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Abstract

Background Selectively targeting leukemia stem cells (LSCs) is a promising approach in treating acute myeloid leu-
kemia (AML), for which identification of such therapeutic targets is critical. Increasing lines of evidence indicate that
FBXO22 plays a critical role in solid tumor development and therapy response. However, its potential roles in leuke-
mogenesis remain largely unknown.

Methods We established a mixed lineage leukemia (MLL)-AF9-induced AML model with hematopoietic cell-specific
FBXO22 knockout mice to elucidate the role of FBXO22 in AML progression and LSCs regulation, including self-
renewal, cell cycle, apoptosis and survival analysis. Immunoprecipitation combined with liquid chromatography-tan-
dem mass spectrometry analysis, Western blotting and rescue experiments were performed to study the mechanisms
underlying the oncogenic role of FBXO22.

Results FBXO22 was highly expressed in AML, especially in MLL-rearranged (MLLr) AML. Upon FBXO22 knockdown,
human MLLr leukemia cells presented markedly increased apoptosis. Although conditional deletion of Fbxo22 in
hematopoietic cells did not significantly affect the function of hematopoietic stem cells, MLL-AF9-induced leuke-
mogenesis was dramatically abrogated upon Fbxo22 deletion, together with remarkably reduced LSCs after serial
transplantations. Mechanistically, FBXO22 promoted degradation of BACH1 in MLLr AML cells, and overexpression of
BACH1 suppressed MLLr AML progression. In line with this, heterozygous deletion of BACH1 significantly reversed
delayed leukemogenesis in Fbxo22-deficient mice.

Conclusions FBXO22 promotes MLLr AML progression by targeting BACH1 and targeting FBXO22 might be an ideal
strategy to eradicate LSCs without influencing normal hematopoiesis.
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Introduction

Acute myeloid leukemia (AML), a class of highly preva-
lent and aggressive hematologic malignancies, is charac-
terized by uncontrolled expansion of immature myeloid
cells coupled with a differentiation blockage [1]. The
development of AML is associated with accumulation
of acquired genetic and epigenetic changes in hemat-
opoietic stem/progenitor cells (HSPCs) [2]. Subsequent
acquisitions of additional genetic and epigenetic aber-
rations in pre-leukemic HSPCs eventually give rise to
leukemia stem cells (LSCs), which are responsible for leu-
kemia initiation, progression, relapse and drug resistance
[3, 4]. Chromosomal translocation of the mixed lineage
leukemia (MLL) gene is recurrent alterations associated
with aggressive and drug-resistant leukemia [5]. The
t(9;11)(p22;q23) reciprocal translocation results in the
expression of MLL-AF9 fusion gene and myelo-mono-
blastic AML associated with extramedullary tumor infil-
tration, frequent relapses and poor survival [6]. Despite
advances in understanding the molecular basis of AML
development, over 70% of AML patients cannot survive
more than 5 years [7, 8]. Thus, identification of specific
therapeutic targets for eliminating LSCs is an urgent clin-
ical need for drug development.

The SCF (SKP1/CUL1/F-box) complex, the best-char-
acterized cullin-RING ligases (CRLs) among ubiqui-
tin ligases, consists of scaffold protein cullin 1 (CUL1),
RBX1 (RING-box protein 1), adaptor protein SKP1
(S-phase kinase-associated protein 1) and F-box protein,
the latter being a substrate recognition receptor to deter-
mine the substrate specificity of the SCF complex [9].
There are 69 putative F-box proteins in human, which
are divided into three subclasses depending on the spe-
cific substrate recognition domains, FBXW (F-box and
WD40 domain), FBXL (F-box and leucine-rich repeat)
and FBXO (F-box only) proteins [10]. Accumulated lines
of evidence showed that F-box proteins are promis-
ing targets for cancer therapy, including hematopoietic
malignancies. For instances, FBXW7 deletion induced
T-cell acute lymphoblastic leukemia (T-ALL) develop-
ment without the requirement of other tumor-promot-
ing factors [11], while it eliminated LSCs of chronic
myeloid leukemia (CML) by preventing quiescence [12].
FBXL2, FBXL10 and FBXW11 had been linked to lym-
phocytic leukemia cell proliferation [13-15]. The over-
expressed FBXO9 caused increased proliferation and
survival in multiple myeloma (MM) [16], while loss of
FBXO9 promoted AML development [17]. Also, FBXW4
was highly expressed and associated with poor survival
in AML [18].

FBX022 was believed to play a critical role in cancer
development and therapy response [19]. The oncogenic
role of FBXO22 was shown in colorectal, liver, lung and
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breast cancers [20-23], while the suppressive role of can-
cer metastasis was also been proposed in lung cancer
and breast cancer [23, 24]. With these reports, several
substrates of FBXO22 have been explored, such as lysine
demethylase (KDM) 4A, KDM4B, BTB and CNC homol-
ogy 1 (BACHI), phosphatase and tension homologue
(PTEN), P53, liver kinase B (LKB1), which mediate the
multiple functions in carcinogenesis [20-27]. However,
the potential role of FBXO22 in leukemogenesis is not
explored to date. Herein, we investigate the function of
FBXO22 to MLL-AF9-induced AML development using
two strains of hematopoietic-specific Fhbx022 knockout
mice and found that FBXO22 promotes leukemogen-
esis and contributes to LSC maintenance by targeting
BACHI1.

Methods

Mice

Fbx022™" mice and C57BL/6 Bachl knockout mice were
established at the Cyagen Biosciences Inc. Fbx022"
/" mice were further crossed with Myxovirus resistance
protein 1 (Mx1)-Cre or stem cell leukemia stem-cell
enhancer (Scl)-Cre transgenic mice to achieve specifically
inducible deletion of Fbx022 in hematopoietic cells. All
these strains were maintained on a C57BL/6 background.
To induce Mx1-Cre recombinase, polyinosinic—polycyti-
dylic acid (pIpC, Sigma, 1 mg/ml in distilled water) was
administered at 10 pug/g body weight every other day by
intraperitoneal injection for 7 times; to induce Sc/-Cre
recombinase, tamoxifen (Sigma, 10 mg/ml in corn oil)
was administered at 50 pg/g body weight daily by intra-
peritoneal injection for 21 days. All the animal experi-
ments were approved by our institution and conducted
according to the Guideline for Animal Care at Shanghai
Jiao Tong University School of Medicine.

MLL-AF9-induced murine AML model

A transplantable MLL-AF9-induced murine AML model
was established as follows. Briefly, 10-12-week-old
donor mice were injected with 5-Fluorouracil (5-FU)
at 120 mg/kg body weight by intraperitoneal injec-
tion. Lin~ bone marrow (BM) cells were isolated at day
6 after 5-FU treatment and infected twice with retrovi-
ral pMIG-MLL-AF9-IRES-GFP supernatant in the pres-
ence of 4 pg/ml polybrene. Infected cells were cultured
in StemSpan" SFEM medium supplemented with 20 ng/
ml mouse stem cell factor, 10 ng/ml mouse interleukin-3
(IL-3) and 10 ng/ml mouse interleukin-6 (IL-6). After
the second round of infection, cells were collected and
intravenously injected into lethally irradiated C57BL/6
mice at 2x10° per recipient with 2x10° competi-
tor BM cells. Serial transplantations were performed
with 1 x 10* purified GFP™ BM leukemia cells or 1000
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purified leukemic-granulocyte monocyte progenitor
(LGMP) cells of either primary or secondary recipient
mice mixed with 2 x 10° competitor BM cells. For the
limiting dilution analysis, the indicated Fbhx022"'* and
Fbx022~'~ GFP* BM cells collected from primary recipi-
ents were co-transplanted with 2 x 10° competitor cells
into lethally irradiated recipient mice. The survival times
were recorded to calculate LSCs frequencies using L-Calc
software from StemCell Technologies.

Flow cytometry analysis and sorting

BM single cells suspension was freshly isolated and fil-
tered through a 40 um strainer. Peripheral blood (PB)
cells were treated with ammonium chloride potassium
(ACK) lysis buffer to remove red blood cells and resus-
pended with phosphate buffer saline (PBS). The cells were
surface-stained using indicated fluorochrome-conjugated
antibodies following the manufacturer’s instructions. Cell
cycle distribution was examined by Hoechst 33342 and
Ki-67-BV786 staining after surface-stained. For intra-
cellular staining, cells were fixed and permeabilized by
using BD Cytofix/Cytoperm Fixation/Permeabilization
Kit following the manufacturer’s protocol. Apoptosis was
analyzed with annexin-V-Allophycocyanin (APC) and
46-diamidino-2-phenylindole (DAPI) staining according
to the manufacturer’s instructions. Detailed information
of antibodies and dyes used in these experiments is listed
in Additional file 1: Table S1. Cell sorting was performed
using a BD Fluorescence Activating Cell Sorter (FACS)
Aria IT or Aria III after staining.

Immunoprecipitation and mass spectrometry analysis
Immunoprecipitation of Flag-tagged proteins or endog-
enous proteins and Nano-LC-MS/MS with electrospray
ionization used to identify interacting proteins were per-
formed as previously described [28, 29]. The antibodies
used in immunoprecipitation are listed in Additional
file 1: Table S1.

Denaturing ubiquitination assay

THP-1 cells were treated with 10 uM of the proteasome
inhibitor MG132 for 6 h, harvested and lysed with dena-
ture lysis buffer (denatured IP buffer 50 mM Tris-HCl,
pH 6.8, 2% SDS) by boiling at 100 °C for 20 min to dis-
sociate protein—protein interactions. After centrifuga-
tion at 17,000 g for 10 min at 4 °C, 70 ul of supernatants
was diluted by 1.2 ml 1 x RIPA buffer (50 mM Tris-HCl,
PH 7.6, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1 mM
PMSF and 1 x protease inhibitor cocktail) and subjected
to immunoprecipitation with BACHI antibody, followed
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by Western blot analysis to visualize polyubiquitylated
protein bands.

Colony-forming unit assays

BM cells isolated from Fbx022*'* and Fbx0227'~ or
Scl-Cre™;Fbx022™" and Scl-Cre*;Fbxo22™" mice were
plated into 12-well plates containing MethoCult M3434
(StemCell Technologies) for colony-forming unit-gran-
ulocyte, erythrocyte, monocyte and megakaryocyte
(CFU-GEMM) or MethoCult M3534 (StemCell Tech-
nologies) for colony-forming unit-granulocyte and
macrophage (CFU-GM) colony formation analysis at
2.5 x 10* cells/well, MethoCult M3334 (StemCell Tech-
nologies) for colony-forming unit-erythrocyte (CFU-
E) or MethoCult M3630 (StemCell Technologies) for
colony-forming unit-pre-B lymphocyte (CFU-Pre-B)
colony formation analysis at 2.5 x 10° cells/well accord-
ing to the manufacturer’s protocols. GFP* or LGMP
cells sorted from primary AML recipients were plated
into 12-well plates containing complete MethoCult
M3534 medium at indicated numbers according to the
manufacturer’s instructions. For the colony-forming
assay of THP-1, FBXO22-knockdown THP-1 cells or
control cells were plated into 12-well plates containing
complete MethoCult H4436 (StemCell Technologies)
at 500 cells/well. For the colony-forming assay of AML
patients’” mononuclear cells (MNCs), FBXO22-knock-
down or overexpressed cells with control cells were
plated into 24-well plates containing MethoCult H4436
at 40,000 cells/well. Colonies were imaged and counted
7-10 days after plating.

Cell lines and cell culture

THP-1, MV4-11, Molm13, Kasumi-1, HL-60 and U937
cells were maintained in RPMI-1640 supplemented
with 10% fetal bovine serum (FBS). 32D cells were
maintained in RPMI-1640 with 10% FBS and 10 ng/
mL mouse IL-3. 293 T cells were maintained in DMEM
supplemented with 10% FBS. Cells were cultured in a
humidified incubator at 37 °C with 5% CO,. All the cell
lines were purchased from the American Type Culture
Collection (ATCC).

AML patients

Primary human AML MNCs were separated by density
gradient centrifugation from BM samples of patients
with AML from Ren-ji Hospital, Shanghai Jiao Tong
University School of Medicine. Written informed
consent was obtained from all the patients, and all
the procedures were approved by the Ethics Com-
mittee for Medical Research (IRB) at Ren-ji Hospital.
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Samples were frozen in FBS with 10% dimethyl sulfox-
ide (DMSO) and stored in liquid nitrogen.

Public databases analysis

Publicly annotated datasets from Gene Expression
Omnibus (GEO), including GSE1159, GSE13159,
GSE7186, GSE48173, GSE76008, GSE63720, GSE68172
and GSE138883, were downloaded and analyzed using
RMA method by R package affyPLM (1.30.18) or using
GEOZ2R independently. Gene expression data of AML
samples from The Cancer Genome Atlas (TCGA)
database were analyzed by R package TCGAbiolinks
(2.25.3) followed with processed by log;, and pub-
lic clinical annotations were downloaded from cBio-
portal (http://www.cbioportal.org/). Gene expression
counts and clinical cytogenetic results of Beat-AML
were explored through the interactive browsers, includ-
ing Vizome (http://vizome.org/aml2/) and BeatAML2
(https://biodev.github.io/BeatAML2/). Proteomic data-
base of AML (PXD032110) was accessed and queried
through Proteomic and Phosphoproteomic Landscapes
of AML (http://www.leylab.org/amlproteome).

Plasmids, virus construction and infection

shRNAs targeting human FBXO22 or a normal control
(NC) shNC were constructed using a lentiviral vector,
pLKO.1-GFP (target sequences listed in Additional file 1:
Table S1). FBXO22 coding sequence (CDS) was inserted
into a doxycycline (Dox)-inducible lentiviral vector pIN-
DUCER?21 and a retroviral plasmid pQCXIN, respectively.
Lentiviruses were produced using polyethylenimine (PEI)
transfection method with the packaging plasmids pCMV-
dR8.91 (A8.9) and pMDG. For rescue experiments, Flag-
tagged FBXO22 CDS with multiple point mutations in
shFBXO22#1 target sequence was inserted into the ret-
roviral plasmid pQCXIN. HA-tagged Fbx022 CDS was
inserted into the retroviral plasmid pMIGR1-RFP. In
order to study the effect of BACHI1 on the progression
of AML in human AML cell lines and animal models,
Flag-tagged BACH1 CDS and HA-tagged Bachl CDS
were inserted into pQCXIN and pMIGRI1-RFP, respec-
tively. Retrovirus was produced using PEI transfection
method with the packaging plasmids gag-pol and VSV-G
in human cells or pCL-ECO in mouse cells. The lentiviral
or retroviral supernatant was collected to infect cells by
twice centrifugation at 1800 rpm for 90 min.

Proliferation analysis in vitro

shRNAs targeting human FBXO022 or shNC lentiviral
supernatant was used to infect several human leukemia
cell lines THP-1, MV4-11 and human AML patients’
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MNCs, followed by analysis for the proliferation ability
in vitro at indicated time points. The cell counting kit 8
(CCK8) experiment for in vitro proliferation assay was
performed using the CCK8 Kit (Dojindo) according to
the manufacturer’s instructions. Human AML patients’
cells were cultured in Stemspan basic medium (StemCell
Technologies) supplemented with 20 ng/ml human stem
cell factor, 10 ng/ml human IL-3, and 10 ng/ml human
IL-6. (All the growth factors were from PeproTech.)

Homing

6 x 10° Fbx022*'* and Fbxo22~'~ GFPT BM cells col-
lected from primary recipients were transplanted into
lethally irradiated mice. The frequencies of GFP™ cells in
the PB, spleen and BM cells were measured at 16 h after
transplantation by flow cytometry.

CRISPR-CAS9

gFBXO22 in the lentiviral vector pLenti-U6-gRNA-
mCMV-SaCas9-P2A-sfGFP was purchased from Obio
Technology (Shanghai, China). The target sequence is
listed in Additional file 1: Table S1. THP-1 cells were
infected with virus carrying CAS9 and gRNA for 48 h
and planted into 96-well plates to obtain FBXO22 knock-
out clones.

Western blot

Protein extracts were separated by sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE),
transferred onto 0.45 pm nitrocellulose membrane (Mil-
lipore), blocked with 5% nonfat milk in PBS and sequen-
tially incubated with the indicated primary antibodies
followed by reacted with horseradish peroxidase (HRP)-
linked secondary antibody (Cell Signaling, Beverly, MA);
Immobilon Western Chemiluminescent HRP substrate
kit (Merck Millipore) was used for detection.

gRT-PCR
Total RNA was prepared using TRIzol (Invitrogen) and
subjected to reverse transcription to synthesize cDNA
using random primers (Takara) and M-MLV Reverse
Transcriptase (Promega) following the manufacturer’s
instructions. qRT-PCR was performed using the SYBR
Green PCR Master Mix (Applied Biosystems). The exper-
iments were conducted in triplicate with an Applied
Biosystems QuantStudio5 PCR system. The mRNA level
was normalized to the level of reference genes RNA tran-
scripts. The primer sequences used are shown in Addi-
tional file 1: Table S1.

Quantification and statistical analysis
For comparison between two experimental groups
or a specific pair in multi-group, two-tailed unpaired
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Student’s ¢ test was used, error bars denote mean= SD.
One-way ANOVA plus Fisher’s LSD test was using for
comparisons involving more than two groups in data-
sets. For comparison of proliferation curves, two-way
ANOVA was used. Pearson correlation coefficient was
used to analyze the correlation between two continuous
variables. All statistical analyses were conducted using
Prism 8 and SPSS 20.0. Differences were considered sig-
nificant at P<0.05.

Results
FBXO022 is highly expressed in human AML and required
for cell growth of AML especially MLLr AML
By analyzing the mRNA expression levels of F-box pro-
teins in a larger AML patient cohort (GSE1159), we found
that FBXO22 had higher expression in human AML than
that in healthy samples, and ranked among the top candi-
dates in all F-box proteins available in this cohort (Addi-
tional file 2: Fig. S1A), which was also supported by three
other cohorts from AML patients (GSE13159, GSE7186
and GSE48173) (Fig. 1A and Additional file 2: Fig. S1B).
We also analyzed FBXO22 protein levels in mononu-
clear cells from BM of 15 cases of various morphologic
subtypes of primary human AML together with sam-
ples from 9 cases of non-leukemic individuals as control
(Additional file 1: Table S1), and results revealed that
FBXO22 proteins were also aberrantly elevated to vari-
ous degrees in AML patients compared to control indi-
viduals (Fig. 1B). Of note, the control group 9#, who had
medication history of platelet lifting capsule (Additional
file 1: Table S1), also presented highly expressed FBXO22.
Together, these data suggest that FBXO22 might play a
role in AML.

To determine the potential role in primary AML, we
knocked down FBXO22 in BM mononuclear cells from
3# patient, who had higher FBXO22 protein (Fig. 1B), by

(See figure on next page.)
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two pairs of short hairpin RNAs (shRNAs) specifically
against FBXO22 with the scramble shRNA (shNC) as a
control. The results revealed that both shRNAs mark-
edly deleted FBXO22 expression (Fig. 1C), and FBXO22
knockdown inhibited cell growth and clonogenicity in
the primary AML cells (Fig. 1D, E). Reciprocally, trans-
fected overexpression of Flag-FBXO22 in BM mono-
nuclear cells from 6# patient, who had relatively lower
FBXO22 protein (Fig. 1B), promoted the primary AML
cell growth and colony formation (Additional file 2: Fig.
S1C-E).

To explore whether FBXO22 expression is associ-
ated with AML subtypes, we analyzed FBXO22 expres-
sion by one-way ANOVA followed by Fisher’s LSD
test in TCGA-LAML and Beat-AML cohort [30]. The
results showed that FBXO22 was expressed at a higher
level in AML patients harboring t(11q23)/MLL in com-
parison with AML subtypes with t(8;21), t(15;17),
inv(16)/t(16;16), inv(3)/t(3;3), complex cytogenetics and
other cytogenetics except for AML with normal kar-
yotype in TCGA-LAML cohort (Additional file 2: Fig.
S1F) and Beat-AML cohort (Additional file 2: Fig. S1G).
These data suggested that FBXO22 was highly expressed
in t(11q23)/MLL AML patients compared with most
AML subtypes with other abnormal cytogenetic altera-
tion. In line, higher FBXO22 mRNA and protein levels
were detected in MLLr AML cell lines (Molm13, THP-1
and MV4-11) than non-MLLr cell lines (Kasumi-1,
HL-60 and U937) (Additional file 2: Fig. S1H, I). To fur-
ther examine the potential role of FBXO22 in MLLr
AML, we knocked down FBXO22 expression in MLLr
AML cell line THP-1 (Fig. 1F) and found that FBXO22
knockdown resulted in a markedly inhibition of cell
growth and clonogenicity in THP-1 cells (Fig. 1G, H).
In addition, FBXO22 knockdown significantly promoted

Fig. 1 Highly expressed FBXO22 is required for the growth of AML especially MLLr AML cells. A FBXO22 mRNA expression level was analyzed
in GSE13159 database. B FBXO22 protein in BM mononuclear cells (BMMC) of AML (including 1 case of M1 or M2, 9 cases of M4 and 4 cases of
M5 AML samples) and non-leukemic individuals was analyzed by Western blot with Histone 3 (H3) as loading control. C, D AML 3# MNCs were

infected with shFBXO22#1, shFBXO22#2 and shNC, and FBXO22 protein was immunoblotted with B-actin as loading control (C). Cell numbers were
counted at the indicated days (D). E Colony-forming assay (left) for AML 3# MNCs infected with shNC, shFBXO22#1 and shFBXO22#2, and colony
numbers at day 10 were counted (right, n=3). F, GTHP-1 cells were infected with shFBXO22#1, shFBXO22#2 and shNC, and FBXO22 protein was
immunoblotted with 3-actin as loading control (F), and cell proliferation was examined by CCK-8 assay at the indicated days (G). H Colony-forming
assay (left) for THP-1 cells infected with shNC, shFBXO22#1 and shFBXO22#2, and colony numbers at day 7 were counted (right, n=3). I-K Cell-cycle
(1) or apoptosis (J) analysis for THP-1 cells infected with sShNC, shFBXO22#1 and shFBXO22#2 (n = 3). Indicated proteins were immunoblotted with
a-tubulin as loading control (K). L, MTHP-1 cells infected with shNC or shFBXO22#1 were stably transfected with EV or Flag-tagged shRNA-resistant
FBX022, and indicated proteins were immunoblotted with 3-actin as loading control (L), and cell proliferation was examined by CCK-8 assay at the
indicated days (M). N Colony-forming assay (left) for the indicated THP-1 cells, and colony numbers at day 7 after plating were counted (right, n=3).
O Apoptosis analysis for indicated THP-1 cells (n = 3). Error bars denote mean = SD. Statistical significance was determined by two-tailed unpaired
ttest (A, E, H-J and N-O) or two-way ANOVA (D, G and M), and the P values were shown. All experiments were repeated three times with similar
results
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apoptosis with caspase-3 activation of THP-1 cells, while
had no effects on cell cycle (Fig. 11-K). Furthermore, the
re-expression of shRNA-resistant Flag-tagged FBXO22
in FBXO22-knockdown THP-1 cells completely rescued
the defects in cellular growth, clonogenic ability and
apoptosis caused by FBXO22 knockdown in THP-1 cells
(Fig. 1L-0O), supporting the specificity of the shRNAs
against FBXO22. Of note, overexpression of FBXO22 in
THP-1 cells did not affect proliferation/colony forming
(Fig. IM—N), which might be due to higher basal expres-
sion of FBXO22 in THP-1 cells. Collectively, these data
suggest that FBXO22 is required for maintaining survival
of human MLLr AML cells.

Deletion of Fbxo22 fails to affect normal hematopoiesis

To address whether FBXO22 is required for leukemogen-
esis, we crossed Fbx022"" mice with an Mx1-Cre strain
to produce Mx1-Cre;Fbx022" mice (Fig. 2A). Two weeks
post-pIpC injection, efficient deletion of Fbx022 was
confirmed by genotyping, qRT-PCR and Western blot
(Fig. 2B). Hereafter, pIpC-treated Mx1-Cre ;Fbxo22™"
and MxI-Cre™;Fbxo22"" were referred as Fhxo22+'* and
Fbx0227'~ mice, respectively. Considering that the MxI
promoter-driving Cre is expressed in both hematopoi-
etic cells and stromal cells [31], we also crossed Fhx022"
/" mice with a tamoxifen-induced HSPC specific Scl-Cre
strain [32] to get Scl-Cre;Fbxo22"" mice (Fig. 2A), and
the Fbxo22 deficiency in Scl-Cre™;Fbxo22"" mice was
also confirmed at 3 weeks post-tamoxifen treatment
(Additional file 3: Fig. S2A).

Although FBXO22 overexpression had no effects on
cell growth and colony formation ability in mouse nor-
mal progenitor 32D cells (Additional file 3: Fig. S2B-D),
and FBXO22 presented the lower expression in healthy
individuals compared with AML (Fig. 1B), we still inves-
tigated the possible influences of Fbx022 deletion on nor-
mal hematopoiesis and showed that Fbx022 depletion did
not trigger significant changes in total BM cell number or

(See figure on next page.)
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frequencies of different subpopulations of HSCs, HSPCs
and differentiated lineages in BM at 8 weeks after pIpC
induction (Fig. 2C, D and Additional file 3: Fig. S2E-G).
There was comparable proportion of apoptotic cells in
Fbx022*'* and Fbxo227/~ HSCs (Additional file 3: Fig.
S2H). Meanwhile, the colony-forming unit (CFU) assay
showed comparable proportion of CFU-GEMM, CFU-
GM and CFU-pre-B, and a slightly higher proportion
of CFU-E in Fbx0227'~ mice (Additional file 3: Fig. S2I).
The similar results could also be seen in Scl-Cre;Fbx022"
' mouse model (Additional file 3: Fig. S2J-0). These data
indicate that Fbxo22 deletion has no obvious impact on
normal hematopoiesis at least on young mice. To further
investigate the effect of Fhx022 deletion on the repopu-
lation capacity of HSCs, we competitively transplanted
BM cells from Fbxo22t'" or Fbx022~'~ mice (CD45.2%)
mixed with competitor cells into lethally irradiated
recipients (CD45.1") and monitored the repopulation of
donor-derived cells in PB at indicated times. As shown
in Fig. 2E-K, no obvious difference was seen in total
BM cell numbers, frequencies of donor-derived HSCs,
HSPCs and differentiated lineages in BM cells from
Fbx022"'* and Fbx0227'~ recipients at 16 weeks post-
transplantation. We also performed another competitive
assay with the same numbers of long-term (LT)-HSCs
from Fbx022*'" and Fbx0227/~ mice, and similar results
were observed in PB analysis at indicated times after
transplantation (Fig. 2L). Together, FBXO22 does not sig-
nificantly affect the function of normal HSCs.

Loss of Fbxo22 impairs MLL-AF9-induced mouse AML
development during serial transplantation

Consistent with the high expression of FBXO22
in human MLLr AML cells, we demonstrated that
FBXO22 was also highly expressed in mouse GFP™ leu-
kemia cells from a MLL-AF9-induced AML model [33],
as determined by Western blot (Additional file 4: Fig.
S3A). Then, we used this transplantable murine AML

Fig. 2 Deletion of Fbxo22 fails to affect normal hematopoiesis. A Schematic of the Fbxo22 floxed allele showing the deletion of floxed exons 3-4
following Cre recombinase activity. Use of Mx1-Cre or Scl-Cre-ERT results in specific deletion in HSCs following plpC or tamoxifen treatment. B
Fbxo22 deletion was evaluated by genotyping in PBMC and BM at indicated times after plpC treatment (left), gRT-PCR (middle) and Western blot
(right) in total BM cells at day 21 after plpC treatment in mice. C, D Representative flow cytometry plots (left) and the percentages of LSK cells
(Lin~Sca-1"cKit™), LT-HSCs (Lin~Sca-11c-Kit*CD150TCD48™), MPP1 (Lin~Sca-1Tc-Kit™CD150~CD48™), MPP2 (Lin~Sca-11c-Kit*CD150TCD48™),
and MPP3 (Lin~Sca-11c-KittCD1507CD48™) (C, right, n=15) and LK cells (Lin~Sca-1~c-Kit™), CMPs (Lin~Sca-1"c-Kit*CD16/32~ CD34™), GMPs

(Lin~Sca-1~c-Kit*CD16/32+CD34%) and MEPs (Lin~Sca-1~c-Kitt CD16/327CD347) in BM from Fbxo22*/* and Fbx022~'~ mice (D, right, n=5). (E-K)
Primary competitive transplantation assay was conducted with Fbxo22+/+ and Fbx0227/~ BM CD45.2 cells (1 x 10°) along with CD45.1 competitor
cells (1 x 10°). Percentages of donor or recipient-derived PB cells at the indicated times (E), and the indicated cells were analyzed at 16 weeks

(F-K, n=5). L Primary transplantation was conducted with sorted LT-HSCs (1 x 10%) from Fbx022/* and Fbx022~'~ BM cells along with 1 x 10° BM
cells from CD45.1 competitor. Percentages of donor or recipient-derived cells in PB were analyzed at the indicated time points. Error bars denote
mean = SD. Statistical significance was determined by two-tailed unpaired t test. All animal experiments were repeated at least twice with similar
results
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model to explore the potential function of FBXO22 in
AML development. Briefly, Lin~ HSPCs from BM of
Fbx022"'* and Fbx022~'~ mice were infected with MLL-
AF9-GEFP retrovirus and then transplanted into lethally
irradiated recipients (Additional file 4: Fig. S3B). The
results demonstrated that Fbxo22 deficiency had no
effect on GFP* leukemia cells in PB of primary recipi-
ent mice at 5 weeks after transplantation, but slightly
inhibited GFP™ myeloid leukemia cells in BM of these
recipient mice (Additional file 4: Fig. S3C, D). The recip-
ients of MLL-AF9-GFP-infected Fbx0227"~ cells had
also comparable survival time with recipients infected
Fbx022"'* cells (Additional file 4: Fig. S3E). Consist-
ently, we observed similar results in primary trans-
planted mice by MLL-AF9-GFP-infected Lin~ cells from
Scl-Cre;Fbx022"" mice (Additional file 4: Fig. S3F—H).
Afterward, we performed serial CFU replating and
serial transplantation assays with the same number of
GFP* AML cells. As shown in Fig. 3A, the Fbx0227'~
AML cells had a remarkable reduction in CFUs on first
and secondary plating. In line, Fbx022 deficiency signif-
icantly inhibited the engraftment of GFP* myeloid leu-
kemia cells in PB and BM of secondary recipient mice
(Fig. 3B, C). Giemsa-Wright staining displayed a lower
frequency of immature blast cells in BM, together with
less massive splenomegaly and significantly decreased
leukemia infiltration in spleen and liver in second-
ary recipients of Fbx0227'~ AML cells (Fig. 3D-F). In
line, recipient mice receiving Fhx022~'~ leukemia cells
showed remarkably prolonged survival times during
secondary and tertiary transplantation (Fig. 3G, H).
Similarly, the deficiency of Fbx022 in Scl-Cre;Fbxo22"
/! mice also significantly inhibited AML development
during secondary transplantation (Additional file 5: Fig.
S4A-D), and had markedly increased survival time in
both secondary and tertiary transplantation (Additional
file 5: Fig. S4E, F).

To exclude the possibility that the defective homing
ability contributes to the effects of Fbx022 loss, GFP™
AML cells sorted from Fbx022*'* and Fbx0227'~ recipi-
ents were injected into lethally irradiated mice, followed

(See figure on next page.)
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by detection of homed GFP* AML cells in PB, spleen and
BM. No significant difference was detected between two
groups at 16 h after injection (Additional file 5: Fig. S4G).
In addition, GFPT AML cells from Mx1-Cre;Fbx022"
M and Mx1-Cre*;Fbxo22™" mice were transplanted into
lethally irradiated recipients, followed treatment with
pIpC from day 7 to induce Fbxo22 deletion (Additional
file 5: Fig. S4H). Survival data indicated that acquired
Fbxo22 deletion still delayed the progression of AML
and prolonged the survival of recipient mice (Additional
file 5: Fig. S4I). Taken together, our data indicate that
Fbxo022 loss significantly represses development of AML.

Loss of Fbxo22 impairs the function of LSCs

LSCs are believed to be responsible for drug resist-
ance and relapse of AML patients [34]. Analysis on
three datasets (GSE63270, GSE68172 and GSE138883)
showed that the FBXO22 transcript level was higher
in AML LSCs than that in HSCs (Additional file 6: Fig.
S5A). A 17-gene LSC score (LSC17) and its sub-sig-
nature in which only 3 of the 17 genes contributed to
the calculated score (LSC3) were reported to be highly
prognostic in patients of diverse AML subtypes and
AML patients with high LSC17/LSC3 scores had poor
outcomes [35]. The analysis in database GSE76008 indi-
cated that the expression of FBXO22 was positively
correlated with LSC3 signature score, although its rela-
tionship with LSC17 could not be clearly shown (Addi-
tional file 6: Fig. S5B). In line with this, both mRNA and
protein levels of FBXO22 in murine GFP*Lin c-Kit"
enriched LSCs were elevated compared with normal
Lin~c-Kit* enriched HSCs (Additional file 6: Fig. S5C,
D). Interestingly, the frequency of GFP™Mac-1"c-Kit*
(MK) enriched LSCs was reduced in primary Fbx022~
/= transplanted mice compared with control mice
(Fig. 4A), although there was no significant differ-
ence in survival time on primary transplantation
of infected Fbx0227~ and Fbxo22"'* cells (Addi-
tional file 4: Fig. S3E). We also measured frequency of

Fig. 3 Loss of Fbx022 impairs MLL-AF9-induced mouse AML development during serial transplantation. A Representative images (left) of serial
colonies and colony numbers (middle and right, n = 3) formed by GFP* cells collected from the primary recipients. B, C Flow cytometry plots (left)
and the percentage of GFP™ cells in PBMC (right, B, n=5) and the percentages of GFP* cells and MGs (GFP*Mac-17Gr17) in BM (right, C, n=5) from
recipients with secondary transplantation of AML cells. D Representative images of Giemsa-Wright staining (left) and frequencies of blast cells (right)
for Fbxo22*/+ and Fbxo22~/~ BM cells upon the second transplantation. Red and green arrows point to representative blast cells and differentiated
cells, respectively. E, F Gross pathology (left, E) and relative weights (right, E) and hematoxylin—eosin staining (F) of the livers and spleens from the
secondary recipients (n=5). G, H Survival curves for recipient mice receiving Fbx022/* or Fbx022~'~ MLL-AF9T BM cells upon the second (G) and
third transplantation (H) (n=6). Error bars denote mean = SD. Statistical significance was determined by two-tailed unpaired t test (A-E) or log-rank
test (G, H), and the P values were shown. All animal experiments were repeated at least twice with similar results
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GFP*Lin~CD127 ¢-Kit"CD16/32*CD34" (LGMP)
population, which has been suggested to be another
more stringent way to determine LSCs [36], and dem-
onstrated that the percentage of Fhx022~/~ LGMP cells
was also reduced in primary transplantation (Fig. 4B).
As expected, the frequencies of LSCs were markedly
reduced in the secondary Fhx022~'~ transplanted mice
compared with control mice (Fig. 4C, D). Similarly, a
modestly and dramatically lower percentage of LSCs
was detected in primary and secondary Fbxo22-null
Scl-Cre transplanted mice model, respectively (Addi-
tional file 6: Fig. SSE-H). The reduction of LSCs fre-
quency was also correlated with the reduced CFUs
on first and secondary plating (Fig. 4E). Also, Fbx022
deletion significantly impaired the ability of LGMP to
cause disease in secondary recipient mice (Fig. 4F).
We performed a limiting dilution assay with sorted
GFP* Fbx022™'* and Fbx0227'~ AML cells from pri-
mary recipients and found that the frequency of
LSCs in Fbx022~'~ AML mice (1:97,540 cells) was sig-
nificantly lower compared with the Fbxo227'* mice
(1:223 cells) (Fig. 4G). Furthermore, Hoechst and Ki67
staining revealed a significantly higher percentage of
cycling cells (Hoechst"®8"Ki67"8") accompanied with
a decrease in G, quiescent cells (Hoechst“VKi67'°")
and G, (Hoechst°VKi67 Mehy cells in Fhxo22~'~ LGMPs
(Fig. 4H). In addition, the proportion of annexin-V*
apoptotic cells was markedly greater within Fbx022~
/=~ LGMPs (Fig. 4I). Similar results were observed in
Scl-Cre;Fbx022™" mice (Additional file 6: Fig. S5I-
J). Collectively, Fbxo22 deficiency in LSCs results in
enhanced cell cycle entry and increased apoptosis.

FBX022 promotes degradation of BACH1 in MLLr AML cells
To investigate the molecular mechanisms underlying
suppression of AML progression mediated by Fbxo22
deficiency, we explored the interactome of FBXO22 in
THP-1 cells by immunoprecipitation (IP) combined
with LC-MS/MS analysis. In total, 28 overlapping can-
didates were identified in two independent experiments.

(See figure on next page.)
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In addition to two core subunits of SCF complex (SKP1
and CUL1) and three subunits of the COP9 signalosome
complex (CSN), an essential regulator of the ubiqui-
tin conjugation pathway [37], we noticed that BACHI,
a regulator of oxidative stress response and a recently
known substrate of FBXO22 [24], was reproducibly
identified as the highest abundance of the FBXO22-
interacting proteins in THP-1 cells (Fig. 5A, Addi-
tional file 7: Table S2), which could be confirmed by
co-IP-based immunoblotting (Fig. 5B). The interaction
between endogenous BACH1 and FBXO22 could be
detected in THP-1 cells (Fig. 5C). Given that FBXO22
mediates the hemin-induced degradation of BACHI1
in lung cancer cells [24], we assessed whether FBXO22
facilitates BACH1 degradation in MLLr AML cells. As
shown in Fig. 5D, depletion of FBXO22 by CRISPR-
CAS9 in THP-1 cells significantly increased the protein
level of BACH1. Knockdown of FBXO22 by shRNA led
to stabilization of BACHI in THP-1 and MV4-11 cells,
accompanied by reduction of heme oxygenase-1(HO-1),
the best-known target repressor gene of BACHI
[38] (Fig. 5E). Meanwhile, the increased BACH1 and
decreased HO-1 proteins could also be confirmed in
Fbxo22-deficient GFPT AML cells (Fig. 5F). In stark
contrast, ectopic expression and inducible expres-
sion of FBXO22 strongly reduced BACHI1 protein and/
or increased HO-1 expression in THP-1 cells (Fig. 5G,
H). Moreover, the decrease of BACHI1 protein under
cycloheximide (CHX) treatment was dramatically
blocked in FBXO22 knockout THP-1 cells (Fig. 5I). Fur-
thermore, we analyzed the correlation between FBX022
and BACHI1 protein expression in the proteomic data-
base of AML (PXD032110) [39]. The results showed
that the protein expression of FBXO22 was negatively
correlated with BACH1 protein level in primary AML
patients, and patients with higher FBXO22 protein
expression had lower BACH1 protein expression and
vice versa (Fig. 5], K).

To validate whether FBXO22 degrades BACH1 through
proteasome pathway, we transfected Flag-FBXO22 into

Fig. 4 Loss of Fbxo22 impairs the function of LSCs. A, B Flow cytometry plots (left) and the percentages of MKs (A) and LGMP (B) in BM from

the primary transplanted recipients (right, n=6). C, D Flow cytometry plots (left) and the percentages of MKs (C) and LGMP (D) in BM from

the secondary transplanted recipients (right, n=5). E Serial colonies and colony numbers (n = 3) formed by Fbxo22*/* and Fbx022~/~ LGMP

cells collected from the primary recipients. F Survival curves for recipients receiving Fbxo22*/+ and Fbx022~/~ LGMP cells upon secondary
transplantation (n=6). G Limiting dilution assays comparing the frequencies of LSCs in Fbxo22*/* and Fbx022~/~ MLL-AF9* BM cells. The indicated
GFP* Fbx022%/* and Fbxo22~/~ MLL-AF9™ BM cells collected from primary recipients were co-transplanted with 2 x 10° BM competitor cells

into lethally irradiated recipients. The competitive repopulating units (CRUs) were calculated by L-Calc software. H, I Cell-cycle (H) or apoptosis

(1) analysis of LGMP cells in BM from the secondary recipients transplanted with Fbx022/ and Fbxo22~/~ AML cells (n = 5-6). Error bars denote
mean = SD. Statistical significance was determined by two-tailed unpaired t test (A-E and H, 1) or log-rank test (F), and the P values were shown. All

animal experiments were repeated at least twice with similar results
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FBXO22 knockout THP-1 cells and treated with protea-
some inhibitor MG132 and CUL-RING ligase inhibi-
tor MLN4924, along with lysosome inhibitors brefeldin
A (BFA) and NH,CI. The results showed that FBX0O22
expression significantly decreased BACH1 protein, which
was abundantly blocked by treatment with MG132 and
MLN4924 rather than BFA and NH,C], suggesting that
FBX0O22-mediated BACH1 degradation is regulated by
the proteasome and CRL complex (Fig. 5L). Moreover,
FBX0O22 knockout THP-1 cells were transfected with
Flag-FBXO22 and empty vector and then subjected
to IP with BACHI1 antibody under denaturing condi-
tions. Immunoblotting revealed that FBXO22 expression
increased the abundance of ubiquitin conjugates observ-
able on endogenous BACH1 purified protein (Fig. 5M).
On the contrary, FBXO22 knockout reduced endogenous
BACH]1 ubiquitylation in THP-1 cells under denaturing
conditions (Fig. 5N). These results indicate that FBXO22
interacts with BACH1 and promotes degradation of
BACHI1 in MLLr AML cells.

BACH1 suppresses MLLr AML progression

Although some reports showed that Bachl and Bach2
double-deficient mice repressed erythropoiesis and B-cell
development, while support myelopoiesis in steady-state
conditions [40], Bachl deficiency has also been reported
to not apparently affect the repopulation ability of HSCs
[41]. In addition, we introduced BACH1 in murine mye-
loid precursor 32D cells and Lin~ HSPC cells and found
that BACH1 overexpression in normal HSCs had no
effect on the cell proliferation and colony formation abil-
ity and did not change myeloid, lymphoid and erythroid
lineage commitment (Additional file 8: Fig. S6A—E).

(See figure on next page.)
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Several studies have established that BACH1 pro-
motes progression of various types of cancers via multi-
ple mechanisms, as reviewed [42]. Notably, BACHI1 also
functions as a tumor suppressor and controls growth
and survival of AML cells by regulating HO-1 expres-
sion, suggesting that functional upregulation of BACH1
is a potential strategy for antileukemic therapy [43]. In
line with this, BACH1 exhibited a significantly lower
protein expression in murine GFP*Lin"c-Kit" enriched
LSCs compared with normal Lin~c-Kit" enriched HSCs
(Additional file 6: Fig. S5D). To investigate the func-
tional role of elevated BACH1 expression in MLLr AML
cells, we transfected Flag-BACHI1 into MV4-11 cells
and found that BACHI1 overexpression significantly
inhibited cell clonogenicity and increased cell apoptosis
(Additional file 8: Fig. S6F-H). Furthermore, we intro-
duced BACH1 by lentiviral BACH1-IRES-RFP plasmids
in BM GFP* cells collected from AML mice, followed
by transplantation into irradiated recipient mice. Then,
the GFPTRFPT AML cells were sorted and injected
into lethally irradiated mice (Additional file 8: Fig. S6I).
Western blot analysis showed that BACH1 was highly
expressed in GFPTRFPT AML cells (Fig. 6A). Indeed,
BACHLI1 overexpression obviously decreased the frequen-
cies of GFPTRFP" AML cells in PB and BM of recipient
mice (Fig. 6B, C). More importantly, the percentage of
LSCs and population of blast cells in BM under BACH1
overexpression were much lower than that in control
group (Fig. 6D, E), together with decreased spleen size
and weight (Fig. 6F), much less infiltration with leu-
kemic cells in liver and spleen (Fig. 6G), and extended
survival times in BACH1 overexpression recipient mice
(Fig. 6H). Further mechanistic dissection revealed that

Fig. 5 FBXO22 promotes degradation of BACH1 in MLLr AML cells. A The workflow for identifying FBXO22-interacting proteins in THP-1 cells by
LC-MS/MS and the heat map analysis of 28 overlapping proteins identified in two independent experiments. B Western blot analysis of indicated
proteins in the inputs and immunoprecipitates of Flag-tagged FBXO22 transfected THP-1 cells. C Western blot analysis of indicated proteins in
the inputs and immunoprecipitates of endogenous BACH1 in THP-1 cells. D Western blot analysis of indicated proteins in three clonally derived
THP-1 cell lines depleted of FBXO22 (gFBXO22#1, gFBXO22#2 and gFBXO22#3) with three negative controls (GNC). E Western blot analysis of
indicated proteins in THP-1 and MV4-11 cells infected with shNC, shFBXO22#1 and/or shFBXO22#2. The asterisk represents a nonspecific band. F

Western blot analysis of indicated proteins in MLL-AF9* AML BM cells from primary recipients injected with Fbxo22t/%, Fbxo227/=, Scl-Cre*t;Fboxo22"
7 or Scl-Cre™;Fbx022"" AML cells. G Western blot analysis of indicated proteins in THP-1 cells infected with EV and Flag-tagged FBX022. H A
Dox-inducible expression system encoding FBXO22 was introduced by lentiviruses into THP-1. Western blot analysis of indicated proteins in THP-1
cells by Dox administration for indicated times. | Western blot analysis of indicated proteins of THP-1 gNC#1 and gFBXO22#3 cell lines treated with
CHX (100 pg/ml) for indicated times. J Pearson'’s correlation between FBX022 and BACH1 protein expression level of AML patients from PDX032110
database. K BACH1 protein expression level was compared between FBX022"" and FBX022"°" protein expression groups in PDX032110 database.
Categorization of samples into FBX022"9" and FBX022"°" protein expression was determined by maximally selected rank statistics method. L
Western blot analysis of indicated proteins in THP-1 gFBXO22#3 cells infected with EV and Flag-tagged FBXO22 and treated with MG132 (10 uM),
MLN4924 (10 uM), BFA (10 pM) and NH,CI (10 mM) for 24 h. M, N THP-1 gFBXO22#3 cells infected with EV and Flag-tagged FBXO22 (M), THP-1
gNC#1 and gFBX022#3 cells (N) were treated with 10 uM MG132 for 6 h, harvested, and submitted to in vivo ubiquitination assay, followed by
Western blot analysis with indicated antibodies. Error bars denote mean =+ SD. Statistical significance was determined by two-tailed unpaired t

test (K) and the P values were shown. All experiments were repeated at least three times with similar results. The numbers in D-I and L show the
quantification of protein levels
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BACHI1 overexpression caused a higher percentage of
cycling cells and a decrease in G, quiescent cells (Fig. 6I).
In addition, the proportion of annexin-V* apoptotic cells
was greatly enhanced in BACH1 overexpression recipient
mice (Fig. 6]). Collectively, these data indicate that over-
expression of BACH1 inhibits MLLr AML progression.

FBX022-mediated BACH1 degradation enables AML
progression

To detect whether BACH1 accumulation is involved
in Fbxo22 deficiency mediated inhibition of AML pro-
gression, we crossed MxI-Cre;Fbx022™" mice with
Bach1*'~ mice to generate Fbx022"/*Bach1™'*, Fbx022~
"Bach1™'*, Fbx022*"*Bach1*'~ and Fbxo22” "BachI*'-
mice in the presence of pIpC treatment. Then, these mice
were used to induce AML by infection with MLL-AF9-
GFP retrovirus. As depicted in Fig. 7A, BachI*'~ mice
had lower BACH1 and higher HO-1 expressions than
BachI*'* mice, while efficient Fhx022 deletion induced
higher BACH1 and lower HO-1 expressions in either
Fbx0227""BachI™™* or Fbx0o227'~Bachl™~ mice after
primary transplantation, consistent with the notion that
FBXO22 degraded BACH1 (Fig. 5D-F). Furthermore, we
performed second transplantation with the same number
of GFP* AML cells from these mice. Although heterozy-
gous Bachl loss in Fbxo22+'* cells did not accelerate
MLL-AF9-induced leukemogenesis, heterozygous Bachl
loss in Fbx0227'~ cells partially but significantly reversed
delayed leukemogenesis in Fhx022~'~ mice, as evidenced
by percentages of GFPT AML cells in peripheral blood
mononuclear cell (PBMC), BM and blast cells in BM,
sizes and weights of spleen/liver and tissue infiltration
with leukemic cells (Fig. 7B—E). Accordingly, Fhx0227/~
BachI'~ mice presented poorer survival compared with
Fbx0227'~BachI*'* mice (Fig. 7F). Although it remains
to be further investigated whether there is a dose-related
effect of Bachl, all these data indicate that FBXO22-
mediated degradation of BACH1 protein enables mainte-
nance of AML progression.

(See figure on next page.)
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Discussion

In this report, we used two conditional knockout
mouse models to study the role of FBXO22 in normal
and malignant hematopoiesis. The MxI-Cre has a very
high recombination efficiency but is not hematopoi-
etic cell-specific and also has a side effect from pIpC
[31, 44]. The Scl-Cre is hematopoietic cell-specific but
has incomplete gene deletion efficiency [32]. Although
each model has its own advantage and disadvantage, the
experimental results obtained from these models were
consistent in both phenotype and functionality revealed
by FBXO22 inactivation. Our results demonstrated that
FBXO22 was required for MLLr AML development and
maintenance of LSC function, but was dispensable for
normal hematopoiesis at least during young mice. These
findings provide a rationale for targeting FBXO22 to
specifically eradicate AML LSCs but not their normal
counterparts.

In contrast to FBXO9, whose expression is downregu-
lated in AML patients compared to healthy controls
and acting as a tumor suppressor in AML [17], FBXO22
is highly expressed in AML, especially MLLr AML
patients. Therefore, we used MLL-AF9-induced mouse
AML model to investigate the function of FBXO22 to
AML development. Our observation demonstrated that
deletion of FBXO22 significantly prevented MLL-AF9-
induced AML leukemogenesis and reduced the number
of LSCs in AML mice by inducing apoptosis, indicat-
ing that FBXO22 functions as an oncoprotein that criti-
cally involved in the development of AML. Interestingly,
depletion of FBXO22 exhibited no significant effects on
normal hematopoiesis in mice at the steady state except
a slightly higher proportion of erythroid progenitor cells
and weaker effect on HSC self-renewal under competi-
tive repopulation. Notably, the increased CFU-E colo-
nies upon FBXO22 deletion was more apparent than the
higher TER119" cells expression upon FBXO22 dele-
tion, which might be due to the differences in in vitro
and in vivo effects. Thus, FBXO22 appears to be uniquely
hijacked to play an essential role in MLLr AML patho-
genesis and LSC maintenance, as it is dispensable for

Fig. 6 BACH1 suppresses MLLr AML progression. A Western blot analysis of indicated proteins in sorted GFPTRFPT AML cells infected with

EV and Bach1.The asterisk represents a nonspecific band. B Flow cytometry plots (left) and the percentage of GFPTRFPT cells in PBMC (right)
from the secondary recipients (n=6). C, D Flow cytometry plots (left) and the percentage of GFPTRFPT cells (C) or MKs (D) in BM from the
secondary recipients (right, n=6). E Representative images of Giemsa-Wright staining for £/ and Bach1 BM cells upon the second transplantation.
Quantification of the frequencies of blast cells was shown on the right. Red and green arrows point to representative blast cells and differentiated
cells, respectively. F, G Gross pathology (left) and relative weights (right) (F), hematoxylin—eosin staining (G) of the livers and spleens from the
secondary recipients (n=6). H Survival curves for recipients receiving £V and Bach1 GFP*RFPT cells upon secondary transplantation (n=7).1,J
Cell-cycle (I) or apoptosis (J) analysis of GFPTRFPT cells in BM from the secondary recipients (n = 7-8). Error bars denote mean == SD. Statistical
significance was determined by two-tailed unpaired t test (B-F, and |, J) or log-rank test (H), and the P values were shown. All animal experiments

were repeated at least twice with similar results
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normal hematopoiesis, suggesting that FBXO22 is a fea-
sible target for AML therapy.

Consistent with the previous report [24], we demon-
strated that FBXO22 promoted degradation of BACH1
in MLLr AML cells. Although FBXO22 was shown to
interact with and induce degradation of BACH1 with
ubiquitination, it remains to be further investigated
whether FBXO22 is the direct E3 ligase of BACH1. The
transcription factor BACHI, together with nuclear
factor erythroid 2-related factor 2 (Nrf2) and the Maf
transcription factors, controls the expression of HO-1
and other antioxidant genes [45, 46]. HO-1 is com-
monly regarded as a survival molecule, exerting an
antiapoptotic role in cancer progression, and its inhi-
bition is considered beneficial in a number of cancers
[47, 48]. As a heme-regulated transcription factor,
BACHL]1 represses iron- and heme-related genes in nor-
mal cells. Although several studies have revealed that
BACH1 promotes invasion and metastasis in breast,
lung, pancreatic and ovarian cancer by regulating vari-
ous sets of genes beyond iron metabolism by activat-
ing the transcription of critical metastatic genes [24,
49-53], BACH1 may impose negative effects on can-
cer cell growth and survival by directly repressing a
subset of proteasome genes in gallbladder cancer and
cholangiocarcinoma cells [54, 55]. In addition, BACH1
also functions as a tumor suppressor and controls sur-
vival of AML cells by regulating HO-1 expression [43],
suggesting that functional upregulation of BACH1 is
an alternative therapeutic strategy for antileukemic
therapy. As expected, our findings reveal that BACH1
overexpression suppresses AML progression and LSC
maintenance through increasing apoptosis, consist-
ent with the phenotype revealed by Fbxo22 deletion.
Therefore, we hypothesize that the diverse roles of
BACHI are likely due to the selective regulation of
target genes in different cellular and environmental
contexts. Given that BACHI1 promotes ferroptosis by

(See figure on next page.)
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repressing the expression of genes involved in glu-
tathione (GSH) synthesis and iron handling [56], and
ferroptosis as well as apoptosis have been shown to act
as cancer suppressor mechanism [57], more efforts are
required to validate whether BACH1-promoted fer-
roptosis is also involved in AML progression in the
future.

Our further functional studies demonstrate that
BACHL is an essential target of FBXO22 in AML devel-
opment. As critical downstream targets of BACHI,
HO-1 level can also be indirectly regulated by FBXO22
in AML. Through this axis, increased expression of
FBXO22 in AML patients promotes LSC maintenance,
leading to poor prognosis. Of course, besides BACHI,
other potential targets of FBXO22 identified herein
may partially mediate the effects of FBXO22 in AML,
which warrants further investigation. In conclusion,
our results provide evidence that FBXO22 plays criti-
cal roles in AML development and LSC maintenance
through degradation of critical target BACH1 but mini-
mally affects normal hematopoiesis. Targeting FBXO22
signaling represents a very promising therapeutic strat-
egy for the treatment of AML.

Conclusions

Based on analysis on the mRNA expression levels of
F-box proteins in multiple AML patient cohort, we
found that FBXO22 is highly expressed in human AML,
especially MLLr AML. Conditional deletion of Fbxo22
in HSC cells of mice significantly impairs MLL-AF9-
induced mouse AML development and the function of
LSCs during serial transplantation without significant
influences on normal hematopoiesis. Mechanistically,
FBXO22 triggers BACHI degradation to promote MLLr
AML progression. Therefore, targeting FBXO22 might be
an ideal strategy to eradicate LSCs without influencing
normal hematopoiesis.

Fig. 7 FBXO22-mediated degradation of BACH1 enables maintenance of AML progression. A The indicated proteins were evaluated by Western
blot in BM GFP cells from the indicated mice upon primary transplantation. The numbers show the quantification of protein levels. The asterisk
represents a nonspecific band. B The percentages of GFP™ cells in PBMC (left) or BM (right) from the secondary recipients transplanted with
Foxo22+/*Bach 1/ Fbxo227/~Bach1™* Fbxo22™*Bach1™'~ and Fox022~/~Bach 1™/~ AML cells (n=5). C Representative images of Giemsa-Wright
staining for BM cells from the indicated mice upon the second transplantation. Quantification of the frequencies of blast cells was shown on the
right. D, E Gross pathology (left, D), relative weights (right, D) and hematoxylin—eosin staining (E) of the livers and spleens from the secondary
recipients (n=5). F Survival curves and analysis of median survival from secondary recipients injected with Fbxo22™*Bach 1™+ Fbxo227/~Bach1*/*
Fbxo22t/*Bach1?/~ and Fbxo22~'~Bach 17/~ AML cells (n=7). Error bars denote mean = SD. Statistical significance was determined by two-tailed
unpaired t test (B-D) or log-rank test (F), and the P values were shown. All animal experiments were repeated at least twice with similar results
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Abbreviations

ACK Ammonium chloride potassium
AML Acute myeloid leukemia

APC Allophycocyanin

ATCC American Type Culture Collection
BACH1 BTB and CNC homology 1

BM Bone marrow

BMMC BM mononuclear cells

CCK 8 Cell counting kit 8

CDS Coding sequence

CHX Cycloheximide

CFU Colony-forming unit

CFU-E Colony-forming unit-erythrocyte

CFU-GEMM Colony-forming unit-granulocyte, erythrocyte, monocyte and
megakaryocyte

CFU-GM  Colony-forming unit-granulocyte and macrophage

CFU-Pre-B  Colony-forming unit-pre-B lymphocyte

CML Chronic myeloid leukemia
CRLs Cullin-RING ligases

CRUs Competitive repopulating units
CSN COP9 signalosome complex
CcuL1 Cullin 1

DAPI 4'6-diamidino-2-phenylindole
DMSO Dimethyl sulfoxide

Dox Doxycycline

FACS Fluorescence Activating Cell Sorter
FBS Fetal bovine serum

FBXL F-box and leucine-rich repeat

FBXO F-box only
FBXW F-box and WD40 domain

GEO Gene expression omnibus

GSH Glutathione

HO-1 Heme oxygenase-1

HRP Horseradish peroxidase

HSPCs Hematopoietic stem/progenitor cells
H3 Histone 3

IL-3 Interleukin-3

IL-6 Interleukin-6

IP Immunoprecipitation

KDM Lysine demethylase

LC-MS/MS  Liquid chromatography-tandem mass spectrometry
LKB1 Liver kinase B

LGMP Leukemic-granulocyte monocyte progenitor
LSCs Leukemia stem cells

LSC3 A 3-gene LSC score

LSC17 A 17-gene LSC score

LT Long-term

MK Mac-1*c-Kit+

MLL Mixed lineage leukemia

MM Multiple myeloma

MNCs Mononuclear cells

Mx1 Myxovirus resistance protein 1

NC Normal control

Nrf2 Nuclear factor erythroid 2-related factor 2
PB Peripheral blood

PBMC Peripheral blood mononuclear cell

PBS Phosphate buffer saline

PEI Polyethylenimine

plpC Polyinosinic—polycytidylic acid

PTEN Phosphatase and tension homologue
RBX1 RING-box protein 1

SCF SKP1-CUL1-F-box

Scl Stem cell leukemia stem-cell enhancer
SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SKP1 S-phase kinase-associated protein 1
T-ALL T-cell acute lymphoblastic leukemia
TCGA The Cancer Genome Atlas

T™MT Tandem mass tag

5-FU 5-fluorouracil
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Additional file 1. Table S1. Reagents, primers and plasmids used and
patients’information

Additional file 2. Figure S1. FBXO22 is highly expressed in human AML
and required for the growth of AML, especially MLLr AML cells. A Relative
MRNA expression levels of F-box family members were analyzed in data-
base GSE1159 (Normal n=5, AML n=285). Error bars denote mean =+ SEM.
B FBXO22 mRNA expression level in bone marrow or peripheral blood
was analyzed in GSE7186 and GSE48173 databases. C, D AML 6# MNCs
were infected with EV and Flag-tagged FBXO22, and FBXO22 protein was
immunoblotted with 3-actin as loading control (C). Cell numbers were
counted at the indicated days (D). E Colony-forming assay (left) for AML
6# MNCs infected with EV and Flag-tagged FBX022, and colony numbers
at day 10 were counted (right, n=3). F, G FBXO22 mRNA expression level
in bone marrow or peripheral blood from AML patients bearing various
cytogenetic aberrations was analyzed in TCGA-LAML (F) or Beat-AML (G)
database. H FBXO22 mRNA level in several MLLr and non-MLLr AML cell
lines was evaluated by gRT-PCR. I FBXO22 protein in several MLLr and
non-MLLr AML cell lines was immunoblotted with H3 as loading control.
Error bars denote mean = SD. Statistical significance was determined by
two-tailed unpaired t test (A, B and E) , two-way ANOVA (D) or one-way
ANOVA plus Fisher’s LSD test (F, G) and the P values were shown.

Additional file 3. Figure S2. Deletion of Fbxo22 fails to affect normal
hematopoiesis. A Fbxo22 deletion was evaluated by genotyping in

PBMCs from Scl-Cret:Fbx022"" and Scl-Cre™;Fbx022"" mice at indicated
times after tamoxifen treatment (left) and further evaluated by gRT-PCR
(middle) or Western blot (right) in total BM cells at day 30 after tamoxifen
treatment. B, C 32D cells infected with EV or HA-tagged Fbxo22 and
indicated proteins were immunoblotted with B-actin as loading control
(B), cell proliferation was examined by CCK-8 assay at the indicated days
(C). D Colony-forming assay (left) for the indicated 32D cells, and colony
numbers at day 7 after plating were counted (right, n=3). E Total number
of BM cells was calculated in Fbx022™+ and Fbx022~/~ mice (n=5). F
Representative flow cytometry plots (left) and the percentage of CLPs
(Lin~Sca-1""c-Kit'*"CD127FIk2+) in BM from Fbxo22*+ and Fbxo227/~
mice (right, n=5). G Frequencies of myeloid (Mac-17Gr-17), erythroid
(TER1191), B (B2201) and T (CD8* or CD4™) cells in BM from Fbxo22t/*
and Fbx022~/~ mice (n=5). H Flow cytometry plots (left) and apoptosis
analysis (right) of LSK cells in BM from Fbxo22+/+ and Fbx022~/~ (n=5-

6). 1 Total BM cells from Fbxo22%* and Fbx022~/~ mice were seeded in
indicated methylcellulose medium for the quantification of CFU-GEMM,
CFU-GM, CFU-pre-B and CFU-E colonies (n=3). J-N Total BM cells number
(J) and percentages of indicated cells from BM (K-N) of Scl-Cret:Fbx022"
7 and Scl-Cre=;Fbx022"" mice were analyzed (n=>5). O Total BM cells from
Scl-Cret:Fbx022"" and Scl-Cre™:Fbxo22"" mice were seeded in indicated
methylcellulose medium for the quantification of CFU-GEMM, CFU-GM
and CFU-E colonies (n=3). Error bars denote mean = SD. Statistical signifi-
cance was determined by two-tailed unpaired t test or two-way ANOVA
(€) and the P values were shown. All animal experiments were repeated at
least twice with similar results

Additional file 4. Figure S3. Loss of Fbx022 impairs MLL-AF9-induced
AML development during serial transplantation. A Western blot analysis

of indicated proteins in normal and MLL-AF9-IRES-GFP transfected murine
BM cells. B Experimental strategy for generation of a mouse model of
AML driven by MLL-AF9. C-E Percentages of GFP™ cells in PB (C) and GFP™
cells or MGs in BM (D) from the primary recipients and survival data (E)

for these recipients transplanted with Fbxo22+/* and Fbx022~/~ AML cells
were shown (n=5-6). F-H Percentages of GFP* cells in PB (F) and GFP*
cells or MGs in BM (G) from the primary recipients and survival data (H) for
these recipients transplanted with Scl-Cret:Fox022"1 and Scl-Cre™:Fbx022"
 AML cells were shown (n=4-6). Error bars denote mean = SD. Statistical
significance was determined by two-tailed unpaired t test (C, D and F, G)
or log-rank test (E and H) and the P values were shown. All animal experi-
ments were repeated at least twice with similar results
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Additional file 5. Figure S4. Loss of Fbxo22 impairs AML develop-

ment during serial transplantation. A, B Percentages of GFP™ cells in

PB (A), GFP* cells and MGs in BM (B) from the Scl-Cret:Fbx022" and
Scl-Cre=;Fbx022"" recipients upon the secondary transplantation (n=4).
C, D Gross pathology (left) and relative weights (right, C), hematoxylin-
eosin staining (D) of the livers and spleens from the secondary recipients
(n=4).E, F Survival data for recipient mice receiving Scl-Cre*;Fbx022"" and
Scl-Cre™:Fbxo22" AML cells upon the second (E), and third transplanta-
tion (F) (n=5). (G) GFP™ BM cells from the primary recipients transplanted
with Fbxo22%/* and Fbxo22~/~ AML cells injected into lethally irradiated
recipients. Percentages of GFP™ cells in PB, spleen, and BM were analyzed
at 16 h post-transplantation (n=6). H, | Secondary recipients transplanted
with Mx1-Cre™:Fbx022"" and Mx1-Cre=;Fbxo22"" AML cells were treated

by plpC at 7 days post-transplantation for 7 times to induce deletion of
Fbxo22. Fbxo22 deletion was evaluated by Western blot in BM cells from
recipients after plpC treatment (H). Survival curves for recipients were
shown (I) (n=>5-6). Error bars denote mean =+ SD. Statistical significance
was determined by two-tailed unpaired t test (A, B, Cand G) or log-rank
test (E, F and I) and the P values were shown. All animal experiments were
repeated at least twice similar results.

Additional file 6. Figure S5. Loss of Fbx022 impairs the function of LSCs.
A FBXO22 mRNA expression level in HSC or LSC was analyzed in databases
as indicated. In GSE63270, GSE138883 and GSE68172 datasets, HSCs were
characterized, respectively, as Lin"CD34+CD38~CD90TCD45RAT, CD34™
and CD347CD38™ cells from bone marrow of healthy donors. LSCs were
defined as CD347CD38™ in GSE63270 and CD34™ cells purified from bone
marrow of AML patients in GSE138883 and GSE68172 datasets. B Pearson's
correlation between LSC17 (left) or LSC3 (right) signature score and
FBX022 mRNA expression level of AML patients from GSE76008 database.
C, D FBXO22 expression level in Normal LKs or GFPTLKs was tested by
qRT-PCR (C) or Western blot (D). E, F Flow cytometry plots (left) and the
percentages of MKs (right, E) and LGMP (right, F) in BM from the primary
recipients transplanted with Scl-Cre*;Fbx022"" and Scl-Cre™:Fbxo22"" AML
cells (h=6). G, H Flow cytometry plots (left) and the percentages of MKs
(right, G) and LGMP (right, H) in BM from the secondary recipients trans-
planted with Scl-Cre*;Fbx022"" and Scl-Cre™;Fbx022"" AML cells (n=4).1,J
Cell-cycle (1) or apoptosis (J) analysis of LGMP cells in BM from the second-
ary recipients transplanted with Scl-Cre*;Fbx022"" and Scl-Cre™;Fbx022"
TAML cells (n=3-5). Error bars denote mean = SD. Statistical significance
was determined by two-tailed unpaired t test (A, C and E-J), and the P
values were shown. All animal experiments were repeated at least twice
with similar results

Additional file 7. Table S2. Mass spectrometry data

Additional file 8. Figure S6. BACH1 suppresses MLLr AML progression.
A, B 32D cells infected with EV or Bach1 and indicated proteins were
immunoblotted with -actin as loading control (A), cell proliferation was
examined by CCK-8 assay at the indicated days (B). C Colony-forming
assay (left) for the indicated 32D cells, and colony numbers at day 7 after
plating were counted (right, n=3). D, E Lin™ BM cells from wild-type mice
infected with EV or Bach1 and indicated proteins were immunoblot-

ted with B-actin as loading control (D), cells were seeded in indicated
methylcellulose medium for the quantification of CFU-GEMM, CFU-GM,
CFU-pre-B and CFU-E colonies (E, n=3). F MV4-11 cells were infected with
Flag-tagged BACH1 or EV, indicated proteins were immunoblotted with
B-actin as loading control. The asterisk represents a nonspecific band.

G Representative images (left) of colonies and colony numbers (right,
n=3) formed by MV4-11 cells infected with Flag-tagged BACH1 or EV. H
Apoptosis analysis of MV4-11 cells infected with Flag-tagged BACH1 or
EV.1Schematic strategy of evaluation of the in vivo effect of Bach1 over-
expression in mouse AML cells. Error bars denote mean = SD. Statistical
significance was determined by two-tailed unpaired t test (C, E and G, H),
two-way ANOVA (B) and the P values were shown. All experiments were
repeated at least three times with similar results

Additional file 9. Uncropped Western blots
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