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ABSTRACT Posttranslational histone modifications play important roles in regulating
chromatin structure and transcriptional regulation. Histone H2B monoubiquitination
(H2Bub) is an essential regulator for transcriptional elongation and ongoing transcription.
Here, we report that USP49, as a histone H2B deubiquitinase, is involved in HCT116 cell
proliferation through modulating MDM2-p53 pathway genes. USP49 knockout contrib-
utes to increased HCT116 cell proliferation and migration. Importantly, USP49 knockout
stimulated MDM?2 transcriptional levels and then inhibited the mRNA levels of TP53 target
genes. Conversely, the overexpression of USP49 suppressed MDM2 gene expression and
then promoted TP53 target genes. Moreover, chromatin immunoprecipitation revealed
that USP49 directly bound to the promoter of the MDM2 gene. USP49 knockout
increased H2Bub enrichment at the MDM2 gene, whereas USP49 overexpression downre-
gulated the H2Bub level at the MDM2 gene. Therefore, our findings indicated that
USP49-mediated H2B deubiquitination controls the transcription of MDM2-p53 axis genes
in the process of HCT116 cell proliferation.
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pigenetic posttranslational modifications, such as methylation, acetylation, and ubiqg-

uitylation of histone tails, crucially regulate gene transcription (1). Among these mod-
ifications, histone H2B monoubiquitination (H2Bub) has gained attention because it is
highly associated with transcriptionally active loci and transcription elongation (2, 3).
Cancer is frequently described as a disease of aberrant gene expression. Therefore, more
and more connections between H2Bub and cancer have been discovered (4, 5). The loss
of global H2Bub detected by immunohistochemical staining has been reported for a
number of cancers, including breast (6), colorectal (7), lung (7), and parathyroid (8) can-
cers. Moreover, some H2Bub-modifying enzymes have been identified as oncogenes or
tumor suppressors. RNF20, as the major H2B-specific E3 ubiquitin ligase in mammalian
cells, may function as a tumor suppressor (9, 10). RNF20 depletion causes a global reduc-
tion of H2Bub levels and augments the expression of growth-promoting, prooncogenic

genes (9, 10). RNF40, a binding partner of RNF20 and another major E3 for H2B monou- Copyright © 2022 American Society for
biquitination, also showed tumor-suppressive activity in breast cancer cells (11). Besides Microbiology. All Rights Reserved.
these, differential mutations have been reported in other H2Bub-associated E3 ubiquitin Address correspondence to Yuan Shen,
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ligases in primary tumors, such as BRCA1 mutation in breast and ovarian cancers (12, yoole
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13). Therefore, a key mechanism of action of at least some of these changes in malig- )
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nancy is probably through the dysregulation of H2Bub. Returned for modification 28 September

The TP53 gene, encoding the transcription factor p53, is mutated or deleted in half 2021
of human cancers, demonstrating the crucial role of p53 in tumor suppression (14). Accepted 10Januar?/2022 .
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Importantly, p53 inactivation in cancers can also result from the amplification/overex- 24 January 2022
pression of its specific inhibitor MDM2 (15, 16). Previous studies have shown that the Published 17 March 2022

stability and function of the p53 protein are controlled by MDM2 that targets p53 for
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degradation and directly inhibits p53 activity by binding to the transcriptional activa-
tion domain (17, 18). MDM2, as an important ubiquitin E3 ligase, combines with its
binding partner MDMX to keep p53 activity after p53 transcriptional activities as well
as to set up an efficient feedback loop to limit the p53 response (18, 19). p53 and its
negative regulator MDM2 form the MDM2-p53 circuitry, which plays critical roles in
regulating cancer cell growth, proliferation, cell cycle progression, apoptosis, senes-
cence, angiogenesis, and the immune response (19). It is known that the stability of
MDM?2 is tightly controlled by the ubiquitin-proteasome system (20). A recent study
showed that MARCH7, a RING domain-containing ubiquitin E3 ligase, catalyzes Lys63-
linked polyubiquitination of MDM2, which impedes MDM2 autoubiquitination and
degradation, thereby leading to the stabilization of MDM2 (21). Recently, the tran-
scripts of MDM2 have been reported to be regulated in tumorigenesis; however, the
epigenetic regulation of MDM2 remains not well understood.

Ubiquitin-specific proteases (USPs) are one protease family of deubiquitylating
enzymes (DUBs). USPs contain a complex structure and a cysteine box (22). Some USPs
have been reported to deubiquitinate H2Bub, including USP3 (23), USP7 (24), USP15
(25), USP22 (26), USP44 (27), and USP49 (28). Among these, USP7, one of the most stud-
ied deubiquitinating enzymes, contributes to cancer initiation and progression. USP7 is
capable of deubiquitinating H2Bub (24) and has a broad range of other substrates, such
as p53 (29), PTEN (30), FOXO4 (31), and PRC1/INK4a (32). USP7 also deubiquitinates
MDM2, inhibiting MDM2 degradation and resulting in the polyubiquitination of p53,
which leads to its degradation via the proteasome (33, 34). In this regard, USP7 acts as a
cell cycle regulator through the protection of MDM2 and the degradation of p53, which
promotes cell cycle progression and, consequently, cellular proliferation. USP49 has
been identified as a novel H2Bub deubiquitinase (DUB) that regulates cotranscriptional
pre-mRNA splicing (28). USP49 is also reported to suppress tumorigenesis and chemores-
ponses (35, 36). In pancreatic cancer, USP49 functions to deubiquitinate and stabilize
FKBP51, which in turn enhances PHLPP’s ability to dephosphorylate AKT (35). On the
other hand, USP49 is capable of deubiquitinating and stabilizing the p53 protein in colo-
rectal cancer (CRC) cells (36). USP49 knockdown renders cells more resistant to DNA
damage and promotes tumorigenesis (36). Besides the effect on p53 protein stability,
USP49 also has a positive effect on p53 transcriptional activity. The overexpression of
USP49 stimulated p53 transcriptional activity and increased the mRNA levels of p53 tar-
get genes, whereas the knockdown of USP49 suppressed the expression of these genes
(36). Here, we show that USP49 regulates MDM2-p53 pathway gene expression by mod-
ulating H2Bub levels in HCT116 cells. In our study, USP49 directly bound to the MDM2
gene and deubiquitinated H2Bub at the locus of MDM2. The depletion of USP49 upregu-
lated MDM?2 gene expression, resulting in decreased transcript levels of TP53 and TP53
target genes. Together, our results indicate that USP49 has an important role in regulat-
ing H2Bub and functions as an essential epigenetic enzyme in cell proliferation through
mediating MDM2-p53 transcript levels.

RESULTS

USP49 knockout promotes colon cell proliferation. In order to investigate the bio-
logical role of USP49 in colon cells, the USP49-deficient HCT116 cell lines were created
by CRISPR/Cas9 technology (37) (Fig. 1A). The USP49 knockout (USP49 KO) monoclones
were identified by PCR amplification using sequencing primers (Fig. 1A and B). The
sequencing results revealed that the frameshift mutation occurred in the target region
of the USP49 gene (Fig. 1C). The USP49 knockout efficiency was confirmed by Western
blotting. The expression levels of the USP49 protein were depleted in USP49-deficient
HCT116 cells compared with the levels in the control HCT116 cells with the
lentiCRISPRv2 empty vector (Fig. 1D). These results indicated that the USP49 gene was
knocked out in HCT116 cells.

Next, we tested the effect of USP49 knockout on the growth of HCT116 cells. The
proliferation rate was determined by a cell counting kit 8 (CCK8) assay. The knockout
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FIG 1 Identification of USP49 knockout using the CRISPR/Cas9 system in HCT116 cells. (A) Structure, designed sgRNA (red line), and
PCR primers (black arrows) of the USP49 gene. (B) PCR amplification for USP49 sequences in the monoclones of USP49 knockout cell
lines. The monoclones of lines 5 and 6 (red stars) were used for sequencing. M, molecular marker. (C) Sequencing analysis of USP49
knockout in monoclones 5 and 6. Sequencing results showed that the frameshift mutation occurred in the target region of the
USP49 gene. There was one G deletion in monoclone 5 and one G addition in monoclone 6 (red arrows). PCR and sequencing
primers are underlined in the following sequence. sgRNAs for USP49 are labeled in red in the sequence. (D) USP49 knockout

monoclones were analyzed by Western blotting with antibodies against USP49 and actin.

of USP49 resulted in a significant increase in proliferation compared to control cells
with an empty vector (Fig. 2A). To validate the enhanced proliferative effect of USP49
deficiency in HCT116 cells by an independent method, we performed colony formation
assays. In accordance with the CCK8 results, colony formation assays showed that
USP49 knockout in HCT116 cells leads to a strong increase of focus numbers. There
were >100 colonies per well on average in USP49 knockout cells (out of 1,000 cells
plated), while <20 colonies per well were observed in the vector control cells (Fig. 2B
and Q). These results suggested that USP49 plays important roles in regulating the
tumorigenic abilities of colon cancer cells in vitro. In addition, scratch and transwell
assays were conducted to evaluate the migration ability of USP49 knockout cells. The
results revealed that the USP49-depleted cells possessed significantly increased migra-
tion capacities compared to the vector control cells (Fig. 2D to G). These findings indi-
cate that USP49 acts as a suppressor of HCT116 cell proliferation and migration.

The effects of USP49 on HCT116 cells propelled us to explore its expression in pri-
mary CRC tissues. Consistent with our in vitro results, analysis of human patient tumor
gene expression data generated by Gene Expression Profiling Interactive Analysis
(GEPIA) (http://gepia.cancer-pku.cn/index.html) demonstrated that the USP49 expres-
sion level was significantly lower in colorectal adenocarcinoma than in the normal con-
trols (Fig. 2H). A Kaplan-Meier survival analysis confirmed that cancer patients with low
USP49 levels exhibited a significantly shorter survival time than patients with high
USP49 levels (P = 0.0181 by a log rank test) (Fig. 2I), indicating that the level of USP49
was an informative prognostic factor for patients with colorectal adenocarcinoma.
Taken together, these findings suggest that USP49 is downregulated in CRC and
closely correlates with poor patient survival.
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FIG 2 USP49 mediates cell proliferation of HCT116 cells. (A) USP49-depleted HCT116 cells displayed faster
growth. Stable USP49 knockout (USP49 KO) cells and control cells transfected with an empty vector
(lentiCRISPRv2) were seeded into 96-well plates, and the cell proliferation rates were monitored by a CCK8
assay. Quantitation was obtained from three biological replicates. *, P < 0.05; **, P < 0.001 (by Student’s t test).
OD, optical density. (B) Depletion of USP49 promoted cell proliferation. Cells were seeded in triplicate into 6-
well plates and cultured for up to 12 days. The colonies were visualized by staining with crystal violet. (C)
Quantitation of the colonies in the colony formation assay in panel B. Error bars represent SD from 3 biological
experiments. **, P < 0.001 (by Student’s t test). (D) A wound-healing migration assay reveals that the knockout
of USP49 promotes cell migration. The wound migration assay was performed in stable USP49 KO and control
(lentiCRISPRv2) cells. Representative images of wound sealing were collected on the day of the laceration and 2
days after the wound scratch. (E) The level of cell migration into the wound scratch was quantified as a
percentage of wound healing. Quantitation was obtained from three independent measurements. *, P < 0.05
(by Student’s t test). (F) Transwell assays were performed in USP49 KO and control (lentiCRISPRv2) cells.
Representative images were captured 12 h after seeding 10* cells into the upper chamber. (G) Quantification of
the results in panel F. Data are means * SD from three independent experiments (n = 3). **, P < 0.001 (by

(Continued on next page)
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The MDM2-p53 pathway is transcriptionally regulated by USP49. To confirm
the effect of USP49 on cell growth, we transfected USP49 knockout cells with an
expression vector encoding USP49 (pcDNA3-USP49). The CCK8, colony formation, and
transwell experiments revealed that knockout cells transfected with a USP49-express-
ing vector partially abolished the phenotypes of enhanced proliferative and migration
activities induced in USP49 knockout cells (Fig. 3A to E). To investigate the underlying
mechanism of USP49 knockout-promoted proliferation, we tested the effect of USP49
knockout on cell cycle-related molecules. As shown in Fig. 3F, real-time quantitative
PCR (RT-qPCR) analysis revealed that the transcript level of MDM2 was significantly
increased, whereas the mRNA expression level of the TP53 gene was decreased, in the
USP49 knockout cells. In addition, the depletion of USP49 resulted in significant reduc-
tions of the TP53 downstream genes, such as CDKNTA/p21 and BAX. Furthermore, the
transfection of pcDNA3-USP49 into the knockout cells resulted in a reduction of the
MDM2 mRNA level as well as increases in TP53, CDKN1A, and BAX transcripts, which
were partially reversed by the USP49 knockout-induced effect (Fig. 3F). The downregu-
lated transcript expression levels of TP53 and its target genes CDKNTA and BAX in
USP49 knockout cells were consistent with the change in gene expression in USP49
knockdown HCT116 cells from a previous report (36). We also determined whether the
loss of USP49 affects MDM2 and p53 protein levels. The results showed that the knock-
out of USP49 significantly increased the MDM2 protein level and suppressed the p53
protein level, whereas the transfection of pcDNA3-USP49 into knockout cells partially
rescued this effect (Fig. 3G). To confirm the effect of USP49 on the transcriptional regu-
lation of MDM2-p53 pathway genes, we transfected HCT116 cells with pcDNA3-Flag
and an empty vector (pcDNA3), respectively. The expression levels of USP49 mRNA
and protein were significantly increased in the USP49-overexpressing (OE) HCT116 cells
compared with the control HCT116 cells with pCDNAS3 (Fig. 3H and I). RT-qPCR showed
that the mRNA level of MDM2 was decreased, whereas those of TP53, CDKN1A, and BAX
were increased, in USP49-overexpressing cells (Fig. 3J). Together, these results sug-
gested that USP49 affects HCT116 cell growth by regulating the transcripts of the
MDM2-p53 axis.

USP49-mediated H2B deubiquitination in HCT116 cells. A previous study showed
that USP49 deubiquitinates histone H2Bub and regulates cotranscriptional pre-mRNA
splicing (28). To determine whether USP49 mediates H2B deubiquitination in cancer
malignancy, we first extracted the total histones and detected the global H2Bub level
in USP49 knockout HCT116 cells. As shown in Fig. 4A, the levels of H2Bub were
strongly increased in USP49 knockout HCT116 cells. To further determine the function
of USP49 in H2Bub deubiquitination in HCT116 cells, the knockout cells were trans-
fected with gradient concentrations of the pcDNA3-USP49 plasmid. The hypotonic lysis
solutions of these cells in the process of extracting histone were examined for USP49
levels. As shown in Fig. 4C (top), the transfection of pcDNA3-USP49 generated a dose-
dependent increase in the USP49 protein level. Next, we examined the H2Bub levels in
these cells and found that the H2Bub levels were gradually decreased with increasing
USP49 levels (Fig. 4C). These results suggested that USP49 acted as a deubiquitinase
for H2Bub in the process of cell proliferation.

USP49 regulated MDM2 transcription via modifying H2Bub. H2Bub, a well-known
epigenetic modification mark, is linked to transcriptionally active loci and transcription

FIG 2 Legend (Continued)

Student’s t test). (H) The expression level of USP49 in CRC tissues was analyzed by Gene Expression Profiling
Interactive Analysis (GEPIA), matched with data from The Cancer Genome Atlas (TCGA) public cancer database
and the Genotype-Tissue Expression (GTEx) database (http://gepia.cancer-pku.cn). Lower expression levels of
USP49 were detected in 275 CRC tissue samples than in 348 normal tissue samples. Each dot represents the
expression of a CRC sample and the paired normal tissue sample, and black lines indicate the median values. (I)
Effects of the USP49 expression level on CRC patient survival. Kaplan-Meier survival curves revealed an association
of low USP49 levels with shorter overall survival in CRC patients. The data on USP49 mRNA expression in 158 CRC
patients were downloaded from the oncolLnc database (http://www.oncolnc.org). USP49 expression levels above
the median value were defined as the high-expression group, whereas USP49 expression levels below the median

value were defined as the low-expression group.
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FIG 3 USP49 regulates the expression of MDM2-p53 pathway genes. (A and B) Transfection of pcDNA3-USP49 into
knockout (KO) cells leads to slower growth than in KO cells. A colony formation assay was performed in KO cells and
knockout cells transfected with the USP49 expression vector (KO+USP49) after 12 days of culture. The data are presented
as means * SD (n = 3). *, P < 0.05 (by Student’s t test). (C and D) A transwell migration assay was performed in KO and
KO+USP49 cells. Data are means = SD from three independent experiments (n = 3). *, P < 0.05. (E) Cell proliferation was
assessed by a CCK8 assay at the indicated times. Quantitation was obtained from three biological replicates. The data are
shown as means * SD (n = 3). *, P < 0.05 (by Student’s t test). (F) RT-gPCR analysis of the transcript levels of the MDM?2,
TP53, CDKNTA, and BAX genes in stable USP49 KO cells, KO+USP49 cells, and control cells with the empty vector
(IentiCRISPRv2). Bars are means * SD of data from three biological replicates. *, P < 0.05; **, P < 0.001 (by Student's t
test). (G) Immunoblot analysis was performed using anti-USP49, anti-MDM2, and anti-p53 specific antibodies in control
(lentiCRISPRv2), USP49 KO, and KO+USP49 cells. (H and 1) mRNA and protein levels of USP49 in USP49-overexpressing
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FIG 4 USP49 mediated H2Bub levels in HCT116 cells. (A) Immunoblotting showed that the knockout
of USP49 increased the level of H2Bub in HCT116 cells. Histones were extracted from stable USP49
knockout cells and control cells. Antibodies against H2Bub and H3 were used. (B) Quantification of
the results in panel A. The band intensities were measured and analyzed using ImageJ software, and
the levels of H2Bub were normalized to that of H3, which was used as a loading control. Bars are
means * SD from 3 biological replicates. Significant differences were tested by Student’s t test (**,
P < 0.001). (C) Transfection of pcDNA3-USP49 into knockout cells generated a dose-dependent
decrease in the H2Bub level. Immunoblotting of knockout cells transfected with the USP49
expression vector (pcDNA3-USP49), as indicated at the bottom, was performed. The cells were
harvested, and histones were extracted 48 h later. The hypotonic lysis solutions from these cells
during the histone extraction procedures were used for the detection of USP49 amounts (top). (D)
Quantification of the results in panel C. Bars are means + SD from 3 biological replicates. ** indicates
a P value of <0.001.

elongation (3). Since H2Bub has high enrichment in MDM2-p53 pathway genes (includ-
ing MDM?2) in cancer cells following DNA damage and H2Bub enrichment was normally
associated with the increased expression of these genes (38), we postulated that USP49
may modulate the gene expression of MDM2 by mediating the H2Bub level in cell prolif-
eration. To validate this hypothesis, we first tested the H2Bub levels on the MDM2-p53
pathway genes. By using a chromatin immunoprecipitation (ChIP)-gPCR assay, we found
that H2Bub enrichment at the promoter and gene body of MDM2 was higher in USP49-
deficient cells than in the control cells with an empty vector (promoter, 1.99 * 0.09 in
KO versus 1.12 = 0.10 in control cells; gene body, 2.17 = 0.12 in KO versus 1.69 = 0.11
in control cells), whereas the H2Bub levels at the BAX and CDKN1A genes were decreased

FIG 3 Legend (Continued)

(USP49 OE) cells. Cells transfected with the USP49 expression vector (pcDNA3-USP49) (USP49 OE) and an empty vector
(pcDNA3) (control) were harvested, and expression levels were measured 48 h later. (J) RT-qPCR analysis of the mRNA
levels of the MDM2, TP53, CDKNTA, and BAX genes in USP49-overexpressing cell lines compared to the control cell lines
with the empty vector (pcDNA3). Bars are means = SD of data from three biological replicates. *, P < 0.05; **, P < 0.001
(by Student’s t test).
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FIG 5 USP49 modulated H2Bub levels on the MDM2-p53 pathway genes. (A) Structures and ChlIP-tested promoter and
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ut or overexpression

cells (Fig. 3). (B) ChIP analysis of H2Bub levels of the MDM2, CDKNTA, and BAX genes in stable USP49 knockout cells
compared with the empty vector cells. Results are presented as a percentage of the input. Bars are means * SD of data

from three biological replicates (*, P < 0.05; **, P < 0.001 [by Student’s t test]). (C) ChIP analysis of

H2Bub levels of the

MDM2, CDKN1A, and BAX genes in cells transfected with the USP49 expression vector (USP49 OE) or pcDNA3 (control).

or showed no change in USP49 KO cells compared with the cells containing the empty
vector (Fig. 5A and B). The transfection of pcDNA3-USP49 into knockout cells resulted in
relative declines of H2Bub levels at the MDM2 loci (promoter, 1.36 = 0.07 in KO+USP49
versus 1.99 £ 0.09 in KO cells; gene body, 1.83 = 0.11 in KO+USP49 versus 2.17 = 0.12
in KO cells) (Fig. 5B). To confirm that USP49 modulates the H2Bub levels at the MDM2-
p53 pathway genes, we also transfected HCT116 cells with pcDNA3-USP49 and the
empty vector pcDNA3, respectively. ChIP-gPCR showed that H2Bub levels were lower at
the MDM2 loci in USP49-overexpressing cells than in the empty vector cells (promoter,
0.95 = 0.08 in OE versus 1.23 = 0.11 in control cells; gene body, 2.15 = 0.12 in OE versus
3.10 = 0.21 in control cells), whereas they were higher at BAX and showed almost no
change at the CDKNTA gene (Fig. 5C). Therefore, USP49 may transcriptionally regulate
MDM2-p53 pathway genes via modulating H2Bub levels.

USP49 bound directly to the MDM2 gene for deubiquitinating H2Bub. Since
USP49 specifically repressed the expression and deubiquitinated H2Bub levels of the
MDM2 gene, we then investigated whether USP49 could directly target the MDM2
gene for epigenetic regulation. We used transfected USP49-overexpressing HCT116
cells and specific anti-USP49 antibody. Chromatin immunoprecipitation revealed an
increase in the binding signal of USP49 for the promoter and gene body of MDM2 in
the USP49-overexpressing cells compared to that in the control cells with the empty
vector (promoter, 0.122 = 0.009 in OE versus 0.081 = 0.007 in control cells; gene body,
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FIG 6 USP49 regulates MDM2 mRNA expression through deubiquitinating H2Bub. (A) ChIP analysis of USP49 binding to
the MDM2 gene. The abundances of MDM2 fragments immunoprecipitated by USP49-specific antibody in cells transfected
with the USP49 expression vector (USP49 OE) or pcDNA3 (control) were determined. *, P < 0.05; **, P < 0.001 (by
Student’s t test). (B) ChIP analysis of USP49 levels at the MDM2 gene in stable USP49 knockout cells compared with empty
vector cells. *, P < 0.05; **, P < 0.001 (by Student’s t test). (C) ChIP analysis of RNAPII enrichment at the MDM2 gene in
stable USP49 knockout (USP49 KO) cells compared with the control cells (empty vector [lentiCRISPRv2]). *, P < 0.05; **,
P < 0.001 (by Student’s t test). (D) ChIP analysis of H2Bub levels at the MDM2 loci in control and USP49 KO cells
transfected with H2B and the H2B K120R mutant. Transfection of wild-type (WT) H2B increased the H2Bub level at the
gene body of MDM2 in USP49 KO cells. (E) mRNA levels of the MDM2 gene in control and USP49 KO cells transfected with
wild-type H2B and the H2B K120R mutant. Transfection of wild-type H2B does not interfere with the USP49 knockout-
induced increase of MDM2 transcripts, but transfection of H2B K120R suppresses the effect.

0.102 = 0.011 in OE versus 0.071 *= 0.006 in control cells) (Fig. 6A). To confirm the
binding of USP49 to the MDM2 promoter, we also tested the binding signal of USP49
in knockout cells. The results showed that there was no obvious enrichment of the
USP49 binding signal to the MDM2 gene in USP49 knockout cells (Fig. 6B). Therefore,
USP49 directly targets the MDM2 gene and functions as a deubiquitinase to regulate
H2Bub at the MDM2 loci. It has been shown that H2Bub facilitates RNA polymerase Il
(RNAPII)-dependent transcription (2). To determine whether the loss of USP49 affects
RNAPII enrichment at MDM2, we performed a ChIP experiment with anti-RNAPII anti-
body. As shown in Fig. 6C, the knockout of USP49 increased RNAPII enrichment at the
promoter and gene body region of MDM2 (Fig. 6C), suggesting that USP49 may regu-
late MDM2 transcription via H2Bub and RNAPII enrichment. To ensure that the increas-
ing H2Bub levels at the MDM?2 loci in USP49 knockout cells affected gene expression,
we transfected wild-type H2B and the ubiquitination site mutant H2B K120R into con-
trol (lentiCRISPRv2) and USP49 knockout (USP49 KO) cells and measured the effects on
H2Bub and the gene expression of MDM2. As shown in Fig. 6D and E, the transfection
of wild-type histone H2B kept the elevation of H2Bub and the gene expression of
MDM2 induced by USP49 knockout; however, the transfection of the H2B mutant
affected USP49 knockout-induced H2Bub and gene expression (Fig. 6D and E).

Therefore, these results demonstrate that USP49 regulates MDM2 expression through
H2Bub deubiquitination.
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DISCUSSION

The human genome encodes approximately 100 putative deubiquitinases (DUBs),
which are divided into seven DUB subfamilies based on structure, including the ubiqui-
tin-specific protease (USP) subfamily, the ubiquitin C-terminal hydrolase (UCH) subfamily,
the Machado-Joseph disease protein domain protease (MJD) subfamily, the ovarian tu-
mor protease (OTUs) subfamily, the JAMM (JAB1/MPN/Mov34 metalloenzyme) motif
protease subfamily, the motif interacting with ubiquitin-containing novel DUB (MINDY)
subfamily, and the zinc finger with UFM1-specific peptidase (ZUFSP) subfamily (22, 39).
Dysregulated deubiquitinase expression is frequently associated with tumorigenesis and
poor prognoses in clinical patients with CRC. The expression levels of USP1 (40), USP4
(41, 42), USP5 (43), USP20 (44), USP28 (45), USP47 (46), and UCHL1 (47) were found to be
significantly elevated in CRC, and the increased expression levels were correlated with
shorter overall survival and advanced stages of cancers. On the other hand, USP22,
USP46, and USP49 may function as tumor suppressors in CRC with different mechanisms
(48-50). USP22 suppressed CRC tumorigenesis by decreasing mTOR activity (48). USP46
exerted tumor-suppressive function by controlling the PHLPP-dependent attenuation of
Akt signaling (49). USP49 may act as a tumor suppressor by interacting with p53 and sup-
pressing its ubiquitination (36). Here, we showed that USP49 epigenetically regulated
MDM?2 gene expression in HCT116 cell proliferation. Therefore, USP49 functions as a tu-
mor suppressor in CRC by modulating the MDM2-p53 axis through multiple mechanisms.

H2Bub is a central histone modification associated with an open chromatin configu-
ration and the promotion of transcriptional elongation. Regions of H2Bub enrichment
regulate the accessibility of genomic sites. Previous studies have shown that H2Bub is
enriched downstream of the transcription start sites of a group of specific genes that
are the most highly enriched in the p53 signaling pathway, including MDM2 and
CDKN1A (38). Here, we showed that the depletion of USP49 leads to an obvious
increase of the H2Bub level at the MDM2 gene loci, whereas there was a decrease or
no change of the H2Bub level at the BAX and CDKN1A loci. These results indicate that
USP49 depletion resulted in higher enrichment of H2Bub at the MDM2 loci, allowing
increased MDM?2 expression via transcriptional elongation and thus facilitating its func-
tion, which is also consistent with previous results showing enhanced H2Bub levels
and increased expression levels of the MDM2 gene in cancer cells (38). Many tumors
exhibit amplification of the MDM2 gene or high MDM2 protein levels. Recently, the
MDM?2 transcript level has been reported to be regulated in tumorigenesis. For exam-
ple, microRNA 1827 (miR-1827) and miR-339-5p negatively regulated MDM2 mRNA,
which in turn affected p53 protein levels and p53-governed cellular responses such as
proliferation arrest (50, 51). Inhibition of HDAC2 reduces MDMZ2 mRNA expression and
reduces tumor growth (52). The results presented here suggest that USP49 epigeneti-
cally regulates MDM2 mRNA expression through modulating the H2Bub level and in
turn impacts TP53 and TP53 downstream genes in tumorigenesis. Of note, the TP53
gene itself was not enriched by H2Bub in HCT116 cells in the current study (data not
shown), which was consistent with ChIP sequencing (ChlIP-seq) results showing no
obvious H2Bub enrichment at the TP53 gene in cancer cells after DNA damage (38).
Indeed, it has been long established that the stabilization of p53 leading to increased
levels of this tumor suppressor protein is due to posttranslational modifications, includ-
ing acetylation and ubiquitination, rather than being predominantly a transcriptional
event (29, 53). It is interesting that p53 protein stability is controlled by USP49 via inter-
acting with p53 and suppressing its ubiquitination in the nucleus (36). Taken together,
USP49 regulates the MDM2-p53 pathway at both the transcriptional and posttransla-
tional levels.

MATERIALS AND METHODS

Cell culture. HEK293T and human colorectal carcinoma HCT116 cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (HyClone) supplemented with 10% fetal bovine serum
(FBS) (HyClone) at 37°C in a 5% CO, incubator. USP49 gene knockout HCT116 cell lines were generated
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as described below. The pCDNA3-USP49-Flag expression vector, wild-type H2B, and the ubiquitination
site mutant H2B K120R vector were obtained from Hengbin Wang (28).

Establishment of USP49 knockout cell lines. USP49 knockout cell lines were established by using a
lentivirus-based CRISPR/Cas9 system (37). The single guide RNA (sgRNA) sequences chosen for USP49
were 5'-CACCGCTGTTGGTCGTAGCCGCGGA-3' (forward) and 5'-AAACTCCGCGGCTACGACCAACAGC-3'
(reverse). Annealed double-stranded sgRNA oligonucleotides were ligated into the lentiCRISPRv2 vector
(Addgene plasmid 52961), which coexpressed Cas9 and sgRNA in the same vector. The constructed len-
tivirus-based CRISPR vectors were prepared and packaged according to an established protocol (37).
Subsequently, HCT116 cells were infected with sgRNA-encoding lentivirus and cultured in DMEM sup-
plemented with 10% FBS. The infected cells were then cultured in DMEM containing 3 wg/mL puromy-
cin for 14 days of selection. Surviving cells were plated onto 96-well plates with 1 cell per well. Colonies
that emerged from single cells were selected and expanded for sequencing analysis. The primers used
to amplify USP49 gene sequences surrounding the target gene site were 5'-TGTCCTTGAGAAATG
ACAGG-3’ (forward) and 5'-GAAAATTAAGCGATGTGGCA-3' (reverse). PCR products were purified and
then subjected to Sanger sequencing to verify gene disruption.

Growth curve. The cell proliferation rates were measured by using cell counting kit 8 (Dojindo
Molecular Technologies, Japan) to generate cell growth curves. In brief, cells were seeded into 96-well
plates at a density of 2,000 cells/well in 100 L culture medium. Cell proliferation was determined at O,
24, 48, and 72 h according to the manufacturer’s protocol. The absorbance at 450 nm was measured
using a microplate reader (Bio-Tek, USA). Quantitation was obtained from three biological replicates.

Colony formation. Cells were seeded into 6-well plates with 1,000 cells per well and cultured in me-
dium containing 10% FBS for 12 days, replacing the medium with new medium every 3 days. Colonies
were fixed with 4% formaldehyde for 20 min and stained with a crystal violet solution (catalog number
E607309; Sangon Biotech) for 20 min. The number of colonies with more than 50 cells was counted. For
each group, wells were counted in triplicate.

Scratch assay. Cells were seeded into 6-well plates at 3.5 x 10° cells per well and incubated at 37°C
for 12 h to adhere and spread completely. A P1000 pipette tip was used to create a straight line in the
cell monolayer. The plates were washed three times with phosphate-buffered saline (PBS) and replaced
with medium containing 2% serum. After incubation at 37°C for 48 h, the plates were washed with PBS
and photographed. For each image, distances between one side of the scratch and the other were
measured.

Transwell assay. A total of 1 x 10* cells were added to the upper 8-um pore inserts (Millipore) in se-
rum-free medium. The lower chamber was filled with 20% FBS medium as a chemoattractant. After the
indicated time of culture at 37°C in an incubator with 5% CO,, cells that migrated through the inserts
were fixed with methanol and stained with crystal violet.

Western blotting. Cells were washed with PBS and then lysed in radioimmunoprecipitation assay
(RIPA) buffer supplemented with protease inhibitors. Equal amounts of proteins were separated by SDS-
PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane. Membranes were incubated
overnight at 4°C using specific antibodies for USP49 (catalog number 18066-1-AP; Proteintech), H2Bub
(catalog number 5546; Cell Signaling Technology), histone H3 (catalog number ab1791; Abcam), MDM2
(catalog number 27883-1-AP; Proteintech), p53 (catalog number 10442-1-AP; Proteintech), glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (catalog number 10494-1-AP; Proteintech), and beta-actin
(catalog number 4970; Cell Signaling Technology), followed by secondary antibodies conjugated to
horseradish peroxidase (HRP). Proteins were visualized using enhanced chemiluminescence (ECL) detec-
tion agents (Immobilon; Millipore).

Histone extraction. Histone extraction was performed essentially as described previously (54). In brief,
cells were harvested and washed twice with ice-cold PBS. Then cell pellet was resuspended in hypotonic lysis
buffer (10 mM Tris-Cl [pH 8.0], 1 mM KCl, 1.5 mM MgCl,, 1 mM dithiothreitol [DTT], and protease inhibitors) to
promote hypotonic swelling of cells. Cell nuclei were harvested by centrifugation and resuspended in a 0.4 M
H,SO, solution. The histones were extracted with acid overnight at 4°C. After centrifugation, the supernatant

TABLE 1 Primers used for RT-qPCR

Primer name Sequence (5'-3')

B-actin-RT-F TGGCACCACCTTCTACAATGA
B-actin-RT-R CAGCCTGGATAGCAACGTACAT
USP49-RT-F GAGCCCTTTTGGGACCTATC
USP49-RT-R AGGGCCTCTGTCTCTGTGAA
P53-RT-F CTTCCCTGGATTGGCCA

P53-RT-R TCTGAAAATGTTTCCTGACTCAGA
P21-RT-F GATGGAACTTCGACTTTGTCAC
P21-RT-R GTCCACATGGTCTTCCTCTG
BAX-RT-F CGAACTGGACAGTAACATGGAG
BAX-RT-R CAGTTTGCTGGCAAAGTAGAAA
MDM2-RT-F CTTCTAGGAGATTTGTTTGGCG
MDM2-RT-R ATGTACCTGAGTCCGATGATTC
GAPDH-RT-F CCAGCAAGAGCACAAGAGGAAGAG
GAPDH-RT-R GGTCTACATGGCAACTGTGAGGAG
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TABLE 2 Primers used for ChIP-qPCR

Primer name Sequence (5'-3’)
MDM2(coding)-F CAGGCTCCTTGCATACAGGT
MDM2(coding)-R CCCAGGTCCCTCAACTACAA
MDM2(UTR)-F CTTGAGGCCAGGAGTTTGAG
MDM2(UTR)-R AGAGTGTAGTGGCGCAATCA
GAPDH(ChIP)-F CCGGGAGAAGCTGAGTCATG
GAPDH(ChIP)-R TTTGCGGTGGAAATGTCCTT
P53(coding)-F CGCCAACTCTCTCTAGCTCG
P53(coding)-R AGGGCAGGGGAGTACTGTAG
P53(UTR)-F GCAGCCAGTCTAGCTAGAGC
P53(UTR)-R GCTCACCTGCCCATTCTCTT
P21(coding)-F GACTTGCGAGCGGTTTTGTT
P21(coding)-R TCTTGTGCCGTCTCTGACAC
P21(UTR)-F ATCTGACGAGCCCTCAGTCT
P21(UTR)-R TTTGCAGCAGACACAATGGC
BAX(coding)-F CCTGGGGATCGTGGTATCAA
BAX(coding)-R AGGGATGTAGCCTGCTTTGT
BAX(UTR)-F TTCTCTTTGTGGGCCTGAAG
BAX(UTR)-R TTTTCTGGGAGTGGAAATGG

solution containing histones was transferred into a fresh tube. The histones were precipitated with additional
trichloroacetic acid (TCA) drop by drop (the final concentration of TCA was 33%). TCA precipitates were recov-
ered by centrifugation at 16,000 x g for 10 min at 4°C and washed twice with ice-cold acetone. The histone
pellets were air dried and stored at —20°C until use.

Quantitative real-time PCR. Total RNA was extracted from cells using TRIzol (catalog number
9108Q; TaKaRa). Reverse transcription of 1 ug of RNA was done using the Prime reagent kit with gDNA
Eraser (catalog number RR047A; TaKaRa) according to the manufacturer’s instructions. Quantitative real-
time PCR was done using SYBR green PCR master mix (catalog number RR820A; TaKaRa) in a total vol-
ume of 20 ulL on the LightCycler 480Il system (Roche, USA), as follows: 95°C for 30 s followed by 40
cycles of 95°C for 5 s, 60°C for 30 s, and 72°C for 30 s. The sequences of the primer pairs used for qPCR
are shown in Table 1. B-Actin was used as the reference gene. The relative levels of gene expression
were calculated by the 2724T method. Experiments were repeated in triplicate.

Chromatin immunoprecipitation. ChIP was performed essentially as described previously (48).
Briefly, cells were cross-linked with 1% formaldehyde for 10 min at room temperature and quenched with
125 mM glycine for 5 min. Soluble chromatin was obtained after cell lysis and sonication. The samples
were then precleared and incubated with 3 to 5 ©g antibody-loaded Dynabeads protein A (catalog num-
ber 10002D; Invitrogen) at 4°C overnight. Subsequently, the immunoprecipitated DNA was de-cross-linked,
purified, and analyzed by gPCR. ChIP-gPCR was done with anti-USP49 antibody (catalog number 18066-1-
AP; Proteintech), anti-RNAPII antibody (catalog number ab5408; Abcam), or anti-H2Bub antibody (catalog
number 5546; Cell Signaling Technology). Primers used for ChIP-qPCR are listed in Table 2.

Statistical analysis. Data determined as means =+ standard deviations (SD) were analyzed via SPSS
software. Experiments were conducted three times. One-way/two-way analysis of variance (ANOVA) or
Student’s t test was used for difference analysis (*, P < 0.05; **, P < 0.001).

Availability of data. All of the data and material in this paper are available upon request.
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