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A B S T R A C T   

Brain metastases (BMs) of lung cancer are common malignant intracranial tumours associated with severe 
neurological symptoms and an abysmal prognosis. Prostate-specific membrane antigen (PSMA) has been re-
ported to express significantly in a variety of solid tumours. However, the clinical applications of 68Ga-PSMA 
PET/CT and the mechanism of PSMA expression in patients with BMs of lung cancer have rarely been reported. 
Experiments with 68Ga-PSMA PET/CT and immunohistochemical staining were conducted to evaluate the 
expression of PSMA from seven patients with BMs of lung cancer who accepted surgical treatment in Fudan 
University Shanghai Cancer Center between October 2020 and October 2021. The mechanism of PSMA 
expression in BMs of lung cancer was explored by using single-cell RNA sequencing. The median maximum 
standardized uptake value (SUVmax) in BMs was higher than that in primary lung cancer (8.6 ± 2.8 vs. 3.6 ±
1.3, P < 0.01). The mean SUVmax in BMs was 1.76-fold higher than that in the liver, which indicated the po-
tential of PSMA radioligand therapy (PSMA-RLT) for BMs. BMs showed intense PSMA staining, while normal 
lung tissue had no PSMA staining and there was only faint primary lung cancer staining by immunohisto-
chemistry (IHC). Single-cell RNA sequencing (scRNA-seq) analysis found that PSMA was mainly expressed in 
oligodendrocytes of BMs, whereas it was expressed at lower levels in solid cells of lung cancer. PSMA expression 
in oligodendrocytes might be regulated by the factors ATF3 and NR4A1, which were associated with ER stress.   

1. Introduction 

Brain metastases (BMs) of solid tumours are the most frequent 
intracranial tumours, approximately 10-fold more common than pri-
mary brain tumours [1]. BMs are associated with severe neurological 
symptoms and an abysmal prognosis compared to other metastatic sites. 
Lung cancer is the common primary tumour with BMs and more than 
50% of total lung cancer develop BMs [2]. Although various therapeutic 
approaches, such as surgery, radiotherapy and immunotherapy, have 
been used for the treatment of lung cancer associated with BMs, its poor 

response is still essential issues that need to be urgently solved [3]. 
Prostate-specific membrane antigen (PSMA), also known as gluta-

mate carboxypeptidase II (GCPII) or N-acetyl-aspartyl-glutamate 
(NAAG) peptidase, is a transmembrane glycoprotein encoded by the 
folh1 gene [4]. PSMA is the major enzyme that hydrolyses the neuro-
transmitter NAAG (N-acetyl-aspartyl-glutamate) to NAA and free 
glutamate, and it could be targeted to treat several neurological disor-
ders, including stroke, traumatic brain injury and schizophrenia [5]. 
PSMA is highly expressed in prostate cancers and is positively correlated 
with the growth and invasiveness of these tumours [6,7]. Notably, many 
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studies have reported that PSMA not just expressed in prostate cancer 
cells but also expressed in neovascular endothelial cells of various can-
cers, including glioblastoma, lung cancer, and breast cancer [8–10]. 

Recent studies evaluating the efficacy of 177Lu-PSMA radioligand 
therapy (PSMA-RLT) demonstrated favourable results in prostate cancer 
patients [11]. In glioblastoma multiforme (GBM), a total of 32 GBM 
specimens displayed positive PSMA staining, and the anti-PSMA anti-
body (J591) performed well in targeting the neovasculature of non-
prostate malignancies in vivo [12]. Therefore, PSMA could be a potential 
therapeutic target in multiple types of cancers [13,14]. 

PSMA is highly expressed in neovasculature of non-small cell lung 
cancer (NSCLC) with higher tumour grading (G3/G4) and might be 
associated with brain metastases of lung carcinomas [10]. However, few 
reports have applied PSMA PET/CT to assess the expression of PSMA in 
patients with BMs of lung cancer, let alone the mechanism of PSMA 
expression in secondary brain tumours. 

In this study, we evaluated the clinical application of 68Ga-PSMA 
PET/CT in patients with BMs of lung cancer. In addition, the expression 
and mechanism of PSMA in BMs were also investigated by using PET/CT 
images, immunohistochemistry (IHC) and single-cell RNA sequencing 
(scRNA-seq) data. 

2. Materials and methods 

2.1. Clinical characteristics 

A total of seven patients with BMs of lung cancer who accepted 
surgical treatment at Fudan University Shanghai Cancer Center between 
October 2020 and October 2021 were included in this study. Age, sex, 
maximum standardized uptake value (SUVmax), and IHC features were 
analysed. All patients provided informed consent. Ethical approval for 
this study was obtained from the ethics committee of the Fudan Uni-
versity Shanghai Cancer Center. 

2.2. PSMA-targeted imaging modalities 

68Ga-PSMA PET/CT scans were obtained comply with the interna-
tional guidelines [15]. Briefly, the routine scan was initiated 60 min 
after administration of the tracer (3.7 MBq/kg). 68Ga-PSMA-11 PET/CT 
did not require fasting. PET/CT scans were performed using a Siemens 
mCT Flow PET/CT scanner (Siemens Healthcare, Knoxville, Tennessee, 
USA). A non-contrast-enhanced CT scan was performed using the 
following parameters: slice thickness of 3 mm, increment of 2 mm, soft 
tissue reconstruction kernel, 120 keV. Immediately after CT scanning, a 
whole-body PET (from the level of the skull base to the knee) was ac-
quired in 3-D (matrix 200 × 200). A lesion-by-lesion analysis was per-
formed using PET/CT volume computer-assisted reading workstation 
(Syngo; Siemens Healthcare). 

2.3. Immunohistochemical staining assay 

Patient tissue samples were embedded in paraffin, deparaffinized 
with xylene, rehydrated with gradient concentrations of alcohol and 
washed with PBS. EDTA antigen repair buffer was utilized to immerse 
the sections, which were then boiled for 30 min. After washing with PBS, 
each section was blocked with hydrogen peroxide for 25 min. Then, the 
sections were incubated with 3% BSA for 30 min. Primary anti-PSMA 
antibodies (ab19071, 1:100, Abcam, UK) were incubated with the sec-
tions at 4 ℃ overnight. Then, the secondary antibody streptomycin-HRP 
was added and incubated with the sections at room temperature for 1 h 
after washing. The sections were coloured with DAB and stained with 
10% Harris haematoxylin for 3 min. Then, the slides were dehydrated 
with gradient alcohol and sealed with neutral balsam. Images of the 
slides were analysed with a microscope (OLYMPUS) and ImageJ soft-
ware. The extent of PSMA staining in each immune-stained section was 
scored by an expert neuropathologist as follows: less than 5% staining 

(none, ±), 6% to 25% staining (minimal, +), 26% to 50% staining 
(moderate, ++), 51% to 75% staining (strong, +++), and 76% to 100% 
staining (very strong, ++++). 

2.4. Single-cell RNA sequencing analysis 

The single-cell matrix was accessed from the NCBI Gene Expression 
Omnibus database (accession code GSE131907), including the corre-
sponding annotation [16]. The R package Seurat was used to perform 
tSNE dimension reduction and visualization. First, the data were 
normalized by the function in the Seurat package. Then, PCA was 
implemented for preliminary dimension reduction with the function 
RunPCA. The functions named FindNeighbours and FindClusters were 
used to prepare for the tSNE analysis, and then we used RunTSNE to 
acquire the clustering results. Then, the folh1 violin plot was outputted 
by VlnPlot. For selecting the marker genes, the natural logarithms of fold 
change greater than 0.5 and adjusted P value less than 0.05 were defined 
as significantly expressing genes. Subsequently, the obvious differences 
among the top 20 genes were selected in each cluster by the function 
DimHeatmap. 

2.5. Pathway enrichment analysis 

The significantly expressed genes in the cluster of interest were 
selected for enrichment analysis. After gene list preparation, gene 
symbols were converted to ENTREZID by the function named bitr in the 
R package clusterProfiler. Then, the selected genes were categorized 
according to the functional gene sets in the Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. Finally, 
the enriched pathway was plotted by the function barplot. 

2.6. Immunofluorescence staining assay 

Patient tissue samples were fixed, embedded in paraffin, cleared in 
xylene for 20 min and then immersed for 1 min each in absolute ethanol, 
95% ethanol, and 70% ethanol. Then, 100 μl hydrogen peroxide 
blocking solution was added and incubated at room temperature for 10 
min after washing with water for 5 min. After washing with PBS 3 times, 
100 μl 5% BSA was added to each section for 20 min at room temper-
ature, and then the sections were incubated with anti-PSMA antibodies 
(ab133579, 1:400, Abcam, UK) and anti-oligo antibodies (ab109186, 
1:200, Abcam, UK) at 4 ℃ overnight. After washing with PBS 3 times, 
the sections were incubated with secondary antibodies (ab205718, 
1:1000, Abcam, UK) conjugated to Try-488 (Runnerbio, Shanghai, 
China) for 30 min. Then, the same procedure was repeated to stain the 
oligodendrocytes with Try-cy3 (Runnerbio, Shanghai, China). 

2.7. Statistical analysis 

Data were expressed as the mean ± SD. The differences between 
groups were determined with Student’s t test. GraphPad Prism 8.0 
Software and Seurat were used. The R packages Seurat and clusterPro-
filer were used for scRNA-seq analysis. The P value less than 0.05 was 
considered statistically significant. 

3. Results 

3.1. PSMA is overexpressed in lung cancer associated with BMs 

This study included seven male patients with a median age of 63.7 
years (ranging from 43 to 76 years). There was one small cell lung cancer 
(SCLC) and six NSCLC associated with BMs. All PET/CTs clearly depic-
ted PSMA ligand uptake in areas of the primary lung cancer and BMs 
(Table 1). 

According to the 68Ga-PSMA-PET/CT images of the seven patients, 
the uptake of 68Ga-PSMA was increased in BMs compared to that in 
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primary lung cancer (Fig. 1A). The SUVmax values ranged from 1.8 to 
5.6 in primary lung cancer and ranged from 5.6 to 13.8 in BMs. The 
mean SUVmax was 3.6 ± 1.3 in primary lung cancer and 8.6 ± 2.8 in 
BMs (p = 0.0073) (Fig. 1B). The mean SUVmax in BMs was 1.76-fold 
higher than that in the liver, which indicated the potential of PSMA- 
RLT for detecting BMs (Table 1). In addition, the uptake value of 
PSMA in BMs of SCLC was significantly higher than that in BMs of 
NSCLC (Table 1). The imaging modalities indicated that the expression 
of PSMA had a different behaviour when BMs occurred. As shown in 
Fig. 1C, BMs showed intense PSMA staining, while normal lung tissue 
had no PSMA staining and there was only faint primary lung cancer 
staining on IHC. The more extensive staining of PSMA was present on 
IHC, the higher uptake of PSMA was shown on PET/CT imaging. 
Interestingly, PSMA in BMs was expressed not only in blood vessels but 
also in solid regions. 

3.2. PSMA is significantly overexpressed in oligodendrocytes of BMs 

To investigate the expression of PSMA in the solid regions of BMs, we 
analysed scRNA-seq data from GSE131907, which included cells derived 

from normal lung tissues, primary tumour sites and BMs of 44 lung 
cancer patients. We found that PSMA (folh1) was hardly expressed in 
normal lung cells and only faintly expressed in primary lung tumour 
cells (Fig. 2A,B). However, in BMs, PSMA was highly expressed in oli-
godendrocytes (Fig. 2C). It is an unprecedented finding that oligoden-
drocytes infiltrated in BMs of lung cancers and highly expressed PSMA. 
The expression of PSMA was higher in BMs than that in primary lung 
cancer, which is consistent with the results of the PSMA PET/CT imaging 
and IHC. 

3.3. Immunofluorescence staining confirmed the expression of PSMA in 
BMs 

Immunofluorescence staining was performed to confirm whether 
oligodendrocytes infiltrating into the BMs of lung cancer could express 
PSMA. As expected, the localization of PSMA and oligodendrocytes were 
overlapped in BMs of lung cancer (Fig. 3). This interesting phenomenon 
prompted us to investigate the mechanism of PSMA expression in oli-
godendrocytes, which might be a potential therapeutic target for BMs of 
lung cancer. 

Table 1 
Summary of PSMA expression and 68Ga-PSMA PET/CT imaging in seven patients with BMs of lung cancer.  

No. Gender Age Pathology Primary lung cancer BMs3 Liver background BMs/Liver ratio 
(SUVmax)     

SUVmax1 IHC2 SUVmax IHC SUVmax  

1 Male 62 SCLC4 4.1 + 13.8 +++ 6.1 2.26 
2 Male 58 NSCLC5 3.9 + 6.7 ++ 4.3 1.56 
3 Male 69 NSCLC 5.6 + 5.6 ++ 3.5 1.60 
4 Male 43 NSCLC 2.1 ± 10.7 +++ 5.1 2.10 
5 Male 76 NSCLC 3.3 ± 7.6 ++ 4.7 1.62 
6 Male 65 NSCLC 4.5 + 8.6 +++ 5.5 1.56 
7 Male 73 NSCLC 1.8 ± 7.3 ++ 4.5 1.62 
Average (range) 63.7 

(43 - 76)  
3.6 
(1.8 - 5.6)  

8.6 
(5.6 - 13.8)  

4.8 
(3.5 - 6.1) 

1.76 
(1.56 - 2.26)  

1 SUVmax: maximum standardized uptake value. 
2 IHC: immunohistochemistry. 
3 BMs: brain metastases. 
4 SCLC: small cell lung cancer. 
5 NSCLC: non-small cell lung cancer. All the NSCLC are adenocarcinoma. 

Fig. 1. The expression of PSMA prostate-specific membrane antigen (PSMA) in brain metastases (BMs) of lung cancer. (A) Increased uptake of 68Ga-PSMA was 
observed in BMs. (B) The BMs showed significantly increased SUVmax values compared with primary lung cancer (P < 0.01). (C) PSMA staining was intense in BMs, 
including blood vessels and solid cells (×200). 
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3.4. The expression of PSMA might be associated with ER stress 

We used scRNA-seq data to elucidate the underlying biological 
process of PSMA expression in brain metastases. A total of 716 oligo-
dendrocytes in brain cells were selected, and six clusters were obtained 
from this analysis (Fig. 4A). The folh1 gene was extensively expressed in 

oligodendrocytes of cluster 3 (Fig. 4B,C). Indeed, the expression of 
PSMA in oligodendrocytes revealed its close association with several 
pathways in oligodendrocytes infiltrating BMs. The results of GO and 
KEGG signalling pathway enrichment suggested that biological pro-
cesses such as the unfolded protein response and protein processing in 
the ER were significantly enriched when PSMA was upregulated in BMs 

Fig. 2. FOLH1 is highly expressed in oligodendrocytes. (A) tSNE projection within three origins, coloured by cell types from the three origins. (B) BMs have intense 
PSMA expression, while normal lung tissue and primary lung cancer have faint PSMA expression. (C) Violin plot showing that PSMA is highly expressed in oligo-
dendrocytes of BMs and expressed at low levels in normal and tumour lung cells. 
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(Fig. 4D). The expression of PSMA might be associated with ER stress, 
which needs to be confirmed by additional experiments. 

3.5. Transcription factors ATF3 and NR4A1 regulated the expression of 
PSMA 

To investigate the mechanism of PSMA expression in oligodendro-
cytes of BMs, we focused on cluster 3, which had the highest level of 
folh1 expression among the six clusters (Fig. 5A). We noticed that the 
transcription factors ATF3 and NR4A1 in cluster 3 predominantly bound 
to the PSMA promoter region, which was investigated by the JASPAR 
website (Fig. 5B). Altogether, these results suggested that ATF3 and 
NR4A1 might bind to the promoter region of folh1, regulating the 
overexpression of PSMA in oligodendrocytes. 

4. Discussion 

PSMA is highly expressed in the endothelial cells of blood vessels and 
promotes neovascularization in solid cancers [8,17–18]. In our pre-
liminary observations, PSMA promoted neovascularization in GBM by 
interacting with ITGB4 and regulating the NF-κB signalling pathway [8]. 
PSMA probably affects the secretion of matrix metalloproteinase (MMP) 
in invasive tumours, decreases the basement membrane and extracel-
lular matrix and promotes tumour invasiveness in prostate cancers [19]. 
PSMA plays an important role in the promotion of tumour development 

and might be a diagnostic and therapeutic target in various cancers. 
PSMA PET/CT, due to its excellent specificity, has a wide range of 

applications in prostate cancer, including guiding biopsies, surgery and 
radiotherapy [20]. In recent years, researchers have used 68Ga-PSMA 
PET/CT to assess the diagnosis, recurrence, and progression of glio-
blastoma [21]. Although PSMA has been used in several types of cancers 
as a new imaging modality, few studies have focused on BMs of lung 
cancer. The reported SUVmax of lung cancer ranged from 4.8 to 5.6, 
while SUVmax ranged from 3.7 to 7.0 in nine patients with NSCLC [11]. 
However, the literature on PSMA tracer uptake by lung cancer derives 
from accidental findings when patients receive PSMA PET/CT imaging 
for their prostate cancer. There is a lack of reports on the uptake of PSMA 
PET/CT in lung cancer associated with BMs. Hence, we used 68Ga-PSMA 
PET/CT to detect BMs of lung cancer in seven patients. Interestingly, we 
found increased uptake of 68Ga-PSMA in BMs compared to primary lung 
cancer. The SUVmax values ranged from 1.8 to 5.6 in primary cancer 
and ranged from 5.6 to 13.8 in BMs. In addition, the uptake value of 
PSMA in BMs from SCLC was significantly higher than that in BMs from 
NSCLC. PSMA PET/CT is expected to be useful in the diagnosis and 
monitoring the treatment response of lung cancer associated with BMs. 

Since PSMA-RLT demonstrated remarkable therapeutic efficacy in 
prostate cancer, it is anticipated that PSMA-RLT could be applied to 
other solid cancers. Positive treatment outcomes were reported for 
PSMA-RLT (177Lu-/68Ga-PSMA) in some studies, including salivary 
gland cancer, thyroid cancer, and glioblastoma [22–24]. Importantly, 

Fig. 3. FOLH1 is significantly expressed in oligodendrocytes of BMs. Immunofluorescence staining to identify the cells that overexpress PSMA in BMs. The top left 
column shows the cell nucleus in blue by 4′,6-diamidino-2-phenylindole (DAPI); The top right column shows oligodendrocytes stained. The third column shows 
PSMA stained, and the final column a merged image of the three channels. 
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the treatment was generally well tolerated, with no or only low-grade 
adverse events. PSMA-RLT eligibility in prostate cancer is assessed 
through PSMA PET/CT imaging (cut-off tumour/liver ratio > 1.5) ac-
cording to the EANM guidelines [25]. It is worth noting that there are 
essential differences between prostate cancer and solid cancers because 
of their heterogeneous radiosensitivity. Lung cancer is generally 

radiosensitive, and the mean SUVmax of BMs was 1.76-fold higher than 
that in the liver in our study, which indicated that PSMA-RLT treatment 
might be feasible in patients with BMs of lung cancer based on their high 
PSMA tracer uptake. 

Regarding PSMA IHC, the expression level of PSMA in the neo-
vasculature of primary lung cancer ranged from 45% in adenocarcinoma 

Fig. 4. The expression of PSMA associated with ER stress. (A) tSNE projection was implemented to explore folh1 expression in all oligodendrocytes (coloured to 
indicate 6 clusters). (B) tSNA projection was performed to present the levels of folh1 (red means a high level of folh 1, grey means no expression). (C) A violin plot 
quantifying folh1 expression in 6 clusters. (D) The enrichment analysis based on GO and KEGG signalling pathways identified in Cluster 3. 
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to 70% in large cell carcinoma and SCLC [10,26]. In our study, all pri-
mary lung cancers, as well as in BMs, showed positive PSMA staining on 
IHC. BMs showed intense PSMA staining, while normal lung tissue had 
no PSMA staining and primary lung cancer had only faint staining. Of 
course, the staining results of PSMA are affected by the staining pro-
cedure, antibody concentration, specimen quality, pathologist experi-
ence, etc. Positive staining of the tumour cells was shown in all subtypes 
of NSCLC but not in SCLC [26]. Other researchers reported that a 

fraction of NSCLC cases had PSMA positive tumour cells [10]. However, 
it remains unclear whether BMs of lung cancer show PSMA staining and 
to what extent. In our research, PSMA was expressed not only in blood 
vessels but also in solid regions of BMs. 

To investigate the expression of PSMA in solid regions of BMs, we 
implemented scRNA-seq analysis to quantify the expression level of 
PSMA. The results showed that PSMA was mainly expressed in oligo-
dendrocytes infiltrating the BMs of lung cancer. In addition, we found 

Fig. 5. Transcription factors ATF3 and NR4A1 regulate PSMA expression. (A) Heatmap of marker genes in 6 clusters. (B) Motif prediction of ATF3 and NR4A1 
binding to the promoter of the folh1 gene. 
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that PSMA overexpression was related to ER stress. ER stress has been 
well documented in many malignancies [27]. Tumour growth causes 
extreme changes in the microenvironment, including hypoxia, oxidative 
stress and glucose deprivation [28–30]. To survive, tumour cells must 
make internal and external adjustments, which in turn lead to the 
occurrence of ER stress and an increase in unfolded proteins [31–34]. 
Combined with the results of our study, we speculated that oligoden-
drocytes infiltrating into BMs of lung cancer led to ER stress, which was 
responsible for their high expression of PSMA. 

When focusing on the mechanism of PSMA expression, the PSMA 
enhancer (PSME), a cis-element, was found to be involved in regulating 
the transcription and translation of PSMA in prostate cancers [35]. 
However, the mechanism by which PSMA expression is regulated in 
oligodendrocytes of BMs from lung cancer remains unclear. In our 
research, we noticed that the expression levels of the transcription fac-
tors ATF3 and NR4A1, which are related to ER stress, were significantly 
different when PSMA increased. The JASPAR website predicted that 
transcription factors ATF3 and NR4A1could bind to the promoter region 
of the folh1 gene and cause the overexpression of PSMA in oligoden-
drocytes in BMs. 

According to the previous study in prostate cancer and glioblastoma, 
PSMA PET-CT in lung cancer have a potential application. Firstly, PSMA 
PET/CT might be a novel sensitive instrument to detect lung cancer 
associated with BMs, which is helpful to show the number, location, and 
size of BMs. Secondly, Although, mRNA and PSMA IHC data provide 
relevant information on PSMA expression levels, in clinical practice, the 
expression level of PSMA need to be detected by PSMA PET/CT to guide 
the eligibility for PSMA-RLT in lung cancer BMs. Furthermore, PSMA- 
targeted therapies have attracted many researchers to explore novel 
treatment approaches to cancers. Recently, PSMA antibody-drug con-
jugates (PSMA ADCs) have been applied for targeted therapy of cancer. 
Immunoglobulin G1 anti-PSMA monoclonal antibody was conjugated to 
monomethylauristatin E, bound to PSMA-positive cells and induced 
cytotoxicity [36]. As cellular immunotherapy has gained increasing 
momentum, chimeric antigen receptor (CAR)-T-cell therapy has become 
more widespread. CAR-T cells targeting PSMA have shown good results 
in vivo and are expected to achieve precision treatment of prostate 
cancer [37,38]. Targeted therapy for PSMA, including novel radioiso-
topes, immunotherapeutic ligands, and combined approaches, is ex-
pected to be useful in the treatment of lung cancer BMs. 

However, it must be noted that our study is limited by the small 
sample size and single-centre experience. The results from scRNA-seq 
analysis cannot be fully representative of all BMs. Additional studies 
with large groups and multiple centre data are needed to assess the 
expression and application of PSMA in lung cancer associated with BMs. 

5. Conclusion 

In this study, we preliminarily investigated the clinical application of 
68Ga-PSMA PET/CT in lung cancer associated with BMs. Combined with 
the IHC and scRNA-seq analysis, the results indicated that PSMA was 
highly expressed in oligodendrocytes in BMs of lung cancer, and the 
expression of PSMA might be regulated by ATF3 and NR4A1, which are 
involved in ER stress and the unfolded protein response. PSMA might 
serve as a potential diagnostic, prognostic, and therapeutic target for 
lung cancer BMs. 
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