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Dlk1 is a novel adrenocortical stem/progenitor cell marker
that predicts malignancy in adrenocortical carcinoma

Adrenocortical carcinoma (ACC) is a raremalignancywith
no widely available biomarkers and commonly presents
at later stages with a bleak prognosis [1]. Dysregulation
of signaling pathways involved in the organogenesis and
homeostasis of the adrenal cortex is implicated in its
pathogenesis [2]. The paternally expressed, cleavable pro-
tein delta-like non-canonical Notch ligand 1 (DLK1) is
expressed in rat adrenocortical progenitor cells [3] and in
clusters of relatively undifferentiated cells in the human
adrenal gland [4]. Its expression is rare in most adult
human tissues but has been reported across various can-
cers, often associated with worse survival [5]. Here we
define the role of DLK1 in adrenocortical development,
self-renewal, and the development and progression of
ACC.
Dlk1+ cells were present in both the capsule and cor-

tex during embryonic development but became restricted
to the capsule postnatally in both male and female
mice (Supplementary Figure S1), with minimal over-
lap in expression with Axin-2 (Wnt-active) cells, their
early descendants, and platelet-derived growth factor
receptor alpha (PDGFRα), a marker of mesenchymal
stem/fibroblastic cells (Supplementary Figure S2). Dlk1
cells were rarely positive for Ki-67, whereas Gli1 expres-
sion in the capsule, unlike Dlk1, remained high during
development and throughout postnatal life (Supplemen-
tary Figure S3). Genetic lineage tracing using inducible
Dlk1CreERT2/+; RosatdTomato/+ mice showed that Dlk1+ cells
functioned as adrenocortical stem cells during develop-
ment (Figure 1A-F), but were largely dormant postnatally
and inactive during postnatal adrenocortical remodeling
(Supplementary Figure S4).
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Capsular-like cells are pathognomonic of subcapsu-
lar hyperplasia (SH), a histological hallmark in mouse
adrenals that occurs spontaneously in aged females and
in certain strains/transgenic models after gonadectomy
(GDX) [6]. SH foci are thought to represent a morphologi-
cal continuum progressing toward adrenocortical tumors.
Dlk1 was not expressed in SH or in subsequent tumors
in two GDX mouse models (Supplementary Figure S5).
Moreover, spontaneous SH foci in aged mice were nei-
ther enriched in nor derived from Dlk1-expressing cells
(Supplementary Figure S6), supporting the hypothesis that
SH results from a de-differentiation event [7]. Interest-
ingly, Dlk1 was re-expressed in an autochthonous mouse
model of ACC, in which concomitant inactivation of Trp53
and activation of Ctnnb1, driven by the aldosterone syn-
thase promoter (BPCre) [8], leads to ACC formation with
high penetrance. In 23 tumor samples from 17 mice (9
female), Dlk1 expression was low or absent in benign and
pre-malignant tumors, moderate in localized ACC, and
higher in metastatic disease, both in the primary tumors
and in lung metastases. There was a stepwise increase of
Dlk1 expression with disease severity, and a positive cor-
relation between Dlk1 expression and age (Figure 1G-H,
Supplementary Figure S7). These results indicate that in
the BPCremodel, Dlk1, rather thanmarking the cell of ori-
gin, is re-expressed in ACC, potentially conferring cancer
stem cell characteristics.
In a prospective discovery cohort of 73 consecutive

patients (26 male) undergoing adrenalectomy in London,
UK (Supplementary Table S1), DLK1 expressionwas signif-
icantly higher in ACC than in benign adrenal disease and
normal adrenals (Supplementary Figure S8A). This finding
was validated in a larger cohort fromWürzburg, Germany,
comprising 178 ACC tumor samples from 159 patients (53
male) (Supplementary Table S2). DLK1 expression was
ubiquitous and heterogenous, with apparent clones of
DLK1-positive cells, similar to those observed in BPCre
mice. DLK1 expression was not correlated with age, sex, or
tumor size and remained constant across different Euro-
pean Network for the Study of Adrenal Tumors (ENS@T)
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tumor stages, hormonal activity of tumors, Weiss score,
and Ki-67% (Supplementary Figure S8B-H). As in BPCre
mice, DLK1 expression was present in recurrent human
disease and could clearly identify metastases from back-
ground tissue. There was a significant positive correlation
between DLK1 expression in primary tumors and in recur-
rent/metastatic disease in the same patients (Figure 1I-J),
marking DLK1 expression as a disease defining feature of
disease progression.
In primary ACC (n = 88), higher DLK1 expression was

associated with a stepwise increase in the risk of disease
recurrence, which remained independently significant in
multivariate Cox regression analysis (Figure 1K, Supple-
mentary Table S3, Supplementary Figure S8I-J). In all ACC
samples (n= 176), higher DLK1 expression trended toward

an increased risk of disease progression, though this did
not reach statistical significance inmultivariate Cox analy-
sis (P= 0.079) (Supplementary Figure S8K, Supplementary
Table S3). However, higher DLK1 expression was signifi-
cantly associated with an increased risk of progression in
ENS@T stage I & II disease (Figure 1L-M). These data sug-
gest the metastatic potential of ACC may be influenced by
DLK1 levels. RNA sequencing of the ACC cell line H295R,
with DLK1 overexpression and knockdown, revealed
that higher DLK1 expression was associated with lower
expression of immune signaling gene set, suggesting that
the carcinogenic role of DLK1 may, in part, be mediated
through mechanisms associated with senescence-
induced immune remodeling [9] (Supplementary
Figure S9A-E).

F IGURE 1 Dlk1 is an adrenocortical stem/progenitor cell marker that predicts malignancy in adrenocortical carcinoma in
mice and humans. (A) Schematic of Dlk1CreERT2/+; RosatdTomato/+ mice (Dlk1Cre) injected with tamoxifen for fate mapping experiments.
Dlk1+ cells and their progeny were labelled with tdTomato (visualized with an anti-Red Fluorescence Protein [RFP] antibody) upon
tamoxifen injection. (B-E) When dams were injected with tamoxifen at E12.5, and adrenals were analyzed at both P10 and P38, clusters and
columns of RFP+/Sf1+ cells (representing Dlk1 progeny) spanned the entire width of the cortex in both males (D) and females (E). As
expected, RFP was also detected in the medulla. (F) Dlk1 progeny were significantly decreased at P38 compared to P10, with females showing
a small, non-significant trend toward more Dlk1 progeny than males. (G) In BPCremice, Dlk1 expression increased stepwise from
non-metastatic primary ACC to metastatic primary ACC and then to metastatic lesions. (H) Intense DLK1 expression was observed in lung
metastases. (I) In humans, DLK1 expression was consistent in primary (upper left) and recurrent (lower right) tumors in the same patient. 19
secondary disease specimens were available from patients whose primary tumors were included in the study. (J) DLK1 expression level in
secondary tumors positively correlated with those in primary tumors. (K) Categorizing DLK1 expression levels into quartiles (based on
median and interquartile range values), higher DLK1 levels were associated with stepwise increase in the risk of disease recurrence (median
RFS: low DLK1 = 32.5 months, low-intermediate DLK1 = 18.5 months, high-intermediate DLK1 = 15 months, and high DLK1 = 9 months).
This was significant by the log-rank test for trend across the four groups (χ2 = 9.263) and when comparing high versus low DLK1 expression
groups directly. (L) Higher DLK1 expression was associated with an increased risk of disease progression in ENSAT stage I & II disease (n =
57, median PFS: high DLK1 = 10 months versus low DLK1 = 27.5 months, HR 1.863, 95% CI = 1.038-3.340). (M) In ENSAT stage III & IV
groups, median PFS was comparable (n = 121, high DLK1 = 6 months versus low DLK1 = 7 months, HR = 1.159, 95% CI = 0.793-1.694). There
was no significant difference in mean Ki-67% between ENSAT stage I & II group (20.24 ± 16.68) and stage III & IV group (19.57 ± 16.28) in this
cohort. (N) Illustration of DLK1 structure, highlighting the ectodomain cleaved by TACE. (O-Q) Serum Dlk1 levels were significantly higher
in BPCremice than in age-matched controls. This was also observed in subcutaneous tumor mouse models injected with BPCre
tumor-derived BCH-ACC3A cells (P) and H295R human ACC cells (Q). (R) In humans, pre-operative serum DLK1 levels in the London
prospective discovery cohort were significantly higher in ACC (16.81 ± 4.876ng/mL) than in benign adrenocortical adenomas (10.54 ±
4.417ng/mL). (S) Receiver operating characteristic (ROC) curve using all pre-operative values demonstrated that serum DLK1 predicted ACC
diagnosis with high accuracy (AUC 0.824 ± 0.072, P < 0.001). (T) In the Würzburg validation cohort, serum DLK1 levels were higher in
patients with ENSAT stage IV disease than in those with recurrent disease following primary surgery (11.46 ± 1.459ng/mL versus 6.749 ±
3.016ng/mL), disease-free patients (6.666 ± 2.855ng/mL), and patients with isolated primary tumors (11.46 ± 1.459ng/mL versus 7.357 ±
2.913ng/mL). (U) Following primary ACC resection, serum DLK1 levels significantly decreased compared to pre-operative levels (mean
decrease = 6.568 ± 2.565ng/mL). (V) Pre-operative serum DLK1 levels significantly correlated with primary ACC DLK1 H-score in the same
patients. (W) Volcano plot of differentially expressed genes in DLK1+ versus DLK1− tumor areas using spatial transcriptomics. Applying a
fold-change cutoff of > 2 or < 2, 10 genes were significantly upregulated, and 17 genes were significantly downregulated. Among the 9
upregulated genes (excluding DLK1), 5 were involved in cholesterol synthesis (EBP, DHCR7, DHCR24,MSMO1) and fatty acids metabolism
(FADS2). Other upregulated genes included those involved in steroidogenesis (CYP17A1), vesicular and cholesterol binding (SYP), and
cathepsin (CTSA) and clusterin (CLU). Downregulated genes included pro-apoptotic genes (BNIP3, BNIP3L, NR4A1) and transcriptional
regulators of differentiation (EGR1, FOS, JUN). (X) Western blot analysis showing increased DLK1 expression across the indicated ACC cell
lines when cultured in 3D spheroid compared to 2D culture. (Y) H295R cells were fluorescence-activated cell sorted (FACS) into DLK1+ and
DLK1− populations. DLK1+ cells generated significantly more colony-forming units than DLK1− cells after 21 days in culture. Data are
displayed as individual points, with horizontal bars representing the mean. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Abbreviations:
E, embryonic day; EGF, epidermal-like growth factor; Med, Medulla; P, postnatal day; PFS, progression-free survival; RFS, recurrence-free
survival; sc, subcutaneous; TACE, TNFα converting enzyme.
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DLK1 has a cleavable ectodomain that is detectable
in serum. Serum Dlk1 levels were significantly higher
in BPCre mice (compared to age-matched controls) and
in two subcutaneous tumor mouse models: one using
the BPCre tumor-derived cell line BCH-ACC3A [10] and
another injected with H295R cells (Figure 1N-Q). In all
cases, there was a strong positive correlation between
tumor size and serum DLK1 levels (Supplementary Figure
S10). In humans, pre-operative serum DLK1 levels were
significantly higher in ACC than in benign adrenocorti-
cal adenomas in the London cohort and could predict
the diagnosis of ACC with high sensitivity and speci-
ficity (Figure 1R-S). This finding was validated in the
German cohort, where significantly higher serum DLK1
levels were observed in patients with a greater disease bur-
den (Figure 1T, Supplementary Table S4). As in tissue,
serum DLK1 levels did not correlate with other prognos-
tic or clinicopathological features (Supplementary Figure
S11A-F). Post-operative blood samples showed a significant
reduction inDLK1 levels after tumor resection (Figure 1U).
Pre-operative serumDLK1 levels positively correlatedwith
tissue DLK1 expression in both cohorts (Figure 1V, Supple-
mentary Figure S11G). These findings indicate that serum
DLK1 is derived fromACC, with levels reflecting the DLK1
expression of the primary tumor and the extent of disease.
Spatial whole-transcriptome profilingwas performed on

DLK1+ and DLK1− regions within four human ACCs. Sur-
prisingly, steroid biosynthesis was the gene ontology path-
way most enriched in the DLK1+ group, consistent with
the upregulation of cholesterol synthesis genes, suggesting
that DLK1+ areas have higher steroidogenic potential than
DLK1− areas (Figure 1W, Supplementary Figures S12-S13).
This finding was further supported by increased expres-
sion of adrenal differentiation genes with higher DLK1
dosage in the H295R transcriptomic data (Supplemen-
tary Figure S9F-H). To further investigate this apparent
paradox of enhanced steroidogenic potential in ACC cells
expressing an adrenocortical stem cell marker, four dif-
ferent human ACC cell lines (H295R, MUC-1, TVBF7 and
CU-ACC1) and one mouse ACC cell line (BCH-ACC3A)
were cultured as spheroids. DLK1 expression was signifi-
cantly enhanced in 3D versus 2D culture inH295R, TVBF7,
and CU-ACC1, and interestingly, de novo expression of
DLK1 protein was observed in MUC-1 (Figure 1X, Sup-
plementary Figure S14A-F). Liquid chromatography with
tandemmass spectrometry revealed that 3D spheroids had
significantly increased output of steroids compared to 2D
cells in H295R, CU-ACC1, and BCH-ACC3A, with a trend
toward increased steroidogenesis in MUC-1 and TVBF7
(Supplementary Table S5). Fluorescence-activated cell
sorting showed that DLK1+ cells generated significantly
more colony-forming units than DLK1− populations after

21 days in culture (Figure 1Y, Supplementary Figure
S14G-H). These findings suggest that ACC cells expressing
a bona fide adrenocortical stem cell marker possess
superior steroidogenic potential while retaining some
progenitor cell features, providing a possible explanation
for the negative prognostic impact of DLK1 expression
in ACC.
These data define Dlk1 as a novel adrenocortical

stem/progenitor cell marker with a role in both adrenocor-
tical organogenesis and malignancy development. Expres-
sion data from mice and human ACC indicate that
DLK1 is associated with increased malignancy and tumor
aggressiveness. Furthermore, DLK1 holds promise as a
biomarker for the diagnosis, prognosis, and follow-up of
patients with ACC, particularly through serum measure-
ments using a benchtop assay. Further larger prospective
studies are needed to confirm this role, along with investi-
gations into DLK1 as a potential therapeutic target in ACC,
given its preferential expression in this malignancy.
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