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Abstract
Background:  Glioblastoma (GBM) is a deadly neoplasm of the central nervous system. The molecular mechanisms 
and players that contribute to GBM development is incompletely understood.
Methods: The expression of PELP1 in different grades of glioma and normal brain tissues was analyzed using 
immunohistochemistry on a tumor tissue array. PELP1 expression in established and primary GBM cell lines 
was analyzed by Western blotting. The effect of PELP1 knockdown was studied using cell proliferation, colony 
formation, migration, and invasion assays. Mechanistic studies were conducted using RNA-seq, RT-qPCR, 
immunoprecipitation, reporter gene assays, and signaling analysis. Mouse orthotopic models were used for pre-
clinical evaluation of PELP1 knock down.
Results:  Nuclear receptor coregulator PELP1 is highly expressed in gliomas compared to normal brain tissues, 
with the highest expression in GBM. PELP1 expression was elevated in established and patient-derived GBM cell 
lines compared to normal astrocytes. Knockdown of PELP1 resulted in a significant decrease in cell viability, sur-
vival, migration, and invasion. Global RNA-sequencing studies demonstrated that PELP1 knockdown significantly 
reduced the expression of genes involved in the Wnt/β-catenin pathway. Mechanistic studies demonstrated that 
PELP1 interacts with and functions as a coactivator of β-catenin. Knockdown of PELP1 resulted in a significant 
increase in survival of mice implanted with U87 and GBM PDX models.
Conclusions:  PELP1 expression is upregulated in GBM and PELP1 signaling via β-catenin axis contributes to GBM 
progression. Thus, PELP1 could be a potential target for the development of therapeutic intervention in GBM.

Key Points

•	 PELP1 facilitates proliferation, migration, and invasion of glioblastoma cells

•	 PELP1 functions as a coactivator of β-catenin and contributes to glioblastoma 
progression

Glioblastoma (GBM) is the most common brain neoplasm that 
exhibits dismal prognosis.1,2 Despite advancements in current 
multimodal treatment strategies, GBM patients have a median 

survival that is ~20 months, and the 5-year survival rate after 
diagnosis is ~13%.3 GBMs are highly infiltrative, mutable in 
nature, and often exhibiting extensive cellular heterogeneity,4 

PELP1 promotes glioblastoma progression by enhancing 
Wnt/β-catenin signaling
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angiogenesis, a hypoxic and immunosuppressive microen-
vironment and resistance to standard treatments.5,6 GBM 
development is suspected to involve alterations in multiple 
tumor suppressors as well as oncogenes.7,8 Understanding 
the molecular pathways that contribute to GBM progression 
are urgently needed and could elucidate novel therapeutic 
targets for GBM.

Proline-, glutamic acid-, and leucine-rich protein 
1 (PELP1) is a scaffolding protein that functions as a 
coregulator for several nuclear receptors (NRs) including 
estrogen receptor (ER), androgen receptor (AR), and glu-
cocorticoid receptor (GR).9–13 PELP1 signaling is impli-
cated in the progression of several cancers.14–21 Recent 
studies demonstrated that PELP1 is highly expressed in 
the brain.22–25 However, little is known about the status and 
role of PELP1 in GBM pathogenesis.

PELP1 plays an essential role in several pathways26 in-
cluding NR signaling, proliferation, cell cycle progression, 
ribosomal biogenesis, and DNA damage response.27,28 
Notably, PELP1 has a histone binding domain,29 recognizes 
histone modifications and interacts with several chromatin-
modifying complexes including KDM1A,29 HDAC,30 PRMT,31 
and CARM1.32 PELP1 interacts with MTp53, regulates its 
recruitment, and alters epigenetic marks at target gene 
promoters.33 These emerging findings implicate PELP1’s 
oncogenic signaling in cancer progression by modulating 
multiple pathways. Yet, it remains unclear whether PELP1 
regulated pathways play a role in GBM progression.

In the present study, we investigated the role and signifi-
cance of PELP1 in GBM pathogenesis. Using glioma tissue 
microarray, we found that PELP1 is highly expressed in 
high grade gliomas. Silencing of PELP1 resulted in an in-
hibition of GBM cell viability, survival and invasion. RNA 
sequencing of GBM cells and mechanistic studies revealed 
that PELP1 acts as a coactivator of β-catenin. Our results 
demonstrate that the knockdown of PELP1 suppressed the 
Wnt signaling pathway in GBM cells, and improved sur-
vival of the mice bearing GBM.

Materials and Methods

Cell Lines and Reagents

Human GBM cell lines U87, U251, T98G, LN229, U138, and 
M059J were obtained from the American Type Culture 

Collection (ATCC, Manassas, VA) and maintained as per 
ATCC guidelines. All the cells were passaged in the lab-
oratory for fewer than 15 passages after receipt or re-
suscitation. Normal human astrocytes were purchased 
from ScienCell Research Laboratories (Carlsbad, CA) 
and maintained in astrocyte medium. Neurobasal me-
dium and B27 serum-free supplement were obtained 
from Invitrogen (Carlsbad, CA). All model cells utilized 
were free of Mycoplasma contamination and was con-
firmed by using Mycoplasma PCR Detection Kit (Sigma 
Chemical Co, St. Louis, MO). Short tandem repeat (STR) 
polymorphism analysis of the cells was used to confirm 
their identity. Patient-derived primary GBM cells were 
isolated from surgically discarded specimens obtained 
from patients undergoing surgery using an UT Health 
San Antonio Institutional Review Board–approved pro-
tocol and their characterization was earlier described.34–37 
All patients were provided a copy of informed consent 
for the use of the discarded tissues in research. All the 
studies were conducted in accordance with the decla-
ration of Helsinki and the standards defined by UTHSA 
Institutional Review Board. Primary GBM lines GBM-
082209, GBM-101310, GBM-111010, GBM-080409, GBM-
090909, and GBM-092208 were cultured in neurobasal 
medium supplemented with B27 serum-free supple-
ment, EGF (20  ng/mL), bFGF (20  ng/mL), LIF (10  ng/
mL), and heparin (5  μg/mL) as described.34,37 PELP1 
On-Targetplus-SMART pool siRNAs (cat#L004463-00-
0050) which consists a pool of four siRNA duplexes which 
are designed to target distinct sites within the PELP1 gene 
were obtained from Thermo Scientific (Waltham, MA). 
The PELP1 antibodies were obtained from Bethyl, and 
β-catenin, phospho-β-catenin (Thr41/Ser45), MMP-2, and 
MMP-3 antibodies were purchased from Cell Signaling 
Technology (Beverly, MA). PELP1 specific shRNA lenti-
virus plasmids (PELP1-shRNA1:cat#TRCN0000159193; 
PELP1-shRNA2:cat#TRCN0000159673), β-actin and all sec-
ondary antibodies were purchased from Sigma Chemical 
Co (St. Louis, MO). Ki67 antibody was purchased from 
Abcam (Cambridge, MA). Glioblastoma cells stably ex-
pressing PELP1-shRNA were generated using human spe-
cific Lentiviral PELP1-shRNA particles. Stable clones were 
selected with puromycin selection (1 μg/mL) and pooled 
clones were used for all the studies. Lentiviral particles 
expressing nontargeted short hairpin RNA (shRNA) were 
used to generate control cells.

Importance of the Study

In this study, we identified that nuclear re-
ceptor coregulator PELP1 is highly expressed 
in gliomas compared to normal brain tissues. 
Global RNA-Seq studies identified that PELP1 
regulates several genes involved in prolifer-
ation, migration, and invasion of GBM cells. 
Mechanistic studies demonstrated that PELP1 
interacts with and functions as a coactivator of 
β-catenin. Knockdown of PELP1 resulted in a 

significant increase in survival of mice implanted 
either with orthotopic GBM xenografts or GBM 
PDX models. The current study provides the first 
evidence that PELP1 function as a coactivator of 
β-catenin and that the PELP1/β-catenin axis is 
essential for GBM progression. This study sig-
nificantly advances our understanding of how 
PELP1 exerts its oncogenic functions in GBM 
and suggests PELP1 may be a novel target for 
therapeutic intervention for GBM.
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Cell Lysis and Western Blotting

Whole cell lysates were prepared from GBM cells using 
RIPA buffer containing protease and phosphatase inhibi-
tors (Sigma Chemical Co, St. Louis, MO). Total proteins 
(50  μg) were mixed with SDS sample buffer and run on 
SDS-PAGE gels. The resolved proteins were transferred 
onto nitrocellulose membranes and the blots were blocked 
with 5% non-fat dry milk powder for 1 h at room temper-
ature. Primary antibody incubation was carried out at 4°C 
for overnight followed by incubation with secondary anti-
bodies for 1 h at room temperature. Blots were developed 
using the ECL kit (Thermo Scientific, Waltham, MA).

Cell Proliferation and Clonogenic Assays

Cell proliferation rates were measured by using CellTiter-
Glo Luminescent Cell Viability Assay (Promega, Madison, 
WI). GBM cells transduced with either control shRNA or 
PELP1 shRNA1 or PELP1 shRNA2 were seeded in 96 well 
plates (2 × 103 cells/well). After various time intervals, the 
total ATP content as an estimate of total number of viable 
cells was measured on automatic Fluoroskan Luminometer 
according to the manufacturer’s instructions. For the 
clonogenic assays, U251 and T98G cells stably expressing 
either control shRNA or PELP1 shRNA1 or PELP1 shRNA2 
(500 cells/well) were seeded in 6-well plates and allowed to 
grow for an additional 8 days. The cells were then fixed in 
ice cold methanol and stained with 0.5% crystal violet solu-
tion to visualize the colonies. Colonies that contained ≥50 
cells were counted.

Cell Migration and Invasion Assays

The cell migration rates of control and PELP1 silenced 
GBM cells were determined using a colorimetric QCM 
chemotaxis cell migration assay (EMD Millipore, Billerica, 
MA) as  per the manufacturer’s instructions. The inva-
sive potential of control and PELP1 knockdown cells were 
determined using Corning® BioCoat™ Growth Factor 
Reduced Matrigel Invasion Chamber assay according to 
the manufacturer’s instructions.

RNA Sequencing and RT-qPCR Analysis

U87 cells were transfected with either control siRNA or 
PELP1 siRNA using oligofectamine. After 72  h of trans-
fection, total RNA was isolated using the RNeasy mini kit 
(Qiagen, Valencia, CA). RNA sequencing and analysis was 
performed as described previously.37 Selected genes were 
validated by quantitative real-time-PCR (RT-qPCR) using 
gene-specific primer sequences obtained from Harvard 
Primer Bank (http://pga.mgh.harvard.edu/primerbank/). 
Reverse transcription (RT) reactions were performed using 
the High-Capacity cDNA Reverse Transcription Kit (Thermo 
Fisher Scientific). RT-qPCR was performed using SYBR 
Green (Thermo Fisher Scientific). Results were normalized 
to the β-actin or GAPDH transcript levels and the differ-
ence in fold expression was calculated by using the delta-
delta-CT method.

Immunoprecipitation and GST Pulldown Assays

U87 cells were treated with LiCl (20  mM) for 6  h and 
cell lysates were prepared using NP40/TritonX100-lysis 
buffer (50 mM Tris–HCl at pH 7.5, 0.2% Triton X-100, 0.3% 
Nonidet P-40, 150 mM NaCl, 25 mM NaF, 0.1 mM sodium 
orthovanadate) containing protease and phosphatase in-
hibitors. Cell lysates were immunoprecipitated with IgG or 
PELP1 or β-catenin antibodies, followed by Western blot-
ting with PELP1 or β-catenin antibodies. For GST pulldown 
assays, U87 cell lysates were incubated with GST or PELP1-
GST full length or various PELP1-GST deletion fragments, 
bound proteins were isolated by GST-pull-down assay, and 
the interaction of β-catenin with PELP1 was analyzed by 
Western blotting. PELP1-GST fragments were generated as 
described previously.22

Reporter Gene Assays

Reporter gene assays were performed as described.34 
Briefly, U87, U251, T98G, 293T, and primary GBM cells 
were seeded in 24 well plates and incubated overnight, 
the cells were then transfected with pTOPFLASH, or 
pFOPFLASH plasmids along with PELP1 or FHL2 or con-
trol expression vectors using Fugene transfection reagent. 
pSV-β-Galactosidase or pRL control vector was used as 
an internal control. For some assays, after 48 h transfec-
tion, cells were stimulated with 20 mM LiCl for 12 h and 
luciferase activity was measured using the luciferase assay 
system (Promega, Madison, WI). Luciferase activity was ex-
pressed as percent of relative light units versus untreated 
transfected cells.

Tissue Microarrays and Immunohistochemistry

The tissue microarrays (TMA, Cat#GL2083a) were obtained 
from US Biomax, Inc (Rockville, MD). Each TMA com-
prised 0.6-mm cores taken from paraffin-embedded 
specimens that represent a total of 192 glioma tis-
sues (132 cases of brain astrocytoma, 31 brain GBM, 7 
brain oligo-astrocytoma, 9 brain oligodendroglioma, 11 
brain ependymoma, 1 each of brain ganglioglioma and 
gliosarcoma) plus 8 each of adjacent normal brain tissue 
and normal brain tissue. Immunohistochemical analysis 
was performed as described previously.36 We have ex-
cluded oligoastrocytomas from this study due to their 
mixed origin and ganglioglioma and gliosarcoma due to 
low sample number. The tumor specimens that were dam-
aged during slide processing were also excluded in the 
analysis. PELP1 immunoreactivity on TMA was scored 
using Allred scoring system.38 Briefly, the PELP1 staining 
intensity was scored on a scale between zero and three and 
the proportion of positive stained cells was rated as one 
between 0 and 1%, two between 1% and 10%, three be-
tween 10% and 33%, four between 33% and 66%, and five 
between 66% and 100%. Xenograft tumor sections were in-
cubated overnight with Ki67, PELP1, MMP-2, MMP-3, and 
β-catenin primary antibodies for overnight. After secondary 
antibody incubation for 45  min, immunoreactivity was 
visualized by using the DAB substrate and counterstained 

http://pga.mgh.harvard.edu/primerbank/
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with haematoxylin (Vector Lab, Inc., Burlingame, CA). The 
proliferative index was calculated as percentage of Ki-67-
positive cells and the staining intensity of PELP1, β-catenin, 
MMP-2, and MMP-3 on xenograft tumor sections was quan-
tified using ImageJ analysis software. Briefly, the image 
was subjected to color deconvolution and the mean DAB 
intensity was measured using H DAB vector plug in and the 
resulting D-HSCORE values were plotted in histogram as 
described previously.39

Orthotopic Tumor Assays

All animal experiments were performed after obtaining 
UT Health San Antonio Institutional Animal Care and 
Use Committee approval. Male athymic nude mice of 
8–10 weeks old were purchased from Charles River 
Laboratories. U87 cells expressing control shRNA or PELP1 
shRNA1 were labeled with the GFP-Luciferase reporter and 
1 × 106 cells were injected orthotopically into the right ce-
rebrum of a mouse using an established protocol.37 For 
primary GBM cell implantation, NCI SCID/NCr mice were 
used. Primary GBM cells GBM-101310 (1  × 105) were in-
jected orthotopically into the right cerebrum of SCID 
mouse. Tumor progression was monitored weekly using 
the Xenogen in vivo imaging system. Mice were euthan-
ized and brains collected upon development of sympto-
matic neurological deficits or becoming moribund. Mouse 
survival was determined using the Kaplan–Meier survival 
curves and log-rank test using GraphPad Prism 6 software.

Statistical Analysis

Statistical differences between the groups were analyzed 
with unpaired Student t-test and one-way ANOVA using 
GraphPad Prism 6 software. All the data represented in the 
graphs are shown as means ± SE. A value of P < .05 was 
considered as statistically significant.

Results

PELP1 Is Highly Expressed in Glioblastoma

PELP1 expression is upregulated in many cancers.40 
To examine the status of PELP1 in GBM, we performed 
immunohistochemistry (IHC) for PELP1 using human 
glioma tissue micro arrays that contained different grades of 
glioma and normal brain tissues. Tissues were scored for in-
tensity of staining and IHC score as described previously.41 
The representative staining for each tumor type is shown 
in Figure 1A. Increased PELP1 expression was observed 
in all glioma subtypes compared to normal brain samples 
with the highest expression observed in GBM (Figure 1B). 
PELP1 immunoreactivity was predominantly observed 
in nucleus of normal brain, grade II astrocytoma, grade III 
astrocytoma, GBM, oligodendroglioma, ependymoma, 
anaplastic ependymoma, which showed positivity rates of 
93.7% (15/16), 95.4% (104/109), 100% (21/21), 96.7% (30/31), 
100% (9/9), 100% (4/4), 100% (7/7), respectively. The cyto-
plasmic positivity for PELP1 was observed in 56.2% (9/16) of 

normal brain, 26.6% (29/109) of grade II astrocytoma, 61.9% 
(13/21) of grade III astrocytoma, 32.2% (10/31) of GBM, 11.1% 
(1/9) of oligodendroglioma, and 14.2% (1/7) of anaplastic 
ependymoma. Next, we examined the expression of 
PELP1 in normal astrocytes, established GBM cell lines and 
patient-derived GBM cells. As shown in Figure 1C and D, all 
GBM cells lines showed higher PELP1 expression compared 
to normal astrocytes (NA). Collectively these results suggest 
that tumors and GBM cells express high levels of PELP1 as 
compared to normal brain tissue and astrocytes.

PELP1 Knockdown Reduces the Cell Viability and 
Survival of GBM Cells

To examine the functional role of PELP1 in GBM cells, 
PELP1 expression was silenced or knocked down using val-
idated PELP1 specific siRNA and shRNA, respectively. U87, 
U251, T98G, and primary GBM cells were transduced with 
either control shRNA or PELP1 shRNA1 or PELP1 shRNA2 
lentiviral particles. Cell viability assays revealed that PELP1 
knock-down significantly reduced the cell viability of U87, 
U251, T98G, and GBM10 cells when compared to control 
shRNA expressing cells (Figure 2A–D). The knock-down of 
PELP1 in GBM cells was validated using Western blot anal-
ysis (Figure 2E). Furthermore, the effect of PELP1 knock-
down on the survival of GBM cells was examined using 
clonogenic assays. As shown in Figure 2F, both U251 and 
T98G cells that stably express PELP1shRNA1 or PELP1 
shRNA2 showed a reduced number of colonies compared 
to control shRNA cells. These results suggest that knock-
down of PELP1 reduced GBM cell viability and survival.

PELP1 Knockdown Reduces Migration and 
Invasion of GBM Cells

We next examined the effect of PELP1 knockdown on the mi-
gration and invasion of GBM cells. Migration assays were 
carried out using trans-well migration assays. As shown in 
Figure 2G, PELP1 silencing significantly reduces the migra-
tion of U87 and T98G GBM cells when compared to control 
siRNA cells. Furthermore, the effect of PELP1 knockdown on 
invasion of GBM cells was examined using matrigel inva-
sion chamber assay. As shown in Figure 2H, knockdown of 
PELP1 significantly reduced the invasion of U87, U251, and 
primary GBM10 cells when compared to control shRNA 
cells. These results suggest that PELP1 knockdown reduced 
the migration and invasion of GBM cells.

Transcriptomic Analysis of PELP1 
Modulated Genes

To understand the mechanisms by which PELP1 mediates 
GBM progression, we performed RNA-seq analysis using 
U87 cells that were transfected with either control siRNA 
or PELP1 specific siRNA. The silencing of PELP1 resulted in 
significant changes in the expression of 792 genes (1.5-fold 
change over control with adjusted P-value < .05) of which 521 
genes were downregulated and 271 genes were upregulated. 
The complete list is available in the GEO database under 
accession number GSE131502. Among the groups, the 
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differentially expressed genes were shown in the heat map 
(Figure 3A). The biological significance of differentially ex-
pressed genes was examined using ingenuity pathway 
analysis (IPA) (Figure 3B) and gene set enrichment analysis 
(GSEA) (Figure 3C). The IPA of differentially expressed genes 
between U87-control siRNA vs U87-PELP1 siRNA cells re-
vealed the downregulation of genes related to inhibition of 
matrix metalloproteases, glioma invasion signaling, Wnt/β-
catenin signaling, and other pathways related to invasion 
and GBM signaling (Figure 3B). More importantly, GSEA 

revealed that Wnt/β-catenin signaling and epithelial mes-
enchymal transition gene sets showed negative correlation 
in PELP1 siRNA group compared to control (Figure 3C).

PELP1 Modulates Wnt/β-Catenin Signaling in 
GBM Cells

Next, we tested whether PELP1 modulates the expression 
of Wnt/β-catenin target genes using RT-qPCR assays in two 
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control shRNA or PELP1 shRNA1 or PELP1 shRNA2 was examined using colony formation assay. (G) Cell migration potential of U87 and T98G cells 
transiently expressing control siRNA or PELP1 siRNA was analyzed using QCM chemotaxis cell migration assay. Representative images of mi-
grated cells in various groups are shown (upper panel) and migrated cells in terms of colorimetric intensity (OD) was shown (lower panel). Scale 
bars represent 100 μm (red color). (H) Cell invasion potential of U87, U251, and GBM10 cells stably expressing control shRNA or PELP1 shRNA1 or 
PELP1 shRNA2 was analyzed using BioCoat invasion chamber assay. Representative images of invaded cells in various groups are shown (upper 
panel) and invaded cells were quantitated in five random fields (lower panel). Scale bars represent 100 μm (red color). Data are represented as 
mean ± SE. * P < .05; ** P < .01; *** P < .001.
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Figure 3.  Analysis of global transcriptional changes modulated by PELP1 in GBM cells. U87 cells were transfected with control siRNA or PELP1 
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established GBM cells (U87, U251) and a patient derived 
GBM cells (GBM10). As shown in Figure 3D–F, the expres-
sion of several Wnt/β-catenin signaling molecules such 
as LEF1, CTNNB1, WNT5B, DKK1, FZD8, and TCF7 were 
significantly downregulated in PELP1 knockdown cells. 
Furthermore, the expression of genes involved in cellular 
invasion and EMT process such as matrix metalloproteases 
(MMP-1, MMP-2, MMP-3, MMP-14) and integrin molecules 
(ITGA2, ITGB5, ITGA5) were significantly downregulated 
in PELP1 knockdown cells compared to control cells. 
Collectively, these results suggest that PELP1 has the po-
tential to modulate Wnt/β-catenin signaling in GBM cells.

PELP1 Interacts with and Functions as 
Coactivator of β-Catenin

To test whether PELP1 interacts with β-catenin, we per-
formed co-IP assays. Results showed that PELP1 interacts 
with β-catenin (Figure 4A, left panel). Reciprocal co-IP also 
showed that β-catenin interacts with PELP1 (Figure 4A, 
right panel). Further GST pull down assays also confirmed 
the interaction of PELP1 with β-catenin (Figure 4B). GST 
pulldown assays using various domains of PELP1 as GST 
fusions revealed that β-catenin interacts with the 400–600 
aa region of PELP1 (Figure 4C). To test whether PELP1 acts 
as a coactivator for β-catenin, we used the TOPFLASH (TCF/
LEF-Firefly luciferase) reporter assay. Co-transfection of 
PELP1 along with the reporter into U251 and GBM10 cells 
resulted in significant activation of the reporter (Figure 4D 
and E). Furthermore, knockdown of PELP1 significantly re-
duced reporter activity compared to control shRNA cells 
(Figure 4F and G). In addition, LiCl mediated activation of 
TOPFLASH reporter activity was significantly attenuated in 
PELP1 knockdown cells (Figure 4H).

PELP1 is Needed for FHL2 Coactivation Function of 
β-catenin.

Since PELP1 couples four and a half LIM domains protein 
2 (FHL2) to nuclear receptors such as AR42 and because, 
FHL2 acts as coactivator of β-catenin,43 we further exam-
ined whether the PELP1 and FHL2 interaction was vital 
for β-catenin mediated transcription using the TOPFLASH 
reporter. As expected, FHL2 significantly increased the 
reporter activity in U87 and T98G cells, however, FHL2 me-
diated increase in TOPFLASH activity was significantly at-
tenuated in PELP1 knockdown cells (Figure 5A). We also 
confirmed PELP1/FHL2 regulation of TOPFLASH reporter 
using HEK293T cells. PELP1 and FHL2 co-transfection signif-
icantly increased the TOPFLASH reporter activity compared 
to PELP1 or FHL2 alone both in unstimulated and stimulated 
(LiCl treatment) conditions (Figure 5B). To corroborate with 
reporter gene activity, we subsequently examined expres-
sion of β-catenin target gene Axin2 in PELP1 knockdown 
GBM cells and 293T cells following stimulation with LiCl. 
As shown in Figure 5C, stimulation with LiCl significantly in-
creased the expression of Axin2 in GBM cells and HEK293T 
cells; and this increase was significantly compromised in 
PELP1 knockdown cells. To further study whether PELP1 
knockdown affect the stability of β-catenin, we exam-
ined the status of phospho-β-catenin in control and PELP1 

knockdown cells. Western blot analysis revealed that PELP1 
knockdown substantially increased the phosphorylation of 
β-catenin compared to controls (Figure 5D) suggesting that 
PELP1 knockdown leads to destabilization of β-catenin.

PELP1 Knockdown Reduces GBM Progression In 
Vivo and Enhances the Mice Survival

To study the effect of PELP1 knockdown on in vivo tumor 
growth, we used, both U87 and patient-derived GBM10 
cells as orthotopic xenografts. Luciferase-labeled U87 or 
GBM10 cells stably expressing control shRNA or PELP1 
shRNA1 were injected into mouse brain and tumor pro-
gression was measured using the Xenogen in vivo imaging 
system. As shown in Figure 6A and B, PELP1 knockdown 
significantly reduced tumor growth in U87 tumor bearing 
mice when compared to control mice. Furthermore, sur-
vival analysis demonstrated that PELP1 knockdown sig-
nificantly improved the survival of U87 tumor bearing 
mice when compared to control mice (Figure 6C). More 
importantly, PELP1 knockdown significantly increased the 
survival of the mice implanted with primary GBM10 cells 
(Figure 6D). We further examined the expression levels of 
the proliferation marker Ki67 in control and PELP1 shRNA1 
tumors using immunohistochemistry. As shown in Figure 
6E, Ki67 positive cells were significantly lower in PELP1 
shRNA1 U87 tumors compared to control shRNA U87 tu-
mors. IHC analysis of tumor sections revealed that PELP1 
shRNA expressing U87 tumors had decreased expression 
of β-catenin, MMP-2, and MMP-3 than control shRNA ex-
pressing tumors (Figure 6E). These results suggest that 
PELP1 knockdown reduced in vivo GBM progression via 
downregulation of the β-catenin pathway.

Discussion

Proline-, glutamic acid-, and leucine-rich protein 1 
(PELP1),14 originally cloned in our lab, plays a critical role 
in signal transduction by multiple nuclear receptors and 
transcription factors.27,40 PELP1 is expressed in many tis-
sues, with the highest expression noted in the brain.22,23,44 
PELP1 signaling plays an important role in the progression 
of many cancers, however, little is known about the role 
of PELP1 in GBM. In this study, we provided evidence that 
PELP1 is overexpressed in GBM and plays an important 
role in GBM cell proliferation, survival and invasion. Using 
mechanistic studies, we demonstrated that PELP1 directly 
interacts with β-catenin and modulates its transactivation 
functions. RNAseq studies identified β-catenin signaling as 
the top pathway modulated by PELP1 in GBM. Quantitative 
RT-PCR studies using multiple GBM models confirmed that 
PELP1 knockdown significantly reduced the expression of 
β-catenin target genes involved in survival and invasion. 
Furthermore, PELP1 knockdown significantly increased the 
survival of mice in orthotopic GBM models. Collectively, 
these results suggest that PELP1 plays a crucial role in 
GBM progression.

Oncogenic PELP1 signaling is implicated in the 
progression of several cancers including breast,14 
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endometrial,15 ovarian,16 salivary,17 prostate,18 lung,19 
pancreas,20 and colon.21 In transgenic mouse models, 
PELP1 overexpression in the mammary glands contrib-
utes to mammary gland carcinoma, further supporting 
its oncogenic potential in vivo.45 PELP1 expression is 
an independent prognostic predictor of shorter breast 
cancer-specific survival and disease-free interval.46 PELP1 
expression has also been identified as a prognostic factor 
for predicting poor survivorship in patients diagnosed with 
TNBC.47,48 Our results using glioma TMA of 208 patients re-
vealed that PELP1 is highly expressed in glial tumors com-
pared to normal brain tissues. Furthermore, an increase 
in PELP1 expression was strongly correlated with the de-
gree of malignancy, and accordingly, the highest expres-
sion was noted in GBM (grade IV glioma). TCGA analysis 
of PELP1 transcript did not show an association of PELP1 
mRNA with prognosis, and there is no upregulation of 
PELP1 mRNA in GBM compared to control and low grade 
tumors. In our study using IHC, we observed that PELP1 

expression is greater in GBM, as compared to control brain 
and low grade astrocytomas. Several studies showed 
that PELP1 is post-translationally modified by phospho-
rylation, sumoylation, acetylation, and glutamylation at 
multiple sites, and these post-translational modifications 
controls PELP1 localization, modulates its interactions with 
adaptor proteins, and alters its stability, which contrib-
utes to its biological activity.20,49–51 Importantly, our recent 
study22showed that PELP1 is phosphorylated by GSK3β 
leading to its degradation. Since, PELP1 is modified post-
translationally, and its biological activity as a coregulator 
is, in part, dictated by its protein levels, the TCGA mRNA 
expression data may not truly represent PELP1 status with 
patient survival, and IHC studies are more likely to provide 
biologically relevant information on PELP1 signaling that 
occur in tumors. Furthermore, PELP1 is highly expressed in 
neurons of specific brain regions, however, normal astro-
cytes exhibit little to no PELP1 expression. A recent study 
showed that PELP1 expression is associated with a worse 
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Figure 4.  PELP1 interacts with and functions as a coactivator of β-catenin. (A) U87 cells were stimulated with LiCl (20 mM) for 6 h and lysates 
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β-catenin was confirmed using Western blotting respectively. (B) U87 cell lysates were used in pull-down assays using GST or PELP1-GST, and 
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β-galactosidase vectors and after 48 h, cells were stimulated with LiCl (20 mM) for 12 h and the reporter activity was measured. Data are repre-
sented asmean ± SE. * P < .05; *** P < .001.
  



 10 Sareddy et al. Role of PELP1 in GBM

  

2.0

300

***

***

***

*

***
***

250
200
150
100

5
4
3
2
1
0

U87
A

B

D

C

T98G

***

***

*** **

**

*

R
el

at
iv

e 
TO

P
F

LA
S

H
 a

ct
iv

ity
 (

fo
ld

)

R
el

at
iv

e 
TO

P
F

LA
S

H
 a

ct
iv

ity
 (

fo
ld

)
R

el
at

iv
e 

TO
P

F
LA

S
H

 a
ct

iv
ity

 (
fo

ld
)

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n 
(f

ol
d)

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n 
(f

ol
d)

R
el

at
iv

e 
m

R
N

A
 e

xp
re

ss
io

n 
(f

ol
d)

3.0

2.5

2.0

1.5

1.0

0.5

0.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Con
t s

iR
NA

EV

PELP
1

PELP
1+

FHL2

PELP
1+

FHL2
+L

iC
l

PELP
1+

LiC
l

FHL2
+L

iC
l

EV+L
iC

l

FHL2

PELP
1 

siR
NA

Con
t s

iR
NA+F

HL2

PELP
1 

siR
NA+F

HL2

Con
t s

iR
NA

PELP
1 

siR
NA

Con
t s

iR
NA+F

HL2

PELP
1 

siR
NA+F

HL2

C
on

t s
hR

N
A

P
E

LP
1-

sh
R

N
A

1
P

E
LP

1-
sh

R
N

A
2

P
E

LP
1-

sh
R

N
A

1
P

E
LP

1-
sh

R
N

A
2

C
on

t s
hR

N
A

U87 U251

10
U87 T98G 293T

*** *** ***
3

2

1

0

6

4

2

0

8

6

4

2

0

p-β-catenin

β-Actin

Con
t s

hR
NA

Con
t s

hR
NA+L

iC
l

PELP
1 

sh
RNA1+

LiC
l

Con
t s

hR
NA

Con
t s

hR
NA+L

iC
l

PELP
1 

sh
RNA1+

LiC
l

Con
t s

hR
NA

Con
t s

hR
NA+L

iC
l

PELP
1 

sh
RNA1+

LiC
l

Figure 5.  PELP1 is needed for FHL2 coactivation function of β-catenin. (A) U87 and T98G cells were transfected with control siRNA or PELP1 
siRNA and after 24 h, cells were transfected again with TOPFLASH and β-galactosidase vectors along with either empty vector or FHL2 expres-
sion vector. After 48 h, TOPFLASH reporter activity was measured. (B) HEK293T cells were transfected with TOPFLASH and β-galactosidase 
vectors along with either empty vector or PELP1 or FHL2 expression vectors and after 48 h cells were stimulated with LiCl (20 mM) for 12 h and re-
porter activity was measured as described in the Methods. (C) U87, T98G, and 293T cells stably expressing control shRNA or PELP1 shRNA1 were 
stimulated with LiCl (20 mM) for 12 h and the expression of β-catenin target gene Axin2 was examined using RT-qPCR. Data are represented as 
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prognosis of astrocytoma in a small cohort of patients, and 
PELP1 expression is greater in GBM. as compared to low-
grade gliomas,52 which is in agreement with our study.

PELP1 expression is associated with various genes in-
volved in epithelial mesenchymal transition (EMT) and 
modulates the expression of metastasis-influencing 
microRNAs to promote cancer metastasis.30 The β-catenin 
pathway plays an essential role in migration and invasion, 
and the EMT process in several malignancies.53–57 In this 
study, we found that knock down of PELP1 in GBM cells 
reduced their invasion and migration. Our RNA-seq results 
identified that PELP1 knockdown modulated several path-
ways related to the invasion and migration and GSEA re-
sults showed that PELP1 knockdown regulated genes were 
negatively correlated with the EMT gene set. Collectively, 
these findings support that PELP1 modulates GBM migra-
tion and invasion via modulation of the β-catenin pathway.

The Wnt signaling pathway plays a crucial role in normal 
embryonic development and abnormal pathological pro-
cesses in vertebrates.58 Activation of the Wnt pathway 
also plays a critical role in many cancers. Several studies 
including ours demonstrated that activation of Wnt/β-
catenin signaling contributes to the initiation and pro-
gression of gliomas and the components of this pathway 
were overexpressed in gliomas.59–62 β-Catenin is the critical 
mediator of canonical Wnt signaling. Recent studies dem-
onstrated that β-catenin plays a crucial role in EMT pro-
cesses of various malignancies,53–57 and promotes glioma 
aggressiveness through EMT.63 Our study discovered, for 
the first time, that PELP1 functions as a novel coactivator 
of β-catenin. These results further implicate PELP1 as a 
mediator of the EMT process in GBM by functioning as a 
coactivator of the β-catenin pathway. Glioma stem cells 
(GSCs) plays a central role in tumor initiation, progression 
and therapy resistance of GBM.64,65 Importantly, Wnt/β-
catenin signaling pathway is critical in regulating GSCs.66–

68 Our RNA-sequencing data identified that stem cell 
markers nestin, sox2, and vimentin were downregulated 
in PELP1 silenced cells suggesting that targeting PELP1 
may be effective in reducing stemness of GBM via inhibi-
tion of Wnt/β-catenin pathway. Recent studies also impli-
cated Wnt/β-catenin signaling as a regulator of resistance 
to standard chemotherapy of GBM.69–72 Since PELP1 func-
tions as a coactivator of β-catenin signaling, inhibition of 
PELP1 may have a sensitizing effect with standard che-
motherapy in GBM. Future studies are needed to confirm 
whether PELP1 utilizes the β-catenin pathway to modulate 
EMT, stemness, and chemoresistance in GBM.

PELP1 is scaffold protein that contains several protein–
protein interaction motifs. PELP1 interacts with nuclear 
receptors using the nuclear receptor interaction motif 
LXXLL; Src kinase, using SH2 motifs; and PI3K, using 
PXXP motifs.40 Notably, PELP1 has a histone binding do-
main, recognizes histone modifications and interacts with 
several chromatin-modifying complexes.29–32 In this study, 
we showed that PELP1 interacts with β-catenin and func-
tions as a coactivator of its transcriptional functions. We 
previously showed that PELP1 interacts with FHL2 and 
synergistically activates the AR transcriptional functions.42 
Interestingly, FHL2 also acts as a coactivator of β-catenin in 

kidney and colon cancer cells.43 In support of these studies, 
we showed that FHL2 activates β-catenin transactivation 
functions in GBM cells. Further PELP1 and FHL2 synergis-
tically enhances β-catenin reporter activity suggesting that 
PELP1 modulation of β-catenin may involve multiple inter-
actions in the transcription complex. Additional studies are 
needed to better understand the role of PELP1 and FHL2 in 
the modulation of β-catenin target genes.

In summary, the results of our study demonstrates that 
PELP1 protein expression is upregulated in GBM tissues, 
established GBM cells and primary GBM cells. Down reg-
ulation of PELP1 significantly reduced GBM growth and 
down regulated β-catenin signaling in vitro and in vivo. 
The present study provides the first evidence, to the best 
of our knowledge, of a coactivator function of PELP1 for 
β-catenin and that the PELP1/β-catenin axis is essential 
for GBM progression. This study significantly advances 
our understanding of how PELP1 exerts its oncogenic 
functions in GBM and suggests that  PELP1 may be a 
novel target for therapeutic intervention for GBM.
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