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ABSTRACT
◥

Osteosarcoma is the most common malignancy of the bone, yet
the survival for patients with osteosarcoma is virtually unchanged
over the past 30 years. This is principally because development of
new therapies is hampered by a lack of recurrent mutations that can
be targeted in osteosarcoma.Here, we report that epigenetic changes
via mRNA methylation holds great promise to better understand
the mechanisms of osteosarcoma growth and to develop targeted
therapeutics. In patients with osteosarcoma, the RNA demethylase
ALKBH5was amplified and higher expression correlatedwith copy-
number changes. ALKBH5was critical for promoting osteosarcoma
growth and metastasis, yet it was dispensable for normal cell
survival. Methyl RNA immunoprecipitation sequencing analysis
and functional studies showed that ALKBH5 mediates its protu-
morigenic function by regulating m6A levels of histone deubiqui-
tinase USP22 and the ubiquitin ligase RNF40. ALKBH5-mediated
m6A deficiency in osteosarcoma led to increased expression of

USP22 and RNF40 that resulted in inhibition of histone
H2A monoubiquitination and induction of key protumorigenic
genes, consequently driving unchecked cell-cycle progression,
incessant replication, and DNA repair. RNF40, which is historically
known to ubiquitinate H2B, inhibitedH2A ubiquitination in cancer
by interactingwith and affecting the stability ofDDB1-CUL4–based
ubiquitin E3 ligase complex. Taken together, this study directly links
increased activity of ALKBH5 with dysregulation of USP22/RNF40
and histone ubiquitination in cancers. More broadly, these results
suggest that m6A RNA methylation works in concert with other
epigenetic mechanisms to control cancer growth.

Significance: RNA demethylase ALKBH5 upregulates USP22
and RNF40 to inhibit histone H2A ubiquitination and induces
expression of key replication and DNA repair–associated genes,
driving osteosarcoma progression.

Introduction
Osteosarcoma is the most common bone malignancy in children

and adolescents, with a second peak in incidence in those over the age
of 50 (1). Most osteosarcomas (80%–90%) are high-grade tumors with
poorly understood etiology. Unfortunately, the survival for patients
with metastatic or relapsed osteosarcoma has remained virtually

unchanged over the past 30 years, with an overall 5-year survival rate
of about 20% (2). This rate has not improved due to lack of effective
alternatives to chemotherapy. Moreover, surviving patients have
highly compromised quality of life due to debilitating side effects
associatedwith high doses of chemotherapy received early in life. In the
last three decades, virtually no drug has been approved for treating
osteosarcoma. This is in part because osteosarcoma has highly disor-
ganized genome and no recurrentmutation/s that can be targeted have
been identified. Those facts underline the importance of identifying
new targets and mechanisms that can help better understand the
osteosarcoma pathogenesis.

RNA modifications represent one such possibility. Of the >150
known RNA modifications, N6-methyadenosine (m6A) is the most
abundant mark in mRNA. M6A is regulated by a dynamic and
reversible process involving RNAmethyltransferase complex proteins
(writers) and demethylases (erasers; ref. 3). Methyltransferase like 3
(METTL3), METTL14, Wilms’ tumor 1 associated protein (WTAP),
and other accessory proteins constitute the writer complex (4), while
AlkB Homolog 5 (ALKBH5) and Fat mass and obesity-associated
protein (FTO) are RNA demethylases that act as erasers of m6A
marks (5, 6). In addition to writers and erasers, the fate of transcripts
harboring m6A is decided by the “reader” proteins that recognize the
m6Amark (7). It is becoming clear thatm6A regulates different aspects
of RNAmetabolism, frommRNA processing to decay and translation
of specific set of transcripts (8). M6A methylation also plays a critical
role in different biological processes, including development, stem cell
fate decision (9), the circadian clock (10), neuronal differentiation, and
immunity (11). Emerging evidence suggests that in addition to normal
physiologic events, m6A proteins may be important in pathologic
conditions, including cancer. For example, METTL3 promotes growth
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of acute myeloid leukemia and osteosarcoma (12–14). In addition,
ALKBH5 supports the breast cancer stem cell phenotype (15) and
maintain tumorigenicity of glioblastoma stem-like cells. The role of
ALKBH5 in osteosarcoma is not clear as one study suggested that
ALKBH5 may have a tumor suppressor function in osteosarcoma,
while another report showed an oncogenic function for ALKBH5 in
osteosarcoma (16, 17). A more thorough study is needed to clarify the
function andmechanismof action ofALKBH5 in cancer in general and
osteosarcoma in particular.

In this study, we show that the RNA demethylase ALKBH5 is
amplified in large cohorts of osteosarcoma and plays a critical role
in promoting osteosarcoma growth and progression. ALKBH5 med-
iates its protumorigenic function by inducing the stability of histone
deubiquitinase ubiquitin specific peptidase 22 (USP22) and ubiquitin
ligase RING finger protein 40 (RNF40) in a RNA methylation-
dependent manner. USP22 is a subunit of the SAGA transcriptional
coactivator complex that alters chromatin structure and induces
epigenetic changes by removing the monoubiquitin moiety from
histones H2A and H2B (18). RNF40 cooperates with the ubiquitin
ligase RNF20 and the E2 ubiquitin conjugative enzyme RAD6 to
monoubiquitinate H2B (19). USP22 is overexpressed in multiple
cancers including osteosarcoma and its expression is associated with
tumor aggressiveness and poor prognosis (20). USP22 may have a
causal role in tumor progression by activating the transcription and/or
protein stability of transcription factors and cell cycle–associated
genes, including c-myc, cyclin B1 (21), and cyclin D1 (22). In addition,
recent studies have demonstrated that USP22 promotes resistance to
chemotherapy by promoting DNA strand break repair (23). Similar to
USP22, RNF40 has a tumor-promoting role inmany cancers including
breast, prostate, and hepatocellular carcinoma. Yet in some cancers, it
is reported to act as a tumor suppressor (24–26).

We show that ALKBH5 supports osteosarcoma growth by promot-
ing cell-cycle progression, replication, and DNA damage repair. In
particular, our results reveal that silencing of ALKBH5 increases m6A
levels and consequently destabilizes USP22 and RNF40, resulting in
reduced expression of several genes associated with cell cycle, repli-
cation and DNA damage repair in osteosarcoma cells. Our further
analysis revealed that increased activity/amplification of ALKBH5
leads to induction of USP22/RNF40-dependent protumorigenic event
in osteosarcoma.

Our study, for the first time, shows that m6A RNAmethylation is a
critical regulator of histone ubiquitination events in cancers in general
and osteosarcoma in particular. Notably, we show that RNF40 inhibits
H2A ubiquitination by binding and affecting the stability of damaged
DNAbinding protein 1 (DDB1)–CUL4Aubiquitin ligase complex that
targets H2A monoubiquitination at the site of DNA damage.

Materials and Methods
Cell culture

The human cancer cell lines 143B, U2OS, and Saos2, and the control
cell line human fetal osteoblasts (hFOB) were all purchased from the
ATCC and cultured in standard growth medium according to their
guidelines. IMR-90 cells (lung fibroblasts) were kindly provided by
Dr. GregoryAune’s laboratory. The osteosarcoma cell lineOS-17 came
from a patient-derived xenograft of osteosarcoma and was a gift from
Dr. Peter Houghton’s laboratory. OS-17 cells were grown in RPMI
supplemented with 10% FBS and 1% penicillin/streptomycin. All cell
lines except hFOB were maintained in a humidified incubator at 37�C
and 5%CO2. hFOB cells were grown at 34�C in a humidified incubator
with 5% CO2.

Migration and colony formation assays
Osteosarcoma cells were transfected with either scrambled siRNA

or ALKBH5 siRNAs (Sigma-Aldrich) for 48 hours. Transfection was
carried out using the RNAiMAX Reagent (Thermo Fisher Scientific)
according to the manufacturer’s protocol. Cells were then harvested
and subjected to long-term clonogenic and migration assays (27). For
migration assays, 24-well transwell plates (8-mm pore size, Corning)
were used. For rescue experiments, 143B cells (1.1 � 105) or U2OS
(1.8� 105) cells were seeded in 6-well plates. Cells were cotransfected
with control, USP22-, or RNF40-overexpressing plasmid along with
either scrambled siRNA or ALKBH5 siRNAs using Lipofectamine
2000 (Thermo Fisher) according to the manufacturer’s protocol. After
48 hours, cells were subjected to clonogenic assays as described above.
Plasmids were purchased from GenScript (RNF40-pcDNA3.1-C-(k)
DYK ORF clone OHu08721D and USP22_OHu25420D).

Cell viability and proliferation assays
Osteosarcoma cells were seeded in 96-well plates at 2.5� 103 cells per

well and transfectedwith scrambled orALKBH5/USP22/RNF40 siRNA
using RNAiMAX Reagent (Thermo Fisher) according to the manu-
facturer’s protocol. Cell viability was assessed using CellTiter-Glo
(Promega) or AlamarBlue (Thermo Fisher). Cell proliferation was
assessed using IncuCyte proliferation assays for live-cell analysis.

Cell-cycle analysis and apoptosis assays
Osteosarcoma cells were seeded in 6-well plates and transfectedwith

either scrambled siRNA or ALKBH5 siRNAs (Sigma-Aldrich). After
48 hours, cells were stained with propidium iodide and Annexin V–
fluorescein isothiocyanate (FITC) to analyze apoptosis. For cell-cycle
analyses, cells were first fixed using 70% ethanol for 24 hours followed
by propidium iodide staining. Cells were analyzed in FACSCanto II or
LSR II cytometers and data were analyzed using FlowJo software
(version 10.2).

Stable cells
Lentiviral vector-expressing nontargeting pLKO.1 control shRNA

and shRNA targeting ALKBH5 (28) were a gift fromDr. SuyunHuang
(MD Anderson Cancer Center, Houston, TX). For lentiviral produc-
tion, 293T cells were transfected with lentiviral vectors along with the
packaging vectors psPAX2 and pMD2G (Addgene). For stable cell line
generation, osteosarcoma cells were transduced with viral particles
with 8 mg/mL polybrene (Sigma-Aldrich). After 48 hours, 1 mg/mL
puromycin was added for selection of stable cells over four days.

Animal and tumor xenograft studies
All animal experimental procedures were approved by the Institu-

tional Animal Care and Use Committee at the University of Texas
Health San Antonio (San Antonio, TX). For tumor xenograft studies,
143B cells stably expressing scrambled shRNA or ALKBH5 shRNA
(1 � 106) were injected subcutaneously into the flanks of 4-week-old
athymic nude mice (n ¼ 8/group; purchased from Envigo, Inc.). For
orthotopic xenograft and experimental metastasis models, 143B cells
stably expressing GFP-luc and scrambled shRNA or ALKBH5 shRNA
(1 � 106) were injected into tibia or via tail vein, respectively, of
4-week-old athymic nude mice. Equal numbers of male and female
micewere used. Tumor volumes and bodyweight weremeasured twice
a week. Tumor volumes for subcutaneous injection model were
measured using caliper and for intratibial and experimental metastasis
models using Xenogen in vivo imaging system. At the end time point,
mice were euthanized, and the tumors isolated and processed for
molecular studies. Tumor volume was calculated using the formula
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Figure 1.

RNA demethylase ALKBH5 is amplified in osteosarcoma and promotes growth and progression of osteosarcoma. A, Pan-cancer analysis using pediatric preclinical
testing consortium dataset showing expression of ALKBH5 gene in patient-derived xenografts. The data was generated using PCAT (35). B, Comparative genomic
hybridization and RNA-seq data from TARGET database showing amplification of the ALKBH5 gene and strong correlations between ALKBH5 expression and copy
number changes in osteosarcoma samples. C–F, Percent of cell viability (measured by CellTiter-Glo luminescent or Alamar Blue cell viability assays) in scrambled
siRNA (Scr), ALKBH5 siRNA-1 (siA5–1), or ALKBH5 siRNA-2 (siA5–2)–transfected 143B (C), U2OS (D), Saos2 (E), and hFOB cells (F). G–I, Clonogenic assays of 143B
(G), U2OS (H), and Saos2 (I) cells transfected with scrambled siRNA or ALKBH5 siRNA (ALKBH5 KD). (Continued on the following page.)
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0.5236L1 (L2)
2, where L1 is the long axis and L2 is the short axis of the

tumor. For tumor xenograft studies using siRNA, 143B cells trans-
fected with scrambled or ALKBH5 siRNAs (1 � 106) were injected
subcutaneously into the flanks of 4-week-old athymic nude mice
(purchased from Envigo, Inc.). Tumor volume was calculated as
described above.

RNA and protein
Total RNA extracted from osteosarcoma cell lines were subjected

to qRT-PCR. Protein samples for Western blot were prepared from
total cell lysate. Cancer cell lines were transfected with scrambled
siRNA or ALKBH5 siRNA (Sigma-Aldrich) for 48 or 72 hours
before they were subjected to qRT-PCR or Western blot analysis,
as described previously (42). Chromatin immunoprecipitation
(ChIP)-qPCR was done using an EZ-Magna ChIP A/G Chromatin
Immunoprecipitation Kit according to the manufacturer’s instruc-
tions. Primers used in this study are listed in Supplementary
Table S4. Antibodies against ALKBH5 (#HPA007196) and b-actin
(#A3854) were purchased from Sigma-Aldrich. Antibodies against
USP22 (#ab195289, 1:1,000) were purchased from Abcam Inc.
Antibodies against P27/KIP1 (#2552), Ubiquityl-Histone H2A
(Lys119) (D27C4) (#8240), Histone H2B (D2H6) (#12364), Ubi-
quityl-Histone H2B (Lys120) (#5546), WEE1 (#4936S), CDK2
(#2546), RNF40 (#12187S), and Cyclin B1 (#4135) were purchased
from Cell Signaling Technology. Antibodies against MCM2 (#sc-
56322), MCM4 (#sc-48407), and CDC25A (#sc-7389) were
purchased from Santa Cruz Biotechnology. Actinomycin D (catalog
no. A1410) was purchased from Sigma-Aldrich.

RNA sequencing
For whole-genome transcriptome profiling, four libraries were

generated from total RNA from scrambled siRNA– and ALKBH5
siRNA–transfected 143B cells, using a TruSeq Stranded mRNA
Library Preparation kit according to the manufacturer’s protocol
(Illumina Inc.). Samples were sequenced on the Illumina HiSeq
2000 platform (Illumina Inc.) using the 50 base-pair single-read (50SR)
sequencing module. Sequence reads were mapped to the University of
California, Santa Cruz (UCSC) genome build hg19 using TopHat2
aligner (v2.0.6) with default parameters for stranded RNA. Gene
expression was measured by HTSeq, and differential analyses were
performed using DESeq. Upregulated and downregulated genes were
determined by the following criteria: (i) absolute log2 fold change
>1 (29), average RPKM (reads per kilobase per million mapped reads)
>1, and (iii) multiple test adjusted (Benjamini–Hochberg) P value
<0.05. The differentially expressed genes are provided in Supplemen-
tary Tables S1 and S5. Using the differential expression fold change, we
also performed Gene Set Enrichment Analysis (GSEA), using the
stand-alone package from the Broad Institute (v4.0.3). We preselected
123 pathways/gene sets from mSigDB (v7.1) that included various
terms related to DNA repair, DNA duplication, E2F, PRC1/2, and
histone ubiquitination. Raw data have been deposited in Gene Expres-
sion Omnibus (GSE154530). Raw data for U2OS RNA-seq has been
submitted to GEO.

For methyl RNA immunoprecipitation sequencing (Me-RIP-seq)
analyses, total RNA was isolated from scrambled and ALKBH5-

siRNA–transfected 143B cells using TRIzol (Thermo 15596018)
followed by mRNA isolation using a Dynabeast Direct Kit (Life Tech
61012). Two micrograms of polyadenylated mRNA was diluted to
100 mL in water and fragmented to 100 to 200 nucleotides using
Bioruptor (Diagenode). Five microliters of RNA was used for input
preparation. Two micrograms of fragmented mRNA was used for
immunoprecipitation (18) using rabbit anti-m6A antibody (Synaptic
Systems #202003) in immunoprecipitation (IP) buffer (10 mmol/L
Tris pH 7.4, 150 mmol/L NaCl, 0.1% NP-40) for 2 hours at 4�C. After
incubation, samples were added to Protein A beads and incubated for
2 more hours at 4�Cwith rotation. After washing, samples were eluted
using elution buffer containing m6A nucleoside and elute was con-
centrated using a Zymo RCC-5 column. The resultant final product
was used for RNA-sequencing (RNA-seq). 0.1 mg of fragmented
mRNAwas used as input control for RNA sequencing. Two additional
m6A antibodies used were MABE1006 (Millipore Sigma) and ABE572
(Millipore Sigma).

Me-RIP-seq and data preprocessing
Precipitated RNA was resuspended in H2O and used for library

generation with the TruSeq stranded Total RNA Library Prep kit
(Illumina). Equal amounts of barcoded samples were pooled together
and submitted for cluster generation on an Illumina cBot Cluster
Station and then sequencing on an Illumina HiSeq 3000 system using
the 50SR sequencingmodule, according to themanufacturer’s instruc-
tions. Similar to RNA-seq, the obtained sequence reads were first
mapped to the UCSC human genome build hg19 using the TopHat2
aligner (v2.0.6). Total reads and mapped reads are listed in Supple-
mentary Table S5. We further processed alignment data (BAMs) to
convert to TDF format for visualization using SAMTools. For any pairs
of samples (meRIP vs. Input), we applied MeTPeak program (30) to
identify m6A enrichment sites, and used Guitar tools (31) to generate
peak distributions, and using MEME-ChIP program for m6A motif
enrichment analysis.

Global and differential m6A methylation determination from
me-RIP-seq

Differential m6A methylation analyses fromMe-RIP-seq data were
carried out using methods similar to those in our earlier publica-
tions (32). Specifically, we used an improved version of our earlier
software package, exomePeak (33), with the MeTDiff (30) for meth-
ylation peak calling and differential peak identification. MeTDiff
modeled the reads variation in the meRIP data using an effective
likelihood ratio test to evaluate differential methylation significance,
with better robustness and higher sensitivity and specificity. The
program generates methylation fold change of the percentages of
methylated fragments for a specific mRNA locus, where a positive
value indicates high (hyper-)m6Amethylation in the treated condition
compared with the untreated condition, whereas a negative value
indicates lower (hypo-) methylation, along with their statistical sig-
nificance (P values) and multiple-test adjusted P values. Significant
differential peaks were selected with adjusted P value < 0.05 (Supple-
mentary Table S2). The output ofMeTDiff was then fed into theGuitar
software (31), which plots the distribution of the differential m6A sites
in transcripts.

(Continued.) J–L,Bar graphs showingmean number of crystal violet–stained colonies counted from Fig. 1G–I.M,Photographs showing representative tumor growth
in nudemice injected with 1� 106 143B cells stably expressing shControl (n¼ 7) or shALKBH5 (n¼ 7).N, Photographs showing representative tumor growth in mice
intratibially implanted with 143B cells stably transfected with control (shControl; n ¼ 5) or ALKBH5 shRNA (shALKBH5; n ¼ 5). O, Photographs showing
representative metastatic lesion in mice intravenously injected with 143B cells stably transfected with control (shControl; n ¼ 5) or ALKBH5 shRNA (shALKBH5;
n¼ 5). Data shown inC–F and J–L aremeans� SEM (n ≥3 independent experiments). For C–F, P values were calculated using one-wayANOVA followed by Dunnett
multiple comparison test. �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.

RNA Demethylase Regulates Histone Ubiquitination in Cancers

AACRJournals.org Cancer Res; 82(10) May 15, 2022 1875

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/10/1872/3128314/1872.pdf by guest on 19 M

ay 2023



A
TAGLN

RGS4

NLRC5
VGF

LCP1SPOCD1

GLIPR1
EFNB2

NPPB
APLN

MYL9 NIPAL4

IGFBP5

USP22
ALKBH5

RCC1
NGFRAP1

CALM3
TIMELESS

ERLIN1
WDR76

MTFR1

0

10

20

30

40

50

−3 0 3 6

Log2 FC (ALKBH5KD/Scrambled)

−
lo

g
1

0
 (P

 v
a

l)

B

 
 
 

 
 
 
 

 
 

G1–S transition of mitotic cell cycle
Mitotic cell cycle

GO Biological process

DNA-dependent DNA replication
Cell-cycle process

Mitotic cell-cycle process

Mitotic cell-cycle phase transition

Cell-cycle phase transition

DNA repair

Macromolecule metabolic process

Metabolic process

Regulation of cell-cycle process

Cell-cycle

DNA replication

Cellular response to DNA damage

DNA metabolic process

P value (−log10)
0 5 10 15

D
E

F

R
e

la
ti

v
e

 m
R

N
A

 e
xp

re
ss

io
n

143B OS-17

G0–G1
G2

S

hFOB

100 100 100

505050

0 0 0

%
 C

e
lls

Scr siALKBH5 Scr siALKBH5 Scr siALKBH5

S
cr

S
cr

si
A

LK
B

H
5

-1

si
A

LK
B

H
5

-2

MCM2

CDC6

CCNB1

WEE1

β-Actin

0 50K 100K 150K 200K

0

-10
3

103

10
4

10
5

DNA Content (PI)

-10
3

0

103

10
4

E
d

U

0 50K 100K 150K 200K ****

40

30

20

10

0

E
d

U
 p

o
si

ti
v

e
 c

e
lls

 (
%

)

Scr siALKBH5

CDK2

β-Actin

10
5

Scrambled siALKBH5

1.5

1.0

0.5

0.0

E2F1

M
CM

2

CDC7

CDT1

CDK1

RRM
1

PCNA
PO

LE

CDC25A

CCNB1
PLK1

BRCA1

RAD51
BLM

FEN1

M
SH6

APEX1

TIM
ELESS

CLSPN

Scrambled

siALKBH5

** ****
*

****
****

*

****

*** ***
****

****

**
* ****

*
****

**
** ****

C

Figure 2.

ALKBH5 promotes cell-cycle progression by regulating cell cycle and DNA replication–associated gene expression. A, Volcano plot showing gene expression
changes in 143B cells transfected with scrambled siRNA or siALKBH5 (KD) for 48 hours. Cut-off criteria for differentially expressed genes include absolute log2-fold
change >1 and P value <0.05 (red, differentially increased; blue, decreased genes). B, Results of gene ontology (GO) analysis showing highly enriched biological
processes in ALKBH5 KD 143B cells (reduced genes). C, Results of qRT-PCR analysis of target gene expression in 143B cells transfected with scrambled or ALKBH5
siRNA-1 (siALKBH5). (Continued on the following page.)
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RNA methylation quantification
m6A RNA methylation was detected using dot blot assays as

previously described (34). Briefly, 500 ng of total RNA isolated from
scrambled or ALKBH5 siRNA cells was blotted on an Amersham
Hybond-Nþmembrane (GE Healthcare, catalog number: RPN203B)
and crosslinked using Stratalinker 2400UVCrosslinker (Stratalinker).
The membrane was blocked using non-fat milk and incubated with
anti-m6A antibody (ABE572, Millipore Sigma) overnight followed by
incubation with anti-rabbit IgG-HRP (Santa Cruz Biotechnology,
catalog number: sc-2004) secondary antibody for 1 hour at room
temperature. Amersham Hyperfilm ECL (GE Healthcare, catalog
number: 28906835) film was used for data acquisition.

RIP
ALKBH5 RIP was carried out using a Magna RIP RNA-Binding

Protein Immunoprecipitation Kit (Sigma, 17–700) according to the
manufacturer’s protocol. 3.5 mg of anti-ALKBH5 antibody (Sigma,
HPA007196) was used for each reaction, with the same amount of IgG
used as a control.

Homologous recombination and nonhomologous end joining
assays

I-SceI–based DNA repair assays were performed using U2OS cells
with stably integrated DR-GFP(HR) or EJ5-GFP constructs obtained
from Drs. Maria Jasin and Jeremy Stark. Cells were seeded in 12-well
plates in antibiotic-free media and transfected with siRNAs using
RNAiMAX Reagent (Thermo Fisher). After 24 hours, cells were
transfected with I-SceI expression vector or empty vector as controls.
Cells were harvested after 72 hours and GFP-positive cells were
evaluated by flow cytometry on a BD FACSCANTO II flow cytometer.
Data were analyzed using FlowJo software (version 10.2).

DNA synthesis assays
DNA synthesis assays were carried out using a Click-iT EdU Alexa

Fluor 647 Flow Cytometry Assay Kit according to the manufacturer’s
protocol. Briefly, cells were labeled with nucleoside analogue EdU (5-
ethynyl-2�-deoxyuridine) at 10 mmol/L final concentration. Cells were
fixed, permeabilized, and a Click-iT Reaction was carried out to detect
incorporated EdU using flow cytometry. For bromodeoxyuridine
(BrdU) incorporation, cells were incubated with 10 mmol/L BrdU for
30 minutes to pulse-label the cells. Cells were washed, harvested, and
fixed with ice-cold ethanol. Cells were washed and incubated with 2N
HCl/ 0.5% Triton X-100 for denaturation and neutralized with 0.1
mol/L sodiumborate (Na2B4O7, pH8.5). Samples were incubatedwith
anti-BrdU (Becton Dickinson) antibody for 30 minutes at room
temperature. After washing, cells were incubated with Alexa 488–
labeled goat anti-mouse antibody. Cells were washed and resuspended
in PBS containing 5 mg/mL propidium iodide for labeling DNA.
Samples were analyzed by flow cytometry.

Immunofluorescence and IHC
Immunofluorescence assays were done in osteosarcoma cells fixed

with 4% paraformaldehyde as described previously (27). IHC was

carried out by the UTHSA Histology & Immunohistochemistry Core
Laboratory using an anti-ALKBH5 (Sigma, HPA007196) antibody on
tissue microarray cores from US Biomax, Inc. (osteosarcoma tissue
array-OS804c and bone tissue- BO244f).

Statistical analyses
GraphPad software was used for statistical analysis. All values and

error bars in graphs represent means � SEM, unless noted otherwise.
Respective n values are indicated in the figure legends. P values were
determined by two-tailed Student t tests and ANOVA as required for
appropriate statistical testing.

Data availability statement
All data supporting the conclusion in this article are present in the

paper and/or the Supplementary Materials. Some data generated in
this study are publicly available inGene ExpressionOmnibus (GEO) at
GSE154530. Additional data related to this article may be requested
from the corresponding author.

Results
ALKBH5 is amplified and highly expressed in osteosarcoma and
promotes its growth and progression

To begin to understand the role of m6A regulators in cancers, we
analyzed the expression of m6A writers and erasers in patient-derived
xenografts (PDX) from different pediatric and adult cancers using
PDX for childhood cancer therapeutics database (PCAT; ref. 35). Of all
the m6A regulators, ALKBH5 showed the highest expression in
osteosarcoma compared with other cancer types (Fig. 1A; Supple-
mentary Fig. S1A–S1C). IHC analysis on tissue microarrays also
showed markedly higher expression of ALKBH5 in 40 osteosarcoma
samples compared with 11 normal bone samples (Supplementary
Fig. S1D). In accordance with those results, comparative genomic
hybridization and RNA-sequencing analysis of 97 primary osteosar-
coma samples revealed that in comparison to METTL3, METTL14, or
FTO, ALKBH5 is highly amplified in osteosarcoma (>26%–40%), and
its expression is highly correlated with copy-number changes (Fig. 1B;
Supplementary Fig. S1E). Next, we determined whether there is a
negative correlation between levels ofm6A and expression of ALKBH5
in osteosarcoma. Colorimetric analysis showed that m6A level is lower
in osteosarcoma cell lines compared with the normal fetal osteoblast
(hFOB) and fibroblast (IMR90) cells, while expression of ALKBH5 is
comparatively higher in osteosarcoma cell lines compared with hFOB
and IMR90 as revealed by Western blot analysis (Supplementary
Fig. S1F and S1G).

To examine the functional significance of ALKBH5 overexpression,
we silenced its expression inmultiple osteosarcoma cell lines using two
different small interfering RNAs (siRNA). ALKBH5 was significantly
decreased at the RNA and protein levels compared with scrambled
siRNA (Supplementary Fig. S2A–S2C). ALKBH5 knockdown resulted
in significantly increased levels of overall m6A levels, whereas
ALKBH5 overexpression decreased m6A levels in osteosarcoma cells
(Supplementary Fig. S2D). Next, we assessed the effect of ALKBH5

(Continued.) D,Western blots of target genes in scrambled and two different siRNAs against ALKBH5 (siALKBH5–1 and siALKBH5–2)-transfected 143B cells using
antibodies against the indicated proteins. b-Actin was used as the loading control. Gel photograph is representative of at least three independent experiments. The
Western blots showingMCM2, CDC6, CCNB1,WEE1, and b-actinwere run on one gel (after stripping), while CDK2 and b-actinwere run on a separate gel. E,Cell-cycle
distribution of 143B, OS-17, or hFOB cells transfected with scrambled or ALKBH5 siRNA. Propidium Iodide was used to stain for DNA content and flow cytometry
analysiswas done to identify cell population in different phases of cell cycle using FlowJo software. F,Bivariate cell-cycle analysis of EdU immunofluorescence versus
DNA content of U2OS cells pulse labeled with EdU. Bar graph shows quantification of EdUþ cells in scrambled and ALKBH5 siRNA–transfected U2OS cells. P values
calculated using standard Student t tests. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001. Bar graphs represent means�SEM for at least three independent
experiments.
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Figure 3.

ALKBH5 regulates DNA damage repair events in cancer cells. A, Representative dot plots showing gH2AX-positive cells in scrambled siRNA or ALKBH5 siRNA–
transfected U2OS cells. U2OS cells were transfectedwith scrambled siRNA or ALKBH5 siRNA for 72 hours before flow cytometry analyses. Bar graph showsmeans�
SEM (n ¼ 3). B, Western blots of scrambled and ALKBH5 siRNA–transfected U2OS cells using antibodies against the indicated proteins. b-Actin was used as the
loading control. C, Percent of Annexin V-FITC–positive U2OS cells transfected with scrambled or ALKBH5 siRNA. D, Results of flow cytometry showing gH2AX-
positive cells in scrambled siRNA and ALKBH5 siRNA–transfected 143B osteosarcoma cells. Cells were treated with no ionizing radiation (IR) or 10Gy IR. After
24 hours, cells were stained for gH2AX to estimate unrepaired double-strand breaks. E, Bar graphs show quantification of gH2AX-positive cells shown in D. P values
for A, C, and E were calculated using standard Student t tests. Bar graph represents means � SEM (n ¼ 3). F, GSEA showing enrichment of DNA damage repair
pathway in ALKBH5 KD cells compared with scrambled siRNA–transfected 143B cells. (Continued on the following page.)
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depletion on osteosarcoma cells. Silencing of ALKBH5 resulted in
reduced proliferation, short-term viability, and clonogenic growth of
osteosarcoma cells (143B, U2OS, and Saos2; Fig. 1C–E, G–L; Sup-
plementary Fig. S2E–S2G). ALKBH5 silencing also significantly
diminished the migratory ability of osteosarcoma cells, as assessed
by transwell migration assays (Supplementary Fig. S2H and S2I).
Similar to ALKBH5 silencing using siRNAs, stable knockdown of
ALKBH5 using shRNA significantly reduced the levels of ALKBH5
and consequently decreased short- and long-term cell viability and
migration of osteosarcoma cells (Supplementary Fig. S3A–S3G). Next,
we determined whether demethylase activity of ALKBH5 is essential
for its protumorigenic activity in osteosarcoma. ALKBH5 overexpres-
sion rescued, while ALKBH5 catalytic mutant could not rescue the
effect of ALKBH5 silencing on clonogenicity and migration of oste-
osarcoma cells (Supplementary Fig. S4A and S4B). To determine the
specificity of ALKBH5 silencing, we examined the levels of related
mammalian AlkB homologs. ALKBH5 silencing did not significantly
affect the level of ALKBH3, neither did stable depletion ofALKBH5 led
to compensatory upregulation of another m6A demethylase FTO
(Supplementary Fig. S4C and S4D).

To confirm our in vitro results, we performed multiple tumor
xenograft studies. Stable silencing of ALKBH5 led to significantly
reduced osteosarcoma growth in a mouse tumor xenograft model
(Fig. 1M; Supplementary Fig. S4E and S4F). Next, we used a second
tumor xenograft model using a siRNA against ALKBH5 that targets a
region different than shRNA used for the stable knockdown of
ALKBH5. Similar to stable knockdown model, ALKBH5 siRNA
transfectant showed significantly smaller tumor compared with
scrambled transfectant (Supplementary Fig. S4G and S4H). To further
validate these results, we used an intratibial orthotopic xenograft
model. Intratibial transplantation of 143B cells stably expressing
ALKBH5 shRNA resulted in markedly smaller tumor compared with
scrambled control (Fig. 1N; Supplementary Fig. S4I). To investigate
whether ALKBH5 may also promote tumor metastasis, we used the
experimental lung metastasis model, which recapitulates extravasa-
tion, seeding, and growth of metastatic process. Scrambled and
ALKBH5 shRNA stably transfected 143B-GFP-luc cells were injected
via tail vein. ALKBH5 shRNA transfectant tumors had no or very small
lung lesions, while scrambled transfectant had macrometastasis in the
lungs (Fig. 1O). Next, we determined whether ALKBH5 knockdown
affected normal cells. ALKBH5 knockdown using two different siR-
NAs resulted in significantly reduced ALKBH5 levels in both hFOB
and IMR-90 (Supplementary Figs. S2C and S4J) and had no effect on
growth and viability of hFOB and IMR-90 fibroblasts (Fig. 1F; Sup-
plementary Fig. S4K). This result is consistent with the observation
that ALKBH5 knockout mice were viable and anatomically normal
except for impaired fertility (6). Taken together, these results suggest
that ALKBH5may be an important promoter of osteosarcoma growth
and metastasis but is dispensable for normal cell proliferation.

ALKBH5 regulates expression of DNA replication, cell-cycle,
and DNA damage repair genes

To understand how ALKBH5 may promote osteosarcoma growth
and progression, we performed RNA sequencing (RNA-seq) analysis

on ALKBH5 silenced 143B and U2OS cells (Fig. 2A; Supplementary
Table S1; Supplementary Fig. S5A). Gene ontology and pathway
analyses of differentially expressed genes revealed that cell-cycle, DNA
replication, and DNA damage repair were among the highly enriched
biological processes downregulated in ALKBH5 KD cells (Fig. 2B;
Supplementary Fig. S5B–S5D). Consistent with the RNA-seq results,
DNA replication–associated genes (CDC45, MCM2, RRM1, CDC7,
and PCNA); cell-cycle progression genes (E2F1 and cyclin-dependent
kinases); andDNA repair genes (RAD51 andBRCA1) had significantly
reduced expression in ALKBH5 knockdown 143B and U2OS osteo-
sarcoma cells compared with scrambled siRNA–transfected cells
(Fig. 2C and D; Supplementary Fig. S5E and S5F).

The decreased expression of cell cycle–associated genes in ALKBH5
KD osteosarcoma cells prompted us to ask whether ALKBH5 may
promote cell-cycle progression to support tumor growth. ALKBH5
depletion led toG0–G1 arrest in 143B andOS-17 and S–G2 phase arrest
cells in U2OS cells (Fig. 2E; Supplementary Fig. S5G). Although we do
not completely understand the reason for S–G2 arrest in U2OS cells,
presence of wild-type retinoblastoma protein (Rb) in U2OS cells may
be one of the reasons. Supporting that, DNA-damaging agents are
shown to inhibit S-phase progression in Rbþ/þ but not in Rb�/�

cells (36). It is possible that ALKBH5 knockdown–induced DNA
damage leads to S-phase arrest inU2OS cells. Nevertheless, supporting
the induction of cell-cycle arrest after ALKBH5 KD, expression of the
cyclin-dependent kinases inhibitor protein p27Kip1 and Wee1
increased (Fig. 2D; Supplementary Fig. S5F and S5H), whereas
expression of the cell cycle–promoting genes was decreased in both
143B andU2OS cells (Fig 2C andD; Supplementary Fig. S5E, S5F, and
S5H). However, ALKBH5 KD had no effect on cell-cycle progression
in control hFOB cells (Fig 2E).

When we assessed whether ALKBH5 promotes DNA replication by
measuring thymidine analogue 5-ethynyl-20-deoxyuridine (32) incor-
poration, we found fewer EdU-positive cells in ALKBH5-silenced
osteosarcoma cells compared with scrambled siRNA–transfected cells
(Supplementary Fig. S6A). Further supporting this finding, pulse
labeling with EdU or BrdU revealed significantly fewer replicating
cells that incorporated thymidine analogues in ALKBH5-silenced
osteosarcoma cells compared with scrambled siRNA–transfected
U2OS cells (Fig. 2F; Supplementary Fig. S6B). This change was not
due to decreased numbers of cells in S-phase, because ALKBH5 KD in
U2OS cells increased the proportion of S-phase cells (Supplementary
Fig. S5G).

ALKBH5 depletion induces replication stress and impairs DNA
damage repair

As ALKBH5 KD induced cell-cycle arrest and reduced the expres-
sion of DNA replication machinery, we wondered whether ALKBH5
depletion induces replication stress and consequently increases DNA
damage. To address that, we performed DNA fiber analysis, which
measures DNA replication at a single molecule resolution. We pulse-
labeled scrambled and ALKBH5 siRNA–treated osteosarcoma cells
sequentially with IdU and CldU and incubated them with IdU and
CldU primary antibodies. Immunofluorescence analyses showed
shorter DNA fiber lengths, reflecting slowed overall fork progression

(Continued.) G, Results of DR-GFP reporter assay showing DSB-induced HR repair. U2OS-DR-GFP cells were transfected with scrambled siRNA or ALKBH5 siRNAs
followedby transfectionwith a pCAGGSvector expressing I-SceI endonucleaseor empty vector as control. I-SceI endonuclease expression inducesDSB if repairedby
HR results in GFPþ cells as determined by flow cytometry analysis. H, EJ5-GFP reporter assay showing total NHEJ. EJ5-GFP U2OS cells were transfected with
scrambled siRNAor ALKBH5 siRNAs followed by transfectionwith a pCAGGS vector expressing I-SceI endonuclease or empty vector as control. I-SceI endonuclease
induced DSB if repaired by NHEJ results in GFPþ cells as determined by flow cytometry. ForG andH, bar graphs showmeans� SEM (n¼ 3). P valueswere calculated
using one-way ANOVA followed by Dunnett multiple comparisons test. �, P < 0.05 �� , P < 0.01; ���� , P < 0.0001.
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Figure 4.

m6A methylation analyses of control and ALKBH5-silenced OS cells. A, Number of peaks identified in scrambled siRNA (SCR) and ALKBH5 siRNA (ALKBH5 KD)–
transfected 143B cells using me-RIP-seq. Common m6A-containing genes share at least one common peak, while unique m6A-containing genes share no peak
between scrambled siRNAandALKBH5KDOS cells.B,Proportion of total (top) and unique (bottom)m6Apeaks in different regions of genes in scrambled siRNA and
ALKBH5 siRNA (ALKBH5 KD)–transfected 143B cells. C, Distribution analysis of genes with significant changes in both m6A and expression levels in ALKBH5
knockdown 143B cells compared with scrambled siRNA–transfected cells. (Continued on the following page.)
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in ALKBH5 KD compared with scrambled siRNA–transfected cells
(Supplementary Fig. S6C).

Next, we asked whether induced replication stress causes DNA
damage in ALKBH5-silenced osteosarcoma cells. ALKBH5 KD
increased levels of the DNA damagemarker gH2AXwithout exposure
to any exogenous DNA-damaging agents (Fig. 3A). Replication stress
leads to CHK1 activation by ATR-dependent phosphorylation
(Ser345) and subsequent phosphorylation of multiple target proteins
that leads to cell-cycle arrest. Consistent with that finding, ALKBH5
silencing resulted in checkpoint activation, as revealed by increased
CHK1 phosphorylation (Ser345) and decreased expression of its
downstream target CDC25A (Fig. 3B; Supplementary Fig. S5H).
To address whether increased DNA damage and replication stress
resulted in apoptotic death, we performed Annexin V staining.
Flow cytometry analyses showed increased apoptotic death in
ALKBH5-silenced osteosarcoma cells compared with scrambled
siRNA–transfected osteosarcoma cells (Fig. 3C; Supplementary
Fig. S6D).

Because ALKBH5 silencing led to increased DNA damage and
apoptosis, we reasoned that ALKBH5 depletion may impair DNA
repair in osteosarcoma cells. We induced DNA damage in scrambled
siRNA and ALKBH5 siRNA–transfected osteosarcoma cells by expos-
ing them to ionizing radiation, and testing repair 24 hours later by
measuring twomarkers of DNA double-strand breaks (DSB), gH2AX,
and 53BP1 foci by flow cytometry and immunofluorescence, respec-
tively. ALKBH5-silenced osteosarcoma cells had higher levels of
gH2AX and increased numbers of 53BP1 foci (Fig. 3D and E; Sup-
plementary Fig. S6E). Similar to siRNA, stable ALKBH5 KD cells also
showed increased gH2AX foci when treated with or without ionizing
radiation (Supplementary Fig. S7A and S7B). Because ALKBH family
proteins are shown to be important regulators of alkylation-dependent
DNAdamage, we askedwhether DNAalkylating agentmay induce the
expression of ALKBH5. Indeed, 5-fluorouracil treatment induced the
expression of ALKBH5 in osteosarcoma cells (Supplementary
Fig. S7C). Next, we determined the effect of ALKBH5 silencing on
DNA damage response in normal cells. Similar to cell cycle, DNA
repair processes do not seem to be altered in normal cells as gH2AXdid
not show any significant difference between ALKBH5-silenced and
scrambled treated IMR90 or HEK293 cells (Supplementary Fig. S7D).
These results suggest that ALKBH5 plays a critical role in DNA
damage response and that damaged DNA may not be efficiently
repaired in ALKBH5-silenced osteosarcoma cells.

Subsequently, our GSEA of RNA-seq data showed significant
downregulation of DNA repair pathways, including DSB repair, in
ALKBH5-silenced osteosarcoma cells (Fig. 3F). Because DSBs are
primarily repaired by homologous recombination (HR) and non-
homologous end joining (NHEJ) repair mechanisms, we examined
the effects of ALKBH5 KD on these repair pathways by performing
I-SceI–based functional DNA repair assays. ALKBH5 depletion sig-
nificantly reduced both HR and NHEJ-mediated DNA repair efficien-
cy of U2OS cells (Fig. 3G and H). Overall, these results suggest that

ALKBH5 promotes osteosarcoma cell growth and proliferation by
supporting DNA replication, cell-cycle progression, andDNAdamage
repair.

Transcriptome-wide Me-RIP-seq identifies histone
deubiquitinating protein USP22 as a ALKBH5 target

We sought to identify target mRNAs demethylated by ALKBH5 by
performing me-RIP using a m6A antibody followed by deep sequenc-
ing (MeRIP-seq) in scrambled siRNA and ALKBH5 KD 143B oste-
osarcoma cells. Using our MeTDiff algorithm (30), we identified
12,760 and 9,927 common and 2,378 and 7,636 unique m6A peaks
in scrambled and ALKBH5-silenced cells, respectively (Fig. 4A). Most
m6A enriched peaks were located in coding sequences followed by
30UTR (Fig. 4B). Because ALKBH5 is an m6A eraser, we considered
genes with enriched m6A peaks (Hyper m6A) in ALKBH5-silenced
osteosarcoma cells to be potentially regulated by ALKBH5-mediated
m6A demethylation.

When we combined our RNA-seq results with me-RIP-seq data, we
identified 721 hypermethylated m6A peaks whose mRNA transcripts
were significantly downregulated (443, termed as hyper-down) or
upregulated (278, hyper-up) in ALKBH5 KD cells compared with
scrambled siRNA–treated cells (P < 0.005 and fold change ≥
2; Fig. 4C). Among the 721 hyper m6A peaks, 61.4% were associated
with downregulated mRNA expression in ALKBH5 KD cells, whereas
only 30.6% of hypo-m6A peaks were downregulated in ALKBH5-KD
cells (Fig. 4C; Supplementary Table S2). Notably, hypo-m6A peaks
were enriched in both 50UTR and 30UTR, while hyper-m6A peaks were
enriched mainly near the stop codon (Fig. 4D). These results indicate
that most of ALKBH5’s potential targets with increased m6A have
reduced expression in ALKBH5-depleted osteosarcoma cells.

We next focused on cell cycle- and DNA repair–associated genes,
because ALKBH5 silencing in osteosarcoma cells reduced expression
of those genes and consequently cell-cycle arrest and inhibition of
DNA repair. Surprisingly, many of those cell cycle- and DNA repair–
associated genes showed no significant differences inm6A levels/peaks
between ALKBH5-silenced and scrambled siRNA–transfected osteo-
sarcoma cells.

Interestingly, USP22, which can regulate cell-cycle progression and
DNA damage repair-associated gene expression by its deubiquitina-
tion activity (18, 23, 37), was the top hyper-m6A down gene in
ALKBH5-silenced osteosarcoma cells (Fig. 4C and E; hyper-m6A is
shown as differential peak fold change: FC ¼ total m6A value/expres-
sion of USP22 in ALKBH5 KD vs. scrambled siRNA). We further
confirmed USP22 as an ALKBH5 demethylation target by performing
me-RIP-seq using two additional m6A antibodies (Supplementary
Fig. S8A). Supporting that, amore quantitative me-RIP-qPCR analysis
on tumor tissues from ALKBH5 KD group and ALKBH5-silenced
osteosarcoma cells showed significantly increased m6A levels and
decreased expression of USP22 compared with scrambled group
(Supplementary Fig. S8B and S8C). Inspection of the 30UTR of USP22
revealed that enriched m6A peaks overlapped with m6A-binding

(Continued.) D,Distribution of hyper and hypom6A peaks in different regions of mRNA. E, USP22 shows significantly enriched m6A peaks (adj P < 0.05) in ALKBH5
siRNA or scrambled siRNA–transfected 143B cells. Top two tracks (blue) represent input and bottom two representme-RIP results for scrambled siRNA andALKBH5
siRNA–transfected 143B cells, respectively. Detected differential m6A peak sites and its fold-change values (differential peak track) were calculated by dividing total
m6A value by expression level of the target site for the specific gene using MeTDiff program. m6Amotif (shown asmotif GGA C/A A/G) distribution was determined
by subjecting me-RIP-seq data to MEME-ChIP (E value¼ 2.2 e-068). F,Western blots of target genes in scrambled siRNA and ALKBH5 siRNA–transfected 143B OS
cells using antibodies against the indicated proteins. b-Actin was used as loading control. G,Western blots of target genes in empty vector or ALKBH5 expression
plasmid–transfected 143B cells using antibodies against the indicated proteins.b-Actinwas used as the loading control.H,Western blots of target genes in scrambled
siRNA, ALKBH5 siRNA, METTL3 siRNA, or ALKBH5þMETTL3 siRNA–transfected 143B cells using antibodies against the indicated proteins. b-Actin was used as the
loading control. Gel photographs are representative of at least three independent experiments.
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motifs (RRACH; Fig. 4E). ALKBH5 silencing led to significantly
reduced expression ofUSP22 in 143B,U2OS, andOS-17 osteosarcoma
cell lines (Fig. 4F; Supplementary Fig. S8D–S8G). Conversely,
ALKBH5overexpression increasedUSP22 expression in osteosarcoma
cells (Fig. 4G; Supplementary Fig. S8H).

Previous studies showed that m6A-modified mRNA transcripts
exhibit reduced stability (9, 38, 39). Because ALKBH5 KD increased
m6A levels and significantly decreased USP22 mRNA steady-state
levels, we performedmRNA stability analyses in scrambled siRNA and
ALKBH5-silenced osteosarcoma cells. 143B and U2OS cells were
treated with actinomycin D (to inhibit de novo transcription) for
varying periods followed by qRT-PCR. ALKBH5 KD significantly
reduced USP22 mRNA stability compared with scrambled siRNA–
treated cells (Supplementary Fig. S8I–S8J).

To further examine m6A-dependent regulation of USP22, we
silenced m6A RNA methyltransferase METTL3 in ALKBH5 KD
143B cells and examined USP22 expression. Supporting the regu-
lation of USP22 by m6A modification, knockdown of the methyl-
transferase METTL3 increased USP22 expression in ALKBH5-
silenced 143B cells (Fig. 4H; Supplementary Fig. S9A). Taken
together, our data suggests that USP22 is highly sensitive to changes
in m6A levels and that ALKBH5 induces USP22 expression by
maintaining an undermethylated state as increased methylation
promotes accelerated decay of USP22 transcript in ALKBH5-
depleted cells.

ALKBH5 regulates H2A K119 monoubiquitination via USP22 and
RNF40

USP22 deubiquitinates both histones H2A (lysine 119) and H2B
(lysine 120; ref. 40). Because ALKBH5 KD reduced USP22 expression,
we wondered whether changes in ALKBH5 levels or activity affects
H2A and H2B monoubiquitylation levels. We focused on monoubi-
quitinated form as monoubiquitinated H2A(H2Aub) and H2B
(H2Bub) are the dominant form of ubiquitinated histones. Moreover,
monoubiquitinated H2A and H2B have well-established roles in
regulating transcription of target genes as H2Aub is predominantly
associated with transcriptional repression, while H2Bub is mostly
associated with transcriptionally active genes (41). On the other hand,
polyubiquitination of H2A is required for specific DNA repair events
or targets histones for proteasomal-mediated degradation (41). Our
results revealed that theH2Amonoubiquitination was increased at the
lysine 119 residue (H2Aub) in ALKBH5 KD osteosarcoma cells,
whereas ALKBH5 overexpression led to decreased H2Aub levels
(Fig. 4F and G; Supplementary Fig. S9B–S9F). Consistent with that,
H2Aub levels were significantly increased in ALKBH5 knockdown
tumors compared with control (Supplementary Fig. S9G and S9H).
There was no change in total H2A level observed (Supplementary
Fig. S9I). The H2Aub increase in ALKBH5-silenced cells was not
due to increased levels of writer proteins such as RING1/RNF2

(Supplementary Fig. S9J). We also tested the expression of USP3,
USP16, andUSP21 that are known to removeH2Aub (41). Our results
showed that expression of USP3, USP16 and USP21 did not show any
significant change in ALKBH5 KD cells compared with scrambled
siRNA–transfected osteosarcoma cells (Supplementary Fig. S9J).

To our surprise, we did not see consistent changes in H2B mono-
ubiquitination (H2Bub) or total H2B levels after ALKBH5 KD
or overexpression of ALKBH5 (Fig. 4F and G; Supplementary
Fig. S9K). This could be due to altered expression of the H2BK120
monoubiquitination writer proteins RNF20/RNF40. Our me-RIP-seq
data showed that RNF40 (but not RNF20) was hypermethylated
(Fig. 5A; hyper-m6A is shown as differential peak fold change:
FC ¼ total m6A value/expression level of the RNF40 in ALKBH5KD
vs. scrambled siRNA). These findings were further confirmed by me-
RIP-seq analysis using two additional m6A antibodies (Supplementary
Fig. S10A). Consistent with these results, qPCR and Western blot
analyses showed that ALKBH5 KD decreased RNF40 expression in
osteosarcoma cells (Fig. 5B; Supplementary Fig. S10B–S10D). Con-
versely, overexpression of ALKBH5 led to increased RNF40 expression
(Supplementary Fig. S10E). Furthermore, a more quantitative me-
RIP-qPCR analysis on ALKBH5-silenced osteosarcoma cells and
tumor tissues from ALKBH5 KD group showed increased m6A level
and decreased expression of RNF40 compared with scrambled group
(Supplementary Fig. S10F–S10H). Next, we asked whether like USP22,
ALKBH5 KD, and consequently increased m6A levels may affect
RNF40 stability. Indeed, ALKBH5KD significantly reduced theRNF40
mRNA stability compared with scrambled siRNA-treated cells (Sup-
plementary Fig. S10I).These results suggest that ALKBH5may interact
with RNF40 and USP22 transcripts to regulate m6A levels and
consequently their stability. Indeed, RNA IP results showed both
USP22 and RNF40 RNA bind to ALKBH5 (Fig. 5C).

Next, we performed rescue experiments to test whether like USP22,
changes in m6A levels may also be critical for RNF40 expression. Our
results revealed that though there is a trend of RNF40 rescue in
METTL3 knockdown, the magnitude of rescue is not significant
(Supplementary Fig. S10J). It is likely that presence of residual amount
of METTL3 in METTL3 KD samples may be sufficient to compensate
for any change in m6A levels following ALKBH5 knockdown. It is also
possible that the RNF40 transcripts may have different kinetics for
undergoing methylation–demethylation event.

To further understand how changes in m6A levels may regulate
USP22 and RNF40 expression, we sought to identify readers that either
stabilize or degradem6A-containing transcripts. TheYTHDF family of
proteins serves as readers of m6A by either stabilizing or degrading the
target transcripts. To identify whether one or more YTHDF proteins
may serve as a reader of a methylated USP22/RNF40 transcripts, we
silenced either YTHDF1, 2, or 3 and also performed rescue experi-
ments by silencing both YTHDF1/2/3 and ALKBH5. Only those
readers that when silenced significantly altered the levels of USP22

(Continued.) C, qRT- PCR results showing enrichment of ALKBH5 target genes USP22 and RNF40 in 143B cells after RNA immunoprecipitation using antibodies
against ALKBH5 or IgG. HPRT1 was the negative control.D,Western blots showing RNF40 and USP22 aswell as andmonoubiquitinated H2A (H2A ub) and H2B (H2B
ub) levels in scrambled, USP22-siRNA, or RNF40-siRNA–transfected 143B cells using antibodies against the indicated proteins. b-Actin was used as the loading
control. E, Immunoprecipitation assay with RNF40, CUL4A, or IgG antibody using 143B lysate. Immunoblotting is shown for RNF40 and CUL4A. F, Western blot
showing RNF40, CUL4A, andDDB1 levels in scrambled or RNF40-siRNA–transfected 143B cells. b-Actinwas used as a loading control. Gel picture is representative of
at least three independent experiments. G, qRT-PCR results in 143B cells transfected with scrambled siRNA or ALKBH5 siRNA subjected to ChIP using antibodies
against H2Aub K119. Bar graphs show histone mark enrichment near the promoter region of genes shown in the graph. Data displayed as percentages of input and
error bars represent� SEMof technical triplicates.H, FACS analysis showing GFP positive cells fromDR-GFP assay reflecting DSB-induced HR repair. U2OS-DR-GFP
cellswere transfectedwith scrambled siRNA, USP22-siRNA (siUSP22), or RNF40-siRNA (siRNF40), followed by transfectionwith a pCAGGS vector expressing I-SceI
endonuclease or empty vector as control. I, FACS showing GFP-positive cells from EJ5-GFP reporter assay reflecting total NHEJ. EJ5-GFP U2OS cells were
transfected with scrambled siRNA, USP22 siRNA (siUSP22), or RNF40 siRNA (siRNF40), followed by transfection with pCAGGS vector expressing I-SceI
endonuclease or empty vector as control. P values for H and I were calculated using one-way ANOVA followed by Dunnett multiple comparisons test. Bar graph
shows means � SEM (n ¼ 3). ���� , P < 0.0001.
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or RNF40 and/or rescued the effect of ALKBH5 silencing were
considered to be bona fide readers for USP22 or RNF40. Our results
revealed that YTHDF1 and YTHDF3 knockdown significantly
increased the level of USP22 and also rescued the effect of ALKBH5
silencing on USP22 expression, while YTHDF3 knockdown signifi-
cantly increased the level of RNF40 and also rescued the effect of
ALKBH5 silencing on RNF40 expression (Supplementary Fig. S11A
and S11B). Together, these results suggest that YTHDF1 and YTHDF3
bind and decide the fate of methylated USP22 and RNF40 mRNAs,
respectively.

Next, we addressed whether increased H2Aub levels are due to
reduced levels of USP22 in ALKBH5-silenced cells. USP22 silencing
led to increased H2Aub levels in osteosarcoma cells (Fig. 5D; Sup-
plementary Fig. S11C). Surprisingly, RNF40 silencing also resulted in
increased H2Aub levels in osteosarcoma cells along with expected
reduction in H2Bub levels (Fig. 5D; Supplementary Fig. S11C). This
was an unexpected finding as RNF40 serves as a writer for H2Bub. To
address how RNF40 may regulate H2Aub, we performed a meta-
analysis using the RNF40 protein interaction data set. We found that
RNF40 may interact with DDB1-CUL4A E3 ligase complex that
targets H2A monoubiquitination at the site of DNA damage (Sup-
plementary Fig. S11D; Supplementary Table S3; ref. 42). To validate
this observation, we performed coimmunoprecipitation using anti-
bodies against CUL4A/DDB1 and RNF40, and showed that indeed,
RNF40 interacts with DDB1–CUL4A complex (Fig. 5E; Supplemen-
tary Fig. S11E). This is a significant result as RNF40 interaction
with CUL4A has not been previously established. We hypothesized
that RNF40 may inhibit DDB1-CUL4A E3 ligase activity resulting in
inhibition of H2A monoubiquitination. To test that, we first asked
whether RNF40 may regulate DDB1 and/or CUL4A expression.
RNF40 knockdown did not have any appreciable effect on DDB1
levels (Fig. 5F; Supplementary Fig. S11F). However, surprisingly,
RNF40 knockdown led to significantly increased levels of CUL4A
(Fig. 5F; Supplementary Fig. S11F). These results suggested that
RNF40 may inhibit stability of DDB1-CUL4A E3 ligase complex
and consequently affects its activity. To test that, we performed
rescue experiment by knocking down DDB1 in RNF40-silenced
cells and determining the H2Aub levels. Silencing of DDB1 rescued
the effect of RNF40 silencing on H2A monoubiquitination
(Supplementary Fig. S11G). Furthermore, expectedly, RNF40 or
DDB1 knockdown resulted in decreased levels of H2Bub as DDB1-
CUL4A and RNF40 form an E3 ligase complex that is known to
promote H2B monoubiquitination (Supplementary Fig. S11G).
These results suggest a novel role for RNF40 in regulating histone
H2A monoubiquitination.

Regulation of DNA repair events by theALKBH5–USP22/RNF40
signaling axis

Histone H2A monoubiquitination is linked with gene silencing by
repressing transcription initiation or elongation (43, 44). Because

several cell-cycle and DNA repair genes were significantly down-
regulated in ALKBH5 KD cells with no change in their m6A status,
we reasoned that ALKBH5 may affect transcription of these genes by
regulating the promoter occupancy of H2A monoubiquitination. To
test this idea, we performed ChIP in scrambled and ALKBH5-silenced
osteosarcoma cells using antibodies against H2Aub and primers
spanning the promoter regions of cell cycle- and DNA repair-
associated genes. H2Aub enrichment on target gene promoters was
increased in ALKBH5 KD osteosarcoma cells compared with scram-
bled siRNA–transfected cells (Fig. 5G). To confirm the repressive state
of chromatin on target gene promoters, we performed ChIP using
antibody against RNA polymerase II and activating histone mark
H3K4me3. RNA Pol II and H3K4me3 enrichment was significantly
reduced on cell cycle and DNA repair gene promoters in ALKBH5-
silenced cells comparedwith scrambled-siRNA–transfected cells (Sup-
plementary Fig. S11H). Consistent with that, silencing of RNF40 or
USP22 silencing resulted in significantly reduced enrichment of
H3K4me3 and RNA pol II on target gene promoters (Supplementary
Fig. S11I). To further validate these findings, we performed rescue
experiments. USP22 or RNF40 overexpression rescued the effect of
ALKBH5 silencing on target gene expression (Supplementary
Fig. S12A), and H2Aub-K19 as well as H3K4me3 recruitment to the
target gene promoters (Supplementary Fig. S12B and S12C). These
results suggest that ALKBH5-USP22/RNF40 signaling may support
cell-cycle progression and DNA repair events by inhibiting mono-
ubiquitination of histone H2A and therefore inducing the expression
of key replication and DNA repair–associated genes in cancers.
Further supporting that, using ISce-I–based DSB repair reporter
assays, we show that silencing of USP22 or RNF40 decreased both
NHEJ- and HR-mediated DSB repair in osteosarcoma cells (Fig. 5H
and I).

USP22 and RNF40 mediate tumor-promoting function of
ALKBH5

USP22 is known to have tumor-promoting function, while RNF40
can have both tumor suppressor and oncogenic function in different
tumor types (20, 37, 45, 46). We sought to determine the relative roles
of USP22 and RNF40 in osteosarcoma. Silencing of either USP22 or
RNF40 reduced short-term cell viability and clonogenic growth
of osteosarcoma cells (Fig. 6A and B). We performed rescue
experiments to test whether ALKBH5’s tumor-promoting function
may be mediated by USP22 and RNF40. Overexpression of
USP22 or RNF40 in ALKBH5 KD osteosarcoma cells partially
rescued viability and clonogenic growth, suggesting that USP22
and RNF40 are important effectors by which ALKBH5 imparts its
tumor-promoting function (Fig. 6C–E; Supplementary Fig. S12D–
S12G). Consistent with that, like ALKBH5, expression of USP22
and RNF40 was higher in osteosarcoma cells lines compared with
normal control cells (hFOB and IMR90 for USP22 and IMR90 for
RNF40; Supplementary Fig. S13A).

(Continued.) C andD, Bar graphs showing percentage cell viability of 143B cells cotransfectedwith scrambled siRNAþ empty vector (EV) or ALKBH5 siRNAþ EV or
ALKBH5 siRNAþ RNF40 overexpression plasmid (C); Scrþ empty vector (EV) or ALKBH5 siRNAþ EV or ALKBH5 siRNAþ USP22 overexpression plasmid (D). E,
Results of clonogenic assays of 143B cells cotransfected with scrambled siRNAþ EV or ALKBH5 siRNAþ EV or ALKBH5 siRNA þ USP22 or RNF40 overexpression
plasmid. Bar graph shows means � SEM of crystal violet–stained colonies counted per well. F, Osteosarcoma tumor samples from the TARGET database show
significant correlations between ALKBH5 and USP22 expression.A–E, Bar graphs showmean� SEM (n¼ 3). P values calculated using one-way ANOVA followed by
Dunnett multiple comparisons test. �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001. G,Model showing mechanism by which ALKBH5 promotes osteosarcoma growth
and progression. Our results suggest that amplification of ALKBH5 resulting in its overexpression leads to decreased m6A methylation and consequently increased
stability of histone deubiquitinase USP22 and ubiquitin ligase RNF40 in osteosarcoma. The increased stability of USP22 in turn results in increased deubiquitination
and reduced levels of monoubiquitinated histone H2A. On the other hand, the increased stability of RNF40 in ALKBH5 overexpressing osteosarcoma leads to
increased interaction and inhibition of DDB1-CUL4A ligase complex resulting in reduced levels of monoubiquitinated histone H2A. The reduction in mono-
ubiquitinated histone H2A, which compacts chromatin and acts as a transcriptional repressive mark, transactivates key progrowth/tumorigenic genes, causing
unchecked cell-cycle progression, continuous replication, and DNA repair to support osteosarcoma growth.
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Next, we asked whether ALKBH5 regulation of USP22 and RNF40
is unique to osteosarcoma or it is also present in other cancers.
ALKBH5 silencing reduced USP22 and RNF40 expression in breast
cancer (MDA-MB-468) and glioblastoma (T98G) cells (Supplemen-
tary Fig. S13B–S12D). Furthermore, ALKBH5 knockdown led to
increased H2Aub levels in these cancer cell lines (Supplementary
Fig. S13E and S13F). Although we saw significant effect of ALKBH5
silencing on USP22 and RNF40 levels in multiple cancer types, we
cannot exclude the possibility that ALKBH5-USP22/RNF40 signaling
axismay not be similarly active in a specific cancer subtype. Supporting
that, we saw a subtle effect of ALKBH5 knockdown on USP22 in
MDA-MB-231 cells (Supplementary Fig. S13B). Nevertheless, given
that ALKBH5 has protumorigenic role in many cancers (15, 28, 32),
our results suggest that ALKBH5-USP22/RNF40 signaling may play
an important role in promoting growth and progression of multiple
tumors. Further supporting that, gene expression data analyses
revealed a strong correlation between ALKBH5 and USP22/RNF40
expression in multiple cancer types (Fig. 6F; Supplementary
Fig. S13G–S13I). Taken together, these results suggest that m6A
modification has a critical role in tumor growth and progression by
affecting the epigenetic state of key genes that regulate cell-cycle and
DNA repair events in cancer cells (Fig. 6G).

Discussion
There has not been any significant advancement in the treatment

outcome for patients with osteosarcoma in last three decades. This is in
part because no targetable recurrentmutations have been identified. In
this study, we show that RNA demethylase ALKBH5 is uniquely
amplified and has a protumorigenic function in osteosarcomas.
Although it is not clear how ALKBH5 may be amplified specifically
in osteosarcoma, we propose that the amplification event may be an
outcome of chromatid breakage fusion bridge cycle as osteosarcoma
has rather chaotic genome as evidenced by the recurrent chromosomal
rearrangements. Our study shows that ALKBH5 controls histone
ubiquitination and downstream DNA-based events to regulate oste-
osarcoma growth and progression. We demonstrate that ALKBH5
regulates USP22 and RNF40 expression and subsequently alters
histone ubiquitination to activate cell cycle and DNA repair genes in
osteosarcoma. Furthermore, we show that increased expression and
activity of ALKBH5 plays a causal role in USP22/RNF40 dysregulation
and consequently histone ubiquitination in multiple cancers.

These results, along with previous reports (6) showing no apparent
defects except for compromised fertility in ALKBH5 knockout mice,
indicate that cancer cells may be addicted to ALKBH5. Thus, reduced
ALKBH5 activity and levels are deleterious for osteosarcoma cells,
whereas ALKBH5’s function (such asDNA repair) in normal cellsmay
be compensated by other redundant mechanisms. For example,
ALKBH5 may support a specific alternative DNA repair pathway that
cancer cells depend on to survive and proliferate, while normal cells are
equipped with many DNA repair mechanisms to cope with loss of
ALKBH5. One such alternative DNA repair pathway that cancer cells
get addicted to is alternative nonhomologous end joining (alt-NHEJ).
Alt-NHEJ serves as the backup mechanism for repairing DNA (albeit
at the cost of genomic stability) caused by stalled replication forks.
Several proteins including PARP1 andPolB that promote alt-NHEJ are
highly expressed in cancers including osteosarcoma. Moreover, PolB-
overexpressingmice have been reported to have increased incidence of
osteosarcoma (47). Furthermore, ALKBH5 target USP22 is shown to
be critical for optimal alternative end-joining-mediated DNA
repair (48). In addition, it is possible that replication and cell cycle–

associated genes (e.g., MCMs, CDC6, and cyclin B1) that are over-
expressed in cancersmay bemore sensitive to changes inALKBH5 and
m6A levels than normal cells (49, 50). These observations suggest that
ALKBH5 could be a potent therapeutic target in cancer in general and
osteosarcoma in particular, because it appears that inhibitingALKBH5
activity could have potent antitumor effects without serious toxicities.

Histone tails undergo extensive post-translational modifications
that together regulate several key cellular processes by impacting the
chromatin structure and controlling transcriptional activity. An exam-
ple of one such modification is the monoubiquitination of lysines on
histoneH2A andH2B tails. H2B ubiquitination is reported to promote
di- and tri-methylation of H3K4 and H3K79, and may assist in
transcriptional regulation. On the other hand, H2A (the most abun-
dant ubiquitinated protein in the nucleus of mammalian cells) is
associated with gene silencing and X-chromosome inactiva-
tion (51, 52). Histone monoubiquitination is tightly controlled,
because its dysregulation is frequently associated with cancer (53).
Bmi1, Ring1B, and USP22, all involved in regulation of histone
ubiquitination or deubiquitination, were among the 11 genes identified
as “death from cancer” signature genes, which predict poor prognosis
in multiple cancers (29). In addition, RNF40 is highly expressed in
cancers and may play critical role in regulating cancer cell prolifer-
ation (24, 26). Despite their critical role in tumorigenesis, how histone
ubiquitination is regulated in cancers remains unclear.

Here, we show that the m6A RNA methylation plays a critical role in
regulating histone ubiquitination events in cancers. We show that
increased levels and activity of the RNA demethylase ALKBH5 induces
histone deubiquitinase USP22 and E3 ubiquitin ligase RNF40 expression
to support cancer cell proliferation and progression. Our results reveal
that silencing of ALKBH5 led to a significant increase in H2Aub, but not
H2Bub. Because levels of the ubiquitin ligases RING1A/RING1B, which
act in concert to add an ubiquitin moiety to H2A were unchanged,
reducing levels of deubiquitinases (such as ubiquitin-specific proteases
22) results in increased steady-state levels ofH2Aub inALKBH5-silenced
cancer cells. Previous reports showed decreased global H2Aub levels in
cancers (54). Furthermore, the USPs that target H2A (USP22, USP21,
and USP16) are reported to act as oncogenes (41, 55). Moreover, we did
not see compensatory increase in the expression of other USPs (USP3,
USP21, and USP16) that can deubiquitinate H2Aub (41, 55), rather we
saw decreased expression of USP16, suggesting that these USPs may not
compensate for the loss of USP22 in ALKBH5-silenced cancer cells. In
addition, our results suggest that RNF40 contributes to increasedH2Aub
in ALKBH5-silenced cancer cells. Supporting that, we show that RNF40
interacts with DDB1-CUL4A ligase complex that targets H2A mono-
ubiquitination in response to DNA damage (56, 57). Our results suggest
that RNF40 inhibits H2A monoubiquitination by binding and affecting
the stability of DDB1-CUL4A ubiquitin ligase complex, while reduced
levels of RNF40 (as in ALKBH5-silenced cancer cells) stabilize DDB1-
CUL4A E3 ligase complex to ubiquitinate H2A, resulting in transcrip-
tional suppression of target genes. Because RNF40 interacts with DDB1-
CUL4A E3 ligase complex that promotes H2B monoubiquitination, our
results suggest that RNF40–DDB1–CUL4A interaction may favor H2B
monoubiquitination at the expense of H2A monoubiquitination.

However, unlike H2A, unchanged H2Bub levels in ALKBH5-
silenced cells suggest that decreased levels of RNF40—which acts as
the writer for H2Bub—may compensate for the loss of USP22-which
also acts as the eraser for H2Bub. In addition, other deubiquitinases
(such as USP36, USP42, USP43, USP44, USP49, or USP51) that act as
erasers of H2Bub mark may compensate for the loss of USP22 in
ALKBH5-silenced cells. However, a study byAtanassov and colleagues
showed that USP22 knockdown may not increase the global H2Bub
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levels in some cells. This will suggest that other writers/erasers of
ubiquitinationmay play a role in regulatingH2Bub levels in ALKBH5-
silenced cancer cells. Although, we did not see changes in H2Bub level,
it is possible that specific genomic loci may exhibit altered H2Bub
levels due to alteration in RNF40 and USP22 expression, which may
also contribute to ALKBH5 function.

Our results reveal that ALKBH5 regulates DNA repair in osteo-
sarcoma cells. Depletion of ALKBH5 in the presence and absence of
ionizing radiation resulted in increased gH2AX levels and 53BP1 foci.
Furthermore, using functional studies, we demonstrate that ALKBH5
and its target genes USP22 and RNF40 inhibit H2A ubiquitination
and promote the expression of DNA repair genes in osteosarcoma
cells. It is likely that changes in USP22 and RNF40 status due to altered
levels of m6A may direct the DNA repair machinery to employ or not
employ HR or NHEJ to repair damaged DNA. In line with that
concept, UV radiation induces H2A ubiquitination at H2AK119 (58).
Furthermore, our results show that inhibition of DDB-1-CUL4A
ligase activity rescued the effect of RNF40 silencing on DNA repair
protein in osteosarcoma cells. Moreover, USP22 promotes both
HR (23) and NHEJ (48, 59). Since ubiquitination of distinct sites on
H2A affects different DNA damage response (60), we cannot exclude
the possibility that m6A may also regulate other ubiquitin ligases and
deubiquitinases in addition to USP22 and RNF40 to repair damaged
DNA. Furthermore, USP22 can regulate DNA repair events by target-
ing the deubiquitination of proteins other than H2A (22, 23, 37, 45), it
is possible that in addition to H2Aub, other USP22 target proteins
may contribute to ALKBH5’s DNA repair and oncogenic functions.
Example of such targets could be MMP9 and MTA1, which we found
to be reduced in ALKBH5-silenced osteosarcoma cells and are
reported to be regulated by USP22 (18, 61). Moreover, both MMP9
and MTA1 have well documented roles in tumor progression, and are
highly expressed in osteosarcoma (62, 63). These observations, togeth-
er with our results showing induction of checkpoint proteins in
ALKBH5-silenced cancer cells, suggest that maintaining steady-
state levels of m6A is critical for deubiquitination of damaged loci
and consequently deactivation of checkpoints, leading to transcrip-
tional reactivation of critical genes that control growth and prolifer-
ation of cancer cells.

In addition to H2Aub, RNF40-mediated H2Bub is known to play
critical roles in DNA repair (23, 64). Our studies showing no change in
H2Bub; increasedH2Aub; and reducedHR andNHEJ-mediated DNA
repair in RNF40-silenced cancer cells, suggest that RNF40 may also
regulate DNA repair process in H2Aub-dependent manner. Consis-
tent with that, we show that RNF40 interacts with DDB1-CUL4A
complex, which is reported to maintain genomic integrity by regu-
lating DNA repair processes (42). Our results showing involvement of
both USP22 and RNF40-DDB1-CUL4A in regulating H2Aub and
DNA repair events suggest that USP22 and RNF40 may functionally
interact. Supporting that notion, USP22 is known to deubiquitinate
nucleotide excision repair protein XPC (37). Notably, DDB1-CUL4A
ubiquitin ligase complex, which we show to interact with RNF40,
ubiquitinates XPC during damage.

In summary, there are several key observations in this study. First,
our study suggests that m6A RNA methylation is critical for main-

taining an optimal ratio of histone deubiquitinase and ubiquitin ligase
to control H2A ubiquitination. Second, we demonstrate a previously
undefined mechanism by which expression of histone deubiquitinase
USP22 and ubiquitin ligase RNF40 is regulated in cancers. This finding
is significant because regulation of histone ubiquitination in cancers is
poorly understood. Furthermore, uncovering the mechanisms that
leads to overexpression of USP22 in cancer will elucidate its function
and may inform approaches to target its oncogenic role. Third, our
study is first to show a role for RNF40-DDB1-CUL4A in regulating
H2AK119 ubiquitination. Finally, our results support the notion that
hyperactive ALKBH5 sets up an aberrant epigenetic program to
support cancers. Therefore, approached aimed at targeting ALKBH5
will have immense translational potential to treat cancers, which are
dependent on ALKBH5 oncogenic signaling.
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