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ABSTRACT 

Ubiquitin (Ub) is one of the proteins that are highly conserved from yeast to humans. It is an 

essential core unit of the well-defined post-translational modification, called ubiquitination, 

which is involved in a variety of biological processes. In metazoans, Ub is encoded by two 

monoubiquitin genes and two polyubiquitin genes, in which a single Ub is fused to a 

ribosomal protein or Ub coding units are arranged in tandem repeats. In mice, polyubiquitin 

genes (Ubb and Ubc) play a pivotal role to meet the requirement of cellular Ub pools during 

embryonic development. In addition, expression levels of polyubiquitin genes are increased 

to adapt to environmental stimuli such as oxidative, heat-shock, and proteotoxic stress. 

Several researchers have reported about the perturbation of Ub pools through genetic 

alteration or exogenous Ub delivery using diverse model systems. To study Ub pool changes 

in a physiologically relevant manner, changing Ub pools via the regulation of endogenous 

polyubiquitin gene expression has recently been introduced. Furthermore, to understand the 

regulation of polyubiquitin gene expression more precisely, cis-acting elements and trans-

acting factors, which are regulatory components of polyubiquitin genes, have been analyzed. 

In this review, we discuss how the role of polyubiquitin genes has been studied during the 

past decade, especially focusing on their regulation.  
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INTRODUCTION 

Ubiquitin (Ub) is a highly conserved small eukaryotic protein composed of 76 amino acids, 

which can be mono- or polyubiquitinated on the substrate by Ub-activating enzyme (E1), Ub-

conjugating enzyme (E2), and Ub ligase (E3) (1, 2). Monoubiquitination is known to regulate 

histone modification, receptor endocytosis, etc. (3). Polyubiquitination plays different roles 

depending on the type of Ub chains (4). It is involved in a variety of cellular processes, such 

as proteasomal degradation, stress response, signal transduction, and membrane protein 

trafficking (5-8). After exerting its role, Ub conjugated on the substrate can be removed by 

deubiquitinating enzymes (DUBs) and becomes free Ub (9). Under certain circumstances, Ub 

itself can also be degraded by the proteasome (10). This Ub recycling is important for 

maintaining Ub homeostasis inside cells.  

In mice, Ub is encoded by four different genes: Uba52 and Uba80 (Rps27a), which are 

Ub-ribosomal fusion genes, and Ubb and Ubc, which are polyubiquitin genes (Figure 1). 

Similarly, there are also four different genes, UBA52, UBA80 (RPS27A), UBB, and UBC, in 

humans (11-13). Ub-ribosomal fusion proteins or Ub polymers translated from these genes 

are converted into Ub monomers by DUBs, which constitute free Ub pools (14). 

Polyubiquitin genes are upregulated under stress conditions such as oxidative, heat-shock, 

and proteotoxic stress, thereby increasing the levels of free Ub pools (Figure 1) (15, 16). This 

is important in maintaining cell viability when the cellular stress response pathway is 

activated (17). If the free Ub level does not increase under stress conditions, for example, 

because of disruption of the polyubiquitin gene, cell viability can be reduced (18).  

It is also important to control the levels of Ub under normal conditions as well as stress 

conditions. Under normal conditions, the expression of both polyubiquitin genes is tightly 

regulated, so that it is not upregulated or downregulated significantly, to maintain the basal 

expression levels. If the levels of Ub decrease under normal conditions, problems may occur FO
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in proliferation, differentiation, and even in development (19-22). It has also been reported 

that chronic Ub overexpression induces synaptic dysfunction in neurons (23, 24). Therefore, 

the regulation of polyubiquitin gene expression under normal and stress conditions is 

important, but the relevant molecular mechanism is not known well. Some known facts are 

that the intron region is important for the regulation of basal expression levels of UBC, and 

the promoter region is important for the upregulation of UBC under stress conditions (25-28). 

Recently, it has been reported that using the inducible CRISPR-activation system, a modified 

version of the CRISPR/Cas9 system, in which guide RNA was targeted to the intron region of 

UBC, upregulation of UBC could be achieved temporally under normal conditions (29).  

Based on these previous studies, we suggest that the regulation of endogenous 

polyubiquitin gene expression at the transcriptional level is possible under both normal and 

stress conditions, which is essential to change the levels of Ub pools. In this review, we have 

mostly focused on the research trend of transcriptional regulation of polyubiquitin genes 

during the past decade.  

 

The importance of free Ub pool levels 

The cellular Ub pools are composed of free Ub and Ub conjugates, in which Ub is conjugated 

to the substrate by E1-E3 enzymes. Free Ub pools are maintained from a Ub monomer 

separated from Ub conjugates by DUBs and also through de novo synthesis of Ub by mono- 

and polyubiquitin genes. Newly synthesized Ub may exist as fusion proteins or polymers, but 

is converted to free Ub by DUBs right after synthesis (30). Among the important roles of Ub, 

the most well-known role is to form a K48-linked Ub chain on the substrate, which serves as 

a signal to be targeted to the 26S proteasome for degradation under both normal and stress 

conditions (5, 31). Ub also plays an essential role in cell proliferation, differentiation, and 

stress response. There are many types of Ub chains, for example, K63-linked and K29-linked FO
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(10, 32, 33). Although they exert different functions in cells, Ub chains are all formed from 

free Ub. Therefore, it is important to maintain the homeostasis of available free Ub pools. 

Either decreased or increased free Ub levels can cause adverse effects on cellular function or 

survival. Under normal conditions, disruption of Ub homeostasis through knockout of the 

polyubiquitin gene or ectopic expression of Ub induces dysregulation of proteasomal 

degradation or UPS (ubiquitin-proteasome system), causing various problems in tissues or 

cells (18, 23, 24, 34).  

In fact, in neural stem cells (NSCs) with free Ub levels reduced because of Ubb knockout 

or knockdown, the degradation of the Notch intracellular domain (NICD) is delayed, leading 

to the activation of Notch signaling and upregulating the expression of Notch target genes (35, 

36). Activation of Notch signaling in the early stages of neuronal development suppresses 

neurogenesis and promotes premature gliogenesis, causing abnormal differentiation of NSCs, 

degeneration of defective neurons, and reactive gliosis (35). Reduced free Ub levels also 

affect the proliferation of NSCs, resulting in a decrease in their numbers (35). In general, Ub 

deficiency is thought to cause a decrease in cell proliferation by interfering with the 

degradation of cyclin and CDK inhibitor, which are targets of the proteasome (31).  

Cell proliferation decreased in Ubc knockout mouse embryonic fibroblasts (MEFs) (37). 

Ubc knockout embryos are lethal as early as 12.5 days post coitum (dpc) because of defects 

in fetal liver development (37). Ubc knockout embryos show smaller livers than do wild-type 

(WT) controls, suggesting that normal fetal liver development has not occurred, because of 

the decrease in cell proliferation during embryonic development. In Ubb knockout mice, 

spermatogenesis is arrested in the early pachytene stage of meiosis I, which hampers 

maturation of germ cells and results in smaller testes than in the WT controls, leading to an 

infertility phenotype (38). On the other hand, overexpression of Ub can also have an adverse 

outcome. Investigation of the levels of UPS substrates in the hippocampus of transgenic mice FO
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with chronic Ub overexpression has shown that protein levels, but not mRNA levels, of the 

glutamate ionotropic receptor (GRIA1~4) decreased (24). In addition, analysis of 

ubiquitinated proteins revealed that ubiquitination of GRIA increased. These results suggest 

that excessive Ub expression can cause abnormally rapid degradation of proteins through 

UPS, which leads to dysfunction of neurons (24).  

 

Maintenance of basal expression levels of polyubiquitin genes 

In metazoans, polyubiquitin genes consist of multiple Ub coding units, which are arranged in 

a head-to-tail tandem array. The polyubiquitin gene UBC or Ubc has 2 to 3 times more Ub 

coding units than does the other polyubiquitin gene, UBB or Ubb. They are composed of the 

promoter, the non-coding exon (exon 1/2), the intron, and the coding exon (exon 2/2) that 

encodes Ub (Figure 2). The putative enhancer can also be found in the intron region, not only 

in the upstream of the promoter region. For precise understanding of the regulation of 

polyubiquitin gene expression, analysis of cis-acting regulatory elements, located in the 

intron and the promoter region, and trans-acting transcription factors have been carried out. 

Various transcription factor binding sites, such as NF-κB, Sp1, heat-shock factor 1 (HSF1), 

and AP-1, have been found in the regulatory region of UBC, including the TATA box (13, 39). 

The mechanism for regulating UBC expression may differ depending on the cell type (40). 

For example, in muscle cells, activation of the mitogen-activated protein kinase (MAPK) 

signaling pathway by treatment with dexamethasone (glucocorticoid) and Sp1 transcription 

factor binding are involved in the regulation of UBC basal expression (41-43). In addition, 

the intron region is involved in the regulation of UBC basal expression (25, 26). The basal 

expression levels of UBC significantly decreased upon removal of the intron region of UBC 

(25). The transcriptional activity of UBC decreased when the Yin Yang 1 (YY1)-binding 

sequence present in the intron was mutated (26). Therefore, YY1 transcription factor binding FO
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to the intron region plays an important role in the regulation of UBC basal expression.  

When Ub levels are lowered because of disruption of one polyubiquitin gene, 

compensatory expression of the other polyubiquitin gene occurs to rescue cellular Ub levels. 

However, because of different cell or tissue spectra of two polyubiquitin gene expressions, 

such compensation cannot fully rescue Ub levels (Figure 3). When Ub levels were increased 

through Ub overexpression, both polyubiquitin gene expressions were downregulated in mice 

and humans (24, 44). Intriguingly, when Ub was overexpressed, UBC pre mRNA levels were 

rather increased over those in the control; however, the mRNA levels tended to decrease (44). 

These results suggest that Ub overexpression contributes to the downregulation of UBC 

expression by affecting the post-transcriptional processing such as splicing.  

 

Upregulation of polyubiquitin gene expression under stress conditions 

Polyubiquitin genes are stress-inducible genes and are upregulated under various stress 

conditions to increase cellular Ub levels. This upregulation occurs in diverse species, such as 

yeast, chicken, mouse, and human (15-17). Under oxidative or proteotoxic stress, the 

proteasome activity is compromised, and many misfolded proteins are generated (45, 46). If 

these misfolded proteins are not removed by the proteasome in a timely manner, insoluble 

protein aggregates can be formed that may cause cytotoxicity (47-49). Therefore, when the 

stress response is induced, it is important to upregulate the expression of polyubiquitin genes 

to meet the required free Ub pool levels, so that the increasing amount of misfolded proteins 

can be degraded without delay (16, 46). In fact, in cells treated with the proteasome inhibitors 

or exposed to oxidative stressors, UBC expression has been upregulated (28).  

When Ubb+/GFP-puro and Ubc+/GFP-puro heterozygous MEFs, which synthesize GFP by the 

promoters of endogenous Ubb and Ubc, are exposed to proteasome inhibitor (MG-132), 

which causes proteotoxic stress, and arsenite, which causes oxidative stress, the GFP signal FO
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increased in a time- and concentration-dependent manner (50). Therefore, the increase in free 

Ub pool levels under stress conditions is achieved by upregulation of polyubiquitin genes. 

When Ubc knockout MEFs were exposed to oxidative stress, Ub levels were not increased 

and the viability of cells was significantly reduced (18). Similarly, reduced viability was 

observed when a polyubiquitin gene UBI4 was disrupted in yeast (17). These results suggest 

that the upregulation of polyubiquitin genes under stress conditions and the corresponding 

increase in Ub levels are essential for stress tolerance.  

The stress-inducible polyubiquitin gene UBC has heat-shock elements in the promoter 

region, which play an important role in the upregulation of the polyubiquitin gene under 

stress conditions (51, 52). In the promoter region of UBC, HSF1 binding allows upregulation 

of UBC expression. Under HSF1 deficiency by treatment with HSF1 shRNA, the 

upregulation of UBC expression was greatly reduced even under stress conditions (27, 28, 

39). The expression of HSF1 was increased under oxidative stress and proteasome inhibition, 

not only under heat-shock stress (53, 54). Thus, HSF1 plays a role to upregulate UBC 

expression in response to various cellular stresses or environmental stimuli.  

When MEFs are exposed to oxidative stress, MAPK and nuclear factor erythroid 2-related 

factor 2 (Nrf2)-Kelch-like ECH-associated protein 1 (Keap1) pathways are activated (55). 

Stabilized Nrf2 moves into the nucleus as a transcription factor and binds to an antioxidant 

response element (ARE) to upregulate the expression of antioxidant response genes to resist 

oxidative stress (56). In Ubc promoter, there is a region containing the consensus sequence of 

ARE, and when this region is deleted, the transcriptional activity decreases even in the 

presence of stabilized Nrf2 (18). In addition, when MEFs were exposed to arsenite, Ubc 

mRNA levels increased significantly, but much less in Nrf2 knockout MEFs. These results 

provide evidence that under oxidative stress, Nrf2 may also affect the upregulation of Ubc. 

However, this phenomenon has not been observed in other cells, such as HeLa or NIH3T3 FO
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cells (28).  

 

A novel strategy to induce changes in Ub pools 

Free Ub pools are maintained through the regulation of ubiquitin gene expression and by Ub 

recycling. The expression levels of polyubiquitin genes are tightly regulated under normal 

conditions without increasing or decreasing significantly, thereby maintaining the basal levels. 

However, their expression levels increase dramatically under stress conditions (16, 37, 51, 

52). It was not clear whether the expression of endogenous polyubiquitin genes can also be 

increased under normal conditions. To answer this question, ectopic Ub overexpression has 

been used to increase Ub levels (37, 57, 58). Conversely, a method used to reduce Ub levels 

is a knockdown through shRNA or use of cells isolated from knockout mice (36-38, 59, 60). 

These methods may alter the Ub levels whatever are the expression levels of endogenous 

genes, although overexpressed Ub has been shown to downregulate the expression of 

polyubiquitin genes.  

Recently, with the development of the CRISPR/Cas9 system, which is widely used as a 

genome engineering tool in biological research, it has been suggested that Ub levels could 

potentially be controlled through transcriptional regulation (61, 62). In the CRISPR/Cas9 

system, an endonuclease Cas9 binds the target sequence by guide RNA and induces double-

strand break (63-65). By introducing double knockout of two polyubiquitin genes using this 

system, compensatory expression was avoided and more efficient free Ub depletion was 

achieved (34). In fact, double knockout of UBB and UBC in HEK293T and HeLa cells 

showed a dramatic decrease in free Ub levels with reduced proliferation and proteasome 

activity.  

dCas9, a modified protein from which the nuclease activity of Cas9 has been removed, can 

carry out guide RNA-mediated binding to the target sequence, but does not cause double-FO
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strand break. When the transcriptional activator is fused to dCas9, the activator can be 

recruited only to the promoter of a specific gene, targeted by the guide RNA (65, 66). The 

transcriptional activator mainly used in this CRISPR-activation system is VP64, a tetramer of 

the minimal activation domain of VP16. VP16 is a transcription factor of herpes simplex 

virus type 1 and activates transcription by inducing chromatin remodeling through interaction 

with other transcription factors (67). The activation system consisting of a simple 

combination of guide RNA and dCas9-VP64 targeting the UBC intron region did not induce 

UBC upregulation (29). These results suggest that UBC, with high basal expression levels, 

may already have a relaxed chromatin structure for transcriptional activation (66). Therefore, 

to upregulate UBC, a modified guide RNA-derived system using an RNA aptamer was 

introduced (66). UBC was successfully upregulated by means of this system, in which the 

activation domain of HSF1 and p65, the activation domain of NF-κB, were added through 

RNA aptamer that was part of the modified guide RNA. Thus, modified guide RNA targeting 

the intron region of UBC, dCas9-VP64, and p65-HSF1 were required for the upregulation of 

UBC expression. Because UBB was not affected, this modified guide RNA-derived system is 

quite specific to UBC (29). In addition, regulation using this system was inducible using 

doxycycline and completely reversible (68). These findings suggest that even under normal 

conditions, it is possible to induce changes in the free Ub pools by upregulation of 

endogenous polyubiquitin genes (29).  

 

Concluding remarks 

So far, we have mentioned that the upregulation of polyubiquitin gene expression under stress 

conditions is important to confer resistance against stress, otherwise cells may exhibit the 

reduced viability. Not only under stress conditions, regulation of their expression is also 

important under normal conditions. It is problematic if the state of decreased or increased Ub FO
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levels persists because of failure in balancing the regulation of their expression. There is a 

limitation in that the strategies used in the past studies to change Ub pool levels are 

irreversible. Under normal conditions, Ub pools do not seem to be regulated beyond the 

threshold levels. Furthermore, when Ub is overexpressed, polyubiquitin genes are 

downregulated, and when one polyubiquitin gene is disrupted, the other polyubiquitin gene is 

upregulated as a compensatory expression. These changes seem to maintain the free Ub 

levels inside cells. However, the molecular mechanism that can explain the dependency on 

Ub levels for the regulation of their expression is not known yet. One hypothesis is that there 

is a sensor that can bind free Ub directly or indirectly, and this sensor regulates the 

transcription factor complex assembly in the promoter region of polyubiquitin genes when it 

is released from free Ub.  

Recently, using the CRISPR/Cas9 system, double knockout of UBB and UBC has been 

shown to be a way to deplete free Ub pools more efficiently, because compensatory 

expression can be avoided. In addition, transcriptional regulation using a dCas9-fused 

effector may be a promising candidate to regulate Ub levels. Especially, the CRISPR-

activation system can be advantageous for conferring oxidative stress resistance, and this 

system regulates endogenous gene expression, which is cell friendly and physiologically 

relevant. It has been reported that continuous overexpression of Ub can prepare cellular 

resistance against expected stress conditions (69). However, persistent Ub overexpression 

may have adverse effects, such as destroying the synaptic function or reducing muscle 

development (24, 70). Therefore, if polyubiquitin genes can be upregulated temporarily by 

means of the reversible CRISPR-activation system, this problem could be overcome; so this 

system is useful under stress conditions. Furthermore, the potential of this system in Ub 

research is that, if UBB can also be upregulated in a similar way, it can be used to upregulate 

both polyubiquitin genes, UBB and UBC, for maximal increase of Ub levels, or upregulate FO
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one of two polyubiquitin genes in a tissue-specific manner, for efficient increase of Ub levels. 

During the past decade, although many studies have been conducted on the regulation of 

polyubiquitin gene expression, there are still areas that need to be explored. Considering the 

diverse functions of Ub, it is important to study the mechanism by which polyubiquitin genes 

are regulated. It seems that the development of various high-throughput sequencing 

techniques provided the foundation for studying the mechanism of gene regulation. 

Understanding the regulatory mechanism of intracellular Ub levels should be beneficial for 

studying Ub pool dynamics. Furthermore, therapeutic strategies for diseases such as dementia 

and cancer can be developed using Ub as a target protein.  
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FIGURE LEGENDS 

Figure 1. Expression of ubiquitin genes under normal and stress conditions. Ubiquitin 

(Ub) is encoded by four different genes: Uba52, Uba80, Ubb, and Ubc. Two monoubiquitin 

genes (Uba52 and Uba80) and two polyubiquitin genes (Ubb and Ubc) are structured as 

shown. Under normal conditions, four ubiquitin genes are continuously transcribed, 

translated, and deubiquitinated to produce available free Ub. Under stress conditions, the 

expression of polyubiquitin genes is upregulated. As a result, cellular free Ub pool levels 

increase under stress conditions. For simplicity, only mouse ubiquitin genes are shown here.  

 

Figure 2. Structures of human polyubiquitin genes. UBB and UBC share genetic structures 

that consist of a promoter, a noncoding exon, an intron, and a Ub-coding exon. Trans-acting 

factors of UBB and UBC bind cis-acting elements located in the putative enhancer as well as 

in the promoter region. The putative enhancer can be found in the regulatory region including 

the intron. As an example of trans-acting factors, Sp1 and YY1 transcription factors binding 

to the UBC intron region are shown. Promotor and putative enhancer locations are displayed 

based on the candidate cis-acting regulatory elements (cCRE) from the Encyclopedia of DNA 

Elements (ENCODE) database. TSS, transcription start site.  

 

Figure 3. Tissue expression patterns of human polyubiquitin genes. Based on the 

Genotype-Tissue Expression (GTEx) and Human Protein Atlas database, protein-coding 

transcripts per million (pTPM) values of UBB and UBC from 32 tissues are presented. Gene 

information and raw data are available at https://www.proteinatlas.org/ENSG00000170315-

UBB/tissue and https://www.proteinatlas.org/ENSG00000150991-UBC/tissue.  

 FO
R 
RE
VI
EW



REFERENCES 

1. Hershko A and Ciechanover A (1998) The ubiquitin system. Annu Rev Biochem 67, 

425-479 

2. Hershko A, Heller H, Elias S and Ciechanover A (1983) Components of ubiquitin-

protein ligase system. Resolution, affinity purification, and role in protein breakdown. 

J Biol Chem 258, 8206-8214 

3. Hicke L (2001) Protein regulation by monoubiquitin. Nat Rev Mol Cell Biol 2, 195-

201 

4. Schwartz AL and Ciechanover A (1992) Ubiquitin-mediated protein modification and 

degradation. Am J Respir Cell Mol Biol 7, 463-468 

5. Hochstrasser M (1996) Ubiquitin-dependent protein degradation. Annu Rev Genet 30, 

405-439 

6. Pickart CM and Fushman D (2004) Polyubiquitin chains: polymeric protein signals. 

Curr Opin Chem Biol 8, 610-616 

7. Sun L and Chen ZJ (2004) The novel functions of ubiquitination in signaling. Curr 

Opin Cell Biol 16, 119-126 

8. Akutsu M, Dikic I and Bremm A (2016) Ubiquitin chain diversity at a glance. J Cell 

Sci 129, 875-880 

9. Komander D, Clague MJ and Urbe S (2009) Breaking the chains: structure and 

function of the deubiquitinases. Nat Rev Mol Cell Biol 10, 550-563 

10. Park CW and Ryu KY (2014) Cellular ubiquitin pool dynamics and homeostasis. 

BMB Rep 47, 475-482 

11. Baker RT and Board PG (1991) The human ubiquitin-52 amino acid fusion protein 

gene shares several structural features with mammalian ribosomal protein genes. 

Nucleic Acids Res 19, 1035-1040 FO
R 
RE
VI
EW



12. Redman KL and Rechsteiner M (1989) Identification of the long ubiquitin extension 

as ribosomal protein S27a. Nature 338, 438-440 

13. Wiborg O, Pedersen MS, Wind A, Berglund LE, Marcker KA and Vuust J (1985) The 

human ubiquitin multigene family: some genes contain multiple directly repeated 

ubiquitin coding sequences. EMBO J 4, 755-759 

14. Amerik AY and Hochstrasser M (2004) Mechanism and function of deubiquitinating 

enzymes. Biochim Biophys Acta 1695, 189-207 

15. Bond U and Schlesinger MJ (1986) The chicken ubiquitin gene contains a heat shock 

promoter and expresses an unstable mRNA in heat-shocked cells. Mol Cell Biol 6, 

4602-4610 

16. Fornace AJ, Jr., Alamo I, Jr., Hollander MC and Lamoreaux E (1989) Ubiquitin 

mRNA is a major stress-induced transcript in mammalian cells. Nucleic Acids Res 17, 

1215-1230 

17. Finley D, Ozkaynak E and Varshavsky A (1987) The yeast polyubiquitin gene is 

essential for resistance to high temperatures, starvation, and other stresses. Cell 48, 

1035-1046 

18. Kim MN, Choi J, Ryu HW and Ryu KY (2015) Disruption of polyubiquitin gene Ubc 

leads to attenuated resistance against arsenite-induced toxicity in mouse embryonic 

fibroblasts. Biochim Biophys Acta 1853, 996-1009 

19. Buckley SM, Aranda-Orgilles B, Strikoudis A et al. (2012) Regulation of pluripotency 

and cellular reprogramming by the ubiquitin-proteasome system. Cell Stem Cell 11, 

783-798 

20. Guo W, Shang F, Liu Q, Urim L, Zhang M and Taylor A (2006) Ubiquitin-proteasome 

pathway function is required for lens cell proliferation and differentiation. Invest 

Ophthalmol Vis Sci 47, 2569-2575 FO
R 
RE
VI
EW



21. Xu P, Duong DM, Seyfried NT et al. (2009) Quantitative proteomics reveals the 

function of unconventional ubiquitin chains in proteasomal degradation. Cell 137, 

133-145 

22. Chen PC, Bhattacharyya BJ, Hanna J et al. (2011) Ubiquitin homeostasis is critical for 

synaptic development and function. J Neurosci 31, 17505-17513 

23. Hallengren J, Chen PC and Wilson SM (2013) Neuronal ubiquitin homeostasis. Cell 

Biochem Biophys 67, 67-73 

24. Vaden JH, Tian T, Golf S, McLean JW, Wilson JA and Wilson SM (2019) Chronic 

over-expression of ubiquitin impairs learning, reduces synaptic plasticity, and 

enhances GRIA receptor turnover in mice. J Neurochem 148, 386-399 

25. Bianchi M, Crinelli R, Giacomini E, Carloni E and Magnani M (2009) A potent 

enhancer element in the 5'-UTR intron is crucial for transcriptional regulation of the 

human ubiquitin C gene. Gene 448, 88-101 

26. Bianchi M, Crinelli R, Giacomini E, Carloni E, Radici L and Magnani M (2013) Yin 

Yang 1 intronic binding sequences and splicing elicit intron-mediated enhancement of 

ubiquitin C gene expression. PLoS One 8, e65932 

27. Crinelli R, Bianchi M, Radici L, Carloni E, Giacomini E and Magnani M (2015) 

Molecular Dissection of the Human Ubiquitin C Promoter Reveals Heat Shock 

Element Architectures with Activating and Repressive Functions. PLoS One 10, 

e0136882 

28. Bianchi M, Crinelli R, Arbore V and Magnani M (2018) Induction of ubiquitin C 

(UBC) gene transcription is mediated by HSF1: role of proteotoxic and oxidative 

stress. FEBS Open Bio 8, 1471-1485 

29. Han SW, Jung BK, Park SH and Ryu KY (2019) Reversible Regulation of 

Polyubiquitin Gene UBC via Modified Inducible CRISPR/Cas9 System. Int J Mol Sci FO
R 
RE
VI
EW



20 

30. Ryu HW and Ryu KY (2015) Ubiquitin homeostasis: from neural stem cell 

differentiation to neuronal development. Neural Regen Res 10, 1209-1210 

31. Hershko A (2005) The ubiquitin system for protein degradation and some of its roles 

in the control of the cell division cycle. Cell Death Differ 12, 1191-1197 

32. Komander D and Rape M (2012) The ubiquitin code. Annu Rev Biochem 81, 203-229 

33. Komander D (2009) The emerging complexity of protein ubiquitination. Biochem Soc 

Trans 37, 937-953 

34. Park CW, Bae JS and Ryu KY (2020) Simultaneous Disruption of Both Polyubiquitin 

Genes Affects Proteasome Function and Decreases Cellular Proliferation. Cell 

Biochem Biophys 78, 321-329 

35. Ryu HW, Park CW and Ryu KY (2014) Disruption of polyubiquitin gene Ubb causes 

dysregulation of neural stem cell differentiation with premature gliogenesis. Sci Rep 4, 

7026 

36. Jung BK, Park CW and Ryu KY (2018) Temporal downregulation of the 

polyubiquitin gene Ubb affects neuronal differentiation, but not maturation, in cells 

cultured in vitro. Sci Rep 8, 2629 

37. Ryu KY, Maehr R, Gilchrist CA et al. (2007) The mouse polyubiquitin gene UbC is 

essential for fetal liver development, cell-cycle progression and stress tolerance. 

EMBO J 26, 2693-2706 

38. Ryu KY, Sinnar SA, Reinholdt LG et al. (2008) The mouse polyubiquitin gene Ubb is 

essential for meiotic progression. Mol Cell Biol 28, 1136-1146 

39. Nenoi M, Mita K, Ichimura S et al. (1996) Heterogeneous structure of the 

polyubiquitin gene UbC of HeLa S3 cells. Gene 175, 179-185 

40. Marinovic AC, Zheng B, Mitch WE and Price SR (2007) Tissue-specific regulation of FO
R 
RE
VI
EW



ubiquitin (UbC) transcription by glucocorticoids: in vivo and in vitro analyses. Am J 

Physiol Renal Physiol 292, F660-666 

41. Bell LM, Leong ML, Kim B et al. (2000) Hyperosmotic stress stimulates promoter 

activity and regulates cellular utilization of the serum- and glucocorticoid-inducible 

protein kinase (Sgk) by a p38 MAPK-dependent pathway. J Biol Chem 275, 25262-

25272 

42. Chupreta S, Du M, Todisco A and Merchant JL (2000) EGF stimulates gastrin 

promoter through activation of Sp1 kinase activity. Am J Physiol Cell Physiol 278, 

C697-708 

43. Marinovic AC, Zheng B, Mitch WE and Price SR (2002) Ubiquitin (UbC) expression 

in muscle cells is increased by glucocorticoids through a mechanism involving Sp1 

and MEK1. J Biol Chem 277, 16673-16681 

44. Bianchi M, Crinelli R, Giacomini E et al. (2019) A negative feedback mechanism 

links UBC gene expression to ubiquitin levels by affecting RNA splicing rather than 

transcription. Sci Rep 9, 18556 

45. Caballero M, Liton PB, Epstein DL and Gonzalez P (2003) Proteasome inhibition by 

chronic oxidative stress in human trabecular meshwork cells. Biochem Biophys Res 

Commun 308, 346-352 

46. Shang F and Taylor A (2011) Ubiquitin-proteasome pathway and cellular responses to 

oxidative stress. Free Radic Biol Med 51, 5-16 

47. Taylor A and Davies KJ (1987) Protein oxidation and loss of protease activity may 

lead to cataract formation in the aged lens. Free Radic Biol Med 3, 371-377 

48. Julien JP (2001) Amyotrophic lateral sclerosis. unfolding the toxicity of the misfolded. 

Cell 104, 581-591 

49. Shang F, Nowell TR, Jr. and Taylor A (2001) Removal of oxidatively damaged FO
R 
RE
VI
EW



proteins from lens cells by the ubiquitin-proteasome pathway. Exp Eye Res 73, 229-

238 

50. Ryu HW and Ryu KY (2011) Quantification of oxidative stress in live mouse 

embryonic fibroblasts by monitoring the responses of polyubiquitin genes. Biochem 

Biophys Res Commun 404, 470-475 

51. Vihervaara A, Sergelius C, Vasara J et al. (2013) Transcriptional response to stress in 

the dynamic chromatin environment of cycling and mitotic cells. Proc Natl Acad Sci 

U S A 110, E3388-3397 

52. Bianchi M, Giacomini E, Crinelli R, Radici L, Carloni E and Magnani M (2015) 

Dynamic transcription of ubiquitin genes under basal and stressful conditions and new 

insights into the multiple UBC transcript variants. Gene 573, 100-109 

53. Pirkkala L, Alastalo TP, Zuo X, Benjamin IJ and Sistonen L (2000) Disruption of heat 

shock factor 1 reveals an essential role in the ubiquitin proteolytic pathway. Mol Cell 

Biol 20, 2670-2675 

54. Morimoto RI (1998) Regulation of the heat shock transcriptional response: cross talk 

between a family of heat shock factors, molecular chaperones, and negative regulators. 

Genes Dev 12, 3788-3796 

55. Taguchi K, Motohashi H and Yamamoto M (2011) Molecular mechanisms of the 

Keap1-Nrf2 pathway in stress response and cancer evolution. Genes Cells 16, 123-

140 

56. Kaspar JW, Niture SK and Jaiswal AK (2009) Nrf2:INrf2 (Keap1) signaling in 

oxidative stress. Free Radic Biol Med 47, 1304-1309 

57. Peloponese JM, Jr., Iha H, Yedavalli VR et al. (2004) Ubiquitination of human T-cell 

leukemia virus type 1 tax modulates its activity. J Virol 78, 11686-11695 

58. Mosesson Y, Shtiegman K, Katz M et al. (2003) Endocytosis of receptor tyrosine FO
R 
RE
VI
EW



kinases is driven by monoubiquitylation, not polyubiquitylation. J Biol Chem 278, 

21323-21326 

59. Oh C, Park S, Lee EK and Yoo YJ (2013) Downregulation of ubiquitin level via 

knockdown of polyubiquitin gene Ubb as potential cancer therapeutic intervention. 

Sci Rep 3, 2623 

60. Scarpa ES, Tasini F, Crinelli R, Ceccarini C, Magnani M and Bianchi M (2020) The 

Ubiquitin Gene Expression Pattern and Sensitivity to UBB and UBC Knockdown 

Differentiate Primary 23132/87 and Metastatic MKN45 Gastric Cancer Cells. Int J 

Mol Sci 21 

61. Perez-Pinera P, Kocak DD, Vockley CM et al. (2013) RNA-guided gene activation by 

CRISPR-Cas9-based transcription factors. Nat Methods 10, 973-976 

62. Qi LS, Larson MH, Gilbert LA et al. (2013) Repurposing CRISPR as an RNA-guided 

platform for sequence-specific control of gene expression. Cell 152, 1173-1183 

63. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA and Zhang F (2013) Genome 

engineering using the CRISPR-Cas9 system. Nat Protoc 8, 2281-2308 

64. Wang T, Wei JJ, Sabatini DM and Lander ES (2014) Genetic screens in human cells 

using the CRISPR-Cas9 system. Science 343, 80-84 

65. Shalem O, Sanjana NE and Zhang F (2015) High-throughput functional genomics 

using CRISPR-Cas9. Nat Rev Genet 16, 299-311 

66. Konermann S, Brigham MD, Trevino AE et al. (2015) Genome-scale transcriptional 

activation by an engineered CRISPR-Cas9 complex. Nature 517, 583-588 

67. Hirai H, Tani T and Kikyo N (2010) Structure and functions of powerful 

transactivators: VP16, MyoD and FoxA. Int J Dev Biol 54, 1589-1596 

68. Gossen M, Freundlieb S, Bender G, Muller G, Hillen W and Bujard H (1995) 

Transcriptional activation by tetracyclines in mammalian cells. Science 268, 1766-FO
R 
RE
VI
EW



1769 

69. Chen Y and Piper PW (1995) Consequences of the overexpression of ubiquitin in 

yeast: elevated tolerances of osmostress, ethanol and canavanine, yet reduced 

tolerances of cadmium, arsenite and paromomycin. Biochim Biophys Acta 1268, 59-

64 

70. Vaden JH, Watson JA, Howard AD, Chen PC, Wilson JA and Wilson SM (2015) 

Distinct effects of ubiquitin overexpression on NMJ structure and motor performance 

in mice expressing catalytically inactive USP14. Front Mol Neurosci 8, 11 

 

FO
R 
RE
VI
EW



Fig. 1. 

FO
R 
RE
VI
EW



Fig. 2. 

FO
R 
RE
VI
EW



Fig. 3. 

FO
R 
RE
VI
EW


