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Despite advances in chemoradiotherapy and hematopoietic stem cell transplantation, the treatment
of acute myeloid leukemia (AML) remains challenging due to significant side effects and poor
prognosis. This study aimed to investigate the role of nuclear factor I-C (NFIC) in AML progression
by evaluating whether NFIC exacerbates AML through the inhibition of SRY-box transcription
factor 1 (SOX1) and activation of autophagy, thereby providing potential insights for clinical
treatment.

NFIC and SOXI1 expression levels in AMLand normal samples were analyzed using bioinformatics,
ELISA, RT-qPCR, and western blotting, and the interaction between NFIC and SOX1 was assessed
through RNA pull-down and RNA-binding protein immunoprecipitation assays. Moreover, CCK-8
assay, FITC/PI apoptosis detection, immuno fluorescence staining, RT-qPCR, and western blotting
were conducted to assess cell viability, apoptosis, and the expression of NFIC, SOX1, Bax, Bcl-2,
LC3-1, LC3-1I, p62, and Beclin-1 following gene transfection.

NFIC expression was significantly upregulated in AML samples while SOX1 expression was
downregulated compared to normal controls. High NFIC levels were associated with poor prognosis
in AML patients, and it was found to regulate SOX1 expression in KG-1 and NB4 cells negatively.
Silencing NFIC or overexpressing SOX1 resulted in reduced cell viability and autophagy, and
increased apoptosis in KG-1 and NB4 cells. Importantly, NFIC knockdown did not affect apoptosis
in bone marrow mononuclear cells. The adverse effects of NFIC overexpression were reversed by
SOXI1 overexpression, highlighting the interplay between these factors in AML.

This study demonstrates that NFIC promotes AML progression by activating autophagy and
suppressing apoptosis in KG-1 and NB4 cells by inhibiting SOX1, providing a potential basis for
therapeutic strategies targeting NFIC and SOX1 in AML.

Key words: acute myelogenous leukemia; autophagy; Nuclear factor I-C; SRY-box transcription
factor 1
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Acute myeloid leukemia (AML) is a hematologic malignancy originating in the bone marrow,
characterized by the uncontrolled proliferation of hematopoietic stem cells, and its incidence and
associated mortality have increased in recent years [1]. AML occurs in individuals across all age
groups, but its prognosis is particularly poor in elderly patients, with an overall 5-year survival rate
of less than 21% [2]. The complex mechanisms are involved in the abnormal proliferation, survival,
and differentiation of AML cells, such as cell apoptosis, autophagy, cell metabolism, DNA
methylation modification, signal transduction, and chromatin remodeling [3]. Current clinical
approaches for AML treatment primarily include chemotherapy, such as cytarabine combined with
erythromycin, molecular targeted therapy, and allogeneic hematopoietic stem cell transplantation
[4]. Despite advancements in molecular targeted therapies in recent years, the prognosis for AML
patients remains unsatisfactory [5]. Furthermore, the high costs, severe toxic side effects of
chemotherapy, and challenges in matching donors for hematopoietic stem cell transplantation
restrict the widespread clinical application of these treatments [6]. Therefore, there is an urgent need
to investigate the mechanisms underlying AML pathogenesis to identify new therapeutic strategies
and improve clinical outcomes.

Autophagy is a unique and highly regulated cellular process in eukaryotic cells. Under conditions
such as nutrient deprivation, growth factor deficiency, hypoxia, or endoplasmic reticulum stress,
cells initiate autophagy by forming autophagosomes, which encapsulate misfolded proteins and
damaged organelles. These autophagosomes then fuse with lysosomes to form autolysosomes,
facilitating the degradation and recycling of cellular components [7, 8]. Under normal physiological
conditions, autophagy is maintained at a low basal level, responding to various stimuli to enhance
cell survival in adverse environments [9]. However, excessive autophagy can cause organelle
damage and even lead to autophagic cell death [10]. In AML, autophagy exhibits dual roles by both
promoting cell survival and inducing cell death [11]. It was reported that Neratinib, an anti-cancer
agent, induced autophagy to inhibit proliferation and enhance apoptosis of AML cells [12].
Conversely, autophagy-related E1 ligase 7 can upregulate autophagy to prevent apoptosis in AML
cells, leading to chemoresistance against cytarabine [13]. These findings highlight the essential role
of autophagy regulation in AML progression and chemoresistance, emphasizing its potential as a
target for therapeutic intervention.

Nuclear factor I (NFI) family transcription factors consist of four members: NFIA, NFIB, NFIC,
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and NFIX, all of which contain a highly conserved N-terminal DNA-binding domain [14]. Among
these, NFIC, the first identified member of the NFI family, is located on human chromosome
19p13.3 and exerts its physiological effects by specifically regulating downstream gene expression
[15]. While current research predominantly focuses on the role of NFIC in tooth development,
emerging evidence suggests that NFIC also has significant regulatory functions in various cancers
[16]. For instance, the downregulation of NFIC has been shown to promote epithelial-mesenchymal
transition (EMT), proliferation, and migration in esophageal squamous cell carcinoma cells [17].
Similarly, the knockdown of NFIC enhances the proliferation of lung squamous cell carcinoma cells
by modulating the expression of IncRNA CASC2 [18]. Additionally, NFIC has been reported to
inhibit EMT, invasion, and migration in breast cancer [19]. In the context of AML, NFIC
overexpression has been implicated in promoting disease progression, and its role in regulating
autophagy has also been documented [20, 21]. SRY-box transcription factor 1 (SOX1), a member of
the SOX gene family, contains a highly conserved DNA-binding domain and plays significant roles
in embryonic and postnatal development [22]. Notably, SOX1 has been identified as an inhibitory
factor in various cancers, including breast cancer, esophageal squamous cell carcinoma, cervical
carcinoma, and colorectal carcinoma [23-26]. Despite these findings, the role of SOX1 in AML and
its potential interaction with NFIC have not yet been elucidated.

In this study, we aimed to determine whether NFIC aggravates AML by activating autophagy
through targeting SOX1 to provide novel insights into the molecular mechanisms underlying AML

progression and identify potential targets for its clinical treatment.

Patients and methods

Bioinformatics analysis. RNA sequencing data were obtained from the Gene Expression Profiling
Interactive Analysis (GEPIA) database (https://gepia.cancer-pku.cn/detail.php) to compare NFIC
expression levels between normal tissues (n=70) and AML tissues (n=173). Kaplan-Meier survival
analysis was performed to assess the prognostic impact of NFIC expression levels, and Spearman
correlation analysis was employed to examine the relationship between NFIC and SOX1 expression
levels.

Patients and clinical specimens. A total of 30 patients (including 16 PML-RARA positive patients,

10 AMLI-ETO positive patients, and 4 patients with other karyotypes) were diagnosed with AML
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in our hospital from May 2021 to May 2023 and 10 normal control ones were selected. The
inclusion criteria were: 1) diagnosis of AML based on the NCCN Clinical Practice Guidelines in
Oncology (Version 3.2019) [27], and 2) availability of complete clinical data. The exclusion criteria
were: 1) diagnosis of other types of leukemia, 2) presence of other malignant tumors, and 3)
pregnancy or lactation. Blood samples were collected before treatment using a 21-gauge needle and
BD Vacutainer® tubes and were centrifuged at 3,000 x g for 10 min to isolate sera. Written
informed consent was obtained from all participants, and ethical approval for this study was
obtained from the Ethics Committee of The First Affiliated Hospital, Hengyang Medical School,
University of South China.

ELISA. The levels of NFIC in serum and BMNCs, as well as SOX1 in serum, were determined
using human ELISA kits for NFIC (#MBS7201183) and SOX1 (#MBS006666, MyBioSource, San
Diego, USA), following the manufacturer’s instructions. Briefly, 100 ulserum samples and BMNC
lysates (prepared after ice bath cracking and centrifugation) were first added to wells pre-coated
with corresponding antibodies. Then, NFIC-HRP conjugate (or HRP-conjugated antibody) was
supplemented to each well, and the plates were incubated at 37 °C for 1 h. After washing the plates
five times, substrate solutions A and B were added sequentially to each well and incubated for 15
min at 37 °C. The reaction was terminated with a stop solution, and the optical density (OD) values
at 450 nm were measured using a microplate reader (Molecular Devices Spectra MAX Plus 384,
Molecular Devices, San Jose, USA) to determine NFIC and SOX1 levels.

Cell culture and cell transfection. Human bone marrow mononuclear normal cells (BMMNCs)
and human AML cell lines, including OCI-AML3, KG-1, Kasumi-1, NB4, ME-1, and MOLM-14
cells, purchased from the Chinese Academy of Sciences, were cultured in RPMI 1640 medium
(#11875093, Gibco, Grand Island, USA) supplemented with 10% fetal bovine serum (#A5670701,
Gibco), 100 U/ml penicillin, and 100 pg/ml streptomycin at 37 °C in a humidified atmosphere with
5% COj. Transfection was performed using Lipofectamine 2000 (#11668500, Thermo Fisher
Scientific, Waltham, USA) according to the manufacturer’s protocol. The following constructs were
synthesized and obtained from Aibosi Life Technology: sh-NC
(5’-TTCTCCGAACGTGTCACGT-3"), sh-NFIC-1 (5’-GATGGACAAGTCACCATTCAA-3’),
sh-NFIC-2  (5’-CCCGGTGAAGAAGACAGAGAT-3’), o0e-NC  (pcDNA3.1), oe-NFIC
(pcDNA3.1-NFIC, NM 001245002.2, GenBank'™), and 0e-SOX1 (pcDNA3.1-SOXI,
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136 NM_005986.3, GenBank'™). These constructs were transfected into the AML cells and incubated
137  for 48 h for subsequent experiments.

138  Cell experiment protocol. To compare the gene and protein expression levels of NFIC between
139 BMMNCs and AML cell lines, all cells were divided into seven groups: the BMMNC group,
140  OCI-AML3 group, KG-1 group, Kasumi-1 group, NB4 group, ME-1 group, and MOLM-14 group.
141 To assess the effects of NFIC downregulation on BMMNCs and AML cells, specifically KG-1 and
142 NB4 cells, the cells were randomly assigned to three groups: the sh-NC group (negative control),
143  the sh-NFIC-1 group, and the sh-NFIC-2 group. To determine whether NFIC promotes AML
144  progression by targeting SOX1, KG-1 and NB4 cells were further divided into four groups: the
145  o0e-NC group (negative control), the oe-NFIC group (NFIC overexpression), the oe-SOX1 group
146 (SOXI1 overexpression), and the oe-NFIC+oe-SOXI1 group (co-overexpression of NFIC and SOX1).
147 Al transfections were performed using the corresponding constructs.

148  Cell viability assay. Cell viability was evaluated using the CCK-8 assay. Following transfection,
149  KG-1, and NB4 cells were incubated with the CCK-8 reagent (#CA1210, Solarbio, Beijing, China)
150  at 37 °C, and the optical density (OD) values were measured using a microplate reader at 450 nm to
151  determine cell viability.

152 Cell apoptosis assay. The apoptosis rates of BMMNCs, KG-1, and NB4 cells were determined
153  using the FITC/PI apoptosis detection kit (#556547, BD Biosciences, California, USA). Briefly,
154  after transfection, the cells were collected and resuspended in 100 pl of 1x binding buffer.
155  Subsequently, 5 pl of Annexin V-FITC and 5 pl of PI dye were added to the suspension, and the
156  cells were incubated in the dark for 15 min at room temperature. Following incubation, 400 ul of 1x
157  binding buffer was added to each sample. Apoptosis rates were then measured using a flow
158  cytometer (CytoFLEX, Beckman Coulter, Brea, USA).

159  Immunofluorescence (IF) staining. After transfection, the KG-1 and NB4 cells were fixed with 4%
160  paraformaldehyde, permeabilized with 0.3% Triton X-100, and blocked with 5% bovine serum
161  albumin (BSA) to reduce nonspecific binding, and incubated overnight at 4 °C with the primary
162 antibody against LC3 (1: 500, #AF5402, Affinity, Ohio, USA). The following day, the cells were
163  incubated with fluorescently labeled secondary antibodies for 30 min at room temperature in the
164  dark. Then, their nuclei were counterstained with DAPI solution for 15 min, and lastly, the stained

165  cells were visualized and imaged using a fluorescence microscope (Laite LF50, Laite, Guangzhou,
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China).

RNA pull-down assay. To perform the RN A pull-down assay, the TranscriptAid T7 High Yield
Transcription Kit (#K0441, Thermo Fisher Scientific) was first used to synthesize NFIC-sense and
NFIC-antisense RNAs. After that, the biotin was labeled onto the surface of target RNAs to
generate biotin-labeled RNA probe complexes with the help of the Pierce™ RNA 3’ end
desulfurization biotinylation kit (#20163, Thermo Fisher Scientific). The biotin-labeled RNAs were
bound to streptavidin-agarose beads (#88816, Thermo Fisher Scientific) and subsequently incubated
with protein extracts from KG-1 and NB4 cells. After washing, the RNA-protein complexes were
boiled in sodium dodecyl sulfate (SDS) buffer to release bound proteins, and the extracted proteins
were analyzed using Western blotting.

RNA binding protein immunoprecipitation (RIP) assay. The RIP assay was conducted using the
Magna RIP reagent kit (#17-704, Millipore, Beverly, USA), following the manufacturer’s
instructions. Briefly, KG-1 and NB4 cells were lysed using RIPA buffer containing RNase inhibitors.
The cell lysates were incubated overnight at 4 °C with magnetic beads conjugated to anti-SOX1
(#DF8196, Affinity, Ohio, USA) or anti-IgG (#ab133470, Abcam, Cambridge, UK) antibodies. The
immunoprecipitated complexes were released from the beads using proteinase K for 30 min. Total
RNA was then extracted from the complexes using the TRIzol reagent. The enrichment of NFIC
RNA was quantified using RT-qPCR.

Real-time quantitative PCR (RT-qPCR). Total RNA was extracted from BMMNCs, OCI-AML3,
KG-1, Kasumi-1, NB4, ME-1, and MOLM-14 cells using the TRIzol reagent (#R0016, Beyotime,
Shanghai, China). The extracted RNA was reverse transcribed into cDNA using a reverse
transcription kit (#4366596, Invitrogen, California, USA). RT-qPCR was performed using 2x Taq
PCR Master Mix (#FY16606, Feiyu Bio, Nantong, China) with specific primers (Table 1) on a
QuantStudio 3 RT-qPCR instrument (Thermo Fisher Scientific). The relative expression levels of
NFIC and SOX1 were quantified using the 2 **“' method.

Western blot. Proteins from BMMNCs, OCI-AML3, KG-1, Kasumi-1, NB4, ME-1, and
MOLM-14 cells were extracted using RIPA lysis buffer and denatured by boiling. The denatured
proteins were separated using SDS-PAGE and transferred onto PVDF membranes. The membranes
were blocked with skim milk and incubated overnight at 4 °C with primary antibodies, including

anti-NFIC (1: 1000, #ab228909), anti-SOX1 (1: 1000, #DF8196), anti-Bax (1: 2000, #AF0120),
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anti-Bcl-2 (1: 2000, #AF6139), anti-p62 (1: 1000, #AF5384), anti-Beclin-1 (1: 1000, #AF5128),
anti-LC3 (1: 1000, #AF5402), and anti- GAPDH (1: 2000, #AF7021). Except for anti-NFIC, which
was purchased from Abcam, all other primary antibodies were bought from Affinity. After
incubation with appropriate HRP-conjugated secondary antibodies, the membranes were treated
with ECL chemiluminescent substrate (#G2161, Servicebio, Wuhan, China). The protein bands
were visualized, and their grayscale intensity was analyzed using ImageJ software (version
1.8.0.112).

Statistical analysis. All experiments were performed independently in triplicate, and the results are
presented as meantstandard deviation. Statistical analysis was conducted using GraphPad Prism
software (version 8.0.2). Differences between groups were evaluated using one-way analysis of

variance (ANOVA), and statistical significance was determined at p < 0.05.

Results

NFIC is highly expressed in AML patients and AML cell lines. To investigate the expression
level of NFIC in AML, RNA sequencing data were obtained from the GEPIA database. A
comparison between normal tissues (n=70) and AML tissues (n=173) revealed that NFIC expression
was significantly higher in AML tissues than in normal tissues (Figure 1A). To validate these
findings, the NFIC levels in clinical specimens were further examined using ELISA, and the results
confirmed that NFIC levels in the serum of AML patients were significantly elevated compared to
those in healthy controls (Figure 1B). Additionally, NFIC levels were analyzed in AML patients
with different fusion genes. Among the 30 AML patients, 16 had PML-RARa fusion genes, 10 had
AMLI-ETO fusion genes, and 4 had other fusion genes. Regardless of the fusion gene type, NFIC
levels in all patient groups were significantly higher than those in healthy controls (Supplementary
Figure STA). To assess the prognostic value of NFIC, Kaplan-Meier survival analysis was
performed. As shown in Figure 1C and Supplementary Figure S1B, patients with high NFIC
expression exhibited significantly lower progression-free survival and overall survival rates
compared to those with low NFIC expression over a 60-month follow-up period. These findings
suggest that high NFIC expression is associated with a poor prognosis in AML patients.

To further evaluate NFIC expression, its gene and protein levels were compared between AML cell

lines and normal BMMNCs. RT-qPCR and Western blot analyses demonstrated that NFIC gene and
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protein expression were significantly upregulated in AML cell lines, including OCI-AML3, KG-1,
Kasumi-1, NB4, ME-1, and MOLM-14, compared to BMMNCs (Figures 1D, 1E). Notably, among
the AML cell lines tested, NB4 and KG-1 cells exhibited the highest NFIC expression levels. Based
on these observations, NB4 and KG-1 cells were selected for subsequent experiments. Collectively,
these results demonstrate that NFIC is highly expressed in AML patients and cell lines, and its
elevated expression is closely associated with poor prognosis in AML.

Effects of knocking down NFIC on KG-1 and NB4 cells. To verify the successful transfection of
sh-NC, sh-NFIC-1, and sh-NFIC-2 into KG-1 and NB4 cells, the gene and protein expression levels
of NFIC were analyzed. As shown in Figures 2A and 2B, the gene and protein expression levels of
NFIC in the sh-NFIC-1 and sh-NFIC-2 groups were significantly reduced compared to the sh-NC
group, confirming that sh-NC, sh-NFIC-1 and sh-NFIC-2 were successfully transfected into KG-1
and NB4 cells. Given that NFIC expression was elevated in AML, the effects of NFIC knockdown
on cell viability, apoptosis, and autophagy were further investigated in KG-1 and NB4 cells. CCK-8
assay results revealed that the cell viability of KG-1 and NB4 cells in the sh-NFIC-1 and sh-NFIC-2
groups was significantly lower than in the sh-NC group over 72 hours (Figure 2C). Flow cytometry
analysis showed that the apoptosis rates of KG-1 and NB4 cells were significantly higher in the
sh-NFIC-1 and sh-NFIC-2 groups compared to the sh-NC group (Figure 2D). Immunofluorescence
staining for LC3 demonstrated that the fluorescence intensity of LC3-positive areas was notably
weaker in the sh-NFIC-1 and sh-NFIC-2 groups than in the sh-NC group, indicating reduced
autophagy levels (Figure 2F). Furthermore, Western blot analysis revealed significant changes in
the expression of apoptosis and autophagy-related proteins. Specifically, the protein expression
levels of Bax and p62 were significantly upregulated, while the expression levels of Bcl-2,
LC3-1I/LC3-1, and Beclin-1 were significantly downregulated in the sh-NFIC-1 and sh-NFIC-2
groups compared to the sh-NC group (Figures 2E, 2G). Moreover, NFIC knockdown did not affect
the apoptosis rate of BMMNCs (Supplementary Figures S2A, S2B). These findings demonstrate
that NFIC knockdown inhibits cell viability and autophagy while promoting apoptosis in KG-1 and
NB4 cells, suggesting that NFIC plays an important role in the survival and autophagic activity of
AML cells.

NFIC targets and inhibits the expression of SOX1. Analysis of clinical specimens demonstrated

that the level of SOX1 in the serum of AML patients was significantly lower than that in the serum
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of healthy controls (Figure 3A). Furthermore, Spearman correlation analysis indicated a negative
correlation between NFIC and SOXI1 expression (Figure 3B). To determine whether NFIC directly
targets and regulates SOX1 in AML, RNA pull-down and RNA-binding protein
immunoprecipitation (RIP) assays were performed. As shown in Figures 3C and 3D, the SOX1
protein in KG-1 and NB4 cells was pulled down by the NFIC probe, and the NFIC mRNA was
enriched in the complex immunoprecipitated by the SOX1 antibody. In addition, the gene and
protein expression levels of SOX1 in KG-1 and NB4 cells were significantly higher in the
sh-NFIC-1 and sh-NFIC-2 groups compared to the sh-NC group (Figures 3E, 3F). These results
suggest that NFIC targets and inhibits the expression of SOXI in AML cells.

Effects of overexpressing NFIC and SOX1 on KG-1 and NB4 cells. To confirm the successful
transfection of oe-NC, oe-NFIC and oe-SOX1 into KG-1 and NB4 cells, the gene and protein
expression levels of SOX1 were first measured. As shown in Figures 4A and 4B, compared to the
0e-NC group, SOX1 gene and protein expression levels were significantly downregulated in the
0e-NFIC group and dramatically upregulated in the oe-SOX1 group. Furthermore, in the oe-NFIC +
0e-SOXI1 group, SOXI1 expression levels were significantly lower than those in the oe-SOX1 group.
These findings confirm the successful transfection of oe-NC, oe-NFIC, and oe-SOXI into KG-1
and NB4 cells.

The effects of NFIC and SOX1 overexpression on cell viability, apoptosis, and autophagy in KG-1
and NB4 cells were further investigated. Compared to the oe-NC group, the cell viability of KG-1
and NB4 cells was significantly increased in the oe-NFIC group but substantially decreased in the
0e-SOX1 group (Figure 4C). Conversely, the apoptosis rate was markedly reduced in the oe-NFIC
group but dramatically elevated in the oe-SOXI1 group (Figure 4D). Immunofluorescence staining
showed that LC3 fluorescence intensity, reflecting autophagy activity, was significantly enhanced in
the oe-NFIC group but prominently reduced in the oe-SOX1 group compared to the oe-NC group
(Figure 4F). Western blot analysis further corroborated these findings, demonstrating that compared
to the oe-NC group, the protein expression levels of Bax and p62 were significantly reduced in the
oe-NFIC group but notably increased in the oe-SOX1 group. In contrast, the expression levels of
Bel-2, LC3-II/LC3-I, and Beclin-1 were significantly elevated in the oe-NFIC group but
substantially decreased in the oe-SOX1 group (Figures 4E, 4G). Interestingly, the co-transfection of

oe-NFIC and oe-SOXI1 effectively reversed the effects of oe-SOXI1 overexpression on cell viability,
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apoptosis, and autophagy in KG-1 and NB4 cells (Figures 4C-4G). Taken together, these results
demonstrate that overexpressing NFIC promotes cell viability and autophagy while inhibiting

apoptosis in KG-1and NB4 cells, primarily by suppressing SOXI.

Discussion

AML is a highly heterogeneous hematological malignancy characterized by clonal proliferation
disorders of hematopoietic stem cells and is the most common type of acute leukemia in adults [28].
Its incidence has been reported to increase with age, with patients over 60 years old accounting for
more than 50% ofall AML cases, and the median age of onset being approximately 68 years [29].
In elderly individuals, the reduced number and impaired function of bone marrow stem cells and
disruptions in the proliferation and differentiation of hematopoietic stem cells contribute to AML
development [30]. Furthermore, the immune function of elderly AML patients is often
compromised, weakening their anti-tumor immune response. This promotes immune escape,
proliferation, and metastasis of AML cells [31]. The excessive proliferation of AML cells further
exacerbates hematopoietic dysfunction. On the one hand, it disrupts the production of essential
blood cells, including red blood cells, white blood cells, and platelets, leading to anemia and a
bleeding tendency. On the other hand, it impairs the immune system, making patients more
susceptible to infections caused by  various pathogens [32]. Although chemotherapy and
hematopoietic stem cell transplantation remain the primary treatment strategies for AML, these
therapies are associated with significant side effects and a high recurrence rate [33]. Therefore,
investigating the molecular mechanisms underlying AML progression is essential to identify novel
targets for more effective and safer clinical treatments. In this present study, the relative
mechanisms of AML were investigated to provide a novel insight into its clinical treatment.

Over the past decade, there has been increasing research on the role of NFIC in cancer; however, its
effects vary among different cancer types. For instance, NFIC expression was reported to be
markedly upregulated in gastric cancer (GC), where its overexpression further promoted GC
progression [34, 35]. In contrast, previous studies have demonstrated that NFIC activation inhibits
the proliferation, migration, and invasion of other cancers, such as bladder cancer and breast cancer
[36, 37]. More importantly, a previous study identified NFIC as a potential target that is also

significantly overexpressed in AML [21]. Consistent with these findings, our study confirmed
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through bioinformatics analysis, clinical specimens, and in vitro cellular experiments that NFIC is
prominently overexpressed in AML. Moreover, our results demonstrated that NFIC overexpression
is associated with a lower survival rate in AML patients. In recent years, studies have highlighted
the protective role of autophagy and apoptosis in AML progression [38]. Therefore, in this study, we
investigated the effects and underlying mechanisms of NFIC on AML by regulating autophagy and
apoptosis. To evaluate apoptosis and autophagy in KG-1 and NB4 cells, we analyzed the expression
of key proteins: Bax and Bcl-2 (apoptosis markers), LC3-1 and LC3-II (autophagy markers,
reflecting LC3-I lipidation), p62 (an autophagy substrate recognition protein), and Beclin-1 (a core
autophagy regulator). Our results showed that NFIC knockdown reduced cell viability and
autophagy while increasing apoptosis in KG-1 and NB4 cells. Importantly, NFIC knockdown did
not affect apoptosis in BMMNCs, suggesting that NFIC knockdown may alleviate AML
progression without harming normal bone marrow mononuclear cells. One previous study reported
that abnormally elevated NFIC in neural tube defect (NTD) mice suppressed autophagy and
promoted apoptosis by activating miR-200 [20]. We speculated the differences between the effects
of NFIC on autophagy and apoptosis observed in our study and those in the previous NTD study
could be due to the distinct biological systems and cell types involved, as NTDs primarily involve
injuries to neural stem cells in the central nervous system, whereas AML is characterized by the
generation of abnormal leukemia cells in the peripheral circulatory system.

SOX1 is expressed in various malignant tumors and is closely associated with tumor occurrence,
progression, and prognosis. Low SOXI1 expression has been reported in breast cancer, where its
upregulation significantly inhibited tumor cell migration and invasion [24]. In esophageal squamous
cell carcinoma (ESCC), high SOX1 expression was identified as a potential therapeutic target, and
its regulation was shown to improve prognosis [39]. Additionally, SOX1 overexpression inhibited
proliferation, invasion, and metastasis, while promoting apoptosis in hepatocellular carcinoma by
regulating the Wnt/B- catenin pathway [40]. However, the role of SOX1 in AML and its relationship
with NFIC remains unclear. In this study, we further investigated the relationship between NFIC
and SOX1, as well as the effects of SOX1 on AML cells. Analysis of clinical specimens revealed
that SOX1 expression was significantly downregulated in AML, consistent with previous findings.
Interestingly, results from our bioinformatics analysis, molecular interaction experiments (RNA

pull-down and RIP assays), and in vitro cellular experiments demonstrated that NFIC targets and
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negatively regulates SOX1 in KG-1 and NB4 cells. To determine whether NFIC regulates
autophagy and apoptosis through SOX1 inhibition, we investigated the effects of overexpressing
NFIC, SOX1, and NFIC combined with SOX1 in KG-1 and NB4 cells. Our findings showed that
NFIC overexpression increased cell viability and autophagy while reducing apoptosis in KG-1 and
NB4 cells. Importantly, these effects were effectively reversed by SOX1 overexpression, which
aligns with a previous study showing that SOX1 downregulation promotes autophagy and reduces
apoptosis, enhancing drug resistance in non-small cell lung cancer [41]. The results of this study
suggest that NFIC targets and negatively regulates SOX1, while SOX1 overexpression suppresses
AML progression in KG-1 and NB4 cells by mhibiting autophagy.

Despite the interesting findings reported, some limitations need to be addressed. First, although our
findings were derived from clinical specimens and in vitro cellular experiments, validation through
in vivo animal experiments was not performed. Second, autophagy was evaluated by measuring the
expression of LC3-1, LC3-II, p62, and Beclin-1, which provides limited evidence. Additional
approaches are required to comprehensively assess autophagy, such as evaluating the expression of
other autophagy-related proteins, such as ATG and ULK family proteins, and observing the
formation of autophagosomes using transmission electron microscopy.

In conclusion, this study demonstrated that NFIC promotes autophagy, enhances cell viability, and
inhibits apoptosis in KG-1 and NB4 cells by targeting and suppressing SOXI1, supporting the
potential role of NFIC in AML progression and as a potential novel target for the clinical treatment

of AML.

Acknowledgments: This work is supported by Natural Science Foundation of Hunan Province

(N0.2023JJ50154) and Natural Science Foundation of Hunan Province (N0.2024]J7450).

Supplementary data are available in the online version of the paper.

References
[1] NEWELL LF, COOK RJ. Advances in acute myeloid leukemia. BMJ 2021; 375: n2026.
https//doi.org/10.1136/bmj.n2026

12



376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

2]

[3]
[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

STUBBINS RJ, FRANCIS A, KUCHENBAUER F, SANFORD D. Management of Acute
Myeloid Leukemia: A Review for General Practitioners in Oncology. Curr Oncol 2022; 29:
6245-6259. httpsi//doi.org/10.3390/curroncol29090491

SHORT NJ, RYTTING ME, CORTES JE. Acute myeloid leukaemia. Lancet 2018; 392:
593-606. https://doi.org/10.1016/s0140-6736(18)31041-9

DINARDO CD, ERBA HP, FREEMAN SD, WEI AH. Acute myeloid leukaemia. Lancet
2023;401: 2073-2086. https://doi.org/10.1016/s0140-6736(23)00108-3

BHANSALI RS, PRATZ KW, LAI C. Recent advances in targeted therapies in acute
myeloid leukemia. J Hematol Oncol 2023; 16: 29.
https://doi.org/10.1186/s13045-023-01424-6

HAMILTON KV, MAESE L, MARRON JM, PULSIPHER MA, PORTER CC et al.
Stopping Leukemia in Its Tracks: Should Preemptive Hematopoietic Stem-Cell
Transplantation be Offered to Patients at Increased Genetic Risk for Acute Myeloid
Leukemia? J Clin Oncol 2019; 37: 2098-2104. https://doi.org/10.1200/jco.19.00181

YU L, CHEN Y, TOOZE SA. Autophagy pathway: Cellular and molecular mechanisms.
Autophagy 2018; 14:207-215. https//doi.org/10.1080/15548627.2017.1378838

NEW J, THOMAS SM. Autophagy-dependent secretion: mechanism, factors secreted, and
disease implications. Autophagy 2019; 15: 1682-1693.
https://doi.org/10.1080/15548627.2019.1596479

MIZUSHIMA N, KOMATSU M. Autophagy: renovation of cells and tissues. Cell 2011;
147: 728-741. httpsy//doi.org/10.1016/j.cell2011.10.026

TOWERS CG, WODETZKI D, THORBURN A. Autophagy and cancer: Modulation of cell
death pathways and cancer cell adaptations. J Cell Biol 2020; 219: €201909033.
https://doi.org/10.1083/jcb.201909033

SEO W, SILWAL P, SONG IC, JO EK. The dual role of autophagy in acute myeloid
leukemia. J Hematol Oncol 2022; 15:51. https/doi.org/10.1186/s13045-022-01262-y

MA H, LIU Y, MIAO Z, CHENG S, ZHU Y et al. Neratinib inhibits proliferation and
promotes apoptosis of acute myeloid leukemia cells by activating autophagy-dependent
ferroptosis. Drug Dev Res 2022; 83: 1641-1653. https:/doi.org/10.1002/ddr.21983

PIYA S, KORNBLAU SM, RUVOLO VR, MU H, RUVOLO PP et al. Atg7 suppression
enhances chemotherapeutic agent sensitivity and overcomes stroma-mediated
chemoresistance in acute myeloid leukemia. Blood 2016; 128: 1260-1269.
https//doi.org/10.1182/blood-2016-01-692244

CHEN KS, LIM JWC, RICHARDS LJ, BUNT J. The convergent roles of the nuclear factor
I transcription factors in development and cancer. Cancer Lett 2017; 410: 124-138.
https//doi.org/10.1016/j.canlet.2017.09.015

XU C, XIE X, ZHAO L, WU Y, WANG J. The critical role of nuclear factor I-C in tooth
development. Oral Dis 2022; 28: 2093-2099. https://doi.org/10.1111/0d1.14046

LI C, DUAN G, FENG Y. Downregulation of miR-184 facilitates osseous differentiation in
periodontal ligament stem cells by modulating nuclear factor I-C. J Dent Sci 2021; 16:
668-675. https//doi.org/10.1016/.jds.2020.09.011

WANG H, SHI X, WU S. miR-550a-3/NFIC plays a driving role in esophageal squamous
cell cancer cells proliferation and metastasis partly through EMT process. Mol Cell Biochem
2020; 472: 115-123. https//doi.org/10.1007/s11010-020-03790-y

13



420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

ZHANG H, LUO Z, TANG J, TIAN J, XIAO Y et al. Transcription factor NFIC functions as
a tumor suppressor in lung squamous cell carcinoma progression by modulating IncRNA
CASC2. Cell Cycle 2022; 21: 63-73. https//doi.org/10.1080/15384101.2021.1995130

LEE HK, LEE DS, PARK JC. Nuclear factor I-C regulates E-cadherin via control of KLF4
in breast cancer. BMC Cancer 2015; 15: 113. https//doiorg/10.1186/s12885-015-1118-z
HUANG W, HUANG T, LIU Y, FU J, WEI X et al. Nuclear factor I-C disrupts cellular
homeostasis between autophagy and apoptosis via miR-200b-Ambral in neural tube defects.
Cell Death Dis 2021; 13: 17. https//doi.org/10.1038/s41419-021-04473-2

RASTOGI N, GONZALEZ JBM, SRIVASTAVA VK, ALANAZI B, ALANAZI RN et al.
Nuclear factor I-C overexpression promotes monocytic development and cell survival in
acute myeloid leukemia. Leukemia 2023; 37: 276-287.
https://doi.org/10.1038/s41375-022-01801-z

CHEW LJ, GALLO V. The Yin and Yang of Sox proteins: Activation and repression in
development and  disease. J Neurosci Res  2009;  87:  3277-3287.
https//doi.org/10.1002/jnr.22128

HUANG J, GAO H, TAN HZ. SOX1 Promoter Hypermethylation as a Potential Biomarker
for High-Grade Squamous Intraepithelial Neoplasia Lesion and Cervical Carcinoma: A
Meta-Analysis With Trial Sequential Analysis.  Front Genet 2020; 11: 633.
https:/doi.org/10.3389/fgene.2020.00633

SONGL, LIU D, HE J, WANG X, DAI Zetal. SOXI1 inhibits breast cancer cell growth and
invasion through suppressing the Wnt/B-catenin signaling pathway. APMIS 2016; 124:
547-555. https//doi.org/10.1111/apm.12543

HUANG J, TAN ZR, YU J, LI H, LV QL et al. DNA hypermethylated status and gene
expression of PAX1/SOX1 in patients with colorectal carcinoma. Onco Targets Ther 2017;
10: 4739-4751. https//doi.org/10.2147 /ott.S143389

RAD A, ESMAEILI DIZGHANDI S, ABBASZADEGAN MR, TAGHECHIAN N, NAJAFI
M et al. SOXI1 is correlated to stemness state regulator SALLA4 through progression and
invasiveness of esophageal squamous cell carcinoma. Gene 2016; 594: 171-175.
https//doiorg/10.1016/5.gene.2016.08.045

TALLMAN MS, WANG ES, ALTMAN JK, APPELBAUM FR, BHATT VR et al. Acute
Myeloid Leukemia, Version 3.2019, NCCN Clinical Practice Guidelines in Oncology. J Natl
Compr Canc Netw 2019; 17: 721-749. https://doi.org/10.6004/jnccn.2019.0028

ABELSON S, COLLORD G, NG SWK, WEISSBROD O, MENDELSON COHEN N et al.
Prediction of acute myeloid leukaemia risk in healthy individuals. Nature 2018; 559:
400-404. https//doiorg/10.1038/s41586-018-0317-6

LIU H. Emerging agents and regimens for AML. J Hematol Oncol 2021; 14: 49.
httpsi//doiorg/10.1186/s13045-021-01062-w

KHWAJA A, BJORKHOLM M, GALE RE, LEVINE RL, JORDAN CT et al Acute
myeloid leukaemia. Nat Rev Dis Primers 2016; 2: 16010.
https//doi.org/10.1038/nrdp.2016.10

VAGO L, GOJO I. Immune escape and immunotherapy of acute myeloid leukemia. J Clin
Invest 2020; 130: 1552-1564. https//doi.org/10.1172/jc1129204

WITKOWSKI MT, LASRY A, CARROLL WL, AIFANTIS L. Immune-Based Therapies in
Acute Leukemia. Trends Cancer 2019; 5: 604-618.
https//doi.org/10.1016/j.trecan.2019.07.009

14



465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509

[33] POLLYEA DA, ALTMAN JK, ASSI R, BIXBY D, FATHI AT et al. Acute Myeloid
Leukemia, Version 3.2023, NCCN Clinical Practice Guidelines in Oncology. J Natl Compr
Canc Netw 2023; 21: 503-513. https//doi.org/10.6004/jnccn.2023.0025

[34] XU G, ZHANGY, LIN, WU Y, ZHANG J et al. LBX2-AS1 up-regulated by NFIC boosts
cell proliferation, migration and invasion in gastric cancer through targeting
miR-491-5p/ZNF703. Cancer Cell Int 2020; 20: 136.
https://doi.org/10.1186/s12935-020-01207-w

[35] LV S, LIU L, YANG B, ZHAO X. Association of miR-9-5p and NFIC in the progression of
gastric cancer. Hum Exp Toxicol 2022; 41: 9603271221084671.
https://doi.org/10.1177/09603271221084671

[36] LIANG X, GAO J, WANG Q, HOU S, WU C. ECRG4 Represses Cell Proliferation and
Invasiveness via NFIC/OGN/NF-kB Signaling Pathway in Bladder Cancer. Front Genet
2020; 11: 846. https//doi.org/10.3389/fgene.2020.00846

[37] ZHANG J, FAN M, JIN C, WANG Z, YAO Y et al. NFIC1 suppresses migration and
invasion of breast cancer cells through interferon-mediated Jak-STAT pathway. Arch
Biochem Biophys 2022; 727: 109346. https://doi.org/10.1016/j.abb.2022.109346

[38] LALAOUI N, JOHNSTONE R, EKERT PG. Autophagy and AML--food for thought. Cell
Death Differ 2016; 23: 5-6. https//doi.org/10.1038/cdd.2015.136

[39] AHMAD A, STROHBUECKER S, TUFARELLI C, SOTTILE V. Expression of a SOXI
overlapping transcript in neural differentiation and cancer models. Cell Mol Life Sci 2017;
74: 4245-4258. https//doi.org/10.1007/s00018-017-2580-3

[40] TSAO CM, YAN MD, SHIH YL, YU PN, KUO CC et al. SOX1 functions as a tumor
suppressor by antagonizing the WNT/B-catenin signaling pathway in hepatocellular
carcinoma. Hepatology 2012; 56: 2277-2287. https://doi.org/10.1002/hep.25933

[41] LIN,LIX, LIS, ZHOUS, ZHOU Q. Cisplatin-induced downregulation of SOX1 increases
drug resistance by activating autophagy in non-small cell lung cancer cell. Biochem Biophys
Res Commun 2013; 439: 187-190. https:/doi.org/10.1016/1.bbrc.2013.08.065

Figure Legends

Figure 1. NFIC is highly expressed in AML patients and AML cell lines. A) Comparison of NFIC
expression levels between AML tissues (n=173) and normal tissues (n=70). B) Comparison of
NFIC levels in serum between AML patients (n=30) and healthy controls (n=10). C) Kaplan-Meier
survival analysis showing the effect of NFIC expression on AML prognosis. D) Comparison of
NFIC gene expression levels between BMMNCs and AML cell lines (n=3). E) Comparison of
NFIC protein expression levels between BMMNCs and AML cell lines (n=3). ***/**/*p <
0.001/0.01/0.05 vs. the first group

Figure 2. Effects of knocking down NFIC on KG-1 and NB4 cells. A) NFIC gene expression levels
in KG-1 and NB4 cells after transfection with sh-NC, sh-NFIC-1, and sh-NFIC-2 (n=3). B) NFIC
protein expression levels in KG-1 and NB4 cells after transfection with sh-NC, sh-NFIC-1, and
sh-NFIC-2 (n=3). C) Cell viability of KG-1 and NB4 cells after NFIC knockdown (n=3). D)
Apoptosis rates of KG-1 and NB4 cells after NFIC knockdown (n=3). E) Protein expression levels
of Bax and Bcl-2 in KG-1 and NB4 cells after NFIC knockdown (n=3). F) Immuno fluorescence (IF)
analysis of LC3 in KG-1 and NB4 cells after NFIC knockdown. G) Protein expression levels of
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LC3-1, LC3-II, p62, and Beclin-1 in KG-1 and NB4 cells after NFIC knockdown (n=3). ***/**p <
0.001/0.01 vs. the sh-NC group

Figure 3. NFIC targets and inhibits the expression of SOX1. A) Comparison of SOXI levels in
serum between AML patients (n=30) and healthy controls (n=10). B) Spearman correlation analysis
showing the relationship between NFIC and SOXI1 expression levels. C) RNA pull-down assay
results showing the interaction between NFIC and SOX1 in KG-1 and NB4 cells. D) RIP assay
results confirming the interaction between NFIC and SOX1 (n=3). E) SOX1 gene expression levels
in KG-1 and NB4 cells after NFIC knockdown (n=3). F) SOXI protein expression levels in KG-1
and NB4 cells after NFIC knockdown (n=3). ***p <0.001 vs. the first group

Figure 4. Effects of overexpressing NFIC and SOX1 on KG-1 and NB4 cells.” A) SOX1 gene
expression levels in KG-1 and NB4 cells after overexpression of NFIC and SOX1 (n=3). B) SOX1
protein expression levels in KG-1 and NB4 cells after overexpression of NFIC and SOX1 (n=3). C)
Cell viability of KG-1 and NB4 cells after overexpression of NFIC and SOX1 (n=3). D) Apoptosis
rates of KG-1 and NB4 cells after overexpression of NFIC and SOXI1 (n=3). E) Protein expression
levels of Bax and Bcl-2 in KG-1 and NB4 cells after overexpression of NFIC and SOX1 (n=3). F)
Immuno fluorescence (IF) analysis of LC3 in KG-1 and NB4 cells after overexpression of NFIC and
SOXI1. G) Protein expression levels of LC3-1, LC3-II, p62, and Beclin-1 in KG-1 and NB4 cells
after overexpression of NFIC and SOX1 (n=3). “**/**/*p < 0.001/0.01/0.05 vs. the oe-NC group;
HEI Y < 0.001/0.01/0.05 vs. the oe-NFIC+oe-SOX1 group
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532  Table 1. Primer sequences used for RT-qPCR.

Genes Forward (5°-3’) Reverse (5°-3°)

NFIC CGACTTCCAGGAGAGCTTTG GTTCAGGTCGTATGCCAGGT
SOX1 GAGATTCATCTCAGGATTGAGATTCTA  GGCCTACTGTAATCTTTTCTCCACT
GAPDH TCCAGAGTGCAAGGCTTCAG ACAGCACGCAGTAGCA

533
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