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Abstract
Background. Adrenocortical carcinoma (ACC) affects approx. 2 in 1,000,000 individuals in the USA, and 
is more common in females than males. Adrenocortical carcinoma often presents with severe symptoms, 
such as abdominal pain, high blood pressure, acne, hair overgrowth, and voice deepening.

Objectives. Research on ACC constitutes a large body of published data. There is an increased need for 
easy access to ACC-derived biological material. Moreover, there are limited numbers of human cell lines 
available. For this reason, we attempted to differentiate human induced pluripotent stem cells (hiPSCs) into 
adrenocortical-like cells to establish a new functional cell line.

Materials and methods. We conducted a long-term differentiation process (35 and 70 days) in the pres-
ence of growth factors (GFs), forskolin and conditioned medium collected from the human adrenal carcinoma 
(HAC15) cell line. Then, we analyzed the gene expression profile of the differentiated cells.

Results. The obtained cells possess features characteristic of all 3 primary germ layers. Interestingly, the dif-
ferentiated cells demonstrated an extremely high level of gene expression for those involved in endocrine 
processes, namely glycoprotein hormones, alpha polypeptide (CGA), insulin receptor substrate 4 (IRS4), and 
pancreatic progenitor cell differentiation and proliferation factor-like protein (PPDPFL).

Conclusions. The results of the study indicate that we obtained progenitors derived from endoderm with 
some characteristics of pancreatic-like cells. The endodermal derivative differentiation is a very challenging 
and complicated process; thus, the results presented in this study deserve closer consideration.
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Background

Adrenocortical tumors are quite frequent, with an inci-
dence of 3–10% in the population.1 These tumors can be 
divided into adrenocortical adenoma and adrenocortical 
carcinoma (ACC).2 Adrenocortical carcinoma is sporadic, 
with a reported prevalence of 2 cases per 1,000,000 indi-
viduals/year, and is most frequently diagnosed in women 
(55–60% of  cases) in  their 4th or  5th decade of  life.2,3 
The main substance currently approved for the treatment 
of ACC is mitotane (2,4’-dichlorodiphenyl)dichloroethane, 
1-(2-chlorophenyl)-1-(4-chlorophenyl)-2,2-dichloroeth-
ane), with a recommended therapeutic plasma mitotane 
level of 14–20 mg/L (~50 µM).3 However, the efficacy 
of  this drug is  limited due to  its low pharmacokinetic 
properties and dose-limiting toxicity.3

Commercially available ACC human cell lines have 
a limited production capacity for mineralocorticoids, glu-
cocorticoids and adrenal androgens. Furthermore, they 
show a limited response to angiotensin II (Ang II), adre-
nocorticotropic hormone (ACTH) and potassium ions. 
Even so, they play an important role as a screening tool 
for cancer therapies.4,5 Researchers mainly rely on 2 com-
monly used ACC cell lines, namely NCI-H295R and SW-13. 
Importantly, both cell lines are characterized by TP53 loss-
of-function alterations.6 Conversely to the non-hormone-
producing SW-13 cells, NCI-H295R cells can produce 
steroid hormones and retain a gain-of-function Catenin 
beta 1 mutation.6,7 A 3rd cell line, the human adrenal car-
cinoma (HAC15), can respond to Ang II, potassium and 
ACTH, being the first adrenal cell line capable of such 
responses.8 Significant advances made in the last few years 
have changed the preclinical landscape for ACC. The new 
experimental models of  ACC cells, namely MUC-1, 
CU-ACC1, CU-ACC2, JIL-2266, and TVBF-7, together with 
the commonly used NCI-H295R cell line, give research-
ers the instruments that are consistent with the well-de-
fined heterogeneity of this disease and have the potential 
to disclose yet unknown patient subtype characteristics.9 
In particular, the usefulness of CU-ACC1 and CU-ACC2 
cells as models to improve the search for targets and drug 
efficacy in the treatment of ACC has been demonstrated.10 
Nevertheless, there is a need to establish an ACC cell line 
that will show complete hormonal responses, steroido-
genesis and expression of steroid-metabolizing enzymes.11

Objectives

The objective of this study was to obtain cells that possess 
features of adrenal cells using human induced pluripotent 
stem cell (hiPSC) differentiation. We aimed to establish 
an easily accessible protocol, and for this reason, we relied 
on endo- and exogenous additives instead of previously de-
scribed procedures, such as the overexpression of steroido-
genic factor-1 (SF-1).12 Because the cortex of the adrenal 

gland is derived from mesoderm,13 whereas the medulla 
is derived from the neural crest and is of ectodermal ori-
gin,14 we decided to conduct long-term hiPSC differentia-
tion via embryoid bodies (EBs) with all 3 primary germ 
layers for 35 days and 70 days in the presence of forskolin, 
growth factors (GFs) and conditioned media collected from 
the HAC15 cell line.

Materials and methods

Medium conditioning

A standard culture medium, consisting of  Dulbec-
co’s modified Eagle’s medium/Nutrient Mixture F-12 
(DMEM/F-12) (Thermo Fisher Scientific, Waltham, 
USA), 10% Cosmic Calf Serum (Hyclone; GE Healthcare, 
Westborough, USA) and 1% Insulin-Transferrin-Selenium 
(ITS) Premix Universal Culture Supplement (Corning Inc., 
Corning, USA), was used for conditioning. The medium 
was used for the HAC15 (ATCC® CRL-3301TM; American 
Type Cell Culture (ATCC), Manassas, USA) cells. The con-
ditioned medium was collected after 24 h.

Adrenal differential medium

Adrenal media consisted of DMEM/F-12, 10% fetal bo-
vine serum (Biowest, Nuaillé, France), 10 µM of forskolin 
(Merck Millipore, Burlington, USA), 1% ITS Premix Uni-
versal Culture Supplement (Corning Inc.), 50 μM of ascor-
bic acid and 10−7 M of dexamethasone (both from Merck 
Millipore), 10 ng/mL epidermal growth factor (EGF) and 
10 ng/mL insulin-like growth factor 1 (IGF-1; both from 
STEMCELL Technologies, Cologne, Germany). All com-
ponents of the medium were chosen based on previous 
adrenal-related literature.16–20

hiPSC differentiation

We  used 2  hiPSC cell lines, namely the  purchased 
ND41658*H (Coriell Cell Repository, Camden, USA) and 
GPCCi001-A, previously described by our group.21 The cell 
lines formed EBs that were transferred onto 6-well plates 
coated with 0.1% gelatin (Merck Millipore, Darmstadt, Ger-
many). On the 2nd day, the media were replaced with a 1:1 
ratio of adrenal media and conditioned medium. The cells 
were collected 35 and 70 days after differentiation.

Microarray study

The total RNA was isolated from both undifferentiated 
and differentiated hiPSC cell lines. The following vari-
ants were obtained: control (GPCCi001-A and ND41658*H 
pooled into one) (i), 35 days differentiation (ii) and 70 days 
differentiation (iii). The whole procedure of preparing RNA 
for hybridization was conducted using the GeneChip™ 
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WT PLUS Reagent Kit (Affymetrix Inc., Santa Clara, 
USA). The complete procedure has been described previ-
ously.22–26 Briefly, a two-step cDNA synthesis reaction was 
carried out with 100 ng of RNA using random primers 
extended by the T7 RNA polymerase promoter sequence. 
The cRNA was synthesized by the in vitro transcription 
for 16 h at 40°C. Then, the cRNA was purified and re-tran-
scribed into cDNA. Next, the cDNA was biotin-labeled and 
fragmented using the Affymetrix GeneChip WT Terminal 
Labeling and Hybridization kit (Affymetrix Inc.). Biotin-
labeled fragments of cDNA were hybridized using the Af-
fymetrix Human Gene 2.1 ST ArrayStrip (20 h, 48°C), and 
the microarrays were stained with the aid of the Affyme-
trix GeneAtlas Fluidics Station (Affymetrix Inc.). Finally, 
the array strips were scanned using a GeneAtlas Imag-
ing Station (Thermo Fisher Scientific). The preliminary 
analysis of the scanned chips was carried out with the use 
of Affymetrix GeneAtlas Operating Software (Affymetrix 
Inc.), and the quality of gene expression data was verified 
using the software’s quality control criteria.

The obtained CEL files were analyzed using the R sta-
tistical language (R Foundation for Statistical Computing, 
Vienna, Austria) and Bioconductor package, including 
the selected Bioconductor libraries. The Robust Multi-ar-
ray Average (RMA) normalization algorithm implemented 
in the “Affy” library was applied for the normalization, 
background correction and calculation of  the  expres-
sion values of the analyzed genes. A complete gene data 
table, including normalized gene expression values, 
gene symbols, gene names, and Entrez IDs was prepared 
based on the assigned biological annotations taken from 
the pd.hugene.2.1.st library. Linear microarray data mod-
els with moderated t statistics included in the “limma” 
library were applied for the expression and statistical as-
sessment. The established cutoff criteria were as follows: 
the absolute value of expression fold change (FC) >2 and 
false discovery rate (FDR) adjusted p ≤ 0.01. Genes fulfill-
ing those criteria were considered differentially expressed 
genes (DEGs) and were subjected to  further analyses. 
The result of such selection was presented as a volcano 
plot, showing the total number of up- and downregulated 
genes.

Variances were calculated for the entire gene expression 
dataset, and the top 1000 genes with the highest variance 
were subjected to principal component analysis (PCA). 
Principal component analysis of gene expression dataset 
was performed and visualized using factoextra library27 
with default parameters (n = “auto”, rotation = “none”, cen-
ter = TRUE, scale = TRUE).

The entire set of DEGs was subjected to  functional 
annotation and clustering using the Database for Anno-
tation, Visualization, and Integrated Discovery (DAVID) 
bioinformatics tool.28 All gene IDs of DEGs were uploaded 
to DAVID with the use of the RDAVIDWebService Bio-
conductor library,29 where they were assigned to relevant 
Gene Ontology (GO) terms, with a subsequent selection 

of significantly enriched GO terms from the GO BP FAT 
database. The kappa statistics p-values of selected GO 
terms were corrected using Benjamini–Hochberg pro-
cedure, and were described as adjusted p-values. Dif-
ferentially expressed genes from each comparison were 
visualized with a heatmap using the ComplexHeatmap 
library.30

Gene set enrichment analysis (GSEA) was carried out 
using the clusterProfiler Bioconductor library.31 The anal-
ysis aimed to  identify the  level of depletion or enrich-
ment in GO terms by calculating normalized enrich-
ment score (NES) with a relevant p-value. Normalized FC 
values from all genes were log2-transformed, sorted and 
used as an argument for the gseGO function. The gene 
set enrichment was performed regarding the “biologi-
cal process” GO category, assuming the minimum size 
of each geneSet for analyzing = 100 and Fisher exact p-
value ≤0.001. Ten ontology groups with the highest en-
richment score (the highest NES value) and 10 groups 
with the most depleted enrichment score (the lowest NES 
value) were visualized in a bar chart. Enrichment plots 
for 5 of the most enriched and 5 of the mostdepleted GO 
terms were also presented.

Technical descriptions with raw and normalized data 
files were deposited in  the Gene Expression Omnibus 
(GEO) repository at the National Center for Biotechnology 
Information (http://www.ncbi.nlm.nih.gov/geo/), under 
the GEO accession No. GSE150775.

Real-time quantitative polymerase chain 
reaction analysis

Real-time quantitative polymerase chain reaction 
(qPCR) was carried out using the PrimePCR™ SYBR® 
Green Assay (Bio-Rad, Hercules, USA) and the specific 
synthesized primers for pancreatic progenitor cell differen-
tiation as well as glycoprotein hormones, alpha polypeptide 
(CGA), and insulin receptor substrate 4 (IRS4).

Immunohistochemistry

After 70 days of differentiation, GPCCi001-A cells were 
fixed using 4% phosphate-buffered formalin, embedded 
in paraffin and sectioned. The samples were then stained 
using anti-CGA (ABIN3021817, 1:200) and anti-pancreatic 
progenitor cell differentiation and proliferation factor-like 
protein (PPDPFL) (NBP2-31818, 1:20) antibodies, accord-
ing to the manufacturer’s instructions.

Results

The 2 hiPSC cell lines undergoing 70-day differentia-
tion changed their morphology during differentiation 
in vitro from cells forming colonies of EBs to spindle-like 
cells (Fig. 1A,B). Furthermore, they demonstrated active 

http://www.ncbi.nlm.nih.gov/geo/
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proliferation during differentiation. The  morphology 
of both differentiated hiPSC-derived cell lines was very 
similar.

To perform a complete comparison of differentiated 
cells and hiPSC transcriptomic profiles, we  analyzed 
whole genome expression using Affymetrix Human 
Gene 2.1 ST ArrayStrips. Principal component analy-
sis (Supplementary Fig. 1A) indicated clear segregation 
of cells before and after differentiation. After both 35-day 
and 70-day differentiation, there were distinct groups 
of hiPSCs visible. Moreover, both differentiation time 
points shared 30.7% of upregulated and 27.5% of down-
regulated genes, which corresponds to 47 and 56 genes, 
respectively (Supplementary Fig. 1B).

The general profile of whole gene expression in the dif-
ferentiated ND41658*H/GPCCi001-A and undifferen-
tiated groups is shown in a volcano plot (Fig. 2A), with 
each dot representing the mean expression level (n = 3) 
of a single gene obtained from a microarray normalized 
dataset. The selection criteria aimed at determining sig-
nificantly altered gene expression were based on the ab-
solute expression fold difference  >2 and an  adjusted 
p ≤ 0.01. Genes above the cutoff value are differentially 
expressed and presented as orange (downregulated genes) 
or blue (upregulated genes) dots. Based on these criteria, 
62 genes were significantly downregulated, and 100 genes 
were upregulated in the differentiated group compared 
to  the  hiPSCs 70  days after differentiation. Ten  genes 
with the highest and 10 genes with thelowest FC values 
are presented in table format displaying the gene symbol, 
gene name, FC, and adjusted p-value (Fig. 2B). These genes 
were characterized by high FC values, especially for up-
regulated genes (range for upregulated genes: 79.90–5.89, 
and for downregulated genes: −5.76–−2.98). This group 

of genes includes glycoprotein hormones, namely CGA 
(FC = 79.90), IRS4 (FC = 22.31), phosphoenolpyruvate car-
boxykinase 1 (PCK1) (FC = 7.24), synaptotagmin-like 5 
(SYTL5) (FC = −5.76), Kelch-like family member 4 (KLHL4) 
(FC = −4.56), and gamma−aminobutyric acid type A recep-
tor subunit epsilon (GABRE) (FC = −4.41).

We also compared gene expression profiles of cells after 
35 days of differentiation to hiPSCs, and 70 days to 35 days 
after differentiation (Supplementary Fig. 2A,B). Interest-
ingly, in 35-day cells, the high expression of CGA, IRS4 
and PPDPFL was notable. We found 198 genes significantly 
downregulated, and 99 were upregulated in the treated 
group compared to the hiPSCs 35 days after differentia-
tion. The 2nd stage of differentiation (day 70 compared 
to day 35) resulted in minimal gene expression changes. No 
genes were downregulated and 8 genes were upregulated.

A bioinformatic evaluation of transcriptomic modula-
tion was performed using GSEA (Fig. 3). This approach 
was based on the full transcriptomic profile analysis, re-
gardless of the predefined cutoff criteria (FC > 2, p ≤ 0.01). 
In this method, genes pre-ranked by logarithmic FC values 
were employed to determine enrichment (positive NES) 
or depletion (negative NES) in the GO-BP database af-
ter hiPSC differentiation. The largest cluster of enriched 
or depleted terms was related to “cell GTPase cell−cell 
involved”, “histone internal peptidyl−lysine acetylation”, 
“hormone−mediated intracellular steroid hormone”, “regu-
lation of mRNA metabolic process” and “anion chloride 
transport” (Fig. 3A).

The 70-day differentiation led to the enrichment of genes 
involved in the regulation of steroid biosynthetic process 
(NES: 2.436), endocrine process (NES: 2.304) and mito-
chondrial adenosine triphosphate (ATP) synthesis coupled 
electron transport (NES: 2.328), as well as to the depletion 

Fig. 1. Two human induced pluripotent stem cell (hiPSC) cell lines: GPCCi001-A (A) and ND41658*H (B), were differentiated via embryoid bodies (EBs) for 
70 days in the presence of growth factors (GFs): epidermal growth factor (EGF) and insulin-like growth factor 1 (IGF-1), forskolin and conditioned medium 
collected from a human adrenal carcinoma (HAC15) cell line. They lost the ability to form colonies and took a spindle-like shape
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of genes related to, e.g., hormone-mediated signaling path-
way (NES: −2.050), chloride transport (NES: −2.088) and 
histone H3-K4 methylation (NES: −2.155), among others 
(Fig. 3B).

The GSEA analysis also showed a significant decrease 
in the expression of genes closely related to cell–cell junc-
tion organization and intracellular steroid hormone re-
ceptor signaling pathway. These groups are comprised 
of genes with very low logFC values, thus their expression 
is suppressed during differentiation (Fig. 3C).

The interaction network between genes with the high-
est impact on “endocrine process”, “regulation of steroid 
biosynthetic process” and “mitochondrial respiratory chain 
complex” is presented in Fig. 3D. The expression of all 
presented genes increased after differentiation, suggest-
ing that this process affects the physiological function 
of hiPSCs in a hormone-dependent manner.

Then, GO terms were assigned to the DEGs (Fig. 4). 
The GO analysis showed that the differentiation of hiPSCs 
significantly alters the expression of certain genes that 
play an essential role in the regulation of transcription, 
DNA-templated (GO: 0006351), regulation of vascular 
development (GO: 1901342), regulation of angiogenesis 
(GO: 0045765), epithelium development (GO: 0060429), 
cell death (GO: 0008219), and blood vessel development 
(GO: 0001568). Interestingly, at the differentiation mid-
point (day 35), we observed a  large decrease in the ex-
pression of genes involved in response to growth factor 
(GO: 0070848), regulation of cell communication (GO: 

0010646), circulatory system development (GO: 0072359), 
cell migration (GO: 0016477), and blood vessel develop-
ment (GO: 0001568). This suggests that circulatory-like 
features are developed in cells after 35 days of differentia-
tion. The comparison between day 70 and day 35 did not 
show crucial gene expression changes.

Due to the structure of the GO database, single genes can 
often be assigned to many ontological terms. For this reason, 
the relationship between genes and GO terms with visual-
ization of logFC values and gene symbols was demonstrated. 
To better show all dependencies, the results were compiled 
in a heatmap involving gene expression of all groups (day 70 
compared to hiPSCs, day 35 compared to hiPSCS and day 70 
compared to day 35) (Supplementary Fig. 3).

We also investigated the expression of genes involved 
in the 3 primary germ layers and stemness using qPCR 
GATA4 (FC = 1.98, p ≤ 0.05) as an endodermal marker, 
α-smooth muscle actin (α-SMA) (FC = 0.28, p ≤ 0.001) 
and Brachyury as mesodermal markers, Vimentin and 
paired box 6 (PAX6) (FC = 0.872, p > 0.05) as ectodermal 
markers, as well as CD133 (FC = 0.61, p ≤ 0.05), CD117 
(FC = 0.989, p > 0.05), CD44 (FC = 0.46, p ≤ 0.01), and SRY-
box transcription factor 2 (SOX2) (FC = 0.639, p > 0.05) 
as stem and/or cancer cell markers after 70-day differen-
tiation (Supplementary Fig. 4). To confirm or refute our 
hypothesis, we have also examined features characteristic 
of adrenocortical-like cells. After 70 days of differentia-
tion, the cells did not demonstrate expression of markers 
characteristic of adrenal cells such as steroidogenic acute 

Fig. 2. The general profile of whole gene expression in the differentiated ND41658*H/GPCCi001-A and undifferentiated (untreated ND41658*H/
GPCCi001-A) groups is shown in a volcano plot (A), with each dot on the graph corresponding to 1 transcript. Genes above the cutoff value are differentially 
expressed and shown as orange (downregulated genes) or blue (upregulated ones) dots. Seventy days after differentiation, 62 genes were significantly 
downregulated, and 100 genes were upregulated in the differentiated group compared to the human induced pluripotent stem cells (hiPSCs). Ten genes 
with the highest and 10 genes with the lowest fold change (FC) values are presented in tabular format displaying the gene symbol, gene name, FC, and 
adjusted p-value (B)
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Fig. 4. Differentially expressed genes from an investigated group (day 70 compared to human induced pluripotent stem cells (hiPSCs)) were then assigned 
to Gene Ontology (GO) terms. The GO analysis showed that differentiation alters the expression of genes that play an essential role in the regulation 
of signaling pathways, e.g., regulation of vascular development, regulation of angiogenesis, epithelium development, and blood vessel development. 
Halfway through differentiation (day 35), a high decrease in the expression of genes involved in, i.a., response to growth factor, regulation of cell 
communication, circulatory system development, cell migration, and blood vessel development was observed
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regulatory protein (STAR), cytochrome P450, family 11, 
subfamily A, polypeptide 2 (CYP11A2), or cytochrome 
P450 family 11 subfamily B member 2 (CYP11B2) (data 
not shown), and based on enzyme-linked immunosorbent 
assay (ELISA), they did not secrete the primary hormones 
involved in steroidogenesis (aldosterone and cortisol; data 
not shown). The most upregulated genes, CGA and IRS4, 
were subjected to further qPCR evaluation in both hiPSCs 
cell lines separately (Supplementary Fig. 5A,B). The dif-
ferentiated hiPS ND41658*H cells demonstrated elevated 
gene expression of CGA (FC = 573.6, p > 0.05) and IRS4 
(FC = 255.5, p ≤ 0.01). In turn, hiPS GPCCi001-A cells were 
characterized by increased gene expression levels of CGA 
(FC = 564, p ≤ 0.05) and IRS4 (FC = 220.2, p ≤ 0.05) after 
70 days of differentiation. Based on these data, we con-
firmed the expression of CGA and PPDPFL at the pro-
tein level using immunohistochemistry in  the  hiPSC 
GPCCi001-A cell line, revealing statistical significance 
in the case of both CGA and IRS4 gene expression levels 
(Supplementary Fig. 5C).

Discussion

Adrenocortical carcinoma research constitutes a large 
body of published data, although there is only limited 
information available on human cell lines. Therefore, 
there is still a strong need to establish a functional ACC 
cell line. The main aim of this study was to obtain cells 
with features characteristic of adrenal cells via long-term 
differentiation in vitro. To verify our hypothesis, 2 hiPSC 
cell lines were subjected to differentiation in the pres-
ence of GFs, forskolin and ACC-conditioned medium 
(Fig. 1). The gene expression profile of differentiated cells 
differs significantly from undifferentiated and partially 
differentiated hiPSCs (Supplementary Fig. 1,2). Our find-
ings demonstrated that instead of adrenocortical-like 
cells, we obtained cells with some endodermal features. 
Below, we discuss our results in the context of the dif-
ferentiation of  stem cells (SCs) into endodermal pre-
cursors and adrenocortical-like cells (originating from 
mesoderm).

Yazawa et  al. revealed that mesenchymal stem cells 
(MSCs) can be differentiated into steroidogenic cells by ex-
pressing nuclear receptor 5A subfamily proteins (SF-1 and 
liver receptor homolog-1 (LRH-1)) in the presence of cyclic 
adenosine monophosphate (cAMP).32 Notably, the authors 
highlighted that there is a strong need to establish efficient 
protocols for inducing SF-1 and LRH-1 expression in SCs 
without gene transfer.32

Another interesting approach was demonstrated by Li 
et al., who differentiated hiPSCs into adrenal cells with 
high efficiency toward androgen-producing Leydig cells.33 
They used 2 systems, namely MesenCult™-ACF Attach-
ment Substrate-coated plates for generating adrenal cells 

and plates coated with Collagen I rat protein solution for 
obtaining Leydig cells. These 2 systems involve deriving 
mesenchymal progenitors and overexpression of  SF-1 
in the presence of dibutyryl-cAMP, desert hedgehog and 
human chorionic gonadotropin.33

Sonoyama et al. differentiated human embryonic stem 
cells (hESCs) and hiPSCs into steroid-producing cells in-
volving the multistep method.12 First, SCs were differenti-
ated into the mesodermal lineage cells with the aid of BIO, 
a glycogen synthase kinase-3 beta inhibitor. Then, the me-
sodermal cells were transfected with plasmid DNA which 
encodes SF-1. The transfectants were further differenti-
ated under the addition of 8-bromoadenosine 3’,5’-cyclic 
monophosphate.12

The  aforementioned studies show that the  majority 
of protocols are based on forced overexpression of SF-1 
in SCs. Our aim was to obtain adrenocortical-like cells 
without using genetic engineering tools. We  focused 
on the  influence of ACC-conditioned medium and ex-
ogenous addition of adrenal-related factors to the hiPSC-
derived EBs. As a result, the cells acquired spindle-like 
morphology after long-term differentiation (Fig. 1) and 
were characterized by an altered gene expression profile 
(Fig. 2). They did not demonstrate the expression of genes 
involved in steroidogenesis (Supplementary Fig. 3) and did 
not secrete hormones after stimulation. Based on that, 
we can assume that our cells do not possess the features 
of adrenocortical cells.

The endodermal cells are challenging to grow in vitro, 
while the acquisition of primary tissues is often problem-
atic and ethically questionable, especially from healthy 
donors. Consequently, basic research, disease model-
ing and regenerative medicine applications are limited 
by the lack of high-quality endodermal cells. Thus, the pro-
duction of endodermal derivatives has been a major focus 
in the field of human pluripotent stem cells (hPSCs) for 
over 20 years.15

Organs derived from definitive endoderm, like the pan-
creas, are of great interest. Thus, D’Amour et al. described 
the production of enriched cultures of definitive endoderm 
derived from hESCs in the presence of activin A and low 
serum.34 The transplantation of these cells under the kid-
ney capsule resulted in their further differentiation into 
more mature cells with characteristics of endodermal 
organs.34

Moreover, Bogacheva et al. demonstrated the influence 
of biomaterial properties on the endodermal differentia-
tion process and the  importance of spheroid size con-
trol for successful hiPSC differentiation.35 The spheroid 
size determines the availability of growth factors as well 
as the supply of nutrients and oxygen to all cells. Suspen-
sion culture ensures sufficient mass transfer and thus pro-
vides more effective definitive endoderm differentiation 
in the presence of B-27 and activin A than nanofibrillar 
cellulose hydrogel-based culture.35
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Kopper and Benvenisty differentiated hESC-derived EBs 
into endodermal progenitors in the presence of activin A 
and fibroblast growth factor-2 (FGF2).36 According them, 
once endoderm progenitor cells are isolated from other 
cell types and create their niche, they differentiate into 
hepatic, bile and colon tissues.36

Fang and Li described a simplified but highly efficient 
procedure to induce hESC-based endoderm differentiation 
with crotonate, a precursor of crotonyl-CoA for histone 
crotonylation deposition on endodermal genes.37 In this 
method, the addition of crotonate in different endodermal 
differentiation media significantly improved the differen-
tiation efficiency and substantially diminished the number 
of required reagents.37

A protocol based on the addition of all-trans-retinoic 
acid, basic FGF and dibutyryl-cAMP may result in obtain-
ing definitive endoderm from murine ESCs in the absence 
of EB formation. Those cells may serve as pancreatic pre-
cursors and display an increased SOX17 and FOXA2 ex-
pression, consistent with definitive endoderm production.38

To understand the distinctions between endodermal de-
rivatives and other lineage-specific progenitors, the tran-
scriptomes of 2-day mouse embryonic stem cells (mESCs) 
differentiated with bone morphogenetic protein 4 (BMP4), 
activin A and CHIR99021 were examined with scRNA-seq. 
The analysis revealed an endodermal-specific signature that 
is enriched for NODAL and Wingless-INT (WNT) signaling 
pathways, as well as metabolism-related gene expression.39

Based on those studies, we believe that our results are 
of high scientific quality. Since differentiation toward me-
sodermal lineage was not our primary aim, we did not use 
activin A and FGF, which seems to be crucial in endo-
dermal differentiation. On the contrary, the use of ACC-
conditioned medium, forskolin, ascorbic acid, dexametha-
sone, EGF, and IGF-1 resulted in extremely high expression 
of genes characteristic for pancreatic-like cells, namely 
CGA, IRS4 and PPDPFL (Fig. 2 and Supplementary Fig. 3). 
Moreover, we have demonstrated the presence of those 
markers at the protein level (Supplementary Fig. 5). Nota-
bly, our results indicate that signaling pathways connected 
with the circulatory system originating from mesoderm are 
activated in the obtained cells (Fig. 3,4). However, the qPCR 
analysis did not confirm higher expression of mesodermal 
markers α-SMA and Brachyury (Supplementary Fig. 4), and 
thus in this study, we focus on endodermal-like properties, 
which are more challenging to induce.

Limitations

We are aware that the results presented in this study 
are contrary to  the assumed hypothesis. Nevertheless, 
we demonstrated comprehensive research, which provides 
new knowledge in the fields of cell biology and regenerative 
medicine. Apart from that, the in vitro research should be 
confirmed through in vivo experiments.

Conclusions

Herein, we presented an interesting outcome of long-
term hiPSC differentiation in the presence of a condi-
tioned medium collected from human ACCs, forskolin 
and other GFs. The gene expression profile revealed that 
obtained cells had features of all primary germ layers. 
We  revealed that the  gene expression profile of  cells 
following 70-day differentiation differs from those 
differentiated for 35 days, as well as from undifferenti-
ated hiPSCs. Moreover, we observed the elevated expres-
sion of endodermal markers like GATA Binding Protein 4 
(GATA4). In the near future, they may have the potential 
to serve as endoderm precursors, such as pancreatic-like 
cells. Because the differentiation of SCs into endodermal 
derivatives is a challenging task, we believe that the work 
presented in our study will contribute to the improvement 
in generating specialized hiPSC-derived cells. Those cells 
could constitute a promising approach to tissue engineer-
ing in the future.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.7933236. The package contains 
the following files:

Supplementary Fig. 1. PCA (A) indicates clear segrega-
tion of cells before and after differentiation. Cells after 
35-day and 70-day differentiation create groups very dis-
tinct from hiPSCs. It is also noticeable that cells at both 
differentiation time points share 30.7% of upregulated and 
27.5% of downregulated genes (B).

Supplementary Fig. 2. 35  days after differentiation, 
198 genes were significantly downregulated and 99 were 
upregulated in the treated group compared to the hiPSCs 
(A). The 2nd  stage of differentiation (day 70 compared 
to day 35) resulted in barely noticeable gene expression 
changes: 0 genes were downregulated and 8 genes were 
upregulated (B).

Supplementary Fig. 3. The connection between genes 
and GO terms with visualization of logFC values and gene 
symbols was demonstrated. To better show all dependen-
cies, those results were compiled in a heatmap involving 
gene expression of all compared groups (day 70 compared 
to hiPSCs, day 35 compared to hiPSCS and day 70 com-
pared to day 35).

Supplementary Fig. 4. GATA4 (FC  =  1.98, p  ≤  0.05) 
as an endodermal marker (i), α-SMA (FC = 0.28, p ≤ 0.001) 
and Brachyury as mesodermal markers (ii), vimentin and 
PAX6 (FC = 0.872, p > 0,05) as ectodermal markers (iii), 
as well as CD133 (FC = 0.61, p ≤ 0.05), CD117 (FC = 0.989, 
p > 0.05), CD44 (FC = 0.46, p ≤ 0.01), SOX2 (FC = 0.639, 
p > 0.05) as stem and/or cancer cell markers (iv) after 70-
day differentiation. The median, interquartile range (IQR) 
and mean (as diamond) are marked on the plots.

https://doi.org/10.5281/zenodo.7933236
https://doi.org/10.5281/zenodo.7933236
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Supplementary Fig. 5. The most upregulated genes, CGA 
and IRS4, were subjected to  further qPCR evaluation 
in both hiPSC cell lines separately (A,B). The differenti-
ated hiPS ND41658*H cells demonstrated elevated gene 
expression as follows: CGA (FC = 573.6, p > 0.05) and IRS4 
(FC = 255.5, p ≤ 0.01). The hiPS GPCCi001-A cells after 
70-day differentiation were characterized by increased 
gene expression levels in  the  following manner: CGA 
(FC = 564, p ≤ 0.05) and IRS4 (FC = 220.2, p ≤ 0.05). Based 
on that, we confirmed the expression of CGA and PPDPFL 
at the protein level by immunohistochemistry in the hiPSC 
GPCCi001-A cell line (C). The median, interquartile range 
(IQR) and mean (as diamond) are marked on the plots.
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