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Summary:

Glioblastoma is a devastating form of brain cancer. To identify aspects of tumor heterogeneity that
may illuminate drivers of tumor invasion, we created a glioblastoma tumor cell atlas with single-
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cell transcriptomics of cancer cells mapped onto a reference framework of the developing and
adult human brain. We find that multiple GSC subtypes exist within a single tumor. Within these
GSCs, we identify an invasive cell population similar to outer radial glia (0RG), a fetal cell type
that expands the stem cell niche in normal human cortex. Using live time-lapse imaging of primary
resected tumors, we discover that tumor derived oRG-like cells undergo characteristic mitotic
somal translocation behavior previously only observed in human development, suggesting a
reactivation of developmental programs. In addition, we show that PTPRZ1 mediates both mitotic
somal translocation and glioblastoma tumor invasion. These data suggest that the presence of
heterogeneous GSCs may underlie glioblastoma’s rapid progression and invasion.
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Kriegstein and colleagues use single-cell RNA-sequencing to create a tumor atlas of primary
glioblastoma tumors. One interesting population they identify is the outer radial glia-like cell, a
cell type found during normal cortical development that undergoes a characteristic mitotic somal
translocation “jump-and-divide”. In tumors these cells may promote invasive behavior.

Introduction

Glioblastoma is an aggressive form of cancer and the most common primary malignant brain
cancer in adults. The ability of glioblastoma cells to migrate through brain tissue to distant
regions outside of the tumor bulk is thought to confer resistance to standard-of-care
treatment by impeding complete surgical resection, and glioblastomas inevitably recur after
surgery (Claes et al., 2007; Omuro and DeAngelis, 2013).

Similarities between cancer and development have long been appreciated. In the 19t
century, pathologists noted morphological similarities between developing tissue and tumor
tissue, leading to the ‘embryonic rest” hypothesis (F., 1874) proposing that remnants of
developmental tissue stay dormant in the adult and become reactivated in cancer. More
recently, the concept that brain tumors are maintained by a stem cell-like population has
become well established (Lathia et al., 2015; Prager et al., 2019). Populations of cells
harboring a stemness signature have been identified in glioblastoma, and recent studies in
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astrocytomas and oligodendrogliomas suggest that lineage trajectories observed during
normal astrocyte and oligodendrocyte development may be replicated by cells in these
cancers (Azzarelli et al., 2018; Filbin et al., 2018; Venteicher et al., 2017; Weng et al., 2019).
However, identifying the cell types that comprise the tumor bulk and the developmental
trajectories underlying the generation of heterogeneous tumors like glioblastoma remains
elusive (Lathia et al., 2015; Patel et al., 2014). Understanding the molecular drivers of intra-
glioblastoma heterogeneity is essential to developing novel therapeutic strategies for
patients, but technical limitations including suboptimal preclinical models, have delayed
scientific and clinical progress.

Single-cell RNA sequencing (sScRNA-seq) offers an opportunity to explore the cell type
composition of primary glioblastoma resection specimens, thereby overcoming the technical
barriers that have hampered understanding of intra-glioblastoma heterogeneity. Prior studies
exploring glioblastoma at the single-cell level have primarily focused on immune and
infiltrating cell populations (Darmanis et al., 2017; Muller et al., 2017), or have specifically
targeted a subset of readily identifiable cell types (Filbin et al., 2018). A recent study of
adult and pediatric glioblastoma used single-cell sequencing to characterize four primary
cell states of a tumor, but did not characterize tumor cell types as they compare to primary
developing or adult human brain (Neftel et al., 2019), leaving open the question of what cell
types actually comprise the tumor bulk. Identifying the cell types that compose the tumor
and how they arise from GSCs may illuminate activated gene signatures that could provide
therapeutic targets to inhibit tumor growth.

Cortical organoids are a model of brain development that can be generated from human
induced pluripotent stem cells and contain many of the major cell types present in the
developing human brain (Di Lullo and Kriegstein, 2017). Organoids can promote
development of cell heterogeneity and the establishment of a tumor niche, which may enable
observations and screening approaches that are more difficult to recapitulate in mouse or
two-dimensional models. Organoids have proved useful in the study of colorectal,
pancreatic, and hematopoietic cancers, among others (Drost and Clevers, 2018). To model
glioblastoma, oncogenic events have been introduced into cortical organoids in order to
create glioblastoma-like cell types (Ogawa et al., 2018). Though similar to genetic mouse
models of cancers, it remains unclear how closely the tumorigenic trajectories and resultant
cell types resemble patient cancers. This is of particular concern in a highly heterogeneous
tumor such as glioblastoma. Tumor samples have also been used to create organoid-like
structures after tumor resection (Hubert et al., 2016). These structures maintain some aspects
of glioblastoma cancer stem cell biology, but grow more slowly over time. Other groups
have co-cultured or fused stable lines (Linkous et al., 2019) or spheroids (Cosset et al., 2019;
da Silva et al., 2018) derived from glioblastoma samples with cortical organoids. This
approach maintains longer-term cultures, and mimics aspects of cancer — normal cell
interactions (Linkous et al., 2019), but may create a selection bias for tumor cells that are
more likely to generate stable lines.

In this study, we merge several existing approaches by taking primary tumors directly from
surgical resections, dissociating them, labeling them with an adenovirus, and subsequently
transplanting them into cortical organoids derived from unmodified pluripotent stem cell

Cell Stem Cell. Author manuscript; available in PMC 2021 January 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bhaduri et al.

Results

Page 4

lines. This label-based approach from freshly resected specimens results in a 100%
engraftment rate, enables tracking of tumor cells, and allows for lineage tracing — like
approaches when paired with single-cell sequencing before and after transplantation. This
approach enabled us to observe that the diversity of cancer stem cells from the bulk tumor
are well represented in our glioblastoma transplanted organoids, and that tumorigenic
trajectories can be recapitulated from subsets of cancer stem cell-like populations.

Single Cell Expression Profiling Reveals Widespread Stem Cell Marker Expression in
Primary GBM

To examine cell composition within glioblastoma, we performed single-cell RNA
sequencing of 32,877 cells from 11 tumors dissociated and processed directly after surgical
tumor resections (see Tables S1-2, hosted on Mendeley Data at [doi: 10.17632/
ky8vsdxhp8.1], Fig 1A). We compared the marker genes from clustering analysis to
previously described transcriptional signatures of adult cortex (single-nuclei sequencing)
(Velmeshev et al., 2019) or developing human brain (single-cell sequencing) (Nowakowski
etal., 2017), and identified the closest primary, normal cell type for each glioblastoma
cluster. With this analysis, we observed populations that have been previously observed in
glioblastoma, including oligodendrocyte precursor cells (OPCs), microglia, tumor associated
macrophages, and dividing tumor cells (Darmanis et al., 2017; Ozawa et al., 2014). In
addition, we identified populations of neurons (including neurons co-expressing progenitor
markers or cell cycle genes), radial glia, and glial cell populations with varying degrees of
maturity (Fig 1B, SFig 1). Each of these progenitor, glial and neuronal populations had
strong expression of identifiable marker genes that characterize the cell type, including
GFAR, VIM, DCX, MKI167, and DL X1. However, unlike in primary samples, despite clear
expression of these markers, we observed instances of co-expression of markers of
progenitor identity and markers of post-mitotic neurons (Fig 1C). Although we refer to each
of the annotated cell populations as a ‘type’, the permanence of cell identity and cell ‘state’
remains unknown in both the context of normal development and in tumorigenesis. Recent
data suggests that many cell states have the potential to give rise to tumor cells characteristic
of the remaining tumor (Neftel et al., 2019). In our analysis, each tumor contained a
distinctive combination of cell type/state heterogeneity, with each tumor on average
containing 11 transcriptional cancer cell types (Fig 1D, sFig 1B), and this observation was
validated in the reanalysis of other recent single-cell RNA-sequencing datasets from primary
glioblastoma tumors (SFig 1D). Using hematoxylin and eosin staining and immunolabeling
we validated that despite heterogeneous tumor composition, all tumors had a mitotic index
of 20% or higher and that the major cell populations identified were present in multiple
tumors (SFig 2).

Glioblastoma stem cells (GSCs) are accepted as the cell population that gives rise to
glioblastoma tumors, ultimately resulting in patient morbidity and mortality. GSCs were first
identified through isolation of CD133+ cells from primary tumors, demonstrating that these
cells were necessary and sufficient to give rise to an ectopic tumor (Singh et al., 2004). A
number of other markers of GSCs were later identified (Bao et al., 2008; Prager et al., 2019;
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Shiraki et al., 2017; Son et al., 2009), and markers of progenitor identity such as SOX2 and
NES have been used to validate the stemness of these GSC populations. We sought to utilize
our cell atlas of glioblastoma tumors to categorize the cell types that could be classified as
GSCs based on the expression of commonly used GSC marker genes (see Table S3, hosted
on Mendeley Data at [doi: 10.17632/ky8vs4xhp8.1]). Historically, protein expression of
these stemness markers along with tumor initiation and serial transplantation have been used
as a gold-standard for the identity of cancer stem cell populations, and in our data we
observed that there was widespread expression of these markers at the RNA level. We noted
that although distinct clusters of progenitor-like cell types including OPCs, radial glia, and
intermediate progenitor cells were present in our analysis, progenitor markers such as SOX2
and NVES were expressed broadly (Fig 2A). In contrast, PROMI (CD133) and FUT4
(CD15), markers that have been shown to be sufficient to give rise to ectopic tumors, were
very sparsely expressed, as has been previously described (Singh et al., 2004; Son et al.,
2009). Surprisingly, we found that almost every known GSC marker gene could be found in
a variety of cell types, with all 21 identified cell types expressing at least one marker
associated with GSCs and stemness (Fig 2), though whether this transcriptional expression
results in protein expression is unknown. Only VGF, a secreted neuropeptide that promotes
survival and growth (Wang et al., 2018) was substantially restricted, with the majority of its
expression in OPCs. Other markers were expressed across cell types, including classic stem
cell markers such as MYCand CD44, L1CAM, a marker that co-opts perivascular
interactions (Bao et al., 2008; Er et al., 2018), /TGA®, a regulator of GSC self-renewal
identity (Lathia et al., 2010), CD109, a marker of perivascular GSCs (Shiraki et al., 2017),
and POSTN, a GSC secreted protein that recruits tumor associated macrophages that
promote tumorigenesis (Zhou et al., 2015) (Fig 2B). Although the expression of these
transcripts does not guarantee that these proteins are expressed, they suggest that
transcriptional programs associated with stemness are broadly expressed, and that activation
of the stemness programs indicated by these GSC marker genes can occur in almost any cell
type within the tumor.

Models of glioblastoma tumor maintenance suggest that each tumor has a population of
GSCs that interact with the tumor and the microenvironment to continually give rise to more
tumor cells. In order to identify the potential GSC cell types for each tumor, we defined
GSCs within our sScRNA-seq dataset as any cell (independent of the previous clustering)
expressing either PROM1, FUT4 or LICAM, in conjunction with SOX2, and not expressing
TLR4 (which has been shown to be downregulated by GSCs in order to avoid immune
surveillance) (Alvarado et al., 2017). To our surprise, we found that each tumor contained
putative GSC subsets with at least two different stem cell types, based upon our
glioblastoma cell type atlas, with one tumor (SF11232) containing seven types of putative
GSCs (Fig 2C). Additionally, we found that the combination of expressed genes that have
previously been associated with GSC stemness was unique for each individual tumor (Fig
2). Thus, the cell types that make up glioblastomas and GSCs can be found in various
combinations across tumors, but the exact cocktail of stemness markers (as defined by
previous studies) co-expressed within a GSC cell type is largely specific to a single
individual tumor. We wondered if this stem cell heterogeneity could be inferred from
previous studies, and so we explored the IVY glioblastoma repository (Puchalski et al.,
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2018). Using IVY annotations of cell type markers as well as gene expression and tissue
staining data for cancer stem cell markers we observed that individual tumors co-expressed a
number of glioblastoma cell type markers, including a variety of GSC markers such as
PROM1, FUT4, L1CAM, and SOX2. These results from orthogonal datasets support our
hypothesis that a diverse set of GSCs can be found within a single tumor (SFig 3),
characterized by heterogeneous marker gene combinations. Our data suggest that stemness
programs are heterogeneous, and that multiple cell types may recruit stemness programs,
even within a single tumor.

A number of previous studies have shown the potential for a variety of cell types to be
transformed into GSCs (Alcantara Llaguno et al., 2015; Friedmann-Morvinski et al., 2012;
Weng et al., 2019; Zong et al., 2015). In our analysis, we saw representation of OPC,
astrocyte, and neuronal cell types as GSCs. Additionally, radial glia emerged as a distinct
cell type within our glioblastoma atlas that expressed GSC marker genes. Radial glia are
stem cells of the developing human brain that give rise to neurons and glia in a temporal-
and lineage-dependent fashion (Miyata et al., 2001; Noctor et al., 2001) However, radial glia
are not believed to be present in the adult human brain (deAzevedo et al., 2003; Sorrells et
al., 2018), and have not been identified in studies examining single-cell transcriptomes of
the adult human brain (Hodge et al., 2019; Velmeshev et al., 2019) suggesting that
developmental programs are reactivated in the tumors. Radial glia have been hypothesized to
play a role in other cancers such as ependymoma (Taylor et al., 2005), and FABP7 (a marker
of radial glia) expressing cells have been identified in glioblastoma (De Rosa et al., 2012;
Mita et al., 2007). Several subtypes of, radial glia have recently been described in prenatal
human development, including ventricular radial glia (vVRG), outer radial glia (0RG) and
truncated radial glia (tRG) based on distinct behavioral, morphological, and transcriptional
signatures (Nowakowski et al., 2016; Pollen et al., 2015). We therefore explored the
similarity of the developmental transcriptional signatures of radial glia subtypes to radial
glia-like tumor cells. We found the highest correlation of radial glia-like tumor cell
transcriptional profiles with the network signature of oRG cells. This network was strongly
recapitulated in glioblastoma, with the same hub genes PTPRZ1, TNC, LIFR and strong
connectivity between validated o0RG markers including HOPX, FAM107A, and IL6ST (Fig
2D).

CNV analysis reveals heterogeneity in GSC contributions to individual tumors

In order to model which of the GSC cell types contributes the most to tumors, we sought to
use our cell type designations to empirically reconstruct the lineage relationship between
tumor cell populations. Copy number variation (CNV) is a hallmark of tumorigenic cells,
and is less likely to be present in normal cells. To classify cells as belonging to malignant
tumor or normal tissue, the presence/absence of somatic CNVs was assessed with
CONICSmat (Muller et al., 2018). CNV analysis was performed on the five most deeply
sequenced tumors based upon the transcriptomic data and was validated with exome
sequencing and a variety of alternative methods, resulting in a low false-discovery rate
(Methods, SFig 4A-D, see Table S4, hosted on Mendeley Data at [doi: 10.17632/
ky8vsdxhp8.1]). This analysis highlighted that immune lineage cells and differentiated cells
were enriched in the populations of normal cells within the tumors, while progenitor or
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immature populations such as radial glia, OPCs, and immature astrocytes were enriched in
tumorous cells (Fig 3A, SFig 4E). Based upon this CNV analysis, we empirically
reconstructed the most parsimonious lineage between CNV events. By exploring the cell
types associated with these CNV calls, we find that our observations of heterogeneity are
further supported; a variety of cell types can be observed at each arm of the phylogeny
including dividing neurons, radial glia, and OPCs. Additionally, progenitor populations
including oRG-like cells can be found along the lineage, suggesting that these progenitor
populations may be maintaining their cell pool while producing additional tumor cell types.
However, there is heterogeneity even at the base of these hierarchies, suggesting that higher
resolution analysis may be required to further disentangle the lineage relationships between
these presumptive source populations. These analyses indicate that radial glia-like
glioblastoma cells, along with other progenitor populations, may serve as tumor propagating
cells in glioblastoma.

ORG-like cells exhibiting MST behavior are present in Glioblastoma

Outer radial glia cells were initially identified in the developing human brain based on their
abundance within the outer subventricular zone and their unique characteristic mitotic
behavior (Fietz et al., 2010; Hansen et al., 2010). They undergo mitotic somal translocation
(MST), whereby the cell body translocates a distance of 50-100 um prior to cytokinesis
(Hansen et al., 2010; LaMonica et al., 2013). The function of MST is hypothesized to play
an important role in establishing an expanded neural stem cell niche in the developing cortex
of large brain mammals (Ostrem et al., 2017). There has long been interest in understanding
the cell behavior of glioblastoma cells (Beadle et al., 2008; Suzuki et al., 2007). Because we
observed oRG signatures in a subpopulation of glioblastoma cells, we used time-lapse
imaging of dissociated cells from freshly resected tumors to explore glioblastoma cell
behavior (Fig 4A). We observed characteristic MST cell behavior in a subset of cells from
glioblastoma tumors (n=5 tumors from different individuals) (Fig 4B). Glioblastoma cells
displayed similar somal translocation distances to their human developmental counterparts
(Fig 4C), and like prenatal oRG cells, they predominantly divided with a cleavage plane at
right angles to the primary process, although a higher number of vertical and oblique
divisions were observed in glioblastoma cells than in normal development (Fig 4D-E). Post-
staining of cells demonstrating MST behavior confirmed that these cells expressed markers
of oRG cells (Fig S5A). This suggests that re-expression of the developmental o0RG
signature in GSCs is associated with dynamic cell behavior characteristic of prenatal oRG
progenitor cells. During development, oRG cells give rise to a transit amplifying progenitor
cell population (Hansen et al., 2010). To determine whether oRG-like glioblastoma cells
could serve a similar role in glioblastoma, we used time-lapse imaging to trace the fate of
daughter cells following oRG cell divisions. We indeed observed instances in which the
daughter cells of oRG-like cell divisions also divided (Fig 4F), demonstrating that this cell
type is capable of amplifying the proliferative cell population /in vitro. This model of
amplification and differentiation resembles a pattern previously described in gliomas, where
cancer stem cells generate daughter cells that subsequently differentiate into tumor bulk cells
(Qinetal., 2017). During brain development, MST behavior enables the stem cell niche to
expand during neurogenesis and gliogenesis (Ostrem et al, 2014), and the oRG-like MST
events may play a similar role in glioblastoma expansion and invasion.
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To functionally characterize the oRG-like population in glioblastoma cells, we sought to
enrich these cells using fluorescence-activated cell sorting (FACS). PTPRZ1 has been
identified as a cell surface marker of the oRG cell population (Pollen et al., 2015) and is a
hub gene in the conserved oRG gene network in glioblastoma. PTPRZ1-positive cells
purified with FACS from fresh glioblastoma samples displayed MST behaviors, suggesting
presence of the oRG-like cell population in the PTPRZ1-positive population (Fig 5A, SFig
5C). We next sought to characterize the role of PTPRZ1 positive oRG-like glioblastoma
cells in tumor formation in the context of a human tissue microenvironment by transplanting
PTPRZ1-sorted primary tumor cells into human cortical organoids (Linkous et al., 2019;
Ogawa et al., 2018) (Fig 5B).

Transplanting PTPRZ1-labeled tumor cells into hPSC-derived cortical organoids reveals
their tumorigenic and invasive properties

We first sorted primary tumor samples to isolate PTPRZ1 positive cells (SFig 5F) for
subsequent sScCRNA-seq and transplantation experiments. By scRNA-seq, the initial PTPRZ1
positive sorted populations were not uniform for a single cell type, consistent with prior
experiments that have noted appreciable heterogeneity in populations previously thought to
be homogenous (Croote et al., 2018; Tasic et al., 2016) and our own observations of cell type
heterogeneity among GSCs. However, the PTPRZ1 positive population was significantly
enriched for radial glia-like cells compared to the PTPRZ1 negative population (Fig 5D). To
perform organoid transplants, we first labeled PTPRZ1 positive, negative, and unsorted cell
populations with a GFP-expressing adenovirus. We transplanted the cells into cortical
organoids at stages of neurogenesis, similar to published transplantation experiments
(Linkous et al., 2019; Ogawa et al., 2018). The tumor cells engrafted into the organoids, as
visualized by GFP positive cell staining (Fig 5C). Clearing of the organoid and lightsheet
imaging showed GFP positive cells migrating into the organoid (SFig 5G), suggesting our
approach enabled tumor cells to invade and expand within the organoid. We isolated the
GFP positive cells after two weeks (SFig 5H, see Table S5, hosted on Mendeley Data at [doi:
10.17632/ky8vs4xhp8.1]) and again performed scRNA-seq.

Two weeks after transplantation of PTPRZ1 positive, negative, and unsorted cells, the tumor
cell populations were composed primarily of either neuronal or astrocytic cells. The similar
cell composition of the initial unsorted tumor and the PTRPZ1 enriched post-transplant
tumor demonstrated the ability of PTPRZ1 positive cells to give rise to the diversity of cell
types originally present in the bulk tumor (Fig 5B-D). Interestingly, the cell types that were
derived from the PTPRZ1 negative cells after organoid transplant also strongly resembled
those that existed in the parallel unsorted populations, and also were highly correlated to the
original glioblastoma clusters we identified from our sequencing of 11 patients (Fig SFig
51,6A). We further investigated the similarity of the populations produced by PTPRZ1
positive and negative cells by exploring the expression of canonical GSC markers in each of
these populations. We found that both PTPRZ1 positive and negative sorted cells expressed
GSC markers, consistent with our earlier observation that heterogeneous cell types express
stemness markers in glioblastoma (Fig 5E, SFig 6D). Interestingly, the expression of GSC
markers uniformly decreased after transplant, which coincided with an increase in
differentiated cell types within each population.
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To better understand the molecular mechanism of PTPRZ1 signaling in glioblastoma tumor
propagation, and to characterize how these cells differ from normal radial glia, we
performed /n vitro KD of PTRPZ1 in dissociated cell culture of primary developing cortex,
primary tumor dissociated cell culture, and PDX dissociated cell culture. After infection
with a scrambled hairpin control or shPTPRZ1 virus, cells were collected and single-cell
RNA sequencing was performed. Each control/treatment pair was analyzed individually and
the radial glia populations were isolated for further examination (Fig 5F). Across both
primary and glioblastoma samples, a significant overlap of PTPRZ1 regulated genes was
identified. Interestingly, in addition to the targeted PTRPZ1 KD, other key markers of radial
glia identity were also down-regulated, suggesting that PTPRZ1 signaling is required in
determination of radial glia identity, and this manifested in a decrease in the proportion of
both radial glia and other progenitor populations within each cell population sampled.
Additionally, genes that are specifically down-regulated in glioblastoma but not primary
cells upon KD of PTPRZ1 relate to cholesterol and alcohol biosynthesis (Fig 5F, see Table
S6, hosted on Mendeley Data at [doi: 10.17632/ky8vs4xhp8.1]) which have been linked to
the progression of glioblastoma (Kambach et al., 2017; Villa et al., 2016).

PTPRZ1 and its ligand, PTN, have been identified as necessary for tumor invasion and
viability (Fujikawa et al., 2017; Qin et al., 2017; Shi et al., 2017). We therefore sought to
explore if expression of PTPRZ1 is required for the role of oRG-like cells in glioblastoma
invasion using genetic and pharmacologic approaches. Previous work has linked PTPRZ1
and PTN with the Rho/Rho-kinase (ROCK) signaling pathway in glioblastoma. This was
particularly intriguing to us as the ROCK pathway has been shown to be necessary for MST
in human oRG cells during development (Ostrem et al., 2014), suggesting that PTPRZ1 may
play a role in tumor invasion by oRG-like cells by mediating MST behavior. Given that the
functional significance of key oRG markers such as PTPRZ1 remains unknown, and the role
of MST has not been previously described in glioblastoma, we studied the role of
PTPRZ1/PTN signaling in oRG cell behavior. We used shRNA mediated knock down of
both PTPRZ1 and PTN in oRG cells during normal human development and monitored the
impact on MST. We found that knockdown of PTPRZ1 or PTN significantly reduced the
length of MST (Fig 6A, SFig 6C). We also observed that knockdown of P7PRZ1 similarly
impacted the length of MST in the PDX line. In order to relate these findings to invasive
behavior, we performed /n vitro invasion assays on PDX tumor samples treated with either
control scrambed shRNAs, or PTPRZ1 shRNAs or Rock inhibitor to inhibit MST. Both
PTPRZ1 KD and Rock pathway inhibition significantly decreased the invasive behavior of
the PDX tumors (Fig 6C, SFig 6D), suggesting a correlation between the inhibition of MST
and a decrease in invasion.

To explore the tumor propagation capabilities of PTPRZ1+ cells /n vivo, we isolated
PTRPZ1 positive cells from an existing luciferase labelled PDX line, DBTRGFL, and
injected equal numbers of these cells intracranially into the brains of immunocompromised
mice. When tumors grew from the PTPRZ1 positively selected cells, we additionally
performed serial transplantation of the PTRPZ1 positive cell derived tumors, paired with
single-cell RNA sequencing of each set of tumors (first tumor F1, second tumors F2) (SFig
6E-F). Comparing the PTRPZ1 positively sorted cells to the unsorted population prior to
injection, we found an enrichment of radial glia-like cells. In both the F1 and F2 tumors we
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identified luciferase positive tumor cells consisting particularly of astrocytes and neurons
that did not exist in the original sort (Fig 6D-E). Moreover, examination of the brain tissue
surrounding the F2 tumor showed luciferase positive cells, a subset of which expressed
PTRPZ1 (Fig 6F, SFig 6E), indicating that the F2 tumors invaded the surrounding brain
tissue and that oRG-like PTPRZ1 positive cells can promote tumor invasion. Together, these
results underscore the highly invasive nature of PTPRZ1-positive oRG-like glioblastoma
cells, and support their ability to propagate the tumor as one of several GSC cell types.

Discussion

Here, we identify a heterogeneity of GSC cell types within and across glioblastomas. By
comparison with data from the developing and adult human brain, we create an atlas of
glioblastoma cell types and states, and find that although the exact composition of
glioblastomas varies among individuals, similarities in cellular composition exist. Each
tumor includes a set of proliferating, differentiated, and immune populations, and the exact
mixture of these cell types creates a patient-specific cell type composition of each tumor.
Orthogonal to this observation, we note that GSC marker genes are enriched in a variety of
cell types. The prevailing models of cancer stem cell biology purport that a single stem cell
can initiate and give rise to the remaining tumor, and that this cell emerges from a single cell
of origin. To prove the existence of a cancer stem cell under this model, limited dilution
studies are the gold standard. In our data, we observe patterns that suggest the cancer stem
cells in glioblastoma are more complicated. First, we find evidence of multiple cell
populations within a single tumor that have characteristics of cancer stem cell-like
populations. Indeed, in our sorting of tumor populations, we find that two (or possibly more)
distinct populations are capable of giving rise to heterogeneous tumor populations.
Moreover, we note that glioblastomas have difficulty engrafting into mice and only a
fraction of attempted primary tumors succeed in engrafting, but that these engraftment rates
increase substantially in cortical organoids. These findings support a role for relevant tumor
niches that are required for promoting tumor growth, and also for potential interactions
between stem-cell like populations. In this model, terminology such as “cancer stem cell-
like” may be more appropriate to suggest progenitor populations with unknown lineage
relationships to one other, unknown potential to give rise to some or all other tumor
populations, and that may require very narrow conditions to be conducive to proliferation.

In our data, the genes that make up each stemness program are very heterogeneous between
tumors, indicating that stem cell markers can be expressed by multiple cell types in various
combinations. However, these signatures are often very similar between cell types within a
tumor. It is likely that the cell type composition of a tumor derives directly from the subtype
of GSCs contained within each tumor. For example, the main cell type of GSC in tumor
sample SF11215 is a dividing OPC cell, and more than 30% of the cell type composition of
the tumor consists of oligodendrocytes, suggesting that the oligodendrocytes are generated
from the dividing OPC-like GSCs. In other cases, the cell type composition of the tumor is
much more heterogeneous, and corresponds to many more GSC cell types. We have
identified a radial glia-like GSC that contributes to the cellular composition and invasive
behavior of glioblastoma. During human cortical development, radial glia are the neural
stem cells that generate the vast majority of neurons and glia and also give rise to transit
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amplifying populations. While radial glia are not believed to be present in the normal adult
human brain, it is possible that there is a latent or quiescent population that can give rise to
GSCs and glioblastoma, or that a neuronal or glial cell de-differentiates into a oRG-like cell
to initiate tumors. It is possible the GSCs in glioblastoma, even when heterogeneous, arise
from a single progenitor, or multiple lineages may coexist derived from one or more cells of
origin. How diverse GSCs relate to one or more cell of origin will require additional study.
While the exact relationship among GSCs in glioblastoma is unknown, the secretion of
factors such as POSTN that promote a proliferative niche may support crosstalk between
GSC populations. Identifying GSCs based on their gene signatures is a first step toward
characterizing cellular vulnerabilities that might be exploited for therapeutic purposes. Our
work also supports the necessity of personalized genomic medicine to tackle glioblastoma.

Culturing and expanding primary GSCs is essential to experimental characterization and
manipulation of the cancer forming cell populations. However, performing xenografts and
primary cell culture of glioblastoma has been challenging, largely because a vanishingly
small proportion of primary tumors engraft into mice or adhere /n vitro. These limitations
are possibly related to difficulty replicating intracellular interactions that maintain
glioblastoma tumor growth /n vivo. Recent advances in the use of cortical organoid models
as a substrate for glioblastoma expansion and culture may enable the study of primary
tumors that often do not efficiently xenograft in mice. While the reasons for effective
engraftment are not entirely understood, these models permit multiple primary tumors to be
sorted, experimentally manipulated, and as we show here, lineage traced over time. Using
this model, we were able to demonstrate the ability of oRG-like glioblastoma cells marked
by PTPRZ1 to give rise to the differentiated cell types of the initial tumor. We additionally
used this model to validate our observations from single-cell sequencing that multiple GSC
populations can exist within a single tumor, as the fraction depleted of oRG-like cells also
gave rise to cell types not present in the initial sorted population. The application of
organoids as tumor allografts may enable further functional analysis of GSC populations as
well as provide a platform for drug testing.

We describe a “reactivation” of the quintessential behavior of neural stem cells, mitotic
somal translocation (MST) in glioblastoma. As this phenomenon is not known to occur
outside of development, targeting MST may present a novel therapeutic strategy to cripple
oRG-like GSCs. Additionally, characterizing this cell type highlights a potential link
between previously described PTPRZ1 positive cell populations that mediate tumor invasion
and the oRG-like cell. Although oRG-like cells represent one of a number of GSC cell types
we observe in primary glioblastoma tumors, oRG-like MST behavior may account for some
aspects of tumor invasion and the oRG-like cells may also give rise to the differentiated
neuronal and astrocytic cell types in glioblastoma tumors. The MST behavior is intriguing in
light of the aggressive invasive nature of glioblastoma tumors; even after surgical resection,
glioblastomas frequently recur at sites distant to the initial tumor. Within the heterogeneity
of GSCs in a single glioblastoma tumor, the spatial and temporal roles for each of the GSC
populations may be specialized, or they may all act in parallel to promote tumorigenesis.
While additional work is required to develop multifaceted targeted therapies that can inhibit
tumor growth from each of these GSC cell types, creating an atlas of glioblastoma cell types
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and correlating them to known developmental trajectories can assist in identifying targets to
pursue in glioblastoma drug discovery efforts.

STAR METHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Arnold R. Kriegstein (Arnold.Kriegstein@ucsf.edu). This
study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Transplantation of GBM Cells—All mouse experiments were approved by and
performed according to the guidelines of the Institutional Animal Care and Use Committee
of the University of California, San Francisco. Dissociated GBM cells from fresh surgical
resections were concentrated by centrifugation at 800 x g for 3 min. P2 CD1 mice recipients
were anesthetized using hypothermia until pedal reflex disappeared and then were placed on
a stereotaxic injection platform. Cells were loaded into a beveled glass micropipette
(Drummond Scientific) positioned at 30° from vertical. A single injection was placed into
the right cortex using the following coordinates (with regards to Lambda): anterior-posterior
(A-P) —1.8mm; medial-lateral (M-L) 2mm. The depth was 0.7mm from the surface of the
skin. After injection, transplanted animals were placed on a heating pad until warm and
active and were returned to their mothers until weaning age (P21). For immunosuppressive
therapy protocol, recipient neonatal mice were treated with anti-CD40L (MR-1), anti-LFA-1
(M17/4), and CTLA4-Ig (BioXCell) as previously described (Pearl et al., 2011). Anti-
CDA40L, anti LFA-1 and CTLA4-1g were administered intraperitoneally at a dose of 20
mg/kg on days 0, 2, 4, and 6 after transplantation.

All procedures was carried out under sterile conditions. Mice was anesthetized by
intraperitoneal injection of a mixture solution containing ketamine (100mg/kg) and xylazine
(7.5mg/kg). The scalp was surgically prepared, and ~20 ul of 0.25% Bupivacaine was
injected intra-cutaneous space of the scalp. A skin incision ~10 mm in length was made over
the middle frontal to parietal bone. The surface of the skull was exposed, and a small hole
was made using a 25-gauge needle 3 mm to the right of the bregma and just in front of the
coronal suture. A 26-gauge needle attached to a Hamilton syringe was inserted into the skull
hole. The needle was covered with a sleeve that limits the depth of 4mm injection. Cell
suspensions in 3 ul was injected very slowly (~1 ul/minute) by free hand and then the needle
was removed. The skull surface was swabbed with hydrogen peroxide before the hole is
sealed with bone wax to prevent reflux. The scalp was closed with surgical staples. F1
tumors were continued for 69 days (until mouse morbidity) while F2 tumors were harvested
after 16 days due to mouse morbidity.

Tumor Collection and Dissociation—We acquired fresh tumor tissue from patients
undergoing surgical resection. De-identified samples were provided by the Neurosurgery
Tissue Bank at the University of California San Francisco (UCSF). Sample use was

approved by the Institutional Review Board (IRB# 11-06160) at UCSF and experiments
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conform to the principles set out in the WMA Declaration of Helsinki and the Department of
Health and Human Services Belmont Report. All patients provided informed written
consent. Tumors were collected in media consisting of Leibovitz’s L-15 medium, 4 mg/mL
glucose, 100 u/mL Penicillin, 100 ug/mL Streptomycin. Tumor tissues were mechanically
and enzymatically dissociated using a papain-based brain tumor dissociation kit
(Worthington). The dissociated, single cells were resuspended in GNS (Neurocult NS-A
(Stem Cell Tech.), 2 mM L-Glutamine, 100 U/mL Penicillin, 100 ug/mL Streptomycin,
N2/B27 supplement (Invitrogen), sodium pyruvate).

Processing of adult human brain tissue for single nucleus RNA sequencing—
De-identified snap-frozen post-mortem tissue samples from individuals with no medical
history of neurological disease or pathological changes of brain tissue were obtained from
the University of Maryland Brain Bank through the NIH NeuroBioBank. Cortical samples
encompassing the entire span of the cortex were sectioned on a cryostat to collect 100 um
sections for total RNA isolation and nuclei isolation. In case of presence of subcortical white
matter, white matter was dissected out before collecting the sections to ensure obtaining all
layers of the cortical grey matter. Total RNA from ~10 mg of collected tissue was isolated
and used to perform RNA integrity analysis on the Agilent 2100 Bioanalyzer using RNA
Pico Chip assay. Only samples with RNA integrity number (RIN) >6.5 were used to perform
nuclei isolation and single-nucleus RNA sequencing (SnRNA-seq).

iPSC and Organoid Culture—Human induced pluripotent stem cells (iPSCs) from the
H28126 line (Pollen 2019) were maintained using feeder-free conditions on Matrigel (BD)
coated dishes in mTESR (Stem Cell Technologies) medium. iPSCs were differentiated using
a modified Sasai organoid protocol(Kadoshima et al., 2013) for directed telencephalon
differentiation. iPSCs were dissociated using Accutase (Stem Cell Technologies) and
aggregated into 96 well v-bottom low adhesion plates (S-bio). Aggregates were cultured in
media containing Glasgow-MEM, 20% Knockout Serum Replacer, 0.1mM NEAA, 1mM
sodium pyruvate, 0.1mM B-ME, 100 U/mL penicillin/streptomycin and supplemented with
Rho Kinase, Wnt and TGF inhibitors, 20uM Y-27632 (Tocris), 3uM IWR1endo (Cayman),
and 5uM SB431542, respectively (Tocris). Rho Kinase inhibitor was removed after 6 days.
Media was changed every other day throughout differentiation. After 18 days, organoids
were transferred into 6 well low-adhesion plates in media containing DMEM/F12 with 1x
Glutamax, 1x N2, 1x Lipid Concentrate, and 100 U/mL penicillin/streptomycin. After five
weeks, organoids are matured in media containing DMEM/F12 with Glutamax, 1x N2, 1x
Lipid Concentrate, 100 U/mL penicillin/streptomycin, 10x Fetal Bovine Serum (Hyclone),
5ug/ml Heparin and 0.5% Growth factor-reduced Matrigel. After 10 weeks the concentration
of Matrigel is increased to 1% and the media is additionally supplemented with 1x B-27.

METHOD DETAILS

Single-Cell RNA Sequencing—Single-cell RNA sequencing was performed either using
the Fluidigm C1 system or the 10X Chromium v2 system. For the Fluidigm captures, single
cell capture, cDNA synthesis and preamplification was performed as described
before(Nowakowski et al., 2017; Pollen et al., 2015; Pollen et al., 2014) using Fluidigm C1
auto-prep system following manufacturer’s protocol. Library preparation was performed
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using the Illumina Nextera XT library preparation kit. Library concentration quantification
was performed using Bioanalyzer (Agilent). Paired-end 100 bp sequencing was performed
on the Illumina HiSeq 2500.

10X Chromium v2 captures were performed on dissociated tumor samples with a target
capture of 2,000 cells per lane. For each tumor, 2 lanes were used for capture. Library prep
was performed using manufacturer instructions (10X) and sequencing was performed on the
Illumina HiSeq 2500. A larger number of cells was obtained with the 10X Chromium
system, but the overall tumor composition between the two platforms was similar suggesting
no additional bias was introduced.

Nuclei isolation and snRNA-seq on the 10X Genomics platform—Single-nuclei
sequencing was only used for the reference adult dataset, as published in Velmeshey, et al.
40 mg of sectioned brain tissue was homogenized in 5 mL of RNAase-free lysis buffer
(0.32M sucrose, 5 mM CaCl2, 3 mM MgAc2, 0.1 mM EDTA, 10 mM Tris-HCI, 1 mM DTT,
0.1% Triton X-100 in DEPC-treated water) using glass dounce homogenizer (Thomas
Scientific, Cat # 3431D76) on ice(Matevossian and Akbarian, 2008). The homogenate was
loaded into a 30 mL thick polycarbonate ultracentrifuge tube (Beckman Coulter, Cat #
355631). 9 mL of sucrose solution (1.8 M sucrose, 3 mM MgAc2, 1 mM DTT, 10 mM Tris-
HCI in DEPC-treated water) was added to the bottom of the tube with the homogenate and
centrifuged at 107,000 g for 2.5 hours at 4 C. Supernatant was aspirated, and nuclei pellet
was incubated in 250 uL of DEPC-treated water-based PBS for 20 min on ice before
resuspending the pellet. Nuclei were counted using a hemocytometer and diluted to 2,000
nuclei/uL before performing single-nuclei capture on the 10X Genomics Single-Cell 3’
system. Target capture of 3,000 nuclei per sample was used; the 10X capture and library
preparation protocol was used without modification. Matched control and ASD samples
were loaded on the same 10X chip to minimize potential batch effects. Single-nuclei
libraries from individual samples were pulled and sequenced on the Illumina HiSeq 2500
machine, 1 sample per lane (average depth 80,000 reads/nucleus).

snRNA-seq data processing with 10X Genomics CellRanger software and data
filtering—*For library demultiplexing, fastq file generation and read alignment and UMI
quantification, CellRanger software v 1.3.1 was used. CellRanger was used with default
parameters, except for using pre-mRNA reference file (ENSEMBL GRCh38) to insure
capturing intronic reads originating from pre-mRNA transcripts abundant in the nuclear
fraction. Individual expression matrices containing numbers of Unique molecular identifiers
(UMISs) per nucleus per gene were filtered to retain nuclei with at least 500 genes expressed
and less than 5% of total UMIs originating from mitochondrial and ribosomal RNAs. Genes
expressed in less than three nuclei were filtered out. Mitochondrial RNA genes were filtered
out as well to exclude transcripts coming from outside the nucleus to avoid biases introduced
by nuclei isolation and ultracentrifugation. Individual matrices were combined, UMIs were
normalized to the total UMIs per nucleus and log transformed.

Dimensionality reduction, clustering and t-SNE visualization of snRNA-seq

data—Filtered log-transformed UMI matrix was used to perform truncated singular value
decomposition (SVD) with k=50. Scree plot was generated to select the number of
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significant principle components (PCs) by localizing the last PC before the explained
variance reaches plateau. The significant PCs were used to calculate Jaccard distance-
weighted nearest neighbor distances; number of nearest neighbors was assigned to root
square of number of nuclei. Resulting graph with Jaccard-weighted edges was used to
perform Louvain clustering. To visualize nuclei transcriptomic profiles in two-dimensional
space, t-distributed stochastic neighbor embedding (t-SNE) was performed with the selected
PCs and combined with cluster annotations.

Cell type annotation and quantification of regional and individual contribution
to cell types for snRNA-seq dataset—Cell types were annotated based on expression
of known marker genes visualized on the t-SNE plot and by performing unbiased gene
marker analysis. For the latter, MAST(Finak et al., 2015) was used to perform differential
gene expression analysis by comparing nuclei in each cluster to the rest of nuclei profiles.
Genes with FDR<0.05 and log fold change of 1 or more were selected as cell type markers.
To get insight into regional enrichment of cell types, numbers of nuclei in each cluster were
normalized to the total number of nuclei captured from each region.

Alignment—For C1 captured cells: Trim Galore 3.7 was used to trim 20 bp of adaptor
sequencing, and paired-end alignments were performed using HISAT2 to the human
reference genome GRCh38. Counts for each cell were performed using subread-1.5.0
function featureCounts. After counts were obtained, normalization to counts per million was
performed. For 10X captured cells: The cells were demultiplexed and aligned using the
cellranger 2.0 software.

Quality control was performed to further ensure that only high quality single cell data was
processed further, and cells with fewer than 1000 genes/cell were removed, as were cells
with greater than 10% of their individual transcriptome represented in either mitochondrial
or ribosomal transcripts. Only genes expressed in at least 30 cells were carried forward in
the analysis.

Clustering Analysis and Correlations to Cell Types—Batch correction was
performed to account for the C1 platform and the 10X platform, as well as any variation
introduced by day-to-day variability. We used an approach adapted from a recently
published method (Peng et al., 2019). For each batch (as defined by day of capture for 10X
samples, all C1 samples were considered a single-batch), the counts were normalized to the
largest number and then multiplied by the median number of counts per cell for the entire
batch. During scaling (using the Seurat v2 ScaleData function, batch was regressed out in
the space of variable genes only). Clustering was performed as previously
described(Shekhar et al., 2016). Briefly, principal component analysis was performed on the
full matrix of expressed genes and cells passing quality control. Significant principal
components were used to score each cell and nearest neighbor analysis (RaNN package) was
performed with k=10. Jaccard weighted distances were used as the input from this nearest
neighbor analysis for Louvain clustering (igraph package) and tSNEs were generated in
PCA space.
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Correlations to cell type were generated using marker genes of known cell types from
developing human single-cell RNA sequencing(Nowakowski et al., 2017) and adult single
nuclei (Velmeshev et al, in press). For cluster level analyses, marker genes were assigned a
“gene score” based upon the fold change multiplied by the enrichment of the marker in the
relevant cluster compared to all others. Correlations were performed between marker sets
based upon the intersection of marker genes between the two datasets being compared.
Correlations between known clusters and GBM clusters > 0.4 were designated by the best
correlation. Correlations between 0.2 and 0.4 were used as a guide, but cluster markers were
carefully cross referenced with literature to ensure accurate cell type designations. For
correlations < 0.2, literature searches on enriched genes were used to make cell type
identifications.

For cell level analyses, each set of cluster markers for radial glia subtypes was defined as a
network, and was used as an input for module eigengene calculation by using the loading of
the first principal component in the space of this gene set. In heatmaps, positive and negative
scores were used, whereas in histogram graphs only positive scores were used. The radial
glia gene co-expression network was generated by calculating the correlation outer radial
glia marker genes from previous studies(Pollen et al., 2015) in the space of a restricted
matrix with only radial glia cells and glioblastoma (GBM) radial glia-like cells. Edges are
defined by the strength of the correlation (Pearson’s R), nodes were colored by number of
interactions as designated in the legend, and only genes with correlations of R > 0.30 were
utilized in the network. Network representation was generated used Cytoscape 3.0(Shannon
et al., 2003).

CNV Analysis of Tumor versus Normal Cells—The presence/absence of somatic
copy-number alterations (CNVs) was assessed with CONICSmat (Muller et al., 2018).
Briefly, raw counts in cells of each patient were scaled to log(CPM/100+1) and centered by
the average expression in each cell. Next, the average expression of all genes on each
chromosome was calculated in every cell, whereas only genes robustly (log(CPM/
100+1))>1) expressed in more than 10 cells were considered. Subsequently, we fit a two-
component Gaussian mixture model on the average expression values across all cells for
each chromosome. We then only focused on chromosomes with a significant deviation of the
log-likelihood of the model compared to a one-component model (likelihood ratio
test<0.001) and a difference in Bayesian Inference Criterion (BIC) >300. These
chromosomes were considered to have somatic CNVSs. For each of these regions we used a
cutoff on the posterior probability (pp>0.8) to infer the presence/absence of the respective
CNV in a cell. Cell with CNV alterations were classified as tumor cells, whereas cells with
statistical probabilities suggesting no CNV alterations were classified as normal cells. Cells
that could not be clearly assigned to a genotype (e.g. 0.2<pp<0.8) remained unclassified. In
addition, to validate the approach, a number of alternative strategies were used to verify the
results. Scanning a 100bp window as has been previously reported (Tirosh et al., 2016) and
then using the above strategy verified the calls matched. As in Muller et al (Muller et al.,
2018), an empirical FDR was calculated for each sample. Moreover, the approach was
validated using expression-based validation of gene signatures as has been previously
described (Yuan et al., 2018). Additionally, the calls from CONICSmat were validated by

Cell Stem Cell. Author manuscript; available in PMC 2021 January 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bhaduri et al.

Page 17

exploring transcriptomic annotation as described in Petti et al (Petti et al., 2018). For three of
the samples, the calls were also compared to those from exome sequencing and matched
very well. Once CNV status was used to identify tumor and normal cells, these designations
were intersected with cell type identity. CNV hierarchies were created using parsimonious
explanations of the sequence of CNV events.

Viral Infection and Time-Lapse Imaging of Dissociated Tumor Cells—
Dissociated tumor cells were seeded onto matrigel coated glass bottom wells. 24 hours after
plating cells were infected with a CMV-adeno-GFP virus (Vector Biolabs) to allow for
visualization of cell morphology and behavior. Cell were cultured at 37 °C, 5% CO», 8% Oo,
and monitored for GFP and expression (~24-48 h). Cultured cells were then transferred to
an inverted Leica TCS SP5 with an on-stage incubator (while streaming 5% CO,, 5% O,
balance N5 into the chamber), and imaged in both the GFP and transmitted light channels
using a x 10 objective at 15-20 min intervals for up to 4. Movies were analyzed with Imaris.

Fluorescence Activated Cell Sorting Purification of PTPRZ1 positive Cells—
Previously adherently cultured or fresh tumor sample GBM cells were dissociated into a
single-cell suspension with Accutase (Innovative Cell Technologies) for 5 minutes or papain
(Worthington) by digestion for one hour. In the context of plated cells, we noted that cell
viability was higher with Accutase compared to papain, while with tissue it was higher with
papain. After digestion, cell suspensions were triturated and placed on top of 4 ml 22%
Percoll. Tubes with Percoll and cell suspension were spun at 500g for 10 minutes without
break. The supernatant was discarded, and the cell pellet resuspended in HBSS with BSA
and glucose (Crouch et al 2018). Cells were then incubated with pTpRZ1 antibody (Atlas
Antibodies HPA015103), washed with HBSS with BSA dn glucose and then stained with
AlexaFluor488 (Thermo Fisher Scientific). Cells were sorted using a Becton Dickinson
FACSAria using 13 psi pressure and 100 um nozzle aperture. All FACS gates were set using
unlabeled cells. Additionally, secondary only controls were used to analyze levels of
background staining. Data was analyzed post hoc for enrichment percentages with FlowJo
software. Enriched cells were infected with CMV-adeno-GFP virus (Vector Biolabs) for
visualization of cell morphology and behavior and either replated for live imaging or directly
taken for single-cell sequencing and mouse or organoid transplantations.

Sequencing of PTPRZ1 Knockdown—Primary cells (GW 17, n = 2) and primary
tumor samples (n = 2) were dissociated and infected with lentivirus either with a hairpin
against PTPRZ1 mRNA or a control hairpin during plating. Cells were maintained in their
normal media conditions for 1 week, after which cells were removed from the plate with
trypsinization, dissociated into a single-cell suspension, and captured with 10X v2 single-
cell as previously described.

Tyramide Signal Amplification for Immunohistochemistry of FFPE Tumor
Samples—FFPE slides were deparaffinized through successive immersions in xylene and
ethanol. Slides were immersed in xylene twice, 10 minutes each time. Slides were then
immersed in 100% ethanol twice, 2 minutes each time, 95% ethanol once for 2 minutes,
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70% ethanol once for 2 minutes, 50% ethanol once for 2 minutes. Slides were then rinsed in
MilliQ water and immersed in PBS once for 10 minutes.

Invitrogen’s AlexaFluor 488 Tyramide SuperBoost kit (B40943) and AlexaFluor 594
Tyramide SuperBoost kit (B40942) were used according to the manufacturer’s protocol.
Samples were blocked in the kit’s blocking buffer for 1hr. Samples were then incubated with
primary antibodies diluted in the same blocking buffer overnight at 4C. Slides were rinsed in
PBS. Samples were incubated in kit’s secondary antibodies for 1 hr at room temperature.
Slides were rinsed in PBS. Samples were then incubated with the tyramide working solution
prepared according to manufacturer recommendations for 10 minutes at room temperature.
Stop solution prepared according to manufacturer recommendations was added to samples in
order to quench tyramide reaction at the end of the 10 minute incubation period. Slides were
rinsed in PBS. Samples were incubated in DAPI diluted 1:1000 in kit blocking buffer for 10
minutes. Slides were rinsed in PBS, then mounted in Southern Biotech Fluoromount (0100-
01).

Primary antibodies used were Santa Cruz rabbit HOPX antibody (sc-30216) at 1:50, Santa
Cruz mouse Ptprz1 antibody (sc-33664) at 1:200, Santa Cruz mouse Sox2 antibody
(sc-365823) at 1:200, Cell Signaling Technologies rabbit PDGFR alpha antibody (3174S) at
1:200, Abcam rabbit Glast antibody (ab416) at 1:200, Millipore rabbit Olig2 antibody
(AB9610) at 1:200, Abcam mouse Sath2 (ab51502) at 1:100, Agilent mouse CD31 (GA610)
at 1:200, Dako mouse K167 (M724001) at 1:200.

Cortical Slice Culture, Viral Infection, and Time-Lapse Imaging—As previously
described (Hansen 2010), human fetal brain tissue was collected at San Francisco General
Hospital, with previous patient consent and in strict observance of legal and institutional
ethical regulations approved by the UCSF Committee on Human Research (institutional
review board), and transported in artificial CSF (ACSF; 125 mm NaCl, 2.5 mm KCI, 1 mm
MgCly, 2 mm CaCl,, 1.25 mm NaH,POy4, 25 mm NaHCO3, 25 mm d-(+)-glucose, bubbled
with 95%0,/5%CO,). Brain tissue was embedded in 3% low melting point agarose in ACSF
and 250-300 um coronal vibratome sections were generated. Sections were transferred on
Millicell-CM slice culture inserts (Millipore) and cultured in cortical slice culture medium
(66% BME, 25% Hanks, 5% FBS, 1% N-2, 1% penicillin, streptomycin and glutamine, all
Invitrogen, and 0.66% d-(+)-glucose, Sigma-Aldrich). High titer gfp labeled lentivirus was
applied directly to slices that were then cultured at 37°C, 5% CO,, 8% O, for ~96 h. For
time-lapse imaging, cultures were then transferred to an inverted Leica TCS SP5 with an on-
stage incubator streaming 5% CO,, 5% O, balance N2 into the chamber. Slices were
imaged for GFP using a 10x objective at 15-30 min intervals for up to 3 d with repositioning
of the z-stacks every ~12 h. Movies were analysed with Imaris.

Whole Organoid Immunostaining, clearing and imaging—Human brain organoids
were fixed at room temperature for 45 minutes in 4% paraformaldehyde. After fixation, they
were washed 3 times in PBS and stored at 40 C. For whole-organoid immunostaining and
tissue clearing, the organoids were blocked for 24 hours at room temperature in PBS
supplemented with 0.2% gelatin (VWR, 24350.262) and 0.5% Triton X-100 (Millipore
Sigma, X100) (PBSGT). Samples were then incubated with Goat anti GFP primary antibody
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(1:100; Abcam, ab6658) for 7 days at 37 oC at 70 rpm in PBSGT + 1 mg/ml Saponin
Quillaja sp (Sigma Aldrich, S4521) (PBSGTS). Following primary antibody incubation,
samples were washed 6 times in pBsGT over the course of one day at room temperature.
Secondary antibody staining was done using the Alexa Fluor 488 Donkey anti goat antibody
(ThermoFisher Scientific, A-11055) and the nucleus was stained using Sytol17 dye
(ThermoFisher Scientific, S7579). Secondary and nuclear staining was performed at for 1
day at 37C at 70 rpm in PBSGTS. Samples were then washed 6 times in PBSGT over the
course of one day at room temperature.

Whole organoid clearing was performed using ScaleCUBIC-1 solution as described in
Suzaki et al., 2015(Susaki et al., 2015). Briefly, the solution contained: 25%wt Urea
(Millipore Sigma, U5378), 25% wt N,N,N’,N’-Tetrakis(2-hydroxypropyl) ethylenediamine
(Tokyo Chemical Industry, TO781) and 15% Triton X-100 dissolved in distilled water.
Organoids were incubated in ScaleCUBIC-1 solution overnight at room temperature at 90
rpm.

Whole organoid imaging was performed using a custom made Lattice Light Sheet
Microscope (UCSF Biological Imaging Development Center) and the images were
deconvoluted using Richardson-Lucy algorithm. Images were then processed using Imaris
9.2 software (Bitplane).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of images was performed with Imaris or ImageJ as described in the relevant
methods and figure legends. Statistical analysis for cluster markers and differential gene
expression was performed using Seurat v2, the exact statistical test is indicated in the
relevant legend and method. Remaining statistical comparisons were calculated using Prism
v7 (GraphPad) and are indicated in the relevant figure legends.

DATA AND CODE AVAILABILITY

RNA sequencing data has been deposited at PRINA579593 and SRP132816 (SnRNA-seq).
Supplemental tables detailing intermediate analyses have been deposited as Mendeley Data
at [doi: 10.17632/ky8vs4xhp8.1].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Glioblastoma tumors have heterogenous cell and cancer stem cell
composition
. Glioblastomas re-activate a developmental cell type, outer radial glia
. These outer radial glia undergo mitotic somal translocation mediated by
PTPRZ1
. Outer radial glia in glioblastoma promote tumor invasion through PTPRZ1
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Figure 1. Single cell RNA-sequencing of primary glioblastoma tumors creates an atlas of tumor
cell types

a) Schematic of the workflow used to create the tumor atlas. Primary tumor resections are
obtained and dissociated for single-cell sequencing. Clustering is performed and cell clusters
are compared to annotated clusters from adult and developing human datasets. b) tSNE plots
showing the clustering of primary tumor cells, colored by cluster, tumor of origin, and
annotated cell type. c) Similarity matrix of clusters from primary glioblastoma analysis,
correlated in the space of marker genes. Heatmap color indicates the Pearson’s correlation,
and above the heatmap is the annotated cell type for each cluster. To the right of the heatmap
are marker gene violin plots depicting the distribution of cell type genes across clusters.
Some genes (such as GFAP) are broadly expressed but strongly enriched in clusters where
the marker is associated with cell type (such as cluster 15, protoplasmic astrocyte-like cells).
d) Composition of individual tumors is shown as a proportion of single-cells identified as
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each annotated cell type. Stacked barchart shows the proportional composition for each
tumor, and graph to the right shows the number of cell types represented in each tumor.
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A Feature Plots of Selected Cancer Stem Cell Markers
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Figure 2. Glioblastoma Cancer Stem Markers are Expressed in a Variety of Cell Types
a) Feature plots of selected cancer stem markers. Some stemness genes (such as SOX2 and

CDA44) are widely expressed, while others (such as PROM1 and FUT4) mark rare
populations. b) Heatmap of normalized gene counts for glioblastoma cancer stem cell (GSC)
markers with blue corresponding to no expression and red corresponding to 2.5 or more
normalized counts within the cell. Many markers are co-expressed, and GSC markers span a
variety of cell types (annotated above the heatmap). ¢) Fraction of cells annotated by cell
type (based upon clustering analysis) that comprise GSC marker positive cells (based upon
individual cell annotations), organized first by marker. Using markers that have been
characterized in primary glioblastoma tumors and exist in tumor bulk populations, GSCs
were identified for each tumor (based upon individual cell annotations). The heterogeneous
composition of cell types for GSCs within a single is shown on the right. d) The expression
of the radial glia gene signature was evaluated to be significantly higher in GBM radial glia-
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like cells compared to all other cell types (**** = p <0.0001, Student’s two sided t-test).
GBM radial glia-like cells were compared to the known molecular signatures of radial glia
subtypes. The arrows pointing to outer radial glia (0RG), truncated radial glia (tRG) and
ventricular radial glia (vRG) are weighted in their thickness proportional to the relative
correlation of GBM developmental radial glia-like cells to each subtype. The graph shows a
significantly higher correlation (**** = p <0.0001, Student’s two sided t-test using all
32,000 cell observations) to oRG than to the other subtypes. Network diagram depicts the
oRG network (Pollen et al 2015) that is highly correlated (R > 0.30) in GBM single-cell
data. Red highlights nodes with > 20 connections, and orange highlights those with greater
than 10 connections. The majority of genes in the developmental o0RG network are preserved
in GBM.
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Figure 3. Copy Number Analysis Demonstrates Enrichment of Progenitor Cell Types in Tumor

Cells.

a) Quantification of the proportion of cells by tumor that are designated as normal or tumor

cells based

upon copy number variation (CNV) analysis. The fraction of all cells is shown

by annotated cell type in a stack barchart. b) The fraction of radial glia-like cells annotated
as normal or tumor cells, mean with standard deviation is shown. (* = p <0.05, Student’s
two sided t-test). ¢) Reconstructions of the relationship between cells within the tumor are
shown in phylogenies. Phylogenies were reconstructed based upon parsimony based upon
the CNV calls. On each branch of the phylogeny, proportions of the annotated cell types for
each CNV event are shown in horizontal stacked barcharts.
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Figure 4. GBM oRG-like cells undergo mitotic somal translocation and can give rise to
proliferative daughter cells

a) Schematic of the workflow used to set up live imaging analysis of primary tumor
resections. Tumors were dissociated and plated on Matrigel, after which they were infected
with an adenovirus to express GFP. Live imaging was performed over the course of 72
hours. b) Still images of videos of time-lapse imaging depict a glioblastoma cell undergoing
a mitotic somal translocation (MST) as seen by the translocation of the soma followed by
cytokinesis. ¢) Box plot (min to max) shows the somal translocation distance in the observed
MSTs. These distances and distribution are comparable to normal development. Distances
calculated from 5 biological replicates and 3-8 imaging positions each. d) Another two
examples of MST with the cleavage plane annotated to depict the different angles observed.
e) Pie chart shows the proportion of horizontal, vertical, and oblique cleavage angles
observed (relative to primary fiber) in live imaging analysis. 43 observations were analyzed
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across 5 biological replicates. f) Still images from live imaging analysis that identifies MST
divisions giving rise to proliferative daughter cells in the same frame.
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A FACS enrichment for PTPRZ1+ cells enriches for MST behavior
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Figure 5. Sorting for PTPRZ1 positive cells enriches for oRG-like cells
a) Still images of mitotic somal translocations in cells that were sorted for PTPRZ1

expression from a primary tumor. b) Schematic shows the process of transplantation.
Primary tumor cells are sorted for PTPRZ1 positive populations or unsorted populations and
are sampled with single-cell RNA sequencing and remaining cells are infected with
adenovirus with GFP labeling. These cells are placed upon cortical organoids aged between
week 6 and 10. After two weeks in the organoid, GFP positive cells are FACS sorted and
analyzed with single-cell RNA sequencing. ¢) Immunofluorescence of organoid (SF12011
transplanted) show GFP positive cells, and a subset of these cells co-express PTPRZ1. d)
Single-cell RNA sequencing was performed prior to transplant from 3 primary tumors and 2
weeks after cells were transplanted and FACS sorted from the organoid. Positive sort
significantly enriches for radial glia-like cells ( * p-value < 0.05, Welch’s t-test). Stacked
barchart depicts proportion of cells that correspond to broad cell types. Both PTPRZ1+ and
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PTPRZ1- cells give rise to a variety of cell types that do not exist in the original population
including differentiated populations of neurons and astrocytes. €) For each subpopulation,
the subset of cells that express GSC markers is shown. Each of the pre-transplanted
populations express high levels of some of these markers, and the expression decreases after
transplant, corresponding to the increase in differentiated cell populations in the post-
transplanted tumors. f) Workflow of single-cell sequencing is shown. PTPRZ1 KD and a
scrambled control were used to knockdown PTPRZ1 in both primary developing human
cortex cells and and primary glioblastoma cells. The resulting gene expression identified a
significant overlap between the PTPRZ1 downregulated genes. (* = p-value < 0.05). In both
systems, the proportion of radial glia and other progenitor populations (OPC, IPC, dividing
progenitors) was also decreased. These changes were accompanied by a significant down-
regulation of several outer radial glia marker genes.
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Figure 6. PTPRZ1 Promotes MST driven invasiveness of glioblastoma
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a) Short hairpin induced knockdown of PTPRZ1 (**** = p < 0.0001, Student’s two-sided t-

test) decrease the length of somal translocation length using 3 biological replicates and 4
technical replicates each in primary samples and in 4 technical replicates of the the
DBTRGFL patient derived xenograft line. b) Invasion assays of patient derived xenograft
(PDX) line DBTRGFL were performed with control (scrambled shRNA), PTPRZ1

knockdown (shRNA) and Rock Inhibition. Invasions were imaged every 24 hours, and Day 0

and Day 3 are shown. Quantification was performed by calculating how much of the gap

was filled. Statistics were performed for both PTPRZ1 knockdown and Rock inhibition, and

statistics are showing for Rock inhibition on top and PTPRZ1 knockdown below (* = p
<0.05, ** p < 0.01, *** p < 0.001, Student’s two-sided t-test). c) Schematic of the mouse
experiments performed in this study. PDX line DBTRGFL was historically generated by

sampling primary tumor and propagating as a xenograft in the flank of a mouse. This tumor
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was then sorted for PTPRZ1 positive cells, and positive and unsorted cells of equal numbers
were injected into the mouse. The cells were profiled using single-cell sequencing prior to
injection, and resultant tumors were profiled after first emergence of tumor (F1) and after
serial transplant (F2). d) Single-cell sequencing was performed on samples prior to and after
tumor formation. Each cluster was correlated to the closest broad cell type, and is shown as a
proportion of the whole. PTPRZ1+ cells give rise to cell types not present in the initial sort,
including astrocytes and upper layer neurons. €) DBTRGFL is labeled with luciferase, and
staining of surrounding brain tissue after serial transplantation identifies luciferase positive
cells. A subset of these cells are also PTPRZ1 positive. Scale bar = 100 uM.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Goat anti-GFP Abcam ab6658, RRID: AB_305631

Rabbit anti-HOPX

Santa Cruz Biotechnology

sc-30216, RRID: AB_2120833

Mouse anti-PTPRZ1

Santa Cruz Biotechnology

sc-33664, RRID: AB_2253176

Mouse anti-SOX2

Santa Cruz Biotechnology

$c-365823, RRID: AB_10842165

Rabbit anti-PTPRZ1

Atlas Antibodies

HPA015103, RRID: AB_1855946

Rabbit anti-PDGFRA Cell Signaling 3174S, RRID: AB_2162345
Rabbit anti-GLAST Abcam ab416, RRID: AB_304334
Rabbit anti-OLIG2 Millipore AB9610, RRID: AB_570666
Mouse anti-SATB2 Abcam ab51502: AB_882445

Mouse anti-CD31 Agilent GA610, RRID: AB_2114471
Mouse anti-Ki67 Dako M724001, RRID: AB_2631211

Bacterial and Virus Strains

CMV-adeno-GFP virus Vector Biolabs 1060
Chemicals, Peptides, and Recombinant Proteins

BDNF, 20ng/mL Millipore Sigma SRP3014-10
3-Benzyl-5-((2-nitrophenoxy)methyl)-dihydrofuran-2(3H)- | Millipore Sigma SML1687
one (3BDO) (Peng et al., 2014), 60uM

Rock Inhibitor Y-27632 Tocris 1254
IWR-1-endo Cayman Chemical 13659
SB431542 Tocris 1614
Critical Commercial Assays

10X Chromium v2 | 10X Genomics | PN-120237
Deposited Data

Single-Cell RNA-sequencing | PRINA579593 | N/A
Experimental Models: Cell Lines

DBTRGFL PDX Line | Brain Tumor Research Center UCSF | N/A
Experimental Models: Organisms/Strains

CD1 Mice | Jackson Laboratory | 003814
Oligonucleotides

PTPRZ1 qPCR primer F1 ATC CTG GCA GCA GGT GACTCAG N/A
PTPRZ1 gqPCR primer R1 CCT CAG CTA GAC CAA TAC GAG AC | N/A
Software and Algorithms

Seurat v2 Publicly Available N/A
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