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Deubiquitinase USP9X stabilizes RNA m°A demethylase
ALKBH5 and promotes acute myeloid leukemia cell survival
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Post-translational modifications including protein ubiquiti-
nation regulate a plethora of cellular processes in distinct
manners. RNA N°-methyladenosine is the most abundant post-
transcriptional modification on mammalian mRNAs and plays
important roles in various physiological and pathological
conditions including hematologic malignancies. We previously
determined that the RNA N°-methyladenosine eraser ALKBH5
is necessary for the maintenance of acute myeloid leukemia
(AML) stem cell function, but the post-translational modifi-
cations involved in ALKBH5 regulation remain elusive. Here,
we show that deubiquitinase ubiquitin-specific peptidase 9X
(USP9X) stabilizes ALKBH5 and promotes AML cell survival.
Through the use of mass spectrometry as an unbiased
approach, we identify USP9X and confirm that it directly binds
to ALKBH5. USP9X stabilizes ALKBH5 by removing the K48-
linked polyubiquitin chain at K57. Using human myeloid leu-
kemia cells and a murine AML model, we find that genetic
knockdown or pharmaceutical inhibition of USP9X inhibits
leukemia cell proliferation, induces apoptosis, and delays AML
development. Ectopic expression of ALKBHS5 partially mediates
the function of USP9X in AML. Overall, this study uncovers
deubiquitinase USP9X as a key for stabilizing ALKBH5
expression and reveals the important role of USP9X in AML,
which provides a promising therapeutic strategy for AML
treatment in the clinic.

N6—methy1adenosine (m®A) is the most common modifica-
tion on mammalian mRNAs (1, 2), which is catalyzed by the
METTL3-METTL14 methyltransferase complex associated
with other subunits and is removed by either demethylase
ALKBH5 or FTO (3, 4). m°A plays an important role in
regulating mRNA fates under various physiological and path-
ological conditions such as hematologic malignancies (5-14).
Given these essential functions of m°A modifiers in various
biological processes, it becomes necessary to investigate the
mechanisms of how m®A modifiers are regulated at different
layers, including the post-translational level. Protein
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ubiquitination is one of the most powerful post-translational
modifications of proteins and regulates a plethora of cellular
processes in distinct manners (15). A recent work finds that
METTLS3 is phosphorylated by extracellular signal-regulated
kinase at S43/S50/S525, which decreases the ubiquitination
of METTL3 by ubiquitin-specific peptidase 5 (16). The subunit
of m®A writer complex WTAP can also be phosphorylated by
extracellular signal-regulated kinase signaling (16). Lactylation
of METTL3 is found to be essential for capturing target RNA
(17). METTLS3 is also modified by SUMO1 mainly at lysine
residues K177, K211, K212, and K215, and SUMOylation of
METTLS3 significantly represses its m®A methytransferase ac-
tivity without its stability, localization, and interaction with
METTL14 and WTAP (18). However, post-translational
modifications of other m®A modifiers remain largely unknown.

Acute myeloid leukemia (AML) is an aggressive hemato-
logical malignancy, which is characterized by blocked differ-
entiation and uncontrolled proliferation of myeloid
progenitors (19-21). Despite great progress achieved about the
molecular basis of AML pathogenesis, the overall survival of
adult AML patients has not significantly improved in the past
3 decades. Thus, it is critical to further explore the molecular
mechanisms of AML development, which might bring hope
for developing new effective therapeutic strategies. Recently,
we found that ALKBHS5 is specifically required for maintaining
the function of AML stem cells but not normal hematopoietic
stem cells. We also revealed that KDM4C regulates ALKBH5
expression via increasing chromatin accessibility of ALKBH5
locus, reducing H3K9me3 levels, and promoting recruitment
of MYB and pol II. These findings lay the foundation for tar-
geting ALKBH5 for AML therapy (7, 13). Therefore, fully
understanding the mechanisms of how ALKBH5 expression
level is regulated is of great significance.

Deubiquitinating enzymes remove ubiquitin from protein
substrates and impact protein activity, localization, or stability.
Among 100 human deubiquitinating enzymes, ubiquitin-
specific peptidase 9X (USP9X) is implicated in development
and various cellular functions including protein trafficking and
apoptosis (22). Here, using mass spectrometry (MS), we
identify that USP9X interacts with ALKBHS5 to deubiquitinate
it, which is essential for maintaining AML cell survival. This
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USPIX deubiquitinates and stabilizes ALKBH5

finding uncovers USP9X as a key deubiquitinase for ALKBH5
protein stabilization and a potential target for AML therapy.

Results
Deubiquitinase USP9X interacts with ALKBH5

To identify potential regulators of ALKBH5, we performed
MS using human myeloid leukemia cell MV4-11 and human
embryo kidney human embryonic kidney 293T (HEK293T)
cell, which ectopically expressed FLAG-tagged ALKBH5
(FLAG-ALKBHS5). Total cellular lysates were treated with
benzonase nuclease to remove nucleic acids before immuno-
precipitation (IP), and immunoprecipitates pulled down with
FLAG from these lysates were decomposed by SDS-PAGE and
analyzed by LC-MS. As shown in Figure 1A, some proteins

(e.g, DDX3 (23), HNRNPH1 (24), KPNA1, and DDX39 (25))
that are known to interact with ALKBH5 were detected, which
validates our LC-MS data. Interestingly, deubiquitinase
USP9X was observed among the top candidates (Fig. 1A),
suggesting that USP9X might interact with and regulate
ALKBHS5 ubiquitination. We further examined the physical
interaction of USP9X with ALKBH5. We first overexpressed
either FLAG-ALKBHS5 or FLAG-tagged USP9X in HEK293T
cells and conducted co-IP assay. As expected, endogenous
ALKBH5 or USP9X was pulled down by either FLAG-tagged
USP9X or FLAG-ALKBHS5 (Fig. 1B), indicating the interac-
tion between the two proteins. In addition, in human myeloid
leukemia cell, endogenous USP9X was also immunoprecipi-
tated by ectopic-expressed FLAG-ALKBH5 (Fig. 1C). More-
over, interaction between endogenous USP9X and ALKBH5
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Figure 1. ALKBHS5 interacts with USP9X. A, LC-tandem mass spectrometry analysis of ALKBH5 interacting protein. The top candidates were highlighted. B,
293T cells were transfected with FLAG-USP9X or FLAG-ALKBHS5, and cell lysates were coimmunoprecipitated with Anti-FLAG Affinity Gel by immunoblotting
analysis using the indicated antibodies. C, lysates of MV4-11 cells overexpressing FLAG-ALKBH5 were subjected to coimmunoprecipitation with Anti-FLAG
Affinity Gel and subjected to immunoblot analysis with antibodies against indicated proteins. D, MV4-11 cell lysates were subjected to coimmunopreci-
pitation with anti-ALKBH5 antibody, and the immunoprecipitates were analyzed by indicated antibodies. E, schematic presentation of various human
ALKBHS5 truncations (up). 293T cells were transfected with ALKBH5-FLAG or truncations, and cell lysates were coimmunoprecipitated with Anti-FLAG Affinity
Gel and subjected to immunoblotting analysis with indicated antibodies (down). F, schematic diagram of USP9X including the domain containing nuclear
localization signal (NLS), ubiquitin-like domain (UBL), and ubiquitin-specific protease domain (USP). GFP-USP9X-truncation as shown in the top schematics
were cotransfected with FLAG-ALKBH5 in 293T cells. Western blot analysis with anti-FLAG or anti-GFP antibody in the input and immunoprecipitates (down).

USP9X, ubiquitin-specific peptidase 9X.
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was also observed in human myeloid leukemia cells (Fig. 1D).
Thus, these data indicate that deubiquitinase USP9X interacts
with ALKBHS5, which promotes us to seek the precise region of
ALKBH5 responsible for this interaction. As the highly
conserved domain in the catalytic core of ALKBH5 is neces-
sary for its activity, we kept the domain intact and generated
ALKBHS5 truncations by deletion at either N terminus (0-66
aa) or C terminus (292-394 aa), or both. Interestingly, we
found that deletion of the C terminus but not N terminus
interrupted the interaction between ALKBHS5 and USP9X
(Fig. 1E), suggesting that ALKBH5 C terminus mediates its
interaction with USP9X. Similarly, we tried to define the re-
gion of USP9X that mediates its interaction with ALKBHS5.
Because of the extreme difficulty to obtain full-length USP9X,
we generated four GFP-tagged USP9X segments (N1, N2, C1,
and C2) in line with previous study (26, 27). We coexpressed
these segments with FLAG-ALKBH5 into HEK293T cells for
co-IP assay. We found that USP9X-C1 segment was pulled
down by ALKBHS5, suggesting that this region of USP9X is
responsible for its interaction with ALKBH5 (Fig. 1F). There-
fore, these data indicate that deubiquitinase USP9X directly
binds to ALKBH5.

USP9X deubiquitinates and stabilizes ALKBH5

To investigate the molecular mechanisms on how USP9X
regulates ALKBH5, we first examined whether ALKBHS5 is
modified by ubiquitination and conducted ubiquitination assay
by cotransfecting hemagglutinin (HA)-tagged Ub (HA-Ub)
with FLAG-ALKBH5 into HEK293T cells. As expected,
ubiquitination of ALKBH5 was detected (Fig. 2A). Similarly,
endogenous ubiquitination of ALKBH5 was also observed in
different human leukemia cells (MV4-11 and MOLM-13) and
HEK293T cells (Fig. S1A). Interestingly, we found that, while
ALKBH5 displayed stable in HEK293T cells, it exhibited
obvious less stable in human leukemia cells, especially MV4-11
and MOLM-13 cells (Fig. S1, B and C). This difference may
reflect the different biological roles of ALKBH5 and related
USPI9X in distinct cells. Next, we assessed the potential role of
USP9X in regulating ALKBH5 stability. We knocked down
USPY9X in human leukemia cells (MV4-11, MOLM-13, and
Kasumi cells) using shRNAs targeting USP9X (shUSP9X#1/
#2). The knockdown efficiency of USP9X was confirmed at the
mRNA and protein levels (Figs. 2, B and C and S1D). We
found that USP9X knockdown obviously decrease the protein
level of ALKBH5 but did not affect its mRNA level (Fig. 2, B
and C). We next determined whether USP9X deubiquitinates
ALKBHS5. As expected, we found that USP9X knockdown
increased polyubiquitination of endogenous ALKBH5
(Fig. 2D). WP1130 is an inhibitor of USP9X, and treatment
with WP1130 also markedly enhanced polyubiquitination of
ALKBHS5 (Fig. 2E). Thus, these data indicate that USP9X is
responsible for ALKBH5 ubiquitination, which drive us to
determine which types of polyubiquitination of ALKBH5
mediated by USP9X. Different ubiquitin mutants (lysine [K] is
mutated to arginine [R]) were used and cotransfected with
FLAG-ALKBHS5 into HEK293T cells. We found that USP9X
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knockdown led to the increases of polyubiquitin levels of
ALKBH5 with K6R, K11R, K27R, K29R, and K33R but not
ALKBH5 with K48R that normally mark proteins for protea-
somal degradation. Furthermore, ubiquitin mutants (only a
single lysine residue) were also used, and knockdown of
USP9X significantly increased K48-linked polyubiquitination
of ALKBHS5 (Fig. S1E). We also observed an obvious increase
of endogenous K48-linked polyubiquitination of ALKBH5
upon knocking down USP9X in MV4-11 leukemia cells
(Fig. 2F). Moreover, cycloheximide (CHX) chase assays
showed that USP9X depletion accelerated the decay of
ALKBHS5 protein, showing decreased half-lives of ALKBH5 in
leukemia cells (Figs. 2G and S1F). WP1130 treatment also
increased ALKBH5 decay (Fig. S1G). Taken together, these
results indicate that USP9X regulates ALKBH5 stability by
mediating its K48-linked polyubiquitination.

USP9X stabilizes ALKBH5 by mediating K48-linked
polyubiquitination at K57

Next, we sought to figure out the residues in ALKBH5 that
are deubiquitinated by USP9X. Since ubiquitination of sub-
strates frequently occurs at a lysine residue, eight potential
ubiquitination sites in ALKBH5 were predicted using GPS-
PLMD (28) and CPLM software (29) (Biocuckoo), including
K57, K102, K116, K147, K235, K295, K321, and K328 (Fig. 3A).
We then mutated these lysine residues to arginine and inves-
tigated whether these ALKBH5 mutants could be modified by
polyubiquitination. Using these ALKBH5 ubiquitination-
deficient mutants, we performed ubiquitination co-IP assay
and found that ALKBH5 mutants with K57R, K147R, and
K295R showed reduction of ALKBHS5 ubiquitination (Fig. 3B).
To investigate which of these three lysine residues could be
targeted by USP9X, we knocked down USP9X and found that
USP9X knockdown did not affect the ubiquitination level of
ALKBHS5 with K57R rather than K147R and K295R (Fig. 3C),
suggesting that ALKBH5 K57 is the major ubiquitination site
that is affected by USP9X. We further investigated whether
K57 is modified by K48-linked polyubiquitination. Blotting
with the specific Ub (K48) antibody, we found that ALKBH5
K57R markedly reduced its K48-linked polyubiquitination
when compared with WT ALKBHS5 (Fig. 3D). Thus, these data
indicate that USP9X removes K48-linked polyubiquitination at
K57 of ALKBHS5.

Moreover, CHX chase assay showed that the half-life of
ALKBHS5 K57R was higher than that of WT ALKBHS5 (Fig. 3E),
indicating that mutant of ubiquitination site at K57 increases
ALKBHS5 stability. Next, we analyzed whether ALKBH5
ubiquitination influences its demethylase activity of RNA m°A.
Dot blot analysis showed that ALKBH5 knockdown signifi-
cantly increased the global levels of RNA m°A, which were
rescued by restoration of both WT ALKBH5 and ALKBH5
K57R, the ubiquitination-deficient mutant (Fig. S2A4). We
further purified ALKBH5 and ALKBH5 K57R proteins. In vitro
demethylation assays also showed that both ALKBH5 and
ALKBHS5 K57R efficiently decreased m°A levels (Fig. S2, B and
C). Thus, these data suggest that ALKBH5 ubiquitination at
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Figure 2. USP9X deubiquitinates and stabilizes ALKBHS5. A, 293T cells were transfected with ALKBH5-FLAG and HA-Ub for 24 h before ubiquitination
assays. Cell lysates were immunoprecipitated with Anti-FLAG Affinity Gel and then analyzed by immunoblotting. B and C, MV4-11 and MOLM-13 cells were
transducted with lentiviruses for control shRNA or different sets of USP9X shRNAs. Cellular extracts and total RNA were prepared and analyzed by
quantitative qRT-PCR (B) and Western blotting (C). D, USP9X-knockdown 293T cells were cotransfected with the ALKBH5-FLAG and HA-Ub for 24 h before
ubiquitination assays. Cell lysates were immunoprecipitated with Anti-FLAG Affinity Gel and then analyzed by immunoblotting using the indicated anti-
bodies. E, MV4-11 cells were treated with 2 pM WP1130 (WP) for 4 h before endogenous ubiquitination assays. Cell lysates were immunoprecipitated with
Anti-ALKBH5 antibody and then analyzed by immunoblotting using the indicated antibodies. F, endogenous ubiquitination assay was analyzed in USP9X-
knockdown MV4-11 cells. Cell lysates were immunoprecipitated with Anti-ALKBH5 antibody and then analyzed by immunoblotting using the indicated
antibodies. G, MV4-11 and MOLM-13 cells with or without USP9X by shRNA were treated with 50 pg/ml CHX or 100 pg/ml CHX and harvested at the
indicated time followed by Western blotting analysis. Intensity of each band from biological triplicate experiments was quantified by densitometry with the
ImagelJ software with GAPDH as a normalizer. The data in (B and G) were analyzed by one-way ANOVA with Dunnett’s multiple comparisons test. The error
bars represent mean + SD; **p < 0.01, ***p < 0.001, and ****p < 0.0001. CHX, cycloheximide; HA-Ub, hemagglutinin-tagged Ub; USP9X, ubiquitin-specific

peptidase 9X.

K57 does not affect its demethylase activity. Taken together,
these data demonstrated that ubiquitination of ALKBH5 at
K57 affects its stability but not the m°A demethylase activity.

USP9X is required for maintaining leukemia cell survival and
AML development

Our recent study has demonstrated that ALKBH5 is
required for AML development. However, the role of USP9X
in AML remains still elusive. Interestingly, we found that
USP9X was aberrantly elevated at the protein level in AML
patient—derived leukemia cells, when compared with those of

4 ] Biol. Chem. (2023) 299(8) 105055

healthy control cells (Fig. 4A4). Similarly, higher USP9X protein
levels were detected in various human leukemia cell lines
(Fig. 4B). These data suggest that abnormal expression of
USP9X might be associated with AML progression. To sup-
port this idea, we further interrogated two AML patient co-
horts and found that elevated expression of USP9X positively
correlated with overall shorter survival of AML patients,
similar to ALKBH5 (Fig. 4C). To test the function of USP9X in
leukemia cells, we knocked down USP9X in MV4-11 and
MOLM-13 cell lines (Figs. 4D and S3A). As expected, USP9X
knockdown significantly reduced cellular growth and clono-
genic ability of leukemia cells (Fig. 4, E and F). In addition,
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Figure 3. USP9X mediates K48-linked polyubiquitination of ALKBH5 at K57. A, the table showed the predicted ALKBH5 ubiquitination candidate sites
by the GPS-PLMD and CPLM software. B, ubiquitination assays showed that polyubiquitination of ALKBH5 and its mutants. FLAG-tagged WT ALKBH5 or
ALKBHS5 lysine (K) to arginine (R) mutants were coexpressed with HA-tagged Ub in 293T cells. Cell lysates were immunoprecipitated with Anti-FLAG Affinity
Gel and then analyzed by immunoblotting using the indicated antibodies. C, USP9X-knockdown 293T cells were cotransfected with the HA-Ub and ALKBH5-
FLAG WT or mutants before ubiquitination assays. The final immunoprecipitates and cell lysates were analyzed by immunoblots for detection of the
indicated proteins. D, endogenous ubiquitination assay in MV4-11 cells that were transducted by lentivirus of ALKBH5 or ALKBH5 K57R. Cell lysates were
immunoprecipitated with Anti-FLAG Affinity Gel and then analyzed by immunoblotting using antibody against ubiquitin (K48). E, MV4-11 or MOLM-13
stably expressing ALKBH5 or ALKBH5 K57R mutant were treated with 50 pug/ml CHX or 100 pg/ml CHX and harvested at the indicated time followed
by Western blotting analysis. F, working model showed that USP9X mediates K48-linked polyubiquitination of ALKBH5 at K57. HA-Ub, hemagglutinin-

tagged ubiquitin; USP9X, ubiquitin-specific peptidase 9X.

USP9X knockdown resulted in cell cycle arrest in GO-G1
phase (Figs. 4G and S3B) and significantly promoted apoptosis
of leukemia cells, showing that the percentage of Annexin V*
cells was higher after USP9X deletion (Figs. 4H and S3C).
Furthermore, treatment with WP1130 also induced apoptosis
of leukemia cells in a dose-dependent manner (Fig. S3D).
These data suggest that USP9X is required for maintaining
human AML cell survival.

We further studied whether Usp9x is required for murine
AML development. We knocked down Usp9x in primary
leukemia cells from MLL-AF9-induced AML mice (Fig. 41).
The efficiency of Usp9x knockdown was confirmed at the
protein and mRNA levels (Fig. 4, J and K). We also found that
knockdown of Usp9x obviously reduced Alkbh5 protein level
but not its mRNA level in murine leukemia cells (Fig. 4, J and
K). As expected, Usp9x knockdown inhibited the clonogenic

SASBMB

ability of leukemia cells (Fig. 4L). We further transplanted
leukemia cells upon Usp9x knockdown into sublethally irra-
diated recipient mice and found that the leukemia burden in
recipients of leukemia cells with Usp9x knockdown was
significantly lower than that of the control group (Fig. 4M),
and knockdown of Usp9x also significantly delayed AML
development (Fig. 4N). Together, these data indicate that
USP9X is required for maintaining leukemia cell survival and
AML development.

ALKBHS5 patrtially mediates the function of USP9X in AML

Given that USP9X stabilizes ALKBH5, we asked whether
ALKBHS5 mediates USP9X function in AML. By interrogating
public datasets (GSE14632 and The Cancer Genome Atlas
Program for two AML patient cohorts), interestingly, we
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Figure 4. USP9X is required for maintaining leukemia cell survival and AML development. A, immunoblot showing USP9X expression in bulk BM
mononuclear cells from cord blood (CD34*) (n = 3) and primary patients with AML (n = 8). LMNB1 served as a loading control. B, Western blotting analysis of the
expression of USP9X in multiple cell lines. CD34" cells derived from cord blood were used as a normal control, and LMNB1 served as the loading control. C,
Kaplan-Meier plots of overall survival in TCGA and TARGET cohorts for AML patients, stratified on the basis of USP9X or ALKBH5 expression above (high) or
below (low) the median. The log-rank test was used to compare survival curves. D, MV4-11 and MOLM-13 cells were transducted with lentiviruses for control
shRNA or different sets of USP9X shRNAs. Cellular extracts were prepared and analyzed by Western blotting. £, growth curves of MV4-11 and MOLM-13 cells after
transduction with indicated lentiviruses. F, colony-forming assay of MV4-11 and MOLM-13 cells after transduction with indicated lentiviruses. G, flow cytometry
was used to quantitatively analyze cell cycle. MV4-11 cells were labeled with Hoechst 33342 at day 3 post-transmission and evaluated by flow cytometry. H, flow
cytometry analysis of apoptosis after transduction with indicated lentiviruses at day 3 in MV4-11./, experimental scheme for (J-N). YFP* cells were isolated from
MLL-AF9-YFP AML mice and used in the experiment. J, quantitative RT-PCR showed the efficiency of Usp9x knockdown and Alkbh5 mRNA level. K, Western
blotting showed the efficiency of Usp9x knockdown and Alkbh5 level in MLL-AF9-YFP cells after transfection with shRNA lentivirus targeting Usp9x. L, colony-
forming assay of murine leukemia cells after transduction with the indicated lentiviruses. Scale bars represent 100 um. M, percentages of YFP* cells in peripheral
blood (PB) at the indicated time after transplantation (n = 5). N, Kaplan-Meier survival plot of recipients transplanted with MLL-AF9-YFP* AML cells transduced
with indicated lentiviruses (n = 5). The log-rank test was used to compare survival curves. The data in (E, F, G, H, J, and L) were analyzed by one-way ANOVA with
Dunnett’'s multiple comparisons test. The error bars represent mean + SD; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. AML, acute myeloid leukemia;
BM, bone marrow; TCGA, The Cancer Genome Atlas; USP9X, ubiquitin-specific peptidase 9X.
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observed significant enrichment of upregulated ALKBH5 tar-
gets in USP9X"E" AML patients; in contrast, downregulated
ALKBH5 targets were enriched in USP9X'" AML patients
(Fig. 5, A and B). Next, we tested whether ALKBH5 mediates
the function of USP9X in AML cells. We expressed ALKBH5
in USP9X-knockdown leukemia cells (Fig. 5C) and found that
ectopic expression of ALKBH5 partially rescued the clono-
genic and proliferation defects caused by USP9X deficiency
(Fig. 5, D and E). Moreover, ectopic expression of ALKBH5
also prevented apoptosis and restored cell cycling of USP9X-
deficient leukemia cells (Fig. 5, F and G). We further reintro-
duced K57R-mutant form of ALKBH5 in MOLM-13; as ex-
pected, the restoration of ALKBH5-K57R overexpression gave
rise to a slightly better rescue effect, indicating that cells
expressing ALKBH5-K57R resist USP9X depletion-induced
reduction in cellular growth and clonogenic ability (Fig. S4,
A-C). Overall, these data indicate that ALKBHS5 is one of the
functional downstream target genes of USP9X in AML.

Discussion

ALKBHS5 is one of RNA m°A erasers and plays a key role in
maintaining RNA m®A homeostasis. Our previous experi-
ments have confirmed the abnormally high expression of
ALKBHS5 in AML and the role of ALKBH5 in AML promotion.
Therefore, exploring the underlying mechanisms of how
ALKBHS5 expression is regulated is a key scientific question. In
here, we identify USP9X as a key deubiquitinase for ALKBH5
and find that USP9X stabilizes ALKBH5 protein by removing
K48-linked polyubiquitin chains of ALKBHS5 at K57. We also
find that USP9X is required for maintaining leukemia cell
survival and AML development, which is partially mediated by
ALKBHS5. Therefore, our findings uncover a new mechanism
for regulating ALKBH5 expression and reveal a key role of
USP9X in AML, which might provide a promising therapeutic
strategy for AML treatment in clinic.

This work reveals the underlying mechanism of how
ALKBHS5 expression is regulated at the protein level. Using
MS, the unbiased approach, we identified USP9X as key deu-
biquitinase for ALKBHS5. Given the important function of
ALKBHS5 in multiple malignancies, such as breast cancer (30,
31), glioma (32, 33), and AML (7, 13), ALKBHS5 is an attractive
therapeutic target for the cancer treatment. Our findings in
here indicate that inhibiting USP9X might be an alternative
approach for targeting ALKBHS5. Previous study indicates that
the SUMO E2-conjugating enzyme UBC9 and E3 ligase,
PIAS4, mediate ALKBH5 SUMOylation, which significantly
inhibits its demethylase activity (34). Interestingly, we found
that, unlike SUMOylation, ubiquitination of ALKBH5 at K57
residue does not affect its demethylase activity. In addition, we
also observed that USP9X may affect K63-linked poly-
ubiquitination of ALKBHS5, its function needs to be further
investigated. Moreover, although we identify USP9X as a key
deubiquitinase for ALKBH5, currently, we do not find the
effective E3 ubiquitin ligases for ALKBH5, which definitely
needs to be explored in the future. Overall, our work indicates
that fully understanding the regulatory mechanism of
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ALKBHS5 expression at post-translational level would make it
possible to target ALKBH5.

Our findings also reveal the important role of USP9X in
promoting AML development. USP9X was found to stabilize
MCL1 and promotes lymphoma cell survival (22). USP9X also
binds to the amino-terminal extensions of phosphatase and
tensin homolog (PTEN)a/p and deubiquitinate lysines 235 and
239 in PTENa to regulate PTENa/p stability and promote
tumorigenesis (26). In here, our work clarifies the role of
USP9X in AML. We also confirmed that ALKBHS5 is one of the
functional downstream targets of USP9X in leukemia. As
expression of ALKBH5 can only partially rescue the pheno-
types of USP9X-deficient leukemia cells, the other targets of
USP9X in leukemia should be further investigated. Overall, our
findings uncover USP9X as a key deubiquitinase for stabilizing
ALKBH5 and maintaining AML cell survival.

Experimental procedures
Reagents and antibodies

USP9X (Abcam; catalog no.. ab180191), GAPDH (Pro-
teintech; catalog no.: 60004-1-Ig), ALKBH5 (Sigma; catalog
no.. HPA007196), Ubiquitin (P4D1) (catalog no.: sc-8017),
K48-linkage specific polyubiquitin (CST; catalog no.: 8081),
m®A (Abcam; catalog no.: ab151230), FLAG (Sigma; catalog
no.: F2922), HA (Sigma; catalog no.: B9183), GFP (Proteintech;
catalog no.: 66002-1-Ig), horseradish peroxidase (HRP)-mouse
(Proteintech; catalog no.: 00014-1-Ig), HRP-rabbit (CST; cat-
alog no.: 7074), HRP-mouse (light-chain specific) (ROCK-
LAND; catalog no.: 38282), HRP-rabbit (light-chain specific)
(CST; catalog no.. 93702), goat anti-Rabbit IgG antibody
(Sigma; catalog no.. AP132). WP1130 (MedChemExpress;
catalog no.. HY-13246), CHX (Sigma; catalog no.. 01810),
benzonase nuclease (Sigma; catalog no.: E8263), and 3x FLAG
peptide (Sigma; catalog no.: F4799).

Plasmid constructions

Lentivirus pLKO.1, pCDH-CMV-puro, and pHKO-23 vec-
tors were used. Expression plasmids for FLAG-tagged
ALKBHS WT, 66 to 292, 66 to 394, and 0 to 292 comple-
mentary DNA (cDNA) were cloned by PCR using specific
primers and inserted into pCDH vector. USP9X segments were
cloned by standard molecular cloning methods in pEGFP-N1
vector. For the ALKBHS5 rescue experiment, human ALKBHS
WT or K57R ¢DNA was cloned into vector following
shALKBH5-3', and ALKBH5 cDNA was cloned into vector
following shlSP9X#2. HA-Ub (WT, K6 only, K11 only, K27
only, K29 only, K33 only, K48 only, and K63 only; K6R, K11R,
K27R, K29R, K33R, K48R, and K63R) were generously pro-
vided by Dr Bo Zhong (Wuhan University).

The shRNAs of USP9X, ALKBHS, and Usp9x were cloned
into pLKO.1 according to standard molecular biology tech-
niques. The following sequences of mRNA were targeted:
human USP9X#1: 5'-GGTCGTTACAGCTAGTATTTA-3';

Human USP9X#2: 5'-GAGAGTTTATTCACTGTCTTA-3';

Human USP9X#3: 5'-CGATTCTTCAAAGCTGTGAAT-3';
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Figure 5. ALKBHS5 partially mediates the function of USP9X in AML. A and B, GSEA plot showing enrichment of ALKBHS targets in USP9XM'9" versus USPOX'®"
groups from AML patient cohorts TCGA (A), and GSE16432 (B). C, MV4-11 and MOLM-13 cells were transducted with indicated lentiviruses. Cellular extracts were
prepared and analyzed by Western blotting. D, growth curve of MV4-11 and MOLM13 after transduction with indicated lentiviruses. E, colony-forming assay of
MV4-11 and MOLM13 cells after transduction with indicated lentiviruses. F, flow cytometry analysis of cell cycle after transduction with indicated lentiviruses at
day 3 in MV4-11. G, flow cytometry analysis of apoptosis after transduction with indicated lentiviruses at day 3 in MV4-11. The data in (D-G) were analyzed by
one-way ANOVA with Dunnett’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Error bars denote mean + SD. AML, acute
myeloid leukemia; GSEA, gene set enrichment analysis; TCGA, The Cancer Genome Atlas; USP9X, ubiquitin-specific peptidase 9X.
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Human ALKBH5#3'UTR: 5-GAAAGGCTGTTGGCATCA
ATA-3;

Mouse shUsp9x shRNA#1: 5-GATAATTGCAGCCCTTA
TTAA-3;

Mouse shUsp9x shRNA#2: 5-TCGTAATGTATGCCAA
TTTAG-3'.

Cell culture and lentivirus production

The human AML cell lines (MOLM-13, Kasumi, and MV4-
11) were maintained in RPMI1640 or Iscove’s modified Dul-
becco’s medium with 10% fetal bovine serum (FBS) and 1%
penicillin and streptomycin. 293T were cultured in Dulbecco’s
modified Eagle’s medium (Hyclone), supplemented with 10%
FBS, and 1% penicillin and streptomycin.

293T cells plated on 100 mm dishes were transfected with
the indicated lentiviral plasmids together with the pSPAX2 and
pMD2.G plasmids. The culture medium was replaced with
new medium without antibiotics at 12 h after transfection.
After additional 48 h, the viruses were harvested to infect
MV4-11 cells or MOLM-13 cells in the presence of 8 ug/ml
polybrene (Sigma; catalog no.. H9268). The infected MV4-
11 cells or MOLM-13 cells were selected with 2 pg/ml puro-
mycin (Merck; catalog no.: 540411) at least 2 days.

Co-IP and immunoblot analysis

For transient transfection and co-IP experiments, cells were
harvested and lysed with IP buffer (50 mM Tris—HCI [pH 7.4],
150 mM NaCl, 2 mM EDTA, 1% NP-40, 10% glycerol, 1 mM
DTT, 1 mM PMSF, and 1x cocktail). After brief sonication, the
lysates were centrifuged at 12,000 rpm for 10 min at 4 °C. For
IP of FLAG-tagged proteins, whole cell lysates were incubated
with anti-FLAG M2 Affinity Gel (Bimake; catalog no.: B23102)
for 2 h at 4 °C. Otherwise, supernatants were incubated with
indicated antibodies and protein G-agarose beads (Thermo;
catalog no.: 10004D) at 4 °C overnight. The beads were then
washed for three times with 1 ml lysis buffer containing 0.5 M
NaCl, boiled in sample buffer, and subjected to immunoblot
assay. The cell lysates or pull-downed proteins were separated
by SDS-PAGE and transferred onto a polyvinylidene difluoride
membrane. The membrane was blocked with 5% nonfat milk
for 30 min at room temperature and incubated with the
specified antibodies at 4 °C overnight. Membranes were sub-
sequently incubated with HRP-conjugated secondary anti-
bodies (Cell Signaling Technology) at room temperature for
1 h. The signals were detected by the luminescent image
analyzer LAS-4000 mini (Fujifilm).

Ubiquitination assays

Ubiquitination assays were done following a denaturing IP
protocol. FLAG-tagged ALKBH5 or HA-Ub were cotrans-
fected into 293T cells with or without depletion of USP9X for
24 h. Then cells were lysed in lysis buffer containing 1% SDS
and denatured by 95 °C heating for 10 min. The samples were
centrifuged at 12,000¢ for 10 min, and then the supernatants
were diluted with lysis buffer until SDS concentration was
decreased to 0.1% for IP with anti-FLAG M2 affinity gel
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(Bimake; catalog no.: B23102). The immunoprecipitates were
analyzed by immunoblots with the indicated antibodies.

Quantitative RT-PCR

Total RNA was isolated from cells using TRIzol (Takara Bio;
catalog no.: 9109), reverse-transcribed (TOYOBO; catalog no.:
FSQ-101), and subjected to quantitative PCR analysis to
measure mRNA levels of the tested genes with SYBR Green
Mix (Bio-Rad; catalog no.: 172-5274). Data shown are the
relative abundance of the indicated mRNA normalized to that
of human GAPDH and mouse GAPDH, respectively. Quanti-
tative PCR was performed using the following primers:

Human USP9X: 5'-TCGGAGGGAATGACAACCAG-3’ (for-
ward) and 5'-GGAGTTGCCGGGGAATTTTCG-3' (reverse);

Human ALKBH5: 5'-ATCCTCAGGAAGACAAGATTAG-3
(forward) and 5'-TTCTCTTCCTTGTCCATCTC-3' (reverse);

Human GAPDH: 5-GAGTCAACGGATTTGGTCGT-3'
(forward) and 5'-GACAAGCTTCCCGTTCTCAG-3’ (reverse);

Mouse Usp9x: 5-TCCAACAGAATCAGACTTCATC
G-3' (forward) and 5-TGGAAATGCAGGTTCCTCATCT-3'
(reverse);

Mouse Alkbh5: 5'-CGCGGTCATCAACGACTACC-3 (for-
ward) and 5'-ATGGGCTTGAACTGGAACTTG-3' (reverse);

Mouse Gapdh: 5'-CATCACTGCCACCCAGAAGACTG-3'
(forward) and 5-ATGCCAGTGAGCTTCCCGTTCAG-3
(reverse).

Cell proliferation and in vitro colony-forming assay

For leukemia cell proliferation assays, human leukemia
cells (MV4-11 and MOLM-13) were transduced with lenti-
virus and selected with 2 pg/ml puromycin (Merck; catalog
no.: 540411) for 2 days. After selection, cells were seeded into
24-well plates at the concentration of 20,000 cells per well in
triplicates. Cell proliferation was assessed by counting cell
numbers every 2 days. For colony-forming assay, mouse bone
marrow (BM) cells were cultured in MethoCult M3434
(STEMCELL Technologies; catalog no.: 03434) methylcellu-
lose medium. For cell lines, transduced cells were plated in
triplicate in 1% methylcellulose medium supplemented with
100 IU/ml penicillin and 100 pg/ml streptomycin as well as
10% FBS. Colonies were evaluated and scored after 5 to 7 days
of incubation.

mCA dot blot

For m®A dot blot, total RNA was extracted from cell aliquots
using TRIzol. RNA samples were quantified by Nanodrop
(Thermo Fisher Scientific) and UV crosslinked to the mem-
brane, and membrane was blocked with 5% nonfat dry milk (in
1x PBS) for 1 h and incubated with a specific anti-m°®A antibody
(1:1000 dilution; Abcam, catalog no.: ab180191) for 2 h at room
temperature. HRP-conjugated secondary antibodies were added
to the blots for 1 h at room temperature, and the membrane was
developed with ECL Western Blotting Substrate (Bio-Rad) and
exposure with X-Ray Super RX Films (Fyjifilm).
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Flow cytometry analysis

Leukemia cells were stained with Hoechst 33342 (Thermo
Fisher; catalog no.. H3570) to analyze cell cycle using flow
cytometry. To analyze apoptosis, cells were stained with
Annexin V, and propidium iodide (BD Biosciences; catalog no.:
556547) was added before flow cytometric analysis. All flow
cytometric analyses and cell sorting were performed on the BD
Fortessa X-20 or BD FACS Aria III in the Core Facility of
Medical Research Institute, Wuhan University, and data were
analyzed with FlowJo software (BD Biosciences).

MSs

FLAG-tagged ALKBH5 stably expressed in HEK293T and
MV4-11 cells were harvested and lysed with IP buffer (50 mM
Tris—HCI [pH 7.4], 150 mM NaCl, 2 mM EDTA, 1% NP-40, 10%
glycerol, 1 mM DTT, 1 mM PMSEF, and 1x cocktail). After brief
sonication, the lysates were centrifuged at 12,000 rpm for 10 min
at 4 °C. The supernatants were treated with a mix of 25 U/ml
benzonase (Sigma; catalog no.: E8263) and 2 mM Mg>* at for
30 min 37 °C that inducing RNA and DNA digested into single
nucleosides. And then the supernatants were immunoprecipi-
tated with anti-FLAG affinity gel (Bimake; catalog no.: B23102)
and boiled in sample buffer. Eluted proteins were resolved by
SDS-PAGE and visualized by Coomassie brilliant blue staining.
Gel slices including all proteins were excised. LC-MS/MS
analysis was performed in Novogene Co, Ltd. Briefly, proteins
extracted from gels were digested with trypsin in 50 mM
ammonium bicarbonate at 37 °C overnight. After treatment
with 5 mM DTT and 11 mM iodoacetamide, the resulting
peptides were separated by silica capillary column and eluted ata
flow rate of 0.3 ul/min with the UltiMate 3000 HPLC system
(Thermo Fisher Scientific) coupled with the Q Exactive mass
spectrometer (Thermo Fisher Scientific), which was set in the
data-dependent acquisition mode using Xcalibur 2.2 software
(Thermo Fisher Scientific).

Protein expression and purification

The protocol for protein purification was previously
described (35). FLAG-tagged ALKBH5 WT and K57R were
expressed in HEK293T cells. For each protein, four 10 cm
dishes of cells were prepared and lysed in 2 ml lysis buffer
(50 mM Tris—HCI [pH 7.5], 300 mM KCl, 0.5% NP-40, 5%
glycerol, 5 pg/ml DNase I, 1% RNase T1/A, 1% protease in-
hibitor, and 1 mM DTT) at 4 °C for 1 h and sonicated (5 s on,
5 s off, three cycles). The proteins were affinity purified using
30 pl Anti-FLAG Affinity Gel (Bimake; catalog no.: B23102) at
4 °C for 2 h. After extensive wash with wash buffer (50 mM
Tris—HCI, pH 7.5. 300 mM KCl, 5% glycerol, and 1 mM DTT),
proteins were eluted in 200 pl 1x FLAG elution solution
(0.5 pg/ml FLAG peptide in wash buffer) (Sigma; catalog no.:
F4799) at 4 °C for 1 h. Protein purity was verified with SDS-
PAGE followed by Coomassie staining.

In vitro demethylation assays

The activity assay was performed as reported (3). ssSRNA
with m®A was transcribed by HiScribe T7 Quick High Yield
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RNA Synthesis Kit (Abcam; catalog no.: E2050S) and m°A
(TriLink; catalog no.: N-1013-1), according to the manufac-
turer’s instructions. Briefly, ssRNA with m°A and FLAG-
tagged human ALKBHS5 were purified from HEK293T cells
were incubated with a mix of vr-ascorbic acid (100 uM),
(NH4),Fe(SO4),-6H20 (50 pM), a-ketoglutarate (100 puM),
Tris(2-carboxyethyl)phosphine (1 mM), RNasin (0.4 U/ul), and
50 mM of Hepes buffer (pH 7.0) for 2 h at 37 °C. Then the
samples were analyzed by Dot Blot.

Primary AML patient and cord blood samples

AML patient samples were collected from BM aspirations
with informed consent. Mononuclear cells were isolated by
density gradient centrifugation with Ficoll (GE Healthcare Life
Science). Normal cord blood units, designated for research use,
were obtained from Tongji Medical College. All experiments
referring to human samples were conducted in compliance
with all relevant ethical regulations and were approved by the
ethics committees of medical research of the universities. The
cells were harvested and boiled in sample buffer. The samples
were analyzed by immunoblots with the indicated antibodies.

Murine MLL-AF9 leukemia model

BM cells extracted from MLL-AF9-YFP" mice were lysed
with RBC and infected with shl/sp9x lentivirus in the presence
of 8 pg/ml Polybrene (Sigma; catalog no.: H9268), 10 ng/ml IL-
3 (PeproTech; catalog no.: 213-13), 10 ng/ml IL-6 (PeproTech;
catalog no.: 216-16), and 20 ng/ml stem cell factor (PeproTech;
catalog no.: 250-03). The infected cells were transplanted into
C57BL/6] (CD45.2) (Jackson Laboratory; catalog no.: 000664)
mice irradiated with sublethal dose (4 Gy + 4 Gy) via tail vein
injection. Male congenic recipient mice (CD45.2) at 8 to
10 weeks old were used for AML transplantation. The YFP*
leukemia cells in peripheral blood were analyzed every week.
All mice were bred and maintained in Animal Center of
Medical Research Institute at Wuhan University. All animal
experiments were performed according to protocols approved
by the Animal Care and Use Committee of Medical Research
Institute, Wuhan University.

Statistical analysis

Statistical analysis was assessed by ANOVA test using
GraphPad Prism 8.3 software (GraphPad Software, Inc). The
log-rank test was used to compare survival curves. All exper-
iments were reproduced at least three times. Data are pre-
sented as means + SD. p Values of less than 0.05 were
considered statistically significant. In the figures, asterisks
indicate *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Data availability

All data are contained within this article and available from
the corresponding author on reasonable request.
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