between LINC00511 and MDM2/MDM4
was predicted using TargetScan. The pGL13 vector
containing the LINCO00511 sequence was synthesized. The
cells were transfected with miR-NC or the LINC00511
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inhibitor. Luciferase activity was measured using a
commercial kit (Promega, Cat# E1910). Each independent
experiment was performed in triplicate wells per condition
and the experiment was repeated three times (n = 3 per
group). The experimental unit was one well.

Cell transfection

shLINCO00511, shNC, LINC00511 mimic and LINC00511
inhibitor were synthesized by Suzhou Jima Biological Co.,
Ltd. Referring to the methods in previous literature (Deng
et al., 2018), the A549 cells were transfected with
Lipofectamine 2000 (Shanghai Thermo Fisher Technology
Co., LTD) according to the specifications when the cellular
concentration was up to sixty percent to seventy percent.
Cells were harvested for downstream assays (RNA
extraction, protein lysis, or functional assays) at 48 hours
post-transfection, unless otherwise specified. A non-
targeting ShRNA sequence (shNC) and an equal volume of
PBS served as negative controls for shLINC00511 and
drug administration, respectively. Each transfection
condition was performed in triplicate wells and the
experiment was repeated three times. The experimental
unit was one well.

Immunohistochemistry staining

The tissue was dehydrated and fixed. They were cut into
pieces. 4-HNE expression was assessed to evaluate
oxidative stress. Inflammatory cell markers were analyzed
using immunofluorescence microscopy. Images of
hematoxylin and eosin (HE) and immunohistochemistry
(IHC) staining were captured using a Leica DM750
microscope equipped with EC3 digital camera and LAS EZ
software. The magnification time was two hundred. The
image of IF was obtained with a ZEISS IF microscope and
AxioVision Rel. 4.8 software. The magnification time was
four hundred. At least 5 areas were randomly selected from
each sample using ImageJ 1.52 software. They were
quantified. The slides were disposed with standard cell
regulator 1 for sixty minutes. The primary antibody as anti-
ki67 (1:100, Abcam) was added in. They were incubated at
37 °C for 1 hour. Secondary antibody staining was
performed. Sections were counterstained with hematoxylin
for 4 minutes, followed by bluing in ammonia water for 4
minutes (Magaki ef al., 2019).

Immunofluorescence staining

The relevant steps of immunofluorescence staining were
completed according to the operation methods in previous
literature (Donaldson., 2015). Cells in the miRNA/siRNA-
treated group and the negative control (NC) group were
seeded in 6-well plates. Cells were fixed 48 hours post-
transfection for immunofluorescence staining. Four
hundred microliters of DMF was added in. 40 mg of the
colorful developing agent was dissolved in 2 mL of PBS.
The substrate solution was mixed with developing solution.
They were added in ells. They were incubated at 37 °C for
30 minutes. They were observed under microscope.
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Fig. 1: Schematic diagram of the signal pathway mechanism

Establishment of mouse xenograft model

Six-week-old female BALB/c nude mice weighing 18 - 22
g (mean = SD: 20.1 + 1.2 g) were purchased from the
animal experiment center of the institute. For in vivo

experiments, each group contained 6 mice (n = 6 per group).

The experimental unit was a single mouse. Mice were
housed in individually ventilated cages (IVCs) with
autoclaved bedding, nesting material (e.g., cotton squares)
and a plastic tunnel for environmental enrichment. Cage
enrichment was provided to reduce stress and standardize
behavioral conditions. They were housed under specific
pathogen-free conditions at 22 + 2°C, with free access to
food and water and a 12:12 light: dark cycle. Animals were
allowed to acclimate to the housing environment for 7 days
prior to any experimental procedures. Exclusion criteria
established a priori were: failure of tumor engraftment by
day 7, signs of illness (e.g., lethargy, hunched posture), or
weight loss >15%. No animals met these criteria. Mice
were randomly assigned to experimental or control groups
using a computer-generated random number sequence. To
minimize confounding, treatment order was randomized
across groups and cage positions were balanced in the
housing rack. The nude mouse xenograft model was
established using methods described in previous studies
(Zhang et al., 2025). Briefly, after infecting A549 cells with
shRNA lentivirus, 4x10° cells were suspended in 100 pL
PBS and subcutaneously injected into the right flank based
on preliminary dose-response experiments and previous
studies (Zhang et al., 2025) of six-week-old female
BALB/c nude mice wunder isoflurane inhalation
anesthesia.Post-operatively, all mice received
buprenorphine (0.05-0.1 mg/kg subcutaneously) every 8 -

| MDM2/MDM4 Expression — T p53 Function — |Lung Cancer Malignant PhcnoTypc

12 hours for 48 hours to alleviate pain. No additional
analgesia was required. The animal experimental protocol
for this study was approved by the animal ethics committee
of the institute (Approval number: FLPH-2021-008).
Tumor volume was measured every other day to capture
dynamic changes in tumor growth while minimizing
animal handling stress, consistent with standard practice in
xenograft studies (Zhang et al., 2025). Humane endpoints:
Mice were monitored daily for clinical signs. The
following humane endpoints were established a priori and
approved by the ethics committee: tumor volume
exceeding 1500 mm’®, weight loss >20% of initial body
weight, inability to access food/water, persistent lethargy,
or tumor ulceration. Any mouse reaching these endpoints
was immediately euthanized. No mouse reached these
endpoints during the study. The tumor was collected and
weighted after the experiment was terminated. And they
were pictured. Mice in the experimental group were
intraperitoneally injected with the PD-1 inhibitor
Nivolumab (0.1 mg/kg) every three days, while the control
group was injected with an equal volume of PBS ; this dose
was selected based on published protocols in similar
xenograft models (Chiang et al., 2023) and preliminary
dose-finding studies showing efficacy without overt
toxicity. The control group received an equal volume of
PBS via intraperitoneal injection every three days under the
same schedule. Tumor size was monitored by imaging. It
in mice with aggressive disease was compared with mice
with tumor extinction. Outcome assessments, including
tumor volume measurement, immunohistochemistry
scoring and cell counting, were performed by investigators
blinded to group allocation.
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Western blot assay

Western Blot analysis was performed following the method
described in previous studies (Pillai-Kastoori et al., 2020).
The procedure was briefly as follows: After lysis with cell
lysis buffer, the samples were incubated overnight at 4°C
with primary antibodies against MDM2 (1:1000, CST
#86934) and MDM4 (1:1000, Abcam ab134153). GAPDH
(CST #5174) was used as an internal control. Protein bands
were analyzed using the ChemiDoc imaging system (Bio-
Rad). Each independent experiment was performed with
three biological replicates per condition and the experiment
was repeated three times (n = 3 per group). The
experimental unit was one protein lysate sample from an
independent well.

RT-PCR

RNA extraction and RT-PCR were performed according to
the manufacturer's instructions (Thermo Fisher, Shanghai,
Cat. No. AQ601-01) and the procedure described by
Moufarrej et al. (Moufarrej and Quake., 2023). The TM
microRNA qPCR quantitative kit was adopted. The U6
expression was set as endogenous control.The primer
sequences were as follows: LINCO00511 forward 5'-
TGGCTTGTCTTCCATCGTCC-3', reverse 5'-
GCACGAGGGTTGTTACAGGA-3'; MDM2 forward 5'-

TTGGCGTGCCAAGCTTCTCT-3', reverse 5'-
TACCTGAGTCCGATGATTCC-3'; U6 forward 5'-
CTCGCTTCGGCAGCACA-3, reverse 5'-
AACGCTTCACGAATTTGCGT-3'. Each independent

experiment was performed in triplicate wells per condition
and the experiment was repeated three times (n = 3 per
group). The experimental unit was one well.

Cell migration and invasion test

A Transwell pad with a 0.8 um polycarbonate filter was
used for analysis of Transwell migration. After transfection,
5 x 10* cells were seeded into the upper chamber of a
Transwell (8 um polycarbonate membrane). The Transwell
membrane was added into upper chamber. The exosome
suspended in complete medium (containing 5 x 10* cells)
was added into lower chamber. Incubate at 37°C for 24
hours to allow the cells to penetrate the membrane. Cell
migration and invasion were assessed at 24 hours post-
transfection. The migrated cells were fixed with four
percent of formalin. They were dyed. Cellular morphology
was observed under a microscope. Ten random areas were
collected to quantify the migration. Each independent
experiment was performed in triplicate wells per condition
and the experiment was repeated three times. The
experimental unit was one well.

The invasion assay was performed in Transwell chambers
precoated with 1 mg/mL Matrigel, with 1 x 10° cells seeded
in each well (Marshall J., 2011). Complete medium was
added to each well. They were cultivated for twenty-four
hours. The non-invasive cells were removed with cotton
swab. The migrated cells were fixed with 4% formalin.
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They were dyed. Cellular morphology was observed under
a a microscope. Cells that migrated to the lower surface of
the membrane were collected. The quantity of invasion was
counted. Each independent experiment was performed in
triplicate wells per condition and the experiment was
repeated three times (n = 3 per condition). The
experimental unit was one well.

Cell proliferation assay

Cell proliferation was assessed using the CCK-8 assay
(Dojindo, Japan) at 0, 24, 48 and 72 hours post-transfection,
according to the manufacturer's instructions. Each
experiment was performed in triplicate wells and repeated
three times independently (n = 3 per time point).

Outcome measures

The primary outcome was tumor volume change over time.
Secondary outcomes included migration, invasion,
proliferation (Ki-67) and expression levels of LINC00511,
MDM2 and MDM4.

Adverse events

Mice were monitored daily for signs of distress, wound
infection, or abnormal behavior. No adverse events were
observed during the study period.

Statistical analysis

The SPSS22.0 software and Graphad Prism 6 software was
adopted. Continuous data are presented as mean + standard
deviation (SD). Student’s t-test was used for comparisons
between two groups. Normality of data was assessed using
the Shapiro - Wilk test. Homogeneity of variances was
checked using Levene's test. When assumptions were
violated, non-parametric tests (Mann-Whitney U) were
applied. There was significant difference (P < 0.05).
Sample sizes for animal experiments were determined
based on a power analysis assuming an effect size of 1.5,
a =0.05 and power = 0.80, yielding a minimum of 5 mice
per group. To account for potential dropouts, 6 mice per
group were used. For in vitro experiments, a minimum of
three independent replicates (n = 3) were performed based
on standard practice in the field.

RESULTS

Expression of LINC00511 and MDM2/MDM4 in lung
carcinoma with aggressive disease after immunotherapy
No animals or samples were excluded from the analysis.
All randomized animals were included in the final analysis.
LINCO00511 expression was significantly elevated in lung
carcinoma tissues (5.34 + 0.45 vs. 2.16+ 0.22; 95% CI for
difference: 1.08 to 1.60, P < 0.01) (Fig. 2A). There was
notable positive correlation between staging of lung
carcinoma and LINCO00511 expression (Fig. 2B). There
was high expression of MDM2/MDM4 in tumor tissue (Fig.
2C).
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Fig. 2: Expression of LINC00511 and MDM2/MDM4 in immunological therapy for lung carcinoma with aggressive
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(A) LINCO00511 expression detected with RT-PCR; (B) LINC00511 expression in different staging; (C) Expression of
MDM2/MDM4 in tumor tissue detected with IF method. **represented as P < 0.01. The proportion of IF was one to two

hundred.

LINCO00511 targets and regulates the expression of
MDM2/MDM4

The binding site between LINC00511 and MDM2/MDM4
was predicted using the StarBase online detection tool.
LINCO00511 directly targets MDM2/MDMA4, as confirmed
by luciferase reporter assays (Figs. 3A and 3B). The
luciferase activity in the wild-type set could be reduced.
However, luciferase activity in the MDM2/MDM4-Mut set
was not affected (Figs. 3C and 3D). The LINCO00511
expression could be increased if the expression of
MDM2/MDM4 was reduced (Fig. 3E). There was targeting

regulatory effect between LINC00511 and MDM2/MDMA4.

Biological functions of lung carcinoma cells could be
induce with MDM2/MDM4

Knockdown of MDM2/MDM4 significantly reduced the
invasive and migratory capabilities of A549 cells (Fig. 4A).
The expression of N-cadherin, Slug and Twist could be
reduced notably if there was low expression of
MDM2/MDM4. But expression of E-cadherin could be
increased (Fig. 4B). So cell migration could be retarded by
MDM?2/MDM4 through inducing the EMT transition. The

proliferative activity could be reduced notably, along with
a reduction in MDM2/MDM4 expression (Figs. 4C and
4D).

Intervention in LINC00511 expression reverses the
progression of lung cancer

The gross tumor volume could be reduced in test set (si-
LINCO00511: 445.6 + 45.3 vs. control 720.4 + 80.2 ; 95%
CIL: 410.2-481.0 mm?® vs. 660.5-840.3 mm?3; P < 0.01,
Cohen's d = 3.2). The growth of tumor cells could be
notably restrained by the administration of si-LINC00511
(Figs. 5A and 5B). The quantity of proliferated ki76 cells
could also be reduced notably with the disposal of si-
LINCO00511 (Fig. 5C).

DISCUSSION

Immunotherapy plays a crucial role in modulating the
tumor microenvironment, supported by continuous
advancements in fundamental research. Immune-targeting
drugs have been progressively developed.
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Although immunotherapy shows clinical efficacy, the
overall response rate remains limited. Approximately 20—
30% of patients experience varying degrees of disease
progression during treatment (Zhang et al., 2023). A subset
of patients exhibits slow disease progression. It was called
as pseudoprogression. This led to the establishment of the
iRECIST criteria for evaluating immunotherapy responses.
Aggressive disease is not specific to immunotherapy.
Aggressive disease has also been reported in chemotherapy
and targeted therapy (Lennartz et al., 2020, Qiao et al.,
2025).

The mechanisms underlying aggressive disease are
multifactorial. The tumor microenvironment can be altered
by wvarious factors, including decreased antigen
presentation and infiltration of immunosuppressive cells
such as myeloid-derived suppressor cells and regulatory T
cells (Tregs) (Khalaf ef al., 2021, Qian et al., 2025). The
findings suggest that LINC00511 promotes aggressive
lung cancer by directly regulating MDM2/MDM4
expression. LINCO00511 influences tumorigenesis and
progression by activating downstream signaling pathways
(Song et al., 2023).

The reported incidence of aggressive disease varies
considerably across studies, which may be attributed to
differences in tumor types, definitions of aggressive
disease and small sample sizes (e.g., n = 30 in the clinical
tissue cohort). Several limitations should be noted. First,

the use of the A549 human lung adenocarcinoma cell line
and the BALB/c nude mouse xenograft model provides
preliminary mechanistic evidence but lacks a fully
functional immune system, limiting the generalizability of
the findings to immunocompetent settings or other lung
cancer subtypes. Second, although outcome assessors were
blinded to group allocation as stated in Methods, the
possibility of residual detection bias cannot be completely
excluded and this represents a study limitation. Third, no
confidence intervals were reported for effect estimates,
limiting the precision assessment of the results. Clinical
validation in larger, well-defined patient cohorts is
therefore required. The survival prognosis of patients with
aggressive disease was notably worse. The median OS in
patients with aggressive disease was 3.4 months. And the
central OS in patients without AD was 6.2 months
(P=0.003). However, no survival difference was observed
between AD and non-AD patients in a chemotherapy
subgroup (n = 59), likely due to the small sample size
(Guiard et al., 2022). There was difference in survival
prognosis in normal PD and AD through treatment of
signal drug in immunological therapy. There were fifty
cases of AD in ninety-nine cases of PD patients. The central
OS for PD patients was 205 days. The central OS of AD
patients was only fifty days (HR, 5.079; 95% CI, 3.138-
8.226). Similar results were reported (Lin et al., 2021,
Zhang et al., 2021). Immune checkpoint inhibitors can
enhance IFN-y expression. The expression of IRF-8 could
be induced and the downstream JAK-STAT signaling
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pathway could be activated. The expression of MDM?2
could be induced by combining the MDM2 promoter (Han
et al., 2023; Su et al., 2025). This cascade response is less
pronounced in the absence of MDM2 amplification. The
AD could be caused if MDM2 was amplified. Other
hypotheses have also been proposed (Sun ez al., 2024; Zang
et al., 2020). PD-1 blockade enhances T-cell activity and
CD8" T-cell cytotoxicity. The therapeutic effect could be
enhanced further. However, only a subset of patients
responds favorably to immunotherapy, often due to an
immunosuppressive  tumor microenvironment. The
amplification of MDM2 was considered a potential
mechanism underlying rapid tumor growth in some
patients after immunotherapy (Sun ef al., 2024). The phase
I study on MDM2 was being developed to prevent the
occurrence of AD (Adashek ef al., 2020). The aggressive
nature of lung carcinoma could be caused by abnormal
MDM2/MDM4 expression.

CONCLUSION

This study demonstrates that LINC00511 is significantly
upregulated in lung carcinoma tissues from patients with
aggressive disease following immunotherapy and its
expression level correlates positively with tumor stage.
Mechanistically, LINCO00511 directly binds to and
upregulates MDM2/MDM4 expression, thereby enhancing
tumor cell proliferation, migration, invasion and epithelial-
mesenchymal transition. Knockdown of LINCO00511
effectively suppresses these malignant phenotypes in vitro
and significantly reduces xenograft tumor growth in vivo.
These findings suggest that LINC00511 may serve as a
potential predictive biomarker for identifying patients at
risk of aggressive disease during immunotherapy and that
targeting the LINCO00511/MDM2/MDM4 axis could
represent a novel therapeutic strategy. However, the use of
immunodeficient BALB/c nude mice limits the ability to
fully assess the interplay between LINCO00511 and the
adaptive immune response and the relatively small clinical
sample size (n = 30) warrants cautious interpretation.
Future studies should validate these findings in
immunocompetent animal models and larger patient
cohorts and investigate whether combining LINC00511
inhibition with immune checkpoint blockade produces
synergistic antitumor efficacy.
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