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maintenance and disease recurrence (21, 22). However, the precise mechanisms of  how CD109 regulates 
these phenomena and implications for GSC biology remained unknown.

Here, we describe a clinically relevant association of  CD109 with the STAT3 activation in glioma 
samples and patient-derived GSCs. We demonstrate a physical interaction between CD109 and glycopro-
tein 130 (GP130) that is required for activation of  the IL-6/STAT3 signaling pathway in GSCs. Sustained 
activation of  the CD109/STAT3 axis is vital for the self-renewal and tumorigenicity of  GSCs. Genetic or 
pharmacologic targeting of  the CD109/STAT3 axis reprogrammed the GSCs to a chemosensitive state. 
Our results suggest that targeting the CD109/STAT3 axis in GSCs could provide means to overcome ther-
apeutic resistance and improve treatment ef�cacy in patients with glioblastoma.

Results
CD109 associates with STAT3 phosphorylation and poor survival of  malignant gliomas. To study the possible clinical 
relevance of  CD109, we performed immunohistochemical (IHC) analysis of  a large cohort of  clinical astro-
cytoma tumor microarray specimens (grades II�IV; n = 346). Evaluation of  the immunostaining revealed 
that CD109 is located at the plasma membrane of  tumor cells in nearly all specimens (92.5%) (Figure 1A). 
CD109 was signi�cantly overexpressed in glioblastomas (grade IV) compared with lower grade astrocyto-
mas (grades II�III) (P = 0.007) (Figure 1B and Supplemental Table 1; supplemental material available online 
with this article; https://doi.org/10.1172/jci.insight.141486DS1). Kaplan-Meier survival analysis demon-
strated that high CD109 expression associated with poorer survival (P = 0.024) of  patients with increasingly 
malignant, diffusively in�ltrating astrocytomas (grades II�IV) (Figure 1C). IDH1 mutation status was avail-
able for 205 specimens, of  which 86.8% were IDH1 WT and 13.2% IDH1 mutant tumors. We found no asso-
ciation between CD109 and the IDH1 mutation, p53, or EGFR (Supplemental Table 2). However, further 
analyses of  the patient samples revealed that CD109 expression signi�cantly associated with increasingly 
phosphorylated STAT3 (p-STAT3, Tyr705) (P = 0.004) and higher number of  Ki-67�positive, proliferating 
tumor cells (P = 0.027) (Supplemental Table 2). We then strati�ed the patient data by classifying gliomas into 
either lower grade astrocytomas (grades II�III) or glioblastomas (grade IV). The analysis of  these groups 
revealed signi�cant association between CD109 expression and p-STAT3 (P = 0.002) and Ki-67 (P = 0.041) 
only in glioblastomas (Figure 1, D and E, and Supplemental Table 3). Of  the other possible associations, a 
signi�cant association was detected between CD109 expression and tumor grade (P = 0.0002) (Table 1 and 
Supplemental Table 1). In brief, high CD109 expression is a biomarker of  malignant glioblastomas, correlat-
ing with an increased activity of  the STAT3 pathway and highly proliferating glioblastoma cells (Table 1).

To link our results with global studies, we interrogated publicly available data sets accessed via the 
GlioVis data portal (23). Analysis of  The Cancer Genome Atlas (TCGA) glioblastoma data set demonstrat-
ed increased CD109 mRNA expression in glioblastomas compared with the nontumor tissue, supporting 
the relationship between CD109 and tumorigenicity (Figure 1F). In accordance with our �ndings, high 
CD109 mRNA expression associated with poorer survival in the data sets of  lower grade gliomas (TCGA 
LGG) and when glioblastoma and lower grade gliomas were combined, but not in glioblastomas alone 
(TCGA GBM) (Supplemental Figure 1, A�C).

It has been recently suggested that CD109 expression associates with the MES glioblastoma subtype in 
TCGA data set (24). To pro�le CD109 expression within glioblastoma subtypes, we analyzed 17 individual 
glioblastoma data sets where the subtype-speci�c information was available, consisting of  2100 patient 
samples in total. The highest CD109 mRNA levels were consistently detected in the MES subtype tumors 
followed by the CL and PN subtypes, respectively (Figure 1G).

MES glioblastoma subtype has been linked to increased in�ltration of  tumor-associated microglia and 
macrophages (3). Since the mRNA data derive from tumor tissue specimens, it may contain tumor-asso-
ciated stromal cells and cannot discriminate gene expression information between tumor cells and the 
tumor-associated stromal cells. Therefore, we performed an analysis of  the mRNA expression of  CD109 
and the key mediators of  the STAT3 signaling pathway (IL6ST/GP130, STAT3, and IL6) in the Human 
Glioblastoma Cell Culture (HGCC) data set (25). Consistently, we found the highest expression of  ana-
lyzed genes in the MES glioblastoma cell lines (Figure 1H). Furthermore, analysis of  the gene expression 
data from the human brain tumor immune microenvironment (26) demonstrated the highest CD109 expres-
sion in the monocyte-derived macrophages, yet the expression did not increase in glioblastomas compared 
with the nontumor reference samples (Supplemental Figure 1D). These data demonstrate that CD109 
expression is speci�c to tumor cells and associates particularly with the highly aggressive MES subtype.
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