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Cancer cells respond to various stressful conditions through
the dynamic regulation of RNA m6A modification. Doxoru-
bicin is a widely used chemotherapeutic drug that induces
DNA damage. It is interesting to know whether cancer cells
regulate the DNA damage response and doxorubicin sensitivity
through RNA m6A modification. Here, we found that doxoru-
bicin treatment significantly induced RNAm6Amethylation in
breast cancer cells in both a dose- and a time-dependent
manner. However, protein arginine methyltransferase 5
(PRMT5) inhibited RNAm6Amodification under doxorubicin
treatment by enhancing the nuclear translocation of the RNA
demethylase AlkB homolog 5 (ALKBH5), which was previously
believed to be exclusively localized in the nucleus. Then,
ALKBH5 removed the m6A methylation of BRCA1 for
mRNA stabilization and further enhanced DNA repair compe-
tency to decrease doxorubicin efficacy in breast cancer cells.
Importantly, we identified the approved drug tadalafil as a
novel PRMT5 inhibitor that could decrease RNA m6A methyl-
ation and increase doxorubicin sensitivity in breast cancer. The
strategy of targeting PRMT5 with tadalafil is a promising
approach to promote breast cancer sensitivity to doxorubicin
through RNA methylation regulation.

INTRODUCTION
Methylation at the 6 position of adenosine (N6-methyladenosine,
m6A) in RNA is abundant in approximately 25% of RNA transcripts
and is involved in the regulation of RNA splicing, translocation, and
stability.1 RNA m6A methylation is reversibly regulated by methyl-
transferase complex (METTL3, METTL14, and the cofactor WTAP),
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and demethylases (fat mass and obesity-associated protein [FTO]
and AlkB homolog 5 [ALKBH5]).1,2 Importantly, RNA m6A methyl-
ation and its modulators play vital roles in cancer progression.

Cancer cells have to confront and adapt to different stressful condi-
tions, such as DNA damage, hypoxia, and low nutrient levels.3,4 Espe-
cially during the cancer therapeutic regimen, the response of cancer
cells to various chemotherapeutic stresses will determine their sur-
vival or death fate or even further drug resistance and progression.
It has been reported that RNA m6A modification is involved in the
short-term UV irradiation-induced DNA damage response.5 Our
recent work found reduced m6A methylation in colorectal cancer
cells with continuous differentiation signaling.6 Thus, further elucida-
tion of the mechanism that cancer cells respond to chemotherapeutic
stresses through regulating RNA m6A modification will help to iden-
tify novel targets for cancer therapy.
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Protein arginine methyltransferase 5 (PRMT5) is highly expressed in
multiple types of cancer and plays important roles in cancer cell pro-
liferation and the maintenance of stem cell properties.7-9 PRMT5 is
reported to regulate homologous recombination (HR) and DNA
repair.10 Our previous work found that PRMT5 decreased the breast
cancer cell response to doxorubicin.11 Since doxorubicin as a chemo-
therapeutic drug functions by inducing serious genotoxic stress and
DNA damage,12 we hypothesized that PRMT5 decreases the cancer
cell response to doxorubicin by increasing the DNA damage repair
(DDR) ability. Here, we found that doxorubicin treatment clearly
induced RNA m6A methylation in breast cancer cells and tumor tis-
sues. However, PRMT5 inhibited doxorubicin-induced RNA m6A
methylation by enhancing the nuclear translocation of ALKBH5
with the partner AlkB homolog 7 (ALKBH7). ALKBH5 removed
m6A methylation from BRCA1 mRNA, maintained BRCA1 stability
and function, and thereby reduced cell sensitivity to doxorubicin.
With unbiased drug screening, we identified tadalafil as a novel
PRMT5-targeting inhibitor that produced a synergistic effect with
doxorubicin to impede breast cancer growth.

RESULTS
PRMT5 inhibits doxorubicin-induced RNA m6A methylation

To examinewhether RNAm6A is involved inDNAdamage inducedby
doxorubicin, we compared RNA m6A methylation levels between
breast cancer patient samples with and without neoadjuvant doxoru-
bicin therapyusing a dot-blotm6Aassay. Therewas a dramatic increase
in RNA m6A methylation in the doxorubicin-treated cancer samples
compared with the control samples (Figure 1A, Table S1). We further
examined RNA m6A in patient-derived xenografts (PDXs) of breast
cancer treated with or without doxorubicin (Figures 1B, S1A, and
S1B). Doxorubicin increased the expression of g-H2AX, a marker for
DNA damage, and enhanced RNA m6A levels. Additionally, in breast
cancer cells, doxorubicin induced a significant increase in RNA m6A
methylation and g-H2AX expression in a time- and a dose-dependent
manner (Figures 1C and S1C). These results showed that doxorubicin
induced DNA damage and activated RNA m6A modification.

Since PRMT5 regulates the DNA damage response in leukemia cells,10

we further analyzed this effect on breast cancer cells treated with
doxorubicin. Consistent with our previous study,11 we found that over-
expressed PRMT5 reversed the g-H2AX expression induced by doxo-
rubicin inMDA-MB-231 and T47D breast cancer cells.We subcutane-
ously injected MDA-MB-231 cells with PRMT5-overexpressing or
control cells into nude mice and treated the mice with doxorubicin.
Breast cancer tumors with PRMT5 overexpression exhibited a reduced,
weaker response to doxorubicin, showing increased proliferation activ-
ity and an enhanced DNA repair capacity detected with staining for
Ki-67 and replication protein A 32-kDa subunit (RPA32), respectively
(Figures S1D–S1G). These data suggest that PRMT5 may increase the
DDR ability of cancer cells, neutralizing the effect of doxorubicin.
Therefore, we wonderedwhether PRMT5 regulates RNAm6Amethyl-
ation inducedbydoxorubicin. In different breast cancer cells, the higher
expression of PRMT5 was able to offset the methylation of RNA m6A
induced by doxorubicin (Figure 1D). Furthermore, using established
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mouse embryonic fibroblasts (MEFs), we observed that prmt5-
knockoutMEFs exhibited enhanced RNAm6Amethylation compared
with wild-type MEFs under doxorubicin treatment (Figures 1E and
S1H, and prmt5-knockout MEFs were more sensitive to doxorubicin,
with decreased proliferation and increased g-H2AX expression (Fig-
ures S1I–S1L). Taken together, our results showed that PRMT5
decreased doxorubicin sensitivity in breast cancer cells, decreased
RNA m6A methylation, and increased DDR, which prompted us to
examine whether PRMT5 regulates RNA m6A on DNA repair genes.

PRMT5 regulates m6A methylation of BRCA1 mRNA for DNA

repair

To identify PRMT5-mediated transcriptome-wide RNAm6Amethyl-
ation patterns for the doxorubicin response, we performed immuno-
precipitation (IP) of m6A-methylated RNA followed by sequencing
(MeRIP-seq) in MDA-MB-231 cells. As shown in Figures 2A and
S2A, the m6A peaks were enriched mainly near start and stop codons
and characterized by the canonical GGAC motif. Compared with
vehicle, doxorubicin induced an increase in m6A peaks mainly at
stop codons; however, PRMT5 overexpression in cancer cells
decreased these peaks induced by doxorubicin (Figure S2B). Gene
Ontology (GO) term analysis revealed that RNAm6Amethylation in-
crease induced by doxorubicin treatment and PRMT5 overexpression
resulted in enrichment of genes related to the DNA damage response
and repair (Figures S2C and S2D). The GO terms and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) annotation analysis identified
BRCA1 signaling as the target of m6A methylation induced by
doxorubicin but inhibited by PRMT5 (Figure S2D). BRCA1 is the crit-
ical regulator of HR repair of damaged DNA to maintain genome
stability,13 and PRMT5 increased BRCA1 mRNA expression in
MDA-MB-231 cells (Figure S2E). Because RNA m6A methylation
modulates RNA stability by regulating mRNA degradation,14 we
measuredBRCA1RNAstability under doxorubicin treatment in breast
cancer cells treated with the cyclin-dependent kinase (CDK) inhibitor
flavopiridol to block global mRNA transcription.15 Doxorubicin
decreased BRCA1 mRNA stability, but PRMT5 reversed this effect
(Figure 2C). Given that PRMT5 decreased m6A methylation, the
data indicated that PRMT5 might maintain BRCA1 RNA expression
through inhibitionof them6Amethylationof BRCA1and therebypro-
mote DNA repair. Furthermore, we knocked down BRCA1 expression
by siRNAs in PRMT5-overexpressing and control cells and treated the
cells with doxorubicin. PRMT5 overexpression reduced the percentage
of comet tail DNA (transfer DNA (T-DNA))-positive cells, which rep-
resented the cells with damaged DNA. However, this reduction was
reversed by knocking down BRCA1 expression (Figure 2D). Simulta-
neously, knockingdownBRCA1expression inPRMT5-overexpressing
cells recovered the cell sensitivity to doxorubicin (Figures S2F and
S2G). Thus, PRMT5 may reduce the doxorubicin sensitivity of breast
cancer cells by improving BRCA1-mediated DDR.

To further validate whether the regulation of BRCA1 by PRMT5 is
related to m6A methylation, we analyzed the structure of BRCA1
mRNA and found two potential m6A methylation sites at adenosines
149 and 1,268 in the 30 untranslated region (UTR) (Figures S2H). As
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Figure 1. PRMT5 inhibits doxorubicin-induced RNA m6A methylation

(A) Left: dot-blot assay of RNA m6A methylation in breast cancer patient samples with (n = 15) or without (n = 18) neoadjuvant doxorubicin (DOX) therapy. Right: semi-

quantification of the data shown at the left. (B) Semiquantification of the data from a dot-blot assay of RNA m6A methylation in breast cancer tissue samples from a PDX

mouse model treated with or without DOX. (C) Dot-blot assay of RNAm6Amethylation in MDA-MB-231 and T47-D breast cancer cells treated with DOX for the duration and

dose indicated. (D) Dot-blot assay of RNA m6A methylation in MDA-MB-231, MCF-7, and T47-D breast cancer cells overexpressing PRMT5 treated with doxorubicin as

indicated. MDA-MB-231, 0.4 mg/mL DOX for 24 h; MCF-7 and T47-D, 0.5 mg/mL DOX for 24 h. (E) Dot-blot assay of RNAm6Amethylation in wild-type and prmt5-knockout

MEFs treated with 0.4 mg/mLDOX for 24 h. An anti-m6A antibody was used for dot blots with 200 ng of mRNA, andmethylene blue staining was used as the loading control in

(A), (C), (D) and (E).
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expected, PRMT5 upregulated the luciferase activity of wild-type
BRCA1 30-UTR reporter constructs, but mutations in these two
m6A sites substantially decreased the construct luciferase activity
(Figure 2E). We further conducted m6A IP followed by gene-specific
RT-PCR analysis of BRCA1 with primers flanking the two potential
m6A sites (BRCA1-149 and BRCA1-1268), using hypoxanthine
phosphoribosyltransferase 1 (HPRT1) as the internal control.16

Doxorubicin induced a relatively high abundance of m6A methyl-
ation on BRCA1 mRNA at adenosines 149 and 1,268 in the BRCA1
30-UTR, whereas the methylation at these sites was inhibited by
PRMT5 (Figure 2F). Using a similar method, we observed more
enrichment of m6A methylation on BRCA1 mRNA in prmt5-
knockout cells treated with doxorubicin compared with wild-type
MEFs (Figure 2G). Taken together, our data demonstrate that
PRMT5 decreases m6A methylation of BRCA1 mRNA to increase
its stability and thereby improve DDR.
Molecular Therapy Vol. 30 No 7 July 2022 2605
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Figure 2. PRMT5 decreases the m6A methylation of BRCA1 mRNA to increase BRCA1 stability

(A) The m6A peak enrichment was analyzed in each group as indicated and characterized by the canonical GGAC motif. (B) The m6A abundances in BRCA1 mRNA

transcripts in different groups were detected by m6A-seq. (C) MDA-MB-231 cells were treated with 0.5 mg/mL DOX for 24 h and then treated with vehicle or 3.2 mM fla-

vopiridol for 6 h. BRCA1mRNA levels weremeasured by RT-qPCR, and the flavopiridol/vehicle (F/V) ratio of BRCA1mRNAwas determined (mean ± SEM; n = 3). (D) A comet

assay was performed with MDA-MB-231 cells with or without PRMT5 overexpression and BRCA1-specific siRNA treated with 0.4 mg/mL DOX for 24 h. Right: quantification

of the comet tail that represents broken DNA strands (T-DNA%). ##p < 0.01 versus MDA-MB-231-PRMT5-siNC, **p < 0.01 versus MDA-MB-231-siNC, and ***p < 0.001

versus MDA-MB-231-siNC. NC, negative control. (E) A relative luciferase assay was performed to analyze the BRCA1 mRNA 30-UTR with intact or mutant m6A sites. (F) RT-

PCR analysis was performed following m6A-IP of the BRCA1 mRNA 30-UTR in MDA-MB-231 cells with PRMT5 overexpression treated with 0.4 mg/mL doxorubicin for 24 h.

BRCA1-149 and BRCA1-1268 represent two different m6A sites in the BRCA1 mRNA 30-UTR. **p < 0.01, and ***p < 0.001. (G) RT-PCR analysis was performed following

m6A-IP of the BRCA1 30-UTR in wild-type and prmt5-knockout MEFs treated with 0.4 mg/mL doxorubicin. *p < 0.05.

Molecular Therapy
PRMT5 promotes the arginine methylation of ALKBH7 to

regulate the RNA m6A modification and doxorubicin sensitivity

To understand the molecular mechanism by which PRMT5 regulates
the m6Amethylation of BRCA1mRNA, we explored the downstream
effectors of PRMT5 using mass spectrometry analysis. We identified
ALKBH7 as a potential PRMT5-interacting protein (Figure 3A).
2606 Molecular Therapy Vol. 30 No 7 July 2022
ALKBH7 belongs to the ALKBH family and predominantly localizes
in the mitochondria, where it is involved in alkylation and oxidation-
induced programmed necrosis.17-19 We validated that PRMT5 bound
with ALKBH7 in the context of doxorubicin treatment by IP (Fig-
ure 3B). Notably, both the human and the mouse ALKBH7 proteins
contain the consensus PRMT5-recognized methylation motif RGRR
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Figure 3. PRMT5 promotes the arginine methylation of ALKBH7 to regulate RNA m6A modification of BRCA1 and DOX sensitivity

(A) Silver staining of proteins associated with PRMT5. MDA-MB-231 cells stably expressing FLAG-PRMT5were treated with DOX and immunoprecipitated with an anti-FLAG

antibody, and the MDA-MB-231 cells with same treatment were set for control (Ctrl). Samples were resolved by SDS-PAGE and visualized by silver staining. The bands of

interest were cut out and analyzed with amass spectrometer. (B) IP of FLAG-PRMT5 andMYC-ALKBH7 in PRMT5-or ALKBH7-overexpressingMDA-MB-231 breast cancer

cells treated with or without 0.4 mg/mL DOX for 24 h. (C) Wild-type (WT) ALKBH7 and mutant ALKBH73RK with arginine-to-lysine mutation were used for protein methylation

(legend continued on next page)
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(Figure S3A). We transfected HA-tagged ALKBH7 and FLAG-tagged
PRMT5 into HEK293 cells and then pulled down ALKBH7 with an
anti-HA tag antibody. We detected the obvious symmetric dimethy-
larginine (SDMA) methylation of ALKBH7 catalyzed by PRMT5
(Figure S3B). However, with either PRMT5 with the R368 mutation
(PRMT5 R368A, defective methyltransferase activity) or mutant
ALKBH7 with three arginine sites mutated to lysine (ALKBH73RK),
ALKBH7 dramatically lost SDMA methylation (Figures 3C and
S3B), suggesting that ALKBH7 is a substrate of PRMT5. We further
confirmed this finding with an in vitro methylation assay to evaluate
the ability of purified PRMT5 to catalyze the methylation of
ALKBH7.20 To optimize the expression and purification conditions
of mutant ALKBH73RK, 20 amino acid residues of signal peptides
in the N terminus were deleted. As shown in Figure 3D, in the pres-
ence of recombinant FLAG-tagged PRMT5, histone H4, the methyl
donor S-adenosylmethionine (SAM), and His-tagged wild-type
ALKBH7 (ALKBH7-WT) or mutant ALKBH73RK, PRMT5 dramati-
cally catalyzed the arginine methylation of histone H4 (positive con-
trol; Figure 3D, left) and ALKBH7-WT. However, the arginine
methylation of mutant ALKBH73RK by PRMT5 was obviously
decreased (Figure 3D, right), demonstrating that these three arginine
sites were methylation targets of PRMT5 in ALKBH7.

To examine the function of ALKBH7 arginine methylation, we
measured ALKBH7 protein stability. Remarkably, arginine mutation
to either lysine (ALKBH73RK) or alanine (ALKBH73RA) reduced the
protein half-life of ALKBH7(Figures 3E and S3C), suggesting that
arginine methylation of ALKBH7 is essential for its protein stability.
MDA-MB-231 cells containing ALKBH73RK were treated with the
proteasome inhibitor MG132, lysosome inhibitor leupeptin, or ned-
dylation inhibitor MLN4924, but only MG132 treatment reversed
ALKBH7 expression (Figure S3D), suggesting that the ubiquitin-pro-
teasome pathway might be responsible for non-arginine-methylated
ALKBH7 degradation. Using bioinformatic prediction, we identified
F-box and WD repeat domain-containing 7 alpha (FBW7a) as the
potential E3 ligase responsible for ALKBH7 degradation (Figure S3E).
We transfected ALKBH7-WT, ALKBH73RK, and FBW7a into HEK-
293T cells, treated the cells with cycloheximide (CHX), and found
that FBW7a decreased ALKBH7 and ALKBH73RK stability (Figures
S3F and S3G). Furthermore, MYC-tagged ALKBH7 was pulled
down from cells transfected with V5-tagged ubiquitin (V5-UB),
FBW7a, and ALKBH7-WT or ALKBH73RK, followed by western
blotting with an anti-V5 tag antibody; this showed that ALKBH73RK
detection. HEK293 cells were transfected with HA-ALKBH7, HA-ALKBH73RK or FLAG-

anti-symmetric dimethylarginine (SDMA) antibody were performed to assess the methyla

FLAG-tagged PRMT5, unlabeled S-adenosylmethionine (SAM), and the substrates His-

and re-probed with an anti-ALKBH7 antibody, showing the amount of substrate in each

blotting of MDA-MB-231 cells stably expressing WT ALKBH7 or ALKBH73RK treated

transfected with V5-ubiqutin, FBW7a, MYC-ALKBH7, and MYC-ALKBH73RK as indica

immunoprecipitated from whole-cell lysates with an anti-MYC antibody. The ubiquitina

ALKBH73RK, and FBW7a in whole-cell lysates (Input) were determined by western bl

ALKBH7-specific siRNA knockdown in MDA-MB-231 cells treated with 0.4 mg/mL DOX

cells overexpressing PRMT5with ALKBH7-specific siRNA transfection treated with 0.4 m

in MDA-MB-231 cells overexpressing PRMT5 with ALKBH7-specific siRNA transfectio
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exhibited more ubiquitin binding than ALKBH7-WT (Figure 3F),
suggesting that arginine methylation was required to prevent ubiqui-
tin-mediated degradation of ALKBH7. All data suggested that
PRMT5 maintained ALKBH7 protein stability through methylating
its arginine to avoid FBW7a-mediated ubiquitination.

To further elucidate the role of ALKBH7 in PRMT5-mediated DDR
and doxorubicin sensitivity, we blocked ALKBH7 expression in
PRMT5-overexpressing breast cancer cells by siRNAs. We found
that the decreased doxorubicin sensitivity caused by PRMT5 was abol-
ished byALKBH7knockdown (Figure 3G).With a comet assay and the
Western blot analysis of g-H2AX and immunofluorescence of RPA32,
we found that knocking down ALKBH7 expression boosted the T-
DNA-positive cell numbers and increased the g-H2AX expression
and RPA32 expression induced by doxorubicin (Figures S3H–S3J).
These results indicate that ALKBH7 might mediate PRMT5 function
in DNA repair. Given that PRMT5 inhibited RNA m6A methylation
induced by doxorubicin, we asked whether ALKBH7 is involved in
the m6A methylation regulated by PRMT5. We observed that
ALKBH7 overexpression significantly decreased m6A methylation
(Figures S3K and S3L) as a function of PRMT5. ALKBH7 knockdown
reversed total RNA m6A methylation and the m6A methylation on
BRCA1 mRNA at adenosines 149 and 1,268 in the BRCA1 30-UTR
induced by PRMT5 (Figures 3H and 3I) and reduced BRCA1 mRNA
stability and expression (Figures S3M and S3N). Overall, PRMT5 pro-
moted the arginine methylation of ALKBH7 to maintain ALKBH7
protein stability, which is critical for RNA m6A methylation of
BRCA1 and doxorubicin sensitivity.

PRMT5 enhances the ALKBH7-mediated nuclear translocation

of ALKBH5 required for RNA demethylation

As mentioned above, PRMT5 reduced the RNA m6A methylation
induced by doxorubicin through ALKBH7, and it was therefore
reasonable to further assess howALKBH7 regulates RNAm6A deme-
thylation. We first analyzed whether PRMT5 or ALKBH7 alters the
expression of the well-known RNA demethylases ALKBH5 and
FTO.21-24 However, neither PRMT5 nor ALKBH7 affected the
expression of ALKBH5 or FTO (Figures S4A and S4B). Surprisingly,
we found that PRMT5 and ALKBH7 dramatically promoted the nu-
clear translocation of ALKBH5 with doxorubicin treatment by using
an immunofluorescence assay (Figures 4A and S4C). We further
confirmed this observation with a nuclear and cytoplasmic fraction-
ation assay and found that ALKBH5 nuclear translocation was
PRMT5 as indicated. IP with anti-HA or IgG antibodies and western blotting with an

tion of ALKBH7 at the 194RGRR site. (D) In vitromethylation assay with recombinant

tagged WT or methylation site-mutant (3RK) ALKBH7. The same blot was stripped

reaction. H4 was used as a positive control. (E) Protein stability analysis by western

with 100 mg/mL cycloheximide (CHX) for the indicated times. (F) HEK293 cells

ted and then treated with 100 mM MG132 for 6 h. ALKBH7 and ALKBH73RK were

tion of ALKBH7 and ALKBH73RK in the immunoprecipitants and levels of ALKBH7,

otting as indicated. (G) Proliferation analysis (MTT) of PRMT5 overexpression with

for the indicated times. (H) Dot-blot assay of RNA m6Amethylation in MDA-MB-231

g/mLDOX for 24 h i, RT-PCR analysis followingm6A-IP of the BRCA1mRNA 30-UTR
n treated with DOX for 24 h *p < 0.05, **p < 0.01, and ***p < 0.001.
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remarkably elevated when ALKBH7 was over-expressed. When
ALKBH73RK is over-expressed, the upregulation of nucleic ALKBH5
is slight, which corresponds to the lower expression of ALKBH7(Fig-
ures 4B and 4C). ALKBH7 knockdown reduced the nuclear translo-
cation of ALKBH5 induced by PRMT5 (Figure 4D), showing that
the large amount of ALKBH7, especially that kept through methyl-
ation mediated by PRMT5, was required for the PRMT5-induced nu-
clear translocation of ALKBH5 induced by doxorubicin treatment.
We next asked how ALKBH7 regulates the nuclear translocation of
ALKBH5. An IP assay clearly showed the interaction of ALKBH7
with endogenous ALKBH5 in total cell lysates of MDA-MB-231 or
T47-D cells (Figure S4D). Although ALKBH5 is believed to localize
exclusively in the nucleus for RNA m6A demethylation,22,25 our re-
sults collectively provided evidence that ALKBH5 was also located
in the cytoplasm, while ALKBH7 bound with ALKBH5 and promoted
ALKBH5 translocation from the cytoplasm to the nucleus with doxo-
rubicin treatment.

To further determine whether ALKBH5 is the main downstream
effector of PRMT5 and ALKBH7, which regulates RNA m6A modi-
fication, we examined the total m6A methylation level in PRMT5-
and ALKBH7-overexpressing breast cancer cells with ALKBH5
expression knocked down by siRNAs. The results showed that
ALKBH5 knockdown dramatically reversed the m6A level inhibition
by PRMT5 and ALKBH7 (Figures 4E and S4E), especially reversing
the inhibition of the enrichment of m6A methylation on the 30-
UTR of BRCA1 mRNA mediated by PRMT5 (Figure 4F), and
decreased the stability and expression of BRCA1 mRNA (Figures
S4F and S4G). Taken together, our results suggest that PRMT5 in-
hibits RNA m6A methylation probably through enhancing the
ALKBH7-mediated nuclear translocation of the RNA demethylase
ALKBH5.

PRMT5 positively correlates with nuclear ALKBH5 and predicts

relatively poor survival in breast cancer patients

We further evaluated the clinical significance of the regulation of
ALKBH5 and BRCA1 by PRMT5 signaling in breast cancer. Both up-
regulated PRMT5 expression and upregulated BRCA1 (with approx-
imately 4% mutation) expression were correlated with relatively poor
survival in breast cancer patients in The Cancer Genome Atlas
(TCGA) program (Figures 5A and 5B). There was a positive correla-
tion between PRMT5 and BRCA1 expression using mRNA analysis in
the TCGA and immunohistochemical (IHC) analysis of protein levels
in the TCGA dataset and our cohort (Figures 5C and 5D; Table S2).
Most importantly, we found that PRMT5 was highly correlated with
Figure 5. PRMT5 positively correlates with nuclear ALKBH5 and predicts relat

(A) The relationship between PRMT5 expression and human breast cancer patient surviv

and human breast cancer patient survival in TCGA datasets was analyzed. (C) The relati

analyzed, and the correlation coefficient R was calculated by the Pearson method. (D)

patients was analyzed, and the correlation coefficient R was calculated by the Pearson

breast cancer patients was analyzed. (F) The relationship between PRMT5 and ALKBH7

ALKBH5, BRCA1, and ALKBH7 proteins were observed in human breast cancer tissue

PRMT5 expression.
ALKBH7 and nuclear localization of ALKBH5 by IHC analysis of
breast cancer samples (Figures 5E–5G). Thus, PRMT5 might be crit-
ical in breast cancer progression and the chemotherapeutic response
by regulating the nuclear localization of ALKBH5 and maintaining
BRCA1 expression. Therefore, PRMT5 is an ideal therapeutic target
in breast cancers to improve the response to doxorubicin in the clinic.

Approved drug tadalafil is a novel PRMT5-targeting inhibitor

Currently, there are several reported potent and selective inhibitors tar-
geting PRMT5, such as EPZ015666, JNJ-64619178, and PJ-68.26-28

However, thus far, only JNJ-64619178 and PF-06939999 have been as-
sessed in phase I clinical trials, indicating that a long time is required for
final clinical application. Herein, we successfully re-positioned poten-
tial PRMT5 inhibitors from 1,813 approved drugs by use of virtual
screening and molecular docking to the crystal structure of the
PRMT5 protein (Figure 6A).29 With rigorous selection, tadalafil was
selected as a potential PRMT5 inhibitor for further bioanalysis (Fig-
ure 6B), which demonstrated the desired binding affinity with the
PRMT5/MEP50 complex using surface plasmon resonance (SPR)
analysis (Figure 6C). Furthermore, tadalafil inhibited the symmetric
methylation of the well-known PRMT5 downstream targets
H4R3me2s and SDMA in a dose- and time-dependent manner (Fig-
ures S5A and S5B).

To obtain further evidence of tadalafil functioning as a specific
PRMT5 inhibitor, we performed in vitro methylation assays for
PRMT5 with the substrates recombinant His-tagged ALKBH7 and
histone H4 in the presence of SAM and tadalafil. Tadalafil clearly in-
hibited the methylation of ALKBH7 and histone H4 catalyzed by
PRMT5 (Figure 6D) in vitro, confirming that tadalafil blocked the
arginine methylation activity of PRMT5. We also found that tadalafil
significantly inhibited ALKBH7 methylation induced by PRMT5 in
breast cancer cells and decreased the protein stability of ALKBH7
(Figures 6E and 6F). Thus, we were the first to identify the approved
drug tadalafil as a novel PRMT5-targeting inhibitor, which might
have extensive potential to improve the doxorubicin sensitivity of
breast cancer.

Tadalafil exhibits a synergetic effect with doxorubicin on breast

cancer

To evaluate whether tadalafil increases doxorubicin sensitivity by tar-
geting PRMT5, a cell proliferation assay was performed, and tadalafil
significantly increased the inhibitory effect of doxorubicin on MDA-
MB-231 breast cancer cells with wild-type BRCA1 but not on
HCC1937 cells with mutant BRCA1 (Figures S5C and S5D),
ively poor survival in breast cancer patients

al in TCGA datasets was analyzed. (B) The relationship between BRCA1 expression

onship between PRMT5 and BRCA1 gene expression in breast cancer patients was

The relationship between PRMT5 and BRCA1 protein expression in breast cancer

method. (E) The relationship between PRMT5 and ALKBH5 nuclear expression in

protein expression in breast cancer patients was analyzed. (G) Accumulated nuclear

with high PRMT5 expression by IHC compared with breast cancer tissue with low
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indicating that the synergistic effect of tadalafil with doxorubicin is
most likely dependent on BRCA1 status. To test whether tadalafil
takes effect dependently on PRMT5 inhibition, we blocked PRMT5
or PDE5 (phosphodiesterase type 5, the originally designed target
of tadalafil) with siRNA and analyzed the drug response respectively.
Interestingly, only PRMT5 knockdown, but not PDE5 inhibition,
could abolish the synergistic effect of tadalafil with doxorubicin (Fig-
ures S5E–S5G), suggesting that tadalafil functions to improve the
doxorubicin effect mainly by targeting PRMT5. Surprisingly, tadalafil
also enhanced the sensitivity of MDA-MB-231 cells to the PARP
(poly adenosine diphosphate-ribose polymerase) inhibitor olaparib
(Figure S5H), which indicates the application potential of olaparib
combined with the PRMT5 inhibitor tadalafil in breast cancer pa-
tients with wild-type BRCA1.

Moreover, the combination of tadalafil and doxorubicin clearly
reduced orthotopic tumor growth in athymic nude mice (Figure 7A),
with enhanced DNA damage measured by evaluating g-H2AX and
decreased cancer cell proliferation measured by Ki67 staining (Fig-
ures S6A and S6B). After treatment with gradually increasing concen-
trations of doxorubicin for up to 6 months, MDA-MB-231 cells
acquired resistance to doxorubicin.30 Similar to our previous finding,
PRMT5 expression was increased in breast cancer cells with doxoru-
bicin resistance (Figure S6C)11, and we further analyzed whether
tadalafil re-sensitized the resistant cells to doxorubicin treatment.
Tadalafil dramatically increased the sensitivity of resistant cells to
doxorubicin in vitro (Figure 7B) and deterred tumor growth when
combined with doxorubicin therapy in a MDA-MB-231-ADR xeno-
graft mouse model (Figures 7C and S6D). Importantly, the synergistic
effect of tadalafil and doxorubicin on PDX mouse models of breast
cancer with wild-type BRCA1 was remarkable (Figures 7D and
S6E), which further supports the conclusion that tadalafil can increase
doxorubicin sensitivity for breast cancer treatment.

Finally, we asked whether tadalafil promotes doxorubicin sensitivity
by regulating ALKBH5 localization and RNA m6A methylation.
Strikingly, tadalafil inhibited the nuclear localization of ALKBH5
induced by doxorubicin (Figures S7A and S7B). Tadalafil treatment
increased RNA m6A methylation in both breast cancer cells and tu-
mor cells isolated from PDX-model mice (Figures 7E and S7C) and
further increased the enrichment of m6A methylation on the
BRCA1 30-UTR when combined with doxorubicin treatment (Fig-
ure 7F). Tadalafil combined with doxorubicin further decreased
BRCA1 mRNA stability and expression (Figures S7D and S7E) and
increased the number of T-DNA-positive cells and expression of
cleaved caspase-3, suggesting that tadalafil strengthens doxorubicin-
mediated DNA damage and tumor cell apoptosis (Figures S7F and
S7G). Thus, we identified the approved drug tadalafil as a novel
conditions were treatment with or without 100 mM tadalafil. The same blot was stripped

each reaction. H4 was used as a positive control. (E) Tadalafil-mediated inhibition of th

PRMT5 overexpression were treated with 100 mM tadalafil for 24 h. Then, cell lysates wer

anti-ALKBH7 antibodies. (F) Western blot analysis of ALKBH7 expression in MDA-MB-

before harvest.
PRMT5 inhibitor that increases doxorubicin sensitivity in breast can-
cer by regulating ALKBH5 nuclear localization and RNA m6A
methylation.

DISCUSSION
The stress response regulation of cancer cells to various drugs is crit-
ical for the life-and-death decisions that determine the ultimate tu-
mor efficacy. Doxorubicin is one of the most important chemothera-
peutic drugs for breast cancer, mainly by inducing DNA damage.31

However, the complete molecular mechanism of the doxorubicin-
mediated DNA damage response remains unclear.32 Herein, we first
reported that doxorubicin induced RNA m6A methylation in vitro
and in vivo, suggesting that breast cancer cells regulated doxoru-
bicin-mediated DNA damage through RNAm6A methylation. How-
ever, further study is needed to understand the detailed mechanism.

A number of studies have confirmed the important functions of RNA
m6A methylation and its modulators in cancer proliferation and in-
vasion.1,16,33 It was found that the RNA demethylase ALKBH5 was
highly expressed in breast cancer tissues and that the inhibition of
ALKBH5 expression significantly inhibited the invasion and metas-
tasis of breast cancer cells.34,35 To date, ALKBH5 is believed to localize
predominantly in the nucleus for RNA m6A demethylation.22,25

However, the mechanism that controls the cellular localization of
ALKBH5 is unknown. Here, we have provided the first evidence
that ALKBH5 translocates from the cytoplasm to the nucleus through
an interaction with ALKBH7 in the context of doxorubicin treatment,
suggesting that RNA m6A methylation regulated by the dynamic
localization of ALKBH5 may be crucial for the doxorubicin-induced
DNA damage response.

Although PRMT5 is believed to be important for preserving genome
integrity,9,36 the molecular machinery by which PRMT5 regulates the
DNA damage response is not completely understood. Notably, we
identified ALKBH7 as a novel PRMT5 substrate with arginine
methylation, which is critical for preserving ALKBH7 protein stabil-
ity. It is believed that ALKBH7 does not have RNA demethylase ac-
tivity and is localized predominantly the mitochondria.17-19 Herein,
we have provided evidence that ALKBH7 is located in both the cyto-
plasm and the nucleus and supports ALKBH5 nuclear translocation
for RNA m6A demethylation, suggesting the complicated function
of ALKBH7 with changes in subcellular localization under different
stress conditions.

Although PRMT5 is a well-recognized druggable cancer target,26,37,38

no PRMT5 inhibitors have been approved for clinical use. Tadalafil
was primarily approved for the treatment of erectile dysfunction
(ED) and pulmonary arterial hypertension, functioning as a PDE5
and re-probed with an anti-ALKBH7 antibody, showing the amount of substrate in

e arginine methylation of ALKBH7 by PRMT5. MDA-MB-231 cells with or without

e immunoprecipitated with an anti-MYC antibody and detected with anti-SDMA and

231 cells treated with tadalafil (100 mM) for 24 h and CHX (100 mg/mL) as indicated
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inhibitor.39 Our work is the first to identify tadalafil as a novel PRMT5
inhibitor by confirming its synergistic efficacy with doxorubicin in in-
hibiting breast cancer cells and even its compentency of reversing
doxorubicin resistance, providing a feasible strategy to promote doxo-
rubicin sensitivity for the treatment of breast cancer.
2614 Molecular Therapy Vol. 30 No 7 July 2022
In summary, our present study has identified a novel mechanism by
which PRMT5 inhibits the doxorubicin-induced RNA m6A methyl-
ation of BRCA1 by regulating the nuclear translocation of ALKBH5
and has provided a promising approach to elevate doxorubicin sensi-
tivity in breast cancer through the PRMT5 inhibitor tadalafil.
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MATERIALS AND METHODS
Cell lines and culture

The MDA-MB-231 cell line was obtained from the American Type
Culture Collection (HTB-26) and grown in L-15 medium (HyClone,
SH30525.01) supplemented with 10% fetal bovine serum (FBS;
Gibco) and 1% penicillin-streptomycin (Gibco, 15140). Cells were
free of mycoplasma (IDEXX STAT-Myco). The T47-D and MCF-7
cell lines were obtained from ATCC (HTB-133 and HTB-22) and
grown in DMEM supplemented with 10% FBS, 0.005 mg/mL insulin
(Sigma, I0516), and 1% penicillin-streptomycin. The HCC1937 cell
line was obtained from ATCC (CRL-2336) and grown in RPMI
1640 medium supplemented with 10% FBS.

Animals

Female BALB/c nude mice (5–6 weeks old) were purchased from the
Animal Center of Fourth Military Medical University (Xi’an, China)
and raised under pathogen-free conditions. All animal care and ex-
periments were approved by the Institutional Animal Care and Use
Committee of FourthMilitary Medical University. For the subcutane-
ously transplanted tumor model, wild-type, PRMT5-overexpressing
or doxorubicin-resistant MDA-MB-231 cells (5 � 106 per mouse,
n = 5–7 for each group) were diluted in 100 mL of phosphate-buffered
saline (PBS) plus 100 mL of Matrigel (BD Biosciences) and subcutane-
ously injected into female nude mice to investigate tumor growth.
When all tumor volumes reached 100 mm3, the mice were randomly
assigned and treated with the indicated drugs. In the experiment,
doxorubicin was administered once a week via intravenous tail vein
injection at 2 mg/kg body weight, and tadalafil was administered daily
via oral gavage at 2 mg/kg body weight. Tumor volume was measured
every 3 days using a digital caliper and calculated using the formula
V = 1/2 � (diameter) � (smaller diameter)2. The mice were eutha-
nized 27 days after injection. Tumor growth curves and harvested tu-
mors are displayed as indicated.

Human subjects

All tumor collection and analysis protocols were approved by the
medical ethics committee of Fourth Military Medical University,
with informed consent provided by the participants.

Cell proliferation assay

For cell proliferation assays, cells were seeded in 96-well plates at a
concentration of 8,000–10,000 cells per well in quintuplicate. Cell
proliferation was assessed with MTT (0.5 mg/mL, Sigma) following
the manufacturer’s instructions. Briefly, the cells were seeded in
96-well plates, andMTT was added at the indicated time points. After
incubation at 37�C for 4 h, the reaction was stopped by adding DMSO
(150 mL, Sigma). The absorbance at 490 nmwas measured using a mi-
croplate reader (Bio-Rad).
m6A quantification

The total m6A content was measured in 200 ng of mRNA extracted
from cells by use of a m6A RNA methylation quantification kit (cat.
no. P-9005, Epigentek) according to the manufacturer’s instructions.
Ligands and protein crystal structures

Structures of the 1,813 approved drugs were collected by PubChem
Compound ID. The 3D structures were generated using the chemistry
toolbox Open Babel, version 2.4.0. The PRMT5 structures were
downloaded from the Protein Data Bank (PDB)12 with PDB IDs
3UA3 and 3UA4.11

Virtual screening

Virtual screening was performed with AutoDock Vina. The default
docking parameters were used. The area around Glu499 and
Glu508 was taken as the target area for docking. The center point
was set to (72.75–1.43, 13.06), and the docking space was set to a
cube with a side length of 30.

In vitro protein methylation assays

A recombinant PRMT5/MEP50 complex (31521, Active Motif) was
incubated with 1.5 mg of recombinant His-ALKBH7-WT (81132,
Active Motif) or His-ALKBH7-3RK proteins (prokaryotic expres-
sion and purification in our laboratory). Methylation reactions
were carried out using methylation buffer (50 mM Tris-HCl,
[pH 8.5], 5 mM MgCl2, and 4 mM DTT) containing 100 mM un-
labeled S-(5’-adenosyl)-L-methionine chloride dihydrochloride
(SAM; A7007, Sigma) for 2 h at 30�C. The histone H4 protein
(31493, Active Motif) was introduced as a positive control. Reac-
tions were stopped by adding 5� SDS loading buffer (Beyotime
Biotechnology) and boiling the samples for 5 min. The methylation
reaction products were separated by SDS-PAGE, transferred to
PVDF membrane, and analyzed by western blotting using anti-
SDMA, anti-PRMT5, and anti-ALKBH7 antibodies separately.

Surface plasmon resonance (SPR)

Interactions between the recombinant PRMT5/MEP50 and tadala-
fil were analyzed using the Biacore T200 system at 25�C, as
described before.40 Briefly, recombinant PRMT5/MEP50 was im-
mobilized on a sensor chip (CM5), using an amine coupling kit
(GE Healthcare). Final PRMT5/MEP50-immobilized levels were
typically 1 mg/mL. Subsequently, tadalafil was injected as analytes
at various concentrations and using PBS-P (10 mM phosphate
buffer with 2.7 mM KCl and 137 mM NaCl, 0.05% Surfactant
P20, pH 4.5) as running buffer. For binding studies, analytes
were applied at corresponding concentrations in running buffer
at a flow rate of 30 mL/min with a contact time of 60 s and a disso-
ciation time of 60 s. Chip platforms were washed with running
buffer and 50% DMSO. Data were analyzed with the Biacore eval-
uation software (T200 version 1.0) by curve fitting using a 1:1
binding model.

Quantification and statistical analysis

Data are presented as the mean ± SEM or SD. Differences in the mean
between two groups were assessed for significance with a two-tailed
Student’s t test by using GraphPad Prism 6.0. Kaplan-Meier survival
curves were analyzed using the log rank test. The Pearson correlation
test was used to assess relationships between variables in tumor tissue
samples.
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Data availability

The sequencing data obtained in this study were uploaded to the Gene
Expression Omnibus (GEO) database under the accession number
GSE155657.
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