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A B S T R A C T

The prevalence of secondary hyperparathyroidism (SHPT) in advanced chronic kidney disease (CKD) exceeds 80 
%. Our previous study indicated that photodynamic therapy (PDT) has potential for treating SHPT. Long non-
coding RNA (lncRNA) is involved in various oxidative stress and apoptotic processes, but the molecular mech-
anism remains unreported. In this study, we found that PDT induced apoptosis in SHPT through reactive oxygen 
species (ROS) accumulation. The expression of metastasis-associated lung adenocarcinoma transcript 1 
(MALAT1) and heme oxygenase 1 (HO-1) within SHPT was upregulated after PDT. Inhibition of MALAT1 
increased PDT-induced ROS, which promoted the apoptosis. Pearson correlation analysis confirmed that there 
was a positive correlation between MALAT1 and HO-1, and MALAT1 inhibition down-regulated HO-1, whereas 
concomitant overexpression of HO-1 was able to eliminate the PDT-induced ROS and inhibit apoptosis. The 
direct binding of MALAT1 to Kelch-like ECH-associated protein 1 (Keap1) protein was confirmed by high- 
throughput sequencing, RNA pulldown, silver staining and western blotting assays. Si-Keap1 was able to 
rescue the down-regulation of HO-1 caused by MALAT1 inhibition, restoring the elimination of ROS by HO-1 and 
attenuating the effect of PDT. In addition, PDT effectively reduced parathyroid hormone (PTH) secretion in SHPT 
rats, and this effect was further enhanced in combination with MALAT1 inhibitors. Overall, MALAT1 activates 
downstream HO-1 expression by binding to Keap1, thereby reducing ROS and inhibiting apoptosis, which in turn 
mediates PDT resistance in SHPT. Inhibition of MALAT1 significantly enhanced the efficacy of PDT, suggesting a 
potential therapeutic target for improving PDT for SHPT outcomes.

1. Introduction

Approximately 80 % of patients with chronic kidney disease (CKD) 
develop secondary hyperparathyroidism (SHPT) in the late stages of the 
disease [1,2]. The parathyroid glands of patients with CKD are stimu-
lated by prolonged exposure to low calcium, low magnesium, or high 
phosphorus levels, resulting in excessive secretion of parathyroid 

hormone (PTH) [3]. The clinical manifestations of SHPT are extensive 
and complex, involving multiple systems including skeletal, muscular, 
digestive, neuropsychiatric, and cardiovascular [4]. Timely medical 
intervention of SHPT can effectively control disease progression, 
improve patients’ quality of life, and reduce the risk of associated 
complications [5]. Conventional treatments for SHPT include pharma-
cological therapy, dialysis, surgery, and nutritional support [6,7]. When 
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pharmacological treatment is ineffective or intolerable, para-
thyroidectomy (PTX) may become an option [8]. However, surgical 
treatment has limitations such as surgical complications, anesthesia 
risks, postoperative hypocalcemia, and recurrence [9]. Therefore, 
exploring less invasive, broader-spectrum, and fewer side-effect treat-
ment methods is particularly important and urgent.

Photodynamic therapy (PDT) is a low-invasive treatment method 
that uses specific photosensitizers, which, when irradiated with partic-
ular wavelengths of light, generate large amounts of reactive oxygen 
species (ROS) within the tissue, leading to local tissue damage [10]. The 
5-aminolevulinic acid (5-ALA) is the most widely used and classic 
photosensitizer [11]. As a precursor substance in heme biosynthesis, its 
metabolic intermediate protoporphyrin IX (PpIX) exhibits photosensi-
tive effects [12]. Due to the slow rate of metabolism of ferrochelatase 
(FECH) in the parathyroid glands, PpIX tends to accumulate there 
compared to surrounding tissues [13], allowing PDT to precisely target 
the parathyroid glands. The cytotoxicity induced by PDT is primarily 
driven by ROS, which are highly reactive oxidizing substances, 
including superoxide anions, hydrogen peroxide, and hydroxyl radicals 
[14]. These highly reactive oxidizing substances react with biomolecules 
such as lipids, proteins, and DNA within cells, causing oxidative damage, 
thereby inducing cell death [15]. PDT directly inhibits local tumors 
through minimally invasive strategies, but it seems unable to achieve 
complete eradication and prevent metastasis and recurrence [16]. Cells 
can protect themselves against cytotoxic products by increasing anti-
oxidant mechanisms and repair capacity, and one of the reasons for PDT 
resistance is the reduction of intracellular ROS [17].

The interaction between long non-coding RNA (lncRNA) and ROS 
has been confirmed in various cellular environments [18]. Identifying 
lncRNA that interact with ROS provides new potential targets for the 
treatment of oxidative stress and ROS dysregulation-related diseases 
[19]. Additionally, lncRNA regulates the efficacy of PDT by affecting the 
stability, cellular uptake, and local release of photosensitizers, as well as 
ROS during the photosensitive effect [20].

In our study, despite the large concentration of photosensitizers, ROS 
levels still have a plateau, which may be the reason for the insufficient 
PDT efficacy. We found that the levels of metastasis associated lung 
adenocarcinoma transcript 1 (MALAT1) were significantly upregulated 
after PDT in SHPT. Therefore, we propose a hypothesis that MALAT1 
may be involved in the regulation of oxidative stress in SHPT during 
PDT, thereby affecting its efficacy. This study is expected to elucidate 
the molecular mechanism of PDT resistance and provide a strong 
experimental basis for optimizing the efficacy of PDT and its future 
clinical application.

2. Methods

1 Isolation and culture of SHPT primary cells

In China, the indication for PTX in SHPT patients is a persistent 
serum PTH level higher than 875 pg/mL with one or more severe 
complications [21]. Sixty SHPT patients were recruited in this study. 
Surgically excised parathyroid glands were washed, cut, digested, 
separated, filtered, centrifuged, and the cell precipitate was collected 
under aseptic operation [22,23]. SHPT primary cells were incubated in 
RPMI 1640 medium supplemented with 10 % fetal bovine serum (FBS) 
and 1 % penicillin/streptomycin and cultured at 37 ◦C with 5 % CO2. 
Subsequently, the cells were photodynamically treated according to the 
steps described in our previous paper [23]. 

2 Cell transfection

Antisense oligonucleotides (ASO) for MALAT1 and siRNA for heme 
oxygenase 1 (HO-1) were provided by RiboBio (Guangzhou, China), 
which were transfected into SHPT primary cells with Lipofectamine™ 
2000 (Thermo Fisher, USA) according to the producer’s instructions. 

The cells were collected 48 h later to verify the interference in the gene. 

3 Screening of differentially expressed genes (DEGs)

After total RNA was extracted from the samples and rigorously 
examined for quality and purity, and a cDNA library was established, a 
large amount of bipartite sequencing data was obtained through the 
Illumina sequencing platform, and the FPKM method was used to 
analyze the RNA expression levels. Then, the DEGs were calculated 
using the DESeq R package. The DEGs of the dataset with an absolute 
log2 fold change (FC) > 1 and an adjusted P value of < 0.05 were 
considered for subsequent analysis. 

4 Detection of half maximal inhibitory concentration (IC50) for 5-ALA

SHPT cells were plated in 96-well plates in 100 μl RPMI-1640 me-
dium, and cultured for varying 5-ALA (Aladdin, China) concentration 
for 12h. A total of 10 μl CCK8 reagent (Biosharp, China) was added into 
the cells, followed by the incubation of 2 h at 37 ◦C. The absorbance at 
450 nm was measured using a microplate reader (Thermo Scientific 
Multiskan FC, USA). 

5. Quantitative reverse transcription-polymerase chain reaction (qRT- 
PCR)

TRIzol reagent (Invitrogen, USA) was used to isolate RNA from cells 
and tissues. Ribo™ mRNA/lncRNA qRT-PCR Starter Kit (RiboBio, 
China) was used to perform reverse transcription and qRT-PCR. The 
2− ΔΔCt method was used for the calculation of relative levels of genes 
normalized to GAPDH. The sequences of primers used are presented in 
Table 1. 

6 Western blotting

SHPT primary cells were lysed using RIPA buffer (Beyotime, China) 
supplemented with phenylmethylsulfonyl fluoride (PMSF), incubated 
on ice for 30 min, and centrifuged at 4 ◦C for 15 min at 12,000 rpm. 
Protein samples were separated by electrophoresis in a 12 % SDS-PAGE 
gel and then transferred to polyvinylidene difluoride (PVDF) mem-
branes, which were then blocked with 5 % non-fat milk for 60 min. The 
membranes were incubated with primary antibody at 4 ◦C overnight and 
incubated with secondary antibodies respectively at room temperature 
for 60 min. The enhanced chemiluminescence (ECL) system was used to 
visualize the protein bands, and the intensity of bands were measured by 
Image J.

The primary antibodies used were as follows: HO-1 (10701-1-AP, 
Proteintech), Keap1 (10503-2-AP, Proteintech), Caspase-3 (19677-1-AP, 
Proteintech), Caspase-8 (13423-1-AP, Proteintech), Caspase-9 (10380- 
1-AP, Proteintech), BAX (60267-1-Ig, Proteintech), BAD (10435-1-AP, 
Proteintech), BCL2 (68103-1-Ig, Proteintech) and β-actin (66009-1-Ig, 
Proteintech). 

Table 1 
Primer sequences used for qRT-PCR analysis in this study.

Genes Sequence

MALAT1 Forward GGTGCTACACAGAAGTGGATTCAG
Reverse TGCTCGCTTGCTCCTCAGTC

HO-1 Forward TGCCAGTGCCACCAAGTTCAAG
Reverse TGTTGAGCAGGAACGCAGTCTTG

Keap1 Forward GCTGTCCTCAATCGTCTCCTTTATG
Reverse TCATTCGCCACTCGTTCCTCTC

Nrf2 Forward TTCCTTCAGCAGCATCCTCTCC
Reverse AATCTGTGTTGACTGTGGCATCTG

GAPDH Forward TGACTTCAACAGCGACACCCA
Reverse CACCCTGTTGCTGTAGCCAAA
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7 Detection of Reactive Oxygen Species (ROS)

The level of ROS was analyzed in each group of SHPT primary cells 
after PDT using the Reactive Oxygen Species Kit (Beyotime, China). The 
treated SHPT primary cell suspensions (10,000 cells/100 μL/well) were 
inoculated into 96-well plates, and incubated with 5-ALA without light 
for more than 8 h. After PBS washing, the cells were incubated in me-
dium containing DCFH-DA at 37 ◦C for 30 min, and immediately irra-
diated using a photodynamic apparatus, and then observed by a 
fluorescence microscope (Zeiss LSM700, Germany). 

8 TdT-mediated dUTP Nick-End Labeling (TUNEL) staining

SHPT primary cells were inoculated into 96-well plates and photo-
dynamically irradiated under different experimental conditions. The 
TUNEL assay solution was prepared according to the instructions of the 
One Step TUNEL Apoptosis Assay Kit (Beyotime, China) to incubate the 
cells at 37 ◦C for 60 min without light, which were observed by a 
fluorescence microscopy (Zeiss LSM700, Germany). 

9 Flow cytometry

Photodynamically treated cells were harvested and treated with 0.25 
% trypsin without ethylenediaminetetraacetic acid for digestion, fol-
lowed by centrifugation for 5 min and resuspended in the binding buffer 
(200 μL). Then, 5 μL Annexin V-fluorescein isothiocyanate (FITC) and 
10 μL propidium iodide (PI, Cell Signaling Technology, USA) were 
added and stored at room temperature without light for 30 min. 
Apoptosis was analyzed using a flow cytometry (BD Biosciences, USA). 

10 RNA Pulldown assay and Silver staining

RNA Pulldown was performed using the Pierce™ Magnetic RNA- 
Protein Pulldown Kit (Thermo Fisher, USA). Biotin-labeled sense and 
antisense MALAT1 probes were supplied by Genecreate Biological En-
gineering Co., LTD. The probes were mixed with streptavidin beads 
(Thermo Fisher, USA) in total cell lysate and shaken at 4 ◦C overnight. 
After elution of the RNA-protein complexes with Elution Buffer, the 
pulled-down proteins were upsampled into a 12 % SDS-PAGE gel and 
analyzed by silver staining and western blotting. Silver staining assay 
was conducted by Fast Silver Stain Kit (Biosharp, China) according to 
the manufacturer’s protocol. 

11 Establishment of SHPT rats

Animal experiments were approved by the Laboratory Animal Wel-
fare Ethics Committee of the Second Xiangya Hospital. The Sprague‒ 
Dawley rats (n = 24) aged 8 weeks were purchased from Hunan Slac 
Jingda Laboratory Animal Co., Ltd. The SHPT rats were established by 
5/6 nephrectomy combined with high phosphorus feeding [24]. The 
level of serum intact PTH was detected before and after operation using 
a Bioactive Intact PTH ELISA kit (AiFang Biological, China). MALAT1 
inhibitor (MALAT1i) was purchased from MedChemexpress 
(HY-115579, USA). 

12 Hematoxylin and Eosin (HE) staining and Immunohistochemistry 
(IHC)

According to previous study [25], SHPT rats were anesthetized and 
injected intraperitoneally with 5-ALA (300 mg/kg), 2h later the para-
thyroid region was exposed and irradiated using a 405 nm laser, and the 
parathyroid glands to appear red fluorescence. Subsequently, after each 
group of rats was treated according to different conditions, their para-
thyroid, heart, liver, spleen, lung and kidney tissues were collected and 
fixed in formalin overnight. After paraffin embedding, the sections were 
stained using Hematoxylin and Eosin Staining Kit (Beyotime, China). 

IHC was performed using the UltraSensitiveTM S-P kit (Maixin, China) 
as per the manufacturer’s protocol. The results were observed and 
imaged under a microscope. 

13 Statistical analysis

Graphs and statistical analyses were performed with Graph Pad 
Prism 9. Student t-test was used between two groups, and one-way 
ANOVA followed by Tukey’s post hoc test was utilized for comparing 
more than two groups. Data are presented as mean ± standard devia-
tion, P < 0.05 was considered statistically significant.

3. Results

1 5-ALA-PDT-dependent accumulation of ROS induces apoptosis in 
SHPT

To investigate the effect of 5-ALA-PDT on SHPT, we performed 
western blotting on SHPT primary cells treated with different concen-
trations of 5-ALA-PDT. The results showed that the expression of pro- 
apoptotic proteins BAX, BAD and Caspase family proteins were signifi-
cantly upregulated (Fig. 1A, sFig. 1A). Moreover, we set multiple 5-ALA 
concentrations (0.03125, 0.0625, 0.125, 0.25, 0.5, 1, and 2 mM/L) to 
incubate SHPT primary cells, and the IC50 of SHPT primary cells for 5- 
ALA-PDT was 0.054 mM/L (Fig. 1B). Thus, for subsequent studies we 
chose 0.0625 mM/L as the incubation concentration for 5-ALA. Notably, 
despite the incubation concentration of 5-ALA exceeded the IC50, the 
increase in pro-apoptotic protein levels was no longer dependent on the 
dose of 5-ALA, and SHPT cells could still maintain a certain level of 
viability (Fig. 1A and B), which implies that part of the cells was 
insensitive to PDT.

We further examined the levels of intracellular ROS with different 
concentrations of 5-ALA-PDT. The levels of ROS increased with 
increasing 5-ALA incubation concentration (Fig. 1C). However, when 
the 5-ALA incubation concentration exceeded 0.25 mM/L, the intra-
cellular ROS level entered a plateau period. Subsequently, we used N- 
Acetyl-L-cysteine (NAC) to eliminate ROS, PDT-induced increased BAX, 
BAD, and Caspase family proteins were reduced to different degrees 
after NAC treatment (Fig. 1D–sFig. 1B). In addition, a significant in-
crease in ROS was observed after 5-ALA-PDT, and the use of NAC 
inhibited PDT-induced ROS (Fig. 1E). 

2 MALAT1 inhibition enhances 5-ALA-PDT-induced ROS and 
apoptosis

We analyzed the expression profiles of lncRNAs in SHPT cells before 
and after PDT. We highlighted up-regulated genes in red and down- 
regulated genes in blue/green in the heatmap (Fig. 2A) and volcano 
plot (Fig. 2B). Among them, 523 lncRNAs were upregulated and 323 
lncRNAs were downregulated. Subsequently, qRT-PCR assay suggested 
that the difference was most pronounced for MALAT1 after 5-ALA-PDT 
(Fig. 2C). Consistent results were also observed in parathyroid tissue of 
photodynamically treated SHPT rats (Fig. 2D). We transiently trans-
fected two ASOs targeting MALAT1 into SHPT primary cells, and qRT- 
PCR verified that the interference efficiency of the ASOs was above 
60 % (Fig. 2E). PDT in combination with MALAT1 ASO-1 or ASO-2 
resulted in a further increase in the levels of the pro-apoptotic factors 
BAX, BAD, and Cleaved caspase3, while the opposite was observed for 
the anti-apoptotic molecule BCL2 (Fig. 2F–sFig. 1C). The inhibition of 
MALAT1 further increased ROS levels and apoptosis induced by 5-ALA- 
PDT (Fig. 2G and H, sFigure 1D&E).

We used the method of “5/6 nephrectomy + high phosphorus 
feeding” to construct the SHPT rat model (Fig. 3A). Serum calcium, 
phosphate, creatinine (CR), blood urea nitrogen (BUN), and iPTH were 
significantly elevated as well as obviously emaciated in SHPT rats 
(sFig. 1F). 5-ALA-PDT significantly reduced serum iPTH in SHPT rats, 
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and concomitant inhibition of MALAT1 further reduced its level 
(Fig. 3B). Similarly, disruption of glandular structure and reduction of 
PTH secretion were observed in the parathyroid glands of SHPT rats 
after 5-ALA-PDT, which was enhanced by concomitant combination of 
MALAT1 inhibitors (Fig. 3C). We simultaneously observed the safety of 
MALAT1 inhibitor on important organs (including heart, liver, spleen, 
lung and kidney) in rats (Fig. 3D). 

3 MALAT1 affects the efficacy of 5-ALA-PDT by regulating HO-1

Our further differential analysis and RT-qPCR both indicated that 
HO-1 was significantly up-regulated after 5-ALA-PDT (Fig. 4A and B). 
Pearson correlation analysis showed a positive correlation between the 

expression of MALAT1 and HO-1 after 5-ALA-PDT (r = 0.9758, p < 0.01) 
(Fig. 4C). The MALAT1 knockdown caused suppressed levels of HO-1 
RNA transcription (Fig. 4D) and protein expression (Fig. 4E–sFig. 2A). 
Hemin is an effective HO-1 inducer, and western blotting confirmed that 
the protein level of HO-1 increased accordingly with the increase of 
Hemin concentration (Fig. 4F–sFig. 2B), as well as the siRNAs of HO-1 
were effective in interfering with its expression level 
(Fig. 4G–sFig. 2C). Subsequently, we examined the effect of HO-1 on 
ROS and apoptosis during 5-ALA-PDT using an inducer (Hemin) and an 
inhibitor (Zinc Protoporphyria, ZnPP) of HO-1, respectively [26–28]. 
5-ALA-PDT induced a large amount of intracellular ROS, which was 
significantly reduced by overexpression of HO-1, and the opposite result 
for inhibition of HO-1 (Fig. 4H). Consistent results were also observed 

Fig. 1. 5-ALA-PDT-dependent accumulation of ROS induces apoptosis in SHPT. (A) The expressions of apoptosis-related proteins were assessed by western 
blotting. (B) Determination of IC50 of SHPT primary cells for the photosensitizer 5-ALA by CCK8 assay. (C) The relative level of ROS in SHPT primary cells during 5- 
ALA-PDT. (D) The expressions of apoptosis-related proteins were assessed by western blotting. (E) The levels of ROS in SHPT primary cells at different conditions; 
scale bar: 100 μm. NAC, N-Acetyl-L-cysteine; NC, non-specific control. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance.
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Fig. 2. MALAT1 inhibition enhances 5-ALA-PDT efficacy. (A) Heatmap and (B) volcano plot analysis of differentially expressed lncRNAs during 5-ALA-PDT in 
SHPT. (C) The levels of lncRNAs during 5-ALA-PDT in parathyroid tissue of SHPT patients by qRT-PCR. (D) The levels of MALAT1 before and after 5-ALA-PDT in 
SHPT rats. (E) The expression of MALAT1 in knockdown groups by qRT-PCR. (F) The expressions of apoptosis-related proteins were assessed by western blotting. (G) 
The levels of ROS in SHPT primary cells at different conditions; scale bar: 50 μm. (H) The levels of apoptosis in SHPT primary cells at different conditions by TUNEL 
assay; scale bar: 100 μm. NC, non-specific control. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance.
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using HO-1 siRNAs, i.e., ROS levels increased significantly after 
knockdown of HO-1 (Fig. 4I). Flow cytometry, TUNEL assay and western 
blotting revealed that overexpression of HO-1 suppressed 5-ALA-PD-
T-induced apoptosis. Conversely, inhibition of HO-1 enhanced 

5-ALA-PDT-induced apoptosis (Fig. 5A–C, sFigure 3A&B). Subsequently, 
by performing rescue experiments with simultaneous inhibition of 
MALAT1 and overexpression of HO-1, we found that overexpression of 
HO-1 rescued the increase of ROS and apoptosis caused by inhibition of 

Fig. 3. Construction and characterization of an experimental secondary hyperparathyroidism (SHPT) model in rats. (A) The experimental design for the 5/6 
nephrectomy and high phosphorus feeding rat model. (B) The levels of iPTH in SHPT rats at baseline, pre-PDT, post-PDT, and MALAT1 inhibitor. (C) The micro-
structure of the parathyroid glands of SHPT rats showed by HE staining, and the expression of PTH and Ki67 detected by immunohistochemical; scale bar: 200 μm. 
(D) Morphology studies in heart, liver, spleen, lung and kidney of the SHPT model versus NC in rat. NC, non-specific control. *P < 0.05; **P < 0.01; ***P < 0.001; ns, 
no significance.
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Fig. 4. MALAT1 regulates HO-1 to affect the ROS induced by 5-ALA-PDT. (A) Volcano plot analysis of differentially expressed mRNAs during 5-ALA-PDT in 
SHPT. (B) The levels of mRNAs during 5-ALA-PDT in parathyroid tissue of SHPT patients by qRT-PCR. (C) The association between MALAT1 and HO-1. (D) qRT-PCR 
verified changes in HO-1 mRNA levels after knockdown of MALAT1. (E, F, G) The expressions of HO-1 were assessed at different conditions by western blotting. (H, I) 
The levels of ROS in SHPT primary cells at different conditions; scale bar: 50 μm. NC, non-specific control. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance.
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MALAT1 (Figs. 5D and. 6A&B, sFigure 3C&D). 

4 MALAT1 targets Keap1 to regulate HO-1

One of the key pathways involved in HO-1 is the Kelch-like ECH- 

associated protein 1 (Keap1)/nuclear-factor-E2-related factor 2 (Nrf2) 
signaling pathway, which is a crucial intracellular antioxidant response 
mechanism responsible for regulating cellular response and modulation 
to oxidative stress [29]. We found that inhibition of MALAT1 resulted in 
no significant difference in the RNA transcript levels of Keap1, while 

Fig. 5. MALAT1 regulates HO-1 to affect apoptosis induced by 5-ALA-PDT. (A) The proportions of apoptosis induced by PDT upon overexpression and inhibition 
of HO-1 by flow cytometry. (B) The levels of apoptosis in SHPT primary cells at different conditions by TUNEL assay; scale bar: 100 μm. (C, D) The expressions of 
apoptosis-related proteins were assessed by western blotting.
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protein expression levels were significantly up-regulated, while both 
RNA and protein levels of Nrf2 were down-regulated (Fig. 7A and B, 
sFig. 4A). RNA pulldown and protein fast silver staining assay revealed 
that the Keap1 was pulled down by the MALAT1 sense probe, suggesting 
that it was interacted with lncRNA MALAT1 (Fig. 7C). Consistently, RNA 
pull-down assays followed by western blotting exhibited the enrichment 
of Keap1 protein in the complex of MALAT1 in SHPT cells, confirming 
that Keap1 protein rather than Nrf2 protein bound to MALAT1 (Fig. 7D).

Moreover, we utilized chloroquine (CQ) and MG132 to inhibit 
degradation of Keap1 protein by two pathways: the autophagy-lysosome 
and ubiquitin-proteasome dependent degradation pathways, respec-
tively [30–32]. Keap1 protein levels were upregulated following inhi-
bition of MALAT1, and the addition of MG132 further increased this 
effect; however, CQ did not seem to have an effect on this 
(Fig. 7E–sFig. 4B). Subsequently, we used cycloheximide (CHX) to 
inhibit cellular protein synthesis, and MALAT1-ASO reversed the inhi-
bition of Keap1 by CHX in a time-dependent manner, and also further 
amplified the inhibition of the ubiquitination of Keap1 by MG132 

(Fig. 7F), these results confirm that MALAT1 regulates Keap1 through 
the ubiquitin-proteasome pathway. 

5 Silencing Keap1 reversed the increase in ROS and apoptosis induced 
by MALAT1 inhibition in 5-ALA-PDT

Si-Keap1 significantly silenced the elevation of Keap1 protein caused 
by MALAT1-ASO, while it could restore the expression level of HO-1, 
and this difference was statistically significant (Fig. 8A, sFig. 4C). In-
hibition of MALAT1 increased 5-ALA-PDT-induced ROS, while silencing 
of Keap1 reversed the increase in ROS (Fig. 8B). The results of apoptosis 
were also consistent with it, inhibition of MALAT1 increased 5-ALA- 
PDT-induced apoptosis, while silencing Keap1 reversed the level of 
apoptosis (Fig. 8C–sFig. 4D). Overall, MALAT1 targeting of Keap1 
resulted in the release of Nrf2, upregulated HO-1 to eliminate ROS, and 
ultimately attenuated the efficacy of PDT (Fig. 8D).

Fig. 6. Overexpression of HO-1 reversed the increase in ROS and apoptosis induced by MALAT1 inhibition in 5-ALA-PDT. The levels of ROS (A, scale bar: 50 
μm) and apoptosis (B, scale bar: 100 μm) upon simultaneous suppression of MALAT1 and overexpression of HO-1 during 5-ALA-PDT in SHPT primary cells. ***P 
< 0.001.
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4. Discussion

Photodynamic therapy, as a non-invasive clinical treatment method, 
has multiple significant advantages [33,34]. Firstly, its non-invasive 
nature avoids surgery or incision, significantly reducing patient 
discomfort and shortening recovery time [35]. Secondly, PDT can ach-
ieve precise targeting and treatment of specific lesions while having 
minimal impact on surrounding healthy tissues, thereby reducing the 
risk of side effects and complications during treatment [36,37]. Thirdly, 
PDT is repeatable, allowing for multiple treatments without cumulative 
toxicity or damage [38].

LncRNA MALAT1 is highly expressed in a variety of tumors and is 
closely associated with tumorigenesis, progression, metastasis, chemo-
resistance and prognosis [39]. MALAT1 is closely involved in the 
regulation of ROS, e.g., overexpression of MALAT1 significantly reduces 
ROS levels and improves cerebral infarction and cognitive dysfunction 
in cerebral ischemia-reperfusion mice [40]. HO-1 is a key intracellular 
enzyme involved in an important step of the hemoglobin metabolism 
pathway [41]. It inhibits the production and activity of ROS, thereby 

reducing cellular oxidative damage [42,43]. HO-1 influences ROS levels 
indirectly by catalyzing the breakdown of hemoglobin and releasing free 
iron ions [44]. Additionally, HO-1 has anti-inflammatory effects, 
reducing the increase of intracellular ROS caused by inflammation [45].

In this study, we clarified that the MALAT1/Keap1/HO-1/ROS axis 
leads to PDT resistance, which not only provides new insights for the 
treatment of SHPT but also for other diseases treated by PDT. Under 
normal circumstances, Nrf2 is bound to Keap1 and exposed to ubiquitin- 
dependent degradation [46]. However, when cells are subjected to 
oxidative stress, ionizing radiation, or chemical stimuli, Keap1 becomes 
inactive, leading to the release of Nrf2 [47]. Previous studies have re-
ported the influence of MALAT1 on ROS production. Rong Zeng et al. 
found that LV-MALAT1 induces the downregulation of Keap1, leading to 
the stabilization and activation of Nrf2, which in turn reduces ROS 
production and protects human umbilical vein endothelial cells 
(HUVECs) from oxidative damage [48]. Our research indicates that 
apoptosis induced by PDT in SHPT is primarily driven by ROS and is 
accompanied by the BCL2 and caspase family apoptosis cascades. PDT 
increased the expression of MALAT1, which inhibited Keap1 by binding 

Fig. 7. MALAT1 targets Keap1 to regulate HO-1. The RNA (A) and protein (B) expression of Keap1 and Nrf2 after inhibiting MALAT1. (C) Pulldown assays 
followed by silver staining assay determined the interacted proteins of MALAT1. (D) RNA pulldown followed by western blotting showed the Keap1 level in the 
complex of sense or antisense MALAT1. (E, F) The expressions of Keap1 were assessed at different drug (CQ, MG132, CHX and/or MALAT1-ASO) stimuli by western 
blotting. CQ, chloroquine; CHX, cycloheximide; NC, non-specific control. **P < 0.01; ***P < 0.001; ns, no significance.
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to it, preventing it from effectively capturing Nrf2. This allows Nrf2 to be 
released into the nucleus, where it forms heterodimers with one of the 
small Maf proteins and recognize antioxidant response elements (ARE), 
initiating downstream HO-1 transcription [49]. This process inhibits 
ROS and apoptosis induced by PDT, thereby affecting the efficacy of 

PDT.
Similar to our findings, a prior study on a murine xenograft model of 

human multiple myeloma demonstrated that LNA-gapmeR antisense 
oligonucleotide antagonizes MALAT1, promoting KEAP1 transcriptional 
activation and reducing the expression of the proteasome subunits’ key 
transcriptional activators Nrf1 and Nrf2, leading to reduced antioxidant 
gene expression and increased ROS levels [50]. However, an opposing 
result was reported in diabetic retinopathy models, where down-
regulation of MALAT1 by siRNA prevented glucose-induced increases in 
Keap1 and facilitated Nrf2 nuclear translocation, which is essential for 
activating antioxidant genes (HO-1 and Sod2), thereby protecting the 
retina from oxidative damage [51]. Additionally, another study found 
that overexpression or knockdown of MALAT1 had no significant impact 
on ROS production in human brain microvascular endothelial cells 
under oxygen-glucose deprivation and reoxygenation conditions [52].

These contrasting observations suggest that the role of MALAT1 in 
the Keap1/Nrf2/ROS axis may involve complex regulatory mechanisms 
that vary across cellular contexts and disease models. We hypothesize 
that this could be similar to the dual role of autophagy in cell meta-
bolism and physiology, where it can function as both a survival mech-
anism and a pathway for cell death, depending on the cellular 
environment and signaling pathways involved [53,54]. It is possible that 
multiple pathways modulate ROS levels by MALAT1, potentially 
resulting in either an increase or reduction in ROS levels due to these 
“competitive” interactions. Further studies are needed to clarify these 
mechanisms.

There are limitations to this study. Firstly, we need to construct 
multiple truncated or mutated probes of the MALAT1 sequence to 
identify the binding regions of Keap1. Secondly, exploring the interac-
tion domains between Keap1 protein and MALAT1 can provide a more 
comprehensive understanding of the binding mechanism. Additionally, 
the specific mechanism by which MALAT1 regulates the ubiquitination 
of Keap1 remains unclear and requires further exploration.

In conclusion, MALAT1 downregulates Keap1 by directly binding to 
it, subsequently upregulating HO-1, scavenging ROS, inhibiting 
apoptosis and attenuating PDT efficacy. This provides a theoretical basis 
for targeting MALAT1 as a clinical application of PDT to treat SHPT and 
optimize its efficacy.
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