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Abstract Cullin-RING ligases (CRLs) recognize and interact with substrates for ubiquitination and

degradation, and can be targeted for disease treatment when the abnormal expression of substrates in-

volves pathologic processes. Phosphorylation, either of substrates or receptors of CRLs, can alter their

interaction. Phosphorylation-dependent ubiquitination and proteasome degradation influence various

cellular processes and can contribute to the occurrence of various diseases, most often tumorigenesis.

These processes have the potential to be used for tumor intervention through the regulation of the activ-

ities of related kinases, along with the regulation of the stability of specific oncoproteins and tumor
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W7, F-box and WD repeat domain containing 7; FBXL3, F-box and leucine rich repeat protein; FBXO3/31, F-

ision cycle 20 related 1; HIB, Hedghog-induced MATH and BTB domain-containing protein; HIF1a, NF-kB and

ID2, inhibitor of DNA binding 2; JAB1, c-Jun activation domain binding protein-1; KBTBD8, kelch repeat and
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rections and strategies for tumor therapy.
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1. Introduction

Cullin-RING ligases (CRLs) are essential components of the E3
ubiquitin ligase family in the ubiquitin-proteasome system,
transferring ubiquitin to substrates and regulating the ubiquitina-
tion and degradation of approximately 20% of the proteins in
mammalian cells1,2. CRLs consist of four components: one of
eight cullin proteins that serve as a linker between an adaptor
protein and a RING-finger protein, with the RING-finger protein
responsible for binding to the E2 ubiquitin enzyme and the
adaptor protein responsible for binding to a substrate receptor
protein, essential for recognizing substrates3 (Fig. 1). Interest-
ingly, cullin 3-RING ligases (CRL3s) do not have substrate re-
ceptor proteins; thus, adaptor proteins directly interact with
substrates and mediate ubiquitination4,5. Considering that different
types of adaptor and receptor proteins can interact with different
substrates that are vital in physiology and pathological pro-
gression6e8, a strategy for disease treatment requires understand-
ing how adaptor and receptor proteins recognize substrates and
how to control the level of target substrates by altering the
interaction between CRLs and substrates.
sphorylation and ubiquitination re

ct with those proteins with Ser/Thr

rates and CRLs when anyone of

ical processes including oxidative

, mainly cancers.
Degrons existing in substrate proteins promote or inhibit the
recognition of CRLs after being modified by different post-
translational modifications including phosphorylation, methyl-
ation and acetylation9,10. Phosphorylation has close crosstalk
with ubiquitination, widely affecting the interaction between
receptors and substrates11. The crosstalk also influences tumor-
igenesis and various other diseases, such as cardiovascular dis-
ease12,13. Phosphorylation itself is essential for cell growth and
differentiation. It has been demonstrated that many signaling
pathways participate in the phosphorylation-dephosphorylation
cascade, including cyclin-dependent kinase tyrosine kinase,
cadherinecatenin complex, and MAP kinase participating in the
occurrence and development of various cancers14e16. In other
words, regulating the activity of these kinases can restrain the
overdegradation of substrates with important biological func-
tions or promote the degradation of those substrates that can
induce diseases. Ser/Thr-rich degrons in substrates can be
modified by phosphorylation, and it has been demonstrated that
partially phosphorylated substrates are easier or more difficult to
be recognized and interact with CRLs17. Moreover, phosphory-
lation of receptors or adaptors also affects the recognition and
gulates related biological and pathological processes. In most cases,

rich degrons which have been phosphorylated, but sometimes, it will

them is phosphorylated. The crosstalk between phosphorylation and

stresses, cell cycle, genomic stability and transcription factors activity,

http://creativecommons.org/licenses/by-nc-nd/4.0/


Phosphorylation regulates cullin-based ubiquitination in tumorigenesis 311
interaction, indicating that phosphorylation deeply impacts the
ubiquitin-proteasome system.

It is important to understand how the crosstalk between phos-
phorylation and ubiquitination mediates physiological and patho-
logical events, and the biological pathways and diseases that are
affected by phosphorylation-ubiquitination crosstalk. Kinase in-
hibitors andactivators can be used to regulate phosphorylation of such
substrates of cullin E3 ubiquitin ligases and control the levels of those
proteins, which could be a new strategy for tumor treatment.

2. The mechanism of phosphorylation regulating the
interaction between substrates and CRLs

Cullin-based ubiquitination is an acute enzyme cascade pathway,
and phosphorylation mainly impacts the final segment: the inter-
action between substrates and CRLs. However, the effects of
phosphorylation are diverse, and may depend on the sites of
phosphorylation and the properties of substrates and CRLs. Here,
we discuss how phosphorylation is involved in the ubiquitination
process and the possible mechanisms.

2.1. Phosphorylation of substrates: Necessary for interactions
under certain circumstances

Zou et al.18 found that the epithelialemesenchymal transition
(EMT) transcription factor snail family transcriptional repressor 1
(SNAIL1) could interact with F-box protein 31 (FBXO31) for
ubiquitination and dependent degradation. SNAIL1 is a zinc-finger
transcriptional factor and has two GSK-3b phosphorylation motifs.
When the two phosphorylation sites of SNAIL1 are mutated, the
interaction between FBXO31 and SNAIL1 is dramatically
impaired. Phosphorylation at different sites of SNAIL1 determines
whether it will be recognized by different E3 ubiquitin ligases, thus
leading to different biological functions19,20. For example, GSK-3b
mediating the phosphorylation of SNAIL1 promotes the ubiquiti-
nation and degradation of SNAIL1 induced by FBXO31, thus
abrogating the migration of gastric cancer cells18.

Similarly, the p160 family of coactivator nuclear receptor
coactivator 3 (SRC-3), which can bind to cullin 3-based speckle-
type POZ protein (SPOP) E3 ubiquitin ligase complex for ubiq-
uitination and degradation, contains serine-rich motifs and can be
phosphorylated by p38MAPK12. Among four p38MAPK
consensus phosphorylation sites, Ser860 is critical for the inter-
action between SRC-3 and cullin 3, and phosphorylation at Ser860
is the primary requirement for retinoic acid (RA)-induced ubiq-
uitination of SRC-3. More importantly, SRC-3 regulates the
transcription of the RA receptor a (RARa)-target genes, and
overexpression of SRC-3 WT enhances transcription while SRC-3
(S860A) loses the capacity to facilitate transcription12. These re-
sults reveal that prior phosphorylation of substrates is necessary
for subsequent ubiquitination and degradation.

2.2. Phosphodegron of substrates: Crucial sites in the
interaction

Many receptor proteins or adaptor proteins of cullin E3 ligase
recognize substrates through conserved phosphorylation sequence
motifs, or Ser/Thr-rich degrons17. For example, cullin 3-RING
ligases (CRL3s) are prone to bind substrates containing serine-
rich domains for degradation, such as SRC-3, which can be
phosphorylated in that domain. Substrates containing phospho-
tyrosine degrons are usually the targets of the cullin 5-RING
ligases (CRL5) adaptor protein SOCS with SH2 domains for
proteasome dependent degradation21. Moreover, phosphorylating
residues often cause the substrate to become a negatively charged
protein; adaptor proteins, such as kelch repeat and BTB domain
containing 8 (KBTBD8) of CRL3s, have a complementary posi-
tively charged motif to bind the phosphorylated substrates22.

It has been confirmed that transcription factor cubitus inter-
ruptus (Ci) can be degraded by Cul3eHedghog-induced MATH
and BTB domain-containing protein (HIB) through Ser/Thr-rich
motifs. Zhang et al.17 also reported that other proteins containing
HIB binding sites such as Ci had similar Ser/Thr-rich motifs and
similar Ser/Thr-rich motifs could serve as degrons of HIB binding
proteins to be degraded by cullin 3eHIB-based SPOP E3 ligase,
indicating that phosphorylation is essential for cullin 3-based E3
ligases to recognize substrates. Cullin 3-based KBTBD8 E3 ligase
complex recognizes treacle ribosome biogenesis factor 1 (TCOF1)
and nucleolar and coiled-body phosphoprotein 1 (NOLC1) for
ubiquitination and degradation, which determines the function of
cullin 3-based KBTBD8 E3 ligase for ribosome biogenesis and
neural crest specification. Achim Werner et al.22 interrogated how
cullin 3 E3 ligase recognizes its substrates and found that TCOF1
and NOLC1 have various phosphorylated casein kinase II (CK2)
motifs and can thus be bound by KBTBD8, while CK2 inhibitor
CX4945 can effectively prevent this process.

However, such phosphorylated motifs are also sometimes the
main cause for the attenuation of CRLs recognition of substrates,
such as multiple Ser/Thr-rich degrons of cubitus interruptus23.
Moreover, adaptor proteins can lose the ability to interact with
substrate proteins when the substrate-binding domain is phos-
phorylated, such as with the kelch domain of kelch like family
member 3 (KLHL3)13.

2.3. Phosphorylation of CRLs can also impact its interaction
with substrates

When receptors or adaptors of CRLs are phosphorylated, the
interaction between substrates and CRLs can sometimes be
interrupted. Jinfang Zhang et al.24 reported that SPOP could be
phosphorylated by cyclin D1eCDK4 kinase, which inhibited its
interaction with its E3 ligase fizzy and cell division cycle 20
related 1 (FZR1) for further degradation. Importantly, phosphor-
ylation stabilized SPOP, thus promoting the degradation of pro-
grammed death 1 ligand 1 (PDL1), a newly found substrate of the
cullin 3-based SPOP E3 ligase, which could be negatively regu-
lated by CDK4 inhibitors such as palbociclib.

Apart from SPOP, two other adaptors of cullin 3-based E3
ligase, kelch-like ECH associated protein 1 (KEAP1) and zinc
finger and BTB domain 16 (ZBTB16) can also be phosphorylated.
Phosphorylation of KEAP1 at site 53 interrupts its interaction with
nuclear factor, erythroid 2 like 2 (NRF2), protecting cells from
oxidative stress. Additionally, GSK3b-mediated phosphorylation
of ZBTB16 suppresses its interaction with Atg14L and then pro-
motes autophagy25,26.

3. Regulation of the crosstalk between phosphorylation and
ubiquitination in biological processes

The diversity of substrates and their specific function in organisms
determine how crosstalk can influence and regulate different
cellular biological functions, including regulation of genomic sta-
bility, cell cycle, the activity of transcription factors, and oxidative
stresses. Crosstalk between phosphorylation and ubiquitination can
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stabilize the levels of some proteins so that they are not overex-
pressed or overactivated to avoid biological damage, such as
exonuclease 1 (EXO1) and ribonucleotide reductase regulatory
subunit M2 (RRM2), which are important for genomic stability. In
other cases, the crosstalk is necessary for some proteins to exert
functions, sometimes by inhibiting their degradation, such as tran-
scriptional repressor cryptochrome circadian regulator 1 (CRY1),
and sometimes by promoting their interaction or dissociation with
other proteins, such as autoimmune regulator (AIRE) and KEAP1
(Table 112,18,21e23,27e45 and Table 224,25,31,46-49).

3.1. Regulation of genome stability

The protein level of EXO1 is restrained by ataxia telangiectasia-
mutated and Rad3-related (ATR)-mediated phosphorylation and
SCF (Skp 1/Cul 1/F-box) E3 ligase complex-mediated ubiquiti-
nation, which restrains hyper-resection of DNA and preserves
genomic stability27,50. Similarly, RRM2 binds to cyclin F, a sub-
unit of SCF ubiquitin ligase complexes, for ubiquitination and
degradation, which depends on CDK-mediated phosphorylation of
RRM2 at Thr3328 to maintain DNA synthesis and repair and
genome stability51,52. Tan et al.30 found that phosphorylation
modification preserves telomeric repeat binding factor 1 (TRF1)
stability through inhibiting the ubiquitin-mediated proteasome
degradation pathway, thus protecting cells from telomeric DNA
damage30,53.

3.2. Regulation of cell cycle

It has been reported that cyclin F46 and denticleless E3 ubiquitin
protein ligase homolog (CDT2)54, both of which are substrate re-
ceptors for CRLs and important for the cell cycle, can be regulated
by the crosstalk of phosphorylation and ubiquitination. Cyclin
dependent kinase 4 (CDK4)-induced phosphorylation dependent
ubiquitination regulates the protein level of cyclin D1, and its E3
ligase F-box protein 31 (FBXO31) functions as a regulator of the
G1/S transition32. When the de-ubiquitinating enzyme ubiquitin
specific peptidase 37 (USP37) is phosphorylated by cyclin
dependent kinase 2 (CDK2) at Ser858 it can bind to SCF-bTrCP
for ubiquitination and degradation in G2. The instability of USP37
in G2 is necessary for mitotic entry, while USP37 S858A-
expressing cells lose the expression of mitotic markers.

3.3. Regulation of the activity of transcription factors

CRY1, a substrate of the F-box and leucine rich repeat protein 3
(FBXL3) and essential for the mammalian circadian clock, can be
phosphorylated by DNA-dependent protein kinase at Ser588,
which results in inhibition of FBXL3-mediated degradation, thus
increasing the stability of the CRY1 and maintaining its function
of repressing the activity of the transcriptional activators clock
circadian regulator (CLOCK) and aryl hydrocarbon receptor nu-
clear translocator like (BMAL1)35,55. Phosphorylation at Thr68
and Ser156 of AIRE promotes F-box protein 3 (FBXO3) E3
ubiquitin ligase to recognize it and ubiquitylate it, which is
necessary for AIRE binding to positive transcription elongation
factor b (P-TEFb) and preserving its transcriptional activity36.

Interestingly, NF-kB-mediated transcription can be directly
regulated by the crosstalk between phosphorylation and ubiquiti-
nation and indirectly regulated by the crosstalk between phosphor-
ylation and deneddylation, which is another model of
phosphorylation regulating ubiquitinated substrates. On the one
hand, when RELA, a subunit of NF-kB, is phosphorylated by IkB
kinase on Ser468, COMMD1-associated factor GCN5 interacts
more avidly with RELA and promotes its degradation, ultimately
repressing the NF-kB-mediated transcription37,56. Similarly, casein
kinase 1 phosphorylates and promotes the degradation of NF-kB
subunit p65 mediated by cullin 2-based copper metabolism domain
containing 1 (COMMD1) E3 Ligase, thus regulating innate immune
signaling37. On the other hand, Orel et al.57 found that IkB kinase
could phosphorylate c-Jun activation domain binding protein-1
(JAB1), the subunit of COP9 signalosome (CSN), and induce its
ubiquitination and degradation. Considering that the major function
of CSN is deneddylation, IkB kinase-mediated degradation of JAB1
truly promotes the activation of CRLs and advances the ubiquitina-
tion and degradation of the NF-kB inhibitor, IkBa, which ultimately
activates NF-kB signaling.

3.4. Regulation of the response to oxidative stresses

The KEAP1eNRF2eARE signaling pathway is vital for the
cytoprotective response to oxidative stresses58e60. Wei et al.25

reported that phosphorylation at S53 of KEAP1 dissociated the
binding of NRF2 to KEAP1, subsequently leading to the
improvement of NRF2 stability and translocation of NRF2 to the
nucleus. Phosphorylation modification of KEAP1 often occurs
under oxidative stress; thus, NRF2 could be released from the
KEAP1eNRF2 complex to activate antioxidant enzymes and
prevent free radical damage to cells. P62 is also a substrate of
KEAP1 and phosphorylated P62 competes with NRF2 to interact
with KEAP1, which often occurs under oxidative stress and not
only results in the accumulation of NRF2 but also connects the
KEAP1eNRF2 system with autophagy61.

4. Functional analysis of the crosstalk between
phosphorylation and ubiquitination in tumorigenesis

Some substrates of CRLs and the adaptors or receptors of CRLs
themselves function as tumor suppressors or oncoproteins. For
example, the CRL3 substrates ETS transcription factor ERG
(ERG) and SRC-3 are encoded by oncogenes and overexpressed in
prostate cancer and breast cancer respectively62,63. VACM-1, a
receptor of CRL5, has been reported to be candidate tumor sup-
pressor for its function of inhibiting cell growth49. In addition, the
CRL1 receptor F-box and WD repeat domain containing 7 (FBW7)
can also antagonize carcinogenesis by regulating the cell cycle64.
The crosstalk between phosphorylation and ubiquitination regu-
lates the stability of those key proteins involved in tumorigenesis,
thus exerting an important role in tumor regulation (Fig. 2).

4.1. Suppressing cancers: Augmenting the degradation of
oncoproteins

In some cases, phosphorylation promotes the interaction between
oncoproteins and CRLs, thus holding back the progression of
cancer (Fig. 2A). Inducing the proteins overexpressed in tumors,
such as ERG, SRC-3 and HIF2a, to degradation through the
crosstalk can effectively inhibit tumor growth. Other proteins such
as X-box binding protein 1 (XBP1) and checkpoint kinase
1(CHK1), which have important pathological functions in
tumorigenesis, can also be phosphorylated and then induced to
ubiquitin-proteasome degradation; thus, their functions of acti-
vating oncogenic pathways or regulating DNA damage repair will



Table 1 Summary of the crosstalk between phosphorylation and ubiquitination and its biological function when phosphorylation exits in substrates.

CRL Substrate Ubiquitinated site Phosphorylated

site

Kinase How

phosphorylation

affects

interaction

between

substrates and

receptors

Biological function Ref.

Cullin 1-based SCF E3 ligase EXO1 Lys796 Ser714 ATR Promotion Preservation of genomic stability 27

Cullin 1-based SCF E3 ligase RRM2 Lys796 Thr33 CDK Promotion Preservation of genomic stability 28

Cullin 1-based SCF E3 ligase USP37 Lys11 Ser858 CDK2 Promotion Regulation of cell cycle 29

Cullin 1-based FBX4 E3 ligase TRF1 Lys194/240 Ser114 NEK7 Inhibition Preservation of telomere chromatin

integrity

30

Cullin 1-based FBXO11 E3 ligase CDT2 Lys48 Thr464 CDK Inhibition Regulation of cell cycle and cell

differentiation

31

Cullin 1-based FBXO31 E3 ligase SNAIL1 Lys98/137/146 Ser6 GSK3b Promotion Tumor suppression 18

Cullin 1-based FBXO31 E3 ligase Cyclin D1 Lys48 Thr286 CDK4 Promotion Regulation of cell cycle 32

Cullin 1-based FBXO31 E3 ligase MDM2 Lys36 Six sites ATM Promotion Tumor suppression 33

Cullin 1-based FBW7 E3 ligase XBP1 Lys236 Ser212/217 e Promotion Tumor suppression 34

Cullin 1-based KDM2B E3 ligase c-Fos Lys113 Ser374 EGF Inhibition Tumor promotion 35

Cullin 1-based FBXL3 E3 ligase CRY1 Lys11/107/159

/329/442/485

Ser588 DNA-PK Inhibition Regulation of transcription 35

Cullin 1-based FBXO3 E3 ligase AIRE e Thr68/Ser156 DNA-PK Promotion Regulation of transcription 36

Cullin 2-based COMMD1 E3 ligase RELA e Ser468 IkB Promotion Regulation of transcription 37

Cullin 2-based VHL E3 ligase ID2 Lys12 Thr27 DYRK Promotion Tumor suppression 38

Cullin 3-based SPOP E3 ligase ERG e e CKI Promotion Tumor suppression 39

Cullin 3-based SPOP E3 ligase SRC-3 Lys316 Ser101/102/860 CKIε/p38MAPK Promotion Tumor suppression 12

Cullin 3-based HIB E3 ligase Ci/Gli e e CK1 Inhibition Regulation of Hedgehog signaling 23

Cullin 3-based SPOP E3 ligase PDX1 e Thr230/Ser231 CK2 Inhibition Regulation of type 2 diabetes 40

Cullin 3-based KBTBD8 E3 ligase TCOF1 e e CK2 Promotion e 22

Cullin 3-based KBTBD8 E3 ligase NOLC1 Lys33/59 e CK2 Promotion e 22

Cullin 3 E3 ligase BCL2 e Thr69 PKM2 Inhibition Tumor promotion 41

Cullin 3 E3 ligase NPR1 e Ser11/15 e Promotion Regulation of plant immunity 42

Cullin 3-based KLHL20 E3 Ligase ULK1 e Ser1042/Thr1046 e Promotion Regulation of autophagy 43

Cullin 4A-based DDB1E3 ligase CHK1 Lys180/244/313/436 Ser317/345 ATR Promotion Tumor suppression 44

Cullin 4A E3 ligase PYGO2 e Ser48 AKT Inhibition Tumor promotion 45

Cullin 5-based SOCS6 E3 ligase p130Cas e e SRC Promotion Tumor suppression 21

eNot applicable.
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be blocked. Therefore, mediating the phosphorylation modifica-
tion of these substrates, such as activating the related kinases, can
be a strategy for cancer treatment (Fig. 2B).

4.1.1. XBP1
Chae et al.65 reported that XBP1 is a substrate of FBW7, a substrate
recognition protein of cullin 1-RING E3 ligase (CRL1s). One of the
mechanisms by which FBW7 suppresses tumorigenesis is by
mediating the ubiquitination and degradation of XBP1 in a
phosphorylation-dependent manner due to the close relationship of
XBP1 with tumor progression. Phosphorylation at Ser212/217 sites
of XBP1 promotes its interaction with Fbw7, thereby facilitating
the degradation of XBP1, and inactivating XBP1 related oncogenic
pathways such as MYC proto-oncogene, bHLH transcription factor
(MYC), NF-kB and hypoxia inducible factor 1 subunit alpha
(HIF1a), ultimately impairing cancer development66,67.

4.1.2. CHK1
The Ser/Thr protein kinase CHK1 is well-known for regulating
DNA replication and DNA damage repair68,69. In addition, it is
also regarded as an anticancer target, hinting that the protein level
of CHK1 is crucial for drug discovery. Leung-Pineda et al.44 found
that the stability of CHK1 was negatively regulated by cullin 4A-
based DDB1 E3 ligase through ubiquitin-proteasome degradation,
and phosphorylation of CHK1 at Ser317 and Ser345 promotes its
interaction with cullin 4A-based damage specific DNA binding
protein 1 (DDB1) E3 ligase. Therefore, regulating the ubiq-
uitylation and phosphorylation of CHK1 may contribute to the
treatment of cancer.

4.1.3. ERG
One of the mechanisms by which the adaptor protein SPOP sup-
presses prostate cancer involves promoting ERG ubiquitination
and degradation70. After fusion with TMPRSS2, ERG protein is
overexpressed and promotes the development of prostate cancer62.
However, casein kinase I can phosphorylate ERG and facilitate its
interaction with cullin 3-based SPOP E3 ligase, thus restraining
the oncoprotein level of EGR in prostate cancer. Moreover, DNA
damage drugs, such as topoisomerase inhibitors etoposide can
promote SPOP/ERG interaction by activating casein kinase I
(CKI), indicating that they could represent a potential effective
therapy for prostate cancer39.

4.1.4. SRC-3
As mentioned above, SPOP facilitates phosphorylation of SRC-3
for proteasome degradation and activates transcription of RARa-
target genes, indicating that phosphorylation is vital for the
function of SRC-3. SRC3 is also well-known as an oncogene63,71.
SPOP has been reported to interact with SRC-3 at Ser101/Ser102
in a degron-dependent manner, and can block SRC-3-induced
oncogenic signaling pathways, such as estrogen and androgen
receptor-dependent signals. Therefore, phosphorylation of SRCs
promotes the tumor suppressing function of the cullin 3-based
SPOP E3 ligase complex72.

4.1.5. HIF2a
Inducing HIF2a to ubiquitination and degradation is considered
to be a potential therapy for cancer73. Lee et al.38 found that
inhibitor of DNA binding 2 (ID2) protein, which is important for
glioma stemness, can be phosphorylated by dual-specificity
tyrosine-phosphorylation-regulated kinases 1A and 1B
(DYRK1A and DYRK1B) kinases on Thr27 in normoxia.



Figure 2 The crosstalk between phosphorylation and ubiquitination influences tumorigenesis and related therapies (A) Crosstalk suppresses

tumorigenesis by promoting the degradation of some oncoproteins or inhibiting the degradation of tumor suppressors, and promotes tumorigenesis by

inhibiting the degradation of various oncoproteins. (B) Activators and inhibitors of kinases which can regulate the crosstalk between phosphorylation

and ubiquitination can be used for tumor therapy. Kinase activators can be used to promote the phosphorylation and the ubiquitinated degradation of

those oncoproteins when phosphorylation facilitates their interaction with CRLs, and promote the phosphorylation but inhibit the ubiquitinated

degradation of those tumor suppressors when phosphorylation restrains their interaction with CRLs. Kinase inhibitors can be used to suppress the

phosphorylation but promote the ubiquitinated degradation of those oncoproteins when phosphorylation restrains their interaction with CRLs.
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Phosphorylated ID2 cannot displace cullin 2-based von Hippel-
Lindau tumor suppressor (VHL) E3 ligase from HIF2a as non-
phosphorylated ID2 will do under the condition of hypoxia,
thus ensuring the ubiquitylation of HIF2a and the inhibition of
glioblastoma growth. It has been reported that high DYRK1
kinase activity is positively correlated with the clinical outcomes
of glioblastoma patients74, during which phosphorylated ID2
may exert an important function through ensuring the degrada-
tion of HIF2a.

4.1.6. p130Cas
Cullin 5 can inhibit the transformation of human mammary
epithelial cells and deficiency of cullin 5 often induces certain
kinds of cancers, promoting the growth and migration of cancer
cells75,76. Teckchandani et al.21 found that the cullin 5 adaptor
suppressor of cytokine signaling 6 (SOCS6) could mediate
BCAR1 scaffold protein, Cas family member (p130Cas) for
proteasome-dependent degradation when Cas is phosphorylated
by tyrosine kinase Src, hence promoting cullin 5 inhibition of the
transformation of mammary epithelial cells. Therefore,
phosphorylation-dependent protein ubiquitylation is implicated in
the regulation of cullin 5-induced degradation of oncoproteins.
4.2. Promoting cancers: Inhibiting the degradation of
oncoproteins

In certain cases, the progression of cancers is promoted when
phosphorylation modification inhibits substrates, functioning as
oncoproteins, binding to CRLs for degradation. Accumulation of
c-Fos and NRF2 through the crosstalk between phosphorylation
and ubiquitination is positively related with the proliferation of
cancer cells. The crosstalk also facilitates the accumulation and
tumor promotion function of some oncoproteins such as pygopus
2 (PYGO2) and BCL2 apoptosis regulator (BCL2), which mainly
regulate WNT signaling and apoptosis, respectively. The famous
drug target PDL1 is indirectly regulated by the crosstalk mediating
the level of SPOP. Under this circumstance, blocking the phos-
phorylation could be a potential therapy (Fig. 2).

4.2.1. PDL1
As mentioned above, Zhang et al.24 reported that PDL1 was a new
substrate of cullin 3-based SPOP E3 ligase. After being phos-
phorylated by cyclin D1eCDK4 kinase, SPOP cannot be ubiq-
uitinated and degraded, which will inhibit the accumulation of
PDL1, ultimately inducing tumors. As expected, they found that
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the combination of CDK4/6 inhibitor and anti-PD-1 therapy
dramatically improved the overall survival of immunoproficient
mice bearing CT26 tumors.

4.2.2. c-Fos
Phosphorylation of Fos proto-oncogene, AP-1 transcription factor
subunit (c-Fos) protein, which is encoded by the proto-oncogene
c-Fos, mediates its own stability and induces the proliferation of
cancer cells77,78. Han et al.77 found that EGF-mediated phos-
phorylation at Ser374 of c-Fos compromises the binding of c-Fos
to lysine demethylase 2B (KDM2B), a component of CRL1s,
which inhibits c-Fos ubiquitination and degradation. Imitating the
low-phosphorylation level mutant S374A of c-Fos suppresses cell
proliferation, while imitating the high-phosphorylation level
mutant S374D promotes progression, indicating that phosphory-
lation may result in the occurrence of cancer by impacting the
normal ubiquitin degradation of oncoprotein.

4.2.3. PYGO2
Overexpression of PYGO2, a coactivator and chromatin effector in
the WNT signaling pathway, is involved in the function of WNT
signaling in tumorigenesis and has been found in various cancer
cells79e81. However, the stability of PYGO2 can be mediated by
the crosstalk of phosphorylation and ubiquitylation. AKT serine/
threonine kinase (AKT) contributes to PYGO2 phosphorylation at
Ser48 and impairs the ubiquitylation and degradation of PYGO2,
during which process the cullin 4 E3 ligase functions as an ubiq-
uitin E3 ligase, preserving the protein level of PYGO2 and leading
to the ultimate occurrence of cancers45.

4.2.4. BCL2
BCL2 is characterized as an anti-apoptotic protein and is over-
expressed in various cancer cells82,83. Phosphorylation can regu-
late the stability of BCL2. It has been found that the pyruvate
kinase M2 isoform (PKM2) could phosphorylate BCL2 at Thr69
and subsequently prevent its interaction with cullin 3-based E3
ligase, which leads to the upregulation of BCL2 protein expres-
sion. When depleted of endogenous PKM2 or BCL2, cancer cells
reconstituted with rPKM 2 WT or rBCL2 WT can rapidly cause
tumorigenesis, and after injection in mice, the survival time of the
mice can be significantly shortened. In contrast, expression of
rPKM2 ILLL or rBCL2 T69A does not have such characteris-
tics41. These results indicate that phosphorylation mediated inhi-
bition of the ubiquitin proteasome system can result in the
occurrence of cancers.

4.2.5. NRF2
As mentioned above, phosphorylated P62 can stabilize NRF2 by
inhibiting its binding to KEAP161. Notably, the increase of
phosphorylated P62-dependent NRF2 can cause the proliferation
of hepatocellular carcinomas (HCC)84; thus treatments based on
interrupting the phosphorylation of P62 and the interaction of P62
and KEAP1 may be useful for curing HCC. Moreover, it has been
reported that phosphatidylinositol 3-kinase catalytic subunit type 3
(Vps34) can enhance protein kinase C (PKC)-d-mediated phos-
phorylation of P62, resulting in the accumulation of NRF2 and the
transcription of related oncogenes, ultimately promoting the
growth of human breast cancer cells85.
4.3. Promoting cancers: Abrogating the functions of tumor
suppressors
4.3.1. VACM-1
Notably, receptor proteins of CRLs, which are also characterized
as tumor suppressors, can be phosphorylated. It has been reported
that phosphorylated receptors will lose the anti-cancer activity or
be degraded by the ubiquitin-proteasome system. For example,
protein kinases A- and C-mediated phosphorylation inhibits
NEDD8 ubiquitin like modifier (NEDD8) modification, mediating
activation of cullin 5-based VACM-1 E3 ligase, and impairs its
function of preventing cancer in cell lines49,86(Fig. 2).
4.3.2. FBW7
Another case that components of the CRLs complex are phos-
phorylated and then promote cancer progression is FBW764,87, a
substrate recognition protein of the SCF ubiquitin ligase complex.
KRAS proto-oncogene, GTPase (KRAS) mutations activate
mitogen-activated protein kinase 1 (ERK) and then promote the
degradation of FBW7 through the ubiquitineproteasomes
pathway in a phosphorylation-dependent manner, sequentially
abrogating the function of FBW7 as a tumor suppressor. It was
found that phospho-deficient mutation of FBW7 can inhibit
tumorigenesis of pancreatic cancer, indicating it could be a po-
tential therapy for cancer treatment47,88.
5. Tumor therapies based on kinases that regulate the
crosstalk between phosphorylation and ubiquitination

The multiple means of regulation of phosphorylation towards
cullin-based ubiquitination shed light on the therapies based on
kinase activities for those diseases caused by dysregulation of
ubiquitination substrates (Fig. 2B and Table 324,39,45,93-100). Some
kinase activators and inhibitors might exert more therapeutic ef-
fects in tumors, as they can regulate the stability of some onco-
proteins and tumor suppressors through altering their
phosphorylation and ubiquitination. Although the kinases may
have other substrates that can also be influenced by inhibitors or
activators, the successful clinical applications or clinical trials
might prove their safety and efficacy, indicating that the regulation
of kinases based on the crosstalk between phosphorylation and
ubiquitination is a potential strategy. Three CDK 4/6 inhibitors
have been approved by the FDA for treatment of hormone receptor
(HR)-positive ERB-b2 receptor tyrosine kinase 2 (HER2)-negative
advanced breast cancer97. Apart from the main mechanism of
inhibiting the phosphorylation of the retinoblastoma tumor-
suppressor protein Rb in tumor treatment, palbociclib was also
found to be involved in the regulation of the crosstalk between
phosphorylation and ubiquitination, and might exert a positive
combined effect with immunotherapy24. Other kinase inhibitors
which are involved in this crosstalk, such as the AKT inhibitor
triciribine hydrate98 and the CKI activator etoposide99, are also
approved or have already completed clinical trials. Apart from the
main point provided in this review that the crosstalk between
phosphorylation and ubiquitination is important in tumorigenesis,
it also has to make allowance for the safety and efficacy of the
kinases inhibitors and activators when they are put into use.



Table 3 Summary of tumor therapies based on the kinases which regulate the crosstalk between phosphorylation and ubiquitination.

Substrate Kinase Inhibitor/activator Cancer Ref.

SPOP CDK4/6 Palbociclib Colon cancer 24

c-Fos EGF Dihydrocapsaicin Neoplastic cell transformation 89

c-Fos EGF R1881 Prostate cancer 90

PYGO2 AKT TCN Various cancers 45

BCL2 PKM2 PKM2 389e405 peptide Glioma 91

BCL2 PKM2 Benserazide Melanoma 92

BCL2 PKM2 Shikonin Various cancers 93

ERG CKI Etoposide Prostate cancer 39

FBW7 ERK SCH772984 Liver cancer 94

P62 PKCd Rottlerin Hepatocellular carcinomas 97

P62 PKCd Sotrastaurin Non-small cell lung cancer 98
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5.1. CDK4/6 inhibitors

Generally, CDK4/6 inhibitors are used for treating HR-positive
HER2-negative advanced breast cancer by decreasing the phos-
phorylation of Rb and disrupting cell cycle progression100. A
recent study reported that cyclin D1eCDK4 could also phos-
phorylate SPOP at Ser6. When the phosphorylation of SPOP is
inhibited by palbociclib, a CDK4/6 inhibitor, SPOP poly-
ubiquitination is increased and SPOP degradation is promoted.
This study also found that PDL1 was a new substrate of cullin 3-
based SPOP E3 ligase; thus palbociclib could increase the protein
level of PDL1 by promoting the degradation of SPOP. The author
combined palbociclib and anti-PD-1 therapy to treat immuno-
proficient mice bearing CT26 tumors and found that this combi-
nation could improve the overall survival relative to either
treatment alone24. This work might broaden the use of CDK4/6
inhibitors through their function of indirectly regulating ubiq-
uitinated substrates, and indicate their potential for being com-
bined with immunotherapy in tumor treatment.

5.2. EGF inhibitors

Given that EGF phosphorylates the oncoprotein c-Fos and impairs
its ubiquitination and degradation, Lee et al.89 reported that
dihydrocapsaicin, a natural agent from chili pepper, could inhibit
EGF-induced c-Fos, and ultimately suppress neoplastic cell
transformation. Similarly, the androgen analogue R1881 represses
EGF-induced c-Fos in prostate cancer cells, which promotes the
ability of the combination of R1881 and TPA-induced prostate
cancer cell death90.

5.3. AKT inhibitors

It has been confirmed that the AKT inhibitor triciribine hydrate
(TCN) can disturb the stability of oncoprotein PYGO2 by sup-
pressing its phosphorylation and ubiquitination. Considering that
PYGO2 is important for the initiation of many kinds of cancers,
TCN has potential for cancer treatment45. In fact, phase I clinical
trials of TCN in the setting of solid tumors and hematological
malignancies have been completed and have shown good anti-
cancer effects with TCN98.

5.4. PKM2 inhibitors

PKM2 is important in tumorigenesis, and it has been recently
reported that PKM2-mediated phosphorylation of BCL2 promotes
glioma malignancy and prognosis. PKM2 389e405 peptide was
used to antagonize the capacity of PKM2 to inhibit the phos-
phorylation and proteasome degradation of BCL2, which effec-
tively suppressed gliomagenesis, indicating that it had a tumor
therapeutic potential91. Moreover, benserazide and shikonin have
been found to inhibit PKM2 and exert important functions in
melanoma treatment and drug-sensitive and resistant cancer
treatment respectively92,93.

5.5. CKI activators

It has been reported that the topoisomerase inhibitor etoposide can
impair the migration of prostate cancer cells, the main mechanism
of which is that etoposide activates CKI and then promotes the
phosphorylation of ERG, contributing to its ubiquitination and
degradation39. Etoposide plus estramustine showed efficacy and
safety in a phase II trial in the setting of hormone-refractory
prostate cancer101. SRC-3 is another oncoprotein substrate of
SPOP, which can be phosphorylated by CKI and then promoted to
ubiquitinated degradation; thus, it is reasonable that etoposide
could enhance the function of SPOP, inhibiting oncogenic
signaling mediated by SRC-3.

5.6. ERK inhibitors

ERK signaling plays an important role in various tumors. One of
the mechanisms is that it phosphorylates FBW7, a tumor sup-
pressor, and induces its ubiquitination and degradation. Morris
et al.102 reported a novel ERK kinase inhibitor SCH772984, which
inhibited cell proliferation and impaired tumor progression. Sub-
sequently, Broutier et al.94 illustrated that SCH772984 could have
a therapeutic effect on primary liver cancer. These results support
the idea that regulating the kinases involved in the crosstalk be-
tween phosphorylation and ubiquitination could be a potential
therapy for tumor treatment.

5.7. PKC d inhibitors

It has been found that PKC d-mediated phosphorylation of P62
causes the proliferation of HCC. Subsequently, Xia et al.95 re-
ported that the PKC d inhibitor rottlerin could suppress the pro-
gression of HCC, indicating that PKC d is a potential target for
tumor treatments through regulation of the crosstalk between
phosphorylation and ubiquitination. In addition, PKC d is involved
significantly in tyrosine kinase inhibitor-resistant cancers, and the
combination of EGFR inhibitors and the PKC d inhibitor
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sotrastaurin can effectively regress resistant EGFR-mutant non-
small cell lung cancer96.

5.8. Other potential therapies based on kinases

DYRK phosphorylates ID2 and suppresses its interaction with
VHL, thus promoting the ubiquitinated degradation of HIF2a,
which leads to tumor suppression and positive clinical outcomes
in glioblastoma patients38. These findings indicate that DYRK
activators are potential therapies for glioblastoma treatment.
Similarly, ATM activator may have an important function in
suppressing cancers, as it can promote the phosphorylation and
ubiquitinated degradation of MDM2, thus increasing the level of
the tumor suppressor P5333. Based on the understanding of the
crosstalk between phosphorylation and ubiquitylation, it is
important to determine which types of kinases play critical roles in
the above progression and can be addressed for tumor treatments.

6. Perspectives

Different protein translational modifications can be affected by
each other under various circumstances. Ubiquitylation, which
utilizes E3 ligases that are mainly part of the CRLs family, has
been reported to be regulated mainly by phosphorylation, acety-
lation and methylation. The crosstalk between phosphorylation
and ubiquitylation exists in many biological processes and impacts
the physiology and pathology by controlling the levels of targeted
proteins.

The characteristic that CRLs are prone to recognize those
proteins with Ser/Thr rich degrons may explain why phosphory-
lation can regulate ubiquitylation substrates. Phosphorylation-
mediated proteasome degradation of some substrates preserves
their function, hinting that the dysregulation of phosphorylation or
ubiquitylation may cause the latter pathologies such as genomic
instability, cell cycle arrest or disorders of transcription. There-
fore, regulating phosphorylation may facilitate the biological
function of ubiquitylation substrates, mainly by regulating the
process by which receptors and adaptors recognize substrates and
mediate the stability and activity of these substrates, as well as
CRLs themselves.

Considering that the substrates of CRLs are diverse and consist
of oncoproteins and tumor suppressors, it would be valuable to
consider that kinase activators could be put into use to phos-
phorylate oncoproteins and cause them to undergo ubiquitylation
and degradation. Kinase inhibitors can be used to inhibit the
phosphorylation and ubiquitinated degradation of tumor suppres-
sors. Therefore, learning more about the crosstalk may provide
greater probability and specificity for kinase activators and in-
hibitors to be used in tumor treatment, promote the combination of
kinase therapies and other therapies such as immunotherapies, and
push forward the development of new therapies based on a new
function, phosphorylation. The study of crosstalk between phos-
phorylation and ubiquitylation will extend the knowledge of the
ubiquitin-proteasome system, including how it functions and how
to control this system, providing new potential therapies for tumor
treatment.
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