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Abstract

LSD1, a critical chromatin modulator, functions as an oncogene by demethylation of H3K4me1/2.
The stability of LSD1 is governed by a complex and intricate process involving ubiquitination

and deubiquitination. Several deubiquitinases preserve LSD1 protein levels. However, the precise
mechanism underlying the degradation of LSD1, which could mitigate its oncogenic function
remains unknown. To gain a better understanding of LSD1 degradation, we conducted an unbiased
siRNA screening targeting all the human SCF family E3 ligases. Our screening identified
FBX024 as a genuine E3 ligase that ubiquitinates and degrades LSD1. As a result, FBX024
inhibits LSD1-induced tumorigenesis and functions as a tumor suppressor in breast cancer cells.
Moreover, FBX024 exhibits an inverse correlation with LSD1 and is associated with a favorable
prognoasis in breast cancer patient samples. Taken together, our study uncovers the significant role
of FBX024 in impeding breast tumor progression by targeting LSD1 for degradation.
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Introduction

Histone-modifying enzymes play a central role in controlling gene expression, and

the dysregulated expression of these enzymes significantly contributes to the initiation,
progression, and metastasis of tumors[1,2]. Lysine-Specific Demethylase 1 (LSD1), the
first identified histone demethylase that specifically remove H3K4 methylation, acts

as a critical regulator of tumor initiation and progression[3-5]. LSD1 functions as an
epigenetic regulator primarily through an amine oxidase reaction, targeting the removal

of H3K4 mono-/di-methylation, an activation marker of transcription[6,7]. Elevated

levels of LSD1 have been observed in leukemia, non-small cell lung, pancreatic,

prostate, and breast cancers[5,8-10]. Overexpression of LSD1 is associated with tumor
aggressiveness, metastasis, recurrence, and drug resistance and serve as a biomarker of
poor prognosis[11,12]. LSD1 participates in various protein complexes that modulate
distinct molecular targets involved in epithelial-mesenchymal transition (EMT), metastasis
and the generation of cancer stem cells (CSC)s across different malignancies [13-17].

For example, our research demonstrated that LSD1 interacts with Snaill and promotes
breast cancer metastasis by downregulation of CDH1[18]. Furthermore, recent studies have
indicated that inhibiting LSD1 enhances the efficacy of antitumor therapies, including
immunotherapy[19,20].

LSD1 is regulated at both transcriptional and post-translational levels. Several studies
including ours, have demonstrated that LSD1 is tightly controlled by the ubiquitin-
proteasome system (UPS)[9,18,21,22]. Our recent findings have revealed that USP28

acts as the deubiquitinase for LSD1, leading to its stabilization[22]. In addition, other
deubiquitinases such as USP22, USP7 and OTUD7B have also been reported to contribute to
LSD1 stability[9,23,24]. However, the bona fide E3 ligase responsible for LSD1 degradation
remains largely unknown. It is worth noting that LSD1 harbours canonical (I/L)Q motifs,
which are typically recognized and ubiquitinated by F-box protein[25]. Therefore, it is
plausible that the ubiquitination of LSD1 is mediated by an E3 ligase belonging to

the F-box protein family. F-box proteins are categorized into three subfamilies: F-box

and WD40 domain (FBXW), F-box and leucine-rich repeat (FBXL), and F-box and

other domains (FBXQ)[26]. One member of the F-box protein family, FBX024, is an
evolutionarily conserved chromatin-binding protein[27,28]. Previous studies have shown
that FBX 024 contributes to ubiquitination and proteasomal degradation of protein arginine
methyltransferase 6 (PRMT6), a co-regulator of gene expression that methylates histone

H3 on arginine 2(H3R2), H4R3 and H2AR3 [29]. These findings suggest that FBX024
plays a crucial role in modulating chromatin modification enzymes. However, the underlying
mechanism of FBX024-mediated protein degradation through the UPS, as well as the full
extent of FBX024’s function, remains unexplored.

In this study, we conducted mechanistic investigations that unveiled the role of SCF-
FBX024 as an E3 ubiquitin ligase responsible for the ubiquitination and degradation of
LSD1. Our findings demonstrated that FBX024 interacts with LSD1 and mediates its
degradation. We further confirmed this by observing that knockout of FBX024 prevented
LSD1 degradation. On the contrary, overexpression of FBX024 led to the inhibition of
breast cancer tumorigenesis, including suppression of proliferation, modulation of CSC
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properties, inhibition of tumor invasion and metastasis, and prevention of immune evasion.
These results collectively establish a previously unknown mechanism for LSD1 degradation
and highlight the crucial function of FBX024 as a tumor suppressor in the control of breast
cancer tumor progression.

Materials and Methods

Cell Culture

All cell lines were purchased from the American Type Culture Collection (Manassas,

VA). The human embryonic kidney HEK?293, breast cancer MDA-MB-468, MDA-MB-231,
MDA-MB-436, HS 578T, MCF7, MDA-MB-453 and MDA-MB-157 cell lines were grown
in Dulbecco’s modified Eagle’s/F12 medium plus 10% fetal bovine serum as described
previously[18]. The breast cancer cell lines T-47D, ZR-75-1, BT474, and HCC1937 were
grown in RPMI11640 plus 10% FBS. All the cells lines were routinely checked for
morphological and growth changes to probe for cross-contaminated, or genetically drifted
cells. If any of these features occurred, we use the Short Tandem Repeat profiling service by
ATCC to re-authenticate the cell lines. In addition, all cell lines were routinely checked for
mycoplasma every 6 months. Cells were used within 20 passages.

Small Interfering RNA (siRNA) library Screening

The human E3 ubiquitin ligase SiARRAY RTF was purchased from Dharmacon (Chicago,
IL). The screen was performed according to manufacturer’s instructions. In brief, the cells
were added to rehydrated Dharmacon RTF siRNA library plates. Two days later, the cell
lysates were extracted and the expression of LSD1 was detected by western blot.

Plasmids and Reagents

Plasmids of wild-type and deletion mutants for LSD1 were generated as described[18].

To generate Myc-FBX024 constructs, FBX024 cDNAs were amplified by PCR and
subcloned into the lentiviral vector pLenti6.3/VV5-Topo. To generate various Myc-FBX024
deletion truncations, the constructs of FBX024 cDNA were amplified by PCR and

cloned into pCMV-3Tag. To generate various GST-FBX024 deletion constructs, FBX024
cDNAs were amplified by PCR and then subcloned into the pGEX-6P-1 expression

vector. Site-directed mutagenesis Flag-LSD1 mutant were generated using a QuikChange

Il XL Site-Directed Mutagenesis Kit (Stratagene). All constructs were verified by

sequence analysis (HuaGene Biotech). The FBX024 guided RNA (gRNA) was designed
using an online tool (https://portals.broadinstitute.org/gpp/public/maintenance?rp=/analysis-
tools/sgrna-design) and subcloned into lentiCRISPRV2. Lentivirus was produced by co-
transfecting 293T cells with pMD2.G, pMDLg/pRRE, and LentiCRISPRV2 or pLenti-puro
expression vectors. Culture supernatants containing viral particles were collected 48 h after
transfection. Cancer cells were infected with lentivirus and selected by puromycin 48h after
infection. All the antibodies used in this study are listed in Supplemental table 1.
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In vivo Ubiquitination Assay

HEK?293 cells were transfected with HA-ubiquitin, Flag-LSD1 and Myc-FBX024 plasmids
as indicated. The cells were treated for 6 h with 10 yM MG132 at 48 h post-transfection, and
then lysed. The samples were immunoprecipitated using anti-Flag agarose (Sigma).

GST Pull-down Assay

Glutathione- S-transferase proteins were expressed as described previously[30]. Cells were
subjected to lysis in GST pull-down buffer (20 mM Tris, 150 mM NaCl and 1% Nonidet
P-40 with protease cocktail) and rotated with glutathione—Sepharose-bound wild-type or
deletion mutants of GST-LSD1. The binding complexes were eluted with SDS-PAGE
sample buffer. About one-tenth of these eluents were analyzed for the association of
FBXO024 or LSD1 by western blot and the remainder of the lysates were examined for

the presence of purified GST-LSD1 or GST-FBX024 by Coomassie staining.

Immunoprecipitation and Western Blot Analysis

Immunoprecipitation (IP) and western blot analysis were performed as described[31]. In
brief, cells were lysed by IP buffer (25 mM Tris (pH 7.4), 150 mM NaCl, 5 pg/ml aprotinin,
1 pg/ml pepstatin, 1% Nonidet P-40, 1 mM EDTA and 5% glycerol). Cell lysates were
incubated with antibodies conjugated to agarose beads overnight at 4°C. The beads were
then rinsed with IP buffer, and the immunoprecipitated protein complexes were subjected to
western blot analysis. For western blot analysis, cultured cells were lysed in buffer (50 mM
Tris (pH 7.5), 150 mM NacCl, 5 pg/ml aprotinin, 1 ug/ml pepstatin, 1% Nonidet P-40, 1 mM
EDTA and 0.25% deoxycholate). Equal amounts of protein extracts were resolved by 10%
SDS-PAGE, and then transferred to a PVDF membrane (Millipore). The membrane was
probed with primary antibodies, followed by second antibodies conjugated to horseradish
peroxidase. Quantitative densitometry analysis was employed with image analysis software.
The antibodies were shown in the Supplemental table 1

Chromatin Immunoprecipitation (ChiIP)

Chromatin immunoprecipitation assays were performed using the Imprint Chromatin
Immunoprecipitation kit (Sigma) according to the manufacturer’s instructions. Briefly, cells
were cross-linked with 1% formaldehyde at room temperature for 10 min and the cross-link
was quenched by 125 mM glycine. Cells were lysed with L1 buffer (50 mM Tris, 2 mM
EDTA, 0.1% IGEPAL, 10% glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride (PMSF) and protease inhibitor mixture, pH 8.0) on ice. Chromatin was fragmented
by using micrococcal nuclease (MNase) digestion. Fragmented chromatin was incubated
with antibodies and protein-G magnetic beads at 4°C overnight. Bound DNA-protein
complexes were washed, eluted, and de-crosslinked. Purified DNA was resuspended in

TE buffer (10 mM Tris-HCL and 1 mM EDTA, pH 8.0) for ChIP-seq and PCR. Signals
were validated by real-time PCR using SYBR Green Power Master Mix following the
manufacturer’s protocol (Applied Biosystems). The sequence of primers was listed in
Supplemental table 2
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Immunofluorescence Staining

The immunofluorescence staining was performed as described[31]. Briefly, cells were
seeded on cover slips. Then, cells were fixed with 4% paraformaldehyde and subsequently
incubated with anti-FBX024 and anti-LSD1 antibodies at 4°C overnight. The cells were
further incubated with goat anti-mouse conjugated with Alexa fluor 568 and goat-anti-rabbit
conjugated with Alexa fluor 488, respectively (Invitrogen, Carlsbad, CA). Finally, nuclei
were counterstained with 4”, 6”-diamidino-2-phenylindole (Sigma-Aldrich) for 20 min and
images were taken by a fluorescent microscope.

Immunohistochemical (IHC) Staining

Breast cancer TMA was purchased from Pantomics (BRC2281). 30 formalin-fixed paraffin-
embedded (FFPE) samples of lymph node metastases were collected from breast cancer
patients at our institute with the approval of the Institutional Review Board (IRB). Sections
were deparaffinized with xylene, hydrated using a diluted alcohol series, and treated in 3%
H,0, in methanol to quench endogenous peroxidase activity. Tissue samples were stained
with anti-FBX024 (OriGene) and anti-LSD1 (Abcam) antibodies, and each sample was
scored by the H-score method that combines the values of immunoreaction intensity and the
percentage of tumor cell staining as described previously[32]. Briefly, the IHC staining was
scored according to the following criteria: negative: 0-10% of the cells stained; low: 10—
40% stained; and High: 40-100% stained. All slides were independently evaluated by two
investigators. Chi-square analysis was used to analyze the relationship between FBX024
and LSD1 expression; statistical significance was defined as £<0.05. The antibodies were
shown in the Supplemental table 1. Data regarding the stage and expression of ERa, PR, and
HER?2 for FFPE sample was presented in Supplemental table 4.

Histone Acid Extraction

Cell pellets were resuspended in PBS with 0.5% TritonX-100 and rotated for 10 min. The
lysate was centrifuged to spin down the nuclei. The pellet was washed once in the extraction
buffer and then re-suspended in 0.2 N HCI overnight at 4°C on a rotator. The lysate was then
centrifuged and the supernatant was quantified.

Quantitative Real-Time PCR

Total RNA was isolated using the RNeasy Mini kit (Qiagen) according to the manufacturer’s
instructions. Specific quantitative real-time PCR experiments were performed using SYBR
Green Power Master Mix following manufacturer’s protocol (Applied Biosystems). The
results were normalized to ACTB mRNA. The sequence of primers was listed in
Supplemental table 2

Fluorescence-Activated Cell Sorting (FACS)

Cells were detached from plates and incubated with anti-human CD44 and anti-human
CD24 (PE-conjugated, ebioscience), and finally analyzed using a FACSCalibur flow
cytometer.
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Tumorsphere-formation Assay

Tumorsphere cultures were performed as described in Dontu et al [33]. In brief, cell
monolayers were plated as single-cell suspensions on ultra-low attachment plates (Corning)
in DMEM/F12 medium supplemented with 20 ng/ml EGF, 10 pg/ml insulin, 0.5 pg/ml
hydrocortisone and B27. Tumorspheres were counted via visual inspection after 5-10 days.

Luciferase Reporter Assay

Luciferase assays were performed as described previously[32]. Briefly, cells were grown

to 50% confluence in 6-well dishes and then co-transfected to include the CDHI promoter
luciferase reporter, vector or FBX024, along with LSD1-3KR in each well using Fugene

6 (Roche, Indianapolis, IN). To normalize transfection efficiency, cells were also co-
transfected with 0.1 pg of the pRL-CMV (Renilla luciferase). Luciferase activity was
measured using the Dual-Luciferase Assay kit (Promega, Madison, WI). Three independent
experiments in triplicates were performed, and the calculated means and standard deviations
are presented.

Wound-healing, invasion and migration Assay

The wound-healing assay was performed as described[31]. Briefly, cells were grown in
6-well plates. The wound was created by 1 mL pipet tips when cells became confluence.
The culture medium was replaced by medium containing 0.1% FBS. Images were taken at
the indicated time points, and the wound closure ratios were calculated after 24 h. Invasion
and migration assays were performed in Boyden chambers coated with (invasion) or without
Matrigel (Migration) as instructed by the manufacturer (BD biosciences)[31]. Cancer cells
were plated in the upper chamber, serum-free culture medium plus 100 nM lysophosphatidic
acid was added in the bottom chamber as a chemoattractant. The invasive cancer cells

were stained with crystal violent. Cells were counted with an inverted microscope. All
experiments were performed in triplicate.

Cell viability and colony-formation

CCKa8 proliferation assays (Takala, Japan) were performed to determine the effect of
FBXO024 on proliferation[34]. Transfected cells were grown in 96-well plates in triplicate.
At indicated time points, 10uL CCK-8 solution was added and incubated for 2—4h. The
staining intensity was measured as an absorbance 450nm. Results are presented as the
means + standard deviation (SD). Data were based on three independent experiments. For
colony-formation analysis, cells were plated in 6-well plates (2,000 cells/well) in triplicate.
After 2 weeks, colonies were washed with PBS, fixed in methanol, stained with 0.1% crystal
violet, and counted using an inverted microscope.

In vivo Tumorigenesis Assay

Female ICR-SCID mice (6-8 wks old) were purchased from Taconic (Germantown, NY)
and maintained and treated under specific pathogen-free conditions. All procedures were
approved by the Institutional Animal Care and Use Committee at the University of
Kentucky College of Medicine and conform to the legal mandates and federal guidelines
for the care and maintenance of laboratory animals. Mice were injected with the breast
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cancer MDA-MB-231-luciferase cell line and corresponding stable clones with FBX024
or FBX024+LSD1-3KR expression (2 x 10° cells/mouse, 6 mice/group) via mammary fat
pad injection. Tumor growth was monitored with caliper measurements. When tumors were
approximately 1.0 cm in size, mice were euthanized and tumors were excised. Data were
analyzed using the Student’s t-test; a p value <0.05 was considered significant.

Patient Samples

With the Institutional Review Board (IRB) permission[35], 12 frozen fresh tumor samples
were obtained from patients’ resected breast tumors at our facility. In Supplemental table 3,
information on the stage, grade, and expression of ERa,, PR, and HER2 was shown. These
samples were “snap-frozen” in liquid nitrogen. Hematoxylin and eosin (H&E) stained tissue
slices were used for the histological examination of each sample. Tumor samples regions
were microscopically dissected and evaluated. The investigation was limited to samples

that consistently contained more than 75% tumor cells in the tissues. The samples were
homogenized using a Dounce homogenizer in homogenizer buffer then re-suspended in lysis
buffer after centrifugation and processed for western blot.

Statistical analysis

Result

The statistical analysis was performed as described[31]. All data are presented as the mean
+ standard error from at least three independent experiments. The Student #test was used to
compare data between two groups. Survival curves were obtained using the Kaplan—Meier
method, and the log-rank test was used to test the difference in survival curves. Multivariate
analysis was performed using the Cox’s regression multiple hazard model. P values of less
than 0.05 were considered statistically significant.

FBX024 is a bona fide E3 ligase that targets the degradation of the LSD1 protein.

Since LSD1 harbors an F-box recognition motif[25], we focused on genes that encode
F-box containing proteins as potential sources of the E3 ligases. We conducted a screening
using western blot analysis and an E3 ligase siRNA library from Dharmacon (subset 2).
This library includes siRNAs against all SOCS-box and F-box-containing proteins. The
positive hits from the screening were further validated using three different SiRNAs against
the specific F-box gene under investigation. The interactions between these E3 candidates
and LSD1 were also confirmed through co-immunoprecipitation (Co-1P) experiments. Out
of the 68 genes encoding F-box proteins that were screened, we identified one potential
positive hit, which was FBX024 (Fig. 1A). To validate these findings, we screened a panel
of human F-box proteins and determined that FBX024 was the only E3 ligase capable of
reducing LSD1 expression (Fig. 1B). Moreover, the expression of LSD1 decreased in a
dose-dependent manner upon ectopic expression of FBX024 (Fig. 1C). To further establish
the specificity of FBX024 as the ubiquitin E3 ligase for LSD1, we generated a deletion
mutant of FBX024 that lacks the F-box domain (AF-FBX024). Overexpression of the wild-
type (WT) FBX024 resulted in decreased LSD1 expression, whereas the AF-box mutant
construct failed to exhibit this effect (Fig. 1D). Additionally, we observed a specific increase
in the levels of LSD1 protein in FBX024 CRISPR knockout MDA-MB-436 and HS 578T
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cells using two different guided RNAs (Fig. 1E). In contrast, when we overexpressed
FBX024 in T-47D, MDA-MB-468, and MDA-MB-231 cells, which naturally have low
levels of endogenous FBX024 but abundant LSD1, we observed a significant increase in
LSD1 protein degradation with no change in mMRNA levels (Fig. 1F and Supplemental
Fig. 1A). Because LSD1 is a major demethylase for H3K4me2, we examined the global
levels of H3K4me2 with ectopic FBX024 expression and observed a significant increase
in H3K4me2 levels upon overexpression of FBX024 (Fig. 1G). However, it is important
to note that the levels of H3K9me2 remained unaffected by ectopic FBX024 expression.
These findings collectively indicate that FBX024 plays a role in the regulation of LSD1
degradation and that this regulation relies on the intact E3 ligase function of FBX024.

FBX0O24 interacts with LSD1.

We initially investigated the expression of FBX024 and LSD1 in multiple breast cancer cell
lines (Fig. 2A). Interestingly, we observed that LSD1 was highly expressed in most breast
cancer cell lines that exhibited low levels of FBX024 expression. This correlation between
low FBX024 and high LSD1 expression was also evident in lung cancer (Supplemental

Fig. 1B). However, we did not find a significant correlation between LSD1 and Jade2, a
previously reported E3 ligase of LSD1. Additionally, the knockdown of Jade2 did not have
any discernible effect on the stability of LSD1 (Supplemental Fig. 1C). These findings
suggest that the regulation of LSD1 stability is specifically mediated by FBX024 rather than
Jade2.

To investigate the interaction between FBX024 and LSD1, we conducted co-expression
experiments using Flag-LSD1 and Myc-FBX024 in HEK293 cells. Immunoprecipitation of
FBX024 using a Myc antibody revealed the presence of associated LSD1, and vice versa
when immunoprecipitated with Flag (Fig. 2B). Furthermore, we observed that endogenous
FBX024 co-precipitated with endogenous LSD1, especially after treating the cells with
MG132 to prevent protein degradation (Fig. 2C). To further corroborate the interaction
between FBX024 and LSD1, we utilized confocal microscopy. When FBX024 was co-
expressed with GFP-LSD1 in HEK293 cells, we observed their co-localization in the
nucleus (Fig. 2D). Additionally, we found that endogenous FBX024 and LSD1 co-localized
in the nucleus after treatment with MG132 (Fig. 2E).

The N-terminal one-third of LSD1 contains a SWIRM domain that is commonly found

in chromatin remodeling complexes (Fig. 2F)[36]. The C-terminal two-thirds of LSD1
contain an amine oxidase (AO) domain that exhibits significant sequence similarity to
FAD-dependent amine oxidase[18,36]. To identify the specific region responsible for the
interaction between LSD1 and FBX024, we generated LSD1 domain-deletion mutants and
co-expressed them with FBX024 in HEK293 cells. Co-IP experiments revealed that the
interaction between LSD1 and FBX024 required the AO domain of LSD1, whereas the
SWIRM domain was dispensable for this interaction (Fig. 2F). We further confirmed this
interaction using GST-pull down assays (Fig. 2G). To elucidate the region in FBX024 that
associates with LSD1, we generated several deletion mutants of FBX024 and co-expressed
them with LSD1 in HEK293 cells. Our findings indicated that the N-terminal region of
FBX024 retained the ability to interact with LSD1 (Fig. 2H). In contrast, the RCC1 domain
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and F-box domain in the C-terminal region of FBX0O24 were not required for the interaction
with LSD1. Consistent with these results, GST-pull down assays provided additional
confirmation that the N-terminal region of FBX024 is essential for their interaction (Fig.
21). Collectively, these data demonstrate a direct interaction between FBX024 and LSD1,
with the AO domain of LSD1 and the N-terminal region of FBX024 mediating this
interaction.

FBXO24 ubiquitinates LSD1.

To further investigate the role of FBX024 in regulating the stability of LSD1, we assessed
the protein half-life of LSD1 under different FBX0O24 manipulations in the presence of
cycloheximide (CHX) to block newly synthesized protein. Co-expression of Flag-LSD1 with
myc-FBX024 in HEK293 cells led to a rapid degradation and instability of LSD1 in the
presence of FBX024 (Fig. 3A). In contrast, FBX024 CRISPR knock-out MDA-MB-436
cells exhibited stabilized levels of LSD1 (Fig. 3B). To determine whether FBX024 promotes
the ubiquitination of LSD1 for enhanced degradation, we co-transfected HEK293 cells with
HA-ubiquitin (Ub), Myc-FBX024 (wild type or AF-box mutant), and Flag-LSD1. Cells
were treated with MG132 to prevent protein degradation before conducting a ubiquitination
assay. The results showed a significant increase in polyubiquitinated LSD1 in cells
transfected with FBX024, while the AF-box mutant failed to induce LSD1 ubiquitination.
This indicates that the ligase activity of FBX024 is dependent on the integrity of the E-box
domain (Fig. 3C). Furthermore, FBX024 was found to promote the polyubiquitination of
endogenous LSD1 (Fig. 3D).

To identify the lysine residues within LSD1 that undergo ubiquitination in vivo, we
co-expressed FBX024 with different LSD1 domains. Our findings suggested that the

AQ domain of LSD1 is responsible for its ubiquitination (Supplemental Fig. 2). Based

on potential ubiquitination sites, we generated LSD1 mutants with single or multiple
lysine-to-arginine (KR) substitutions in each potential ubiquitination site. Through these
experiments, we identified that lysine residues K424/K432 and K481 are key sites for
LSD1 ubiquitination (Fig. 3E). Subsequently, we generated a mutant (LSD1-3KR) in which
these three lysine residues were replaced with alanine. Western blot analysis revealed

that the 3KR mutant exhibited increased stability compared to wild-type LSD1 in the
presence of FBX024 (Fig. 3F). Consistently, /n vivo ubiquitination studies demonstrated
that the LSD1-3KR mutant was less ubiquitinated than the wild-type LSD1 (Fig. 3G). These
findings collectively indicate that FBX0O24 functions as a bona fide E3 ligase that promotes
the ubiquitination and subsequent degradation of LSD1, resulting in a shortened protein
half-life for LSD1.

FBXO24 represses tumorigenesis through LSD1 degradation.

To investigate the crucial role of FBX024-mediated LSD1 degradation, we ectopically
expressed FBX024 and LSD1-3KR either alone or in combination in MDA-MB-231, MDA-
MB-468, and T-47D cells. Cell proliferation analysis revealed that the ectopic expression of
FBX024 led to significant cell growth retardation compared to the control group (Fig. 4A).
Furthermore, colony formation assays confirmed that overexpression of FBX024 resulted in
a reduction in colony numbers compared to the control group (Fig. 4B & C). Since LSD1
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selectively promotes breast CSCs [9,16,37,38], we extended our investigation to assess the
critical role of FBX024 in regulating CSC-like properties in human breast cancer cells. We
evaluated tumorsphere formation in cells expressing FBX024. Our findings demonstrated
that ectopic expression of FBX024 markedly reduced the number and size of tumorspheres
compared to the control group in MDA-MB-231, MDA-MB-468, and T-47D cells (Fig. 4D
& E). This function of FBX024 is likely mediated through the regulation of LSD1 since

the expression of the degradation-resistant LSD1-3KR mutant rescued the expression and
functional effects of LSD1. In addition to the functional assays mentioned earlier, we also
examined the CD44M3h/CD24!°W CSC population in the three cell lines (MDA-MB-231,
MDA-MB-468, and T-47D) using fluorescence-activated cell sorting (FACS). We observed
that ectopic expression of FBX024 led to a reduction in the CD44M3h/CcD24low csc
population compared to the control group in all three cell lines (Fig. 4F). Notably, the
reduction in the CSC population caused by FBX024 expression could be restored by
co-expression of the LSD1-3KR mutant, emphasizing the dependence on FBX024-mediated
LSD1 degradation. Consistent with the pivotal role of the FBX024-LSD1 axis in regulating
CSC-like characteristics, the ectopic expression of FBX024 resulted in decreased expression
of stem cell markers SOX2 and OCT4, while increasing the expression of the differentiation
marker CDKNZ1A, at both mRNA and protein levels compared to the control group (Fig.

4G & H). Once again, the restoration of LSD1 expression rescued these changes in marker
expression. These findings collectively indicate that the functional activities suppressed by
FBX024 require the degradation of LSD1, as demonstrated by the impaired effects observed
upon ectopic expression of the LSD1-3KR mutant (Fig. 4).

FBX024 expression inhibits EMT while promoting chemokine expression via degradation

of LSD1.

It has been reported by our team and others that LSD1 enhances EMT-mediated cancer
progression[18]. To investigate whether FBX024 inhibits EMT, we measured the expression
of EMT markers. We observed that FBX024 expression led to the upregulation of

epithelial markers such as E-cadherin and Claudin, while downregulating mesenchymal
molecules including Vimentin compared to the control group. Concurrently, we observed the
degradation of LSD1 (Fig. 5A & B). Immunofluorescence (IF) staining further confirmed
that FBX 024 expression increased the levels of the epithelial marker E-cadherin, while
decreasing N-cadherin and Vimentin levels (Fig. 5C). Consistent with the upregulation of E-
cadherin, FBX024 expression enhanced the promoter activity of CDH1 (the gene encoding
E-cadherin) (Fig. 5D) and increased the levels of the permissive histone modification
H3K4me2 in the CDHI1 promoter region (Fig. 5E). To assess the functional consequences

of FBX024 expression, we evaluated cell migration and invasiveness. FBX024 expression
significantly decreased cell migration and invasive capacity compared to the control group
(Fig. 5F-K, Supplemental Fig. 3). Importantly, these functional activities inhibited by
FBX024 required LSD1 degradation, as exogenous expression of the LSD1-3KR mutant
greatly rescued the effects of FBX024 on EMT (Fig. 5, Supplemental Fig. 3).

Recent studies have provided evidence that LSD1 represses the expression of certain
endogenous retroviral elements (ERV) and epigenetically silences the expression of
chemokines involved in effector T cell function, such as CCL5 and CXCL10[19,20].
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Interestingly, in our study, we found that FBX024 expression induced the upregulation of
ERVs and chemokine expression (Fig. 6A). This suggests that FBX024 may counteract
the repressive effects of LSD1 on ERVs and chemokines. To further investigate the
mechanism underlying the FBX0O24-induced expression of chemokines, we examined
whether changes in H3K4me2 levels occurred at specific gene promoters. We observed that
FBX024 expression enhanced the occupancy of H3K4me2 at distant regions upstream of
the transcription start sites (TSS) of the CCL5, CXCL9, and CXCL10promoters (Fig. 6B).
Once again, the reconstitution of LSD1-3KR significantly, although partially, rescued the
effect of FBX024 on chemokine expression (Fig. 6A & B). This suggests that the increase
in chemokine expression is, at least in part, due to LSD1 degradation and subsequent
alterations in histone methylation. Overall, these findings suggest that FBX024 expression
leads to the inhibition of EMT and upregulation of ERVs and chemokines, potentially
counteracting the repressive effects of LSD1.

FBXO024 inhibits breast cancer cell proliferation in vivo and FBXO24 levels inversely
correlate with LSD1 levels in tumor samples.

To directly assess the inhibitory effect of FBX024 on tumor proliferation /n vivo, we
implanted MDA-MB-231-luciferase cells expressing FBX024 into the mammary fat pad
of female SCID mice and monitored tumor growth using bioluminescent imaging. After
approximately 35 days, all control mice developed tumors, as shown in Figure 7A-D.
However, to our surprise, mice injected with FBX0O24-expressing cells did not exhibit
any tumor formation. This observation is consistent with the /n vitro function of LSD1,
as LSD1-3KR cells displayed remarkable resistance to tumor growth suppression upon
FBX024 expression (Fig. 7A-D).

To further investigate the relationship between FBX024 and LSD1 in human breast cancer,
we analyzed the protein levels of FBX024 and LSD1 in 12 fresh-frozen breast tumor
samples. In most of these samples, with the exception of one (sample 4), we observed

an inverse correlation between FBX024 and LSD1 protein levels (Fig. 7E). To assess

the clinical relevance of this relationship, we performed immunohistochemistry (IHC)
staining on a breast cancer tissue microarray (TMA). The results revealed a strong inverse
correlation between FBX024 and LSD1, with prominent staining of LSD1 in the breast
cancer tissues (Fig. 7F). Notably, FBX024 expression was rarely detected in 90% of

the breast cancer tumors. We further validated these findings in lymph node metastasis
samples, which exhibited similar results to the TMA (Supplemental Fig. 4). Additionally,
we observed lower expression of FBX024 in multiple cancer tissues compared to normal
tissues in the TCGA dataset (Fig. 7G). Interestingly, high expression of FBX024 showed
a significant negative association with tumor stage (Supplemental Fig. 5A). Considering
that LSD1 has been identified as a marker for poor prognosis, with high expression
correlating with worse outcome[11,12], we hypothesized that the E3 ligase(s) targeting
LSD1 might indicate a favorable prognosis. We found that the expression of FBX024

was positively correlated with improved patient survival in the TCGA dataset, including
breast cancer (Supplemental Fig. 5B). Furthermore, we confirmed this correlation in various
breast cancer gene expression datasets (Fig. 7H). Moreover, patients with low FBX024
expression displayed a higher rate of relapse and lower 5-year survival in breast cancer
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dataset (Supplemental Fig. 6A&B). Further analysis of the breast cancer dataset revealed
a negative correlation between downregulation of FBX024 expression and tumor grade
and aggressiveness (Supplemental Fig. 6C&D). Collectively, these findings underscore
the clinical relevance of the dysregulated FBX024-LSD1 axis and emphasize the tumor-
suppressive role of FBX024 in tumor progression.

Discussion

LSD1 is a pivotal epigenetic regulator known for its involvement in various critical aspects
of cancer biology, such as EMT, metastasis, acquisition of CSC-like properties, metabolic
reprogramming, tumor recurrence, and evasion of immunotherapy. Through our study, we
have discovered that FBX024 functions as a bona fide E3 ligase for LSD1. Moreover,
FBX024 acts as a tumor suppressor by inhibiting tumor progression, including EMT,
metastasis, CSC-like properties, while promoting the expression of chemokines (Fig. 71). In
our in vitro experiments, we demonstrated that the tumor-suppressive function of FBX024
could be restored by the expression of exogenous LSD1 that is resistant to degradation.
Notably, we have also established a robust correlation between FBX024 and LSD1 in
multiple cancer cell lines and human breast tumor specimens, thereby confirming the
regulatory relationship between these two proteins. These findings shed light on the critical
and novel role of the FBX024-LSD1 axis in carcinogenesis.

The stability of LSD1 is intricately regulated by the UPS. Ubiquitination and
deubiquitination, comprising a complex network of regulatory processes, maintain the
dynamic homeostasis of LSD1. While several deubiquitinase enzymes have been identified
in this context[9,22,24], the E3 ligase-mediated ubiquitination of LSD1 has remained
unclear. Previous studies have reported certain E3 ligases capable of targeting LSD1 for
proteasomal degradation. However, none of these identified proteins were typical E3 ligases.
For instance, although Jade2 was reported to function as an E3 ligase in destabilizing LSD1
during neurogenesis [39], this observation is subject to controversy and requires further
validation. This is due to the fact that Jade2 is primarily a transcription factor, and the
reported Jade2-mediated ubiquitination of LSD1 relies on the PHD zinc finger domain of
Jade?, rather than the classical RING finger domain present in almost all E3 ubiquitin
ligases [39,40]. More recently, it was reported that p62 targets LSD1 for proteasomal
degradation in the nucleus [24]. Considering that LSD1 contains canonical (I/L)Q motifs
that are typically recognized and ubiquitinated by F-box proteins [25], our investigation into
the responsible E3 ligase focused on the SCF (Skp1-Cullinl-F-box protein) family. Given
that there are approximately 70 genes encoding F-box-containing E3 ligases, we extensively
screened the entire set in search of the responsible gene. Ultimately, our screening efforts led
us to identify FBX024 as the sole E3 ligase associated with LSD1 regulation.

FBX024 is classified as a chromatin-binding F-box protein [27,28], and its substrates
include not only LSD1 but also PRMT6. Both LSD1 and PRMT6 are essential enzymes
involved in histone modifications, indicating that FBX024 plays a crucial role in chromatin
modification. Although the precise function of FBX024 is not fully understood, existing
evidence suggests that the loss of FBX024 is closely associated with tumor development
and progression. For instance, FBX024 is located in the chromosomal region 7g22.1,
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which frequently experiences loss of heterozygosity in human breast cancer [27]. Moreover,
FBXO024 is identified as one of three candidate tumor suppressor genes for diffuse

gastric cancer. Sanger exome sequencing has revealed germline truncations in FBX024,
highlighting the contribution of FBX024 mutations to the oncogenesis process[41].
Consistent with this, genomic mutation databases indicate that FBX024 is mutated in
various tumor types, including breast, gastric, lung, skin cancers, lymphoma, with mutations
spanning the entire coding region. Notably, significant mutations occur in the catalytic
F-box domain of FBX024 (data from COSMIC) [42]. In our study, we observed minimal
expression of FBX024 in breast cancer samples (Fig. 7). Correspondingly, we found that
ectopic expression of FBX024 markedly suppressed cell proliferation, CSC-like properties,
EMT, and metastasis (Fig. 4 and Fig. 5). Remarkably, we observed that FBX024 expression
completely abolished tumor formation in vivo (Fig. 7A-D). Our findings strongly support
the tumor-suppressive role of FBX024.

While our study has revealed FBX024 as a bona fide E3 ligase for LSD1, there are

still several unanswered questions that warrant further investigation. Firstly, do FBX024
abundance and subcellular localization vary during the cell cycle? As LSD1 levels

fluctuate in a cell-cycle-dependent manner [43,44], it would be interesting to determine
whether the protein levels of FBX024 show an inverse correlation with the kinetics of
LSD1 fluctuation. Specifically, investigating whether FBX024 abundance or its subcellular
localization changes during different phases of the cell cycle could provide insights into

the regulatory mechanisms governing LSD1 degradation. Secondly, is FBX024-mediated
LSD1 degradation phosphorylation-dependent? Most substrates of SCF E3 ligases require
prior phosphorylation before being targeted for degradation [45]. It is plausible that

LSD1 undergoes phosphorylation prior to recognition by FBX024. Interestingly, many
cyclin-dependent kinase (CDKSs) including CDK1 and CDK?2 effectively phosphorylate
LSD1[46,47]. However, overexpression of CDK1 and CDK2 have no effect on LSD1
stability although both of them interact with LSD1. Exploring the phosphorylation status of
LSD1 and its impact on FBX024-mediated degradation could provide mechanistic insights
into the regulation of LSD1 stability. Finally, is the activity of FBX024 also affected by
DNA damage? LSD1 is recruited to sites of DNA damage within a short time and promotes
the DNA damage response function [48]. The LSD1 protein was reduced significantly

60 min after DNA damage. Interestingly, FBXO024 is associated with DNA damage [49].
Investigating the role of FBX024 in the DNA damage response and assessing its activity

in the context of DNA damage could uncover additional functions of FBX024 beyond its
interaction with LSD1. Addressing these outstanding questions would significantly enhance
our understanding of the intricate relationship between LSD1 and FBX024, shedding light
on the regulatory mechanisms and broader biological functions of this axis.

In summary, our study highlights the crucial role of FBX024 as a master chromatin-binding
E3 ligase in tumor progression and the regulation of LSD1 signaling. By identifying
FBX024 as a key regulator of LSD1, our findings offer valuable insights into the underlying
mechanisms of LSD1 regulation.
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Implications:

Our study provides comprehensive characterization of the significant role of FBX024 in
impeding breast tumor progression by targeting LSD1 for degradation.
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was assessed by western blot. (E) Immunablot of lysates from cells with FBX024 CRISPR
knockout (SgRNA). (F) Immunablot of lysates from FBX024 overexpressing cells. (G)
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The expression of FBX024 and LSD1 by western blot (right).
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Figure 2. FBXO24 interacts and co-localizes with L SD1.
(A) Immunoblots of lysates from breast tumor cell lines. (B) Immunaoblot of

immunoprecipitation (IP) from HEK293 cells transfected with the indicated constructs. (C)
Immunoblot of IP of endogenous FBX024 or LSD1 in MDA-MB-436 and Hs 578T cells
after treatment with MG132. (D) Confocal images of HEK293 cells co-expressing GFP-
LSD1 with Myc-FBX024 after treatment with MG132. (E) Confocal image of endogenous
FBX024 and LSD1 after treatment with MG132. (F) Schematic diagram showing the
structure of LSD1 and deletion constructs used (top panel). Co-IP of exogenous Myc-
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FBX024 and Flag- full length (FL) LSD1 or different deletion mutants (lower panel). (G)
Western blot analysis of Myc-FBX024 pulled down by GST with full or different deletion
mutants of LSD1. (H) Schematic diagram showing the structure of FBX024 and deletion
constructs used (top panel). Co-1P of exogenous Flag-LSD1 and Myc- full length (FL)
FBX024 or different deletion mutants (lower panel). (1) Western blot analysis of Flag-LSD1
pulled down by GST with full or different deletion mutants of FBX024. Scale bar, 20 um.
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Figure 3. FBX0O24 degrades L SD1 through ubiquitination.
A) Flag-LSD1 was co-expressed with vector or Myc-FBX024 in HEK293 cells. After

treatment with cycloheximide (CHX) for the indicated time intervals, expression of Flag-
LSD1 and Myc-FBX024 was analyzed by western blot using Flag and Myc antibodies,
respectively. Presented data are representative of 3 separate experiments (up panel). The
intensity of LSD1 expression for each time point was quantified by densitometry and
plotted (low panel). (B) MDA-MB-436 cells were transfected with control or FBX024
CRISPR knockout (SgRNA). After treatment with CHX as indicated above, expression
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of endogenous LSD1 and FBX024 was analyzed by western blot. Presented data are
representative of 3 separate experiments (up panel). The intensity of LSD1 expression

for each time point was quantified by densitometry and plotted (low panel). ** P<0.01,
***pP<(.001, compared with controls. (C) Flag-LSD1 and HA-ubiquitin were co-expressed
with WT or AF mutant FBX024 in HEK293 cells. After treatment with 10 uM MG132 for
6 h, LSD1 was subjected to IP and the poly-ubiquitination of LSD1 assessed by western blot
using HA antibody. IP LSD1 was probed using Flag antibody. Input protein levels of LSD1
and FBX024 were examined using Flag and Myc antibodies, respectively. (D) T-47D and
MDA-MB-468 cells stably transfected with vector, or FBX024 were treated with MG132
for 6 h. Extracts were subjected to IP with LSD1 antibody and the poly-ubiquitination

of LSD1 assessed by western blot using ubiquitin antibody. Input of LSD1 and FBX024
were analyzed by western blot. (E) Myc-FBX024 was co-expressed with Flag-tagged
wild-type (WT) or different mutants of LSD1. Lysates were subjected to western blot. (F)
Myc-FBX024 was co-expressed with Flag-tagged wild-type (WT) or 3KR mutant of LSD1.
Protein expressions of LSD1 and FBX024 were analyzed by western blot. (G) Wild-type
(WT) or 3KR mutant LSD1 and HA-ubiquitin were co-expressed with vector or FBX024
in HEK?293 cells. After treatment with 10 uM MG132 for 6 h, LSD1 was subjected to IP
and the poly-ubiquitination of LSD1 assessed by western blot using HA antibody. IP LSD1
was probed using Flag antibody. Input protein levels of LSD1 and FBX024 were examined
using Flag and Myc antibodies, respectively.
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Figure 4. FBXO24 impairstumor proliferation and CSC-like properties.
(A) Cell viability of FBX024 or FBX024+LSD1-3KR expressing MDA-MB-231, MDA-

MB-468 and T-47D cells. (B) Representative images of colony formation in cells
expressing FBX024 with or without LSD1-3KR. (C) Graphic representation of (B).

(D) Tumorsphere-formation was examined in MDA-MB-231, MDA-MB-468 and T-47D
cells stably expressing vector, FBX024 and FBX024 with LSD1-rescued expression
(LSD1-3KR). Representative images of primary tumorspheres from these cells were shown.
(E) Quantification of tumorsphere from above experiments were plotted and shown. (F)

CD44high/cD24!oW population in cells above was examined

by FACS analysis. (G) The

MRNA levels were quantitated by real-time PCR. (H) Lysate from cells above were
analyzed by western blot. *p<0.05, **p<0.01, and ***p value < 0.001 when control or
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rescued group was compared with FBX024 group (mean £ SD from three independent
experiments). Scale bar, 200 pum.
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Figure 5. FBXO24 inhibitsEMT and metastasis.
(A) The mRNA levels of EMT markers were quantitated by real-time PCR. CLDNS3,

Claudin 3; OCLN; Occludin. (B) The expression of E-cadherin, Claudin 3, Vimentin,
LSD1, and FBX024 was analyzed by western blot. (C) Immunofluorescent images of EMT
markers in MDA-MB-231 cells. Scale bar, 50 um. (D) The CDHI promoter reporter activity
measured in MDA-MB-231 cells expressing vector, FBX024 or FBX024+LSD1-3KR.

(E) ChIP-gPCR analysis of the occupancy of CDHI using H3K4me2 antibody in above
cells. (F) Representative phase-contrast microscope images showing the area covered by
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the cells at 0 and 24 h after wounding in MDA-MB-231 cells. (G) Graphic representation
of wound-healing closure described in (F). (H) Representative images of Boyden chamber
migration assay of modified MDA-MB-231 cells transfecting with vector, FBX024 or
FBX024+LSD1-3KR. (1) Graphic representation of cell motility described in (H) analyzed
by a migration assay. (J) Representative images of Boyden chamber invasion assay of
modified MDA-MB-231 cells. (K) Graphic representation of cell invasion described in (J).
*p<0.05, **p<0.01, and ***p value < 0.001 when control or rescued group was compared
with FBX024 (group mean + SD from three independent experiments). Scale bars, 200 ym.
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Figure 6. FBXO24 promotes expression of ERV and chemokines.
(A) The mRNA levels of chemokine and endogenous retroviral elements (ERV) were

quantitated by real-time PCR. (B) ChIP-gPCR analysis of the occupancy of chemokines
using H3K4me2 antibody in MDA-MB-231 cells expressing vector, FBX024 or
FBX024+LSD1-3KR. *p<0.05, **p<0.01, and ***p value < 0.001 when control or rescued
group was compared with FBX024 (group mean + SD from three independent experiments)
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Figurle 7. FBX0O24 represses tumor growth and negatively associates with LSD1 in breast cancer
sampiles.

(A—Ig) MDA-MB231-luc cells were injected into the mammary fat pad of SCID mice

(n=6). Tumor size was recorded by bioluminescence imaging (A). Tumor growth curve

(B), photographs of harvested tumors (C), and tumor weights (D) were measured. (E)
Expression of FBX024 and LSD1 from 12 cases of fresh frozen human breast tumors

was examined by western blot. (F) The 203 surgical specimens of breast cancer were
immunostained using antibodies against LSD1 and FBXO24. Representative images of IHC
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analysis for LSD1 and FBX024 in the serial sections of tumor tissues (left panel). Statistical
analysis is shown in right table. (G) Violin plot showing z-scores of FBX024 mRNA
expression in tumor and normal tissues in TCGA cancer dataset. ACC, Adrenocortical
carcinoma; BRCA, Breast invasive carcinoma; CESC, Cervical Squamous Cell Carcinoma
and Endocervical Adenocarcinoma; COAD, Colon Adenocarcinoma; ESCA, Esophageal
Carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; QV,
Ovarian serous cystadenocarcinoma; PRAD, Prostate Adenocarcinoma; READ, Rectum
Adenocarcinoma. (H) Kaplan—Meier plots of survival of patients, stratified by expression
of FBX024. Data obtained from the Pawitan and Boersma database. P-values represent
log-rank testing of the difference in cumulative survival. (1) A proposed model to illustrate
FBX024 induces LSD1 degradation through a ubiquitination event. ***p value < 0.001.
Scale bars, 200 um.
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