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Abstract
Background: Pituitary neuroendocrine tumors (PitNETs) represent the neoplastic proliferation of the
anterior pituitary gland. Transcription factors play a key role in the differentiation of PitNETs according to
the 2017 WHO classi�cation of tumors of endocrine organs. However, for a substantial proportion of
PitNETs, the etiology is poorly understood.

Methods: To analyze the diversity genes and pathways based on transcriptomic data of 172 patients by
transcriptome sequencing, difference, correlation, and enrichment analysis. The transcriptomic data and
clinical characteristics are applied to �nd the clinical signi�cance of key genes by correlation analysis
and ROC curve. Series functional experiments demonstrated the role of DLK1/MEG3 locus through
antibody blocking and RNA interference in GH3, MMQ and ATT20 cell line.

Results: In this study, we found the imprinting disorders of the 14q32.2 region and DLK1/MEG3 locus
associated with the differentiation of PitNETs. As being speci�c feature change in somatotroph
adenomas compared with other subtype adenomas, DLK1/MEG3 locus promoted somatotroph
differentiation and inhibited tumor proliferation in PIT1(+) PitNET patients, furthermore, the level of DLK1
played a critical role in the trend of somatotroph differentiation or lactotroph differentiation in PIT1(+)
PitNET patients. Anti-DLK1 monoclonal antibody blockade or siMEG3 both indicated that the
DLK1/MEG3 domain signi�cantly induced the synthesis and secretion of growth hormone/insulin-like
growth factor-1 (GH/IGF-1) and inhibited cell growth and colony formation and that the loss of DLK1
activated the mTOR signaling pathway in high DLK1-expressing and PIT1(+) GH3 cell lines. There was a
mild effect in the low DLK1-expressing and PIT1(+) MMQ cell lines and no effect in the PIT1(-) ATT20 cell
line, regardless of whether anti-DLK1 monoclonal antibody blockade or siMEG3 was used.

Conclusions: These �ndings emphasize that expression at the DLK1/MEG3 locus plays a key role in the
differentiation of PitNETs in patients depending on the level of PIT1. In addition, these �ndings provide
potential molecular target data for patient strati�cation and treatment in the future.

Background
Pituitary neuroendocrine tumors (PitNETs) represent the neoplastic proliferation of the anterior pituitary
gland and account for 10–15% of intracranial tumors. Differentiation of pituitary cells mainly depends on
transcription factors, including POU class 1 homeobox 1 (POU1F1, PIT1), T-box transcription factor 19
(TBX19, TPIT) and splicing factor 1 (SF1) [1–5]. As common functional PitNETs, somatotroph adenomas
arise from PIT1 lineage cells and cause acromegaly due to excessive growth hormone (GH) and insulin-
like growth factor 1 (IGF-1) levels. High serum GH/IGF-1 levels lead to comorbidities including arthritis,
facial changes, prognathism, and glucose intolerance [6]. GH binds to two GH receptors (GHRs),
activating a series of signaling molecules, which lead to changes in enzymatic activity, transport function,
and gene expression that determine the �nal changes in growth and metabolism [7]. Surgery is the
preferred treatment for somatotroph adenomas, and markers of remission include biochemical control,
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normal pituitary and parasellar MRI visualization, and recurrence-free postoperative duration [8–10].
Although tight medical control of GH/IGF-1 levels improves clinical outcomes, a signi�cant number of
patients exhibit persistent GH hypersecretion after treatment [11].

Genomic imprinting, a unique mechanism of epigenetic regulation that results in parent-of-origin-speci�c
gene expression, is essential for normal mammalian development and growth [12]. In addition to
microRNAs (miRNAs), long noncoding RNAs (lncRNAs) (> 200 nt in length) have attracted attention due to
their potential regulatory roles in biological processes [13]. Human chromosome 14q32.2 plays crucial
roles in cell differentiation and tissue development, which includes an imprinted region containing
paternally expressed genes (PEGs) encode delta like non-canonical Notch ligand 1 (DLK1),
retrotransposon gag like 1 (RTL1), and iodothyronine deiodinase 3 (DIO3), maternally expressed genes
(MEGs) encode MEG3/8/9, and several large clusters of miRNAs [14, 15]. The DLK1/MEG3 locus is
mostly silenced in human nonfunctional PitNETs but not in functional PitNETs [16]. DLK1 is expressed
throughout the developing pituitary gland and becomes restricted mostly to somatotroph cells within the
adult gland; loss of DLK1 leads to a signi�cant reduction in GH content throughout the lives of DLK1-null
mice [17]. DLK1 is involved in PIT1-mediated transcription, and GH is a DLK1-regulated target gene in the
GH3 cell line [18].

Increasing evidence has suggested alterations in gene expression as major contributors to the
identi�cation of disease-speci�c patterns in PitNETs, not infrequent recurrent somatic mutations [19, 20].
Through diversity analysis of the transcripts per million (TPM) values of the transcriptomic data and
clinicopathological characteristics of 172 PitNETs, the imprinting disorders of the 14q32.2 region and
DLK1/MEG3 locus associated with the differentiation of PitNETs were �ltered. The DLK1/MEG3 locus
functions in PitNETs, and its underlying mechanisms were largely assessed through anti-DLK1
monoclonal antibody blockade or siMEG3 in PitNET cell lines. Here, we showed the critical role of the
DLK1/MEG3 locus in the differentiation of PiTNETs in patients depending on the level of PIT1 and
suggested the DLK1/MEG3 locus as a potential therapeutic target for somatotroph adenoma patients.

Methods
Patient samples and cell lines

All the samples were obtained following transsphenoidal surgery performed at Beijing Tiantan Hospital
from June 2018 to June 2019. Fresh tumor samples were stored in liquid nitrogen. 45 corticotroph
adenomas, 79 gonadotroph adenomas, 17 lactotroph adenomas and 31 somatotroph adenomas from
the study population (age range, 20–75 years) were diagnosed according to the 2017 World Health
Organization classi�cation of tumors of endocrine organs. The study protocols were approved by the
Internal Review Board of Beijing Tiantan Hospital, which was a�liated with Capital Medical University,
and conformed to the ethical guidelines of the Declaration of Helsinki (No. KY2016-035-01).



Page 5/24

The GH3 and MMQ cell lines (ATCC, Manassas, VA, USA) cultured in a humidi�ed incubator at 37°C and
5% CO2 in F-12K medium (ATCC) supplemented with 2.5% fetal bovine serum and 10% horse serum. The
ATT20 cell line (ATCC) was cultured in a humidi�ed incubator at 37°C and 5% CO2 in DMEM (ATCC)
supplemented with 10% fetal bovine serum.

RNA extractions, sequencing, transcriptomic data processing and analysis

For the RNA extractions, patient samples were processed with an AllPrep® DNA/RNA Mini kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. The quantity and quality of the RNA was
evaluated by an RNA Nano6000 assay kit (Aligent Technologies, CA, USA) (RIN>6.8). RNA (3 μg/sample)
was used for the RNA preparations, and the ribosomal RNA was removed using an Epicentre Ribo-zero™
rRNA Removal Kit (Epicentre, Madison, WI, USA). The sequencing library was generated using the
NEBNext® Ultra™ Directional RNA Library Prep Kit (NEB, Ispawich, USA). The library fragments (150~200
bp) were puri�ed by the AMPure XP system (Beckman Coulter, Beverly, USA) and then assessed by the
Agilent Bioanalyzer 2100 system. The libraries were sequenced on an Illumina HiSeq X platform, and
then, 150-bp paired-end reads were generated. Reads containing adapters, reads containing poly-N and
low-quality reads were removed. The paired-end clean reads were aligned to the human reference genome
(hg19) using Hisat2 (v2.0.5) [21]. HTSeq (v0.11.2) was used to count the read numbers mapped to each
gene [22]. The R package limma was used to analyze the quantitative differentiation between two
identi�ed groups [23]. KEGG pathway enrichment and GO term results were exported from the Metascape
website with �ltered differential gene data input [24]. The R package ClusterPro�ler was used to process
the GSEA analysis [25].

Tissue microarray construction and immunochemistry staining

The formalin-�xed, para�n-embedded tissue blocks were sectioned. Three core biopsies (2.0 mm in
diameter) were selected from the para�n-embedded tissue. The cores were transferred to tissue
microarrays using a semiautomated system (Aphelys MiniCore, Mitogen, UK). The microarrays were cut
into 4-μm sections and incubated with anti-DLK1 (rabbit monoclonal, 1:600, ab210471, Abcam), anti-
PIT1(mouse monoclonal, 1:500, sc393943, Santa Cruz) and anti-SSTR2 (rabbit monoclonal, 1:400,
ab134152, Abcam) primary antibodies. BondTM Ploymer Re�ne Detection (Leica Biosystems, DS9800)
was used for the detection of the primary antibodies. The slides were scanned into digital pictures, and
expression was examined using Aperio AT2 (Leica Biosystems). The H-score was obtained by multiplying
the staining intensity by a constant to adjust the mean to the strongest intensity [H-score = 3×(percentage
of strong staining)] (1.0%, weak; 2.0%, moderate; 3.0%, strong) to yield a score ranging from 0 to 300.

Cell proliferation and colony formation assay

The number of cells in suspension was adjusted to 1×105/ml, and 100 µl cell suspension was plated into
each well of a 96-well plate. After overnight incubation, anti-DLK1 monoclonal antibody blockade (1
μg/ml, 5 μg/ml, and 20 μg/ml) or siMEG3 fragments (Supplementary Table 1) were added.
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The cells were then cultured for 24 h, 48 h and 72 h; 20 µl 3-(4,5-diethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) solution was then added into
each well and incubated for an additional 4 h. The absorbance at 490 nm was measured with an ELISA
plate reader (Thermo, USA). For the colony formation assay, a total of 200 cells were plated into each well
of a 24-well plate and maintained for 7 days. The colonies were then �xed with 4% formaldehyde for 30
min and stained with 0.2% crystal violet for 10 min. Triplicate wells were measured in each treatment
group.

Immuno�uorescence and confocal microscopy

For the immuno�uorescence experiments, GH3 cells were seeded on poly-L-lysine-coated confocal dishes,
and an anti-DLK1 antibody (5 μg/ml) was added. After 24 h in culture, the cells were �xed with 4%
paraformaldehyde for 30 min, washed with PBS, and permeabilized with 0.2% Triton X-100 in PBS for 15
min at room temperature. The �xed cells were incubated with an anti-DLK1 (1:600) antibody and anti-
PIT1 antibody (1:500) overnight at 4°C followed by incubation with the �uorescently (Alexa Fluor 488 and
594) labeled secondary antibody (1:300) for 1 h at room temperature. The cell nuclei were visualized by
DAPI counterstaining (Invitrogen).

ELISA assay

The adrenocorticotropic hormone (ACTH), GH, IGF-1, and prolactin (PRL) levels in 10 μl cell culture
supernatant were detected by ELISA kits (APPLYGEN) according to the protocol. The absorbance of each
well at 450 nm was measured using an ELISA plate reader (Thermo Fisher).

Reverse transcription and quantitative PCR

Microarray hybridization and qRT-PCR were performed as previously described [26]. The total RNA of 30
samples was extracted and puri�ed using the Rneasy®Mini Kit (QiaGen, Hilden, Germany) following the
manufacturer’s instructions. RT-qPCR was performed on a QuantStudio5 (Applied Biosystems, Singapore)
with primers of each genes (Supplementary Table 2). The fold-change in the differential expression of
each gene was calculated using the comparative CT method (2−∆∆CT method) in the R package PCR,
with GAPDH as the reference gene [27].

SDS-PAGE and western blot analyses

Samples (up to 10 mg) were lysed in lysis buffer containing 1% Nonidet P-40 (Calbiochem, Merck,
Darmstadt, Germany) and protease and phosphatase inhibitor cocktails (Roche, IL, USA) overnight at 4°C.
The total extracts were centrifuged at 12,000 g for 30 min at 4°C, and the protein concentration was
determined by the BCA method (Pierce Biotechnology, IL, USA). A total of 20 μg of protein per lane was
loaded onto 10% Bis-Tris SDS-PAGE gels, separated electrophoretically, and blotted onto polyvinylidene
�uoride membranes (Merck). The blots were incubated with anti-ACTH (rabbit polyclonal, 1:2,000,
AB74976), anti-GH (mouse monoclonal, 1:1,000, ab155276), anti-PRL (rabbit polyclonal, 1:1,000,
ab64377), anti-DLK1 (1:2,000, Abcam), anti-PIT1(1:2,000, Santa-Cruz), anti-phospho-4EBP1 (rabbit
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polyclonal, 1:2,000, AF3432, Affbiotech), anti-4EBP1 antibody (mouse monoclonal, 1:1,000, 60246-1,
Proteintech), anti-phospho-P70S6K (rabbit polyclonal, 1:1,000, AF3228, Affbiotech), anti-P70S6K
antibody (rabbit polyclonal, 1:1,000, 144851-AP, Proteintech), anti-phospho-mTOR-2448 (rabbit
monoclonal, 5536s, 1:1,000, CST) and anti-mTOR (rabbit monoclonal, 1:1,000, 2983s, CST) antibodies,
followed by a secondary antibody (1:8,000) tagged with horseradish peroxidase (Santa Cruz
Biotechnology). The blots were visualized by enhanced chemiluminescence, and densitometry was
performed using a �uorescence image analyzer (Amersham Imager 600, GE, MA, USA). GAPDH was used
as the loading control.

Statistical analysis

All the statistical analyses were conducted using SPSS Statistics Version 22 (IBM Corporation, Armonk,
New York, USA). Unpaired Student’s test and chi-square (Fisher’s exact) test were used to compare
quantitative and qualitative data. The P value of less than 0.05 was considered signi�cant. The R
package pROC was used to compute ROC curves, AUC, and P values to evaluate the predictive accuracy
of selected genes [28].

Results
Clinical and pathological features of PitNETs

A total of 172 cohort samples were included for transcriptomic analysis; the samples were collected 92
males and 80 females with an average age of 49.65 ± 0.92 years (20–75 years), and the average tumor
volume was 12.94 ± 1.61 cm3 (0.05–155.3 cm3) (Table 1). According to Knsop staging, Knosp stage III-IV
samples were considered invasive (80 cases), and Knosp stage I-II samples were considered noninvasive
(92 cases). Transsphenoidal surgery included initial surgery (135/172, 78.5%) and 37 cases of adenoma
recurrence treated with surgery (37/172, 21.5%). Females were more susceptible to functional PitNETs
than males (P < 0.001).
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Table 1
Clinic-pathological features of 172 PitNETs patients

Variable Somatotroph Lactotroph Gonadotroph Corticotroph

Gender        

Male 15 6 62 9

Female 16 11 17 36

Age        

< 30 3 4 2 3

30–39 6 1 9 8

40–49 11 4 24 16

50–59 7 5 26 9

≥ 60 4 3 18 9

Tumor volume        

(cm3) 8.35 ± 1.65 14.54 ± 3.76 12.09 ± 2.59 16.66 ± 3.71

Invasive        

Yes 12 11 29 28

No 19 6 50 17

Surgical extent        

Total resection 27 15 51 31

Partial resection 4 2 28 14

Operation        

Primary 21 17 67 31

Recurrence 10 0 12 15

 

Identi�cation of differentially expressed genes in PitNETs

In this study, we divided 172 patients into four groups according to the 2017 WHO classi�cation of
PitNETs for transcriptomic experiments; these groups included patients with somatotroph adenomas,
lactotroph adenomas, cortitroph adenomas and gonadotroph adenomas. An unsupervised hierarchical
clustering of the top 352 most variable genes revealed distinct gene expression pro�les corresponding to
the discretion of morphofunctional classi�cation categories (Figure 1A). The volcano maps of the
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characteristic difference pro�les of somatotroph adenomas are shown based on pairwise comparisons
(Figure 1B-D). A total of 110 molecules overlapped based on DEG �lter parameters (|log2FC|>2, adjusted P
value<0.001), and DLK1 (somatotroph vs. lactotroph: log2FC=7.397, somatotroph vs. gonadotroph:
log2FC=9.611, somatotroph vs. corticotroph: log2FC=9.832) were the most signi�cantly different in
somatotroph adenomas compared with other subtypes (Figure 1E). Using the Metascape database, DEG
pathway enrichment showed that the top three pathways were Growth hormone receptor signaling (R-
HSA-982772), RA biosynthesis pathway (R-HSA-5365859) and Neuroactive ligand-receptor interaction
(hsa04080), and the enriched GO terms focused on negative regulation of synapse assembly, forebrain
development, and regulation of catecholamine secretion (Figure 1F-G). GSEA of 172 patients showed that
the most positively correlated pathway was related to protein export and that the most negatively
correlated pathway was related to methylated histone arginines in somatotroph adenomas compared
with other subtypes (Figure 1H).

LncRNAs that drive the transcriptome showed noticeable expression signatures in somatotroph
adenomas compared with other subtypes of PitNETs. 41 upregulated lncRNAs and 22 downregulated
lncRNAs in somatotroph adenomas were identi�ed (|Log2FC|>2, adjusted P value<0.001): AC126177.8,
AC355974.2, LINC02475, MEG3, MEG9 and MiR7-3HG were the most signi�cantly upregulated DEGs
(Figure 2A-E).

Description of the DLK1/MEG3 locus in 172 PitNETs

The landscape of chromosome 14 was established in this study by transcriptomic experiments. The
imprinting disorders of the 14q32.2 region in somatotroph adenomas compared with other subtypes were
identi�ed, and a high-resolution pro�le at 14q32.2 (chr14:100,487,787-101,563,452, including
DLK1/MEG3 locus) is shown (Figure 3A). We observed that MEG3/8/9 and miR-377 in the 14q32.2 region
showed a widespread increase in somatotroph adenomas (Figure 3B). The differentiation of PitNET cells
depends on transcription factors, mainly POU1F1 (PIT1), TBX19 (TPIT), SF1, estrogen receptor 1 (ESR1,
ER- ) and endothelial transcription factor GATA2 (GATA2). Intriguingly, we revealed distinct groups as
follows: 1) somatotroph adenoma: high POU1F1 and high DLK1; 2) lactotroph adenoma: high POU1F1
and low DLK1; 3) gonadotroph adenoma: high FSHB and low DLK1, followed by high GATA2 and low
DLK1; and 4) corticotroph adenoma: high TBX19 and low DLK1. In this study, SF1 or ESR1 did not show
sensitivity or speci�city for the classi�cation of PitNETs (Figure 3C, Supplementary Figure 1).

Clinical relevance of DLK1 in somatotroph adenoma

All patients were con�rmed by MR image T1WI+C sequence and transmission electron microscopy
(Figure 4A, B). To con�rm the possibility of DLK1 can stratify PitNETs, we measured the levels of DLK1,
PIT1 and SSTR2 in these samples through immunohistochemistry staining (Figure 4C). The DLK1
expression levels yielded an H-score of 256.3±11.6 in somatotroph adenomas, 124.7±7.3 in lactotroph
adenomas, 79±4.7 in gonadotroph adenomas, and 83.1±7.9 in corticotroph adenomas (P<0.001). The H-
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scores of PIT1 were 107.5±9.2, 102.4±8.9, 15.3±2.1, and 21.2±2.6, respectively (P<0.001). The H-scores
of SSTR2 were 224.3±7.1, 31.5±1.7, 24.3±3.5, and 30.4±3.2, respectively (P<0.001).

In somatotroph adenomas from 31 transcriptome groups, patients with high DLK1 expression appeared
to have higher preoperative serum GH levels than patients with low DLK1 expression (r=0.58, P<0.001).
There was no signi�cant difference in the correlation coe�cient (r=-0.29, P=0.113) between the DLK1
level and tumor size (Figure 5A, B). We divided 31 patients into two groups based on the median DLK1
level: the high DLK1 group and the low DLK1 group. Patients in the high group had higher preoperative
serum GH levels (P<0.001) and lower average tumor volumes (Figure 5C). Although there was no
signi�cant difference in tumor volume between the two groups, considering that individual extreme
values do exist, we believe that they still have a negative correlation trend. Furthermore, we analyzed the
potent risk factors related to the serum level of GH. Based on the area under the ROC curve, we identi�ed
HRAS (0.825), WNT5B (0.819), Notch2 (0.799), DLK1 (0.795) and ITPR2 (0.782) in the PI3K/AKT/mTOR
pathway, Notch pathway and growth hormone synthesis, secretion and action (Figure 4D).

The effect of anti-DLK1 antibody on PitNET cell lines

In this study, we measured the levels of PIT1 and DLK1 in the GH3, MMQ and ATT20 cell lines. Western
blot experiments showed that the GH3 and MMQ cell lines were PIT1(+) cell lines and that the ATT20 cell
line was a PIT1(-) cell line (Figure 6A). Based on these results, according to the protein level, we de�ned
GH3 cells as a high DLK1-expressing and PIT1(+) cell line and MMQ cells as a low DLK1-expressing and
PIT1(+) cell line. We found that the anti-DLK-1 antibody could promote cell proliferation in a dose- and
time-dependent manner in the GH3 cell line (P<0.05), and only a high concentration of the anti-DLK1
antibody (20 μg/ml) could promote cell proliferation in the MMQ cell line (P<0.05); there was no effect in
the ATT20 cell line (Figure 6B). ELISA showed that the anti-DLK1 antibody caused the strongest inhibition
of GH secretion (>70%), followed by IGF-1 secretion (almost 40%), and a slight inhibition of PRL secretion
(Figure 6C). Clone forming experiments also suggested that the anti-DLK1 antibody promoted cell
proliferation in the GH3 cell line (Figure 6D). Confocal images showed a decline in PIT1(green)
accompanied by the blockade of DLK1 (red) in the GH3 cell line (Figure 6E). In addition, we found that the
mTOR pathway was activated by the anti-DLK1 antibody in a dose-dependent manner in the GH3 cell line
(Figure 6F).

The effect of siMEG3 on PitNET cell lines

To measure the effect of MEG3 on the bioactivity of PitNET cell lines, we synthesized fragments of small
interfering RNA. The RT-PCR assays proved that the RNAi e�ciency of the siMEG3-1 and siMEG3-2
fragments in GH3 cells was more than 75% compared with the control or vector fragments. The RT-PCR
and western blot assays both showed inhibition of the expression levels of DLK1 and PIT1 after siMEG3
treatment (Figure 7A, B). Furthermore, the western blot assays showed that siMEG3 could inhibit the
synthesis of GH but not of PRL in the GH3 cell line. siMEG3-1 and siMEG3-2 both promoted cell
proliferation in the GH3 cell line after 48 h or 72 h of treatment (P<0.05), and only siMEG3-2 mildly
promoted cell proliferation in the MMQ cell line after 72 h of treatment; however, no effect on the
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proliferation of the ATT20 cell line was observed, regardless of whether siMEG3-1 or siMEG3-2 was used
(Figure 7C). ELISA also showed that siMEG3-1 and siMEG3-2 both inhibited the GH/IGF-1 levels in cell
culture and had no effect on the secretion of PRL or ACTH by these cell lines (Figure 7D). Confocal
assays showed a decrease in �uorescence intensity for DLK1 (red) and PIT1(green) after siMEG3-1 and
siMEG3-2 treatment, especially siMEG3-2 (Figure 7E).

Discussion
Pituitary adenomas, which were recently renamed PitNETs, mostly represent benign neoplastic
proliferation of the anterior pituitary gland. The 2017 WHO classi�cation classi�es PitNETs into seven
morphofunctional types and three lineages. The French �ve-tiered classi�cation emphasizes tumor
proliferation and invasion, which provide prognostic value for the clinical treatment of PitNETs [5]. Mario
et al found gonadotroph signatures in some corticotroph and somatotroph PitNETs by integrated
pangenomic analyses [4]. The low mutation burdens of PitNETs based on WGS suggesting a limited
impact of SNVs on the PitNET classi�cations [20, 29, 30]. In this study, we found that expression at the
DLK1/MEG3 locus played a key role in the differentiation of PitNETs in patients depending on the level of
PIT1, and we suggested that DLK1 may be used in addition to the current array of PitNET classi�cations.

Based on the DEGs of 172 PitNETs, DLK1 had the most obvious effect on distinguishing somatotroph
adenomas from other subtype PitNETs with a high expression level over 27 times. AC126177.8,
AC355974.2, LINC02475, MEG3, MEG9 and MiR7-3HG were the most signi�cantly different lncRNAs in
somatotroph adenomas. We con�rmed imprinting disorders in the 14q32.2 region by analyzing the
landscape of chromosome 14. Combined with the clinical phenotype, DLK1 and MEG3 were identi�ed as
characteristic molecules in somatotroph adenomas. The transcriptomic and immunochemistry data also
suggested that the expression level of DLK1 played a key role in the differentiation of PIT1(+) PitNETs.
DLK1/MEG3 is an imprinted locus consisting of multiple maternally expressed lncRNA genes and PEGs
[31, 32]. The expression dosage of DLK1 is functionally important, and modulation of its expression in a
stem cell niche can profoundly alter the self-renewal properties of cells [33–35]. DLK1 plays important
roles in the physiological adaptation associated with early life and is implicated in metabolic disease
resistance; overexpression of DLK1 reduces fat stores, IGF-1 resistance, and defects in feedback
regulation of GH in mice [36]. Ansell et al. reported GH as a target gene that is regulated by DLK1 through
a PIT1-dependent mechanism [18]. These data supported our opinion that the level of DLK1 is the key
factor for determining the differentiation of PIT1(+) PitNETs into somatotroph or lactotroph adenoma.

Traditionally, the DLK1/MEG3 locus plays a tumor suppressor role in human gonadotroph adenomas [16,
37]. Hypermethylation of IG-DMR at the DLK1/MEG3 locus is the reason for the loss of MEG3 that occurs
only in gonadotroph adenomas, and no gene in the DLK1/MEG3 locus was signi�cantly downregulated in
somatotroph adenomas compared to other PitNETs [16, 38]. Overexpression of MEG3 could inhibit
tumorigenesis and induce apoptosis in a pituitary-derived folliculostellate cell line [39]. It has been
di�cult to understand why somatotroph patients with higher serum GH levels have smaller tumor sizes
and less invasive potential, while the DLK1 had the same trend of serum GH levels [40]. We speculated



Page 12/24

that the DLK1/MEG3 locus promoted somatotroph differentiation and inhibited tumor proliferation of
PitNETs.

In this study, we measured the effect of DLK1/MEG3 on the bioactivity of the GH3 cell line (somatotroph),
MMQ cell line (lactotroph) and ATT20 cell line (corticotroph). The western blot assays proved that the
GH3 cell line was PIT1(+) with high DLK1 levels, the MMQ cell line was PIT1(+) with low DLK1 levels, and
the ATT20 cell line was PIT1(-) with low DLK1 levels. Accompanied by cell proliferation, the blockade of
the DLK1/MEG3 locus strongly inhibited the synthesis and secretion of GH/IGF in the GH3 cell line and
mildly inhibited the synthesis and secretion of PRL, regardless of whether anti-DLK1 antibody or siMEG3
treatment was used. Blockade of the DLK1/MEG3 locus mildly increased cell proliferation but did not
affect PRL secretion in the MMQ cell line. The change in the DLK1/MEG3 locus did not affect the
bioactivity of the ATT20 cell line. Based on these results, we con�rmed that DLK1/MEG3 promoted
somatotroph differentiation and inhibited the tumorigenesis of PitNETs in PIT1-mediated transcription.

The DLK1/MEG3 locus suppresses the entire PI3K/AKT/mTOR pathway in hematopoietic stem cells by
regulating mitochondrial biogenesis and metabolic activity [41]. We also noticed that DLK1 was
negatively correlated with the citrate cycle in PitNET patients. This observation may explain the difference
in the metabolic pro�le of somatotroph adenomas compared to other subtypes of patients. In our in vitro
experiment, the anti-DLK1 antibody activated the mTOR pathway in GH3 cells.

In fact, the current 2017 WHO classi�cation divides PitNETs into three transcription categories mainly
based on the biological relevance of pituitary lineage factors, namely, PIT1, TPIT and SF1 [3]. However,
the reliability of SF1 has been widely questioned due to variability across different research institutes, for
example, in cytoplasmic and granular staining [42, 43]. There is no unique molecule that speci�cally
distinguishes somatotroph adenoma from lactotroph adenoma, even for ER- , as mentioned in the 2017
WHO classi�cation criteria [2, 44]. Our lab reported that 27/50 somatotroph adenomas patients (54%)
had high ER-  levels (de�nition: more than 50% positive cells), and only 5/42 lactotroph adenoma
patients (11.9%) had high ER-  levels [45]. ER-  appeared to be more methylated in functioning
corticotroph tumors than in functioning somatotroph adenomas (15 patients vs. 40 patients; P = 0.025),
which also provided evidence of high ER-  levels in somatotroph adenomas [46]. The evidences above
provide that SF1 and ER-  are widespread in various subtypes of PitNETs. Based on the transcriptomic
analysis of 172 PitNETs, we suggest a solution as follows: 1) somatotroph adenoma: high PIT1 and high
DLK1; 2) lactotroph adenoma: high PIT1 and low DLK1; 3) gonadotroph adenoma: high FSHB and low
PIT1/DLK1; and 4) corticotroph adenoma: high TBX19 and low PIT1/DLK1 (Fig. 8). Certainly, more
evidence should be provided for the exclusion of SF1 or ER-  in the morphological and functional
classi�cation of PitNETs.

Conclusions
This study presented an adjusted classi�cation of PitNETs based on transcription factors. The
DLK1/MEG3 imprint locus plays a critical role in somatotroph differentiation. The identi�cation of
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biological mechanisms and potential clinical applications should lead to important improvements in anti-
PitNET treatments. At least, combining analogs of somatostatin and blockade of the DLK1/MEG3 locus
could be an effective treatment strategy for somatotroph adenomas, especially for patients with
overactivation of the DLK1/MEG3 locus and resistance to standard treatment.
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Figures

Figure 1
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The protein-coding RNA landscape in 172 PitNETs. (A) Heatmap of unsupervised hierarchical clustering
of the top 352 most variable genes among 31 somatotroph adenomas, 17 lactotroph adenomas, 79
gonadototroph adenomas and 45 corticotroph adenomas (|log2FC|>2, adj.P.val<0.001). Pathological and
clinical annotations were provided. (B-D) Volcano plots showing the signi�cantly differentially expressed
genes among somatotroph adenomas vs. 3 other subtypes of PitNETs (up: red, down: blue), all log2FC of
DLK1 > 7. (E) Venn diagram showing the intersection of DEGs among somatotroph adenomas vs. 3 other
subtypes of PitNETs, DEGs were identi�ed under the cutoff of adj.P.val < 0.001. (F, G) MetaScape
enrichment analysis including pathways and GO term of 110 overlapping DEGs in Figure 1E. (H) Outline
of bioinformatic GSEA analysis.

Figure 2

The lncRNA landscape in 172 PitNETs. (A) Heatmap of unsupervised hierarchical clustering of the top 63
most variable genes among 31 somatotroph adenomas, 17 lactotroph adenomas, 79 gonadototroph
adenomas and 45 corticotroph adenomas (|log2FC|>2, adj.P.val<0.001). Pathological and clinical
annotations were provided. (B-D) Volcano plots showing signi�cantly differentially expressed genes
somatotroph adenomas vs. 3 other subtypes of PitNETs (Up: red, Down: blue). (E) Volcano plots showing
the AC126177.8, AC355974.2, LINC02475, MEG3, MEG9 and MiR7-3HG were the most signi�cant
lncRNAs, DEGs were identi�ed by the R package limma, 31 somatotroph adenomas vs. 141 other subtype
PitNETs.



Page 19/24

Figure 3

Description of DLK1/MEG3 locus in 172 PitNETs. (A) The imprinting disorders of 14q32.2 region was
�ltered based on genes distribution in Chromosome 14. A high-resolution pro�le showed the genomic
positions and gene trees for DLK1/MEG3 locus. (B) The TPM values of DLK1/MEG3 and characteristic
molecule in 172 PitNETs. (C) DLK1 combined transcription factors and immuophenotype could
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distinguish somatotroph, lactotroph, gonadototroph and corticotroph PitNET patients. *compare to
control group P<0.05 **P<0.01 ***P<0.001

Figure 4

Levels of DLK1 in 172 PitNETs. (A) MR images of PitNET patients. (B) Transmission electron microscope
of PitNET patients. (C) Immunohistochemistry image of DLK1, PIT1 and SSTR2 in PitNET patients. 400×
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Figure 5

Clinical relevance of DLK1 in somatotroph adenomas. (A) The TPM values of DLK1, serum GH levels and
tumor volumes in 31 somatotroph adenomas. (B) Correlation of DLK1 and serum GH, tumor volume. (C)
There was statistic difference of GH level between patients with high DLK1 and low DLK1, not tumor
volume. (D) ROC curve. HRAS (0.825), WNT5B (0.819), Notch2 (0.799), DLK1 (0.795) and ITPR2 (0.782)
were �ltered in PI3K/AKT/mTOR pathway, Notch pathway and growth hormone synthesis, secretion and
action. *compare to control group P<0.05 **P<0.01 ***P<0.001
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Figure 6

Effect of anit-DLK1 antibody on the bioactivity of PitNET cell lines. (A) Western blot assay measured the
levels of DLK1 and PIT1 in GH3 cell line, MMQ cell line and ATT20 cell line. (B) Anti-JAG1 antibody
inhibited the cell viability of GH3 cells in the dose- and time-dependent manner, not MMQ cells or ATT20
cells. (C) Anti-DLK1 antibody inhibited the secretion of GH/IGF-1 in GH3 cells, not PRL in MMQ cells and
ACTH in ATT20 cells. (D) Clone forming experiment showed the anti-DLK1 antibody promoted the cell
proliferation in GH3 cell line. (E) Confocal experiment showed DLK1 regulated the level of PIT1 in GH3
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cell line. (F) Western blot experiment showed Anti-DLK1 antibody activated the mTOR pathway in GH3
cell line. *compare to control group P<0.05 **P<0.01 ***P<0.001

Figure 7

Effect of siMEG3 on the bioactivity of PitNET cell lines. (A) RT-PCR experiment measured the RNAi
e�ciency of siMEG3-1 and siMEG3-2. (B) Western blot experiment showed RNAi-MEG3 reduced the level
of DLK1, PIT1 and GH in GH3 cell line. (C) RNAi-MEG3 obviously increased the cell viability of GH3 cell
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line, mildly increase in MMQ cell line, and no change in ATT20 cell line. (D) RNAi-MEG3 inhibited the
secretion of GH/IGF-1 in GH3 cells, not PRL in MMQ cells and ACTH in ATT20 cells. (E) Confocal
experiment showed RNAi-MEG3 inhibited the levels of DLK1 and PIT1 in GH3 cells. *compare to control
group P<0.05 **P<0.01 ***P<0.001

Figure 8

Differentiation and transcription factors in PitNETs base on the DLK1 expression.
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