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Abstract
Background Growth hormone-secreting pituitary neuroendocrine tumors can be pathologically classified 
into densely granulated (DGGH) and sparsely granulated types (SGGH). SGGH is more aggressive and associated 
with a poorer prognosis. While epigenetic regulation is vital in tumorigenesis and progression, the role of N6-
methyladenosine (m6A) in aggressive behavior has yet to be elucidated.

Methods We performed m6A-sequencing on tumor samples from 8 DGGH and 8 SGGH patients, complemented 
by a suite of assays including ELISA, immuno-histochemistry, -blotting and -fluorescence, qPCR, MeRIP, RIP, and 
RNA stability experiments, aiming to delineate the influence of m6A on tumor behavior. We further assessed the 
therapeutic potential of targeted drugs using cell cultures, organoid models, and animal studies.

Results We discovered a significant reduction of m6A levels in SGGH compared to DGGH, with an elevated 
expression of fat mass and obesity-associated protein (FTO), an m6A demethylase, in SGGH subtype. Series of in vivo 
and in vitro experiments demonstrated that FTO inhibition in tumor cells robustly diminishes hypoxia resistance, 
attenuates growth hormone secretion, and augments responsiveness to octreotide. Mechanically, FTO-mediated 
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Background
Growth hormone-secreting pituitary neuroendocrine 
tumors comprise approximately 10% of pituitary neu-
roendocrine tumors (PitNETs), which rank among the 
most prevalent intracranial tumors in adults [1]. Growth 
hormone-secreting pituitary neuroendocrine tumors 
are linked to significant comorbidities and increased 
mortality risk [2]. Prolonged exposure to excessive GH 
causes detrimental effects on various systems and organs, 
including the cardiovascular, respiratory, and musculo-
skeletal systems [3]. Moreover, patients with growth hor-
mone-secreting pituitary neuroendocrine tumors face a 
significantly higher risk of colorectal, breast, and thyroid 
cancers. As a result, their long-term quality of life is gen-
erally poorer, with a lifespan reduced by approximately 
30% compared to the general population [4, 5]. Accord-
ing to the 2022 WHO classification of PitNETs, growth 
hormone-secreting pituitary neuroendocrine tumors 
belong to the PIT1 lineage, further divided into densely 
granulated (DGGH) and sparsely granulated (SGGH) 
subtypes [6]. DGGH typically exhibits non-invasive 
growth patterns and has a favorable prognosis. SGGHs 
are characterized by invasive growth, are resistant to con-
ventional therapies, have poorer prognosis, and are clas-
sified as refractory/persistent growth hormone-secreting 
pituitary neuroendocrine tumors [3, 6]. Despite recent 
advances in endoscopic techniques, about 15% of growth 
hormone-secreting pituitary neuroendocrine tumors 
that invade the cavernous sinus and bone do not achieve 
a biochemical cure, even with optimal postoperative 
radiation therapy and update medication [2, 3]. Thus, it 
is important to explore novel drugs for the treatment of 
refractory/persistent growth hormone-secreting pitu-
itary neuroendocrine tumors. The distinct biological pat-
terns of DGGH and SGGH serve as a suitable model for 
investigating the pathogenesis of aggressive behavior.

Desmosomes, comprising various junction proteins, 
act as vital intercellular junctions that facilitates cellular 
communication and maintain junctional integrity [7]. 
Studies have shown that desmosomes play an impor-
tant role in the development and progression of various 
malignancies, including gastric, colorectal, and breast 
cancers. In contrast, the loss or weakening of desmosome 

structures promotes tumor invasion and metastasis [7]. 
Within the desmosome complex, desmoplakin (DSP) is a 
core protein in cell junctions, interacting with other pro-
teins such as plakoglobin, desmoglein, and plakophilin 
[7]. In cardiac pathologies, mutations in the DSP gene 
impair intercellular desmosome function, contributing to 
the development of arrhythmogenic cardiomyopathy [8]. 
In addition, the loss of DSP disrupts intercellular junc-
tions between tumor cells, promoting tumor cell invasion 
and metastasis [7]. A previous study found that tran-
scripts of genes associated with desmosomal structure 
and function were consistently downregulated in SGGH, 
suggesting a critical role of desmosomes in the formation 
of invasive phenotypes [9].

N6-methyladenosine (m6A) modification is the most 
abundant endogenous RNA modification in eukaryotes. 
It has been reported to participate in various physi-
ological processes, including embryonic development, 
immune system maturation, and neural development 
[10]. Through the action of RNA methyltransferases and 
demethylases, m6A recruits specific reader proteins to 
target RNAs, thereby influencing RNA stability, trans-
lation, alternative splicing, and other functions [11]. 
Recent studies have demonstrated that the dysregulation 
of m6A is associated with tumor initiation, invasion, and 
the formation of cell adhesion [12, 13]. For instance, the 
m6A demethylase FTO affects metastasis and invasion 
of Epstein-Barr virus-associated gastric cancer via an 
m6A-FOS-IGF2BP1/2-dependent manner, providing bio-
markers for metastatic prediction and therapy of gastric 
cancer [14]. FMR1, a novel m6A reader, is upregulated in 
colorectal cancer (CRC) and plays a critical role in pro-
moting CRC cell proliferation and metastasis by recog-
nizing the m6A-modification site in EGFR mRNA [15]. 
Additionally, METTL14 influences neuronal activity and 
pain sensitivity through the GluN2A subunit of NMDAR 
in chemotherapy-induced neuropathic pain, highlight-
ing a potential therapeutic target for pain management 
in cancer treatment [16]. However, minimal studies 
have shown that METTL3 is upregulated in growth hor-
mone-secreting pituitary neuroendocrine tumors and 
promotes the proliferation and invasiveness of tumor 
cells [17]. The role of m6A in the pathogenesis of growth 

m6A demethylation destabilizes desmoplakin (DSP) mRNA, mediated by the m6A reader FMR1, leading to prohibited 
desmosome integrity and enhanced tumor hypoxia tolerance. Targeting the FTO-DSP-SSTR2 axis curtailed growth 
hormone secretion, therefor sensitizing tumors to octreotide therapy.

Conclusion Our study reveals the critical role of FTO in the aggressive growth hormone-secreting pituitary 
neuroendocrine tumors subtype and suggests FTO may represent a new therapeutic target for refractory/persistent 
SGGH.

Keywords Growth hormone-secreting pituitary neuroendocrine tumors, Pathological classification, N6-
methyladenosine, Desmosome
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hormone-secreting pituitary neuroendocrine tumors 
remains to be elucidated.

Our previous studies uncovered the potential func-
tion of epigenetic regulation in the progression of inva-
sive PitNETs [18, 19]. Based on these findings, we further 
analyzed the m6A modifications in DGGH and SGGH 
samples to explore the role of m6A modification in regu-
lating the aggressive behavior of growth hormone-secret-
ing pituitary neuroendocrine tumors. We identified a 
distinct m6A profile between DGGH and SGGH, primar-
ily regulated by FTO. By diminishing the mRNA stabil-
ity of DSP, a crucial component of the desmosome, FTO 
disrupts the desmosome structure and promotes hypoxic 
tolerance, octreotide resistance and growth hormone 
secretion of growth hormone-secreting pituitary neu-
roendocrine tumors. In summary, we propose a novel 
pathway for distinguishing growth hormone-secreting 
pituitary neuroendocrine tumors subtypes and reveal 
the potential pathogenesis of their aggressive growth pat-
tern. The components in this pathway represent potential 
therapeutic targets for refractory/persistent growth hor-
mone-secreting pituitary neuroendocrine tumors.

Methods
Samples preparation
Our study was conducted in accordance with the guide-
lines of the Declaration of Helsinki. All data were anon-
ymously analyzed. A total of 39 cases of DGGH and 30 
cases of SGGH were included in this study. Among them, 
8 DGGH and 8 SGGH samples were recruited for high-
throughput m6A-sequencing. The information for the 69 
cohorts and high-throughput m6A-sequencing samples is 
in Table S1-S2. The patients were enrolled at Sun Yat-sen 
University Cancer Center (Guangzhou, China) from 2018 
to 2021. Each patient signed an informed consent form. 
Ethical approval was obtained from the Medical Eth-
ics Committee of Sun Yat-sen University Cancer Center 
(G2023-271). Before undergoing endoscopic sinus sur-
gery, no treatments were given. The diagnosis of growth 
hormone-secreting pituitary neuroendocrine tumors was 
confirmed through histopathological and biochemical 
testing. Subtypes were classified based on fibrous bod-
ies according to the latest consensus guidelines (Fig. S1a-
b) [6]. DGGH has perinuclear cytokeratin expression, 
and SGGH shows a predominant (> 70%) fibrous body 
pattern.

High-throughput m6A-sequencing
Total RNA was isolated using TRIzol reagent (Invitro-
gen, USA) following the manufacturer’s procedure. The 
RNA amount and purity of each sample were quanti-
fied using NanoDrop ND-1000 (NanoDrop, USA). The 
RNA integrity was assessed by Bioanalyzer 2100 (Agi-
lent, CA, USA) with RIN number > 7.0, and confirmed 

by electrophoresis with denaturing agarose gel. Poly (A) 
RNA was purified from 30  µg total RNA using Dyna-
beads Oligo (dT)25-61005 (Thermo Fisher, USA) using 
two rounds of purification. The poly(A) RNA was frag-
mented into small pieces using the Magnesium RNA 
Fragmentation Module (NEB, cat.e6150, USA) under 
86℃ for 7  min. Then the cleaved RNA fragments were 
incubated for 2 h at 4℃ with m6A-specific antibody (Syn-
aptic Systems, cat.202003, Germany) in IP buffer (50 mM 
Tris-HCl, 750 mM NaCl and 0.5% Igepal CA-630). The IP 
RNA was reverse-transcribed by SuperScript™ II Reverse 
Transcriptase (Invitrogen, cat.1896649, USA) to generate 
the cDNA which was then used to synthesize U-labeled 
second-stranded DNAs with E. coli DNA polymerase 
I (NEB, cat.m0209, USA), RNase H (NEB, cat.m0297, 
USA) and dUTP Solution (Thermo Fisher, cat.R0133, 
USA). An A-base was then added to the blunt ends of 
each strand, preparing them for ligation to the indexed 
adapters. Each adapter contains a T-base overhang for 
ligating the adapter to the A-tailed fragmented DNA. 
Single- or dual-index adapters were ligated to the frag-
ments, and size selection was performed with AMPur-
eXP beads. After the heat-labile UDG enzyme (NEB, 
cat.m0280, USA) treatment of the U-labeled second-
stranded DNAs, the ligated products were amplified by 
PCR with the following conditions: initial denaturation at 
95℃ for 3 min; 8 cycles of denaturation at 98℃ for 15 s, 
annealing at 60℃ for 15 s, and extension at 72℃ for 30 s; 
and then final extension at 72℃ for 5 min. The average 
insert size for the final cDNA library was 300 ± 50 bp. At 
last, we performed the 2 × 150 bp paired-end sequencing 
(PE150) on an Illumina Novaseq™ 6000 (LC-Bio Technol-
ogy Co., Ltd., Hangzhou, China).

Processing of MeRIP-seq and RNA-seq data
FastQC (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) and fastp [20] were employed to per-
form quality control and preprocessing of raw sequenc-
ing reads.

For MeRIP-seq data, analysis was performed using 
MeRIPseqPipe [21]. Clean reads were aligned to the hg38 
genome using STAR [22]. MACS2 [23] (-p 1e-6 --keep-
dup 5) and MetPeak [24] were used to identify m6A 
enriched peaks. The intersect peaks were retained for 
subsequent analysis. The read coverage of IP and Input 
data for each peak was calculated using Multicov [25] 
and normalized by the RPKM method. The radio of IP 
RPKM (with adding 1) and INPUT RPKM (with adding 
1) was used to represent the methylation level of each 
m6A peak. FeatureCounts [26] was used to generate gene 
counts. For differential methylation analysis, the Wilcox 
test was used to examine the significant differences, while 
DESeq2 [27] was used to identify differentially expressed 
genes. The m6A peak annotation was performed with the 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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human annotation file (GENCODE, version 39) down-
loaded from the GENCODE database (https://www.gen-
codegenes.org/) using our custom Perl scripts HOMER 
[28] was performed to find the m6A motifs.

For scRNA-seq data, raw sequencing data were pro-
cessed with CellRanger (10X Genomics, v3.1.0) using 
default settings and aligned to the human genome 
(GRCh38). Feature-barcode matrices were then treated 
with CellBender (default parameters) to eliminate ambi-
ent RNA. The resulting clean matrices were analyzed 
using Seurat (v4.1.0). The specific methods involved in 
scRNA-seq analysis include the preparation of tumor 
samples and other analyses such as identifying differen-
tially expressed genes (DEGs) and cell classification, and 
pathway enrichment analysis as previously described 
[29].

For RNA-seq data, clean reads were aligned to the Rn6 
genome using STAR [22]. FeatureCounts was performed 
to quantify the expression of genes. DESeq2 was used to 
identify differentially expressed genes and clusterProfiler 
was used to do the pathway enrichment. Pathway activity 
was predicted through GSVA and ssGSEA analysis.

Cell lines and cell culture
The human growth hormone-secreting pituitary neuro-
endocrine tumor cells were isolated from primary growth 
hormone-secreting pituitary neuroendocrine tumors 
as described previously and cultured in DMEM/F12 
medium (Gibco, NY, USA) supplemented with 20% FBS 
[19]. The rat growth hormone-secreting pituitary neu-
roendocrine tumors cell line GH3, which are more likely 
to be an in vitro model of sparsely granulated subtypes 
[9], was obtained from the National Infrastructure of Cell 
Line Resource. GH3 cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM)/high glucose supple-
mented with 10% fetal bovine serum (FBS) (Gibco, USA), 
100 U/mL penicillin, and 100  µg/mL streptomycin. All 
cultured cells were maintained at 37  °C in a humidified 
atmosphere of 5% CO2. All cell lines used in this study 
were tested and confirmed to be free of mycoplasma 
contamination.

RNA isolation and quantitative reverse transcription 
polymerase chain reaction (qRT‒PCR)
Total RNA was extracted from tissues and cells using 
TRIzol (Invitrogen, USA) following the provided protocol 
from the manufacturer. Subsequently, the total RNA was 
reverse-transcribed into complementary DNA (cDNA) 
utilizing a Reverse Transcription System Kit (Takara BIO 
INC, Kusatsu, Shiga, Japan). For quantitative real-time 
PCR, the cDNA served as the template and was ampli-
fied using specific primers and a SYBR Premix Ex Taq 
RNAse H kit (Takara Bio, Tokyo, Japan) in conjunction 
with the Roche LightCycler 480II detection system. The 

amplification protocol consisted of an initial 5-minute 
incubation at 95 °C, followed by 40 cycles of 10 s at 95 °C 
and 30 s at 60 °C. Each experiment was replicated at least 
three times. The resulting data were analyzed using the 
delta-delta CT method (formula: 2−(Ct target−Ct reference)) to 
calculate relative expression levels, which were then com-
pared to control samples. The primers used are listed in 
Table S3.

m6A immunoprecipitation (MeRIP)
The total RNA was extracted using the method men-
tioned above. Specifically, 100 µg of total RNA was sub-
jected to the MERIP experiment using the riboMeRIPTM 
m6A Transcriptome Profiling Kit (Ribobio, C11051-1), 
following the manufacturer’s protocol. After immunopre-
cipitation, the enrichment of RNA was examined using 
qPCR analysis.

m6A ELISA
We used the enzyme-linked EpiQuik m6A RNA methyla-
tion quantification kit (Epigentek, NY, USA) to detect the 
level of m6A RNA methylation in RNA according to the 
manufacturer’s instructions. Briefly, the control sample 
and test sample were incubated at 37℃ for 90  min to 
complete RNA binding, and the capture antibody solu-
tion was added and incubated at room temperature for 
1 h. Next, the detection antibody solution was added and 
incubated at room temperature for 30  min to complete 
RNA capture. Finally, the developer was added and incu-
bated at room temperature for 10 min. When the color of 
the positive control well changed to moderate blue, the 
stop solution was added to each well and the absorbance 
value at 450  nm was measured using an enzyme-linked 
immunosorbent assay (ELISA) reader. m6A %= (Sample 
OD value - NC OD value) ÷ RNA input/ (Positive control 
OD value - Negative control OD value) ÷ Positive control 
input.

RNA-Binding protein immunoprecipitation (RIP)
Wash freshly resected whole tissue three times with ice-
cold PBS. Tumor cells were collected using the primary 
tumor cell isolation method described above [19]. Collect 
cells by centrifugation at 1500 rpm for 5 min at 4 °C and 
discard the supernatant. Subsequently, RIP experiments 
were performed using the Magna RIP™ RNA-Binding 
Protein Immunoprecipitation Kit (Millipore, Catalog No. 
17–700). After immunoprecipitation, the enrichment of 
RNA was examined using qPCR analysis.

Immunohistochemistry
The tissues were fixed in 4% paraformaldehyde (PFA) for 
24 h and then processed for paraffin embedding. Section-
ing was performed at a thickness of 3 mm. Subsequently, 
the slides underwent deparaffinization and rehydration. 

https://www.gencodegenes.org/
https://www.gencodegenes.org/
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To retrieve the heat-induced epitopes, the slides were 
submerged in an antigen-unmasking solution (Solarbio). 
To eliminate endogenous peroxidase and nonspecific 
binding sites, a sequential treatment with 0.3% H2O2 and 
5% normal goat serum was carried out. Then antibodies 
were applied overnight at 4 °C (Table S4). Afterward, the 
slides were incubated with Dako REAL EnVision HRP 
rabbit/mouse (belonging to K5007, DAKO, Glostrup, 
Denmark) for 20 min at room temperature. To visualize 
the staining signals under light microscopy, Dako REAL 
DAB + CHROMOGEN and Dako REAL substrate buffer 
(belonging to K5007, DAKO, Glostrup, Denmark) were 
applied. Finally, the slides were counterstained using a 
hematoxylin solution. The stained slides were scanned 
using KFBIO Digital Pathology Slide Scanners (KFBIO, 
Ningbo, China) and analyzed with the Halo platform.

Western blot assays
Protein extracts were obtained from tumor tissues or 
cells by using RIPA buffer (Epizyme Biotech, PC101). 
The protein concentration was determined using a BCA 
protein assay kit from Thermo Fisher Scientific. After 
electrophoresis, proteins were transferred onto PVDF 
membranes and incubated overnight at 4  °C with the 
corresponding antibody (Table S4). Subsequently, the 
membranes were exposed to HRP-conjugated second-
ary antibodies (1:10000, Abcam, Cambridge, MA, USA) 
for 1  h at room temperature. The signals were detected 
using an ECL detection system from Bio-Rad Laborato-
ries (Richmond, CA, USA).

RNA interference
The cells were seeded in six-well plates to reach a den-
sity of approximately 50–60% before transfection. 125 
µL Opti MEM serum reducing medium (Gibco, Grand 
Island, NY, USA) containing the required amount of 
siRNA and Lipofectamine 3000 (Thermo Fisher Scien-
tific, Waltham, MA, USA) was added respectively to two 
centrifuge tubes and incubated at room temperature for 
10  min to form a transfection complex. Evenly add the 
transfection complex to the six-well plates and perform 
functional experiments after 48  h of transfection. The 
sequences of siRNA are listed in Table S5.

Stable cell line generation
Culture 293T cells to achieve a cell density of 70% for 
transfection. Mix the lentiviral vector with packaging 
plasmids PSPAX2 and pMD2. G in a 4:3:1 ratio and add 
them into the medium of 293T cells. 48 h and 72 h later, 
the virus was collected. Target cells at a density of 70% 
were incubated with virus and 0.001% polybrene and 48 h 
later 2 ug/ml puromycin was used to select transduced 
cells. The sequences of shRNA are listed in Table S5.

RNA stability assays
Cells with or without knockdown of FTO or FMR1 were 
subjected to treatment with actinomycin D at a final con-
centration of 2 µM for various time points. Subsequently, 
total RNA was extracted using the TRIzol reagent. The 
expression levels were assessed using RT-qPCR, and the 
mRNA half-life was calculated.

Flow cytometry
Cellular apoptosis of GH3 and primary cells before and 
after knockdown of FTO and DSP under normal cell cul-
ture oxygen concentration or hypoxic environment (1% 
O2) were analyzed by flow cytometry using an Annexin 
V Alexa Fluor 647/7AAD assay kit (Cat: FXP147, 4  A 
Biotech) according to the manufacturer’s instructions 
and analyzed with a Beckman flow cytometer (Beckman 
Coulter, Miami, FL, USA).

Cell viability assay
Cell viability was assessed by using CCK-8 assays 
(DOJINDO, CK04). Following transfection, GH3, and 
primary cells were seeded in 96-well plates at a density 
of 5 × 103 cells/well. On days 0, 1, 2, 3, and 4, 10  µl of 
CCK-8 solution was added to each well and incubated for 
2 h. The absorbance at 450 nm was then measured using 
a Multiskan plate reader. To investigate the influence of 
FB23-2 (MCE, HY-127103) and OCT (MCE, HY-P0036) 
on growth hormone-secreting pituitary neuroendocrine 
tumor cell viability, GH3 and primary tumor cells were 
seeded into 96-well plates at a density of 5 × 103 cells/
well and 2 × 104 cells/well, respectively. After 24 h, the cell 
medium was changed to a medium containing FB23-2 (4 
µM) or OCT (100 nM) or their combination. Three days 
later, the absorbance was measured as mentioned above.

Colony formation assays
To conduct the cell colony formation assays, 5 × 102 GH3 
with FTO knockdown were seeded into 6-well plates and 
incubated at 37 °C with 5% CO2. Approximately 10 days 
later, the cells were washed twice with PBS and fixed with 
methanol for 30 min. Subsequently, the cells were stained 
with 0.2% crystal violet for 30  min, and gently washed. 
The number of colonies was counted.

Growth hormone detection
Growth hormone concentrations in the culture medium 
of GH3 cells, as well as in serum, were assessed with 
ELISA kits from Millipore (EZRMGH), following the 
protocols provided by the manufacturer. Similarly, 
growth hormone concentrations in the culture medium 
of primary tumor cells and organoids were determined 
using a different set of ELISA kits from Elabscience 
(E-EL-H0177). The growth hormone levels were then 
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normalized against the results from cell and organoid 
viability tests, as well as the weight of the tumors.

Organoid culture and drug response assay
Tumor samples were washed and minced, then disso-
ciated and cultured into organoids using specific kits 
and media. After centrifugation, cells were mixed with 
Matrigel, deposited into plates, and incubated. Success-
ful organoid formation was monitored by morphology 
and viability. Organoids larger than 100  μm were used 
for drug screening and passage. Recurring organoids 
were dissociated, collected, and cultured again. Drug 
screening used a modified medium without Y-27,632 
on first-generation PDOs. Organoids were dissociated, 
mixed with Matrigel/modified medium, and seeded into 
Laminin-coated 384-well plates. After 48  h, a medium 
containing FB23-2 (4 µM) or OCT (100 nM) or their 
combination was added. After 4 days, viability was 
assessed with CellTiter-Glo 2.0, normalizing relative 
luminescence units to DMSO controls (100% viability) as 
previously reported [30]. All organoids used in this study 
were tested and confirmed to be free of mycoplasma 
contamination.

Animal experiments
BALB/c nude mice aged 4–5 weeks were obtained from 
Beijing Vital River Laboratory Animal Technology. Each 
group of mice (five mice per group) received subcutane-
ous injections of 3 × 106 GH3 cells suspended in 100  µl 
of PBS into the left axilla area. Tumor volume was mea-
sured and calculated using the formula: volume = length 
× width2 × 0.5. Mice were monitored regularly for signs 
of the defined end-point criteria. To observe the effect of 
OCT on tumors, once the tumors are visible to the naked 
eye, daily intraperitoneal injections of the drug (OCT, 
50 µg/kg) were initiated. If the weight loss of any mouse 
exceeded 20% of the initial weight, breathing difficulties, 
or tumors approaching 15 mm in diameter, it was euth-
anized immediately and no tumors exceeded this size 
limit. The Institutional Animal Care and Use Committee 
of Sun Yat-sen University Cancer Center approved all ani-
mal experiments (Ethics Approval no: L102022020004Y), 
and the handling of the animals adhered to institutional 
guidelines.

Electron microscopy
Cells were collected by centrifugation and mixed with 
TEM fixative at 4℃ for 2–4 h, and stored at 4℃. Next, 
the agarose pre-embedding step was performed. After 
centrifugation and removal of the supernatant, the sam-
ples are washed with 0.1 M phosphate buffer (pH 7.4) and 
embedded in a 1% agarose solution. Subsequently, post-
fixation was done with a 1% osmium tetroxide in 0.1 M 
phosphate buffer (pH 7.4), fixed at room temperature in 

the dark for 2 h. Dehydration involved sequential dehy-
dration with different concentrations of alcohol, followed 
by two dehydration steps with 100% acetone. Perme-
ation and embedding were performed with acetone and 
EMBed 812, followed by overnight baking at 37℃, and 
polymerization in an oven at 60℃ for 48  h. The resin 
blocks were cut into ultrathin sections of 60–80 nm using 
an ultramicrotome. Finally, staining was conducted with 
uranyl acetate and lead citrate, and the samples were 
observed and imaged under a transmission electron 
microscope for analysis.

Statistical analysis
Statistical analyses were conducted using R 4.1.3 and 
GraphPad Prism 8.4.2 (San Diego, CA, USA). To ensure 
biological accuracy, each experiment was replicated inde-
pendently at least three times. For data following a nor-
mal distribution, results were analyzed using Student’s 
t-test. Non-normally distributed data were assessed using 
the Wilcoxon rank-sum test. Statistical significance was 
established at a p-value of less than 0.05. All tests were 
two-sided.

Results
FTO is the key factor leading to distinct m6A levels 
between different growth hormone-secreting pituitary 
neuroendocrine tumor subtypes
Firstly, we conducted MeRIP-seq and RNA-seq on 16 
tumor samples from 16 individuals with growth hor-
mone-secreting pituitary neuroendocrine tumors, 
including 8 SGGHs and 8 DGGH (Fig. 1a). Upon merg-
ing the m6A peaks from different subtypes, we obtained 
48,528 m6A peaks for further analysis. The data showed 
that most genes exhibited a single m6A peak, and the 
identified m6A peaks were predominantly enriched in the 
classical GGACH motif (Fig.  1b). In line with previous 
studies, these m6A peaks were primarily localized within 
the coding sequence (CDS) regions and the regions 
near stop codons, with mRNA being the most enriched 
molecular form (Fig.  1c-e) [31]. Differential methyla-
tion analysis revealed that there were 8,660 (60.94%) 
hypo-methylated m6A peaks and 5,551 (39.06%) hyper-
methylated m6A peaks in SGGHs compared to DGGH, 
indicating that SGGHs experienced a global decrease 
in m6A modification (Fig.  1f ). Subsequent quantifica-
tion of global m6A levels using ELISA assays confirmed 
these lower m6A modification levels in SGGH com-
pared to DGGH (Fig.  1g). Through integrated analysis 
of m6A modification levels and gene expression profiles, 
we observed a positive correlation between m6A modi-
fication levels and gene expression in growth hormone-
secreting pituitary neuroendocrine tumors (Fig.  1h). 
Our findings revealed distinct m6A modification land-
scapes between SGGH and DGGH, characterized by a 
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pronounced downregulation of m6A levels in SGGH. 
This alteration in m6A modification may influence gene 
expression regulation, contributing to the pathogen-
esis and phenotypic characteristics of growth hormone-
secreting pituitary neuroendocrine tumor subtypes.

Next, we investigated which methylase or demethyl-
ase might account for the differential m6A levels among 
the two subtypes. Based on the sequencing data, both 
FTO and RBM15 were significantly upregulated in the 
SGGH (Fig.  2a). However, only FTO was confirmed to 
be consistently upregulated in another cohort of growth 

hormone-secreting pituitary neuroendocrine tumor 
patients (DGGH = 39, SGGH = 30) treated in our cen-
ter, a public array dataset (DGGH = 10, SGGH = 10) and 
a scRNA-seq dataset (DGGH = 2, SGGH = 2) (Fig.  2b-
g). Additionally, we define Knosp 1–2 as non-invasive 
according to the literature, and define Knosp 3–4 as inva-
sive [32]. FTO was significantly overexpressed in invasive 
growth hormone-secreting pituitary neuroendocrine 
tumors compared to non-invasive ones (Fig.  2h). We 
then performed FTO perturbation in cell lines and pri-
mary tumor cells (Fig.  2i-l). Overexpression of FTO led 

Fig. 1 The m6A modification landscape between subtypes of growth hormone-secreting pituitary neuroendocrine tumors. (a) Schematic representation 
of m6A -seq workflow comparing DGGH and SGGH samples. Eight samples in each group. (b) Bar plot of the distribution of m6A peaks across the genome 
with the predominant m6A motif. (c) The distribution of m6A sites across mRNA regions. (d) the genomic distribution of m6A modifications by region. (e) 
the genomic distribution of m6A modifications by RNA subtypes. (f) The distribution of the different methylation levels of dysregulated m6A peaks within 
subtypes. (g) The difference of global m6A methylation levels in DGGH and SGGH through ELISA. Experiment was replicated independently at least three 
times. (h) Scatter plot of m6A modification peak distribution with subtype-specific gene expression changes in 16 samples
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Fig. 2 FTO is the key factor leading to distinct m6A levels among different growth hormone-secreting pituitary neuroendocrine tumor subtypes. a. Box-
plot of m6A regulatory genes expression between DGGH and SGGH. b-c. Boxplot of quantitative PCR analysis of FTO (b) and RBM15 (c) level in a cohort of 
69 DGGH and SGGH samples. d. Violin plot of FTO expression in DGGH and SGGH cells in Huashan scRNA-seq cohorts. e. Boxplot showing FTO expression 
levels in DGGH and SGGH based on dataset GSE214226. f-g. Immunohistochemical staining for FTO in DGGH and SGGH tissue samples. h. Boxplot of FTO 
expression between non-invasive and invasive GH adenomas. i-k. Verification of FTO knockdown and overexpression in GH3 cells and primary tumor cells 
in mRNA level through qPCR assays. l. Western blot assays demonstrating the efficacy of FTO knockdown and overexpression in GH3 cells and primary 
tumor cells. m-n. Bar plots representing global m6A modification levels following FTO manipulation in GH3 cells (m) and primary tumor cells (n). Each 
experiment was replicated independently at least three times
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to a decrease in overall m6A levels, while knockdown of 
FTO resulted in an upregulation of m6A levels (Fig. 1m-
n). These findings demonstrate that FTO is the primary 
demethylase regulating m6A modifications in different 
growth hormone-secreting pituitary neuroendocrine 
tumor subtypes.

Desmosome organization is a key signaling pathway for 
the aggressive phenotype of SGGH, which is regulated by 
FTO
Gene expression profiling indicated that multiple path-
ways related to cell-cell junctions were down-regulated 
in SGGH (Fig.  3a), specifically desmosome and cell-cell 
junction organization. Notably, desmosome organization 
is a subclass of cell-cell junction organization (Fig. S2a). 
Additionally, scRNA-seq data also demonstrated the sig-
nificant downregulation of desmosome organization in 
SGGH (Fig. 3b). DGGH and SGGH were distinctly clus-
tered and separated through PCA analysis, which was 
based on genes associated with desmosome organiza-
tion (Fig. 3c, Fig. S2b). ROC analysis revealed that most 
genes related to desmosome organization possess strong 
diagnostic capabilities for differentiating DGGH from 
SGGH (Fig. 3d, Fig. S2c). Genes involved in desmosome 
organization, including DSP, DSG2, PKP2, and PKP3, 
crucial for cell junctions, were significantly downregu-
lated in SGGH when compared with DGGH (Fig. 3e-f ). 
We tested whether FTO influences the regulation of des-
mosome organization. Through RNA sequencing and 
single-sample gene set enrichment analysis (ssGSEA), we 
found that desmosome organization pathway activity was 
reduced after FTO overexpression and increased follow-
ing FTO knockdown (Fig. 3g). Consistently, desmosome-
related genes, including DSP, DSG2, PKP2, and PKP3, 
were downregulated by FTO overexpression and upregu-
lated by FTO knockdown (Fig. 3h-j). The significant up-
regulation of functions related to extracellular matrix and 
angiogenesis is also a characteristic of SGGH. However, 
overexpression of FTO has no significant effect on the 
pathway activity of extracellular matrix and angiogenesis. 
In contrast, FTO knockdown moderately upregulates the 
pathway activity of extracellular matrix and angiogenesis, 
which is in conflict with the observed upregulation of 
extracellular matrix and angiogenesis functions in SGGH 
(Fig.  3g, S2d-g). To further investigate the functional 
changes in desmosome organization, we defined des-
moglein (DSG) as the marker of desmosome. The DSG 
protein family is an essential component of desmosome 
organization, which works as cell surface transmembrane 
proteins and consists of four members: DSG1, DSG2, 
DSG3, and DSG4. They are connected to the DSP to 
form a desmosome or hemidesmosome [33, 34]. Among 
these members, DSG2 is the only DSG protein that par-
ticipates in desmosome organization, and it is the crucial 

component of the desmosome (https://amigo.geneontol-
ogy.org/amigo/term/GO:0002934). Cell immunofluores-
cence showed an increase in DSG2 expression on the cell 
surface after FTO knockdown (Fig.  3k). These data fur-
ther confirm the role of FTO in regulating the dysfunc-
tion observed in desmosome organization among growth 
hormone-secreting pituitary neuroendocrine tumor 
subtypes.

FTO influences the desmosome organization of growth 
hormone-secreting pituitary neuroendocrine tumors by 
regulating the m6A level of DSP
Next, we investigated the specific mechanisms by which 
FTO affects desmosome organization. Since the global 
m6A level in SGGH is lower than that in DGGH, we pri-
marily focused on genes that showed downregulation 
of m6A levels. By taking a strict intersection of the dif-
ferentially expressed genes after FTO perturbation, the 
differentially expressed genes between growth hormone-
secreting pituitary neuroendocrine tumor subtypes, 
and the genes showing downregulation of m6A levels in 
SGGH, we found 19 genes that exhibited a negative cor-
relation with FTO expression (Fig. 4a). Among these, DSP 
was selected for further analysis since it is a key compo-
nent of desmosome organization. We found that the level 
of DSP mRNA and protein was significantly decreased in 
SGGH (Fig.  4b-c). In addition, scRNA-seq data showed 
significant downregulation of DSP in SGGH (Fig. S3a). 
Consistently, the levels of FTO and DSP were negatively 
correlated in two independent datasets (Fig. 4d, Fig. S3b). 
ROC analysis showed FTO and DSP possess good diag-
nostic performance in distinguishing DGGH from SGGH 
(Fig. 4e, Fig. S2c). In cell lines, FTO knockdown and over-
expression resulted in upregulation and downregulation 
of the protein level of DSP, respectively (Fig. 4f-g). To elu-
cidate the regulatory impact of FTO on DSP-mediated 
desmosome organization, qRT-PCR, western blot and 
immunofluorescence assays were performed. Our data 
showed a decrease in both mRNA and protein levels of 
DSG2 after knocking down DSP whereas knocking down 
FTO partially restored the mRNA and protein levels of 
DSG2 (Fig. 4h-i). Similar results were observed in PKP2 
and PKP3 (Figs. S3d-f ). Immunofluorescence assays 
demonstrated a reduction of DSG2 expression at the cell 
surface following the knockdown of DSP whereas knock-
ing down FTO partially restored the DSG2 expression at 
the cell surface (Fig. 4j). MeRIP-qPCR further confirmed 
that the m6A level on DSP in DGGH is significantly 
higher than that in SGGH (Fig.  4k, S3g). Significantly 
dysregulated m6A upon FTO knockdown were further 
verified by m6A-sequencing and MeRIP-qPCR (Fig.  4l-
n). Taken together, these results provide evidence that 
FTO is involved in regulating DSP expression through 
m6A modification and influencing desmosome function 

https://amigo.geneontology.org/amigo/term/GO:0002934
https://amigo.geneontology.org/amigo/term/GO:0002934
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Fig. 3 FTO influences the desmosome organization of growth hormone-secreting pituitary neuroendocrine tumors. a. Top five upregulated and down-
regulated pathways of GO-BP enrichment analysis in SGGH compared with DGGH. b. Violin plot showing pathway activity of desmosome organization in 
DGGH and SGGH cells in Huashan scRNA-seq cohorts. c. PCA plot revealing desmosome organization profiling differences between DGGH and SGGH. d. 
ROC curves evaluating the diagnostic performance of desmosome organization related genes in differentiating DGGH from SGGH. e. Boxplot showing ex-
pression of DSP, DSG2, PKP3 and PKP2 between DGGH and SGGH. f. Schematic illustrating downregulated genes of desmosome organization in SGGH. g. 
Pathway activity change of desmosome organization, regulation of angiogenesis and extracellular matrix organization following overexpression (above) 
and knockdown (below) of FTO. h. mRNA level changes of Dsp, Dsg2, Pkp2 and Pkp3 following FTO overexpression in GH3 cells. i-j. mRNA level changes of 
Dsp, Dsg2, Pkp2 and Pkp3 following FTO knockdown in GH3 cells (i) and primary tumor cells (j). k. Immunofluorescence images verified changes in DSG2 
protein levels and localization after FTO knockdown in primary tumor cells. Each experiment was replicated independently at least three times
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Fig. 4 (See legend on next page.)
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in growth hormone-secreting pituitary neuroendocrine 
tumors.

FTO regulates the mRNA stability of DSP by interacting 
with m6A reader FMR1
We sought to understand how FTO-mediated m6A modi-
fication affects the mRNA level of DSP. Since DSP mRNA 
expression positively correlated with its m6A levels 
(Fig. 4a), we hypothesized that m6A modification might 
affect the stability of DSP mRNA. Upon treatment with 
actinomycin D, which inhibits de novo RNA synthesis, 
the stability of DSP mRNA increased in FTO knockdown 
and decreased in FTO overexpression. (Figs.  5a-c). This 
suggests that FTO influences the stability of DSP mRNA 
via m6A. Generally, m6A modification regulates mRNA 
stability through reader proteins, including IGF2BP1, 
IGF2BP2, and IGF2BP3 [12]. However, DSP mRNA and 
protein levels were unchanged knocking down these 
readers (Figs. S4a-d). Subsequently, we utilized SRAMP 
(https://www.cuilab.cn/sramp/) to identify m6A modi-
fication sites based on differential peaks [34] and used 
the RMVar database (https://rmvar.renlab.org/) to find 
RNA-binding proteins at those sites [35, 36]. A total of 
five high-confidence sites and one moderate-confidence 
site were found. Among them, site 485 is associated 
with three RNA-binding proteins, FMR1, HNRNPC, 
and SND1. Site 1038 is associated with two RNA-bind-
ing proteins, NUDT21 and ACIN1 (Fig. 5d). In a previ-
ous study, FMR1 has been reported to be involved in the 
regulation of mRNA stability through m6A modifications 
[37]. Additionally, the expression level of FMR1 in SGGH 
tends to be lower than in DGGH (Fig. 5e, Fig. S4e). We 
subsequently validated the binding of FMR1 to the 485 
site using RIP-qPCR. FTO knockdown significantly 
reduced the binding of FMR1 and m6A on DSP (Fig. 5f ). 
Importantly, our studies show that following knocking 
down FMR1, the mRNA, protein levels, and mRNA sta-
bility of DSP were decreased (Fig.  5g-j, S3f ). The above 
results suggest that FMR1 acts as a reader protein for 
m6A modification to regulate DSP mRNA stability.

FTO knockdown inhibits hypoxia tolerance and formation 
of fibrous bodies of growth hormone-secreting pituitary 
neuroendocrine tumors
To further elucidate the clinical relevance of FTO in 
managing aggressive growth hormone-secreting pitu-
itary neuroendocrine tumors, we conducted a series of 
functional experiments using cell lines, primary tumor 
cells and animal models. FTO does not affect the pro-
liferation or clonal formation of cell lines and primary 
tumor cells (Fig. 6a-d). Besides, FTO does not affect the 
tumor volume and weight in subcutaneous tumor for-
mation (Fig.  6e-h). Some research reports that hypoxic 
conditions may play an important role in pituitary 
tumorigenesis, and dysfunction in desmosomes may 
affect the hypoxia tolerance of growth hormone-secret-
ing pituitary neuroendocrine tumor cells [9, 38–41]. We 
tested the importance of FTO on cell viability under 
hypoxic conditions (1% oxygen). By performing flow 
cytometry analysis, we determined that FTO knockdown 
does not influence cell apoptosis under normoxic condi-
tions, but significantly increases the apoptosis rate under 
hypoxic conditions. Moreover, DSP knockdown elevates 
cell apoptosis under normoxic conditions but reduces the 
apoptosis rate under hypoxic conditions (Fig.  6i). Addi-
tionally, DGGH and SGGH exhibit pathological differ-
ences in fibrous bodies. In the study by Wierman et al., 
the authors speculated that disruption of desmosome 
organization may be associated with the formation of 
these fibrous bodies [9]. Indeed, our electron microscopy 
studies revealed a sparser distribution of filaments within 
the fibrous bodies of primary tumor cells following FTO 
knockdown (Fig. 6j).

Targeting FTO reduces the GH-secreting capability of 
tumor cells and enhances their sensitivity to somatostatin 
analogs
In clinical settings, patients diagnosed with growth hor-
mone-secreting pituitary neuroendocrine tumors com-
monly suffer from a variety of systemic complications 
affecting different organs as a result of excess growth hor-
mone secretion. The primary medications recommended 
for growth hormone-secreting pituitary neuroendocrine 

(See figure on previous page.)
Fig. 4 FTO influences the desmosome organization of growth hormone-secreting pituitary neuroendocrine tumors through regulating the m6A level of 
DSP. a. Venn plot illustrating genes negatively correlated with FTO and with downregulated m6A level in SGGH. b. Difference of DSP mRNA level between 
DGGH and SGGH sample through qPCR assays in 69 samples. c. Western Blotting confirmation of higher DSP protein levels in DGGH tissues. d. Regression 
lines indicating the correlation between FTO and DSP expression. p and R value were calculated by linear models. e. ROC curves evaluating the diagnostic 
performance of FTO and DSP in differentiating DGGH from SGGH. f. Western blots displaying DSP protein levels following Fto overexpression in GH3 cells. 
g. Western blots displaying DSP protein levels following Fto knockdown in GH3 cells (above) and primary tumor cells (below). h. Changes in mRNA levels 
of Dsg2 in GH3 cells and primary tumor cells following Dsp and Fto knockdown through qPCR assays. i. Western blot presenting DSG2 protein expression 
changes following Fto and Dsp knockdown in GH3 cells (left) and primary tumor cells (right). j. Immunofluorescence images verified changes in DSG2 
protein levels and localization following FTO and DSP knockdown in primary tumor cells (j). k. m6A level of DSP in DGGH and SGGH through MeRIP-qPCR 
assays. l. Graphical representation of differential m6A modification peaks on the DSP after FTO knockdown through m6A-seq. m-n. Bar plot demonstrat-
ing the impact of FTO knockdown on m6A levels of DSP in primary tumor cells (m) and GH3 cells (n) through MeRIP-qPCR assays. Each experiment was 
replicated independently at least three times

https://www.cuilab.cn/sramp/
https://rmvar.renlab.org/
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Fig. 5 FTO regulates the mRNA stability of DSP by interacting with m6A reader FMR1. a-c. mRNA stability changes of DSP after FTO perturbation in GH3 
cells (a-b) and primary tumor cells (c) after actinomycin D treatment. d. Prediction score distributions for m6A modification site with related RNA binding 
proteins, as determined using the SRAMP prediction tool and RMVar database. e. qPCR result show FMR1 mRNA level in DGGH and SGGH. f. Bar plot dem-
onstrating the impact of FTO knockdown on the binding of FMR1 and m6A on DSP through RIP-qPCR. g. DSP mRNA level change after FMR1 knockdown 
in GH3 cells (left) and primary tumor cells (right), quantified by qPCR. h. Western blots display DSP protein level alterations after FMR1 knockdown in GH3 
cells (left) and primary tumor cells (right). i-j. mRNA stability changes of DSP after FMR1 knockdown in GH3 cells (i) and primary tumor cells (j) under 
actinomycin D treatment. Each experiment was replicated independently at least three times
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Fig. 6 (See legend on next page.)
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tumor patients are somatostatin analogs, such as octreo-
tide [2]. However, individuals with SGGH often exhibit 
resistance to these drugs. Therefore, we further assessed 
the influence of FTO on growth hormone secretion 
capacity and sensitivity to somatostatin analogs in these 
patients.

Octreotide treatment for growth hormone-secreting 
pituitary neuroendocrine tumor primarily works by tar-
geting somatostatin receptor, which downregulates the 
transcription level of growth hormone, thereby inhibit-
ing its secretion and, to some extent, suppressing the 
growth of the growth hormone-secreting pituitary neu-
roendocrine tumors [42–45]. Reduced somatostatin 
receptor 2 (SSTR2) and elevated somatostatin receptor 
5 (SSTR5) expression is a key characteristic of refrac-
tory/persistent growth hormone-secreting pituitary neu-
roendocrine tumors. Therefore, we first examined the 
impact of FTO on the transcription and protein levels 
of SSTR2, SSTR5 and growth hormone. RNA sequenc-
ing results showed that after FTO knockdown, SSTR2 
levels were significantly upregulated, while growth hor-
mone levels were significantly downregulated (Fig.  7a). 
Additionally, DSP has a significant positive correlation 
with SSTR2 (Fig. S5a).We subsequently validated these 
findings using qPCR, western blot, and growth hormone 
ELISA experiments (Fig. 7b-c, S5b). FTO knockdown can 
also downregulate the level of SSTR5 (Fig. S5c-d). Elec-
tron microscopy demonstrated a decrease in secretory 
granules after FTO knockdown in primary tumor cells 
derived from a patient with growth hormone-secreting 
pituitary neuroendocrine tumor (Fig.  7d). Concerning 
sensitivity to octreotide, knockdown of FTO enhances 
the sensitivity of GH3 and primary tumor cells to octreo-
tide (Fig.  7e). Treatment with FB23-2, a methyltransfer-
ase inhibitor of FTO, enhanced the sensitivity of growth 
hormone-secreting pituitary neuroendocrine tumors 
organoids and cells to octreotide, and inhibited the secre-
tion of growth hormone (Fig.  7f-h). In subcutaneous 
tumors, we showed that octreotide inhibited the growth 
of FTO-knockdown cells more effectively and further 
reduced the secretion of growth hormone (Fig. 7i-l, S5e).

Integrating our results, targeting FTO reduces toler-
ance in hypoxic microenvironments, inhibites growth 
hormone secretion function and enhances sensitivity to 
octreotide in growth hormone-secreting pituitary neuro-
endocrine tumors. Additionally, it also has some impact 
on the formation of fibrous bodies (Fig. 8).

Discussion
Growth hormone-secreting pituitary neuroendocrine 
tumors have significant effects on the body and are 
associated with various diseases. However, the molecu-
lar mechanisms underlying the development and clas-
sification differences of these tumors are not yet fully 
understood. Initial findings suggested that an activating 
mutation in the G protein subunit A, leading to constant 
activation of cyclic adenosine monophosphate (cAMP), 
was associated with DGGH [46]. However, further 
research revealed that G protein subunit A mutations 
are present in 40–65% of growth hormone-secreting 
pituitary neuroendocrine tumors, including 23–38% of 
SGGH, indicating that these mutations do not align with 
specific tumor histological subtypes [46–51]. In Ezzat’s 
study, it was found that 43% of SGGH tumors exhibited 
mutations in the growth hormone receptor (GHR), while 
no mutations were found in DGGH tumors [52]. How-
ever, other research groups did not identify GHR muta-
tions in their study cohorts [49, 53]. In 2017, Wierman’s 
study provided transcriptomic high-throughput data 
comparing DGGH and SGGH. The study found a consis-
tent downregulation of E-cadherin, SSTR2, and p27 kip 
in SGGH, indicating enhanced epithelial-mesenchymal 
transition (EMT) functionality compared to DGGH, 
which aligned with previous findings [9]. Our dataset 
al.so confirmed the consistent differences observed in the 
Wierman study (Figs. S5a-c). Moreover, Wierman’s study 
highlighted that the major difference between DGGH 
and SGGH lies in desmosome organization. The expres-
sion of key desmosome components such as DSP, PKP2, 
plakophilin-like protein (PERP), and others were signifi-
cantly downregulated in SGGH, suggesting that altera-
tions in desmosomes may be a crucial factor and may be 
used for the classification differences between SGGH and 
DGGH [9]. Desmosomes typically act as tumor-suppres-
sive complexes. The absence of desmosome proteins and 
desmosome-mediated adhesion is associated with the 
development and/or progression of cancer [7].

In this study, we aimed to investigate the molecu-
lar characteristics of different histological subtypes of 
growth hormone-secreting pituitary neuroendocrine 
tumors, specifically focusing on the role of m6A modifica-
tion and its impact on desmosome organization. Initially, 
we conducted m6A sequencing and observed the down-
regulation of m6A levels in the SGGH subtype. We also 
validated the results using m6A ELISA, external datasets, 

(See figure on previous page.)
Fig. 6 FTO knockdown influences hypoxia tolerance and formation of fibrous bodies of growth hormone-secreting pituitary neuroendocrine tumors 
cells. a-c. Cell viability measured by CCK8 assays in GH3 (a-b) and primary tumor cells (c) cells under FTO perturbation. d. Colony formation was performed 
in GH3 cells following Fto knockdown. e. Line graph detailing changes in mouse body weight over time. f. Image of subcutaneous tumors from xenograft 
model by injecting GH3 cells following Fto knockdown. g. Detailed changes in mouse. h. Bar plot showing the effect of Fto knockdown on tumor wight. 
i. Flow cytometry analysis of percentage of apoptosis under normal and hypoxia after FTO and DSP knockdown in primary tumor cells and GH3 cells. j. 
Electron microscopy images show differences in fiber density within fibrous bodies after FTO knockdown in primary tumor cells. Each experiment was 
replicated independently at least three times
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Fig. 7 Targeting FTO reduces GH secreting capability of tumor cells and enhances their sensitivity to somatostatin analogs. a. Bar plots showing the Sstr2 
and Gh1 level change after Fto knockdown through RNA-seq analysis. b. Bar plots showing the Sstr2 and Gh1 level change after FTO and DSP knockdown 
in GH3 cells (left) and primary tumor cells (right) through qPCR analysis under the stimulation of octreotide (100nM). c. Bar plots showing the growth 
hormone level changes following FTO and DSP knockdown in GH3 cells (left) and primary tumor cells (right) under the stimulation of octreotide (100nM). 
d. Electron microscopy showing fewer secretory granules after FTO knockdown in primary tumor cells. e. Bar plots showing the octreotide sensitivity 
change after FTO knockdown in GH3 cells (left) and primary tumor cells (right). f. Bar plots showing the octreotide sensitivity change after combing with 
FB23-2 treatment in GH3 cells (left) and primary tumor cells (right). g. Bar plots showing the growth hormone level changes following octreotide and 
FB23-2 treatment in GH3 cells (left) and primary tumor cells (right). h. Bar plots showing the octreotide sensitivity (left) and growth hormone level (right) 
change after combining with FB23-2 in organoids. i-j. In vivo assessment of octreotide sensitivity in GH3 xenografts by injecting with or without Fto 
knockdown GH3 cells according to tumor volume (j), tumor weight (k) and growth hormone level (l). Each experiment was replicated independently at 
least three times
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and immunohistochemistry. Through these comprehen-
sive analyses, we discovered that FTO was significantly 
upregulated in SGGH. FTO is known to play a role in reg-
ulating m6A modification levels in mRNA. In our study, 
we found that FTO regulates the m6A modification levels 
of the mRNA encoding the critical desmosomal compo-
nent DSP. This dysregulation of m6A modification led to 
a reduction in desmosome organization in SGGH. Fur-
thermore, we investigated the value of the clinical appli-
cation of FTO in growth hormone-secreting pituitary 
neuroendocrine tumors. We found that the downregu-
lation of FTO decreases hypoxia tolerance in pituitary 
tumor cells. Additionally, we found that FTO knockdown 
upregulated SSTR2 levels, which in turn led to a down-
regulation of growth hormone synthesis and secretion. 
Due to the potential relationship between fibrous bod-
ies and desmosomes [9], we also found that FTO knock-
down also makes the filaments sparser in fibrous bodies. 
These findings highlight the role of FTO in regulating the 
malignant phenotype of growth hormone-secreting pitu-
itary neuroendocrine tumors and contribute to a better 
understanding of the molecular mechanisms underlying 
the differences between SGGH and DGGH. Our studies 
suggest that FTO may represent an effective therapeu-
tic target and diagnostic marker for growth hormone-
secreting pituitary neuroendocrine tumors. However, 
further research is needed to fully elucidate the underly-
ing mechanisms and validate the therapeutic potential of 
targeting FTO.

Notably, desmosome organization is not only the pri-
mary difference between the SGGH and DGGH (Fig. 3a) 
but also plays a significant role in the development of 
growth hormone-secreting pituitary neuroendocrine 

tumors. Using GSVA analysis, we observed a downregu-
lation of desmosome organization in growth hormone-
secreting pituitary neuroendocrine tumors compared to 
normal pituitary (Fig. S6a). Additionally, based on AUC 
analysis, most of the desmosome genes exhibited good 
discriminatory power in distinguishing growth hormone-
secreting pituitary neuroendocrine tumors from normal 
pituitary samples. Among them, DSP showed remarkable 
discriminatory power (Fig. S6b). Principal component 
analysis revealed that desmosome genes can effectively 
separate growth hormone-secreting pituitary neuroen-
docrine tumors from normal pituitary samples (Fig. S6c). 
Besides, through the analysis of gene expression in the 
brain using the Human Protein Atlas database (https://
www.proteinatlas.org/), we discovered genes downregu-
lated in SGGH have a significantly higher expression in 
the pituitary gland compared with other brain regions, 
except for the retina (Figs. S6d-g). These results indicate 
the importance of desmosome organization in pituitary 
gland, and the alterations in their function are crucial for 
the onset and development of PitNETs.

There are some areas that deserve attention. Com-
pared to DGGH, the proliferative capacity of SGGH is 
significantly enhanced. In our study, we found that the 
disturbance of FTO has no significant effect on the cell 
proliferation of growth hormone-secreting pituitary neu-
roendocrine tumors. Since we only performed single-
gene interference at the cellular level, our interpretation 
of the SGGH phenotype is relatively limited. The interac-
tions between cells, extracellular matrix, and angiogene-
sis functions in the tumor microenvironment may play an 
important role in the high proliferation of SGGH. Addi-
tionally, we found that the number of secretory granules 

Fig. 8 The schematic model of targeting FTO in the aggressive subtype of growth hormone-secreting pituitary neuroendocrine tumor
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decreased after FTO knockdown. However, the number 
of secretory granules in SGGH is less than in DGGH, 
which is very interesting and important. This contradic-
tory finding might be partly accounted for by the com-
prehensive regulatory mechanisms of growth hormone 
secretion. Overall, FTO has the potential to inhibit 
growth hormone secretion and thereby improve patient 
prognosis. Many studies have reported that targeting 
growth hormone secretion can significantly improve 
treatment outcomes and reduce risks for a range of 
tumors, including neuroblastomas, glioblastomas, breast 
cancer, prostate cancer, and non-small-cell lung cancer 
[54–57]. We will continue to explore these in the future.

Conclusions
Overall, our study demonstrates the significance of 
FTO-mediated pathogenesis in the aggressive growth 
hormone-secreting pituitary neuroendocrine tumors 
and reveals new therapeutic targets. Moreover, the des-
mosome-associated genes modulated by FTO could 
function as innovative factors for categorizing growth 
hormone-secreting pituitary neuroendocrine tumors.
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