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Deciphering brain tumor heterogeneity, one cell 
at a time
Single-cell RNA sequencing characterizes clonal dynamics and distinct cellular states contributing to intratumoral 
heterogeneity in glioblastoma and medulloblastoma.
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With the past decade’s revolution 
in sequencing technology, our 
understanding of cancer biology 

has evolved rapidly, allowing researchers 
to delve deeper into the mysteries of 
cancer cells of origin, disease progression, 
metastasis and therapy resistance1. 
Cancers that were once described as a 
single pathological entity have now been 
subtyped into many distinct molecular 
groups, with further studies uncovering 
patient-to-patient variability and tumor 
heterogeneity that make an individual 
tumor exclusive to that patient. Recently, 
advances in single-cell technologies have 
given researchers high-resolution insight 
into individual tumors2. The study of single 
cells within a tumor not only allows for 
structural characterization of intertumoral 
and intratumoral heterogeneity, which has 
thus far confounded the design of targeted 
therapies, but also enables investigation of 
the discrete function of rare cell populations 
in driving tumorigenesis. Now, studies  
by Neftel et al.3 and Hovestadt et al.4  
have used single-cell RNA sequencing 
(scRNA-seq) in combination with other 
molecular methods to further understand 
intratumoral heterogeneity in the two 
most common malignant primary brain 
tumors in adults and children, respectively, 
glioblastoma (GBM) and medulloblastoma 
(MB). They identify four transcriptional 
cellular states in GBM and three subtype-
specific metaprograms in MB that underlie 
the intratumoral heterogeneity in these two 
brain tumors (Fig. 1).

GBM is the most aggressive primary 
brain cancer, which despite maximal 
treatment, is resistant to currently available 
multimodal therapies and results in 
median survival of only 12–15 months5. 
Earlier sequencing studies of human 
GBM had classified it into three genetic 
and transcriptomic subgroups6,7. scRNA-
seq studies subsequently revealed that 
although a GBM may be classified into 
one dominant subgroup, each individual 

GBM is still composed of cells from every 
molecular subtype8, rendering targeted 
therapies directed at the dominant subgroup 
ineffective against the whole tumor.

Sequencing of bulk tumor may not 
capture the variable miscellany of cells that 
may drive a patient’s tumor to recur after 
therapy. Thus, Neftel et al.3 carried out 

full-length scRNA-seq of 20 adult GBM 
and 8 pediatric GBM samples to identify 
transcriptional cellular states that define 
GBM and to assess the role of genetic 
events, tumor microenvironment and cell 
plasticity in modulating these states. The 
authors identified four GBM cell states 
that dynamically populate each GBM. 
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Fig. 1 | Comprehensive profiling of intratumoral heterogeneity in aggressive brain cancers using 
scRNA-seq. a, Neftel et al.3 use scRNA-seq to demonstrate that four cellular states exist together in 
a single GBM that resemble normal neural lineages. Color gradients represent the undifferentiated 
to differentiated spectrum of cells that can exist in each GBM cellular state. b, Hovestadt et al.4 use 
scRNA-seq to parse out intra-tumoral heterogeneity within each of the four MB subgroups (Wnt, Shh, 
group 3 and group 4). At least three transcriptional metaprograms exist within each MB subgroup that 
recapitulate an aspect of normal cellular biology: undifferentiated progenitor-like program (darkest dots), 
cell-cycle program (intermediate colored dots) and differentiated neuron-like program (lightest dots).
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These states recapitulate aspects of normal 
neural cell populations as indicated by 
their dominant cellular expression patterns, 
that were also linked to abnormal genetic 
events that they identified from The 
Cancer Genome Atlas data and included: 
neural-progenitor cell (NPC)-like (CDK4 
amplified), oligodendrocyte-progenitor  
cell (OPC)-like (PDFRA amplified), 
astrocyte cell (APC)-like (EGFR amplified) 
and mesenchymal cell (MES)-like  
(NF1 alterations). Although the four 
cellular states are linked to specific genomic 
alterations, the authors demonstrate that 
a genomic alteration at a clonal level does 
not exclusively drive a single cellular 
state, but rather favors the overall cellular 
composition of the tumor toward specific 
states. Neftel et al.3 suggest that certain 
cellular states may be more influenced by 
the microenvironment by highlighting 
the presence of immune cell signatures 
in the MES-like state. Finally, through 
xenotransplantation experiments, the 
authors also show the ability of cellular 
GBM subpopulations from a single state to 
give rise to tumors comprising all four cell 
states, emphasizing the highly plastic nature 
of GBM cells and also the equal capacity of 
the states to initiate tumors.

Previously, bulk genomic profiling of 
MB samples established the presence of 
four distinct subgroups known as WNT, 
SHH, group 3 and group 4, but cell-to-cell 
variation and origin of these tumors was 
unknown. Hovestadt et al.4 carried out full-
length scRNA-seq on patient and patient-
derived xenograft MB samples. In the MB 
samples profiled, the authors identified 
three main populations of cells within the 
subtypes based on transcriptional activity: 
one population of cells showing cell-cycle 
activity, a second with an undifferentiated 
and ribosomal/metabolic gene expression 
program, and a third with a neuronal 
differentiation program. By combining 
the generated data with recently reported 
scRNA-seq profiling of mouse cerebellar 
development9, the authors provide further 
insights into the developmental origin of 
each MB subgroup4. Of particular interest 
was the observation of a differentiation 
gradient formed by group 3/4 MBs, with 
prototypical group 3 and group 4 tumors 
made up of mostly undifferentiated and 
differentiated cells, respectively. The 
WNT and SHH subtypes were of various 

differentiation states, and showed exclusive 
transcriptional profiles. Lastly, building on 
previous reports, the authors provide data4 
that suggest glutamatergic8 neurons and 
unipolar brush cells to be putative cells of 
origin of group 4 and SHH MB.

These studies show that single-cell 
transcriptional profiling of tumor cells 
provides an opportunity to discern patterns 
of intertumor and intratumor heterogeneity, 
to glimpse the molecular programs driving 
distinct clones, to highlight clonal interplay 
with the tumor microenvironment, and to 
provide a snapshot of the putative cells of 
origin responsible for the rise of a tumor2. 
The next frontier for scRNA-seq will be 
to understand how this heterogeneity 
evolves through space and time, and more 
specifically, through therapy. Although 
contemporaneous profiling of patient-
matched primary and recurrent samples is 
limited by the fact that fresh tumor samples 
are required for scRNA-seq, there are 
now reports of novel approaches enabling 
the use of frozen samples for single-cell 
analysis10. Application of scRNA-seq to the 
comparative study of treatment-naive and  
treatment- refractory tumors from the  
same person will allow us to map the  
transit of rare clones and transcriptional 
programs that drive tumor progression 
through therapy.

Although the molecular subtype of an 
individual with MB invariably holds through 
therapy (for example, primary group 3 
MBs remain group 3 MBs at recurrence), 
evidence of the evolution of molecular 
subtypes through therapy can be found 
in GBM, where an individual initially 
diagnosed with a proneural GBM can be 
inexplicably found to have a mesenchymal 
GBM at recurrence after therapy11,12. Such 
observations beg the question of exactly 
which single cells may escape therapy to 
seed a seemingly quite different cellular 
hierarchy at recurrence. This apparent 
interchange between cellular states in GBM 
adds another level of complexity to an 
already highly heterogeneous disease, which 
may contribute to the failure of targeted 
therapies that have been developed against 
subtype-specific molecular alterations 
in GBM13. scRNA-seq studies offer a 
tremendous opportunity to document the 
disruption of described dynamic cellular 
states that can then be targeted through 
combinatorial therapies, empirically directed 

against several cellular states or cells of 
multiple molecular subtypes.

Universally accessible scRNA-seq 
technology and the required visualization 
tools are still under development, as we only 
begin to standardize the methodologies 
and statistical analyses underpinning 
scRNA-seq, and the technology approaches 
an enhanced high-throughput and 
cost-effective format. Future consensus 
toward the generation of guidelines and 
standardized protocols for data processing, 
analysis and interpretation will enable the 
comprehensive analysis of ever increasing 
representative numbers of cells from larger, 
statistically powered cohorts of individuals 
with cancer. These technologies portend a 
much sharper envisioning of an individual’s 
cancer, with far reaching implications in 
diagnostics, prognostics and precision 
medicine. Understanding the intricacies of 
extensive intratumoral cellular heterogeneity 
in GBM and MB may pave a path for the 
development of rational polytherapies that 
will concurrently challenge the multiple 
cellular populations of a tumor, toward 
personalized future treatments. ❐

Maleeha A. Qazi   1,2,4, David Bakhshinyan1,2,4  
and Sheila K. Singh1,2,3*
1Stem Cell and Cancer Research Institute, McMaster 
University, Hamilton, ON, Canada. 2Department of 
Biochemistry and Biomedical Sciences, McMaster 
University, Hamilton, ON, Canada. 3Department 
of Surgery, Faculty of Health Sciences, McMaster 
University, Hamilton, ON, Canada. 4These authors 
contributed equally: Maleeha A. Qazi, David 
Bakhshinyan.  
*e-mail: ssingh@mcmaster.ca

Published: xx xx xxxx 
https://doi.org/10.1038/s41591-019-0605-1

References
 1. Turajlic, S., Sottoriva, A., Graham, T. & Swanton, C. Nat. Rev. 

Genet. 20, 404–416 (2019).
 2. Suva, M. L. & Tirosh, I. Mol. Cell 75, 7–12 (2019).
 3. Neftel, C. et al. Cell 178, 835–849 (2019).
 4. Hovestadt, V. et al. Nature 572, 74–79 (2019).
 5. Stupp, R. et al. N. Engl. J. Med. 352, 987–996 (2005).
 6. Verhaak, R. G. et al. Cancer Cell 17, 98–110 (2010).
 7. Wang, Q. et al. Cancer Cell 32, 42–56 e46 (2017).
 8. Patel, A. P. et al. Science 344, 1396–1401 (2014).
 9. Vladoiu, M. C. et al. Nature 572, 67–73 (2019).
 10. Gao, R. et al. Nat. Commun. 8, 228 (2017).
 11. Wang, J. et al. Nat. Genet 48, 768–776 (2016).
 12. Ramaswamy, V. et al. Lancet Oncol. 14, 1200–1207 (2013).
 13. O’Rourke, D.M. et al. Sci. Transl. Med. 9, eaaa0984. https://doi.

org/10.1126/scitranslmed.aaa0984 (2017).

Competing interests
The authors declare no competing interests.

NAtuRe MediCiNe | www.nature.com/naturemedicine

http://orcid.org/0000-0001-8350-1094
mailto:ssingh@mcmaster.ca
https://doi.org/10.1038/s41591-019-0605-1
https://doi.org/10.1126/scitranslmed.aaa0984
https://doi.org/10.1126/scitranslmed.aaa0984
http://www.nature.com/naturemedicine

	Deciphering brain tumor heterogeneity, one cell at a time
	Fig. 1 Comprehensive profiling of intratumoral heterogeneity in aggressive brain cancers using scRNA-seq.




