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Single-cell multi-omics sequencing uncovers
region-specific plasticity of glioblastoma for
complementary therapeutic targeting

Xin Wang'?t, Qian Sun't, Tianbin Liu?t, Haoran Lu', Xuyi Lin?, Weiwen Wang?, Yang Liu?,
, Qianxue Chen', Junmin Wang’, Daofeng Tian',
Fan’en Yuan’, Longqi Liu?, Bo Wang3'4, Ying Gu>**57* Baohui Liu'*, Liang Chen*'*

Yunting Huang?, Guodong Huang®, Haixi Sun*>”’

Glioblastoma (GBM) cells are highly heterogeneous and invasive, leading to treatment resistance and relapse.
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However, the molecular regulation in and distal to tumors remains elusive. Here, we collected paired tissues from
the tumor core (TC) and peritumoral brain (PTB) for integrated snRNA-seq and snATAC-seq analyses. Tumor cells
infiltrating PTB from TC behave more like oligodendrocyte progenitor cells than astrocytes at the transcriptome
level. Dual-omics analyses further suggest that the distal regulatory regions in the tumor genome and specific
transcription factors are potential determinants of regional heterogeneity. Notably, while activator protein 1 (AP-
1) is active in all GBM states, its activity declines from TC to PTB, with another transcription factor, BACH1, showing
the opposite trend. Combined inhibition of AP-1 and BACH1 more efficiently attenuates the tumor progression in
mice and prolongs survival than either single-target treatment. Together, our work reveals marked molecular al-
terations of infiltrated GBM cells and a synergy of combination therapy targeting intratumor heterogeneity in and

distal to GBM.

INTRODUCTION

Glioblastoma (GBM) is the most frequent and lethal primary brain
tumor (I). Now, the standard of care consists of surgical resection,
followed by radio- and chemotherapy, yet tumors recur inevitably,
and the median survival is only 15 months (1-3). Residual malig-
nant cells that escape surgical resection in neighboring regions
would serve as seeds for tumor recurrence (4-8), and a greater ex-
tent of resection may improve survival (9). Therefore, the design of
more effective therapies for glioma shall take malignant cells both in
and away from the primary tumor into consideration (10-12). How-
ever, the comprehensive characterization of the peritumor regions
remains to be established, partially due to the scarcity of tumor cells
there, making it challenging to separate them from the abundant
normal cells. In addition, collecting normal tissues away from the
tumor core (TC) is restricted by its specific location and the need to
preserve essential functions.

Regarding the source of malignant cells disseminated into unre-
sected regions, previous studies have identified malignant clones in
the subventricular zone (SVZ) that often contain tumor precursor
cells and therefore pointed out that astrocyte-like neural stem cells
in the SVZ are the origin of glioma cells (13). On the other hand,
malignant cells from the primary tumor always invade distal regions
during the early stage (5, 6, 14), and the infiltrated cells remain qui-
escent for a period of time before reentering the aggressive growth
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stage (15, 16). This phenotypic distinction suggests that the underly-
ing molecular regulation of malignant cells alters from TC to peritu-
moral brain (PTB). Mutations detected in the primary tumor were
found to remain at recurrence, and little evidence of recurrence-
specific gene alterations was found, suggesting that the contribution
of the genetic lesion to invasion and relapse remains to be deter-
mined (I17). In contrast, infiltrated GBM cells appear to express dis-
tinct genes compared to cells at TC, including ones in cell migration/
metabolic pathways (10, 12, 18, 19). It is also reported that the GBM
infiltration resembles the neuronal migration mechanisms based on
molecular and functional characterizations (20). Considering the
essentiality of infiltrating cells in treatment resistance and relapse, a
full understanding of their molecular features at different regions
will help determine key targets to eradicate these “seed” cells.

GBM is highly inter- and intratumor heterogeneous (21-27). On
the basis of the transcriptome variation of tumor tissues uncovered by
bulk RNA sequencing (RNA-seq) data, The Cancer Genome Atlas
(TCGA) categorizes patients with GBM into four divergent subtypes
(proneural, neural, classical, and mesenchymal) and suggests specific
treatments for each subtype (21). Moreover, our understanding of
the intratumor heterogeneity was markedly advanced with single-cell
technologies. Using single-cell RNA-seq (scRNA-seq), Patel et al. (28)
have revealed that GBM cells with different TCGA subtypes coexist
within individual tumors. A following study hasconstructed a cellular
state model and suggested that each GBM tumor contains four cellular
states [neural progenitor-like (NPC-like), oligodendrocyte progenitor—
like (OPC-like), astrocyte-like (AC-like), and mesenchymal-like
(MES-like)], which are interconvertible from one to another (22).
Meanwhile, the dual states of glioma stem-like cells (GSC), including
the mesenchymal and proneural states, have been proposed (26).
These new concepts of cellular states were subsequently validated and
adopted by other studies (23-25, 29). Tumors with various genetic
backgrounds are found to converge on limited numbers of tran-
scriptional states, suggesting genetic makeup influences, but do not

10f16


mailto:chenliang8@​genomics.​cn
mailto:bliu666@​whu.​edu.​cn
mailto:bliu666@​whu.​edu.​cn
mailto:guying@​genomics.​cn

SCIENCE ADVANCES | RESEARCH ARTICLE

determine cellular states (17, 30, 31), warranting further elucidation of
potential regulators from the perspectives of the epigenetic, transcrip-
tional, and microenvironmental control.

The transcription factor (TF) occupancy and activation at specific
cis-regulatory elements (CREs) constitute the major regulatory force
for lineage commitment and cellular state transition (32, 33). The re-
cent development of single nucleus assay for transposase-accessible
chromatin using sequencing (snATAC-seq) enables robust profiling
of chromatin accessibility landscape for individual cell types or cel-
lular states. In this study, we collected samples from paired TC and
PTB regions in patients with GBM for simultaneous snRNA-seq and
snATAC-seq to define the regulatory programs, especially for malig-
nant cells in both regions. By correlating the chromatin accessibility
with gene expression, we identified cell type-specific candidate CREs
and revealed that distal regulatory genomic regions were most closely
related to cellular identity. Next, we resolved the regulatory programs
associated with four cellular states in GBM. We observed a notable
increase of OPC-like state, yet a decrease of AC-like state as tumor
cells infiltrated into PTB. Specifically, we identified TFs associated
with each of these cellular states, noting that their activity levels often
varied between TC and PTB. Last, we evaluated the therapeutic po-
tential of simultaneous targeting of two regulators, AP-1 and BACHI,
which showed a preferential activity at TC and PTB in our dataset,
respectively.

RESULTS

Single-cell multi-omics profiles of paired GBM

patient tissues

To comprehensively characterize and compare malignant cells in
the primary tumor and distal brain regions, we collected TC and
PTB tissues separately from five patients with GBM (i.e., RMO01 to
RMO5) by the extended resection according to the established sur-
gery protocol (Fig. 1A). The pathological characterization of each
sample was done by combining the results of HE staining, magnetic
resonance imaging (MRI), and molecular diagnosis (fig. S1, A and
B, and table S1). Notably, RM05 showed peritumoral edema and in-
filtrative tumor growth, indicating the PTB tissue of this patient is
likely from the tumor edge or edema region. The cell nuclei of each
sample were collected and split into two halves for snRNA-seq and
snATAC-seq by the DNBelab system, respectively (34).

After filtering low-quality nuclei, a total of 90,504 nuclei for
snRNA-seq and 100,565 nuclei for snATAC-seq were retained (fig.
S1, C to E and tables S2 and S3). For snRNA-seq, we grouped the
cells according to their transcriptome similarity and then deter-
mined cell types based on the expression of canonical marker genes
(Fig. 1, B to D; fig. S2A; and table S4). The copy number variations
(CNVs) deduced by inferCNV were further considered to distin-
guish malignant from nonmalignant cells according to the presence
of GBM hallmarks (chromosome 7 gains and chromosome 10 loss-
es) (fig. S2, B and C) (28). In total, eight cell groups were identified,
including the GBM cell, astrocyte, oligodendrocyte, inhibitory neu-
ron, excitatory neuron, myeloid, T cell, and pericyte/endothelial cell
(Fig. 1B). A small population (1.81% of total cells) with no associ-
ated marker genes were considered as “undefined” and excluded
from the following analyses. For snATAC-seq, the cell-type annota-
tion was performed based on the level of chromatin accessibility
around canonical marker genes, and malignant cells were assigned
by Copy-scAT (Fig. 1, E and E, and fig. S3, A and B) (35). All cell
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types, except the pericyte/endothelial cell, were identified in snATAC-
seq and validated by the expression scores of marker genes (Fig. 1B
and fig. S3C).

In line with the previous observations (22, 36), both snRNA-seq
and snATAC-seq data showed that GBM cells from different patients
were separated, while the same type of nonmalignant cells was clus-
tered together, indicative of the interpatient heterogeneity of tumor
cells (Fig. 1, B and C). We next calculated the cell-type composition
in two regions (Fig. 1G and table S5). TC tissues were mainly com-
posed of GBM cells, whereas nonmalignant cells, such as the oligo-
dendrocyte and neuron, constituted most of cells in PTB. A small
number of tumor cells were detected in PTB, allowing us to investi-
gate the molecular features of tumor cells distal to the defined tumor
territory. Notably, the cell-type compositions revealed by the snRNA-
seq and snATAC-seq were similar to each other (Fig. 1G and fig.
S3D), implicating a high concordance of single-nucleus transcrip-
tomic and epigenomic profiles for paired TC and PTB samples.

Cell type-specific regulation of the chromatin

accessibility in GBM

The above results prompted us to further characterize the cell type-
specific gene regulation with snRNA-seq and snATAC-seq. By cor-
relating the chromatin accessibility with the gene expression, we
identified 52,485 gene-linked CREs (gl-CREs) with a high degree of
cell-type specificity (Fig. 2A). There were 9042 CRE-linked genes,
and each was linked to a median of 5 CREs, suggesting a complex
interaction between genes and distal regulatory sites (Fig. 2B). We
observed that most of the CRE-linked genes were expressed in a cell
type-specific manner or shared by closely related cell types, such as
inhibitory and excitatory neurons (Fig. 2C). Encouraged by this re-
sult, we assessed the correlation of CRE-linked genes with differen-
tially expressed genes (DEGs), which showed a notable overlap (fig.
S4A), indicating a potential role of CREs in directing the expression
of cell type-specific genes.

Across the genome, gl-CREs were largely mapped to intronic
(55.27%), followed by distal (22.95%), promoter (11.08%), and ex-
onic regions (10.70%) (Fig. 2D), 74.09% (38,887 of 52,485) of which
were overlapped with putative enhancers identified by The Encyclo-
pedia of DNA Elements (ENCODE) consortium and Functional An-
notation of the Mammalian Genome Project 5 (FANTOMS5) projects
(Fig. 2E) (37, 38). When calculating the specificity index for each
group of gl-CREs (39), distal peaks appeared to contribute the most
to cell-type specificity (Fig. 2F). Next, to characterize the impor-
tance of distal regulatory elements, we parsed differentially accessi-
ble peaks (131,904) across cell types (fig. S4, B and C), among which
46,046 (34.91%) distal peaks were subjected to GREAT analysis (40),
leading to the identification of biological processes unique to corre-
sponding cell types (Fig. 2G). For example, cancer-related terms,
including response to epidermal growth factor and regulation of
nuclear factor kB (NF-kB)-inducing kinase/NF-«kB signaling, were
enriched in GBM cells. Myeloid cell differentiation and myeloid leu-
kocyte mediated immunity were enriched in myeloid cells.

To determine whether the regulatory distal regions contribute
to tumorigenesis, we deduced TF binding motifs within differen-
tially accessible distal peaks for each cell type (Fig. 2, H to J; fig. S5,
A and B; and table S6). CTCF, which is critical for myelination
and repair (41), was enriched in oligodendrocytes. ASCL1, a reg-
ulator in neuron generation (42), was enriched in inhibitory neu-
rons. SPI1, which is implicated in myeloid differentiation (43), was
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Fig. 1. Single-cell atlas of gene expression and chromatin accessibility in glioblastoma. (A) Schematic representation of the experimental workflow. Primary surgical
samples were obtained and then dissociated for single-cell sequencing. Clustering and other downstream bioinformatic analyses were performed. (B) Uniform manifold
approximation and projection (UMAP) visualization colored by cell types for snRNA-seq (left) and snATAC-seq (right). (C) UMAP plot colored by samples for snRNA-seq
(left) and snATAC-seq (right). (D) Violin plot for expression of canonical cell-type markers in snRNA-seq. (E) Pseudo-bulk chromatin accessibility profiles for canonical
marker genes. Chromosome positions are shown below, with genes on the plus strand colored in red and minus strand in blue. Chromosome coordinates are: EGFR (chr7:
55009020-55029021), ETNPPL (chr4: 108753053-108773054), MOBP (chr3: 39457197-39477198), GAD2 (chr10: 26206306-26226307), SLC17A7 (chr19: 49432359-
49452360), APBB1IP (chr10: 26428202-26448203), and CD2 (chr1: 116744384-116764385). (F) CNV profile inferred from snATAC-seq. Rows correspond to cells and

columns represent the chromosomal locations. (G) Stacked bar charts showing the proportional composition of cell types across samples in snRNA-seq (top) and
SNATAC-seq (bottom).
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Fig. 2. Distal peaks confer cell type specificality and reveal the underlying cell type-specific TF regulation. (A) Heatmaps showing chromatin accessibility (left) and
gene expression (right) of significantly linked CRE-gene pairs. (B) Histogram showing the number of genes that with 1 to 25 linked CREs. (C) Upset visualization of the
overlaps between CRE-linked genes identified in each cell type. The size of CRE-linked genes of each cell type is shown on the left bar plot, and the number of overlapping
genes between two cell types or unique genes in one cell type is shown on the top bar plot. (D) Donut diagram showing the genomic distribution of gl-CREs. (E) Venn
diagram showing the overlaps of CREs with proximal and distal enhancer-like elements (pCREs and dCREs) revealed by ENCODE (37) or enhancers by FANTOM5 (38).
(F) Boxplot showing cell-type specificity of differentially accessible peaks across distal, promoter, intronic, and exonic regions. The cell-type specificity index was measured
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lected markers. Inferred peak-to-gene links across the GBM dataset are shown in the middle, and chromatin immunoprecipitation sequencing (ChIP-seq) tracks for identi-

fied TFs (SPI1 for myeloid and NFIC for GBM cell) and H3K27ac are shown bottom. ***P < 0.001.
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enriched in myeloid cells (Fig. 2, H and I). We captured members
of the NFI TFs in GBM cells, including NFIA, NFIB, NFIC, and
NFIX involved in glioma tumorigenesis (Fig. 2, H and J) (44-46). It
therefore suggests that this protein complex may function in GBM
cells through a mechanism at the distal regulatory regions. Togeth-
er, our data demonstrate the power of chromatin accessibility pro-
filing by snATAC-seq in identifying potential regulatory regions
linked to tumor-related genes and trans-acting factors that mediate
GBM progression.

Infiltrated malignant cells at PTB with distinct

transcriptome profiles

To explore the potential origin of GBM cells at PTB (PTB_G) and its
relationship with GBM cells at TC (TC_G), we retrieved GBM cells
from both regions to dissect the genome architecture of each cell by
inferCNV and Uphyloplot2 analyses (Fig. 3A and fig. S6A) (28, 47-50).
The aggregated CNV profiles enabled us to construct the GBM
cell evolutionary tree for each patient (Fig. 3B, fig. S6B, and table S7)
(47). The results showed that while canonical CNVs on chromosome

A
Infer tumor clonality separately RMO1 RMO2 RMO3 RM04 RMO5
Each ?atient @TC y /?/ PTB
WA oA ® ) X 7q gai 7p gain 7p gain
(RS ®e oo e Ip gain 7p gain 8 gain 7 gain 7q gain
"<< ‘ PO ° 7q gain 10p LOH 12 gain 10g LOH 10q LOH
\ ° ./ 3qgain 12q gain . . . . 10p LOH
Doa 7p gain_JSA\. 149 gain 5qgain A’ 13qLOH 7p gain Al 6q gain  20q gain FAl 12p gain 17qgain "al 12p gain
o | G B 1B H B o (& g
" GBMcells . 12q LOH ain
1 17p gain ‘*17?} gain I S ggaln
20p gain p LOH
inferCNV HMM o @ 126 gan
F
i
D
— Uphyloplot2
Phylogenetic tree 6p gain
11q LOH
19p gain RMo1 (E | RM02 (M | RM03 (E | RM04 (D | RMo5 (F
C L D E
11 I
T u\ T “ | Jo .
s | g
Il I | g,
i LI \II L \ S l 3 prent
R H | IH\ EMT| g il s
‘ ‘ ‘H m ‘EMTII 8 2 LHFPL3 _CDKé development
2 NCDHI2
m | ‘l ‘ IFN response o KRIT] \
S CSMD1 b AM
‘ { " ‘ ‘ / Protein maturation z GR/DZ a-membrane AlVls
[<]
. . e P
‘ H | H ‘ H‘ N ” Protein degradation "=, £t S s .CNTNAP2  sianali
‘ ‘ |” H “ H‘ ‘ ‘ Stress response S e ptic signaling
Scaled module score  Astro PTB,G TC_ G 0 - | . gnaltrans?uction i
i MRMOT = RM02 BRMO3 MRMO04 0 1 2 3 0.0 25 5.0 75
Log 2 (fold change of PTB_G/Astro) -Log,, (Pvalue)
F G
300 SOX2  VEGFA TR i
egulation of trans-synaptic signa
SLAAZ/ | PTNJGFEP2 g ynaptic sig
No\ﬁ} ] EGFR Synapse organization
PTPRZ1 e transition Cell junction assembly
< 200 HIFT1A
E AKAP9 ss Synapse assembly
$ NL@%” Locomotory behavior
a
= —HILPDA ) o pom—
g? 1~ CDK4 tion leuron migration
< 100 CHI3L1 nt signal CNS neuron development
ng microtubule Synaptic vesicle exocytosis
2186 genes onse to hypoxia Axon ensheathment
o appaB signaling Myelination
I T T T T T T
Ls _lesd h . f TC GZP'"SI'B G 0 > 10 5 0 5 10 15
092 (fold change of TC_G/PTB_G) -Log,, (P value) -Log,, (P value)

Fig. 3. Infiltrated GBM cells harbor different characteristics compared with GBM cells in the TC. (A) Schematic diagram depicting the process of tumor evolution
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7 or 10 dominated the evolutionary tree from the root to branches,
individual noncanonical CNVs appeared from specific branches.
Taking RMO1 as an example, 12q/14q gain was shown on branch B,
and 3q/7p gain emerged on branch G. Notably, the root of the evolu-
tionary tree only contained cells from TC, and PTB_G appeared
from middle points of the branches, thus suggesting that malignant
cells at PTB were originated from TC (Fig 3B, inserts at bottom
right). On the other hand, because no SVZ sample was included in
this study, the possibility that certain infiltrated tumor cells were
from the SVZ could not be ruled out.

We next compared the overall malignancy of PTB_G with TC_G
by scoring the expression of pan-cancer signatures for each cell (Fig.
3C and table S8) (51). Astrocytes were used as the reference. RM05
was excluded from the analysis, as its PTB was spatially inseparable
from TC (Fig. 1G and fig. S1, A and B). The result showed that
PTB_G exhibited weaker pan-cancer signatures in general despite
widespread inter- and intratumor heterogeneity, consistent with the
general view that infiltrated tumor cells in normal tissues become
less active or enter quiescence at early tumorigenesis stage (15).

The observation of distinct malignancy levels for PTB_G with
TC_G encouraged us to further characterize the molecular features
of GBM cells in general and alterations of infiltrated cells away from
the tumor. By comparing the transcriptome of TC_G and PTB_G to
astrocytes, respectively, 213 genes were specifically up-regulated in
GBM cells for both regions (Fig. 3D and table S9). They were enriched
in pathways such as synapse organization (NLGNI and ROBO2), cell
adhesion (CDH12 and GRID2), and cell growth (DISCI and SEMA5A)
(Fig. 3, D and E). We next directly compared the gene expression of
GBM cells in two regions. The result revealed 681 up- and 2186 down-
regulated genes for PTB_G (Fig. 3F and table S10). Genes repressed
after invasion were enriched in the regulation of glycolysis (VEGFA
and HIFIA), cell cycle (CDK4 and IGFBP2), and Wnt signal (SOX2
and SOX4) (Fig. 3, F and G), indicating that PTB_G adopted a less ac-
tive state in metabolism and proliferation, as reported previously (10).
Nevertheless, genes in synapse organization- (SLC24A2 and NRG3)
and neuron development- (MBP and SHTNI) related pathways were
induced in PTB_G. As no marker genes have been characterized to rep-
resent infiltrated GBM cells, we extracted the gene signature of PTB_G
by filtering the DEGs of PTB_G with intrinsically expressed genes in
GBM (52), followed by the STRING analysis to generate a 32-gene
module (fig. S6, C and D) (53). Gene Ontology (GO) analysis high-
lighted the signature enriched in neuronal development-related path-
ways, such as synapse organization and ERBB signaling, implicating
the microenvironment of the healthy brain region has an impact in
shaping the transcriptome of PTB_G (fig. S6E) (54-56). We next as-
sessed the microenvironment difference between TC and PTB. Besides
GBM cells, the results revealed the altered expression for a large num-
ber of genes in all nonmalignant cell types, and the changes in the
inhibitory/excitatory neuron and myeloid cells were most evident (fig. S7).
In summary, our data suggest that infiltrated malignant cells exhibited
distinct profiles, and the surrounding normal cells play important roles
in shaping the microenvironment.

Diverse TFs underlying the GBM cellular states

It has been increasingly acknowledged that GBM cells are highly plastic
(54). Multiple cellular states coexist in every tumor irrespective of
the genetic characteristics (22, 26) and are reversible as modulated
by tumor microenvironment (57). When we assessed the compo-
sition of four cellular states defined previously (22), not only high
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interpatient but also intrapatient heterogeneity between TC and PTB
regions was observed (Fig. 4A). Specifically, the percentage of OPC-
like cells at PTB was significantly higher than that at TC, at the ex-
pense of decreased proportion of AC-like cells (Fig. 4, B and C, and
table S11), consistent with the above DEG analysis and recent re-
ports (20, 24). In line with the deduced lineage relationship between
PTB_G and TC_G (Fig. 3B), our results suggest that malignant
cells acquire the proneural feature as they infiltrate into the neigh-
boring region and build connections with local nonmalignant cells
(Fig. 3, Fand G), or cells at higher proneural state are more prone to
disseminate.

The heterogeneous cellular states are attributed to diverse regula-
tory programs in individual cells. We next analyzed differentially
accessible peaks and identified tens of state-specific TFs (Fig. 4, D
and E, and table S12). For example, GFI1, identified in the OPC-
like state, is involved in oncogenesis by inhibiting neuronal differ-
entiation in medulloblastoma (58). FOXK1, a pivotal TF involved
in epithelial-to-mesenchymal transition and invasion (59), is en-
riched in MES-like cells. We noticed that several TFs previously
reported to promote glioma progression might be activated only in
certain states, such as OPC-like-specific HOXC9 that is impli-
cated in autophagy suppression (60), and AC-like-specific SOX3
for glioma proliferation and invasion (61). Thus, these results indi-
cate that tumor-promoting TFs might be active only in a proportion
of malignant cells, leading to cautions to target specific factors for
GBM eradication.

On the other hand, multiple AP-1 family regulators—including
JUN, JUNB, JUND, FOS, FOSL1/2, JDP2, and FOSB—were re-
vealed among the top enriched factors in all four states (Fig. 4D and
table S12). We also performed pySCENIC analysis to characterize
the regulons for each state and found that JUN, JUNB, JUND, FOS,
FOSB, and SOX4 were shared by both snRNA-seq and snATAC-seq
data (Fig. 4E) (62). As exemplified at the CDCPI and TCIM gene
loci, the high chromatin accessibility peaks were highlighted at both
promoters and distal enhancers, where AP-1 may bind and in turn
activate gene expression in cells from all four states (Fig. 4F and
table S6) (63). AP-1 is a key factor for glioma progression and there-
fore suggested as a promising target for disease treatment (64-67).

Declined AP-1 yet increased BACH1 activity in the
PTB region
To assess whether AP-1 is the all-cell regulator for optimal GBM
targeting, we evaluated the activity of AP-1 in PTB_G and TC_G at
the single-cell level. While the activity of AP-1 regulon was higher in
TC_G compared to astrocytes, it significantly declined in PTB_G,
an indication of regional heterogeneity (Fig. 5A). This raised an in-
triguing question as to whether inhibition of the AP-1 could efhi-
ciently block the growth of residual tumor cells following surgery.
To search for potential regulators for infiltrated malignant cells,
we screened the regulons in PTB_G and selected ones with signifi-
cantly higher activity than those in astrocytes (table S13). The top six
TFs identified were BACH1, CREB3L2, HOXD10, MEIS1, SHOX2,
and TEAD3 (Fig. 5B), among which only BACH1 showed higher
regulon activity in PTB_G compared to TC_G. Notably, the expres-
sion levels of these TFs were significantly higher in tumor tissue than
the paired normal tissue according to TCGA RNA-seq data analyzed
by GEPIA2 (fig. S8A) (68-71), suggesting that these TFs are more
tumor specific. Among them, CREB3L2 is implicated in the survival
of malignant glioma (72); HOXD10 is a pivotal regulator for GBM
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invasion (73); MEIS1 maintains stemness in leukemia and drives
leukemogenesis (74, 75); SHOX2 is a survival marker for World
Health Organization grades II to III diffuse gliomas (76). Notably,
BACHL is reported to contribute to cell pluripotency reprograming
and the maintenance of stem cell identity (77) and drive glioma pro-
gression and therapy resistance (78-80).

To comprehensively evaluate the potential of targeting these TFs for
tumor prevention compared to AP-1, we extracted all malignant cells
from both regions and clustered them on the two-dimensional uni-
form manifold approximation and projection (UMAP). PTB_G was
grouped into one cluster that also contained a portion of TC_G (GS2)
(Fig. 5C and fig. S8B). The analysis of the public data from a previous
study confirmed this clustering results (fig. S8C) (10). GO analysis
showed that the PTB_G-containing cluster was enriched in synapse as-
sembly associated pathways (fig. S8D and table S14), corroborative
with the above finding that infiltrated malignant cells are from TC.

We then profiled the activity of each putative TF on the UMAP
in addition to AP-1 (Fig. 5D and fig. S9A). Specifically, AP-1-positive
cells were mainly distributed in GS1, GS3, and GS4, predominantly
composed of TC_G, but not in GS2. In contrast, cells with positive
regulon activity of the six candidate TFs were distributed not only in
GS2 to various extents but also in TC_G-enriched clusters. Combin-
ing cells positive for either AP-1 or one of these candidate TFs ac-
counted for around 40 to 60% of total GBM cells, much higher than
AP-1 alone (Fig. 5E and table S15).

Notably, the expression level of BACHI was higher in PTB_G than
TC_G in our dataset (Fig. 5F and tables S9 and S10). We then exam-
ined the chromatin accessibility level at the BACH1 gene locus (Fig. 5G
and table S6). It revealed that two known BACHI enhancers were
more active in PTB_G compared to TC_G and astrocytes (81), sug-
gesting that the up-regulated BACHI expression may be attributed
to transcriptional control by distal enhancers. Moreover, the bind-
ing motif of BACH], but not other candidate TFs, was enriched in
all four cellular states (Fig. 4D). We also noticed, relative to AP-1/
BACHLI1 double-positive cells, much more malignant cells are positive
for either AP-1 or BACHI regulon activity (Fig. 5, H and I, and table
$16). BACH1 activity was the most inversely correlated with AP-1
compared to other TFs in all tumor cells from our data (fig. S9B), and
their opposite trend was also confirmed by public datasets (fig. S9, C
to E). Thus, our results raised a possibility that BACH1 is complemen-
tary to AP-1 for more comprehensive targeting of GBM cells.

Dynamic transcriptome regulation during GBM cell invasion
We next deduced how cells change the transcriptome as they infil-
trate into neighboring regions. To do so, we constructed a pseudo-
time trajectory for all malignant cells based on their expression
profile similarity (Fig. 5] and fig. S10, A to C) (82). Malignant cells
from TC occupied the trajectory starting point and evolved into two
branches. In contrast, malignant cells from PTB were enriched at
the end point of one branch. Similar results were obtained with the
trajectory deduced by RNA velocity (fig. S10, D to F) (83). The cell
distribution by pseudo-time trajectory was considered a predictor
for lineage transition (49, 84). Our results here corroborate with the
lineage deduction by inferCNV (Fig. 3B).

AP-1 activity was high at the starting point of the trajectory yet
underwent a sharp decline toward the PTB_G containing branch,
where a progressively increased regulon activity of BACHI1 was seen
(Fig. 5K and fig. S10G). The regulon of NFE2L2, which is negatively
regulated by BACH1 (77), became less active as the BACH1 activity
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increased along the PTB_G branch (fig. S10G). Moreover, we checked
the expression of AP-1 members and BACHI and their downstream
target genes, all of which displayed corroborative changes (fig. S10H).
Thus, these data reinforced the anticorrelation of AP-1 and BACH1
activities in our study.

To characterize what other molecular features are changed during
the transition from high AP-1 to high BACHI state, we analyzed genes
displaying a high correlation with the trajectory and clustered them
according to the expression pattern (fig. SI1A). Genes altered along
with the PTB_G branch in three patients were further intersected to
obtain consensus gene sets, resulting in 1801 up-regulated and 298
down-regulated genes (table S17). Consistently, GO analysis for up-
regulated genes revealed regulatory functions in microtubule-based
movement, neuron migration, synaptic transmission, cell junction as-
sembly, and extracellular matrix organization (Fig. 5L and fig. S11, B
to D) In contrast, the enriched biological processes for down-regulated
genes included hypoxic response, double-strand break repair, and
neuron death (Fig. 5L and fig. S11, E to G). In summary, these results
indicate that accompanied with decreased AP-1 and increased BACH1
activity, infiltrated malignant cells may acquire more neuronal-like
migration capability and less hypoxia stress and cell death.

The combination therapy targeting both AP-1 and BACH1
Following the above results, we were intrigued to assess if the find-
ing of anticorrelated AP-1 and BACH1 activity from our data would
predict a synergistic tumor repression effect by dual-target inhibi-
tion. To test this possibility first in vitro, the GBM cell line U251 was
subjected to short hairpin RNA (shRNA)-mediated BACH1 knock-
down and AP-1 inhibition by the potent first-in-class extracellular
signal-regulated kinase 1/2 (ERK1/2) inhibitor ulixertinib (BVD-
523) currently in clinical trials (85-87). While ulixertinib treatment
alone resulted in significant suppression of cell proliferation and
migration, as well as an increase of apoptosis, consistent with previ-
ous reports (85-87), the extent of which was further promoted by
the combination treatment with BACH1 depletion (Fig. 6A and fig.
S12, A to D). These in vitro observations were further consolidated
by examining protein markers for apoptosis and migration by West-
ern blot (fig. S12, E to H).

Next for in vivo examination, we intracranially injected the im-
munodeficient mice with U251 cells with or without BACH1 deple-
tion (Fig. 6B and fig. S12I). After tumor cell implantation, mice were
treated with ulixertinib or the control vehicle. Similar to the in vitro
results, combination treatment resulted in substantially improved
tumor control and prolonged survival compared to either treatment
alone (Fig. 6, C to E). Notably, scattered tumor cells around the tu-
mor edge were observed in shNC- and ulixertinib-treated mice, in-
dicating an invasive potential of tumor cells, which were eradicated
when BACHI1 was depleted (Fig. 6, D and E), thus suggesting a pos-
sible role of BACH1 in regulating tumor cell infiltration in vivo (79).

To exclude the possibility that our observation is due to the U251
model-specific effect, we established another preclinical mouse
model by intracranially injecting the luciferase-expressing GL261
cells into immunocompetent C57BL/6 mice (fig. S13A). BACH1
depletion in the GL261 model was achieved by expressing shBach1
(fig. S13, B and C). Consistent with the results from the U251 mod-
el, BACHI1 depletion inhibited tumor growth and improved surviv-
al, and the combination with ulixertinib exhibited a significantly
improved tumor suppression effect than either treatment alone (fig.
13, D to F). To leverage the clinical potential of BACH1 inhibition
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Fig. 6. Combination therapy suppresses tumor growth and improves survival in GBM mouse models. (A) Quantification of BrdU incorporation, colony-formation,
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for tumor control, we accomplished BACH1 suppression by the
treatment of hemin, a Food and Drug Administration-approved
small molecule that causes BACH1 degradation (Fig. 6F) (88, 89).
After tumor formation, we treated mice with hemin or ulixertinib,
or the combination, resulting in consistent observations with sh-
BACH1 knockdown model (Fig. 6, G to I, and fig. S13G). These data
demonstrate the effectiveness of dual-target therapy (AP-1 and
BACH]1) for GBM both in vitro and in vivo, warranting further eval-
uation in more clinically relevant tests.

DISCUSSION

Intratumor heterogeneity is a notorious characteristic of glioma and
a well-recognized contributor to treatment resistance, which has
been attributed to genetic, epigenetic, and environmental factors
(21-26, 54). However, recent efforts in elucidating the genetic con-
tribution to GBM have not established a clear association of hyper-
mutation with overall survival, cellular state classification, or guided
satisfactory progress in treatment development (17, 30, 90, 91). On
the other hand, insights regarding cellular state plasticity, deter-
mined by internal epigenetic and transcriptional programs with mi-
croenvironment modulation, have been proposed to account for
treatment resistance and relapse (22, 92-94). While our understand-
ing of cell plasticity within tumor regions is increasing (54), how
infiltrated cells in the normal region behave remains elusive. In the
current study, we have performed integrative analyses with snRNA-
seq and snATAC data from both TC and PTB tissues, through which
we have identified a cellular state shift toward proneural state as tu-
mor cells infiltrate into distal regions and dissected potential tran-
scriptional regulators for diverse cellular states (Fig. 7). We further
demonstrate that targeting tumor cells of all states and regions give
rise to synergistic therapeutic effects, thus providing insights into
researches in regional heterogeneity and treatment development.

Regional sampling and bulk tissue analyses have shown that the
leading edge of glioma tissues exhibit proneural subtype and stem-
like malignant cell characteristics, with up-regulated genes related
to neuronal signaling (18, 19, 92). Moreover, malignant cells isolated
from the tumor edge exhibit a higher rate of infiltrative growth, while
cells at the TC show greater therapy resistance in animal models (95).
To specifically characterize the infiltrative malignant cells, early studies
performed scRNA-seq with peritumor tissues. The early study iden-
tified DEGs in metabolic and cell migration, yet the number of cap-
tured malignant cells is limited, restricting the dissection of cellular
state dynamics in space (10, 84, 96). Our work here isolated thou-
sands of tumor cells at PTB, thus allowing us to observe a marked
transition toward the OPC state and induced the expression of genes
particularly active in neuron development and synapse organiza-
tion. This is reminiscent of the previous study, in which invasive tu-
mor cells were mainly enriched for OPC/NPC cellular states and
neurodevelopment-related transcriptional program (20).

These findings consolidate that the microenvironment is indis-
pensable in shaping the transcriptional plasticity in and around
GBM. Tumor-host interdependence has been shown to cause change-
able transcriptional programs to fit the local environment, such as an
inflammatory or hypoxia region, leading to GBM heterogeneity (97-
101). Furthermore, tumor cells may interact with surrounding cells to
promote the intricacy of transcriptome (20, 102-105), for example, the
MES transition of GBM cells driven by immune cells (54, 93, 97). Neu-
ronal activity, through paracrine signaling and glutamatergic synapses
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integrated into tumor cells, has been reported to reshape tumor cells
with increased proliferation and invasion activities (20, 104, 106-108).
Our finding of transcriptome dynamics in the context of the infiltra-
tion zone adds one more layer of complexity to the recent debate of
brain tumor cellular state transitions, leading to cautions against thera-
pies only targeting genetic lesions or GSC (20, 22, 26, 30, 57, 109, 110).

Despite distinct genotypes and cellular states, our work has re-
vealed that GBM cells in different regions share a dependency on core
transcriptional programs, yielding an attractive possibility to address
the intratumor heterogeneity challenge by identifying more effective
reagents or combination treatments that simultaneously and effec-
tively target all cellular states and regions (30, 46, 57, 111). Specifically,
we have explored the regulatory factors underlying each GBM state
and shown that the AP-1 family is shared across all four states. The

TC PTB

/-\A

AP-1 regulon
BACH1 regulon

Combination therapy

Ulixertinib
Hemin

Ulixertinib Hemin

V.

. ®. ®

GS1 GS2 GS3 GS4 AC ODC IN EN MC TC ETC PC

Fig. 7. Scheme explaining the altered characteristics of infiltrated GBM cells
lurked in PTB. AC, astrocyte; ODC, oligodendrocyte; IN, inhibitory neuron; EN, ex-
citatory neuron; MC, myeloid; TC, T cell; ETC, endothelial cell; PC, pericyte.
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importance of AP-1 has been emphasized previously, especially re-
garding its role in inducing mesenchymal transition during tumor
recurrence (64-67). Notably, the ERK inhibitor ulixertinib is current-
ly being tested on pediatric patients with solid tumors, including glio-
ma, in phase 2 clinical trials (NCT03698994 and NCT03155620) (87).
However, variable responses to mitogen-activated protein kinase in-
hibitor (MAPKi) and rebound growth after treatment remain a clini-
cal challenge, necessitating searching for new compounds or synergy
with combination treatments (87). Our finding that AP-1 activity at
PTB is decreased compared to that at TC provides a perspective to
comprehend the partial effectiveness of MAPKi in glioma treatment.
Meanwhile, it further endorses the exploration of specific tumor regu-
lators at PTB, leading us to find that BACHI1 and AP-1 are comple-
mentary targets for synergistic therapy in vivo, particularly in reducing
tumor growth and invasion.

Regarding the limitation of this study and future perspectives,
note that tumor invasion appears as a dynamic process, with varying
molecular regulations adapting to internal needs and the microenvi-
ronment (55). Our data suggest that the cellular state changes as tu-
mor cells disseminate or that cells in a specific state are more prone to
invade neighboring areas. Therefore, to fully understand the cellular
states of tumor cells continuously in space and deduce the invasion
mechanism, collection of transcriptome and regulatory information
for GBM cells at regions between TC and PTB, accompanied by char-
acterizing the microenvironment from more patients, is needed. The
recently developed spatial transcriptomics technologies shall be in-
cluded in future studies. They will help researchers reveal the spatio-
temporal features of GBM cells with distinct neighborhoods more
clearly (112, 113) and address intriguing questions, including where
and how tumor cells are colonized and regulated (55, 114). Second,
while our data have shown that the microenvironment and altered TF
activity are implicated in the cellular state transition, the identity of
neuronal subtypes and tumor subpopulations driving this phenome-
non as well as the regulatory mechanism and functions of shifted TF
activity related to OPC state transition are incompletely understood.
Future studies to elucidate key cell players and molecular events for
tumor infiltration and cellular state shift may help identify effective
targets for therapy. Third, the hemin and ulixertinib used in our study
are both undergoing clinical trials (85-89), thus warranting this com-
bination strategy to be further evaluated in preclinical and clinical
trials for GBM. Our work consolidates the concept that therapies tar-
geting cellular state has the potential to enhance the efficacy of surgi-
cal and cytotoxic treatments, as suggested previously (54). Last, we
have provided access to a comprehensive single-cell multi-omics da-
taset through an online interface for researchers (https://db.cngb.org/
cdep/visualization?project=CNP0003766), which will be continuously
updated to include data from more patients and regions.

MATERIALS AND METHODS

Study design

The first aim of this study was to identify the cell origin and molecu-
lar mechanism of the invasive cells located in the PTB. The second
aim was to investigate most efficient combinatorial treatment con-
sidering both invasiveness and heterogeneity for GBM. To achieve
the aims, GBM patients with extended resection were enrolled, and
two regions (PTB and TC) from each patient were collected. The
snRNA-seq and snATAC-seq were performed for each sample to
dissect the regulatory mechanisms. To evaluate the effectiveness of

Wang et al., Sci. Adv. 10, eadn4306 (2024) 22 November 2024

the combination therapy, GBM cell line U251 was applied for in vitro
studies. Two xenograft GBM models were generated for in vivo
studies, including immunodeficient mice injected with U251 cells
and immunocompetent mice injected with luciferase-expressing
GL261 cells. All data in this study were reproduced in biological
replicates for cell culture and in independent cohorts of mice. This
study was approved by the Institutional Ethics Committee of the
Faculty of Medicine at Renmin Hospital, Wuhan University (ap-
proval number: WDRY2021-K046). All patient tissues in this study
were performed with patient-informed consents.

Statistical analysis
Statistical analysis between groups was performed using Student’s ¢
test. In Kaplan-Meier survival curves, statistical significance was
calculated by the log-rank (Mantel-Cox) test. Significance values are
indicated in figures or marked as *P < 0.05, **P < 0.01, ***P < 0.001,
and ##%*P < 0.0001.
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