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Abstract
Background. Pituitary neuroendocrine tumors (PitNETs) are the second most common intracranial tumor. We 
lacked a comprehensive understanding of the pathogenesis and heterogeneity of these tumors.
Methods. We performed high-precision single-cell RNA sequencing for 2679 individual cells obtained from 23 sur-
gically resected samples of the major subtypes of PitNETs from 21 patients. We also performed single-cell multi-
omics sequencing for 238 cells from 5 patients.
Results. Unsupervised clustering analysis distinguished all tumor subtypes, which was in accordance with the 
classification based on immunohistochemistry and provided additional information. We identified 3 normal endo-
crine cell types: somatotrophs, lactotrophs, and gonadotrophs. Comparisons of tumor and matched normal cells 
showed that differentially expressed genes of gonadotroph tumors were predominantly downregulated, while 
those of somatotroph and lactotroph tumors were mainly upregulated. We identified novel tumor-related genes, 
such as AMIGO2, ZFP36, BTG1, and DLG5. Tumors expressing multiple hormone genes showed little transcriptomic 
heterogeneity. Furthermore, single-cell multi-omics analysis demonstrated that the tumor had a relatively uniform 
pattern of genome with slight heterogeneity in copy number variations.
Conclusions. Our single-cell transcriptome and single-cell multi-omics analyses provide novel insights into the 
characteristics and heterogeneity of these complex neoplasms for the identification of biomarkers and therapeutic 
targets.

Key Points

• Tumor-related genes in 3 types of PitNETs were identified for the first time.

• Intra-tumoral transcriptomic heterogeneity of PitNETs was comprehensively examined.

• Slight but clear intra-tumoral genomic heterogeneity of PitNETs was revealed.
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Pituitary neuroendocrine tumors (PitNETs, also named 
pituitary adenomas) are the second most common in-
tracranial tumor and occur in approximately 1 in 1000 in-
dividuals.1,2 The classification of PitNETs includes defining 
the cell type by characterizing hormone genes and cell 
lineage-specific transcription factors (TFs), which includes 
the PIT-1 (also known as POU1F1) lineage (somatotroph, 
lactotroph, and thyrotroph), T-PIT (also known as TBX19) 
lineage (corticotroph), SF-1 (also known as NR5A1) lin-
eage (gonadotroph), and null-cell and plurihormonal tu-
mors.3–6 The PIT-1 lineage and corticotroph tumors often 
secrete excess amounts of hormones, which lead to 
hyperprolactinemia (prolactin-secreting lactotroph tumors), 
acromegaly (growth hormone-secreting somatotroph tu-
mors), hyperthyroidism (thyrotropin-secreting thyrotroph 
tumors), and Cushing’s disease (corticotropin-secreting 
corticotroph tumors). Gonadotroph tumors are typically 
nonsecretory and cause local mass effects or hypogon-
adism. Plurihormonal tumors express multiple hormones, 
and null-cell tumors express none of the hormone genes or 
lineage-specific TFs. The cellular origin of these tumors has 
not been completely clarified.

The majority of PitNETs are sporadic. Early studies 
have established that these tumors are generally mon-
oclonal in origin by X-inactivation analysis.7 Genetic 
studies have identified 2 main recurrent somatic mu-
tations: one affecting the GNAS gene in 40%-60% of 
somatotroph tumors and the other affecting the USP8 
gene in 40%-60% of corticotroph tumors.8–10 However, 
for approximately 60% of tumors, no recurrent somatic 
mutations can be found.11 Copy number variations 
(CNVs) are common in PitNETs, but a mechanistic link 
between CNVs and tumorigenesis has not been estab-
lished. PitNETs are thought to usually be indolent due to 
their low proliferation rate and because they rarely me-
tastasize. However, the pathogenesis of a large propor-
tion of PitNETs remains unclear.

Single-cell sequencing technologies have emerged as 
powerful tools for comprehensively understanding ge-
netic and functional heterogeneity at a single-cell res-
olution.12,13 For intracranial tumors, single-cell RNA 
sequencing (scRNA-seq) has been applied for malignant 
cancers, including gliomas and medulloblastoma.14,15 
Here, we performed high-precision scRNA-seq to dissect 
the transcriptomes of 23 PitNETs that included most sub-
types and characterized inter-tumoral and intra-tumoral 
transcriptomic heterogeneity. We identified normal 

pituitary cell types and compared tumor and matched 
normal pituitary endocrine cells, and investigated genomic 
heterogeneity with single-cell multi-omics sequencing.

Materials and Methods

Ethics Approval and Consent to Participate

This study was approved by the Institutional Review 
Boards of Beijing Tiantan Hospital, Capital Medical 
University (KY2017-049-03). All patients were enrolled after 
providing informed consent.

Sample Collection

We performed scRNA-seq for fresh specimens obtained 
from surgeries of 21 PitNET patients (patient information 
in Supplementary Table S1). For 2 patients (P1 and P2), 
we have analyzed samples for both the primary surgery 
and the secondary surgery for complete dissection of the 
tumor, making a total of 23 samples. Five of 23 samples 
were subjected to single-cell multi-omics sequencing; 9 
of 23 samples to whole-genome sequencing (WGS); 2 of 
23 samples (P4 and P6) to bulk RNA sequencing (RNA-
seq). We also performed bulk RNA-seq for independent 18 
tumor specimens (PB1-PB18) which were frozen in liquid 
nitrogen (patient information in Supplementary Table S1). 
Tumor invasion was assessed according to the Knosp clas-
sification based on magnetic resonance imaging (MRI) be-
fore surgery.16 PitNETs were clinically classified according 
to the World Health Organization (WHO) 2017 Classification 
based on the immunohistochemistry (IHC) results of 6 hor-
mone genes and 3 lineage-specific TFs (PIT-1, SF-1, and 
T-PIT).3

Library Construction for scRNA-seq and Single-
Cell Multi-Omics Sequencing

Fresh surgical specimens were cut into pieces and digested 
into single cells by collagenase type II and type IV (Gibco) 
at 37°C with shaking for 15-30 minutes.

For single-cell transcriptome library construction, 
we used the single-cell tagged reverse transcription 
(STRT)-seq method that we previously described.17 

Importance of the Study

PitNETs are the second most common intracranial 
tumor. However, the clinical classification and diag-
nosis of these tumors are still not optimized. This is the 
first single-cell sequencing study and should provide 
a more comprehensive understanding of these com-
plex neoplasms, serving as an invaluable resource for 
the field. One notable analysis was the comparison 
of tumor and matched normal endocrine cells, which 

has not previously been achieved. We identified novel 
tumor-related genes (eg, AMIGO2, ZFP36, BTG1, 
and DLG5), which will prompt further investigations 
to identify novel therapeutic targets. Additionally, intra-
tumoral heterogeneity in the transcriptome and genome 
provides novel insights into the cellular origins and 
pathogenesis of PitNETs.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab102#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab102#supplementary-data
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pituitary cell types and compared tumor and matched 
normal pituitary endocrine cells, and investigated genomic 
heterogeneity with single-cell multi-omics sequencing.

Materials and Methods

Ethics Approval and Consent to Participate

This study was approved by the Institutional Review 
Boards of Beijing Tiantan Hospital, Capital Medical 
University (KY2017-049-03). All patients were enrolled after 
providing informed consent.

Sample Collection

We performed scRNA-seq for fresh specimens obtained 
from surgeries of 21 PitNET patients (patient information 
in Supplementary Table S1). For 2 patients (P1 and P2), 
we have analyzed samples for both the primary surgery 
and the secondary surgery for complete dissection of the 
tumor, making a total of 23 samples. Five of 23 samples 
were subjected to single-cell multi-omics sequencing; 9 
of 23 samples to whole-genome sequencing (WGS); 2 of 
23 samples (P4 and P6) to bulk RNA sequencing (RNA-
seq). We also performed bulk RNA-seq for independent 18 
tumor specimens (PB1-PB18) which were frozen in liquid 
nitrogen (patient information in Supplementary Table S1). 
Tumor invasion was assessed according to the Knosp clas-
sification based on magnetic resonance imaging (MRI) be-
fore surgery.16 PitNETs were clinically classified according 
to the World Health Organization (WHO) 2017 Classification 
based on the immunohistochemistry (IHC) results of 6 hor-
mone genes and 3 lineage-specific TFs (PIT-1, SF-1, and 
T-PIT).3

Library Construction for scRNA-seq and Single-
Cell Multi-Omics Sequencing

Fresh surgical specimens were cut into pieces and digested 
into single cells by collagenase type II and type IV (Gibco) 
at 37°C with shaking for 15-30 minutes.

For single-cell transcriptome library construction, 
we used the single-cell tagged reverse transcription 
(STRT)-seq method that we previously described.17 

For single-cell multi-omics sequencing, the cell nu-
cleus was captured by Dynabeads MyOne Streptavidin 
C1 beads, and mRNAs were released in lysis buffer, 
and then DNA and RNA libraries were separately con-
structed.18,19 In brief, a single cell was put into a 2.5  µl 
lysis buffer with Streptavidin C1 beads. After cell lysis, 
the tube was placed on a magnetic stand, and the super-
natant which contained the released mRNAs was trans-
ferred to another tube containing 1 µl barcoded primer at 
a concentration of 10 µM. Then, DNA cell lysis buffer was 
added to the tube, and the tube was incubated in a PCR 
thermal cycler to release genomic DNA. Genomic DNA 
library construction methods were performed using mul-
tiple annealing and looping-based amplification cycle 
(MALBAC) with modifications.20 After pre-amplification, 
products with different cell barcodes were pooled and 
processed similarly to scRNA-seq.

The libraries were purified with AMPure XP beads 
and quantified by the Qubit High-Sensitivity DNA kit 
(Invitrogen). Then, the purified libraries were sequenced on 
an Illumina HiSeq 4000 platform with paired-end 150 base 
reads.

Bulk RNA Sequencing and WGS

Specimens frozen in liquid nitrogen were ground to a 
homogenate with pestles. Then, genomic DNA and/or 
total RNA were extracted using the DNA/RNA mini kits 
(QIAGEN) and quantified by the Qubit High-Sensitivity 
DNA kit (Invitrogen). 100  ng DNA was ultrasonically 
sheared by a Covaris S2 before library construction with 
the Kapa Hyper Prep Kit (Kapa Biosystems). 2 µg total RNA 
was used to construct a library with the RNA-seq kit (New 
England Biolabs).

Immunostaining Assays

Fresh samples were fixed and dehydrated and embedded 
in paraffin. Approximately 10-µm paraffin sections were 
prepared. After deparaffinization, antigen retrieval, and 
blocking, the sections were stained with anti-PIT-1 anti-
body (Santa Cruz) and anti-collagen III antibody (Abcam). 
The secondary antibody was marked with the Opal 7-Color 
Manual IHC Kit (NEL811001KT, AKOYA). Finally, the section 
images were captured by the Vectra Polaris multispectral 
imaging system (PerkinElmer).

scRNA-seq Reads Processing

First, we split cells by cell barcodes in Reads2, and added 
the barcode and unique molecular identifiers (UMIs) to 
Reads1. Next, we removed sequences of the template 
switch oligo (TSO) and the ploy-A tail and trimmed low-
quality bases to obtain clean reads from Reads1. Then, 
we aligned the clean reads to the hg19 human genome 
reference (downloaded from UCSC) with TopHat (version 
2.0.12).21 For uniquely mapped reads, quantification was 
counted with HTSeq (version 0.6.0),22 and duplicates were 
removed based on UMIs to obtain the single-cell gene 

expression count matrix. In the subsequent quality con-
trol step, we removed low-quality cells with less than 2000 
positive gene counts and the genes with positive counts in 
less than three cells.

Single-Cell Expression Matrix Dimension 
Reduction and Identification of the Differentially 
Expressed Genes (DEGs)

The count expression matrix was generated by Seurat2 
(version 2.3.3),23 in which feature gene selection, principal 
component analysis (PCA), and t-distributed stochastic 
neighbor embedding (t-SNE) dimension reduction were 
performed. To identify DEGs, we used the FindMarkers 
function in the Seurat2 package and the Wilcoxon test. 
Genes with adjusted P values less than .05 were con-
sidered significant DEGs.

Analysis of Intra-Tumoral Heterogeneity and Cell 
Cycle Phase Projection

For the tumor cells from each patient, Seurat2 was used 
for cell clustering by using the genes of the top 5 prin-
cipal components (PCs), and gene ontology (GO) analysis 
(ToppGene: https://toppgene.cchmc.org) was performed 
on the DEGs to identify significantly enriched functions 
with false discovery rate (FDR) less than 0.05. A cell cluster 
was regarded with biological function only if it enriched 
upregulated DEGs with significant GO terms.

To make a 2-dimensional single-cell projection of the cell 
cycle, we calculated the average expression of cell cycle 
marker genes in G2/M and S phases.12

CNV Analysis by Single-Cell MALBAC 
(scMALBAC) and Bulk WGS

For the scMALBAC raw data, we first assigned paired-end 
reads to single cells based on barcodes and trimmed low-
quality bases and adapters by seqtk (https://github.com/
lh3/seqtk). Then, FASTQ files with clean reads were aligned 
to the hg19 human genome reference with Burrows-
Wheeler Aligner (BWA) (version 0.7.17).24 Subsequent 
alignment quality control (mapQ > 30) and duplicates de-
letion were conducted with SAMtools (version 1.9).25 Cells 
with more than 100  000 mapped read pairs were con-
sidered qualified with sufficient sequencing depth. Finally, 
the qualified BAM files of cells were used to conduct CNV 
analysis.

To obtain a low-noise single-cell CNV profile, we used 
Control-FREEC26 CNV analysis, which normalized the 
copy ratio by considering the GC content. Running FREEC 
without control set, we first got 10 euploid cells and made 
them as a noise control. Subsequent analysis exploited 
this control set to eliminate copy ratio estimation noise. 
We used the default parameters except that the bin size 
was set to 1 Mb. Bins possessing an NA copy ratio caused 
by insufficient read counts in cells were also removed. 
Thus, we generated a single-cell copy ratio matrix. Finally, 
Pheatmap (version 1.0.12) was used to visualize the matrix 
as a single-cell CNV heatmap.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab102#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab102#supplementary-data
https://toppgene.cchmc.org
https://github.com/lh3/seqtk
https://github.com/lh3/seqtk
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FREEC was also applied for calling CNVs in bulk WGS, 
except that GC-content normalization was performed 
without a control set. We eliminated samples with less than 
1  000  000 mapped reads, annotated and visualized the 
CNV fragments, and finally plotted the copy ratio scatters 
along the chromosome axis.

Data Availability

Raw sequencing data in this study are available in the 
Genome Sequence Archive (GSA) of number PRJCA002946.

Results

scRNA-seq Analysis of PitNETs

To generate a transcriptome map of PitNETs, we used a 
modified single-cell STRT-seq method to analyze a total of 
2926 cells obtained from surgically resected tumor tissue 
samples from 21 patients, including somatotroph tumors 
(n = 4), lactotroph tumors (n = 1), thyrotroph tumors (n = 1), 
silent corticotroph tumors (n  =  4), gonadotroph tumors 
(n = 8), PIT-1-positive plurihormonal tumors (n = 2), and 1 
tumor with unusual immunohistochemical combinations 
(PAwUIC, n  =  1) (Figure 1A, B; Supplementary Table S1). 
For 2 patients (P1 and P2), samples were obtained from 
both the primary surgery and the secondary surgery; 
therefore, there were a total of 23 samples for scRNA-
seq. After quality controls, we retained 2679 (91.6%) high-
quality cells, with a median of 5616 genes detected in an 
individual cell. We also performed single-cell multi-omics 
(genome and transcriptome) sequencing of 409 cells for 5 
patients (P17, P18, P19, P20, and P21) and bulk WGS for 9 
patients (Figure 1B).

We distinguished tumor cells from non-tumoral cells 
by combining 2 complementary approaches. In the first 
approach, we inferred CNVs from scRNA-seq data with 
InferCNV methods and distinguished cells with and 
without CNVs27 (Supplementary Figure S1A, B). In the 
second approach, different cell types were identified by un-
supervised clustering (Supplementary Figure S1C). Finally, 
we identified 2311 tumor cells and 368 normal cells. The 
normal cell types included lactotroph cells (n = 125, marked 
by PIT-1, PRL, ESR1, and D2R), somatotroph cells (n = 30, 
marked by PIT-1, GH2, and GHRHR), gonadotroph cells 
(n = 24, marked by SF-1, GATA2, ESR1, and LHB), and pitu-
itary stem cells (n = 17, marked by SOX2, SOX9, and LHX3) 
(Supplementary Figure S2A–D). We also identified endo-
thelial cells (n = 49, marked by CDH5), fibroblasts (n = 14, 
marked by LUM and COL3A1), macrophages (n  =  74, 
marked by PTPRC and CSF1R), and T lymphocytes (n = 35, 
marked by PTPRC and CD3D) (Supplementary Figure S2D). 
Immunostaining results showed that although the majority 
of cells were tumor cells, there were many non-tumor 
cells, including fibroblasts in tumor tissues, emphasizing 
the need for single-cell analysis (Supplementary Figure 
S2E). It is noteworthy that we used the mouth pipette for 
picking individual cells. We found that the tumor cell was 
generally larger than the normal cell, so this contributed 

to enrichment of the tumor cell, and result in the poten-
tial reduction of the proportion of the non-tumor cellular 
composition.

Thus, we performed scRNA-seq for PitNETs that in-
cluded most subtypes and captured major normal pituitary 
cell types. The acquisition of normal cells provides us with 
an excellent opportunity to compare differences with cor-
responding tumor cells.

Classification of PitNETs by scRNA-seq

To investigate global transcriptional interrelationships, we 
performed PCA on tumor cells. The results distinguished 3 
major cell groups corresponding to 3 adenohypophyseal 
cell lineages6 (Figure 2A, B). The first group was the PIT-1 
lineage of 10 PIT-1-positive tumors. The second group was 
the corticotroph lineage of 4 T-PIT-positive tumors, and 
the third group was 8 gonadotroph tumors and 1 tumor 
with the unusual coexpression of both T-PIT and SF-1 
(Figure 2B). Unsupervised clustering analysis separated 
the tumor cells into the same 3 major groups. The results 
further showed that the cells from 4 somatotroph tumors 
(P2, P5, P15, and P16) clustered together (Figure 2C). We 
also performed bulk RNA-seq to 20 samples, 18 of which 
were independent specimens frozen in liquid nitrogen 
(PB1-PB18), and 2 were from the patients (P4 and P6) sub-
jected to scRNA-seq. The PCA results were consistent with 
the scRNA-seq results (Figure 2D). We also identified DEGs 
from these 3 PitNET lineages by scRNA-seq and bulk RNA-
seq (Figure 2E; Supplementary Table S2).

The tumor from P14 was clinically diagnosed as a “null-
cell” tumor with negative IHC results for all 6 hormones; 
scRNA-seq showed that even SF-1 was not expressed in 
this tumor (Figure 1C). PCA and clustering analysis clearly 
showed that the tumor cells were of the gonadotroph or-
igin (Figure 2A). The examination of other TFs showed that 
GATA2, GATA3, and ISL1 were expressed in the tumor 
cells from P14 (Figure 1C). These results supported the 
use of a set of TFs for the diagnosis of a “null-cell” PitNET. 
Interestingly, the PAwUIC tumor (P11) showed the unusual 
coexpression of both T-PIT and SF-1, and the cells were 
positioned between the corticotroph and gonadotroph lin-
eages, suggesting that they represented an intermediate 
cell state.6 In addition, these cells were clustered with the 
gonadotroph lineage, suggesting that they were of the 
gonadotroph origin.

We examined the expression of a set of lineage and stem 
cell-specific TFs (Figures 1C and 2F). PIT-1, T-PIT, and SF-1 
were the most specific markers for the classification of tu-
mors; other genes, such as ESR1, GATA2, and GATA3, also 
added useful information. Stem cell-specific SOX2 and 
SOX9 were expressed in a minor fraction of cells in some 
tumors (Figure 2F). SOX9 was prominently expressed in 
the tumor expressing both T-PIT and SF-1 (P11), reflecting 
the transcriptional dysregulation of the tumor (Figure 2F).

Together, the results showed that scRNA-seq classifi-
cation is in accordance with the classification of PitNETs 
based on IHC. At the same time, it provides more informa-
tion for understanding the cellular origin and the molec-
ular characteristics of tumors.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab102#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab102#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab102#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab102#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab102#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab102#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab102#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab102#supplementary-data
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Identification of Tumor-Related Genes by 
Comparing Tumor and Matched Normal Cells

We captured 3 normal endocrine cell types: somatotrophs, 
lactotrophs, and gonadotrophs. This provided an excellent 
chance for identifying tumor-related genes with high ac-
curacy that was not previously possible due to the lack of 
transcriptome information on normal endocrine cells.

Comparison of somatotroph, gonadotroph, and 
lactotroph tumor cells and their matched normal cells iden-
tified 372, 643, and 1859 DEGs, respectively (Figure 3A–C; 
Supplementary Figure S3A, B; Supplementary Table S3). 
Notably, among gonadotroph DEGs, the majority of them 
(84.3%, 542 of 643) were downregulated, while in contrast, 
the majority of the somatotroph and lactotroph DEGs were 
upregulated (76.1%, 283 of 372 for somatotrophs, and 
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73.2%, 1361 of 1859 for lactotrophs, Supplementary Figure 
S3A). The higher number of DEGs for the lactotroph tumor 
may be due to individual differences as there was only one 
lactotroph tumor sample.

LHB, GNRHR, ESR1, and PGR were remarkably 
downregulated in gonadotroph tumors compared with 
normal gonadotrophs, which was consistent with the 
nonfunctioning nature of this tumor subtype (Figure 3B). 
Downregulated genes of gonadotroph tumors enriched 
for GO terms such as “regulation of cell population prolif-
eration” (eg, CDKN1A, CDKN2A, ZFP36, BTG2, DLG5, and 
ZBTB16), “epithelium development” (eg, KRT8, KRT18, 
and KLF4), and “hormone metabolic process” (eg, LHB, 
GAL, and ESR1), which suggested abnormalities in cell 
proliferation, hormone production, and epithelium func-
tion of these tumors (Figure 3D). For somatotroph tumors, 
high expression levels GHRHR, GH1, and GH2 were main-
tained, which was consistent with the functioning nature 
of this tumor type. Consistently, upregulated genes of 
somatotroph tumors are mainly enriched for GO terms 
“regulated exocytosis” (eg, SCG3, ANXA2, CLU, and 
GAA) and “secretion by cell” (eg, A1BG, HEXB, ATP6V0A1, 
ATP6AP1, PSAP, and PSMA5) (Figure 3D).

We examined previously reported PitNET-related 
genes including PTTG1, GADD45G, MEG3, CDKN2A, and 
CCND1. Consistent with previous reports of the selec-
tive silencing of MEG3 in gonadotroph tumors, the ex-
pression levels of MEG3 were remarkably decreased in 
all (8 of 8)  gonadotroph tumors compared with normal 
gonadotrophs28 (Figure 3E). CDKN2A was markedly 
downregulated in 6 of 8 gonadotroph tumors, and 2 of 8 
PIT-1 tumors, a pattern that was consistent with previous 
studies.29 CCND1 was upregulated in all gonadotroph 
tumors and 2 of 4 somatotroph tumors (Figure 3E). 
Interestingly, GADD45G was prominently downregulated 
in gonadotroph tumors but upregulated in somatotroph 
tumors, which was not previously recognized.30,31 PTTG1 
was significantly upregulated in the lactotroph tumor 
and a portion of somatotroph and gonadotroph tumors 
(Supplementary Figure S3C).

Two genes (AMIGO2 and SERF2) were consistently 
upregulated in all 3 tumor types, and 5 genes (CLU, BEX1, 
C4orf48, NDUFA1, and TSPAN3) were upregulated in both 
somatotroph and gonadotroph tumors (Figure 3A and 
Supplementary Figure S3B; Supplementary Table S3). 
The high expression level of CLU in PitNETs has been re-
ported.32 AMIGO2 was not upregulated in the corticotroph 
tumors and thus was tumor type-specific. An association 
between AMIGO2 and PitNETs has not been reported, and 
this gene has recently been reported to play roles in the 
proliferation or metastasis of several malignant cancer 
types.33,34 To confirm the expression of AMIGO2 in PitNETs, 
we performed immunostaining in 2 somatotroph tumors. 
The results showed that AMIGO2 was strongly expressed 
in the cytoplasm and membrane of PIT-1-positive tumor 
cells (Figure 3F).

We did not capture the normal corticotroph. For 
identifying potential corticotroph tumor-related genes, 
we compared the corticotroph tumor cell with the normal 
human fetal corticotroph (Corticotroph2) published in 
our recent study using the same scRNA-seq platform.35 
We identified tumor-upregulated genes such as CLU, 

BEX1, C4orf48, and NDUFA1 which also upregulated in 
somatotroph and gonadotroph tumors, and downregulated 
genes such as POMC (Supplementary Table S3).

Thus, the comparison of tumor and matched normal 
cells at a single-cell resolution uncovered distinct charac-
teristics between gonadotroph and the PIT-1 lineage tu-
mors and identified known and novel tumor-related genes.

Intra-Tumor Heterogeneity in Transcriptome

We next explored the intra-tumor transcriptomic heteroge-
neity of PitNETs. Cell cycle analysis showed that a small 
portion of tumor cells (0.7%) were actively proliferating, 
which is consistent with the notion that PitNETs have a 
low proliferation rate (Figure 4A). Correlation analysis 
showed that these tumors were generally homogeneous 
(Figure 4B). PitNETs usually expressed more than one hor-
mone gene, eg, P1, P5, P11, P12, and P15 in this cohort. 
We performed clustering analysis to examine the heter-
ogeneity of these multiple hormone tumors. The results 
showed that tumor cells expressing multiple hormone 
genes or TFs were not segregated in all cases (Figure 4C, 
D; Supplementary Figure S4A–C). In the PAwUIC tumor 
from P11, SF1 (NR5A1) and T-PIT (TBX19) were clearly 
co-expressed in the same individual cells (Figure 4C, D). 
Additionally, in the somatotroph tumor from P5, cells ex-
pressing GHRH and GHRHR were not segregated into 
subclusters, suggesting the presence of an autocrine loop 
(Figure 4C; Supplementary Figure S4A). Clustering anal-
ysis of other tumors identified a cell subcluster expressing 
the cell cycle program including TOP2A, UBE2C, AURKB, 
and CCNB2, in 1 invasive tumor (P16, Figure 4E, F). This 
tumor indeed gave the highest Ki-67 staining (8%) in the 
cohort (Supplementary Table S1). Another invasive tumor 
(P6) showed mass-associated subpopulations with unex-
plained functions (Supplementary Figure S4D, E). We also 
identified cell subclusters enriched for genes involved 
in extracellular matrix organization and epithelial-to-
mesenchymal transition in 4 tumors (P1.2, P2.2, P10, and 
P15); however, we failed to verify the presence of these 
cells in vivo using immunostaining (data not shown).

Together, the results indicated that PitNETs were gen-
erally had homogeneous transcriptomes, even among tu-
mors expressing multiple hormone genes.

Single-Cell CNV Analysis

Genomic CNVs occur frequently in PitNETs.36,37 However, 
this has not been analyzed at a single-cell resolution. We 
deduced CNVs from scRNA-seq data as reported in pre-
vious studies.38 The results showed that 62% (13 of 21) of 
tumors had CNVs; 5 tumors (P1, P8, P10, P12, and P20) 
displayed severe genomic disruption as defined by ge-
nomic alterations on 4 or more chromosomes, and 8 tu-
mors displayed CNVs on 1-3 chromosomes (Figure 5A and 
Supplementary Figure S1A). We performed WGS of bulk 
samples from 7 tumors, and the results generally verified 
the deduced CNVs from single-cell data (Figure 5A and 
Supplementary Figure S1B). In all cases, including 5 tu-
mors displaying genomic disruptions, individual tumor 
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Fig. 3 Identification of tumor-related genes by comparing tumor and matched normal cells. (A–C) Volcano plots showing DEGs between the 
tumor and matched normal of somatotrophs (A), gonadotrophs (B), and lactotrophs (C). The number of DEGs is labeled. (D) Representative GO 
terms of downregulated genes in gonadotroph tumors and upregulated genes in somatotroph tumors. (E) Violin plots showing the expression of 
representative known and novel tumor-related genes in normal pituitary cell types and tumor cells from each patient. Samples are arranged in the 
same order as Figure 1B. Somato, somatotrophs; Lacto, lactotrophs; Gonado, gonadotrophs; Stem, stem cells; Fibro, fibroblasts; EC, endothelial 
cells; IMM, immune cells. (F) Immunostaining results showing the expression of AMIGO2 (green) and PIT-1 (red) in tumor cells from 1 somatotroph 
tumor. Scale bar, 50 µm. Abbreviations: DEGs, differentially expressed genes; GO, gene ontology.
  



1867Cui et al. Single-cell analyses of PitNETs
N

eu
ro-

O
n

colog
y

  
P5 P2.

2
P2.

1
P15 P16 P20P1.

2
P12P6 P11P10 P14 P18 P22P9P1.

1

P1.1
P2.1
P3
P4
P5
P6
P1.2
P8
P9
P10
P11
P12
P2.2
P14

P15

P16
P17
P18
P19
P20
P21
P22
P23

0

0

0

2

2

3

3

5
4

1

0

0.0
2.5
5.0
7.5

0.0
2.5
5.0
7.5

0.0
2.5
5.0
7.5

0.0
2.5
5.0
7.5

10.0

2
3

5
4

1

0

0

0

6

6

2

2

0
2

8

4

4

4

6

2
3

5
4

1

1

0

1

0.4
0.6

0.8

0.2

0 1 2 3 4

6

4

2G
2/

M
 p

ha
se

S phase

C
os

in
e 

di
st

an
ce

Cell state
Cycling
Resting

A

D

E F

B C
TBX19

P11

P5 P5

P11

NR5A1

Expression
High

LowGHRH GHRHR

P
O

U
1F

1
N

R
5A

1
T

B
X

19
G

H
1

P
R

L
T

S
H

B
LH

B
F

S
H

B
P

O
M

C
C

G
A

G
H

2

P1.1P2.1 P2.2 P5 P1.2P8 P11P12P15 P16

P16

P20

0 0

4

8

2

6
4

0

Mitotic cell cycle

Cell division

Cell cycle

1.53E-08

3.75E-08

1.31E-06

2

6
4

0
2

6
4

TOP2A

AURKB

UBE2C

CCNB2

Tissue
cnv

GO term (Cluster C3) P value

Cluster
1
2

3
4

C1 C2 C3 C4
Expression cnv

cnv

Normal

Tissue

–1.5 1.50
T1
T2
T3

Fig. 4 Intra-tumoral heterogeneity of the cell cycle and multiple hormone genes. (A) Classification of all tumor cells as noncycling (blue) and cycling 
cells (red) based on cell cycle scores. (B) Pairwise correlations between expression profiles of single cells across all tumor cells. Cells are hierar-
chically clustered by patients. (C) t-SNE plot showing coexpression of TBX19 and NR5A1 in individual tumor cells from P11 and coexpression of 
GHRH and GHRHR in the tumor from P5. (D) Bar plot showing the expression of TFs and hormone genes in single cells of PIT-1 lineage tumors 
and the tumor from P11. Samples are arranged in the same order as Figure 1B. (E) t-SNE plot showing clustering results of tumor cells from P16. (F) 
Heatmap showing the expression of DEGs in each of 3 clusters from P16, with the expression of representative genes and the main GO term of cluster 
C3 shown on the right panel. Abbreviations: GO, gene ontology, TFs, transcription factors, t-SNE, t-distributed stochastic neighbor embedding.
  



 1868 Cui et al. Single-cell analyses of PitNETs

  

scMulti-omics MALBAC

inferCNV from scRNA-seq WGS

scMulti-omics MALBAC

P20_ T3_sc74

P20_T3_sc75

P20_T3_sc83

P20_T3_sc84

P21_T2_sc34

P21_ T2_sc35

P21_ T2_sc43

P21_ T3_sc70

scMulti-omics MALBAC

P18_T1_sc15

P18_T2_sc35

P18_T3_sc67

P18_T3_sc90

A

B

C

D

P1.1
P1.2
P2.1
P2.2
P3
P4
P5
P6
P8

P9
P10
P11
P12
P14

P15

P16
P17
P18
P19
P20
P21
P22
P23

Loss Gain

1 2 3 16 18 19 2022174 5 8 9 10 11 12 1476 X 1 2 3 16 18 20224 5 8 9 10 11 12 1476 X
chr

P1.2

P4

P14

P6_T1

P15_T1.2

P15_T2

P16_T1

4

2

0
4
2

0
4
2

0
4
2

0
4
2

0
4
2

0
4

2
0

2

6
4

0

2

6
4

0

2

6
4

0

2

6
4

0

2

6
4

0

2

6
4

0

2

6
4

0

2

6
4

0

2

6
4

0

2

6
4

0

2

6
4

0

2

6
4

0

1 2 3 1613 18 20 224 5 158 9 10 11 12 1476 X

1 2 3 1613 18 20 224 5 158 9 10 11 12 1476 X

1 2 3 1613 18 20 224 5 158 9 10 11 12 1476 X

Fig. 5 Single-cell multi-omics sequencing of PitNETs. (A) CNV profiles inferred from scRNA-seq in individual cells from each patient, verified by 
bulk WGS in selected cases. (B–D) CNV profiles detected by MALBAC at a 1-Mb resolution in 4 single tumor cells from P20 (B), P21 (C), and P18 
(D). Cells are in cluster C2 in Supplementary Figure S5C–E. Abbreviations: CNV, copy number variations; MALBAC, multiple annealing and looping-
based amplification cycle; PitNETs, pituitary neuroendocrine tumors; scRNA-seq, single-cell RNA sequencing; WGS, whole-genome sequencing.
  

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab102#supplementary-data


1869Cui et al. Single-cell analyses of PitNETs
N

eu
ro-

O
n

colog
y

cells from the same patient showed similar CNV patterns, 
suggesting minor intra-tumoral genomic heterogeneity.

The scRNA-seq based CNV detection method had a low 
resolution. To investigate the intra-tumoral genomic heter-
ogeneity at a higher resolution, we performed single-cell 
multi-omics sequencing, which simultaneously detected the 
transcriptome and the genome in an individual cell. In this 
analysis, the identity of cells could be clearly determined 
by transcriptome, while genomic alterations can be accu-
rately determined by the single-cell genome sequencing 
MALBAC method.20 We analyzed a total of 409 cells from 
5 patients (P17-P21) with 238 cells passing the quality cri-
teria (Supplementary Figure S5A–F). Tumor cells from P20 
showed genomic disruptions with CNVs on 4 chromosomes; 
all 8 analyzed tumor cells showed the same CNV pattern, 
confirming that there was no significant intra-tumoral het-
erogeneity (Figure 5B and Supplementary Figure S5G). 
Interestingly, tumor cells from P21 and P18 showed slight but 
clear intra-tumoral heterogeneity in genome. In P21, except 
for the gain of chromosome 7 in all tumor cells, 5 of these 
80 tumor cells showed a gain of a 61-Mb portion of chromo-
some 1q (Figure 5C). In P18, most tumor cells showed a gain 
of chromosome X, while a small portion of tumor cells (6 of 
86) showed no gain of chromosome X (Figure 5D).

Thus, single-cell sequencing analysis indicated that 
PitNETs had a relatively uniform pattern of genomes, but 
slight intra-tumoral CNV heterogeneity did exist in some 
tumors.

Discussion

For the first time, we conducted high-precision scRNA-seq 
and single-cell multi-omics analyses of PitNETs. First, we 
compared tumor and matched normal endocrine cells at 
a single-cell resolution and comprehensively examined 
tumor-related transcriptome alterations. Previous studies 
have compared tumor and normal pituitary tissue. This ap-
proach is not accurate since it is complicated by mixed cell 
types in normal pituitary tissue.39–41 One notable finding 
of this study is that gonadotroph tumors predominantly 
exhibited downregulated genes, while somatotroph and 
lactotroph tumors mainly exhibited upregulated genes. This 
likely reflects the different characteristics and pathogen-
esis of gonadotroph tumors in comparison with the other 2 
tumor types. The vast majority of gonadotroph tumors are 
nonfunctioning, while somatotroph and lactotroph tumors 
are typically functioning.42 Consistently, the downregulated 
genes in the gonadotroph tumors included LHB and GNRHR, 
while in the somatotroph tumors, GH1 and GHRHR were not 
downregulated. Furthermore, the pathogenesis differs be-
tween somatotroph tumors and gonadotroph tumors. GNAS 
mutations, which stimulate GH secretion, occur in 40%-60% 
of somatotroph tumors.8,37 In contrast, no recurrent muta-
tions have been identified in gonadotroph tumors, and this 
tumor type is thought to be driven by epigenetic mechanisms 
including DNA methylation.4,5 Thus, many downregulated 
genes in gonadotroph tumors may be silenced by DNA meth-
ylation as has been reported for the tumor suppressors MEG3, 
CDKN2A, and GADD45G. Among the newly identified genes, 
there were some novel putative tumor suppressors, including 
ZFP36, BTG1, DLG5, and ZBTB16, were downregulated 

in gonadotroph tumors. AMIGO2 is an interesting tumor-
associated gene that was upregulated in most gonadotroph, 
somatotroph, and lactotroph tumors, but not corticotroph tu-
mors in our cohort. Further studies should investigate whether 
these genes are required for the survival of PitNET cells.

Second, we investigated inter- and intra-tumoral hetero-
geneity in the transcriptome and genome of PitNETs. Our 
data failed to reveal intra-tumoral heterogeneity in several 
multiple hormone tumors including P11; the TFs or hor-
mone genes of different lineages were clearly co-expressed 
in individual cells. These results thus suggested that these 
tumors originated from a single “ancestor” cell with a 
dysregulated epigenome and transcriptome.

Previous studies have shown that approximately 30% 
of PitNETs display genomic disruptions involving up to 
99% of the genome, a level similar to most malignant can-
cers.36,37 For 5 such tumors, individual cells showed the 
same CNV patterns, indicating that they were derived from 
a single tumor “ancestor” cell suffering all genomic alter-
ations; this further suggested that CNVs were one of the 
causes of these PitNETs. We identified intra-tumoral ge-
nomic heterogeneity in 2 PitNETs. However, the frequency 
and extent of the heterogeneity are much lower than those 
of colorectal cancers.18

This study has limitations. The scRNA-seq landscape of 
21 tumors for 6 subtypes was still preliminary, and there 
was no functional corticotroph adenoma case during the 
period of sampling; less cases were subjected for multi-
omics analysis. The number of cells for each tumor was 
limited and thus we may not fully capture intra-tumoral 
heterogeneity. We have also not captured the normal adult 
corticotroph and thyrotroph.

In summary, our single-cell sequencing analysis pro-
vides insights into the characteristics and pathogenesis of 
PitNETs. The data serve as an invaluable resource for the 
identification of diagnostic biomarkers and therapeutic tar-
gets for PitNETs.
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