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Triple-negative breast cancer (TNBC) is an aggressive disease characterized by remarkable intratumor heterogeneity (ITH), which
poses therapeutic challenges. However, the clinical relevance and key determinant of ITH in TNBC are poorly understood. Here, we
comprehensively characterized ITH levels using multi-omics data across our center’s cohort (n = 260), The Cancer Genome Atlas
cohort (n = 134), and four immunotherapy-treated cohorts (n = 109). Our results revealed that high ITH was associated with poor
patient survival and immunotherapy resistance. Importantly, we identified zinc finger protein 689 (ZNF689) deficiency as a crucial
determinant of ITH formation. Mechanistically, the ZNF689-TRIM28 complex was found to directly bind to the promoter of long
interspersed element-1 (LINE-1), inducing H3K9me3-mediated transcriptional silencing. ZNF689 deficiency reactivated LINE-1
retrotransposition to exacerbate genomic instability, which fostered ITH. Single-cell RNA sequencing, spatially resolved
transcriptomics and flow cytometry analysis confirmed that ZNF689 deficiency-induced ITH inhibited antigen presentation and
T-cell activation, conferring immunotherapy resistance. Pharmacological inhibition of LINE-1 significantly reduced ITH, enhanced
antitumor immunity, and eventually sensitized ZNF689-deficient tumors to immunotherapy in vivo. Consistently, ZNF689
expression positively correlated with favorable prognosis and immunotherapy response in clinical samples. Altogether, our study

uncovers a previously unrecognized mechanism underlying ZNF689 deficiency-induced ITH and suggests LINE-1 inhibition
combined with immunotherapy as a novel treatment strategy for TNBC.
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INTRODUCTION

Triple-negative breast cancer (TNBC) is a highly heterogeneous
disease that has long been considered a major challenge due to
its aggressive behavior and poor prognosis.' An important factor
in the failure of TNBC treatment is intratumor heterogeneity (ITH),
which refers to the concept that a single tumor comprises many
different subclones of cells.> These subclones exhibit distinct
genotypic, phenotypic, biological, and morphological patterns,
presenting a degree of ITH that enables tumor progression and
resistance to treatment.®> Therefore, directly blocking ITH may
improve outcomes in patients with TNBC.

Immunotherapy has shown remarkable clinical benefits for
several solid tumor types, including TNBC.*® However, the benefits
were not durable and were limited to a small subset of patients
with TNBC. Recent clinical trial reports state that the anti-
programmed cell death (PD)-1 antibody pembrolizumab had an
objective response rate (ORR) of 21.4%, which dropped to 5.7% in
the second or later lines of therapy.>” ITH has been reported as
the key obstacle to the success of immunotherapy.2® Increased
ITH could lead to immunoediting and immune evasion, potentially
diminishing immune response.'® Therefore, blocking ITH may
serve as a promising therapeutic strategy to overcome immu-
notherapy resistance in TNBC.

ITH is a highly complex and multifactorial phenomenon."
Genomic instability, an aberrant state that allows cancer cells to
accumulate genetic alterations, is regarded as a major cause of
genetic ITH.>®'? In addition, phenotypic and microenvironmental
heterogeneity, as well as epigenetic, transcriptional, metabolic and
secretory heterogeneity, also contribute to the broader concept of
ITH2' TNBC is generally considered a type of breast cancer
featuring a high level of ITH, and this includes a notable amount of
genetic ITH." However, the key determinants and underlying
mechanisms of genetic ITH and other forms of ITH in TNBC remain
to be fully elucidated.

Conventionally, genetic ITH is evaluated using multi-region
sampling’® or single-cell analysis,"® which is difficult to scale up for
studies of hundreds of tumors. Next-generation sequencing data
derived from even single regions can be analyzed to uncover
subclonal populations. This approach has been shown to provide
sufficient resolution for a window into a tumor’s overall level of
genetic ITH and enables the study of a larger tumor sample
set.'*117 Recently, based on both copy number alterations and
tumor-specific mutations, the bioinformatics tool PyClone has
been proven to be a simple, quantitative, and generally applicable
way to evaluate genetic ITH.'® In addition, histologic ITH can be
assessed using the different morphologies of tumor clones on
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hematoxylin and eosin (H&E) images.'*?° However, due to the lack
of large-scale cohorts with multi-omics data in TNBC, a
comprehensive landscape of ITH has not been explored.

Based on this background, our study aimed to extensively
characterize the degrees of both genetic ITH and histologic ITH —
two key components within the vast spectrum of ITH — in TNBC.
To achieve this, we utilized multi-omics data derived from the
Fudan University Shanghai Cancer Center (FUSCC) and The Cancer
Genome Atlas (TCGA) datasets. We undertook a discovery effort to
identify the important determinants and underlying mechanisms
of ITH in TNBC, and provided a potential therapeutic strategy by
which blocking ITH would suppress cancer progression and
improve patient survival.

RESULTS

High ITH reduces patient survival and confers immunotherapy
resistance in TNBC

We leveraged multi-omics data across our center’s cohort (FUSCC
cohort, n=260) and TCGA cohort (n = 134) to comprehensively
characterize the ITH of TNBC, including whole-exome sequencing
(WES) results, somatic copy number variation (SCNV) data,
transcriptomic RNA sequencing (RNA-seq) data, H&E images, and
clinical data (Fig. 1a). To infer genetic ITH, we used PyClone to
estimate the number of subclones per tumor. To quantify
histologic ITH, we measured the size and staining intensity of
every nucleus detected in the tumor’s H&E-stained images using
the established image analysis software CellProfile.?" In the FUSCC
cohort, patients were divided into high and low genetic ITH
groups using 3 subclones as the cut-off level (Supplementary
information, Fig. S1a). Patients were also classified into high and
low histologic ITH groups using the median value of 0.5 as the cut-
off level. A strong correlation was observed between genetic ITH
and histologic ITH in the FUSCC cohort (Supplementary informa-
tion, Fig. S1b, ¢), suggesting that histologic ITH could be used to
discriminate the genetic ITH level. Moreover, we characterized the
genetic ITH and histologic ITH of TNBC within the TCGA cohort,
and our findings were in line with the results from our cohort
(Supplementary information, Fig. S1d-f).

To investigate the clinical relevance of ITH in TNBC, we
performed Kaplan—-Meier survival analysis. Our findings suggested
that increased genetic or histologic ITH correlated with lower
overall survival (OS), recurrence-free survival (RFS), and distant
metastasis-free survival (DMFS) in the FUSCC cohort (Fig. 1b, o),
and with reduced OS and disease-specific survival in the TCGA
cohort (Supplementary information, Fig. S1g). In the multivariate
analyses, both high genetic ITH and high histologic ITH were
found to be independent poor prognostic factors (Supplementary
information, Fig. S1h, i). However, no associations were found
between ITH levels and the clinicopathological characteristics of
TNBC patients in the two cohorts (Supplementary information,
Tables S1 and S2).

To determine the downstream pathways of ITH in TNBC, we
analyzed the transcriptomic differences from FUSCC cohorts. Gene
set enrichment analysis (GSEA) results revealed anti-correlation of
high genetic ITH with canonical immune signatures, such as IFN
responses and IL-6, JAK, and STAT3 pathways (Fig. 1d). Moreover,
high ITH was negatively correlated with the CD8 score, tumor-
infiltrating lymphocyte (TIL) score, and cytolytic (CYT) score
(Fig. 1e), indicating that high ITH may result in immune-
excluded tumors. Previous studies have demonstrated that ITH
has a major impact on the efficacy of immunotherapy.22%%
Therefore, we explored the impact of ITH (evaluated by H&E
section-derived histologic ITH) on the antitumor immune response
in four anti-PD-1-based clinical trials (n=109) in TNBC (Fig. 1f).
Analyses of the neoadjuvant trials NCT04613674 and
NCT04418154, which included 29 and 16 patients’ H&E images,
respectively, showed a significant decrease in the pathological
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complete response (pCR) rates in high-ITH tumors (Fig. 1g, h). In
the third cohort (NCT03805399), we examined 29 patients’ H&E
images, and observed a lower ORR in high-ITH tumors (Fig. 1i). In
the last cohort (NCT04129996), we assessed 35 patients’ H&E
images, and a lower ORR and shorter progression-free survival
(PFS) and OS were noted for patients with high-ITH tumors
(Fig. 1j). Collectively, our findings demonstrate that high ITH
reduces patient survival and confers immunotherapy resistance
in TNBC.

ZNF689 deficiency promotes ITH in TNBC

To explore the key determinant of ITH in TNBC, we analyzed copy
number alterations, somatic mutations, and transcriptomes using
data from our cohort. Since high genetic ITH or histologic ITH
tumors exhibited SCNVs and mutation landscapes similar to those
of low-ITH tumors (Supplementary information, Fig. S2a-d), we
focused on transcriptomic analysis. After obtaining the differen-
tially expressed genes between high-ITH and low-ITH groups at
genetic and histologic levels separately (Supplementary informa-
tion, Fig. S2e, f), we found that there were 6 common differentially
expressed genes (MUC19, PGC, DHRS2, ZNF689, TDRD12, and
C200rf114) (Fig. 2a; Supplementary information, Fig. S2g, h).

Next, we designed a 3D tumor sphere assay to evaluate histologic
ITH in 9 TNBC cell lines (Supplementary information, Fig. S3a, b). We
chose the LM2 cell line, which has low genetic and histologic ITH
(Supplementary information, Fig. S3c), to experimentally identify
the most pivotal gene inducing TNBC ITH (Fig. 2b). Examination of
H&E-stained images of LM2 spheroids revealed that knockdown of
ZNF689 using short hairpin RNAs (shRNAs) markedly increased
histologic ITH (Fig. 2¢, d; Supplementary information, Fig. S3d).
Specifically, the high genetic and histologic ITH groups exhibited a
3-fold and 2.6-fold average reduction in ZNF689 expression,
respectively, compared to the low ITH groups. Furthermore, we
observed an inverse relationship between ZNF689 protein expres-
sion and the extent of ITH in TNBC cell lines (Supplementary
information, Fig. S3e, f). In alignment with this, low ZNF689
expression in tumors was correlated with elevated genetic and
histologic ITH levels in both our cohort and the TCGA cohort
(Supplementary information, Fig. S3g). Collectively, these findings
indicate that ZNF689 may serve as a pivotal factor in modulating ITH
in TNBC, warranting more in-depth experimental exploration.

To investigate whether ZNF689 could influence TNBC ITH in vivo,
we designed a series of experiments using both immunodeficient
and immunocompetent mice (Fig. 2e). (1) We selected a TNBC
patient-derived xenograft (PDX) specimen with low genetic ITH
(evidenced by two subclones) and low histologic ITH, alongside
heightened ZNF689 expression (Supplementary information, Fig.
S4a, b). Following the establishment of this PDX model, we
conducted intratumoral injections of siRNAs directed against
ZNF689. Notably, the depletion of ZNF689 significantly increased
the genetic ITH and histologic ITH levels (Fig. 2f). The PDX tumors
treated with siZNF689 also showed faster growth rates than the
control group (Supplementary information, Fig. S4c, d). (2) LM2 cells
stably expressing shNC and shZNF689 were subcutaneously
injected into the mammary fat pads (MFPs) of NOD/SCID mice.
We found that ZNF689 knockdown markedly increased the genetic
and histologic ITH levels in immunodeficient mouse xenografts
(Fig. 2g). Furthermore, the xenograft tumors expressing shZNF689
grew faster than those expressing shNC (Supplementary informa-
tion, Fig. S4e, f). (3) LM2 cells stably expressing vector and ZNF689
were subcutaneously injected into the MFPs of NOD/SCID mice. We
observed that ZNF689 overexpression restricted both genetic ITH
and histologic ITH in LM2 tumor xenografts (Fig. 2h). Moreover,
ZNF689-overexpressing xenograft tumors grew more slowly
(Supplementary information, Fig. S4g, h). (4) The shZnf689- or
Znf689-overexpressing 4T1 cells were subcutaneously injected into
the MFPs of BALB/c mice. We found that Znf689 deficiency resulted
in significantly higher histologic ITH in 4T1 syngeneic grafts (Fig. 2i).
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Fig. 1 High ITH reduces patient survival and confers immunotherapy resistance in TNBC. a Flow chart of ITH analysis in TNBC.
b, ¢ Kaplan-Meier analyses of the OS, RFS and DMFS of FUSCC patients grouped according to genetic ITH (b) and histologic ITH (c).
d Normalized enrichment score (NES) for hallmark gene sets correlated with genetic ITH levels in the FUSCC cohort. Red indicates immune
gene sets. FDR false discovery rate, phos. phosphorylation, resp. response. e The CD8, TILs, and CYT scores of patients in the FUSCC cohort
with different levels of genetic ITH. f Schematic overview of the analytical workflow. Four clinical trials were used to document the relationship
between pretreatment ITH and anti-PD-1 responses in TNBC. Scale bar, 60 pm. g-i Analysis of the responses in patients with different levels of
histologic ITH in NCT04613674 (g), NCT04418154 (h) and NCT03805399 (i). j Analysis of the response, PFS and OS in patients with different
levels of histologic ITH in NCT04129996. P values were determined using log-rank tests (b, ¢, j), Wilcoxon tests (e), and Fisher’s exact tests (g—j).
*P < 0.05, **P < 0.01.
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Fig.2 ZNF689 deficiency promotes ITH in TNBC. a Flowchart of the screening process. FC fold change; FDR false discovery rate. b Protocols
of the 3D tumor sphere assay to evaluate the histologic ITH of LM2 cells. ¢ Representative images of H&E-stained LM2 spheroids. d Histologic
ITH analysis of LM2 spheroids. e Graphic illustration of different mouse models to examine the role of ZNF689 in ITH. f The genetic ITH and
histologic ITH of TNBC PDX tumors from NSG mice (n = 6) after intratumoral administration with either siNC or siZNF689. g The genetic ITH
and histologic ITH of orthotopic tumors generated by inoculating NOD/SCID mice (n = 6) in the MFPs with shNC or shZNF689 LM2 cells. h The
genetic ITH and histologic ITH of orthotopic tumors generated by inoculating NOD/SCID mice (n = 6) in the MFPs with vector- or ZNF689-
overexpressing LM2 cells. i Histologic ITH of orthotopic tumors generated by injecting shNC or shZnf689 4T1 cells into the MFPs of BALB/c
mice (n = 6). j Histologic ITH of orthotopic tumors generated by injecting vector- or Znf689-overexpressing 4T1 cells into the MFPs of BALB/c
mice (n = 6). Scale bars, 50 pm. P values were determined using one-way ANOVA (d, g, i) and two-tailed unpaired Student’s t-tests (f, h, j).
ns not significant; *P < 0.05, **P < 0.01.

In contrast, Znf689 overexpression resulted in a lower degree of ZNF689 represses LINE-1 retrotransposition via the TRIM28
histologic ITH (Fig. 2j). In addition, Znf689 knockdown significantly complex

promoted tumor growth, while Znf689 overexpression had the To dissect the underlying mechanism of how ZNF689 defi-
opposite effects (Supplementary information, Fig. S4i-l). Together, ciency could promote ITH in TNBC, we applied stable isotope
these results reveal that ZNF689 deficiency promotes ITH in TNBC labeling with amino acids in cell culture (SILAC)-based
both in vitro and in vivo. quantitative proteomics to screen ZNF689-interacting proteins
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(Supplementary information, Fig. S5a). Among the top 7 potential
interactors of ZNF689 ranked by Log, (ratio H/L) (Supplementary
information, Fig. S5b), we selected the top-ranked protein TRIM28,
a universal cofactor for Kriippel-associated box domain
zinc finger protein (KRAB-ZFP) transcription factors, for further
binding validation. Co-immunoprecipitation (co-IP) experiments

SPRINGER NATURE

with endogenous ZNF689 and TRIM28 followed by western blotting
demonstrated that these two proteins could interact at endogenous
levels in LM2, Hs578T, and HEK293T cells (Fig. 3a; Supplementary
information, Fig. S5¢). In vitro pull-down assays using recombinant
ZNF689 and TRIM28 proteins further suggested that the interaction
was likely to be direct (Fig. 3b). Immunofluorescence (IF) showed
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Fig. 3 ZNF689 represses LINE-1 retrotransposition via TRIM28 complex-mediated transcriptional silencing. a Co-IP experiments of
endogenous ZNF689 and TRIM28 followed by western blotting. b In vitro pull-down assays of GST-tagged ZNF689 and His-tagged TRIM28
recombinant proteins followed by western blotting. A single asterisk represents the specific band. ¢ Upregulation of the human LINE-1 gene
signature in siZNF689-treated LM2 cells by GSEA. d RT-qPCR analysis of LINE-1 (ORF2) transcript levels in shNC and shZNF689 cells. e Western
blot analysis of LINE-1 ORF1p and ORF2p proteins in shNC and shZNF689 cells. f Schematic illustration of the LINE-1 retrotransposition
reporter assay. g Representative flow cytometry graphs are shown for cells harboring the LRE3-EGFP retrotransposition reporter or the
retrotransposition-deficient JM111 control (left). Quantification of de novo retrotransposition events (EGFP-positive cells) in shNC and
shZNF689 cells (right). h RT-gPCR analysis of the relative LINE-1 (5’-UTR for LM2; ORF2 for 4T1) genomic DNA content in shNC and shZNF689
cells. i Dual-luciferase reporter assay detecting the activity of the LINE-1 promoter in ZNF689-overexpressing cells. j ATAC-seq peak signals
affected by ZNF689 knockdown at the full-length LINE-1 promoter in LM2 cells. k, | Metaplots showing changes in H3K9me3 (k) and TRIM28 (1)
ChlIP-seq signals upon ZNF689 knockdown in the full-length LINE-1 promoter. m ChIP-seq tracks showing the binding patterns of ZNF689,
TRIM28, H3K9me3 and input at full-length LINE-1. n Schematic diagram showing that ZNF689 represses LINE-1 retrotransposition via TRIM28
complex-mediated transcriptional silencing. P values were determined using one-way ANOVA (d, g, h), two-tailed unpaired Student’s t-tests (i)

and Wilcoxon tests (j-I). ns not significant; ***P < 0.001.

that ZNF689 colocalized with TRIM28 in the nucleus (Supplementary
information, Fig. S5d). We also mapped out the interaction between
the N-terminus of the KRAB domain of ZNF689 and the RING
domain, B-boxes and coiled-coil (RBCC) domain of TRIM28
(Supplementary information, Fig. S5e-g), which are the critical
regions mediating the binding of KRAB-ZFPs and TRIM28.2*

The primary role of KRAB-ZNFs is to silence repetitive elements
(REs) by recruiting the transcriptional regulator TRIM28 and the
associated mediators of histone H3 Lys9 trimethylation
(H3K9me3)-dependent heterochromatin formation and DNA
methylation.”>?° Since REs are major players in genetic variability
and genome evolution,”” we speculated that ZNF689 might
regulate REs to repress TNBC ITH. To study whether any of the
known REs were regulated upon ZNF689 depletion, we performed
RNA-seq of siNC- and siZNF689-treated LM2 cells. The data were
analyzed using RepEnrich software to quantify RE expression.
Among the REs with changed expression upon ZNF689 depletion,
LINE, one of the most abundant REs in human genomes,28 showed
significantly increased expression (Supplementary information,
Fig. S6a). GSEA also revealed marked upregulation of the human
LINE-1 gene signature in siZNF689-treated cells (Fig. 3c). To
validate the transcriptomic analyses, we performed real-time
quantitative polymerase chain reaction (RT-qPCR) and western
blotting to quantify LINE-1. We observed that ZNF689 deficiency
significantly upregulated LINE-1 mRNAs and their encoding
proteins ORF1p and ORF2p in human (LM2 and Hs578T) and
murine (4T1 and AT3) TNBC cell lines (Fig. 3d, e; Supplementary
information, Fig. S6b, c). To examine whether the retrotransposi-
tion activity of LINE-1 is increased in the absence of ZNF689, we
conducted retrotransposition analysis in ZNF689-knockdown cells
(MDA-MB-231 and Hs578T) with an engineered LINE-1 reporter
system (Fig. 3f). Notably, a higher retrotransposition frequency of
LINE-1 was observed in ZNF689-knockdown cells than in control
cells (Fig. 3g). We also detected an elevated genomic DNA content
of LINE-1 in ZNF689-knockdown human and murine TNBC cell
lines with RT-qPCR (Fig. 3h; Supplementary information, Fig. S6d).
LINE-1 transcription is driven by an internal promoter within the
LINE-1 5'-untranslated region (UTR).>® To test whether ZNF689
directly regulates LINE-1 transcription, we cloned the human LINE-
1 5-UTR into a luciferase reporter plasmid. ZNF689 overexpression
strongly repressed luciferase activity in Hs578T and HEK293T cells
(Fig. 3i; Supplementary information, Fig. S6e). Assay for
transposase-accessible chromatin using sequencing (ATAC-seq)
supported the notion that ZNF689 deficiency led to derepression
and increased chromatin accessibility of the full-length LINE-1
promoter (Fig. 3j; Supplementary information, Fig. S6f). Using a
chromatin immunoprecipitation-gPCR (ChIP-qPCR) assay, we
revealed that ZNF689 was specifically enriched at the 5-UTR of
LINE-1 loci in LM2 cells (Supplementary information, Fig. S6g).
Analysis of ChlP-seq data confirmed ZNF689 binding to LINE-1
promoters (Supplementary information, Fig. S6h, i). Accordingly,
LINE-1 shows significant overexpression in high-ITH TNBC tumors
(Supplementary information, Fig. S6j).
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TRIM28 acts as a scaffold for a silencing complex that comprises
the histone methyltransferase SETDB1, the nucleosome remodeling
and deacetylation (NuRD) complex, heterochromatin protein 1
(HP1), and DNA methyltransferases.>* By performing co-IP assays,
we identified SETDB1, DNMT3B, HP1a, HP1y, and SUV39H1 as
additional ZNF689-interacting proteins (Supplementary informa-
tion, Fig. S6k). The promoter of LINE-1 is selectively enriched in
histone variant H3.3 as well as the histone mark H3K9me3, which
are essential for maintaining the repressed state of LINE-1.3°
Therefore, we hypothesized that ZNF689 might recruit these
enzymes to the LINE-1 promoter to enhance H3K9me3-mediated
transcriptional silencing. ChiIP-seq analysis revealed a decrease in
H3K9me3 modifications at the full-length LINE-1 promoter upon
ZNF689 knockdown (Fig. 3k). Subsequent assays showed attenu-
ated TRIM28 recruitment to this locus in the absence of ZNF689
(Fig. 31). These data support the coordinated binding of ZNF689 and
TRIM28 to mediate H3K9me3 modifications at LINE-1 promoters
(Fig. 3m). Moreover, ZNF689 knockdown did not significantly alter
TRIM28 or SETDB1 protein levels (Supplementary information, Fig.
S6l). Taken together, these results suggest that ZNF689 represses
LINE-1 retrotransposition via TRIM28 complex-mediated transcrip-
tional silencing (Fig. 3n).

ZNF689 deficiency-induced LINE-1 retrotransposition
exacerbates genomic instability and promotes ITH

LINE-1 retrotransposition is a major source of genomic instability,
which manifests as increased double-strand DNA breaks and
chromosomal instability (CIN).3'">* Therefore, we hypothesized
that ZNF689 deficiency might lead to increased genomic
instability by derepressing LINE-1 retrotransposition to promote
ITH. First, we examined the phosphorylated histone H2AX (yH2AX),
a marker of DNA double-strand breaks used to assess genomic
instability.>* IF assays (Fig. 4a) and western blotting (Supplemen-
tary information, Fig. S7a) showed that ZNF689 knockdown
enhanced yH2AX level, consistent with the result in ZNF689-
knockdown orthotopic LM2 tumors (Fig. 4b). We next explored the
potential role of ZNF689 deficiency in CIN. Metaphase chromo-
some spreading assays revealed a marked increase in chromoso-
mal aberrations in ZNF689-knockdown cells (Fig. 4c). Furthermore,
low ZNF689 expression in our cohort significantly correlated with
elevated CIN gene signature scores (Supplementary information,
Fig. S7b). TNBC tumors with reduced ZNF689 expression also had
higher aneuploidy scores (Supplementary information, Fig. S7c).
Histological examination of H&E sections also confirmed a
significant correlation between ZNF689 deficiency and increased
chromosomal missegregation during anaphase (Fig. 4d). These
results reveal that ZNF689 deficiency led to increased genomic
instability in TNBC.

Reverse transcriptase inhibitors such as efavirenz (EFV) can
effectively block the enzymatic activity of endogenous reverse
transcriptase and are regarded as potential specific inhibitors for
LINE-1 retrotransposition.>® We observed that EFV effectively
mitigated LINE-1 retrotransposition and genomic DNA content
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Fig. 4 ZNF689 deficiency-induced LINE-1 retrotransposition exacerbates genomic instability and promotes ITH. a Representative IF
images and quantification of yH2AX foci in shNC and shZNF689 LM2 cells (n = 30). Scale bar, 10 pm. b Representative IHC images and
quantification of yH2AX in orthotopic shNC and shZNF689 LM2 tumors (n = 6). Scale bar, 100 pm. ¢ Representative images and quantification
of chromosome aberrations (red arrows) in shNC and shZNF689 LM2 cells at passage 20 (n = 50). Scale bar, 10 pm. d Representative images
and quantification of chromosome missegregation errors (white arrows) in diagnostic H&E samples in the FUSCC cohort. e Representative
flow cytometry graphs and quantification of de novo retrotransposition events (EGFP-positive cells) in shNC and shZNF689 MDA-MB-231 cells
treated with EFV (20 pM). f Quantification of YH2AX foci in shNC and shZNF689 LM2 cells treated with EFV (20 pM) (n = 30). g Quantification of
chromosome aberrations in shNC and shZNF689 LM2 cells at passage 20 treated with EFV (20 pM) (n = 50). h Schematic diagram of the EFV
treatment regimen. After inoculation of shNC or shZNF689 LM2 cells into the MFP, the NOD/SCID mice were randomly divided into groups
and treated daily with Veh or EFV via i.p. injection (n = 6 mice/group). i, j The genetic ITH (i) and histologic ITH (j) of orthotopic LM2 tumors
from mice in h (n=6). k Quantification of yH2AX in orthotopic tumors from mice in h (n = 6). | RT-gPCR analysis of LINE-1 (5’-UTR) DNA
content of tumors dissected from mice in h (n = 6). m Schematic diagram showing that ZNF689 deficiency exacerbates genomic instability to
promote ITH by reactivating LINE-1 retrotransposition. P values were determined using one-way ANOVA (a-¢, e-g, i-l) and two-tailed unpaired
Student’s t-tests (d). ns not significant; **P < 0.01, ***P < 0.001.
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alterations induced by ZNF689 knockdown (Fig. 4e; Supplemen-
tary information, Fig. S7d, e). Subsequent IF assays (Fig. 4f)
and western blotting (Supplementary information, Fig. S7f)
revealed that EFV treatment attenuated the ZNF689 knockdown-
induced upregulation of yH2AX. EFV also reduced chromosomal
aberrations in ZNF689-depleted cells (Fig. 4g). Importantly, EFV did
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not significantly affect DNA damage, cell apoptosis, or prolifera-
tion in TNBC cells (Supplementary information, Fig. S7g-i). These
results suggest that ZNF689 deficiency exacerbates genomic
instability via LINE-1 retrotransposition.

Next, we investigated whether ZNF689 deficiency-induced ITH
could be reversed by inhibition of LINE-1 retrotransposition in
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Fig. 5 ZNF689 deficiency-induced ITH impairs antigen presentation and T-cell activation. a shNC and shZnf689 4T1 cells were
subcutaneously injected into the MFPs of BALB/c mice. Then tumors were used for scRNA-seq, fluorescence activated cell sorting (FACS) and
spatial transcriptomics. b UMAP plot of reclassification of intratumoral T cells. ¢ The distribution of T-cell subtypes in shNC and shZnf689
tumors. d Flow cytometry analysis of the percentages of CD4" T cells, CD8" T cells, GZMB™ CD8" T cells, and IFN-y* CD8" T cells in tumors
(n = 6). e Heatmap showing the expression of marker genes for cytotoxic T cells, inhibitory T cells and Tregs in T cells of shNC and shZnf689
tumors. f, g Pathways downregulated in T cells (f) and cancer cells (g) in shZnf689 tumors. h Downregulation of antigen processing and
presentation in siZNF689-treated LM2 cells and high genetic ITH tumors from the FUSCC cohort by GSEA. i H&E-stained tissue images, Znf689
expression and signature scores of CIN in the spots of shNC and shZnf689 tumors. j Signature scores of T cells, T-cell activation, and antigen
processing and presentation via MHC-| in the spots of shNC and shZnf689 tumors. k IHC H-scores, intensity, and extent for HLA-ABC, B2M,
TAP1, and PSMB9 protein expression in tumors from mice in Fig. 4h. | Schematic diagram of the in vitro tumor-immune cell coculture assay.
m Cytotoxicity analysis of culture medium at 24 h after tumor cell and OT-I CD8" T-cell coculture. Flow cytometry analysis was used to
determine the expression of GZMB and IFN-y in CD8" T cells, and OVA (SIINFEKL-H-2K®) presentation in AT3-OVA tumor cells at 24 h after
tumor cell and OT-I splenocyte coculture. P values were determined using one-way ANOVA (d, k, m) and two-tailed unpaired Student’s t-tests

(e). ns not significant; *P < 0.05, **P < 0.01, ***P < 0.001.
<

vivo. We constructed the MFP xenograft model with shNC or
shZNF689 LM2 cells. After one week, NOD/SCID mice were
randomly divided into groups and treated daily with the vehicle
(Veh) control or EFV via intraperitoneal (i.p.) injection (Fig. 4h). The
results showed that EFV completely abrogated ZNF689
knockdown-induced tumor growth (Supplementary information,
Fig. S7j). Notably, EFV significantly decreased the genetic ITH
(Fig. 4i) and histologic ITH (Fig. 4j) in ZNF689-knockdown tumors,
suggesting that the ITH-promoting effect of ZNF689 deficiency is
LINE-1 retrotransposition dependent. Immunohistochemistry (IHC)
analysis of orthotopic tumors showed that EFV effectively reduced
YH2AX-positive area in ZNF689-deficient tumors (Fig. 4k). In
addition, EFV significantly downregulated the DNA content of
LINE-1 in ZNF689-deficient tumors (Fig. 4l). In sum, the results
support that ZNF689 deficiency exacerbates genomic instability to
promote ITH by derepressing LINE-1 retrotransposition (Fig. 4m).

ZNF689 deficiency-induced high ITH impairs antigen
presentation and T-cell activation

We revealed that high ITH conferred immunotherapy resistance in
TNBC (Fig. 1f-j). To directly evaluate tumor microenvironment
remodeling under ITH induction, we performed single-cell RNA
sequencing (scRNA-seq) to characterize changes in the transcrip-
tome of cells harvested from shZnf689 or shNC 4T1 syngeneic
grafts (Fig. 5a). Finally, we collected 10,913 cells from the shZnf689
group and 14,788 cells from the shNC group. After integrating the
transcriptomic data from all acquired cells, uniform manifold
approximation and projection (UMAP) visualization showed six cell
types, including cancer cells, myeloid cells, B cells, T cells, cancer-
associated fibroblasts (CAFs) and endothelial cells (Supplementary
information, Fig. S8a, b). We confirmed that cancer cells were copy
number-unstable, while other cell populations were copy number-
stable (Supplementary information, Fig. S8c). Notably, the propor-
tion of T cells in Znf689-deficient tumor cells was decreased
(Supplementary information, Fig. S8d). To accurately define the
T cells, we subclustered T cells into seven subtypes: activated
CD8™ T cells, regulatory T cells (Treg), Tcf7* T cells, effector T cells
(Teff), proliferating T cells (Tpro), Isgt T cells and CD4" naive
T cells (Fig. 5b; Supplementary information, Fig. S8e). Activated
CD8™ T cells, Teff, Tpro and Isg™ T cells were decreased, while
Tregs, Tcf7+ T cells and CD4" naive T cells were increased in the
Znf689-deficient group (Fig. 5¢). This finding was also validated by
flow cytometric analysis of immune cell profiling of 4T1 tumors
from BALB/c mice, in which ZNF689 knockdown decreased tumor
CD4" T-cell infiltration, CD8*" T-cell infiltration, and the percen-
tages of granzyme BT (GZMB™) and IFN-y" CD8" T cells (Fig. 5d;
Supplementary information, Fig. S8f). Conversely, a significant
increase in the percentages of CD4" T cells and CD8" T cells
among CD3" T cells and GZMB™ and IFN-y* cells among CD8"
T cells was observed in 4T1 tumors with Znf689 overexpression
(Supplementary information, Fig. S8g). Similarly, scRNA-seq data
showed that T cells in Znf689-deficient tumors expressed
decreased levels of cytotoxic T cell markers (Ifng, Nkg7, Prf1 and
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Gzmb) but increased levels of inhibitory T cell (Ctla4 and Btla) and
Treg (Foxp3, II2ra and Ikzf3) markers (Fig. 5e).

Next, we investigated the detailed mechanisms by which
ZNF689 deficiency-induced ITH regulates T-cell-mediated anti-
tumor immunity. Pathway analyses of T cells and cancer cells from
scRNA-seq revealed downregulation of IFN responses and antigen
processing and presentation (APP) in the Znf689-deficient group
(Fig. 5f, g). Bulk RNA-seq confirmed that the APP pathway was
significantly lost in siZNF689-treated LM2 cells and high-ITH
tumors (Fig. 5h). RT-qPCR analysis validated that ZNF689 knock-
down resulted in lower mRNA levels of major histocompatibility
complex class | (MHC-I) APP-associated genes in LM2 and 4T1 cells
(Supplementary information, Fig. S9a, b), suggesting that ZNF689
is involved in antigen presentation regulation. To reveal whether
ZNF689 deficiency affected the spatial distribution of single cells
and gene expression, we performed spatially resolved transcrip-
tomics on 4T1 tumors from BALB/c mice. In line with the findings
illustrated before, the Znf689-deficient tumor showed visible and
strong activities by the CIN score (Fig. 5i). As shown in Fig. 5j and
Supplementary information, Fig. S9c¢, d, the signature scores of
T cells (including CD4" and CD8* T cells), T-cell activation, and
APP via MHC-l were lower and heterogeneous in the spots of
ZNF689-deficient tumor. These signatures were mainly observed
in the peritumor region of the ZNF689-deficient tumor, indicating
a more immune-excluded microenvironment. Moreover, [HC
analysis of HLA-ABC, B2M, TAP1, and PSMB9 in orthotopic LM2
tumors indicated that the downregulation of those MHC-I APP-
associated markers upon ZNF689 knockdown was mainly due to
the reduced percentages of stained cells, not the staining intensity
(Fig. 5k; Supplementary information, Fig. S9e), suggesting that ITH
also induced the spatial heterogeneity of MHC-I APP-associated
protein expression. However, treatment with the LINE-1 inhibitor
EFV significantly abrogated the increase in the spatial hetero-
geneity of MHC-I APP-associated protein expression caused by
ZNF689 knockdown in orthotopic LM2 tumors (Fig. 5k; Supple-
mentary information, Fig. S9e).

To further elucidate the specific mechanisms through which
ZNF689 regulates MHC-I APP-associated genes, analysis of our
Flag-ZNF689 ChlIP-seq data revealed that ZNF689 did not directly
bind to the promoters of these key genes (Supplementary
information, Fig. S10a). Conversely, ATAC-seq showed reduced
chromatin accessibility for these genes upon ZNF689 knockdown
(Supplementary information, Fig. S10b), suggesting a role of
ZNF689 in the observed gene expression decline. RT-qPCR results
further demonstrated that EFV counteracted the APP-associated
gene downregulation induced by ZNF689 depletion (Supplemen-
tary information, Fig. S10c), consistent with the hypothesis that
this suppression is linked to elevated LINE-1 retrotransposition in
the absence of ZNF689.

To assess whether ZNF689 deficiency restricts CD8" T-cell
cytotoxic activities due to impaired MHC-I expression, we cultured
mouse ovalbumin (OVA)-specific CD8' T cells (OT-l) with OVA-
expressing shNC and shZnf689 AT3 tumor cells (Fig. 5I). Znf689
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deficiency in tumor cells resulted in a decrease in CD8" T-cell
cytotoxic activities and CD8" T-cell activation, as indicated by
lower GZMB, IFN-y and CD137 expression (Fig. 5m; Supplementary
information, Fig. S10d, e). These data correspond to reduced
presentation of SIINFEKL (OVA peptide)-H-2K® complex in
shZnf689 AT3 tumor cells compared to shNC cells (Fig. 5m).
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However, when the tumor-immune cell coculture system was
treated with the LINE-1 inhibitor EFV, we found that antigen
presentation of tumor cells and T-cell activation were rescued
(Fig. 5m; Supplementary information, Fig. S10d, e). Additionally,
we ruled out the direct effects of EFV on CD8" T cells
(Supplementary information, Fig. S11a-f). Together, these data
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Fig. 6 LINE-1 inhibition sensitizes ZNF689 deficiency-induced high-ITH tumors to immunotherapy in TNBC. a Schematic diagram for the
establishment of the orthotopic 4T1 syngeneic tumor model in BALB/c mice and the treatment schedule for the LINE-1 inhibitor EFV. Tumor
growth curves are shown (n =6 mice/group). b Kaplan-Meier survival curves for the mice in a. Survival data were obtained from another
independent experiment. ¢ Histologic ITH of orthotopic tumors from mice in a (n = 6). d Primary tumors from mice in a were harvested for
flow cytometry to determine the percentages of CD4" and CD8* T cells among CD3™ T cells and GZMB™ and IFN-y" cells among CD8™ T cells
(n = 6). e Schematic diagram for the establishment of the orthotopic shZnf689 4T1 syngeneic tumor model in BALB/c mice and the treatment
schedule for PD-1 antibody and LINE-1 inhibitor EFV. Tumor growth curves are shown (n =6 mice/group). f Kaplan-Meier survival curves for
the mice in e. Survival data were obtained from another independent experiment. g The histologic ITH of orthotopic tumors from mice in
e (n=6). h Quantitative estimate of MHC-I levels on the surface of 4T1 tumors from mice in e (n =6). MFI mean fluorescence intensity.
i Primary tumors from mice in e were harvested for flow cytometry to determine the percentages of CD8" T cells among CD3™ T cells and
GZMB™ and IFN-y" cells among CD8" T cells (n=6). j Schematic diagram for the establishment of the orthotopic shZnf689 AT3
syngeneic tumor model in C57BL/6 mice and the treatment schedule for PD-1 antibody and LINE-1 inhibitor EFV. Tumor growth curves are
shown (n =6 mice/group). k Kaplan-Meier survival curves for the mice in j. Survival data were obtained from another independent
experiment. P values were determined using two-way ANOVA (a, e, j), log-rank tests (b, f, k) and one-way ANOVA (c, d, g-i). ns not significant;

*P < 0.05, ¥*P <0.01, ***P < 0.001.

suggest that ZNF689 deficiency-induced ITH reduces antigen
presentation and inhibits T-cell infiltration and activation, thereby
contributing to immune escape and immunotherapy resistance
in TNBC.

LINE-1 inhibition sensitizes ZNF689 deficiency-induced high-
ITH tumors to immunotherapy

Given the importance of LINE-1 inhibition in regulating ITH and
antigen presentation, we further explored whether the LINE-1
inhibitor EFV could reverse the immunosuppressive tumor
microenvironment. We then implanted 4T1 cells into the MFPs
of BALB/c mice. EFV significantly inhibited tumor growth (Fig. 6a)
and prolonged survival time (Fig. 6b) without affecting mouse
body weight or food consumption (Supplementary information,
Fig. S12a, b) in the Znf689-deficient group. EFV effectively reduced
histologic ITH in Znf689-deficient tumors (Fig. 6¢). Using flow
cytometry, we found that EFV-treated Znf689-deficient tumors
had more CD4*" T cells, CD8" T cells, GZMB™ and IFN-y" CD8*
T cells than Veh controls (Fig. 6d). These observations suggest a
potential synergistic antitumor effect of combining LINE-1
inhibition and immunotherapy. Therefore, we performed ortho-
topic MFP transplantation of Znf689-knockdown 4T1 cells in BALB/
c mice to investigate whether targeting LINE-1 could sensitize
high-ITH tumors to anti-PD-1 treatment. While the anti-PD-1
response exhibited minimal variation between the shNC and
shZnf689 groups (Supplementary information, Fig. S12c), the
combined treatment demonstrated a synergistic antitumor effect
in the shZnf689 groups when assessed by tumor volume in
comparison to the control (Fig. 6e). In addition, EFV together with
anti-PD-1 treatment dramatically prolonged mouse survival
(Fig. 6f). Orthotopic 4T1 tumors showed that combination therapy
significantly decreased histologic ITH in ZNF689-deficient tumors
(Fig. 6g). Furthermore, we detected microenvironment remodeling
in mice treated with combination therapy; the related changes
included significant increases in H2° MHC-l alloantigen levels
(Fig. 6h), the infiltration of CD4" T cells (Supplementary
information, Fig. S12d) and CD8* T cells, and the percentages of
GZMB™" and IFN-y* CD8™ T cells (Fig. 6i).

To exclude a cell line- or mouse strain-specific effect, we
established the AT3 breast cancer model by injecting AT3 cells
orthotopically into the MFPs of C57BL/6 mice. Again, we observed
delayed tumor growth (Fig. 6j) and prolonged survival (Fig. 6k) in
the Znf689-deficient group treated with the LINE-1 inhibitor EFV in
combination with anti-PD-1. Moreover, combination therapy
significantly decreased histologic ITH, enhanced antigen presenta-
tion, and orchestrated the infiltration and activation of CD8* T
cells in ZNF689-deficient tumors (Supplementary information, Fig.
S12e, f). Collectively, these data suggest that pharmacological
inhibition of LINE-1 in combination with immunotherapy induces
potent antitumor immunity by promoting the recruitment and
activation of CD8" T cells in the tumor microenvironment via
blocking ITH and enhancing antigen presentation.

SPRINGER NATURE

ZNF689 expression positively correlates with a favorable
prognosis and immunotherapy response in TNBC

To further validate our preclinical findings in human TNBC
samples, we investigated the expression levels of ZNF689, LINE-
1, and CD8 in a cohort of TNBC patients by IHC analysis of a tissue
microarray (n = 283). Consistent with our findings, the IHC results
showed that ZNF689 expression was negatively correlated with
LINE-1 ORF1p level but positively correlated with CD8" T-cell
infiltration in TNBC tissues (Fig. 7a; Supplementary information,
Fig. S13a). Furthermore, our analysis revealed a negative correla-
tion between ZNF689 expression and histologic ITH levels based
on H&E staining (Fig. 7a), suggesting that ZNF689 is a negative
factor associated with ITH in TNBC. For the survival analysis, we
observed that low ZNF689 levels indicated a significantly worse
prognosis in TNBC patients than corresponding high ZNF689
expression, as evidenced by shorter OS, RFS, and DMFS (Fig. 7b).
The results from the public database (Kaplan-Meier Plotter) also
showed that low ZNF689 expression was correlated with poor
patient outcomes in basal-like breast cancer (Supplementary
information, Fig. S13b).

Moreover, we further assessed the protein expression levels of
ZNF689, LINE-1, HLA-ABC and CD8 by multicolor IF on tumors
from four TNBC trials treated with anti-PD-1 therapy (n = 100). The
IF staining results showed a positive relationship between ZNF689,
HLA-ABC and CD8 expression, and a negative relationship
between ZNF689 and LINE-1 ORF1p expression in anti-PD-1
therapy responders (Fig. 7c; Supplementary information, Fig.
S13c). Importantly, we found that high ZNF689 expression in
tumors correlated with a positive response to immunotherapy
(Fig. 7d). These results were consistent with our in vitro and in vivo
studies. To assess whether these observations also apply to other
cancer types, we examined the melanoma cohort (GSE91061) and
urothelial cancer cohort (GSE176307) treated with anti-PD-1
therapy and observed higher levels of ZNF689 in responders
(Fig. 7e). Similar to the effect of ZNF689 loss, we confirmed that
the multi-subclone PDX model exhibited heightened sensitivity to
EFV in comparison to single subclone PDX model (Supplementary
information, Fig. S14a-c). Supporting our findings, the patient-
derived tumor fragment (PDTF) model demonstrated that
combining EFV and anti-PD-1 therapy for high-ITH PDTFs with
multiple subclones induced a rapid reprogramming of tumor
microenvironment to foster T-cell accumulation and effector
activity (Supplementary information, Fig. S14d-f), which may be
promising for precision treatment of high-ITH patients. Overall,
these findings demonstrate that ZNF689 expression positively
correlates with patient outcomes and immunotherapy response
in TNBC.

DISCUSSION
In the present study, we uncovered the underlying mechanism of
ITH in TNBC. Our data revealed ITH as an important determinant of
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correlation of ZNF689 expression with LINE-1 ORF1p, CD8, and histologic ITH in TNBC tissues (n = 283). b Kaplan-Meier analysis of OS, RFS,
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**P < 0.01, ***P < 0.001.

TNBC patient survival and the response to immunotherapy.
Remarkably, we found that ZNF689 deficiency promotes ITH
through TRIM28 complex-mediated transcriptional derepression
of LINE-1 retrotransposition. ZNF689 deficiency-induced ITH
impaired antigen presentation and CD8" T-cell infiltration. LINE-
1 inhibition using a reverse transcriptase inhibitor reduced ITH,
thereby potentiating T-cell activation and boosting antitumor
immune responses. Therefore, we suggest that blocking ITH with
LINE-1 inhibitors can sensitize highly heterogeneous tumors to
immunotherapy (Fig. 7f).

Although ITH has significant clinical relevance in many
tumor types, assessing heterogeneity in human tissue samples
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in large-scale cohorts remains a major challenge.!" Here, we

comprehensively characterized ITH at both the genetic and
histologic levels in TNBC tumors from the FUSCC and TCGA
cohorts. The bioinformatics tool PyClone was used to detect
subclones, which inferred genetic ITH; H&E images were used to
detect nuclear diversity, which defined histologic ITH. We
confirmed that the degree of ITH in TNBC was highly variable. In
addition, our study found that histologic ITH was associated with
genetic ITH, suggesting that H&E-stained tumor sections are
clinically applicable to estimate the degree of ITH in TNBC.
Therefore, we combined data of patient survival and immunother-
apy response to document a relationship between ITH and clinical
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value in TNBC. Consistent with observations in other cancer
types,?>3°~*" TNBC patients with high ITH had significantly worse
survival than those with low ITH. The results from four anti-PD-1
clinical trials revealed that high ITH conferred immunotherapy
resistance in patients with TNBC. These observations highlighted
the importance of using ITH as a biomarker for assessing the
success of immunotherapy.

Research on the exact dominant factors and underlying
mechanisms of ITH remains rudimentary. Our work identified
ZNF689 as a core protein controlling the levels of ITH in TNBC.
ZNF689 is a C2H2-type zinc finger transcription factor,**™** yet its
expression, regulation, and function in breast cancer have not been
elucidated. We demonstrated that ZNF689 deficiency contributes to
ITH in vitro and in vivo. Mechanistically, we provided the first
evidence that ZNF689 represses LINE-1 retrotransposition by
TRIM28 complex-mediated transcriptional silencing. Specifically,
ZNF689 directly binds to the promoter of LINE-1 and recruits the
TRIM28 complex to promote H3K9me3-mediated epigenetic
silencing. LINE-1 retrotransposons are the only autonomously
mobile transposons in humans, occupying 17% of the human
genome.”® The mobility of LINE-1 is largely repressed in somatic
tissues but is derepressed in many cancers.?’ As such, LINE-1 has
been considered mostly deleterious since its activity can lead to
insertional mutagenesis, chromosomal rearrangements, and gen-
ome instability, which contribute to cancer development.*> Emer-
ging evidence indicates that genomic instability is the major cause
of genetic heterogeneity in cancer>'> We present detailed
evidence that the LINE-1 retrotransposon is an important source
of ITH that exerts its effects by exacerbating genomic instability,
suggesting the potential of blocking LINE-1 activity to limit tumor
heterogeneity. LINE-1 retrotransposition can be efficiently con-
trolled with reverse transcriptase inhibitors,>*72%¢ which are
frequently used to treat viral diseases. These drugs, including EFV,
have demonstrated anticancer effects by inhibiting the prolifera-
tion, invasion, and metastasis of several malignant cancers.3>3747-4
Our study verified that the reverse transcriptase inhibitor EFV
profoundly restricted genetic and histologic ITH and reduced tumor
growth in ZNF689-deficient tumors. Therefore, these findings
provide new insights into how ZNF689 functionally modulates
LINE-1 retrotransposition to restrain ITH in TNBC.

An important finding of our study is that high ITH not only
accelerates tumor proliferation but also concurrently dampens
immune response in TNBC. The growth promotion in high-ITH
tumors can be largely attributed to the dual effects of conferred
plasticity in evolving tumors and a weakened immune response.
Previous studies revealed that high-ITH tumors effectively evade
immune attack through complex mechanisms, such as neoantigen
silencing,®® impaired antigen presentation,”’>* and impaired IFN-y
sensing pathways.”> Moreover, clones with subclonal antigens
may undergo “dilution” within vastly heterogeneous tumors.>* We
demonstrated that ZNF689 deficiency impairs antigen presenta-
tion by downregulating key MHC-I genes through LINE-1 retro-
transposition, likely leading to decreased chromatin accessibility
for these genes. Previous research has indicated that LINE-1
activation can disrupt promoter function and decrease chromatin
accessibility upon insertion,>* while also serving as insulators that
affect promoter-enhancer interactions.>>">® Additionally, LINE-1
retrotransposition can cause chromosomal alterations and struc-
tural variations,**%° which in turn can reshape chromatin’s 3D
structure, impacting its accessibility.5’ > Considering that ZNF689
does not directly bind to antigen presentation-related genes but
LINE-1 significantly influences genome structure, epigenome, and
transcription,®®®” it is plausible that ZNF689 deficiency-induced
downregulation of antigen presentation-related genes is a
consequence of LINE-1 retrotransposition. This could thereby lead
to diminished immune infiltration and weakened cytotoxic activity
of CD8" T cells. However, the reciprocal influence between ITH
and antitumor immunity is complex;'® while immune pressure
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might favor low-ITH tumors, immunotherapy could reduce tumor
diversity.%® Hence, fully understanding the relationship of ITH and
immune response remains a challenge.

The majority of patients with TNBC do not receive long-term
benefits from immunotherapy.' As discussed above, ITH serves as a
mechanism enabling tumors to evade immune surveillance and
conferring tumor resistance to immunotherapy, thus constituting a
promising therapeutic target. We demonstrated that targeting ITH
by LINE-1 inhibition could transform the tumor microenvironment
to be favorable in TNBC, manifested by enhanced antigen
presentation and CD8" T-cell infiltration. Similar results reported
that LINE-1 retrotransposition negatively correlated with immune
activation, especially the infiltration of CD8™ cytotoxic T cells.3”%7°
While existing research indicates that LINE-1 reactivation could
enhance tumor immunogenicity,””? our research in TNBC reveals a
more intricate relationship between LINE-1 retrotransposition and
immunogenicity. We propose that the decline in immunogenicity
following the loss of ZNF689, and the subsequent activation of LINE-
1, results from an interplay between the specific attributes of TNBC
and the selective influence of ZNF689 on LINE-1. Further study
showed that LINE-1 inhibition can improve the antitumor immune
environment in lung carcinoma models>’ Consistently, our study
confirmed that targeting the ITH source by LINE-1 inhibition
sensitizes ZNF689-deficient tumors to anti-PD-1 therapy and, in
combination with this treatment, effectively limits ITH and tumor
growth. Therefore, our research advocates exploring LINE-1
inhibitors as potential immunosensitizers to enhance immunother-
apy in TNBC. This approach is currently being tested in a proof-of-
concept clinical trial (NCT05076682) for metastatic TNBC patients
resistant to immunotherapy, highlighting the promise of this novel
therapeutic strategy.

We acknowledge two limitations in our study. First, our models
may not fully replicate human tumor ITH, which is constrained by
the necessity of shorter study durations due to animal welfare
considerations. Second, the intricate effects of ZNF689 deficiency-
induced LINE-1 retrotransposition on chromatin accessibility within
antigen presentation-related genes remain to be elucidated.

In summary, our study elucidates the underlying mechanisms
and uncovers a therapeutic strategy by which targeting LINE-1
renders high-ITH tumors eradicable by synergizing with immu-
notherapy, providing the basis for the combinatorial use of LINE-1
inhibitors and immunotherapy for TNBC precision therapy.

MATERIALS AND METHODS

Datasets

Our study included two datasets. The primary dataset was the multi-omics
TNBC dataset from FUSCC. Detailed information on the biospecimen
collection, generation of expression profiles, WES data, SCNV data and H&E
digital whole-slide images were described in our previous study.”>”*
Finally, our cohort included 260 patients with corresponding multi-omics
data and H&E images. All tissue samples were obtained after approval of
the research by the FUSCC Ethics Committee, and each patient provided
written informed consent for data and tissue use.

The second dataset comprised TNBC cases from the TCGA. We obtained
multi-omics TNBC data from the TCGA portal (https://tcga-data.nci.nih.gov/
tcga/). The diagnostic H&E images were downloaded from the Genomic
Data Commons portal (https://portal.gdc.cancer.gov/). Finally, the TCGA
cohort consisted of 134 patients with multi-omics data and H&E images.

Clinical studies and human samples

For the neoadjuvant trials (NCT04613674 and NCT04418154), we obtained
26 and 16 H&E digital whole-slide images, respectively, from early-stage
TNBC patients treated with a PD-1 inhibitor-based regimen in FUSCC. The
therapeutic response was evaluated according to the pCR rate using the
definition of ypT0/Tis ypNO (i.e., no invasive residual in breast or nodes;
noninvasive breast residuals allowed) at the time of definitive surgery
determined by experienced pathologists. The FUTURE (NCT03805399)”°
and FUTURE-C-PLUS (NCT04129996)”° trial cohorts included 29 and 35 H&E
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digital whole-slide images from TNBC patients treated with a PD-1
inhibitor-based regimen in FUSCC. Clinical responses were evaluated
based on radiologic assessments of tumor sizes by the investigators
according to the Response Evaluation Criteria in Solid Tumors (RECIST,
v1.1)”” for the FUTURE and FUTURE-C-PLUS trials. For multiplex IF staining,
100 formalin-fixed paraffin-embedded slides were collected before the
patients received therapy from the aforementioned four trials. The
histologic ITH of these four trials was calculated by incorporating the
FUSCC TNBC cohort. Furthermore, a tissue microarray composed of TNBC
samples was obtained from FUSCC (n=283). All tissue samples were
derived from untreated patients. Acquisition of all clinical samples was
approved by the FUSCC Ethics Committee, and signed informed consent
was obtained from each patient. This study conforms to the Declaration of
Helsinki.”®

Data for the GSE91061 (51 melanoma patients who had anti-PD-1
therapy with RNA-seq)’® and GSE176307 (33 metastatic urothelial cancer
patients who had anti-PD-1 therapy with RNA-seq)®® cohorts were
retrieved from https://www.ncbi.nlm.nih.gov/geo/.

Quantification of genetic ITH

Genetic ITH was determined using PyClone (v0.13.1)'® with default options
to estimate the number of subclonal clusters within each tumor sample.
Allele counts used for the PyClone input were extracted from the GATK
output MAF files, whereas copy number input data were generated by
ASCAT (v2.5.2) from probe-level data of OncoScan array processed by
Chromosome Analysis Suite software (v4.1), or WES allele counts generated
by alleleCounter (v4.0.1).

Quantification of histologic ITH

Utilizing CellProfiler software, we identified nuclei within representative
H&E images for each tumor sample. The detailed procedure has been
described previously.19 For each specific image, referenced as I, we
meticulously extracted a suite of features that encompassed the multi-
faceted nuclear characteristics. This extraction honed in on the mean
radius of the nuclei, shedding light on the morphological variations.
Additionally, to gauge the disparities in staining intensity, both median
and mean intensities were captured. The ensuing nuclear diversity intrinsic
to an image, articulated as dy, is computed through the median absolute
deviation (MAD) of these features:

d’, = MADpycri(f), where f := {mean radius, median intensity, mean intensity }

Upon collating the images for a distinct tumor sample, denoted as T, we
derived the median nuclear diversity across these images, offering an
exhaustive depiction of that tumor's nuclear heterogeneity. This process
culminated in the formation of nuclear diversity ranks, R}, for every tumor.
These ranks emerged by arranging the tumor samples in tandem with their
respective diversity attributes:

dl = Median;r(d})

Given the plausible impact of tumor purity on our metrics, we delved
into a linear regression analysis. This strategic move aimed to discern the
correlation between nuclear diversity ranks and tumor purity — the latter
being quantified as the percentage of tumor nuclei discerned from
histopathological assessment. A subsequent normalization of these ranks
adeptly countered potential biases or distortions springing from tumor
purity nuances (Supplementary information, Fig. S15).

Rounding off our methodological framework, the conclusive histologic
ITH metric for every tumor, denominated as D', was extrapolated from the
median of the aforementioned nuclear diversity ranks:

7 __ Mediane(R})
max(Mediany (R? )

Cell lines

Briefly, MDA-MB-231, Hs578T, BT549, HCC1143, HCC1806, MDA-MB-468,
MDA-MB-453, BT20, 4T1, AT3 and HEK293T cells were obtained from the
American Type Culture Collection. LM2 cells, a high lung metastatic subline
of MDA-MB-231, were kindly provided by Guohong Hu (Shanghai Institute
of Nutrition and Health, Chinese Academy of Sciences, Shanghai, China).
All cell lines were cultured under standard conditions. Cells were regularly
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checked for mycoplasma contamination and authenticated. For this study,
cells were grown under limiting dilution conditions to obtain monoclonal
status to decrease the ITH levels at baseline.

Plasmid construction, transfection, and lentiviral shRNA
vectors

To generate ZNF689 and TRIM28 overexpression plasmids, ZNF689
(NM_138447.3) and TRIM28 (NM_005762.3) cDNAs were amplified by
PCR and cloned into pCDH-CMV-MCS-EF1-Puro (System Biosciences) and
pcDNA6/Myc-HisB (Invitrogen), respectively. ZNF689 and TRIM28 trunca-
tion mutants were cloned into pcDNA3.1 (Invitrogen) and pcDNA6/Myc-
HisB, respectively.

Plasmid transfection was performed using Lipofectamine 2000 (Thermo
Fisher Scientific) following the manufacturer’s instructions. Lentiviruses
were generated using the pLKO.1 vector and packaging plasmids (psPAX2
and pMD2.G) in the HEK293T cell line. Annealing oligonucleotides
targeting MUC19, PGC, DHRS2, ZNF689, TDRD12, and C20orf114 were
synthesized (Sangon Biotech) and cloned into the pLKO.1-Puro vector
(Supplementary information, Table S3). The supernatants were collected
and filtered through a 0.45 pm syringe filter. Target cells were infected with
lentiviruses and subjected to selection with 1-2ug/mL puromycin for
4 days. The knockdown efficiencies and specificities of all the shRNAs were
validated by RT-qPCR or western blotting. siRNAs were purchased from
RiboBio (Supplementary information, Table S4). siRNA transfection was
performed using Lipofectamine RNAIMAX Transfection Reagent (Thermo
Fisher Scientific). The silencing efficiency was assessed via RT-gqPCR after
48 h of transfection.

DNA and RNA analyses

Total RNA was purified using the RNeasy Mini Kit (QIAGEN) and reverse
transcribed into cDNA using the PrimeScript RT Reagent Kit with gDNA
Eraser (TaKaRa). Genomic DNA was then purified with a DNA extraction kit
(QIAGEN), and PCR was carried out with PrimeSTAR polymerase. RT-qPCR
was performed using ChamQ SYBR qPCR Master Mix (Vazyme) in a 7900HT
Fast RealTime PCR System (Applied Biosystems). The primer sequences are
shown in Supplementary information, Tables S5 and S6.

Western blotting and co-IP

Western blotting analysis was performed using a standard protoco
ImageJ was used to quantify the relative expression of proteins, which is
presented as the ratio of test protein integrated density to internal control
integrated density. Detailed information on the antibodies used in this
study is provided in Supplementary information, Table S7. For co-IP, the
cells were lysed in RIPA lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1%
NP-40, 0.25% sodium deoxycholate, supplemented with protease inhibitor
cocktail). The lysates were incubated with the indicated antibodies
overnight at 4°C. The protein-antibody complexes were subjected to
precipitation with Dynabeads Protein A beads (Invitrogen) for 2 h, washed
five times in lysis buffer, and eluted with SDS-PAGE loading buffer by
boiling for 5 min.

|71

IF and multiplex IF

For IF analyses, cells grown on glass coverslips were fixed in 4%
paraformaldehyde, permeabilized in 0.2% Triton X-100, and blocked in
10% normal goat serum in phosphate-buffered saline (PBS). Cells were
incubated with primary antibodies overnight at 4 °C, washed three times in
PBS, and then detected using the appropriate fluorescent secondary
antibody. DNA staining was performed using ProLong Gold Antifade
Mountant with DAPI (Invitrogen). Microscopic analyses were performed
using a Leica SP5 confocal laser scanning microscope (Leica Microsystems).
For multiplex IF, a five-color multiplex fluorescent immunohistochemical
staining kit (Absin) was used following the manufacturer's manual.
Antibody information is listed in Supplementary information, Table S7.
The stained slides were scanned using a Vectra Polaris System
(PerkinElmer) and analyzed using QuPath software (v0.3.2).

IHC

Paraffin-embedded tissue sections were deparaffinized at 60 °C for 20 min,
cleared in xylene, and rehydrated in a graded alcohol series. For H&E
staining, the slides were stained with Mayer’'s hematoxylin (Sigma-Aldrich),
blued with 0.1% sodium bicarbonate, and counterstained with eosin Y
solution (Sigma-Aldrich). IHC staining was performed with anti-ZNF689
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(1:100), anti-LINE-1 ORF1p (1:200), anti-CD8 (1:500), anti-yH2AX (1:100),
anti-HLA-ABC (1:500), anti-B2M (1:500), anti-TAP1 (1:500), and anti-PAMB9
(1:500) primary antibodies. Images visible under an Olympus BX43
microscope were acquired. Interpretation of the IHC results was performed
by two independent pathologists who were blinded to the clinicopatho-
logical information. The expression of ZNF689 and LINE-1 ORF1p was
scored and quantified as previously described.®’ For CDS8, the amount of
staining (0-3) yielded a 4-point immunoreactivity score that ranged from 0
(no staining) to 3 (extensive, strong staining). Low and high expressions
were defined according to the median immunoreactivity score. For HLA-
ABC, B2M, TAP1 and PAMB9 expression, sections were scored by
pathologists for intensity (0-3+) and extent (0-100%) of staining by light
microscopy. The intensity and extent were multiplied to assign each tumor
an H-score (range of 0-300).%?

3D tumor sphere assay and histological analyses

Briefly, 1x10° cells expressing the indicated shRNAs were plated into
6-well ultralow attachment plates (Corning) to allow the cells to form
spheroids. The culture medium was replaced once every three days, and
spheroids were cultured for up to 14 days. Spheroids were collected and
washed with PBS, fixed in 4% paraformaldehyde for 2 h, embedded in 2%
HistoGel in 4% paraformaldehyde, and finally embedded in paraffin. Later,
spheroids were cut into 3 um sections and stained with H&E.

Animal studies

All animal experiments were performed according to protocols approved
by the Institutional Animal Care and Use Committee of FUSCC. Five- to six-
week-old female NSG mice, NOD/SCID mice, BALB/c mice and C57BL/6
mice were obtained from Shanghai Jihui Laboratory Animal Care Co., Ltd.
OT-I mice were purchased from Shanghai Model Organisms Center, Inc.

For the PDX models, tumors sourced from TNBC patients were promptly
implanted into the MFPs of NSG mice and then expanded. Upon reaching
a volume of ~50 mm?, treatments were initiated. PDX1 tumors received
intratumoral injections of either cholesterol-modified ZNF689 siRNA or
control siRNA (RiboBio, 5 nmol/kg) in diluted water every 4 days over a 28-
day period. For PDX2 and PDX3, tumors were treated daily with either Veh
or EFV (54685, Selleck), and delivered at 30 mg/kg/day via i.p. injections for
21 days.

For orthotopic injection of NOD/SCID mice, 1x 10° LM2 cells with or
without ZNF689 knockdown or overexpression were injected into the
MFPs of the mice. For EFV drug treatment, mice inoculated with LM2 cells
with or without ZNF689 knockdown were subjected daily to i.p. injection
with either Veh or EFV (30 mg/kg/day). For orthotopic injection of BALB/c
mice, 1x10° 4T1 cells with or without ZNF689 knockdown or over-
expression were injected into the MFPs of the mice. For orthotopic
injection of C57BL/6 mice, 1 x 10° AT3 cells with ZNF689 knockdown were
injected into the MFPs of the mice. For combination treatments, BALB/c
mice and C57BL/6 mice were randomly divided into four different
treatment groups after the tumor was palpable. Veh or EFV (30 mg/kg/
day) was administered in combination with isotype rat lgG2a (BP0089,
BioXcell) or anti-PD-1 (BP0273, BioXcell) (100 ug per mouse, every 3 days)
antibodies via i.p. injection. Tumor size was measured twice or thrice
weekly using a caliper. Tumor volume in mm?® was calculated using the
formula: tumor volume = 0.5 x L x W?, where L is the longest dimension
and W is the perpendicular dimension. Mouse survival was monitored with
tumor volume exceeding 2000 mm?, weight loss > 20%, and decreasing
behavioral conditions considered endpoints.

WES of mouse tumors

DNA was extracted from tumors derived from PDX and LM2 xenografts
utilizing the DNeasy kit (QIAGEN). Whole-exome library was constructed
using the Agilent SureSelect Human All Exon V6 Kit (Agilent Technologies).
According to the manufacturer’s instructions, the index-coded samples
were clustered on a cBot Cluster Generation System using a HiSeq PE
Cluster Kit (lllumina). After cluster generation, the DNA libraries were
sequenced on the lllumina HiSeq platform (lllumina) and 150 bp paired-
end reads were generated.

Flow cytometry

For in vitro analysis, the cells were washed with PBS and dissociated from
the plates with Accutase (Gibco) for 5-10 min at 37 °C to generate single-
cell suspensions. For in vivo studies, tumors were excised postmortem and
enzymatically digested using a mixture of 0.5 mg/mL collagenase type |
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(Sigma-Aldrich), 1 mg/mL dispase (Roche), and 1 mg/mL hyaluronidase
(Sigma-Aldrich) with antibiotics for 30 min at 37 °C. The dissociated cells
were passed through a 40 um filter to collect single-cell suspensions.
Single-cell suspensions were washed twice in flow staining buffer and
incubated with the appropriate flow antibodies at 4 °C for 30 min in the
dark. For intracellular staining of mouse GZMB and IFN-y, cells were
stimulated with Leukocyte Activation Cocktail (BD Biosciences) for 6 h and
then subjected to surface and intracellular staining using a Cytofix/
Cytoperm Soln Kit (BD Biosciences). A live/dead stain was used to
discriminate between viable and dead cells. All antibodies used for flow
cytometry are listed in Supplementary information, Table S7. Data were
analyzed with CytExpert software (Beckman Coulter). The gating strategy is
shown in Supplementary information, Fig. S8f.

SILAC labeling and mass spectrometry

For SILAC experiments, empty vector or Flag-ZNF689 LM2 cells were grown
in DMEM supplemented with 10% FBS and either heavy form 13C615N4-
arginine (Arg10) and 13C614N2-lysine (Lys6) or light form 12C614N4-
arginine (Arg0) and 12C614N2-lysine (Lys0). The cells were grown for more
than six generations before being harvested to achieve > 97% labeling
efficiency. For mass spectrometry, the gel-containing samples were
decolorized and washed to make them transparent and then freeze-
dried. The disulfide bonds of the samples were reduced by dithiothreitol
and alkylation before enzymatic hydrolysis. Then, the peptide fraction was
extracted and dried in a vacuum. The samples were desalted, and the
supernatant was added to the sample flask for mass spectrometry (Q
Exactive) detection. The MaxQuant search database was searched. The
results of the proteomics analysis are provided in Supplementary
information, Table S8.

RNA-seq and data analysis

Total RNA samples were prepared from LM2 cells using the RNeasy kit
(QIAGEN), and the following RNA preparation and sequencing procedures
were performed as described elsewhere 8" GSEA was performed using the
GSEA v4.2 desktop application. For analysis of RE expression from RNA-seq
data, reads were mapped to the Homo sapiens genome (hg19) using
Bowtie 2 and assigned to REs using RepEnrich2 with the recommended
parameters (https://github.com/nerettilab/RepEnrich2).5®> The RE annota-
tion file was provided by RepEnrich2. The resulting counts for REs were
analyzed by the edgeR package to obtain counts per million reads values.
GSEA was performed using the LINE-1 signature annotated by Repeat-
Masker open-4.0.5.

Retrotransposition reporter assay

We used an EGFP reporter assay to measure retrotransposition.®* We
transfected 2x10° MDA-MB-231 and Hs578T cells with 2pug LINE-1
reporter plasmids (MT525, JM111) or 2 ug EGFP plasmid and selected them
with 1pg/mL puromycin for 12 days. The cells were trypsinized and
resuspended in cytometry buffer (HBSS, no phenol red, 1% FBS, 1 mM
EDTA) at a concentration of 1x 10° cells/mL and then subjected to flow
cytometry. Singlets were gated on SSC-A/SSC-H and FSC-A/FSC-H, and
EGFP thresholds were set such that untransfected cells showed 0.1%
EGFP™ cells. We normalized the percentage of EGFP™ cells in the
experimental groups to the percentage of EGFP' cells in the EGFP-
transfected control groups.

ChIP and ChIP-seq

ChIP assays were conducted as described previously.®® Briefly, cells were
crosslinked with 1% formaldehyde for 10 min at room temperature.
Chromatin was fragmented to 150-800 bp by sonication. ChIP was carried
out using either control IgG or the Flag (F3165, Sigma-Aldrich) primary
antibody. Following washing and reverse cross-linking steps, the quantity
of eluted DNA was determined via gPCR. All utilized primer sequences are
provided in Supplementary information, Table S9.

For ChIP-seq, 150-800 bp chromatin fragments were immunoprecipitated
with protein A/G beads conjugated to specific antibodies: anti-Flag (F3165,
Sigma-Aldrich), anti-H3K9me3 (ab8898, Abcam), and anti-TRIM28 (ab10483,
Abcam). After reverse crosslinking, both ChIP and input DNA were
sequenced on the lllumina NextSeq 500 in paired-end 2 x 150 mode. Raw
reads underwent quality refinement with Fastp (v0.20.0), trimming sequen-
cing adapters, short reads (< 30 bp), and inferior sequences. These curated
reads were mapped to the human genome (hg19) via Bowtie2 (v2.2.6). Read
count normalization was performed using deepTools (v3.3.2), and peaks
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were identified with MACS2 under specific parameters. Annotation was
performed with ChIPseeker and UCSC hg19 r1_repeat_rmsk for LINE-1, while
distribution analysis over LINE-1 and genes utilized deepTools 3.3.2
computeMatrix, segmenting gene models into 20 bins, including +3 kb
surrounding regions.

Immune and tumor cell coculture assay

AT3-OVA tumor cells were plated in 6-well plates for in vitro coculture in
the DMEM/F12 listed above. Once the cells reached 50%-75% confluency,
OT-l splenocytes or CD8" T cells were added to the tumor cells at a 1:10
ratio (tumor cell: immune cell). After 24 h of coculture, the cells and culture
medium were collected for further experiments. To assess tumor cell
viability after CD8" T-cell coculture, we used the lactate dehydrogenase
cytotoxicity assay (Yeasen) to measure the T-cell killing of AT3-OVA tumor
cells according to the manufacturer’s instructions. Furthermore, IFN-y
levels were quantified using a Mouse IFN-y ELISA Kit (Lianke) following the
manufacturer’'s guidelines.

scRNA-seq

Single-cell suspensions were generated using the Mouse Tumor Dissocia-
tion Kit (Miltenyi) according to the manufacturer’'s protocol. The cell
suspension was loaded into the 10x Genomics Chromium platform, and
sequencing libraries were constructed with reagents from a Chromium
Single Cell 3’ Reagent Kit v3 (10x Genomics) according to the
manufacturer’s instructions. Sequencing was performed with the lllumina
sequencing platform (NovaSeq) according to the manufacturer’s instruc-
tions (lllumina). Raw reads were demultiplexed and mapped to the
reference genome (mm10, GRCm38) using 10x Genomics Cell Ranger. The
cellranger aggr pipeline was used to normalize and merge two samples
into one.

We used the R package Seurat (v4.3.0) to perform downstream analysis.
All cells expressing < 200 or > 7500 genes were removed, as well as cells
that contained > 20% mitochondrial counts. The anchor-based canonical
correlation analysis (CCA) method in the Seurat package was performed for
dataset integration and batch effect correction after normalization. Then,
the integrated data were adopted for dimensional reduction, clustering,
and data visualization using default parameters. Cell clusters were
annotated based on canonical cell markers from published literature®s-%°
and databases including CellMarker®® and PanglaoDB.°" The R package
fgsea (v1.24.0) was used to perform GSEA based on hallmark, REACTOME
and GO gene sets from MSigDB. Copy number instability was assessed
with the R package inferCNV.>

Spatial transcriptomics

Fresh tissues were concurrently frozen and embedded in optical cutting
tissue (OCT) compound in liquid nitrogen. Tissue blocks were cut into
10 um sections and processed using the Visium Spatial Gene Expression
Slide & Reagent kit (10x Genomics) according to the manufacturer’s
instructions. First, the Visium Spatial Tissue Optimization Slide & Reagent
kit (10x Genomics) was used to optimize permeabilization conditions for
the tissue. Sections were stained with H&E and imaged, followed by tissue
permeabilization. Then, a reverse transcription experiment was conducted,
and sequencing libraries were prepared following the manufacturer’s
protocol. Sequencing was performed with a Novaseq PE150 platform
according to the manufacturer’s instructions (lllumina) at an average depth
of 300 million read pairs per sample. Spots were manually annotated by an
experienced pathologist.

Reads were demultiplexed and mapped to the reference genome
(mm10, GRCm38) using Space Ranger software v1.2.0 (10x Genomics). The
filtered gene-spot matrix and the fiducial-aligned low-resolution image
were loaded into the R package Seurat (v4.3.0) for all subsequent data
normalization, dimensional reduction and data visualization with default
parameters. Data normalization was performed on independent tissue
sections using the SCTransform function in Seurat.®* Signature scores were
calculated by the R package AUCell (v1.20.2).*

Statistics

The statistical details and methods are indicated in the figure legends or
supplementary information. The survival curves were constructed accord-
ing to the Kaplan-Meier method and compared with a log-rank test.
Patients without events or death were censored at the last follow-up.
Multivariate analyses were performed by Cox proportional hazards
regression, and hazard ratios and 95% confidence intervals were reported.
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Boxplot limits indicate the minimum and maximum, and the boxplot
centerline indicates the median. Statistical significance tests, including
one- or two-tailed unpaired and paired Student’s t-test, one- or two-way
ANOVA, Spearman correlation test, Wilcoxon test, Pearson’s X2 test,
permutation test and Fisher's exact test were performed using R or
GraphPad Prism software, as denoted in each analysis. P<0.05 was
considered to indicate a statistically significant difference. The data are
presented as the mean+SEM for a minimum of three independent
experiments unless otherwise indicated.

Other methods are described in detail in Supplementary information,
Data S1.

DATA AVAILABILITY

Sequence data have been deposited in the NCBI Gene Expression Omnibus
(OncoScan array; GEO: GSE118527) and Sequence Read Archive (WES and RNA-seq;
SRA: SRP157974). Other data that support the findings of this study are presented in
the main text and in the online Supplementary information. Sequencing coverage for
our datasets is detailed in Supplementary information, Table S10, while quality
control metrics are provided in Supplementary information, Table S11. Further
information and requests for resources and reagents should be directed to and will
be fulfilled by the corresponding authors.
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