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Abstract: Ubiquilins or UBQLNs, members of the ubiquitin-like and ubiquitin-associated domain
(UBL-UBA) protein family, serve as adaptors to coordinate the degradation of specific substrates via
both proteasome and autophagy pathways. The UBQLN substrates reveal great diversity and impact
a wide range of cellular functions. For decades, researchers have been attempting to uncover a puzzle
and understand the role of UBQLNs in human cancers, particularly in the modulation of oncogene’s
stability and nucleotide excision repair. In this review, we summarize the UBQLNs’ genetic variants
that are associated with the most common cancers and also discuss their reliability as a prognostic
marker. Moreover, we provide an overview of the UBQLNs networks that are relevant to cancers in
different ways, including cell cycle, apoptosis, epithelial-mesenchymal transition, DNA repairs and
miRNAs. Finally, we include a future prospective on novel ubiquilin-based cancer therapies.
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1. Introduction
Ubiquilins (UBQLNs) are essential factors for the maintenance of proteostasis in cells since they
work as adaptors to deliver poly-ubiquitinated proteins to the proteasome [1,2] and participate in
autophagosome formation [3–5], as well as in the endoplasmic reticulum (ER)-associated protein
degradation pathway (ERAD) [6].
Human genome encodes four major UBQLN proteins (UBQLN1–4) that belong to the
non-proteasomal UBL-UBA family by containing an ubiquitin-like (UBL) domain at the N-terminus
and an ubiquitin-associated domain (UBA) at the C-terminus (Figure 1). UBQLN1, UBQLN2 and
UBQLN4 are ubiquitously expressed, while UBQLN3 is exclusively expressed in the testis. The fifth
UBQLN gene, called UBQLNL, was later detected in humans and still very poorly characterized [7].
Given the broad physiological implication of proteostasis pathways, any dysregulation of
proteostasis is often involved in the development of multiple pathological conditions. Accumulated
evidence links UBQLNs to neurodegenerative diseases such as Alzheimer’s disease (AD) or another
form of dementia with locomotor dysfunctions [8,9] and other proteinopathies like amyotrophic
lateral sclerosis (ALS) [10–12]. Moreover, increasing evidence suggests a role of UBQLNs in
diverse types of cancers due to their activities in the modulation of important players of cell cycle,
apoptosis, membrane receptors, DNA repairs, epithelial-mesenchymal transition (EMT) and miRNAs.
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2. UBQLN’s Genetic Variants in Cancers
2. UBQLN’s Genetic Variants in Cancers
At least six different genetic variants of UBQLN2 have been found to clearly correlate with ALS
At least six different genetic variants of UBQLN2 have been found to clearly correlate with ALS
(OMIM entry 300264 at www.omim.org). Moreover, a homozygous nonsense mutation (c.976c > T) of
(OMIM entry 300264 at www.omim.org). Moreover, a homozygous nonsense mutation (c.976c>T) of
UQBLN4 gene was recently discovered to cause a rare inherited disorder called ataxia-telangiectasia
UQBLN4 gene was recently discovered to cause a rare inherited disorder called ataxia-telangiectasia
(A-T) [13].
(A-T) [13].
To date, none of UBQLN’s genetic variants has been associated with cancers. Nonetheless, as discussed
To date, none of UBQLN’s genetic variants has been associated with cancers. Nonetheless, as
above, new studies have shown that an alteration of UBQLNs expression levels and/or a formation of
discussed above, new studies have shown that an alteration of UBQLNs expression levels and/or a
proteinaceous UBQLNs-containing cytoplasmic aggregates are certain conditions that lead to abnormal
formation of proteinaceous UBQLNs-containing cytoplasmic aggregates are certain conditions that
cell growth and genome instability [13].
lead to abnormal cell growth and genome instability [13].
By utilizing an open platform that interactively explores multidimensional cancer genomics data
By utilizing an open platform that interactively explores multidimensional cancer genomics data
sets in the context of clinical data and biologic pathways (https://www.cbioportal.org) [14,15], we were
sets in the context of clinical data and biologic pathways (https://www.cbioportal.org) [14,15], we
able to track several UBQLN single nucleotide variations (SNVs) and copy number variations (CNVs)
were able to track several UBQLN single nucleotide variations (SNVs) and copy number variations
that are associated with a large variety of human cancers, including breast, ovarian cancers and lung
(CNVs) that are associated with a large variety of human cancers, including breast, ovarian cancers
adenocarcinoma (Tables S1–S3). For instance, we found that gene amplification is prominently found
and lung adenocarcinoma (Tables S1–S3). For instance, we found that gene amplification is
among UBQLN variations associated with cancers. Amplification of UBQLN4 is associated with 14.96%
prominently found among UBQLN variations associated with cancers. Amplification of UBQLN4 is
of breast cancer (446 samples out of 3116 samples from both the Cancer Genome Atlas (TCGA) and
associated with 14.96% of breast cancer (446 samples out of 3116 samples from both the Cancer
non-TCGA non-redundant studies). Similarly, amplification of UBQLN4 can also be identified in
Genome Atlas (TCGA) and non-TCGA non-redundant studies). Similarly, amplification of UBQLN4
10.12% of ovarian cancer patients (59 samples out of 583 samples from both TCGA and non-TCGA
can also be identified in 10.12% of ovarian cancer patients (59 samples out of 583 samples from both
non-redundant studies) (Table S1).
TCGA and non-TCGA non-redundant studies) (Table S1).
By accessing the cbioportal for UBQLN’s SNVs, the data have shown that some UBQLN’s
By accessing the cbioportal for UBQLN’s SNVs, the data have shown that some UBQLN’s
polymorphisms segregate with the cancer samples by a significantly high allele frequency, especially
polymorphisms segregate with the cancer samples by a significantly high allele frequency, especially
in breast invasive carcinoma tumor (Table S2). We identified UBQLN1 non-sense mutations in 31%
in breast invasive carcinoma tumor (Table S2). We identified UBQLN1 non-sense mutations in 31%
(Q176*) and 53% (G499*) of variants reads from the TCGA and non-TCGA non-redundant breast and
(Q176*) and 53% (G499*) of variants reads from the TCGA and non-TCGA non-redundant breast and
lung cancers studies, respectively (Tables S2 and S3). Moreover, three missense mutations in UBQLN2
lung cancers studies, respectively (Tables S2 and S3). Moreover, three missense mutations in UBQLN2
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(P440Q, H90N and G481V) and UBQLN3 (M546I, I247L and S294L) genes, show allele frequency higher
than 50% in both TCGA and non-TCGA non-redundant studies of NSCLC (Table S3).
On the basis of these findings, it would be of interest to run new studies in order to understand
the possible relevance of such UBQLN variants in the onset of cancers or their progression. On the
other hand, it is important to explore the reliability of UBQLNs as biomarkers of human cancers.
In this regard, some studies have already tested the feasibility to include UBQLNs as new biomarker
panels for clinical and prognostic purposes in diverse human cancers. For example, Shimada and
co-workers showed that UBQLN2 immunostaining can be a practical test for urine cytology allowing
the prediction of tumor grade and stage [16]. Profiling the UBQLN1 together with other peptides
in serum samples from lung adenocarcinoma was found to be able to predict cancer status with
85% sensitivity and 86% specificity [17,18]. Moreover, clinical and prognostic significance of UBQLN1
was more deeply investigated in breast and gastric cancers as well as in NSCLC and it revealed that
high levels of UBQLN1 are often associated with high histological grade, invasion and lymph node
metastasis. Therefore, high UBQLN1 expression is considered to be a worse prognostic factor for
patient with gastric cancer [19] and a novel marker to predict poor prognosis in breast cancer [20].
3. UBQLNs and p53
In order to deal with various harmful stimuli that affect genomes, our cells need a tight control
of checkpoint mechanism to detect errors and suspend cell progression until the errors are certainly
fixed [21,22]. Failure of checkpoint mechanism leads to cancer progression and anti-cancer drug
resistance [23,24]. The tumor suppressor protein, p53 mediates various mechanisms to arrest cell
cycle and allow DNA repairs or induce cell apoptosis due to an occurrence of unmanageable DNA
damages [25]. With a wide spectrum of its functions participating in stress response, hypoxia,
nutrient deprivation, telomere erosion, UV light, ionized radiation and chemotherapeutic reagents
and so forth [26,27], it becomes an essential interactor between extrinsic factors and intrinsic
biological responses.
The first documented interaction between p53 and UBQLNs has been established by Feng, et al. [28].
UBQLN which is also called “protein-linking integrin-associated protein and cytoskeleton 1” or
“PLIC1” has been found to be involved in Kaposi’s sarcoma-associated herpesvirus (KSHV) replication.
The virus uses its K7 membrane protein to bind to UBQLN and inhibit UBQLN-p53 interaction, thus p53
undergoes degradation. Therefore, the survival of infected cells is favored for viral replication [28].
Huang et al., has established the role of UBQLN4–p53 in gastric cancer cell line. Overexpression of
UBQLN4 induces cellular senescence and G1-S arrest via p53/p21 axis. p21 or p21cip1/waf1 is a vital player
mediating G1-S cell cycle arrest by binding and inhibiting the cyclin dependent kinase 2 (cyclin-CDK2),
cyclin-CDK1 and cyclin-CDK4,6 complexes. This protein is transcriptionally regulated by both
p53-dependent and p53-independent mechanisms. Stabilization of p53 by UBQLN4 overexpression
gives a great chance for p53 to transcriptionally regulate p21 [29]. In addition, acetylated p53 has
been allowed to activate CDKN1A, a gene encoding p21 [30] (Figure 2A). The level of p21 can also
be controlled by translational and posttranslational levels, especially by ubiquitination. Several E3
ubiquitin ligase complexes including SCFSkp2 [31], MKRN1 [32], CRL4CDT [33], APC/CCDC20 [34]
and RNF114 [29,35] promote p21 ubiquitination and degradation. UBQLN4 physically interacts
with RNF114 and negatively regulates its expression leading to p21 stabilization [29] (Figure 2A).
Therefore, UBQLN4 has been considered to be a tumor regulator through p53/p21 axis since then.
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Figure 2. UBQLNs and p53 networking in cancers. UBQLNs stabilizes p53 and RNF114, two essential
Figure 2. UBQLNs and p53 networking in cancers. UBQLNs stabilizes p53 and RNF114, two essential
regulators of p21. (A) UBLQN4 physically interacts with p53, allowing the activation of p21 transcription
regulators of p21. (A) UBLQN4 physically interacts with p53, allowing the activation of p21
and translation. Binding of UBQLN4 and RNF114 leads to the inhibition of p21 ubiquitination
transcription
and translation. Binding of UBQLN4 and RNF114 leads to the inhibition of p21
and degradation via UPS. (B) The stabilization of p53 by UBQLNs might induce transcription of
ubiquitination
and genes
degradation
via UPS.
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In addition, the binding of BCLb/BCL2L10 and Beclin 1 (BECN1), a central regulator of
autophagy, leads to an inhibition of autophagosome formation by disrupting BECN1-VPS34 complexes.
Therefore, low expression of BCLb/BCL2L10 in hepatic cell carcinoma (HCC) tissues and cells can release
free BECN1 to regulate autophagosome formation and lead to cancer cell survival [51,52] (Figure 3).
Under hypoxic condition, UBQLN2 may indirectly interact with other anti-apoptotic BCL2 family
proteins, like BCL2. UBQLN2 acts as a protective molecule against cytotoxicity in osteosarcoma cell
line independently to HIF-1a induction. Both JNK and p38 pathways have been found to be activated
under hypoxia following UBQLN2 siRNA transfection. Such activation is known to induce apoptosis.
For instance, the active phosphorylated-JNK (p-JNK) antagonizes BCL2 and induces a release of cytochrome
C (Cyt C) from the mitochondrial intermembrane space through a Bid/Bax-dependent mechanism [53,54].
5. UBQLNs and Membrane Receptor Proteins
Substantial evidence reveals the role of insulin-like growth factor 1 receptor (IGF1R), a tyrosine
kinase receptor which transmits signals to support cell proliferation, differentiation, survival and
metabolism in most types of cancer [55]. Although some SNPs have been identified in IGF1R,
the high expression of IGF1R and its mRNA without any mutations has been frequently discovered in
transformed cells [56,57]. By looking at its functions exclusively in cancers, IGF1R activation works
coordinately with several downstream pathways including PI3K/AKT, Ras/Raf/MAPK and STAT to
induce oncogenic transformation, cellular outgrowth, apoptotic resistance, migration, metastasis and
angiogenesis [58]. At least three ligands have been reported to bind and stimulate IGF1R. Those ligands
include IGF-1, IGF-2 and insulin [59]. Once IGF1R is phosphorylated, its binding partners like IRSs and
Grb2, Grb10 and Shc are recruited to further regulate downstream signals [60–62]. Then, if the signals
are overwhelmed, a normal dephosphorylation by phosphatases takes place in order to modulate and
prevent a deleterious event caused by an over-stimulation [63].
A reduction but high ratio of active/total IGF1R receptors has been found in UBQLN1-deficient
human non-small cell lung adenocarcinoma, A549 cell lines. Moreover, this phenomenon has also
been seen in the case of insulin receptor (INSR) and insulin-like growth factor 2 receptor (IGF2R) [64].
Kurlawala et al. reported that IGF1R and UBQLN1 physically interact via the STI-1 and STI-2 domains
of UBQLN1 and this binding is crucial for the IGF1R stabilization [44]. The authors also mentioned
that the mechanism of UBQLN1-dependent IGF-1 stabilization is neither through internalization
nor endocytosis, because the interaction is found in several forms of IGFR including pro-IGFR,
phosphorylated IGFR and normal IGFR [64] (Figure 4). However, the possible role of UBQLN1 in
recruiting phosphatases to the receptors should also be considered, even though there are no current
data supporting this hypothesis.
The role of UBQLNs in cell membrane receptor stabilization is not limited to IGF1R and its relatives.
The regulation is likely observed in gamma-aminobutyric acid A (GABAA ) receptor, G-protein coupled
receptors (GPCRs) and nicotinic acetylcholine receptors (nAchRs) [65–68]. Moreover, B1a B-cells
and BJAB B-cell lymphoma in the absence of UBQLN1 undergo cell proliferative defects after B cell
receptor (BCR) ligation [69]. The defects in cell cycle entry of both kinds of B-cells are associated
with hydrophobic and mitochondrial protein accumulations which can later depress cytosolic protein
synthesis [70–72]. Indeed, the authors noted that UBQLN1 could critically be involved in the mRNA
translational step of some specific cyclins required for G1 cell cycle progression [69].
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proteins is mandatory for cancer cells to control their aggressiveness and treatment responsiveness.
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several mechanisms. ZEB1 directly binds to E2 box type element of E-cadherin promotor [83]. It also
forms a complex with Sirt-1 (a class III histone deacetylase (HDAC)) in order to bind to the E-cadherin

promoter in pancreatic and prostate cancer cells [84]. In prostate cancer cells, ZEB1 plays dual
functions in order to repress E-cadherin and at the same time activates Vimentin by recruiting SET8
(a histone H4K20-specific methyl transferase) to E-cadherin promoter and activate a ZEB1-dependent
H4K20 monomethylation, respectively [85]. ZEB1 and UBQLN1 have been found to regulate each
other in order to induce EMT in cancer cells. Although there is no direct interaction between UBQLNs
and
ZEB1,
loss of UBQLN1 and UBQLN2 in human A549 and H358 non-small cell lung 8 of 17
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adenocarcinoma cell lines dramatically increases ZEB1 expression to repress E-cadherin and initiate
cell migration and invasion. However, without ZEB1, loss of UBQLNs is insufficient to repress EThese
results[86].
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oxygen
species
(ROS)
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factors
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radiation (IR) and chemotherapeutic drugs [87,88]. DSBs can be recognized by two major DNA
radiation (IR) and chemotherapeutic drugs [87,88]. DSBs can be recognized by two major DNA
damaged response (DDR) pathways. The first is “Non-homologous end-joining or NHEJ,” which is
damaged response (DDR) pathways. The first is “Non-homologous end-joining or NHEJ”, which is fast
fast but non-specific ligation and sometimes might lead to deletions or insertions in genomes. This
but non-specific
ligation and
sometimes
might
lead to deletions
or insertions
in genomes.
This pathway
pathway is generally
considered
to be
error-prone.
The second
is “Homologous
recombinationis generally
considered
to
be
error-prone.
The
second
is
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recombination-mediated
mediated DNA repairs or HRR” which is accurate but slow and is strictly active only in S and G2 DNA
repairs
or HRR”
which
is accurate
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and is [89,90].
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or order
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[89,90].
balance
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or eventually
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to achieve
a correct
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are death
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(HR23 and Ddi1), UBQLN4 has also
the affected
pathways
or eventually
been
identified
as
a
protein
participating
in
DSBs
repair
mechanism.
UBQLN4
regulates
a clearance
Like other two members of UBA-UBL shuttling proteins (HR23
and Ddi1),
UBQLN4
has also
of ubiquitinated MRE11, an ATM (Ataxia Telangiectasia Mutated) substrate which functions in
been identified as a protein participating in DSBs repair mechanism. UBQLN4 regulates a clearance
initiating DSB end resection [13,91]. Once DSBs occur, MRE11-RAD50-NSB1 (MRN complexes) are
of ubiquitinated
MRE11, an ATM (Ataxia Telangiectasia Mutated) substrate which functions in
formed and localized into the affected area and the complexes later induce ATM
initiating DSB end resection [13,91]. Once DSBs occur, MRE11-RAD50-NSB1 (MRN complexes) are
formed and localized into the affected area and the complexes later induce ATM autophosphorylation
at Ser367, Ser1893, Ser1981 and acetylation at Lys3106 [92,93]. Several studies provide evidence
that ATM, UFMylated MRE11 (a conjugation form of MRE11 by ubiquitin-fold modifier 1 (UFM1))
and MRN complexes are considered to be specific factors processing toward HRR pathway [94].
Activated ATM phosphorylates substrates which are located around chromatins to provide a scaffold
for the DNA repaired complexes and control an excessive end resection by regulating a UBQLN4-MRE11
interaction (Figure 6). Phosphorylation of UBQLN4 at Ser318 facilitates MRE11 degradation through
UPS and represses HRR. A mutation in UBQLN4 (c.976C>T) which is a loss of function mutation,
leads the cells to manage DSBs by shifting toward HRR pathway. On the contrary, the NHEJ
pathway is chosen under an UBQLN4-overexpressing condition which is found in aggressive tumors.
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contrary, the NHEJ pathway is chosen under an UBQLN4-overexpressing condition which is found
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that
miR-200c
inhibits
autophagy
and enhances
radio-sensitivity
breast cancer
cells(Figure
by targeting
autophagy
and
enhances
radio-sensitivity
in breast
cancer cells byintargeting
UBQLN1
7A).
UBQLN1 (Figure 7A).
Similarly, through online prediction Yang and co-workers observed that miR-155 has two putative
binding sites with UBQLN1 3’-UTR and further proved that overexpression of miR-155 reduces the
expression of UBQLN1 mRNA and its protein in human nasopharyngeal carcinoma (NPC) cells [103].
Interestingly, miR-155 and antimir-155 showed abrogative and additive effects of UBQLN1, respectively;
therefore, Yang and co-workers proposed that the miR-155/UBQLN1 axis is involved in multiple
signaling pathways related to cell proliferation, cell cycle and EMT by regulating c-myc, E2F1 and cyclin
D1. However, unlike the effects of miR-200c-dependent silencing of UBQLN1, the miR-155-dependent
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Figure 7. UBQLNs and miRNAs networking in cancers. Different kinds of miRNAs affect UBQLN’s
functions that are relevant to cancer. (A) miR-200 and (B) miR-155 negatively control UBQLN1 functions
functions that are relevant to cancer. (A) miR-200 and (B) miR-155 negatively control UBQLN1
in breast cancer and lung adenocarcinoma, respectively. (C) miR-675 positively controls UBQLN1 in
functions in breast cancer and lung adenocarcinoma, respectively. (C) miR-675 positively controls
pancreatic cancer. (D) The negative control of UBQLN4 by miR-370 in hepatocellular carcinoma is shown.
UBQLN1 in pancreatic cancer. (D) The negative control of UBQLN4 by miR-370 in hepatocellular
carcinoma
is shown.
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the formation and progression of hepatocellular carcinoma [109]. Given the emerging role of UBLQN4
The miR-675
sequence
within[29,110],
the first the
exon
of thetools
long-non-coding
RNA (lncRNA)
in regulating
cell coding
proliferation
andlies
invasion
online
TargetScan, miRTarBase
and
H19 [105]. miR-675 has been proven to cause reduction of cell proliferation, cell growth arrest and cell
death and thus acts as a tumor suppressor in NSCLC and other cancer cells [106–108]. Interestingly,
Wang and co-workers showed that miR-675 controls the abundance of UBQLN1 in a fashion that
augmentation of miR-675 leads to an increase in the level of UBQLN1 which in turn reduces the level
of ZEB1. Given the fundamental role of ZEB1 as a prime element of a network of transcription factors
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miRcode were run to further investigate the upstream regulators of UBQLN4. In vivo studies showed
that miR-370 binds to the UBQLN4 3’-UTR and leads to its degradation. Interestingly, the TCGA
database analysis also confirmed that the expression of UBQLN4 negatively correlates with miR-370
expression [109]. As such, miR-370 seems to modulate the Wnt-β-catenin pathway that is controlled by
UBQLN4 and is responsible for HCC progression (Figure 7D).
9. Conclusions and Future Perspectives
Although increasing evidence clearly points to the crucial roles of ubiqulin proteins in many
cancers, recently there has been no ubiquilin-targeted therapy available in the market or in clinical trials.
Parallel drugs that targets ubiquitin-protein degradation pathway including proteasome inhibitors
(bortezomib, carfilzomib and ixazomib) are currently in clinical use. However, these three drugs
which are mainly US FDA approved for relapse multiple myeloma and mantle cell lymphoma,
provide decent treatment outcomes with many adverse effects. For instance, bortezomib can cause
permanent nerve damage to the extremities, called bortezomib-induced peripheral neuropathy (BIPN).
Furthermore, cancer cells developed resistance to this drug through an enhanced aggresome-autophagy
pathway, increased expression of proinflammatory macrophages, decreased ER stress response and
alterations in apoptotic signaling.
Considering the structure of UBQLNs, it contains similar domains at both N- and C-terminal
regions to ubiquitin and it plays important roles in trafficking ubiquitinated proteins to the proteasome.
Therefore, designing certain potential molecules to suppress the function of UBQLNs is not too difficult
but the major challenge is to create the agents that can specifically target the mutated forms of UBQLNs
in some cancer cells so that it does not affect normal healthy cells. Additionally, since UBQLNs
play diverse functions in different types of cancer, these molecules can be “good” or “bad”.
Therefore, developing only for ubiquilin inhibitors may not be a perfect solution for all type of
cancers. Moreover, some cancer cells exhibit proliferative characteristics and tumorigenesis due to
the lack of certain ubiquilin molecules, thus it needs to consider development of effective agents
that can be able to restore the production of ubiquilin in a specific manner. Lastly, therapeutic
strategies should be taken into consideration to optimize the best combinatorial treatments for patients.
For instance, the inhibition of ubiquilin function together with radiation may enhance radiosensitivity.
Taken together, attempting to create personalized medicine for cancer patients with ubiquilin
alterations may require an additional step to measure the level of certain ubiquilin, as well as its genetic
and function abnormalities before choosing the most effective treatment for the patients.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/6/1586/s1,
Table S1: The Cancer Genome Atlas (TCGA) and non-TCGA studies for breast, lung and ovary cancer were
screened for amplification and/or deletions of UBQLNs. Only non-redundant studies were included in this analysis.
The database stores 3116, 884 and 583 samples of breast, lung, and ovary cancer, respectively, Table S2: The Cancer
Genome Atlas (TCGA) and non-TCGA studies for breast were analyzed in order to identify UBLQN’s mutations.
Allele frequency is shown as percentage (%) of variants reads out of 103 total from Whole-exome sequencing of
817 breast invasive carcinoma tumor/normal pairs. Table lists all mutations with allele frequency higher than 15%,
Table S3: The Cancer Genome Atlas (TCGA) and non-TCGA studies on Lung adenocarcinoma were analyzed
in order to identify UBLQN’s mutations. Allele frequency is shown as percentage (%) of variants reads out of
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mutations with allele frequency higher than 15%.
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Şentürk, M.; Lin, G.; Zuo, Z.; Mao, D.; Watson, E.; Mikos, A.G.; Bellen, H.J. Ubiquilins Regulate Autophagic Flux
through mTOR Signaling and Lysosomal Acidification. Nat. Cell Biol. 2019, 21, 384. [CrossRef] [PubMed]
Lim, P.J.; Danner, R.; Liang, J.; Doong, H.; Harman, C.; Srinivasan, D.; Rothenberg, C.; Wang, H.; Ye, Y.;
Fang, S.; et al. Ubiquilin and p97/VCP bind erasin, forming a complex involved in ERAD. J. Cell Biol. 2009,
187, 201–217. [CrossRef]
Marín, I. The ubiquilin gene family: Evolutionary patterns and functional insights. BMC Evol. Biol. 2014, 14,
63. [CrossRef]
Haapasalo, A.; Viswanathan, J.; Bertram, L.; Soininen, H.; Tanzi, R.E.; Hiltunen, M. Emerging role of
Alzheimer’s disease-associated ubiquilin-1 in protein aggregation: Figure 1. Biochem. Soc. Trans. 2010, 38,
150–155. [CrossRef]
El Ayadi, A.; Stieren, E.S.; Barral, J.M.; Boehning, D. Ubiquilin-1 and protein quality control in Alzheimer
disease. Prion 2013, 7, 164–169. [CrossRef]
Ling, S.-C.C.; Polymenidou, M.; Cleveland, D.W.W. Converging mechanisms in als and FTD: Disrupted RNA
and protein homeostasis. Neuron 2013, 79, 416–438. [CrossRef]
Zhang, K.Y.; Yang, S.; Warraich, S.T.; Blair, I.P. Ubiquilin 2: A component of the ubiquitin-proteasome system
with an emerging role in neurodegeneration. Int. J. Biochem. Cell Biol. 2014, 50, 123–126. [CrossRef] [PubMed]
Jantrapirom, S.; Lo Piccolo, L.; Yamaguchi, M. Non-Proteasomal UbL-UbA Family of Proteins in
Neurodegeneration. Int. J. Mol. Sci. 2019, 20, 1893. [CrossRef] [PubMed]
Jachimowicz, R.D.; Beleggia, F.; Isensee, J.; Velpula, B.B.; Goergens, J.; Bustos, M.A.; Doll, M.A.; Shenoy, A.;
Checa-Rodriguez, C.; Wiederstein, J.L.; et al. UBQLN4 Represses Homologous Recombination and Is
Overexpressed in Aggressive Tumors. Cell 2019, 176, 505–519. [CrossRef]
Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.;
Larsson, E.; et al. Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using the cBioPortal.
Sci. Signal 2013, 6, pl1. [CrossRef] [PubMed]
Cerami1, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.;
Larsson, E.; et al. The cBio Cancer Genomics Portal: An Open Platform for Exploring Multidimensional
Cancer Genomics Data. Cancer Discov. 2012, 2, 401. [CrossRef]
Shimada, K.; Fujii, T.; Tatsumi, Y.; Anai, S.; Fujimoto, K.; Konishi, N. Ubiquilin2 as a novel marker for
detection of urothelial carcinoma cells in urine. Diagn. Cytopathol. 2016, 44, 3–9. [CrossRef]
Chen, G.; Wang, X.; Yu, J.; Varambally, S.; Yu, J.; Thomas, D.G.; Lin, M.-Y.; Vishnu, P.; Wang, Z.; Wang, R.; et al.
Autoantibody Profiles Reveal Ubiquilin 1 as a Humoral Immune Response Target in Lung Adenocarcinoma.
Cancer Res. 2007, 67, 3461–3467. [CrossRef]
Patel, K.; Farlow, E.C.; Kim, A.W.; Lee, B.S.; Basu, S.; Coon, J.S.; DeCresce, D.; Thimothy, L.; Walters, K.A.;
Fhied, C.; et al. Enhancement of a multianalyte serum biomarker panel to identify lymph node metastases in
non-small cell lung cancer with circulating autoantibody biomarkers. Int. J. Cancer 2011, 129, 133–142. [CrossRef]
Bao, J.; Jiang, X.; Zhu, X.; Dai, G.; Dou, R.; Liu, X.; Sheng, H.; Liang, Z.; Yu, H. Clinical significance of
ubiquilin 1 in gastric cancer. Medicine 2018, 97, e9701. [CrossRef]
Wang, Y.; Lu, J.; Zhao, X.; Feng, Y.; Lv, S.; Mu, Y.; Wang, D.; Fu, H.; Chen, Y.; Li, Y. Prognostic significance of
Ubiquilin1 expression in invasive breast cancer. Cancer Biomark. 2015, 15, 635–643. [CrossRef]

Cancers 2020, 12, 1586

21.
22.
23.
24.
25.
26.

27.
28.

29.

30.

31.
32.

33.
34.
35.

36.
37.
38.

39.

40.

41.

13 of 17

Hackelford, R.E.; Kaufmann, W.K.; Paules, R.S. Cell cycle control, checkpoint mechanisms, and genotoxic
stress. Environ. Health Perspect. 1999, 107, 5–24.
Bartek, J.; Lukas, J. DNA damage checkpoints: From initiation to recovery or adaptation. Curr. Opin. Cell Biol.
2007, 19, 238–245. [CrossRef]
Eastman, A. Cell cycle checkpoints and their impact on anticancer therapeutic strategies. J. Cell. Biochem.
2004, 91, 223–231. [CrossRef] [PubMed]
Nakanishi, M.; Shimada, M.; Niida, H. Genetic instability in cancer cells by impaired cell cycle checkpoints.
Cancer Sci. 2006, 97, 984–989. [CrossRef] [PubMed]
Mijit, M.; Caracciolo, V.; Melillo, A.; Amicarelli, F.; Giordano, A. Role of p53 in the Regulation of Cellular
Senescence. Biomolecules 2020, 10, 420. [CrossRef]
Vanzo, R.; Bartkova, J.; Merchut-Maya, J.M.; Hall, A.; Bouchal, J.; Dyrskjøt, L.; Frankel, L.B.; Gorgoulis, V.;
Maya-Mendoza, A.; Jäättelä, M.; et al. Autophagy role(s) in response to oncogenes and DNA replication
stress. Cell Death Differ. 2020, 27, 1134–1153. [CrossRef]
Childs, B.G.; Durik, M.; Baker, D.J.; van Deursen, J.M. Cellular senescence in aging and age-related disease:
From mechanisms to therapy. Nat. Med. 2015, 21, 1424–1435. [CrossRef]
Feng, P.; Scott, C.W.; Cho, N.-H.; Nakamura, H.; Chung, Y.-H.; Monteiro, M.J.; Jung, J.U. Kaposi’s
Sarcoma-Associated Herpesvirus K7 Protein Targets a Ubiquitin-Like/Ubiquitin-Associated Domain-Containing
Protein To Promote Protein Degradation. Mol. Cell. Biol. 2004, 24, 3938–3948. [CrossRef]
Huang, S.; Li, Y.; Yuan, X.; Zhao, M.; Wang, J.; Li, Y.; Li, Y.; Lin, H.; Zhang, Q.; Wang, W.; et al. The UbL-UBA
Ubiquilin4 protein functions as a tumor suppressor in gastric cancer by p53-dependent and p53-independent
regulation of p21. Cell Death Differ. 2019, 26, 516–530. [CrossRef]
Knights, C.D.; Catania, J.; Di Giovanni, S.; Muratoglu, S.; Perez, R.; Swartzbeck, A.; Quong, A.A.; Zhang, X.;
Beerman, T.; Pestell, R.G.; et al. Distinct p53 acetylation cassettes differentially influence gene-expression
patterns and cell fate. J. Cell Biol. 2006, 173, 533–544. [CrossRef]
Nakayama, K.I.; Nakayama, K. Regulation of the cell cycle by SCF-type ubiquitin ligases. Semin. Cell
Dev. Biol. 2005, 16, 323–333. [CrossRef] [PubMed]
Lee, E.W.; Lee, M.S.; Camus, S.; Ghim, J.; Yang, M.R.; Oh, W.; Ha, N.C.; Lane, D.P.; Song, J. Differential
regulation of p53 and p21 by MKRN1 E3 ligase controls cell cycle arrest and apoptosis. EMBO J. 2009, 28,
2100–2113. [CrossRef]
Soria, G.; Gottifredi, V. PCNA-coupled p21 degradation after DNA damage: The exception that confirms the
rule? DNA Repair (Amst.) 2010, 9, 354–364. [CrossRef] [PubMed]
Amador, V.; Ge, S.; Santamaría, P.G.; Guardavaccaro, D.; Pagano, M. APC/CCdc20 Controls the
Ubiquitin-Mediated Degradation of p21 in Prometaphase. Mol. Cell 2007, 27, 462–473. [CrossRef] [PubMed]
Han, J.; Kim, Y.L.; Lee, K.W.; Her, N.G.; Ha, T.K.; Yoon, S.; Jeong, S.I.; Lee, J.H.; Kang, M.J.; Lee, M.G.; et al.
ZNF313 is a novel cell cycle activator with an E3 ligase activity inhibiting cellular senescence by destabilizing
p21WAF1. Cell Death Differ. 2013, 20, 1055–1067. [CrossRef]
Gozuacik, D.; Kimchi, A. Autophagy as a cell death and tumor suppressor mechanism. Oncogene
2004. [CrossRef] [PubMed]
Apel, A.; Herr, I.; Schwarz, H.; Rodemann, H.P.; Mayer, A. Blocked Autophagy Sensitizes Resistant Carcinoma
Cells to Radiation Therapy. Cancer Res. 2008, 68, 1485–1494. [CrossRef]
Hjerpe, R.; Bett, J.S.; Keuss, M.J.; Solovyova, A.; McWilliams, T.G.; Johnson, C.; Sahu, I.; Varghese, J.; Wood, N.;
Wightman, M.; et al. UBQLN2 Mediates Autophagy-Independent Protein Aggregate Clearance by the
Proteasome. Cell 2016, 166, 935–949. [CrossRef]
Jantrapirom, S.; Lo Piccolo, L.; Yoshida, H.; Yamaguchi, M. Depletion of Ubiquilin induces an augmentation
in soluble ubiquitinated Drosophila TDP-43 to drive neurotoxicity in the fly. Biochim. Biophys. Acta—Mol.
Basis Dis. 2018, 1864, 3038–3049. [CrossRef]
Jantrapirom, S.; Lo Piccolo, L.; Yoshida, H.; Yamaguchi, M. A new Drosophila model of Ubiquilin knockdown
shows the effect of impaired proteostasis on locomotive and learning abilities. Exp. Cell Res. 2018, 362,
461–471. [CrossRef]
Sun, Q.; Liu, T.; Yuan, Y.; Guo, Z.; Xie, G.; Du, S.; Lin, X.; Xu, Z.; Liu, M.; Wang, W.; et al. MiR-200c inhibits
autophagy and enhances radiosensitivity in breast cancer cells by targeting UBQLN1. Int. J. Cancer 2015, 136,
1003–1012. [CrossRef] [PubMed]

Cancers 2020, 12, 1586

42.
43.
44.
45.

46.

47.

48.
49.

50.
51.

52.
53.

54.
55.

56.
57.
58.
59.
60.
61.

62.
63.

14 of 17

Ryan, K.M. P53 and autophagy in cancer: Guardian of the genome meets guardian of the proteome.
Eur. J. Cancer 2011, 47, 44–50. [CrossRef] [PubMed]
Budanov, A.V.; Karin, M. p53 Target Genes Sestrin1 and Sestrin2 Connect Genotoxic Stress and mTOR
Signaling. Cell 2008, 134, 451–460. [CrossRef] [PubMed]
Kurlawala, Z.; Shah, P.P.; Shah, C.; Beverly, L.J. The STI and UBA Domains of UBQLN1 Are Critical Determinants
of Substrate Interaction and Proteostasis. J. Cell. Biochem. 2017, 118, 2261–2270. [CrossRef] [PubMed]
Nougarede, A.; Popgeorgiev, N.; Kassem, L.; Omarjee, S.; Borel, S.; Mikaelian, I.; Lopez, J.; Gadet, R.;
Marcillat, O.; Treilleux, I.; et al. Breast Cancer Targeting through Inhibition of the Endoplasmic
Reticulum-Based Apoptosis Regulator Nrh/BCL2L10. Cancer Res. 2018, 78, 1404–1417. [CrossRef] [PubMed]
Beverly, L.J.; Lockwood, W.W.; Shah, P.P.; Erdjument-Bromage, H.; Varmus, H. Ubiquitination, localization,
and stability of an anti-apoptotic BCL2-like protein, BCL2L10/BCLb, are regulated by Ubiquilin1. Proc. Natl.
Acad. Sci. USA 2012, 109, e119–e126. [CrossRef]
Van de Kooij, B.; Rooswinkel, R.W.; Kok, F.; Herrebout, M.; de Vries, E.; Paauwe, M.; Janssen, G.M.C.; van
Veelen, P.A.; Borst, J. Polyubiquitination and proteasomal turnover controls the anti-apoptotic activity of
Bcl-B. Oncogene 2013, 32, 5439–5448. [CrossRef]
Beverly, L.J.; Varmus, H.E. MYC-induced myeloid leukemogenesis is accelerated by all six members of the
antiapoptotic BCL family. Oncogene 2009, 28, 1274–1279. [CrossRef]
Krajewska, M.; Kitada, S.; Winter, J.N.; Variakojis, D.; Lichtenstein, A.; Zhai, D.; Cuddy, M.; Huang, X.;
Luciano, F.; Baker, C.H.; et al. Bcl-B Expression in Human Epithelial and Nonepithelial Malignancies.
Clin. Cancer Res. 2008, 14, 3011–3021. [CrossRef]
Ke, N.; Godzik, A.; Reed, J.C. Bcl-B, a Novel Bcl-2 Family Member That Differentially Binds and Regulates
Bax and Bak. J. Biol. Chem. 2001, 276, 12481–12484. [CrossRef]
Robert, G.; Gastaldi, C.; Puissant, A.; Hamouda, A.; Jacquel, A.; Dufies, M.; Belhacene, N.; Colosetti, P.;
Reed, J.C.; Auberger, P.; et al. The anti-apoptotic Bcl-B protein inhibits BECN1-dependent autophagic cell
death. Autophagy 2012, 8, 637–649. [CrossRef]
He, J.; Deng, L.; Liu, H.; Chen, T.; Chen, S.; Xia, S.; Liu, Y. BCL2L10/BECN1 modulates hepatoma cells
autophagy by regulating PI3K/AKT signaling pathway. Aging 2019, 11, 350. [CrossRef] [PubMed]
Tsukamoto, S.; Shimada, K.; Honoki, K.; Kido, A.; Akahane, M.; Tanaka, Y.; Konishi, N. Ubiquilin 2
enhances osteosarcoma progression through resistance to hypoxic stress. Oncol. Rep. 2015, 33, 1799–1806.
[CrossRef] [PubMed]
Dhanasekaran, D.N.; Reddy, E.P. JNK signaling in apoptosis. Oncogene 2008, 27, 6245–6251. [CrossRef] [PubMed]
Cevenini, A.; Orrù, S.; Mancini, A.; Alfieri, A.; Buono, P.; Imperlini, E. Molecular signatures of the insulin-like
growth factor 1-mediated epithelial-mesenchymal transition in breast, lung and gastric cancers. Int. J.
Mol. Sci. 2018, 19, 2411. [CrossRef] [PubMed]
De Alencar, S.A.; Lopes, J.C.D. A comprehensive in silico analysis of the functional and structural impact of
SNPs in the IGF1R gene. J. Biomed. Biotechnol. 2010, 2010, 715139. [CrossRef]
Brahmkhatri, V.P.; Prasanna, C.; Atreya, H.S. Insulin-Like Growth Factor System in Cancer: Novel Targeted
Therapies. BioMed Res. Int. 2015, 2015, 538019. [CrossRef]
Vishwamitra, D.; George, S.K.; Shi, P.; Kaseb, A.O.; Amin, H.M. Type I insulin-like growth factor receptor
signaling in hematological malignancies. Oncotarget 2017, 8, 1814. [CrossRef]
Boone, D.N.; Lee, A. V Targeting the insulin-like growth factor receptor: Developing biomarkers from gene
expression profiling. Crit. Rev. Oncog. 2012, 17, 161–173. [CrossRef] [PubMed]
Tognon, C.E.; Sorensen, P.H.B. Targeting the insulin-like growth factor 1 receptor (IGF1R) signaling pathway
for cancer therapy. Expert Opin. Ther. Targets 2012, 16, 33–48. [CrossRef]
Yoneyama, Y.; Lanzerstorfer, P.; Niwa, H.; Umehara, T.; Shibano, T.; Yokoyama, S.; Chida, K.; Weghuber, J.;
Hakuno, F.; Takahashi, S.-I. IRS-1 acts as an endocytic regulator of IGF-I receptor to facilitate sustained IGF
signaling. eLife 2018, 7, e32893. [CrossRef] [PubMed]
Dufresne, A.M.; Smith, R.J. The Adapter Protein GRB10 Is an Endogenous Negative Regulator of Insulin-Like
Growth Factor Signaling. Endocrinology 2005, 146, 4399–4409. [CrossRef]
Buckley, D.A.; Cheng, A.; Kiely, P.A.; Tremblay, M.L.; O’Connor, R. Regulation of insulin-like growth
factor type I (IGF-I) receptor kinase activity by protein tyrosine phosphatase 1B (PTP-1B) and enhanced
IGF-I-mediated suppression of apoptosis and motility in PTP-1B-deficient fibroblasts. Mol. Cell. Biol. 2002,
22, 1998–2010. [CrossRef] [PubMed]

Cancers 2020, 12, 1586

64.
65.

66.

67.
68.

69.

70.

71.
72.
73.
74.
75.
76.

77.

78.
79.

80.

81.
82.
83.
84.

15 of 17

Kurlawala, Z.; Dunaway, R.; Shah, P.P.; Gosney, J.A.; Siskind, L.J.; Ceresa, B.P.; Beverly, L.J. Regulation of
insulin-like growth factor receptors by Ubiquilin1. Biochem. J. 2017, 474, 4105–4118. [CrossRef]
Saliba, R.S.; Pangalos, M.; Moss, S.J. The ubiquitin-like protein Plic-1 enhances the membrane insertion of
GABAA receptors by increasing their stability within the endoplasmic reticulum. J. Biol. Chem. 2008, 283,
18538–18544. [CrossRef]
Bedford, F.K.; Kittler, J.T.; Muller, E.; Thomas, P.; Uren, J.M.; Merlo, D.; Wisden, W.; Triller, A.; Smart, T.G.;
Moss, S.J. GABAA receptor cell surface number and subunit stability are regulated by the ubiquitin-like
protein Plic-1. Nat. Neurosci. 2001, 4, 908–916. [CrossRef] [PubMed]
Ficklin, M.B.; Zhao, S.; Feng, G. Ubiquilin-1 Regulates Nicotine-induced Up-regulation of Neuronal Nicotinic
Acetylcholine Receptors. J. Biol. Chem. 2005, 280, 34088–34095. [CrossRef] [PubMed]
N’Diaye, E.-N.; Hanyaloglu, A.C.; Kajihara, K.K.; Puthenveedu, M.A.; Wu, P.; von Zastrow, M.; Brown, E.J.
The Ubiquitin-like Protein PLIC-2 Is a Negative Regulator of G Protein-coupled Receptor Endocytosis.
Mol. Biol. Cell 2008, 19, 1252–1260. [CrossRef]
Whiteley, A.M.; Prado, M.A.; Peng, I.; Abbas, A.R.; Haley, B.; Paulo, J.A.; Reichelt, M.; Katakam, A.;
Sagolla, M.; Modrusan, Z.; et al. Ubiquilin1 promotes antigen-receptor mediated proliferation by eliminating
mislocalized mitochondrial proteins. eLife 2017, 6, e26435. [CrossRef] [PubMed]
Wrobel, L.; Topf, U.; Bragoszewski, P.; Wiese, S.; Sztolsztener, M.E.; Oeljeklaus, S.; Varabyova, A.; Lirski, M.;
Chroscicki, P.; Mroczek, S.; et al. Mistargeted mitochondrial proteins activate a proteostatic response in the
cytosol. Nature 2015, 524, 485–488. [CrossRef]
Wang, X.; Chen, X.J. A cytosolic network suppressing mitochondria-mediated proteostatic stress and cell
death. Nature 2015, 524, 481–484. [CrossRef] [PubMed]
Topf, U.; Wrobel, L.; Chacinska, A. Chatty Mitochondria: Keeping Balance in Cellular Protein Homeostasis.
Trends Cell Biol. 2016, 26, 577–586. [CrossRef] [PubMed]
Thiery, J.P.; Acloque, H.; Huang, R.Y.J.; Nieto, M.A. Epithelial-Mesenchymal Transitions in Development and
Disease. Cell 2009, 139, 871–890. [CrossRef] [PubMed]
Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119,
1420. [CrossRef] [PubMed]
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