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Histone lysine demethylase 3B regulates autophagy
via transcriptional regulation of GABARAPLI
in acute myeloid leukemia cells
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Abstract. Macroautophagy (hereafter referred to as
autophagy) is a highly conserved self-digestion process that
is critical for maintaining homeostasis in response to various
stresses. The autophagy-related protein family, including the
GABA type A receptor-associated protein (GABARAP) and
microtubule-associated protein 1 light chain 3 subfamilies, is
crucial for autophagosome biogenesis. Although the regula-
tory machinery of autophagy in the cytoplasm has been widely
studied, its transcriptional and epigenetic regulatory mecha-
nisms still require more targeted investigations. The present
study identified histone lysine demethylase 3B (KDM3B) as
a crucial component of autophagy on a panel of leukemia cell
lines, including K562, THP1 and U937, resulting in transcrip-
tional activation of the autophagy-related gene GABA type A
receptor-associated protein like 1 (GABARAPLI). KDM3B
expression promoted autophagosome formation and affected
the autophagic flux in leukemia cells under the induction
of external stimuli. Notably, RNA-sequencing and reverse
transcription-quantitative PCR analysis showed that KDM3B
knockout inhibited the expression of GABARAPLI. Chromatin
immunoprecipitation-quantitative PCR and luciferase assay
showed that KDM3B was associated with the GABARAPLI
gene promoter under stimulation and enhanced its transcrip-
tion. The present findings demonstrated that KDM3B was
critical for regulating the GABARAPLI gene and influencing
the process of autophagy in leukemia cells. These results
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provide a new insight for exploring the association between
autophagy and KDM3B epigenetic regulation in leukemia.

Introduction

Autophagy is an evolutionarily catabolic process that is acti-
vated when cells encounter stress, such as nutrient starvation,
energy-limiting conditions, endoplasmic reticulum stress and
reactive oxygen species. It involves the degradation of unessen-
tial proteins or other components. Dysregulation of autophagy
contributes to multiple diseases, including cancer and neuro-
degenerative diseases. In addition, autophagy is essential for
maintaining cellular homeostasis in eukaryotes through a
mechanism that can be described as a lysosome-dependent
degradation of intracellular components.

Under normal conditions, basal autophagy is
critical in regulating cell proliferation, apoptosis, differen-
tiation, development, hematopoiesis, inflammation and aging.
Dysfunctional autophagy is associated with various diseases,
including cancer, diabetes, myopathies, cell death, aging, and
neurodegenerative, cardiovascular, heart, lung, infectious
and autoimmune diseases (1-6). Mosaic deletion of Atg5 or
liver-specific deletion of Atg7 resulted in benign liver adenoma
and accumulation of sequestosome 1 (SQSTM1)/p62 in hepa-
tocytes (7). Loss of function for ATGS5 has also been found in
patients with gastrointestinal cancer, and these ATGS dysfunc-
tions may interfere with normal apoptosis and autophagy
during gastrointestinal cancer pathogenesis (8). Mutations of
specific tumor suppressor genes such as ultraviolet irradiation
resistance-associated gene (UVRAG) and Beclin 1 (BECN1)
could also lead to reduced clearance of intracellular damage
components, thereby causing tumor development (9). In
addition, the loss of UVRAG or BECNI1 was associated with
gastric, colon, breast and prostate cancer, as well as hepatocel-
lular and cervical squamous cell carcinoma (10).

Leukemiais ahematological malignancy caused by abnormal
proliferation and differentiation of hematopoietic stem cells. It is
a clonal hematological tumor characterized by the proliferation
and accumulation of lymphoid or myeloid progenitor cells in
the entire bone marrow and the blocking of their differentia-
tion. Drug resistance remains an important cause of treatment
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failure and high mortality in leukemia. Previous studies focused
on autophagy regulation and leukemia treatment demonstrated
the ability for autophagy to degrade fusion oncoproteins,
including promyelocytic leukemia-retinoic acid receptor o and
breakpoint cluster region-Abelson kinase, and then promote
leukemic cell death (11-14). Conditional deletion of Atg7 in
hematopoietic stem cells (HSCs) affected autophagy activity
and led to invasive myeloproliferation and death in mice (15).
Low autophagy levels and high NOTCH signaling levels in
HSCs were evident in patients with acute myeloid leukemia
(AML). Low autophagy also upregulated the NOTCH signaling
pathway in mouse models (16). Akt-mTOR, a critical regula-
tory pathway in autophagy, was also vital for the maintenance
of HSCs. It could maintain the balance between self-renewal
and differentiation of HSCs, and prevented the transformation
of HSCs into leukemia stem cells (17). Unc51-like autophagy
activating kinase 1 (ULKI1) is a substrate of caspase-3, and
ULKI-induced autophagy suppressed leukemogenesis caused
by the fusion oncoprotein acute myeloid gene 1 (AMLI1)-myeloid
transforming gene 8 (ETO) in AML (18).

Although autophagy is a cytoplasmic event and the
majority of studies have focused on protein-level signaling
in the cytoplasm, transcriptional and epigenetic regulation of
various autophagy components in the nucleus is also critical.
In addition, various histone modifications provide essential
functions in the autophagy process. As an increasing number
of transcription factors become widely studied in autophagy,
including transcription factor EB (TFEB) (19,20), E2F tran-
scription factor 1 (21,22), and forkhead box proteins of class
O subgroup family members (23-26), the associated epigenetic
mechanisms involved in controlling chromatin recognition of
transcription factors are also receiving more research atten-
tion (27). The deubiquitinase ubiquitin specific peptidase 44
affected autophagy by downregulating H2B monoubiquitina-
tion under starvation conditions (28). G9a, a methyltransferase,
directly suppressed the transcriptional activation of key
regulators of autophagy genes by remodeling the chromatin
landscape (29). In addition, G9a depletion in Drosophila
melanogaster suppressed autophagy by altering the expression
level of Atg8a in a methyltransferase-independent manner (30).
The methyltransferase enhancer of zeste homolog 2 inhibited
autophagy via activation of the mTOR signaling pathway,
which revealed a new link between autophagy, epigenetic regu-
lation and tumorigenesis in human colorectal carcinoma (31).
The histone acetyltransferase hMOF (also called KATS or
MYSTI) and NAD*-dependent deacetylase sirtuin 1 regulate
the H4K16 acetylation levels of autophagy-related genes,
which determine cell survival (32). Arginine methyltransferase
1 functions as a co-activator of TFEB and regulates histone
H3R17 methylation levels of autophagy-related and lysosomal
genes after nutrient starvation (20).

Cytogenetic deletions involving the long arm of chromo-
some 5 are frequently observed in malignant bone marrow
diseases, including myelodysplasia and AML. The affected
patients exhibit drug resistance, rapid disease progression and
short survival. KDM3B is one of the genes prone to be lost on
chromosome 5 (33). As a histone demethylase, KDM3B has a
Jumonji C domain, which is mutated or deleted in numerous
diseases and tumors, such as breast cancer (34) and myeloid
leukemia (35). KDM3s (including KDM3A, KDM3B and

Jumonji Domain Containing 1C) regulate chromatin stability
and transcription in human colorectal cancer stem cells
through synergistic Wnt/p-catenin signaling, thus controlling
their tumorigenic potential (36). A previous study showed that
KDM3B played a key role in regulating the cell cycle and prolif-
eration of HepG2 cells (37). In addition, KDM3B plays critical
roles in prostate cancer genesis (38), ferroptosis (39), differentia-
tion of functional spermatogonia in mice (40) and maintenance
of genomic stability (41). Moreover, KDM3B has been inves-
tigated in previous studies on hematopoiesis and leukemia,
since it acts as a tumor suppressor gene in AML (42,43) and can
regulate the expression of the leukemia oncogene LIM domain
only 2 (44). H4R3me2s and H3K9me?2 could be demethylated
by KDM3B to promote gene expression in the development
of hematopoietic stem and progenitor cells (45). Despite the
currently available knowledge about KDM3B in other aspects,
the molecular mechanisms underlying the role of KDM3B in
regulating autophagy in leukemia remain unclear.

The present study identified the molecular basis by which
KDM3B regulates the transcription of the autophagy-related
gene GABARAPLI in the leukemia cell lines K562, THPI and
U937. In addition, it was found that the expression of KDM3B
promoted the formation of autophagosomes in leukemia cells
under stimulations. The present findings reveal the mechanism
that KDM3B employs to regulate autophagy as an epigenetic
regulator within leukemia cells.

Materials and methods

Antibodies and reagents. The following antibodies were
used in the present study: Anti-light chain 3 f (LC3B)
[Sigma-Aldrich; Merck KGaA; cat. no. L7543; 1:1,000 for
western blotting (WB) and 1:500 for immunofluorescence
(IF)], anti-SQSTM1 (Abcam; cat. no. ab109012; 1:5,000
for WB), anti-GABARAPLI (Cell Signaling Technology,
Inc.; cat. no. 26632T; 1:1,000 for WB), anti-H3K9me?2
(ABclonal Biotech Co., Ltd.; cat. no. A2359; 1:1,000 for WB),
anti-H4R3me2s (ABclonal Biotech Co., Ltd.; cat. no. A3159;
1:1,000 for WB), anti-KDM3B [Invitrogen; Thermo Fisher
Scientific, Inc.; cat. no. PA5-17170; 1:1,000 for WB; and Cell
Signaling Technology, Inc.; cat. no. 5377S; 1:200 for chromatin
immunoprecipitation (ChIP)], anti-GAPDH (Proteintech
Group, Inc.; cat. no. 60004-1-Ig; 1:20,000 for WB), horseradish
peroxidase (HRP)-labeled secondary antibody conjugates
(ABclonal Biotech Co., Ltd.; cat. nos. AS003 and AS014) and
Cy3-labeled goat anti-rabbit IgG (H + L) (Beyotime Institute
of Biotechnology; cat. no. A0516; 1:300 for IF).

DAPI was purchased from Beijing Solarbio Science &
Technology Co., Ltd. (cat. no. S2110), while bafilomycin Al
(BafAl) was obtained from Sigma-Aldrich; Merck KGaA
(cat. no. 196000; 100 nM; 2 h for autophagy flux), rapamycin
from MedChemExpress (cat. no. HY-10219; 5 uM for
autophagy induction) and puromycin from Beijing Solarbio
Science & Technology Co., Ltd. (cat. no. P8230; 2 ug/ml for
cell screening).

Plasmid constructs. The full-length human KDM3B
(NM_016604) was cloned into the GV367 vector (Shanghai
GeneChem Co., Ltd.), and a plasmid encoding Flag-tagged
wild-type (WT) KDM3B was constructed.
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Cell culture, transfection and generation of knockout (KO)
cells. The human cell lines used in the present study were
obtained from the Leibniz-Institute DSMZ-German Collection
of Microorganisms and Cell Cultures. The cell types of the
three cell lines are as follow: K562 (chronic myeloid leukemia
in blast crisis), THP1 (acute monocytic leukemia) and U937
(acute monocytic leukemia). All the three cell lines used in the
present study have been authenticated using the standard STR
(short tandem repeats) genotyping method. The three cell lines
were cultured in RPMI-1640 medium (Cellmax Technologies;
cat. no. CGM112.05), while 293T cells (Leibniz-Institute
DSMZ-German Collection of Microorganisms and Cell
Cultures; cat. no. ACC 635) were cultured in DMEM (Cellmax
Technologies; cat. no. CGM101.05). The aforementioned
media contained 10% fetal bovine serum (FBS) (Cellmax
Technologies; cat. no. SA211.02). Cells were incubated in a 5%
CO,-humidified incubator at 37°C.

For transfection, 293T cells were cultured in cell plates
using Lipofectamine® 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.; cat. no. L3000015). For starvation treatments,
the cells were cultured in Earle's Balanced Salt Solution
(EBSS) (Beijing Solarbio Science & Technology Co., Ltd.;
cat. no. H2020) for various durations.

To generate KDM3B KO cells, lentiviral supernatant
containing targeting sequence to KDM3B (purchased from
Shanghai GeneChem Co., Ltd.) was transfected into target
cells (K562, THP1, U937 and 293T). Briefly, KDM3B KO
cell lines were constructed using the CRISPR/CAS9 lenti-
virus packaging technique. The targeting gRNA sequence
was constructed into lentivirus vector Lenti-sgRNA-CAS9
(cat. no. GV392; Shanghai GeneChem Co., Ltd.), and the lenti-
viral supernatant was added to the cells in medium containing
10% FBS, centrifuged at 1,000 x g for 1 h at room tempera-
ture, and then incubated in a 5% CO,-humidified incubator
at 37°C. After 2 days of viral infection, 2 yg/ml puromycin
was added to the cell culture medium to screen positive cells.
After 2 weeks of screening, multiple monoclonal cell colonies
were selected using a 96-well plate by the limited dilution
method. Multiple cell lines with different KO levels were
obtained by monoclonal amplification culture. When the cells
proliferated to >1x10° cells, the cells were collected for WB
with an anti-KDM3B antibody. A monoclonal cell colony
with complete KDM3B KO was selected for each cell line
for subsequent experiments. The targeting sequence was as
follows: 5-GTCCAATGGTGTTCTAGCCA-3".

Total cellular protein extraction and WB. Cells were collected
and washed with pre-cold PBS. Their proteins were extracted
by adding RIPA buffer (Beijing Solarbio Science & Technology
Co., Ltd.; cat. no. R0020), supplemented with protease inhibi-
tors (Beyotime Institute of Biotechnology; cat. no. P1010),
incubated on ice for =30 min, and vortexed for 20 sec every
10 min. The soluble fraction was the isolated by centrifuga-
tion at 14,000 x g for 10 min at 4°C, and the supernatant was
transferred to a new tube.

For immunoblotting, total cellular proteins were subjected
to quantification by using BCA Protein Assay Kit. The protein
extracts were resolved by SDS-PAGE in 12% polyacrylamide
(20 ug protein loaded per lane) and transferred to a 0.45-ym
PVDF membrane (MilliporeSigma; cat. no. RIMB61296).

Membranes were blocked with 5% non-fat dried milk in TBS
containing 0.1% Tween-20 (Shandong Sparkjade Scientific
Instruments Co., Ltd.; cat. no. ED0009) for 1 h at room temper-
ature and incubated with the indicated primary antibodies
overnight at 4°C, followed by incubation with HRP-conjugated
goat secondary antibodies (1:2,000) for 1 h at room tempera-
ture. The bands were analyzed using ECL Plus detecting
reagents (Beijing Solarbio Science & Technology Co., Ltd.;
cat. no. PE0010) and Amersham Imager 600 (Cytiva).

IF of cells in suspension. Suspended cells were collected
by centrifugation at 1,000 x g for 5 min at room tempera-
ture. Next, the pellet was resuspended with 100 ul culture
medium. A single-cell coating at a density of 5-6x10° cells
was obtained on the slide using the Thermo Shandon Cytospin
4 machine (Thermo Fisher Scientific, Inc.) according to the
manufacturer's instructions. The cells were fixed with 4%
paraformaldehyde (Beyotime Institute of Biotechnology;
cat. no. P0099) for 20 min at room temperature. Next, the
cells were permeabilized with 0.1% Triton X-100 (Beijing
Solarbio Science & Technology Co., Ltd.; cat. no. T8200) in
PBS for 5 min and blocked with 5% bovine serum albumin
(BSA) (Beijing Solarbio Science & Technology Co., Ltd.;
cat. no. A8010) in PBS for 1 h at room temperature. The
samples were incubated with anti-LC3B primary antibody in
1% BSA in PBS overnight at 4°C. Next, the cells were washed
with PBS and incubated with a secondary antibody in 1%
BSA in PBS for 1 h at room temperature, followed by DAPI
(10 pug/ml; Beijing Solarbio Science & Technology Co., Ltd;
cat. no. S2110) staining. The cells were then mounted using
coverslips and visualized under a confocal microscope (Leica
Microsystems, Inc.; cat. no. TCS SP8).

Electron microscopy. Cells were fixed in 0.2 M sodium
cacodylate buffer (pH 7.4) containing 2% paraformaldehyde
and 2.5% glutaraldehyde overnight at 4°C, washed with
0.1 M sodium cacodylate buffer for 3 times at 25°C, postfixed
in 1% osmium tetroxide for 2 h at 4°C and stained with 1%
uranyl acetate overnight at 4°C. Following stepwise ethanol
and acetone dehydration, samples were infiltrated with Epon
resin overnight at 60°C. Finally, the samples were sectioned
at a thickness of 70 nm and observed by transmission electron
microscopy (TEM; Hitachi, Ltd.; cat. no. HT7700).

RNA-sequencing (RNA-seq) analyses. mRNA sequencing was
performed using WT and KDM3B KO K562 cells (Shanghai
GeneChem Co., Ltd.). The cells were collected after starvation
in EBSS medium for 4 h before RNA was extracted. A total
of 1 ug RNA per sample was used as input material for RNA
sample preparations. Sequencing libraries were generated
using NEBNext® Ultra™ RNA Library Prep Kit for Illumina®
(New England BioLabs, Inc.) following the manufacturer's
recommendations, and index codes were added to attribute
sequences to each sample. The clustering of the index-coded
samples was performed on a cBot Cluster Generation System
using TruSeq PE Cluster Kit v3-cBot-HS (Illumina, Inc.)
according to the manufacturer's instructions. After cluster
generation, the library preparations were sequenced on an
Illumina Novaseq platform (Illumina, Inc.), and 150-bp
paired-end reads were generated. Clean data (clean reads)
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were obtained by removing reads containing adapter, poly-N
and general low-quality reads from raw data. At the same time,
the clean data were inspected for Q20, Q30 and GC content.
The sequencing process itself has the possibility of machine
error, and the inspection of sequencing error rate distribution
can reflect the quality of sequencing data. If the sequencing
error rate is represented by e (46) and the base mass value
of Illumina is represented by Q,eds Qprrea=-1010g10(e). Q20
represents the percentage of bases with a phred value higher
than 20 in the population, and Q30 represents the percentage
of bases with a phred value higher than 30 in the population.
GC content represents the percentage of G and C in the four
bases of clean reads.

All downstream analyses were based on the resulting
high-quality clean data. Reference genome and gene model
annotation files were downloaded from genome websites
directly. Indexing of the reference genome was built using
Hisat2 v2.0.5 software, and paired-end clean reads were
aligned to the reference genome. Differential expression
analysis of two conditions/groups was performed using the
DESeq?2 package (47). The resulting P-values were adjusted
using Benjamini and Hochberg's approach for controlling the
false discovery rate. Genes with an adjusted P<0.05 found by
DESeq2 were considered to be differentially expressed. Gene
Ontology (GO) enrichment analysis of differentially expressed
genes was implemented via the clusterProfiler R package, in
which gene length bias was corrected. GO terms with corrected
P<0.05 were considered as significantly enriched by differen-
tial expressed genes. The clusterProfiler R package was used
to evaluate the statistical enrichment of differential expression
genes in Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways.

RNA extraction, cDNA synthesis and reverse transcription-
quantitative PCR (RT-qPCR) analysis. Total RNA was
extracted using TRIzol® (Shandong Sparkjade Scientific
Instruments Co., Ltd.), and cDNA was obtained from
2 ug total RNA by RT using the Evo M-MLV cDNA
Synthesis kit (Jiangsu Accuracy Biotechnology Co., Ltd.;
cat. no. AG11706) according to the manufacturer's instruc-
tions. qPCR was carried out by Applied Biosystems 7500
Fast Real-Time PCR System (Thermo Fisher Scientific,
Inc.) with SYBR Green Premix Pro TagHS qPCR Kit
(Rox Plus) (Jiangsu Accuracy Biotechnology Co., Ltd.;
cat. no. AG11718). The thermocycling conditions were as
follows: Initial denaturation, 95°C for 30 sec; followed by
40 cycles of denaturation (95°C for 10 sec); annealing (55°C
for 20 sec) and extension (72°C for 30 sec). The relative gene
expression was analysed using the 224%4 method (48). ACTB
was used as a control for normalization. All reactions were
performed as triplicates. The following primers were used:
ACTB forward, 5'-ATTGCCGACAGGATGCAGAA-3" and
reverse, 5'-ACATCTGCTGGAAGGTGGACAG-3"; and
GABARAPL] forward, 5-GAATCCACCTGAGACC-3' and
reverse, 5'-GCCTTACACTGCCATA-3".

Luciferase assays. For luciferase assays, the GABARAPLI
gene promoter regions (from ~1 kb upstream of the transcrip-
tion start site to ~200 bp downstream) were amplified from
genomic DNA and inserted into the pGL3.0-basic vector

(Promega Corporation) by two restriction endonucleases,
Nhel and HindlIll. For plasmid transfection in 293T cells,
Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.; cat. no. L3000015) was used according to the manufac-
turer's instructions. Luciferase activities were measured after
48 h of transfection using a Dual-Luciferase Reporter Assay
System (Promega Corporation; cat. no. E2920) according
to the manufacturer's instructions, and Sirius L Tube
Luminometer (Titertek-Berthold). Renilla luciferase activity
was used as a control for normalization. Experiments were
independently repeated =3 times. The following primers were
used: GABARAPLI1-Nhel forward, 5'-CTAGCTAGCGCT
TGATACTCTCTTTTCCA-3' and GABARAPLI-HindIIl
reverse, 5'-CCCAAGCTTTGACCCTGTCCCGCTCC-3".

Chromatinimmunoprecipitation (ChIP)-qPCR analysis.For
ChIP assay, a kit from Beyotime Institute of Biotechnology
(cat. no. P2078) was used. Briefly, cells were collected
and crosslinked with 1% formaldehyde for 10 min in PBS
at room temperature, followed by quenching for 5 min
with 0.125 M glycine. After centrifugation at 1,000 x g
for 5 min at 4°C, the cell pellets were lysed in SDS-lysis
buffer, supplemented with 1| mM PMSF (Beyotime Institute
of Biotechnology, Inc.; cat. no. ST506), and sonicated.
The supernatant lysates were incubated with protein
A+G agarose/salmon sperm DNA (Beyotime Institute of
Biotechnology, Inc.; cat. no. P2078-1) for pre-clearing,
and then subjected to IP with IgG (Beyotime Institute of
Biotechnology, Inc.; cat. no. A7016) and the indicated anti-
bodies. The immunoprecipitants were washed with low-salt
wash buffer, high-salt wash buffer, LiCl wash buffer and
Tris-EDTA buffer before being eluted in elution buffer
(1% SDS and 0.1 M NaHCO3). Next, the supernatant was
incubated with 5 M NaCl for 4 h at 65°C to reverse cross-
link, and digested with 0.5 M EDTA, 1 M Tris (pH 6.5) and
proteinase K for 1 h at 45°C. DNA was purified and then
analyzed by RT-qPCR. The enrichment value of bound DNA
was calculated relative to the input. The following primers
were used in ChIP-qPCR assay: GABARAPLI-P1 region
forward, 5'"-TGCCCTAATGCCCAATCTTC-3' and reverse,
5'"TTGGCCAATGCAGAGCTGT-3"; and GABARAPLI-P2
region forward, 5“TCTGCATTGGCCAAAGGGAT-3" and
reverse, 5“-TAGCTGCAGAAACGTCCGCT-3".

Cell viability assay. Cell Counting Kit (CCK)-8 assay was
used to detect cell viability. K562, THP1 and U937 cells
(WT and KDM3B KO) were seeded into 96-well plates with
1x10* cells per well. Cells were cultured for 48 h, and then
10 ul CCK-8 (Beijing Solarbio Science & Technology Co.,
Ltd.; cat. no. CA1210) was added to each well and incubated
for 4 h at 37°C. The total volume in each well was 100 pl. The
absorbance was measured at 450 nm using a microplate reader
(Thermo Fisher Scientific, Inc.).

Statistical analysis. Statistical significance was performed
using unpaired Student's t-test, One-way analysis of variance
(ANOVA) or Two-way ANOVA with multiple comparisons test
unless otherwise stated. All statistical analyses were assessed
using GraphPad Prism 9.0 (Dotmatics), unless otherwise
stated. Data are presented as the mean + SD. In all analysis,
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P<0.05 was considered to indicate a statistically significant
difference. All experiments were independently repeated at
least three times.

The clinical data and gene expression profiles were obtained
from The Cancer Genome Atlas database (https://portal.gdc.
cancer.gov). The survival rate and expected survival time were
used to measure disease prognosis. Survival curves were gener-
ated using the Kaplan-Meier method followed by the log-rank
test. The correlation between KDM3B and GABARAPLI was
analyzed by Spearman's correlation analysis. Cox and logistic
regression were used to analyze the relationship between
KDM3B, GABARAPLI expression levels and AML clinical
phenotypes. Data were expressed as the median (interquartile
range) or the mean + SD for continuous variables.

Results

Loss of KDM3B decreases LC3B-II levels and inhibits
autophagy in different leukemia cells. To investigate the
effect of KDM3B expression on leukemia cell autophagy,
the autophagic process was first analyzed in K562, THP1
and U937 cells under starvation or rapamycin stimulation by
examining the conversion of LC3B-I to LC3B-II as a stan-
dard marker of autophagic activity and the decrease of the
autophagic substrate SQSTMI1. Western blot analysis showed
that LC3B-II levels were significantly increased upon starva-
tion or rapamycin induction in K562 cells, while the SQSTM1
levels showed an opposite trend (Fig. SIA). A similar trend
was observed in THP1 and U937 cells (Fig. S1B and C).

To further explore the role of KDM3B in autophagy, four
different KDM3B KO stable cell lines (KDM3B KO K562
cells, KDM3B KO THP1, KDM3B KO U937 and KDM3B
KO 293T cells) were constructed using CRISPR/Cas9 tech-
nology (Fig. SID). WB confirmed efficient KO in all cell lines
(Fig. SIE).

CCK-8 assay was also used to measure cell viability after
KDM3B KO. As demonstrated in Fig. S1F, compared with the
WT group, the cell viability was significantly increased after
KDM3B KO, suggesting that KDM3B expression could inhibit
cell proliferation.

Next, the autophagic process was analyzed in WT and
KDM3B KO K562 cells upon starvation induction by WB. It
was observed that the LC3B-II levels were increased in WT
K562 cells compared with cells under normal culture condi-
tions. This increase was time dependent, becoming significant
with increased starvation time. The SQSTMI1 levels exhibited
an opposite trend. However, KDM3B KO inhibited LC3B-II
formation, while the LC3B-II and SQSTMI levels remained
stable after starvation induction (Fig. 1A).

The autophagic process was also investigated in WT
and KDM3B KO K562 cells by rapamycin stimulation. WB
revealed the accumulation of LC3B-II and the degradation
of SQSTM1 in WT K562 cells upon rapamycin stimulation
compared with cells under normal culture conditions. KDM3B
KO inhibited LC3B-II formation, whereas the LC3B-II or
SQSTMI levels did not differ after rapamycin stimulation
(Fig. 1B). Similar trends for LC3B-II and SQSTMI1 levels
were also observed in THP1 and U937 cells (Fig. 1C-F).
Collectively, these results suggested that KDM3B was a
critical regulator of autophagy.

KDM3B promotes autophagosome formation. To further
investigate KDM3B functions in autophagy, the present study
explored whether KDM3B affects autophagosome formation
upon starvation induction. IF and confocal fluorescence micros-
copy analyses identified the formation of a LC3B-positive
autophagosome upon starvation induction. First, the increase
in LC3B punctate cells was notably attenuated in KDM3B
KO cells compared with WT K562 cells (Fig. 2A). Second,
TEM further showed an increase in the number of autophagic
vesicles in WT K562 cells but not in KDM3B KO K562
cells (Fig. 2B). Under TEM, the early stage of autophago-
some formation was cup shaped and had a double-membrane
structure, which half enclosed the components that needed
to be degraded. The complete autophagosome was a bilayer
vesicle containing components that needed to be degraded.
Autophagosomes were generally 300-900 nm in size, with a
mean size of 500 nm. These results indicated that KDM3B
played a role in promoting autophagosome formation.

KDM3B-associated autophagy flux. To investigate the
KDM3B-associated autophagy process, the KDM3B-involved
autophagy flux was evaluated via KDM3B KO. Western blot
analysis showed that KDM3B KO inhibited LC3B-II forma-
tion in K562 upon starvation induction (Figs. 1, and 3A and B).
In addition, LC3B-II accumulated during BafAl treatment,
and the autophagic substrate SQSTM!1 level exhibited a corre-
sponding change with LC3B-II (Fig. 3A). Consistent results
were observed in THP1 cells (Fig. 3B).

Autophagy flux tests were performed using a tandem
fluorescent indicator, mCherry-GFP-LC3B, in KDM3B KO
and WT 293T cells upon starvation induction. Since the green
fluorescence of the fusion protein is sensitive in lysosomes
and quickly quenched in autolysosomes, only red fluorescence
could be detected in autolysosomes. Therefore, results showing
yellow or green puncta indicate the presence of autopha-
gosomes. Fluorescence analysis using the aforementioned
tandem fluorescent indicator system showed that KDM3B
KO significantly inhibited the formation of autophagosomes
compared with WT 293T cells upon starvation. Under normal
conditions, there was no significant difference between
KDM3B KO and WT 293T cells. However, further starvation
and BafAl combined treatment showed a significant accu-
mulation of autophagosomes in WT 293T but not in KDM3B
KO 293T cells (Fig. 3C and D). These results suggested that
KDM3B promoted autophagosome formation and functioned
as a factor in autophagy flux.

KDM3B regulates the expression of GABARAPLI, which is
involved in the process of autophagy. To explore the mecha-
nism of KDM3B in the transcriptional regulation of autophagy,
RNA-seq was performed in WT and KDM3B KO K562 cells
after starvation treatment. A total of 1,105 differentially
expressed genes were found (Fig. 4A and B). KEGG analysis
was performed for all the downregulated genes after KDM3B
KO in K562 cells. The top 20 signaling pathways are shown in
Fig. 4C. Among them, the PI3K-Akt and lysosomal signaling
pathways were closely associated the regulation of autophagy.

GABARAPLI, an autophagy-related gene, was identified
among all the downregulated genes through analysis using
volcano plots (Fig. 4D). The KDM3B dependency of the
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Figure 1. The expression of KDM3B is critical for autophagy. KDM3B KO decreased autophagy. (A and B) WT or KDM3B KO K562 cells were cultured in
the starvation EBSS medium (A) or treated with rapamycin (5 M) (B) for the indicated times. (C and D) WT or KDM3B KO THP1 cells were cultured in the
starvation EBSS medium (C) or treated with rapamycin (5 uM) (D) for the indicated times. (E and F) WT or KDM3B KO U937 cells were cultured in the star-
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GABARAPLI gene was validated by RT-qPCR. Three cell
lines, K562, THP1 and U937 cells (WT and KDM3B KO),
were cultured under normal and EBSS conditions (Fig. 5A) or
subjected to rapamycin treatment (Fig. 5B), and the mRNA
expression of GABARAPLI was quantified through qPCR. The
results showed that the mRNA expression of GABARAPLI
was increased in WT cell lines upon starvation or rapamycin
induction compared with cell lines under normal culture condi-
tions. However, the mRNA expression of GABARAPLI did not
increase in KDM3B KO cell lines, which was consistent with
the results of RNA-seq. This result suggested that KDM3B
may be involved in the regulation of the GABARAPLI gene,
which participates in the autophagic process.

KDMZ3B is associated with the promoter of the GABARAPLI
gene. The present study focused on GABARAPLI for addi-
tional analysis. To examine the KDM3B-dependent epigenetic
regulation of GABARAPLI, two possible promoter regions for
KDM3B association were mapped in the ChIP experiment
(Fig. 6A). WT K562 cells were starved in an EBSS medium
for 4 h and then used for ChIP assay. Agarose gel electropho-
resis showed a significant binding of KDM3B to the -1,119

to -360 region (P1 region) of the GABARAPLI promoter
compared with the -374 to +155 region (P2 region) (Fig. 6B).
The efficiency of IP was evaluated by WB. As demonstrated in
Fig. 6B, the data suggested that the added anti-KDM?3B anti-
body successfully precipitated the KDM3B protein in cells.
The ChIP-qPCR experiment also confirmed the recruitment of
KDM3B to the -1,119/-360-GABARAPLI-promoter (Fig. 6C).

Next, a luciferase assay was performed to confirm the
KDM3B-mediated regulation of GABARAPL]I at the tran-
scriptional level. A luciferase vector containing the promoter
region of GABARAPLI was transiently overexpressed in
WT and KDM3B KO 293T cells (Fig. 6D). A significant
increase in luciferase signal was observed in WT 293T
cells compared with KDM3B KO 293T cells, indicating that
certain functional regulatory elements by KDM3B existed
in this region. The data showed that KDM3B expres-
sion could regulate the transcription of GABARAPLI. In
summary, these results indicated that KDM3B-dependent
chromatin modifications occurred in GABARAPLI, which
was involved in the autophagic process. Therefore, KDM3B
could bind to the promoter of GABARAPLI and activate its
transcription.
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Figure 2. Expression of KDM3B promotes the formation of autophagosome. (A) Representative confocal images of endogenous LC3B puncta formation.
WT or KDM3B KO K562 cells were cultured in the normal or EBSS medium for 4 h. A total of 10 confocal images with an average of 20 cells were used for
counting LC3B-positive punctate cells in every group. Quantification of LC3B-positive punctate cells was shown on the right panels. Nuclei were counter-
stained with DAPI. Data (mean + SD) were analyzed with Student's t-test. “““P<0.0001. Scale bar, 10 zm. (B) Representative TEM images of autophagosome.
WT or KDM3B KO K562 cells were cultured in the normal or EBSS medium for 4 h. High magnification of boxed areas is shown on the right. More than
10 cells were randomly observed and their images were used for TEM data in every group. Scale bar, 2 ym. Autophagosomes with unique double membrane
display (red arrowheads). KDM3B, histone lysine demethylase 3B; WT, wild-type; KO, knockout; TEM, transmission electron microscopy; EBSS, Earle's

Balanced Salt Solution.

Re-expression of WT KDM3B rescues GABARAPLI expres-
sion and autophagy. To clarify if KDM3B is necessary for
autophagy, WT KDM3B (Flag-tagged) was re-expressed in
KDM3B KO 293T cells. WB showed that the LC3B-II levels
were increased in WT 293T cells upon starvation induction
compared with normal culture conditions. The SQSTMI
levels exhibited the opposite trend. However, KDM3B KO
inhibited LC3B-II formation, and the LC3B-II or SQSTMI
levels did not differ during starvation induction. When
KDM3B expression was rescued in KDM3B KO 293T cells,
prominent LC3B-II formation reappeared under starva-
tion conditions, and SQSTMI1 exhibited an opposite trend
(Fig. S2A).

RT-gPCR was used to confirm the mRNA expression of
GABARAPLI in 293T cells. The results demonstrated that the
GABARAPLI mRNA expression was increased in WT 293T

cells upon starvation induction compared with normal culture
conditions, but not in KDM3B KO 293T cells. When KDM3B
expression was rescued in KDM3B KO 293T cells, it could
promote GABARAPLI expression (Fig. S2B). Finally, WT
or KDM3B KO 293T and K562 cells were used to evaluate
the GABARAPLI protein expression levels. Western blot
analysis showed that the GABARAPLI levels were increased
in WT cells after stimulation compared with normal culture
conditions. KDM3B KO inhibited GABARAPLI expres-
sion (Fig. S2C and D). GABARAPLI levels recovered when
KDM3B expression was rescued in KDM3B KO 293T cells
(Fig. S2C). Re-expression of WT KDM3B in KDM3B KO 293T
cells also rescued the luciferase activity (Fig. 6D). Collectively,
these data indicated that KDM3B was a crucial molecule in
autophagy and functioned by increasing the expression of
GABARAPLI.
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Figure 3. Defects in autophagic flux caused by the loss of KDM3B. (A and B) LC3B flux was analyzed in WT and KDM3B KO K562 cells (A) or THPI cells
(B) in the absence or presence of BafAl (100 nM, 2 h). Cells were cultured and then starved in EBSS (4 h) with or without BafAl. KDM3B KO inhibited
LC3B-II formation. BafAl treatment resulted in the accumulation of LC3B-II and SQSTMI1. The LC3B-II/LC3B-I ratio is indicated. (C) Autophagy flux
was revealed by the mCherry-GFP-LC3 tandem reporter. The plasmid was transfected in WT or KDM3B KO 293T cells. Representative images of the cells
cultured in normal, EBSS medium (4 h) or EBSS with BafA1l (100 nM) addition (2 h), respectively. Moreover, the formation of autophagosome (yellow:
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Earle's Balanced Salt Solution.

Identification of the correlation between KDM3B and  role of KDM3B in autophagy in AML cell lines, the infor-
GABARAPLI. The occurrence of leukemia is closely related  mation of patients' samples from the online public database
to the dysfunction of autophagy. In addition to exploring the  (https://portal.gdc.cancer.gov) was also analyzed to reveal
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the expression changes of KDM3B and GABARAPLI in
normal controls and patients with AML, and the relationship
between expression levels and patient survival was analyzed.
According to the data analysis, increased KDM3B and
GABARAPLI gene expressions were both associated with
favorable outcomes of the patients (Fig. S3A and B). Lower
KDM3B and GABARAPLI expression levels were deter-
mined in patients with AML compared with normal controls
(Fig. S3C). Furthermore, a positive correlation between
KDM3B and GABARAPLI expression was identified in
AML patients (Fig. S3D). In addition, multiple regression
analyses (Fig. S4) were performed to detect the association
between KDM3B, GABARAPLI expression levels and
certain AML clinical variables. The results indicated that,
like the majority of other clinical phenotypes, the KDM3B
(HR=0.711, P=0.102) and GABARAPL1 (HR=0.944,
P=0.591) expression levels could not independently predict

AML prognosis. These results suggested that KDM3B and
GABARAPLI may interact with other clinical variables
and be beneficial to the prognosis of AML. Hence, logistic
regression analysis (Fig. S5) was performed and the results
suggested that a low expression of KDM3B correlated with
FAB classifications (OR=0.423, P=0.013). GABARAPLI1
expression correlated not only with FAB classifications
(OR=3.421, P<0.001), but also with BM blasts (OR=0.262,
P<0.001). But neither was associated with certain common
gene mutations, including nucleophosmin 1 (NPM1), and fms
related receptor tyrosine kinase 3 (FLT3).

Discussion
Autophagy is a relatively conserved multistep degradation

process of intracellular components. The activation of the
ULKI1 complex and PI3K complex 1 (PtdIns3K-C1) causes
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Figure 5. KDM3B deficiency leads to decreased expression of GABARAPLI. (A and B) Reverse transcription-quantitative PCR analysis of KDM3B-dependent
autophagy-related gene GABARAPLI in K562, THP1 or U937 cells. Cells were cultured and then starved in Earle's Balanced Salt Solution for 4 h (A) or treated
with rapamycin (5 uM) for 4 h (B) Data (mean + SD) were analyzed with two-way ANOVA. ns, not significant; ““P<0.001 and “*"P<0.0001. KDM3B, histone
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vesicle nucleation and initiates autophagosome forma-
tion (49,50). GABARAPLI plays a vital role in the initiation of
autophagy. It participates in the re-localization of ULKI1 to the
phagophore, and regulates the activation and phosphorylation
of ULK1 (51). The assembled ULK1 complex can also recruit
and activate PtdIns3K-Cl1 together with GABARAPLI1 (52,53).
GABARAPLI is more likely to be involved in closure than
elongation during the extension and closure stages from
the phagophore. By contrast, LC3B is more involved in the
extension stage (54). Therefore, LC3 deficiency leads to the
formation of smaller autophagosomes, while GABARAP
deficiency results in larger autophagosomes. The final step of
autophagy is the fusion of the autophagosome and lysosome,
which includes the transport of the autophagosome to the
lysosome through the microtubule skeleton before the fusing
process. Previous studies showed that LC3B was more prone to
autophagosome re-localization (55,56), while GABARAPLI1
was more involved in the fusion process and could also help
to increase the number of available lysosomes to ensure the
regular progress of autophagy (57,58). Notably, a previous
study has shown that LC3B can assist with the fusion process
in cells lacking GABARAPLSs (59).

Although there are partial functional compensations
between GABARAP and LC3 subfamily members, the focus of
each member's function is different. Controversies exist about
their expression patterns and roles in different cancer types.

Certain studies have found that the expression of Gabarapll in
rat brains is significantly higher than that of other Atg8 family
members (60,61). This observation suggests that Gabarapll
may have a role in regulating central nervous system functions,
such as the regulatory association between autophagy and
numerous neurodegenerative diseases. In addition, Gabarapll
is highly expressed in the hypothalamus and is regulated by
estrogen. The hypothalamus contains the signaling pathway
regulating male and female reproduction, revealing another
potential function of Gabarapll in addition to autophagy
regulation. Given the importance of these members, targeted
studies on their expression and regulation patterns are of great
importance in identifying effective treatments for different
types of cancer.

Among the types of leukemia within the focus of the present
study, published studies on KDM3B and GABARAPLI are
relatively rare. A previous study showed that microRNA
(miR)-15a-5p was highly expressed in patients with chemore-
sistant AML, and miR-15a-5p downregulated the expression
of four autophagy-related genes, namely ATG9a, ATG14,
GABARAPLI and sphingomyelin phosphodiesterase 1, which
further inhibited autophagy and eliminated the therapeutic
effect of daunorubicin-induced autophagy (62). KDM3B,
which was initially considered a tumor suppressor gene, is
located in the region of chromosome 5q31, which is often
absent in abnormal bone marrow development and AML (33).
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Analysis of patients with AML showed that KDM3B underex-
pression was associated with poor prognosis, while KDM3B
downregulation promoted the proliferation of NB4 cells. After
treatment of NB4 cells with all-trans retinoic acid, KDM3B
promoted promyelocytic leukemia/retinoic acid receptor o
fusion protein degradation, thereby promoting NB4 differen-
tiation into mature granulocytes (63). However, it has also been
reported that KDM3B is upregulated in patients with acute
Iymphoblastic leukemia, and inhibits the all-trans retinoic
acid-induced differentiation of HL-60 cells (44).

The present study showed that genetic depletion of the
histone lysine demethylase KDM3B attenuated the level of
LC3B-II, suppressed autophagosome formation and increased
the accumulation of SQSTM1. Furthermore, the expression of

KDM3B ensured autophagy flux under stress conditions. The
current data suggested that KDM3B regulated the expression
of GABARAPLI1, which was involved in autophagy at the tran-
scriptional level via associating with the target gene promoter,
leading to increased transcription of GABARAPLI during
the autophagic process (Fig. 7). Subsequently, GABARAPLI
participated in different stages of autophagy, including the
recruitment and activation of the complex at the initiation stage,
and the fusion process at the later stage. The present RNA-seq
results showed the effect of KDM3B KO on autophagy in
the leukemia cell line K562 under autophagy induction
conditions. Among all the downregulated genes, multiple
candidates associated with autophagy were found. However,
after further validation of the candidates using RT-qPCR (data
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Figure 7. Graphic illustration of KDM3B promoting autophagy through increasing GABARAPLI expression. The proposed model describes the role of
KDM3B in the transcriptional and epigenetic regulation of autophagy. Under the induction of external stimuli, KDM3B binds to the promoter region of
GABARAPLI and participates in the initiation of GABARAPLI1 gene transcription together with the corresponding transcription factor complex. Then
GABARAPLI protein participates in the regulation of autophagy pathway at different stages in the cytoplasm, which ensures the normal process of autophagy
in leukemia cells. KDM3B, histone lysine demethylase 3B; GABARAPLI, GABA type A receptor-associated protein like 1.

not shown), GABARAPLI was finally identified as a prom-
ising gene related to autophagy. In a previous study, RNA-seq
was also conducted on HepG2 cells with KDM3B KO (64) but
no GABARAPLI was found. This difference may be due to
different sequencing methods or sample sources, as different
cancer cell types have different patterns in gene expression.
To more comprehensively analyze the influence of KDM3B
KO on downstream target genes, candidate genes identified by
other studies should be further verified in leukemia cells in
subsequent experiments.

The present study also focused on screening signaling
pathways that may be related to autophagy. After KDM3B KO,
the PI3K-Akt and lysosome-related signaling pathways were
found in the top 20 downregulated pathways closely associ-
ated with autophagy in cells. This finding further supported
the notion that KDM3B may be involved in the regulation of
autophagy. The aforementioned two pathways played important
roles in the initial formation stage and late maturation stage
of autophagy, respectively. GABARAPLI also played a vital
role in the formation stage of autophagosomes and the fusion
stage with lysosomes. These results indicated that KDM3B
regulated GABARAPLI expression through transcription,
affecting signaling pathways and autophagy. More detailed
regulatory mechanisms need to be verified in the future.

In addition, the current WB results showed that the
H3K9me2 and H4R3me2s levels were decreased in WT cells
after stimulation compared with normal culture conditions.
KDM3B KO inhibited such observations. Therefore, it was
hypothesized that KDM3B affected the histone methylation

level ,changed the density and accessibility of chromosomes,and
facilitated the binding of the transcriptional complex. However,
this hypothesis needs to be further verified through targeted
experiments. A previous study found that GABARAPLI
expression in breast cancer was affected by DNA methyla-
tion, histone deacetylation and the transcription factor (CAMP
response element binding protein-1 (CREB-1) (65). Although
KDM3B is an important histone demethylase regulating the
expression of GABARAPLI, whether it accomplishes this
through interaction with transcription factors such as CREB-1
requires further investigation. The present results revealed
that GABARAPLI expression was reduced after KDM3B KO.
The current RNA-seq results revealed that the upregulated
signaling pathways after KDM3B knockdown included the
Whnt signaling pathway (data not shown). A previous study
indicated that GABARAPLI could act as a tumor suppressor
and negatively regulate the Wnt/p-catenin signaling pathway
through autophagy degradation of Dishevelled (66), which is
consistent with the present results. Wnt signaling plays a vital
role in cell polarity and development in embryonic stem cells.
It has been reported that KDM3A/B directly interacts with
[-catenin in colon cancer cells and transcriptionally regulates
downstream target genes in the Wnt/f-catenin signaling
pathway. It affects H3/H4 histone acetylation levels, and regu-
lates the occurrence and development of colon cancer (36). The
current study did not produce sufficient experimental evidence
to conclude whether KDM3B can affect the Wnt signaling
pathway by regulating GABARAPLI1 or autophagy, or via
other mechanisms. Further studies are necessary to yield more
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supporting evidence and potentially propose a new avenue for
treating leukemia and other cancer types. According to the
results of the present bioinformatics analysis, KDM3B was
positively correlated with GABARAPLI expression in AML.
The expression levels of KDM3B and GABARAPLI in AML
were lower than normal controls, but neither of them can exist
as independent prognostic factors. Therefore, more related
factors need to be discovered in future studies to provide more
references for the treatment of the disease.

In conclusion, the current study revealed that KDM3B
regulated GABARAPLI1 as an epigenetic regulator involved
in autophagy in leukemia cells under stimulation. The data
suggested that KDM3B, as a new candidate regulator for
autophagy, increased autophagy in leukemia cells. The present
findings elucidated the mechanism that KDM3B employed to
regulate autophagy as an epigenetic regulator within leukemia
cells, and may shed light on developing epigenetic therapeutics
for leukemia and different types of cancer. One of the limi-
tations of the present study is the lack of clinical data from
AML patients; further study using clinical samples from AML
patients will be undertaken in the upcoming project. Future
studies are warranted to uncover the association between
cell survival and autophagy caused by KDM3B in leukemia.
Understanding these mechanisms could reveal novel insights
for exploring the association between autophagy, cell survival,
and KDM3B epigenetic regulation in leukemia and other
types of cancer.
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