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Abstract

Cytochrome P450 oxidoreductase (POR) is the obligate electron donor for microsomal cytochrome
P450 enzymes. Recessive mutations in the POR gene cause POR deficiency (PORD), a severe
metabolic disorder characterized by skeletal malformations, ambiguous genitalia, and adrenal
insufficiency. Because global POR knockout is embryonically lethal in mammalian models, the
mechanistic study of PORD has historically been restricted to reconstituted biochemical assays or
non-steroidogenic cellular backgrounds. Here, we describe complete biallelic POR knockout in
human adrenal-derived NCI-H295R and human embryonic kidney HEK293T cells using
CRISPR/Cas9. Transcriptomic and mass spectrometric steroid profiling of the adrenal clones revealed
a blockade in canonical steroidogenesis, characterized by upstream accumulation of pregnenolone
and progesterone, and severe depletion of downstream glucocorticoids and mineralocorticoids.
Strikingly, knockout cells maintained low-level synthesis of dehydroepiandrosterone (DHEA)
despite the complete absence of canonical CYP17A1 catalytic support, providing critical in vitro
validation for the activation of alternative, CYP17A1l-independent bypass steroidogenic pathways.
Furthermore, utilizing the HEK293T platform, we evaluated the functional complementation of
clinically relevant variants (A287P, R457H, P228L, and delP399_E401]. Notably, the highly prevalent
P228L variant exhibited selective preservation of CYP17Al activity while severely impairing
CYP19A1 aromatase function. A direct comparison between episomal overexpression and
endogenous CRISPR prime editing of P228L highlighted critical differences in enzyme efficiency
under native regulatory control. Finally, we establish a link between POR loss and altered
intracellular Fe(Il) storage, indicating perturbed ferroptotic susceptibility. These engineered human
cell models provide a highly tractable platform for interrogating mutant-specific pharmacogenomics
and developing targeted interventions.

Keywords: adrenal insufficiency; CAH; congenital adrenal hyperplasia; POR deficiency; POR;
CRISPR/Cas9

Introduction

Cytochrome P450 oxidoreductase (POR) is a key enzyme involved in several metabolic
processes, including steroid hormone synthesis and drug metabolism [1,2]. POR is located in the
endoplasmic reticulum, where it transfers electrons from nicotinamide adenine dinucleotide
phosphate (NADPH) to cytochrome P450 enzymes and other redox partners [3,4]. These electron
transfers are required for the catalytic activity of microsomal cytochrome P450 enzymes, which
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participate in the biosynthesis of cholesterol, bile acids, steroid hormones, metabolism of the drugs,
xenobiotics, eicosanoids, as well as in heme degradation. In steroidogenesis, POR provides electrons
to enzymes such as CYP17A1, CYP21A2, and CYP19A1, which are responsible for the synthesis of
glucocorticoids, mineralocorticoids, androgens, and estrogens [5].

Mutations in the POR gene cause cytochrome P450 oxidoreductase deficiency (PORD), a rare
autosomal recessive form of congenital adrenal hyperplasia (OMIM 613571) [6-14]. PORD patients
exhibit a broad phenotypic spectrum ranging from isolated reproductive dysfunction to severe
multisystem disease with skeletal malformations characteristic of Antley-Bixler syndrome [13,15-
18]. Disorders of sex development are frequent in PORD specifically in females [11-13,17,19]. The
46,XY individuals could present with undervirilization due to compromised CYP17A1 17,20-lyase
activity, manifesting as micropenis, hypospadias, and cryptorchidism [17,18,20,21], whereas 46,XX
individuals may show prenatal virilization with clitoromegaly and labial fusion [12,13,16,22,23],
likely driven by impaired placental aromatase [24] activity and/or activation of an alternative
“backdoor” androgen pathway during fetal life [25]. In adolescence or adulthood, affected females
frequently develop primary amenorrhea, infertility, and enlarged multicystic ovaries, a presentation
that may be misdiagnosed as polycystic ovary syndrome [7,15,19,26-28]. Skeletal involvement is
variable [1] and may contribute to delayed motor development [16,20,21,23,29] due to radiohumeral
or radioulnar synostosis, arachnodactyly, and joint contractures, particularly in individuals who are
compound heterozygous for A287P or R457H with a second severe or null allele [11,13,15].
Craniofacial abnormalities may include craniosynostosis with brachycephaly and frontal bossing, as
well as midface hypoplasia with proptosis [1,9,11,12,15,30,31]. In rare cases, patients may also present
with choanal atresia [17,18,29], articulation difficulties leading to delayed speech development
[16,21,23,29,30], and conductive hearing loss[16,17,30] due to stenosis of the external auditory canal
and abnormalities of the middle or inner ear. Despite these structural abnormalities, cognitive
function is generally preserved. From an endocrine perspective, most patients display compensated
adrenal insufficiency, with relatively preserved basal cortisol levels but a blunted response to ACTH
stimulation, alongside elevated progesterone and 17-hydroxyprogesterone concentrations that can
mimic classic 21-hydroxylase deficiency [10,13,15]. Maternal virilization could occur during
pregnancy with an affected fetus and resolve after delivery, reflecting defective androgen
aromatization within the fetoplacental unit [10,13,22] and excess androgens production from
accumulated precursors via alternative (backdoor) androgen pathway|[32].

Since the first description of PORD, numerous POR variants have been identified in both affected
individuals and the general population [4,33-35]. Large genomic studies have revealed hundreds of
single-nucleotide variants, many of which are found in individuals without an evident clinical
phenotype, particularly in the heterozygous state [36,37]. The resulting phenotypic variability reflects
the central role of POR as an electron donor to multiple metabolic enzymes, which may be affected
to different extents by individual mutations [10].
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Figure 1. Electron transfer from POR to CYP450. Schematic overview of electron transfer from P450 oxidoreductase
(POR) to cytochrome P450 (CYP450] at the endoplasmic reticulum (ER) membrane. POR shifts between open and compact
conformations to transfer electrons from mnicotinamide adenine dinucleotide phosphate (NADPH) via flavin adenine
dinucleotide (FAD) and flavin mononucleotide (FMN) to CYP450. The reduced FMN domain interacts with CYP450
through specific electrostatic and hydrophobic contacts, enabling sequential electron delivery to the heme iron and

supporting substrate oxidation. The right panel shows the simplified CYP450 catalytic cycle.

The mutations outcomes highly rely on their structural context within POR protein. The
preserved binding of FAD and FMN cofactors as well as NADPH and enzyme flexibility are essential
for electron transfer to the metabolic partners [6]. POR transfers electrons to microsomal cytochrome
P450 (CYP450] enzymes through a tightly coordinated process [38] (Figure 1). Following NADPH
binding, a hydride ion is transferred to FAD, after which electrons are shuttled sequentially, one at a
time, from FAD to FMN [39]. This intramolecular electron transfer depends on conformational
transitions between compact and open states of POR [40]. In the closed conformation, POR promotes
electron transfer from FAD to FMN, whereas the open conformation enables the FMN domain to
interact with cytochrome P450 and deliver the electron to the CYP450 heme iron (Fe) [40]. The resting
ferric state (Fe®) binds substrate and receives the first electron, then binding molecular oxygen [41].
After delivery of the second electron and protonation steps, the ferric-peroxo and hydroperoxo
intermediates are formed [42], followed by O-O bond cleavage to generate the highly reactive ferryl
- oxo intermediate (Compound I) [42]. Compound I abstracts a hydrogen atom from the substrate
and, after oxygen rebound, yields the product, returning the enzyme to the resting ferric state [42].
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Figure 2. Structural localization of POR variants analyzed in this study. Overview of the human POR protein
showing the positions of the studied variants A287P, P228L, R457H, and delP399_E401 within the full-length protein and
its three-dimensional structure. The four variants are highlighted in red on the structural model. Enlarged panels show the
local structural environment of each variant: A287 in the FAD/NADPH-binding region, R457 in the FAD-binding region
near the FAD cofactor, delP399_E401 in the linker region, and P228 in the hinge region. Dashed blue lines indicate local
residue interactions that may be altered by each variant. The schematic at the bottom provides a simplified overview of the
POR domain organization and the relative positions of the variants along the protein sequence. Structural visualization
was prepared using UCSF ChimeraX-1.11.

In the present study, we examined four well-characterized POR variants: A287P, R457H, and
delP399_E401, which are associated with impaired steroidogenesis, and P228L, which has been
linked to reduced drug metabolism. These POR variants represent different levels of functional and
clinical impact. A287P (prevalent in Europeans - 40% patients) [17] and R457H (frequent in East Asian
patients — 65%) [15] are established disease-causing variants associated with PORD. In contrast,
P228L shows relatively preserved enzyme activity, and was originally classified as a polymorphism
[17] which is the most frequent in Europeans and Admixed Americans [43]. The Turkish variant
delP399_E401 is rare, with very limited clinical documentation, so its phenotype spectrum is less well
defined, although existing reports indicate marked variability in presentation [44].

Multiple studies combining bioinformatics [45-47], crystal structures [6,48], and functional
analyses have been conducted to define the molecular defects caused by POR variants. The structural
localization of POR variants is shown in the Figure 2. Both p.A287P and p.R457H are located in the
FAD-binding region of POR (Figure 2), however, their structural consequences are different. A287P
is not part of the direct cofactor-binding site, suggesting that its effect is mediated mainly through
local structural disturbance and altered conformational dynamics [48], whereas R457H affects a
residue that directly interacts with FAD and therefore primarily disrupts cofactor binding [6,49].
Consistent with these structural differences, functional studies have shown that A287P markedly
reduces the ability of POR to support several steroidogenic and drug-metabolizing cytochrome P450
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enzymes [4], although the degree of impairment varies between partners, indicating a broad but
selective defect in POR-dependent electron transfer [4,10,24]. In contrast, R457H causes a much more
severe loss of function [24,49], strongly impairing the activities of multiple steroidogenic enzymes,
including CYP17A1 and CYP19A1 [10], as well as several drug-metabolizing CYPs [50], which is
consistent with a more global defect in electron transfer rather than a partner-specific effect.

The POR del.P399_E401 variant is a rare in-frame deletion that affects residues 399 to 401 within
the FMN domain (Figure 2) and is predicted to disturb the local helical structure and its stabilizing
contacts with nearby loop regions [44]. Functional studies are showing partial but marked reduction
in the ability of POR to support CYP21A2, CYP17A1, and CYP19A1 [44]. Reported patients carrying
this variant have shown substantial clinical variability, ranging from severe genital virilization with
mild skeletal findings to milder genital ambiguity with more pronounced skeletal involvement [7,44].

The P228 residue is highly conserved across species [43] and located between FMN binding
domain and the flexible hinge region of POR (Figure 2). Subsequent studies demonstrated reduced
protein stability, flavin binding, and conformational flexibility [43]. Impaired electron transfer leads
to partial reductions in the activities of drug-metabolizing CYPs [43,50] and several steroidogenic
enzymes contributing to reduced androgen synthesis [43].

Several studies reported the effect of POR knockout in hepatic cell lines. In the present study we
focused on studying of POR knockout effect on steroidogenesis in NCI-H295R adrenal-derived cell
lines. Additionally, POR knockout in HEK293T cells allow us to generate cell-based models to explore
activities of POR mutants A287P, R457H, del_P399 E401, and P228L in a natural cell environment.

The present study provides new cellular models for the investigation of POR deficiency and its
impact on steroidogenic function. The lack of suitable in vivo models, largely due to the embryonic
lethality of complete POR knockout [51], has limited mechanistic studies of POR loss outside tissue-
specific systems [52]. While previous studies have largely focused on the effects of POR loss in hepatic
models [53,54], its role in adrenal steroidogenesis has remained insufficiently characterized. By
generating POR knockout NCI-H295R cells, we provide an adrenal-derived model for studying the
impact of POR deficiency on steroid hormone biosynthesis. In parallel, the POR knockout HEK293T
platform enables functional analysis of clinically relevant POR variants, including A287P, R457H,
del_P399_E401, and P228L, in a native cellular environment. Importantly, RNA expression profiling
of POR knockout cells served as an additional layer of molecular characterization, confirming the
expression of genes required for steroidogenic and associated metabolic processes. While these data
do not support firm conclusions regarding transcriptional changes, they provide preliminary clues
suggesting that pathways related to redox regulation, lipid metabolism, and possibly ferroptosis may
be relevant for further investigation. Collectively, these models expand the available experimental
toolkit for studying POR dysfunction and provide a foundation for future work aimed at clarifying
the molecular basis of POR-related disease.

Materials and Methods

Cell lines and culture conditions

HEK293T, NCI-H295R and their POR knockout derivate cell lines were cultured at 37 °C in a
humidified incubator with 5% CO, under sterile conditions. Media were refreshed every 2-3 days,
and cells were routinely examined for morphology and contamination. Cells were maintained in
exponential growth phase and were passaged at 70-80% confluence following PBS wash and
enzymatic detachment with trypsin-EDTA. After detachment, cells were resuspended in complete
medium and seeded for further experiments. HEK293T, HEK293T POR KO, and HEK293T POR
p.P228L cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin—
streptomycin (Gibco™, 11965092, A5670901, 15070063). NCI-H295R, POR knockout clones T1-4 and
T1-6 cell lines were maintained in DMEM/F12 supplemented (Gibco™, 11320033] with 2.5% Nu-
Serum, 0.1% ITS (Corning®, 355500, 354350], and 1% penicillin—-streptomycin. For all assays, cells
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were plated 24 h prior to experiment to ensure proper attachment and recovery. Only cultures with
normal morphology and high viability were used for analysis.

Plasmid construction for site-directed mutagenesis

Mutant POR expression constructs were generated using the mammalian expression vector
pcDNAS3.1(+)_POR_WT, encoding human wild-type NADPH-cytochrome P450 oxidoreductase
(POR; NM_001395413), as the template. Site-directed mutagenesis was performed to introduce the
following POR variants: p.A287P, p.P228L, p.delP399_E401, and p.R457H. Mutagenesis PCR
reactions were carried out using Pfu DNA Polymerase (Promega, M7741) with 1 pg of plasmid DNA
according to the manufacturer’s instructions. Thermal cycling conditions consisted of an initial
denaturation at 95 °C for 5 min, followed by 20 cycles of 95 °C for 1 min, 55 °C for 30 s, and 72 °C for
8 min, with a final extension at 72 °C for 10 min. Following amplification, parental template DNA
was removed by digestion with 10 U Dpnl (Thermo Scientific, ER1701) for 1 h at 37 °C. The resulting
reaction mixture was used to transform DH5a chemically competent Escherichia coli using standard
heat-shock transformation procedures. Plasmid DNA was isolated from bacterial cultures, and the
presence of the intended mutations was confirmed by Sanger sequencing. HEK293T cells were
transfected with the constructed plasmids using Lipofectamine™ 2000 (Invitrogen, 11668019)
according to the manufacturer’s protocol. Cells were seeded one day prior to transfection at a density
of 2.5 x 10° cells per well in 12-well plates. For each transfection, 1 ug plasmid DNA was mixed with
1.5 pL Lipofectamine™ 2000 in 100 uL Opti-MEM medium (Gibco, 31985070) and added to the cells.
After 48 h of incubation at 37 °C in 5% CO,, transfected cells were seeded for the following assays.

Plasmid construction for CRISPR/Cas9 mediated gene knockout

For POR knockout in HEK293T cells, three guide RNAs (gRNAs) targeting the POR gene were
designed using the CRISPOR[55], Benchling, and CHOPCHOP[56] online tools. The gRNA sequences
were cloned into the Bbsl restriction sites of the eSpCas9-2A-GFP plasmid (PX458, GenScript) as was
described [57,58]. Briefly, oligonucleotides encoding gRNAs were designed with appropriate BbsI-
compatible overhangs for cloning into the eSpCas9-2A-GFP plasmid PX458. For each gRNA,
complementary forward and reverse oligonucleotides were synthesized, phosphorylated, annealed,
and ligated into the Bbsl-digested vector backbone. First, oligonucleotides were resuspended in
nuclease-free water to a concentration of 100 uM. For oligonucleotide phosphorylation and
annealing, 1 uL of each oligonucleotide was mixed with H20, T4 DNA ligase buffer and T4
polynucleotide kinase in a 10 pL reaction. The mixture was incubated at 37 °C for 60 min, followed
by 95 °C for 5 min, and gradually cooled to 25 °C to allow annealing. Next, the annealed
oligonucleotides were cloned into the PX458 plasmid using a restriction-ligation reaction containing
Bbsl (Thermo Scientificc, ER1012), T4 DNA ligase and T4 DNA ligase buffer (Thermo
Scientific,15224041) in a 10 uL reaction volume. The reaction was subjected to 35 cycles of digestion
and ligation (37 °C for 5 min, followed by 20 °C for 5 min). The reaction mixture was used for DH5a
competent cells transformation. The resulting plasmids were purified using the GenElute™ HP
Plasmid Maxiprep Kit (Sigma-Aldrich, NA0310-1KT). Correct insertion of the gRNA sequences was
verified by Sanger sequencing (Microsynth). HEK293T cells were transfected with the constructed
plasmids using Lipofectamine™ 2000 (Invitrogen, 11668019) according to the manufacturer’s
protocol. For each transfection, 1 ug plasmid DNA was mixed with 1.5 pL Lipofectamine™ 2000 in
100 uL Opti-MEM medium (Gibco, 31985070) and added to the cells. After 24 h of incubation at 37
°C in 5% CO,, transfected cells were evaluated for eGFP expression and sorted based on fluorescence
using a MoFlo ASTRIOS BSL-2 cell sorter (Beckman Coulter). Single eGFP-positive cells were
deposited into 96-well plates containing preconditioned culture medium and incubated at 37 °C and
5% CO,. Colony formation was monitored, and single-cell clones were expanded. After 20 days,
surviving clones were subjected to genotyping, Western blot analysis, and functional POR assays.

Editing efficiency of the designed gRNAs was evaluated by TIDE analysis [59], and the most
efficient gRNA (25_ex4POR_KO_for_eCAS9_Bbsl) was selected for further experiments. This gRNA,
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targeting exon 4 of the POR gene, was used to generate POR knockout HEK293T cells. POR knockout
NCI-H295R cell lines (T1-4 and T1-6) were purchased from GenScript and used for subsequent
experiments. During their manufacture, the gRNA - Cas9 ribonucleoprotein (RNP) complex
targeting the POR gene was electroporated into NCI-H295R cells. Following electroporation, single-
cell sorting was performed, and clonal cell populations were expanded.

CRISPR/Cas9 Prime Editing system construction

The following vectors were the kind gifts of Prof. Schwank and Dr. Talas (UZH): pCMV-PEmax-
tagRFP-BleoR, pEFla-hMLH1dn and pU6-tevopreql-GG-acceptor; the nickase vector pSpCas9n BB-
2A-GFP  (PX461) was purchased from GenScript. Prime editing guide RNA
(pegRNA_P228L,_PBS+RTT_xPAM), including primer binding site (PBS) of 13 bp and reverse
transcription template (RTT) of 19 bp [60], was designed using PRIDICT2.0 [61] . It targets exon 7 in
POR gene and introduces the biallelic POR mutation p.P228L  (GRCh38:
NC_000007.14:g.75981558C>T; NP_000932.3). In addition, a PAM-disrupting silent mutation [62]
(GRCh38: NC_000007.14:g.75981562C>G; POR p.A229A) was incorporated to prevent re-editing. A
nicking sgRNA (P228L_PE3_nick_S_Bbsl) targeting the non-edited strand 65 bp downstream of the
prime editing site was designed for the PE3 strategy [63].

The nicking sgRNA was cloned into the pSpCasn(BB)-2A-GFP (PX461) vector, generating the
PE_nick construct, as described above [57]. The pegRNA was cloned into the pU6-tevopreql-GG-
acceptor vector using a standard Bbsl restriction-ligation cloning strategy. For prime editing,
HEK293T cells were seeded at 6.5 x 10° cells per well in 6-well plates in 2 mL growth medium. The
following day, cells were transfected using jetOPTIMUS® reagent according to the manufacturer’s
instructions. The transfection mixture contained 700 ng pCMV-PEmax-tagRFP-BleoR, 300 ng
pegRNA plasmid, 500 ng pEFla-hMLH1dn, and 500 ng PE_nick plasmid, combined with 2.5 pL
jetOPTIMUS® reagent in 200 uL jetOPTIMUS buffer. Twenty-four hours post-transfection, the
culture medium was replaced with fresh medium containing 100 pg/mL Zeocin (Thermo Scientific,
J67140.XF) for selection. Selection was maintained for 10 days until non-resistant HEK293T control
cells were eliminated. Surviving cells were subsequently single-cell subcloned, and monoclonal cell
lines were established. The presence of biallelic POR p.P228L and POR p.A229A mutations was
confirmed by Sanger sequencing.

Genotyping

To confirm CRISPR/Cas9-mediated editing of the POR gene, genomic DNA was extracted from
individual clones, and the targeted region was amplified by PCR. Primers flanking exon 4 of the POR
gene (POR_ex4_F and POR_ex4_R) were used to amplify the edited locus. PCR products were
purified to remove residual primers and nucleotides and subjected to Sanger sequencing
(Microsynth). Sequencing chromatograms were analyzed and aligned to the reference POR sequence
to identify insertions, deletions, or nucleotide substitutions at the target site using SnapGene software
(version 7.2.0).

Whole transcriptome sequencing

Total RNA was isolated from HEK293T, HEK293T _POR_KO, NCI-H295R, and POR knockout
NCI-H295R derivatives (T1-4 and T1-6) using TRIzol™ Reagent (Invitrogen, 15596026) according to
the manufacturer’s instructions. RNA quality and integrity were assessed by agarose gel
electrophoresis, NanoDrop spectrophotometry, and PCR (for DNAse control). RNA sequencing was
performed by Novogene Co. (UK) using the Illumina platform. mRNA was isolated from total RNA
using poly-T oligo-attached magnetic beads, fragmented, and reverse transcribed to generate cONA
libraries, which were prepared by end repair, A-tailing, adapter ligation, size selection, and PCR
amplification. Library quality was assessed using Qubit, qPCR, and Bioanalyzer prior to sequencing.
Raw reads were filtered to remove adapters, low-quality reads, and reads containing ambiguous
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bases. Clean reads were aligned to the human reference genome (hg38) using HISAT2, and gene
expression was quantified with featureCounts and normalized as FPKM.

Lentiviral transduction

Lentiviral particles carrying CYP17A1, CYP19Al, and CYP21A2 coding sequences were
obtained from GenScript with a reported titer of 1 x 108 IFU/mL. Prior to infection, HEK293T and
HEK293T_POR_KO cells were seeded in 24-well plates as 1 x 105 cells per well in 500 uL growth
medium. On the following day, the medium was replaced with 300 uL fresh growth medium
supplemented with polybrene (8 pg/mL). Cells were incubated for 30 min at 37 °C in 5% CO,, after
which 25 pL of lentiviral stock was added to each well (corresponding to an approximate MOI of 5).
Twenty-four hours post-transduction, the medium was replaced with 500 uL fresh growth medium
containing puromycin dihydrochloride (2.5 pg/mL; Gibco, A1113803). Puromycin selection was
maintained until all cells in the non-transduced control wells were eliminated, with selection medium
replaced daily. Following selection, puromycin was removed and surviving cells were expanded for
further experiments. All lentiviral procedures were conducted under biosafety level 2 (BSL-2)
conditions recommended for 3rd generation lentiviral systems.

CYP17A1, CYP19A1, CYP21A2 Enzyme Activity Assays

Enzyme activity was assessed as described previously [64-66]. HEK293T and HEK293T POR
knockout cells carrying lentivirus-derived CYP17A1 or CYP21A2 or CYP19A1 were seeded in 12-well
plates [0.5 x 10¢ cells/well) and were allowed to attach overnight under standard culture conditions.

For CYP21A2[65] and CYP17A1[66] hydroxylase activity assays, cells were incubated with
10,000 cpm [“C]-progesterone and 1 uM unlabeled progesterone per well for 1 h. Radiolabeled
steroids were extracted from the medium, as previously described [66], using a 1:1 mixture of ethyl
acetate and isooctane (Carl ROTH) and separated by thin-layer chromatography (TLC) on silica-gel
plates (Supelco®, 1009330001). TLC plates were exposed to a phosphor screen and visualized using
a Typhoon™ FLA-7000 Phosphorlmager. Radioactive signals were quantified with ImageQuant™
TL software (Cytiva), and enzyme activity was calculated as the percentage of product radioactivity
relative to total radioactivity in the sample.

For CYP17A1 17,20-lyase and CYP19A1 aromatase activity assays, cells were incubated with
50,000 cpm radiolabeled substrate and 1 uM unlabeled steroid per well for 4 h. [*H]-17a-
hydroxypregnenolone was used to assess CYP17A1 17,20-lyase activity, and the formation of 3H-
labeled acetic acid was quantified[66]. [*H]-13-androstenedione was used as substrate for the
aromatase (CYP19A1] tritiated water release assay [64].

Following incubation, culture media were collected and mixed with charcoal-dextran
suspension (final compositions are 5% charcoal, 0.5% dextran, v/w/w), incubated for 5 min at room
temperature, and centrifuged (5,000 x g, 5 min). The supernatant (0.5 mL) was transferred to
scintillation vials containing scintillation fluid (Carl ROTH, 1P1C.1), and radioactivity was measured
using a MicroBeta2 plate counter (PerkinElmer).

Western Blotting

To assess protein expression, cell pellets were incubated at 4 °C in lysis buffer (1 mM EDTA, 20
mM Tris, 150 mM NaCl, 1% (v/v) Triton X-100) [67] supplemented with protease inhibitor cocktail
(Thermo Scientific, A32963) for 1 hour and centrifuged at 12,000 x g for 20 min and 4 °C [65]. Protein
concentrations were determined using the Bio-Rad DC Protein Assay (5000112) according to the
manufacturer’s instructions. For the gel loading, equal amounts of protein [25 ug) were mixed with
Laemmli buffer (50 mM Tris HCI, pH 6.8, 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue,
10% glycerol), denatured at 95 °C for 5 min, and separated by SDS-PAGE (GenScript M00659; BIO-
RAD, 1658004) in Tris-MOPS-SDS running buffer (GenScript, M00138).
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Proteins were transferred onto PVDF membranes (Millipore, IPFL85R) using transfer buffer
containing 25 mM Tris, 192 mM glycine, and 20% methanol (pH 8.3). Membranes were blocked with
5% (w/v) non-fat dry milk in TBST [20 mM Tris, 150 mM NaCl, 0.1% (v/v) Tween-20, pH 7.5) and
incubated overnight at 4 °C with primary antibodies against POR (rabbit polyclonal), CYP21A2
(mouse), CYP17A1 (chicken polyclonal), or CYP19A1 (chicken polyclonal) (GenScript). After washing
with TBST, membranes were incubated for 1 h at room temperature with secondary antibody
(IRDye®, LI-COR Biosciences, 926-68073, 926-32218, 926-68072) diluted as 1:10,000 in 5% milk/TBST.
Protein bands were detected using a Fusion FX imaging system (Vilber) at 680 nm or 780 nm, and
band intensities were quantified to compare protein expression levels between wild-type and
knockout cells.

Steroid Profiling

Steroid concentrations were measured using liquid chromatography-high-resolution mass
spectrometry (LC-HRMS) as previously described [68]. NCI-H295R cells and POR knockout clones
(T1-4 and T1-6) were seeded in 12-well plates at a density of 0.5 x 10¢ cells per well in 1 mL growth
medium. For the 96 h condition, cells were cultured for 48 h, after which 1 uM pregnenolone (Sigma-
Aldrich) was added directly to the culture medium without medium replacement, and cells were
incubated for an additional 48 h. For the 48 h condition, cells were seeded and cultured for 48 h,
followed by replacement of the culture medium with fresh medium containing 1 uM pregnenolone,
and incubated for an additional 48 h. Media samples (500 uL) were collected, and steroids were
extracted, separated, and quantified according to the protocol described in reference.

Statistical analysis

Statistical analyses were performed using RStudio (RStudio, PBC). Data are presented as mean
+ standard deviation (SD) unless otherwise indicated. Comparisons between two groups were
performed using an unpaired two-tailed Student’s t-test. For experiments involving multiple groups,
statistical significance was evaluated using one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc multiple comparison test. Differences were considered statistically significant at p
<0.05.

Results

We have obtained POR knockout cell models derived from HEK293T and NCI-H295R cells using
CRISPR/Cas9-mediated genome editing. In HEK293T cells, TIDE analysis demonstrated high editing
activity of the exon 4-targeting gRNA in the bulk-transfected population (Figure S3B), and ICE
analysis of the selected clone identified a predominant 59 bp deletion (Figure S3A). This deletion was
further confirmed by Sanger sequencing and PCR fragment size analysis (Figure S3C,D). In NCI-
H295R cells, two independent edited clones were obtained: clone T1-4 carried compound
heterozygous -2 bp and -1 bp deletions from the predicted cut site, whereas clone T1-6 carried a
predominant +2 bp insertion at the predicted cut site, as shown by Sanger sequencing and ICE
analysis (Figure S4A-D). Western blotting confirmed marked reduction or absence of POR protein in
the knockout cells (Figure S2). In addition, RNA-seq profiling showed markedly reduced POR
expression in HEK293T POR-KO cells (Figure S1) and both POR knockout clones of H295R (FIG. 1).
Collectively, these results validate the successful establishment of POR-deficient HEK293T and NCI-
H295R cell lines.

Whole transcriptome sequencing of the H295R and HEK293T POR knockout cell lines.

For each sample, total RNA was isolated to identify the gene expression in POR WT and POR
knockout cell lines. H295R T1-4, H295R T1-6, H295R, HEK293T POR KO, and HEK293T WT yielded
67.1, 68.0, 103.0, 73.5, and 70.5 million raw reads, respectively (10.06-15.45 Gb). After filtering, 65.7—
100.3 million clean reads were retained per sample (97.35-98.57% retention), with 1.43-2.65% of reads
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classified as adapter-related and negligible low-quality or N-containing reads. Base quality was
consistently high across all libraries (Q20: 98.44-98.54%; Q30: 95.36-95.61%) with an estimated error
rate of 0.01, and GC content ranged from 48.67% to 50.52%.
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Figure 3. RNA-seq profiling of steroidogenic gene expression in H295R cells and POR-deficient clones. Heatmaps
show RNA-sequencing—derived gene expression levels (FPKM) of enzymes involved in the classical steroidogenic pathway
(left) and the backdoor androgen pathway (right) in parental H295R cells and two independent POR-deficient H295R clones
(T1-4 and T1-6]. Absolute FPKM values are represented by color intensity and annotated numerically within each cell.
Expression values are reported to one decimal place. Null indicates that no transcripts were detected for the corresponding
gene, whereas values shown as 0.0 FPKM denote detectable transcripts whose normalized expression rounds to zero at one-
decimal precision. Expression levels are grouped into functional categories (negligible, extremely low, low, moderate, high)

as indicated in the legend.

H295R cells produce steroids representative of all three adrenal cortex zones and respond to key
regulators of steroidogenesis, including angiotensin II and potassium, which stimulate aldosterone
synthesis[69,70], and activation of the cAMP pathway, which enhances glucocorticoid and androgen
production[70]. Parental H295R cells display robust expression of key steroidogenic components,
whereas POR-deficient clones show a marked reduction in POR expression and variable downstream
effects on classical and backdoor pathway enzymes, while retaining detectable expression of several
steroid-modifying and redox-associated genes (Figure 3). The human adrenocortical H295R cell line
is a well-established in vitro model of human adrenal steroidogenesis, as it expresses the full
complement of steroidogenic enzymes required for mineralocorticoid, glucocorticoid, and adrenal
androgen biosynthesis[69-71].

As shown in Figure 3, H295R cells exhibit high STAR (steroidogenic acute regulatory protein)
mRNA expression, consistent with its central role in mediating cholesterol transport from the outer
to the inner mitochondrial membrane, where cholesterol is converted to pregnenolone by CYP11A1,
thereby initiating the steroidogenic cascade (Figure 4). Wild-type H295R cells also express FDXR and
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FDX1 (ferredoxin reductase and ferredoxin 1), which together constitute the principal mitochondrial
electron transfer system supporting steroidogenic cytochrome P450 enzymes, including CYP11A1,
CYP11B1, and CYP11B2, all of which are required for cortisol and aldosterone biosynthesis (Figure
4). In POR knockout clones, however, the expression of CYP11B1, CYP11B2, HSD11B1, and HSD11B2
is extremely low or nearly undetectable (Figure 3), indicating impaired glucocorticoid and
mineralocorticoid biosynthesis.

PPP2CA, encoding the catalytic subunit of protein phosphatase 2A (PP2A), shows moderate
expression in both wild-type and POR knockout cells (Figure 3). In the context of steroidogenesis,
PP2A has been described as a positive regulator of STAR activity and a negative regulator of the
CYP17A1 17,20-lyase reaction (Figure 4). Another important modulator of CYP17A1 17,20-lyase
activity, cytochrome b5 (CYB5A), is expressed at similarly low levels in both wild-type H295R cells
and their POR knockout derivatives (Figure 3). Overall, the expression of the key POR-dependent
steroidogenic enzymes CYP17A1 and CYP21A2 is markedly reduced in POR knockout cells (Figure
3), which is expected to restrict the conversion of pregnenolone and progesterone into downstream
steroid products, including the androgen precursor dehydroepiandrosterone (DHEA) (Figure 4]. In
human serum, the predominant circulating form is DHEA sulfate (DHEA-S), which is generated from
DHEA by sulfation by SULT1A2 which shows low and comparable expression in both wild-type and
POR knockout cells. The STS gene (steroid sulfatase) shows equally low expression level in H295R
cells and its POR knockout derivates (Figure 3). It acts in opposite to SULT1A2 responsible for
converting inactive, sulfated steroid precursors such as DHEA-S, Estrone Sulfate or Cholesterol
Sulfate into their biologically active, unconjugated forms.

DHEA is further converted into androstenedione via HSD3B2 in adrenal cells which has
moderate to low expression in the presented cell models (Figure 3). Aromatase encoded by CYP19A1
gene is the sole enzyme that catalyzes the conversion of androgens (androstenedione and
testosterone) into estrogens (estrone and estradiol, respectively) and therefore represents the rate-
limiting step in estrogen biosynthesis. In H295R cells and their POR knockout derivatives, CYP19A1
expression is low (Figure 3), indicating limited estrogen-producing capacity, which is consistent with
the adrenal origin of these cells.
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Figure 4. Overview of “classic” and “alternative” steroidogenic pathways. The scheme depicts the principal

steroidogenic pathways, from cholesterol conversion to pregnenolone by CYP11A1 to the synthesis of glucocorticoids,
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mineralocorticoids, and androgen intermediates. POR-dependent enzymes, including CYP17A1, CYP21A2, and
CYP19A1, are highlighted together with the mitochondrial electron transfer system (FDX1/FDXR) supporting CYP11A1,
CYP11B1, and CYP11B2. The inset shows the alternative androgen pathway, which is represented by low expression of
several associated enzymes (highlighted in green). Abbreviations: DHEA, dehydroepiandrosterone; DHEA-S, DHEA
sulfate; DHT, dihydrotestosterone; DHT-G, DHT glucuronide; Allo, allopregnanolone; 5a-DHP, 5a-dihydroprogesterone;
17-OH-allo, 17 a-hydroxy-allopregnanolone.

SRD5A1 and SRD5A2 are isoenzymes of the NADPH-dependent 3-oxo-5a-steroid 4-
dehydrogenase family, known for reducing the double bond at the A4,5 position of C19 and C21
steroid substrates. Expression of SRD5A1, but not SRD5A2, was detected in these cell models (Figure
3). This is consistent with adrenal physiology, in which SRD5AL1 is the dominant isoform and
participates in the alternative androgen pathway, whereas SRD5A2 primarily functions in the
classical pathway by converting testosterone to dihydrotestosterone (DHT) (Figure 4] in the prostate
and genital tissues. Accordingly, the negligible SRD5A2 expression observed here is in line with the
adrenal origin of these cells. Among genes involved in the alternative androgen pathway, only
SRD5A1 and AKR1C3 exhibited low expression (Figure 3), while SRD5A3, HSD17B6, RDH5, and
AKR1C2 were expressed at extremely low levels (Figure 3). Together, these data indicate that the
alternative androgen pathway is represented in H295R cells but is likely only weakly active.

In summary, RNA-seq analysis showed that POR-deficient H295R clones retain expression of
multiple genes characteristic of adrenal steroidogenic cells, while exhibiting reduced expression of
several enzymes central to downstream steroid biosynthesis. The most prominent changes involve
CYP17A1, CYP21A2, CYP11B1, and CYP11B2, suggesting that POR loss is accompanied by a
weakened steroidogenic expression profile. At the same time, persistent expression of STAR, FDX1,
and FDXR indicates maintenance of the basic adrenal steroidogenic framework. Genes associated
with the alternative androgen pathway were detected only at low or extremely low levels in all
examined cell lines, supporting the view that this pathway is only weakly represented in H295R cells.

However, these findings should be interpreted with caution, as steroid hormone production and
steroidogenic gene expression in H295R cells are known to be strongly influenced by culture
conditions, including passage number and medium composition [70,71]. Because generation of
biallelic knockout clones requires expansion from single edited cells after CRISPR/Cas9-mediated
targeting, the effective passage history of clones T1-4 and T1-6 is difficult to define precisely.
Therefore, the reduced expression of steroidogenic genes observed in these POR-deficient clones may
reflect not only the effect of POR loss itself, but also the influence of clonal expansion and culture-
related variation.

In HEK293T POR knockout cells expression of POR is markedly reduced confirming successful
disruption of the POR gene (Figure 1S). At the same time, most steroidogenic enzymes show
negligible to low expression in both wild-type and POR-KO cells, which is consistent with the non-
steroidogenic nature of HEK293T cells (Figure 1S). These findings indicate that, unlike adrenal-
derived H295R cells, HEK293T cells do not have an active steroidogenic program and therefore
represent a simple cellular model for studying POR function and the effects of introduced POR
variants without major interference from endogenous steroid hormone synthesis.

Steroid profile in POR knockout H295R cells.

Complete biallelic knockout of POR was confirmed by western blotting, Sanger sequencing,
exome sequencing, and ICE analysis (Figures 52-54). Under these conditions, profound disruption
of the classical steroidogenic pathway is expected, as POR is the essential and sole electron donor for
the microsomal steroidogenic cytochrome P450 enzymes CYP17A1, CYP21A2, and CYP19ALl. In
agreement with this, the reduced expression of multiple steroidogenic enzymes observed in Figure 1
further supports the markedly diminished steroidogenic capacity of the POR knockout cell lines.
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To assess the functional consequences of POR loss, steroid profiles were quantified in parental
NCI-H295R cells and in two independent POR knockout clones (T1-4 and T1-6) by LC-MS/MS after
48 h and 96 h of culture in growth medium supplemented with 1 uM pregnenolone.

POR Deficiency Disrupts Glucocorticoid Pathway Intermediates in H295R Cells

Pregnenolone and progesterone were both significantly elevated in POR-knockout H295R
clones. This effect was already evident at 48 h and became even more pronounced for progesterone
at 96 h. Accumulation of the steroidogenic precursors pregnenolone and progesterone is a
characteristic biochemical feature of P450 oxidoreductase deficiency (PORD) [9], reflecting impaired
electron transfer from POR to CYP17A1 and CYP21A2 and the resulting metabolic bottleneck at these
enzymatic steps (Figure 5).
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Figure 5. Disruption of POR alters glucocorticoid pathway intermediates in H295R cells. Bar plots show steroid
concentrations (nmol/L) measured by LC-MS/MS in H295R wild-type (WT) cells and two POR-knockout clones (T1-4
and T1-6) after 96 h and 48 h of cultivation (time points separated by the dashed vertical line). Panels quantify pregnenolone,
progesterone, 17a-hydroxyprogesterone (17aOH progesterone), 17a-hydroxypregnenolone (17aOH pregnenolone), 11-
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deoxycortisol, and cortisol. POR knockout led to strong accumulation of upstream precursors (pregnenolone and
progesterone), while downstream products of the POR-dependent glucocorticoid branch were markedly reduced or not
detected (ND) in the knockout clones. The schematic on the right summarizes the pathway and highlights POR-dependent
enzymatic steps: CYP17A1 hydroxylation, CYP21A2 conversion to 11-deoxycortisol, and subsequent formation of cortisol
by CYP11B1. Assays were performed in triplicates and normalized by total protein quantification. Statistical significance
is indicated as ns (not significant), * p<0.05, ** p<0.01, *** p<0.001.

Because pregnenolone was added to the culture system as a precursor for downstream steroid
synthesis, it is difficult to distinguish exogenous from endogenously produced pregnenolone in this
model. In contrast, progesterone was entirely endogenously derived, as it was neither supplemented
exogenously nor detected in the growth medium (Table ST2). Consistent with this, RNA-sequencing
data (Figure 3) showed low-to-moderate expression of HSD3B2 in POR-knockout cells. As HSD3B2
catalyzes the conversion of pregnenolone to progesterone independently of POR (Figure 5), its
preserved expression likely contributes to the observed progesterone accumulation.

Across glucocorticoid pathway CYP17A1 and CYP21A2 are POR dependent and no alternative
redox partners were found to support their hydroxylase activities. In our cellular model, however,
POR knockout cells displayed 170OHP levels comparable to control H295R cells, an unexpected
finding of possible residual CYP17A1 hydroxylase activity in the absence of POR. Consistently,
measurable amounts of DHEA (Figure 7) were detected, indicating partial preservation of CYP17A1
17,20-lyase function as well as 16a-Hydroxyprogesterone (Figure 8) that is proved to be the product
of CYP17Al-derived hydroxylation of progesterone(Auchus, 2017).

In contrast, 17a-hydroxypregnenolone, the direct product of CYP17A1-mediated pregnenolone
hydroxylation, was detected only in the culture medium of wild-type H295R cells at the 48-hour time
point, was absent at 96 hours, and remained undetectable in both POR-knockout clones (Figure 5).
Taken together, these findings could point to an impaired ability of POR-deficient cells to synthesize
17a-hydroxypregnenolone via CYP17A1 hydroxylase activity. Alternatively, the rapid downstream
conversion of this intermediate could be suggested specifically when produced in small amounts due
to POR knockout and low CYP17A1 expression (Figure 3). as 17a-hydroxypregnenolone is a
preferrable substrate for CYP17A1.

This differential behavior of CYP17Al-dependent reactions underscores a selective and
incomplete disruption of steroidogenic flux in POR deficiency rather than a uniform loss of CYP17A1
activity. A strong impairment of distal glucocorticoid synthesis is observed in POR knockout cells.
Despite detectable levels of 17a-hydroxyprogesterone, formation of the downstream intermediate
11-deoxycortisol was markedly reduced (Figure 5), consistent with impaired CYP21A2 hydroxylase
activity resulting from loss of POR. Cortisol production was even more strongly affected and was
detectable only at negligible levels in clone T1-4 at 96 h. Together with the negligible CYP11B1
expression (Figure 3), these findings indicate that cortisol biosynthesis is essentially abolished in
POR-knockout cells.

POR Knockout Disrupts Aldosterone Pathway Intermediates in H295R Cells
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Figure 6. POR knockout impairs mineralocorticoid biosynthesis in H295R cells. Bar plots show LC-MS/MS—
quantified steroid concentrations (nmol/L) in H295R wild-type (WT) cells and two POR-knockout clones (T1-4 and T1-6)
after 96 h and 48 h of cultivation (time points separated by the dashed vertical line). Panels quantify pregnenolone,
progesterone, 11-deoxycorticosterone (DOC), corticosterone, and aldosterone. Loss of POR led to a marked reduction of
downstream mineralocorticoids. In particular, DOC, corticosterone, and aldosterone were strongly decreased in POR-
knockout clones, with aldosterone not detected (ND) in knockout cells at the 48 h time point and only minimal levels
observed in T1-4 at 96 h. The pathway schematic summarizes the mineralocorticoid branch and highlights the POR-
dependent CYP21A2 step converting progesterone to DOC, followed by CYP11B1-mediated corticosterone formation and
CYP11B2-mediated aldosterone synthesis. Assays were performed in triplicates and normalized by total protein
quantification. Statistical annotations: ns (not significant), * p<0.05, ** p<0.01, *** p<0.001.

Mineralocorticoid synthesis depends on CYP21A2, which hydroxylates progesterone to form 11
-deoxycorticosterone. As CYP21A2 depends on POR for electron transfer during conversion of
progesterone to 11-deoxycorticosterone, POR deficiency resulted in accumulation of the upstream
substrates pregnenolone and progesterone and marked depletion of CYP21A2-dependent
downstream  metabolites. = Accordingly, while control NCI-H295R  cells-maintained
mineralocorticoids production, aldosterone was undetectable in POR-knockout cells at 48 h and
present only at very low levels in clone T1-4 after 96 h. In addition, the negligible expression of
CYP11B1 and CYP11B2 in POR-deficient cells (Figure 3) indicates that the distal steps of
mineralocorticoid biosynthesis are also suppressed due to this reason.
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Figure 7. POR knockout suppresses androgen biosynthesis in H295R cells. Steroid concentrations (nmol/L) were
measured by LC-MS/MS in H295R wild-type (WT) cells and two POR-knockout clones (T1-4 and T1-6) after 96 h and 48
h of cultivation (time points separated by the dashed vertical line). Bar plots show levels of pregnenolone, 17a-
hydroxypregnenolone, DHEA, DHEA-S, androstenedione, testosterone, and dihydrotestosterone (DHT). POR knockout
resulted in accumulation of the upstream precursor pregnenolone and a strong reduction of downstream androgens. In
particular, androstenedione, testosterone, and DHT were markedly decreased or not detected (ND) in the knockout clones,
consistent with impaired CYP17Al-dependent androgen pathway activity. The pathway schematic summarizes androgen
biosynthesis from pregnenolone and highlights POR-dependent CYP17A1 hydroxylase and 17,20-lyase steps, as well as
downstream conversions toward testosterone and DHT and sulfation of DHEA to DHEA-S. Assays were performed in
triplicates and normalized by total protein quantification. Statistical annotations: ns (not significant), * p<0.05, ** p<0.01,
** p<0.001; ND, not detected. DHEA, Dehydroepiandrosterone; . DHEA - S, Dehydroepiandrosterone Sulfate; DHT,
Dihydrotestosterone; A5-diol, Androstenediol; A4-dione, Androstenedione.

POR deficiency caused a pronounced suppression of androgen production (Figure 7). In POR-
knockout H295R cells, of DHEA, testosterone,
dihydrotestosterone were dramatically reduced compared with wild-type controls (Figure 7),
consistent with compromised CYP17A1l 17,20-lyase activity and diminished flux through
downstream steroidogenic steps.

concentrations

androstenedione, and

17-Hydroxypregnenolone is the first intermediate of the androgen biosynthetic pathway and is
generated from pregnenolone by the 17a-hydroxylase activity of CYP17A1l. Interpretation of 17-
hydroxypregnenolone levels was limited, as this metabolite was detected only in WT H295R cells at
48 h but not at 96 h (Figure 7), likely reflecting its further metabolism at the later time point.

Notably, measurable amounts of DHEA were also detected in POR-knockout cells (Figure 7).
DHEA was additionally identified in the growth culture medium during the 96 h LC-MS/MS
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screening experiment, likely derived from FBS supplementation. We further repeated the experiment
using DHEA-free growth medium and steroid profiles were assessed after 48 h of incubation. Under
these conditions, DHEA remained detectable in POR-knockout cells at levels comparable to controls
(Figure 7), indicating residual endogenous DHEA production despite loss of POR.

Importantly, this DHEA signal did not reflect DHEA accumulation due to a downstream
bottleneck. In POR-knockout cells, DHEA was not efficiently converted to androstenedione or
DHEA-S, even though expression of HSD3B2 and SULT2A1 was preserved (Figure 3). In contrast,
wild-type H295R cells displayed substantial levels of these downstream metabolites, consistent with
robust DHEA synthesis that is rapidly metabolized. Together, these findings demonstrate that POR
deficiency markedly impairs androgen biosynthesis, while revealing a limited residual capacity for
DHEA production that fails to propagate into downstream androgenic products.

Metabolic Shunting of Progesterone in POR-Knockout Cells

Blockade of the canonical steroidogenic pathway in POR knockout cells leads to progesterone
accumulation and likely diverts its metabolism toward alternative reduced and hydroxylated

derivatives.
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Figure 8. POR knockout redirects accumulated progesterone into alternative metabolic routes. (A) Steroid
concentrations measured after 48 h (A) of cultivation in parental NCI-H295R cells and two POR-knockout clones (T1-4
and T1-6) (B, C). Bars represent mean values with error bars indicating variability between replicates. NA, not detected.
Asterisks indicate statistical significance relative to parental NCI-H295R cells. Across both time points, POR-knockout
clones showed marked alterations in steroid profiles, characterized by accumulation of upstream intermediates and reduction
or absence of several downstream hydroxylated products. (D) Heatmap showing RNA-seq expression levels (FPKM) of
selected steroidogenic and related genes in parental NCI-H295R cells and POR-knockout clones T1-4 and T1-6. Expression
was classified into five categories: negligible (<0.5 FPKM), very low [0.5-3 FPKM), low (3-30 FPKM), moderate (30-100
FPKM), and high (>100 FPKM).

Consistent with this, POR-deficient cells showed increased levels of 5a/B-DHP, 6a/BOH-
progesterone, and 20a/BOH-progesterone. Elevated 5a/p-DHP likely reflects shunting of excess
progesterone into irreversible 5a/B-reductive pathways [72]. This is supported by preserved SRD5A1
expression, negligible SRD5A2 and AKR1D1, and low but comparable SRD5A3 expression across
genotypes (Figure 8).

6a/p-Hydroxyprogesterone was present at comparable or higher levels in POR knockout cells at
both time points, suggesting C6 hydroxylation of accumulated progesterone by lowly expressed
CYP3A5 and CYP2D6 [73,74]. Although H295R cells are adrenal-derived and do not express a typical
hepatic P450 profile (Figure 8), low-level expression of these enzymes may still support 6f3-
hydroxylation under conditions of substrate excess.

20a/pB-Hydroxyprogesterone is likely generated mainly by aldo-keto reductases [75], most likely
AKR1C3, as AKR1C1 expression is minimal (Figure 8) in our cell models. This metabolite has weak
progestogenic activity and is thought to contribute to progesterone inactivation, thereby diverting
steroid flux away from productive steroidogenesis.

In contrast, 11pOHA4 was detected in wild-type H295R cells but not in POR knockout
derivatives, likely due to reduced androstenedione availability and impaired CYP11B1-dependent
11B3-hydroxylation (Figure 7). Another CYP11Bl-derived metabolite [76], 113OHP4, showed a
variable pattern in the POR knockout clones. Likewise, 11a/3OH-progesterone did not show a
consistent trend, suggesting that progesterone hydroxylation at the 11-position is not uniformly
enhanced after POR loss.

Together, these findings indicate that loss of POR does not simply abolish steroidogenesis, but
also redirects accumulated progesterone into alternative metabolic routes.

Steroid-metabolizing enzyme activities

POR deficiency is associated with impaired function of the steroidogenic cytochrome P450
enzymes CYP17A1, CYP21A2, and CYP19A1, which rely on POR as an obligate electron donor for
their catalytic activity. Mutations in POR may compromise electron transfer by impairing binding of
the cofactors FAD, FMN, and NADP(H), reducing protein flexibility required for conformational
changes, or altering specific protein—protein interactions between POR and its cytochrome P450
partners. Therefore, individual POR mutations can differentially affect distinct cytochrome P450
enzymes, resulting in severe impairment of some pathways while others are relatively preserved.

To investigate these differential effects, we examined the activities of three key steroidogenic
metabolic partners of POR, CYP17A1, CYP21A2, and CYP19Al, in the context of POR mutations
(Figure 9 and Table 1). We generated cellular models by CRISPR/Cas9 — induced knockout of POR in
HEK293T cells followed by episomal expression of each POR mutant. As HEK293T cells do not
endogenously express steroidogenic CYP450 enzymes, they provided a clean background for
functional reconstitution. CYP17A1, CYP21A2, and CYP19A1 were stably expressed via lentiviral
transduction to ensure uniform expression across all conditions.
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Figure 9. CYP450 activities supported by wild-type (WT) POR and the POR mutants A287P, P228L, del399-401,
and R457H in HEK293T cells. (A) CYP17A1 17a-hydroxylase activity was assessed in vitro by conversion of [**C]-
progesterone to 17-hydroxyprogesterone in the presence of WT or mutant POR. Reaction products were separated and
quantified by thin-layer chromatography (TLC). (B) CYP17A1 17,20-lyase activity was measured by quantification of [*H]-
acetate produced during conversion of [*H]-17-hydroxypregnenolone to dehydroepiandrosterone (DHEA) in cell culture
media. (C) CYP21A2 hydroxylase activity was assessed in vitro by conversion of [“C]-progesterone to 11-
deoxycorticosterone, with products separated and quantified by TLC. (D) CYP19A1 aromatase activity was measured by
conversion of androstenedione to estrone, quantified by counting tritiated water ([?H],0)[64] released into the culture

medium as a reaction by-product.
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All activities are expressed as percentages relative to WT POR. Data are shown as mean + SD. Statistical
significance was determined using a paired t-test comparing each mutant to WT POR (p < 0.05; p < 0.01; p <
0.001]. NC, negative control.

Table 1. In vitro functional characterization for the POR mutants A287P, P228L, del399-401, and R457H in
HEK293T cells. Data are presented as mean activities (% of wild-type POR) for POR major steroidogenic
partners CYP17A1, CYP21A2, and CYP19A1. The wild-type POR activity is set to 100%. Statistical comparisons

were performed between c¢.P228L. and WT using a two-tailed t-test. *p <0.05, **p < 0.01, **p < 0.001.

CYP17A1 hydroxylase activity

Mutant Mean % of CYP17A1 activity (+SD) p-value (T-test)
A287P 66.1 (+ 11.4) 9x 105 (***)
P228L 91.7 (= 12.0) 0.13 (ns)
del399-401 57.7 (+ 4.5) 6 x 108 (***)
R457H 78.0 (£7.7) 1 x 104 (***)

CYP17A1 17,20-lyase activity

Mutant Mean % of CYP17A1 activity (+SD) p-value (T-test)
A287P 55.5 (+ 16.4) 0.008 (**)
P228L 84.3 (x 15.1) 0.194 (ns)
del399-401 51.1 (£ 9.0) 0.006 (**)
R457H 68.1 (+ 8.0) 0.022 (*)

CYP21A2 hydroxylase activity

Mutant Mean % of CYP21A2 activity (+SD) p-value (T-test)
A287P 57.1(x 11.9) 4x10° (**%)
P228L 81.2 (x 12.3) 0.006 (**)
del399-401 35.7 (£ 8.4) 5 x 108 (***)
R457H 66.4 (+ 14.4) 7 x 104 (***)

CYP19A1 aromatase activity

Mutant Mean % of CYP19A1 activity (+SD) p-value (T-test)
A287P 22.1 (= 12.9) 2x10° (**%)
P228L 142.5 (+ 30.8) 0.001 (**)
del399-401 14.9 (£ 8.2) 1 x 1013 (**%)
R457H 31.4 (+22.5) 4 x 106 (***)

POR p.A287P: The POR variant A287P showed a significant reduction in the activity of all

steroidogenic enzymes tested. CYP17A1 hydroxylase activity was reduced to 66.1+11.4% of wild-type
levels, while CYP17A1 17,20-lyase activity was decreased to 55.5£16.4%. CYP21A2 hydroxylase
activity was similarly reduced (57.1+11.9% of WT). The most pronounced effect was observed for
CYP19A1 aromatase activity, which was reduced to 22.1+12.9% of wild-type activity.

POR p.P228L: The P228L variant is the most functionally preserved among the tested POR
mutations. It supports CYP17A1 activity at wild-type levels and shows only a moderate reduction in
CYP21A2 activity [81.2% * 12.3% of WT), which remains above the pathogenic levels in congenital
adrenal hyperplasia (CAH)[77]. Interestingly, CYP19A1 activity is significantly elevated (142.5%z=*
30.8%) in the presence of the P228L variant compared to WT.

POR p.P399_401del: In our cell-based system, the three—amino acid deletion p.P399_E401del in
POR resulted in markedly reduced POR-supported steroidogenic activities. CYP17Al1-mediated
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conversion of 17-hydroxypregnenolone to DHEA and progesterone to 17-hydroxyprogesterone was
reduced to 51%*9% and 57%#4.5% of wild-type activity, respectively. CYP21A2-dependent
hydroxylation of progesterone to deoxycorticosterone was impaired to 35.7%#8.4% of wild-type
levels. CYP19A1 activity was most strongly affected, with androstenedione-to-estrone conversion
reduced to 14.9%+8.2% of wild-type activity.

POR p.R457H: In vitro functional analyses demonstrated a substantial reduction in POR-
supported enzymatic activities, including CYP17A1 hydroxylase (26% of wild-type activity) and
17,20-lyase (31%), as well as CYP21A2 (32%) and CYP19A1 (15%). The tested POR variants showed
distinct functional consequences, ranging from severe global impairment to selective preservation of
activity. In contrast to A287P, P399_E401del, and R457H, which reduced all steroidogenic activities,
P228L maintained CYP17A1 function, only modestly decreased CYP21A2 activity, and notably
enhanced CYP19A1 activity to levels exceeding wild type. Across the other variants, CYP19A1 was
consistently the most vulnerable enzyme, indicating that aromatase activity is particularly sensitive
to impaired POR-dependent electron transfer.

Prime edited cells

Among the tested POR variants, P228L was of particular interest because it showed an unusual
activity pattern, most notably increased CYP19A1 activity in the plasmid-based system. To examine
whether this reflected a true variant-specific effect on aromatase support, a biallelic POR ¢.P228L
prime-edited HEK293T cell line was generated and analyzed under endogenous genomic control.

HEK293T wild-type cells were used to generate a POR c.P228L biallelic mutant line using
CRISPR/Cas9 prime editing. This method uses a Cas9 nickase to make a single strand break in DNA
and a reverse transcriptase fused to Cas9 nickase to copy a designed template that contains the
required nucleotide changes for the P228L. mutation.

HEK293T POR p.P228L Prime Edited
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Figure 10. Steroidogenic CYP450 activities in HEK293T POR p.P228L prime-edited cells. Activities of CYP21A2
21-hydroxylase, CYP17A1 17a-hydroxylase, CYP17A1 17,20-lyase, and CYP19A1 aromatase were measured in biallelic
POR p.P228L prime-edited HEK293T cells and expressed as % of WT. The P228L variant retained only partial activity for
all enzymes tested,. WT was normalized to 100%, and the negative control (NC) showed no detectable activity. Values

represent mean + SD.
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Table 2. In vitro functional characterization for the POR metabolic partners in HEK293T POR c.P228L cell
line. Data are presented as mean activities from 3 independent experiments as % of wild-type POR for its major
steroidogenic partners CYP17A1, CYP21A2, and CYP19A1. The wild-type POR activity is set to 100%. Statistical
comparisons were performed between c.P228L and WT using a two-tailed t-test. *p <0.05, **p <0.01, ***p <0.001.

POR c.P228L activities towards metabolic partners

Metabolic partner Mean % of WT activity (xSD) p-value (T-test)
CYP21A2 53.0 (+ 12.3) 0.001 (***)
CYP17A1 - OHase 58.4 (+21.9) 0.013 (***)
CYP17A1 - 17, 20 lyase 60.6 (+ 0.5) 5 x 105 (***)
CYP19A1 aromatase 53.9 (£ 6.7) 0.007 (***)

Compared with WT POR (100%), the P228L variant supported about 53-61% activity for
CYP21A2, CYP17A1 (170Hase and 17,20-lyase), and CYP19A1 aromatase (Figure 10, Table 2). The
lowest activities were measured for CYP21A2 and CYP19A1 (about 53-54% of WT), while CYP17A1
17,20-lyase showed about 61% of WT (Figure 10, Table 2). All reductions were statistically significant
compared with WT (t-test p < 0.013). This activity level also differed from earlier measurements in
POR knockout cells after plasmid-based expression of the same variant. A likely reason is the
difference in how POR is produced in these systems: in prime-edited cells, POR is expressed from its
natural gene under normal cis- and trans-regulatory control, while plasmid expression uses an
engineered cassette with strong regulatory elements and a cDNA that does not require splicing. These
differences in expression conditions may explain the difference in measured activity. Overall, the
P228L mutation causes a broad partial loss of POR function affecting multiple CYP partners.

Confocal imaging of Fe(1l) storage in POR knockout and prime-edited HEK293T and H295R cells.

POR is linked to redox balance since it transfers electrons from NADPH to microsomal CYP
enzymes in the endoplasmic reticulum [5], thereby regulating oxidative metabolism and reactive
oxygen species generation [78,79]. When POR function is impaired, electron transfer to CYP enzymes
becomes less efficient, which can promote electron leakage and increase the formation of reactive
oxygen species, thereby disturbing redox homeostasis[79]. In the presence of ferrous iron, excess
hydrogen peroxide may also drive the Fenton reaction, producing highly reactive hydroxyl radicals
and promoting oxidative damage [79].
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Figure 11. Confocal analysis of intracellular Fe(Il) in WT, POR knockout, and POR p.P228L cells. Representative
confocal images of H295R and HEK293T cell models stained with Hoechst (blue, nuclei) and FerroOrange (FO) (red,
intracellular Fe(II)). Bright-field (BF), single-channel, and merged images are shown for untreated cells, iron-supplemented
cells, POR-modified cells, and cells treated with 2,2"-bipyridine (BPY) as an Fe(Il) chelation control. In both cellular
backgrounds, ammonium iron(Il) treatment produced a strong FO signal, confirming efficient intracellular Fe(II)
accumulation, whereas BPY reduced FO fluorescence, verifying signal specificity for Fe(Il). Line-scan intensity plots at the

right illustrate the distribution of Hoechst and FO fluorescence across selected regions.
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Since iron availability and storage are key determinants of ferroptotic susceptibility, we
analyzed iron storage in our cellular models to determine whether POR deficiency is associated with
altered iron accumulation. For this purpose, we compared wild-type cells with POR knockout cells,
as well as prime-edited cells carrying defined POR p.P228L, in both HEK293T and H295R
backgrounds. Iron storage was assessed by confocal imaging to provide a direct overview of
intracellular iron-associated signal across genotypes. Cells were treated with ammonium iron(II)
sulfate (100 uM) for 30 minutes followed by HBSS washing for three times. Hoechst (0.1 pmol/l) and
FerroOrange (1 umol/l) were added to the cells as HBSS solution (500 ul), and then the cells were
incubated for additional 30 min. Hoechst was applied as nucleus stain it emits blue fluorescence when
bound to dsDNA. FerroOrange (FO) was used as a small-molecule fluorescent dye that senses
intracellular iron in live cells by selectively binding iron ions. Upon binding, its fluorescence signal
increases, enabling visualization and quantification of intracellular iron by live-cell fluorescence
imaging.

All cell lines tested (HEK293T, HEK293T POR KO, HEK 293T POR p.P228L, H295R, H295R POR
KO T1-4, and H295R POR KO T1-4) effectively accumulated ammonium iron(Il) as seen by intensive
red signal appearance after FO treatment (Figure 11). HEK293T and H295R cells were supplemented
with 2,2’-bipyridine (BPY) - a well-known, high-affinity chelator of iron, particularly iron (II) [80]. It
acts as a bidentate ligand that binds iron to form stable complex ions, most notably the red-colored
tris (2,2’-bipyridine)iron(ll) complex[80]. BPY was added to the cells at the concentration of 100
pumol/l and indeed reduced the available iron(Il) amount as seen by decreasing of FO fluorescent
signal proving that red fluorescent signal derives from iron(II).

HEK 293T POR p.P228L showed the FO intensity 2 times less than HEK 293T, and HEK293T
POR KO has no difference. In adrenal derived cells, H295R POR knockout clone T1-4 tends to
accumulate less Fe (II) ions compared to H295R cells, and T1-6 clone shows no difference.

Overall, these data suggest that POR alterations do not uniformly affect iron storage, but specific
POR variants (P228L) or knockout clones (T1-4) may be associated with reduced intracellular Fe(II)
levels in a cell type— and clone-dependent manner.

Discussion

POR deficiency is a rare hereditary disorder, as the phenotype typically manifests in
homozygous individuals carrying two deleterious alleles or in compound heterozygous patients with
two different disease-causing variants [11,13,17]. Despite its rarity, the clinical presentation is often
severe and includes metabolic disturbances, skeletal malformations, and ambiguous genitalia [1,19],
requiring reconstructive surgery, long-term physiotherapy, and steroid replacement therapy [81].
Later in life, affected individuals may also develop ovarian macrocysts [28,82], infertility [82],
cardiovascular complications[83], and psychological problems[81], all of which substantially reduce
quality of life for both patients and their families.

To date, a number of deleterious POR mutations have been identified and functionally studied
under in vitro conditions, most often using purified protein systems [4,10]. In the present study, we
introduce entirely new cellular models based on complete POR gene knockout, providing a broader
experimental platform for studying the consequences of POR loss. Generation of whole-organism
POR knockout models remains highly challenging, since POR is essential for development and global
POR knockout in mice is embryonically lethal [51]. Therefore, we generated adrenal carcinoma-
derived POR knockout cell lines and analyzed their steroid profiles to assess the functional
consequences of protein loss. As expected, we observed profound disruption of steroidogenic
pathways, including aldosterone, cortisol, and testosterone biosynthesis, consistent with the essential
role of POR as the electron donor to the key steroidogenic enzymes CYP17A1, CYP21A2, and
CYP19A1 [1,3,5].

In addition to the direct loss of POR function, impaired steroidogenesis was also associated with
reduced RNA expression of multiple steroidogenic enzymes, including not only the above CYP
enzymes, but also CYP11A1, CYP11B1, CYP11B2, HSD3B2, and several others involved in steroid
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hormone biosynthesis. Such a decline in steroidogenic capacity has previously been reported in NCI-
H295R cells at high passage numbers [70,71]. In the case of the POR knockout clones, however, the
true passage status is difficult to define precisely, as the clones were expanded from single cells
following CRISPR/Cas9 editing. Further steroid profiling under alternative culture conditions, such
as forskolin stimulation, which is known to enhance steroidogenesis [84,85], will therefore be
necessary. Despite the overall impairment of steroid hormone production, retained formation of
170H-progesterone and DHEA was still detected.17-Hydroxyprogesterone (17OHP) is a central
intermediate of adrenal steroidogenesis and a direct precursor for dehydroepiandrosterone (DHEA)
and downstream androgens synthesized in the adrenal glands, ovaries, and testes [86,87]. Elevated
170HP concentrations represent a hallmark diagnostic marker of congenital adrenal hyperplasia
(CAH). Most prominently it is observed in CYP21A2 deficiency, but also in 11-hydroxylase
deficiency, 3p-hydroxysteroid dehydrogenase deficiency[88] and P450 oxidoreductase (POR)
deficiency, where impaired electron transfer disrupts multiple steroidogenic enzymes. Accumulation
of 170HP is not merely a biochemical signature but also contributes to disease pathophysiology, as
excess 170HP diverts steroid flux toward androgen synthesis at the expense of glucocorticoid
production, thereby promoting virilization in females [89].

In the adrenal cortex, 17OHP is generated either from progesterone via the 17a-hydroxylase
activity of CYP17A1 or indirectly from 17a-hydroxypregnenolone through the action of HSD3B2
[5,90]. As no alternative biosynthetic pathways for 17OHP formation have been described, this
observation suggests residual CYP17A1 hydroxylase activity in the absence of POR. Consistently,
measurable amounts of DHEA were detected in the culture medium, indicating partial preservation
of CYP17A1 17,20-lyase function as well as 16a-Hydroxyprogesterone that is proved to be the
product of CYP17A1 hydroxylation of progesterone [91]. This differential behavior of CYP17A1-
dependent reactions underscores a selective and incomplete disruption of steroidogenic flux in POR
deficiency rather than a uniform loss of CYP17A1 activity.

DHEA detection was an unexpected finding in POR KO H295R cells. Canonical DHEA
biosynthesis requires full CYP17A1 activity including both 17a-hydroxylase and 17,20-lyase
functions [90,92], that are supposed to be impaired in the absence of POR. Supporting this, the
immediate precursor 170H-pregnenolone was undetectable in POR KO cells at either timepoint.
Another key enzyme, 3B-hydroxysteroid dehydrogenase 2 (33HSD2], catalyzes conversion of A°-
hydroxysteroids to their A*-keto configurations, acts on three substrates: pregnenolone, 170H-
pregnenolone, and DHEA[90,92-94]. Androstenedione, a downstream product of 3HSD2 acting on
DHEA, was produced in markedly lower amounts (3—4 log fold reduction) in our study, despite
3PHSD?2 is active as evidenced by robust pregnenolone-to-progesterone conversion. Since 3HSD2
does not exhibit substrate preference [93,94], the 2-5-fold lower expression of HSD3B2 in POR KO
clones could underlie the markedly reduced androstenedione production from DHEA. Notably,
testosterone was only detected in trace amounts in KO cells, confirming a disruption of the DHEA-
androstenedione—testosterone axis.

DHEA-S, the primary adrenal steroid in circulation, was not produced at 48h in POR KO cells
despite Sulfotransferase 2A1 (SULT2A1) expression levels comparable to H295R. Among KO clones,
only T1-6 at 96h yielded detectable DHEA-S, which could indicate low but genuine DHEA synthesis.
These findings suggest a decoupling between DHEA synthesis and its downstream metabolism,
possibly due to limited substrate availability, reduced enzymatic activity, or redox-sensitive
regulation.

The absence of 170H-pregnenolone and failure to generate androstenedione imply that either
DHEA is not synthesized via the canonical CYP17A1 pathway or that alternative, non-classical
mechanisms may contribute under POR knockout conditions. Prior studies using rodent[95] and
human[96] brain cells, and serum from Alzheimer’s disease patients[97], proposed a CYP17Al1-
independent, ROS-driven mechanism involving Fe?- dependent cleavage of hydroperoxide
intermediates of unknown precursor [95,98], likely cholesterol metabolite. Later it was demonstrated
that cholesterol, abundant in brain tissue, can autoxidize during extraction or derivatization of the
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sample, producing pregnenolone and DHEA in amounts similar to reported neurosteroid levels [99].
This process is chemically possible but lacks enzymatic control and physiological relevance, as would
be expected under natural biological conditions [99]. Early removal of cholesterol eliminates the
DHEA signal entirely, indicating that its presence results from sample handling rather than true
biological origin [99], and highlighting limitations of earlier analytical workflows.

More recently, it has been demonstrated that in prostate cancer xenografts, DHEA can also be
produced independently of CYP17A1, via conversion of 17a,20-dihydroxycholesterol (DHC), with
CYP51A1 catalyzing the critical step [100]. In this model, 3BHSD1 is required for conversion of the
3p-hydroxy-A°® steroid backbone to the corresponding 3-keto-A* androgens, including testosterone
and DHT [100]. While this pathway was described in prostate tissue, its relevance to adrenal or
H295R-derived cell systems remains to be determined.

Together, these findings raise the possibility that low levels of DHEA detected in POR KO cells
may arise via alternative biochemical or chemical routes, including oxidative cleavage, residual
CYP17A1 activity, or recently proposed cholesterol-derivative pathways. However, the absence of
intermediates, reduced enzyme expression, and a lack of downstream product accumulation suggest
that DHEA detection under POR-deficient conditions may not reflect functional steroidogenesis and
warrants further investigation.

In addition to steroid profiling in POR knockout adrenal-derived cells, we established a POR
knockout HEK293T cell line as a platform for functional analysis of selected POR variants. Using this
model, we assessed the activity of the two most frequent PORD-associated mutations, A287P and
R457H [4,9,13,50], as well as the P228L variant, which has long been considered a polymorphism[24]
but has recently been suggested to have deleterious functional effects 451, and the del399_401 variant.
HEK293T cells are of epithelial origin, highly tractable in culture, and easy to manipulate
experimentally. Importantly, because they lack endogenous expression of steroidogenic genes, they
provide a relatively “clean” cellular background that can be adapted for steroidogenesis-related
studies, offering minimal steroidogenic interference while still preserving the advantages of a living
cellular environment. This model does not replace earlier biochemical systems, but complements
them by enabling analysis in living cells, where POR activity is influenced not only by intrinsic
catalytic properties, but also by intracellular factors such as protein stability, expression, membrane
integration, flavin availability, and interactions with endogenous cellular components. Thus, while
obtained in a different experimental system, our data are overall consistent with the published view
that these variants impair POR-supported steroidogenesis to different extents.

Overall, the generated POR knockout cell models represent useful tools for studying POR
deficiency, although their limitations should be recognized. H295R cells are influenced by culture
conditions, passage number, and clonal variation, which may affect steroidogenic output and gene
expression, whereas HEK293T cells provide a simplified non-steroidogenic background. Despite
these limitations, the models are valuable for understanding how POR deficiency affects
steroidogenesis and the CYP enzymes involved, which may help guide more tailored hormone
replacement strategies. They also provide a platform for predicting the effects of POR deficiency on
drug metabolism, with potential applications in personalized dosing and in testing the safety and
efficacy of new drugs under conditions of altered POR function. In addition, POR knockout cell lines
can serve as a screening system for newly identified POR variants, allowing their impact on
steroidogenesis and drug response to be assessed in a cellular environment. Importantly, these
models may also be useful for exploring ferroptosis-related events, as the cells retain the ability to
accumulate intracellular Fe(ll), indicating preservation of a labile iron pool that could be relevant for
iron-dependent oxidative processes. Thus, these POR knockout cell lines provide a valuable platform
for studying disease mechanisms, variant pathogenicity, steroidogenesis, drug response, and
potentially ferroptosis-related pathways in POR deficiency.
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