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Abstract 
Background.   Pituitary neuroendocrine tumors, PitNETs, are often aggressive and precipitate in distant metas-
tases that are refractory to current therapies. However, the molecular mechanism in PitNETs’ aggressiveness is not 
well understood. Developmental pluripotency-associated 4 (DPPA4) is known as a stem cell regulatory gene and 
overexpressed in certain cancers, but its function in the context of PitNETs’ aggressiveness is not known.
Methods.   We employed both rat and human models of PitNETs. In the rat pituitary tumor model, we used 
prenatal-alcohol-exposed (PAE) female Fischer rats which developed aggressive PitNETs following estrogen treat-
ment, while in the human pituitary tumor model, we used aggressively proliferative cells from pituitary tumors of 
patients undergone surgery. Various molecular, cellular, and epigenetic techniques were used to determine the role 
of DPPA4 in PitNETs’ aggressiveness.
Results.   We show that DPPA4 is overexpressed in association with increased cell stemness factors in aggressive 
PitNETs of PAE rats and of human patients. Gene-editing experiments demonstrate that DPPA4 increases the ex-
pression of cell stemness and tumor aggressiveness genes and promotes proliferation, colonization, migration, 
and tumorigenic potential of PitNET cells. ChIP assays and receptor antagonism studies reveal that DPPA4 binds to 
canonical WINTs promoters and increases directly or indirectly the WNT/β-CATENIN control of cell stemness, tumor 
growth, and aggressiveness of PitNETs. Epigenetic studies show the involvement of histone methyltransferase in 
alcohol activation of DPPA4.
Conclusions.   These findings support a role of DPPA4 in tumor stemness and aggressiveness and provide a pre-
clinical rationale for modulating this stemness regulator for the treatment of PitNETs.

Key Points

1.	 DPPA4 gene is overexpressed in adult aggressive pituitary neuroendocrine tumors.

2.	Expanded stem cell niche within tumor microenvironment promotes aggressiveness.

3.	 Increased cell stemness is dependent on WNT/β-CATENIN signaling.

Developmental pluripotency-associated 4 increases 
aggressiveness of pituitary neuroendocrine tumors by 
enhancing cell stemness  
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Pituitary neuroendocrine tumors (PitNETs) are common 
intracranial tumors that can be hormone-secreting and 
are an important cause of hypogonadism and infertility in 
humans.1 Some of these tumors show a lack of sensitivity 
to therapy or recur during follow-ups and exhibit aggres-
sive behavior, characterized by gross invasion of the sur-
rounding tissues or distance metastasis.2,3 Pangenomic 
classification of PitNETs has recently been described.4 
Surgery is usually deployed as second-line therapy given 
the well-established sensitivity of these masses to dopa-
mine agonist therapy, though aggressive prolactinomas 
respond poorly, with a high chance of recurrence.5,6 
Chemotherapy employing temozolomide (TMZ) is used 
to control aggressive prolactinomas.1 However, a sig-
nificant number of cases of aggressive prolactinomas 
and prolactin-secreting pituitary carcinomas continue to 

progress despite TMZ therapy.3 Immunotherapy, based 
on the use of immune checkpoint inhibitors, has also been 
considered in cases resistant to TMZ but shows variable 
outcomes.7–9 Management of aggressive PitNETs is a chal-
lenge because of the unexplained etiology of this disease.10

Stem cell involvement has recently been suggested in 
the development of aggressiveness and drug-resistant 
behaviors of PitNETs. It has been shown that an activated 
phenotype of the pituitary-resident stem cells is present 
in tumorigenic glands and tumors in humans.11,12 Also, 
pituitary stem-like cells are shown to be resistant to do-
pamine agonist treatment because of the low dopamine 
D2 receptor (D2R) in these cells.13 In the prolactinomas 
of estrogen-treated PAE female rats, tumor cells formed 
spheres in the ultra-low attachment plate and expressed 
stem cell marker genes. These pituitary tumorspheres 

Importance of the Study

Pituitary tumor cells are reprogrammed to an aggres-
sive state following prenatal alcohol exposure through 
the overexpression of DPPA4 via the histone H4 methyl-
ation. DPPA4 promotes stem cell niche within the tumor 

microenvironment through WNT/β-CATENIN signaling 
that enhances tumor cell proliferation, colonization, 
and migration. Targeting DPPA4 modifiers is a potential 
treatment for aggressive tumors.
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retained their stemness during passaging and induced 
solid tumors in immunodeficient mice,14 identifying impor-
tant stem cell characteristics.15 The Ki67 labeling index in pi-
tuitary tumors of PAE rats is shown to be >4%,14 which is in 
the range that indicates pituitary invasiveness.16 Thus, the 
PAE female rat model appears to be useful in identifying 
important molecular pathways regulating stemness and 
tumor aggressiveness in the pituitary.

DPPA4 is one of the embryonic stem cell transcription 
factors known to regulate the genetic machinery of embry-
onic development.17 DPPA4 was traced as the predominant 
binding site for the core pluripotency factors OCT4, SOX2, 
and NANOG in human embryonic stem cells (hESCs) and 
pluripotent germ cell tumors18,19 and has been shown to 
generate oncogenic foci in in vitro assays.20 DPPA4 is also 
overexpressed in the PAE rat’s placenta and in hESCs.21 In 
this study, we determined that DPPA4 expresses and regu-
lates the stemness and aggressiveness of tumors in pituit-
aries of estrogen-treated PAE female rats. We also verified 
these novel roles of DPPA4 in aggressive PitNETs of adult 
human patients.

Methods

Animal Model of PAE

The PAE animal model was adopted from a previously pub-
lished study.14 Fisher-344 rats were obtained from Harlan 
Laboratories and housed in pairs in open-type shoebox 
cages with Bedcob bedding and maintained in a room 
under the controlled condition of a 12-hour light–dark cycle 
and a constant temperature of 22°C. The animals were bred 
and on gestation day (GD) 7, they were fed ad libitum with 
rat chow (AD), a liquid diet containing ethanol (AF), or pair-
fed (PF) an isocaloric control liquid diet (Bio-Serv). Alcohol-
fed animals were first acclimatized to ethanol by feeding 
them with liquid diets containing increasing concentra-
tions of ethanol (from 1.7% to 5.0% v/v) from GD7 to GD10, 
and then fed 6.7% v/v ethanol from GD11 to GD21. Both AF 
and PF offspring were cross-fostered on postnatal day 2 
(PND2) to untreated lactating dams to avoid any comprom-
ised nurturing by their mothers. Furthermore, we main-
tained a litter size of 8 pups/dam to limit the nurturing effect 
on overall body growth. We weaned pups on PND21 and 
housed them by sex. A single female offspring was utilized 
from each experimental group of rat litters. At the age of 
60 days, each female rat underwent a bilateral ovariectomy 
using 2% isoflurane anesthesia and 2.5% bupivacaine sub-
cutaneously (sc) to induce local analgesia and was sc im-
planted with an estradiol-17β (Sigma-Aldrich) filled 1-cm 
silastic capsule (Dow Corning). Analgesic drug treatment 
was continued for 3 days after surgery for prevention of 
pain. After 120 days of estradiol implants, some rats were 
euthanized and their pituitary tumor tissues were collected 
and used for experimentation. Other animals were per-
fused transcranially and their pituitaries were removed 
and fixed with 10% formalin for histology. Animal surgery 
and care were performed in accordance with institutional 
guidelines and the Rutgers Institutional Animal Care and 
Use Committee (IACUC) approved protocol (#999900286).

Rat Pituitary Tumor Cell Cultures

Primary cultures of rat pituitary tumor (RPT) cells were 
prepared using a published method with minor modifica-
tions14,22 (see Supplementary Methods for details).

Human Pituitary Tumor Tissue Cell Culture

Human pituitary tumor (HPT) tissue samples were 
obtained from patients who underwent surgical treat-
ment at Rutgers Cancer Institute of New Jersey. HPT 
tissue fragments were immediately processed for pri-
mary cell cultures according to previously described 
protocols with minor modifications23,24 (Supplementary 
Methods).

Human Pituitary Tumor Cell Immortalization

Immortalization of HPT cells was done by using the SV40 
T Antigen and hTERT Antigen Cell Immortalization Kit 
(ALSTEM#CILV01/CILV02) and followed the previously 
published protocols.25 After transfection, cells were sub-
sequently selected and maintained in a medium con-
taining 1 μg/mL puromycin for 2 weeks (Supplementary 
Methods).

CRISPR Knockdown of Dppa4

Primers containing the target DNA clustered regu-
larly interspaced short palindromic repeats (CRISPR) 
sequences of the Dppa4 gene were used to generate the 
gRNA by in vitro transcription (IVT) using the GeneArt 
Precision gRNA Synthesis Kit (Invitrogen). To target 
the gene, 3 gRNA sequences were used for AF pituitary 
cells, and 4 gRNA sequences were used for human pi-
tuitary cells (Supplementary Tables 1 and 2). A total of 
2400 ng of gRNA was used to knockdown the Dppa4 gene 
using CRISPRMAX lipofectamine26 (see Supplementary 
Methods for details).

CRISPR Knockin of Dppa4

Eleven target gRNA sequences and 1 control gRNA 
sequence were cloned into pCC_05-hU6-BsmBI-
sgRNA(E + F)-barcode-EFS-dCas9-NLS-VPR-2A-Puro-
WPRE. (The plasmid was taken from Addgene plasmid 
RRID: Addgene_139090.) The gRNA sequences were chosen 
from −580 to −54 upstream of the rat Dppa4 transcription 
start site. The 5 gRNA sequences (without PAM) were used 
for knockin of Dppa4 (Supplementary Tables 1 and 2) using 
lipofectamine 300027 (Supplementary Methods).

RNA Isolation and Sequencing

RNA was isolated using an RNeasy kit from QIAGEN. 
RNA quantity was assessed using the Nanodrop ND-100 
(Thermo Scientific). RNA-Seq library preparation and 
sequencing were carried out from Genewiz of Azenta Life 
Science. Using DESeq2, a comparison of gene expression 
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between groups of samples was performed. The Wald test 
was used to generate P values and log2 fold changes. 
Genes with an adjusted P value < .05 and absolute log2 
fold change >1 were designated as differential expression 
of genes (DEGs) for each comparison28 (Supplementary 
Methods).

IPA Analysis

The list of genes with log2 fold change value for different 
experimental groups compared to AD was uploaded to 
Ingenuity Pathway Analysis (IPA; www.qiagen.com/inge-
nuity; Qiagen) and was used to integrate genes and bio-
logical pathways. The entire analysis in IPA was done with 
constant parameters and the cutoff was set from −1 to +1. 
All the datasets were analyzed under the same parameters, 
and we only included the experimentally observed re-
sults with minimal prediction levels. The overrepresented 
cancer-related canonical pathways compared to AD were 
identified in all experimental groups, and molecules in-
volved in those pathways were detected (Supplementary 
Methods).

RT PCR (qPCR)

The qPCR was done according to the previous protocol26 
with minor modifications (Supplementary Table 3).

Knockdown/Inhibition of β-Catenin

The β-Catenin was knocked down through the transfec-
tion of shRNA plasmid (SC-270011-SH) containing puro-
mycin resistance gene. One microgram of plasmid was 
mixed with Santa Cruz Biotechnology’s shRNA plasmid 
transfection reagent (sc-108061) at different ratios (1:1 
to 1:6), and then transfection was done using shRNA 
plasmid transfection medium (sc-108062). The scrambled 
plasmid was used as a control.29 For the inhibition of the 
β-CATENIN protein, AF and HPT cells were treated for 
48 hours with the inhibitor of IWR-1-endo (1 to 20 µM in 
0.5% DMSO) which promotes the β-CATENIN protein deg-
radation through AXIN2 protein stabilization.30 In the in 
vivo study, IWR-1 was administered intratumorally (5 mg/
kg) every 2 days for 2 weeks30 in the animal with tumor 
xenografts. Control animals were treated with vehicle fol-
lowing a similar administration schedule and euthanized 
at the end of the treatment schedule (see Supplementary 
Methods for details).

Subcutaneous Xenograft Experiments

NOD/SCID mice or NSG mice for HPT (Charles River 
Laboratories) were used for xenograft studies as previ-
ously described.31 Briefly, 1 × 106 rat pituitary tumor cells 
or HPT cells were subcutaneously injected with an equal 
volume of Matrigel (354248, Corning) in the right flank of 
each animal. Tumors were measured using electronic cali-
pers and tumor volumes were calculated as V = LxW2 × 0.5 
(Supplementary Methods).

In Vitro Treatment of MM102

To confirm the role of H3K4me3 in the activation of Dppa4 
promoter, AD and AF cells were treated with three different 
concentrations of H3K4me3 blocker MM102 (25, 50, and 75 
µM), according to the previous protocol32 (Supplementary 
Methods).

Cell Proliferation Assay, Transwell Migration 
Assay, Colony Formation Assay

The cell proliferation rate was determined using an MTT 
assay. Transwell migration and colony formation assays 
were performed according to the previous protocol26 
(Supplementary Methods).

Immunocytochemistry, Immunoblotting, and 
Immunohistochemistry Staining

Immunocytochemical analysis was performed according 
to the method described by Teotia et al., 2019.33 The 
immunoblot was performed following the previous pro-
tocol from our lab,31 and immunohistochemistry was per-
formed as described previously34 (Supplementary Table 1).

Chromatin Immunoprecipitation (ChIP) Assay

ChIP assays were conducted using a ChIP assay kit (Sigma-
Aldrich) following the manufacturer’s instructions35 
(Supplementary Methods)

TCF/LEF Reporter Assay

A TCF/LEF Reporter kit (Wnt Signaling Pathway, 60500) was 
purchased from BPS Bioscience, and the reporter assay 
was carried out according to the manufacturer’s protocol 
using lipofectamine 2000 with some modifications (see the 
supplementary file for more details).

Rescue Assay

In the rescue assay, Dppa4 and β-Catenin were modulated 
in either or both ways. Lipofectamine 2000 was used to 
transfect overexpression plasmid in HPT cells according to 
the manufacturer’s instructions, while knockdown was per-
formed using the CRISPR protocol (see the supplementary 
file for more details).

Statistical Analysis

Graph Pad Prism (version 9) software was used for statis-
tical analysis of data. Data are presented as mean ± SEM. 
The significance between treatment groups and controls 
was assessed using unpaired t-test/1-way/2-way ANOVA. 
Post hoc analysis for one-way ANOVA was done using the 
Newman–Keuls test, and for 2-way ANOVA, it was done 
using Dunnett’s multiple comparison test. For survival 
data, Kaplan–Meier curves were generated using Graph 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
www.qiagen.com/ingenuity
www.qiagen.com/ingenuity
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data


127Chaudhary et al.: Oncogenic role of DPPA4 in the pituitary
N

eu
ro-

O
n

colog
y

Pad Prism. P < .05 was considered significant. Additional 
details regarding quantitation and statistical analysis are 
provided in the figures and figure legends. For cell culture 
studies where treatments were given, the experiments 
were repeated three times. Western blotting micrographs 
shown in the figures are representative images/blots.

Results

Aggressive PitNETs Produce DPPA4 and Have 
Stemness-Like Characteristics

We employed PAE female Fischer rats with pituitary tu-
mors (RPTs) and human pituitary tumors (HPTs). In the 
PAE animal model, three treatment groups were in-
cluded (1) alcohol-fed liquid diet (AF), (2) ad libitum fed 
rat chow (AD), and (3) pair-fed isocaloric liquid diet (PF). 
The AD and PF groups served as control. Characterization 
of the tumors in pituitaries of estrogen-treated AF rats re-
vealed that these tumors were highly vascularized and 
often penetrated to the sphenoid bone when compared to 
estrogen-treated AD or PF rats (Supplementary Figure 1). 
AF rat tumors had high levels of PRL, low concentrations 
of D2R, elevated levels of stemness-related proteins (OCT-
4, KLF4, SOX-2, and SNAIL-1),36 and several aggressive-
ness tumor marker proteins (Ki67, PTTG, CD-44, MMP9)37 
as determined by immunohistochemistry (Supplementary 
Figure 2) and Western blot measurements (Supplementary 
Figure 3). AF rats without the estrogen treatment showed 
a moderate increase in PRL and stem cell related pro-
teins in the pituitary as compared to AD and PF rats 
(Supplementary Figures 4 and 5). Cells prepared from pi-
tuitary tumors of AF rats showed rapid proliferation, high 
colony formation, and cell migration compared to pituitary 
tumor cells of control AD and PF rats in cultures (Figure 1a 
to c), confirming that AF pituitary tumor cells are more ag-
gressive than control cells in monolayer cultures as found 
previously in pituitary tumorsphere cultures.14

To investigate the key tumor regulatory genes, we first 
employed a next-generation sequencing approach. The tran-
scriptional changes induced by PAE in pituitary tumor cells 
of AF, AD, and PF animals were examined using RNA-seq. 
Differential expression of genes compared to AD was cal-
culated for individual genes in AF and PF. The fold change 
value was converted to log2fold change and the datasets 
were uploaded in IPA to perform core analysis. IPA clusters 
the molecules in different biological pathways depending 
on their functions. This clustering of molecules in IPA iden-
tified 41 overrepresented (−log(P-value) > 1) canonical path-
ways associated with cancer in the AF group compared to 
the AD group (Figure 1d). Out of 41 overrepresented ca-
nonical pathways, 39 canonical pathways in the PF group 
showed −log(P-value) < 1 which identified a similarity be-
tween PF and AD groups. Therefore, only AF cells showed 
significant alterations in cancer-related canonical pathways 
compared to AD cells. Next, we calculated log2(fold change) 
and −log10(padj) from the P value adjusted as obtained by 
RNA-seq analysis. The log2(fold change) vs −log10(padj) 
was plotted to generate a volcano plot to show the com-
parison between both AD vs AF (Figure 1e) and AD vs PF 

(Figure 1f). Among all the upregulated genes, we found one 
gene Dppa4 which showed a marked difference [log2(fold 
change) value of 7.7058 and a −log10(padj) value of 61.753] 
compared to the other upregulated cancer-related genes. 
RNA-seq data demonstrating Dppa4 gene overexpression 
in AF cells, compared to AD and PF cells, is confirmed by 
Western blots (Figure 1g; Supplementary Figure 6m) and 
immunofluorescence analyses (Supplementary Figure 6c). 
In addition, a high level of DPPA4 protein was detected in 
pituitary tumor tissues in AF rats compared to those in AD 
and PF rats by both immunocytochemistry (Supplementary 
Figure 2c) and by Western blot (Supplementary Figure 3c). 
AF rat pituitary cells also produced high levels of PRL, low 
D2R, and elevated levels of stem cell-related proteins SOX-
2, OCT-4, KLF-4, aggressive tumor marker proteins MMP9, 
CD44, PTTG, and EMT protein SNAIL-1 (Supplementary 
Figure 6). Together these data suggest that AF rat pituitary 
tissues and cells express elevated levels of DPPA4 and pro-
teins related to stemness, tumor aggressiveness, and EMT, 
together with high cell proliferation, migration, and colony 
formation characteristics.

Pituitary tumor samples obtained from 10 patients 
(age range: 18 to 73 years; 5 males and 5 females; 
Supplementary Table 1) undergoing surgery were also 
utilized in this study. We found 5 of these tumor tissues 
and/or cells (HPT1, HPT3, HPT9, HPT10, and HPT11) ex-
pressed elevated mRNA levels and protein levels of DPPA4 
(Supplementary Figure 7a,b), WNT/FZD (Supplementary 
Figure 7c,d) stem cell markers (KLF4, SOX-2, SNAIL-1, OCT-
4, and NESTIN; Supplementary Figure 7e to i), aggressive 
tumor markers (MMP-9, MMP16; Supplementary Figure 
7j,k), cell proliferation and cancer progression marker 
[PTTG, CD44, EGF, FGFR, EGFR; Supplementary Figure 7l 
to p],38 and EMT activator (N-CADHERIN; Supplementary 
Figure 7q) compared to HPT2, HPT5, HPT6, HPT7 and HPT8 
tissues. We also found that cells expressing higher levels 
of DPPA4, stemness, and tumor aggressiveness markers 
grew well in cell culture conditions (HPT1, HPT3, HPT9, 
HPT10, and HPT11). Subcultures of these cells remain pos-
itive for DPPA4, stem cell marker, and aggressive tumor 
marker proteins and produce multiple hormones (Figure 
1h,i; Supplementary Figure 7s,t). These HPT cells showed 
rapid proliferation (Figure 1j) and high colony forma-
tion (Figure 1k) and cell migration (Figure 1l). These data 
suggest that HPT cells produce high levels of aggressive 
tumor markers and express elevated levels of DPPA4 and 
stemness-related proteins together with high cell prolifera-
tion, colony formation, and migration characteristics.

DPPA4 Is Involved in Increasing Stemness and 
Aggressiveness of PitNET Cells

CRISPR-mediated gene knockdown and knockin approaches 
were first used to investigate the role of DPPA4 using RPT 
cells. After a 48-hour treatment, Western blot assays were 
conducted and determined that the knockdown was suc-
cessful (Figure 2a). The cell growth response to DPPA4 
knockdown revealed that this gene knockdown inhibited 
the growth rate of AF cells (Figure 2b). The ability of cells to 
migrate following DPPA4 knockdown was found to be de-
creased (Supplementary Figure 8a). Also, the cells with 
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Figure 1.  DPPA4 expression is elevated in aggressive PitNETs. (a to c) The aggressiveness of rat pituitary tumor (RPT) cells obtained from pre-
natal alcohol-fed (AF), pair-fed, (PF), ad libitum-fed (AD) rats was determined by cell proliferation (a), cell migration (b), and colony formation (c); 
n = 6. (d to f) RNA-seq data of AF, PF, and AD cells are analyzed by IPA and overrepresented canonical pathways are shown by histograms (d) 
and the expression difference between AD vs AF and AD vs PF are shown by volcano plots (e and f). (g) Western blot data of DPPA4, PRL, D2R, 
stem cell marker, and tumor aggressiveness marker proteins in AF, PF, and AD cells; n = 6. (h to i) DPPA4 and stem cell factors are expressed in 
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DPPA4 knockdown showed a lesser ability to form colonies 
compared to controls (Supplementary Figure 8b). In addition, 
AF/KD cells showed reduced tumorigenic potential after in-
oculation into immunodeficient mice (Figure 2c). Tumor size 
and tumor wet weight (Supplementary Figure 8c), and the 
tumor volume (Figure 2c) were reduced in mice with AF/KD 
cells compared to the control cells. The survival analysis of AF 
cell xenografts shows that the mean life span of animals in-
jected with AF/KD cell xenografts was significantly increased 
(Figure 2d).

CRISPR-mediated gene knockdown approach was also 
used in HPT cells. In the knockdown experiment, 4 gRNAs 
were effective in knockdown of the DPPA4 gene (HPT/KD) 
compared to no treatment controls (Figure 2e). Also, HPT/
KD cells had a decreased cell proliferation rate (Figure 2f), 
cell migration rate (Supplementary Figure 9a), and number 
of colonies formed compared to those in control groups 
(Supplementary Figure 9b). In addition, HPT/KD cells showed 
reduced tumorigenic potential in in vivo when tumor growth 
was studied after inoculation into immunodeficient mice. 
Tumor size (Figure 2g), tumor wet weight at the completion 
of study, and the tumor volume (Supplementary Figure 9c) 
were reduced in mice with HPT/KD cells compared to control 
cells. The survival analysis of HPT cell xenografts showed that 
the life span of animals injected with HPT/KD cell xenografts 
was significantly increased (Figure 2h).

DPPA4 knockin experiments were also conducted in AD 
cells which had low expression of DPPA4. (All HPT cells 
had high expression of DPPA4 and were not included 
in the knockin study). The DPPA4 gene was knocked in 
using CRISPR by cloning 5 gRNAs into AD cells (AD/KI) 
and confirming overexpression of the DPPA4 protein 
by Western blot (Figure 2i). We observed an increased 
cell proliferation rate (Figure 2j), cell migration number 
(Supplementary Figure 10a), and cell colony formation 
number (Supplementary Figure 10b) in AD/KI cells com-
pared to those in control cells. In addition, AD/KI cells 
showed increased tumorigenic potential following inoc-
ulation into immunodeficient mice (Figure 2k). Tumor size 
and wet weight (Supplementary Figure 10c), and the tumor 
volume was increased in mice with AD/KI cells compared 
to the control cells (Figure 2k). Furthermore, the mean life 
span of animals with AD/KI cell xenografts was reduced 
compared to those with control cell xenografts (Figure 2l).

Together these data support a role of DPPA4 in tumor ag-
gressiveness in both RPT and HPT cells.

RNA-seq Analysis Identifies WNT and 
β-CATENINE as the Critical Genes Involved in 
DPPA4 Actions in PitNET Cells

RNA-seq analysis was first conducted to identify the crit-
ical genes involved in the DPPA4 mechanism of action. 
RNA-seq data were obtained as the differential expression 

of genes (DEGs) for all 7 experimental groups (AD, PF, AF, 
AF/Lipo, AF/KD, AD/V, and AD/KI). Log2fold change values 
(with respect to AD) were calculated for individual genes 
in all experimental groups and the core analysis was per-
formed in IPA. The effects were monitored on the same 
41 canonical pathways (obtained from AD vs AF RNA-seq 
data; Figure 1d). Seventeen pathways were found to be 
involved with DPPA4 (Figure 3a) as DPPA4 knockdown af-
fected those cancer-associated canonical pathways while 
DPPA4 knockin reversed this condition (Figure 3a and b). 
Thus, it can be assumed that the DPPA4 protein is the 
key factor associated with these canonical pathways and 
cancer aggressiveness. The −log(P-value) values of the 17 
canonical pathways were overlapped among AD/V vs AD/
KI and AF vs AF/Lipo (Figure 3b and c), which suggest their 
association with DPPA4. We used a Venn diagram to show 
the common and exclusive molecules among AF, AF/Lipo, 
and AF/KD (Figure 3d); between AD vs AD/KI (Figure 3e); 
and among AF, AF/KD, and AD/KI (Figure 3f). The Venn di-
agram showed 111 molecules that were common in AF 
and AD/KI and 17 molecules that were common in AF, AD/
KI, and AF/KD. The AF, AD/KI, and AF/KD groups showed 
some unique molecules also, but these were not included 
in the study as they were not associated with DPPA4 ex-
pression. This finding indicated that the knockin of DPPA4 
in AD restored the expression of 128 genes among 489 
(341 + 111 + 17 + 20) genes in AF cells. Now, these 128 
(111 + 17) genes/molecules were classified into different 
signaling pathways based on their function and used to 
generate a gene ontology plot (Figure 3g). The plot showed 
the proportion of major cancer-associated pathways 
(Stemness, WNT, proliferation, and EMT) in the whole 
event as obtained from different canonical pathways and 
Venn diagrams. Using Rstudio, a heatmap was generated 
to show differential expression of these 128 molecules in 
AF, AF/KD, and AD/KI groups (Figure 3h). These data iden-
tified activation of Wnt/β-catenin, Wnt/Ca2+, NF-κB, Notch, 
PI3K-Akt, P-38-Mapk, EMT, Stat3, and other signaling 
pathways related to cancer in the AF group that were se-
lectively downregulated in the AF/KD group. Also, the 
overexpression of Dppa4 in AD cells (AD/KI) upregulated 
those signaling pathways that are overexpressed in AF 
cells (AF/C) (Figure 3e). A qPCR array confirmed the alter-
ation of these pathways which showed increased expres-
sion of various Wnt signaling molecules (Wnt5, Wnt10B, 
Wnt7B, Fzd1, β-catenin, N-Cadherin)38 and reduced ex-
pression of E-Cadherin; increased stem cell factors (Klf4, 
Sox2, Nanog, Oct4, Sox7; Figure 3i to j)39 and EMT factors 
(Mmp3, Mmp10, Vimentin. Mmp16, Snail1, Twist, Rras; 
Figure 3k)37,40 and cell proliferation regulators (Fos, Cxcr4, 
Ccnd, Notch1, Fgf6, Jun; Figure 3l)41 in AD/KI cells com-
pared to AF/KD. The RNA-seq analysis in HPT cells showed 
similar observations. The volcano plot showed a significant 
difference between HPT/C vs HPT/KD but not for HPT/C vs 

aggressive patient-derived PitNET (HPT) cells. Expression of DPPA4 and various stem cell regulatory proteins were detected by Western blot (h) 
and immunofluorescence (i) in 5 different human pituitary tumor cells (HPT1-5) prepared from patient-derived tumor tissues that expresses more 
DPPA4 and stem cell regulatory proteins than those tumor tissues produced non-viable cells (Supplementary Figure 7). (j to l) Cell proliferation 
(j), cell migration (k), and colony formation (l) profiles of HPT1-5 cells (n = 2). Scale bar represents 100 μM in immunofluorescence figures. Data 
shown in histograms are mean ± SEM and were analyzed using 1-way or 2-way analysis of variance (ANOVA) with the Newman Keuls post hoc 
test or Dunnett’s multiple comparison test *P < .05, **P < .01, and ***P < .001 between AF and controls (AD, PF).

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
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Figure 2.  Effect of CRISPR knockdown and knockin of Dppa4 in the aggressiveness of PitNETs. (a to d) Effects of DPPA knockdown on RPT cells—
AF cells untreated (AF/C), lipofectamine (AF/Lipo), or lipofectamine with gRNA (AF/KD). DPPA4 protein levels by Western blots (a). Cell proliferation 
rate (b). Pictures of animals with tumors in each group and tumor volume changes (c). Effects on survival time (d); n = 6. (e to h) Effects of DPPA 
knockdown on HPT cells—HPT cells untreated (HPT/C), lipofectamine (HPT/Lipo), or lipofectamine with gRNA (HPT/KD). DPPA4 protein levels by 
Western blots (e). Cell proliferation rate (f). Pictures of animals with tumors in each group and tumor volume changes (g). Effects on survival time (h); 
n = 5. (i to l) Effects of DPPA4 knockin on RPT cells—AD cells untreated (AD/C), lipofectamine (AD/V), or lipofectamine with gRNA (AD/KI). DPPA4 
protein levels by Western blots (i). Cell proliferation rate (j). Pictures of animals with tumors in each group with tumor volume changes (h). Effects 
on survival time (l); n = 6. Data shown are mean ± SEM and were analyzed using 1-way or 2-way analysis of variance (ANOVA) with the Newman 
Keuls post hoc test or Dunnett’s multiple comparison test. ***P < .001, ****P < .0001, AF/KD vs AF/C and AF/Lipo or HPT/KD vs HPT/C and HPT/Lipo. 
Kaplan–Meier survival analysis was used to test significant differences between survival curves and mean survival time for mice from each group (d, 
h, and i). n = 6, *P < .05, AF/KD vs AF/C and AF/Lipo; n = 5, *P < .05, HPT/KD vs HPT/C and HPT/Lipo; n = 6, *P < .05, AD/KI vs AD/C and AD/V.
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Figure 3.  Gene expression profile changes following Dppa4 knockdown and knockin implicate WNT/β-CATENIN signaling involvement. (a to g) 
RNA-seq analysis of the effects of Dppa4 knockdown (AF/KD vs AF/C) and knockin (AD/KI vs AD) in the cancer-related canonical pathways. IPA 
analysis identified canonical pathways overrepresented in AF/KD and AD/KI vs AF/C (a), AD/V vs AD/KI (b), and AF/Lipo vs AF/C (c). Venn dia-
grams show the common and differentially expressed molecules among the AF, AF/Lipo, and AF/KD groups (d); AD/V and AD/KI groups (e); and AF, 



 132 Chaudhary et al.: Oncogenic role of DPPA4 in the pituitary

HPT/Lipo (Supplementary Figure 11 a,b). The knockdown 
of DPPA4 in HPT cells showed a significant decrease in 
overrepresented cancer canonical pathways compared to 
the control cells (Supplementary Figure 11c). The common 
molecules among the HPT/C, HPT/Lipo, and HPT/KD cells 
were identified through Venn diagram (Supplementary 
Figure 11d) and gene ontology plot classified them ac-
cording to their function (Supplementary Figure 11e). The 
heatmap analysis showed the differential expression of 
those common molecules and additional heatmap analysis 
showed the changes in DPPA4, Wnt, and EMT related mol-
ecules (Supplementary Figure 11f,g).

Previously it has been shown that WNT signaling has 
a regulatory role in cancer cell stemness and growth.42,43 
Wnt was found to be as major in DPPA4-activated genes 
in the RNA-seq experiment among the other target genes. 
Therefore, the WNT pathway may participate in DPPA4-
activated cancer stemness and growth. To determine 
this, the DPPA4 protein was pooled down, and qPCR was 
performed against Wnt 5A, Wnt 10B, and Wnt 7B DNA 
as these specific Wnts were upregulated in the RNA-seq 
datasets. The AF group showed significantly higher levels 
of all three Wnt promoter DNAs interacting with the DPPA4 
protein compared to AD (Figure 4a to c). This result sug-
gests that the DPPA4 protein has the ability to bind to the 
promoter of canonical Wnts to alter their transcriptions. 
The knockdown of Dppa4 in AF cells reduced the expres-
sion of β-CATENIN, WNT 5A, and WNT 10B, while knockin 
of Dppa4 in AD cells increased their levels compared to the 
control cells (Figure 4d and e). TCF/LEF β-Catenin promoter 
activity was measured in terms of dual luciferase activity. 
Application of SKL2001 (30 µM) β-Catenin agonist after 24 
hours of reporter plasmid transfection increased the rela-
tive luciferase activity after 24 hours of treatment which, 
on the other hand, was reduced significantly by 10 µM of 
IWR-1-endo treatment (Figure 4f, Supplementary Figure 
12). After establishing the promoter assay model, Dppa4 
was knocked down in transfected cells after 24 hours. 
After 36 hours of knockdown, a significant reduction was 
observed in relative luciferase activity compared to con-
trol cells (Figure 4g). Next, we performed a rescue assay, 
where we modulated Dppa4 and β-Catenin in either or 
both ways. The knockdown of Dppa4 reduced the levels of 
both DPPA4 and β-CATENIN, while the CRISPR knockdown 
of β-Catenin didn’t alter DPPA4 expression, which estab-
lished DPPA4 as upstream of the WNT–β-CATENIN pathway 
(Figure 4h). Both of these knockdowns reduced cell migra-
tion, colony formation, cell proliferation, and β-Catenin-
related gene expression (Figure 4i to l). The overexpression 
of β-CATENIN (β-Catenin overexpression plasmid) in 
Dppa4 knockdown cells increased the β-CATENIN protein 
level and also rescued the cell migration, colony forma-
tion, cell proliferation, and β-Catenin-related gene expres-
sion (Figure 4i to l). However, there was no improvement 

observed in cell migration, colony formation, cell pro-
liferation, and β-Catenin-related gene expression when 
DPPA4 was overexpressed in β-Catenin knockdown cells 
(Figure 4i to l). Lipofectamine 2000 was used to transfect 
overexpression plasmid which did not show any change 
with respect to the control (Supplementary Figure 13). 
Therefore, it can be assumed that DPPA4 increased the 
aggressiveness in PitNETs through the activation of the 
WNT–β-CATENIN pathway.

DPPA4 Uses WNT/β-CATENINE Signaling to 
Increase Stemness and Aggressiveness of PitNET 
Cells

As DPPA4 uses WNT-β-CATENIN signaling to control pitui-
tary tumor cell stemness, growth, and metastasis, we tar-
geted β-CATENIN. We knocked down β-catenin with shRNA 
plasmid and IWR-1-endo, a potent inhibitor of the WNT/β-
CATENIN pathway44 (Figure 5a; Supplementary Figure 14a 
to d). Relative quantification of gene expression levels fol-
lowing β-catenin shRNA or IWR-1-endo treatment in AF 
cells revealed that these treatments were able to alter the 
gene levels of EMT factors (increasing E-cadherin levels 
while reducing N-cadherin and other mesenchymal tran-
sition regulator [Vimentin, Snail1, Twist, Mmp3; Mmp10, 
Mmp16] levels), stemness regulators (Klf4, Nanog, Sox 2, 
and Oct4), and cell proliferation regulators (Cxcr4, Rras, 
and Notch1) (Figure 5b). β-catenin shRNA or IWR-1-endo 
treatment suppressed the rate of cell proliferation (Figure 
5c), colony formation (Figure 5d), and cell migration 
(Figure 5e) of AF cells. In addition, IWR-1-endo reduced 
the tumorigenic potential of AF cells following inocula-
tion into immunodeficient mice (Figure 5f). The tumor size 
(Supplementary Figure 15a), the tumor growth as deter-
mined by weekly measurements of tumor volume (Figure 
5f), and the tumor weight (Supplementary Figure 15b) at 
the end point were decreased in mice treated with IWR-
1-endo compared to those treated with vehicle. We also 
tested the effects of IWR-1-endo in HPT cells. Application of 
IWR-1-endo in HPT cells showed a significant reduction in 
the level of β-CATENIN (Figure 5g; Supplementary Figure 
12); increased mRNA levels of E-cadherin mRNA; re-
duced levels of N-cadherin, Vimentin, Snail1, Twist, Mmp3; 
Mmp10, and Mmp16 mRNA, reduced stemness regulators 
Klf4, Nanog, Sox 2, and Oct4 and cell proliferation regu-
lators Cxcr4, Rras, and Notch1 (Figure 5h); suppressed the 
rate of cell proliferation (Figure 5i); reduced colony forma-
tion (Figure 5j); minimized cell migration (Figure 5k); and 
minimized the tumorigenic potential of HPT cells following 
inoculation into immunodeficient mice. The tumor size 
(Supplementary Figure 16a), the tumor growth as deter-
mined by weekly measurements of tumor volume (Figure 
5i), and the tumor weight (Supplementary Figure 16b) at 

AD/KI, and AF/KD groups (f). Gene ontology plot shows changes in biological functions (g). Heatmap analysis of genes observed in AF/KD, AD/KI, 
AF/C (h); n = 3. (i to l) Validation of RNA-seq data using qPCR analysis. Relative quantification of Klf4, Sox2, Nanog, Oct4, Sox7 (i); Wnt5, Wnt10b, 
Wnt7b, Fzd1, Fzd4, β-Catenin, N-Cad, E-Cad (j); Mmp3, Mmp10, Vimentin, Mmp16, Snail, Twist, Rras (k); and Fos, Jun, Cxcr4, Ccnd, Notch1, fgf6 (l) 
in AF/C, AF/Lipo, AF/KD, AD/V, and AD/KI cells. Data shown are mean ± SEM (n = 6) and were analyzed using 1-way analysis of variance (ANOVA) 
with the Newman Keuls post hoc test. *P < .05, **P < .01, and ***P < .001 vs AD, PF, AF/KD, and AD/V.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
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http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data


133Chaudhary et al.: Oncogenic role of DPPA4 in the pituitary
N

eu
ro-

O
n

colog
y

A

J
I

K

D E
F G

B C

0.020 0.015

0.010

0.005

0.0 0.0

0.002

0.004

0.006

0.008

Wnt 5A Wnt 7B Wnt 10B

0.015

W
n

t 
5A

 p
ro

m
o

te
r 

D
N

A
n

o
rm

al
is

ed
 w

it
h

 in
se

rt
R

el
at

iv
e 

p
ro

te
in

ex
p

re
ss

io
n

/β
-A

C
T

IN

C
el

l p
ro

lif
et

at
io

n
 (

%
)

R
el

at
iv

e 
g

en
e 

ex
p

re
ss

io
n

(c
o

m
p

ar
ed

 t
o

 3
 lo

ad
in

g
 c

o
n

tr
o

l)

N
u

m
b

er
 o

f 
ce

lls
m

ig
ra

te
d

 x
 1

03

20

15

10

5

0

N
u

m
b

er
 o

f 
co

lo
n

ie
s

fo
rm

ed

R
el

at
iv

e 
p

ro
te

in
ex

p
re

ss
io

n
/β

-A
C

T
IN

W
n

t 
7B

 p
ro

m
o

te
r 

D
N

A
n

o
rm

al
is

ed
 w

it
h

 in
se

rt

W
n

t 
10

B
 p

ro
m

o
te

r 
D

N
A

n
o

rm
al

is
ed

 w
it

h
 in

se
rt

0.010

0.005

0.0

(42 kDa)

(34 kDa)

(92 kDa)

2.0 AF/C
AF/Lipo
AF/DPPA4 KD

AD/C
AD/V
AD/DPPA4 KI

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0

2.0

1.5

1.0

0.5

0.0R
el

at
iv

e 
p

ro
te

in
ex

p
re

ss
io

n
/β

-A
C

T
IN

R
el

at
iv

e 
lu

ci
fe

ra
se

ac
ti

vi
ty

 (
R

L
U

)

0

50

100

150

R
el

at
iv

e 
lu

ci
fe

ra
se

ac
ti

vi
ty

 (
R

L
U

)

0

50

100

150

β-CATENIN (92 kDa)

WNT 5A (49 kDa)

DPPA4 (34 kDa)

β-ACTIN (42 kDa)

β-C
ATENIN

W
NT 5A

W
NT 10

B

DPPA4

β-C
ATENIN

W
NT 5A

W
NT 10

B

DPPA4

WNT 10B (42-44 kDa)

β-CATENIN (92 kDa)

WNT 5A (49 kDa)

DPPA4 (34 kDa)

β-ACTIN (42 kDa)

WNT 10B (42-44 kDa)

β-CATENIN/KD
β-CATENIN/OE
DPPA4/OE

DPPA4/KD
CONTROL +

– + – –
–

+
–
+

+
–
–
–

–

–
–
–

–

+
–
–

–

–
+
–

β-ACTIN

DPPA4β-CATENIN

β-CATENIN

β-CATENIN/KD
β-CATENIN/OE

72
Time (hr)

48240
0

20

40

60

80

MMP16

MMP10

MMP3

TW
IS

T

SNAIL
 1

VIM
ENTIN

E-C
ADHERIN

N-C
ADHERIN

β-C
ATENIN

OCT4
SOX2

NANOG
KLF4

NOTCH1

RRAS

CXCR4

DPPA
4

0

1

2

3

4

100

DPPA4/OE

DPPA4/KD
CONTROL

β-CATENIN/KD
β-CATENIN/OE

0

200

400

600

800

DPPA4

DPPA4/OE

DPPA4/KD
CONTROL

β-CATENIN/KD
β-CATENIN/OE
DPPA4/OE

DPPA4/KD
CONTROL

–
–
+
–
+

–
+
–
+
–

–
–
+
–
–

–
+
–
–
–

+
–
–
–
–

+
– + – –

–

+
–
+

+
–
–
–

–

–
–
–

–

+
–
–

–

–
+
–

CONTROL

+
– + – –

–

+
–
+

+
–
–
–

–

–
–
–

–

+
–
–

–

–
+
–

+

–

–

–

–

+

–

–

–

–

+

–

–

–

–

+

+

–

–

–

–

+

–

–

–

–

+

–

–

–

–

+

VECTOR

IWR-1 endo 
(10 µm)

SKL2001
(30 µm)

CONTROL
LIPOFEC-
TAMINE

DPPA4/KD
VECTOR

AF/
C

AF/
Li

po
AF/

DPPA
4

KD

AD/C
AD/V
AD/D

PPA
4

KL

No A
b

Ig
G A

D

DPPA
4 

AD

DPPA
4 

AF

No A
b

Ig
G

 A
F

No A
b

Ig
G A

D

DPPA
4 

AD

DPPA
4 

AF
No A

b

Ig
G A

F

No A
b

Ig
G A

D

DPPA
4 

AD

DPPA
4 

AF

No A
b

Ig
G A

F

L

Figure 4.  Dppa4 increased tumor aggressiveness through the activation of the Wnt pathway in PitNETs. (a to c) ChIP assay data show the in-
teraction of DPPA4 protein with 3 different Wnt promoters—Wnt 5A (a), Wnt 7B (b), Wnt 10B (c). (d and e) Effect of DPPA4 knockdown (d) and 
knockin (e) in protein levels of β-CATENIN, WNT 5A, WNT 10B and DPPA4. (f and g) Luciferase reporter assay to measure TCF/LEF (β-Catenin) 
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the end point were decreased in mice treated with IWR-1-
endo compared to those treated with vehicle. These data 
support a role for WNT/β-CATENIN in the mechanism 
through which DPPA4 increased the cancerous growth.

An Epigenetic Mechanism is Involved in DPPA4 
Overexpression by PAE in the Pituitary

Owing to the function of DPPA4 in early embryonic devel-
opment,45 PAE could have modified chromatin structure 
and affected DNA methylation and expression of DPPA4 
in RPT cells. We investigated the epigenetic mechanisms 
involved in PAE effects on Dppa4 expression. Analysis of 
the RNA-seq data obtained from AD and AF cells identi-
fied changes in transcriptomes related to epigenetic mod-
ification by PAE (Supplementary Table 4). A qPCR array 
was performed to check the expression of these epige-
netic regulators. Results show that the regulatory genes 
of H3K4me3, H3K9ac, H3K36me3, and DNA demethylation 
(TETs) were overexpressed in AF cells, while genes in-
volved in H3K27me3 and DNA methylation (DNMTs) were 
downregulated in AF cells compared to those in AD cells 
(Figure 6a and b). It is noteworthy that the genes linked 
with H3K4me3 (Kmt2e, Kmt2a, and Set1) and H3K36me3 
(Setd1a) showed the maximum fold changes among the 
other genes. The ChIP assay confirmed the changes in 
H3K4me3, H3K36me3, and H3K27me3 after PAE (Figure 
6c to f). A significant fold enrichment in H3K4me3 was 
seen at the Dppa4 promoter region. Though H3K36me3 
showed an insignificant change in the promoter region of 
Dppa4, the level was significantly higher in the gene body. 
However, there were no significant differences observed in 
H3K27me3 (Figure 6f). These data suggest H3K4me3 marks 
in the Dppa4 promoter primarily drive the overexpression 
of this protein in AF cells. An elevated level of the H3K4me3 
mark was also observed in AF pituitary tumor cells (Figure 
6g; Supplementary Figure 6l) and tissues by Western blot-
ting (Supplementary Figure 3k) and immunohistochemistry 
(Supplementary Figure 2i). Finally, to confirm the role of 
H3K4me3 in the expression of Dppa4, 50 µM of MM-102 
blocker specific to the MLL1 catalytic subunit of the H3K4 
methyltransferase enzyme was applied, which suppressed 
the rate of cell proliferation (Figure 6h, Supplementary 
Figure 17), minimized cell migration (Figure 6i), and re-
duced colony formation (Figure 6j). Treatment with MM-102 
also reduced the protein levels of DPPA4 markedly in AF 

cells and minimally in AD cells (Figure 6k). Additionally, 
MM-102 decreased the level of H3K4me3 at the promoter 
(Figure 6l). These data suggest that PAE epigenetically 
modifying the Dppa4 promoter to increase its expression 
promotes pathogenesis in the pituitary gland.

Discussion

The data presented here indicate that cells of AF rats and 
HPT expressed elevated levels of cell stemness marker 
genes and proteins, grew rapidly, showed high colony 
formation and cell migration, and successfully induced 
tumors when transplanted in immunodeficient mice, 
suggesting that the pituitary gland develops aggres-
sive and invasive tumors, possibly due to an increase in 
the stem cell niche within the tumor microenvironment. 
DPPA4 acts as a nuclear factor to maintain embryonic 
stem cell proliferation and to reduce their differentiation 
behavior.46 The data obtained from this study also show 
that DPPA4 and the Wnt/β-catenin signaling genes are 
expressed in elevated levels in aggressive RPT cells and 
in HPT cells. Analysis of GSE datasets of previously pub-
lished studies showed a positive association between 
DPPA4 and Wnt5 expression (Supplementary Figures 
18 to 20). We have also found high levels of DPPA4 in 
breast cancer cells line (MDAMB 231) in which activation 
of Wnt/β-catenin signaling is known to be crucial for the 
growth and progression of tumors.47 DPPA4 knock-down 
reduces the cell growth and progression of these cells 
(Supplementary Figure 21). Thus, the data shown here 
support the view that WNT/β-CATENIN signaling partici-
pates in DPPA4 actions in the development of aggressive 
PitNETs. Previous studies have shown that nuclear accu-
mulation of the mutant form of β-CATENIN leads to the 
development of a type of murine pituitary tumor that re-
sembles human pituitary craniopharyngioma, occurs in 
children, tends to be resistant to treatment, and causes 
significant morbidity.36 In addition, mutant CTNNB1 nu-
clear accumulation in embryonic stem cells leads to the 
development of pituitary invasive adenoma.48 Similarly, 
it has been shown that Wnt signaling molecules play an 
essential role in driving the committed stem cells to the 
differentiated hormone-producing cells, and consistent 
activation of WNT/β-CATENIN signaling molecules 
leads to an increase in the proliferation of these cells.49 

promoter activity in HPT cells after treatment with β-CATENIN agonist or antagonist treatments (f) or knockidown of Dppa4 (g). Lipofectamine 2000 
(vector) was used to transfect the reporter plasmid in HPT cells. After 24 hours of transfection, the cells were treated with SKL2001 (β-CATENIN 
agonist) and IWR-1-endo (β-CATENIN antagonist) separately. After 24 hours of treatment, relative luciferase activity was measured (firefly/renilla) 
and expressed as percentage in Control (HPT/C), vector (lipofectamine 2000), SKL2001 (HPT treated with SKL2001), IWR-1-endo (HPT treated with 
IWR-1-endo). Lipofectamine represents the CRISPRMAX lipofectamine used to transfect gRNA Cas9 complex. Control (HPT/C), lipofectamine 
(CRISPRMAX), vector (lipofectamine 2000), DPPA4/KD (HPT/KD). (h–k) Rescue assay showed the requirement of β-CATENIN for the downstream 
activity of DPPA4. Control (HPT/C), DPPA4/KD (Dppa4 knockdown HPT), β-CATENIN/KD (β-Catenin knockdown HPT cells), β-CATENIN/OE (HPT 
cells transfected with β-Catenin overexpression plasmid using lipofectamine 2000), DPPA4/OE (HPT cells transfected with Dppa4 overexpression 
plasmid using lipofectamine 2000). The immunoblot data shows the level of β-CATENIN and DPPA4 where both were manipulated in either way 
(h). Colony formation assay (i), transwell migration assay (j), cell proliferation assay (k). (l) Expression changes of genes that are associated with 
β-Catenin pathways (l), n = 5. Data shown are mean ± SEM and were analyzed using 1-way or 2-way ANOVA with the Newman Keuls post hoc 
test or Dunnett’s multiple comparison test. *P < .05, **P < .01, and ***P < .001, ****P < .0001 vs Control (HPT/C).

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
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http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noae148#supplementary-data
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Interestingly, RPT cells of AF animals and HPT cells 
that had overexpression of WNT/β-CATENIN signaling 
molecules and DPPA4 were able to generate tumors in 
immunodeficient mice. Additionally, suppression of 
WNT/β-CATENIN signaling by the β-CATENIN blocker 
IWR-1-endo replicates the DPPA4 knockdown effects on 

proliferation rate, migration ability, colony number, and 
tumorigenic potentials in AF and HPT cells in immuno-
deficient mice. Furthermore, ChIP assay data show the 
DPPA4 protein binds to the promoter of canonical Wnts. 
These data support a role for the DPPA4-regulated 
WNT/β-CATENIN signaling pathway in the development 
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Figure 6.  Dppa4 promoter is epigenetically regulated by PAE. (a and b) Relative quantification of expression of different genes responsible for 
epigenetic modulation in the promoter region of the DNA in AD, PF, and AF. (c to f) ChIP assays data show the H3K4me3 level (c) and H3K27me3 
level (d) in the Dppa4 promoter region. (e and f) ChIP assay shows the H3K36me3 level in the Dppa4 gene body (e) and promoter region (f), respec-
tively. (g) The image shows the changes in protein levels of H3K4me3 in AD, PF, and AF cells. (h to k) Effects of H3K4me3 blocker MM102 (50 µM 
is the optimum effective dose of MM102; Supplementary Figure 15) on cell proliferation rates of AD and AF cells (h), transwell cell migration (i), 
colony formation (j), and DPPA4 protein levels (k). The ChIP assay shows the H3K4me3 level in DPPA4 promoter after 48 h of MM102 treatment (l). 
Data were analyzed using 1-way or 2-way ANOVA with the Newman Keuls post hoc test or Dunnett’s multiple comparison test. n = 6, **P < .01 
and ***P < .001 vs AD and PF cells (a to d; i); ***P < .001 vs rest of the groups (e, g, and j), vs AD or AF (j); *P < .05 and ****P < .0001 as indicated 
by a line above the bar.
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of aggressive PitNETs, although how DPPA4 activates 
WNT/β-CATENIN has not been established. We have 
also identified interactions between DPPA4 and stem 
cell signaling. Because DPPA4 and stem cell regulatory 
genes are overexpressed in the AF and HPT cells, DPPA4 
knockdown reduced the various signaling molecules for 
stemness in AF and HPT cells, while DPPA4 knockin in-
creased stem cell marker genes in AD cells. These data 
suggest that the DPPA4-activated cell stemness contrib-
utes to the development of aggressive PitNETs.

We have provided evidence that PAE programs pitui-
tary cells to express enhanced Dppa4 gene and the ag-
gressiveness of cell tumors involving the epigenetic 
modification of H3K4me3. A significant fold enrichment 
in H3K4me3 at the Dppa4 promoter region was ob-
served in AF cells. These data are consistent with the 
previous findings that alcohol increased the amount of 
active chromatin mark H3K4me2 in the regulatory re-
gions of Dppa4 in alcohol-exposed hESCs.21 We also find 
a higher H3K36me3 level in the gene body in AF cells. 
Previous studies have shown the H3K36me3 mark in the 
gene body is associated with the active gene transcrip-
tion.50 However, H3K36me3 happens to be at the 3ʹ end 
of the gene49 and thus, major importance was given to 
H3K4me3, which is known to happen in the promoter 
region. Furthermore, MM102, a blocker of MLL1 of the 
methyl transferase enzyme associated with H3K4me3, 
was able to suppress DPPA4 activity. Several recent 
studies have defined the roles of DPPA4 in priming the 
chromatin and maintaining developmental compe-
tency through regulating H3K4me3.17 Moreover, DPPA4 
knockdown in embryonic stem cells leads to the enrich-
ment of dimethylation at H3K9 in the promotor region 
of DPPA4, suggesting that DPPA4 plays an essential 
role in maintaining the active epigenetic status of em-
bryonic stem cells.46 Thus, it appears that PAE epigenet-
ically programs DPPA4 to be overexpressed, thereby 
maintaining stemness in adult pituitary tumor cells.

In conclusion, these data support an oncogenic role of 
DPPA4 in the pituitary and establish the involvement of 
this stemness regulatory factor in the mechanisms con-
trolling the development of aggressive PitNETs. Because 
Dppa4 was found to be highly expressed in non-small-cell 
lung cancer tissues,51 this cell stemness regulator may 
also be involved in the development and progression of 
other cancers. Furthermore, study data suggest potential 
therapeutic uses of DPPA4 in the treatment of aggressive 
PitNETs.
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