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ARTICLE INFO ABSTRACT

Keywords: Adrenocortical carcinoma (ACC) is a rare yet devastating tumour of the adrenal gland with a molecular pa-
Adrenal gland thology that remains incompletely understood. To gain novel insights into the cellular landscape of ACC, we
Cancer

generated single-nuclei RNA sequencing (snRNA-seq) data sets from twelve ACC tumour samples and analysed
these alongside snRNA-seq data sets from normal adrenal glands (NAGs). We find the ACC tumour microenvi-
ronment to be relatively devoid of immune cells compared to NAG tissues, consistent with known high tumour
purity values for ACC as an immunologically “cold” tumour. Our analysis identifies three separate groups of ACC
samples that are characterised by different relative compositions of adrenocortical cell types. These include cell
populations that are specifically enriched in the most clinically aggressive and hormonally active tumours,
displaying hallmarks of reorganised cell mechanobiology and dysregulated steroidogenesis, respectively. We also
identified and validated a population of mitotically active adrenocortical cells that strongly overexpress genes
POLQ, DIAPH3 and EZH2 to support tumour expansion alongside an LGR4+ progenitor-like or cell-of-origin
candidate for adrenocortical carcinogenesis. Trajectory inference suggests the fate adopted by malignant adre-
nocortical cells upon differentiation is associated with the copy number or allelic balance state of the imprinted
DLK1/MEG3 genomic locus, which we verified by assessing bulk tumour DNA methylation status. In conclusion,
our results therefore provide new insights into the clinical and cellular heterogeneity of ACC, revealing how
genetic perturbations to healthy adrenocortical renewal and zonation provide a molecular basis for disease
pathogenesis.

Molecular oncology
Single cell
Tissue homeostasis

1. Introduction

Adrenocortical carcinoma (ACC) is a rare yet highly aggressive
tumour of the adrenal gland (annual incidence 0.7-2 cases per million in
USA; 5-year survival 50-60% early stage detection, 10-30% in later
stages) with a molecular pathology that remains incompletely under-
stood, which poses significant management challenges (Libé, 2019;

Juhlin et al., 2021; Lerario et al., 2022; Altieri et al., 2020; Lippert et al.,
2023). ACC is often associated with hypersecretion of various adreno-
cortical steroid hormones (usually cortisol and androgens) although can
also be endocrinologically inactive meaning that clinical detection can
be delayed until the later stages of disease (Fassnacht et al., 2018). ACC
presents most frequently as sporadic, but can be associated with genetic
syndromes in approximately 3-5% of cases (Fassnacht et al., 2018; Lloyd
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et al., 2017). Histological diagnosis of sporadic ACC is based on the
modified Weiss scoring criteria, which includes parameters on tumour
architecture, mitosis, and tumour invasion (Weiss et al., 1989; Mete
et al., 2022). Immunohistochemistry (IHC) has proved an invaluable
diagnostic and prognostic companion tool, and current practice is based
on the use of markers including steroidogenic factor 1 (SF1) to recognise
the adrenal origin of the tissue and the Ki-67 proliferation index to
define the aggressiveness of the tumour (Mete et al., 2018, 2022;
Papathomas et al., 2016; Sbiera et al., 2010; Beuschlein et al., 2015).

Recent integrative (Assié et al., 2014) and pan-genomic (Zheng et al.,
2016) analyses have investigated the molecular attributes of sporadic
ACC, with the latter contributing to The Cancer Genome Atlas ACC
project (TCGA-ACC). These studies have highlighted a role for whole
genome duplication and large-scale chromosomal copy number varia-
tions (CNVs), as well as near-ubiquitous overexpression of IGF2 through
loss of heterozygosity (LOH) or aberrant methylation of the maternal
allele at the imprinted locus 11p15.5. Using Cluster of Cluster (COC)
analysis of integrated genomic, DNA methylation, messenger RNA
(mRNA) and micro-RNA (miRNA) expression data, three molecular
subtypes of sporadic ACC were proposed to be consistent with grading
based on histology and IHC (Zheng et al., 2016). Specifically, molecular
subtype COC3 contained the most aggressive tumours, with COC1
showing the most favourable clinical outcome and COC2 presenting an
intermediate prognosis.

Sporadic ACC is characterised by cancer initiating events that occur
during homeostatic maintenance or renewal of post-developmental
adrenocortical tissue (Yates et al., 2013; Kim and Choi, 2020). The
human adrenal cortex is composed of three concentric zones of cells
responsible for synthesising three different sets of steroid hormones: the
outer zona glomerulosa (ZG, mineralocorticoids), zona fasciculata (ZF,
glucocorticoids) and the inner zona reticularis (ZR, androgens). Main-
tenance and renewal of this zonation is believed to involve at least one
adult stem cell population sustained by a gradient of WNT signalling
concentrated near the outer capsule, which becomes replaced by an
increasing gradient of Protein Kinase A (PKA) signalling as cells are
displaced to undergo centripetal migration and differentiation (Chang
et al., 2013; Pignatti et al., 2017; Little et al., 2021). Exact mechanisms
by which WNT and PKA signals interact to generate the different adre-
nocortical zonal cell types remain incompletely understood, but WNT
modulators together with phosphodiesterase enzymes (PDEs) are sug-
gested to achieve this balance by controlling intracellular levels of
B-catenin and cAMP, respectively (Vidal et al., 2016; Drelon et al.,
2016a; Mathieu et al., 2018; Basham et al., 2019; Pignatti et al., 2020).
Such a model is consistent with findings that mutations in WNT and PKA
pathways are among the most commonly-occurring somatic events
associated with various lesions of the adrenal cortex (Juhlin et al., 2021;
Assié et al., 2014; Zheng et al., 2016; Penny et al., 2017).

Although great progress has been made towards delineating the
molecular mechanisms of adrenocortical development, maintenance,
renewal and pathogenesis in humans, very little remains known about
the landscape of cell types involved in these processes. Notable excep-
tions include recent single-cell and single-nuclei studies on the foetal
(del Valle et al., 2023) and our own study on the adult (Altieri et al.,
2022) human adrenal gland, respectively. While the latter also includes
data from a cohort of adrenocortical adenoma (ACA) samples, equiva-
lent data on ACC have hitherto been lacking. To better understand the
composition of cell types and mechanisms involved in ACC pathogen-
esis, in the present study we assembled and analysed a cellular tran-
scriptome atlas using single-nuclei transcriptomic sequencing
(snRNA-seq) on tissue samples from a cohort of ACC patients.

2. Materials and Methods
2.1. Patients and clinical details

Demographic, clinical and histopathological data for the eight
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patients with ACC included in the present study were collected from
patients’ records and are summarised in Table 1. Diagnosis of ACC was
histologically confirmed according to the current European guidelines
(Fassnacht et al., 2018). Baseline ENSAT tumour stage, as well as Weiss
score and Ki-67 proliferation index of the analysed tissues were
collected. Steroid hormone levels were measured at the time of surgery
(i.e., at resection of tumour tissue evaluated in the present study) using
commercially available analytical procedures as previously reported
(Detomas et al., 2021). Table 1 also includes the demographic charac-
teristics of six subject with NAG deriving from the tissue surrounding
endocrine inactive adenomas (EIA) or from adrenalectomies performed
during surgery for renal cell carcinoma, which were included in a pre-
vious snRNA-seq study (Altieri et al., 2022) and used as reference.
Samples from patients PACCm-1 and PACCm-2 were isolated from
metastatic lesions of the peritoneum and perirenal lymph node,
respectively. The study was approved by the ethics committee of the
University of Wiirzburg (No. 93/02 and 88/11) and written informed
consent was obtained from all subjects.

2.2. Sample selection, preparation, and snRNA sequencing

Nuclei were isolated from snap-frozen samples derived from ACC
tissue dissected by an expert pathologist and obtained during tumour
resection using the protocol previously described in (Altieri et al., 2022;
Krishnaswami et al., 2016). Quality and purity of isolated nuclei were
confirmed by microscopy and yield was quantified using a Neubauer
chamber. Salinisation, reverse transcription (RT) and library prepara-
tion were performed according to the inDrop™ system from 1CellBio
(Baron et al., 2016) on chips with hydrogel beads, with library prepa-
ration following the CEL-Seq2 protocol (Hashimshony et al., 2016)
where the RT product was first digested by Exol and HinFI and purified
using AMpure XP beads (Beckman Coulter, USA). cDNA was quantified
by qPCR (Roche Light Cycler 480 Instrument II, Switzerland) and pooled
for sequencing using an Illumina HiSeq 2000 instrument with 60 bases
for read 1, 6 for the Illumina index, and 50 for read 2.

2.3. snRNA-seq data processing and analysis

FASTQ files containing raw snRNA-seq reads were generated using
the Ilumina bcl2fastq tool and processed with the zUMI pipeline
(version 2.5 — default parameters) (Parekh et al., 2018). Count matrices
were then used as input into Seurat (version 4.2) (Butler et al., 2018),
which was used to create objects for all downstream processing and
analysis in the R programming language. Initial quality control included
filtering out cells that contained less than 100 or more than 2500 fea-
tures, or more than 4000 total counts, after removing genes that mapped
to ribosomal and mitochondrial coding or pseudo coding regions. We
also repeated the analyses without removing these genes to confirm that
this step did not affect the scientific conclusions of this paper.

Normalisation was performed on a sample-by-sample basis using the
Seurat function SCTransform(), and initial cell types for ACC samples
were predicted the merged data set of NAG samples as a reference with
the Seurat functions FindTransferAnchors() and TransferData(), as
described by the Seurat vignettes available online at the time. Following
initial cell type predictions, normalised count matrices for ACC and NAG
samples were merged and unsupervised clustering (resolution = 0.1)
was performed using the top 30 principal components. Differential gene
expression (DGE) analysis performed on merged data using the Seurat
function FindAllMarkers() provided a second route to initial cell type
identification, and cells without a consistent annotation in both methods
were excluded from downstream analysis. The filtered count matrices
obtained after excluding these cells were then renormalised and
remerged to create a final count matrix that was used for unsupervised
clustering (resolution = 0.6) and final annotation of cell types based on
DGE and hallmark gene set analysis. Pearson correlation coefficients
were calculated for all sample pairs by using the Seurat function
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Table 1
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Demographic, clinical, and hormonal characteristics for the eight patients with adrenocortical carcinoma (ACC) and the six subjects with removed normal adrenal
glands (NAG) included in the study. Abbreviations: ACC, adrenocortical carcinoma; M, male; F, female; NA, not applicable; NAGE, normal adrenal gland deriving from
endocrine inactive adenoma (EIA); NAGR, normal adrenal gland deriving from renal cell carcinoma (RCC); NGS, next generation sequencing. *Cases sequenced twice.

Patient Diagnosis Sex  Ageat ENSAT tumour Type of Hormone pattern DNA Somatic variants in ~ Tumour size of Ki-67% of the
D surgery stage at the time  surgery at time of tissue sequencing the analysed tissue the analysed analysed
of diagnosis sampling (gene names) tissue (mm) tissue
PACCp- ACC F 36 3 Primary Cortisol & Targeted TP53 170 20
1 androgens NGS
PACCp- ACC F 72 1 Primary Cortisol & Targeted CTNNBI 50 15
2% androgens NGS
PACCp- ACC F 66 2 Primary Cortisol & Targeted APC, NF1 82 10
3 androgens NGS
PACCp- ACC M 71 1 Primary Estrogen Targeted KDM6A1, RB1, 45 40
4* NGS TP53
PACCr- ACC F 38 unknown Recurrence Cortisol Sanger seq WT for CTNNBI, 35 unknown
1= GNAS and PKA
PACCr-2 ACC F 61 2 Recurrence Endocrine Targeted none 94 15
inactive NGS
PACCm- ACC F 56 3 Metastasis Cortisol & Sanger seq WT for CTNNBI, 100 unknown
1* androgens GNAS and PKA
PACCm- ACC F 45 1 Metastasis Endocrine Targeted KDR, MEN1, 25 50
2 inactive NGS ZNRF3
PNAGe- NAG from F 54 NA NA NA NA NA NA NA
1 EIA
PNAGe- NAG from F 49 NA NA NA NA NA NA NA
2% EIA
PNAGe- NAG from M 71 NA NA NA NA NA NA NA
3 EIA
PNAGr- NAG from M 56 NA NA NA NA NA NA NA
1 RCC
PNAGr- NAG from M 81 NA NA NA NA NA NA NA
2% RCC
PNAGr- NAG from M 68 NA NA NA NA NA NA NA
3 RCC

AverageExpression() to generate an averaged gene expression profile for
each sample.

Gene set scores for cell types were calculated based on a customised
version of single-cell gene set analysis by adapting the Seurat functions
AddModuleScore() and FindAllMarkers() as previously described in
(Tourigny et al., 2022). Log ratio-of-proportions (log ROP) scores were
obtained by dividing by the total number of cells in either sample type
(ACC or NAG) and then taking the natural logarithm of the ratio of these
proportions within each cell type. To calculate the Shannon entropy of
each cell type, proportions were instead calculated on a patient basis
after removing NAG samples and the function Entropy() from the R
package DescTools was applied. Slingshot (Street et al., 2018) was used
according to the authors instructions by applying the functions getLi-
neages() and SlingshotDataSet() with default settings for trajectory
inference. The version of the StemID score used in this study is equiv-
alent to that described in (Griin et al., 2016) where the estimated
transcriptome entropy (with lowest entropy subtracted) for each cell
type is multiplied by the number of links extending from that cell type as
reported by Slingshot.

2.4. Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) slides of 79 adrenal tis-
sues, including 68 ACC and 11 NAG were used to validate the expression
of DIAPH3 and POLQ at protein levels by immunohistochemistry (IHC).
IHC was performed as previously reported (Altieri et al., 2022).

2.5. Methylation status multiplex-ligation dependent probe amplification

Methylation status multiplex-ligation dependent probe amplification
(MS-MLPA) was performed according to the manufacturer’s protocol
using SALSA MS-MLPA Probemix ME032-B1 UPD7-UPD14-v03. The
probe mix contains 14 reference probes and 32 specific probes for the
regions 7pl2.2, 7q32.2, 14q32.2 and 14q32.31, including the GRBI10,

MEST, DLK1, MEG3 and RTL1 genes. Ten of these specific probes contain
a Hhal recognition site and provide information about the methylation
status. 150 ng of DNA were used in each MS-MLPA reaction.
Hybridisation, ligation and PCR were performed in a Biometra 96-
well PCR thermal cycler. Fragment separation was done by capillary
electrophoresis on a CEQ8000 capillary sequencer (ABSciex). Peaks
were size-called and assigned to MLPA-probes by GenomLab GeXP-
Fragment Analysis software. Quality checking covered DNA concentra-
tion, MLPA-reaction, DNA-denaturation and Hhal-digestion. Peak height
in relative fluorescence units (rfu) was used for quantification. After
normalisation, dosage quotients were calculated and compared between
amplification products of the digested versus the undigested sample.

2.6. Statistical analysis

All customised statistical tests reported in the main text were per-
formed in the R programming language. Adjusted p values for marker
genes and gene set scores were obtained using the Seurat function Fin-
dAllMarkers (), which uses a Wilcoxon signed-rank test with Bonferroni
adjustment. The prop.test() function (default values) was used to test the
null hypothesis that proportions of cell populations in two groups of
samples are the same, with a two-sided alternative distribution and
confidence level of 95%. Gene set variation analysis (GSVA)
(Hanzelmann et al., 2013) was used to score TCGA-ACC samples by cell
type signatures derived from marker gene sets. The comparison of means
of multiple sample groups was performed using an ANOVA test imple-
mented in the function stat_compare_means() and p values for compar-
isons of pairs of groups were calculated using Wilcox method. Absolute p
values for paired comparisons are reported in the main text while the
annotations «*«, «¥¥<« «kid? gpd «“x**% haye been used to denote p
values less than 0.05, 0.01, 0.001 and 0.0001 in figures, respectively.
Prognostic values of genes of interest were evaluated using a 0.25/0.75
proportion hazard ratio (HR) with bulk TCGA-ACC RNA-seq and overall
survival data as described in (Xie et al., 2019).
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3. Results
3.1. Cellular landscape of adrenocortical carcinomas

We conducted snRNA-seq on twelve tumour samples (six primary,
three metastatic and three recurrent tissues) from a total of eight pa-
tients (7F/1M, median age 58.5 yrs) with histologically confirmed
diagnosis of ACC (Table 1 and Materials and Methods). Patients dis-
played a variety of steroid profiles at the time of resection, including
four with mixed cortisol and androgens excess, one with cortisol excess
alone, two with endocrine inactive tumours, and a single male patient
with a rare, estrogen-secreting tumour. The genomic backgrounds of
tumour samples in the study included alterations in genes frequently
mutated in ACC, including TP53, CTNNB1 and ZNRF3 (Table 1 and
(Zheng et al., 2016)).

Following quality control and removal of genes mapping to mito-
chondrial and ribosomal genes, normalisation and variance stabilisation
of the count matrices were performed using Seurat (Butler et al., 2018).
Initial cell types were predicted for each sample individually using a
merged snRNA-seq data set from six normal adrenal glands (NAGs) from
a previous study from our group as a reference (Altieri et al., 2022).
These cell types are found to contain cells of adrenocortical origin
together with adrenal medullary cells (AM), myeloid cells (MQC),
lymphoid cells (LC), fibroblast and connective tissue cells (FC), and
vascular and endothelial cells (VEC). We then compared initial cell type
predictions with annotations based on the same six cell types but
informed by DGE analysis, performed following principal component
analysis and unsupervised clustering after merging normalised count
matrices for all ACC and NAG samples (Materials and Methods). Both
sample-based and merged approaches to cell type inference confirm
multiple cell populations with adrenocortical origin and a relative

Adrenal medulla

? Adrenal cortex

Adrenocortical cell types

@ Adrenal medullary (AM)

@ Zona fasciculata 3 (ZF 3)

Infiltrating cell types

@® Myeloid cells (MC)
Vascular and endothelial cells (VEC)
Fibroblasts and connective (FC)

@ Lymphoid cells (LC)

ACC specific cell types

ACC cluster 1 (ACC 1)

ACC cluster 2 (ACC 2)

ACC cluster 3 (ACC 3)

ACC cluster 4 (ACC 4)

ACC cluster 5 (ACC 5)

ACC mitotic (ACC M)

ACC estrogen 1 (ACC E1) D
ACC estrogen 2 (ACC E2)

Zona fasciculata 1 (ZF 1) @ Undifferentiated zone (UZ)
Zona fasciculata 2 (ZF 2) @ Zona glomerulosa (ZG)
Zona reticularis (ZR)
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depletion of immune cell types in ACC compared to NAG (Fig. S1), in
line with reports of high tumour purity, high heterogeneity and low
immune and stromal infiltration in ACC (Zheng et al., 2016; Thorsson
etal., 2018; Landwehr et al., 2020). However, we highlight that immune
depletion could be minimally exacerbated by snRNA-seq experimental
preparation procedures by selectively excluding certain cell types.
Excluding cells with inconsistent annotations resulted in a final total
of 39,364 cells for downstream analysis. We renormalised and remerged
ACC and NAG count matrices for these cells, performing unsupervised
clustering at higher resolution to reveal a total of 19 cellular clusters
(Fig. 1A). To identify the nature of cell types, DGE analysis was com-
bined with a calculation of the log ROP score of ACC to NAG cells within
each cluster (Fig. 1B) (Materials and Methods). Using the rationale that a
higher log ROP score is indicative of a higher proportion of cells derived
from cancer samples, we identified eight adrenocortical cell types (ACC
1-5, ACC E1, E2 and ACC M) that appear to be specific to ACC.
Conversely, clusters with a low log ROP score included infiltrating cell
types, medullary cells and two adrenocortical cell types identified with
ZG and ZR, based on expression of known markers such as DACHI and
SULT2A1, respectively (Table S1) (Altieri et al., 2022). Four remaining
adrenocortical cell types, which contained approximately equal pro-
portions of cells from ACC and NAG samples (Fig. 1B), are identified as
representing a progressive continuum of cell types from the ZF - based
on expression of cytochrome P450 CYP17A1 (ZF 1) and non-canonical
NOTCH ligand DLK1 (ZF 2 and ZF 3) (Altieri et al., 2022; Hadjideme-
triou et al., 2019) - and a comparatively undifferentiated adrenocortical
zone (UZ) expressing very few known marker genes (Table S1).
Correlation coefficients based on average gene expression profiles
revealed the strongest degree of similarity between pairs of ACC samples
originating from the same patient, suggesting higher levels of inter- than
intra-tumour heterogeneity, whereas inter-patient heterogeneity was

log ROP

Entropy score

PACCp-3

¢

PACCp-4 PACCm-2 PACCr-2

o

Fig. 1. Landscape of cell types in ACC. (A) UMAP projection showing all cells in the merged data set of ACC and NAG samples, coloured by cell type. (B) Bar plot of
log ROP scores (see Materials and Methods for details) for each cell type where the dotted line serves as a rough guide above which those that fall were denoted ACC
specific. Note that ACC 5 consists entirely of cells from ACC samples meaning that its log ROP score is infinitely large. (C) Bar plot of patient-based Shannon entropy
score (see Materials and Methods for details), indicating the degree to which each cell type is patient specific. (D) Pie charts showing a different representation of the
distribution of cell types among the eight ACC patients included in this study (see Table 1 for details).
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comparably lower across NAG tissues (Fig. S2). To quantify the distri-
bution of cell types across ACC patients, we calculated a score based on
Shannon entropy (Fig. 1C) (Materials and Methods). Cell types that are
highly specific to one patient have an entropy score close to zero, while
the entropy score increases as cell clusters become distributed across
patients. Two cell types with the lowest entropy score (ACC E1 and ACC
E2) are found to consist almost exclusively of cells (99.3% and 97.7%,
respectively) from case PACCp-4 who was the only male patient in our
cohort and had clinically excessive circulating estrogen levels at the time
of resection (Fig. 1D). By comparison, the remaining six ACC specific cell
types have higher entropy scores, reflecting the fact that they are rep-
resented in tumours from multiple patients in the study (Fig. 1D).

3.2. Characterisation of ACC specific cell types

Different ACC specific cell types were characterised using MSigDB
hallmark gene set scores and identification of marker genes based on
DGE analysis (Fig. 2 and Tables S1 and S2) (Materials and Methods).
ACC 1 cells score highest for ANGIOGENESIS but are most significantly
enriched for the gene set EPITHELIAL MESECHYMAL TRANSITION
(EMT) (adjusted p = 1.16e-82) and correspondingly their top marker
genes (as ranked by p value) includes factors involved in cellular me-
chanics or motility (SPOCK1, COL11A1, CTNNA2, NTM, SLIT2, DCN)
and calcium signalling (CALN1, CADPS, CACNA2D1, CACNB2) (Fig. 2B
and Table S1), consistent with the role of calcium in regulating cyto-
skeletal and cell-matrix interactions during the EMT (Tsai et al., 2015;
Janke et al., 2023). However, many genes from the EMT gene set are not
among the top markers for ACC 1 cells, which likely explains why the
prognostic value of this pathway in ACC is limited (Sbiera et al., 2021).
ACC 2, ACC 3, and ACC 4 cells were differentiated by their metabolic
characteristics: ACC 2 cells score most significantly for the gene set
CHOLESTEROL HOMEOSTASIS (adjusted p = 3.75e-203), consistent
with top marker genes including those involved in cholesterol transport
(GRAMDI1B, LDLR, SCARBI), the mevalonate pathway (HMGCSI,
HMGCR), sterol biosynthesis (SQLE, FDPS, FDFT1, MSMO1) and early
steps in steroid hormone synthesis (CYP11A1, FDX1) (Fig. 2B and
Table S1). The top marker genes for ACC 3 are acyl-CoA synthetase
ACSM3 and THUMPDI (average log2 fold change = 1.36 and 0.71,
respectively, adjusted p < 2.3e-308) (Fig. 2B and Table S1), whereas
ACC 4 scores highest for the gene sets HYPOXIA and GLYCOLYSIS
(adjusted p = 6.11e-175 and 7.31e-108, respectively) (Fig. 2A and
Table S2). As displayed in Fig. 2B, cells from ACC 4 correspondingly

Low score High score -
| e— X
(6]
o
HALLMARK-WNT-BETA-CATENIN-SIGNALING a
E== HALLMARK-TGF-BETA-SIGNALING @«
HALLMARK-ESTROGEN-RESPONSE-EARLY
HALLMARK-APICAL-SURFACE
HALLMARK-IL2-STATS-SIGNALING
= HALLMARK-G2M-CHECKPOINT
HALLMARK-APICAL-JUNCTION
HALLMARK-ANGIOGENESIS =
HALLMARK-ALLOGRAFT-REJECTION 5
| HALLMARK-E2F-TARGETS =z
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express the vascular endothelial growth factor VEGFA and glycolytic
genes such as PGK1 among other top marker genes (average log2 fold
change = 0.47 and 0.45, adjusted p = 5.15e-171 and 5.68e-165,
respectively) while the VEGFR receptor gene FLTI is a top marker
gene for the endothelial cell cluster VEC (average log2 fold change =
0.73, adjusted p < 2.3e-308). This suggests that ACC 4 represents a cell
type that actively stimulates glycolysis and angiogenesis in response to
hypoxic signals, recently explored in (Oliveira et al., 2022). ACC E1 and
ACC E2 cells specific to patient PACCp-4 score most significantly for the
gene sets ESTROGEN RESPONSE EARLY and EMT (adjusted p = 3.49e-30
and 4.31e-27, respectively) and G2M CHECKPOINT and CHOLESTEROL
HOMEOSTASIS (adjusted p = 6.32e-9 and 2.00e-08, respectively),
respectively, and similarly share a subset of marker genes with the major
ACC specific clusters ACC 1-4 (Fig. 2B and Table S1).

The two remaining ACC specific cell types, ACC 5 and ACC M,
display hallmarks of proliferative and mitotic activity, respectively. ACC
5 is the cell type with by far the smallest representation in our data set
(just 77 out of 39,364, less than 0.2 % cells) and its top markers include
genes for marker of proliferation Ki-67 (MKI67) (average log2 fold
change = 0.20, adjusted p = 4.5e-67) and components of the WNT
(LGR4) and NOTCH signalling (JAGI) pathways (average log2 fold
change = 0.29 and 0.25, adjusted p = 3.09e-08 and 0.0015, respec-
tively), along with transcriptional factors such as NFE2L3, SOX4 and the
glucocorticoid receptor (NR3C1) (average log2 fold change = 0.36, 0.21
and 0.26, adjusted p = 3.86e-114, and 0.00016,respectively) that are
important for determining cell fate in response to para- or endocrine
signals (Fig. 2B and Table S1) (Wilson and Koopman, 2002; Hollenberg
et al., 1985; Saliba et al., 2022; Glinka et al., 2011; Li et al., 1997).
Correspondingly, ACC 5 cells score significantly for the gene sets G2ZM
CHECKPOINTS, TGF BETA SIGNALING, WNT BETA CATENIN-SIGNAL-
ING and NOTCH SIGNALING (adjusted p = 4.29e-11, 2.02e-06, 0.007
and 0.009, respectively) (Fig. 2A and Table S2). By comparison, ACC M
contains almost ten-fold more representatives in our data set (734 out of
39,364, 1.9 % cells) and the top protein coding marker genes for this cell
type are DIAPH3 (diaphanous related formin 3) and POLQ (average log2
fold change = 0.46 and 0.35, respectively, adjusted p < 2.3e-308) as
shown in Fig. 2B and Table S1. POLQ is a DNA polymerase (Sharief et al.,
1999), and DIAPH3 was recently reported to localise to the centrosome
and regulate the assembly and bipolarity of the mitotic spindle during
mitosis (Lau et al., 2021), which is consistent with indications that ACC
M cells are actively engaged in mitotic activity. Correspondingly, they
score most significantly enriched for the three gene sets E2F TARGETS
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(adjusted p < 2.3e-308), G2M CHECKPOINTS (adjusted p = 3.07e-213)
and MITOTIC SPINDLE (adjusted p = 3.23e-80) (Fig. 2A and Table S2).

Since ACC M cells are found in relatively high numbers across all
ACC samples while being almost entirely absent from NAG (high log
ROP and entropy scores, Fig. 1B and C), we investigated the possibility
of using their top marker genes to distinguish ACC from normal or
benign adrenocortical tissue at the bulk level. Both POLQ and DIAPH3
were found to be significantly overexpressed in bulk RNA from ACC
samples compared to NAG and ACA tissue, as reproduced in two
different available data sets (Fig. 3A and Fig. S3) (Di et al., 2020;
Giordano et al., 2009). We next validated the expression of both POLQ
and DIAPH3 at the protein level using IHC in a large cohort of ACC (n =
68) and NAG tissue samples (n = 11) (see Material and Methods and
Table S3 for details). Hereby we found that these proteins mark pop-
ulations of cells that are found at significantly higher levels in ACC
compared to NAG (mean POLQ H-score + Standard deviation (SD) =
135.6 + 62.6 for ACC versus 73.5 + 32.4 for NAG, respectively, p =
0.0017; mean DIAPH3 H-score =+ SD = 204.4 + 50.9 for ACC versus 95.1
+ 25.6 for NAG, respectively, p = 1.6e-06) (Fig. 3B). We also confirmed
using TCGA-ACC data that both DIAPH3 and POLQ high expression is
strongly associated with lower overall survival (HR 8.01 and 7.68 with
95% confidence interval (CI) [3.3,19.3] and [3.3,17.6], respectively; p
< 2.2e-16). Taken together, these results suggest that ACC M represents
a population of mitotic adrenocortical cells that are generously and
reproducibly enriched within malignant adrenocortical tumours. Of
note, ACC M cells also strongly express the histone methyltransferase
EZH2 that has also been shown to play a key role in adrenocortical cell
differentiation and aggressiveness in ACC (Mathieu et al., 2018; Tabbal
et al., 2019; Drelon et al., 2016b).

3.3. Cellular compositions of molecular ACC subtypes

We next performed hierarchical clustering based on cell type
composition, which separates out NAG samples and partitioned ACC
samples into three distinct groups (I, II and III) that mixed primary,
recurrence and metastatic lesions (Fig. 4A). Mixing of different lesion
types within the same group implies that individual cellular profiles are
faithfully reproduced across different stages of carcinogenesis, which
complements recent comparative studies on the genomic landscapes of
metastatic and primary tumours (Gara et al., 2018; Fojo et al., 2020).
Samples from group II are characterised by a significantly higher pro-
portion of ACC 1 cells than groups I and III (p < 2.2e-16; 95% CI [14.8%,
16.3%] and [8.9%,10.9%] greater than groups I and III, respectively).
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Conversely, group I, which included samples from patient PACCp-4, is
enriched for ACC 2 cells (p < 2.2e-16; 95% CI [10.6%,12.1%] and
[5.5%,7.5%] greater than groups II and III, respectively) while group III
has no significant difference in the proportions of ACC 1 and ACC2 (p =
0.45). Group I samples also have significantly higher proportions of the
four remaining ACC specific cell types: ACC 3, ACC 4, ACC5 and ACCM
(p < 2.2e-16; 95% CI [17.3%,19.2%] and [15.8%,17.9%] greater than
groups II and III, respectively).

To assess whether molecular ACC subtypes reflect associations with
different cellular subpopulations, we generated single-cell signatures by
taking the top 20 protein coding marker genes for each ACC specific cell
type and used them to score TCGA-ACC samples based on GSVA
(Hanzelmann et al., 2013) (Materials and Methods). COC3 samples
scored significantly higher than COC1 samples for both ACC 1 and ACC
2 signatures (p = 0.00053 and 0.021, respectively) as did COC2 for ACC
1 (p =0.019) (Fig. 4B), suggesting these gene signatures are enriched in
the more aggressive COC3 and intermediate COC2 ACC subtypes. By
contrast, COC1 samples scored significantly higher than COC 3 samples
for both ACC 3 and ACC 4 signatures (p = 0.0019 and 0.0044, respec-
tively) as did COC 2 for ACC 3 (p = 0.027) (Fig. 4B), suggesting these cell
types are predominantly enriched in tumours with comparably good
prognosis. No significant difference in scores for ACC 5 or ACC M were
found across molecular subtypes. Thus, cellular populations ACC 1 and
ACC 2, which are found to characterise group II and group I samples,
respectively, are likely overrepresented in the most aggressive ACC
molecular subtypes (Zheng et al., 2016).

3.4. Alternative adrenocortical cellular lineages in ACC

We noticed that a majority (68.3%) of cells from ACC samples were
annotated as cell types UZ or ZF 1-3 (Fig. 1D), and each have log ROP
scores close to zero implying that they are approximately equally rep-
resented in NAG and ACC samples (Fig. 1B). This should be contrasted
with the estimated average tumour purity value of 0.82 reported for ACC
(higher than any other TCGA cancer type apart from chromophobe renal
cell carcinoma) (Zheng et al., 2016), which might therefore suggest that
a large proportion of cells with a cancer genotype still adopt a normal
phenotype. Reliable information on the genomic state of UZ and ZF cells
is not accessible without additional DNA sequencing (Trinh et al., 2022),
but to gain insight into their nature in the context of other adrenocor-
tical cell types we performed snRNA-seq-informed trajectory inference
using Slingshot (Street et al., 2018) (Materials and Methods). Slingshot
was chosen as the only method with a nearly perfect usability score that
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performs consistently across a wide range of evaluation criteria (Saelens
et al., 2019); it is not fully reliable with disconnected regions in the
dimensional reduction however, so we excluded cell types ACC M, ACC
E1 and ACC E2 from trajectory analysis. Slingshot predicted six lineages
based on a branched topology that contained branch points at UZ, ZF 1
and ACC 5 (Fig. S4A). In addition to being enriched for a large number of
signalling pathways and proliferative markers, ACC 5 also scored
highest for an adapted version of the StemlID score (Griin et al., 2016)
(Material and Methods), consequently identifying ACC 5 as a candidate
progenitor cell type for the cellular differentiation lineages obtained by
Slingshot (Fig. 5A).

Lineages L1, L2 and L3 are consistent with a centripetal migration
and differentiation model of adrenocortical zonation where the ZF
progressively matures (as measured by DLK1 expression; average log2
fold change = 1.09 and 0.97, and adjusted p = 1.51e-153 and adjusted p
< 1.51e-153 in ZF 2 and ZF 3, respectively) and the ZR emerges from the
steroidogenic ZF phenotype (ZF 1), while the ZG emerges from a pro-
genitor or intermediate cell type (UZ) (Chang et al., 2013; Pignatti et al.,
2017; Little et al., 2021). Lineages L4 and L5 (terminating in ACC 1 and
ACC 2, respectively) also pass through the UZ intermediate cell type and

have sharply increasing expression of several PDE genes compared to
lineages L1 and L2 (terminating in ZR and ZF 3, respectively), where
expression either decreases or remains approximately constant (Fig. 5B).
Increased PDE expression along lineages L4 and L5 may lead to a
decrease in cAMP levels that blocks differentiation into the ZF or ZR
phenotypes, which depends on PKA signalling in healthy adrenocortical
tissue (Drelon et al., 2016a; Mathieu et al., 2018; Dumontet et al., 2018).
Fig. 5B also displays L1, L2, L4 and L5 lineage scores for three gene sets
defined in previous adrenocortical studies: adrenal differentiation score
(ADS) from the TCGA-ACC study (Zheng et al., 2016), and the foetal
zone (FZ, inner layer involved in early androgen biosynthesis similar to
the adult ZR) and definitive zone (DZ, histologically similar to the
postnatal ZG and outer ZF) signatures from a recent single-cell study of
the developing adrenal gland (del Valle et al., 2023). The scoring pat-
terns for ADS and FZ are closely related and ZR, ZF 2 and ACC 2 score
higher than ZF 3 and ACC 1 for these signatures, respectively.
Conversely, the scoring pattern is inverted for DZ (ZF 3 and ACC 1,
which both express the DZ marker NOV (Ratcliffe et al., 2003), score
higher than ZR, ZF 2 and ACC 2 for this signature), and on further in-
spection we found that a significantly higher proportion of ZF 3 cells are
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found in group II samples (p < 2.2e-16; 95% CI [20.8%,22.9%] and
[19.6%,22.0%] greater than groups I and III, respectively), as observed
previously for ACC 1. This highlights that group II samples are distin-
guished, not only by a greater proportion of ACC 1 cell types, but also by
an increased proportion of cells that progress to mature a differentiation
phenotype characterised by increased DLK1 expression along the ZF
lineage L2 (Fig. S4B).

3.5. Role of the imprinted DLK1/MEG3 genomic region in adrenocortical
cell fate

Alongside imprinted gene DLK1 that is suspected to play a role in
healthy and diseased adrenocortical zonation (Altieri et al., 2022;
Hadjidemetriou et al., 2019), imprinted gene IGF2 is another top marker
for cell types ZF 2 and ZF 3 at the ends of lineage L2 (average log2 fold
change = 1.30 and 0.81, adjusted p = 6.52e-122 and adjusted p <
2.17e-302, respectively) (Table S1). IGF2 and DLK1 are also the two
genes most overexpressed (when ranked by average log2 fold change) in
ACC compared to NAG tissue comparing within ZF cell types ZF 1, ZF 2
and ZF 3 (Table S4). The relevance of IGF2 overexpression in ACC has

A
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been the subject of intense investigation (Guillaud-Bataille et al., 2014;
Vetal., 1993; Soon et al., 2009; Gicquel et al., 2001), and both IGF2 and
DLK1 are paternally expressed genes encoding signalling ligands
expressed within developing adrenal cortex with cognate receptors
found on mesenchymal cells of the adrenal capsule (del Valle et al.,
2023). We observed that MEG3, expressed from the maternal allele at
the imprinted DLK1/MEG3 chromosomal locus 14q32.2, serves as a top
marker gene for the ACC 2 cell type (average log2 fold change = 0.77,
adjusted p < 2.17e-302) from group I samples, but is not as strongly
expressed by the ACC 1 and ZF 3 cell types enriched among group II
samples (Figs. S3C and S3D and Table S1). We therefore hypothesised
that patterns of DLK1/MEG3 expression across cell types (Fig. S3D) may
reflect different underlying genetic alterations at the imprinted 14q32.2
locus, which could potentially explain alternative cellular compositions
of different ACC samples. To explore this, we used the top 20 marker
gene single-cell signatures for ACC 1 and ACC 2 to score TCGA-ACC
samples separated by chromosomal copy number state (Steele et al.,
2022) of the 14q32.2 region. Strikingly, we found that samples that have
undergone chromosomal gains in this region score significantly higher
for the ACC 1 signature (p = 0.046) while those that had undergone

" Pavoua = 0.11 Hypermethylation Hypomethylation
1.0
o I 1 1
. : : : :GRBIO—S
4 I | ] }
~ % GRB10 1 | i i |{GRB10-6
o | | ) |
| | 1 |
Q o i | | {GRB10-8
.0 4 I 1 1)
: : : MEST-2
| | I
11 | 1 MEST-3
25 ; o MEST l | !
| ! ! MEST-4
o et t 1
Panova = 0.06 : | ; :MEGS—S
| 1
1.0 I 1 1
MEG3 1! ! IMEG3-7
o : | |
0.5 ! ! {MEG3-8
o o) r
g MIR380 {
< 2 e 212 223 3 DB D1P DI Vi
P P P Pl Pl Io P I
a3 BBBLLB3BBBH5000 0 b
Gi= 4 &, . 4 B0 € O OO OO O O .0
[N ) 1= oy ¥ o3 Yy Y U Ly gt T
1 1 1 1 1 i
-0.5 | | | - 3 N 'L 1 Lw | » 8 J" |
3-4:LOH NAG ACA Group| Groupll Grouplll
C Hypomethylation/Chromosomal gains?
WTgenome e Chromosomal gains? e, a
PM e pop T — Baikii PM M
o LOH ‘
""""""""""" A
or
DLK1 expressed DLK1 silenced DLK1 expressed DLK1 expressed DLK1 overexpressed DLK1 expressed
MEG3 silenced MEG3 expressed MEG3 silenced MEG3 silenced MEG3 expressed MEG3 overexpressed
NAG Group Il Group Il Group |

Fig. 6. Associations of cell type compositions with state of imprinted 14q32.2 region. (A) Scores for single-cell signatures ACC 1 and ACC 2 across TCGA-ACC
samples grouped by copy number state at the 14q32.2 region encoding DLK1 and MEG3. Only copy number segments larger than 40Mbp are included and chro-
mosomal gains of more than four are excluded. Heterozygous segments are those with A > 0, B > 0 (reflecting the counts for major allele A and minor allele B) while
LOH are those with A > 0, B = 0: diploid wildtype or copy neutral LOH (2:het and 2:LOH, respectively) and chromosomal gains (3—4:het or 3-4:LOH). (B) Heat map
showing the methylation status of probed genomic regions in NAG, ACA and ACC samples grouped according to cellular composition. (C) Cartoon schematic
illustrating possible mechanisms for generating different ACC cellular compositions based on alterations at the imprinted 14q32.2 region. Group II samples, char-
acterised by enrichment for ACC 1 and ZF 3 (DLK1 high) populations, possibly associated with copy number gains of the parental (P) allele. Loss of methylation at the
MEG3 locus and/or copy number gains of the maternal (M) allele could underlie enrichment of ACC 2 (MEG3 high) populations in group I samples, while both ACC 1
and ACC 2 cell types are comparatively depleted in group III samples associated with copy neutral LOH.



D.S. Tourigny et al.

copy neutral LOH score significantly lower for the ACC 2 signature (p =
0.01) (Fig. 6A).

Finally, to corroborate the relationship between 14q32.2 chromo-
somal state and ACC cellular composition, we performed MS-MLPA to
assess the methylation status of this genomic region (Materials and
Methods). In healthy cells, imprinting of 14q32.2 is controlled by
methylation of the MEG3 coding region on the paternal allele, which
restricts its expression to the maternal (unmethylated) allele. We first
confirmed that MS-MLPA can reliably detect and distinguish hypo-,
hyper- and heterozygous methylation states of MEG3 (and known
methylated regions GRB10, MEST, MIR380) using DNA isolated from
paired patient blood samples to show these have the same methylation
patterns as NAG and ACA controls (Fig. S5). The assay was then repeated
using DNA isolated from tumour samples from the eight ACC patients
included in our study, revealing that two of the three tumours from
group III (PACCp-1 and PACCr-2, confirmed by technical replicate)
display hypermethylation of MEG3 associated with complete loss of
expression of this gene from the maternal allele (Fig. 6B). Hyper-
methylation and silencing of MEG3 expression can arise via several
different mechanisms (including LOH of the maternal allele, Fig. 6C)
that are not possible to distinguish using MS-MLPA. However, finding
this alteration to occur only within samples from group III is entirely
consistent with the characterisation of this group by a relative absence of
ACC 1 and ACC 2 cellular populations, which are potentially associated
with retention or additional gains of the maternal allele (Fig. 6C).
Furthermore, MEG3 methylation is found to be entirely absent in one
tumour from group I (patient PACCr-1, confirmed by technical replicate)
(Fig. 6B), implying that loss of imprinting at the paternal allele could be
one possible mechanism driving MEG3 overexpression within the ACC 2
cell type from group I samples (Fig. 6C). Taken together, these results
strongly suggest that the copy number state and balance of alleles at the
DLK1/MEG3 14q32.2 locus are associated with relative cellular com-
positions of different ACC tumours.

4. Discussion

Our understanding of ACC pathogenesis has increased considerably
over the past decade following in-depth characterisations of the mo-
lecular processes involved in development, homeostasis and tumori-
genesis of the adult adrenal gland (Juhlin et al., 2021; Lerario et al.,
2022; Assié et al., 2014; Zheng et al., 2016; Pignatti et al., 2017; Little
et al., 2021; Vidal et al., 2016; del Valle et al., 2023; Altieri et al., 2022).
In the present study, we contribute to this emerging field by providing a
cellular transcriptome atlas of ACC at single-nuclei resolution that
complements existing data and reveals a mixture of cell types present
within the malignant adrenal cortex. Based on a detailed comparison
with tissue from healthy human adrenal gland (Altieri et al., 2022), we
find a low amount of immune infiltration confirming that ACC is a “cold”
immune infiltrate tumour and consistent with previous reports of high
tumour purity values (Zheng et al., 2016; Thorsson et al., 2018; Land-
wehr et al., 2020). We identify at least eight cell types that are specific to
ACC, with two that are highly specific for the rare case of a male patient
with excess levels of estrogen. ACC samples from our patient cohort
separate into three predominant groups (that mix primary, metastatic,
and recurrent tumours) according to their underlying composition of the
six remaining ACC specific cell types (ACC 1-5 and ACC M).

ACC sample group II is enriched for cell type ACC 1 that displays
hallmarks of cytoskeletal and cell-matrix remodelling driven by calcium
signalling (Janke et al., 2023) in addition to a greater proportion of
age-associated, DLK1 and IGF2 expressing ZF cells (cell type ZF 3). Cell
type ACC 1 is also associated with the most aggressive molecular sub-
type COC3 (Zheng et al., 2016), suggesting that group II represents tu-
mours with the worst patient outcome. Conversely, ACC sample group I
is enriched for cell type ACC 2 that is associated with both COC2 and
COC3 molecular subtypes (Zheng et al., 2016), and displays hallmarks of
increased cholesterol uptake, early steroid metabolism and high MEG3
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expression. Cell type ACC 2 may therefore predominantly account for
aberrant steroidogenesis in a subgroup of ACC patients with mixed
outcome, including those that are deemed clinically endocrine inactive
but still may secrete large quantities of steroid hormone precursors (Arlt
et al., 2011; Pereira et al., 2020). ACC samples from group III contained
far fewer proportions of ACC 1 and ACC 2 cell types than groups I and II.
Group III therefore likely represents ACC tumours with comparably
better patient outcome since they lack these malignant cell types. ACC 3
and ACC 4 cell type signatures, found mainly in group I samples, display
hallmarks of increased fatty acid metabolism and hypoxia/glycolysis,
respectively, and were also preferentially enriched in less-aggressive,
COC1 tumours. One possible explanation for this observation is that
metabolic perturbations blocking adrenocortical steroidogenesis can
inhibit malignant ACC progression (Raff and Bruder, 2006).

Consistent with existing knowledge on the increased expression of
cell division and proliferation markers in ACC (Beuschlein et al., 2015),
two remaining ACC specific populations ACC M and ACC 5 both display
hallmarks of increased DNA replication and mitotic activity. The more
abundant cell type, ACC M, is characterised by the top marker genes
DIAPH3, POLQ and EZH2. EZH2 has already been implicated in ACC
progression (Tabbal et al., 2019; Drelon et al., 2016b) and adrenocor-
tical cell differentiation (Mathieu et al., 2018), and here we validated
that DIAPH3 and POLQ are overexpressed at the protein level and have
prognostic potential at the RNA level in ACC. POLQ is a known DNA
polymerase (Sharief et al., 1999) and DIAPHS3 is a relatively uncharac-
terised protein that has recently been shown to localise to the centro-
some during mitosis (Lau et al., 2021), and proposed as a biomarker for
prostate and colorectal cancer (Rong et al., 2021; Huang et al., 2022). Of
note, EZH2, DIAPH3, POLQ are among the top marker genes for transit
amplifying cells (TACs) in a recent single-cell data set comparing human
colorectal polyps with normal tissue (Chen et al., 2021), suggesting that
ACC M might represent a mitotic phenotype with increased prevalence
in the diseased state of many self-renewing tissues such as the colon,
intestine and adrenal cortex (Tetteh et al., 2015). In this way, increases
in numbers of cells from the ACC M TAC-like population could drive an
enrichment of malignantly differentiated cell types, such as ACC 1 and
ACC 2, which are associated with more aggressive ACC tumours.

ACC 5 was identified as the least abundant ACC specific cell type and
is characterised by high scores for WNT, TGF-beta and NOTCH signal-
ling pathways and top marker genes MIK67, LGR4, JAG1, SOX4, NFE2L3
and NR3C1. Among these top marker genes, expression of the RSPO3
receptor LGR4 was also recently detected in the developing adrenal
cortex (del Valle et al., 2023) and its mutation is known to drive aberrant
adrenocortical zonation (Lucas et al., 2023). RSPO3 is itself a WNT
signalling coactivator that is proposed to play a key role in maintaining
the adrenocortical stem cell niche near the adrenal capsule (Little et al.,
2021; Vidal et al., 2016; Basham et al., 2019; Pignatti et al., 2020; del
Valle et al., 2023; Altieri et al., 2022). This model is once again analo-
gous to the mechanism for maintenance of the LGR5+ (homologue
RSPO3 receptor) stem cell compartment in colon or intestine, whose
perturbation during carcinogenesis involves aberrant differentiation of
TACs into absorptive or secretory cell types based on levels of NOTCH
signalling (Tetteh et al., 2015; Reya and Clevers, 2005; Van Es et al.,
2012; Batlle and Clevers, 2017). In further support of this model, we
have demonstrated that adrenocortical lineages and cellular composi-
tions of the different ACC sample groups are associated with abnormal
copy number states and allelic imbalances of the imprinted 14q32.2
locus, which encodes the non-canonical NOTCH ligand DLK1 and
maternally expressed gene MEG3. Silencing of MEG3 through LOH of the
maternal allele could reduce the rate of differentiation into cell types
ACC 1 and ACC 2, which are both underrepresented among group III
samples and instead associated with more aggressive COC2 and COC3
tumours. This is consistent with previous results that show LOH of the
maternal DLK1/MEGS3 allele is ubiquitous across a subset of ACC tu-
mours with comparably favourable outcome (Assié et al., 2014; Cher-
radi, 2016). While loss of the maternal allele may provide a selective
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advantage in early stages of disease (Modali et al., 2015; Zhou et al.,
2012; Iyer et al., 2017), this alteration perhaps prevents progression into
more advanced stages of ACC.

These data have several limitations, including a relatively small pa-
tient cohort due to the restricted availability of biological tissue for such
a rare disease and the fact that snRNA-seq as a method can have limited
sensitivity at low gene expression levels. The ability to expand single-
cell profiling to larger patient cohorts and include more sequencing
reads per cell will help to further advance our initial findings and hy-
potheses. Although knowledge of the molecular sequence of events
involved in the pathogenesis of ACC remains far from complete, the
present study provides some novel insights into the vast landscape of
cells and genes that are involved in this process. Our results therefore
constitute an essential contribution to the biological and clinical
comprehension of this devastating disease by identifying the malignant
cell types associated with prognostic classification. Future work will be
required to validate the precise molecular mechanisms that generate
cellular and clinical heterogeneity of ACC tumours, which may nega-
tively impact treatment as it does for other cancers (Lenz et al., 2022). In
this way, our initial study paves the way for a better understanding of
ACC that will ultimately drive identification of new drug targets and
therapeutic opportunities.
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