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Abstract:

Glioblastoma, the most aggressive and deadly form of primary brain cancer, is driven by both intrinsic cellular
properties and external factors from the tumor microenvironment. Here, we leverage our novel human organoid
tumor transplantation (HOTT) system to explore how extrinsic cues modulate glioblastoma cell type specification,
heterogeneity, and migration. We show that HOTT recapitulates the core features of major patient tumor cell
types and key aspects of peritumor cell types, while providing a human microenvironment that uniquely enables
perturbations in both the patient tumor and its microenvironment. Our exploration of patient tumor —
microenvironmental interactions in HOTT highlighted PTPRZ1, a receptor tyrosine phosphatase implicated in
tumor migration, as a key player in intercellular communication. We observed that tumor knockdown of PTPRZ1
recapitulated previously described roles in migration and maintaining progenitor identity. Unexpectedly,
environmental PTPRZ1 knockdown drove opposite migration and cell fate changes in the tumor, even when the
tumor was not manipulated. This previously undiscovered mode of tumor-microenvironmental communication

highlights the need to study human glioblastoma in the context of a human microenvironment such as HOTT.

Introduction:
Glioblastoma (GBM) is an aggressive form of adult brain cancer, with limited treatment options and average

survival of 12 - 18 months post diagnosis (Omuro and DeAngelis, 2013; Wen et al., 2020). Molecular profiling of
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GBM has long shown inter- and intra-tumoral cell type heterogeneity (Neftel et al., 2019b; Ravi et al., 2022;
Tirosh et al., 2016; Venteicher et al., 2017), with this diversity of cell types possibly contributing to difficulty in
developing effective treatments (Couturier et al., 2020; Neftel et al., 2019b). Cell types identified in GBM include
ones reactivated from cortical development such as outer radial glia (Bhaduri et al., 2020b; Wang et al., 2020).
Outer radial glia are a subtype of neural stem cells (Hansen et al., 2010; Pollen et al., 2015) abundant in the
developing human cortex, in contrast to the rodent where they are exceptionally sparse (Lui et al., 2011).
Previous research also suggests that other subtypes in the tumor may also reflect human neurodevelopmental
programs (Bhaduri et al., 2020b; Couturier et al., 2020), emphasizing the emerging need to study GBM in human

patient relevant model systems.

Numerous models are commonly used to study GBM. These include immortalized cell lines, low passage patient
derived gliomaspheres, orthotopic xenografts, and organoid models. Some of these cell culture based models
are enriched for glioma stem-like populations (Lathia et al., 2015), and thus do not fully recapitulate the tumor
heterogeneity (Pastrana et al., 2011). Novel approaches with organoid technologies have expanded the
opportunity to interrogate the three-dimensional tumor context and facilitate direct leveraging of patient samples.
For example, recent innovations in explant technologies include the glioblastoma organoid (GBO) (Jacob et al.,
2020) and patient derived explant (PDE) systems (LeBlanc et al., 2022). These approaches allow for the in vitro
examination of patient tumors and maintain much of the patient tumor heterogeneity. Other patient derived
approaches such as the cerebral organoid glioma (GLICO) (Linkous et al., 2019) model require initial plating of
glioma stem cells from the patient tumor. In our previous work (Bhaduri et al., 2020b), we developed a direct
from patient model that enables tumor cell dissociation from freshly resected tumors followed by immediate
transplantation into a human cortical organoid model. These models are excitingly opening the frontier of
studying human tumors in systems that do not require immortalization and thus compromising of potentially

relevant heterogeneous patient tumor cell characteristics.

As models to study GBM have expanded, so has our knowledge of how they interact with their microenvironment.
Recent studies have shown that GBM cells interact with normal cell types, such as neurons and astrocytes,
through a variety of mechanisms. For example, brain tumors are increasingly being observed to electrically and
synaptically integrate into brain circuits (Krishna et al., 2023; Venkatesh et al., 2019), leveraging properties of
neurons to promote invasion through the brain (Venkataramani et al., 2022) and being interconnected into
functional networks through electrical activity and microtube connections (Osswald et al., 2015). Together, the
study of the tumor microenvironment (TME) has evolved into the new field of cancer neuroscience (Mancusi and
Monje, 2023; Winkler et al., 2023), highlighting that unique features of the brain make this TME specifically
conducive to GBM biology. However, given that the human cortex is markedly different than the rodent in terms
of cell types and structural features (Bakken et al., 2021), many open questions exist regarding how the
interactions between the human brain and heterogeneous GBM cell types promote key aspects of brain tumor
biology. These questions include understanding how tumor - TME interactions drive tumor growth, but also how

these interactions mediate cell fate specification and tumor migration.
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It is well understood that during human cortical development, cell fate specification is a crucial process in
generating the diverse cell types that ultimately comprise cortical layers and distinct functional areas (Cadwell et
al., 2019). Given that a subset of these cell types are reactivated in GBM, understanding cell fate regulation in
this context is additionally essential to understanding tumor progression. Indeed, tumor cell types change over
the progression of the disease or across contexts (Neftel et al., 2019b), sometimes in response to treatments
such as radiation (Gupta and Burns, 2018; Muthukrishnan et al., 2022; Pajonk et al., 2010) and in other cases
as recurrent tumors that emerge with more aggressive cell types (Wang et al., 2022). Normal development is
governed by a tightly regulated set of intrinsic and extrinsic factors that influence this cell fate specification and
also behavior of dividing and migrating cells; we reasoned that it would be important to explore these features in
the context of GBM and a human TME.

Our overarching aim is to establish and interrogate a model of how the tumor and the TME reciprocally interact
to promote tumor migration and cell fate specification. Existing organoid transplantation models have relied on
established organoid growth conditions for tumor growth (Bhaduri et al., 2020b; Linkous et al., 2019), but have
not been optimized in the same way that two-dimensional cell line culture has been developed (Hasselbach et
al., 2014). Recognizing that the status quo might not be the most ideal condition for replicating the heterogeneity
and molecular features of patient tumors, we decided to explore microenvironmental conditions in our human
organoid tumor transplantation model (HOTT) beginning with the characterization of different media conditions
to establish optimal conditions. We found that not only does HOTT recapitulate patient tumor characteristics, but
it also recapitulates important features of the peritumor environment cell types that differ from the healthy adult
brain. Thus, HOTT is an ideal model to understand cell - cell relationships between the tumor and its
microenvironment. These efforts gave us confidence in how the HOTT system recapitulates tumor heterogeneity
and cell type fidelity, identifying novel tumor - TME interactions mediated by an outer radial glia marker gene,
PTPRZ1, in driving tumor migration and cell fate specification changes. Although we validated, as previously
described, that PTPRZ1 is required for tumor migration and maintenance of stemness within GBM cells, we also
discovered that environmental knockdown of PTPRZ1, without modifying the tumor directly, results in increased
tumor migration and stemness. This is a previously undescribed mechanism by which the tumor and the TME
communicate and a novel description of PTPRZ1 biology that is independent of its catalytic activity. Together,
this study emphasizes the value of the HOTT system as a tool to study and manipulate TME interactions, and

further emphasizes the need to contextually study human GBM biology within a TME.

Results:

Human Organoid Tumor Transplantation (HOTT) is a valuable tool to study intrinsic and extrinsic
regulators of GBM biology

We use our HOTT system to explore both intrinsic and extrinsic features of five GBM patient tumors (Fig 1A,
STable 1). This approach closely mimicked the direct from patient organoid transplantation system we have

previously described (Bhaduri et al., 2020b). Each of these tumors was dissociated and labeled with a lentivirus
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expressing green fluorescent protein (GFP), and the input tumor was analyzed with single-cell or single-nucleus
sequencing. As the substrate for our GBM cell transplantation, we used human embryonic stem cell (hESC)
derived cortical organoids generated using established protocols (Bhaduri et al., 2020a; Kadoshima et al., 2013;
Pollen et al., 2019). To maximally leverage the cell type heterogeneity present in the cortex, while ensuring the
consistency of our organoid pipeline for tumor transplantations, we chose to perform the transplantations at
stages after peak neurogenesis (SFig 1A). Although organoids are a developmental model, we and others have
shown that they robustly support patient GBM cell type heterogeneity (Bhaduri et al., 2020b; Linkous et al., 2019)
and here we observed that they also mimic important aspects of the TME as well, making them an ideal tool to

study of tumor - TME interactions.

To optimize tumor engraftment, we tested multiple methods of tumor transplantation and observed that our
unique hanging drop method resulted in the highest engraftment efficiency (SFig.1B, see Methods). Using this
engraftment strategy, we subjected each tumor implanted in the HOTT system to 5 different media conditions
(SFig.1C). These media conditions were designed based upon commonly utilized gliomasphere growth methods
and with the knowledge that certain media components such as FBS have been historically associated with poor
growth and differentiation (Lee et al., 2006). As a baseline, we used our standard organoid ‘Media 3’ (M3)
(Methods). We included a second condition using our standard organoid media minus FBS, predicting this would
drive more progenitor populations. Because gliomasphere cultures are often supplemented with growth factors
(Lee et al., 2006), a third condition supplemented fibroblast growth factor (FGF) and epidermal growth factor
(EGF) to this FBS depleted media. To test the hypothesis that distinct growth conditions would yield unique
fractions of progenitor populations in the tumor, we also included a condition supplementing platelet derived
growth factor (PDGF), a ligand for PDGFRA-expressing oligodendrocyte precursor cells (Zhu et al., 2014).
Finally, we include a condition where we added B27 to test whether this may generate more tumor derived

neuronal populations (SFig 1C).

After 3-4 weeks in culture, we isolated the tumor cells using fluorescent activated cell sorting (FACS) (SFig 1D)
and performed single-cell RNA-sequencing on the GFP positive tumor cells as well as a subset of the GFP
negative normal organoid cells and paired tumor naive organoids from the same differentiation batch yielding a
total of 216,125 single cells passing quality control (STables 2 — 3). In parallel, HOTTs were fixed for
immunofluorescence and fluorescent in situ hybridization assays (FISH, using RNAScope). The sequenced cells
were analyzed for copy number variation (CNV) (Tickle T, 2019) (SFig 1E), accounting for any false positive or
negatively sorted cells. Initial analyses were performed with the tumor cells only, and annotations were
performed by projecting our collected data onto a reference meta-atlas that is a compendium of published
datasets (Bhaduri et al., 2020b; Couturier et al., 2020; Darmanis et al., 2017; Jacob et al., 2020; Neftel et al.,
2019a; Yu et al., 2020; Yuan et al., 2018) benchmarked against existing annotations commonly used in the
literature (Fig 1B, SFig 2A). Across tumors, we observed a strong representation of most GBM cell types, with
expected limited representation of mature oligodendrocyte, mesenchymal and immune related programs (Fig

1B, SFig 2B). When examining media conditions and tumor of origin (Fig 1B), we observed that the 5 tumors
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overlapped in UMAP space. These initial analyses suggest that HOTT recapitulates tumor heterogeneity and

cell types that have been previously described in human GBM.

HOTT cell type composition is preserved across environmental conditions

Given there was excellent representation of most cell types across tumors, we wanted to quantify the cell type
composition for each tumor and media condition (Fig 2A, SFig 2C). Overall, we found that most media conditions
had relatively consistent cell type distributions, with the exception that there were more progenitors in the FGF
and EGF supplemented condition, which is consistent with prior literature (Lee et al., 2006) and our own
expectations. By both single-cell analysis and immunofluorescence for stemness markers NES and SOX2 (Fig
2B), we observed the preservation of tumor progenitor cells, such as neural progenitor cells and outer radial glia,
across media conditions. Notably, these cell types were present even in culture conditions that contained FBS,
which is notorious for inducing neural stem cell differentiation and thereby losing progenitor populations that

could give rise to cancer stem cells (Janiszewska et al., 2012; Wakimoto et al., 2009).

We validated the cell type distributions observed via single-cell RNA-sequencing with immunofluorescence
analysis for cell type marker genes. Notably, across media conditions, most markers including HOPX (outer
radial glia), CTIP2 (deep layer neurons), and GFAP (astrocytes) were consistent across media conditions,
though we also observed a significantly increased progenitor compartment in FGF and EGF media conditions
(Fig 2C, SFig 2D). However, across conditions, the only media condition in which engraftment was achieved
across all replicates was in media conditions including FBS in the media (Fig 2A, SFig 2C). Across media
conditions, the number of GFP positive cells identified via immunofluorescence matched the number of single
cells retrieved for the analysis (SFig 2E), with the highest numbers in standard organoid media and the FBS
depleted, FGF and EGF supplemented condition. These data suggested that progenitor cells are maintained
across media conditions, and that although FBS depleted, FGF and EGF supplemented media promoted the

most progenitor cells, standard organoid growth conditions were, in fact, the most reliable.

HOTT shows fidelity to primary tumor cell types and the cortical TME

Given that tumor heterogeneity could be observed across media conditions in the HOTT system, we sought to
explore whether the heterogeneity and cell type fidelity was altered in the HOTT system compared to the primary
matched tumors as well as our meta-atlas of published primary molecular profiles. We first looked for how the
cell types across media conditions compared to patient tumor heterogeneity by leveraging a correlative analysis
in which we compared clusters from individual HOTT media conditions to their matched patient cell types (Fig
3A). We observed that not only were diverse patient cell types represented across media conditions, but also
many clusters were highly correlated to the original patient tumor, indicating tumor heterogeneity is well
preserved in HOTT. Similar observations were made when comparing to other published annotations (SFig 3A-
B), suggesting that regardless of the granularity of the annotation, HOTT recapitulates patient tumor

heterogeneity.
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In instances of neurological disease, transcriptomics programs relating to key features of functional biology can
be altered in parallel cell types (Jourdon et al., 2023; Mathys et al., 2023) and we wished to explore whether
individual media conditions impacted these transcriptional phenotypes. To perform this analysis, we leveraged
two major strategies. First, we performed single-sample gene set enrichment analysis (ssGSEA) (Barbie et al.,
2009; Subramanian et al., 2005), using the transcriptomic signatures of cell types in our meta-atlas as the
reference gene sets. We then plotted the enrichment scores across all clusters and media conditions (Fig 3B),
and that the distributions were similar across media conditions, suggesting transcriptional programs of parallel
cell types across media conditions were largely unaltered. We additionally explored the predicted annotation
scores when comparing our HOTT tumor cell types to our reference meta-atlas. We noted that HOTT better
recapitulates certain cell types including cycling, neuronal, astrocyte, vascular and radial glial cells (Fig 3C).
While mesenchymal cells are less well represented, they are comparable to the scores we generated for the

matched primary tumors from these samples, indicating fidelity to their primary counterpart.

Given the reactivation of developmental programs in GBM, we also conducted additional module analysis to
investigate the expression of recently described neurodevelopmental programs (Nano et al., 2023) across our
HOTT media conditions compared to the primary tumor (Fig S3B). We observed similar module activity for most
programs, again corroborating the fidelity of our model to the primary tumor context. Nuanced differences related
to cell fate, metabolism and immune function were noted. We interrogated these differences further by
performing differential gene expression analysis between the matched primary tumors and those in the HOTT
system. We observed that immune function was upregulated in primary tumors (Fig 3D). This is expected given
that we are unable to propagate immune cells in this system and that this is largely true of patient derived models
(Akter et al., 2021). We observed an upregulation of programs related to translation, nervous system
development and axon guidance in the HOTT system (Fig 3D), suggesting that the model promotes the
expansion of the neurodevelopmental lineages. This may create a unique opportunity to study questions of cell
fate specification in this system. Together, these data provided a nuanced understanding of which cell types are
best recapitulated in the HOTT system, highlighting that although proportions of cells can vary based upon
extrinsic environmental cues as modulated through the media, the heterogeneity and fidelity of these cell types

was consistent across conditions.

Compared to other existing organoid models, HOTT uniquely enables the study of the direct interactions between
the direct from patient tumor samples and a human TME. We sought to leverage this aspect of HOTT and first
asked what cell types were present in the organoid microenvironment after exposure to the tumor. We annotated
these non-tumor populations by projecting to cell types from the developing human brain meta-atlas (Fig 3E,
SFig 4A). As expected, we observed high predicted scores and our annotations showed a variety of
developmental cell types, consistent with the organoid as a developmental model. We then benchmarked this
microenvironment to the patient TME by analyzing published datasets from which non-tumor cells were included
in the single-cell analysis, a normal byproduct of resection. The same approach, i.e., projecting to a reference

dataset, was also utilized to annotate these non-tumor cell types. Given these samples were from the adult
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human brain, we not only used our meta-atlas from the developing brain, but also a normal adult single-cell
dataset (Hodge et al., 2019) as well as a study exploring the aging brain (Yang et al., 2022) as our reference.
Fascinatingly, the normal cells obtained from adult tumor biopsies showed the highest similarity to the developing
human brain, as opposed to the adult or aging brain (Fig 3E, SFig 4B). This highlighted the relevance of the
organoid system for modeling the GBM microenvironment which, according to data collected here and our

analysis of additional published datasets, deviates from the cell types found in the healthy adult brain (SFig 4B).

HOTT uncovers bidirectional tumor - microenvironmental communication mediated by PTPRZ1

GBM cells are active participants in their own propagation and hijack resources from surrounding normal cells
in order to promote their own growth and proliferation. HOTT offers a unique opportunity to study the effects of
tumor cells on their microenvironment in a molecularly tractable, human-specific manner. With confidence in not
only the tumor cell types in HOTT, but also the context in which they are grown, we asked whether anything
about the organoids exposed to GBM differed compared to tumor naive organoids. To this end, we sorted out
the GFP negative cells from the standard M3 condition, and across UMAP space observed segregation between
the tumor naive and tumor transplanted organoid cells (Fig 4A). We noted that tumor-transplanted organoids
showed a higher proportion of neuronally committed populations including intermediate progenitor cells, newborn
neurons, and excitatory cells (Fig 4A). These changes in the organoid suggested communication occurs between

the tumor and the organoid.

Thus, we investigated potential key signaling pathways that could act as mediators between tumor and their
surrounding non-neoplastic cells by inferring ligand-receptor interactions with CellChat (Jin et al., 2021) and
observed that PTN-PTPRZ1 signaling was the most significant signaling pathway upregulated in the HOTT
tumors (Fig 4B, SFig 5). This was intriguing since this signaling pathway that has been implicated in tumor
migration (Qin et al., 2017), including through GBM outer radial glia (Bhaduri et al., 2020b). Because the organoid
is a developmental model and both PTN and PTPRZ1 are widely expressed during development (Pollen et al.,
2015), we were wary of a model specific artifact influencing these results. Further interrogation of datasets from
patients containing non-neoplastic microenvironmental cells also showed higher expression of PTPRZ1 and PTN
in the TME compared to the normal adult brain (Krawczyk et al., 2022; Wang et al., 2022), giving us confidence

in our system to identify novel tumor - TME interactions.

In the context of patient tumors (Yu et al., 2020), we again observed that PTN - PTPRZ1 signaling between the
tumor and the microenvironment topped the predicted list of interaction pathways (Fig 4B). Notably, we observed
that in tumors PTN and PTPRZ1 were highly expressed in all tumor cell types, with overall lower expression in
the normal peritumor cells (Fig 4B). A similar trend was observed with other published datasets containing
primary GBM tumors and normal cells (Bhaduri et al., 2020b; Darmanis et al., 2017) (SFig 6). However, when a
similar analysis was performed with the healthy adult human brain (Jorstad et al., 2023), this pathway was not a
top pathway mediating cell - cell interactions (Fig 4B), and overall interaction strength was observed to be
substantially lower than in the HOTT and GBM patient datasets (Fig 4B, SFig 6). This reinforces the notion that
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PTPRZ1 communication may result from the reactivation of developmental programs previously observed in
GBM. The TME activation of PTPRZ1 signaling is specific to the tumor and peritumor environment, potentially
mediating a crucial axis of tumor — normal cell communication (Fig 4B). These findings were consistent across
samples, datasets, and analyses, including additional HOTT samples, published datasets, and transcriptional

profiles of the adult healthy human brain (SFig 5 - 6).

We sought to validate these findings in newly resected patient tumor samples. Patient tumor samples were
surgically removed from the tumor core (core region) and from the tumor boundary (peripheral region) as defined
by a recently described amine chemical exchange saturation transfer echo planar imaging (CEST-EPI) approach
(Patel et al., 2024). Because of heterogeneity in the spatial distribution of GBM, both resections contained
neoplastic and non-neoplastic cells, which is consistent with what has been described in published studies
(Wang et al., 2022). Thus, we sought to identify the neoplastic cells in our in situ analysis by post-staining the
analyzed samples with Nestin (NES). Neoplastic cells were identified based upon the distribution of this staining
as well as differences in cell density. Our RNAscope analysis revealed that PTPRZ1 and PTN were found in
both the neoplastic and non-neoplastic cells of the tumor in both the core and peripheral regions (Fig 4C). When
analyzing these data, we noted that almost all cells were double positive for both PTN and PTPRZ1, suggesting
a joint role in tumors. Additionally, the fact that PTN and PTPRZ1 are in the peripheral surgical sample supports
their role in potentially mediating tumor migration, and these data strongly suggested a role for novel signaling

interactions between the tumor and the TME.

Microenvironmental PTPRZ1 has an unexpected role in mitigating tumor migration

PTPRZ1 is primarily known for its cell intrinsic role in promoting tumor stemness and invasion. Notably, PTPRZ1
has long been described as a receptor tyrosine phosphatase (Xia et al., 2019) that maintains glioma stemness
and drives proliferation (Fujikawa et al., 2017). Additionally, in vivo work showed that PTN ligand binding to
PTPRZ1 resulted in increased tumor invasion through Rho/ROCK signaling (Qin et al., 2017). In our previous
work, we identified PTPRZ1 as a marker for GBM outer radial glia and showed that PTPRZ1 was required for
the outer radial glia cell jump and divide cell behavior known as mitotic somal translocation (Bhaduri et al., 2020b;
Ostrem et al., 2017). Previous work has not identified a role for PTPRZ1 in communicating with the TME, though
PTN has been described to be secreted by microenvironmental macrophages (Shi et al., 2017) and has also
been characterized as a chemoattractant for tumor cells (Qin et al., 2017). Meanwhile, our data suggests co-
localization of PTN and PTPRZ1 in both the tumor and in the peritumor environment using both single-cell

analysis and RNAScope characterization of patient tumor samples.

This led us to hypothesize that PTPRZ1 may be involved in tumor migration through a cell extrinsic role via tumor
— TME communication. To explore how migration might be impacted by both intrinsic and environmental PTPRZ1
expression, we devised a novel migration assay in which we transplanted dissociated patient derived
gliomaspheres to organoids using our hanging drop method. We used gliomaspheres for this experiment

because they enabled us to query both tumor intrinsic phenotypes in culture and to examine if these phenotypes
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were the same or different after introduction to HOTT. After 2 days in culture, we generated fusion organoids
between transplanted and gliomasphere naive organoids. Each fusion served as a migration experiment
whereby tumor cells from the transplanted side had an opportunity to migrate across the fusion boundary. We
evaluated migration using both cell sorting and immunostaining (Fig 5A). For the sorting experiments, we
severed the fusions at the junction point, identifying the original transplanted side as the one with GFP expressing
cells fully surrounding the organoid, though migration to the other side could be visualized when looking at the
live fusion experiment (Fig 5B). GFP positive cells could then be sorted from each side of the fusion, enabling a

quantitative metric of how much migration was observed.

For these migration studies, we leveraged the versatility of the HOTT system in enabling us to knockdown
environmental PTPRZ1, thus evaluating whether TME PTPRZ1 contributes to the migration phenotype.
Specifically, we performed knock-down of PTPRZ1 in organoid cells using a small hairpin RNA (shRNA) before
transplantation with gliomasphere cells, themselves treated with either a scrambled or PTPRZ1-targeting shRNA
(Fig. 5D). Analogous transplantations were conducted in scrambled shRNA-expression organoids. We
performed tumor and/or organoid knockdown for PTPRZ1. Migration was then evaluated (Fig 5D); across both
the organoid and the gliomaspheres we observed moderate PTPRZ1 knockdown (Fig 5C, SFig 7). Importantly,
knockdown of PTPRZ1 had no impact on PTN expression, ensuring we were studying PTPRZ1, PTN
independent, effects (Fig 5C).

From the FACS quantification, we validated previous studies highlighting that tumor knockdown of PTPRZ1
decreased overall migration rate (Bhaduri et al., 2020b; Qin et al., 2017; Shi et al., 2017). However,
environmental PTPRZ1 knockdown increased tumor migration: tumors transplanted into organoids where
PTPRZ1 was knocked-down migrated more efficiently than those transplanted in scrambled shRNA-expressing
organoids. This was true both in the context of tumor scrambled hairpin and tumor PTPRZ1 knockdown (Fig 5E).
This was further validated using an orthogonal measurement of migration where immunofluorescence for GFP
labeled gliomasphere cells was quantified on either side of the fusion border (Fig 5F). Again, knockdown of
PTPRZ1 in the TME corresponded to greater tumor migration. These data contradict our expectations about
PTPRZ1; we assumed based upon previous studies that PTPRZ1 knockdown, even in the TME, would reduce
migration. However, our data suggest a distinct role for how peritumoral PTPRZ1 may be inhibiting tumor

migration, and when removed alters aspects of tumor — TME communication that drives behavioral changes.

Microenvironmental manipulation of PTPRZ1 alters tumor cell fate through a catalytically independent
mechanism

Previous work has described the role of intrinsic PTPRZ1 in maintaining tumor stemness and suppressing
oligodendrocyte precursor cells differentiation (Fujikawa et al., 2017). To explore if this cell - cell communication
extended to properties of cell fate specification, we performed immunostaining for the major cell types identified
in our single-cell analysis and quantified our observations. Again, we were surprised to see that environmental

knockdown of PTPRZ1 modulated changes in tumor cell types compared to the control conditions, even without
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manipulation of the tumor itself. This implies a degree of cell nonautonomous tumor - microenvironmental
communication. For example, environmental knockdown of PTPRZ1, without manipulation of the tumor directly,
drives reduction of the tumor mesenchymal fraction as marked by HMOX1 and of the tumor neuronal fraction as
marked by MEF2C (Fig 6A-B). Additionally, TME knockdown of PTPRZ1, again without direct manipulation of
the tumor itself, increased tumor astrocyte populations as marked by GFAP (Fig 6C-D); the reduction of neuronal
populations and increase in immature astrocytes suggests a shift towards a more stem-like identity. When
targeting the tumor directly, tumor knockdown of PTPRZ1 increased both tumor and organoid CTIP2, a marker
of mature deep layer neurons, including when the microenvironment was not directly manipulated, indicating
additional tumor and environmental differentiation which is consistent with previous PTPRZ1 literature.
Interestingly, the increase in CTIP2 in the organoid is also spatially located near the transplantation, suggesting
a local effect consistent with our hypothesis that these cell fate changes are mediated by cell - cell communication
through PTPRZ1 (Fig 6C). In support of this hypothesis, we observed that the cell fate changes that occurred
upon transplantation of the gliomaspheres were not the same effects observed when looking at gliomasphere
cell type composition on its own (SFig 7 D-E), further emphasizing that the microenvironment can change tumor

intrinsic properties of cell fate transition.

As a receptor tyrosine phosphatase, PTPRZ1 is most well described to function through its catalytic activity by
which it removes phosphate groups from downstream targets including Src (Xia et al., 2019). To test whether
these changes in cell fate are mediated by PTPRZ1 catalytic activity, we utilized a small molecule inhibitor,
NAZ2329, that inhibits the catalytic activity of PTPRZ1 by binding to its active site in the D1 domain (Fujikawa et
al.,, 2017). At 25 pM, NAZ2329 inhibition increased the accumulation of phospho-SRC as expected (Fig 6E).
Since the small molecule was added to the culture media, PTPRZ1 inhibition occurred on both gliomasphere
and organoid cells, and so was most closely resembling the tumor and organoid double knockdown condition.
Notably, the increase in tumor GFAP and CTIP2 population observed in this double knockdown was lost in the
NAZ2329-treated condition (Fig 6F), suggesting the cell type changes are not mediated by PTPRZ1 catalytic

activity.

Overall, we observed that TME PTPRZ1 knockdown is increases tumor immature populations, while tumor
knockdown augments mature populations. This contradictory role is further consistent with our observations of
migratory phenotypes, again, where the environmental PTPRZ1 is a block on migration. This suggests a push -
pull model of tumor intrinsic and extrinsic roles for PTPRZ1 signaling (Fig 6G), and specifically highlights the
need to study GBM signaling pathways and biology in the context of a microenvironment as we achieve with our
HOTT system.

Discussion:

Effective models of GBM that recapitulate the heterogeneity of human patient tumors and their complex

interactions with the TME are a crucial tool in the field of neuro-oncology to overcome existing barriers in
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designing effective treatments for this devastating cancer. Advances in the development of organoid models
have opened up vast opportunities in the study of GBM and addressed significant limitations of existing models
of 2D cell culture and mouse models. The optimized HOTT system that we present here and benchmark against
both the patient tumor as well as the patient microenvironment allows for the study of tumor-TME crosstalk in a
human context. Notably, we observed tumor fidelity in both gene expression and cell type composition to the
tumor of origin in our HOTT system. Furthermore, the gene expression of each cell type remained consistent
across media conditions, including FBS-containing culture conditions, suggesting that the existence of normal

brain cells around the tumor could be an essential driver in maintaining cell type identity.

Here, we leveraged HOTT to explore tumor - TME interactions, inadvertently stumbling upon a crucial role for
PTPRZ1 in enabling both the tumor and the TME to reciprocally influence one another. The ability for a tumor to
mold the microenvironment is described in other systems (de Visser and Joyce, 2023), and in the context of
GBM is largely contextualized in terms of the immunosuppressive forces the tumor exerts on the immune
populations in the environment (Pombo Antunes et al., 2020). Recent efforts in the field of cancer neuroscience
have begun to highlight mechanisms by which the TME can promote tumor growth and integrate into the
electrophysiological networks of the brain. Our finding that PTPRZ1, a receptor tyrosine phosphatase, can
promote cell - cell communication adds a branch to the ways in which GBM functionally communicates with its
TME.

Our HOTT migration assay is a novel tool to explore tumor migration in the context of human TME. Commonly
used migratory assays in two-dimensions and in mice either entirely lack a microenvironment or rely on non-
human contexts. An advantage of HOTT is that it is molecularly tractable, making knockdown experiments in
this system substantially more feasible than generating a knockout mouse when interrogating an individual
candidate gene. Using this system, we were also able to identify cell fate shifts mediated by reciprocal
knockdown; i.e. tumor knockdown changed the properties of the TME and TME knockdown altered cell fate
specification in the tumor. This clearly suggests a non-cell autonomous role for PTPRZ1 signaling, independent

of its catalytic activity, that has not been documented in the existing literature.

Our work here shows that PTPRZ1 plays an unexpectedly significant role in driving tumor — TME communication.
Altogether, the HOTT system, our analysis of published patient data, and our RNAscope analysis of GBM
margins highlights that PTPRZ1 is present both in the tumor and the peritumor environment. We and others have
previously described a role for PTPRZ1 in promoting tumor stemness and migration (Bhaduri et al., 2020b;
Fujikawa et al., 2017; Mikelis et al., 2009; Shi et al., 2017), whereby PTPRZ1 is required for these pro-
tumorigenic properties. This aspect of PTPRZ1 has proven puzzling; in various models it has been shown that
not only is PTPRZ1 required for migration and glioma stemness, and that this is a function of its catalytic activity
(Fujikawa et al., 2016; Fujikawa et al., 2017). However, PTPRZ1 is a phosphatase, removing phosphate groups
from downstream pathways such as Src and beta catenin, where the accumulation of phosphorylation is pro-

tumorigenic (Meng et al., 2000). Interestingly, previous work has also suggested that PTPRZ1 is most
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tumorigenic when bound by its ligand, PTN, which interestingly results in the dimerization of the protein,

inactivating its catalytic activity.

PTPRZ1 is not widely expressed in the adult human brain (Jorstad et al., 2023), but it is upregulated as we and
others note across GBM cell types (Xia et al., 2019). Why, then, would glioblastoma cells upregulate PTPRZ1,
just to inactivate it? If PTPRZ1 is playing a substantial role in cell - cell communication as we suggest here, this
cell extrinsic role explains both why catalytically inactive, but highly expressed, PTPRZ1 could be highly
functional for glioblastoma cells. We support this hypothesis by our inhibitor-based experiments in which we
show these impacts upon cell fate specification are dependent on PTPRZ1 expression but not catalytic activity.
Future efforts in the HOTT system and in other models will be required to further elucidate whether common
downstream pathways are activated by cell extrinsic PTPRZ1 communication as are invoked in traditional
PTPRZ1 signaling, and whether the cell — cell communication roles of PTPRZ1 are modulated by PTN or other

ligands that may exist in the tumor milieu.

Importantly, these findings change our interpretation of PTPRZ1 as a high value therapeutic target; our previous
work, work of others, and our own data in this study highlight that when tumor cells are investigated alone,
PTPRZ1 knockdown is a valuable strategy to decrease migration and promote tumor differentiation. However, it
is unlikely that most drugs would specifically target the tumor only, and our observations of TME knockdown of
PTPRZ1 show antagonist effects. Though the eventual impact on patient tumors cannot be extrapolated, there
is a risk that the apparent inhibitory role on tumor progression that the TME plays by expressing PTPRZ1 would
be lost with therapeutics targeting PTPRZ1, mitigating the effect of a drug or even worsening overall progression.
Thus, any therapeutic approaches seeking to target PTPRZ1 must ensure impressive tumor specificity, or should
use alternative approaches to target this important signaling protein at the nexus of migration and cell fate in
GBM.

A fundamental result of this study is that therapeutic efficacy in GBM will eventually rely on treating the whole
brain, and thus, the tumor plus its complex TME. The field is aware of this complexity which underlies numerous
drug trials that are less efficacious in patients compared to other models (Bagley et al., 2022). Systems like
HOTT enable scalable experimental investigation of direct from patient tumor cells in a relevant
microenvironmental context. Eventually, one could imagine that future efforts would directly target the
microenvironment, which provides the valuable “soil” in which GBM thrives. However, HOTT too is currently
limited in its ability to recapitulate the full microenvironment as it lacks a functional immune system. We have
observed that when tumors are transplanted into HOTT, few to no immune cells survive after 3-4 weeks culture,
and future efforts should focus on extending this capability of the model. At present, however, HOTT provides
an essential additional layer of complexity, modeling important aspects of the human GBM TME, and providing

novel insights into the ways GBM and the TME functionally interact.

Data Availability:
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Data from this study are available for download and interactive analysis via our Cell Browser at:

https://hott.cells.ucsc.edu.
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Methods:

Stem Cell Culture and Maintenance

Human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs) were cultured
consistent with other studies (Bhaduri et al., 2020a; Pollen et al., 2019; Velasco et al., 2019). Multiple
hESC/hiPSC lines derived from UCLA and CIRM were utilized in this study. In brief, stem cells were cultured on
Matrigel (FisherScientific, 354230) coated 6-well plates in mTeSR plus supplemented with 10% mTeSR plus
Supplement (Stem Cell Technology, Cat 100-0276), and 1X Penicillin/Streptomycin or Primocin (FisherScientific
NC9141851). Media changes were performed every other day, and passaging was conducted when cells
reached over 75% confluence. During passaging, ReLeSR (Cat 5872) was applied at room temperature for 1
minute, aspirated, and the stem cells were left at 37°C for 5 minutes before fresh stem cell media were added
to dissociate them into smaller clusters without reducing them to single cells. These smaller clusters were evenly
distributed into new Matrigel-coated plates at a 1:4 or 1:6 ratio. For freezing, the same procedure as in stem cell
passaging was followed, except in the final step, 1 ml of mFreSR (Cat 5855) per well in a 6-well plate was used
to resuspend the stem cells. The resuspended cells were then transferred to cryovials for storage at -80°C for

24-48 hours before being transferred to a liquid nitrogen tank for long-term storage.

Cortical Organoid Generation

Cortical organoids were generated using an adapted version of the method described first in Kadoshima et al
2013, similar to other studies (Bhaduri et al., 2020a; Bhaduri et al., 2020b; Kadoshima et al., 2013; Velasco et
al., 2019). Briefly, 1ml Accutase (Sigma A6964) was added to each well in a 6-well plate with human embryonic
stem cells (hESCs) having over 75% confluence. After a 37°C incubation for 5 minutes, 1 mL of Media 1 (M1)
was added to each well. M1 consists of GMEM (LifeTech 11710-035), 20% KnockOut Serum (LifeTech 10828-
028), 0.1 mM B-mercaptoethanol(Sigma 21985023), 1X Non-Essential Amino Acids (NEAA), 1X Sodium
Pyruvate, and 1X Penicillin/streptomycin or Primocin (FisherScientific NC9141851). The cells were scraped out
and transferred to 15 mL tubes. After centrifugation at 300 x g for 5 minutes, cell pellets were resuspended into
a single-cell suspension with 1 mL of M1 supplemented with three small molecules: Rock inhibitor Y27632 (20
uM), TGF-B inhibitor SB431542 (5 uM), and Wnt signaling inhibitor IWR1-endo (3 uM). One million cells in 10
mL of M1 supplemented with the small molecules were evenly distributed into a 96-well V-shaped low attachment
plate (S.Bio MS-9096VZ). Cells were allowed to aggregate undisturbed for 72 hours. On the 3rd day, the first
media change was performed by replacing 50 uL with 100 pL of fresh M1 containing the small molecules to avoid
disturbing the nascent organoids. Subsequently, 100% media changes were performed every other day until
Day 7 when the Rock inhibitor was removed from the recipe. At 18 days, the organoids were transferred to a low
attachment 6-well plate (Fisher Scientific 07-200-601). Subsequent media changes were performed every other
day. From Day 18 to Day 35, Media 2 (M2) was used, which consists of DMEM/F-12 with Glutamax (Lifetech
10565-018), 1X N-2 supplement (Lifetech 17502-048), 1X Lipid Concentrate (Lifetech 11905-031), and 1X
Penicillin/streptomycin or Primocin. Starting from Day 35, Media 3 (M3) was applied, which includes DMEM/F-
12 with Glutamax, 1X N-2 supplement, 1X Lipid Concentrate, 1X Penicillin/streptomycin or Primocin, 10% Fetal
Bovine Serum (GIBCO 10082147), 5 ug/mL Heparin (Sigma H3149), and 0.5% Growth factor reduced Matrigel
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(Corning 354230). Throughout the culture period, live images were periodically taken to monitor organoid growth,

and immunostaining was performed at Week 5 and Week 8 to confirm normal neuronal differentiation.

Media Conditions Used for Experiments

Five different culture conditions were used in this study:

1) M3 served as a based media for comparison.

2) M3+B27: M3 media supplemented with 10% B27 (ThermoFisher Scientific 12587010)

3) M3noFBS: M3 media without FBS supplemented with 10% of DMEM/F-12 with Glutamax (Lifetech
10565-018).

4) M3noFBS+HEF: M3noFBS supplemented with 20 ug/mL Hu EGF (Life Technologies PHG0313), 8 ug/mL
Hu FGF-b (Life Technologies cat. # PHG0263) and 2 mg/mL Heparin (Sigma-Aldrich H3149) as their final
concentration.

5) M3noFBS+PDGF: M3noFBS supplemented with 50ng/ml PDGFAA (GIBCO PHGO0035) as its final

concentration.

Tumor Dissociation and Viral Transduction

Primary tumors were obtained from Ronald Reagan Hospital at UCLA with appropriate consent forms for
genomic analysis covered by Institutional Review Board IRB numbers 10-000655 and 21-000108. Tumors are
cut into smaller pieces with a sterile scalpel blade. The material was then transferred to a 5 mL microcentrifuge
tube containing 2.5 mL Papain supplemented with 125 uL DNase (Worthington LK003150) and incubated for
30-45 minutes in a 37°C incubator. After the initial 10 minutes of incubation, the tube was taken out and shaken
vigorously for 10 seconds by hand to aid dissociation. This process was repeated after every 5 minutes of
incubation thereafter. The material was further broken down with trituration before it was pelleted at 300g for 5
minutes. The pellet was then resuspended in warm media #3 and filtered with a 40 uM mesh. The cells were
then infected with a GFP virus (SignaGen SL100268) at a concentration of 1 uL / 1 million cells supplemented
with 1:1000 Polybrene Infection Reagent (Millipore Sigma TR-1003-G) for 90 minutes on a rotator in the 37°C
incubator. The cells were subsequently washed three times with warm media before proceeding to organoid

transplantation.

Tumor Transplantation

After lentiviral infection, cells were counted after being resuspended in 1ml of warm media 3. Depending on the
total tumor recovered and experimental design, the whole single cell suspension was distributed into several
Eppendorf tubes, one tube for each culture condition. Following a 5 minute spin at 300g, the cell pellet was
resuspended in the final volume of each culture media. 500K-1M tumor cells were transplanted onto one
organoid in a 10-15ul droplet of corresponding culture media with the following methods. Hanging drop method:
To set up the hanging drop tumor transplantation, 8-12-week-old human cortical organoids were transferred onto
the lid of a 10 cm dish using wide-bore 1000ul tips. After removing extra media, 10-15ul tumor single cell

suspension was added on top of each organoid. 6 organoids of the same culture condition were placed on one
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lid. Then the lid was carefully flipped onto the 10 cm dish with 10ml base culture media to prevent the media
evaporating during the hanging drop stage. These hanging drop co-cultures were 50 maintained for 12 hours in
the 37C incubator, before they are moved back to ultra-low attachment 6 well plate (Fisher Scientific 07-200-
601) with corresponding culture media. Tumor cells usually surround the organoids and migrate inside after a
few days. Such cultures last for about 4 weeks with 3 times media change each week before being harvested

for analysis.

To optimize GBM transplantation, we employed another two methods, i.e., Insert and V-bottom approaches for
a head-to-head comparison. For insert transplantation, 8—12-week-old organoids were positioned at the air—
liquid interface on Millicell (Millipore) inserts to restrict movement. A 10-15 pl tumor single cell suspension was
gently pipetted onto the semi-dry organoids, allowing integration for 30 minutes at 37°C. Subsequently,
organoids were carefully lifted from the inserts by increasing the medium volume by 3 ml. After 2 days, organoids
were transferred to an ultra-low attachment 6-well plate without inserts, maintaining appropriate culture media.
For V-bottom transplantation, 8—12-week-old organoids were placed into V-bottom low attachment 96-well
plates, with one organoid per well and 100 ul of appropriate media. A 10-15 pl tumor single cell suspension was
slowly pipetted onto each organoid. After 2 days, organoids were transferred to an ultra-low attachment 6-well

plate with suitable culture media.

FACS Isolation of Tumor Cells

Tumor-transplanted organoids were transferred to a 1.7 mL Eppendorf tube containing 1 mL Papain
supplemented with 50 uL DNase (Worthington LK003150) and incubated for 30-45 minutes in a 37°C incubator.
After the initial 10 minutes of incubation, the tube was taken out and shaken vigorously for 10 seconds by hand
to aid dissociation. This process was repeated after every 5 minutes of incubation thereafter. The material was
further broken down with trituration before it was pelleted at 300g for 5 minutes. The pellet was then resuspended
in cold FACS buffer (PBS + 2% FBS), filtered with a 40 uM mesh, and stained with DAPI to identify non-viable
cells. DAPI-/GFP+ tumor cells and DAPI-/GFP- normal cells were sorted and collected for downstream single-

cell capture.

FACS was performed on either a BioRad S3e or BD Biosciences FACSAria Il Cell Sorter. A 100 uM nozzle was
used for sorting. All sorts were performed with a purity sort precision at a slow speed. Gates were set to remove
debris, eliminate doublets, and DAPI staining was used to exclude dead cells. Gates for GFP positivity were set

using control, batch matched organoids without transplantation.

Single-cell Capture and Sequencing
Single-cells from FACS or from dissociated tumor cells were captured using the 10X v3.1 3’ capture protocol
and the 10X Chromium Machine. 10,000 cells were targeted for capture, or if the retrieved number after sorting

was less than 20,000, all cells were used for capture. Capture proceeded as detailed in the user manual and
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manufacturer guidelines were used for library preparation. Sequencing was performed on an Illlumina NovaSeq
6000.

Single-nuclei Capture

Single-nuclei sequencing was conducted on all samples to capture the full spectrum of patient tumor cell types.
Nuclei extractions were carried out from frozen tissue specimens obtained from the UCLA Brain Tumor
Translational Resource (BTTR) or from flash-frozen samples preserved prior to dissociation. Frozen tissue
samples were directly transferred to a pre-cooled 7ml douncer containing 3ml of ice-cold Buffer A and gently
homogenized with 2 rounds, each consisting of 15 dounces over a 5-minute period. The homogenized solution
was then filtered using a 37um reversible strainer (STEMCELL 27215/27250) into a pre-cooled 15ml tube
containing 3ml Buffer B. Subsequently, the mixture was centrifuged at 1000g for 30 minutes at 4°C in a swing-
out rotor after inverting the tube 6 times. Careful removal of the supernatant was followed by resuspension of
the pellet in 1000pl Wash Buffer, which was then filtered through a 37um reversible strainer into a 1.5ml low-
binding Axygen tube (MCT-150-L-C). Centrifugation at 500g for 5 minutes at 4°C was performed, and the wash
step was repeated once more. The pellet was then resuspended in 0.5ml Buffer C and incubated on ice for 5
minutes to permeabilize nuclei. Subsequently, 0.5ml Buffer D was added and gently mixed, and the nuclei were
counted. Concurrently, a final centrifugation at 500g for 5 minutes at 4°C was carried out, followed by
resuspension in Buffer E at a targeted concentration of 8M nuclei/ml for loading onto the 10X Genomic chip.

Buffer ingredient table

Unit of Unit of
Required Required
Required . Required
Ingredient Final Ingredient Final
Final Final
conc conc
conc conc
Buffer A (Lysis
buffer) Buffer C
Sucrose 250 mM NaCl 10 mM
KCI 25 mM MgCI2 3 mM
MgCI2 5 mM Tris-HCI, pH 7.5 10 mM
Tris-HCI, pH 7.5 20 mM NP 40 0.01 %
Igepal CA-630 0.1 % Tween-20 0.01 %
Spermidine 0.5 mM Digitonin 0.001 %
Spermine 0.15 mM Protease inhibitor 1 X
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Protease inhibitor 1 X DTT 1 mM
DTT 1 mM BSA 1 %
Rnase Inhibitor 0.08 Ulul Rnase Inhibitor 1 Ulul
BufferB
(lodixanol) Buffer D
KCI 25 mM NaCl 10 mM
MgCI2 5 mM MgCI2 3 mM
Tris-HCI, pH 7.5 20 mM Tris-HCI, pH 7.5 10 mM
Optiprep
(lodixanol) 50 % Tween-20 0.1 %
BSA+10x Protease
Inhibitor 1 % Rnase Inhibitor 1 Ulul
DTT 1 mM DTT 1 mM
Rnase Inhibitor 0.08 Ulul BSA 1 %
Wash Buffer Buffer E

20X Nuclei buffer
NaCl 10 mM (10xGenomics) 1 X
MgCI2 3 mM DTT 1 mM
Tris-HCI, pH 7.5 10 mM Rnase Inhibitor 1 Ulul
Rnase Inhibitor 1 Ulul

All the Buffers were prepared in DNAse, Rnase-free
DTT 1 mM H20
BSA 1 %

Single-cell Analysis and Quality Control
Single-cell RNA sequencing (scRNA-seq) reads obtained from HOTT-derived cells, along with their
corresponding primary tumor cells, were aligned to the GRCh38 human reference genome. Cell-by-gene count

matrices were generated using the 10XGenomics Cell Ranger pipeline with default parameters. Subsequently,
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data analysis was conducted using the Seurat R package within R Studio.Cells expressing a minimum of 1000
genes and exhibiting less than 10% mitochondrial gene content were retained. Unique Molecular Identifier (UMI)
counts were normalized via logarithmic transformation, employing a scaling factor of 10000. Principal
Component Analysis (PCA) was executed on the scaled data, utilizing the top 2000 variable genes. The number
of dimensions (dims) was determined as has been previously described (Shekhar et al., 2016). Briefly, we
selected significant PCs from the larger value between the square of the standard deviation of PCA scores
(Seurat.Obj@reductions$pca@stdev”2) and the square of the square root of the ratio of the number of genes to
the number of cells plus one (sqgrt(length(row.names(Seurat.Obj)) / length(colnames(Seurat.Obj))) + 1)*2). Cells
were clustered in the PCA space utilizing Seurat's FindNeighbors and FindClusters functions, with a resolution
parameter set to 2.0. Visualization of cells was performed using Uniform Manifold Approximation and Projection
(UMAP), employing the previously defined dimensions. To predict and exclude doublets, the DoubletFinder R

package (McGinnis et al., 2019) was employed with default parameters.

Copy Number Variation Analysis
To mitigate the risk of false positive or negative identification of tumor cells via FACS, copy number variation
analysis was performed Infercnv with default parameters (Tickle T, 2019). Batch-matched naive organoids were

applied as reference.

Single-cell Annotation

To perform tumor cell annotation, a projection to meta-atlas approach was employed to mitigate technical
variations. The GBM meta-atlas was constructed by integrating a total of 69,547 cells from seven previously
published primary GBM single-cell RNA sequencing (scRNAseq) datasets, which also included normal cells from
adjacent regions proximal to the tumor, identified in the original studies (Bhaduri et al., 2020b; Couturier et al.,
2020; Darmanis et al., 2017; Jacob et al., 2020; Neftel et al., 2019b; Yu et al., 2020; Yuan et al., 2018). Data
analysis was performed using the Seurat R package with identical parameters as specified, except for the
resolution parameter, which was set to 0.5. Subsequently, 23 clusters generated by the pipeline underwent
biological annotation based on both comprehensive literature review of top-expressing genes and spatial
relationships. A UMAP containing a total of 14 typical GBM cell types was generated as a reference for

subsequent neoplastic cell annotation in this study.

Upon generation of Seurat query objects from HOTT datasets and reference object from GBM meta-atlas
independently, FindTransferAnchors() was employed to identify a set of anchors between them, followed by
MapQuery() to map the query data onto the reference in its UMAP space. Consequently, cell type annotation
presented as predicted.id was generated alongside predicted.id.score to indicate the fidelity of such defined cell
types to the typical GBM cell types delineated in the GBM meta-atlas. HOTT normal cell annotation was
conducted in a similar manner using a recently generated meta-atlas (Nano et al., 2023) constructed from seven

previously published transcriptomic profiles of the developing human cortex.


https://doi.org/10.1101/2024.05.02.592055
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.02.592055; this version posted May 5, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Immunofluorescence staining

The human cortical organoids were fixed in 4% paraformaldehyde for 45 minutes at room temperature.
Subsequently, the cortical organoids were rinsed with PBS and equilibrated in 30% sucrose in PBS overnight at
4C. After equilibration, the cortical organoids were embedded in OCT Embedding Matrix (Fisher Sci 14-373-65)
containing OCT (Tissue-Tek, VWR) and 30% sucrose at a 1:1 ratio and frozen on a sheet of dry ice. The frozen
blocks were either transferred to -80°C for long-term storage or cryosectioned as 10-16 um-thick sections onto
glass slides for immunofluorescence staining. To set up the immunostaining, the sections were first rinsed with
PBS for 15 minutes and then treated with a citrate-based antigen unmasking solution (10 mM sodium citrate, pH
6, Vector Labs) that was heated to 95C for 20 minutes. Following antigen unmasking, the sections were
permeabilized and blocked with a blocking buffer containing 5% donkey serum, 3% bovine serum albumin, and
0.1% Triton X-100 in PBS for 30 minutes at room temperature. The subsequent primary antibody incubations
were performed overnight at 4C using the following primary antibodies in the blocking buffer. Mouse -SOX2
(1:500, Santa Cruz SC-365823), mouse -Nestin (1:500, Millipore Sigma MAB5326), chicken -GFP (1:500, Aves
GFP-1020), chicken -GFAP (1:500, Abcam AB4674), rabbit -Ki67 (1:500, Abcam AB16667), rabbit -MEF2C
(1:500, Novus NBP1-89468), rabbit -HOPX (1:500, Proteintech 11419-1-AP). The primary antibody incubations
were followed by three 10-minute PBS washes and secondary antibody incubations with DAPI in the blocking
buffer for 2 hours at room temperature. The following secondary antibodies were used. DAPI (1:1000,
ThermoScientific 62248), AlexaFluor 488 donkey -chicken (1:500, Jackson 703-545-155), AlexaFluor 488
donkey -goat (1:500, Invitrogen A32814), AlexaFluor 568 donkey -mouse (1:500, Invitrogen A32773),
AlexaFluor 568 donkey -rat (1:500, Invitrogen A78946), AlexaFluor 568 donkey -chicken (1:500, Invitrogen
A11041), AlexaFluor 647 donkey -rabbit (1:500, Invitrogen A31573). Finally, the slides were mounted with

ProLongTM Gold antifade reagent (Invitrogen) and preserved for imaging at 4C.

Image Analysis

The image acquisition parameters (light, exposure, and digital gain) were normalized based on the parameters
of the images with the highest fluorescence intensities for each channel. 9 fields of fluorescent images were
captured for each condition using EVOS M5000 digital-inverted benchtop microscope and individual channels
were saved as TIFF files. ImageJ was used to merge the individual channels, and Imaris image analysis software
(Bitplane) was used to quantify the number of double-positive cells expressing GFP and another marker of
interest. These quantitative analyses were performed using the Spots and Surfaces features in Imaris. First, the
GFP+ cells were determined based on a standardized shortest distance between DAPI+ Spots and GFP
Surfaces. Subsequently, double-positive cells were identified based on another standardized shortest distance

between GFP+ cells and either Spots or Surfaces representing a specific marker of interest.

Tumor Cell Type Heterogeneity Preservation Analysis
Primary tumor cells were individually analyzed using the Seurat pipeline with default parameters, followed by
cluster marker gene identification based on annotated tumor cell types. Subsequently, the gene score for each

gene was calculated by multiplying its average log2FC by the ratio of pct.1 to pct.2, followed by pivoting to
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generate one gene score matrix (cluster by gene) for each primary tumor. The gene score matrices for
corresponding HOTT tumor cells from each culture condition were generated using a similar approach, with the
exception that cluster marker genes were identified based on Seurat-derived clusters. Gene score matrices from
each culture condition within a tumor sample were merged by gene, resulting in the HOTT tumor cluster gene
score matrix. The correlation between each primary tumor cell type gene score matrix and its corresponding
HOTT tumor cluster gene score matrix was performed. The resulting correlation matrices of 3 primary tumor
samples was then merged into a correlation matrix comprising 205 HOTT-derived clusters against primary tumor
cell types, which was used to generate a heatmap using Morpheus via hierarchical clustering and visualized

using a relative color scheme.

SSGSEA Analysis

Datasets profiling HOTT cells derived from each of the three human tumors (LB4878, LB5024 and LB5028) were
merged and each gene was assigned a gene score across the three samples. The Seurat clusters were
separated based on culture conditions and each cluster was compared to fourteen gene lists of different cell
types using ssGSEA2 (Barbie et al., 2009; Subramanian et al., 2005). The gene lists were obtained from the
GBM meta-atlas. A FDR p-value threshold of less than 0.01 was applied to the clusters and their corresponding

enrichment scores were plotted on a ridgeplot.

Module Preservation Analysis

The preservation of normal developmental gene programs in primary versus transplanted tumor cells was
compared using our previously identified set of gene meta-modules representative of normal human brain
development (Nano et al., 2023). These 225 meta-modules were defined using iterative, hierarchical clustering
of seven previously published transcriptomic profiles of the developing human cortex, and biological processes
were assigned to these meta-modules through extensive literature review and term enrichment analysis (Nano
et al.,, 2023). We then characterized the preservation of these normal developmental meta-modules in our
datasets of primary and transplanted tumor cells by applying our module activity score. This versatile metric is
measured for each cell by calculating the average normalized counts per million (CPM) detected for each meta-

module gene. Heatmap generation and visualization of the subsequent results were conducted using Morpheus.

Differential Gene Expression Analysis
Differential Gene Expression analysis was performed using the Seurat package Wilcoxon rank sum test with a

p-value threshold of less than 0.05. Gene Ontology analysis was conducted using EnrichR.

Cell Chat Analysis

The CellChat package (Jin et al., 2021) was employed to assess cell-to-cell communication according to its
standard protocol, as outlined in https://github.com/sqjin/CellChat. Each tumor sample, combined from various
culture conditions within HOTTs, underwent individual analysis using its corresponding Seurat object as input

for CellChat. Samples were stratified based on both neoplastic (denoted by "N" followed by their predicted.id)
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and non-neoplastic (denoted by "T" followed by their predicted.id) cell types. Visualization of signaling pathway
ranking was facilitated through netAnalysis_signalingRole_heatmap. Additionally, PTN receptor contribution
plots, signaling pathway network circle plots, and pathway expression pattern 2D plots were generated using
netAnalysis_contribution, netVisual_aggregate, and netAnalysis_signalingRole_scatter, respectively, after

assigning signaling to "PTN".

Core versus Periphery Tumor Resection

Acquisition of glioblastoma specimens was approved under Institutional Review Board #10-000655. Patients
undergoing surgery for newly diagnosed glioma were prospectively identified and completed signed informed
consent. All patients had standard of care magnetic resonance imaging (MRI) (Kaufmann et al., 2020) sequences
with and without gadolinium contrast (Gd-DTPA, 0.1 mmol/kg) and T2 sequences within 4 weeks of surgery.
Inclusion criteria included: treatment naive, IDH wild-type glioblastoma, contrast-enhancing bulk of tumor with
surrounding non-enhancing T2 hyperintense region on magnetic resonance imaging (MRI), no peripheral
involvement of eloquent areas, and medical stability for surgery. As previously described (Patel et al., 2024;
Patel et al., 2020), MRI based biopsy targets were selected using intraoperative neuronavigation (BrainLab
Curve, BrainLab Surgical Navigation System, Munich, Germany). Contrast-enhancing tumor specimens (Core
region) were first removed during standard of care resection followed by acquisition of non-enhancing infiltrating
tumor specimens (Periphery region), confirmed by pathologic review with hematoxylin-eosin stains. 2 Specimens

were immediately transferred to the research laboratory for further experiments.

RNAScope and Quantification

The in situ hybridization assay was conducted using the ACD RNAscope™ HiPlex12 Reagent Kit on FFPE
primary GBM samples, followed by acquisition of RNAscope images using the ZEISS LSM 880 confocal system.
The 63x confocal microscopy images were processed and visualized using the 3D view feature in Imaris. The
total DAPI+ cell number was then determined using automatic spot detection. Subsequently, images with the
negative control probes were taken as a reference to assess with high autofluorescence and false positivity, and
PTN and PTPRZ1 positive cells were manually counted. Cells with few fluorescent speckles or dim signals were
not counted as positive. Finally, the percentage of positive cells was calculated by taking the ratio of manually
counted positive cells over the total cell number. The examiner remained blinded to the expected or hypothesized

results.

Gliomasphere Culture and Maintenance

Gliomaspheres were maintained in a media containing DMEM/F12 (Gibco), B27 minus Vitamin A (Gibco),
Penicillin-Streptomycin (Gibco), GlutaMAX (Gibco), supplemented with heparin (5 pg/mL, Sigma), EGF (20
ng/mL, Sigma), and FGF (20 ng/mL, Sigma). The cells were cultured under 37°C and 5% CO2 and routinely

tested negative for mycoplasma contamination.

Knockdown in Organoids and Gliomaspheres with Validation
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The pLKO.1 plasmid used to generate the shRNA was obtained from addgene (Plasmid #10878). The puroR
cassette was excised and replaced with either mCherry or EGFP, and the hPGK promoter immediately preceding
the EGFP was also replaced with a CMV promoter, both via NEBuilder HiFi DNA Assembly reaction (New
England Biolabs E2621L). The scramble (5-cctaaggttaagtcgccctcg-3') and PTPRZ1-targeting sequence (5'-
gaactcacatctgagcattgt-3’) were inserted into the backbone with the manufacturer’s instructions. To generate
lentivirus, these plasmids were transfected into HEK293T cells alongside psPAX2 and pMD2.G at a mass ratio
of 1 pMD2.G : 3 psPAX2 : 4 pLKO.1 using Lipofectamine 2000 (Invitrogen 11668019), and media containing the
lentivirus was concentrated with Lenti-X Concentrator (Takara Bio 631232) per the manufacturer’s instructions.
The concentrated lentivirus was used to infect UCLA6 hESCs at a concentration of 1:200 and 1:1000 Polybrene
Infection Reagent (Millipore Sigma TR-1003-G) during split. Real-time PCR and western blotting were used to
validate PTPRZ1 KD.

Migration Assay

Gliomasphere cells were dissociated into single cells with TrypLE (ThermoFisher 12605010) and transplanted
onto UCLA6 organoids at 500,000 cells/organoid via the hanging drop approach. After 36 hours, the GS-
transplanted organoids were allowed to fuse with a tumor-naive, age and line-matched UCLAG6 organoid in an
ultra-low attachment 24-well plate, with each well harboring one fusion pair. The fusions were left undisturbed
for 5 days before the first media change occurred. The fusions were maintained for 3-4 weeks before being
harvested for FACS and immunostaining analyses. Part of the fusions were severed with a scalpel and
dissociated into single cells with Papain in preparation for FACS analysis on the Biorad S3e Cell Sorter. The
migration percentage was calculated by dividing the number of GFP+ cells on the migrated side with the total
number of GFP+ cells in the fusion (n=3). The remaining fusions were fixed with 4% PFA for 45 minutes and
rehydrated with 30% sucrose overnight at 4C. The organoids were then embedded in OCT and sectioned for
GFP immunostaining. Images were acquired using the ZEISS LSM 880 confocal system. 15 to 36 tile images
were captured using a 10x lens to incorporate the entire pair of merging organoids. To determine the tumor cell
coverage over the entire fusion, eight bins of identical size were applied to each fusion, with the fusion interface

in the middle. The amount of GFP+ tumor cells was quantified in each bin using Imaris.

Western Blot

Samples were lysed with RIPA buffer (Millipore Sigma R2078) containing cOmplete™ Protease Inhibitor Cocktail
(Roche 04693116001) and PhosSTOP (Roche 4906845001). Protein concentrations were determined using
Pierce™ BCA Protein Assay (ThermoFisher 23225). Laemmli sample buffer (BioRad 1610747) was added to
the lysate and the mixture was heated at 95C for 10 minutes. 30 ug of protein was loaded in each lane of a 4—
15% Mini-PROTEAN® TGX™ Precast Protein Gels (BioRad 4561083). After SDS-PAGE, the proteins were
transferred onto a nitrocellulose membrane and blocked with 5% milk for 1 hour at room temperature. Primary
antibodies were added to a solution containing 2.5% Bovine Serum Albumin and 0.02% sodium azide in TBST;
anti-PTPRZ1 (1:500, BD Biosciences 610179), anti-B-Actin (1:10000, Sigma-Aldrich A1978), anti-SRC (1:10000,
Abcam ab109381), anti-phospho-SRC (1:1000, Cell Signaling Tech 6943T). The membranes were incubated
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overnight at 4C. Secondary antibodies targeting mouse (1:10000, Fisher Scientific NC9994806) or rabbit
(1:10000, Fisher Scientific NC9734651) in 5% milk was added to the membranes for 1 hour at room temperature.

The membranes were then developed with Immobilon Forte Western HRP substrate (Millipore Sigma WBLUF).

Quantitative Real-time PCR

RNA extraction was performed with RNeasy Plus Mini Kit (Qiagen 74136) according to the manufacturer’s
manual and the resulting RNA was used to synthesize cDNA using SuperScript™ IV VILO™ Master Mix
(Invitrogen 11756050). Real-time PCR targeting PTPRZ1 (5-ACTCTGAGAAGCAGAGGAG-3' and 5'-
CTGTTGTCTGTAGTATCCATTAG-3’) or GAPDH (5-TCAAGGCTGAGAACGGGAAG-3 and 5'-
CGCCCCACTTGATTTTGGAG-3) was performed with Power SYBR™ Green PCR Master Mix (Applied

Biosystems 4367659) in three technical replicates.
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Figures and Figure Legends:
Figure 1. Establishment of human organoid tumor transplantation (HOTT) model

A. Workflow of human organoid tumor transplation (HOTT) modeling
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Fig 1: Establishment of Human Organoid Tumor Transplantation (HOTT) model

A) Workflow of Human Organoid Tumor Transplantation (HOTT) modeling. Tumors were obtained from either
freshly resected surgical sampling or from dissection of patient xenografted mice. These tumors were then
dissociated, and part of the original tumor was sequenced with single-cell or single-nuclei transcriptomics.

The rest of the tumor was transplanted onto cortical organoids via a novel hanging drop method after GFP
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labeling. The organoids were then maintained in different media conditions to explore various environmental
conditions for 3-4 weeks before harvest. Half of the organoids were processed via fluorescent activated cell
sorting (FACS) to isolate and sequence GFP+ tumor cells, GFP- organoid cells, and tumor-naive batch-
matched organoids, while the other half of transplanted organoids were used for immunofluorescence and
RNAscope validation. The experimental workflow was implemented on three primary tumors (indicated by
the human brain logo) and 2 direct-from-patient orthotopic xenograft (DPDOX) tumors (represented by the
mouse brain logo).

The entire set of experimental media conditions across five tumor samples was analyzed jointly. Cell type
annotation was performed by projection to a compendium of GBM published dataset (B1), these cell types
were well represented and heterogeneous GBM cell types were identified (B2), across 5 tumors (B3) with a
robust correlation with annotations from Neftel et al (B4) and annotations from Ravi et al (B5). No dramatic

separation 5 culture conditions (B6) in UMAP space was detected.
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Figure 2. Transplanted tumors maintain stemness and preserve primary tumor complexity

A. Cellular composition of organoid transplanted GBM across various culture conditions
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Fig 2. Transplanted tumors maintain stemness and preserve primary tumor complexity.

A)

B)

Cellular composition of organoid transplanted GBM across various culture conditions. HOTT modeling
enables robust engraftment of patient tumors. Notably, 100% success engraftment is achieved in FBS
containing culture conditions. In addition, the intricate complexity of primary tumors is also preserved across
all media conditions. Stacked bar charts are shown representing the fraction of each cell type identified via
single-cell analysis for each tumor and condition.

Transplanted primary tumors across diverse culture conditions demonstrated persistence of their stemness

features as measured by MKI67+, SOX2+ and NES+ immunostaining and their quantification as a fraction
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of the GFP+ population across multiple tumors. This stemness was observed across all media conditions,
including those containing FBS.

Verification of primary tumor complexity across various culture conditions was performed using cell type-
specific marker staining, including the progenitor marker HOPX, neuronal markers CTIP2, as well as the
astrocyte marker GFAP. The accompanying bar graphs, representing multiple tumor samples, illustrate the
prevalence of the most populated cell types across different culture conditions. Notably, the culture condition
without FBS supplemented with EGF and bFGF (i.e., M3noFBS+HEF), preferred for gliomasphere growth,
demonstrated a higher abundance of dividing cells and progenitors, while exhibiting fewer neuronal cells.
This observation is further supported by single-cell RNAseq data, which indicated a higher proportion of
cycling and radial glial (RG) populations (2A)
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Figure 3. HOTT derived tumor cells recapitulate the molecular features of their corresponding primary tumors

A. The recapitulation of tumor cell type heterogeneity revealed by the correlation of HOTT derivation to their
corresponding primary tumors
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Fig 3. HOTT derived tumor cells recapitulate the molecular features of their corresponding primary

tumors.
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Three HOTT samples were individually clustered using the Seurat pipeline, and resulting clusters were
merged and correlated to their corresponding primary tumor cell types annotated by projection onto the GBM
meta-atlas. The correlation to their corresponding primary tumors demonstrates the recapitulation of tumor
cell type heterogeneity.

ssGSEA analysis was executed to determine whether fidelity to individual cell types was altered across media
conditions. Ridge plots of each media condition for the enrichment score was generated, revealing no
substantial differences across culture conditions for the underlying gene expression programs.

The fidelity of HOTT tumor cell type to the GBM meta-atlas cell types was compared. Bubble plot, where the
size of dots represents the cell number obtained by single cell transcriptome and the intensity of dots
represents the predicted ID score, i.e., the similarity to GBM typical cell types. When compared to the first
two columns representing primary tumors, the HOTT model demonstrates the best recapitulation of certain
cell types including cycling, neuronal, vascular, and astrocyte. While microglia and MES were retained at
relatively lower numbers and lower levels of similarity, they are still comparable to the scores of matched
primary tumors from these samples. Furthermore, culture conditions without FBS favored cycling and radial
glia cells, with M3noFBS+HEF showing the most dramatic effect. These results mirror previous discoveries
in Fig 2, showing the robustness of our findings. Interestingly, OPC populations are also significantly favored
in culture conditions without FBS.

Differential gene expression analysis was performed between primary and transplanted tumors. Bar graphs
of the top 10 most significant Reactome pathways were shown. Pathways related to both innate and adaptive
immune systems were enriched in primary cells compared to transplanted cells, corroborating our
observation of diminished immune cells in the HOTT system.

When annotating non-neoplastic cells in HOTT, we observed high predicted.id.scores when using normal
developing brain meta-atlas as reference (left panel). To annotate non-neoplastic cells from published GBM
datasets, three references were applied. High predicted.id.score were observed when referenced to normal
developing brain meta-atlas, but not normal adult or aged brain. This observation suggested that exposure
to tumor might reactivate developmental program in surrounding brain cells in TME, highlighting the

relevance of HOTT for the GBM microenvironment modeling.
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Figure 4. HOTT uncovers bidirectional tumor - microenvironmental communication mediated by PTPRZ1
A. Cell composition shift of non-neoplastic cells between tumor transplanted and tumor naive organoids
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Fig 4. HOTT uncovers bidirectional tumor - microenvironmental communication mediated by PTPRZ1


https://doi.org/10.1101/2024.05.02.592055
http://creativecommons.org/licenses/by/4.0/

A)

B)

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.02.592055; this version posted May 5, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

When comparing non-neoplastic organoid cells from tumor-exposed organoids with batch-matched naive
organoid cells, we observed separation of these two samples in UMAP space across all three primary GBM
experiments (left panel). Cell composition analysis (right panel) revealed a persistent shift from dividing cells
and progenitors towards neuronally committed populations after exposure to GBM, suggesting that GBM
may promote the differentiation of surrounding normal cells.

Cell-cell communication in the tumor microenvironment was assessed using CellChat (Jin et al., 2021), a
computational tool that enables prediction of cell interaction based on receptor - ligand relationships in a cell

type specific manner.

B1) In the HOTT system, represented by LB4878 in the M3 culture condition, PTN was identified as the most

significant signaling pathway (right column) with PTPRZ1 as its major receptor (left column). The PTN
signaling pathway network was shown in a circle plot. Dominant sources of this signaling as both sources

and targets, included neoplastic dividing cells, progenitors and radial glia, as shown in the 2D scatter plot.

B2) When leveraging the same strategies to compare the neoplastic and non-neoplastic cells in a published

GBM dataset (Yu et al), by comparing PTN - PTPRZ1 was again identified as the top signaling between the

tumor and the microenvironment.

B3) However, when a similar analysis was conducted with a normal adult human brain dataset, this pathway did

C)

not emerge as a primary mediator of cell-cell interactions. Note the significantly lower PTN interaction
strength observed in the 2D scatter plots within the normal adult brain as compared to the GBM TME. The
interaction strength across analyses demonstrates higher scores in the neoplastic cell types in tumor samples
compared to normal cell types.

RNAscope revealed high percentages of PTN and PTPRZ1 double positive cells in both core and peripheral
areas of primary tumors. FFPE sections were derived from surgical samples removed from the tumor core
(core region) and the tumor boundary (peripheral region). Neoplastic regions were identified by post-staining
with NES on contiguous sections, as well as by assessing cell density based on DAPI nuclei staining. NES
staining on the right is autofluorescence, staining on the left with cellular co-localization is true staining.
Almost all the cells are PTN and PTPRZ1 double positive, mirroring the equal incoming and outcoming
interaction strength in Fig 2B 2D scatter plots. The observation of PTPRZ1 and PTN positive cells found in
both the neoplastic and non-neoplastic areas of the tumor in both the core and peripheral regions supports

the role of PTN-PTPRZ1 in potentially mediating tumor migration.
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Figure 5. Environmental PTPRZ1 knockdown increases glioma migration

A. Schematic of novel organoid fusion migration assay
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Fig 5. Environmental PTPRZ1 knockdown increases glioma migration
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Workflow of a novel organoid fusion migration assay. Gliomaspheres were treated with a shRNA lentivirus that

contains a scramble or PTPRZ1-targeting sequence with a GFP reporter prior to transplantation. After

transplantation using the hanging drop method, the HOTTs were allowed to fuse with a tumor-naive organoid

and cultured for 3 weeks. At time of harvest, the fusions were severed with a scalpel and digested for FACS

analysis.

A)

B)

C)

D)

E)

Images of the HOTT fusions at 12, 18 and 25 days post fusion (dpf). GFP signal represents engrafted GS.
White dotted line represents the fusion boundary. Scale bar = 750 um.

Western blot analysis of organoid and GS used for transplantation (left and middle). PTPRZ1 protein levels
significantly decreased following shRNA lentivirus treatment. Real-time PCR of gliomaspheres show
PTPRZ1 knockdown after shRNA was introduced, while PTN expression was unchanged (right).
Schematic representation of the various transplant combinations. GS cells were treated with either a
scramble shRNA or PTPRZ1 targeting shRNA and transplanted onto scramble or PTPRZ1 knockdown
organoids, resulting in 4 experimental conditions.

Box-and-whisker plots of migration rate for two patient-derived gliomasphere lines, GS005 and GS025. The
migration rate was calculated by dividing the number of GFP+ cells on the tumor-naive side with the total
number of GFP+ cells from both sides (n=3 replicates per line). Under identical tumor PTPRZ1 KD status,
organoid PTPRZ1 KD resulted in increased GS migration towards the tumor-naive side.

Immunostaining of the organoid fusions at the fusion boundary (left). Migration of GFP labeled GS cells was
observed. Under identical tumor PTPRZ1 KD status, organoid PTPRZ1 KD resulted in increased GS
migration towards the tumor-naive side (example labeled with white arrowheads). Scale bar = 250 um.
Schematic of the binning strategy employed to quantify the distribution of GS cells was shown on the top
right. The organoid fusion was divided into eight equal bins labeled T1-4 (transplant) and N1-4 (naive) which
stem from the fusion boundary. The amount of GFP+ cells in each bin was quantified and plotted as a ridge

graph as the percentage of total GFP cells present in each bin (bottom right).
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Figure 6. Environmental knockdown of PTPRZ1 alters tumor cell fate
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Fig 6. Environmental knockdown of PTPRZ1 alters tumor cell fate
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Effects of tumor or environmental PTPRZ1 KD on cell fate were assessed with immunostaining of
mesenchymal marker HMOX1 and neuronal marker MEF2C. Organoid KD of PTPRZ1 significantly reduces
the expression of tumor HMOX1 and MEF2C. Moreover, organoid HMOX1 expression was also reduced
with organoid PTPRZ1 KD, suggesting a role for PTPRZ1 in driving mesenchymal transition both intrinsically
and through cell-cell communication.

Violin plots depicting the quantified tumor and organoid expression of HMOX1 and MEF2C. Fold change of
each experimental condition was calculated based on the average of all the data points in TumorS®Org>®.
Tumor and organoid expression was based on the ratio of GFP+/Signal of interest+ over total GFP+ cells
and GFP-/Signal of interest+ over total GFP- cells, respectively. P-value determined by two-tailed Mann-
Whitney test, *p < 0.05, **p < 0.01, ***p < 0.001. Experiments were conducted in two patient-derived
gliomasphere lines (GS005 and GS025) with a minimum of 3 but up to 6 replicates per line.

Effects of tumor or environmental PTPRZ1 KD on cell fate were assessed with immunostaining of astrocyte
marker GFAP and deep layer neuronal marker CTIP2. Organoid KD of PTPRZ1 increased tumor GFAP and
organoid GFAP expression, suggesting a role for PTPRZ1 in regulating astrocyte differentiation. In addition,
under the context of organoid PTPRZ1 KD, tumor PTPRZ1 KD significantly increased tumor CTIP2
expression. On the other hand, tumor PTPRZ1 KD increased organoid CTIP2 expression, suggesting a role
for neuronal fate regulation via tumor-normal PTPRZ1 signaling.

Violin plots depicting the quantified tumor and organoid expression of GFAP and CTIP2. Fold change and
statistical significance were calculated as described in Fig. 6B.

Western blot analysis of NAZ2329 treated GS cells at concentrations of 0 (Vehicle), 6.25, 12.5 and 25 uM.
Total SRC and pY416 SRC levels were examined and the ratio of pPSRC to SRC levels increased in a dose-
dependent manner, validating the blockage of PTPRZ1 phosphatase activity. Actin was used as a loading
control. 30 ug of protein was loaded in each lane.

Effects of cell fate driven by PTPRZ1 catalytic inhibition was investigated by immunostaining of astrocyte
marker GFAP and neuronal marker CTIPZ2 (left). The organoid transplants were treated with a DMSO vehicle
or 25 uyM of NAZ2329. Violin plots showing quantification of GFAP and CTIP2 expression (right). P-value
determined by two-tailed Mann-Whitney test, *p < 0.05. Experiment was conducted with three GS lines with
four replicates per line.

Graphic model illustrating the different roles of tumor derived or peritumor derived PTPRZ1 on tumor
stemness and migration. Intrinsic tumor PTPRZ1 drives tumor stemness and migration, whereas
microenvironmental PTPRZ1 suppresses both. This mechanism is independent of PTPRZ1 phosphatase

activity.
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Supp. Figure 1. Experimental setup for human organoid tumor transplantation (HOTT) model
A. Cortical organoid generation
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Cortical organoids were derived from multiple lines of hESC (human embryonic stem cells). Top panel:
Representative images of cortical organoids cultivated in various differentiation media, together with a growth
curve presented to track their size growth. To generate cortical organoids, human embryonic stem cells were
dissociated into single cell suspensions and aggregated into ultra-low attachment V-bottom plates in the
presence of ROCK, WNT and TGFb inhibitors (Media 1, M1). These organoids were introduced into Media
2 (M2) and Media 3 (M3) on Day 18 and Day 35, respectively, to further shape them towards a cortical fate.
Bottom panel: IF verification illustrating the stepwise progression towards cortical fate. At Week 5, neural
progenitor characteristics were evident, characterized by the presence of rosette structures and positive
staining for PAX6 and Ki67. Subsequent neural differentiation was marked by the expression of the deep-
layer neuronal marker CTIP2 at Week 10, followed by the appearance of the upper-layer neuronal marker
SATB2 and the typical astrocytic marker GFAP at Week 15.

Three different transplantation methods of HOTT were compared using the same quantity of tumor cells.
After three weeks of culturing in M3 media, all transplanted organoids were sectioned and stained for GFP
(Green Fluorescent Protein), and the percentage of GFP-positive area relative to the total organoid area in
the field was calculated to assess transplantation efficiency.

Five different culture conditions were employed to investigate the response of GBM to various environmental
perturbations, with expected outcomes outlined alongside each condition.

Following 3-4 weeks of culture in different media, FACS (Fluorescence-Activated Cell Sorting) sorting was
performed to enrich GFP-labeled GBM cells. A gate was established using GFP-negative (GFP-) naive
organoids (top panel), and only samples with over 1000 GFP-positive (GFP+) cells proceeded to single-cell
transcriptome analysis.

InferCNV was used to identify neoplastic cells from non-neoplastic cells, as shown by the representative

InferCNV plots and feature plots to highlight neoplastic cell clusters corresponding to InferCNV clusters.
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Supp Figure 2. Characterization of tumor heterogeneity in HOTT system

A. GBM meta atlas UMAP annotated with B. UMAPs of 5 tumor samples projected to GBM meta altas annotated by
utilized public datasets sources (left panel) and transplanted tumor predicted.id.score(right panel)
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SFig2: Characterization of Tumor Heterogeneity in HOTT System (Associated with Figures 1 and 2)

A) A compendium of 7 GBM published datasets was used to generate a GBM meta-atlas. These datasets

were downloaded from publicly available data depositions and filtered to maintain only tumor cells as indicated
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by copy number variation analysis. Integration was performed using RPCA analysis (Seurat v4) and clusters
were annotated for cell type. The UMAP shown here depicts the integrated analysis yielded co-mingling of all 7
datasets included.

B) The projection of 5 HOTT GBM samples alongside their corresponding primary tumors onto the GBM
meta-atlas facilitates the reduction of batch effects and technical disparities between single-cell and single-
nucleus RNAseq methodologies. In projected UMAP space annotated by source (left panel), the preservation of
the majority of the tumor complexity was shown with less maintenance of certain cell types such as microglia
and oligodendrocytes, which are only present in primary tumor samples in red. While in projected UMAP space
annotated by predicted ID score (right panel), high molecular similarity was shown between HOTT cell types and
their corresponding GBM meta-atlas cell types.

C) Cellular composition of 5 HOTT GBM samples utilizing Neftel et al and Ravi et al annotations,
complementing Fig 2A, not only exhibited similar trends to those observed with the predicted ID annotation but
also showed a robust correlation among the major cell types annotated using three different annotation systems.
D) Additional immunofluorescence validation of the most populous cell types within transplanted DPDOX
tumors across various culture conditions, with their quantification displayed in Fig 2B and 2C.

E) Additional quantification was conducted to assess tumor cell numbers in 5 HOTT samples across 5
different culture conditions. The number of GFP+ cells in immunofluorescence (IF) assays matched the tumor
cell count obtained via single-cell RNAseq following identification through inferCNV features. Consistently, FBS-
containing culture conditions exhibited higher tumor cell counts, whereas base media without FBS yielded the
fewest tumor cells. Moreover, supplementation with growth factors (HEF and PDGF) increased tumor cell

numbers.
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Supp. Figure 3. HOTT derived tumor cells recaptulate the molecular features of their corresponding primary
tumors

A. Additional Correlation heatmaps using Neftel and Vidhya annotation to futher demonstrat that HOTT derived tumors
recapture the heterogeneous cell types of their corresponding primary tumors.
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SFig 3 HOTT derived tumor cells recapitulate the molecular features of their corresponding primary
tumors. (Associated with Figure 3)
A) Additional heatmaps demonstrate the correlation of HOTT derived tumor cells to their corresponding
primary tumors using Neftel et al and Ravi et al annotations further demonstrates the recapitulation of tumor cell
type heterogeneity.
B) Characterization of tumor cells based on the activity of gene modules representing normal human brain
development. Gene modules were identified by applying a novel strategy of iterative, hierarchical clustering to a
meta-atlas of seven previously published transcriptomic profiles of the developing human cortex (Nano et al.,
2023) (top). This pipeline produced 225 modules, which were assigned biological annotations through both
extensive literature review of module genes and term enrichment analysis of gene ontology sets, WikiPathway
and KEGG pathway databases, and ChEA, ENCODE and TRRUST transcriptional regulatory collections. A

module activity score based on average module gene expression was calculated for each tumor cell. Heat map
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(bottom) shows the average module activity in primary cells or in transplanted tumor cells across three samples
grown in the indicated culture conditions. When compared to their corresponding primary tumors, most HOTT

tumors maintained comparable module activity, except for immune function, cell junction, and synapse functions.
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Supp Figure 4. Both non-neoplastic cells derived from HOTT organoids and non-neoplastic cells from published GBM
dataset exhibited the greatest similarity to corresponding cell types found in the developing human brain

A. High similarity between non-neoplastic organoid cells and the developing human brain cells demonstrated by high
predicted.id.scores in both projected normal developing brain atlas UMAP space and its histogram.
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B. The Similarity comparison of non-neoplastic cells from published GBM datasets to three reference dataset including the
developing brain meta atlas (B1), normal adult brain cells(B2) and normal senior brain cells(B3)
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SFig 4 Non-neoplastic cells derived from both HOTT organoids and published GBM dataset exhibited
the greatest similarity to corresponding cell types found in the developing human brain. (Associated
with Figure 4)

To investigate the interaction of tumor cells and their surrounding InferCNV-identified non-neoplastic cells. Non-
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neoplastic cell types were annotated using three different reference databases: normal developing brain meta-
atlas (A and B1), adult brains (B2), and normal aging brains (B3). Corresponding UMAPs displayed in the left

column.

A) As expected, we observed the highest predicted scores of HOTT non-neoplastic organoid cells when
projected to the developing brain meta-atlas, as demonstrated by their UMAP in the reference UMAP space
annotated by cell types (predicted.id), the similarity (predicted.id.score) and histogram of mean predicted scores,
respectively.

B) When annotating the non-neoplastic cells from published GBM datasets, the highest predicted scores
were also observed when projected to the developing brain meta-atlas (B1), but not to normal adult brain cells
(B2) and normal aging brain cells(B3). The results suggest the applicability of using the HOTT system to study

the tumor microenvironment.
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Supp.Figure 5. Additional CellChat analysis on three HOTT samples across culture conditions yielded consistent
results, highlighting the role of PTN-PTPRZ1 signaling in mediating interactions between the tumor and its

microenvironment.
¢ LB4878

A. Relative contribution of PTN receptors

PN - pTPRz1 | I
PN - NCL |

PTN - SDC3 |
PTN - ALK||

Relative contribution

B. PTN pathway network

N.Newborn Neuron"“’/ﬁc,rOina N.IPC
N.Inhibitory Neuron
N.RG-) y

N.RG.div

N.Excitatory Neuron

N.Div

T.Cycling

T.Microglia

¢ LB5024

PN - pTrrz1 | I
PTN - NCL | I
PTN - sDC3| Il
PTN - spc2|]
PTN - ALK||

Relative contribution

N.OPC  N.Newborn Neuron
N.IPC

N.RG.div,
Y

/
/i

T.Cycling

TMES

* N.Inhibitory Neuron
N.Excitatory Neuron

¢ LB5028

pTN - pTrrz1 | I

PTN - NcL | I
PTN -soc3|ll
pTN - spcz|ll

PTN - ALK]|

Relative contribution

N.OPC

N.

T.Microglia

TNeuronal  *

Newborn Neuron
N.IPC

Al
N.Inhibitory Neuron
N.Excitatory Neuron

T.Neuronal
T.Microglia
T.Neuronal ToRG
T.NPC T.OPC
C. PTN pathway expression pattern
5 TOPC@ 5 \ TOPC @
T.OPC
ol ; ° o
> e » T.Astrocyte 6 ) T Astrocyte
4 N.RG.div @ [ ) 4 . y. J,, N ® ’ [e)
N.Excitatory Neuron NRG® ToRG e G ® .:i);glr:atmy TCYC|Wh'ere.
P ) OV N.Astrocyte -
3 ® @ N.Div T.Vascular Count 3] TNeuronal @ TV y‘cular Count 4 N.IPC N,RG.. Count
NIPC o] ° 0 e, ] o 0 NDy ® TNPC e 0
. ® 25 .Excitatory Neurort 25 8 TV 2] ‘ 30
® 50 N.IPC @ \.RG 50 ascular 60
2 75 2 . ® 75 @5
@N.Newborn N o k as ® 100 . ®i20
@oN.Inhibitory Neuron ON.New ) S
1 1 .Inhibitory Neuron
G LInhibitory Neuron T.Transition State
Microg b %G N.OPC.div 2
. Astrocyte -0ligo
01 °TRG 01 °N.RG.div 01 *TRG
0 2 4 [ 0 2 4 0 2 4 3 B
R 5 o h o g

D. Cell cell interaction signaling pathways ranking

8
s - 10 u
b mn 5
3 1l 4l ol 31 (1AL | T O
= . - 0 [ o 0 L -n__
PTN .
oo iH RN iI= I N =
= CD99
AGEN [ NC; | —
COLUEEES l . I— COLLAGEN | | ]  —
TENASCIN — LXAomTrﬁn n - ]
VEGF = EPHB | I | =
Veon = VEGF | =
hu ] N == CDH =
TeH = FGF [ =
Aot E==  TENASCIN [ | (]
o l [—] NRXN ]
N | 0 = CADM # I: J || =
et 5 R e
CNTN I
g =] ] : SEMA6 | || =
o [ h LIFR I W
EPHA ; IR - :
iy ™ PARs i
OSM H NT I ]
NRXN oL
VISFATIN - l | F om0 om ™ = i
CD46 H CD46 I | | r | m
LIFR o " WNT 1
NRG E I H PDGF | | l 1
W - H ANGPTL s 1™ H
PARs [ A3 ; | | I: oA L :
SEMA3 - NGL - - | SAM n - !
) 55 —TT EE'E E B N BN
556803608 2ECERRRREE " =5 "-U%FE”’EMOM° v o 22EEOS002LPNITOQVVVLE © = &
8z33253209888¢ =53 0335353 235LU 96853 - SR SAXORELGEL A XY B2
$Z3325320588SER 2 S 22226050 85592220%% 3 1200 2a TR RS I EE T
3 227227259287 28 ‘Ezizbzﬁz'%zmi,é‘r—'s grrrr g 823323229582 8EF000F0 8
. > 2g Z<F=2Z =2 2 €40 Z2p 52 P 2 CE0T 83 3
z §§ Zg F FF §r— 3 gs § 2 7" FE [< g 33 € 23- 32 82
g2 % 2 3E 3 g2 8 2
g 2 % gE 2 SE 3 =
= 2 zz 2 EE z =
ey

SFig 5 Additional CellChat analysis on three HOTT samples across culture conditions yielded
consistent results, highlighting the role of PTN-PTPRZ1 signaling in mediating interactions between
the tumor and its microenvironment.
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Supp.Figure 6. Cell chat analysis using published data identified PTN-PTPRZ1 as the most significant cell-cell
interaction in the primary tumor microenvironment , but not in the adult normal brain

Normal Adult Brain (Hodge et al) GBM (Bhaduri et al) GBM (Darmanis et al)
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SFig 6 Additional CellChat analysis on published adult normal brain and GBM datasets with non-
neoplastic cells confirmed PTN/PTPRZ1 signaling as the top pathway mediating the interactions in tumor
microenvironment but not in normal brain environment.
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Supp Figure 7. The tumor microenvironment is essential to PTPRZ1-mediated cell type changes

A. Gliomasphere transplants HOPX and VEGFA immunostaining B. Quantification of HOPX and VEGFA expression

Merge GFP HOPX VEGFA Tumor HOPX Tumor VEGFA
5 4=
°
o . i34 GS005
%5 2 2 GS025
3 5 5 2-
[ T 3
o I £,
>
"é 0- i i
5 Organoid HOPX Organoid VEGFA
5 8=
j=) _
S 2 2

(]
= 3 <
o & &
o
e
S & © S o
:E, ‘go éo&g 0(0.: O(Q% \&
= d\o\ o\c“ oé‘ S \50‘ ! ‘*po
@)

. . - AT s A s

C. Gliomaspheres only control knockdown immunostaining
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E. Immunostaining quantification of NAZ2329-treated gliomasphere transplants
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SFig 7. The tumor microenvironment is essential to PTPRZ1-mediated cell type changes
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A) Effects of tumor or environmental PTPRZ1 KD on cell fate were assessed with immunostaining of radial
glial marker HOPX and mesenchymal marker VEGFA. Tumor KD of PTPRZ1 significantly increases the
expression of tumor HOPX and organoid HOPX, suggesting that intrinsic and environmental PTPRZ1 both play
a role in suppressing radial glia fate in the tumor.

B) Violin plots depicting the quantified tumor and organoid expression of HOPX and VEGFA. Fold change
of each experimental condition was calculated based on the average of all the data points in TumorSOrgS°".
Tumor and organoid expression were based on the ratio of GFP+/Signal of interest+ over total GFP+ cells and
GFP-/Signal of interest+ over total GFP- cells, respectively. P-value determined by two-tailed Mann-Whitney
test, *p < 0.05. Experiments were conducted in two patient derived gliomasphere lines (GS005 and GS025) with
a minimum of 3 but up to 6 replicates per line.

C) Immunostaining of astrocyte marker GFAP, neuronal markers CTIP2 and MEF2C, radial glia marker
HOPX, and mesenchymal markers HMOX1 and VEGFA of gliomaspheres only under scramble or PTPRZ1 KD
conditions (n=3). Modulation in cell fate has largely disappeared upon PTPRZ1 KD, highlighting that the
presence of a tumor microenvironment is essential for the observed cell type changes.

D) Violin plots depicting the quantified immunostaining in D. P-value determined by two-tailed Mann-
Whitney test, *p < 0.05. Experiments were conducted in three patient derived gliomasphere lines (GS005,
GS025 and HK408) with 3 replicates per line.

E) Violin plots depicting the quantified expression of HMOX1, MEF2C, HOPX, and VEGFA of GS
transplanted organoids under vehicle and 25 yM NAZ2329 treatment. No significant cell type changes were
observed, indicating that cell fate specification was not driven by PTPRZ1 catalytic activity. Experiments were
conducted in three GS lines (GS005, GS025 and HK408) with 4 replicates per line. P-value determined by two-
tailed Mann-Whitney test.
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