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and tumors lacking p53 show more malignant characteris-
tics such as genetic instability, increased invasiveness, and 
metastatic potential [4–9]. Activation/inactivation of p53 
in response to cellular stress largely occurs through ubiq-
uitination [10]. E3 ligases such as Mdm2 and TRIM65 pro-
mote the ubiquitination and proteasomal degradation of p53 
[11–13]. Mdm2-mediates p53 ubiquitination and induces 
exporting p53 to the nucleus [14, 15]. There are several 
other E3 ligases such as COP1, ARF-BP1, Pirh2, MSL2, 
and Parc that regulate p53 stability and its localization [16].

Ubiquitin moieties covalently attached to the target pro-
tein are removed by deubiquitinating enzymes (DUBs) 
through a process known as deubiquitination. Ubiquitin-
specific proteases (USPs) are the largest subfamily of DUBs 
that directly or indirectly regulate the stability and activa-
tion of p53 [10, 17–21]. The function of DUBs might be 
as important as E3 ligases in regulating protein turnover. 
However, the mechanisms regulating p53 deubiquitination 
and their implications in cancer remain enigmatic. DUBs 
such as USP7, USP10, USP11, USP24, USP29, USP42, and 
USP9X were reported to regulate p53 ubiquitination leading 
to its protein stabilization [22]. However, some DUBs such 
as USP2, USP4, USP5, USP15, and USP26 were reported 
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p53 is a tumor suppressor gene that plays a crucial role in 
response to cellular stress. It has been found to regulate an 
array of genes that participate in multiple biological func-
tions such as DNA damage repair, transient cell cycle arrest, 
cellular senescence, and apoptosis [1–3]. Inactivation or 
deficiency of p53 is associated with cancer progression, 

	
 Bharathi Suresh
bharathi.suri@gmail.com

	
 Kye-Seong Kim
ks66kim@hanyang.ac.kr

1	 Graduate School of Biomedical Science and Engineering, 
Hanyang University, 04763 Seoul, South Korea

2	 Department of Life Science, College of Natural Sciences, 
Hanyang University, 04763 Seoul, South Korea

3	 Department of Biosciences, School of Science, Rajpur, 
Indrashil University, 382715 Mehsana, Gujarat, India

4	 Department of Internal Medicine, School of Medicine, 
Kangwon National University, Chuncheon, South Korea

5	 College of Medicine, Hanyang University, 04763 Seoul, 
South Korea

Abstract
p53 is a tumor suppressor gene activated in response to cellular stressors that inhibits cell cycle progression and induces 
pro-apoptotic signaling. The protein level of p53 is well balanced by the action of several E3 ligases and deubiquitinating 
enzymes (DUBs). Several DUBs have been reported to negatively regulate and promote p53 degradation in tumors. In 
this study, we identified USP19 as a negative regulator of p53 protein level. We demonstrate a direct interaction between 
USP19 and p53 by pull down assay. The overexpression of USP19 promoted ubiquitination of p53 and reduced its pro-
tein half-life. We also demonstrate that CRISPR/Cas9-mediated knockout of USP19 in cervical cancer cells elevates p53 
protein levels, resulting in reduced colony formation, cell migration, and cell invasion. Overall, our results indicate that 
USP19 negatively regulates p53 protein levels in cervical cancer progression.
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to show opposite negative regulation of ubiquitinated p53 
[23–27].

USP19 is known to play a critical role in regulating 
tumorigenesis and cancer dissemination [28]. There are 
reports indicating that USP19 negatively regulates cell 
proliferation and migration in renal cells and ovarian car-
cinomas [29, 30]. USP19 showed a positive regulation on 
ubiquitinated cellular inhibitors of apoptosis 1 (cIAP1) and 
cIAP2 leading to protein stabilization. Depletion of USP19 
reduced cIAP1 and cIAP2 protein levels leading to caspase-
activation and apoptosis [31]. Recently, a regulatory link 
was discovered between wild-type p53 and members of the 
IAP family [32, 33]. Attenuation of p53 and retinoblastoma 
protein was found to transactivate cIAP1 and cIAP2 genes 
and promote mammary carcinoma [34]. This dependence 
of IAP family members on p53 and USP19 prompted us to 
investigate if there is a regulatory link between USP19 and 
p53.

In the present study, we demonstrate that USP19 directly 
interacts with p53 in HeLa cells. Overexpression of USP19 
repressed p53 whereas CRISPR/Cas9-mediated knockout 
of USP19 enhanced p53 levels. Furthermore, we found 
that USP19 reduces p53 protein turnover by promoting its 
degradation through the ubiquitin-proteasomal pathway. 
Loss of USP19 in HeLa cells reduced the proliferation and 
metastatic capacity of these cells. Overall, we conclude that 
depletion of USP19 promotes p53 protein levels and sup-
presses cervical cancer progression.

Materials and Methods

Cell Culture and Transfection

Human embryonic kidney cells (HEK293) and HeLa 
cells were purchased from the Korean Cell Line Bank 
(Seoul, South Korea) and maintained in DMEM (GIBCO 
BRL, Rockville, MD, USA) supplemented with 10% fetal 
bovine serum (GIBCO) and 1% penicillin and streptomy-
cin (GIBCO) at 37 °C in a humidified atmosphere with 5% 
CO2. The cells were passaged regularly according to cell 
confluence.

Transfection

HEK293 cells were transfected using polyethyleneimine 
(Polysciences, Warrington, PA, USA) following the manu-
facturer’s recommendations. HeLa cells were transfected 
using Lipofectamine 3000 (Cat no. L3000001, Thermo 
Fisher Scientific).

Plasmids and sgRNAs

Flag-tagged USP19 (Addgene #78,597), Flag-tagged 
USP19CA (Addgene #36,307), HA-tagged ubiquitin (Add-
gene #18,712), and His-p53 (1-393) (Addgene #24,859) 
were purchased from Addgene (MA, USA). p53 was sub-
cloned into a mammalian expression vector pcDNA-6X-
Myc vector. To screen the DUB candidates, plasmid vectors 
encoding Cas9-2a-mRFP-2a-PAC (puromycin N-acetyl-
transferase puromycin resistance gene) and single guide 
RNA (sgRNA) were purchased from Toolgen (Seoul, South 
Korea). The sgRNA target sequences were designed using a 
publicly available bioinformatics tool (www.broadinstitute.
org), and the desired oligonucleotide sequences were cloned 
into vectors as previously described [35]. Briefly, oligonu-
cleotides containing each target sequence were synthesized 
(Bioneer, Seoul, South Korea), and then T4 polynucleotide 
kinase was used to add terminal phosphates to the annealed 
oligonucleotides (Bio-Rad, CA, USA). The vectors were 
ligated with the annealed oligonucleotides after digestion 
with BsaI restriction enzyme.

Antibodies and Reagents

Mouse monoclonal antibodies against p53 (SC-126, 
1:1000), Flag (Anti-DDDDK-tag, M185-3  L, 1:1,000) 
(MBL Life Science), ubiquitin (SC-8017, 1:1,000), HA 
(SC-7392, 1:1000), GAPDH (SC-32,233, 1:1,000), histi-
dine (SC-8036) and normal mouse IgG (SC-2025, 1:1,000) 
were purchased from Santa Cruz Biotechnology. Rabbit 
polyclonal antibodies against USP19 (Proteintech, 25768-
1-AP) were purchased from Proteintech. Protein A/G Plus 
Agarose beads (SC-2003, Santa Cruz Biotech), the pro-
teasomal inhibitor MG132 (S2619, Selleckchem), the pro-
tein translation inhibitor cycloheximide (239,765, Merck), 
puromycin (12,122,530, Invitrogen), and DAPI (H-1200, 
Vector Laboratories) were purchased from the indicated 
manufacturers.

T7E1 Assay

The isolation of genomic DNA was performed using DNeasy 
Blood and Tissue Kits (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s protocol. The desired regions of 
DNA consisting of the nuclease target site were first PCR-
amplified using hemi-nested or nested primers, and PCR 
amplicons were then denatured by heating and annealed to 
generate heteroduplex DNA. Heteroduplex DNA was then 
treated with 5 units of T7 endonuclease 1 enzyme (New 
England Biolabs, MA, USA) for 20  min at 37  °C, and 
cleavage was assessed using 2% agarose gel electrophore-
sis. The mutation frequencies were assessed on the basis of 
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band intensity, which was quantified using ImageJ software. 
The results were then presented as indel percentages using 
the following equation: mutation frequency (%) = 100 × (1 
− [1 − fraction cleaved] 1/2) where the fraction cleaved is 
the total relative density of the cleavage bands divided by 
the sum of the relative density of the cleaved and uncut 
bands. Oligonucleotide sequences used for sgRNA plasmid 
construction are listed in Supplementary Table S1. The oli-
gonucleotide sequences used to get T7E1 PCR amplicon 
of USP19 are presented in Supplementary Table S2. The 
expected cleavage sizes after the T7E1 assay are summa-
rized in Supplementary Table S3.

Immunoprecipitation Assays

At 48 h post-transfection, cells were harvested and lysed in 
IP lysis buffer (25 mM Tris-HCl (pH 7.4), 150 mM sodium 
chloride, 1 mM EDTA, 1% NP-40, 5% glycerol, and 1 mM 
PMSF and protease inhibitor cocktail) before estimating the 
protein concentration using the Bradford assay (Thermo Sci-
entific). Around 2–3 mg of lysate was immunoprecipitated 
with antibodies overnight and then incubated with 25 µL of 
protein A/G Sepharose beads at 4 °C for 3 h. Before SDS-
PAGE, the beads were washed with lysis buffer, eluted, and 
boiled in a 2×SDS sample buffer (5X SDS sample loading 
buffer containing 4% SDS, 20% glycerol, 10% 2-mercapto-
ethanol, 0.004% bromophenol blue, and 0.125 M Tris-HCl 
[pH 6.8]). Immunoprecipitated proteins were detected by 
Western blot analysis with the indicated antibodies. Mouse 
IgG (CST- 58,802 S, 1: 5,000; Cell Signaling Technology) 
light chain-specific secondary antibody was used to prevent 
interference from heavy and light immunoglobulin chains in 
the binding assay.

Pull Down Assay

A pull down assay was performed as described previously 
[36, 37]. Briefly E. coli (BL21) was transformed with His-
p53 plasmid. A single colony was inoculated in LB media 
supplemented with ampicillin (50 ug/mL) overnight. The 
next day, 0.1 O.D culture was inoculated and incubated 
at 37 oC. Once the culture reached 0.6 O.D, the cells were 
induced with isopropyl-β-D-thiogalactopyranoside (IPTG; 
Promega) (0.1 mM) at 37 oC for 4 h on the shaker incubator. 
The cell growth was arrested, and the cell culture was pel-
leted down. The pellet was resuspended in a cell lysis buffer 
(25 mM Tris-HCl (pH 7.4), 150 mM sodium chloride, 1 mM 
EDTA, 1% NP-40, 5% glycerol, 1 mM PMSF, and prote-
ase inhibitor cocktail) and then sonicated (40% duty, 10-s 
pulse, 30-s rest for 10 min on ice). The bacterial cell lysates 
expressing His-tagged p53 were purified using Nickel-
NTA agarose beads (Cat. No 30,210, Qiagen). The purified 

His-tagged p53 protein immobilized on Nickel-NTA beads 
was then incubated with HEK293 cell lysate expressing 
Flag-USP19. The beads were washed with washing buffer 
(20 mM Tris–Cl, pH 8.0, 300 mM NaCl, 20 mM imidaz-
ole, and 1X protease inhibitor cocktail). The bound proteins 
were eluted using elution buffer (20 mM Tris–Cl, pH 8.0, 
300 mM NaCl, 250 mM imidazole, and 1X protease inhibi-
tor cocktail). The samples were then boiled using 5X SDS 
loading buffer for 5 min and immunoblotted with anti-Flag 
or anti-His antibodies.

Deubiquitination Assay

The effect of USP19 on p53 protein stability was deter-
mined by performing deubiquitination assays. Cells were 
treated 48 h post-transfection with the proteasome inhibitor 
MG132 for 6 h and then harvested. Cells were then lysed 
for 20  min in denaturing lysis buffer containing 150 mM 
sodium chloride, 1% Triton X-100, 1% sodium deoxycho-
late, 1% SDS, 50 mM Tris-HCl (pH 7.4), 2 mM EDTA, 1 
mM PMSF, and protease inhibitor cocktail. Then, 3 mg of 
cell lysate was immunoprecipitated with the respective anti-
bodies at 4 °C overnight and incubated with 25 µL of protein 
agarose beads for 3 h at 4 °C. The beads were washed with 
lysis buffer and eluted in 2X SDS sample loading buffer (5X 
SDS sample loading buffer containing 4% SDS, 20% glyc-
erol, 10% 2-mercaptoethanol, 0.004% bromophenol blue, 
and 0.125 M Tris-HCl (pH 6.8) before being boiled at 95 
to 100  °C for 5 min. The samples were then loaded onto 
SDS-PAGE gels and analyzed using Western blotting with 
the indicated antibodies.

Generation of USP19-Knockout HeLa Cells Using 
CRISPR-Cas9

HeLa cells were transfected with sgRNA1 and sgRNA2 tar-
geting USP19 along with a Cas9 construct. Transfected cells 
were selected using puromycin selection (2 µg/mL) for 48 h 
after transfection. The following day, the cells were seeded 
into 96-well plates at a density of 0.25 cells per well. After 
15 days, round single-cell colonies were selected, trypsin-
ized, and re-plated into 24-well cell culture plates. Genomic 
DNA was isolated from single-cell clones and used to check 
the cleavage efficiency using the T7E1 assay. T7E1-positive 
clones were further cultured and stored in a liquid nitrogen 
tank for later use.

Duolink Assay

The potential physical interaction between USP19 and p53 
was assessed using a Duolink in situ proximity ligation 
assay (PLA) kit (Cat. no. DUO92101, Sigma Aldrich). HeLa 
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on the lower surface were fixed using ice-cold methanol. 
Cells were then stained with crystal violet (0.05% in 20% 
methanol), and the average number of cells was counted 
under a light microscope.

Gene Expression Profiling Interactive Analysis

The DepMap portal containing RNA expression data was 
used to analyze the expression correlation between USP19 
and p53 in this study.

Statistical Analysis

The results were documented as the means and standard 
deviations from three independent experiments. Experi-
ments involving three groups were examined by one-way 
analysis of variance followed by Dunnett’s post-hoc test. All 
statistical analyses were performed using GraphPad Prism 9 
software (CA, USA).

Results

USP19 Negatively Regulates p53 Protein Levels

To determine the effect of USP19 on p53 protein levels, we 
transfected increasing concentrations of Flag-USP19 along 
with a constant amount of Myc-p53 in HEK293 cells. We 
found that a dose-dependent increase of USP19 resulted in 
a gradual decrease in p53 protein level (Fig. 1A). A cata-
lytic mutant USP19, which lacks deubiquitinating activity, 
in which the conserved catalytic cysteine residue is replaced 
with alanine at position 506 (USP19CA) was transfected in 
increasing concentrations along with a constant amount of 
Myc-p53 in the HEK293 cells. However, overexpression 
of a USP19 catalytic mutant did not show any significant 
changes in the protein levels of p53 (Fig.  1B). Next, we 
demonstrated that the sgRNA targeting USP19 upregu-
lated the p53 protein levels, while the USP19-depleted cells 
reconstituted with Flag-USP19 reversed the stabilization 
effect on the p53 protein level (Fig. 1C, lane 7 vs. 5, 6). Fur-
thermore, we cross-confirmed this negative effect of USP19 
on endogenous p53 protein levels in HeLa cells. Similar to 
our previous results, we observed that USP19 destabilized 
the endogenous p53 protein level in a concentration depen-
dent manner (Fig. 1D), but not with USP19CA (Fig. 1E). 
Additionally, USP19-mediated destabilization of the endog-
enous p53 protein level (Fig. 1F, lane 3) was reversed by 
sgRNA targeting USP19 (Fig. 1F, lane 4). Together, these 
results suggest that the deubiquitinating activity of USP19 
shows negative regulation on p53 protein levels.

cells were fixed in 4% PFA for 10 min at room temperature 
and then blocked with blocking solution. Cells were treated 
with antibodies targeting USP19 and p53 for 1 h at 37 °C 
and then incubated with PLA probes for 1 h at 37 °C in a 
humidified chamber. Cells were then washed with Buffer A 
and ligation-ligase solution was added. Later, slides were 
incubated for 100 min in an amplified polymerase solution 
at 37 °C in the dark. Finally, cells were stained with mount-
ing medium containing DAPI. A Leica fluorescence micro-
scope was used to capture the fluorescence images (Leica, 
DM 5000B; Leica CTR 5000; Wetzlar, Germany).

Soft Agar Assay

Mock, USP19-KO, and USP19KO reconstituted with 
USP19 or USP19CS HeLa cells were subjected to an 
anchorage-independent colony formation assay. First, 1% 
agarose gel and 1X complete DMEM were mixed at a 1:1 
ratio and plated onto 35 mm culture dishes, and the plates 
were incubated for 30 min at room temperature in a lami-
nar hood. Cells were resuspended in 0.70% agarose with 
DMEM (1:1 ratio) and seeded at a density of 1 × 104 cells 
per well as a second layer. Cells were cultured for 14 days 
at 37  °C in a humidified atmosphere containing 5% CO2. 
Anchorage-independent colonies were stained using crystal 
violet dye (0.01% diluted in 20% methanol) and counted 
under a light microscope (IX71, Olympus, Tokyo, Japan).

Wound Healing Assay

Migration activity of mock, USP19-KO, and USP19KO 
reconstituted with USP19 or USP19CS HeLa cells was ana-
lyzed by wound healing assays. Cells were cultured to near 
90% confluence, and scratches were made in the monolay-
ers with a sterile 1 mL pipette tip in a definite array. The 
wounded cell layer was washed with PBS and incubated in 
complete medium. Wound closure was compared at specific 
time intervals by viewing plates under a light microscope. 
ImageJ software was used for quantification.

Transwell Cell Invasion Assay

The invasion ability of mock, USP19-KO, and USP19KO 
reconstituted with USP19 or USP19CS HeLa cells was ana-
lyzed using 0.8 μm Transwell chambers coated with Matri-
gel for 1 h at 37 °C (Corning, NY, USA) according to the 
manufacturer’s instructions. Briefly, 3 × 104 cells were sus-
pended in 200 µL of serum-free DMEM medium and placed 
in 24-well chambers. Next, 750 µL of complete medium 
was added to each well of the 24-well plate, and the cells 
were incubated at 37 °C with 5% CO2 for 24 h. Cells from 
the upper surface of the chamber were scraped off, and cells 
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USP19 Reduces the Half-Life of p53 Protein

To access the influence of the deubiquitinating activity of 
USP19 on p53 protein turnover, we next treated cells with 
the protein synthesis inhibitor cycloheximide (CHX) and 
analyzed the half-life of p53 protein in the presence and 
absence of USP19. We first evaluated the half-life of endog-
enous p53 in HeLa cells and found that under physiological 
conditions, the half-life of p53 was around 30 min (Fig. 2C). 
However, the half-life of endogenous p53 was extended in 
USP19-depleted cells (Fig.  2D). The silencing of USP19 
showed a similar stabilization effect on the ectopically 
expressed p53 protein level in the HEK293 cells (Fig. 2E 
F). These data suggest that the silencing of USP19 increases 
half-life of p53 protein.

Expression Patterns of USP19 and p53 in Cancer

We used the Cancer Cell Line Encyclopedia (CCLE) data-
base to check the correlation between USP19 and p53. The 
high scores of USP19 mRNA were inversely correlated 
with p53 mRNA levels across a wide range of cancer types 
(Fig. 3A, Table S4). Moreover, a scatterplot of the USP19-
p53 expression patterns gave an r value of -0.2119 across 
different tissues, suggesting a negative correlation between 
USP19 and p53 (Fig. 3B). Our analysis showed that USP19 
and p53 are negatively correlated with each other, sug-
gesting that USP19 might play a critical role in promoting 
carcinogenesis.

Generation of Single Cell-Derived Knockout Clones 
of USP19 in HeLa Cells

Next, we speculate that the depletion of USP19 might 
attenuate carcinogenesis in cervical cancer cells by enhanc-
ing the tumor suppressive role of p53. To test this hypoth-
esis, we generated a USP19-knockout cell line in cervical 
cancer cells (HeLa) using the CRISPR/Cas9 system. We 
designed sgRNA1 and sgRNA2 targeting exon 1 and exon 2 
of USP19, respectively (Fig. 4A). The T7E1 assays showed 
that sgRNA1 and sgRNA2 disrupted USP19 in HeLa cells 
(Fig. 4B). Next, we used both sgRNA1 and sgRNA2 to gen-
erate single-cell-derived USP19-knockout HeLa cell clones. 
The sgRNA1 and sgRNA2-mediated knockout of USP19 in 
single-cell-derived clones were analyzed using the T7E1 
assay and Western blotting (Fig. S1A-S1B and S2A-S2B). 
The USP19 gene knockout clones, USP19-KO1 #18 and 
USP19-KO2 #22, were further analyzed using Sanger 
sequencing. The results indicated out-of-frame mutations 
in USP19-KO1 #18 (hereafter referred to as USP19-KO), 
while USP19-KO2 #22 knockout clones generated in HeLa 
cells showed out-of-frame mutations along with mixed 

We next sought to determine whether USP19 interacts 
with p53 protein. To this end, we performed co-immunopre-
cipitation assays using specific antibodies against endoge-
nous USP19 and p53. The results indicated that endogenous 
USP19 interacts with p53 protein and vice versa under 
physiological conditions in HeLa cells (Fig.  1G). Simi-
larly, to confirm the interaction between USP19 and p53, 
we ectopically transfected HEK293 cells with Flag-USP19 
and Myc-p53. Our results showed that Flag antibody co-
immunoprecipitated Myc-p53 along with USP19 and vice-
versa (Fig. 1H). Additionally, we used a Duolink PLA assay 
to demonstrate the interaction between USP19 and p53 in 
HeLa cells. In situ USP19–p53 interaction was confirmed 
by red fluorescence PLA dots when immunostained with 
both USP19 and p53; however, no PLA dots were observed 
when the cells were stained with either USP19 or p53 anti-
body alone (Fig. 1I), indicating that USP19 interacts with 
p53.

In order to investigate whether the interaction between 
USP19 and p53 is direct or not, we performed an in vitro 
pull down assay using purified proteins. To this end, we 
expressed and purified bacterial recombinant protein His-
tidine (His)-p53. The binding between p53 and USP19 was 
determined by incubating purified His-p53 recombinant 
protein with HEK293 cell lysate expressing USP19. His-
alone was used as the control sample in the experiment. The 
results showed that USP19 protein was pulled down by His-
p53 (Fig. 1J, lane 4) but not with His-alone (Fig. 1J, lane 
3). Altogether, these results suggest that the deubiquitinase, 
USP19, directly interacts with p53 protein.

USP19 Promotes Polyubiquitination of p53

To further validate the negative regulation of p53 by USP19, 
we analyzed the ubiquitination status of p53 in the pres-
ence of wild-type USP19, catalytic mutant USP19, and 
sgRNA targeting USP19. The ubiquitination assay revealed 
that wild-type USP19 promotes endogenous p53 ubiqui-
tination, as evident by the increased polyubiquitin smear 
(Fig.  2A, lane 2) whereas the catalytic mutant USP19CA 
did not promote endogenous p53 ubiquitination (Fig.  2A, 
lane 3). In contrast, the transient knockdown of USP19 
reduced the p53 linked-polyubiquitin smear in HeLa cells 
when compared with the control (Fig.  2A, lane 4). Simi-
lar results were obtained for an ubiquitination assay per-
formed using HEK293 cells transfected with the ectopically 
expressed p53 construct. A greater polyubiquitin smear of 
p53 was observed in the presence of USP19 but not with 
USP19CA (Fig.  2B). Thus, the data suggest that USP19 
accelerates the degradation of p53 protein by promoting its 
polyubiquitination.
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Fig. 1  USP19 interacts with and negatively regulates p53 levels. A 
and B HEK293 cells were transfected with constant amount of Myc-
p53 and increasing concentrations of (A) Flag-USP19 and (B) Flag-
USP19CA to check the exogenous levels of p53 protein. C The effect 
of Flag-USP19 and sgRNA1/2 targeting USP19 on exogenous p53 
protein. D and E HeLa cells were transfected with increasing amount 
of (D) Flag-USP19 and (E) Flag-USP19CA to check its effect on 
endogenous p53 protein levels. F The effect of reconstitution of Flag-
USP19 on endogenous p53 protein in USP19-depleted HeLa cells 
was validated. GAPDH was used as a loading control. G Interaction 
between endogenous USP19 and p53 proteins were analyzed in HeLa 

cells. H Interaction between exogenous Flag-USP19 and Myc-p53 
proteins were analyzed in HEK293 cells. Cell lysates were immuno-
precipitated and immunoblotted with the indicated antibodies. Protein 
expression was checked using Western blotting. GAPDH was used as a 
loading control. I HeLa cells were subjected to the Duolink PLA assay 
to analyze the interaction between USP19 and p53 using specific anti-
bodies. In-situ USP19–p53 interaction was observed as red PLA dots 
when USP19 and p53 were immunostained together but not when they 
were stained with individual antibodies. Scale bar: 10 μm. J Pull down 
assay using His-tagged p53 purified protein and cell lysate expressing 
USP19, western blotting was performed using specific antibodies
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Loss of USP19 Suppresses Cervical Cancer 
Progression

To further assess the consequences of USP19 regulation of 
p53 in cancer progression, we performed several carcino-
genesis-related assays. An anchorage-independent colony 
formation assay showed that USP19-KO cells formed 
fewer colonies than mock control cells (Fig. 5A). However, 
increased carcinogenic activity was observed in USP19-
KO cells reconstituted with Flag-USP19 as evidenced by 
increased colonies but not with Flag-USP19CA (Fig. 5A). 
Similarly, we evaluated the effect of USP19 on the cellu-
lar migration and invasion abilities in HeLa cells. We found 

wild type sequences (Fig. 4C). USP19 gene disruption and 
its effect on p53 were further investigated by Western blot 
analysis. We observed a significant reduction in USP19 pro-
tein levels in USP19-KO cells when compared with mock 
controls (Fig. 4D). Consistent with this finding, USP19-KO 
cells displayed significant upregulation of p53 protein when 
compared with mock controls (Fig.  4D), suggesting that 
USP19 may play an important role in regulating p53 protein 
levels during carcinogenesis.

Fig. 2  USP19 promotes ubiqui-
tination and reduces the half-life 
of p53. A The ubiquitination of 
endogenous p53 was analyzed 
by transfecting HeLa cells with 
Flag-USP19, Flag-USP19CA, 
or sgRNA targeting USP19 
followed by immunoprecipita-
tion with an anti-p53 antibody 
and immunoblotting with an 
anti-ubiquitin antibody. The cells 
were treated with MG132 for 6 h 
prior to harvest. B HEK293 cells 
were transfected with Myc-p53, 
HA-ubiquitin, Flag-USP19, Flag-
USP19CA. The ubiquitination of 
exogenous p53 was confirmed by 
co-immunoprecipitation with the 
anti-Myc antibody and immunob-
lotting with anti-HA antibody. C 
The half-life of endogenous p53. 
D The half-life of endogenous 
p53 along with sgRNA targeting 
USP19 was analyzed in HeLa 
cells. E The half-life of exoge-
nous p53. F The half-life of exog-
enous p53 along with sgRNA 
targeting USP19 was analyzed by 
transfecting HEK293 cells with 
Myc-p53. (C-F) CHX (150 µg/
mL) was administered for the 
indicated time, and the cells were 
then harvested for Western blot-
ting with the indicated antibod-
ies. The rate of p53 decay was 
quantified using ImageJ software 
with reference to GAPDH control 
and is mentioned at the bottom 
of the blot
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their susceptibility to oncogenic transformation [48]. There-
fore, regulation of the optimal level of p53 protein is critical 
for the maintenance of cellular proteostasis.

DUBs are proteases that reversely modify substrate pro-
teins by removing ubiquitin moieties on target proteins, thus 
preventing their protein degradation. DUBs regulate diverse 
biological functions such as DNA damage response, apop-
tosis, transcriptional regulation, cell cycle control, immune 
response, and oncogenesis [49–53]. The majority of DUBs 
are known to stabilize their protein substrate by preventing 
protein degradation through the 26 S proteasomal pathway 
[53]. However, in some cases, DUBs can negatively regu-
late their protein substrate depending on the cellular con-
dition [54, 55]. There are several instances where DUBs 
negatively regulate their protein substrates and promote for 
rapid proteolysis.

Under normal conditions, p53 is maintained at low lev-
els by the E3 ligase Mdm2; however, upon DNA damage, 
p53 levels are elevated by phosphorylation, acetylation, and 
deubiquitination [22, 56, 57]. DUBs are directly or indi-
rectly involved in the regulation of the basal levels of p53 in 
normal or stress conditions [22, 58]. In 2002, USP7 was the 
first DUB candidate identified for p53 stabilization. USP7 
has both a direct and indirect influence on p53 stabilization 
[59]. USP10 is another DUB that stabilizes p53 under phys-
iological conditions as well as in response to DNA damage 
to maintain a stable level of p53 in cytosol [10]. In response 

that the migration and invasion abilities of USP19-KO cells 
were reduced when compared to mock controls. In contrast, 
USP19-KO cells reconstituted with Flag-USP19 showed 
increased cell migration and invasion (Fig.  5B C). How-
ever, USP19-KO cells reconstituted with Flag-USP19CA 
showed no significant increase in cell migration or invasion 
(Fig. 5B C). Collectively, our data demonstrate that the loss 
of USP19 suppresses carcinogenesis in cervical cancer.

Discussion

Cells are constantly exposed to different types of stressors 
that introduce DNA damage and gene aberrations such as 
mutations, deletions, or gene translocations. Accumulation 
of genetic aberrations results in genetic instability, which can 
lead to the development of cancers and other diseases [38]. 
Therefore, cells have evolved protective responses to coun-
teract stress signals and prevent malignant transformation 
of cells. p53 is a tumor suppressor gene that plays a variety 
of roles in regulating cellular stress responses. p53 activates 
several target genes and channels the activation of pro-apop-
totic signals and cell-cycle arrest [39–42]. Previous reports 
have demonstrated that over 50% of cancers have mutations 
in the p53 gene [43], indicating that wild-type p53 is critical 
for maintaining cellular integrity and genomic stability [44–
47]. Moreover, studies on p53-deficient mice have revealed 

Fig. 3  Correlation between 
USP19 and p53 in different can-
cer types. A A heat map showing 
mRNA expression levels of 
USP19 and p53 derived from the 
CCLE panel for different cancer 
types. Representative samples are 
arranged from low to high mRNA 
levels of USP19, and correspond-
ing p53 values are sorted. B A 
scatterplot showing the expres-
sion correlation between USP19 
and p53 mRNA levels. Pearson 
correlation (r) quantifying the 
relationship between USP19 and 
p53 are presented
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E3 ligases such as ARF-BP1, Mdm2, E6AP, CARP, and 
Pirh2, which are known to regulate ubiquitin-mediated p53 
protein degradation [24, 62–66]. For instance, in 2007 Ste-
venson et al. demonstrated that USP2a interacts with and 
stabilizes Mdm2 resulting in rapid p53 protein degradation 
[26]. A direct interaction between USP4 and ARF-BP1 E3 
ligase resulted in destabilization of p53 protein level [24]. 

to DNA damage, USP11 is known to interact with and stabi-
lizes p53 protein. Additionally, upon DNA damage, USP11 
activates p53 along with p53-targeted genes such as Puma, 
Bax, and p21 [19].

Certain DUBs, however, negatively regulate and pro-
mote the degradation of p53 protein [24, 60, 61]. These 
DUBs downregulate the p53 protein level by stabilizing 

Fig. 4  Generation and validation of USP19-knockout in cervical can-
cer cells. A Schematic representation showing the sgRNA design strat-
egy targeting USP19 at exon 1 and 2. The position of the designed 
sgRNA is denoted by the red arrowhead. The target sequence is in 
red and the PAM sequence is in bold blue font. B The knockout effi-
ciency of the designed sgRNAs in HeLa cells was validated using 
T7E1 assay. The arrowhead indicates the cleaved bands after T7E1 
assay. The band intensity was calculated using ImageJ software and 
the indel percentage is provided at the bottom of the gel. C The USP19 
depletion was confirmed using Sanger sequencing. The data shows the 

disrupted USP19 gene sequences of two clones (USP19-KO1 #18 and 
USP19-KO2 #22). The sgRNA recognition site is indicated in red and 
PAM sequence in bold blue font. The deleted bases are indicated with 
dashes, whereas the inserted bases are denoted with a green color, and 
the number of deleted or inserted bases is indicated in parentheses. The 
number of occurrences of the indicated sequences is shown in paren-
theses (for example, X4 and X2 indicate the number of each clone 
sequenced). D The expression of USP19 and p53 in USP19 knock-out 
cell lines (USP19-KO1 and USP19-KO2) was validated by Western 
blotting. GAPDH was used as a loading control
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USP19 exhibiting a negative regulatory role in p53 protein 
stabilization. Overexpression of USP19 showed a decreased 
p53 level, while depletion of USP19 showed stabilization 
of p53 (Fig. 1). Moreover, the endogenous USP19 and p53 
protein bind each other, which was evident by interaction 
studies using specific antibodies (Fig. 1). In order to inves-
tigate whether the interaction between USP19 and p53 is 
direct or not, we performed a direct protein-protein binding 
pull down assay using purified proteins. Interestingly, p53 
showed a direct interaction with USP19 (Fig. 1). We further 
demonstrated that USP19 promotes ubiquitination of p53 
and reduces its half-life (Fig. 2). The above observation is 
in line with our previous report on CYLD showing nega-
tive regulation of NoxO1 protein stabilization where CYLD 

Overexpression of USP5 stabilized Beclin1 subsequently 
led to MDM2-mediated p53 protein instability [25, 67]. 
Importantly, a partial knockdown of USP7 results in desta-
bilization of endogenous p53, while the complete loss of 
USP7 leads to stabilization of p53 [68]. USP15 showed a 
similar destabilization effect on p53 protein by stabilizing 
MDM2 and promoted cancer cell survival [23].

In contrast, some DUBs showed a direct effect on p53 
stabilization without regulating E3 ligases. In 2006, Dayal et 
al. demonstrated that USP5 destabilizes p53 protein. Silenc-
ing of USP5 increased the stability of p53 by inhibiting 
proteasomal degradation of p53 without affecting the pro-
teasomal degradation of Mdm2, suggesting direct negative 
regulation on p53 [69]. Likewise, in this study, we identified 

Fig. 5  Depletion of USP19 supports tumor suppression in a p53-depen-
dent manner. A Mock, USP19-KO1, USP19-KO1 reconstituted with 
USP19 and USP19-KO1 reconstituted with USP19CA were sub-
jected to anchorage independent colony formation assay. (scale bar 
=  200  μm). The colony numbers were quantified and are presented 
graphically as mean and standard deviation of three independent exper-
iments (n=3) (right panel). One-way ANOVA followed by Dunnett’s 
post-hoc test was used and P values are indicated. B The indicated cell 
groups were subjected to matrigel invasion assay (scale = 100 μm). 
The number of invaded cells/field are presented graphically as mean 

and standard deviation of three independent experiments (n=3) (right 
panel). One-way ANOVA followed by Dunnett’s post-hoc test was 
used and P values are indicated. C The same cells were assessed for 
their migratory activity using a wound-healing assay. Images were 
captured at the indicated time points (scale = 200 μm). The percentage 
of wound closure is presented graphically as mean and standard devia-
tion of three independent experiments (n=3) (right panel). One-way 
ANOVA followed by Dunnett’s post-hoc test was used and P values 
are indicated
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