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Histone H2B monoubiquitination (H2Bub1) is a dynamic posttranslational modification which are linked to DNA dam-
age and plays a key role in a wide variety of regulatory transcriptional programs. Cancer cells exhibit a variety of 
epigenetic changes, particularly any aberrant H2Bub1 has frequently been associated with the development of tumors. 
Nevertheless, our understanding of the mechanisms governing the histone H2B deubiquitination and their associated 
functions during stem cell differentiation remain only partially understood. In this study, we wished to investigate 
the role of deubiquitinating enzymes (DUBs) on H2Bub1 regulation during stem cell differentiation. In a search for 
potential DUBs for H2B monoubiquitination, we identified Usp7, a ubiquitin-specific protease that acts as a negative 
regulator of H2B ubiquitination during the neuronal differentiation of mouse embryonic carcinoma cells. Loss of func-
tion of the Usp7 gene by a CRISPR/Cas9 system during retinoic acid-mediated cell differentiation contributes to the 
increase in H2Bub1. Furthermore, knockout of the Usp7 gene particularly elevated the expression of neuronal differ-
entiation related genes including astryocyte-specific markers and oligodendrocyte-specific markers. In particular, glial 
lineage cell-specific transcription factors including oligodendrocyte transcription factor 2, glial fibrillary acidic protein, 
and SRY-box transcription factor 10 was significantly upregulated during neuronal differentiation. Thus, our findings 
suggest a novel role of Usp7 in gliogenesis in mouse embryonic carcinoma cells.
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Introduction 

  The genomic DNA in a eukaryotic nucleus is wrapped 
around chromatin to form nucleosomes consisting of his-
tone octamers. The five types of histone, i.e., H1, H2A, 
H2B, H3, and H4, generally undergo several posttransla-
tional modifications such as phosphorylation, methylation, 
acetylation, sumoylation and ubiquitination (1). The de-
velopmental process is also regulated by histone post-tra-
nslational modifications, where any dysregulation can lead 
to a wide range of pathologies (2). Among these post-
translational modifications, ubiquitination has a critical role 
in regulating gene transcription and DNA repair. Generally, 
a protein substrate tagged by polyubiquitination is guided 
for degradation through the 26S proteasomal pathway, 
while a single ubiquitin molecule can bind to a protein 
substrate, resulting in monoubiquitination, which primar-
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Table 1. List of oligonucleotides used for sgRNA cloning

sgRNA 5’-sequence-3’ Usage

mUsp7-F CACCGGAGTGATGGGCACAGCAACG CRISPR/Cas9-based KO
mUsp7-R AAACCGTTGCTGTGCCCATCACTCC CRISPR/Cas9-based KO
mUsp12-F CACCGTCGGCATTAGAGAAAGAGAT CRISPR/Cas9-based KO
mUsp12-R AAACATCTCTTTCTCTAATGCCGAC CRISPR/Cas9-based KO
mUsp21-F CACCGCTCAAGAAACTGGAGCTGGG CRISPR/Cas9-based KO
mUsp21-R AAACCCCAGCTCCAGTTTCTTGAGC CRISPR/Cas9-based KO
mUsp37-F CACCGGTAAGGATGCAGAGGAAATG CRISPR/Cas9-based KO
mUsp37-R AAACCATTTCCTCTGCATCCTTACC CRISPR/Cas9-based KO

sgRNA: single guide RNA, KO: knockout.

ily modifies the molecular properties and subsequently the 
function of the targeted proteins. Among the histone pro-
teins, H2A and H2B are heavily ubiquitinated and espe-
cially likely to undergo monoubiquitination (3). 
  Monoubiquitination of H2B has a key role in the regu-
lation of gene transcription, replication, and DNA repair 
processes (4). The monoubiquitination of H2B is usually 
caused by several E3-ligases, including RNF20 and RNF40 
(5, 6). The knockdown of RNF40 impairs human mesen-
chymal stem cell differentiation towards osteoblasts and 
adipocytes (6). The H2Bub1 level was reported to be in-
creased during the differentiation of human and mouse 
embryonic stem cells (ESCs). Moreover, the H2Bub1 in-
crease plays a crucial role during differentiation and is es-
pecially important for the effective transcriptional induc-
tion of relatively long genes, which is selectively required 
for optimal differentiation (5). On the other hand, these 
monoubiquitinated H2Bs can also be reversed by deubi-
quitinating enzymes (DUBs). Currently, there are a few 
ubiquitin-specific proteases (USPs) belonging to the DUB 
protein family that are reported to regulate H2B protein 
(7-17). Importantly, USP44 was identified as a negative 
regulator or H2B ubiquitination, where depletion of USP44 
during ESCs differentiation leads to an increase in H2B 
ubiquitination, suggesting its importance during differ-
entiation (5). There are several DUBs that modulate H2B 
protein and play an important role in pathways associated 
with normal and cancerous tissue development (18), in-
cluding oncogenic gene expression and malignancy (19, 20), 
autophagy, DNA damage response (21, 22), and multiple 
differentiation pathways (5, 6, 23, 24). 
  Screening for potential DUBs that regulate stem cell main-
tenance and differentiation promises to shed light on the 
molecular mechanism that determines the cell fate of ESCs. 
Importantly, several DUBs such as USP22, USP7, and USP3 
are reported to regulate neuronal differentiation (25-27). 
However, DUBs that regulate histone H2B ubiquitination 

and their molecular functions during stem cell differentia-
tion are not well studied. Thus, to find potential DUBs 
regulating H2B monoubiquitination, we considered H2B- 
binding DUBs based on previous reports (7-13). A handful 
of DUBs, including USP22, USP44, USP42, USP49, USP3, 
and USP15 have already been reported with regard to 
their role in regulating H2B monoubiquitination linked 
with chromatin modification (7-13). Although a few DUBs 
such as USP7, USP12, USP21, and USP37 regulate cell 
proliferation (28-31) their role in cell differentiation via 
H2B ubiquitination regulation has not yet been studied. 
  In this study, we showed that H2B monoubiquitination pat-
terns during mouse neuronal differentiation were regulated 
by Usp7, resulting in altered expression of a glial lineage 
cell-specific transcription factor and suggesting a novel role 
of Usp7 in glial lineage cell differentiation from mouse 
embryonic carcinoma cells.

Materials and Methods

Nuclease construct and single guide RNA constructs
  An hSpCas9 nuclease tagged with a red fluorescent pro-
tein (RFP)-expressing plasmid along with a single guide 
RNA (sgRNA)-expressing plasmid was used for CRISPR/ 
Cas9-mediated gene disruption. The sgRNA target seque-
nces of each USP were cloned into the cloning vectors en-
coding a U6 promoter. Briefly, oligonucleotides containing 
each target sequence were synthesized (Bioneer) and an-
nealed in vitro using a thermocycler. The vector was diges-
ted with BsaI restriction enzyme and ligated with annealed 
oligonucleotides. The oligonucleotide sequences are listed 
in Table 1. 

Cells and CRISPR/Cas9-mediated knockout
  Mouse embryonic carcinoma cell line P19 cells were pur-
chased from the American Type Culture Collection. P19 cells 
were cultured in α-minimum essential media (α-MEM) 
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Table 2. List of primers used for qPCR and ChIP assays in this study

Primer 5’-sequence-3’ Usage

mUsp7-F CCTTAGCCCTCCGTGTTTTGT qPCR
mUsp7-R CCAGTCGTTTTCCTTGTGGAAG qPCR
mAscl1-F AGATGAGCAAGGTGGAGACG qPCR
mAscl1-R TGGAGTAGTTGGGGGAGATG qPCR
mNgn1-F ATGCCTGCCCCTTTGGAGAC qPCR
mNgn1-R TGCATGCGGTTGCGCTCGC qPCR
mNeuroD1-F CATGCCCCCGCATCTGCCAA qPCR
mNeuroD1-R GCCATTGATGCTGAGCGGCG qPCR
mMap2-F AAACAGGCGAAGGATAAAGT qPCR
mMap2-R TGTTGTCAGTTGATCCGATT qPCR
mβIII-tubulin-F AAGGTAGCCGTGTGTGACATC qPCR
mβIII-tubulin-R ACCAGGTCATTCATGTTGCTC qPCR
mOlig-F CACAGGAGGGACTGTGTCCT qPCR
mOlig-R GGTGCTGGAGGAAGATGACT qPCR
mSox10-F GTCAACGGTGCCAGCAAGAG qPCR
mSox10-R TCAATGAAGGGGCGCTTGTC qPCR
mO4-F CATCCGTCACAACCTGTCCT qPCR
mO4-R GGCTTCTTCTTGGGGCCTTT qPCR
mGFAP-F AGCGGCAAATGCGCGAACAG qPCR
mGFAP-R GTGCTTTTGCCCCCTCGGAT qPCR
mAldh1L1-F GAGCCACCTATGAGGGCATT qPCR
mAldh1L1-R AAGAGGATGAGTCCCGCTTT qPCR
mS100β-F CTGATCGCCTACACCCTTCC qPCR
mS100β-R AAAGGAGAAGTCTGCCGAGC qPCR
mActin-β-F GGACCTGACAGACTACCTCA qPCR
mActin-β-R GTTGCCAATAGTGATGACCT qPCR
mOlig2-F TGCTTATTACAGACCGAGCCAAC ChIP
mOlig2-R CTAAATCCTAGCCACTTTGGAGAAGT ChIP
mGFAP-F CGAGTGACTCACCTTGGCATAG ChIP
mGFAP-R CCAGGATGCCAGGATGTCAG ChIP
mPax6-F CACCAGACTCACCTGACACC ChIP
mPax6-R GAACACACAGGTTGCACGTC ChIP
mActin-β-F CCGTAAAGACCTCTATGCCAACAC ChIP
mActin-β-R GCTAGGAGCCAGAGCAGTAATCTC ChIP

qPCR: quantitative polymerase chain reaction, ChIP: chromatin immunoprecipitation.

supplemented with 7.5% newborn calf serum (NBCS; 
Hyclone), 2.5% fetal bovine serum (FBS; Young-In Fron-
tier) and incubated in a humid 37℃, 5% CO2 incubator. 
Mouse USP gene knockout (KO) using a CRISPR/Cas9 
system was performed through the transfection of two 
kinds of vectors: CRISPR/Cas9-RFP-Puro and USP gene- 
specific sgRNA-expressing vectors via lipofectamine (Invi-
trogen). Gene disruption was confirmed by T7E1 assay ac-
cording to the previously reported protocol (32).

Cell culture and differentiation
  P19 cells cultured in α-MEM with NBCS and FBS (P19 
growth medium) were sub-cultured at 1：8 ratios every 48 
hours to maintain exponential growth. For neuronal dif-

ferentiation of P19 cells, we used an optimized protocol 
previously described (33).
  The cells were transfected with 1 μg of CRISPR/Cas9 
vector and 2 μg of sgRNA vector with the appropriate 
amount of lipofectamine reagent per well for gene specific 
KO. We observed 40% to 50% transfection efficiency by 
monitoring RFP fluorescence tagged with a CRISPR/ 
Cas9 vector. Transfected cells were incubated for 96 hours 
with retinoic acid (RA) to induce neuronal differentiation. 
Cells were then seeded to reach 80% to 90% confluence 
in 6-well plates. Differentiating cells were harvested at ap-
propriate time points and media were changed every 24 
hours during the differentiation period.
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Fig. 1. Potential ubiquitin-specific protease (USP) candidates regulating H2B monoubiquitination. (A) The effect of CRISPR/Cas9-mediated 
knockout (KO) of each USP candidate (Usp7, Usp12, Usp21, and Usp37) on the expression level of histone H2B monoubiquitination (H2Bub1) 
was estimated by Western blotting. (B) The expression of H2Bub1 was graphically represented. *p＜0.05, ***p＜0.001 by paired t-test. 
(C) Schematic representation of retinoic acid (RA)-induced P19 cell neuronal differentiation schedule. P19 cells formed aggregates for four 
days with 10 μM of RA. Aggregates were collected and seeded in cell culture plates on day 4 and harvested at the indicated time points. 
(D) RA-induced neuronal differentiation of P19 cells at different days. Samples were collected at the indicated time points and the expressions 
of Oct3/4 and βIII-tubulin protein were analyzed by Western blotting. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was analyzed 
as a loading control. (E) Fluorescence microscopy of P19 cell aggregates after transfection of Cas9 tagged with red fluorescent protein (RFP) 
along with single guide RNA (sgRNA) targeting Usp7. Scale bar=100 μm. 

Antibodies
  Anti-Oct3/4 antibody, anti-βIII-tubulin antibody, anti- 
Usp7 antibody, anti-oligodendrocyte transcription factor 2 
(Olig2) antibody, and anti-glial fibrillary acidic protein 
(GFAP) antibody (Santa Cruz Biotechnology), anti-histone 
H2B monoubiquitination (H2Bub1; Millipore) antibody. 
Anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
antibody (Santa Cruz Biotechnology) or anti-H2B antibody 
(Abcam) was used for Western blotting.

Real-time polymerase chain reaction
  Cells washed with phosphate buffered saline were harvested 

and lysed with Trizol reagent (Favorgen). Then, 500 μL of 
Trizol reagent, 100 μL of chloroform solution isopropanol 
and 70% ethanol were used to isolate and purify the RNA. 
Next, complementary DNA (cDNA) synthesis was performed 
following the manufacturer’s instructions for the SuperScript 
III First-Strand Synthesis System (Invitrogen) with the puri-
fied RNA, and each gene’s messenger RNA (mRNA) was 
quantified by real-time polymerase chain reaction (PCR). 
Synthesized cDNA and SYBR Green (Kapa Biosystems) were 
applied to real-time PCR with specific primers for the genes 
of interest. The mRNA was quantified by the relative standard 
curve method, and fold change differences were compared be-
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Fig. 2. Usp7 knockout (KO)-mediated negative regulation of H2B ubiquitination during retinoic acid (RA)-induced neuronal differentiation. 
(A) The histone H2B monoubiquitination (H2Bub1) protein expression levels in the control and Usp7 KO P19 cells during RA-induced 
neuronal differentiation analyzed by Western blot. Differentiated samples were collected on the indicated days. The protein expression 
of H2Bub1 and total H2B were analyzed by Western blot. (B) RA-induced neuronal differentiation in P19 cells. Differentiated samples 
were collected on the indicated days and the protein expression of Usp7 were analyzed by Western blot. (C) The messenger RNA (mRNA) 
expression of Usp7 in control P19 cells was estimated by real-time polymerase chain reaction during RA-induced differentiation. Error 
bars were derived from three independent experiments. N=3. ***p＜0.001. 

tween two or more groups. The relative amounts of the re-
spective mRNAs were normalized against that of GAPDH. 
The primer details are provided in Table 2. Results represent 
the average of at least three independent replicates. Standard 
deviations were calculated by the Mann–Whitney test.

Chromatin immunoprecipitation assay
  Chromatin immunoprecipitation (ChIP) assays were con-
ducted as previously described (34) using a Pierce Agarose 
ChIP kit (#26156; Thermo Scientific). Anti-H2Bub1 and 
anti-H2B were added as primary antibodies and normal 
rabbit immunoglobin G was used as a negative control. 
Immunoprecipitated DNA fragments were analyzed by quan-
titative PCR (qPCR). Gene-specific primers were added to 
each sample, and the H2B gene primer was used as a 
control. The primer details are provided in Table 2. All 
qPCR reactions were performed in triplicate.

Results

Identification of potential DUB candidates regulating 
H2B monoubiquitination in P19 cells
  To find potential DUBs regulating H2B monoubiqui-
tination we used CRISPR/Cas9 system to knock down in-
dividual DUBs in P19 cells. For this purpose, sgRNAs specifi-
cally targeting the mouse Usp7, Usp12, Usp21, and Usp37 
genes were designed and transfected along with a CRISPR/ 
Cas9 vector to induce gene disruption. Global H2Bub1 levels 
after the KO of each USP were detected by Western blot. 
The KO of Usp7 and Usp37 resulted in increased levels 
of global H2Bub1 in the P19 cells, but less or no signifi-
cant changes were observed in H2Bub1 expression when 
USP12 and USP21 were knocked out (Fig. 1A, 1B). Thus, 
we hypothesized that Usp7 and Usp37 might critically reg-
ulate the H2B monoubiquitination level of undifferen-
tiated P19 cells and thus might have a role in neuronal 
differentiation.
  For neuronal differentiation of P19 cells, we used an op-
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timized protocol (33), and its efficiency was confirmed by 
neuronal differentiation marker proteins. P19 cells were al-
lowed to form aggregates for four days by treating them 
with 10 μM of RA. Aggregates were trypsinized, and single 
cells were plated onto a 6-well plate. Cells were collected 
at every day until day 9 in order to avoid a mixed pop-
ulation increasing after this time point (Fig. 1C). Oct4 
and βIII-tubulin were validated as neuronal differentia-
tion markers by Western blot analysis. The Oct3/4 protein 
showing abundant expression levels in undifferentiated 
P19 cells gradually decreased during differentiation and had 
almost disappeared by day 9. In contrast, the common neu-
ronal differentiation marker βIII-tubulin, which was not 
expressed in undifferentiated P19 cells, showed a constant 
increase during differentiation and became prominent at 
day 9 (Fig. 1D). Thus, we used this standardized RA-me-
diated neuronal differentiation protocol to analyze the ef-
fect of knocking out Usp7 and Usp37 during neuronal 
differentiation.

Usp7 and Usp37 KO-mediated regulation of H2Bub1 
expression during neuronal differentiation
  Based on the effects of Usp7 and Usp37 KO on the upre-
gulation of H2B monoubiquitination in undifferentiated 
P19 cells, we were interested to analyze their roles in the 
RA-mediated neuronal differentiation in P19 cells. Usp7 
or Usp37 was knocked out with the CRISPR/Cas9 system, 
as mentioned above, and the resulting cells were induced 
to neuronal differentiation with RA. Usp7 or Usp37 KO 
P19 cells were allowed to aggregate (Fig. 1E), and then 
the cells were differentiated for 9 days, including the ag-
gregate formation period. We excluded the cells after nine 
days to reduce the effects of non-neuronal cell differ-
entiation populations (33). Cells were collected every day, 
and their global H2B monoubiquitination levels were ex-
amined through Western blot. Control and Usp7 KO cells 
showed similar patterns of H2B monoubiquitination levels 
until day 6. Surprisingly, in the control group, the H2B 
monoubiquitination level was dramatically increased on 
day 7, decreased gradually on day 8 and was very low on 
day 9 (Fig. 2A, upper panel), while the Usp7 KO group 
also showed abundant expression of H2B monoubiquiti-
nation at day 7, but unlike the control group, the expre-
ssion of H2B monoubiquitination was again prominent at 
day 9 (Fig. 2A, lower panel). We hypothesized that the 
regaining of H2B monoubiquitination expression on day 
9 might be due to the Usp7 gene KO. To confirm this hy-
pothesis, we analyzed the expression of Usp7 in both the 
control group and the Usp7 KO group at different days 
during RA-induced differentiation. Interestingly, the ex-

pression level of Usp7 remained moderate in the undiffe-
rentiated P19 cells, gradually decreased during differenti-
ation and finally regained its expression level significantly 
by day 9 (Fig. 2B). The mRNA expression of Usp7 was also 
found to be significantly high on day 9 (Fig. 2C). Our re-
sults provide evidence that the significant recovery of the 
expression level of Usp7 on day 9 is associated with the 
reduced expression level of H2B monoubiquitination at day 
9 during neuronal differentiation (Fig. 2A, upper panel). 
In contrast, the KO of Usp7 in P19 cells results in the sig-
nificant increase in the expression level of H2B mono-
ubiquitination by day 9 during neuronal differentiation (Fig. 
2A, lower panel). Thus, our data signify that the restoration 
of H2B monoubiquitination expression by day 9 during 
neuronal differentiation is due to the loss of Usp7 deubi-
quitinating activity.

KO of Usp7 regulates mouse neurogenesis by elevating 
the expression of glial progenitor lineage transcription 
factors
  We further investigated whether the influence of Usp7 
KO on the expression level of H2B monoubiquitination on 
day 9 might lead to any altered expression levels of genes 
responsible for neuronal differentiation. For this purpose, 
several genes involved in the neuronal differentiation path-
way were selected for analysis. Ascl1, Ngn1, NeuroD1, Map2, 
and βIII-tubulin were selected as neuronal or neuron pre-
cursor cell markers. GFAP, ALDH1L1, and S100β were 
selected as astrocyte-specific markers. Olig2, Sox10, and O4 
were selected as oligodendrocyte-specific markers. 
  The RNA was isolated at differentiation day 9 from 
both control and Usp7 KO P19 cells, and the mRNA ex-
pression level of each gene was validated through real- 
time PCR. Among the oligodendrocyte-specific marker genes, 
Olig2 showed the most elevated expression level of mRNA 
of about 60-fold higher in the Usp7 KO group than in the 
control group (Fig. 3A). Likewise, the mRNA levels of Sox10 
and O4 also showed about 6- and 10-fold increases, respec-
tively, in the Usp7 KO group when compared to control 
group (Fig. 3B, 3C). Among the astrocyte-specific marker 
genes, GFAP, ALDH1L1, and S100β showed about 2-, 12-, 
and 9-fold increases in mRNA expression levels, respec-
tively, in the Usp7 KO group when compared to the con-
trol group (Fig. 3D-3F). 
  We next checked the mRNA expression levels of genes such 
as Ascl1, Ngn1, NeuroD1, Map2, and βIII-tubulin, which are in-
volved in neuron-like cell differentiation. However, except for 
Ascl1 no other genes showed significant changes at the mRNA 
level of genes regulating neuron-like cell differentiation be-
tween the Usp7 KO cells and the control cells (Fig. 4A-4E).
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Fig. 3. The expression of transcription 
factors related to mouse neurogenesis 
upon Usp7 knockout (KO). (A-C) Rela-
tive expression levels of oligodendro-
cyte-specific transcription factors (A) 
Olig2, (B) Sox10, and (C) O4 messe-
nger RNA (mRNA) were analyzed by 
real-time polymerase chain reaction 
(PCR). Samples were collected on day 
9 after differentiation from control and 
Usp7 KO P19 cells. Results were nor-
malized with the level of GAPDH. 
(D-F) Relative expression of astrocyte- 
specific transcription factor (D) GFAP, 
(E) ALDH1L1, and (F) S100β were an-
alyzed by real-time PCR. Error bars 
were derived from three independent 
experiments. N=3. ***p＜0.001.

KO of Usp7 alters H2Bub1 of genes involved in 
neuronal differentiation
  To demonstrate the role of Usp7 in neuronal differen-
tiation, we conducted a ChIP assay to investigate whether 
it showed an altered pattern of monoubiquitination of 
genes involved in neuronal differentiation between the 
control group and the Usp7 KO cells. Olig2, GFAP, and 
Pax6 genes were tested as specific markers of oligoden-
drocytes, astrocytes and neuronal precursor cells, res-
pectively. Each differentiated cell at day 9 was fixed, and 
its chromatin fragments were collected and processed for 
ChIP assays. DNA fragments were analyzed with gene- 
specific primers through real-time PCR. All of the results 
were normalized with H2B expression level. Our results 
showed that the monoubiquitination levels of Olig2 in-
creased up to 40-fold in differentiated Usp7 KO cells, while 
only a 5-fold increase was observed in the control cells 
(Fig. 4F). Similarly, GFAP showed monoubiquitination 
levels that increased up to 10-fold in differentiated Usp7 
KO cells, while only a 5-fold increase was observed in the 
control cells (Fig. 4G). Even Pax6 also showed increased 
monoubiquitination levels in differentiated Usp7 KO cells 
when compared to control cells (Fig. 4H). However, the 
fold change of the Pax6 gene in the Usp7 KO cells when 
compared with the control cells was lower than the fold 
changes observed in the Olig2 and GFAP genes. Thus, it 
is evident that Usp7 alters the H2Bub1 of genes involved 
in glial lineage cell differentiation.

Discussion

  Histone ubiquitination is a reversible posttranslational 
modification that is responsible for the regulation of ge-
nomic DNA stability and transcription in eukaryotic cells. 
The enzymes that are involved in the regulation of both 
histone ubiquitination and deubiquitination play an im-
portant role in gene transcription and DNA repair. His-
tone ubiquitination is also a key regulator of stem cell dif-
ferentiation, where global upregulation of H2Ub1 levels is 
linked with the onset of differentiation in ESCs and ESC- 
like cells (5). In this study, we wished to identify DUBs 
that modulate histone ubiquitination and their role during 
stem cell differentiation. 
  We showed that the Usp7 expression level was moderate 
in the early stage of cell differentiation and that it accu-
mulated further by differentiation day 9 (Fig. 2C). Thus, 
we predicted that the increased expression of Usp7 on dif-
ferentiation day 9 was associated with lower expression of 
H2Bub1 on differentiation day 9 in normal P19 cells. We 
confirmed our hypothesis by knocking out the Usp7 gene 
in P19 cells and allowed for differentiation. As expected, 
the results showed exactly the opposite behavior in the ex-
pression of H2Bub1 on differentiation day 9 (Fig. 2B). 
One of the reasons for the fluctuation in the expression 
of H2Bub1 protein during cell differentiation could be that 
different DUBs might be targeting the H2Bub1 protein at 
different stages of cellular differentiation. In our study, we 
confirmed that the significant increase in the expression 
level of H2Bub1 on differentiation day 9 was due to the loss 
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Fig. 4. Knockout (KO) of Usp7 alters histone H2B monoubiquitination (H2Bub1) of genes involved in neuronal differentiation. (A-C) Relative 
expression levels of neuronal lineage cell-specific transcription factors (A) Ascl1, (B) Ngn1, (C) NeuroD1, and (D, E) marker genes (D) 
Map2 and (E) βIII-tubulin messenger RNA (mRNA) were analyzed with real-time polymerase chain reaction (PCR). Samples were collected 
on day 9 after differentiation from control and Usp7 KO P19 cells. Results were normalized with the level of GAPDH. (F-H) Samples 
were collected on day 9 after differentiation from control and Usp7 KO P19 cells and subjected to chromatin immunoprecipitation analysis 
with antibodies specific for H2Bub1 and H2B. Immunoprecipitated DNA was quantified by real-time PCR with primers specific for the 
promoter regions of (F) Olig2, (G) GFAP, and (H) Pax6. Error bars were derived from three independent experiments. N=3. RA: retinoic 
acid. *p＜0.05, **p＜0.01, ***p＜0.001.

of Usp7’s deubiquitinating function. Different USPs might 
switch on their deubiquitinating functions at different 
stages of cellular differentiation by regulating their protein 
turnover. The sudden and dramatic increase in the ex-
pression level of H2Bub1 protein on differentiation day 7 
were particularly interesting. This observation allows us to 
predict that there could be several other DUBs that might 
be regulating H2Bub1 protein expression on differenti-
ation day 7. Thus, our future studies focusing on screen-
ing for potential DUBs that can regulate stem cell differ-
entiation at different days might provide some clue to-
wards the molecular mechanism that determines the fate 
of ESCs during neuronal differentiation.
  There are reports on USP7 that regulate proteins impli-

cated in nervous system disorders, neurodegenerative ill-
nesses, and brain tumors (35). For an instance, USP7 in-
teracts with ATXN1, which is linked to spinocerebellar 
ataxia type 1 (SCA1), an autosomal dominant neurodege-
nerative disease with multiple neurological abnormalities 
(36). The stability of p53 mediated by USP7 is essential 
for brain development, where KO of USP7 causes neonatal 
lethality, hypoplasia, and deficiencies in neuronal develop-
ment (37). Additionally, USP7 and LSD1 expression is 
elevated in brain tumors such as gliomas. USP7 deubiqui-
tinates LSD1 and promotes cell proliferation and invasion 
of glioblastoma cells, suggesting that USP7 is a prognostic 
marker and therapeutic target for gliomas and other neu-
ronal disorders (38). 
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  A number of DUBs, such as USP3, USP8, USP7, USP22, 
and USP51 are associated with the neuronal differen-
tiation. Neuronal cell morphology, survival, functions, and 
its synaptic plasticity are all regulated by the tropomyosin- 
related kinase (Trk) family of receptor tyrosine kinases. 
USP8 inhibits neuronal differentiation in PC12 cells through 
its nerve growth factor-dependent manner by interacting 
with and deubiquitinating the TrkA receptor (39). Another 
study demonstrated that USP27x, Usp22, and Usp51 deu-
biquitinate and stabilize Hes1 protein, a transcriptional re-
pressor necessary for the maintenance of neural stem/pro-
genitor cells. Moreover, depletion of Usp22 significantly 
reduced the half-life of the Hes1 protein and affected Hes1 
oscillation, which in turn enhanced neuronal differentia-
tion in the developing mouse brain (25). However, Usp27x 
and Usp51 did not show a significant effect on Hes1 half- 
life and also showed lower expression in mouse developing 
brains when compared with Usp22 expression, suggesting 
Usp22 is the main potential DUB for Hes1 during mouse 
brain development (25). 
  REST is a transcriptional factor that regulates and main-
tains neural stem and progenitor cells. Recently, we per-
formed genome-wide screening for DUBs regulating REST 
protein and identified USP3 as a bonafide DUB interact-
ing, stabilizing, and deubiquitinating REST protein (27). 
Depletion of USP3 resulted in a significant reduction in 
REST protein levels, which impacted RA-induced neuro-
nal differentiation in neuroblastoma cells. USP3 depleted 
cells showed decreased neural stem cell marker NESTIN- 
positive cells, suggesting that USP3 plays a key role in main-
taining REST protein abundance to determine neurobla-
stoma differentiation (27). USP7 interacts with and extends 
the half-life of the REST protein through its deubiquiti-
nating activity (26). Silencing of USP7 induces neuronal 
differentiation, while overexpression stabilizes REST pro-
tein and promotes neuronal progenitor stem cell maintenance 
(26). This study suggested that Usp7 modulates histone 
ubiquitination during stem cell differentiation. Knockdown 
of USP7 resulted in the elevated expression of oligoden-
drocyte-specific marker genes such as Olig2, Sox10, and 
O4 (Fig. 3, 4). Additionally, depletion of Usp7 upregulated 
astrocyte-specific markers such as GFAP, ALDH1L1, and 
S100β (Fig. 3, 4), suggesting that Usp7 plays an impor-
tant role in the modification of histone ubiquitination and 
thereby regulate gliogenesis in mouse ESCs.
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