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Abstract
The invasion of glioblastoma usually results in the recurrence and poor prognosis in patients with glioma. However, the 
underlying mechanisms involved in glioma invasion remains undefined. In this study, immunohistochemistry analyses of 
glioma specimens demonstrated that high expression of Par6 was positively correlated with malignancy and poor prognosis 
of patients with glioma. Par6-overexpressing glioma cells showed much more fibroblast-like morphology, suggesting that 
regulation of Par6 expression might be associated with tumor invasion in glioma cells. Further study indicated that Par6 
overexpression subsequently increased CD44 and N-cadherin expression to enhance glioma invasion through activating 
MEK/ERK/STAT3 pathway, in vivo and in vitro. Moreover, we found that LIN28/let-7d axis was involved in this process 
via a positive feedback loop, suggesting that MEK/ERK/LIN28/let-7d/STAT3 cascade might be essential for Par6-mediated 
glioma invasion. Therefore, these data highlight the roles of Par6 in glioma invasion, and Par6 may serve as a potential 
therapeutic target for patients with glioma.
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Abbreviations
CNS  Central nervous system
GBM  Glioblastoma
EMT  Epithelial-to-mesenchymal transition
ECM  Extracellular matrix
TJs  Tight junctions
TCGA   The Cancer Genome Atlas
ERK  Extracellular signal-regulated kinase
NSCLC  Non-small-cell lung cancer

STR  Short tandem repeat
IHC  Immunohistochemistry
GO  Gene Ontology
KEGG  Kyoto Encyclopedia of Genes and Genomes
H&E  Hematoxylin-eosin
TGF-β  Transforming growth factor-β
TMA  Tissue microarray
MMP  Matrix metalloproteinase
DEGs  Differentially expressed genes.

Introduction

Malignant glioma is the most deadly and malignant brain 
tumor in the central nervous system and is usually cou-
pled with high rates of both recurrence and mortality with 
a 14.6-month median survival time [1]. Among malignant 
glioma subtypes, glioblastoma (GBM) is considered the 
most aggressive, with a 5-year survival rate of no more than 
5% [2]. Despite the developments of surgical resection and 
chemotherapy, the prognoses of patients with glioma have 
not significantly improved due to recurrence and invasion 
[3, 4].
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Tumor metastasis has been widely considered a continu-
ous and complex pathological process that involves multi-
ple factors and signaling pathways. The epithelial-to-mes-
enchymal transition (EMT) participates in the invasion and 
metastasis of most malignant tumors [5, 6]. Notably, glioma 
invasion is uniquely in association with infiltration of inva-
sive glioma cells into adjacent noncancerous tissues, which 
involves increased activity, extracellular matrix (ECM) 
degradation, and glioma stem cell transformation [7, 8]. To 
facilitate invasion, glioma cells are known to regulate critical 
signaling pathways and alter the ECM in host tissues [9–11]. 
However, the underlying molecular mechanisms responsible 
for glioma invasion remain elusive. It is thus essential to dis-
sect these molecular mechanisms in order to identify novel 
therapeutic targets and develop new modalities of treatment.

Par6 (or named Par6α) is a scaffolding molecule that 
was identified in Caenorhabditis elegans as a regulator of 
asymmetric cell division during embryonic development 
[12]. The Par6 polarity complex localizes to tight junctions 
(TJs) and is an important regulator of the morphological 
transitions associated with epithelial cell plasticity [13]. In 
addition, Par6 has also been found to regulate cell death, 
directional migration of astrocytes and keratinocytes, and 
axon specification in neurons [14–17]. Moreover, accu-
mulating studies indicate that Par6 and its complexes are 
involved in the regulation of cancer cell proliferation and 
EMT-related tumor migration and invasion [18, 19]. Muth-
uswamy et al. reported that Par6 is overexpressed in breast 
cancer cell lines, and in both precancerous and advanced 
primary human breast cancers [20]. Many other studies 
showed that Par6 plays essential roles in tumor migration 
and invasion through regulating EMT progression in various 
human epithelial tumors. Several previous reports have dem-
onstrated that Par6 can cooperate with the TGF-β receptor to 
promote TGF-β-induced EMT progression in breast cancer 

[21, 22]. Moreover, αPKC has been found to interact with 
TGF-β receptors to regulate phosphorylated Par6-dependent 
EMT progression and cell migration in various malignant 
tumors [23–26]. Here, we systematically analyzed microar-
ray data of paired glioma tissues and noncancerous tissues in 
The Cancer Genome Atlas (TCGA) database, and found that 
Par6 was also significantly upregulated in invasive glioma 
specimens (data not shown), which encouraged us to further 
investigate the possible mechanisms of Par6 functions in 
glioma invasion. As glioma is a kind of malignant tumor 
derived from nonepithelial tissues; we expected that Par6 
may play a role in glioma invasion, which is distinct from 
what it does in the metastasis of other epithelial tumors.

In this study, we found that high expression of Par6 was 
linked to poor survival prognosis in glioma patients and 
promotion of glioma cell invasion in vitro and in vivo. 
Mechanistically, we found that Par6-mediated activation 
of extracellular signal-regulated kinase (ERK1/2) can 
enhance glioma invasion through activating Rac1/mito-
gen-activated protein kinase MEK/ERK pathway. RNA-
seq analyses and western blot revealed that the activation 
of STAT3 pathway was also involved in this process. In 
addition, our results indicated that LIN28/let-7d axis was 
correlated with the effects of Par6 on glioma invasion. Fur-
thermore, we found that Par6 overexpression could pro-
mote glioma invasion in vivo and in vitro, indicating that 
Par6 regulates glioma invasion via an MEK/ERK/LIN28/
let-7d-positive feedback loop and subsequently activates 
STAT3 pathway in glioma cells. Our findings indicate that 
the expression level of Par6 is closely in association with 
glioma invasion and that the aberrant Par6 expression may 
predict poor prognosis in patients with glioma.

Material and Methods

Cell Culture and Treatment

The human glioma cell lines U87MG, U251, the human 
normal astrocyte cell line HEB, the human breast cancer 
cell line MCF7, and the human non-small-cell lung cancer 
(NSCLC) cell line A549 were purchased from the China 
Center for Type Culture Collection (Shanghai, China). All 
these cell lines were cultured in DMEM (Gibco, Thermo 
Fisher Scientific, Waltham, MA) supplemented with 10% 
FBS (Gibco) and streptomycin/penicillin antibiotic mixture 
(Invitrogen, Thermo Fisher Scientific) at 37°C with 5% 
 CO2. The cell lines U87MG and U251 were authenticated 
by short tandem repeat profiling of 15 loci and the amelo-
genin sex determination (X or XY) method according to the 
manufacturer’s (Promega, Madison, WI) instructions [27].

Table 1  Correlation between Par6 expression and the clinicopatho-
logical features of glioma

Characteristics Cases Par6 expression p-value

High (%) Low (%)

Age (years) 0.352
  < 60 150 115 (76.7) 35 (23.3)
  ≥ 60 29 26 (89.7) 3 (10.3)

Gender < 0.001
  Male 112 102 (91.1) 10 (8.9)
  Female 68 40 (58.8) 28 (41.2)

Tumor grades < 0.01
  I + II 105 66 (62.9) 39 (37.1)
  III + IV 75 66 (88.0) 9 (12.0)

Tumor occurrence 0.352
  Primary 84 62 (73.8) 22 (26.2)
  Recurrence 96 80 (83.3) 16 (16.7)

1627

1 3



Molecular Neurobiology  (2023) 60:1626–1644

The primary cell culture was slightly modified from the 
previously reported protocol [28–30]. Two authenticated pri-
mary cell lines (GBM1 and GBM2) that derived from GBM 
surgical specimens were obtained from Procell Company 
(Wuhan, China). The primary cell lines were maintained in 
primary serum-free cultures grown on laminin [31]. Before 
each experiment, the primary glioma cells were cultured in 
DMEM, supplemented with 10% FBS, streptomycin/penicil-
lin antibiotic mixture, and 2mM l-glutamine (Invitrogen) at 
37°C with 5%  CO2.

All the inhibitors and activators were obtained from Med-
Chem Express (Monmouth Junction, NJ). Different groups 
of cells were treated with TGF-β (5 ng/ml; HY-P7118); 
U0126, an MEK specific inhibitor (10 μM; HY-12031); 
atractylenolide I (AT-1), a specific inhibitor of STAT3 
pathway (50 μM; HY-N0201); or Rhosin (hydrochloride), 
a specific Rho inhibitor (5 mM; HY-12646) for 48 h before 
the following experiments.

Fig. 1  Measurement of Par6 expression in clinical glioma specimens. 
A, B The expression of Par6α and Par6β in U87MG, U251, and HEB 
cells at translational (A) and transcriptional (B) levels. C Representa-
tive images at normal (upper panel) and higher magnification (lower 
panel) show Par6 expression in low- and high-grade glioma speci-

mens. Scale bar, 200 μm and 50 μm. D The correlation between Par6 
expression and malignancy of the glioma specimens. E, F Disease-
free (E) and overall (F) survival rates indicated that the expressoin 
level of Par6 was correlated with a poor prognosis in the patients with 
gliomas. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Overexpression and Knockdown

The full-length PARD6A mRNA (NM_016948) was isolated 
from the U87MG cell line. The Par6-coding cDNA was then 
amplified by RT-PCR with a forward primer (5′tctgaattcatg-
gcccggccg3′) and a reverse primer (5′gcgcggccgctcagag-
gctgaagcc3′), and cloned into the EcoRI/NotI sites of a 
pLVX-mCMV-ZsGreen-PGK-Puro vector (HedgehogBio, 
Shanghai, China). Sh-Par6 and Sh-EGFP were purchased 
from Cyagen (Suzhou, China). Stably infected U87MG, 
U251, A549, and MCF7 cell lines, and two primary glioma 
cell lines, were established by lentiviral infection. In brief, 
HEK293T cells were transfected with human Par6 cDNA 
constructed into pLVX-mCMV-ZsGreen-PGK-Puro or with 
shRNA in pLKO.1 together with 3.6 μg of pCMV-VSV-G, 
6 μg of pMDLg/pRRE, and 2.4 μg of pRSV-REV by using 
Lipofectamine 3000 Transfection Reagent (Invitrogen) to 
produce pseudoviral particles. At 48-h post transfection, the 
supernatants were collected, and the viruses were harvested 
by centrifugation at 20,000 × g for 1.5 h. The virus-con-
taining pellets were resuspended in DMEM with 10% FBS 
and incubated with cells at 37°C for 24 h. To obtain cells 
stably expressing Par6, shRNA, or negative control vector, 
the transduced cells were selected with 3 μg/ml puromycin 
for 7 days.

For overexpression or knockdown of let-7d, U87MG or 
U251 cells were seeded into 6-well plates and transfected 
with 100 nM let-7d mimic, mimic control (NC mimic), let-
7d inhibitor, or inhibitor control (inhibitor NC; RiboBio, 
Shanghai, China) by using Lipofectamine 3000 Transfection 
Reagent. All the transfected cells were incubated in DMEM 
with 10% FBS for 48 h.

Quantitative Real‑time PCR Assay

Total RNA was extracted from the different groups of cells 
by using  TRIzolTM Reagent (Invitrogen) according to the 
manufacturer’s protocol. The RNA was reverse transcribed 
using quantitative real-time PCR (qRT-PCR) assay with a 
SYBR PrimeScript RT-PCR kit (TaKaRa Bio Inc., Japan) on 
a CFX96 Real-Time PCR Detection System (Bio-Rad, Her-
cules, CA). The sequences of primers are shown in Table S1. 
The PCR protocol included a denaturation program (95°C 
for 2 min) followed by 40 cycles of an amplification and 
quantification program (95°C for 5 s and 55–57°C for 30 s) 
and a melting curve program (55–95°C with a 0.5°C incre-
ment each cycle).

Western Blotting

Protein was extracted from different groups of cells with 
lysis buffer (Pierce, Thermo Fisher Scientific) for 1 h at 
4°C, respectively. The supernatants were centrifuged, and 

the total protein was harvested. The samples containing 20 
μg of protein were separated on 10% SDS-polyacrylamide 
gels and transferred to polyvinylidene difluoride membranes 
(Millipore, Billerica, MA). After blocking, the blots were 
incubated with the appropriate primary antibody over-
night at 4°C and then with the corresponding secondary 
antibody at room temperature for 2 h at 37°C. Then, the 
signals were visualized using a SuperSignal West Pico Sub-
strate Kit (Pierce, Thermo Fisher Scientific), and the signal 
fluorescence intensity was measured with ImageJ software 
(National Institutes of Health, Bethesda, MD). The informa-
tion of the antibodies is shown in Table S2. All secondary 
antibodies were from Jackson ImmunoResearch Laborato-
ries Inc. (1:5000; West Grove, PA). All the experiments were 
repeated at least three times.

Immunohistochemistry

Four-micrometer-thick tissue sections were prepared from 
paraffin-embedded tissues. Following antigen retrieval and 
blocking, the sections were subjected to immunostaining 
using the primary antibody (Table S2), detected by using the 
avidin-biotin complex method (Dako) and visualized with 
DAB. The slides were lightly counterstained with hema-
toxylin, and the staining was evaluated with Image-Pro Plus 
software (Media Cybernetics., Rockville, MD).

Tissue Microarray Analysis

A paraffin-embedded tissue microarray containing 180 
cases of glioma specimens was purchased from Outdo 
Biotech Ltd. (HbraG180Su01; Shanghai, China). The tis-
sue microarray was stained with anti-PARD6A polyclonal 
antibody (1:50; TA323360, Origene, Rockville, MD) and 
the quantification of immunoreactive staining was ana-
lyzed with Image-Pro Plus software (Media Cybenetics), 
according to the previous report [32]. The clinicopatho-
logic characteristics of the patients with glioma are sum-
marized in Table 1. In brief, images of all tissue scores 
were acquired at the same time with a constant set of 
microscope and imaging software parameters. The images 
were then subjected to an optical density analysis with 
Image-Pro software. Adjustments of the background and 
color intensity range were performed on a representative 

Table 2  Multivariate Cox regression analysis for the prognosis of the 
patients with glioma

Prognostic variables HR (95% confidence interval) P-value

Age 1.009 (0.995–1.023) 0.217
Gender 1.102 (0.723–1.680) 0.652
Tumor grade 1.672 (1.386–2.016) < 0.001
Tumor occurrence 0.094 (0.041–0.215) < 0.001
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image showing high immunoreactivity. The black and inci-
dent levels (representing the optical density of the maximal 
positive staining and white background, respectively) were 
determined from an immunostained region and a blank 
region in the image, respectively. Intensity range selection 
was based on a histogram, with intensity (I) and saturation 
(S) set to the maximum and hue (H) set to a range where 
most of the brown AEC staining was selected, while blue 
nuclear counterstaining was excluded. These settings were 
saved and subsequently applied to all images analyzed. 
After defining the area of interest, the mean optical density 

of the selected area (integrated optical density (IOD)/unit 
area) was determined with the software. The IOD repre-
sents the immunoreactivity of the candidate protein within 
the tumor tissue. The median value of the immunoreactive 
score was chosen as the cutoff criterion to define high- and 
low-expression subgroups.

Fig. 2  The morphological changes of U87MG and U251 cells upon 
Par6 overexpression. A, B Par6 expression in Par6-OE or Par6-KD 
U87MG and U251 cells at translational (A) and transcriptional (B) 
levels. C The representative images and quantification of the fibro-
blast-like or cobblestone-like morphologies formed in different 

groups of U87MG and U251 cells (red arrow, fibroblast-like mor-
phology; yellow arrowhead, cobblestone-like morphology; n = 10 
random fields of view each group). Scale bar, 50 μm. *P < 0.05, **P 
< 0.01, ***P < 0.001, ****P < 0.0001
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Wound Healing Assay

All the cells were incubated in DMEM with 10% FBS and 
wounded by using a 200-μl pipette tip in a 6-well plate. The 
wound width was photographed at different post-scratch time 
points (0, 12, and 24 h) under a phase-contrast microscope. 
Data were obtained from three independent experiments.

Transwell Assay (Cell Invasion Assay)

An 8-μm pore size of  FalconTM cell culture inserts (353097, 
BD Biosciences, Franklin Lakes, NJ), coated with 50 μl 
Matrigel (BD Biosciences), was placed in 24-well Corn-
ing transwell microplates (Corning Incorporated, NY). A 
total of 1×104 cells were seeded into the upper chamber of 
each plate in serum-free DMEM. The bottom chambers were 
filled with DMEM supplemented with 10% FBS. After 24 h 
of incubation, the cells on the upper surface were removed 
with a cotton swab, and the membranes were then fixed and 
stained with crystal violet. The invasive cells on the under-
side of the membrane were finally counted under a phase-
contrast microscope. Each experiment was examined with 
three replicates.

RNA‑seq and Data Analyses

RNA-seq analysis of Par6-overexpressing or untreated 
U87MG cells was performed by Sangon Biotech (Shanghai, 
China). Differentially expressed genes (DEGs) were identi-
fied according to the following rules: the |log2 fold change 
(FC)| ＞ 1 and P-value and false discovery rate (FDR) < 
0.05. A heatmap and volcano plot of the DEGs were drawn 
in the R platform. The top 100 overlapping DEGs based on 
the ǀlog2FCǀ values were subjected to further analysis.

To identify the DEG functional annotations, we per-
formed Gene Ontology term and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analyses 
with the Database for Annotation, Visualization, and Inte-
grated Discovery (https:// David. ncifc rf. gov/ tools. jsp) [33]. 
P < 0.05 was considered to indicate statistical significance.

Orthotopic Xenografts in Nude Mice

Nude mice were purchased from the Center of Experimental 
Animals, Shantou University Medical College. For mouse 
orthotopic xenografts, dissociated cells from different 
groups were cultured in DMEM with 10% FBS, and then 1 
×  106 dissociated cells from different groups were injected 
orthotopically into 4-week-old male nude mice (n = 5 for 
each group). At the end of 3 weeks, all mice were sacrificed 
after isoflurane treatment, and the tumor-bearing tissues, 
which were obtained from the mice transplanted with cells 
from different groups, were fixed in buffered formalin and 
subsequently subjected to immunohistochemistry (IHC) or 
hematoxylin-eosin (H&E) staining.

Luciferase Reporter Assay

To determine whether let-7d directly targets PARD6A-
3′UTR, a dual luciferase reporter assay system (Promega) 
was used to determine luciferase activity according to our 
previously described protocol [34]. Wild-type (WT) and 
mutated putative let-7d-binding site were amplified and 
cloned into pGL3 vector, and the constructs were trans-
fected into different groups of cells in 96-well plates by 
using Lipofectamine 3000. After 24 h, the cells were treated 
as indicated and lysed with passive lysis buffer (Promega). 
Measurements were obtained with an Infinite M200 Pro 
microplate reader (TECAN, Hombrechtikon, Switzerland).

Statistical Analysis

All experiments were carried out at least three times with 
triplicate samples. Statistical analyses of group differences 
were performed using Student’s t-test and ANOVA. The 
results of the cell proliferation, colony formation, and cell 
invasion and migration rate assays are expressed as the mean 
± SD, and the means at a given time point were compared 
with two-tailed independent-sample t-tests. Differences in 
patient survival between different subgroups were assessed 
by using Kaplan-Meier analyses with log-rank tests. Corre-
lation between Par6 expression and the clinicopathological 
features of glioma subjects was analyzed with the χ2 test 
or Fisher’s exact test. Multivariate analysis was performed 
using Cox proportional hazards regression model. All 
statistical analyses were performed using SPSS software 

Fig. 3  The elevated Par6 expression is essential for glioma invasion. 
A Wound healing for cell migration of U251 cells. Representative 
images and quantification of cell migration into the wounded area at 
0, 12, and 24 h (n = 3 for each group). Scale bar, 200 μm. B Compar-
ison of invasive capability in different groups of U251 cells evaluated 
by transwell assay (n = 3 random fields of view each group). Repre-
sentative images of invading cells visualized by crystal violet stain-
ing, and quantification of cell invading capacity at 24 h. Scale bar, 
200 μm. C, D The expression (C) and quantification (D) of CD44, 
N-cadherin, MMP9, MMP2, and MT1-MMP in different groups of 
U251 and U87MG cells. E Representative images of orthotopical 
implantation subjected to H&E and IHC stainings demonstrated the 
glioma invasion and expression of Par6, CD44, N-cadherin, MMP2, 
and MMP9 in tumor-bearing mice (n = 5 for each group). Scale bar, 
50 μm. F Quantitative analysis of the expression of Par6, CD44, 
N-cadherin, MMP2, and MMP9 in tumors derived from the trans-
plantation of Par6-OE and control U87MG cells in tumor-bearing 
mice. G Survival curve of tumor-bearing mice orthotopically xeno-
grafted with Par6-OE and control U87MG cells. *P < 0.05, **P < 
0.01, ***P < 0.001; ns, no significance

◂
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(SPSS, Chicago, IL). P < 0.05 was regarded as statistically 
significant.

Results

Aberrant Expression of Par6 Correlates 
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with Malignance and Prognosis in the Patients 
with Glioma

There are two known Par6 homologs in human mam-
mary cells, including Par6α (NP_058644) and Par6β 
(NP_115910). To investigate whether the expression of 
either of them affects glioma tumorigenesis or invasion, 
the expressions of Par6α and Par6β were first examined in 
human glioma U87MG and U251 cell lines, and normal 
human astrocyte HEB cell line (Fig. 1A). We found strongly 
elevated Par6α expression in both U251 and U87MG cells 
compared with HEB cells. In contrast, Par6β expression 
was not obviously higher in U251 or U87MG cells than in 
HEB cells. In addition, we obtained similar results regarding 
the regulation of PAR6α and PAR6β mRNA levels in these 
three cell lines (Fig. 1B), suggesting that Par6α may play 
more important roles than Par6β in glioma tumorigenesis 
and invasion.

Our previous bioinformatic analyses demonstrated PAR6 
expression probably correlative with malignancy and prog-
nosis in glioma patients of TCGA and GDS1962 datasets 
[35]. To precisely characterize the correlation between 
Par6 expression and the prognosis in glioma patients, we 
performed IHC to determine Par6 expression in a paraffin-
embedded glioma tissue microarray that contained 180 
glioma specimens with prognostic information (Table 1). 
The results demonstrated that Par6 expression was sig-
nificantly upregulated in high-grade gliomas (III and IV) 
compared with low-grade gliomas (I and II), indicating that 
Par6 expression was positively associated with malignancy 
in patients with glioma (Fig. 1C, D). Notably, the prognos-
tic analyses demonstrated that higher Par6 expression was 
strongly associated with poorer disease-free and overall sur-
vival rates in glioma patients (Fig. 1E, F). Further multivari-
ate analysis showed that Par6 expression was evaluated as 

an independent predictor of prognosis in the patients with 
glioma (Table 2).

Par6 Overexpression Induces Glioma Invasion 
In Vitro and In Vivo

To further illustrate the functions of Par6 in glioma, we 
established stably Par6-overexpressing (Par6-OE) and 
Par6-silenced (Par6-KD) U87MG and U251 cell lines. 
Western blot and qRT-PCR assays indicated that Par6 was 
overexpressed or silenced in Par6-OE or Par6-KD U87MG 
and U251 cells, respectively (Fig. 2A, B). Intriguingly, we 
noticed that Par6 overexpression significantly promoted a 
fibroblast-like morphology (red arrows), whereas the inhi-
bition of Par6 triggered the formation of a cobblestone-like 
appearance (yellow arrowheads) in U87MG and U251 cells 
(Fig. 2C), suggesting the potential mesenchymal-promoting 
role of Par6 in glioma and other malignant tumors [36–39].

In this context, we next performed wound healing and 
transwell assays to determine the effects of Par6 on inva-
sion and migration in glioma cells. As expected, our results 
indicated that the migration activity was much higher in 
Par6-OE U251 cells than in Par6-KD U251 cells (Fig. 3A). 
Transwell assay also revealed that Par6 overexpression 
could significantly enhance invasive capability in U251 cells 
(Fig. 3B), indicating that the elevated Par6 expression can 
markedly induce glioma invasion. In addition, we measured 
several key regulators of glioma invasion, including CD44, 
N-cadherin, MMP9, MMP2, and MT1-MMP in different 
groups of U87MG cells. Western blot analyses revealed 
Par6 positively regulates the expression of CD44 and N-cad-
herin, whereas MMP2, MMP9, or MT1-MMP expression 
was not significantly affected regardless of Par6 regulation 
in U87MG and U251 cells (Fig. 3C, D). Moreover, similar 
results were obtained with regard to tumor invasion in nude 
mice orthotopically xenografted with Par6-OE and control 
U87MG cells (n = 5 for each group). The morphology of 
cell invasion into adjacent tissues was detected in all Par6-
OE groups (5/5; white broken line), but not in the control 
group (0/5) of U87MG-xenografted nude mice (Fig. 3E). 
Notably, the enhanced CD44 and N-cadherin expression was 
also observed in orthotopic tumors, whereas the expressions 
of MMP2 and MMP9 were not statistically altered in Par6-
OE U87MG cells, suggesting that MMP2 and MMP9 might 
not be involved in Par6-mediated glioma invasion (Fig. 3E, 
F). Our results also showed that overexpression of Par6 
increased mortality in U87MG cell-xenografted nude mice 
(Fig. 3G), which was consistent with the prognostic analyses 
in glioma patients (Fig. 1E, F).

Fig. 4  The activation of MEK/ERK signaling pathway is involved 
in Par6-mediated glioma invasion. A Heatmap of DEG in Par6-OE 
and control U87MG cells. DEGs with a  log2FC > 1 were indicated 
in red, and DEGs with a  log2FC < -1 were indicated in green. B Vol-
cano plot of DEGs in Par6-OE and control U87MG cells. DEGs with 
a a  log2FC > 1.5 were indicated in red, and DEGs with a  log2FC < 
-1.5 were indicated in green. C KEGG pathway enrichment analy-
sis for Par6-OE and control U87MG cells. D The most significant 
regulated genes of MAPK signaling pathway in Par6-OE and con-
trol U87MG cells. E The expression of MEK, phosphorylated-MEK 
(pMEK), ERK1/2, and phosphorylated-ERK1/2 (pERK1/2) in Par6-
OE and control U251 cells. F Immunohistochemistry demonstrated 
the upregulation of pMEK and pERK expression in Par6-OE U87MG 
cell-derived tumors in orthotopic tumor-bearing mice (n = 5 for 
each group). Scale bar, 50 μm. G The expression of MEK, pMEK, 
ERK1/2, pERK1/2, CD44, and N-cadherin in Par6-OE U251 cells 
with or without U0126 treatment. H, I The treatment of U0126 can 
signficantly regulate Par6-mediated glioma migration and invasion by 
wound healing (H) and transwell assays (I) in Par6-OE U251 cells. 
*P < 0.05, **P < 0.01, ***P < 0.001

◂
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Fig. 5  STAT3 signaling pathway is associated with regulation of 
Par6-mediated glioma invasion. A Go term enrichment analysis for 
Par6-OE and control U87MG cells. B The expression of STAT3 and 
phosphorylated-STAT3 (pSTAT3) in Par6-OE and control U87MG 
and U251 cells. C The expression of CD44 and N-cadherin in Par6-

OE and control U251 cells with or without AT-1 treatment. D, E 
AT-1 treatment can inhibit Par6-mediated glioma migration and inva-
sion by wound healing (D) and transwell assay (E) in Par6-OE and 
control U87MG cells (n = 3 for each goup). Scale bar, 200 μm. *P < 
0.05, **P < 0.01
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Par6 Promotes Glioma Invasion by Activating MEK/
ERK Pathway

To clarify the possible mechanisms by which Par6 medi-
ated glioma invasion, RNA-seq analysis was performed 
on Par6-OE and non-treated U87MG cells (Fig. 4A). Our 
heatmap showed that 1420 upregulated DEGs were iden-
tified, whereas 1259 DEGs were downregulated in Par6-
OE U87MG cells (Fig. 4B). In KEGG pathway analysis, 
we found that Par6 was dramatically enriched in MAPK 
signaling pathway (Fig. 4C), suggesting that activation of 
the MAPK pathway might be correlative to Par6-mediated 
glioma invasion.

To further investigate the possible regulators involved in 
this process, we next identified key factors in the MAPK 
pathway by analyzing the DEGs in Par6-OE and control 
U87MG cells. Our results showed that MEK and ERK1/2 
were the most significantly regulated genes in MAPK path-
ways (Fig. 4D). Further western blot analyses confirmed that 
both MEK and ERK1/2 signaling pathways were activated 
in Par6-OE U251 cells, indicating that Par6 overexpres-
sion may induce glioma invasion by activating MEK/ERK 
signaling pathway in glioma cells (Fig. 4E). In addition, we 
also noticed that the tumors derived from mice receiving 
Par6-OE U87MG cells (n = 5 for each group) showed high 
expression of phosphorylated MEK and ERK1/2, suggesting 
that the elevated Par6 expression can also induce activation 
of MEK/ERK signaling pathways in vivo (Fig. 4F).

We next determined the effects of Par6 on glioma inva-
sion through inhibiting MEK pathway in Par6-OE U251 
cells. We inhibited MEK pathways by treating Par6-OE 
U251 cells with U0126, and western blot results showed 
that the phosphorylation levels of MEK and ERK1/2 were 
decreased in U0126-treated U251 cells. In addition, the 
expression of CD44 and N-cadherin was also significantly 
downregulated after the inhibition of MEK/ERK signaling 
pathway in Par6-OE U251 cells (Fig. 4G). Furthermore, we 
assessed tumor migration and invasion in U0126-treated 
Par6-OE U251 cells. Our results showed that the inhibi-
tion of MEK/ERK pathway could affect tumor migration 
or invasion induced by Par6 regulation in Par6-OE U251 
cells (Fig. 4H, I; Fig. S1A and B), suggesting that activa-
tion of MEK/ERK pathway was essential for Par6-mediated 
invasion in glioma cells. Taken together, all these results 
indicated that MEK/ERK signaling pathway was involved 
in Par6-mediated invasion in glioma cells.

STAT3 Signaling Pathway Is Involved 
in Par6‑Mediated Glioma Invasion

To investigate the downstream factors associated with Par6-
mediated glioma invasion, we next identified the most sig-
nificantly regulated signaling pathways, including STAT3, 

HDAC, AKT, VEGF, CDK1, and PTN pathways, in Par6-
OE U87MG cells through DEG analysis (Fig. 5A). Our 
results indicated that STAT3 pathway was the most mark-
edly regulated pathway, suggesting that the activation of 
STAT3 signaling pathway is probably in association with 
Par6-mediated glioma invasion. To confirm our hypothe-
sis, we performed western blot to detect the expression of 
STAT3 and phosphorylated STAT3 in the Par6-OE and con-
trol groups of U87MG and U251 cells. The results indicated 
that the levels of phosphorylated STAT3 were significantly 
upregulated in both Par6-OE U87MG and U251 cells, sug-
gesting that the activation of STAT3 signaling pathway can 
be induced in Par6-OE U87MG and U251 cells (Fig. 5B).

Next, to examine the potential correlation between the 
activation of STAT3 signaling pathway and Par6-mediated 
glioma invasion, we measured N-cadherin and CD44 expres-
sion in Par6-OE and control U87MG cells with or without 
AT-1 treatment. Interestingly, western blot analysis showed 
that the expression of both N-cadherin and CD44 was sig-
nificantly inhibited in both AT-1-treated Par6-OE and con-
trol U87MG cells (Fig. 5C). Moreover, wound healing and 
transwell assays indicated that the tumor invasion and migra-
tion could be inhibited through the inactivation of STAT3 
signaling pathway, which was specifically treated with AT-1 
in Par6-OE and control U87MG cells (Fig. 5D, E).

Par6 Activates LIN28/let‑7d Axis to Promote Glioma 
Invasion Via ERK‑Dependent Mechanisms

A previous report revealed that ERK1/2 can regulate STAT3 
via regulating LIN28/let7 axis in glioblastoma [40]. We 
therefore expected whether similar mechanism might be 
involved in Par6-mediated glioma invasion. We first exam-
ined LIN28 expression in different groups of U87MG and 
U251 cells. As shown in Fig. 6A, the inhibition of Par6 
expression could significantly downregulate LIN28 expres-
sion in U87MG and U251 cells. Notably, the inhibition of 
LIN28 expression markedly reduced migration and invasion 
in Par6-OE and control U251 cells (Fig. 6B, C) through 
negatively regulating CD44 and N-cadherin in Par6-OE 
U87MG and U251 cells (Fig. 6D).

We then identified the top 10 differentially regulated 
miRNAs, which may be linked to the activation of STAT3 
pathway, from miRbase dataset (Data not shown). qPCR 
assay was performed to confirm these predicted miRNAs, 
including the upregulation of let-7f-3p, miR-17-5p, miR-
106-6p, miR-9-3p, and let-7a-6p, and downregulation of let-
7d-5p, miR-1-3p, and miR-106-5p, in Par6-OE and control 
U251 cells (Fig. 6E). Notably, we noticed that let-7d was 
not only the most significantly downregulated miRNA in 
Par6-OE U251 cells, which may activate STAT3 signaling 
pathway not only via MEK/ERK-regulated LIN28/let7 axis 
[40], but also via the exact complementary base pairing with 
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PARD6A-3′UTR binding site (Fig. 7B, C). In this context, 
we found that let-7d expression was downregulated in Par6-
OE U87MG cells, and upregulated after inactivating MEK/
ERK signaling pathway in U0126-treated Par6-OE U87MG 
cells (Fig. 6F, G). Moreover, the inhibition of let-7d could 
significantly promote the migration and invasion of Par-KD 

and control U251 glioma cells (Fig. 6H, I), and upregulate 
CD44 and N-cadherin expression (Fig. 6J) through activat-
ing STAT3 pathway (Fig. 6K) in Par6-KD U87MG and 
U251 cells.
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let‑7d Directly Targets PARD6A‑3′UTR Binding Site 
to Negatively Regulate Par6 Expression in Glioma 
Cells

Previous studies have indicated that LIN28/let-7 axis plays 
important roles in the regulation of key factors in some 
tumor-related signaling pathways, including VEGF, Oct4, 
IGF1R, STAT3, and Akt, with positive feedback loop [40, 
41]. We therefore sought to determine whether LIN28/let-7d 
axis not only can activate STAT3 signaling pathway but also 
can negatively regulates PAR6 expression in glioma cells. 
Western blot was performed to examine Par6 expression 
in U87MG cells treated with a hsa-let-7d mimic, a let-7d 
inhibitor, or their respective control constructs (NC mimic), 
respectively. It is noted that Par6 expression was reduced 
in hsa-let-7d mimic-treated, while being increased in let-7d 
inhibitor-treated U87MG cells (Fig. 7A), suggesting that let-
7d can inhibit Par6 expression in glioma cells. Thereafter, 
luciferase reporter assay was performed to evaluate whether 
Par6 is the direct target of let-7d after predicting the interac-
tions between let-7d and the binding site on the 3′UTR of 
PARD6A gene (Fig. 7B). The results showed that relative 
luciferase activity was increased upon treatment with the 
hsa-let-7d mimic in U87MG cells transfected with Par6 plas-
mids containing the WT 3′UTR sequence of PARD6A gene, 
whereas mutation of the 3′UTR of PARD6A gene attenuated 
the suppressive effect of let-7d in U87MG cells (Fig. 7C). 
Taken together, all these results suggested that the 3′UTR 
of PARD6A gene is a direct binding target of let7d in glioma 
cells.

Conservation of Par6‑Mediated Tumor Invasion Via 
MEK/ERK/LIN28/let‑7d/STAT3 Mechanism in Glioma 
Cells

In the context of the Par6/αPKC complex in the TGF-β-
induced EMT in various malignant epithelial tumors, 
including NSCLC, breast cancer, and prostate cancer [22, 
24–26, 42, 43], we next explored whether TGF-β can play 
a role in Par6-mediated glioma invasion. We detected the 
mRNA and protein expression of Par6 upon treatment with 
TGF-β at different time points (from 0 to 48 h) in glioma 
cells. The results showed that Par6 expression was signifi-
cantly upregulated 8 h after TGF-β stimulation (Fig. S2A), 
and increased in a time-dependent manner in glioma cells 
(Fig. S2B). In addition, TGF-β treatment could also increase 
the expression of CD44 and N-cadherin, and activate MEK/
ERK and STAT3 signaling pathways (Fig. S2C-E). Further, 
cell invasion assay showed that TGF-β stimulation can sig-
nificantly enhance the invasive capability (Fig. S2F), which 
can be inhibited by AT-1 treatment (Fig. S2G) in glioma 
cells, suggesting TGF-β signaling might be involved in gli-
oma invasion through upregulating Par6 expression. TGF-
β-stimulated U87MG or U251 cells were co-treated with 
AT-1 or Rhosin to specifically block Par6/αPKC/Smurf1/
RhoA or Par6/MEK/ERK/LIN28/let-7d/STAT3 signaling 
pathways, respectively.

Since glioblastoma is a highly heterogeneous tumor with 
regard to both inter- and intra-tumor heterogeneity, we next 
investigated the significance of Par6-enhanced glioma inva-
sive capability in patient-like glioblastoma cell lines. Addi-
tional glioma cell lines from two primary glioma specimens 
were used to examine the effects of Par6 on glioma inva-
sion. Similar results were determined that the expressions 
of CD44 and N-cadherin were upregulated, whereas MMP2 
and MMP9 expression were inapparently affected in primary 
glioma cell lines (Fig. S3A). Moreover, further wound heal-
ing and transwell assays indicated the capacities of migra-
tion and invasion can be enhanced in the Par6-OE group, 
or inhibited in the Par6-KD group in primary glioma cells 
(Fig. S3B and C). In addition, we next examined whether the 
downstream effectors LIN28 and let-7d were also existed in 
the primary glioma cells. As we expected, LIN28 expres-
sion was positively correlative with Par6 expression in 
primary glioma cells (Fig. S4A). The results also showed 
that the inhibition of LIN28 expression could suppress the 
migration and invasion (Fig. S4B and C) through down-
regulating CD44 and N-cadherin in Par6-OE and control 
glioma primary cells (Fig. S4D). Furthermore, compared 
with the control group, let-7d expression was significantly 
downregulated in the Par6-OE group (Fig. S4E), and can be 
rescued with U0126 treatment (Fig. S4F). In the Par6-KD 
group, the inhibition of let-7d could enhance the migration 
and invasion capacities (Fig. S4G and H), upregulate CD44 

Fig. 6  The regulation of LIN28/let-7d axis is related to Par6-medi-
ated glioma invasion. A LIN28 expression in different groups of 
U87MG and U251 cells. B, C The inhibition of LIN28 significantly 
downregulates glioma migration and invasion by wound healing (B) 
and transwell assays (C) in Par6-OE and control U251 cells (n = 3 for 
each group). Scale bar, 200 μm. D Inhibition of LIN28 reduces the 
expression of LIN28, CD44, and N-cadherin in Par6-OE U251 and 
U87MG cells. E qPCR assay was performed to confirm the most sig-
nificantly regulated miRNAs, including let-7f-3p, miR-17-5p, miR-
106-6p, miR-9-3p, let-7a-6p, miR-205-5p, let-7d-5p, miR-1-3p, or 
miR-106-5p, which may be correlative with the activation of STAT3 
pathway, in Par6-OE and control U251 cells. F The levels of let-7d in 
Par6-OE and control U87MG cells. G The treatment of U0126 sig-
nificantly regulates let-7d in Par-OE U87MG cells. H, I The inhibi-
tion of let-7d expression remarkably rescues Par6-mediated glioma 
migration and invasionin by wound healing (H) and transwell assays 
(I) in Par6-KD and control U251 cells (n = 3 for each group). Scale 
bar, 200 μm. J The inhibition of let-7d upregulates the expression of 
CD44 and N-cadherin in Par6-KD U87MG and U251 cells. K The 
expression of STAT3 and pSTAT3 in Par6-KD U87MG and U251 
cells with the treatment of let-7d inhibitor and control, respectively. 
*P < 0.05, **P < 0.01, ***P < 0.001; ns, no significance

◂
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and N-cadherin expression (Fig. S4I), and activate STAT3 
pathway (Fig. S4J) in primary glioma cells, indicating that 
Par6-mediated glioma migration and invasion can be deter-
mined and concluded valid for in both glioma cell lines and 
primary glioma specimens.

To confirm that Par6/MEK/ERK/LIN28/let-7d/STAT3 
pathways also exist in epithelial tumor cells, western blot 
was performed to measure the expression of N-cadherin and 
CD44 in Par6-OE and control A549 and MCF7 cells. We 
found that either CD44 or N-cadherin expression was unaf-
fected in these cell lines (Fig. 8A). In addition, the inhibi-
tion of LIN28 failed to regulate Par6, CD44, or N-cadherin 
expression in A549 and MCF7 cells (Fig. 8B), which was 
different from the regulation of their expression in shRNA-
LIN28-transfected U87MG and U251 cells (Fig. 6D). In 
contrast, we also found that the expression of E-cadherin, 
N-cadherin, and CD44 were inhibited in AT-1-treated 
groups, whereas they were unaffected in Rhosin-treated 
groups of TGF-β-stimulated glioma cells (Fig. 8C), exclud-
ing the existence of TGF-β-activated Par6/αPKC/Smurf1/
RhoA pathways in glioma cells. Therefore, these findings 
indicated that the mechanisms of Par6-mediated tumor inva-
sion and migration via MEK/ERK/LIN28/let-7d/STAT3 

pathways in glioma cells (right panel, Fig. 8D) were different 
from those via Par6/αPKC/Smurf1/RhoA pathways in other 
epithelial tumor cells (left panel, Fig. 8D).

Discussion

Tumor invasion and migration constitute major problems 
in the treatment of cancer patients. Approximately 30% of 
patients with newly diagnosed solid tumors already have 
clinically detectable metastases. In the most common type of 
primary brain tumor, glioma, aggressive invasion by malig-
nant glioma cells into surrounding normal brain tissues has 
been recognized as an important cause for relapse after sur-
gical excision [44], and the poor prognoses of patients with 
glioma are partly caused by the highly invasive nature of 
the cancer [45]. Unlike malignant epithelial tumors, whose 
metastasis is usually associated with the EMT, glioma has 
a unique mechanism involving degradation of the ECM. 
Matrix metalloproteinases (MMPs), especially MMP2 and 
MMP9, play important roles in glioma invasion and pro-
gression [46]. Additionally, CD44 and N-cadherin, key mul-
tifunctional cell-cell adhesion molecules, have been found 

Fig. 7  let-7d negatively regulates Par6 expression through directly 
targeting PARD6A-3′UTR binding site. A Par6 expression in U87MG 
cells with the treatment of NC mimic, has-let-7d mimic, inhibitor NC, 
or let-7d inhibitor. B Predicted binding site of wildtype (WT) and 

mutant (Mut) sequences of let-7d in the 3′-UTR of PARD6A. C Lucif-
erase reporter assay was performed in U87MG cells with co-trans-
fection of indicated WT or mutant 3′-UTR constructs and has-let-7d 
mimics or NC mimics. *P < 0.05, **P < 0.01; ns, no significance
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to be closely associated with glioma invasion processes, 
and their expressions are associated with the prognoses of 
patients with glioma [47–50]. Although the mechanisms of 
glioma invasion and migration have been recognized as key 
drivers of the malignant progression of gliomas, the signals 
that promote these processes are still unclear.

Par6 is an adaptor molecule for the polarity complex 
that works in concert with the complex to control apical-
basal cell polarity, directional cell polarization, migration, 
and cell proliferation [51, 52]. Additional evidence has 
indicated that Par6 is associated with tumor invasion and 
migration in various malignant tumors. Phosphorylated 
Par6 mediates the EMT by recruiting Smurf1, which in turn 
leads to ubiquitin-dependent degradation of RhoA [21]. In 
this study, we found high expression of Par6 in advanced 

glioma specimens, and the expressions were correlated with 
the prognoses of patients with glioma (Fig. 1), suggesting 
that the aberration of Par6 expression may be associated 
with glioma invasion and progression. Our results also dem-
onstrated that Par6 activates MEK/ERK pathway in glioma 
cells in vivo and in vitro and that the activation or inhibition 
of Par6/MEK/ERK pathway significantly regulates invasion 
and migration in U87MG and U251 glioma cells (Fig. 4). 
Nolan and colleagues found that Par6 complexes containing 
PKCα and Cdc42 induce cell proliferation by increasing the 
phosphorylated form of ERK protein in breast cancer cells 
[20]. In a pancreatic cancer cell line, Par6/PKCα complex 
has been found to increase transformed growth and invasion 
by activating ERK pathway [53]. Thus, our data imply that 

Fig. 8  The expression of the regulatory factors between Par6/αPKC/
Smurf1/RhoA and Par6/MEK/ERK/LIN28/let-7d/STAT3 path-
ways in tumor invasion and migration of epithelial tumors or glioma 
cells. A The expression of Par6, CD44, and N-cadherin in Par6-OE 
and control A549 and MCF7 cells. B Western blot was performed 
to determine the expression of LIN28, Par-6, CD44, and N-cadherin 

in shRNA-NC or shRNA-LIN28 transfected A549 or MCF7 cells. C 
Western blot determination of different groups treated with or without 
TGF-β, AT-1, and/or Rhosin in U87MG and U251 cells, respectively. 
D Schematic diagram of the possible mechanisms of Par6 functions 
in tumor invasion and migration in epithelial tumor cells (left panel) 
and glioma cells (right panel)
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Par6-mediated activation of MEK/ERK pathway might be 
essential for glioma invasion.

STAT3 pathway, which contains key factors downstream 
of MEK/ERK pathway, has been found to be related to tumor 
growth, apoptosis, and metastasis in various malignant epi-
thelial tumors [54–58]. In addition, activation of STAT3 
signaling pathway can promote growth, metastasis, chem-
oresistance, immune escape, and stemness in tumors [59]. 
STAT3 is usually phosphorylated and activated by JAK2 or 
Src, and phosphorylated STAT3 can undergo dimerization 
and subsequently translocate from the cytoplasm into the 
nucleus. The activated STAT3 further binds to DNA and 
induces the transcription of downstream target genes [59]. 
Previous studies have indicated that STAT3 activation can 
regulate tumor metastatic factors, including CD44, N-cad-
herin, and E-cadherin [60–63]. Notably, Mu et al. dem-
onstrated that activation of STAT3 is involved in glioma 
proliferation and invasion [64]. Therefore, given our results 
that overexpression of Par6 induces glioma invasion through 
regulation of CD44 and N-cadherin expression (Fig. 3), the 
mechanism of Par6-mediated glioma invasion may be asso-
ciated with MEK/ERK-activated STAT3 pathway, binding 
of phosphorylated STAT3 to specific DNA sequences, and 
activation of the transcription of tumor-related genes (e.g., 
N-cadherin and CD44, right panel, Fig. 8D).

LIN28, first discovered in Caenorhabditis elegans as an 
RNA-binding protein [65], plays critical roles in many bio-
logical processes, including cell proliferation, metastasis, 
resistance to chemotherapy and radiotherapy, and stem cell 
differentiation [66, 67]. Overexpression of LIN28 result-
ing in dysregulation of let-7 is an essential pathological 
event affecting the tumorigenesis, progression, and prog-
nosis of many malignant human cancers [68]. Additionally, 
LIN28 can influence let-7 target translation by inhibiting 
let-7-mediated downstream effects and then can promote 
the progression of malignant tumors [69]. Several mecha-
nisms that contribute to the functions of LIN28/let-7 have 
been identified in malignant tumors. Let-7 can bind to the 
3′UTRs of some key tumor-related genes, including c-myc, 
E2F2, cyclin D, Ras, and STAT3 [40, 70–72]. Intriguingly, 
we noticed that let-7f can regulate Par6 expression by 
directly targeting the 3′UTR of PARD6A in rat bone marrow 
mesenchymal stem cells [73], indicating that LIN28/let-7 
axis might regulate Par6 expression via a positive feedback 
loop in this process. In our present study, we also showed 
that Par6 can indirectly regulate LIN28/let-7d axis through 
activation of MEK/ERK signaling pathway and that let-7d 
negatively regulates Par6 expression by subsequently target-
ing its 3′UTR binding site (Fig. 7).

Previous studies have been elucidated that TGF-β can 
induce the EMT by phosphorylating Par6 and recruiting 
PKCα-bound phosphorylated Par6 in epithelial cancer cells 

(left panel, Fig. 8D). The phosphorylated Par6 recruits the 
ubiquitin ligase Smurf1 to mediate the degradation of RhoA, 
which results in rearrangement of the actin cytoskeleton and 
cell migration during the TGF-β-induced EMT in cancer 
cells [22, 25, 42]. In this study, our results indicated the 
conservation of Par6-mediated tumor migration and invasion 
exists in glioma cells, not in other epithelial cancer cells, 
suggesting that TGF-β-regulated Par6 expression may be 
essential for tumor invasion or tumorigenesis in glioma cells. 
It is known that high expression of autocrine TGF-β is in 
association with tumor invasion and poor prognosis in gli-
oma [74–76]. Also, TGF-β is usually regarded as a key regu-
lator of the mesenchymal transition in glioma via inducing 
the expression of mesenchymal genes, including N-cadherin, 
ZEB1, Slug, and CD44 [77–79]. Theoretically, autocrine 
TGF-β signaling probably induced tumor invasion through 
upregulation of Par6 expression in glioma cells (right panel, 
Fig. 8D), which may partially illustrate the mechanism of 
TGF-β-related poor prognosis in glioma.

In this present study, we have identified Par6 as an 
upstream regulatory factor for promoting glioma invasion 
through MEK/ERK signaling pathway. Although our results 
indicated that Par6 overexpression significantly enhances the 
migratory ability of glioma cells, the direct experimental 
evidence of Par6-induced tumor invasion in patients with 
glioma is still limited because of the lack of glioma speci-
mens from the tumor patients. In addition, it is noted that the 
mechanisms of the regulatory network in glioma invasion 
are very complicated. The crosstalk of different signaling 
pathways and the regulation of the tumor microenviron-
ment were involved in this process. We mainly manipulated 
Par6 expression to investigate Par6-induced regulation of 
glioma invasion in glioma cell lines and orthotopic xeno-
grafts in nude mice. However, the correlation between Par6 
expression and glioma microenvironment, especially for the 
regulation of ECM, in the process of Par6-induced glioma 
invasion, needs to be further studied.

In summary, we found that the expression of Par6 is posi-
tively correlated to malignancy and prognosis of the patients 
with glioma. Further investigations revealed that Par6 over-
expression could promote glioma invasion via activating 
MEK/ERK signaling pathway. In addition, our results indi-
cated that LIN28/let-7d axis is critical for regulating Par6-
mediated glioma invasion through a LIN28/let-7d positive 
feedback loop, which directly targets the binding site of 
3′UTR of PARD6A gene, to negatively regulate the Par6 
expression in glioma cells. Therefore, these data highlight a 
novel Par6 regulatory mechanism and could be a promising 
therapeutic target for the therapy of gliomas.
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