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Systematic characterization of IncRNAs’ cell-to-cell expression
heterogeneity in glioblastoma cells
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ABSTRACT

Glioblastoma (GBM) is the most common malignant adult brain tumor generally
associated with high level of cellular heterogeneity and a dismal prognosis. Long
noncoding RNAs (IncRNAs) are emerging as novel mediators of tumorigenesis.
Recently developed single-cell RNA-seq provides an unprecedented way for analysis
of the cell-to-cell variability in IncRNA expression profiles. Here we comprehensively
examined the expression patterns of 2,003 IncRNAs in 380 cells from five primary
GBMs and two glioblastoma stem-like cell (GSC) lines. Employing the self-organizing
maps, we displayed the landscape of the IncRNA expression dynamics for individual
cells. Further analyses revealed heterogeneous nature of IncRNA in abundance
and splicing patterns. Moreover, IncRNA expression variation is also ubiquitously
present in the established GSC lines composed of seemingly identical cells. Through
comparative analysis of GSC and corresponding differentiated cell cultures, we defined
a stemness signature by the set of 31 differentially expressed IncRNAs, which can
disclose stemness gradients in five tumors. Additionally, based on known classifier
IncRNAs for molecular subtypes, each tumor was found to comprise individual cells
representing four subtypes. Our systematic characterization of IncRNA expression
heterogeneity lays the foundation for future efforts to further understand the function
of IncRNA, develop valuable biomarkers, and enhance knowledge of GBM biology.

INTRODUCTION in size and shape but also usually have large bizarre nuclei
or are multinucleated [4].

Glioblastoma (GBM), the most common and GBM has now manifested its heterogeneous nature in
aggressive form of primary malignant brain tumor in adults, many ways. It is, however, becoming increasingly clear that
is one of the most lethal human cancers [1]. Despite the intratumoral genetic heterogeneity is central to GBM biology,
advance of clinical standard treatment usually comprising potentially posing a great challenge to effective treatment [5].
surgery, radiation and chemotherapy over past decades, the Originally, intratumoral heterogeneity has been verified via
median survival for patients with glioblastoma has remained the analysis of bulk tumors revealing regional copy number
less than two years [2]. It is believed that the dismal prognosis variation (in EGFR, PDGFRA and PTEN), heterogeneous
is, at least partially, attributed to tumor heterogeneity that somatic mutations (in 7P53) or gene expression difference
was first demonstrated by histopathological discoveries [3]. (in MGMT) [6, 7]. Further supportive evidence comes from
GBM is found to be highly cytologically pleomorphic. Its the observation that spatially distinct fragments sampled from
constituent cells not only possess a high degree of variation the same tumor corresponded to different GBM molecular
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cells (Figure 4A). We observed that these IncRNAs tended
to express multiple variants simultaneously, and alternative
variants from the same IncRNA were not always expressed
at similar levels across individual cells. We also found that
one variant dominated in a small fraction of single cells,
and 15 of the 31 IncRNAs had more than two dominant
variants (Supplementary Figure S3).

As an exemplar of alternative splicing of IncRNAs,
Inc-DLK1-4 expressed 33 variants and displayed
different splicing patterns across the 32 individual
cells (Figure 4B, Supplementary Figure S4). There
were four dominant variants expressed in the single
cells. Obviously, Inc-DLK1-4:21 and Inc-DLK1-4:12
displayed almost mutually exclusive expression patterns.
By contrast, Inc-DLK1-4:50 and Inc-DLK1-4:51 were

preferentially co-expressed with each other. As shown
in Figure 4C, some variants occurred more frequently
than others. In particular, 6 variants (Inc-DLK1-4:3,
-4:20, -4:34, -4:48, -4:55, and -4:56) were observed only
once, whereas variant Inc-DLK1-4:39 was observed
17 times and variant Inc-DLK1-4:51 was observed
18 times. In addition, only one single cell expressed a
variant and the remaining 31 individual cells expressed
two to 11 variants (Figure 4D). Taken together, these
observations suggested that the changes in the frequency
and proportion among variants directly reflected the
cell-to-cell heterogenecous nature of splicing patterns,
which might alter IncRNAs’ functions and interactions
with their partners, and thus probably contribute to
gliomagenesis.

Figure 2: Overview of IncRNA expression dynamics at single-cell level. A. The self-organizing map (SOM) was used for
analysis of IncRNA transcriptome. A SOM component represents one visualized single-cell IncRNA transcriptome. Five representative
SOM components are shown for each tumor sample and each GSC line. B. Hierarchical clustering of 113 IncRNAs across five tumor
samples and two GSC lines. These IncRNAs were derived from a union of five sets of the 50 most abundant IncRNAs in individual

population controls.
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Analysis of stemness-specific IncRNAs and their
heterogeneous expression

GBM is one of the first solid tumors that are
experimentally confirmed to possess cancer stem cells
(CSCs) [24]. There have been some initial studies that

strongly suggested the highly dysregulated expression of
IncRNA in GSCs, which might have decisive effects on the
formation of certain malignant phenotypes in GBM [14].
Using six population-level sequencing data of GSC and
corresponding differentiated glioma cell (DGC) cultures
from three tumors (MGH26, 28 and 31), we identified
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Figure 3: Analysis of coordinately expressed IncRNAs and protein-coding genes. The self-organizing map (SOM) was used
for analysis of transcriptome composed of 2,003 IncRNAs and 5,145 protein-coding genes. Single-cell transcriptomes were depicted as
individual components of the SOM. Five representative SOM components are shown for each tumor sample. A large-scale SOM (top) was
constructed based on average of expression z-scores across all 262 cells from five primary tumors. Eight clusters are outlined in black.
Significantly enriched Molecular Signatures Database (MSigDB) gene sets for indicated clusters are shown (FDR g-value).
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