
Genes & Diseases (2024) 11, 101085
Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.keaipubl ishing.com/en/ journals /genes-diseases
RAPID COMMUNICATION
MPZL1 as an HGF/MET signaling amplifier
promotes cell migration and invasion
in glioblastoma
The extremely poor prognosis of patients is largely due to
hepatocyte growth factor (HGF)/MET signaling, which pro-
motes migration and invasion of glioblastoma (IDH wild-
type; GBM; WHO grade 4).1,2 Clinical trials targeting MET,
the only receptor of HGF, have yielded unimpressive results
in GBM.3,4 Here we found that HGF induced strong chemo-
taxis on GBM cells, but MET expression was extremely low.
We, therefore, used single-cell RNA sequencing (scRNA-seq)
coupled with label-free proteome profiling to identify
membrane proteins associated with HGF/MET signaling
amplification in GBM and to provide a novel modulator,
MPZL1, for HGF/MET-targeted therapy.

HGF, epidermal growth factor (EGF), and fibroblast
growth factor (FGF) can induce GBM cell migration and in-
vasion. Analysis of scRNA-seq data from clinical GBM sam-
ples and CGGA and GEO databases showed that HGF
expression was the highest and distributed across a broad
range of cell types (Fig. 1A and B; Fig. S1AeC). C6 and
U87 cells were stimulated with these cytokines at different
concentrations followed by transwell assays. The results
showed that HGF at a very low concentration (0.1 nM) had
the strongest chemotactic effect compared with EGF
(10 nM) and FGF (50 nM) (Fig. 1C; Fig. S1DeK). Bulk RNA-seq
data from TCGA, GTEx, and GEO databases were used to
analyze MET expression in GBM tissues and normal brain
tissues, as MET is the only receptor for HGF. The results
showed that MET expression in GBM tissues was not signif-
icantly different from that in normal brain tissues (Fig. 1D).
MET expression was higher in normal brain tissues compared
with low-grade gliomas or pan-gliomas (Fig. 1D; Fig. S1L,
M). Notably, MET expression was extremely low in glioma
tissues and was barely detectable by Western blot
(Fig. S1N). These results suggest the existence of another
Peer review under responsibility of Chongqing Medical
University.

https://doi.org/10.1016/j.gendis.2023.101085
2352-3042/ª 2023 The Authors. Publishing services by Elsevier B.V. on
article under the CC BY license (http://creativecommons.org/licenses/
underlying mechanism that plays a critical role in HGF/MET
signaling.

All C6 cells in the Boyden chamber were divided into the
HGF chemotaxis induction group (HGF (þ)) and control
group (HGF (�)) and were collected for label-free prote-
ome profiling (Fig. S2A). The screening conditions for
differentially expressed proteins between the two groups
were a fold-change >2-fold and a P-value < 0.05. A total of
67 differentially expressed proteins were obtained
(Fig. S2B). GO (Gene Ontology) enrichment analysis of the
differentially expressed proteins showed that pathways
such as “positive regulation of cell cycle” and “mitotic
cytokinesis” were up-regulated in the HGF (þ) group
(Fig. S2C). The results of the proteomic analysis were
verified by Western blot, which showed that tetraspanin-31
(TSPAN31), fos-related antigen 1 (FOSL1), and myelin pro-
tein zero-like protein 1 (MPZL1) were all significantly up-
regulated in HGF-stimulated cells (Fig. 1E).

To screen for proteins that play a key role in HGF
chemotaxis to GBM cells, the list of differentially expressed
proteins was analyzed and four proteins were selected
based on fold change and their correlation with cell motility.
These four proteins were vesicle-associated membrane
protein 4 (VAMP4), TSPAN31, MPZL1, and semaphorin-4C
(SEMA4C). To further confirm the effect of these candidate
proteins on GBM cell invasion under HGF stimulation, three
small interfering RNA (siRNA) sequences were designed to
knock them down (Fig. S2D). The transwell invasion assay
under HGF stimulation showed that the invasive ability of C6
cells was significantly reduced only when MPZL1 was
knocked down (Fig. 1F). These results suggest that MPZL1 is
a critical regulator of HGF-induced cell invasion. Therefore,
we investigated MPZL1 in this study.

Figure 1G, S3A and S3B show that MPZL1 is expressed at
higher levels in GBM compared with low-grade glioma and
normal brain tissue (one-way ANOVA, P < 0.05). Further
survival analysis showed that high MPZL1 expression was
behalf of KeAi Communications Co., Ltd. This is an open access
by/4.0/).
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Figure 1 MPZL1 amplifies HGF/MET signaling and promotes cell migration and invasion in glioblastoma. (A) The UMAP plots
showing distinct clusters of cells derived from scRNA-seq data of clinical GBM tissues. (B) Dot plots of HGF, EGF, and FGF2
expression among different types of cells. (C) Chemotaxis of C6 cells by HGF, EGF, and FGF shown by transwell invasion assays.
Quantitative histograms show the motility of C6 cells in transwell invasion assays at concentrations where HGF, EGF, and FGF each
exert their maximal chemotaxis. (D) The box plot showing the mRNA expression level of MET between TCGA glioma samples (GBM
and LGG) and GTEx normal brain tissues. (E) Changes in TSPAN31, FOSL1, and MPZL1 protein expression in C6 cells upon HGF
stimulation verified by Western blot. (F) The results of the transwell invasion assay showed that the knockdown of MPZL1 affected
the invasive ability of C6 cells. Quantitative histograms show the changes in the invasive ability of C6 cells after the knockdown of
Tspan31, Vamp4, Sema4c, or Mpzl1 as analyzed by transwell invasion assays. (G) The box plot showing the mRNA expression level of
MPZL1 between TCGA glioma samples (GBM and LGG) and GTEx normal brain tissues. (H) Kaplan-Meier survival curves for glioma
patients stratified by MPZL1 expression levels based on the clinical information from the TCGA database. (I) Scatter statistics of
MPZL1 expression in glioma tissues and normal brain tissues detected by Western blot. (J) Effect of MPZL1 knockdown on U87 cell
migration and invasion in the absence of HGF stimulation and effect of MPZL1 knockdown on U87 cell invasion under HGF stim-
ulation. (K) Changes in phosphorylation levels of AKT, JNK, and SRC following knockdown of MPZL1 in U87 cells detected by Western
blot. (L) The quantitative histograms showing the changes in phosphorylation levels of AKT, JNK, and SRC following MPZL1
knockdown in U87 cells detected by Western blot. (M) Protein interactions between MET and MPZL1 validated by Co-IP experi-
ments. (N) Changes in MET and MPZL1 phosphorylation levels upon HGF stimulation lasting for different periods in U87 cells
detected by Western blot and the statistical line chart. (O) Effect of MET knockdown with or without HGF stimulation on MPZL1
protein expression and MPZL1 phosphorylation levels evaluated by Western blot and quantitative histograms. (P) Effect of MPZL1
knockdown with or without HGF stimulation on MET protein expression and MET phosphorylation levels evaluated by Western blot
and quantitative histograms. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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strongly associated with a poor prognosis in glioma patients
(Fig. 1H; Fig. S3CeE; Kaplan Meier, P < 0.05). Moreover,
Western blotting assays showed that the amount of MPZL1
protein was significantly up-regulated in glioma tissues
compared with the normal (Fig. 1I; one-way ANOVA,
P < 0.01).

The protein expression levels of MPZL1 were examined
in commonly used GBM cell lines to select appropriate
human-derived GBM cell lines (Fig. S4A, B). Transwell as-
says confirmed that the knockdown of MPZL1 in U87 and C6
cells significantly inhibited cell migration and invasion
(Fig. 1J; Fig. S4CeG). Under HGF stimulation, MPZL1
knockdown was found to significantly attenuate the inva-
sive ability (Fig. 1J; Fig. S4H). Furthermore, overexpression
of MPZL1 significantly increased the migration and invasion
of U118 and U251 cells (Fig. S4IeO). These results indicate
that MPZL1 can promote the invasion or migration of GBM
cells either in the presence or absence of HGF.

To explore the mechanism by which MPZL1 promotes cell
invasion and migration, bulk RNA-seq data of glioma sam-
ples from the CGGA (693 & 325) database were ranked
according to the expression level of MPZL1, and the median
was used as the cut-off point to divide the samples into the
high-MPZL1 group and the low-MPZL1 group. Differentially
expressed genes between the two groups were selected by
absolute fold-change > 2 with P < 0.05 as the threshold
(Table S1), and GO and KEGG pathway enrichment analyses
were performed (Fig. S5AeD). Further GSEA enrichment
analysis showed that “focal adhesion” and “PI3K-Akt
signaling pathway” were significantly up-regulated in the
high MPZL1 expression group (Fig. S5E, F). MPZL1 has been
reported to bind to the SRC homology domain phosphatase-
2 (SHP-2). Detection of protein phosphorylation activation
levels downstream of the SRC signaling pathway by Western
blot revealed that MPZL1 knockdown significantly down-
regulated protein phosphorylation levels of AKT, JNK, and
SRC in U87, while MPZL1 overexpression significantly up-
regulated them in U251 cells (Fig. 1K, L; Fig. S5G).

To further explore the association between MPZL1 and
MET, scRNA-seq analysis showed that the expression level of
MPZL1 and the proportion of expressing cells were signifi-
cantly higher than MET (Fig. S5HeK). A potential reciprocal
binding between MPZL1 and MET was predicted by molec-
ular docking5 and demonstrated by co-immunoprecipitation
(co-IP) and immunofluorescence (IF) co-localization assay
(Fig. 1M; Fig. S6A, B). MPZL1 co-localized with MET on the
cell membrane of HELA cells, and HGF stimulation
increased the co-localization signal (Fig. S6B).

Phosphorylation of MPZL1 and MET in U87 and
LN229 cells did not occur simultaneously but sequentially
upon sustained stimulation with HGF, as detected by
Western blot. That is, MET phosphorylation levels peaked at
5e10 min after stimulation, whereas MPZL1 phosphoryla-
tion peaked at 10e30 min (Fig. 1N; Fig. S6C). These results
suggest that the phosphorylation activation of MET pre-
ceded that of MPZL1 after HGF stimulation, and we hy-
pothesized that the phosphorylation of MPZL1 was driven by
MET. Therefore, MET was knocked down in U87 and
LN229 cells, and it was found that this could lead to a sig-
nificant decrease in the phosphorylation level of MPZL1
(Fig. 1O; Fig. S6D). However, there was no significant
change in the total amount of protein for MPZL1, suggesting
that MPZL1 expression is not regulated by MET. However,
the phosphorylation level of METwas significantly increased
after MPZL1 knockdown (Fig. 1P; Fig. S6E). This up-regu-
lation is feedback regulated by the loss of MPZL1.

Taken together, MPZL1 may recruit downstream SRC to
amplify the HGF/MET signaling and further promote GBM
cell migration and invasion. This study reveals the rela-
tionship between MPZL1 and MET in the highly infiltrative
and aggressive growth of GBM, providing theoretical sup-
port for the treatment based on targeting MPZL1.
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