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Introduction
Tumor suppressor p53 plays a central role in tumor suppression, 
mainly through its transcriptional regulation of a variety of tar-
get genes (1–5). The TP53 (also known as p53) gene that encodes 
the p53 protein is the most frequently mutated gene in human 
cancers, and its mutations occur in over half of all human can-
cers (6–9). Intriguingly, the majority of p53 mutations in can-
cers are missense mutations, leading to the production of full-
length mutant p53 (mutp53) proteins with single amino acid 
changes. Furthermore, over 85% of these mutations occur in 
the DNA-binding domain (DBD) of p53, which impairs p53 tran-
scriptional activity. Among them, several hot spot mutations, 
including mutations at codons 175, 245, 248, and 273, account 
for approximately 30% of p53 mutations in cancers (6–10). Tre-
mendous studies have demonstrated that in addition to the loss 
of the tumor-suppressive function of WT p53 (wtp53), missense 
mutp53 proteins often display gain-of-function (GOF) activi-
ties to promote tumorigenesis independently of wtp53 through 
different mechanisms (6–18). Interestingly, while wtp53 pro-
teins are kept at low levels under nonstress conditions, main-

ly through E3 ubiquitin ligase MDM2-mediated ubiquitination 
and degradation, missense mutp53 proteins often stabilize and 
accumulate to very high levels in tumors (6–10). Therefore, 
immunohistochemical (IHC) staining of p53 has been widely 
used to detect missense p53 mutations in tumor specimens in 
clinic, although it is not a perfect marker (10, 19–21). Impor-
tantly, mutp53 accumulation in tumors is usually required for 
mutp53 to exert GOF in tumorigenesis (6, 7, 12, 22–26). Given 
the high mutational frequency of p53 in cancer and the GOF 
activity of mutp53, mutp53 has become an attractive target for 
cancer therapies (9, 27, 28). Destabilizing mutp53 to inhibit 
mutp53 GOF activities has been actively tested as a promising 
therapeutic strategy for cancers carrying mutp53 (9, 13, 22, 27, 
28). However, the mechanism underlying mutp53 accumula-
tion in cancer is incompletely understood, and this hinders the 
development of effective strategies to treat cancers carrying 
mutp53. Currently, no drugs targeting mutp53 are available for 
cancer treatment in clinic (9, 27, 28). Therefore, it is crucial to 
better understand the mechanism underlying mutp53 accumu-
lation and GOF in cancer.

Human tripartite motif (TRIM) family proteins are a large 
group of proteins (>80 proteins) characterized by the RING, 
B-Box, and coiled-coil domains at the N-terminus (29–31). 
Through the RING domain, many TRIM proteins have E3 ubiq-
uitin ligase activity and can ubiquitinate substrate proteins to 
exert their functions (29–31). TRIM proteins are involved in 
regulating many biological processes and diseases, including 
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Results
TRIM21 is a mutp53-interacting protein. To investigate the mech-
anism underlying mutp53 accumulation in cancer, we screened 
for specific mutp53-interacting proteins using co-IP with a p53 
antibody, followed by LC-MS/MS analysis in human colorec-
tal cancer p53−/− RKO cells expressing ectopic hot spot R175H 
mutp53 or wtp53. This approach led to the identification of a 
list of potential R175H mutp53-interacting proteins, including 
some known mutp53-interacting proteins, such as several heat 
shock proteins and BAG2 (10, 13, 22, 40). Interestingly, TRIM21 
was identified as a potential protein preferentially binding to 
R175H mutp53 but not wtp53 (Supplemental Table 1; supple-
mental material available online with this article; https://doi.
org/10.1172/JCI164354DS1).

p53 missense mutations have two major categories: con-
formational (e.g., R175H and G245S) and DNA-contact muta-
tions (e.g., R248Q and R273H) (10). R175H, G245S, R248Q, and 
R273H hot spot mutp53 have been shown to display GOF activ-
ities and have been widely used for mutp53 GOF studies (6–8, 
10). Here, we examined the interaction between TRIM21 and 
the 4 hot spot GOF mutp53 using co-IP, followed by Western 
blot assays in p53−/− RKO cells expressing ectopic TRIM21-Flag 
and mutp53 (Figure 1A). TRIM21-Flag interacted with these 4 
mutp53 and its interaction with R175H mutp53 appeared to be 
a little stronger (Figure 1A). In contrast, no interaction between 
TRIM21-Flag and wtp53 was observed, which is consistent with 
a previous study (34). The interaction between endogenous 
TRIM21 and mutp53 was confirmed by co-IP assays in different 
human cancer cell lines expressing different homozygous endog-
enous GOF mutp53, including breast cancer SK-BR3 (R175H) and 
HCC70 (R248Q) cells as well as colorectal cancer HT29 (R273H) 
and LS1034 (G245S) cells. While no clear interaction between the 
endogenous TRIM21 and wtp53 was observed in p53+/+ RKO cells 
(Figure 1B), the interaction between the endogenous TRIM21 and 
different mutp53 was observed in above-mentioned cell lines 
(Figure 1, C and D). SK-BR3 and HT29 cells with KO of mutp53 
using CRISPR/Cas9 technique as well as LS1034 and HCC70 
cells with mutp53 knockdown by different shRNA vectors were 
employed as negative controls for assays to confirm the specifici-
ty of this interaction (Figure 1, C and D).

To determine the domain(s) of TRIM21 required for the 
TRIM21-mutp53 interaction, vectors expressing serial dele-
tion mutants of TRIM21-Flag (Figure 1E) were constructed and 
cotransfected with R175H mutp53 vectors into p53−/− RKO cells 
for co-IP assays. SPRY (SPIa and the ryanodine receptor) and 
PRY (SPRY-associated) domains are known to be crucial for 
many TRIM family proteins, including TRIM21, to interact with 
other proteins (29–31). Our results showed that while deletion 
of the SPRY domain dramatically reduced the TRIM21-R175H 
mutp53 interaction, deletion of both SPRY and PRY domains 
completely abolished the interaction. Furthermore, SPRY 
and PRY domains were sufficient for TRIM21 to interact with 
R175H mutp53 (Figure 1E). Our results further showed that the 
DBD domain of R175H mutp53 was required and sufficient for 
R175H mutp53 to interact with TRIM21 (Figure 1F). In addi-
tion to R175H mutp53, the DBD domain of R273H, G245S and 
R248Q mutp53 also interacted with TRIM21 in cells (Figure 

cancer (29–32). Interestingly, several TRIM proteins have been 
reported to be involved in regulation of wtp53 in a cell/tissue 
type– and stress-specific manner (33). Recently, TRIM fami-
ly protein TRIM21 was reported to downregulate wtp53 pro-
tein levels indirectly through its regulation of GMP synthase 
(GMPS) in cells; TRIM21 ubiquitinates GMPS and sequesters 
it in the cytoplasm, where GMPS cannot promote USP7-me-
diated deubiquitination of wtp53 in response to DNA damage 
(34). However, the physiological significance of this regulation 
in vivo remains unclear, and the effect of TRIM21 on mutp53 
is unknown. Emerging evidence has suggested that TRIM21 is 
involved in cancer. Interestingly, TRIM21 was reported to play 
a tumor-suppressive role in some cancers (e.g., breast and col-
orectal cancer) (35–37), whereas it was reported to promote tum-
origenesis in some other cancers (e.g., brain and liver cancer) 
(38, 39). Currently, the precise role and mechanism of TRIM21 
in cancer remain elusive.

In this study, we screened for specific mutp53-interacting 
proteins using coimmunoprecipitation (co-IP), followed by 
liquid chromatography–tandem mass spectrometry (LC-MS/
MS) analysis. We identified mutp53 as a direct substrate for 
TRIM21; TRIM21 specifically bound to mutp53 but not wtp53, 
leading to mutp53 ubiquitination and degradation. TRIM21 
deficiency promoted mutp53 accumulation and GOF in tumor-
igenesis in orthotopic and s.c. xenograft tumor models as well 
as the hot spot R172H mutp53–knockin (mouse R172H mutp53 
is equivalent to human R175H) mice. These results reveal a 
critical mechanism for mutp53 accumulation and GOF in can-
cer and the tumor-suppressive function of TRIM21 in cancers 
carrying mutp53.

Figure 1. TRIM21 is a specific mutp53-binding protein. (A) TRIM21 
protein specifically interacted with hot spot mutp53 proteins but not 
wtp53 in cells. p53−/− RKO cells expressing ectopic wtp53 or different 
mutp53 together with TRIM21-Flag were employed for co-IP assays. 
Control vectors are indicated by dashes. (B) Co-IP analysis of the inter-
action of endogenous TRIM21 with wtp53 in p53+/+ RKO cells. p53−/− RKO 
cells were used as negative controls. (C) Co-IP analysis of the interac-
tion of endogenous TRIM21 with R175H and R273H mutp53 in SK-BR3 
and HT29 cells, respectively. Control (Con) cells and 2 individual clonal 
cell lines with mutp53 KO by CRISPR/Cas9 were used. (D) Co-IP anal-
ysis of the interaction of endogenous TRIM21 with G245S and R248Q 
mutp53 in LS1034 and HCC70 cells, respectively. Cells with mutp53 
knockdown by 2 different shRNA vectors were used as negative con-
trols. (E) The PRY and SPRY domains of TRIM21 are required for R175H 
mutp53-TRIM21 interaction. Top: Schematic representation of vectors 
expressing WT and serial deletion mutants of TRIM21-Flag. Bottom: 
p53−/− RKO cells expressing R175H mutp53 and WT or mutant TRIM21-
Flag were used for co-IP assays. (F) The DBD domain of R175H mutp53 
is required for mutp53-TRIM21 interaction. Left: Schematic representa-
tion of vectors expressing full-length (FL) and serial deletion mutants 
of R175H HA-mutp53. AD, transactivation domain; DBD, DNA-binding 
domain; TD, tetramerization domain; CTD, C-terminal domain. Right: 
p53−/− RKO cells expressing TRIM21-Flag and FL or deletion mutants of 
R175H HA-mutp53 were used for co-IP assays. (G) The DBD domain of 
different hot spot mutp53 interacted with TRIM21-Flag in p53−/− RKO 
cells analyzed by co-IP assays. (H) The direct interaction of recom-
binant R175H His-mutp53 with WT but not T2 mutant GST-TRIM21 
proteins analyzed by in vitro GST pull-down assays. IP, immunoprecipi-
tation; IB, immunoblotting.
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GST-TRIM21 to directly interact with His-mutp53 in vitro (Fig-
ure 1H). Collectively, these results demonstrate that TRIM21 
directly and specifically interacts with mutp53 in cells.

TRIM21 suppresses mutp53 accumulation in cancer cells. Given 
that TRIM21 is an E3 ubiquitin ligase and interacts with mutp53, 

1G). Results from in vitro glutathione S-transferase (GST) pull-
down assays using recombinant GST-TRIM21 and His-mutp53 
or His-wtp53 proteins showed that TRIM21 directly interacted 
with mutp53 but not wtp53 in vitro (Figure 1H). Furthermore, 
deletion of SPRY and PRY domains abolished the ability of 

Figure 2. TRIM21 downregulates mutp53 protein levels in cells. (A) The effect of ectopic TRIM21 expression on the levels of different endogenous mutp53, 
including R175H, G245S, R248Q, and R273H, as well as wtp53 proteins in different human cancer cells. Cells were transduced with control (–) or TRIM21-Flag (+) 
expression vectors for Western blot assays. (B) The effect of TRIM21 KO on levels of R175H and R273H mutp53 protein in SK-BR3 and HT29 cells, respectively, 
analyzed by Western blot assays. (C) The effect of knockdown of endogenous TRIM21 by shRNA vectors on the levels of G245S and R248Q mutp53 in LS1034 
and HCC70 cells, respectively, and wtp53 proteins in MCF7 and p53+/+ RKO cells. Cells were transduced with control (Con) vectors or 2 different shRNA vectors 
against TRIM21 for Western blot assays. (D) Higher mutp53 protein levels in TRIM21−/− p53R172H/R172H MEFs compared with TRIM21+/+ p53R172H/R172H MEFs analyzed 
by Western blot assays. (E) Ectopic TRIM21-Flag expression did not affect the mRNA levels of mutp53 or wtp53 in different human cancer cells. (F) TRIM21 KO 
did not affect mutp53 mRNA levels in SK-BR3 and HT29 cells. (G) TRIM21 knockdown by shRNA vectors did not affect the mRNA levels of mutp53 or wtp53 
in different human cancer cells. (H) TRIM21 loss did not affect the mRNA levels of R172H mutp53 in p53R172H/R172H MEFs or wtp53 in p53+/+ MEFs. Mouse R172H 
mutp53 is equivalent to human R175H mutp53. In E–H, the mRNA levels of mutp53 or wtp53 in cells were measured by TaqMan real-time PCR assays and 
normalized with Actin. The TRIM21 did not show significant effect on mutp53 or wtp53 mRNA levels in these cells. Data are shown as the mean ± SD (n = 6). 
Statistical analysis was performed using 2-tailed unpaired Student’s t test (E and H) or 1-way ANOVA followed by Dunnett’s test (F and G).
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in vivo ubiquitination assays were performed in different cells. 
Ectopic expression of WT but not ΔRING TRIM21-Flag dramat-
ically promoted ubiquitination of exogenous R175H and R273H 
mutp53 in p53−/− RKO cells (Figure 3C). In contrast, TRIM21-Flag 
displayed a very limited effect on wtp53 ubiquitination in cells 
(Figure 3C). Furthermore, TRIM21 KO decreased ubiquitination 
of endogenous R175H and R273H mutp53 in SK-BR3 and HT29 
cells, respectively (Figure 3D). The TRIM21-mediated mutp53 
ubiquitination was further confirmed by in vitro ubiquitination 
assays using recombinant proteins; WT GST-TRIM21 induced 
the ubiquitination of His-mutp53 (both R175H and R273H) but 
not His-wtp53, which was abolished by deletion of the TRIM21 
RING domain (Figure 3E).

To test whether TRIM21 destabilizes mutp53, the protein 
half-life of mutp53 was analyzed. SK-BR3 cells with TRIM21-Flag 
expression or TRIM21 KO and their control cells were treated 
with the protein synthesis inhibitor cyclohexamide for different 
time periods before Western blot analysis of endogenous R175H 
mutp53 protein levels. The half-life of R175H mutp53 protein was 
clearly reduced by ectopic expression of TRIM21-Flag (Figure 
3F) and increased by TRIM21 KO in cells (Figure 3G). Collective-
ly, these results suggest that TRIM21 directly binds to mutp53 to 
ubiquitinate and degrade mutp53, and TRIM21 deficiency leads to 
mutp53 stabilization and accumulation.

MDM2 is the most critical negative regulator of wtp53, 
which ubiquitinates and degrades wtp53 (47, 48). MDM2 is 
frequently amplified and/or overexpressed in different types 
of cancers to inhibit p53 function in tumor suppression (8, 47, 
48). MDM2 overexpression is often mutually exclusive with p53 
mutations in many human cancers, supporting the important 
role of MDM2 in promoting tumorigenesis through its negative 
regulation of wtp53 (8, 47, 48). In addition to wtp53, MDM2 can 
also ubiquitinate and degrade mutp53 and mediate functions of 
some other mutp53 regulators, such as HSP90 and BAG2 (22-
26, 40). To determine whether mutp53 degradation by TRIM21 
is MDM2-dependent, MDM2 was knocked down by shRNA in 
SK-BR3 and HT29 cells. While MDM2 knockdown increased 
mutp53 protein levels, ectopic TRIM21-Flag expression effi-
ciently decreased mutp53 protein levels in both cells with and 
without MDM2 knockdown, suggesting that TRIM21 down-
regulates mutp53 independently of MDM2 (Figure 3H). This 
result was confirmed in p53−/− and p53−/− MDM2−/− MEFs; WT 
but not ΔRING TRIM21-Flag efficiently downregulated exoge-
nous R175H mutp53 levels in both MEF lines (Figure 3I). Our 
results further showed that the role of MDM2 in downregulating 
mutp53 is also TRIM21 independent. TRIM21 KO did not clear-
ly affect the inhibitory effect of ectopic MDM2-Flag on mutp53 
protein levels in SK-BR3 and HT29 cells (Supplemental Figure 
2A). Knockdown of MDM2 resulted in the increase of mutp53 
protein levels in both WT and TRIM21 KO cells (Supplemen-
tal Figure 2B). Notably, while MDM2-Flag expression clear-
ly reduced wtp53 protein levels in p53+/+ MCF7 and RKO cells 
(Supplemental Figure 2C), TRIM21-Flag expression only slight-
ly downregulated wtp53 protein levels in both cell lines (Figure 
2A). Similarly, while MDM2 knockdown clearly increased wtp53 
protein levels (Supplemental Figure 2D), TRIM21 knockdown 
only slightly induced wtp53 protein levels in cells (Figure 2C and 

we tested whether TRIM21 downregulates mutp53 protein lev-
els in cells. Ectopic expression of TRIM21-Flag greatly down-
regulated the levels of different endogenous mutp53 proteins in 
SK-BR3, HT29, LS1034, and HCC70 cells (Figure 2A). Notably, 
compared with its effect on mutp53, TRIM21-Flag displayed a 
much less pronounced inhibitory effect on wtp53 protein levels 
in cells expressing endogenous wtp53, including p53+/+ RKO and 
human breast cancer MCF7 cells (Figure 2A), which could be 
through the reported indirect regulation by TRIM21 (34). Fur-
thermore, TRIM21 KO clearly increased the protein levels of 
R175H and R273H mutp53 in SK-BR3 and HT29 cells, respec-
tively (Figure 2B). Similarly, TRIM21 knockdown by different 
shRNA vectors clearly increased G245S and R248Q mutp53 
protein levels in LS1034 and HCC70 cells, respectively, but dis-
played a much less pronounced effect on wtp53 protein levels in 
MCF7 and p53+/+ RKO cells (Figure 2C). R172H mutp53–knockin 
mice have been widely used for mutp53 GOF studies (41, 42). 
Employing mouse embryonic fibroblasts (MEFs) derived from 
TRIM21+/+ p53R172H/R172H and TRIM21–/– p53R172H/R172H mice, we 
found that TRIM21–/– p53R172H/R172H MEFs displayed much higher 
mutp53 protein levels than TRIM21+/+ p53R172H/R172H MEFs (Fig-
ure 2D). In contrast, no obvious difference in wtp53 protein 
levels was observed between TRIM21+/+ p53+/+ and TRIM21–/– 
p53+/+ MEFs (Figure 2D). Results from TaqMan real-time PCR 
assays showed that TRIM21 did not clearly affect mRNA lev-
els of mutp53 or wtp53 in above-mentioned cell lines (Figure 2, 
E–H). It has been reported that regulation of gene expression is 
an important mechanism for mutp53 to exert its GOF (10, 43). 
Therefore, we investigated whether TRIM21 affects mutp53 
function in terms of the regulation of gene expression through 
its downregulation of mutp53 levels using real-time PCR assays. 
Knockdown of R175H mutp53 by shRNA significantly reduced 
the expression of several well-known mutp53-regulated genes, 
including CXCL1, IGFBP3, NFKB2, and P2RX5 (10, 43–45), in 
the SK-BR3 cells (Supplemental Figure 1). Notably, TRIM21 
knockdown by shRNA clearly induced the expression of these 
genes, which was largely abolished by mutp53 knockdown, sug-
gesting that TRIM21 negatively regulates the function of mutp53 
in gene regulation (Supplemental Figure 1). These results indi-
cate that TRIM21 preferentially downregulates protein levels of 
mutp53 but not wtp53, and TRIM21 deficiency leads to mutp53 
accumulation in cancer cells.

TRIM21 promotes ubiquitination and degradation of mutp53. 
We further investigated whether TRIM21 downregulates mutp53 
protein levels through ubiquitin-mediated proteasomal degra-
dation. The RING finger domain of E3 ubiquitin ligases is criti-
cal for their E3 ubiquitin ligase activity (23, 29, 46). Here, p53−/− 
RKO cells were cotransfected with vectors expressing R175H or 
R273H mutp53 together with vectors expressing the WT TRIM21-
Flag or mutant TRIM21-Flag with deletion of the RING domain 
(ΔRING). The WT but not ΔRING TRIM21-Flag clearly downreg-
ulated the exogenous mutp53 protein levels in p53−/− RKO cells, 
which was abolished by treating cells with the proteasome inhib-
itor MG132 (Figure 3A). Similar results were observed in SK-BR3 
and HT29 cells; the downregulation of endogenous R175H and 
R273H mutp53 by TRIM21-Flag was abolished by MG132 (Fig-
ure 3B). To investigate whether TRIM21 ubiquitinates mutp53, 
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Supplemental Figure 2, C and D). Furthermore, the inhibitory 
effect of MDM2 on wtp53 is TRIM21 independent; knockdown 
of TRIM21 did not clearly affect the inhibitory effect of MDM2 
on wtp53 protein levels in cells (Supplemental Figure 2, C and 
D). These results suggest that both TRIM21 and MDM2 can 
independently downregulate mutp53 and, furthermore, unlike 
MDM2, TRIM21 does not play a critical role in negative regula-
tion of wtp53 in cells.

TRIM21 suppresses mutp53 accumulation to inhibit anchor-
age-independent growth of cancer cells. Given the critical role of 
mutp53 accumulation in mutp53 GOF, we determined the effect 
of TRIM21 on mutp53 GOF in cancer cells. Promoting cancer 
cell proliferation is a critical mutp53 GOF activity (6, 9, 10). It 
has been well known that wtp53 inhibits anchorage-independent 
growth of cancer cells in soft agar, whereas GOF mutp53 promotes 
anchorage-independent cell growth (49–52). Here, we investigat-
ed whether TRIM21 affects mutp53 GOF activity in promoting 
anchorage-independent cell growth. Anchorage-independent cell 
growth was significantly suppressed by KO of mutp53 in SK-BR3 
and HT29 cells and knockdown of mutp53 in LS1034 and HCC70 
cells, which demonstrated the GOF activities of these hot spot 
mutp53 in cancer cells (Figure 4, A and B). Notably, TRIM21 KO 
in SK-BR3 and HT29 cells significantly promoted anchorage- 
independent cell growth, which was largely abolished by mutp53 
KO (Figure 4A). Consistently, TRIM21 knockdown significant-
ly enhanced the anchorage-independent growth of LS1034 and 
HCC70 cells, which was largely abolished by mutp53 knockdown 
(Figure 4B). Furthermore, ectopic TRIM21-Flag expression sig-
nificantly inhibited anchorage-independent growth of SK-BR3 
and HT29 cells but displayed a much less inhibitory effect on their 
corresponding mutp53 KO cells (Figure 4C). Notably, TRIM21 
knockdown displayed a much less pronounced promoting effect 
on anchorage-independent cell growth in both p53−/− and p53+/+ 
RKO cells compared with these cell lines carrying mutp53 (Supple-
mental Figure 3). Consistent with previous studies (53, 54), loss of 

wtp53 in RKO cells promoted anchorage-independent cell growth 
(p53−/− vs. p53+/+), which demonstrates an inhibitory effect of 
wtp53 on anchorage-independent cell growth (Supplemental Fig-
ure 3). These results were further confirmed by employing E1A/
RasV12-transformed p53+/+, p53−/−, and p53R172H/R172H MEFs with or 
without TRIM21 deletion (TRIM21−/−) (Figure 4D). Anchorage-in-
dependent growth of transformed MEFs was significantly inhib-
ited by wtp53 (p53+/+ vs. p53−/−) but promoted by R172H mutp53 
(p53R172H/R172H vs. p53−/−). Notably, TRIM21 deletion significantly 
promoted anchorage-independent growth of p53R172H/R172H MEFs 
but not p53+/+ or p53−/− MEFs (Figure 4D). These results together 
demonstrate that TRIM21 inhibits anchorage-independent cell 
growth through suppressing mutp53 accumulation and GOF.

TRIM21 suppresses mutp53 accumulation to inhibit growth of 
orthotopic and s.c. tumors. It has been well-established that wtp53 
inhibits tumorigenesis whereas GOF mutp53 promotes tumori-
genesis in xenograft tumor models (10, 13, 49, 50, 55). We further 
determined the effect of TRIM21 on mutp53 GOF in tumorigene-
sis by using orthotopic breast tumors formed by SK-BR3 cells and 
s.c. colorectal xenograft tumors formed by HT29 cells in athymic 
nude mice. Compared with control cells, TRIM21 KO in SK-BR3 
cells significantly promoted the growth of SK-BR3 orthotopic 
tumors, whereas R175H mutp53 KO significantly inhibited tumor 
growth and largely abolished the promoting effect of TRIM21 
KO on tumor growth (Figure 5A). Western blot analysis and IHC 
staining of SK-BR3 tumor tissues showed that TRIM21 KO clearly 
enhanced mutp53 protein levels (Figure 5, B and C) and tumor 
cell proliferation as reflected by the percentage of Ki-67–pos-
itive cells (Supplemental Figure 4A). Furthermore, mutp53 KO 
significantly reduced Ki-67–positive cell numbers and largely 
abolished the promoting effect of TRIM21 KO on Ki-67–positive 
cell numbers in SK-BR3 tumor tissues (Supplemental Figure 4A). 
Similar results were observed in HT29 s.c. tumors; while TRIM21 
KO in HT29 cells significantly promoted tumor growth and 
clearly increased mutp53 protein levels in tumors, mutp53 KO 
in HT29 cells significantly inhibited tumor growth and largely 
abolished the promoting effect of TRIM21 KO on tumor growth 
(Figure 5, D and E, and Supplemental Figure 4B). Furthermore, 
TRIM21-Flag expression significantly inhibited the growth of 
SK-BR3 orthotopic tumors (Figure 5F and Supplemental Figure 
4C) and HT29 s.c. tumors (Figure 5H), which was largely abol-
ished by mutp53 KO in these cell lines (Figure 5, F and H, and 
Supplemental Figure 4C). Western blot analysis confirmed that 
TRIM21-Flag expression greatly reduced mutp53 levels in both 
SK-BR3 and HT29 tumors (Figure 5, G and I). It is worth not-
ing that while s.c. xenograft tumors formed by p53−/− RKO cells 
grew much faster than tumors formed by p53+/+ RKO cells, which 
indicates the tumor-suppressive function of wtp53, TRIM21 
knockdown displayed a much less pronounced growth-promot-
ing effect on p53+/+ RKO tumors compared with its effect on the 
above-mentioned mutp53 tumors (Supplemental Figure 4D). 
Furthermore, TRIM21 knockdown displayed a similar mild pro-
moting effect on both p53+/+ and p53−/− RKO tumors, suggesting 
that this effect of TRIM21 knockdown on RKO tumors is large-
ly wtp53 independent (Supplemental Figure 4D). These results 
together demonstrate that TRIM21 suppresses mutp53 accumu-
lation to inhibit mutp53 GOF in promoting tumor growth.

Figure 3. TRIM21 promotes mutp53 protein degradation through 
ubiquitination. (A) Ectopic expression of WT but not ΔRING TRIM21-
Flag promoted the degradation of ectopic R175H and R273H mutp53 in 
p53−/− RKO cells, which was largely blocked by the proteasome inhibitor 
MG132. (B) MG132 treatment increased endogenous mutp53 protein 
levels and largely abolished the inhibitory effect of TRIM21-Flag on 
mutp53 protein levels in SK-BR3 and HT29 cells. (C) Ectopic expression 
of WT but not ΔRING TRIM21-Flag promoted ubiquitination of ectopic 
R175H and R273H mutp53 (but not wtp53) in p53−/− RKO cells analyzed 
by in vivo ubiquitination assays. Ub, ubiquitin. (D) TRIM21 KO reduced 
ubiquitination of endogenous R175H and R273H mutp53 in SK-BR3 and 
HT29 cells, respectively, analyzed by in vivo ubiquitination assays. (E) 
GST-TRIM21 protein ubiquitinated R175H and R273H His-mutp53 (but 
not His-wtp53) analyzed by in vitro ubiquitination assays using purified 
recombinant proteins. (F) Ectopic TRIM21-Flag expression decreased 
endogenous R175H mutp53 protein half-life in SK-BR3 cells. (G) TRIM21 
KO increased endogenous R175H mutp53 protein half-life in SK-BR3 
cells. In F and G, cells were treated with cyclohexamide (CHX) (50 μg/
mL) for different amounts of time (hours) before Western blot assays. n 
= 3. (H) Ectopic TRIM21-Flag expression decreased mutp53 protein levels 
in both SK-BR3 and HT29 cells with or without MDM2 knockdown by 2 
different shRNA vectors. (I) Ectopic expression of WT but not the ΔRING 
TRIM21-Flag decreased the levels of ectopic R175H mutp53 protein in 
both p53−/− and p53−/− MDM2−/− MEFs.

https://doi.org/10.1172/JCI164354
https://www.jci.org/articles/view/164354#sd
https://www.jci.org/articles/view/164354#sd
https://www.jci.org/articles/view/164354#sd
https://www.jci.org/articles/view/164354#sd
https://www.jci.org/articles/view/164354#sd
https://www.jci.org/articles/view/164354#sd
https://www.jci.org/articles/view/164354#sd
https://www.jci.org/articles/view/164354#sd
https://www.jci.org/articles/view/164354#sd
https://www.jci.org/articles/view/164354#sd
https://www.jci.org/articles/view/164354#sd
https://www.jci.org/articles/view/164354#sd
https://www.jci.org/articles/view/164354#sd
https://www.jci.org/articles/view/164354#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2023;133(6):e164354  https://doi.org/10.1172/JCI1643548

ed in colorectal and breast cancers by IHC staining analysis of 
TRIM21 expression in multiple cohorts of colorectal and breast 
cancers using tissue microarrays (TMAs; obtained from US Bio-
max) (Figure 6, A and B). Compared with matched adjacent non-
tumor samples, TRIM21 protein levels were downregulated in 

Low TRIM21 expression in cancers carrying mutp53 is associat-
ed with poor prognosis of patients with cancer. TRIM21 expression 
was reported to be frequently decreased in some types of cancers, 
including colorectal and breast cancers (35–37). Consistently, we 
found that TRIM21 protein levels were frequently downregulat-

Figure 4. TRIM21 inhibits mutp53 GOF in promoting anchorage-independent growth of cancer cells. (A) TRIM21 KO enhanced anchorage-independent 
growth of SK-BR3 and HT29 cells, which was largely abolished by mutp53 KO. The control, TRIM21 KO, mutp53 KO, and TRIM21 + mutp53 double-KO cells 
were employed for anchorage-independent growth assays in soft agar. Left: Representative images of anchorage-independent growth of SK-BR3 cells. 
Right: Summary of relative cell colony numbers in soft agar. (B) Knockdown of endogenous TRIM21 by shRNA vectors enhanced anchorage-independent 
growth of LS1034 and HCC70 cells, which was largely abolished by mutp53 knockdown. The control, TRIM21 knockdown, mutp53 knockdown, and TRIM21 
+ mutp53 double-knockdown cells were employed for assays. (C) Ectopic TRIM21-Flag expression inhibited the anchorage-independent growth of SK-BR3 
and HT29 cells, which was largely abolished by mutp53 KO. Control and mutp53 KO cells were transduced with control or TRIM21-Flag expression vectors 
for assays. (D) TRIM21 loss enhanced mutp53 GOF activity in promoting anchorage-independent growth of E1A/RasV12-transformed MEFs. The E1A/
RasV12-transformed p53R172H/R172H, p53−/−, and p53+/+ MEFs with or without TRIM21 loss (TRIM21−/− or TRIM21+/+) were employed for assays. Left: Representa-
tive images of anchorage-independent growth of MEFs. Data are shown as the mean ± SD (n = 6). ANOVA followed by Dunnett’s test. #P < 0.05; *P < 0.01; 
***P < 0.0001. Scale bars: 200 μm (A and D).
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very low levels in normal tis sues under normal (nonstress) condi-
tions (Figure 7D), which are maintained through MDM2-mediated 
ubiquitination and degradation of wtp53 (47). MDM2 KO in mice 
resulted in embryonic lethality due to uncontrolled wtp53 accumu-
lation and activation and the resultant wtp53-mediated apoptosis, 
which can be rescued by p53 KO in mice (57). In addition, loss of 
MDM2 in adult mice caused drastic wtp53 accumulation and acti-
vation in various normal tissues, leading to lethality of adult mice 
(58). These in vivo results clearly demonstrated the vital role of 
MDM2 in negative regulation of wtp53. Interestingly, unlike MDM2 
loss, TRIM21 loss did not result in wtp53 protein accumulation in 
normal tissues in p53+/+ mice, indicating that TRIM21 does not play 
an important role in wtp53 regulation in vivo under normal con-
ditions (Figure 7D). Furthermore, while mutp53 accumulated in 
tumors of both TRIM21+/+ p53R172H/R172H and TRIM21−/− p53R172H/R172H  
mice, higher levels of mutp53 accumulation were observed in 
TRIM21−/− p53R172H/R172H tumors compared with TRIM21+/+ p53R172H/R172H  
tumors (Figure 7E). Results from real-time PCR assays showed that 
TRIM21 loss did not affect mutp53 mRNA levels in normal or tumor 
tissues in p53R172H/R172H mice (Supplemental Figure 7). The interac-
tion between TRIM21 and R172H mutp53 proteins in tumors was 
confirmed by co-IP assays, indicating that TRIM21 interacts with 
mutp53 in vivo (Figure 7F). Taken together, these results demon-
strate that TRIM21 loss results in mutp53 accumulation in normal 
tissues and further accumulation of mutp53 in tumors, leading to 
an earlier tumor onset and reduced life span of p53R172H/R172H mice.

Discussion
mutp53 accumulation in tumors is crucial for mutp53 GOF in 
tumorigenesis (6, 7, 9, 10, 12, 22–25). Currently, the mechanism 
for mutp53 accumulation in tumors is not well-understood. It had 
been widely accepted that MDM2 cannot effectively ubiquiti-
nate and degrade mutp53, resulting in mutp53 accumulation in 
tumors. However, studies of GOF mutp53-knockin mice, includ-
ing R172H mutp53–knockin mice, showed that mutp53 accumu-
lated specifically in tumors but not normal tissues, indicating 
that MDM2 can effectively degrade mutp53 in normal tissues 
but not in tumor tissues (41, 42), Furthermore, MDM2 deletion 
in R172H mutp53–knockin mice resulted in mutp53 accumulation 
in normal tissues, which in turn promoted tumor development 
and reduced mouse life span (24). These results from genetically 
engineered mouse models, together with other results from cell 
cultures, have demonstrated that while MDM2 can effectively 
degrade mutp53 in cultured normal and cancer cells as well as 
normal mouse tissues, tumors develop specific mechanisms to 
impair MDM2-mediated mutp53 degradation, leading to mutp53 
accumulation in tumors (7, 24–26, 59). Some of these tumor-spe-
cific mechanisms have been reported. For instance, HSP90 binds 
to mutp53 and inhibits MDM2-mediated mutp53 degradation, 
leading to mutp53 accumulation (22, 60). Targeting HSP90 reac-
tivates MDM2 function in degrading mutp53, which destabilizes 
mutp53 to suppress mutp53 GOF in tumorigenesis (22). Our pre-
vious studies showed that increased expression of tumor-asso-
ciated MDM2 short isoforms (e.g., the isoform B) and BAG2 in 
tumors inhibits MDM2-mediated mutp53 degradation, leading 
to mutp53 accumulation in tumors to promote tumorigenesis (25, 
40). The INK4a-ARF locus encodes 2 proteins, p16INK4a and p14ARF 

63% (n = 57 of 90) and 44% (n = 22 of 50) of two different cohorts 
of tumor samples, respectively (Figure 6A), and in 50% (n = 20 
of 40) of a cohort of colorectal cancer samples (Figure 6B). Fur-
thermore, compared with their matched adjacent nontumor tis-
sues, the average protein levels of TRIM21 in colorectal and breast 
cancers were significantly decreased (Figure 6, A and B). These 
results were confirmed in an additional 2 cohorts of breast can-
cer samples using TMAs; compared with nontumor breast tissues, 
TRIM21 protein levels were significantly downregulated in these 
breast cancers (Figure 6C). In addition to the decreased expres-
sion of TRIM21 in colorectal and breast tumors, the alteration 
of TRIM21 expression was also observed in some other types of 
tumors. Analysis of The Cancer Genome Atlas (https://portal.gdc.
cancer.gov/) database showed that, compared with matched non-
tumor tissues, downregulation of TRIM21 mRNA was frequent-
ly observed in lung cancer (60 of 109), and overexpression of 
TRIM21 mRNA was frequently observed in kidney clear cell car-
cinoma (49 of 72), stomach cancer (11 of 32), and head and neck 
squamous cell cancer (14 of 43) (Supplemental Figure 5). Interest-
ingly, analysis of TRIM21 expression in The Cancer Genome Atlas 
database from cBioPortal (https://www.cbioportal.org/) showed 
that low TRIM21 expression in several types of tumors was sig-
nificantly associated with poor clinical outcomes in patients with 
mutp53 cancers but not wtp53 cancers, including rectal adeno-
carcinoma, stomach adenocarcinoma, and kidney chromophobe 
(Figure 6D), as well as breast invasive ductal carcinoma (Supple-
mental Figure 6). These results suggest a tumor-suppressive func-
tion of TRIM21 in some cancers carrying mutp53.

TRIM21 deletion results in mutp53 accumulation in normal tissues 
and promotes tumorigenesis in p53R172H/R172H mice. R172H mutp53–
knockin mice have been widely used for mutp53 GOF studies (41–
43). It has been reported that mutp53 specifically accumulated in 
tumors but not normal tissues in mutp53-knockin mice, including 
R172H mutp53–knockin mice, indicating that mutp53 accumula-
tion is a tumor-specific event (41, 42). Furthermore, MDM2 loss 
in R172H mutp53–knockin mice resulted in mutp53 accumulation 
in normal tissues, an earlier tumor onset and reduced life span of 
mice, indicating that mutp53 accumulation is required for mutp53 
GOF in tumorigenesis (24).

To determine the effect of TRIM21 on mutp53 accumula-
tion and GOF in vivo, we employed TRIM21+/+ p53R172H/R172H and 
TRIM21−/− p53R172H/R172H mice. It has been reported that the TRIM21−/− 
mice used in this study are fertile and have a normal life span (56). 
Intriguingly, while TRIM21 loss did not clearly affect the life span of 
p53−/− or p53+/+ mice, TRIM21 loss resulted in an earlier tumor onset 
and significantly reduced life span of p53R172H/R172H mice. TRIM21+/+ 
p53R172H/R172H and TRIM21−/− p53R172H/R172H mice had a median survival 
of 157 and 134 days, respectively (P = 0.0002; Figure 7A). Further-
more, both TRIM21+/+ p53R172H/R172H and TRIM21−/− p53R172H/R172H mice 
developed mostly lymphomas and sarcomas, and no significant 
difference in the tumor spectrum was observed (Supplemental 
Table 2). Notably, while mutp53 accumulation was not observed in 
normal tissues of p53R172H/R172H mice, including the spleen, thymus, 
small intestine, and colon tissues, mutp53 protein accumulated to 
high levels in these normal tissues in TRIM21−/− p53R172H/R172H mice, 
as analyzed by both Western blot and IHC analysis (Figure 7, B and 
C). It has been well-established that wtp53 protein levels are kept at 
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of TRIM21 on wtp53 was much less pronounced or minimal in 
different cells, including MCF7, p53+/+ RKO, and p53+/+ MEF cells. 
Importantly, while TRIM21 loss resulted in mutp53 accumula-
tion in normal tissues, an earlier tumor onset, and shortened 
life span in mutp53R172H/R172H mice, TRIM21 loss did not result 
in wtp53 accumulation in normal tissues or affect tumorigene-
sis and life span in p53+/+ mice. These results suggest that while 
TRIM21 is involved in the fine-tuning of wtp53 levels in response 
to DNA damage, TRIM21 plays an important role in regulating 
mutp53 levels and GOF in cancer and TRIM21 deficiency pro-
motes mutp53 accumulation and cancer progression. These 
results reveal that negative regulation of mutp53 is an important 
mechanism for TRIM21 in tumor suppression, and at the same 
time, also suggest that as an E3 ubiquitin ligase, the precise role 
of TRIM21 in tumor suppression or promotion may depend on 
its direct major protein substrates in different types of cells and 
tissues, which express different levels of TRIM21 substrates. 
Therefore, future studies are needed to better characterize 
TRIM21 substrates and their contributions to tumorigenesis. In 
addition, currently, it remains unclear why TRIM21 specifically 
binds to mutp53 but not wtp53 and why TRIM21 appears to show 
a stronger interaction with R175H than other hot spot mutp53 
that we tested, which deserve future studies.

The emerging critical role of TRIM family proteins, includ-
ing TRIM21, in human cancers suggests the potential application 
of these proteins in cancer therapies (29–31). For instance, giv-
en that TRIM21 negatively regulates mutp53 GOF and TRIM21 
expression is frequently downregulated in some cancer types, 
enhancing the protein levels and/or E3 ubiquitin ligase activ-
ity of TRIM21 might provide a therapeutic strategy for some 
cancers carrying GOF mutp53. However, further studies are 
required to reveal the precise regulation of TRIM21 levels and 
activity in normal and cancer cells and tissues. Like TRIM21, the 
role and mechanism of many other TRIM family proteins in can-
cer were reported to be highly cancer type and context depen-
dent, suggesting that many more studies are urgently needed 
to determine the precise role and mechanism of TRIM family 
proteins in different cancer types and under different circum-
stances before feasible therapeutic strategies can be developed 
to target TRIM family proteins in cancer.

In summary, our results revealed a critical mechanism for 
mutp53 accumulation and GOF in cancer and also identified an 
important mechanism underlying the tumor-suppressive function 
of TRIM21 in cancer. Better understanding of the mechanism of 
mutp53 accumulation and GOF in cancer will provide new oppor-
tunities to develop effective therapeutic strategies for cancers car-
rying mutp53.

Methods
Cell cultures and vector constructs. SK-BR3, HT29, HCC70, LS1034, 
and MCF7 cell lines were obtained from ATCC. p53+/+ RKO and 
its isogenic p53−/− RKO cell lines were gifts from Bert Vogelstein 
(Johns Hopkins University, Baltimore, Maryland, USA). p53−/− and 
p53−/− MDM2−/− MEFs were gifts from Guillermina Lozano (MD 
Anderson Cancer Center, Houston, Texas, USA). Other MEFs 
were isolated from 13.5 day embryos of genetically modified mice 
according to the standard procedures (65). The pLPCX vectors 

(murine p19ARF), that function in tumor suppression. p16INK4a  
inhibits the activity of CDK4 and CDK6, and p14ARF binds to 
and inhibits MDM2 to activate p53 (61). p16INK4a loss, frequently 
observed in human cancers, can activate p14ARF, which in turn acti-
vates wtp53. Like MDM2 deletion, p16 INK4a deletion in mice leads 
to mutp53 accumulation in normal tissues and promotes mutp53 
GOF in tumorigenesis (24). In addition, multiple cancer-related 
stress stimuli, including DNA damage, oxidative and proteotox-
ic stress, and metabolic stress, have been reported to promote 
mutp53 protein accumulation and GOF in tumors through dif-
ferent mechanisms (12, 62, 63). Although these studies revealed 
some important mechanisms underlying mutp53 accumulation in 
human cancer, the precise mechanism of mutp53 accumulation 
is far from clear. In this study, we identified TRIM21 as a spe-
cific mutp53-binding protein; TRIM21 directly binds to mutp53 
(but not wtp53), resulting in the ubiquitination and degradation 
of mutp53 to suppress mutp53 GOF in tumorigenesis. Further-
more, TRIM21 degrades mutp53 independently of MDM2, and 
similarly, MDM2 degrades mutp53 independently of TRIM21. 
Like MDM2 deletion, TRIM21 deletion in mice leads to mutp53 
accumulation in normal tissues, promoting tumor development 
and reducing the life span of mice. Thus, our results strongly 
suggest that the ubiquitination of mutp53 by TRIM21 is a critical 
mechanism underlying mutp53 regulation in cancer cells, and 
furthermore, the downregulation of TRIM21 expression, which 
is frequently observed in some cancers, including colorectal 
and breast cancers, is an important mechanism contributing to 
mutp53 accumulation and GOF in cancer (Figure 8).

Interestingly, both tumor-suppressive and oncogenic roles 
of TRIM21 have been reported, and mechanisms of these seem-
ingly contradictory roles of TRIM21 in cancer remain elusive 
(35–39). In addition to our finding that TRIM21 directly regulates 
mutp53, TRIM21 was reported to indirectly downregulate wtp53 
protein levels through ubiquitinating GMPS to inhibit wtp53 
deubiquitination by USP7 in response to DNA damage (34, 64). 
Here, we found that compared with mutp53, the inhibitory effect 

Figure 5. TRIM21 inhibits mutp53 GOF in promoting xenograft tumor 
growth. (A) TRIM21 KO in cells promoted the growth of orthotopic breast 
tumors formed by SK-BR3 cells, which was greatly abolished by mutp53 KO 
in cells. Left: Image of collected tumors. Right: The weights of collected 
tumors. Scale bar: 10 mm. n = 8 mice/group. (B) Western blot analysis of 
mutp53 and TRIM21 levels in SK-BR3 tumors described in A. (C) Represen-
tative images of IHC staining of mutp53 and TRIM21 in SK-BR3 tumors 
described in A. Scale bar: 20 μm. (D) TRIM21 KO in cells promoted the 
growth of s.c. xenograft tumors formed by HT29 cells, which was greatly 
abolished by mutp53 KO. n = 8 mice/group. (E) Western blot analysis of 
mutp53 and TRIM21 levels in HT29 tumors described in D. (F) TRIM21-
Flag expression in cells inhibited the growth of SK-BR3 orthotopic breast 
tumors, which was greatly abolished by mutp53 KO. n = 8 mice/group. (G) 
Western blot analysis of mutp53 and TRIM21-Flag levels in SK-BR3 tumors 
described in F. (H) TRIM21-Flag expression in cells inhibited the growth of 
s.c. tumors formed by HT29 cells, which was greatly abolished by mutp53 
KO. n = 8 mice/group. (I) Western blot analysis of p53 and TRIM21-Flag 
levels in HT29 tumors described in H. In B, C, E, G, and I, similar results 
were observed for 6 tumors/group that were analyzed, and representative 
results from 2 tumors/group (or 1 tumor/group in C) are presented. Data 
are shown as the mean ± SD. Two-way ANOVA followed by Dunnett’s or 
Bonferroni’s test. #P < 0.05; **P < 0.001; ***P < 0.0001.
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Western blot assays. Standard Western blot assays were used to 
analyze protein expression. The following antibodies were used for 
assays: anti-Flag-M2 (Sigma-Aldrich, F1804), anti–β-Actin (Sigma- 
Aldrich, A5441), anti-HA (Roche, 3F10), anti-His (Santa Cruz Bio-
technology, sc-803), anti-GST (Santa Cruz Biotechnology, sc-138), 
anti-human p53 (Santa Cruz Biotechnology, sc-126), anti-TRIM21 
(Abcam, ab207728), anti-MDM2 (2A-10) (66), anti-Ub (Santa Cruz 
Biotechnology, sc-8017), and anti-p53 (Leica Biosystems, CM5). All 
intensity quantification for Western blot was performed by using 
ImageJ software (NIH).

In vitro GST pull-down assays. In vitro GST pull-down assays 
were performed as we previously described (65). In brief, E. coli 
(BL21 DE3 strain) transformed with GST-TRIM21 or His-mutp53 
(R175H) vectors was induced with 0.4 mM IPTG for 16 hours at 16°C 
to express GST-TRIM21 or His-mutp53 (R175H) proteins. The puri-
fied GST-TRIM21 proteins were immobilized on Glutathione-Sep-
harose beads (GE Healthcare, 17-0756-01), which were then incu-
bated with purified His-mutp53 (R175H) or His-wtp53 proteins. 
GST protein alone was used as a negative control. After washing, 
proteins bound to the beads were analyzed by Western blot assays 
using an anti-His (Santa Cruz Biotechnology, sc-803) or anti-GST 
antibody (Santa Cruz Biotechnology, sc-138).

Analysis of gene expression. The expression of genes in cells and 
tissues was analyzed by quantitative TaqMan real-time PCR assays. 
Total RNA in cells and tissues was prepared with the RNeasy kit 
(QIAGEN). The cDNA was prepared using a TaqMan Reverse Tran-
scription kit (Applied Biosystems), and the real-time PCR assay was 
performed using the TaqMan PCR Mixture (Applied Biosystems) 
according to the manufacturer’s instructions (67). All primers were 
obtained from Applied Biosystems. The expression of genes was nor-
malized to Actin.

In vivo and in vitro ubiquitination assays. In vivo ubiquitination 
assays were performed as described previously (65, 68). In brief, cells 
were transfected with different expression vectors, including TRIM21-
Flag, mutp53 or wtp53, and HA-Ub. Cells were then treated with 10 
μM MG132 for 8 hours before cells were collected for assays. The levels 
of mutp53 ubiquitination in cells were determined by immunoprecip-
itation with an anti-p53 antibody (Santa Cruz Biotechnology, sc-126) 
followed by Western blot analysis with an anti-HA antibody (Sig-
ma-Aldrich, 11867423001).

In vitro ubiquitination assays were performed as previously 
described (65, 68). In brief, the reaction mixtures (50 μL) contained 
5 mM MgCl2, 50 mM Tris (pH 7.4), 1 mM DTT, 2 mM ATP, E1 (0.5 μg, 
Boston Biochem), E2 (0.5 μg; Boston Biochem), Ub (5 μg, Boston Bio-
chem), purified recombinant His-mutp53 or His-wtp53 protein (0.5 
μg), and purified recombinant GST-TRIM21 (0.5 μg). After incubation 
for 3 hours at 37°C, the mixtures were subjected to Western blot assays 
using an anti-Ub antibody (Santa Cruz Biotechnology, sc-8107) to 
measure the levels of mutp53 ubiquitination in vitro.

Analysis of the half-life of mutp53 proteins. The half-life of mutp53 
proteins in cells were determined as previously described (65). Briefly, 
cells were treated with protein synthesis inhibitor cyclohexamide (50 
μg/mL) or DMSO for indicated time periods (4–16 hours) before being 
collected for Western blot analysis of mutp53 protein levels using the 
anti-p53 antibody (Santa Cruz Biotechnology, sc-126).

Anchorage-independent growth assays. Anchorage-independent 
growth assays were performed as previously described (67). In brief, 

expressing mutp53, TRIM21, and their deletion mutants were 
constructed by PCR amplification. Two shRNA vectors against 
TRIM21 were constructed by inserting the following sequences for 
human TRIM21 siRNA into the PLKO.1 puro lentiviral shRNA vec-
tor (Addgene, 8453): TRIM21 no. 1, 5′-UCAUUGUCAAGCGUG-
CUGC-3′ and TRIM21 no. 2, 5′-UGGCAUGGAGGCACCUGAAG-
GUGG-3′. Two shRNA vectors against p53 were constructed by 
inserting the following sequences for human p53 siRNA into the 
PLKO.1 hygro lentiviral shRNA vector (Addgene, 24150): p53 no. 
1, 5′-GACUCCAGUGGUAAUCUACU-3′ and p53 no. 2, 5′-GUC-
CAGAUGAAGCUCCCAGAA-3′. Two lentiviral shRNA vectors 
against MDM2 (V2LHS_151657 and V3LHS_379468) were obtained 
from Open Biosystems.

Generation of TRIM21 and mutp53 KO cell lines using CRISPR/Cas9. 
The single guide RNAs (sgRNAs) were designed by the CRISPR sgRNA 
design web tool as described previously (65). The sgRNA sequenc-
es were as follows: mutp53, sgRNA-a, 5′-CCATTGTTCAATATC-
GTCCG-3′, and sgRNA-b, 5′-GGGCAGCTACGGTTTCCGTC-3′; 
TRIM21, sgRNA-a, 5′-ATGCTCACAGGCTCCACGAA-3′, and 
sgRNA-b, 5′-TCATCTCAGAGCTAGATCGA-3′. The annealed oli-
gonucleotides were ligated into the pSpCas9n(BB)-2A-GFP vec-
tor (Addgene, 48140). KO lines were generated as we previously 
described (65). In brief, cells transfected with 2 sgRNAs were sorted 
by flow cytometry, and the GFP-positive single cells were seeded. 
Single-cell colonies were selected by sequencing PCR products of 
the edited regions. The deletion of TRIM21 and mutp53 was validat-
ed by Western blot assays.

LC-MS/MS assays. To determine potential mutp53-binding pro-
teins, p53−/− RKO cells transduced with the empty control vector 
or vectors expressing R175H mutp53 or wtp53 were employed for 
co-IP by using the anti-p53 (DO-1) beads (Santa Cruz Biotechnology, 
sc-126AC). The p53 protein complex was eluted with 0.1 M glycine 
solution, separated in a SDS-PAGE gel, visualized by silver staining 
using a silver staining kit (Invitrogen), and analyzed by LC-MS/MS at 
the Biological Mass Spectrometry facility of Rutgers University.

Figure 6. Decreased TRIM21 expression in human cancers and low 
TRIM21 expression is correlated with poor prognosis in patients 
with mutp53 cancers. (A and B) TRIM21 protein levels were frequently 
decreased in 2 cohorts of colorectal tumor specimens (A) and a cohort of 
breast tumor specimens (B) compared with their matched adjacent non-
tumor tissues in TMAs, as analyzed by IHC staining. Left: Representative 
IHC staining images of TRIM21 in tumors (T) and their matched adjacent 
nontumor tissues (NT). Scale bar: 60 μm. Middle: TRIM21 protein levels 
were decreased in a high percentage of colorectal and breast tumor 
specimens. Right: TRIM21 protein levels were significantly decreased 
in colorectal and breast tumor specimens. (C) TRIM21 protein levels 
were significantly decreased in two additional cohorts of breast tumor 
specimens compared with nontumor breast tissues in TMAs, as analyzed 
by IHC staining. In A–C, TMAs were obtained from US Biomax. IHC scores 
were obtained as described in Methods. Data are shown as the mean ± 
SD. Statistical analysis was performed using 2-tailed unpaired Student’s 
t test. (D) Low TRIM21 mRNA expression is associated with poor progres-
sion-free survival in patients with mutp53 cancers. Kaplan-Meier survival 
analysis was employed. The survival information and TRIM21 expres-
sion z score relative to normal samples were obtained from cBioPortal. 
The patients were divided into low and high TRIM21 expression groups 
according to the cut-off of z score = 0. The difference between the two 
survival curves was analyzed using the log-rank (Mantel-Cox) test.
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Figure 7. TRIM21 loss results in mutp53 accumulation in normal tissues and higher mutp53 accumulation in tumors and promotes tumorigenesis in p53R172H/R172H 
mice. (A) The effect of TRIM21 loss on the survival of p53R172H/R172H (left), p53−/− (middle), and p53+/+ mice (right). Kaplan-Meier survival curves are presented and the dif-
ference in survival was analyzed by the log-rank (Mantel-Cox) test. (B and C) R172H mutp53 protein accumulation in different normal tissues of 4-week-old TRIM21−/− 
p53R172H/R172H mice but not TRIM21+/+ p53R172H/R172H mice analyzed by Western blot analysis (B) and IHC staining of mutp53 (C). Scale bar: 20 μm. (D) TRIM21 loss did not 
result in wtp53 protein accumulation in normal tissues of p53+/+ mice analyzed by Western blot assays. Different normal tissues from 4-week-old TRIM21+/+ p53+/+ and 
TRIM21−/− p53+/+ mice as well as TRIM21−/− p53R172H/R172H mice (as positive controls) were employed for analysis. (E) Tumors (splenic and thymic lymphomas) of TRIM21−/− 
p53R172H/R172H mice displayed higher mutp53 protein accumulation than tumors of TRIM21+/+ p53R172H/R172H mice. In B–E, similar results were observed in samples from 
at least 5–8 mice/group, and results from 2 mice/group are presented. (F) The interaction between TRIM21 and mutp53 proteins in thymic lymphomas of TRIM21+/+ 
p53R172H/R172H and TRIM21−/− p53R172H/R172H mice analyzed by co-IP assays.
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from each section were randomly selected and counted. The num-
ber of Ki-67–positive cells was divided by the total cell number, 
and the percentages for each group were averaged.

Statistics. All data were obtained from at least 3 repetitions 
and were expressed as mean ± SD, as indicated in the figure leg-
ends. Two-tailed Student’s t test was applied for statistical analysis 
between 2 groups. ANOVA followed by Dunnett’s or Bonferroni’s 
multiple comparison tests was applied for multiple-group compar-
isons. The survival information of patients and mice was summa-
rized by the Kaplan-Meier plots, and the difference was analyzed 
by the log-rank (Mantel-Cox) test. The statistical analysis was per-
formed using GraphPad Prism 9. P values of less than 0.05 were 
considered significant.

Study approval. All animal procedures were approved by the 
IACUC at Rutgers University and performed in accordance with the 
IACUC guidelines.
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cells were seeded in 6-well culture plates coated with media contain-
ing 0.6% agarose and cultured in media containing 0.3% agarose. 
To establish E1A/RasV12-transformed p53+/+, p53−/−, and p53R172H/R172H 
MEFs with or without TRIM21 deletion (TRIM21−/−), MEFs derived 
from mice were transduced with pBabe-E1A and pBabe-RasV12 ret-
roviral vectors (Addgene). Equal amounts of infected cells (4 × 104/
well) were plated in soft agar in 6-well plates. Colonies were stained 
by crystal violet for counting after 2 weeks.

Mice and mouse experiments. p53−/− mice (no. 002101) were 
obtained from The Jackson Laboratory. p53R172H/R172H mice were 
a gift from Guillermina Lozano (42). TRIM21−/− mice were a gift 
from Keiko Ozato (NIH) (56, 69). p53−/− and p53R172H/R172H mice were 
crossed with TRIM21−/− mice to generate TRIM21−/− p53−/− and 
TRIM21−/− p53R172H/R172H mice, respectively.

For orthotropic breast tumor models, SK-BR3 cells (5 × 106 cells 
in a 50:50 mix of DMEM/Matrigel) were injected into the mammary 
fat pads of 8-week-old female BALB/c athymic nude mice (Taconic; 
n = 8 female mice/group) as described previously (65). For s.c. xeno-
graft tumor models, HT29, p53+/+ RKO, and p53−/− RKO cells (5 × 106 
in 0.2 mL of PBS) were injected s.c. into 8-week-old BALB/c athymic 
nude mice (Taconic; n = 8 mice/group; half male and half female) as 
described previously (65, 67). At the endpoint, mice were killed and 
tumors were collected. Tumor weights were measured, and tumors 
were subjected to subsequent analysis.

IHC assays. The human colorectal cancer (CO1801 and 
CO1505) and breast cancer TMAs (BR804b, BR2082a, and 
BR2085d) were obtained from US Biomax. All specimens were 
deidentified. The IHC staining was performed as we described 
previously (65, 67). The anti-TRIM21 (Proteintech, 12108-1-AP), 
anti-p53 (Leica Biosystems, CM5), and anti-Ki-67 (BD Bioscienc-
es, 556003) antibodies were used to detect the levels of TRIM21, 
mutp53, and Ki-67 in TMAs and sections of tumors from mice, 
respectively. The IHC results were scored by using a scoring sys-
tem from 0 to 9 as previously described (65, 67). In brief, the 
scores were obtained by multiplying the intensity of signals with 
the percentage of positive cells (signal: 0, no signal; 1, weak sig-
nal; 2, intermediate signal; 3, strong signal; percentage: 0, 0%; 1, 
<25%; 2, 25%–50%; 3, >50%). For Ki-67 staining, sections of 6 dif-
ferent tumors were counted for each group, and 5 fields of view 

Figure 8. The schematic model depicting the regulation of 
mutp53 by TRIM21. A schematic model showing that TRIM21 
interacts with mutp53 and ubiquitinates and degrades 
mutp53 to suppress mutp53 GOF in tumorigenesis, and 
TRIM21 deficiency results in mutp53 stabilization and accu-
mulation in cancer cells to promote tumorigenesis.

 1. Levine AJ. p53: 800 million years of evolution 
and 40 years of discovery. Nat Rev Cancer. 
2020;20(8):471–480.

 2. Zhang Y, Lozano G. p53: multiple facets 
of a rubik’s cube. Annu Rev Cancer Biol. 
2017;1:185–201.

 3. Hafner A, et al. The multiple mechanisms that 
regulate p53 activity and cell fate. Nat Rev Mol 
Cell Biol. 2019;20(4):199–210.

https://doi.org/10.1172/JCI164354
mailto://wh221@cinj.rutgers.edu
mailto://wh221@cinj.rutgers.edu
mailto://fengzh@cinj.rutgers.edu
mailto://fengzh@cinj.rutgers.edu
https://doi.org/10.1038/s41568-020-0262-1
https://doi.org/10.1038/s41568-020-0262-1
https://doi.org/10.1038/s41568-020-0262-1
https://doi.org/10.1146/annurev-cancerbio-050216-121926
https://doi.org/10.1146/annurev-cancerbio-050216-121926
https://doi.org/10.1146/annurev-cancerbio-050216-121926
https://doi.org/10.1038/s41580-019-0110-x
https://doi.org/10.1038/s41580-019-0110-x
https://doi.org/10.1038/s41580-019-0110-x


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2023;133(6):e164354  https://doi.org/10.1172/JCI1643541 6

 4. Barnoud T, et al. Shifting the paradigms for tumor 
suppression: lessons from the p53 field. Onco-
gene. 2021;40(25):4281–4290.

 5. Levine AJ, et al. The P53 pathway: what ques-
tions remain to be explored? Cell Death Differ. 
2006;13(6):1027–1036.

 6. Kim MP, Lozano G. Mutant p53 partners in crime. 
Cell Death Differ. 2018;25(1):161–168.

 7. Pilley S, et al. Mutant p53 in cell-cell interactions. 
Genes Dev. 2021;35(7-8):433–448.

 8. Donehower LA, et al. Integrated analysis of TP53 
gene and pathway alterations in The Cancer 
Genome Atlas. Cell Rep. 2019;28(5):1370–1384.

 9. Bykov VJN, et al. Targeting mutant p53 for 
efficient cancer therapy. Nat Rev Cancer. 
2018;18(2):89–102.

 10. Freed-Pastor WA, Prives C. Mutant p53: 
one name, many proteins. Genes Dev. 
2012;26(12):1268–1286.

 11. Liao P, et al. Mutant p53 gains its function via 
c-Myc activation upon CDK4 phosphorylation 
at serine 249 and consequent PIN1 binding. Mol 
Cell. 2017;68(6):1134–1146.

 12. Ingallina E, et al. Mechanical cues control mutant 
p53 stability through a mevalonate-RhoA axis. 
Nat Cell Biol. 2018;20(1):28–35.

 13. Parrales A, et al. DNAJA1 controls the fate of 
misfolded mutant p53 through the mevalonate 
pathway. Nat Cell Biol. 2016;18(11):1233–1243.

 14. Mukherjee S, et al. Cross-talk between mutant 
p53 and p62/SQSTM1 augments cancer cell 
migration by promoting the degradation of cell 
adhesion proteins. Proc Natl Acad Sci U S A. 
2022;119(17):e2119644119.

 15. Redman-Rivera LN, et al. Acquisition of 
aneuploidy drives mutant p53-associated 
gain-of-function phenotypes. Nat Commun. 
2021;12(1):5184.

 16. Vaughan CA, et al. The oncogenicity of tumor-de-
rived mutant p53 is enhanced by the recruitment 
of PLK3. Nat Commun. 2021;12(1):704.

 17. Cooks T, et al. Mutant p53 prolongs NF-kappaB 
activation and promotes chronic inflammation 
and inflammation-associated colorectalcancer. 
Cancer Cell. 2013;23(5):634–646.

 18. Pfister NT, et al. Mutant p53 cooperates with the 
SWI/SNF chromatin remodeling complex to reg-
ulate VEGFR2 in breast cancer cells. Genes Dev. 
2015;29(12):1298–1315.

 19. Alsner J, et al. A comparison between p53 accu-
mulation determined by immunohistochemistry 
and TP53 mutations as prognostic variables in 
tumours from breast cancer patients. Acta Oncol. 
2008;47(4):600–607.

 20. Guedes LB, et al. Analytic, preanalytic, and clin-
ical validation of p53 IHC for detection of TP53 
missense mutation in prostate cancer. Clin Can-
cer Res. 2017;23(16):4693–4703.

 21. Singh N, et al. p53 immunohistochemistry is an 
accurate surrogate for TP53 mutational analysis 
in endometrial carcinoma biopsies. J Pathol. 
2020;250(3):336–345.

 22. Alexandrova EM, et al. Improving survival 
by exploiting tumour dependence on sta-
bilized mutant p53 for treatment. Nature. 
2015;523(7560):352–356.

 23. Klein AM, et al. The roles and regulation of 
MDM2 and MDMX: it is not just about p53. Genes 

Dev. 2021;35(9-10):575–601.
 24. Terzian T, et al. The inherent instability of mutant 

p53 is alleviated by Mdm2 or p16INK4a loss. 
Genes Dev. 2008;22(10):1337–1344.

 25. Zheng T, et al. Spliced MDM2 isoforms promote 
mutant p53 accumulation and gain-of-function 
in tumorigenesis. Nat Commun. 2013;4:2996.

 26. Katz C, et al. Wild-type and cancer-related p53 
proteins are preferentially degraded by MDM2 
as dimers rather than tetramers. Genes Dev. 
2018;32(5-6):430–447.

 27. Sabapathy K, Lane DP. Therapeutic targeting 
of p53: all mutants are equal, but some mutants 
are more equal than others. Nat Rev Clin Oncol. 
2018;15(1):13–30.

 28. Levine AJ. Targeting the P53 protein for can-
cer therapies: the translational impact of P53 
research. Cancer Res. 2022;82(3):362–364.

 29. Cappadocia L, Lima CD. Ubiquitin-like protein 
conjugation: structures, chemistry, and mecha-
nism. Chem Rev. 2018;118(3):889–918.

 30. Di Rienzo M, et al. TRIM proteins in auto-
phagy: selective sensors in cell damage and 
innate immune responses. Cell Death Differ. 
2020;27(3):887–902.

 31. Hatakeyama S. TRIM family proteins: roles in 
autophagy, immunity, and carcinogenesis. Trends 
Biochem Sci. 2017;42(4):297–311.

 32. Hatakeyama S. TRIM proteins and cancer. Nat 
Rev Cancer. 2011;11(11):792–804.

 33. Liu J, et al. Tumor suppressor p53 cross-
talks with TRIM family proteins. Genes Dis. 
2021;8(4):463–474.

 34. Reddy BA, et al. Nucleotide biosynthetic enzyme 
GMP synthase is a TRIM21-controlled relay of 
p53 stabilization. Mol Cell. 2014;53(3):458–470.

 35. Zhou W, et al. Decreased expression of TRIM21 
indicates unfavorable outcome and promotes 
cell growth in breast cancer. Cancer Manag Res. 
2018;10:3687–3696.

 36. Zhou G, et al. TRIM21 is decreased in coli-
tis-associated cancer and negatively regulates 
epithelial carcinogenesis. Inflamm Bowel Dis. 
2021;27(4):458–468.

 37. Si W, et al. SET7/9 promotes multiple malignant 
processes in breast cancer development via 
RUNX2 activation and is negatively regulated by 
TRIM21. Cell Death Dis. 2020;11(2):151.

 38. Wang F, et al. The Ubiquitin E3 Ligase 
TRIM21 promotes hepatocarcinogenesis by 
suppressing the p62-Keap1-Nrf2 antioxidant 
pathway. Cell Mol Gastroenterol Hepatol. 
2021;11(5):1369–1385.

 39. Zhao Z, et al. TRIM21 overexpression promotes 
tumor progression by regulating cell prolifera-
tion, cell migration and cell senescence in human 
glioma. Am J Cancer Res. 2020;10(1):114–130.

 40. Yue X, et al. BAG2 promotes tumorigenesis 
through enhancing mutant p53 protein levels and 
function. Elife. 2015;4:e08401.

 41. Olive KP, et al. Mutant p53 gain of function in two 
mouse models of Li-Fraumeni syndrome. Cell. 
2004;119(6):847–860.

 42. Lang GA, et al. Gain of function of a p53 hot spot 
mutation in a mouse model of Li-Fraumeni syn-
drome. Cell. 2004;119(6):861–872.

 43. Zhang C, et al. Gain-of-function mutant p53 in 
cancer progression and therapy. J Mol Cell Biol. 

2020;12(9):674–687.
 44. Zhao Y, et al. Pontin, a new mutant p53-binding 

protein, promotes gain-of-function of mutant 
p53. Cell Death Differ. 2015;22(11):1824–1836.

 45. Pfister NT, Prives C. Transcriptional regula-
tion by wild-type and cancer-related mutant 
forms of p53. Cold Spring Harb Perspect Med. 
2017;7(2):a026054.

 46. Yau R, Rape M. The increasing complexity of the 
ubiquitin code. Nat Cell Biol. 2016;18(6):579–586.

 47. Karni-Schmidt O, et al. The roles of MDM2 
and MDMX in cancer. Annu Rev Pathol. 
2016;11:617–644.

 48. Wade M, et al. MDM2, MDMX and p53 in onco-
genesis and cancer therapy. Nat Rev Cancer. 
2013;13(2):83–96.

 49. Yue X, et al. Gain-of-function mutant p53 acti-
vates small GTPase Rac1 through SUMOylation 
to promote tumor progression. Genes Dev. 
2017;31(16):1641–1654.

 50. Zhang C, et al. Tumour-associated mutant 
p53 drives the Warburg effect. Nat Commun. 
2013;4:2935.

 51. Datta A, et al. p53 gain-of-function mutations 
increase Cdc7-dependent replication initiation. 
EMBO Rep. 2017;18(11):2030–2050.

 52. Girardini JE, et al. A Pin1/mutant p53 axis pro-
motes aggressiveness in breast cancer. Cancer 
Cell. 2011;20(1):79–91.

 53. Kenzelmann Broz D, et al. Global genomic profil-
ing reveals an extensive p53-regulated autophagy 
program contributing to key p53 responses. Genes 
Dev. 2013;27(9):1016–1031.

 54. Liu J, et al. E3 ubiquitin ligase TRIM32 neg-
atively regulates tumor suppressor p53 to 
promote tumorigenesis. Cell Death Differ. 
2014;21(11):1792–1804.

 55. Muller PA, et al. Mutant p53 drives inva-
sion by promoting integrin recycling. Cell. 
2009;139(7):1327–1341.

 56. Yoshimi R, et al. Gene disruption study reveals a 
nonredundant role for TRIM21/Ro52 in NF-kap-
paB-dependent cytokine expression in fibro-
blasts. J Immunol. 2009;182(12):7527–7538.

 57. Montes de Oca Luna R, et al. Rescue of 
early embryonic lethality in mdm2-de-
ficient mice by deletion of p53. Nature. 
1995;378(6553):203–206.

 58. Zhang Y, et al. Tissue-specific and age-de-
pendent effects of global Mdm2 loss. J Pathol. 
2014;233(4):380–391.

 59. Prives C, White E. Does control of mutant p53 
by Mdm2 complicate cancer therapy? Genes Dev. 
2008;22(10):1259–1264.

 60. Peng Y, et al. Inhibition of MDM2 by hsp90 con-
tributes to mutant p53 stabilization. J Biol Chem. 
2001;276(44):40583–40590.

 61. Zhang Y, et al. ARF promotes MDM2 degradation 
and stabilizes p53: ARF-INK4a locus deletion 
impairs both the Rb and p53 tumor suppression 
pathways. Cell. 1998;92(6):725–734.

 62. Mantovani F, et al. Mutant p53 as a guard-
ian of the cancer cell. Cell Death Differ. 
2019;26(2):199–212.

 63. Suh YA, et al. Multiple stress signals acti-
vate mutant p53 in vivo. Cancer Res. 
2011;71(23):7168–7175.

 64. Su X, et al. The noncoding RNAs SNORD50A 

https://doi.org/10.1172/JCI164354
https://doi.org/10.1038/s41388-021-01852-z
https://doi.org/10.1038/s41388-021-01852-z
https://doi.org/10.1038/s41388-021-01852-z
https://doi.org/10.1038/sj.cdd.4401910
https://doi.org/10.1038/sj.cdd.4401910
https://doi.org/10.1038/sj.cdd.4401910
https://doi.org/10.1038/cdd.2017.185
https://doi.org/10.1038/cdd.2017.185
https://doi.org/10.1101/gad.347542.120
https://doi.org/10.1101/gad.347542.120
https://doi.org/10.1016/j.celrep.2019.07.001
https://doi.org/10.1016/j.celrep.2019.07.001
https://doi.org/10.1016/j.celrep.2019.07.001
https://doi.org/10.1038/nrc.2017.109
https://doi.org/10.1038/nrc.2017.109
https://doi.org/10.1038/nrc.2017.109
https://doi.org/10.1101/gad.190678.112
https://doi.org/10.1101/gad.190678.112
https://doi.org/10.1101/gad.190678.112
https://doi.org/10.1016/j.molcel.2017.11.006
https://doi.org/10.1016/j.molcel.2017.11.006
https://doi.org/10.1016/j.molcel.2017.11.006
https://doi.org/10.1016/j.molcel.2017.11.006
https://doi.org/10.1038/s41556-017-0009-8
https://doi.org/10.1038/s41556-017-0009-8
https://doi.org/10.1038/s41556-017-0009-8
https://doi.org/10.1038/ncb3427
https://doi.org/10.1038/ncb3427
https://doi.org/10.1038/ncb3427
https://doi.org/10.1073/pnas.2119644119
https://doi.org/10.1073/pnas.2119644119
https://doi.org/10.1073/pnas.2119644119
https://doi.org/10.1073/pnas.2119644119
https://doi.org/10.1073/pnas.2119644119
https://doi.org/10.1038/s41467-021-25359-z
https://doi.org/10.1038/s41467-021-25359-z
https://doi.org/10.1038/s41467-021-25359-z
https://doi.org/10.1038/s41467-021-25359-z
https://doi.org/10.1038/s41467-021-20928-8
https://doi.org/10.1038/s41467-021-20928-8
https://doi.org/10.1038/s41467-021-20928-8
https://doi.org/10.1016/j.ccr.2013.03.022
https://doi.org/10.1016/j.ccr.2013.03.022
https://doi.org/10.1016/j.ccr.2013.03.022
https://doi.org/10.1016/j.ccr.2013.03.022
https://doi.org/10.1101/gad.263202.115
https://doi.org/10.1101/gad.263202.115
https://doi.org/10.1101/gad.263202.115
https://doi.org/10.1101/gad.263202.115
https://doi.org/10.1080/02841860802047411
https://doi.org/10.1080/02841860802047411
https://doi.org/10.1080/02841860802047411
https://doi.org/10.1080/02841860802047411
https://doi.org/10.1080/02841860802047411
https://doi.org/10.1158/1078-0432.CCR-17-0257
https://doi.org/10.1158/1078-0432.CCR-17-0257
https://doi.org/10.1158/1078-0432.CCR-17-0257
https://doi.org/10.1158/1078-0432.CCR-17-0257
https://doi.org/10.1002/path.5375
https://doi.org/10.1002/path.5375
https://doi.org/10.1002/path.5375
https://doi.org/10.1002/path.5375
https://doi.org/10.1038/nature14430
https://doi.org/10.1038/nature14430
https://doi.org/10.1038/nature14430
https://doi.org/10.1038/nature14430
https://doi.org/10.1101/gad.347872.120
https://doi.org/10.1101/gad.347872.120
https://doi.org/10.1101/gad.347872.120
https://doi.org/10.1101/gad.1662908
https://doi.org/10.1101/gad.1662908
https://doi.org/10.1101/gad.1662908
https://doi.org/10.1038/ncomms3996
https://doi.org/10.1038/ncomms3996
https://doi.org/10.1038/ncomms3996
https://doi.org/10.1101/gad.304071.117
https://doi.org/10.1101/gad.304071.117
https://doi.org/10.1101/gad.304071.117
https://doi.org/10.1101/gad.304071.117
https://doi.org/10.1038/nrclinonc.2017.151
https://doi.org/10.1038/nrclinonc.2017.151
https://doi.org/10.1038/nrclinonc.2017.151
https://doi.org/10.1038/nrclinonc.2017.151
https://doi.org/10.1158/0008-5472.CAN-21-2709
https://doi.org/10.1158/0008-5472.CAN-21-2709
https://doi.org/10.1158/0008-5472.CAN-21-2709
https://doi.org/10.1021/acs.chemrev.6b00737
https://doi.org/10.1021/acs.chemrev.6b00737
https://doi.org/10.1021/acs.chemrev.6b00737
https://doi.org/10.1038/s41418-020-0495-2
https://doi.org/10.1038/s41418-020-0495-2
https://doi.org/10.1038/s41418-020-0495-2
https://doi.org/10.1038/s41418-020-0495-2
https://doi.org/10.1016/j.tibs.2017.01.002
https://doi.org/10.1016/j.tibs.2017.01.002
https://doi.org/10.1016/j.tibs.2017.01.002
https://doi.org/10.1038/nrc3139
https://doi.org/10.1038/nrc3139
https://doi.org/10.1016/j.gendis.2020.07.003
https://doi.org/10.1016/j.gendis.2020.07.003
https://doi.org/10.1016/j.gendis.2020.07.003
https://doi.org/10.1016/j.molcel.2013.12.017
https://doi.org/10.1016/j.molcel.2013.12.017
https://doi.org/10.1016/j.molcel.2013.12.017
https://doi.org/10.2147/CMAR.S175470
https://doi.org/10.2147/CMAR.S175470
https://doi.org/10.2147/CMAR.S175470
https://doi.org/10.2147/CMAR.S175470
https://doi.org/10.1093/ibd/izaa229
https://doi.org/10.1093/ibd/izaa229
https://doi.org/10.1093/ibd/izaa229
https://doi.org/10.1093/ibd/izaa229
https://doi.org/10.1038/s41419-020-2350-2
https://doi.org/10.1038/s41419-020-2350-2
https://doi.org/10.1038/s41419-020-2350-2
https://doi.org/10.1038/s41419-020-2350-2
https://doi.org/10.1016/j.jcmgh.2021.01.007
https://doi.org/10.1016/j.jcmgh.2021.01.007
https://doi.org/10.1016/j.jcmgh.2021.01.007
https://doi.org/10.1016/j.jcmgh.2021.01.007
https://doi.org/10.1016/j.jcmgh.2021.01.007
https://doi.org/10.7554/eLife.08401
https://doi.org/10.7554/eLife.08401
https://doi.org/10.7554/eLife.08401
https://doi.org/10.1016/j.cell.2004.11.004
https://doi.org/10.1016/j.cell.2004.11.004
https://doi.org/10.1016/j.cell.2004.11.004
https://doi.org/10.1016/j.cell.2004.11.006
https://doi.org/10.1016/j.cell.2004.11.006
https://doi.org/10.1016/j.cell.2004.11.006
https://doi.org/10.1093/jmcb/mjaa040
https://doi.org/10.1093/jmcb/mjaa040
https://doi.org/10.1093/jmcb/mjaa040
https://doi.org/10.1038/cdd.2015.33
https://doi.org/10.1038/cdd.2015.33
https://doi.org/10.1038/cdd.2015.33
https://doi.org/10.1101/cshperspect.a026054
https://doi.org/10.1101/cshperspect.a026054
https://doi.org/10.1101/cshperspect.a026054
https://doi.org/10.1101/cshperspect.a026054
https://doi.org/10.1038/ncb3358
https://doi.org/10.1038/ncb3358
https://doi.org/10.1146/annurev-pathol-012414-040349
https://doi.org/10.1146/annurev-pathol-012414-040349
https://doi.org/10.1146/annurev-pathol-012414-040349
https://doi.org/10.1038/nrc3430
https://doi.org/10.1038/nrc3430
https://doi.org/10.1038/nrc3430
https://doi.org/10.1101/gad.301564.117
https://doi.org/10.1101/gad.301564.117
https://doi.org/10.1101/gad.301564.117
https://doi.org/10.1101/gad.301564.117
https://doi.org/10.1038/ncomms3935
https://doi.org/10.1038/ncomms3935
https://doi.org/10.1038/ncomms3935
https://doi.org/10.15252/embr.201643347
https://doi.org/10.15252/embr.201643347
https://doi.org/10.15252/embr.201643347
https://doi.org/10.1016/j.ccr.2011.06.004
https://doi.org/10.1016/j.ccr.2011.06.004
https://doi.org/10.1016/j.ccr.2011.06.004
https://doi.org/10.1101/gad.212282.112
https://doi.org/10.1101/gad.212282.112
https://doi.org/10.1101/gad.212282.112
https://doi.org/10.1101/gad.212282.112
https://doi.org/10.1038/cdd.2014.121
https://doi.org/10.1038/cdd.2014.121
https://doi.org/10.1038/cdd.2014.121
https://doi.org/10.1038/cdd.2014.121
https://doi.org/10.1016/j.cell.2009.11.026
https://doi.org/10.1016/j.cell.2009.11.026
https://doi.org/10.1016/j.cell.2009.11.026
https://doi.org/10.4049/jimmunol.0804121
https://doi.org/10.4049/jimmunol.0804121
https://doi.org/10.4049/jimmunol.0804121
https://doi.org/10.4049/jimmunol.0804121
https://doi.org/10.1038/378203a0
https://doi.org/10.1038/378203a0
https://doi.org/10.1038/378203a0
https://doi.org/10.1038/378203a0
https://doi.org/10.1002/path.4368
https://doi.org/10.1002/path.4368
https://doi.org/10.1002/path.4368
https://doi.org/10.1101/gad.1680508
https://doi.org/10.1101/gad.1680508
https://doi.org/10.1101/gad.1680508
https://doi.org/10.1074/jbc.M102817200
https://doi.org/10.1074/jbc.M102817200
https://doi.org/10.1074/jbc.M102817200
https://doi.org/10.1016/S0092-8674(00)81401-4
https://doi.org/10.1016/S0092-8674(00)81401-4
https://doi.org/10.1016/S0092-8674(00)81401-4
https://doi.org/10.1016/S0092-8674(00)81401-4
https://doi.org/10.1038/s41418-018-0246-9
https://doi.org/10.1038/s41418-018-0246-9
https://doi.org/10.1038/s41418-018-0246-9
https://doi.org/10.1158/0008-5472.CAN-11-0459
https://doi.org/10.1158/0008-5472.CAN-11-0459
https://doi.org/10.1158/0008-5472.CAN-11-0459
https://doi.org/10.1038/s41418-021-00762-7


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 7J Clin Invest. 2023;133(6):e164354  https://doi.org/10.1172/JCI164354

and SNORD50B-mediated TRIM21-GMPS 
interaction promotes the growth of p53 wild-type 
breast cancers by degrading p53. Cell Death Dif-
fer. 2021;28(8):2450–2464.

 65. Liu J, et al. Parkin ubiquitinates phospho-
glycerate dehydrogenase to suppress serine 
synthesis and tumor progression. J Clin Invest. 

2020;130(6):3253–3269.
 66. Chen J, et al. Mapping of the p53 and 

mdm-2 interaction domains. Mol Cell Biol. 
1993;13(7):4107–4114.

 67. Zhang C, et al. Cullin3-KLHL25 ubiquitin ligase 
targets ACLY for degradation to inhibit lipid 
synthesis and tumor progression. Genes Dev. 

2016;30(17):1956–1970.
 68. Liu J, et al. Parkin targets HIF-1α for ubiquiti-

nation and degradation to inhibit breast tumor 
progression. Nat Commun. 2017;8(1):1823.

 69. Pan JA, et al. TRIM21 Ubiquitylates SQSTM1/p62 
and suppresses protein sequestration to regulate 
redox homeostasis. Mol Cell. 2016;61(5):720–733.

https://doi.org/10.1172/JCI164354
https://doi.org/10.1038/s41418-021-00762-7
https://doi.org/10.1038/s41418-021-00762-7
https://doi.org/10.1038/s41418-021-00762-7
https://doi.org/10.1038/s41418-021-00762-7
https://doi.org/10.1172/JCI132876
https://doi.org/10.1172/JCI132876
https://doi.org/10.1172/JCI132876
https://doi.org/10.1172/JCI132876
https://doi.org/10.1101/gad.283283.116
https://doi.org/10.1101/gad.283283.116
https://doi.org/10.1101/gad.283283.116
https://doi.org/10.1101/gad.283283.116
https://doi.org/10.1038/s41467-017-01947-w
https://doi.org/10.1038/s41467-017-01947-w
https://doi.org/10.1038/s41467-017-01947-w
https://doi.org/10.1016/j.molcel.2016.02.007
https://doi.org/10.1016/j.molcel.2016.02.007
https://doi.org/10.1016/j.molcel.2016.02.007

