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Introduction: Adrenocortical carcinoma (ACC) is a rare endocrine malignancy

with poor yet heterogeneous prognosis, mostly due to its complex and

incompletely understood molecular background. Autophagy is a multi-step

catabolic process with a dual role in tumorigenesis, acting either as a tumor

suppressor or promoter in a context-dependent manner. Therefore, our aim was

to investigate the expression of key proteins involved in different autophagy steps

in both adrenocortical adenomas (ACA) and ACC, to further understand the role

of autophagy in this type of tumors, particularly its involvement in the

pathophysiology of ACC.

Methods: Autophagy status was evaluated in ACA (n=20) and ACC (n=29) by

assessing the expression of autophagy-related protein 5 (ATG5), microtubule

associated protein 1 light chain 3 beta (LC3B), and sequestosome 1 (p62/SQSTM1),

using immunohistochemistry. Additionally, in vitro experiments, including

migration and invasion assays, were conducted in JIL-2266 and H295R cell

lines to investigate the impact of autophagic flux inhibition in ACC cell behavior.

Results: LC3B punctate staining was present in 89% of ACC and 25% of ACA, with

significantly higher LC3B expression in ACC compared to ACA (14.81 ± 2.26% vs

2.05 ± 1.00%, p < 0.0001). ACC with ENSAT stage of 1–2 exhibited significantly

higher LC3B expression compared to ACCwith ENSAT 3-4 (19.17 ± 1.05% vs 12.62

± 4.00%, p = 0.02). Similarly, non-metastatic ACC showed a significantly higher

percentage of LC3B positive cells than metastasized ACC (18.77 ± 3.52% vs 5.83 ±

1.70%, p = 0.004). In vitro, inhibition of autophagy significantly reduced cell

migration and invasion in ACC cells. Higher cytoplasmic p62/SQSTM1 levels were

found in ACC with advanced disease (ENSAT 3–4 vs ENSAT 1-2: 72.07 ± 3.61% vs

51.33 ± 9.24%, p = 0.02). No significant differences were observed for ATG5.
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Discussion: Our findings indicate a tumor stage-dependent role of autophagy in

ACC and show that autophagy may play a role in ACC molecular

pathophysiology. A punctate LC3B expression accumulation, associated with

less aggressive malignant features, namely absence of metastasis, appears to

result from a blockade at the late stages of autophagy. Whereas active autophagy

may be associated with a more aggressive cellular phenotype in ACC, particularly

by promoting migration and invasion.
KEYWORDS
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1 Introduction

Adrenocortical tumors (ACT) are common neoplasms origi-

nating from the adrenal cortex, affecting approximately 3 to 10% of

human population (1). Most ACT are benign and non-functioning

and are, therefore, incidentally discovered during imaging per-

formed for unrelated non-adrenal conditions (2). In contrast,

adrenocortical carcinoma (ACC) is a rare malignancy usually

associated with a poor, yet heterogeneous prognosis, with five-

year overall survival rate ranging from 13% to 80% (3). The classic

prognostic factors, including tumor stage assessed by the European

Network for the Study of Adrenal tumors (ENSAT) staging system,

resection status, and Ki-67 proliferation index, are not sufficient to

overcome the variability of ACC progression and patients’ survival

(4). Moreover, effective treatment options are limited. Surgical

resection remains the only potentially curative approach, but it is

frequently followed by local recurrence or distant metastasis (5, 6).

Mitotane, the only approved pharmacological drug for ACC, has

limited efficacy (7, 8). These clinical limitations largely reflect an

incomplete understanding of ACC pathophysiology, reinforcing the

need for a deeper insight into the molecular mechanisms underlying

malignancy in ACT.

Autophagy is a highly dynamic, multi-step process that culmi-

nates in the lysosomal degradation and/or recycling of cellular

components, such as proteins and organelles, thereby fulfilling

metabolic requirements and maintaining cellular homeostasis (9).

As a complex multi-step mechanism, it is tightly regulated by a

network of autophagy-related proteins (ATG), among which ATG5,

microtubule-associated protein 1 light chain 3 (LC3), and

sequestosome 1 (p62/SQSTM1) play distinct but coordinated roles

(10–12). Autophagosomes, a double-membrane structure that en-

closes the cellular components for degradation and/or recycling,

represent the functional and structural hallmark of autophagy (13).

ATG5 and LC3 are key players of the autophagosome formation at

different steps, whereas p62/SQSTM1 functions as an autophagy

receptor that links ubiquitinated proteins to LC3 promoting their

degradation (14). The autophagosome is then fused with a lysosome,

originating an autophagolysosome, where cargo is degraded by

lysosomal hydrolases under acidic pH (15).

Alterations in autophagy status are frequently observed in

various diseases, particularly in cancer (16). Autophagy has

emerged as a crucial yet paradoxical mechanism in tumorigenesis
02
and tumor progression, acting either as a tumor suppressor or

promoter, depending on the context (17, 18). In the case of ACT,

this dual role of autophagy remains poorly understood. To date,

most studies have focused on the role of autophagy in the mech-

anism of action of pharmacological treatments in ACC (19).

However, there is a significant lack of understanding regarding

the expression status of autophagy-related proteins in both adre-

nocortical adenoma (ACA) and ACC. To our knowledge, only two

studies have evaluated the expression of autophagy-related proteins

in ACC and/or ACA tissue samples, and their findings have been

contradictory (20, 21).

Therefore, we aimed to evaluate the expression of key players

involved in different autophagy steps- ATG5, LC3B and p62/

SQSTM1- in both ACA and ACC tissues, to further understand

the role of autophagy in this type of tumor, particularly its

involvement in the pathophysiology of ACC. In addition, to provide

functional insights into the biological relevance of these findings, we

further investigated the effect of autophagy blocking in migration

and invasion of ACC cell lines.
2 Materials and methods

2.1 Expression of autophagy-related
proteins in ACT tissues

2.1.1 Case selection

Adrenal tissue samples were obtained during adrenalectomy

from patients with ACT (N = 49), comprising malignant tumors

(ACC, n=29) and benign tumors (ACA, n=20). A summary of

patients and tumors characteristics is presented in Table 1. Among

ACC patients, the median follow-up time was 41 months, and 71%

of the patients had at least 24 months of follow-up. The 1- and 3-

year OS rates were 86% and 76%, respectively. A summary of

patients and tumors characteristics is presented in Table 1. This

study was approved by the Ethics Committee of Unidade Local de

Saúde de São João (Ethical approval code: CE 62-14), Instituto

Português de Oncologia do Porto Francisco Gentil (Ethical ap-

proval code: CE 14/2020), and Instituto Português de Oncologia de

Lisboa Francisco Gentil (Ethical approval code: UIC/1534).
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2.1.2 Immunohistochemistry

The detection of key autophagy proteins- ATG5, LC3B, and

p62/SQSTM1- in ACC and ACA tissues was performed by immu-

nohistochemistry (IHC).

For that, 3 µm formalin-fixed paraffin-embedded tissue sections

were mounted on adhesive microscope slides (J7800AMNZ,

Epredia Superfrost Plus, Germany). Tissue sections were

deparaffinized in xylol, hydrated in graded alcohols and underwent

antigen retrieval, as described in Table 2. After that, sections were

rinsed in washing buffer (Table 2), followed by a treatment with 3%

hydrogen peroxide (1.07210, Merck, Darmstadt, Germany) in
Frontiers in Endocrinology 03
methanol for 30 minutes to block endogenous peroxidase activity.

For LC3B and p62/SQSTM1, sections were incubated with goat-

serum (1:5; S-1000, Vector Laboratories, Newark, California) in

10% bovine serum albumin (BSA) for 20 minutes, at room tem-

perature (RT). After that, tissue sections were incubated overnight,

at 4°C, with the respective primary antibody as described in Table 2.

For ATG5, the detection of immune reaction was performed by

incubation for 60 minutes at RT with the commercial Dako Real™

EnVision™ Detection System (K5007, Dako, Glostrup, Denmark).

While the avidin-biotin complex was used for the detection of

immune reactions for LC3B and p62/SQSTM1. For that, tissue

sections were incubated with biotinylated secondary antibody goat

anti-rabbit (1:200; BA-1000, Vector Laboratories, Newark,

California) for 30 minutes at RT, followed by 30 minutes incubation

at RT with ABC (1:100; PK-4000, Vector Laboratories, Newark,

California). 3,3’-diaminobenzidine (DAB) (K3468, Dako, Glostrup,

Germany) was used as chromogen and hematoxylin (1.09249.2500,

Sigma-Aldrich, Darmstadt, Germany) as nuclear counterstaining.

Finally, tissue sections were dehydrated in graded alcohols and

xylene before being mounted. As positive controls, placenta, kidney

and stomach tissues were used for ATG5, LC3B and p62/SQSTM1,

respectively. The omission of primary antibody was used as nega-

tive control.

2.1.3 Immunohistochemistry staining analysis

The immunostaining of ATG5, LC3B and p62/SQSTM1 was

quantitatively assessed based on the percentage of positively stained

cells within tumor hot spots. For each marker, slides were scanned

using the image acquisition Olympus® VS110™ (Olympus

Corporation, Tokyo, Japan) virtual slide scanning system and

captured using the image acquisition software VS-ASW (version

2.3 for Windows). Entire tumor sections were scanned using Olyvia

software (Version 2.7, Olympus Corporation, Tokyo, Japan) to

identify tumor hot spots for each autophagic protein. These regions

were captured at 400x magnification, and positively stained cells

were manually counted using ImageJ (National Institutes of Health,

Bethesda, Maryland, USA), with a minimum of 1000 cells analyzed

per ACC and ACA. The percentage of positive cells was calculated

as the ratio of stained cells to the total number of cells analyzed.

ATG5 positivity was identified by cytoplasmic staining. For LC3B,

only cells showing a punctate staining pattern - previously reported
TABLE 1 Adrenocortical carcinoma and adenoma patient and tumor

characteristics.

Patient/tumor
characteristics

ACC ACA

n 29 20

Age at surgery (years)
(range)

55.00 ± 1.90
(34-76)

53.50 ± 3.71
(22-76)

Sex F:M (n) 14:15 13:5

Tumor size (cm)
(range)

10.76 ± 1.18
(2.7-20)

3.60 ± 0.22
(2.4-5)

Weiss tumor
(range)

3-8 0-1

ENSAT stagea

I – II 30% NA

III – IV 70% NA

Functionalityb

NF 22% 60%

Aldosterone 5% 0%

Glucocorticoids 44% 40%

Androgens 17% 0%

Estrogen 6% 0%

Cortisol + Androgens 6% 0%
ACA, adrenocortical adenoma; ACC, adrenocortical carcinoma; ENSAT, European Network
for the Study of Adrenal Tumors; N, Not applicable; NF, Non-function. aTumor stage at the
time of diagnosis according to the ENSAT classification. bTumor functionality was established
based on clinical evaluation of signs and symptoms of hormone excess, along with hormonal
work-up. Data represents mean ± standard error of the mean values with ranges.
TABLE 2 Summary table of positive control, antigen retrieval, washing solution, dilution and signaling amplification used for each antibody used.

IHC protocol
parameters

ATG5 (MA5-35339, Invitrogen,
Waltham, Massachusetts, USA)

LC3B (ab192890, Abcam,
Cambridge, UK)

p62/SQSTM1 (ab109012, Abcam,
Cambridge, UK)

Positive control Placenta Kidney Stomach

Antigen retrieval
Pressure cooking boiling for 3 minutes in 0.01M

citrate buffer pH 6.0 with 0.05% Tween 20
Microwave in 0.01M citrate buffer pH 6.0
with 0.05% Tween 20 for 15 minutes

Pressure cooking boiling for 3 minutes in
0.01M citrate buffer pH 6.0 with 0.05% Tween

20

Washing solution PBS 0.05% Tween 20 PBS 0.05% Tween 20 PBS 0.05% Tween 20

Dilution 1:100 1:750 1:750

Signaling
amplification

Chain polymer – conjugated technology Avidin-Biotin Complex Avidin-Biotin Complex
ATG5, autophagy-related protein 5; IHC, immunohistochemistry; LC3B, microtubule – associated protein light chain 3 beta; PBS, phosphate buffered-saline buffer; p62/SQSTM1, Sequestosome 1.
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to be directly associated with autophagy (22) - were considered

positive. p62/SQSTM1 expression was detected in both the cyto-

plasm and nucleus of ACC and ACA cells. Accordingly, the two

staining patterns were quantified separately, and the percentages of

cells displaying nuclear and cytoplasmic p62/SQSTM1 positivity

were calculated and reported independently. The interpretation and

quantification of autophagic markers immunostaining were per-

formed by one researcher and reviewed by two additional research-

ers and a pathologist.

The percentage of ATG5, LC3B, cytoplasmic p62/SQSTM1

stained cells was further categorized using a previously established

immunostaining score system: score 0, negative or <1% positive

cells; score 1, 1-10%; score 2, 11-50%; score 3, 51-100% positive cells

(20). Nuclear p62/SQSTM1 staining was evaluated using a separate

scoring system as follows: score 0 for nuclear staining in <10% of the

cells and score 1 for ≥10% of the cells (13, 23).

2.2 Study of the effect of autophagy
inhibition in cell migration and invasion of
ACC cells

2.2.1 Cell culture

The human adrenocortical carcinoma cell lines, JIL-2266 and

H295R were used as in vitro models in this study. JIL-2266 was

kindly provided by Laura-Sophie Landwehr (University of

Würzburg, Germany" to "University Hospital of Würzburg,

Germany), while the H295R cell line was obtained from CLS Cell

Lines Service GmbH (Eppelheim, Germany).

JIL-2266 cells were grown in 3:1 (v/v) Dulbecco’s Modified

Eagle Medium (DMEM) - high glucose (Gibco, Thermo Fisher

Scientific, Waltham, MA, USA) and Nutrient Mixture F-12

(Invitrogen, Waltham, MA, USA), supplemented with 10% Fetal

Bovine Serum (FBS; Gibco, Thermo Fisher Scientific, Waltham,

MA, USA), insulin (Sigma-Aldrich, St. Louis, MO, USA), hydro-

cortisone (Sigma-Aldrich, St. Louis, MO, USA), cholera toxin

(Sigma-Aldrich, St. Louis, MO, USA), adenine (Sigma-Aldrich, St

Louis, MO, USA) epidermal growth factor (EGF; Invitrogen,

Thermo Fisher Scientific, Waltham, MA, USA), and penicillin-

streptomycin (Sigma-Aldrich, St. Louis, MO, USA). H295R cells

were cultured in DMEM: F-12 (Sigma-Aldrich, St Louis, MO, USA)

supplemented with 2.5% Nu-Serum (BD Bioscience, San Jose, CA),

L-Glutamine (Sigma-Aldrich, St. Louis, MO, USA), Insulin-

Transferrin-Selenium Premix (ITS; Corning, NY, USA) and peni-

cillin-streptomycin (Gibco, Thermo Fisher Scientific, Waltham,

MA, USA). Cell culture was maintained in a humidified incubator

at 37 °C with 5% CO2.

2.2.2 Analysis of the effect of autophagy
inhibition in cellular density and in expression of
autophagic proteins

JIL-2266 (0.25 x 106 cells/well) and H295R (0.65 x 106 cells/

well) cells were plated in six-well plates and allowed to adhere for

24 h. JIL-2266 cells were then treated for 48h with Bafilomycin A1

(BafA1; B1793, Sigma-Aldrich, St. Louis, MO, USA), a late-stage
Frontiers in Endocrinology 04
autophagic flux inhibitor, at two different concentrations (10 nM

and 20 nM), previously described as effective concentrations for

autophagy blockade (24–27). Appropriate controls were included:

untreated cells (blank), cells treated with DMSO (vehicle) corre-

sponding to the volume used for BafA1 (10 nM and 20 nM)

condition, and a positive control for autophagy induction using

EBSS (Sigma-Aldrich, St. Louis, MO, USA).

To avoid confounding effects of reduced cell number on

migration and invasion results, we first established BafA1 concen-

trations (10 and 20 nM, 48 h) that effectively modulate autophagic

flux without significantly affecting cell density in JIL-2266 and

H295R cells. Accordingly, both autophagic flux and cellular density

were evaluated prior to performing migration and invasion assays.

After cell treatment with BafA1 and the respective controls, cell

density was assessed for each condition using Trypan-Blue

Exclusion assay (T8154, Sigma-Aldrich, St Louis, MO, USA). For

autophagic flux assessment, cells were lysed in RIPA buffer (1% NP-

40, 0.5% Sodium deoxycholate, 0.1% SDS 10%, PBS) supplemented

with a protease inhibitor cocktail (4693124001, Roche,

Switzerland). Protein lysates were quantified using the Pierce

BCA Protein Assay Kit (23225, Thermo Fisher Scientific,

Rockford, USA) according to the manufacturer’s instructions. A

total of 20 µg of protein per sample, pre-heated at 95 °C for 5

minutes, were loaded and separated by size on a 15% sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

Through a Trans-Blot Turbo Transfer System (1.3 A, up to 25 V,

7 min; Bio‐Rad, Hercules, California, USA), protein samples were

transferred to nitrocellulose membranes (Bio‐Rad, Hercules,

California, USA) followed by 1 h blocking at RT in 5% of dried

milk, 0.05% Tween 20 in Tris-buffered saline solution (TBS). Then,

the blocked membranes were incubated, separately, with the pri-

mary antibodies at 4 °C overnight: rabbit anti-LC3B (1:2500;

ab192890, Abcam, Cambridge, UK) rabbit anti-p62/SQSTM1

(1:10 000; ab109012, Abcam, Cambridge, UK) and mouse anti-

GAPDH (1:10 000; ab8245, Abcam, Cambridge, UK), used as

loading control. On the next day, the membranes were washed

with 0.05% Tween 20 in TBS at RT, and incubated with the

correspondent peroxidase-conjugated secondary antibodies, goat

anti-rabbit (1:10 000; ab6721, Abcam, Cambridge, UK) and goat

anti-mouse (1:20 000, ab97040, Abcam, Cambridge, UK), for 1 h at

RT. Finally, ECL (Bio‐Rad, Hercules, California, USA) was added to

the membranes to visualize protein bands in a ChemiDoc MP

Imaging System (Bio-Rad, Hercules, California, USA). The densities

of each band were quantified using the Image Lab software (Bio‐

Rad, Hercules, California, USA).

These experiments were independently repeated 3 times for

each cell line.

2.2.3 Wound healing assay

The wound healing assay was performed using the Ibidi

Culture-Insert 2 Well (Ibidi GmbH, Gräfelfing, Germany). JIL-

2266 (0.025 × 106 cells) and H295R (0.042 × 106 cells) were seeded

into each well of the Culture-Insert. To ensure autophagic flux

disruption prior to the migration assay, cells were pre-treated with

10 nM BafA1 for 4 h. Pre-treatment was initiated when cells
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reached at least 90% of confluence. The 4 h pre-treatment period

was selected based on prior confirmation of impaired autophagic

flux in both cell lines, as determined by LC3-II expression levels by

Western blot (Supplementary Figure 1). After 4h, the Culture-Insert

2 Well was gently removed using sterile tweezers. The cell layer was

washed with PBS to remove cell debris and nonattached cells, and

BafA1 treatment (10 nM) or the corresponding vehicle (DMSO)

was added for 48h. Images of the wound area were acquired using

an inverted microscope (ECLIPSE Ts2, Nikon, The Nederlands) at

different time-points: 0, 12, 24, 36, and 48 h. For each condition and

timepoint, three randomly selected images were captured. Wound

area was quantified using the “Wound_healing.ijm” macro in

ImageJ as previously described (28). Wound area for each time-

point is expressed as the area between cell monolayer borders

normalized to the initial wound area (0 h), whereas wound closure

rate was calculated as the ratio of the difference of wound area

between consecutive 12 h intervals. These experiments were re-

peated 5 and 2 times for JIL-2266 and H295R cell lines, respectively.

2.2.4 Invasion assay

To evaluate the impact of autophagy modulation on the

invasion capacity of JIL-2266 and H295R cells, cell culture inserts

with an 8.0 µm pore size (BioCoat® Matrigel® Invasion Chambers

with 8.0 µm PET Membrane in 24-well Plates; Corning, NY, USA)

were used according to the manufacturer’s instructions. Matrigel-

coated inserts were pre-incubated with serum-free DMEM-F12 for

2 hours at 37 °C, before JIL-2266 (0.050 x 106 cells/insert) and

H295R (0.065 x 106 cells/insert) were seeded in the upper chamber

of the well and maintained through all assay in their respective

media supplemented with 2% of FBS and 2.5% of Nu-Serum,

respectively. After seeding, cells were left to adhere for 6 hours,

followed by a 4 h pre-treatment with BafA1 (10 nM) and DMSO

(vehicle) in the upper chamber, as described for the migration assay.

After 4 h, medium supplemented with 20% FBS and 20% Nu-Serum

was added to the lower chamber as a chemoattractant for JIL-2266

and H295R cells, respectively. As a negative control, medium

containing 2% FBS or 2.5% Nu-Serum was added to the lower

chamber (matching the upper chamber conditions) to eliminate the

chemotactic gradient. After 48 h, the medium was collected, and the

membranes of the inserts were fixed with 70% ethanol and the cells

were stained with 0.2% crystal violet for 10 min, as previously

described (29). The membranes were then mounted on slides using

Entellan. Images of invaded cells were captured (Leica EC3

Microscope Digital Camera, Leica, Wetzlar, Germany) and invaded

cells were quantified by manually counting cells in at least five

randomly selected fields using ImageJ. All experiments were inde-

pendently performed four times.

2.3 Statistical analysis

All ordinal data are represented as mean ± standard error of the

mean (SEM). The normality for continuous variables was assessed

using Shapiro-Wilk test. For comparisons between two groups, the

unpaired t-test was used for normally distributed data [autophagy-

related proteins positive cells (%) in ACC vs ACA: cytoplasmatic
Frontiers in Endocrinology 05
p62/SQSTM1; malignant parameters: ENSAT stage (cytoplasmatic

and nuclear p62/SQSTM1), distant metastasis (cytoplasmatic and

nuclear p62/SQSTM1), capsular invasion (nuclear p62/SQSTM1),

venous invasion (LC3B, cytoplasmatic and nuclear p62/SQSTM1),

sinusoidal invasion (LC3B, cytoplasmatic and nuclear p62/

SQSTM1), Fuhrman Grade (LC3B, cytoplasmatic and nuclear

p62/SQSTM1), tumor functionality (LC3B, cytoplasmatic and nu-

clear p62/SQSTM1), glucocorticoids secretion (LC3B,

cytoplasmatic and nuclear p62/SQSTM1)], while the Mann-

Whitney test was applied to non-normally distributed data

[autophagy-related proteins positive cells (%) in ACC vs ACA:

ATG5, LC3B, nuclear p62/SQSTM1; malignant parameters: ENSAT

stage (ATG5, LC3B), distant metastasis (ATG5, LC3B), capsular

invasion (ATG5, LC3B, cytoplasmatic p62/SQSTM1), venous inva-

sion (ATG5), sinusoidal invasion (ATG5), Fuhrman Grade

(ATG5), tumor functionality (ATG5), glucocorticoids secretion

(ATG5); average wound closure rate in JIL-2266 (vehicle vs

Bafilomycin A1 treatment); invaded cells (%) in JIL-2266 and

H295R cells (vehicle vs Bafilomycin A1 treatment)]. Differences in

categorical variables between groups were analyzed using the Chi-

squared (c2) (% of ACT cases (scores): ATG5, LC3B) or Fisher test

(% of ACT cases (scores): cytoplasmatic and nuclear p62/SQSTM1).

The correlation between continuous variables were evaluated using

the Pearson (tumor size vs positive cells (%): LC3B, cytoplasmatic

and nuclear p62/SQSTM1; autophagy-related proteins positive cells

(%): cytoplasmatic vs nuclear p62/SQSTM1) or Spearman test

(tumor size vs positive cells (%): ATG5; autophagy-related proteins

positive cells (%): ATG5 vs LC3B, ATG5 vs cytoplasmatic p62/

SQSTM1, ATG5 vs nuclear p62/SQSTM1, LC3B vs cytoplasmatic

p62/SQSTM1, LC3B vs nuclear p62/SQSTM1, ATG5 vs nuclear

p62/SQSTM1) as appropriate. Comparisons between time-points

for wound closure area (in JIL-2266 cells) were performed using

two-way ANOVA with Sidak’s post hoc test.

The area under the receiver operating characteristic (ROC)

curve (AUC) was used to determine the diagnosis accuracy of the

autophagy-related proteins markers (% of positive cells) in ACT.

The Univariate Cox regression analysis was conducted to assess the

association between the autophagy-related proteins expression with

overall survival of ACC patients.

All statistical analyses were conducted using GraphPad Prism

(Version 8.0, GraphPad Software, California, USA), except for the

Cox regression analysis which was performed by using IBM SPSS

(Version 29.0, New York, USA). A p < 0.05 was considered

statistically significant.
3 Results

3.1 Expression of autophagy-related
proteins in ACT tissues

3.1.1 ATG5 expression is similar in ACC and ACA

ATG5 immunostaining was observed in the cytoplasm of both

ACC and ACA cells (Figures 1A, B). Positive immunostaining for
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ATG5 was detected in 38% of ACC (11/29) and 42% of ACA (8/

19) (Figure 1C).

The percentage of ATG5 stained cells was lower in ACC (6.48 ±

2.24%) compared to ACA (9.05 ± 3.21%), however no significant

differences were observed between these two groups (Figure 1C).

Only one ACC showed a percentage of ATG5 - positive cells above

50% (score 3) (Figures 1C, D).

3.1.2 LC3B expression is higher in ACC than in
ACA

A punctate LC3B staining pattern was present in 89% of ACC

(24/27) and in 25% of ACA cases (5/20) (Figures 2A-C). In

addition, the percentage of LC3B positive stained cells was signif-

icantly higher in ACC compared to ACA (ACC vs ACA: 14.81 ±

2.26% vs 2.05 ± 1.00%, p < 0.0001) (Figure 2C). Regarding score

categorization, most of ACC had a score of 2 and 3, i.e., higher

LC3B expression, whereas only one ACA had a score of

2 (Figure 2D).

3.1.3 p62/SQSTM1 nuclear expression is lower in
ACC than in ACA

p62/SQSTM1 immunostaining was observed both in the cyto-

plasm and in the nucleus of ACC and ACA cells (Figures 3A, B).

Cytoplasmic staining was present in all ACC and ACA samples.

No significant differences were found in the percentage of p62/

SQSTM1 positive cells between ACC and ACA (Figure 3C). In

addition, cytoplasmic p62/SQSTM1 expression was consistently

high across both ACC and ACA, indicating a homogenous staining

pattern (score 2 and 3) (Figure 3D).
Frontiers in Endocrinology 06
Nuclear p62/SQSTM1 staining was found in all ACA while only

2 ACC cases did not express p62/SQSTM1 in the nucleus

(Figure 3E). However, ACC showed a significantly lower percentage

of nuclear p62/SQSTM1 positive cells when compared to ACA

(39.52 ± 4.96% vs 67.79 ± 6.35%, p < 0.001) (Figures 3E, F).

3.1.4 ACC in advanced stages presents a lower
LC3B expression and higher cytoplasmatic p62/
SQSTM1 expression

Differences in the expression of ATG5, LC3B and p62/SQSTM1

(both cytoplasmic and nuclear) were evaluated regarding tumor

parameters, including ENSAT tumor stage, presence of distant

metastasis, capsular, venous and sinusoidal invasion, Fuhrman

nuclear grade, tumor functionality, including a sub-analysis of

autonomous glucocorticoids (GC) secretion (Table 3).

ACC with ENSAT stage of 1–2 exhibited significantly higher

LC3B expression when compared to ACC with ENSAT stage 3-4

(19.17 ± 1.05% vs 12.62 ± 4.00%, p = 0.02). Similarly, non-

metastatic ACC showed a significantly higher percentage of LC3B

positive cells than metastasized ACC (18.77 ± 3.52% vs 5.83 ±

1.70%, p = 0.004). In contrast, higher expression of cytoplasmic

p62/SQSTM1 was found in ACC with advanced ENSAT stage

(ENSAT 1–2 vs ENSAT 3-4: 51.33 ± 9.24% vs 72.07 ± 3.61%,

p = 0.01) (Table 3).

Regarding tumor functionality, functioning ACC showed a

significantly lower LC3 and nuclear p62/SQSTM1 expression com-

pared to non-functioning ACC (LC3: 11.31 ± 2.28% vs 30.33 ±

13.38%, p = 0.03; nuclear p62/SQSTM1: 32.54 ± 6.78% vs 62.25 ±

12.02%, p = 0.04). However, no significant association was observed

for GC secretion (Table 3).
FIGURE 1

ATG5 immunostaining in (A) ACC, adrenocortical carcinoma and in (B) ACA, adrenocortical adenoma (400x). (C) Percentage of ATG5 positive cells in
ACC and ACA (Mann-Whitney: non-significant). (D) Frequency of ACT, adrenocortical tumors with ATG5 expression across different categorization
scores (0-3) (Chi-square test: non-significant).
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FIGURE 2

LC3B immunostaining in (A) ACC, adrenocortical carcinoma and in (B) ACA, adrenocortical adenoma (400x). (C) Percentage of LC3B positive cells in
ACC and ACA (Mann Whitney: ***, p < 0.0001). (D) Frequency of ACT, adrenocortical tumors with LC3B expression across different categorization
scores (0-3) (Chi-square test: ***, p < 0.0001).
FIGURE 3

p62/SQSTM1 immunostaining in (A) ACC, adrenocortical carcinoma and (B) ACA, adenoma (400x), with solid and dashed arrows indicating examples of
positive and negative nuclear p62/SQSTM1 staining, respectively. (C) Percentage of cytoplasmic p62/SQSTM1 positive cells in ACC and ACA (unpaired
t-test: non-significant). (D) Frequency of ACT, adrenocortical tumors with cytoplasmic p62/SQSTM1 expression across different categorization scores
(0-3) (Fisher test: non-significant). (E) Percentage of nuclear p62/SQSTM1 positive cells in ACC and ACA (Mann-Whitney: ***, p<0.001). (F) Frequency
of ACT with nuclear p62/SQSTM1 expression categorized in scores (0-1) (Fisher test: non-significant).
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No significant differences were observed between ATG5 expres-

sion and the analyzed features (Table 3).

In addition, no significant correlations were found between the

autophagic proteins expression and tumor size or among

autophagy-related proteins (r<0.3, p>0.05), except for a moderate

positive correlation between ATG5 and p62/SQSTM1 nuclear

expression in ACC (r=0.41, p = 0.02) (Supplementary Table 1).

3.1.5 Autophagy-related proteins showed limited
diagnostic value

LC3B and p62/SQSTM1 nuclear showed good and moderate

discriminatory performance in distinguishing ACC from ACA, with

AUC values of 0.88 and 0.79, respectively, however, no optimal cut-

off value provided both high sensitivity and specificity

(Supplementary Figure 2). ATG5 and p62/SQSTM1 cytoplasmatic

failed to demonstrate diagnosis value for ACC, with AUC < 0.60

(Supplementary Figure 2).
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3.1.6 Autophagy-related proteins expression is
not associated with patients’ overall survival

Using univariate Cox regression analysis, it was observed that

the expression of ATG5, LC3B, and p62/SQSTM1 did not seem to

influence overall survival of patients with ACC (Table 4).

3.2 Study of the effect of autophagy
inhibition in cell migration and invasion of
ACC cell lines

3.2.1 Dose-dependent effects of BafA1 on
autophagic flux and cell density in ACC cells

In both ACC cell lines, JIL-2266 and H295R, treatment with

BafA1 at both concentrations tested (10 and 20 nM) led to an

increased expression of LC3-II and p62/SQSTM1, indicative of

blockade on the autophagic flux, when compared to the respective
TABLE 3 Percentage of positive cells of each autophagic marker in adrenocortical carcinoma according to ENSAT score, metastasis, capsular, venous

and sinusoidal invasion, Fuhrman nuclear grade, functionality and glucocorticoids secretion.

Tumor parameters ATG5 LC3B Cytoplasmatic p62/SQSTM1 Nuclear p62/SQSTM1

ENSAT stage

1-2 1.00 ± 1.00 19.17 ± 1.05 51.33 ± 9.24 19.83 ± 9.36

3-4 10.93 ± 4.25 12.62 ± 4.00 72.07 ± 3.61 40.79 ± 6.75

p 0.14 0.02* 0.02* 0.10

Distant metastasis

Absence 10.46 ± 4.63 18.77 ± 3.52 65.00 ± 5.98 36.00 ± 8.32

Presence 3.29 ± 1.91 5.83 ± 1.70 67.43 ± 5.20 31.71 ± 6.68

p 0.79 0.004** 0.79 0.73

Capsular invasion

Absence 2.00 ± 2.00 14.00 ± 6.00 80.00 ± 5.00 23.33 ± 12.45

Presence 5.53 ± 2.31 14.94 ± 2.08 63.06 ± 4.53 34.71 ± 5.86

p 0.59 0.93 0.11 0.56

Venous invasion

Absence 5.00 ± 3.92 14.50 ± 3.33 58.00 ± 10.93 16.33 ± 8.52

Presence 2.60 ± 1.33 14.22 ± 3.11 62.67 ± 3.67 39.90 ± 6.87

p 0.84 0.95 0.64 0.05

Sinusoidal invasion

Absence 2.50 ± 1.63 13.33 ± 3.98 63.17 ± 6.10 25.50 ± 11.93

Presence 4.56 ± 2.72 14.63 ± 3.02 60.13 ± 7.80 31.56 ± 6.68

p 0.79 0.79 0.78 0.64

Fuhrman grade

High 4.29 ± 3.40 16.71 ± 2.52 58.00 ± 8.83 22.86 ± 8.09

Low 3.40 ± 2.09 13.20 ± 5.11 60.50 ± 8.27 47.20 ± 10.31

p 0.86 0.51 0.86 0.09

Tumor functionalitya

Yes 3.31 ± 1.91 11.31 ± 2.28 67.54 ± 4.32 32.54 ± 6.78

No 15.75 ± 12.09 30.33 ± 13.38 78.50 ± 3.79 62.25 ± 12.02

p 0.12 0.03* 0.20 0.04*

GC excess

Yes 3.89 ± 2.73 10.88 ± 2.81 63.33 ± 3.13 30.00 ± 7.24

No 8.89 ± 5.47 21.63 ± 5.80 76.44 ± 5.41 47.00 ± 9.76

p 0.29 0.12 0.07 0.18
ATG5, autophagy-related protein 5; ENSAT, European Network for the Study of Adrenal Tumors; GC, glucocorticoids; LC3B, microtubule – associated protein light chain 3 beta; p62/SQSTM1,
Sequestosome 1. Statistically significant results in LC3B: ENSAT stage, Mann-Whitney: *, p < 0.05; Distant metastasis, Mann-Whitney: **, p < 0.01; Tumor functionality, unpaired t-test: *,
p < 0.05; and in cytoplasmic p62/SQSTM1: ENSAT stage, unpaired t-test *, p < 0.05; p62/SQSTM1 nuclear: Tumor functionality, unpaired t-test *, p < 0.05. a Tumor functionality was established
based on clinical evaluation of signs and symptoms of hormone excess, along with hormonal work-up.
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vehicles and to cells treated with EBSS, a positive control for

autophagy induction (Figures 4A–C, E-G).

Although the accumulation of LC3-II and p62/SQSTM1 was

more pronounced at the higher BafA1 concentration (Figures 4B, C,

F–G), this condition reduced cell density in both JIL-2266 and

H295R cells after 48 h of treatment compared to the vehicle

(Figures 4D–H).
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Together, these results indicate that BafA1 concentration of 10

nM effectively decreases the autophagic flux having minimal effects

on cell density in both ACC cell lines, validating its use in the

downstream mechanistic studies.

3.2.2 Impaired autophagy mitigates cell migration
in JIL-2266 cells

In JIL-2266 cells, clear migratory capacity was observed over

time (Figure 5A). In this cell model, BafA1 treatment reduced

wound healing compared with vehicle-treated controls. Specifically,

the wound area was significantly higher in BafA1-treated cells when

compared to the vehicle at 36 h and 48 h (Figure 5B), indicating

impaired cell migration. Consistently, the average wound closure

rate was significantly lower in BafA1-treated cells compared to the

vehicle condition (1779.20 ± 202.81 vs 4201.20 ± 175.80 µm2/h,

p = 0.007) (Figure 5C).

In contrast, migratory capacity was minimal in H295R cells

with or without any treatment. Accordingly, no significant differ-

ences were detected in wound area over time or in the average

wound closure rate between untreated (blank and vehicle) and

BafA1-treated cells (Supplementary Figure 3).

3.2.3 Impaired autophagy reduces the invasion
capacity of ACC cell lines

Both cell lines demonstrated the ability to invade the matrigel

matrix, which mimics in vitro basement membrane (Figures 6A–D).

Interestingly, the treatment with BafA1 for 48 h significantly reduced

the percentage of cell invasion when compared to the vehicle-treated

condition in both JIL-2266 and H295R cell lines (Figure 6E).
TABLE 4 Univariate Cox regression analysis assessing the influence of the

autophagy-related proteins expression on the overall survival of patients
with adrenocortical carcinoma.

Autophagy-related
proteins Hazard ratio 95% CI p

ATG5

% positive cells 1.04 0.98−1.10 0.18

Score 0-1
1.82 0.33−9.97 0.49

Score 2-3

LC3B

% positive cells 1.05 0.97−1.14 0.22

Score 0-1
0.66 0.13-3.25 0.61

Score 2-3

cytoplasmatic
p62/SQSTM1

% positive cells 1.01 0.97−1.07 1.02

Score 0-1
-a -a -a

Score 2-3

nuclear
p62/SQSTM1

% positive cells 0.98 0.95−1.02 0.38

Score 0
0.61 0.11−3.34 0.57

Score 1
ATG5, autophagy-related protein 5; LC3B, microtubule – associated protein light chain 3 beta;
p62/SQSTM1, Sequestosome 1; aAll ACC included in the Cox regression analysis had a
cytoplasmatic p62 expression score of 2-3.
FIGURE 4

Effect of BafA1, Bafilomycin A1 on the autophagic flux and in cell density in JIL-2266 and H295R cell lines. Cells were treated for 48 h with medium
(blank), BafA1 (10 or 20 nM), or with the corresponding DMSO (veh) concentrations, and with EBSS, an autophagy inducer. (A) Representative image
of LC3-I, LC3-II, p62/SQSTM1 and GAPDH Western Blot in JIL-2266 cell line. (B, C) LC3-II and p62/SQSTM1 expression levels after BafA1 treatment
(10 and 20 nM) normalized to GAPDH relative to vehicle, analyzed by Western Blot. (D) JIL-2266 cell density after 48h of BafA1 treatment assessed by
Trypan-Blue Exclusion assay. (E) Representative image of LC3-I, LC3-II, p62/SQSTM1 and GAPDH Western Blot in H295R cell line. (F, G) LC3-II and
p62/SQSTM1 expression levels after BafA1 treatment (10 and 20 nM) normalized to GAPDH relative to vehicle, analyzed by Western Blot. (H) H295R
cell density after 48h BafA1 treatment (10 and 20 nM) assessed by Trypan-Blue Exclusion assay. Results are representative of 3 independent
experiments for each cell line.
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4 Discussion

ACC is a rare but aggressive malignancy with heterogeneous

clinical behavior and a poorly understood molecular pathophysiol-

ogy (4, 30). In this study, we characterized the expression of key
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autophagy-related proteins in both ACA and ACC, aiming to clarify

the potential contribution of autophagy to ACC pathophysiology.

In our study, LC3B expression, identified by a punctate staining

pattern, was significantly higher in ACC compared to ACA. LC3B is

one of the most widely used markers for monitoring autophagy
FIGURE 5

Analysis of ACC, adrenocortical carcinoma cells migration by in vitro wound healing assay. (A) Time-lapse microscopy images of wound closure of
untreated (vehicle, upper panels) and treated with Bafilomycin A1 (BafA1, 10 nM; lower panels) JIL-2266 cells at 0, 12, 24, 36, 48 h after culture insert
removal. (B) Quantification of the wounded area invaded during 48 h by untreated (vehicle) and treated (BafA1, 10 nM) JIL-2266 cells presented in
r.u, relative units. Results represent the mean of 3 measures of each wounded area, obtained in 5 independent experiments (two-way ANOVA,
followed by Sidak’s test: *p < 0.05, ***p < 0.0001). (C) Graph showing the average wound closure rate (µm2/h) in untreated (vehicle) and treated
(BafA1, 10 nM) JIL-2266 cells (Mann-Whitney: **p < 0.01).
FIGURE 6

Effect of BafA1, Bafilomycin A1 on the invasive capacity of JIL-2266 and H295R cells assessed by in vitro Matrigel-Coated Transwell Assay.
(A–D) Representative images of invaded cells stained with crystal violet are shown for JIL-2266 in (A) untreated (vehicle) (200×) and (B) treated
(BafA1,10 nM) (200×) conditions; and for H295R cells in (C) untreated (vehicle) (200×) and (D) treated (BafA1,10 nM) (200×) conditions.
(E) Percentage of invaded cells after 48 h, without and with treatment (BafA1, 10 nM), in JIL-2266 and in H295R cells. Comparison between
percentage of invaded cells in vehicle and BafA1-treated cells in JIL-2266 (Mann–Whitney: *p < 0.05) and in H295R cell line (Mann–Whitney:
*p < 0.05). Cells were counted from at least 5 random microscope fields for each condition in 4 independent experiments for each cell line.
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(12). Although LC3 family comprises other isoforms, such as LC3A

and LC3C, that may share similar functions to LC3B, these isoforms

might also be involved in autophagy-unrelated processes such as

signal transduction (31). Additionally, LC3 exists in two forms:

LC3-I and lipidated LC3-II, the latter being associated with

autophagosome maturation and acting as an adaptor protein by

interacting with autophagic cargo via selective autophagy receptors,

such as p62/SQSTM1 (32–34). Although IHC detection of LC3

cannot distinguish between LC3-I and LC3-II, a punctate staining is

indicative of autophagosome formation, while diffuse cytosolic

staining is associated with LC3-I form (12, 22, 35, 36).

Accordingly, our analysis focused specifically on LC3B punctate

staining pattern. Notably, this staining pattern was observed in the

majority of ACC, whereas only 25% of ACA cases exhibited this

feature. Furthermore, the percentage of cells displaying a punctate

LC3B pattern was significantly higher in ACC compared to ACA,

suggesting that LC3B punctate staining may be associated

with malignancy.

Regarding p62/SQSTM1, we found that this protein was present

in both the cytoplasm and nucleus of ACC and ACA cells.

Cytoplasmic p62/SQSTM1 was observed in all ACC and ACA

samples, with comparable levels in both groups. In ACC, higher

cytoplasmic p62/SQSTM1 levels were observed in ACC cases

classified as ENSAT stage III-IV. On the other hand, nuclear p62/

SQSTM1 expression was significantly higher in ACA than in ACC.

The relationship between p62/SQSTM1 expression and autophagy

should be interpreted with caution, as this protein is also involved in

several autophagy-independent functions. Beyond its role in

autophagy, p62/SQSTM1 is also a central signaling hub, given its

ability to interact with key proteins. Notably, p62/SQSTM1 has

been shown to interact with transcriptional regulators, such as the

transcription factor Nuclear Factor Erythroid 2-Related Factor 2

(NRF2), which results in the transcription of genes involved in

oxidative stress defense. Additionally, p62/SQSTM1 can activate the

Nuclear Factor Kappa B (NF-kB) pathway, promoting tumor cell

proliferation and survival (37–39).

Although LC3B and p62/SQSTM1 nuclear were differentially

expressed between ACC and ACA, their diagnostic performance

was inferior, with lower sensitivity and specificity compared to

those described for Ki-67 (40), a marker routinely used in the

clinical practice for prognostic guidance in ACC (4).

To date, solely one study has evaluated LC3B and p62/SQSTM1

expression in ACC and ACA tissue samples. In that study, all ACC

and most ACA cases (86%) showed negative LC3B immunostain-

ing, while 54.8% of ACA and 41.2% of ACC were negative for p62/

SQSTM1. This discrepancy in relation to our results may be

attributed to methodological differences. While Kim et al. per-

formed IHC in tissue microarrays (TMA), we analyzed whole tissue

sections and subsequently selected tumor hotspots. We argue that

this approach allows a more representative assessment of the

expression status of both LC3B and p62/SQSTM1. Interestingly,

the previously referred study reported the presence of isolated single

positive cells (ISPC) with expression of LC3B and p62/

SQSTM1.They found a significantly higher proportion of LC3B

ISPC in ACC than in ACA and lower proportion of p62/SQSTM1

in ACA than in ACC, suggesting that higher LC3B expression
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appears to be associated with ACC, in line with our results (20).

Consistent with these findings, malignancy associated LC3B ex-

pression has also been reported in prostate tumors (41).

Regarding ATG5, this is the first study to assess ATG5 expres-

sion by IHC in both ACC and ACA, and we found no association

between ATG5 expression and ACC characteristics. Interestingly in

our study, most ACC samples lacking ATG5 expression still

exhibited positive LC3B staining. Our results can be explained by

the fact that autophagy is a dynamic multi-step mechanism, and the

static levels of ATG proteins evaluated by IHC may not accurately

translate the autophagic flux in ACC. Indeed, the guidelines for the

use and interpretation of assays for monitoring autophagy refers

that IHC of ATG proteins in tissues to evaluate autophagy activity is

an area of research which needs to be further explored to make

specific recommendations and our study may also contribute to

that (12).

Regarding the association between ATG5, LC3B and p62/

SQSTM1 and ACC characteristics, we found no association be-

tween ATG5 expression and ACC characteristics. Consistent with

our results, a pan-cancer analysis integrating ATG5 gene expression

and clinical information data from the Genotype-Tissue Expression

Program (GTEx) and The Cancer Genome Atlas Program (TCGA)

databases did not find a significant association between ATG5

expression and overall survival in ACC patients (42).

Nevertheless, in colorectal cancer high ATG5 expression was

associated with worse overall survival (43), whereas in breast

cancer, patients with high ATG5 levels exhibited better disease-

free survival (44).

Regarding tumor functionality, we observed higher LC3B and

nuclear p62/SQSTM1 expression in non-functioning ACC. A

relationship between autophagy and steroidogenesis has been

previously reported (45, 46). In a recent review, Bradic et al.

highlighted the complex bidirectional interplay between autophagy

and steroid hormone production. Steroids act as signaling mole-

cules capable of regulating several molecular mechanisms, including

autophagy, while autophagy, in turn, appears to modulate the

availability of cholesterol, the precursor for steroid biosynthesis

(47). Nevertheless, it is important to note that in non-functioning

ACC, the absence of biochemical and clinically evident hormone

excess, may reflect inefficient steroidogenesis, resulting in the

secretion of steroids precursors rather than mature steroids (48,

49). Therefore, the classification of these tumors as non-functioning

may not fully reflect their underlying steroidogenic activity.

Consequently, no definitive conclusions can be drawn regarding

the relationship between autophagy and steroidogenesis without the

analysis of steroid precursors to more accurately assess steroido-

genic activity.

In addition, higher LC3B expression in ACC was associated

with early tumor stages and absence of distant metastasis.

Consistent with LC3B findings, studies in pancreatic neuroendo-

crine neoplasms demonstrated that decreased MAP1LC3B tran-

scripts was associated with distant metastasis (50, 51), despite

reflecting gene rather than protein expression. Nevertheless, LC3B

expression was evaluated by IHC in another study, and although no

significant differences were observed, higher LC3B levels were

reported in pancreatic neuroendocrine tumors without distant
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metastasis compared to those with metastasis (52). Similar associ-

ation between LC3 expression and favorable clinical features, such

as early tumor stages, have been described in esophageal cancer

(53), with some studies reporting the association between higher

LC3 levels with longer patient survival in hepatocellular carcinoma

and colorectal cancer (54). However, contrasting findings have also

been reported, demonstrating a correlation between higher LC3

expression and advanced tumor stages in gastric adenocarcinoma

(55, 56), as well as poor prognosis in hepatocellular carcinoma,

colorectal cancer and astrocytoma (57–59). In our study, although

LC3B expression were associated with ENSAT stages, suggesting a

potential prognostic role, Cox regression analysis did not demon-

strate significant predictive value for survival in ACC patients.

It is important to note that increased LC3B expression in ACC

without metastasis can reflect two scenarios, enhanced autophagic

activity or impaired autophagic flux due to a blockage in the fusion

of autophagosomes with lysosomes. A useful strategy to distinguish

between these two scenarios involves in vitro modulation of

autophagy using inhibitors of the fusion of autophagosome and

lysosome, followed by the assessment of LC3-II levels by Western

Blot in the presence and absence of these inhibitors (12, 60, 61).

Therefore, the autophagic flux was inhibited in the two available

ACC cell lines derived from primary human ACC, JIL-2266 and

H295R, using BafA1, an autophagic inhibitor that blocks the fusion

of autophagosomes with lysosomes (12). Aiming to understand the

autophagy dynamics in ACC without metastasis, we further inves-

tigated whether alterations in autophagic flux could impact cell

migration and invasion, which are key steps of the metastatic

cascade (62, 63). Our in vitro findings indicate that autophagy

inhibition significantly decreased migration in JIL-2266 cells.

Although autophagy inhibition had no effect on H295R cells

migration, this cell line exhibited limited migratory capacity

under control conditions. This suggests that the lack of response

is likely due to intrinsic characteristics of the H295R cell line,

indicating that it may not represent an optimal model to study

migration in ACC, as previously reported (64). Regarding the

invasion assays, autophagy inhibition reduced cellular invasion in

both cell lines. Taken together, these findings provide functional

context for our immunohistochemical observations. The higher

LC3B punctate staining observed in ACC tissues without metastasis

may be consistent with impaired autophagic flux, potentially

reflecting a disruption in autophagosome–lysosome fusion rather

than increased autophagy induction. So, active autophagy seems to

be associated with a more aggressive cellular phenotype in ACC,

particularly by contributing to migration and invasion. Consistent

with our results, thyroid cancer cells with active autophagy have

shown that treatment with Lys05, a late-stage autophagy inhibitor,

reduces cellular migration and invasion in vitro (65). Taken

together, our in vitro results, along with the associations observed

between LC3B expression and absence of metastasis in ACC and in

pancreatic neuroendocrine tumors (50–52), as previously discussed,

suggest that the relationship between LC3B and less aggressive

disease may represent a broader feature of endocrine tumors rather

than being specific to ACC. However, the limited number of studies

specifically addressing autophagy in ACC warrants caution in

interpreting these findings. Based on our in vitro results,
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modulation of this mechanism may potentially offer therapeutic

benefit in ACC. Indeed, previous studies have explored the inhibi-

tion of autophagy as a potential treatment strategy in ACC. In CU-

ACC2 cells, a cell line derived from a liver metastasis of an ACC

patient, combined treatment with mitotane, the only pharmacolog-

ical agent currently approved for ACC, and chloroquine, a late-stage

autophagy inhibitor, resulted in increased PARP levels, indicating

enhanced apoptosis compared with mitotane alone (66). Qin et al.

demonstrated that concomitant treatment with cisplatin and chlo-

roquine increased the apoptosis rate compared with cisplatin

monotherapy in vitro and in vivo studies (21). Despite these

encouraging preclinical findings, the clinical translation of

autophagy-targeting strategies remains limited. Currently, chloro-

quine and hydroxychloroquine are the only Food and Drug

Administration (FDA) approved drugs known to inhibit autophagy,

and are indicated for the treatment of malaria as well as autoim-

mune diseases such as lupus erythematosus and rheumatoid arthri-

tis (67, 68). Although they are not approved for cancer therapy,

ongoing clinical trials are assessing their safety and efficacy as

monotherapy and combination therapy, such as in pancreatic and

breast cancer (69). However, these agents have not yet been

specifically investigated in the clinical context of ACC. In ACC,

additional preclinical studies are still needed to better define the

contexts in which autophagy modulation may be therapeutically

beneficial. In this regard, our findings provide a rationale for further

investigation of autophagy inhibition as a potential therapeutic

strategy in ACC, particularly given the observed reduction in

cellular migration and invasion capacities following autophagy

blockade in vitro. Nevertheless, further studies are still needed to

elucidate the mechanistic link between autophagy and cell motility

in ACC. Cell migration and invasion are highly dynamic processes

that require coordinated cytoskeletal remodeling, focal adhesion

turnover and extracellular matrix degradation (70). Given that

autophagy has been implicated in protein turnover (71) and

production of pro-invasive factors (72), one plausible hypothesis

is that it may facilitates cell migration and invasion through the

selective degradation of focal adhesion components, as well as

through the autophagy-dependent production of pro-invasive fac-

tors. To test this hypothesis, a structured mechanistic framework

could be implemented, combining genetic (e.g., ATG7 knockout)

and pharmacological approaches to inhibit autophagy in vitro.

Proteomic approaches may first provide insight into the regulation

of adhesion-related proteins upon autophagy inhibition, followed

by the assessment of focal adhesion dynamics by immunofluores-

cence staining of focal adhesion markers. Cytoskeletal organization

could be further evaluated through phalloidin staining of actin to

visualize its architecture. In addition, to directly assess the produc-

tion of pro-invasive factors, both their intracellular expression and

extracellular secretion should be quantified. Importantly, these in

vitro findings should be complemented by in vivo validation using

subcutaneous xenograft models derived from ACC ATG7-knockout

cell lines. Such models would enable evaluation of tumor growth

and metastatic potential in a more physiologically relevant setting.

Furthermore, the analysis of organs commonly targeted by ACC

metastasis (e.g., bone, lung, liver) would provide critical insight into

the role of autophagy in metastatic dissemination (73).
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The primary limitation of our study is the relatively small

sample size, comprising 29 ACC and 20 ACA cases, which limited

the statistical power for subgroup analyses. However, this reflects

the rarity of ACC, which inherently restricts the availability of large

and well-balanced cohorts. Nevertheless, the relatively small sample

size and limited number of events (deaths) may have reduced the

statistical power to predict associations between the expression of

autophagy-related proteins and survival in ACC patients. In addi-

tion, the unequal distribution of ENSAT stages, with a predomi-

nance of advanced-stages ACC (ENSAT 3–4) due to challenges of

early diagnosis of this disease, further limited the robustness of

comparisons across disease stages and some clinicopathological

features. These factors should be considered when interpreting

our findings and may limit their generalizability, therefore, our

results from subgroup analysis should be viewed as exploratory and

require validation in larger and more balanced cohorts. Despite this

limitation, our results strongly indicate that autophagy-related

proteins, namely LC3B and p62/SQSTM1, play a role in ACC

pathophysiology. Debnath et al. recently emphasized how critical

it is to define the role of autophagy in different cancers and at

different stages to understand how tumors rely on autophagy (17).

In addition, our study extends beyond descriptive immunohisto-

chemical observations by incorporating complementary in

vitro experiments.

In conclusion, our findings indicate that autophagy may play a

role in ACC molecular pathophysiology. A punctate LC3B expres-

sion accumulation, associated with less aggressive malignant fea-

tures, namely the absence of metastasis, appears to result from a

blockade at the late stages of autophagy. Whereas active autophagy

may be associated with a more aggressive cellular phenotype in

ACC, as suggested by its potential link to increased migration and

invasion in vitro. Nevertheless, further studies are needed to

confirm this association and clarify the underlying mechanisms.
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role in adrenocortical carcinoma biology. Endocrine. (2019) 66:326–37. doi: 10.1007/
s12020-019-02033-5

30. Libe R, Huillard O. Adrenocortical carcinoma: diagnosis, prognostic classification
and treatment of localized and advanced disease. Cancer Treat Res Commun. (2023)
37:100759. doi: 10.1016/j.ctarc.2023.100759

31. BaekenMW,Weckmann K, Diefenthaler P, Schulte J, Yusifli K, Moosmann B, et al.
Novel insights into the cellular localization and regulation of the autophagosomal
proteins LC3A, LC3B and LC3C. Cells. (2020) 9:2315. doi: 10.3390/cells9102315

32. Wei Z, Hu X, Wu Y, Zhou L, Zhao M, Lin Q. Molecular mechanisms underlying
initiation and activation of autophagy. Biomolecules. (2024) 14:1517. doi: 10.3390/
biom14121517

33. Yu L, Chen Y, Tooze SA. Autophagy pathway: cellular and molecular mechanisms.
Autophagy. (2018) 14:207–15. doi: 10.1080/15548627.2017.1378838

34. Acevo-Rodriguez PS, Maldonado G, Castro-Obregon S, Hernandez G. Autophagy
regulation by the translation machinery and its implications in cancer. Front Oncol.
(2020) 10:322. doi: 10.3389/fonc.2020.00322

35. Holt SV, Wyspianska B, Randall KJ, James D, Foster JR, Wilkinson RW. The
development of an immunohistochemical method to detect the autophagy-associated
protein LC3-II in human tumor xenografts. Toxicol Pathol. (2011) 39:516–23.
doi: 10.1177/0192623310396903

36. Schlafli AM, Berezowska S, Adams O, Langer R, Tschan MP. Reliable LC3 and p62
autophagy marker detection in formalin fixed paraffin embedded human tissue by
immunohistochemistry. Eur J Histochem. (2015) 59:2481. doi: 10.4081/ejh.2015.2481
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2026.1726834/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2026.1726834/full#supplementary-material
https://doi.org/10.21037/tcr.2019.12.28
https://doi.org/10.1093/ejendo/lvad066
https://doi.org/10.1111/cen.14629
https://doi.org/10.1016/S2213-8587(24)00378-4
https://doi.org/10.1016/S2213-8587(24)00378-4
https://doi.org/10.1093/bjs/znad266
https://doi.org/10.1093/bjs/znad266
https://doi.org/10.1530/EJE-18-0608
https://doi.org/10.3390/cancers16234061
https://doi.org/10.1093/oncolo/oyae084
https://doi.org/10.1186/s12943-020-1138-4
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.3390/cells11152262
https://doi.org/10.1080/15548627.2020.1797280
https://doi.org/10.3390/cancers10090281
https://doi.org/10.3390/cancers10090281
https://doi.org/10.1007/s00109-014-1241-3
https://doi.org/10.1007/s00109-014-1241-3
https://doi.org/10.1038/s41421-020-0161-3
https://doi.org/10.3389/fimmu.2025.1528230
https://doi.org/10.1038/s41580-023-00585-z
https://doi.org/10.1155/2021/8832541
https://doi.org/10.3389/fendo.2022.937367
https://doi.org/10.3390/ijms221910490
https://doi.org/10.2147/DDDT.S101701
https://doi.org/10.3390/cells6030017
https://doi.org/10.18632/oncotarget.17554
https://doi.org/10.1083/jcb.202110151
https://doi.org/10.1038/s41598-021-03875-8
https://doi.org/10.1016/j.redox.2016.11.004
https://doi.org/10.3390/life12101503
https://doi.org/10.3389/fcell.2019.00107
https://doi.org/10.1007/s12020-019-02033-5
https://doi.org/10.1007/s12020-019-02033-5
https://doi.org/10.1016/j.ctarc.2023.100759
https://doi.org/10.3390/cells9102315
https://doi.org/10.3390/biom14121517
https://doi.org/10.3390/biom14121517
https://doi.org/10.1080/15548627.2017.1378838
https://doi.org/10.3389/fonc.2020.00322
https://doi.org/10.1177/0192623310396903
https://doi.org/10.4081/ejh.2015.2481
https://doi.org/10.3389/fendo.2026.1726834
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Oliveira et al. 10.3389/fendo.2026.1726834
37. Moscat J, Karin M, Diaz-Meco MT. p62 in cancer: signaling adaptor beyond
autophagy. Cell. (2016) 167:606–9. doi: 10.1016/j.cell.2016.09.030

38. Xiao S, Yu Y, Liao M, Song D, Xu X, Tian L, et al. Post-translational modification of
p62: roles and regulations in autophagy. Cells. (2025) 14:1016. doi: 10.3390/
cells14131016

39. Komatsu M, Kurokawa H, Waguri S, Taguchi K, Kobayashi A, Ichimura Y, et al.
The selective autophagy substrate p62 activates the stress responsive transcription
factor Nrf2 through inactivation of Keap1. Nat Cell Biol. (2010) 12:213–23.
doi: 10.1038/ncb2021

40. Oliveira SB, MaChado MQ, Sousa D, Pereira SS, Pignatelli D. The differential
diagnosis of adrenocortical tumors: systematic review of Ki-67 and IGF2 and meta-
analysis of Ki-67. Rev Endocr Metab Disord. (2025) 26:261–78. doi: 10.1007/s11154-
025-09945-w

41. Mortezavi A, Salemi S, RuppNJ, Rüschoff JH, Hermanns T, Poyet C, et al. Negative LC3b
immunoreactivity in cancer cells is an independent prognostic predictor of prostate cancer
specific death. Oncotarget. (2017) 8:31765–74. doi: 10.18632/oncotarget.15986

42. Xu C, ZangY, ZhaoY, CuiW, ZhangH, ZhuY, et al. Comprehensive pan-cancer analysis
confirmed that ATG5 promoted themaintenance of tumormetabolism and the occurrence of
tumor immune escape. Front Oncol. (2021) 11:652211. doi: 10.3389/fonc.2021.652211

43. Hu WH, Yang WC, Liu PF, Liu TT, Morgan P, Tsai WL, et al. Clinicopathological
association of autophagy related 5 protein with prognosis of colorectal cancer.
Diagnostics (Basel). (2021) 11:782. doi: 10.3390/diagnostics11050782

44. Wang L, Yao L, Zheng YZ, Xu Q, Liu XP, Hu X, et al. Expression of autophagy-
related proteins ATG5 and FIP200 predicts favorable disease-free survival in patients
with breast cancer. Biochem Biophys Res Commun. (2015) 458:816–22. doi: 10.1016/
j.bbrc.2015.02.037

45. Ma Y, Zhou Y, Zhu YC, Wang SQ, Ping P, Chen XF. Lipophagy contributes to
testosterone biosynthesis in male rat Leydig cells. Endocrinology. (2018) 159:1119–29.
doi: 10.1210/en.2017-03020

46. Gao F, Li G, Liu C, Gao H, Wang H, Liu W, et al. Autophagy regulates testosterone
synthesis by facilitating cholesterol uptake in Leydig cells. J Cell Biol. (2018) 217:2103–
19. doi: 10.1083/jcb.201710078

47. Bradic I, Rewitz K. Steroid signaling in autophagy. J Mol Biol. (2025) 437:169134.
doi: 10.1016/j.jmb.2025.169134

48. Pereira SS, Costa MM, Gomez-Sanchez CE, Monteiro MP, Pignatelli D. Incomplete
pattern of steroidogenic protein expression in functioning adrenocortical carcinomas.
Biomedicines. (2020) 8:256. doi: 10.3390/biomedicines8080256

49. Yu K, Athimulam S, Saini J, Kaur RJ, Xue Q, McKenzie TJ, et al. Serum steroid
profiling in the diagnosis of adrenocortical carcinoma: a prospective cohort study. J
Clin Endocrinol Metab. (2025) 110:1177–86. doi: 10.1210/clinem/dgae604

50. Matrood S, Melms LE, Bartsch DK, Di Fazio P. The expression of autophagy-
associated genes represents a valid footprint for aggressive pancreatic neuroendocrine
neoplasms. Int J Mol Sci. (2023) 24:3636. doi: 10.3390/ijms24043636

51. Matrood S, de Prisco N, Wissniowski TT, Wiese D, Jabari S, Griesmann H, et al.
Modulation of pancreatic neuroendocrine neoplastic cell fate by autophagy-mediated
death. Neuroendocrinology. (2021) 111:965–85. doi: 10.1159/000512567

52. Daskalakis K, Alexandraki KI, Kloukina I, Kassi E, Felekouras E, Xingi E, et al. Increased
autophagy/mitophagy levels in primary tumours of patients with pancreatic neuroendocrine
neoplasms. Endocrine. (2020) 68:438–47. doi: 10.1007/s12020-020-02228-1

53. Sakurai T, Okumura H, Matsumoto M, Uchikado Y, Setoyama T, Omoto I, et al.
The expression of LC-3 is related to tumor suppression through angiogenesis in
esophageal cancer. Med Oncol. (2013) 30:701. doi: 10.1007/s12032-013-0701-x

54. Lee YJ, Hah YJ, Kang YN, Kang KJ, Hwang JS, Chung WJ, et al. The autophagy-
related marker LC3 can predict prognosis in human hepatocellular carcinoma. PloS
One. (2013) 8:e81540. doi: 10.1371/journal.pone.0081540

55. Kim JS, Bae GE, Kim KH, Lee SI, Chung C, Lee D, et al. Prognostic significance of
LC3B and p62/SQSTM1 expression in gastric adenocarcinoma. Anticancer Res. (2019)
39:6711–22. doi: 10.21873/anticanres.13886
Frontiers in Endocrinology 15
56. Wu S, Sun C, Tian D, Li Y, Gao X, He S, et al. Expression and clinical significances
of Beclin1, LC3 and mTOR in colorectal cancer. Int J Clin Exp Pathol. (2015) 8:3882–
91. doi: 10.1155/2019/4946824

57. Schmitz KJ, Ademi C, Bertram S, Schmid KW, Baba HA. Prognostic relevance of
autophagy-related markers LC3, p62/sequestosome 1, Beclin-1 and ULK1 in colorectal
cancer patients with respect to KRAS mutational status. World J Surg Oncol. (2016)
14:189. doi: 10.1186/s12957-016-0946-x

58. Winardi D, Tsai HP, Chai CY, Chung CL, Loh JK, Chen YH, et al. Correlation of
altered expression of the autophagy marker LC3B with poor prognosis in astrocytoma.
BioMed Res Int. (2014) 2014:723176. doi: 10.1155/2014/723176

59. Wu DH, Jia CC, Chen J, Lin ZX, Ruan DY, Li X, et al. Autophagic LC3B
overexpression correlates with Malignant progression and predicts a poor prognosis
in hepatocellular carcinoma. Tumour Biol. (2014) 35:12225–33. doi: 10.1007/s13277-
014-2531-7

60. Singh B, Bhaskar S. Methods for detection of autophagy in mammalian cells.
Methods Mol Biol. (2019) 2045:245–58. doi: 10.1007/7651_2018_190

61. Mizushima N, Murphy LO. Autophagy assays for biological discovery and
therapeutic development. Trends Biochem Sci. (2020) 45:1080–93. doi: 10.1016/
j.tibs.2020.07.006

62. Fares J, Fares MY, Khachfe HH, Salhab HA, Fares Y. Molecular principles of
metastasis: a hallmark of cancer revisited. Signal Transduct Target Ther. (2020) 5:28.
doi: 10.1038/s41392-020-0134-x

63. Li Y, Liu F, Cai Q, Deng L, Ouyang Q, Zhang XH, et al. Invasion and metastasis in
cancer: molecular insights and therapeutic targets. Signal Transduct Target Ther. (2025)
10:57. doi: 10.1038/s41392-025-02148-4

64. Tamburello M, Abate A, Rossini E, Basnet RM, Zizioli D, Cosentini D, et al.
Preclinical evidence of progesterone as a new pharmacological strategy in human
adrenocortical carcinoma cell lines. Int J Mol Sci. (2023) 24:6829. doi: 10.3390/
ijms24076829

65. Holm TM, Bian ZC, Manupati K, Guan JL. Inhibition of autophagy mitigates cell
migration and invasion in thyroid cancer. Surgery. (2022) 171:235–44. doi: 10.1016/
j.surg.2021.08.024

66. Tompkins K, Towers C, Kar A, Zhang Y, Kiseljak-Vassiliades K, Thorburn A, et al.
SAT-LB064 Mitotane induces autophagy: a mechanism to promote chemoresistance in
adrenocortical carcinoma. J Endocr Soc. (2019) 3:SAT-LB064. doi: 10.1210/js.2019-
SAT-LB064

67. Mohsen S, Sobash PT, Algwaiz GF, Nasef N, Al-Zeidaneen SA, Karim NA.
Autophagy agents in clinical trials for cancer therapy: a brief review. Curr Oncol.
(2022) 29:1695–708. doi: 10.3390/curroncol29030141

68. Manic G, Obrist F, Kroemer G, Vitale I, Galluzzi L. Chloroquine and
hydroxychloroquine for cancer therapy. Mol Cell Oncol. (2014) 1:e29911.
doi: 10.4161/mco.29911

69. Tonkin-Reeves A, Giuliani CM, Price JT. Inhibition of autophagy; an opportunity
for the treatment of cancer resistance. Front Cell Dev Biol. (2023) 11:1177440.
doi: 10.3389/fcell.2023.1177440

70. Mierke CT. Mechanical cues affect migration and invasion of cells from three
different directions. Front Cell Dev Biol. (2020) 8:583226. doi: 10.3389/
fcell.2020.583226

71. SharifiMN, Mowers EE, Drake LE, Collier C, Chen H, Zamora M, et al. Autophagy
promotes focal adhesion disassembly and cell motility of metastatic tumor cells through
the direct interaction of paxillin with LC3. Cell Rep. (2016) 15:1660–72. doi: 10.1016/
j.celrep.2016.04.065

72. Lock R, Kenific CM, Leidal AM, Salas E, Debnath J. Autophagy-dependent
production of secreted factors facilitates oncogenic RAS-driven invasion. Cancer
Discov. (2014) 4:466–79. doi: 10.1158/2159-8290.Cd-13-0841

73. Owen DH, Patel S, Wei L, Phay JE, Shirley LA, Kirschner LS, et al. Metastatic
adrenocortical carcinoma: a single institutional experience. Hormones Cancer. (2019)
10:161–7. doi: 10.1007/s12672-019-00367-0
frontiersin.org

https://doi.org/10.1016/j.cell.2016.09.030
https://doi.org/10.3390/cells14131016
https://doi.org/10.3390/cells14131016
https://doi.org/10.1038/ncb2021
https://doi.org/10.1007/s11154-025-09945-w
https://doi.org/10.1007/s11154-025-09945-w
https://doi.org/10.18632/oncotarget.15986
https://doi.org/10.3389/fonc.2021.652211
https://doi.org/10.3390/diagnostics11050782
https://doi.org/10.1016/j.bbrc.2015.02.037
https://doi.org/10.1016/j.bbrc.2015.02.037
https://doi.org/10.1210/en.2017-03020
https://doi.org/10.1083/jcb.201710078
https://doi.org/10.1016/j.jmb.2025.169134
https://doi.org/10.3390/biomedicines8080256
https://doi.org/10.1210/clinem/dgae604
https://doi.org/10.3390/ijms24043636
https://doi.org/10.1159/000512567
https://doi.org/10.1007/s12020-020-02228-1
https://doi.org/10.1007/s12032-013-0701-x
https://doi.org/10.1371/journal.pone.0081540
https://doi.org/10.21873/anticanres.13886
https://doi.org/10.1155/2019/4946824
https://doi.org/10.1186/s12957-016-0946-x
https://doi.org/10.1155/2014/723176
https://doi.org/10.1007/s13277-014-2531-7
https://doi.org/10.1007/s13277-014-2531-7
https://doi.org/10.1007/7651_2018_190
https://doi.org/10.1016/j.tibs.2020.07.006
https://doi.org/10.1016/j.tibs.2020.07.006
https://doi.org/10.1038/s41392-020-0134-x
https://doi.org/10.1038/s41392-025-02148-4
https://doi.org/10.3390/ijms24076829
https://doi.org/10.3390/ijms24076829
https://doi.org/10.1016/j.surg.2021.08.024
https://doi.org/10.1016/j.surg.2021.08.024
https://doi.org/10.1210/js.2019-SAT-LB064
https://doi.org/10.1210/js.2019-SAT-LB064
https://doi.org/10.3390/curroncol29030141
https://doi.org/10.4161/mco.29911
https://doi.org/10.3389/fcell.2023.1177440
https://doi.org/10.3389/fcell.2020.583226
https://doi.org/10.3389/fcell.2020.583226
https://doi.org/10.1016/j.celrep.2016.04.065
https://doi.org/10.1016/j.celrep.2016.04.065
https://doi.org/10.1158/2159-8290.Cd-13-0841
https://doi.org/10.1007/s12672-019-00367-0
https://doi.org/10.3389/fendo.2026.1726834
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Tumor stage-dependent expression of autophagy proteins in adrenocortical carcinoma
	1 Introduction
	2 Materials and methods
	2.1 Expression of autophagy-related proteins in ACT tissues
	2.1.1 Case selection
	2.1.2 Immunohistochemistry
	2.1.3 Immunohistochemistry staining analysis

	2.2 Study of the effect of autophagy inhibition in cell migration and invasion of ACC cells
	2.2.1 Cell culture
	2.2.2 Analysis of the effect of autophagy inhibition in cellular density and in expression of autophagic proteins
	2.2.3 Wound healing assay
	2.2.4 Invasion assay

	2.3 Statistical analysis

	3 Results
	3.1 Expression of autophagy-related proteins in ACT tissues
	3.1.1 ATG5 expression is similar in ACC and ACA
	3.1.2 LC3B expression is higher in ACC than in ACA
	3.1.3 p62/SQSTM1 nuclear expression is lower in ACC than in ACA
	3.1.4 ACC in advanced stages presents a lower LC3B expression and higher cytoplasmatic p62/SQSTM1 expression
	3.1.5 Autophagy-related proteins showed limited diagnostic value
	3.1.6 Autophagy-related proteins expression is not associated with patients’ overall survival

	3.2 Study of the effect of autophagy inhibition in cell migration and invasion of ACC cell lines
	3.2.1 Dose-dependent effects of BafA1 on autophagic flux and cell density in ACC cells
	3.2.2 Impaired autophagy mitigates cell migration in JIL-2266 cells
	3.2.3 Impaired autophagy reduces the invasion capacity of ACC cell lines


	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


