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Abstract

Transcription factors orchestrate and shape cellular identity during development. Krippel-like factors
(KLFs) are involved in stemness, proliferation and apoptosis, while the master regulator steroidogenic
factor 1 (SF-1) regulates the differentiation and steroidogenic profile of the developing adrenal gland.
The transcriptional regulatory networks governing the heterogeneity of adrenocortical carcinomas
(ACC) are incompletely understood. Here, we report the existence of model-dependent differences in
the expression of SF-1, KLF9 and KLF13 and their cross-regulation in three ACC in vitro models (TVBF-
7, NCI-H295R and MUC-1). We demonstrate that KLF9 and KLF13 are responsive to dexamethasone
and angiotensin I, but undergo dosage-dependent repression by SF-1. Combinatorial silencing of these
three transcription factors revealed that KLF9/KLF13 counteract SF-1 activity on nuclear receptors
(glucocorticoid receptor and androgen receptor) and metabolic genes (IRF1, RARA, and FOXO3)
forming a cross-regulatory loop that might modulate steroidogenesis. Transitioning to 3D spheroid
cultures uncovered a KLF4-dependent regulation of the DNA damage response, shifting the balance
between cell survival and apoptosis. Together, our findings identify a novel transcriptional axis
composed of KLF9/KLF13 and SF-1, alongside KLF4-mediated cell cycle regulation, offering potential

pathways for target-based therapeutic interventions in ACC.



Introduction

The adrenal gland is a highly plastic and complex organ composed of two distinct tissue layers: the
cortex (subdivided into zona glomerulosa, zona fasciculata, zona reticularis) and medulla. In a highly
orchestrated manner, these distinct layers secrete specific hormones to mediate systemic endocrine
responses to diverse physiological stimuli: the cortex produces mineralocorticoids, glucocorticoids, and
androgens, while the medulla synthesizes and secretes catecholamines. The biological activities of
glucocorticoids are mediated via both the mineralocorticoid receptor (MR) and the glucocorticoid
receptor (GR). Both receptors recognize a spectrum of overlapping ligands, including cortisol,
corticosterone, aldosterone, and progesterone, though their binding affinities and downstream
biological consequences vary substantially (1). Upon ligand activation, the ubiquitously expressed GR
targets a multitude of genomic loci within a given target cell (1). Consequently, fluctuations in circulating,
adrenal-derived glucocorticoids exert profound, systemic effects on gene expression, ultimately shaping
peripheral physiology and behavior. Given the vital nature of these adrenal-derived hormones, the
adrenal cortex undergoes continuous regeneration and repair mediated by distinct stem cell populations

to maintain its structural and functional integrity (2).

The described tissue architecture results from tightly controlled multi-cellular arrangements and
migratory movements which begin early in the human fetus at around 30 days-post-conception when
the adrenogonadal primordium becomes the first time visible as defined structure (3). Shortly after, the
expression of the adrenal master transcription factor steroidogenic factor 1 (SF-1, encoded by NR5A1)
is initiated and thereafter sustained in an autoregulatory feedback-loop. In parallel, controlled migratory
events lead to the formation of the adrenal primordium followed by neural crest cell invasion which are
the precursors for the later medullary component (3). Patterning principles and migratory events, as
described above, are widely established in developmental processes and such frameworks are known
to guide cells during development by providing information about positioning and cell fate (4). From
such studies it is known that in the developing Drosophila embryo gradients of transcription factor
appear in form of a well-controlled cascade (5). In this context it should be mentioned that SF1 is the
homolog of Fushi Tarazu Factor | (FTZ-F1), a nuclear receptor that regulates the fushi tarazu homeobox
and so-called pair-rule gene in Drosophila melanogaster where precisely timed regulation of enhancer
activity defines the binary expression pattern of Fushi tarazu in the developing Drosophila embryo (6).

Thus, for Drosophila development it is well appreciated that gap (including Kriippel), pair rule (including



fushi-tarazu) and segment-polarity genes control not only initiation and expression of essential
pathways such as Wnt or hedgehog, but also HOX genes, which define specific segment identities and
thereby differentiation. Of note, the human Krippel-like factor family (KLF) is an evolutionarily
conserved family of zinc-finger transcription factors that share homology with the Drosophila
melanogaster protein Kriippel (7). Since their discovery, human Krippel-like factor (KLF) family of
transcription factors has been implicated in a broad spectrum of physiological processes. KLFs govern
essential cellular functions such as proliferation, differentiation, apoptosis and pluripotency, and thereby
have been linked to cellular reprogramming and regenerative medicine paradigms (7). Notably, KLF9
and KLF13 have been characterized as circadian transcription factors (8-10). KLF9 has also been
identified as a critical feedforward regulator downstream of the glucocorticoid receptor (GR), facilitating
oscillatory metabolic dynamics across peripheral tissues (11). However, whether these human Kriippel-
like-factors play a regulatory role along with the human adrenal master regulator SF-1 remains
unknown. Interestingly, emerging evidence indicated recently that the super-enhancer landscape of
adrenocortical carcinoma (ACC) could be indeed shaped by an intricate interplay between SF-1/NR5A1
and KLF9 (12). Together with the role of these transcription factors during normal adrenal differentiation,
these findings strongly suggest the involvement of an SF-1/KLF-related regulatory network in critical

cell-fate decisions.



Materials and Methods

Cell culture conditions

Human ACC cell lines NCI-H295R, MUC-1 and TVBF-7 cells were cultured as previously published (13,
14). Briefly, NCI-H295R were cultured in DMEM-F12, 2% Ultroser G serum substitute (Sartorius), Insulin
(10 mg/ml), transferrin (5.5 mg/ml), and selenium (5 ng/ml) (ITS), penicillin (100 U/ml), streptomycin
(100 pg/ml) (all from GIBCO Thermo Fisher Scientific). TVBF-7 were cultured in Advanced DMEM-F12
(GIBCO Thermo Fisher Scientific), 10% FBS, penicillin (100 U/ml), streptomycin (100 yg/ml), 2mM L-
Glutamine, 2.5mg/ml Amphotericin B (all from GIBCO Thermo Fisher Scientific). MUC-1 were cultured
in Advanced DMEM-F12, 10% FBS, penicillin (100 U/ml), streptomycin (100 ug/ml) (all from GIBCO

Thermo Fisher Scientific).

Stimulation experiments and RNA-silencing

Detailed information regarding the RNAseq dataset, culture conditions including specific compounds,
cell numbers and incubations times can be found here (12). The si-RNA mediated knockdown
experiments were conducted in triplicate. Cells were plated in 6-well plates and transfected with
Lipofectamine RNAIMAX Transfection Reagent (13778100, Thermo Fisher Scientific, MA, USA) in Opti-
MEM (7001587, Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer’s instructions.
ON-TARGET siRNA SMARTPool from Horizon Discovery (Cambridge, UK) were used at a
concentration of 40pmol (single transfection) or 20pmol each (double transfection): human KLF9 (L-
011223-00-0005), human KLF13 (L-006994-00-0005), human NR5A1 (L-003429-00-0005) and no-
target control (D-001810-10-05). Cells were harvested 48 hours after transfection and processed for
real-time PCR. For the stimulations experiments with dexamethasone (D) and angiotensin Il (A), 1 x
108 cells were seeded in 6-well plates and incubated for 24 hours with the different concentrations: 1mM
(1D), 10nM (10D), 100nM (100D) or 50mM (50A). Cells were harvested and processed for real-time

PCR as indicated below.

Quantitative real-time PCR



Lysates were homogenized using the QlAshredder (79656, QIAGEN, Netherlands) prior to RNA
purification. Subsequently, RNA was extracted using the RNeasy®Mini Kit (79656, QIAGEN,
Netherlands) and treated with the DNase kit (TURBO DNA-free™ Kit, Thermo Fisher Scientific, USA)
according to manufacturer’s instructions. The quality and quantity of the RNA was analyzed using a
NanoDrop ® spectrophotometer (Thermo Fisher Scientific, USA). Subsequently, 500 ng of total RNA
was reverse transcribed using the RevertAid Reverse Transcription Kit (K1691, Thermo Fisher
Scientific, US) following the provided random hexamer protocol. The reaction was carried out in the
Biometra TRIO (Analytik Jena, Germany) with 10 minutes at 25°C, 60 minutes at 42°C and 10 minutes
at 70°C. The cDNA was stored at -20°C until further use. Real-time PCR primer information is provided

in Table 1.

Culturing, fixation and paraffin embedding of spheroids

Spheroids were formed by plating 25000 cells per well in Sphericalplates 5D (Kugelmeiers, Erlenbach,
Switzerland) and culturing them over 6 days using the same culture conditions as above. On day 7, the
spheroids were treated with mitotane for 72 hours. General plating procedure, fixation and paraffin
embedding have been previously described in detail (15). Briefly, spheroids were harvested and fixed
for 10 minutes at room temperature with 4% paraformaldehyde (Sigma Aldrich) and coated in Histogel
(Thermo Fisher Scientific). Spheroids were then dehydrated and processed for paraffin embedding
using the Excelsior AS tissue processor (Thermo Fisher Scientific) overnight. Spheroids were
embedded using Myr embedding center (Especialidades Médicas MYR) and 4um sections were

prepared (microtome Leica RM2255, Leica Biosystems).

Immunofluorescence

Sections were deparaffinized, subjected to antigen retrieval in sodium citrate buffer, blocked with 10%
goat serum and incubated overnight at 4 °C with primary antibody. The following day, secondary
antibody conjugated to Alexa-fluorophores was applied for 1 hour at room temperature. In the case of
multiple staining, primary antibodies were applied sequentially. Primary and secondary antibodies are

listed in Table 2. DAPI (D9542, Sigma Aldrich, USA) was used at final concentration 1ug/mL. Aqueous



non-fluorescing mounting media Hydromount (HS-106, National Diagnostics, USA) was used to
coverslip for the preservation of the sections. Images were acquired with a Zeiss Axio Observer 7

equipped with the Axiocam 305 mono, using ZEN 10 software (Carl Zeiss, Oberkochen, Germany)s.

Statistical analysis

All statistical analysis and graphical representation of the data were conducted using GraphPad Prism
software (version 10, GraphPad Software, La Jolla, CA, USA). For statistical comparison, a one-way or
two-way ANOVA was performed, followed by Dunnett or Bonferroni’s post test. Results are presented
as mean + SEM. Statistical significance was set at P < 0.05 and indicated by asterisks (*p < 0.05; **p <

0.01; **p < 0.001; ****p < 0.0001) in all figures, if not stated otherwise.



Results

NR5A1 and KLF9 were recently identified as master regulators of the ACC super enhancer landscape
(11). More detailed analysis of this RNAseq dataset revealed that KLF9 is differentially expressed
amongst the three pre-clinical ACC models, with highest expression in MUC-1 and lowest in TVBF-7
((11) and Figure 1). High baseline KLF9 levels correlated with lower SF1 expression in MUC-1, whereas
low KLF9 levels corresponded to elevated SF-1 expression inTVBF-7. The therapeutical gold standard
mitotane inversely modulated expression of KLF9 and SF-1 in TVBF-7 cells, indicating a possible
inverse relationship between these two factors. Since KLF9 belongs to a superfamily of transcription
factors, we expanded our analysis to encompass all 18 members. The KLF gene family displayed
distinct baseline variations and dynamic drug-dependent alterations, highlighting the plasticity of the
transcriptional network of these in vitro ACC models. Intriguingly, although KLF13 can functionally
substitute for KLF9 in certain settings, baseline KLF13 expression positively correlated with SF-1
(highest in TVBF-7, lower in NCI-H295R/ MUC-1) rather than with KLF9. Furthermore, unlike SF-1 and
KLF9, KLF13 expression was not significantly altered by mitotane in any model, identifying KLF13 as a
distinct transcription factor of interest. Finally, we identified KLF4 and KLF6 as the only members of the
Krippel family whose expression was induced by mitotane relative to baseline across all three models.
Basal KLF4 expression mirrored that of KLF9 (low in TVBF-7, higher in NCI-H295R and MUC-1),
whereas KLF6 expression remained comparable across all models. Thus, we explored further the

relevance of KLF9, KLF13 and KLF4 in the three ACC cell lines.

Cell cycle regulation downstream of KLF4

Given the established role of KLF4 in cell cycle progression and the DNA damage response (DDR) and
together with the observation of KLF4 induction upon mitotane in our ACC models, we investigated
markers of cell cycle and DDR in untreated and mitotane-treated spheroids (Figure 2, 3). KLF4
immunopositivity was strongest in TVBF-7 spheroids and lowest in NCI-H295R and MUC-1 spheroids
(Figure 2A), conversely to the results of RNAseq dataset. To understand the regulation of KLF4 at the
protein level, we analyzed the expression of Von Hippel-Lindau (VHL), a key E3 ubiquitin ligase that
targets KLF4 for proteasomal degradation (16). VHL exhibited a reciprocal expression pattern relative

to KLF4 across the three models, suggesting higher turnover of KLF4 protein in MUC-1 and NCI-H295R



than TVBF-7 spheroids (Figure 2A). To evaluate the activity of KLF4, we analyzed its transcriptional
targets, p53 and p21, which induce cell cycle arrest to facilitate DNA repair (17-19). MUC-1 spheroids
displayed the highest baseline immunopositivity for p53 (Figure 2B), whereas robust p21 signal was
evident in both TVBF-7 and MUC-1, but absent in NCI-H295R spheroids (Figure 2C). Therefore, KLF4
might actively regulate cell cycle in the metastasis-derived models, MUC-1 (13) and TVBF-7 (20), but
not in the primary-derived NCI-H295R. To understand if KLF4 and its downstream targets disrupt the
progression of the cell cycle, we analyzed the subcellular localization of cyclin-dependent kinases
(CDK). Although levels of Cyclin D1, a target of KLF4, were unaffected (Figure 2D), CDK6 was
predominantly nuclear in TVBF-7 (Figure 3B), whereas CDK4 (Figure 3A) and specifically CDK1/2
(Figure 3C) were enriched in NCI-H295R and MUC-1 spheroids. Furthermore, though mitotane affected
transcription of KLF4, the subcellular localization of KLF4 and the other cell cycle components was
unchanged by mitotane treatment of the spheroids. However, mitotane induced the accumulation of
phospho-H2AX, a hallmark of double-stranded DNA breaks (21) specifically in TVBF-7 spheroids
(Figure 3D). In contrast, mitotane increased immunopositivity for cleaved caspase-3 explicitly in NCI-
H295R as compared to the metastatic models (Figure 3E). These data suggest that KLF4 might support
cell cycle arrest in the metastatic models (TVBF-7 and MUC-1) as a protective mechanism, while NCI-

H295R spheroids might preferentially undergo apoptosis in response to cellular stress.

KLFs regulation in the context of steroidogenesis

Aside from cell cycle control, KLFs and glucocorticoids engage in bi-directional cross-talks and more
specifically KLF9 has been shown to mediate the effects of GR and cortisone on gene expression and
cellular metabolism (22). To explore this interplay in ACC models, we evaluated how dexamethasone
regulates KLF9 and KLF13, and the reciprocal regulation of GR by these two KLFs. Increasing
concentrations of dexamethasone significantly upregulated KLF9 transcript by 3-fold in MUC-1 but not
NCI-H295R cells, while KLF13 levels were unaffected in both models (Figure 4). To extend our data to
the regulation of the mineralocorticoid biosynthesis, we also evaluate the effects of angiotensin Il on
KLF9 and KLF 13 expression (Figure 4). Angiotensin Il has been additionally shown to regulate both the
mineralo- and glucocorticoid pathway in NCI-H295R cells (23). Interestingly, angiotensin Il treatment

significantly suppressed KLF13 expression specifically in NCI-H295R cells but did not affect KLF9



expression in either cell line. Since SF-1 is the master regulator of steroidogenesis, we assessed its
transcription under the different conditions. SF-1 expression was upregulated by dexamethasone in
both NCI-H295R and MUC-1 but remained unaffected by angiotensin Il. Therefore, KLF9 and KLF13
might be involved in the feedback regulation of steroidogenic transcriptional programs similarly to SF-

1.

Next, we explored through a series of siRNA knockdown experiments whether KLF9 and KLF13
regulate expression of GR (NC3C1, Figure 5A) as well as that of another nuclear receptor, the androgen
receptor (AR, Figure 5B). In NCI-H295R cells, single and combined knockdown of KLF9 and KLF13
significantly suppressed expression of both GR and AR. However, in TVBF-7, single and combinatorial
silencing of KLF9 and KLF13 de-repressed AR without altering GR levels, while expression of both
nuclear receptors was largely unchanged in MUC-1. Similar experiments were performed with siRNA
directed against SF-1/NR5A1. Expression of GR and AR was significantly induced following knockdown
of SF-1 in TVBF-7, while their transcription was unaffected in the other two cell lines. Interestingly, co-
transfection of siNR5A1 with either siKLF9 or siKLF13 blunted the effects of SF-1 knockdown on GR
and AR, suggesting possible interaction of these transcription factors on promoters of nuclear receptors.
The interactions between SF-1/KLF9/KLF13 were not detected to the same extent in NCI-H295R and
MUC-1, suggesting that the downstream actions of KLF9 and KLF13 are context- and dosage-

dependent.

To better characterize the relationship between KLF9, KLF13 and SF-1, we analyzed their expression
under the same siRNA-mediated knockdown conditions. Transcription of both KLF9 (Figure 5C) and
KLF13 (Figure 5D) was significantly upregulated upon knockdown of SF-1 in TVBF-7 and MUC-1. The
de-repression of KLF9 was most pronounced in the high-SF-1 expressing TVBF-7 cell line, consistent
with the gene dosage effect of SF-1. Additionally, we detected evidence of mutual positive regulation
between KLF9 and KLF13 in all three cell lines. Specifically, KLF13 might sustain KLF9 expression
(evidenced by blunted KLF9 levels in the siNR5A1+siKLF13 condition relative to siNR5A1 alone) and
KLF9 reciprocally might maintain KLF13 levels (siNR5A1+siKLF9 vs. siNR5A1 alone). Conversely,
single or combined silencing of KLF9 and KLF13 (siKLF9+siKLF13) did not alter SF-1 expression in
any of the models tested (Figure 5E). These data indicate that KLF9 and KLF13 are actively repressed

by SF-1. Together with the results from hormone treatment and nuclear receptor regulation, we propose



that KLF9 and KLF13 might operate in a positive feedback loop while opposing the effects of SF-1 in

the regulation of steroidogenesis.

Regulation of intracellular metabolism

Steroidogenesis is inherently dependent on lipid and cholesterol metabolism, as cholesterol is the
precursor for steroid hormones and is stored in lipid droplets (24). We investigated expression of
regulators of lipid metabolism recently identified to correlate with KLF9 and SF-1 (11) in response to
siRNA knockdown of KLF9, KLF13 and SF-1. Knockdown of SF-1 significantly upregulated expression
of IRF1 (Figure 6A), RARA (Figure 6B), and FOXO3 (Figure 6C) in both TVBF-7 and MUC-1. Similarly
to the regulation of nuclear receptors, the combination of si-NR5A1 with either si-KLF9 or si-KLF13
blunted the effects of SF-1 single knockdown, suggesting an opposing regulatory action exerted by
KLF9 and KLF13. The maximum upregulation of these target genes reached 2- to 3-fold in TVBF-7
compared to a 1.5-fold increase in MUC-1, in line with the higher baseline dosage of SF-1 in TVBF-7.
Interestingly, KLF9 knockdown did not affect target genes in any model, whereas KLF13 knockdown
significantly induced FOXO3 expression exclusively in MUC-1, underscoring that the functions of KLF9
and KLF13 are not interchangeable. Finally, SREBF2 was upregulated following KLF13 knockdown in
TVBF-7 only (Figure 6D). These findings demonstrate that KLF9 and KLF13 might counteract the SF-

1 mediated repression of genes involved in intracellular lipid metabolism.

Overall, our data indicated that KLF9 and KLF13 might participate in regulating cholesterol and lipid
metabolism alongside steroidogenesis. We therefore investigated whether these regulatory pathways
converge on the G0/G1 switch gene 2 (G0S2), a potent promoter of lipid storage and inhibitor of
steroidogenesis (25, 26). Analysis of our RNAseq dataset revealed that GOS2 transcript was only
detectable and could be dynamically modulated in MUC-1 as compared to the other cell lines (Figure
7A). Knockdown of KLF9 significantly upregulated G0S2 expression (Figure 7B) whereas SF-1
knockdown had the opposite effect (Figure 7C). Given that KLF9 suppresses G0S2 in MUC-1, we next
utilized siRNA mediated knockdown of GOS2 to investigate its implications for steroidogenesis (Figure
7D). Silencing of G0S2 resulted in a significant upregulation in the transcription of CYP17A1 (Figure

7E) and HSD3B2 (Figure 7F), the rate-limiting drivers of glucocorticoid and androgen biosynthesis (27,



28). Therefore, by converging on G0S2, this dataset provides further support that KLF9 is involved in

the regulation of steroidogenesis.

SF-1/KLF /HOX axis

From an evolutionary perspective, the interactions between SF-1 and KLFs are reminiscent of the
embryonic patterning in Drosophila melanogaster involving FTZ-F1 (the ortholog of SF-1/NR5A1), fushi
tarazu (Ftz, the orthologue for Hox) and Kruppel (29, 30). We previously demonstrated that the central
HOX cluster members, specifically HOXA7 and HOXB7, exhibit a highly dynamic and specific
responsiveness to forskolin/cAMP signaling across ACC models (31). However, the upstream
transcriptional machinery driving this responsiveness remained uncharacterized. Therefore, we used
siRNA-mediated knockdown to understand the transcriptional regulation of HOXA7. While KLF9 did not
affect HOXA7Y levels (data not shown), knockdown of SF-1 caused a significant increase in HOXA7
expression in TVBF-7 and MUC-1. These preliminary results suggest that KLF9, KLF13 and HOXA7

undergo repression by SF-1 in favor of steroidogenesis in ACC models.



Discussion

Krippel-like factors have been implicated in the control of a vast array of biological processes ranging
from cell fate to cellular metabolism (7). Depending on the cellular context and recruitment of co-factors,
KLFs can act as either transcriptional activators or repressors. Although the role of KLFs in ACC is
largely unexplored, previous reports have identified KLF4, KLF9 and KLF13 as repressors of
steroidogenic enzymes, with KLF9 specifically characterized as a direct target of GR (32, 33). Here, we
show that these three KLFs participate in the regulation of steroidogenesis and cell cycle in three ACC
cell lines. Specifically, our knockdown experiments in TVBF-7 and MUC-1 revealed a coordinated,
inverse transcriptional feedback loop: silencing of the lineage-specific master regulator SF-1 (34, 35)
triggered a robust upregulation of KLF9 and KLF13. Therefore, we provide here a functional foundation
for our characterization of the ACC super-enhancer landscape, which identified SF1 and KLF9 as the
core antagonistic drivers balancing the "high steroid" versus "low steroid" phenotypes (12).
Furthermore, the functional pairing of a lineage regulator with organ-specific members of the Krippel
family provides a mechanism by which adult tissues preserve their discrete identities (36-38). This same
master regulator/KLF pattern is conserved across other organs, such as, for example, between PDX1
and KLF10/KLF11 in the pancreas (39). Crucially, KLF10 and KLF11 are paralogs of KLF9/KLF13 that
coordinate glucose/energy-responsive transcriptional networks, acting in similar fashion to the

regulation of the steroidogenic axis as we show here for KLF9/KLF13 (40, 41).

Important insight into the role of KLFs in ACC emerges from the antagonism between KLF9/KFL13 and
SF-1. We show that expression of KLF9 and KLF13, alongside that of the lipid metabolic transcription
factors, is actively suppressed by SF-1. Since KLF9 and KLF13 conversely blunt the effects of SF-1 on
gene promoters, one possibility is that SF-1 actively suppresses these KLFs to maintain its
transactivation of steroidogenesis. Consistent with published reports (42-44), this transcriptional
repression is dependent on SF-1 gene dosage as the most profound de-repression occurred in TVBF-
7 cells, the model with the highest baseline SF-1 expression. Accordingly, KLF9, KLF13 along with the
key regulators of lipid metabolism (IRF1, RARA, and FOXO3) were significantly de-repressed by 2- to
3-fold in TVBF-7 cells upon SF-1 knockdown, compared to a modest 1.5-fold upregulation in MUC-1

cells. While KLF13 can compensate for KLF9 in certain oncogenic contexts (45), our combinatorial



siRNA experiments suggest that they are not redundant in ACC. Instead, KLF9 and KLF13 appear to
positively influence each other’s expression in the three ACC cell lines. Since a highly active
steroidogenic phenotype is associated with aggressive ACC (46), understanding the functional
consequences of altering the ratio of KLF9/KLF13 to SF-1 may uncover novel therapeutic

vulnerabilities.

KLFs are fine-tuners of transcriptional regulation that integrate multiple hormonal inputs to coordinate
a robust cellular response (33). Their relationship with nuclear receptors is complex and bidirectional,
as they can act downstream to mediate their effects, directly modulate expression of the receptors, or
be regulated by the nuclear receptors themselves (22). For example, dexamethasone can stimulate
KLF9 expression, while KLF9 subsequently inhibits glycolysis downstream of the cortisol/GR axis to
maintain redox homeostasis and cell survival (11, 47). In alignment, we show that dexamethasone
stimulates KLF9 expression in MUC-1, while both KLF9 and KLF 13 maintain expression of GR and AR.
Glucocorticoids are well-documented drivers of immunosuppression within the tumor microenvironment
(48). In ACC, a low steroidogenic phenotype correlates with significantly higher levels of immune
infiltration and improved patient survival (49). By modulating expression of nuclear receptors and
antagonizing SF-1 activity, KLF9 and KLF13 might negatively regulate steroidogenesis, potentially
offering a therapeutic strategy to reprogram the classical "immune cold" phenotype of aggressive ACC

(50).

The cross-regulatory interaction between KLF9/KLF13 and SF-1 extends beyond steroidogenesis to
encompass the lipid metabolic network. IRF1 is a driver of de novo lipid synthesis (51), RARA is a
regulator of intracellular lipid droplet dynamics (52, 53) and FOXO3 mitigates oxidative stress and
regulates glucose/lipid flux (54). By opposing the SF-1-mediated suppression of these genes, KLF9 and
KLF13 might shift cellular metabolism away from steroidogenesis and towards lipid storage.
Interestingly, KLF13 was the only transcription factor that inhibits SREBF2 (sterol-regulatory element-
binding transcription Factor 2), the master regulator of cholesterol biosynthesis (55, 56). The strongest
interaction between KLF9/KLF13 and SF-1 was observed in TVBF-7, in line with their steroidogenic

profile and in contrast to MUC-1 which are characterized by elevated triacylglycerols and reduced



cholesterol esters (14, 57, 58). Consistent with a central role for lipid metabolism in MUC-1, we show
that GOS2 expression was specifically restricted to this cell line. G0S2 inhibits intracellular lipid
catabolism and represses steroid biosynthesis enzymes to promote accumulation of lipid droplets (25,
26). Accordingly, we observed a marked upregulation of CYP17a1 and HSD3B1 following si-RNA
mediated knockdown of GOS2. Conversely, GOS2 was undetectable in TVBF-7 and NCI-H295R, in line
with their C1A classification and reflecting the hypermethylation of GOS2 in recurrent and aggressive
ACC (12, 59). The suppression of GOS2 by KLF9 in MUC-1 might represent a potential mechanism by
which these cells transition toward a more aggressive phenotype, as underscored by their capacity to
secrete cortisol and metastasize in vivo (13, 60). In line with these findings, although MUC-1 is classified
as C1B molecular subtype, treatment with the steroidogenic inducer forskolin reprograms these cells
towards a C1A phenotype in vitro (12). Given that altered lipid metabolism is increasingly recognized
as a key driver of tumor cell survival, migration, and metastasis (61, 62), further studies are highly

warranted to delineate the plasticity of these metabolic pathways in ACC.

Beyond the regulation of cellular metabolism and steroidogenesis by KLF9 and KLF13, we also provide
evidence that KLF4 and its downstream targets might be involved in cell cycle progression in the three
ACC cell lines. KLF4 regulates cell cycle and stemness, by inducing p21-dependent p53 activation and
suppressing cyclin D1 to prompt cell cycle arrest (17-19, 63-65). In our dataset, KLF4 emerged as one
of two KLF members positively regulated by mitotane, with protein levels highest in TVBF-7 compared
to NCI-H295R and MUC-1 spheroids. Although KLF4 transcript increased in response to mitotane
potentially as a protective response across all three lines, this upregulation was not reflected in our
immunomicrographs. This discrepancy is likely explained by the rapid, ubiquitin-mediated turnover of
KLF4 protein (66), a hypothesis supported by the high expression of the Von Hippel-Lindau tumor
suppressor (VHL) and an elevated KLF4 RNA-to-protein ratio in MUC-1 cells. VHL targets specific
proteins for proteasomal degradation and directly modulates steady-state KLF4 levels; notably, VHL
loss is known to induce cell cycle arrest and senescence downstream of p21/p27 (16, 67-69).
Consistent with the oncogenic potential of KLF4 and the survival-promoting role of the DNA damage
response (70, 71), p21 and p53 were stabilized in TVBF-7 and MUC-1 while apoptosis was initiated in
NCI-H295R spheroids by mitotane. These results are in line with previous findings that MUC-1 are

resistant to mitotane and sustain proliferation (13, 58). Since nuclear CDK1/2 predominated in MUC-1



while nuclear CDK6 was specific to TVBF-7 spheroids, MUC-1 cells may attempt to bypass cell cycle
arrest induced downstream of KLF4. Although additional experiments are necessary to fully understand
the role of KLF4 in this regard, CDK1/2 can substitute for earlier CDKs to drive cell cycle progression
(72, 73). Additionally, KLF4 can modulate the epithelial-mesenchymal transition (EMT) via p53-
dependent mechanisms (70). Consequently, TVBF-7 and MUC-1 might employ distinct mechanisms to
maintain proliferation and resist mitotane, whereas NCI-H295R spheroids shift toward apoptosis in the
absence of KLF4 activation. Although KLF4 can function as a tumor suppressor or oncogene in nuclear

receptor-driven tumors (45), activation of KLF4 might have a protective effect in ACC.

KLFs are core components of human super-enhancer landscapes, where they establish and maintain
somatic cell identity (74). Furthermore, HOX activity is required to initiate SF-1 transcription during
adrenal development (75). By integrating HoxA7 into our analysis and identifying the asymmetric
relationship between SF-1 and KLF9 / KLF13 / HOXA7, we show that an adult endocrine organ
continues to utilize highly conserved, ancestral circuits to safeguard cellular identity. This framework
provides mechanistic context to our previous findings. While we previously demonstrated that forskolin,
a potent stimulator of ACTH/cAMP signaling and SF-1, repressed HOXA7/HOXB7 across ACC models,
its transcriptional regulation was unknown (31). By now demonstrating that HOXA7 which, together with
HOXBY7, is an evolutionary close relative of the well-known drosophila fushi tarazu gene, is repressed
by SF-1, we show that adrenocortical cells might still exploit this highly conserved frameworks. We
propose that the SF-1 / KLF9 / KLF13 / HOX axis might govern the balance between undifferentiated
progenitor and steroidogenic/differentiated states, offering a promising therapeutic rationale for

targeting aggressive, de-differentiated carcinomas.
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Figure Legends

Fig. 1. Transcription analysis of SF-1 and KLF family based on RNAseq dataset. TVBF-7, NCI-H295
and MUC-1 are colored in orange, green and blue, respectively. Drug treatments are depicted from left
to right for each model as untreated controls (C), JQ1, BET inhibitor (J), THZ-1, CDK?7 inhibitor (T),
mitotane (M), T+M, forskolin (F), F+M, F+T. Statistical analysis using ANOVA with Dunnett's multiple

comparison to control. * p<0.05, ** p<0.01, ****p<<0.0001.

Fig. 2. Subcellular localization of KLF4 and its targets. Representative immunomicrographs for double
staining for KLF4 and VHL (A), p53 (B), p21 (C) and cyclin D1 (D). Nuclei were counterstained with
DAPI. Images are from untreated and mitotane-treated spheroids from TVBF-7, NCI-H295R and MUC-

1. Scale bar 20um.

Fig. 3. Subcellular localization of cell cycle proteins. Representative immunomicrographs of CDK4 (A),
CDKE6 (B), CDK1/2 (C), phospho-H2AX (D) and cleaved caspase-3 (E). Nuclei were counterstained with
DAPI. Images are from untreated and mitotane-treated spheroids from TVBF-7, NCI-H295R and MUC-

1. Scale bar 20um.

Fig.4. siRNA-mediated silencing in ACC models. Cells were treated with single or a combination of
siRNAs against KLF9, KLF13 and NR5A1. Relative expression of NR3C1 (A) and AR (B), KLF9 (C),
KLF13 (D) and NR5A1 (E), normalized to GAPDH in TVBF-7 (orange), NCI-H295 (green), and MUC-1

(blue) cells.

Fig. 5. Regulation of gene expression by dexamethasone and angiotensin Il. NCI-H295R (A) and MUC-
1 (B) cells were treated with increasing concentrations of dexamethasone (D) and angiotensin 1l (A). In
the x-axis the concentrations are as follows: 1mM (1D), 10nM (10D), 100nM (100D) and 50mM (50A).
Relative expressions of KLF9, KLF13 and NR5A1 were measured by real-time RT-PCR and normalized
to GAPDH. Statistical analysis using ANOVA with Dunnett’s multiple comparison to control. * p<0.05, **

p<0.01, ****p<<0.0001.

Fig.6. siRNA-mediated silencing of genes involved in cellular metabolism in TVBF-7, NCI-H295 and
MUC-1. Cells were treated with single or combination of siRNAs against KLF9, KLF13 and NR5A1.

Gene expression was measured by real-time RT-PCR for IRF1 (A), RARA (B), FOXO3 (C) and SREBF2



(D). Results were normalized to GAPDH. Statistical analysis using ANOVA with Dunnett’'s multiple

comparison to control. * p<0.05, ** p<0.01, ****p<<0.0001.

Fig. 7. Gene expression analysis from RNAseq dataset for GOS2 in TVBF-7, NCI-H295 and MUC-1 (A).
Relative expression was measured as indicated by real-time RT-PCR following treatment with siRNAs
against KLF9 (B), SF-1 (C) and G0S2 (D-F). Statistical analysis using ANOVA with Dunnett’s multiple

comparison to control. * p<0.05, ** p<0.01, ****p<<0.0001.

Fig. 8. siRNA-mediated silencing of Hox genes. Cells were treated with siRNA against NR5A1 and
relative expression of HOXA7 was normalized to GAPDH in TVBF-7 (A), NCI-H295R (B) and MUC-1

(C). Statistical analysis using Ttest. * p<0.05, ** p<0.01.



References

1. Sacta MA, Chinenov Y, Rogatsky |. Glucocorticoid Signaling: An Update from a Genomic
Perspective. Annu Rev Physiol. 2016;78:155-80.

2. Hammer GD, Basham KJ. Stem cell function and plasticity in the normal physiology of the
adrenal cortex. Mol Cell Endocrinol. 2021;519:111043.

3. Pignatti E, du Toit T, Fluck CE. Development and function of the fetal adrenal. Rev Endocr
Metab Disord. 2023;24(1):5-21.

4. Simsek MF, Ozbudak EM. Patterning principles of morphogen gradients. Open Biol.
2022;12(10):220224.

5. Nusslein-Volhard C, Wieschaus E. Mutations affecting segment number and polarity in
Drosophila. Nature. 1980;287(5785):795-801.

6. Birnie A, Plat A, Korkmaz C, Bothma JP. Precisely timed regulation of enhancer activity
defines the binary expression pattern of Fushi tarazu in the Drosophila embryo. Curr Biol.
2023;33(14):2839-50 e7.

7. Bialkowska AB, Yang VW, Mallipattu SK. Kruppel-like factors in mammalian stem cells and
development. Development. 2017;144(5):737-54.

8. Knoedler JR, Avila-Mendoza J, Subramani A, Denver RJ. The Paralogous Kruppel-like
Factors 9 and 13 Regulate the Mammalian Cellular Circadian Clock Output Gene Dbp. J Biol
Rhythms. 2020;35(3):257-74.

9. Sporl F, Korge S, Jurchott K, Wunderskirchner M, Schellenberg K, Heins S, et al. Kruppel-like
factor 9 is a circadian transcription factor in human epidermis that controls proliferation of
keratinocytes. Proc Natl Acad Sci U S A. 2012;109(27):10903-8.

10. Ybanez WS, Bagamasbad PD. Kruppel-like factor 9 (KLF9) links hormone dysregulation and
circadian disruption to breast cancer pathogenesis. Cancer Cell Int. 2023;23(1):33.

1. Gans IM, Grendler J, Babich R, Jayasundara N, Coffman JA. Glucocorticoid-Responsive
Transcription Factor Kruppel-Like Factor 9 Regulates fkbp5 and Metabolism. Front Cell Dev Biol.

2021;9:727037.



12. Gunz S, Kerdivel G, Meirer J, Shapiro |, Ragazzon B, Amrouche F, et al. The super-enhancer
landscape reflects molecular subgroups of adrenocortical carcinoma. bioRxiv.
2023:2023.04.05.535576.

13. Hantel C, Shapiro I, Poli G, Chiapponi C, Bidlingmaier M, Reincke M, et al. Targeting
heterogeneity of adrenocortical carcinoma: Evaluation and extension of preclinical tumor models to
improve clinical translation. Oncotarget. 2016;7(48):79292—-304.

14. Sigala S, Bothou C, Penton D, Abate A, Peitzsch M, Cosentini D, et al. A Comprehensive
Investigation of Steroidogenic Signaling in Classical and New Experimental Cell Models of
Adrenocortical Carcinoma. Cells. 2022;11(9).

15. Bornstein S, Shapiro |, Malyukov M, Zullig R, Luca E, Gelfgat E, et al. Innovative
multidimensional models in a high-throughput-format for different cell types of endocrine origin. Cell
Death Dis. 2022;13(7):648.

16. Gamper AM, Qiao X, Kim J, Zhang L, DeSimone MC, Rathmell WK, et al. Regulation of KLF4
turnover reveals an unexpected tissue-specific role of pVHL in tumorigenesis. Mol Cell.
2012;45(2):233-43.

17. Chen X, Whitney EM, Gao SY, Yang VW. Transcriptional profiling of Kruppel-like factor 4
reveals a function in cell cycle regulation and epithelial differentiation. J Mol Biol. 2003;326(3):665-77.
18. Yoon HS, Chen X, Yang VW. Kruppel-like factor 4 mediates p53-dependent G1/S cell cycle
arrest in response to DNA damage. J Biol Chem. 2003;278(4):2101-5.

19. Zhang W, Geiman DE, Shields JM, Dang DT, Mahatan CS, Kaestner KH, et al. The gut-
enriched Kruppel-like factor (Kruppel-like factor 4) mediates the transactivating effect of p53 on the
p21WAF1/Cip1 promoter. J Biol Chem. 2000;275(24):18391-8.

20. Rossini E, Tamburello M, Abate A, Beretta S, Fragni M, Cominelli M, et al. Cytotoxic Effect of
Progesterone, Tamoxifen and Their Combination in Experimental Cell Models of Human
Adrenocortical Cancer. Front Endocrinol (Lausanne). 2021;12:669426.

21. Antoni L, Sodha N, Collins I, Garrett MD. CHK2 kinase: cancer susceptibility and cancer
therapy - two sides of the same coin? Nat Rev Cancer. 2007;7(12):925-36.

22. Knoedler JR, Denver RJ. Kruppel-like factors are effectors of nuclear receptor signaling. Gen

Comp Endocrinol. 2014;203:49-59.



23. Romero DG, Gomez-Sanchez EP, Gomez-Sanchez CE. Angiotensin ll-regulated transcription
regulatory genes in adrenal steroidogenesis. Physiol Genomics. 2010;42A(4):259-66.

24, Shen WJ, Azhar S, Kraemer FB. Lipid droplets and steroidogenic cells. Exp Cell Res.
2016;340(2):209-14.

25. Corbet AK, Bikorimana E, Boyd RI, Shokry D, Kries K, Gupta A, et al. GOS2 promotes
antiestrogenic and pro-migratory responses in ER+ and ER- breast cancer cells. Transl Oncol.
2023;33:101676.

26. Yang X, Lu X, Lombes M, Rha GB, Chi YI, Guerin TM, et al. The G(0)/G(1) switch gene 2
regulates adipose lipolysis through association with adipose triglyceride lipase. Cell Metab.
2010;11(3):194-205.

27. Burris-Hiday SD, Scott EE. Steroidogenic cytochrome P450 17A1 structure and function. Mol
Cell Endocrinol. 2021;528:111261.

28. Naelitz BD, Sharifi N. Through the Looking-Glass: Reevaluating DHEA Metabolism Through
HSD3B1 Genetics. Trends Endocrinol Metab. 2020;31(9):680—-90.

29. Drewell RA, Nevarez MJ, Kurata JS, Winkler LN, Li L, Dresch JM. Deciphering the
combinatorial architecture of a Drosophila homeotic gene enhancer. Mech Dev. 2014;131:68-77.

30. Field A, Xiang J, Anderson WR, Graham P, Pick L. Activation of Ftz-F1-Responsive Genes
through Ftz/Ftz-F1 Dependent Enhancers. PLoS One. 2016;11(10):e0163128.

31. Shapiro |, Debaix H, Krauchi C, Abate A, Bornstein SR, Nolting S, et al. (Non)canonical Wnt
signaling, cytoarchitecture and stemness: new insights from primary nonmetastatic, primary
metastatic, regional and distant metastatic models of adrenocortical carcinoma. Exp Mol Med.
2025;57(11):2657-70.

32. Natesampillai S, Kerkvliet J, Leung PC, Veldhuis JD. Regulation of Kruppel-like factor 4, 9,
and 13 genes and the steroidogenic genes LDLR, StAR, and CYP11Ain ovarian granulosa cells. Am
J Physiol Endocrinol Metab. 2008;294(2):E385-91.

33. Gans IM, Coffman JA. Glucocorticoid-Mediated Developmental Programming of Vertebrate
Stress Responsivity. Front Physiol. 2021;12:812195.

34. Hoivik EA, Lewis AE, Aumo L, Bakke M. Molecular aspects of steroidogenic factor 1 (SF-1).

Mol Cell Endocrinol. 2010;315(1-2):27-39.



35. Luo X, Ikeda Y, Parker KL. A cell-specific nuclear receptor is essential for adrenal and
gonadal development and sexual differentiation. Cell. 1994;77(4):481-90.

36. Duong TE, Wu Y, Sos BC, Dong W, Limaye S, Rivier LH, et al. A single-cell regulatory map of
postnatal lung alveologenesis in humans and mice. Cell Genom. 2022;2(3).

37. Verzi MP, Shin H, He HH, Sulahian R, Meyer CA, Montgomery RK, et al. Differentiation-
specific histone modifications reveal dynamic chromatin interactions and partners for the intestinal
transcription factor CDX2. Dev Cell. 2010;19(5):713-26.

38. Yerra VG, Drosatos K. Specificity Proteins (SP) and Kruppel-like Factors (KLF) in Liver
Physiology and Pathology. Int J Mol Sci. 2023;24(5).

39. Fernandez-Zapico ME, van Velkinburgh JC, Gutierrez-Aguilar R, Neve B, Froguel P, Urrutia
R, et al. MODY7 gene, KLF11, is a novel p300-dependent regulator of Pdx-1 (MODY4) transcription in
pancreatic islet beta cells. J Biol Chem. 2009;284(52):36482-90.

40. Giarrizzo M, LaComb JF, Bialkowska AB. The Role of Kruppel-like Factors in Pancreatic
Physiology and Pathophysiology. Int J Mol Sci. 2023;24(10).

41, Hsieh PN, Fan L, Sweet DR, Jain MK. The Kruppel-Like Factors and Control of Energy
Homeostasis. Endocr Rev. 2019;40(1):137-52.

42. Doghman M, Cazareth J, Douguet D, Madoux F, Hodder P, Lalli E. Inhibition of adrenocortical
carcinoma cell proliferation by steroidogenic factor-1 inverse agonists. J Clin Endocrinol Metab.
2009;94(6):2178-83.

43. Doghman M, Karpova T, Rodrigues GA, Arhatte M, De Moura J, Cavalli LR, et al. Increased
steroidogenic factor-1 dosage triggers adrenocortical cell proliferation and cancer. Mol Endocrinol.
2007;21(12):2968-87.

44, Muzzi JCD, Ruggiero C, Doghman-Bouguerra M, Colodel ME, Magno JM, Resende JSS, et
al. Steroidogenic factor-1 regulates a core set of target genes to promote malignancy in
adrenocortical carcinoma. Eur J Endocrinol. 2025;193(1):135-45.

45, Simmen RC, Pabona JM, Velarde MC, Simmons C, Rahal O, Simmen FA. The emerging role
of Kruppel-like factors in endocrine-responsive cancers of female reproductive tissues. J Endocrinol.
2010;204(3):223-31.

46. Else T, Kim AC, Sabolch A, Raymond VM, Kandathil A, Caoili EM, et al. Adrenocortical

carcinoma. Endocr Rev. 2014;35(2):282-326.



47. Cui A, Fan H, Zhang Y, Zhang Y, Niu D, Liu S, et al. Dexamethasone-induced Kruppel-like
factor 9 expression promotes hepatic gluconeogenesis and hyperglycemia. J Clin Invest.
2019;129(6):2266-78.

48. Giles AJ, Hutchinson MND, Sonnemann HM, Jung J, Fecci PE, Ratnam NM, et al.
Dexamethasone-induced immunosuppression: mechanisms and implications for immunotherapy. J
Immunother Cancer. 2018;6(1):51.

49. Muzzi JCD, Magno JM, Cardoso MA, de Moura J, Castro MAA, Figueiredo BC. Adrenocortical
Carcinoma Steroid Profiles: In Silico Pan-Cancer Analysis of TCGA Data Uncovers Immunotherapy
Targets for Potential Improved Outcomes. Front Endocrinol (Lausanne). 2021;12:672319.

50. Li B, Severson E, Pignon JC, Zhao H, Li T, Novak J, et al. Comprehensive analyses of tumor
immunity: implications for cancer immunotherapy. Genome Biol. 2016;17(1):174.

51. Ahmad Z, Kahloan W, Rosen ED. Transcriptional control of metabolism by interferon
regulatory factors. Nat Rev Endocrinol. 2024;20(10):573-87.

52. Kim DH, Perdomo G, Zhang T, Slusher S, Lee S, Phillips BE, et al. FoxO6 integrates insulin
signaling with gluconeogenesis in the liver. Diabetes. 2011;60(11):2763—-74.

53. Kim DH, Zhang T, Lee S, Calabuig-Navarro V, Yamauchi J, Piccirillo A, et al. FoxO6 integrates
insulin signaling with MTP for regulating VLDL production in the liver. Endocrinology.
2014;155(4):1255-67.

54. Yeo H, Lyssiotis CA, Zhang Y, Ying H, Asara JM, Cantley LC, et al. FoxO3 coordinates
metabolic pathways to maintain redox balance in neural stem cells. EMBO J. 2013;32(19):2589-602.
55. Griffiths B, Lewis CA, Bensaad K, Ros S, Zhang Q, Ferber EC, et al. Sterol regulatory
element binding protein-dependent regulation of lipid synthesis supports cell survival and tumor
growth. Cancer Metab. 2013;1(1):3.

56. Rasmi RR, Kovatich R, Farley A, Sakthivel KM, Takiar V, Sertorio M. Targeting SREBP2 in
cancer progression: Molecular mechanisms, oncogenic crosstalk, and therapeutic interventions. Cell
Signal. 2025;135:112044.

57. Warde KM, Lim YJ, Ribes Martinez E, Beuschlein F, O'Shea P, Hantel C, et al. Mitotane

Targets Lipid Droplets to Induce Lipolysis in Adrenocortical Carcinoma. Endocrinology. 2022;163(9).



58. Warde KM, Schoenmakers E, Ribes Martinez E, Lim YJ, Leonard M, Lawless SJ, et al. Liver
X receptor inhibition potentiates mitotane-induced adrenotoxicity in ACC. Endocr Relat Cancer.
2020;27(6):361-73.

59. Mohan DR, Lerario AM, Else T, Mukherjee B, Almeida MQ, Vinco M, et al. Targeted
Assessment of GOS2 Methylation Identifies a Rapidly Recurrent, Routinely Fatal Molecular Subtype of
Adrenocortical Carcinoma. Clin Cancer Res. 2019;25(11):3276-88.

60. Abate A, Tamburello M, Rossini E, Basnet RM, Ribaudo G, Gianoncelli A, et al. Trabectedin
impairs invasiveness and metastasis in adrenocortical carcinoma preclinical models. Endocr Relat
Cancer. 2023;30(2).

61. Petan T. Lipid Droplets in Cancer. Rev Physiol Biochem Pharmacol. 2023;185:53-86.

62. Rohrig F, Schulze A. The multifaceted roles of fatty acid synthesis in cancer. Nat Rev Cancer.
2016;16(11):732—49.

63. Rowland BD, Peeper DS. KLF4, p21 and context-dependent opposing forces in cancer. Nat
Rev Cancer. 2006;6(1):11-23.

64. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and
adult fibroblast cultures by defined factors. Cell. 2006;126(4):663—76.

65. Zammarchi F, Morelli M, Menicagli M, Di Cristofano C, Zavaglia K, Paolucci A, et al. KLF4 is a
novel candidate tumor suppressor gene in pancreatic ductal carcinoma. Am J Pathol.
2011;178(1):361-72.

66. Chen ZY, Wang X, Zhou Y, Offner G, Tseng CC. Destabilization of Kruppel-like factor 4 protein
in response to serum stimulation involves the ubiquitin-proteasome pathway. Cancer Res.
2005;65(22):10394—-400.

67. Kaelin WG. Von Hippel-Lindau disease. Annu Rev Pathol. 2007;2:145-73.

68. Mack FA, Patel JH, Biju MP, Haase VH, Simon MC. Decreased growth of Vhl-/- fibrosarcomas
is associated with elevated levels of cyclin kinase inhibitors p21 and p27. Mol Cell Biol.
2005;25(11):4565-78.

69. Young AP, Schlisio S, Minamishima YA, Zhang Q, Li L, Grisanzio C, et al. VHL loss actuates a
HIF-independent senescence programme mediated by Rb and p400. Nat Cell Biol. 2008;10(3):361-9.
70. Ghaleb AM, Yang VW. Kruppel-like factor 4 (KLF4): What we currently know. Gene.

2017;611:27-37.



71. Roos WP, Thomas AD, Kaina B. DNA damage and the balance between survival and death in
cancer biology. Nat Rev Cancer. 2016;16(1):20-33.

72. Malumbres M, Sotillo R, Santamaria D, Galan J, Cerezo A, Ortega S, et al. Mammalian cells
cycle without the D-type cyclin-dependent kinases Cdk4 and Cdk6. Cell. 2004;118(4):493-504.

73. Santamaria D, Barriere C, Cerqueira A, Hunt S, Tardy C, Newton K, et al. Cdk1 is sufficient to
drive the mammalian cell cycle. Nature. 2007;448(7155):811-5.

74. Whyte WA, Orlando DA, Hnisz D, Abraham BJ, Lin CY, Kagey MH, et al. Master transcription
factors and mediator establish super-enhancers at key cell identity genes. Cell. 2013;153(2):307-19.
75. Lalli E. Adrenocortical development and cancer: focus on SF-1. J Mol Endocrinol.

2010;44(6):301-7.



log, (count+1)

1500 =

1000 =

o

o

=]
|

*kkk * *kkk *kkk Fekdkk *kkk

ctrl JQ1

T
T

T 1

M T+M F F+M F+T

KLF13

NR5A1

ctrl JQ1

T M T+M F F+M F+T

ctrl JQ1

T

M T+M F F+M F+T

KLF9

250 = . , 150 = ;
. ! : . :
__ 200 : : — :
1 H - H
by ; ; + 100 i
- H H '
c 150 : : S :
El : : :
0 : : - 9 :
) : ’ > |
~ 100 =4 H 1 ~ !
§ : : é," 50 :
= 50 i i - : :
o H H 0= : .
el JQ1 T M T+M F F+MF+T  ctrl JQ1 T M T+M F F+MF+T  ctrl JQ1 T M T+M F F+M F+T ol JQ1 T M T+M F FHMF+T  ctrl JQ1 T M T+M F F+MF+T  ctrl JQ1 T M T+M F F+M F+T
- : itiim . . :
; - } A .
—~ 3= : —_ :
- : by :
+ ! H
= : S eom ;
3 i 3 :
Q 29 : : Q :
L e : : S 4 : :
S : ~ : i
O 1= . : 3 :
k) i 20 :
0 &= i Dﬂﬁ A=l
0= _# T T T 1 1 0 T 1T 1T T 1T T T 1T L L L L L. L L L
el J1 T M T+M F F+MF+T  ctrl JQ1 T M T+M F F+M F+T  ctl JQ1 T M T+M F F+M F+T ol JQ1 T M T+M F FHMF+T  ctrl JQ1 T M T+M F F+MF+T  ctrl JQ1 T M T+M F F+M F+T
KLF4
150 = . ,
400= : :
—_ ; :
= 300- - : : " .
‘_; L 100
- c H 1
g 3 : :
O 200 S i :
(3) ~ H :
~ o 1 1
504 i :
N ' i
<) g : :
O 100 - - : :
. o : :
et JQ1 T M T+M F FHMF+T  ctl JQ1 T M T+M F F+MF+T  ctrl JQ1 T M T+M F F+M F+T
el JQ1 T M T+M F F+MF+T  ctrl JQ1 T M T+M F F+M F+T  ctrl JQ1 T M T+M F F+M F+T
KLF5 KLF6
100 ' " ' oo 800 = : :
75 : i
501 i i . .
= » : — 600 :
& | £ i
£ 40l . - . : = :
> : 3 !
° i O 400= :
S : L i
[\] H N
g 2- e s o | g ol ﬁ ﬁ i L .
0= - - T 1 1 T T T T T T T T T 1T 711
et Ja1 T M T+M F FHMF+T  ctl JQ1 T M T+M F F+MF+T  ctrl JQ1 T M T+M F F+M F+T el JQ1 T M T+M F FHMF+T  ctrl JQ1 T M THM F F+M F+T  ctl JQ1 T M T+M F F+M F+T
KLF7 KLF8
30m . , 2.0 : :
' H 15 = sk ek % e e ‘ } . % .
= . . f 10 5 B i
£ 204 i : < i i
c : : = ' H
g i 5 3 s : :
8 . . 8 niin ﬁ
S 10= i : é,“ 0.04 i ;
3 : : 9 o03 : :
* : : 0.02 : :
: H 0.01 : :
0= : : =TT TT T T T T T T T T T
ol Ja1 T M T+M F F+MF+T  ctl JO1 T M T+M F F+MF+T  ctl JQ1 T M T+M F F+M F+T e Jat T M THM F FMFT ol Jot T M TM F FMFT ol JO1 T M T F FHMF4T
KLF10 KLF11
400 = : : 150 = : :
= : i
= 300+ ; : wow = : ;
% - - ; L 1004 ) o ;
c ; : £ i :
2 200 : H g : :
[¢] =1 H H H H
S a E L a i
< i | < 5o E | o e
3 100 E : i
Jdmn rl =l ﬂ i 5 o ‘ ’
] I ] 1 1 1 I 1 1 1 I 1 1 1 1 1
ol JQ1 T M T+M F F#MF+T  ctrl JQ1 T M T+M F F+MF+T  ctrl JQ1 T M T+M F F+M F+T ol JQ1 T M T+M F F+MF+T  ctrl JQ1 T M T+M F F+MF+T  ctrl JQ1 T M T+M F F+M F+T
250 = : : 405 PR - -
200=1 % :
= ; : = 304 i . e e
e : i :
T 1507 i i % |
c : : :
H H = H
8 100= : H O 20= :
5} ; E L i .
5 | Hnalla : | |
g AaB@mzwm_= . . .. .| M 8 1o- g z
i é . niin i [
1 T T 1 T 171 T T T T T T T 1
el Ja1 T M ToM F FHMF#T ot Jal T M THM F FHMFST  ctl JQ1 T M THM F F+M F+T et JQ1 T M T+M F F#MF+T  ctrl JQ1 T M T+M F F+MF+T  ctd JQ1 T M T+M F F+M F+T
150 = : : 500 =
: . : 400 . .
-~ | H -~
+ 100= : e ; + '}
- : : -
c : : C 300~
=] ! H =}
g | = g
= ; : ~ 200 :
N 50 ' : N oo H
8 a i . g —
: : 100
0 [1 5 5 A ﬁl Aralla
T T T T T T T 1 T T T T T T T 1 T T T T T T 1 T T T T T T T
ctrl JQ1 T M T+M F F+MF+T  ctrl JQ1 T M T+M F F+MF+T  ctrl JQ1 T M T+M F F+M F+T ctrl JQ1 T M T+M F F#MF+T  ctrl JQ1 T M T+M F F+M F+T  ctrl JQ1 T M T+M F F+M F+T
KLF17 KLF18
150- . tc;n eene : 0.4- ' H
100 : : :
= ] i = 03= : i
T s0d ; R R . : |
= ) = : :
o ' i H
€ N =fnm o — A= = | :
9 N : o o02- : :
8.y - - | 8 : |
S : N : :
g | 8 014 s s
17 : : : :
0 i ; 00-LoR == i % e
T T T T T T T T 1 - T T 1T T T T 1 T T 1 T T 1 T
ot JQ1 T M T+M F FHMF+T  ctl JQ1 T M T+M F F+MF+T  ctrl JQ1 T M T+M F F+M F+T ol JQ1 T M T+M F F+MF+T  ctd JQ1 T M T+M F F+M F+T  ctl JQ1 T M T+M F F+M F+T

BO00

ctrl
JQ1

F+T

TVBF-7
NCI-H295R
MUC-1

control

(+)-JQ1

THZ1

Mitotane

THZ1 + Mitotane
Forskolin

Forskolin + Mitotane
Forskolin + THZ1



g »
® 5
w
20,4m 20um 30 ym
—
oum 20 um 20um
0m Hum Wpm 0 20 g
20y 2Hum Wam Hum 20um 20 jam
w
o
o
w
0m 20 m 20um 20 um) 20 pm 20 pm |
Wem 0 20pm 0 um 20 ym 20 m
:
20gm 2 m 20um m 8um Hgm
w
Q9
'
w
0 um 20um 0 pm 2 ym 20 M0 gm
a0 20 e 0pm 2um 20 aum
0 pm 20um 0 m W 0 pm 20 gm
w
Q9
[
w
=
0y 20 pm 0 pm Hum HMpm 20 gm
0 pm Wi Hm 2um m 20
0 um " Mgm 0y Wem



w
o
[
i}
=
H9m e Hym M
g Mg Tgm T
g 0ym e
w
(L]
4
ui
=
2y e e 0 e W
¥
o
e o e Ham Ty
0gem Tpm 20
w
<]
=
uw
=
um pm 304 Ty mp
ym - Hpm
Ty g T 20gm 0
w
L]
o
]
=
0y 10 m 10m 10 e
0gm 29| W By H0gm 0
30pm 38 jem W e g
w
]
4
i
=
0y 10gm 30 um a0 20
M 103 0 0y
204m 20y g oom 0




NCI-H295R

Hi L
!
*_.- -
*T_l_ -
T_._ -
© © o o
2 2 »
(1139 Jo %) L-4S
ST
S
ST
B+
_|_I_ |
©c o o o
2 2 °

H | s,
- g
—= - Q\\
H - \.00
| | |
o o o o
2 2w
(1139 Jo %) 6470

MUC-1

__H-vw
- OQ«,
* H IOQQ\
* HH IONN
_.ﬂ-\.oo
© 0o o o ©
O 1N O U
N ™ «
(1130 J0 %) L4S
_.H|vw
IO%
R - 0%\
ST 0\\
B - £
_ I | %
o o o o
2 e °
(1139 30 %) €L4IM
_.ﬂ-vw
*TIOQ«.
S T QQ\
* —+— = \\
H- 4,
1 1 1 1 1 O
OO OO0 OO
© O O O O
LT MmN ™

(1130 Jo %,) 64T



TVBF-7 NCI-H295R MUC-1
siNT[ T} siNT— si-NT
siKLFO|  h siKLFO H *k si-KLF9
si-KLF13[__ ) siKLF13[ '} * si-KLF13
si-NR5A1 HH  *Fx* siNRSA1  HH si-NR5A1
si-KLF9 +si-KLF13[___ '} si-KLF9 +si-KLF13[_ H * si-KLF9 + si-KLF13
si-NR5A1 + si-KLF9 HH *kkk si-NRSA1+si-KLF9| W si-NR5A1 + si-KLF9 *
si-NR5A1 + si-KLF13 1] *kkk si-NRSA1+si-KLF13[  tH si-NR5A1 + si-KLF13
0 1(|)o 2(|10 3(|)o 4(|>o 0 5Io 1(|)o 1;0 tl) slo 1(])0 1;0
% of si-NT % of si-NT % of si-NT
siNT ) siNT si-NT
siKLFO| W *k si-KLFO]  HH *k si-KLF9
siKLF13[ * siKLF13[  HH *k si-KLF13
si-NR5A1 BH *xkx siNRSA1 M si-NR5A1
si-KLF9 +siKLF13[ | *% si-KLF9 +si-KLF13[ HH * si-KLF9 + si-KLF13
si-NR5A1+si-KLFO '} *kk si-NR5A1+si-KLF9 si-NR5A1 + si-KLF9
si-NRSA1 +si-KLF13[ 1} * kKK si-NR5A1 +si-KLF13| _ HH si-NR5A1 + si-KLF13
0 slo 1<|>o 1f|so 2(|10 2;0 0 5Io 1(|)o 1éo (ll 5]o 1(I]0 1;0 2<|>o
% of si-NT % of si-NT % of si-NT
si-NT[ '} siNT.__ si-NT
si-KLF9[h *kk si-KLFO| 1} bl si-KLF9 *kkk
si-KLF13[ '} siKLF13 1} si-KLF13
si-NR5A1 o *xxx si-NR5A1 Ho ** si-NR5A1 *kkk
si-KLF9 + si-KLF13[ ]} *k si-KLF9 +si-KLF13| 1} Fhkk si-KLF9 + si-KLF13 *kkk
si-NR5A1 + si-KLF9| |} * si-NR5A1+si-KLF9  HH si-NR5A1 + si-KLF9 *kkk
si-NR5A1 +si-KLF13[ ' H dkdk si-NR5A1 +si-KLF13] W *k si-NR5A1 + si-KLF13 *kkk
0 1(|)0 2(|)o 3(l)o 4l|)0 0 5|o 1(|)o 1;0 0 slo 1(|JO 1;0 2(|)o
% of si-NT % of si-NT % of si-NT
SiNT[_— H siNT[ W si-NT
siKLFO  H si-KLF9| si-KLF9
si-KLF13[_} el si-KLF13[___ # si-KLF13 *kdkk
si-NR5A1 H *xxx si-NR5A1 fo** si-NR5A1 *kk
si-KLF9 + si-KLF13[_} Fkkk si-KLF9 +si-KLF13] *k si-KLF9 + si-KLF13 Fhkk
si-NRS5A1+si-KLFO[_ 7} *x si-NR5A1+si-KLFO| _ H si-NR5A1 + si-KLF9 *kk
si-NR5A1 + si-KLF13[ Kk si-NR5A1+si-KLF13|  # *% si-NR5A1 + si-KLF13 *k kK
0 5|0 1(I)0 1 ;0 2(|)0 0 510 1(])0 1 ;0 (l) 5|0 1 (IJO 1 51)0 2(|)0
% of si-NT % of si-NT % of si-NT
siNTL_ siNT_ Hh si-NT
si-KLF9 H si-KLFO — H si-KLF9
si-KLF13 i siKLF13_ H si-KLF13
si-NR5A1[H ekl siNRSA1|___ | si-NR5A1 ok kK
siKLF9 +si-KLF13[ i si-KLF9 +si-KLF13 H si-KLF9 + si-KLF13
si-NR5A1 + si-KLF9[___ Fokkk si-NR5A1+si-KLF9 HH *k si-NR5A1 + si-KLF9 *kkk
si-NR5A1 + si-KLF13[HH ek si-NRSA1 +si-KLF13| 1} *kkk si-NR5A1 + si-KLF13 *kkk
0 SIO 1(I10 1’.|iO 0 5|0 1(|)0 1;0 (I) 5|0 1(1)0 1;0
% of si-NT % of si-NT % of si-NT



SREBF2 /| GAPDH
% of NT)

FOXO3 / GAPDH
% of NT)
N
o
T

TVBF-7
250 n *kkk hkkk hkkk
200 %
E_ I
% £ 150
O%
= 52 100
L ~
x
50
0 1 1 I I I I I I
& S =3 ) N <) Y )
;’\X\ © ‘\)pg 4:3\ ny 453\ '\'{yq \3\
) é\' & xl’\ \x‘) xe\
& & &
@\ é\' N
TVBF-7
400~

*kkk KhkE kkkk

& $ ) J N > ) %}
SR L R SR L
x TSRS B RS SR
® ) '\* e\'eq. '\* F \+
qx R
& ) A
R
& o £
TVBF-7

Kkkk KkEE KARR

TVBF-7

150+ .

50
0 T T T T T T T T
& & & o N 5 o 9
[ < N e N 33 N
R S K e &
L F P
i S

IRF1

NCI-H295R
150
o
— 1001 = ==
o= = =]
<z i ] === %
9%
=X
L — 50
x
0 T T T T T T T T
& & O > N o o 9
) é\' é\' xé\ B) é\'
N x
L &Ko
v &P
é‘* a‘x\ é\'q-
NCI-H295R
150+
o
— - ==
5 g 100 = e S
Ooc
~ 0
X
gL 50
0 T T T T T T I—
& & @ 0 Do @ 0
6\"\ ¢ \g}' ‘95 Q.v. *'\3 .\:{_\' ’l)g
) é\' é\‘ xé\' B xé\'
) N
S ES
O
NCI-H295R
150
E .
L ~100q (= = [ ==
<
02
~ Y=
s
x < 504
(o]
I8
0 T T T T T T T T
& o8 WON B e
F O EFSSES
P AN P DS
& & &N
V& )
,;\* ‘},\k é\'\gz-
NCI-H295R
150+
I
5
< = 100 = 1 M = +
(U4
~ =
o ©
L
me .
w 50
14
(7]
0 T T T T T T T T
R IV P
Az % ) < % £
@ é\* 6\!"\’ ;ﬂ\’Q' \)P/ e\* )ly
x v.\ NX
& %! \d
V& )
é\* N \;Q'

MUC-1
200_ *x * *
i
h =
I 150 ':LL
o~ 3 - +
o~
<2z
05 100 | |
T
X 50
0 1 1 1 1 1 1 1 1
& & & > N a5 o 9
[¢ < LS N < N
e‘x\ R @3 ‘\Qf’v ‘pf( & {.\?
DIt S P
x \ x
L &F o
v & \2)
\* ,)\"\ ..Q.
MUC-1
200
L 1504
o
[ W = = A
gz
2 5 100
2
S 50
0 I I I 1 I I 1 1
. I R S )
RSN S AN S
o é\* 6\{)/ g\'\& é\p’ é\:l‘ \;{3’
qx K ?f‘x
Gl
V&
é\:l~ & é\.\&
MUC-1
200
T
(=) 150
&p =
0Z
™
o
év
e 50
0 1 1 1 1 1 1 1
& & @ 0 N 0o o 0
F PG E S
LA
& EE
DI,
MUC-1
200+
3
%0150- % - 1
-
0oz
<5 1004
m 2
w
4 50
7)
0 I I I I 1 1 1 1
Y . )
F I EE
) N N N x"a\ ‘)\'
x x
S &
V& &)
,}* .\§ é\‘\g.



log, (count+1) P>

00

G0S2 / GAPDH

G0S2

4000+
=1 TVBF-7
3000~ § é 1 NCI-H295R
B MUC-1
2000~ E E ctr control
5 § Ja (+)-Ja1
; ; T THZ1
1000 - E E M Mitotane
: i TM THZ1 + Mitotane
5 : F Forskolin
0 TrTTTTT1 : 11T T T T ; FM Forskolin + Mitotane

ctrJQ T MTM F FMFT ctrJQ T MTM F FMFT ctrJQ T MTM F FMFT  FT Forskolin+THZ1

*%

200- A A
- 40 . 200 .
(] * (a]
= 160- & — 300- & — 1501
Z 9 Z 0oz
— — =~ —
45 100 < 45 200 =% 100
X ~ X @R
=~ 50+ a 100+ A~ 50-
7]
o T
0- 0-

si-NT  si-KLF9 si-NT  si-SF-1 si-NT  si-G0S2 si-NT  si-G0S2 si-NT  si-G0S2



MUC-1

NCI-H295R

1

TVBF-7

<

*%

| 1
o o
o [To)

150

(LN 30 %)
HAdVo / ZVXOH

1 1
o o
w [Te)
(LN 30 %)
HAdVo / ZVXOH

150

I
si-SF-1

I
Si-NT

1 1

o o

mW [T )
(LN 30 %)
HAdVo / ZVXOH

200
150

si-SF-1

si-NT

si-SF-1

si-NT



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e Table1.xlsx

e Table2.xIsx


https://assets-eu.researchsquare.com/files/rs-10424657/v1/53c0ae83d38bb0ed539fd7b6.xlsx
https://assets-eu.researchsquare.com/files/rs-10424657/v1/f0b15ea3de14996ce7409bc4.xlsx

	KLFmanuscript062026
	Figure1
	Figure2
	Figure3
	Figure4
	Figure5
	Figure6
	Figure7
	Figure8

