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Abstract
Retinoic acid receptor– related orphan receptor α (RORα) is a transcription factor 
involved in nuclear gene expression and a known tumor suppressor. RORα was the 
first identified substrate of lysine methylation– dependent degradation. However, the 
mechanisms of other post- translational modifications (PTMs) that occur in RORα re-
main largely unknown, especially in liver cancer. Arginine methylation is a common 
PTM in arginine residues of nonhistone and histone proteins and affects substrate 
protein function and fate. We found an analogous amino acid disposition contain-
ing R37 at the ROR N- terminus compared to histone H3 residue, which is arginine 
methylated. Here, we provide evidence that R37 methylation– dependent degrada-
tion is carried out by protein arginine methyltransferase 5 (PRMT5). Further, we dis-
covered that PRMT5 regulated the interaction between the E3 ubiquitin ligase ITCH 
and RORα through RORα arginine methylation. Arginine methylation– dependent 
ubiquitination- mediated RORα degradation reduced downstream target gene activa-
tion. H2O2- induced reactive oxygen species (ROS) decreased PRMT5 protein levels, 
consequently increasing RORα protein levels in HepG2 liver cancer cells. In addition, 
ROS inhibited liver cancer progression by inducing apoptosis via PRMT5- mediated 
RORα methylation and the ITCH axis. Our results potentiate PRMT5 as an elimination 
target in cancer therapy, and this additional regulatory level within ROS signaling may 
help identify new targets for therapeutic intervention in liver cancer.

K E Y W O R D S
arginine methylation, liver cancer, methyl- degron, RORα- PRMT5- ITCH, ROS

Hyuntae Im and Hee-ji Baek contributed equally to this work. 

[Correction added on 09 November 2022, after first online publication: The text “Hyuntae Im and Hee-ji Baek contributed equally to this work” has been added in this version.] 

www.wileyonlinelibrary.com/journal/cas
https://orcid.org/0000-0003-1454-2575
https://orcid.org/0000-0001-8060-4792
https://orcid.org/0000-0002-5873-3413
https://orcid.org/0000-0002-9126-5463
mailto:
https://orcid.org/0000-0001-7678-6087
mailto:
https://orcid.org/0000-0003-2978-2440
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hyunkkim@korea.ac.kr
mailto:jimin.lee@kaist.ac.kr


188  |    IM et al.

1  |  INTRODUC TION

Liver cancer is the sixth most common cancer worldwide and has the 
second- highest mortality rate.1 Patients are primarily diagnosed at 
advanced stages, and if not detected and treated early, cancer sur-
vival rates can continue to decline and contribute to poor prognosis. 
Liver cancer incidence is increasing but effective treatment options 
and an understanding of cancer- related processes are still limited. 
Therefore, finding a critical factor that fuels and sustains cancers will 
help us precisely comprehend tumorigenesis and provide the ratio-
nale for liver cancer treatment options.

Retinoic acid– related orphan nuclear receptor α (RORα) is a 
member of the orphan nuclear receptor family and functions as a 
transcription factor.2,3 RORα recruits to a specific DNA sequence 
called the ROR- responsive element (RORE) and, together with var-
ious coregulators, dynamically regulates target gene expression. 
Alternative splicing produces four human RORα isoforms, referred 
to as ROR α1- α4. RORα consists of two conserved regions, a DNA- 
binding domain (DBD), a ligand- binding domain (LBD), and a hinge 
domain that links them. The N- terminal domain (NTD) is a region 
with specificity among the RORα isoforms and performs distinct 
functions in a context- dependent manner.4 RORα is widely involved 
in pathophysiological processes, such as the circadian rhythm, lipid 
metabolism, immune infection, and tumorigenesis.5– 7 In particular, 
accumulating evidence has demonstrated that RORα is downregu-
lated in various cancers and suppresses many malignancies. Under 
DNA damage conditions, p53 induces RORα, which positively reg-
ulates p53 stability, thereby increasing p53- mediated apoptosis in 
colon cancer cells.7 Wnt5a- dependent phosphorylation of RORα 
attenuates the canonical Wnt/β- catenin signaling pathway and re-
duces RORα phosphorylation compared with normal counterparts in 
colorectal tumor tissues.8 Indeed, the NTD of RORα also suppresses 
the proliferation and metastatic potential of prostate cancer cells 
through Wnt target gene expression downregulation.9 Moreover, 
RORα inhibits breast tumor growth, migration, and invasion through 
semaphorin- 3F (SEMA3F) transcriptional activation.10 These find-
ings provide evidence that RORα is commonly considered a tumor 
suppressor in many cancers and that reduced RORα expression is 
necessary for cancer- related processes.

Post- translational modification (PTM) is the enzymatic mecha-
nism after protein synthesis that confers diverse roles by providing 
functional groups to the amino acids of proteins.11 We previously 
reported that enhancer of zeste homolog 2 (EZH2), a methyltrans-
ferase of histone H3 lysine 27 (H3K27), imparts a methyl group 
to lysine 38 of the RORα protein.12 A specific adapter, DCAF1, 
recognizes methylated RORα, recruits the Cullin 4 (CUL4) E3- 
ligase complex, and degrades it accordingly. An inverse correlation 
between EZH2 and RORα in breast tumor patient samples com-
pared with their normal counterparts reflects this methylation- 
dependent RORα degradation. Indeed, RORα restoration by EZH2 
and DCAF1 ablation led to a significant reduction in colony num-
ber, suggesting that RORα degradation is critical in tumorigenesis 
progression.

Arginine methylation, another PTM, is mediated by protein argi-
nine methyltransferase (PRMT) enzymes that catalyze methylargi-
nine.13 PRMTs transfer methyl groups from S- adenosyl methionine 
(SAM) to the guanidinium group of the arginine residue. PRMT5 
catalyzes monomethylarginine and symmetric dimethylarginine and 
is crucial for various cellular processes, such as development, dif-
ferentiation, and cancer.13,14 Accumulating evidence suggests that 
PRMT5 has oncogenic activities, and its expression is correlated 
with poor prognosis.15 In recent years, some studies revealed that 
PRMT5 can methylate motifs containing GRG, RGG, or RG sequenc-
es.16– 18 However, motifs that do not have the sequences, such as 
H3R2, H3R8, p53 R337, and BCL6 R305, are also methylated by 
PRMT5.19– 21

Here, we found a PRMT5- mediated arginine methylation site 
of RORα. Although the site does not include the RG sequence, it is 
similar to the close vicinity of H3R8. Furthermore, our results pro-
vide another PTM to modulate RORα protein stability regulated by 
PRMT5 and E3 ligase ITCH interplay. PRMT5 induced methylation 
at arginine 37 residue of RORα, and subsequently, arginine methyla-
tion acted as a degradation signal for ITCH. Our study revealed that 
reactive oxygen species (ROS) generation induced dynamic changes 
in RORα and PRMT5 expression in liver cancer cells. Restoring RORα 
expression and activation suppressed tumor cell proliferation and 
transformation activities. Therefore, reinstituting RORα expression 
via ROS generation presents a new liver cancer treatment strategy.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

HepG2 cells were maintained in RPMI 1640 medium (WELGENE; LM 
011– 01) supplemented with 10% FBS (GenDEPOT; F0900- 050) and 
1% PS (WELGENE; LS202- 02- AC). HEK293T cells were maintained 
in Dulbecco's modified Eagle's medium (WELGENE; LM 001– 05) 
supplemented with 10% FBS and 1% PS at 37°C in a humidified at-
mosphere of 5% CO2.

2.2  |  Supplemental experimental procedures

Other detailed experimental procedures are described in 
Supplemental information.Docx.

3  |  RESULTS

3.1  |  RORα  inhibits oncogenic effects in liver 
cancer cells

RORα functions as a tumor suppressor in various cancers, such as 
prostate, colon, and breast cancers.8,10,22 We analyzed the change 
in oncogenic effects in HepG2 cells following RORα introduction 
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or RORα agonist treatment to define the function of RORα in liver 
cancer cell tumorigenesis. RORα overexpression significantly re-
duced invasion activity compared with control cells (Figure 1A). 
Treatment with the RORα agonist SR1078 also showed the 
same tendency to suppress metastatic potential in HepG2 cells 
(Figure 1B).

Next, we performed cell- counting assays and Ki67 staining to 
examine whether RORα inhibited cancer cell growth. Consistently, 
we observed a delay in cell growth (Figure 1C) and a reduction in 
the proliferation marker Ki67 (Figure 1D) in SR1078- treated HepG2 
cells. On the contrary, RORα depletion using siRNA promoted cell 
proliferation and increased invasion ability (Figures 1E and S1A- C). 
In addition, we investigated whether treatment with the RORα an-
tagonist SR3335 or agonist SR1078 affected HepG2 cell viability. 
SR1078 treatment significantly decreased cell viability in a dose- 
dependent manner. However, SR3335 did not alter cell growth 
activity (Figure 1F). These results showed that RORα reduced the 
proliferation and metastatic potential of liver cancer cells. As RORα 
suppresses cancer progression via canonical Wnt/β- catenin sig-
naling inhibition in colon cancer,8 we examined whether β- catenin 
activity mediated tumor- suppressive function of RORα in liver can-
cer cells. Quantitative reverse transcription PCR (qRT- PCR) and 
Western blotting analysis revealed that c- Myc mRNA and protein 
levels were downregulated in RORα- transfected HepG2 cells com-
pared with those in control cells (Figure 1G). Collectively, our results 
demonstrate that RORα plays a crucial role as a tumor suppressor in 
liver cancer cells.

3.2  |  Oxidative damage– induced RORα 
stabilization is functional in liver cancer

We generated mice with a specific RORα allele deletion in the hepat-
ocytes (RORαf/f; Alb- Cre, RORα liver- specific KO [LKO]) to confirm 
tumor- suppressive function of RORα in liver cancer. WT (RORαf/f) 
and RORαLKO mice were intraperitoneally injected with diethylni-
trosamine (DEN) at 2 weeks of age and subjected to tumorigenesis 
analysis (Figure 2A). The number of tumor formations and the larg-
est tumor size among tumors in liver tissues were comparable be-
tween 8- month- old WT and RORαLKO mice (Figure 2B,C). Moreover, 
increased liver cancer proliferation was confirmed by the substantial 
increase in levels of PCNA in RORαLKO mice (Figure 2D). These re-
sults demonstrate that a reduction in RORα expression can critically 
contribute to promoting liver cancer progression, consistent with 
the finding that enhanced RORα activities regressed liver cancer cell 
proliferation (Figure 1C,D,F).

Given that RORα protein levels are responsible for damage- 
induced liver cancer progression, it is reasonable to expect that 
physiologically relevant functions underlie the correlation between 
damage and RORα protein levels. In liver cancer, ROS- induced ox-
idative damage may act as an antiproliferative and proapoptotic 
signal23 and therefore may be used as an anticancer reagent.24,25 

We performed a cell viability analysis after treatment with a RORα 
agonist (Figure 2E) to determine whether RORα activity alters ROS- 
triggered reduction in cell proliferation. The result supported that 
changed activities of RORα are significant downstream of the action 
of ROS in liver cancer. Furthermore, H2O2 treatment of HepG2 liver 
cancer cells stimulated the stabilization of RORα at the protein level 
(Figure 2F). Under these conditions, however, the mRNA levels of 
RORα were not affected, suggesting that ROS signaling influences 
protein stability of RORα. Therefore, we aimed to find out the mo-
lecular mechanism of RORα stabilization induced by oxidative stress. 
H2O2 treatment inhibited arginine methylation of RORα (Figure 2G). 
In addition, although RORα1 and RORα4 are coexpressed in HepG2 
cells (Figure S2B),26 specific arginine methylation of RORα1 was 
confirmed and diminished in response to ROS (Figures 2G and 
S2C). These results might describe that the difference in the NTD 
between RORα1 and RORα4 caused RORα1- selective methylation 
(Figure S2A). Together, these data indicated that controlling RORα 
protein levels via ROS- mediated oxidative damage signals is critical 
in liver cancer cells.

3.3  |  RORα  is arginine methylated at R37 residue 
by PRMT5, and PRMT5 attenuates RORα  activity via 
destabilization

Next, we examined the functional consequences of changes in 
RORα at the post- translational level and the subsequent control 
of its protein expression. Protein arginine and lysine residues are 
commonly methylated in eukaryotic cells.27 Arginine methyla-
tion is an influential PTM that occurs on nonhistone and histone 
proteins, affecting their interactions, such as protein- protein and 
protein– nucleic acid interactions.28 In mammals, nine enzymes, 
PRMTs 1- 9, promote arginine methylation.29 RORα lysine meth-
ylation is known for the methylation- dependent ubiquitination 
machinery of “methyl degron.” EZH2- mediated RORα K38 meth-
ylation facilitates polyubiquitination by the E3 ubiquitin ligase 
complex DCAF1/DDB1/CUL4.12 However, the functions and 
mechanisms of arginine methylation in RORα remain unclear. 
Interestingly, conserved arginine and surrounding residues com-
parable to those of histone H3 regulated by PRMTs were present 
in NTD of RORα (Figure 3A). PRMT5 mediates H3R8 methyla-
tion, leading to transcriptional repression, and PRMT4 (known 
as CARM1) mediates H3R17/26 methylation, thereby promoting 
gene expression.30 We hypothesized that PRMT5 and PRMT4 
might methylate R37 and R46/55 of RORα, respectively, because 
the arginine residues were arranged in a similar sequence to R8 
and R17/26 of H3, respectively. We primarily investigated which 
PRMTs methylate RORα. Our data revealed that PRMT5 overex-
pression elevated arginine methylation of RORα, but other PRMTs, 
such as PRMT1- 4, did not (Figure 3B). Therefore, we focused on 
the relationship between PRMT5 and RORα. PRMT5 interacts 
with RORα and subsequently methylates it. In contrast, PRMT5 
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E444Q, an enzymatically dead mutant,31 was bound to RORα but 
did not methylate it (Figures 3C and S3A). In addition, the aberrant 
methylation of RORα induced by PRMT5 overexpression occurred 
only in a specific isoform RORα1 (Figure S3B). Next, we analyzed 
the methylation of RORα using the PRMT5 inhibitor GSK3326595. 

When we treated GSK3326595, RORα methylation level was sig-
nificantly reduced compared with the control (Figures 3D and 
S3C). Next, we constructed RORα arginine- to- alanine (R- to- A) or 
arginine- to- lysine (R- to- K) substitution mutants. Wild- type RORα 
was arginine methylated, but R37A and R37K mutants were not 
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(Figure 3E), and RORα R37K or R37A overexpression significantly 
increased RORα target gene p21 reporter activity (Figures 3F and 
S3D).32

We tested the methylation levels of RORα mutants (R37A, 
2RA, and 3RA) after PRMT4 or PRMT5 overexpression to confirm 
whether PRMT4 methylated RORα R46/55 residues. Although the 
co- immunoprecipitation (co- IP) assay revealed that PRMT4 inter-
acted with RORα (Figure S4A), PRMT4 overexpression did not in-
duce RORα WT, 2RA (R46/55A), or 3RA (R37/46/55A) methylation 
(Figures 3B and S4B). These results suggest that enhanced binding 
to RORα via induced expression of PRMT4 could not trigger di-
rect arginine methylation by PRMT4. PRMT5 catalyzed the WT or 
2RA methylation, but the 3RA methylation did not rise, even after 
PRMT5 overexpression. As arginine methylation disappeared when 
R37 was altered to alanine, R37 might be a crucial residue for argi-
nine methylation. PRMT4 did not seem to methylate RORα directly 
but might indirectly interact with RORα in a CREB- binding protein 
(CBP)- dependent manner (Figure S4C). CBP is a PRMT4 coactiva-
tor and can be activated as a histone acetyltransferase (HAT) by 
PRMT4- mediated arginine methylation.33,34 CBP and PRMT4 coex-
pression synergistically increased RORα- dependent transcriptional 
activation of the RORE- luciferase reporter and RORα target gene 
transcript levels (Figure S4D,E).

Protein methyltransferases are responsible for numerous reg-
ulatory pathways, such as cancer development, progression, and 
therapeutic response.19 In recent years, accumulating evidence 
suggested that PRMT5, as an oncogene, is overexpressed and pro-
motes tumor cell proliferation, invasion, and migration in several 
cancers, including hepatocellular carcinoma.35,36 PRMT5 regulates 
gene expression via histone and transcription factor methylation. 
PRMT5- mediated arginine methylation affects transcription fac-
tor activity, recruitment, and stability.19 Therefore, we checked 
how PRMT5 regulates transcription factor RORα through arginine 
methylation. PRMT5 overexpression did not regulate RORα ex-
pression at the mRNA level (Figure 3G), but PRMT5 knockdown 
increased RORα protein levels (Figure 3H). p21 mRNA levels were 
downregulated in PRMT5- overexpressed HepG2 cells (Figure 3I). 
However, H2O2 treatment restored the p21 mRNA expression 
levels despite PRMT5 overexpression. These data suggest that 

PRMT5 might destabilize RORα protein by methylation of R37 
residue. Arginine methylation by the PRMT family can regulate 
the ubiquitination of substrates by determining the interaction 
between the E3 ligase and substrates.37– 39 In particular, PRMT5 
enhances dual specificity phosphatase 14 (DUSP14) and CRAF 
degradation40,41 or, conversely, attenuates CFLARL and Krüppel- 
like factor 4 (KLF4) dilapidation by regulating their interactions 
with the E3 ligase.38,42 Previous studies have shown that PRMT5- 
catalyzed arginine methylation is highly associated with the ubiq-
uitination of substrates and is important for development and 
tumorigenicity.43 Thus, we hypothesized that PRMT5 methylates 
RORα and induces its ubiquitination, resulting in tumorigenesis by 
reducing tumor suppressor RORα.

3.4  |  E3 ligase ITCH polyubiquitinates RORα 
via the K441 linkage

We attempted to identify a candidate E3 ligase responsible for de-
grading RORα in response to arginine methylation by PRMT5. We 
performed E3 ligase screening to find the candidate (Figure 4A). 
We detected green fluorescent signals when the N- terminal RORα 
amino acid sequence, including R37 and biotin, bound to the E3 li-
gase. In particular, the fluorescence intensity was the highest when 
the sequence interacted with ITCH or CA150 WW2. Therefore, we 
analyzed the potential E3 ligase roles of ITCH and CA150 in RORα 
ubiquitination. A co- IP assay confirmed that ITCH and CA150 in-
teracted with RORα (Figure 4B). However, the RORE- luciferase re-
porter assay indicated that ITCH WT decreased RORα- dependent 
RORE activity, and CA150 synergistically upregulated RORE activity 
together with RORα overexpression (Figure 4C). In contrast, ITCH 
WT, ITCH mutant (MT), and CA150 alone did not affect transcrip-
tional activity without RORα overexpression. If ITCH or CA150 are 
E3 ligases that ubiquitinate RORα to degrade, they repress RORα 
target gene transcription. Furthermore, although the CA150 WW2 
domain interacted with the RORα N- terminal sequence during 
screening (Figure 4A), CA150 is a known transcription elongation 
factor rather than an E3 ligase.44 WW domains are important mod-
ules that lead to protein- protein binding.45 The C2 and WW domains 

F I G U R E  1  RORα functions as a tumor suppressor in liver cancer cells. A, HepG2 cells transfected with FLAG- mock or RORα were 
seeded per upper chambers for the invasion assays. After 48 h, invaded cells were stained and counted. B, For the invasion assays, HepG2 
cells were seeded per upper chambers with DMSO or the SR1078 treatment. After 48 h, invaded cells were stained and counted. C, Cell 
proliferation assay using a manual cell count. HepG2 cells were plated into 12- well plates, and treated with DMSO or 10 μM SR1078 at the 
indicated concentration for 3 d. DMSO was used as a drug control (CTL). D, Cell proliferation assay with Ki67 and quantitative data of Ki67- 
positive cells. HepG2 cells treated with DMSO or 10 μM SR1078 at the indicated concentration for 48 h. Green, Ki- 67; blue, nuclear DNA 
(DAPI). Scale bar = 125 μm. E, Cell proliferation assay using a manual cell count. HepG2 cells were plated in 12- well plates, and after 15 h, 
cells were transfected with si- CTL or si- RORα. Cells were measured for 2 d. si- CTL was used as a siRNA control (CTL). F, HepG2 cells were 
plated in 96- well plates, and after 1 d, cells were treated with SR1078 or SR3335 at the indicated concentrations for 5 d. Cell viability was 
measured via CCK8 assay. G, c- Myc protein and mRNA levels in HepG2 cells after transfection with FLAG- mock or RORα. β- actin was used 
as the loading control. The mRNA levels were normalized to r18S expression. Statistical analysis was performed using Student's unpaired t 
test for comparisons between two groups and two- way ANOVA with Šidák's post hoc tests for multiple comparisons. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. Data are expressed as mean ± SEM



192  |    IM et al.

of Nedd4 family E3 ligases are crucial in interacting with adaptors 
and recognizing substrates. Therefore, the CA150 WW2 domain and 
RORα binding might only represent the significance of the WW do-
main in interaction with RORα as a substrate.

We observed that ITCH WT polyubiquitinated RORα 
(Figure 4D). However, the catalytically dead mutant ITCH C830A 
failed to promote RORα polyubiquitination. Similarly, silenc-
ing ITCH via siRNA markedly reduced RORα polyubiquitination 

F I G U R E  2  Enhanced tumor formation in liver- specific RORα null mice treated with damage signals. A, Representative images of tumor- 
bearing livers from 8- m- old WT and RORα LKO mice treated with DEN. B, C, Bar graph for tumor number (B) and largest tumor size (C) in 
8- m- old DEN- treated WT and RORα LKO mice liver tissues. D, Western blot images of tumor- bearing livers from 8- m- old WT and RORα 
LKO mice treated with DEN. E, HepG2 cells were plated into 96- well plates, and after 1 d, cells were treated with H2O2 only or H2O2 plus 
3 μM SR1078 at the indicated concentrations for 5 d. Cell viability was measured by CCK8 assay. F, RORα protein and mRNA levels in HepG2 
cells after 100 μM H2O2 treatment for the indicated lengths of time. The protein and mRNA levels were normalized to β- actin expression. 
G, Arginine methylated FLAG- RORα levels in 293 T cells after 0, 50, and 100 μM H2O2 treatment for 6 h. Statistical analysis was performed 
using Student's unpaired t test for comparisons between two groups and two- way ANOVA with Šidák's post hoc tests for multiple 
comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are expressed as mean ± SEM
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FIGURE 3  Legend on next page
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(Figure 4E) and facilitated RORα stabilization when measuring pro-
tein stability after treatment with the protein synthesis inhibitor 
cycloheximide (CHX) (Figure 4F). Thus, RORα ubiquitination re-
quires ITCH. We conducted a ubiquitination assay after substitut-
ing putative ubiquitination sites to examine which RORα residue 
is ubiquitinated by ITCH. Notably, replacing the RORα lysine 441 
residue with arginine almost completely abolished RORα polyubiq-
uitination (Figure 4G). Also, the K441- to- R substitution mutant en-
hanced RORα transcriptional activity (Figure 4H). Collectively, our 
findings demonstrate that ITCH- mediated RORα ubiquitination 
triggers its degradation in a K441- dependent manner.

3.5  |  PRMT5 is involved in RORα  degradation by 
regulating ITCH binding

We investigated whether PRMT5 affects RORα and ITCH interac-
tions by methylating RORα. PRMT5- mediated arginine methylation 
upregulated the RORα and ITCH interaction (Figure 5A). Conversely, 
PRMT5 E444Q overexpression attenuated this interaction. 
Additionally, PRMT5 WT overexpression, not E444Q, increased 
RORα ubiquitination and decreased RORα stability (Figure 5B,C). 
Moreover, the methylation- deficient RORα R37A mutation signifi-
cantly prevented its own ubiquitination (Figure 5D) and stabilized 
itself at the protein level (Figure 5E). Our results suggested that 
PRMT5 facilitates RORα ubiquitination by methylating the R37 resi-
due. The results were reconfirmed by treating with PRMT5 inhibitor 
GSK3326595 that augmented the RORα stability (Figure 5F). These 

observations revealed crosstalk between PRMT5- specific methyla-
tion and ubiquitination to regulate RORα stability.

Next, we determined which ITCH domains were responsible 
for binding with RORα. The E3 ligase ITCH contains a C2 domain, 
four WW domains, and a HECT domain. Nedd4 family E3s, includ-
ing ITCH, bind to E2 and transfer ubiquitin from E2 to substrates 
through the HECT domain. The N- terminal C2 and four WW domains 
are involved in subcellular localization and substrate recognition.46 
We generated isolated ITCH domains tagged with a FLAG epitope 
(Figure 5G). Intriguingly, the co- IP assay showed that RORα strongly 
interacted with the C2 or WW1- 4 domains compared with full- length 
ITCH (Figure 5H). However, the HECT domain did not bind to RORα. 
Next, we examined RORα methylation– dependent recognition by 
ITCH within the WW domain. WW domains are known as substrate- 
binding domains, and the association between the WW 1- 4 domains 
of ITCH and RORα appeared to be methylation- dependent, as only 
ROR WT was able to interact with ITCH, while RORα R37A exhibited 
a significantly reduced interaction (Figure 5I). Together, these data 
suggest that PRMT5- dependent RORα arginine methylation is cru-
cial for its direct association with the E3 ligase ITCH.

3.6  |  ROS facilitates RORα  stabilization through 
PRMT5 inhibition in liver cancer cells

Our results showed that H2O2 treatment elevated protein lev-
els of RORα. However, there were no significant changes in Rora 
mRNA levels (Figure 2F). We explored the molecular mechanism 

F I G U R E  4  E3 ligase ITCH polyubiquitinates RORα. A, Putative E3 ligases of the RORα N- terminal sequence (27- 45 aa) were screened by 
the E3 ligases array. B, Interactions of HA- RORα with FLAG- CA150 or ITCH in 293 T cells after cotransfection with the above vectors. C, 
Luciferase assay using RORE promoters in 293 T cells transfected with a vector, RORα, CA150, ITCH WT, or MT. D, Ubiquitination assay of 
GFP- RORα in 293 T cells after cotransfection with HA- Ub and Myc- mock, ITCH WT, or C830A. Cells were treated with 5 μg/ml proteasomal 
inhibitor MG132 for 4 h. E, Ubiquitination assay of GFP- RORα in 293 T cells after cotransfection with HA- Ub and si- CTL, or si- ITCH. Cells 
were treated with 5 μg/ml proteasomal inhibitor MG132 for 4 h. F, Protein levels of ITCH and HA- RORα in HepG2 cells after cotransfection 
with si- CTL, si- ITCH. Cells were treated with 20 μg/ml protein synthesis inhibitor CHX for 0, 1, 3, and 6 h. β- actin was used as a loading 
control. G, Ubiquitination assay of FLAG- RORα in 293 T cells after cotransfection with RORα WT or K441R and HM- Ub. Cells were treated 
with 5 μg/ml proteasomal inhibitor MG132 for 4 h. H, Luciferase assay using RORE promoters in 293 T cells transfected with mock, RORα 
WT, or K441R

F I G U R E  3  PRMT5 induces RORα degradation via methylating the R37 residue of RORα. A, Comparison between predicted RORα 
arginine methylation sites and PRMTs- mediated methylation sites of histone H3. Arginine (R) to alanine (A) substitutions are highlighted 
in green. B, Arginine methylated FLAG- RORα levels in 293 T cells after cotransfection with HA- mock or PRMT1- 5. Cells were treated with 
5 μg/ml proteasomal inhibitor MG132 for 4 h. C, Arginine methylated GFP- RORα levels in 293 T cells after cotransfection with HA- mock, 
PRMT5 WT, or E444Q. Cells were treated with 5 μg/ml proteasomal inhibitor MG132 for 4 h. D, Arginine methylated FLAG- RORα levels 
in 293 T cells after cotransfection with HA- PRMT5 in the absence or presence of GSK3326595 (5 μM, 24 h). Cells were treated with 5 μg/
ml proteasomal inhibitor MG132 for 6 h. E, Arginine methylated FLAG- RORα levels in 293 T cells after transfection with RORα WT, R37A, 
or R37K. F, Luciferase assay using a p21 promoter in 293 T cells transfected with RORα WT or R37K. G, qRT- PCR analysis for relative Rora 
mRNA levels in 293 T cells transfected with HA- mock or HA- PRMT5. The mRNA levels were normalized to β- actin expression. H, RORα and 
PRMT5 protein levels in HepG2 cells after transfection with control siRNA (si- CTL), si- PRMT5. β- actin was used as a loading control. I, qRT- 
PCR analysis for relative Rora and p21 mRNA levels in HepG2 cells transfected with HA- mock or HA- PRMT5. The cells were incubated with 
or without 100 μM H2O2 treatment for 6 h. The mRNA levels were normalized to β- actin expression. Statistical analysis was performed using 
two- way ANOVA with Tukey's post hoc tests. *p < 0.05. Data are expressed as mean ± SEM
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of H2O2- induced RORα regulation. We performed Western blot-
ting to detect RORα, PRMT5, and ITCH in HepG2 cells treated with 
H2O2 to evaluate the influence of H2O2 stimulation on expression 
of PRMT5 and ITCH accelerating RORα degradation. Notably, RORα 
was negatively correlated with PRMT5 and ITCH levels after expo-
sure to oxidative stress. RORα protein levels increased in response 
to H2O2 treatment (Figure 6A), and p21 expression also increased 
(Figure 6B). H2O2 treatment remarkably downregulated PRMT5 
expression, but ITCH slowly reduced in a time- dependent manner. 
H2O2 might control PRMT5 and ITCH at the protein level because 
these mRNA levels did not change (Figure 6A,B). As PRMT5 is re-
sponsible for RORα degradation, it is assumed that there must be 
an upstream modulation regulating PRMT5 enzymatic activity. As 
Figure 6C,D shows, ROS signaling dramatically increased PRMT5 
polyubiquitination and abolished the ability of PRMT5 to methyl-
ate RORα. These observations suggested that oxidative damage 
reduced PRMT5 protein levels and activity. Finally, we verified the 
effect of ITCH and H2O2- induced oxidative damage on RORα tar-
get genes (Figure 6E). While ITCH overexpression decreased RORα 
target gene p21, ROS generation by H2O2 enhanced p21 mRNA lev-
els even in ITCH- overexpressing HepG2 cells. This might imply that 
ROS interrupts ITCH- involved degradation of RORα and upregulates 
RORα target genes. Together, these data strongly support that the 
inverse correlation between PRMT5 and RORα protein levels under 
ROS generation is conferred by methylation- dependent ubiquitina-
tion in liver cancer (Figure 6F).

4  |  DISCUSSION

Previous reports have frequently linked RORα to anti- tumorigenesis, 
and it is generally considered a tumor suppressor, with only a few 
exceptions.8,10,22,47 In this study, we determined that RORα func-
tions as a tumor suppressor under ROS signaling in liver cancer. 
Interestingly, this is the first report to describe the critical role of 
RORα arginine methylation by PRMT5 in liver cancer and the series 
of molecular events involved in this process. We identified PRMT5 
as a direct RORα arginine methyltransferase that dimethylates R37 
residue. It destabilizes RORα by enhancing the binding of RORα 
with ITCH, leading to ubiquitination at K441 residue. This, in turn, 

promotes liver cancer cell tumorigenesis. Therefore, we have un-
raveled a critical novel function of the PRMT5- ITCH- RORα axis in 
liver tumorigenesis.

PRMTs are consistently upregulated in various cancers.48 
However, the downstream PRMT5 methylation events in cancer pro-
gression, especially via nonhistone substrates, remain poorly under-
stood. We confirmed that RORα is a direct nonhistone substrate of 
PRMT5 and identified R37 as an arginine methylation site. Notably, 
recent studies indicate that the function of PRMT5 is complicated 
and context- dependent in cancer progression, as it operates as both 
a tumor suppressor and oncogene.19 Several studies have shown the 
oncogenic activities of PRMT5 in liver cancer.36,49,50 However, the 
molecular basis of its activity as a methyltransferase remains largely 
unexplored. Our report demonstrates that ROS signaling downregu-
lates PRMT5 protein levels and is negatively correlated with protein 
levels of the tumor suppressor RORα, suggesting an oncogenic role 
of PRMT5 in liver cancer.

Protein ubiquitination is a highly controlled process,51 and we 
have provided novel evidence that RORα arginine methylation 
induces its ubiquitination. Additionally, the molecular level of 
arginine- methylated RORα potentiates its association with the E3 
ligase ITCH, leading to RORα polyubiquitination. Previous studies 
revealed that ITCH is crucial in tumor progression by destabiliz-
ing several target substrates, such as large tumor suppressor 1 
(LATS1), p63, and p73.52– 54 In line with these findings, our study 
illustrated that inducing the association of ITCH with its substrate 
via other PTMs allows arginine methylation to stimulate liver can-
cer cell carcinogenesis.

Recently, regulating redox homeostasis by controlling ROS 
generation in anticancer therapies has received significant atten-
tion.55– 57 The acceleration of accumulated ROS disturbs redox ho-
meostasis, resulting in severe damage to cancer cells.58 Increasing 
ROS under H2O2 treatment reduces liver cancer cell proliferation 
depending on the functions of RORα, suggesting that regulating 
RORα protein levels is the underlying crucial molecular basis of 
ROS signaling effects.

In conclusion, we have demonstrated a series of molecular 
events in which PRMT5 dimethylated and degraded RORα by 
promoting ITCH recruitment by providing a direct link between 
arginine methylation and polyubiquitination, which led to the 

F I G U R E  5  PRMT5 Is involved in RORα degradation by regulating ITCH binding. A, Interactions of GFP- RORα with FLAG- ITCH in 
293 T cells after cotransfection with HA- PRMT5 WT or E444Q. B, Protein levels of FLAG- RORα in HepG2 cells after cotransfection with 
HA- mock, PRMT5 WT, or E444Q. Cells were treated with 20 μg/ml CHX for 0, 1, 3, and 6 h. β- actin was used as a loading control. C, 
Ubiquitination assay of GFP- RORα in 293 T cells after cotransfection with HM- Ub and HA- mock, PRMT5 WT, or E444Q. Cells were treated 
with 5 μg/ml proteasomal inhibitor MG132 for 6 h. D, Ubiquitination assay of FLAG- RORα in 293 T cells after cotransfection with HA- Ub 
and RORα WT or R37A. Cells were treated with 5 μg/ml proteasomal inhibitor MG132 for 6 h. E, Protein levels of FLAG- RORα in HepG2 
cells transfected with RORα WT or R37A. Cells were treated with 20 μg/ml CHX for 0, 3, 6, and 12 h. β- actin was used as a loading control. 
F, Protein levels of FLAG- RORα in HepG2 cells transfected in the absence or presence of GSK3326595 (5 μM, 24 h). Cells were treated with 
20 μg/ml CHX for 0, 1, 3, and 6 h. β- actin was used as a loading control. G, Schematic of ITCH WT and deletion mutants. H, Interaction 
of GFP- RORα with FLAG- ITCH truncations in 293 T cells after cotransfection with the above vectors. Cells were treated with 5 μg/ml 
proteasomal inhibitor MG132 for 6 h. I, Interaction of GFP- RORα WT or R37A with FLAG- ITCH WT or WW1- 4 in 293 T cells transfected 
with the above vectors. Cells were treated with 5 μg/ml proteasomal inhibitor MG132 for 6 h
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progression of liver cancer cells. Collectively, involvement of the 
PRMT5- ITCH- RORα axis under ROS signaling in liver cancer cell 
carcinogenesis and stimulation of this axis by inhibitors weakened 
HepG2 cell migration and invasion abilities. This molecular basis 

may provide fundamental knowledge to develop a potential ther-
apeutic strategy for liver cancer intervention by controlling the 
members of this axis according to the pro- oxidants for the ROS- 
inducing approach.
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