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NAP1L1 regulates BIRC2 ubiquitination modification via E3
ubiquitin ligase UBR4 and hence determines hepatocellular

carcinoma progression
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We have previously shown that nucleosome assembly protein 1-like 1 (NAP1L1) plays an important role in the abnormal

proliferation of hepatocellular carcinoma (HCC) cells. However, the effects of NAP1L1 on the malignant behaviour of HCC cells,
including cell migration, invasion and apoptosis, remain unclear. Baculoviral IAP repeat-containing 2 (BIRC2) plays a key role in
initiating the abnormal proliferation, apoptotic escape and multidrug resistance of HCC cells; however, the mechanisms through
which its stability is regulated in HCC remain elusive. Here, we found that knockdown of NAP1L1 inhibited the proliferation of HCC
cells and activated apoptotic pathways but did not remarkably affect the migratory and invasive abilities of HCC cells. In addition,
knockdown of NAP1L1 did not alter the expression of BIRC2 at the transcriptional level but substantially reduced its expression at
the translational level, suggesting that NAP1L1 is involved in the post-translational modification (such as ubiquitination) of BIRC2.
Furthermore, BIRC2 was highly expressed in human HCC tissues and promoted the proliferation and apoptotic escape of HCC cells.
Co-immunoprecipitation (Co-IP) assay and mass spectrometry revealed that NAP1L1 and BIRC2 did not bind to each other;
however, ubiquitin protein ligase E3 component n-recognin 4 (UBR4) was identified as an intermediate molecule associating
NAP1L1 with BIRC2. Knockdown of NAP1L1 promoted the ubiquitin-mediated degradation of BIRC2 through the ubiquitin—protein
junction of UBR4, which in turn inhibited the proliferation and apoptotic escape of HCC cells and exerted anti-tumour effects. In
conclusion, this study reveals a novel mechanism through which NAP1L1 regulates the ubiquitination of BIRC2 through UBRA4,
thereby determining the progression of HCC. Based on this mechanism, suppression of NAP1LT may inhibit tumour progression in

patients with HCC with high protein expression of NAP1L1 or BIRC2.
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INTRODUCTION

Primary liver cancer is the seventh most common tumour and the
second leading cause of cancer-related death worldwide, with an
annually increasing incidence [1]. Hepatocellular carcinoma (HCC)
is the most common subtype of liver cancer, accounting for
approximately 75% of all liver cancer cases [2]. The progression of
HCC is closely related to the apoptotic escape of cancer cells,
which contributes to the long-term survival and abnormal
proliferation of cancer cells and is an important mechanism
underlying the development of multidrug resistance [3-5].
Activating or restoring tumour cell apoptosis is an effective
strategy for treating tumours [6-8]. The apoptotic escape of
tumour cells involves multiple signalling pathways and epigenetic
modifications, including post-translational regulation of key
proteins [7, 9]. Ubiquitination in the ubiquitin—proteasome system

is an important post-translational modification responsible for the
degradation and turnover of apoptosis-related proteins [10, 11].
Nucleosome assembly protein 1-like 1 (NAP1L1), a member of
the nucleosome assembly protein 1-like protein family, has a
highly conserved central structural domain, a crystal structural
domain and two N-terminal structural domains. It is distributed
primarily in the cytoplasm and to a lesser extent in the nucleus
[12]. Several studies have suggested that NAP1L1 is a potential
pro-tumorigenic factor and is involved in the progression of
malignant tumours such as HCC, colorectal cancer and breast
cancer [13-16]. We have previously reported that NAP1L1
expression is upregulated in HCC tissues and is associated with
a poor prognosis. Upregulated NAP1L1 increases the expression of
the cell cycle protein cyclin D1 (CCND1) by recruiting heparin-
binding growth factor (HDGF) and interacting with c-Jun, thereby
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enhancing the proliferation of HCC cells and promoting tumour
progression [13]. However, we did not examine the effects of
NAP1L1 on other malignant behaviours of HCC cells, such as cell
migration, invasion and apoptosis. Previous studies have demon-
strated that knockdown of NAP1L1 depolarises the mitochondrial
membrane potential, which in turn mediates tumour cell
apoptosis [17, 18]. Therefore, elucidating the effects of NAP1L1
on different malignant characteristics of HCC cells may provide
insights into the physiological functions of NAP1L1.

Baculoviral IAP repeat-containing 2 (BIRC2) inhibits apoptosis by
binding to tumour necrosis factor receptor-associated factors [19]
and has been identified as a key driver of aberrant proliferation,
multidrug resistance and immune escape of tumour cells [20-23].
BIRC2-mediated evasion of apoptosis plays a key role in the
development of HCC [24-26]. Dysregulation of ubiquitination has
been associated with aberrant degradation of BIRC2 and apoptotic
escape of cancer cells [10, 27, 28]. Although some studies have
confirmed that the stability of the BIRC2 protein is regulated by
the ubiquitin-proteasome system, studies on the ubiquitination of
BIRC2 are limited. Therefore, investigating the role of
BIRC2 stabilisation in HCC progression is important for under-
standing the mechanisms underlying the apoptotic escape of
HCC cells.

UBR4, a member of the UBR box E3 ubiquitin protein ligase
family, is necessary for the post-translational regulation of
eukaryotic proteins [29]. Previous studies have reported that
UBR4 is associated with proteasomal degradation, apoptosis,
autophagy, yolk sac development and muscle hypertrophy
[30-32]. However, the molecular and cellular functions of UBR4
remain elusive because, unlike other E3 ubiquitin ligases, UBR4
does not possess a ring-finger structure or an HECT structural
domain but binds to destabilising N-terminal residues (N-degrees)
that mediate the degradation of substrate proteins through
ubiquitination [30]. Recent studies have reported that UBR4 is
associated with the regulation of the circadian rhythm and
apoptosis [33, 34]. However, the role of UBR4 in the progression of
HCC remains elusive. Although NAP1L1, BIRC2 and UBR4 have
been associated with apoptosis, the relationship among the three
factors remains unclear. In our previous study, we found a
correlation between NAP1L1 and UBR4 and between UBR4 and
BIRC2. Therefore, we hypothesised that NAP1L1 affects the
stability of the BIRC2 protein through UBR4, which in turn
regulates apoptosis and determines the progression of HCC.

We have previously validated that abnormally high expres-
sion of NAP1L1 enhances the expression of CCND1 and
promotes the proliferation of HCC cells by recruiting HDGF to
regulate the function of c-Jun [13]. In this study, we found that
NAP1L1 did not affect the migratory and invasive abilities of
HCC cells but influenced the stability of the BIRC2 protein
through the E3 ubiquitin ligase UBR4, regulating the occurrence
of apoptosis and determining the progression of HCC.
Altogether, this study reveals a novel mechanism through
which NAP1L1 influences the ubiquitination of BIRC2 through
UBR4 and regulates apoptosis to determine the progression of
HCC. This mechanism represents a promising strategy for
targeting NAP1L1 to treat HCC characterised by high expression
of NAP1L1 or BIRC2.

RESULTS

NAP1L1 promotes HCC cell proliferation and inhibits
apoptosis but does not affect the invasive and migratory
abilities of HCC cells

To investigate the effects of NAP1L1 on the malignant behaviour
of HCC cells, lentiviral vectors encoding shRNA-NAP1L1 or
NAP1L1-overexpression plasmids were transfected into Huh7
and LM3 cells. The transfection efficiency was verified via gRT-
PCR at the mRNA level (Supplementary Fig. 1A-D) and western
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blotting at the protein level (Supplementary Fig. 1E-H). The results
of CCK-8 assay (Fig. 1A, B) and colony formation assay (Fig. 1C, D)
showed that knockdown of NAP1L1 inhibited the proliferation of
HCC cells, whereas overexpression of NAP1L1 had the opposite
effect. These results were consistent with those of our previous
study [13].

Flow cytometry revealed that knockdown of NAP1L1 signifi-
cantly increased the apoptosis levels of HCC cells (Fig. 1E),
whereas overexpression of NAP1L1 had the opposite effect
(Fig. TF). Similarly, transmission electron microscopy revealed that
knockdown of NAPIL1 resulted in an increased number of
apoptotic vesicles, a decreased cell volume, nuclear chromatin
condensation and occasional vacuole formation in the cytoplasm,
indicating an increase in apoptosis levels (Fig. 1G). Laser confocal
microscopy revealed that the mitochondrial membrane potential
of wild-type HCC cells was normal (red fluorescence), whereas that
of NAP1L1-knockdown cells was depolarised (green fluorescence)
(Fig. TH).

Transwell migration and wound healing assays validated that
knockdown or overexpression of NAP1L1 had no significant
effects on the invasive and migratory abilities of HCC cells
(Supplementary Fig. 1 I-L).

NAP1L1 affects HCC cell apoptosis through the caspase
pathway and BIRC2 may be a downstream target of NAP1L1
The expression of the apoptotic proteins Bax, Cyt-c, cleaved
caspase 9 and cleaved caspase 7 was significantly upregulated
after knockdown of NAP1L1 (Fig. 2: A) and downregulated after
overexpression of NAP1L1 (Fig. 2B), suggesting that NAP1L1
affects cell apoptosis via a caspase-dependent pathway. To verify
this hypothesis, we treated HCC cells with an apoptosis inhibitor
(Z-VAD-FMK, ZVF) or an apoptosis inducer (TNF-a + SM-164, TS).
Flow cytometry showed that overexpression of NAP1L1 effectively
inhibited TS-induced apoptosis (Fig. 2C, D). Similarly, ZVF inhibited
the NAP1L1 knockdown-induced apoptosis of HCC cells (Supple-
mentary Fig. 2A, B). WB showed that TS significantly increased the
expression of Bax, Cyt-c, cleaved caspase 9 and cleaved caspase 7,
whereas overexpression of NAP1L1 counteracted the effects of TS
(Fig. 2E). Similarly, knockdown of NAP1L1 significantly increased
the expression of Bax, Cyt-c, cleaved caspase 9 and cleaved
caspase 7, whereas ZVF reversed the effects of NAP1L1 knock-
down (Supplementary Fig. 2C). These results suggest that NAP1L1
affects the apoptosis of HCC cells through a caspase-dependent
pathway.

BIRC2 plays a crucial role as an apoptosis inhibitor during
tumour cell development. Recent studies have shown that BIRC2 is
responsible for the apoptotic escape and multidrug resistance of
tumour cells [20]. In this study, the protein expression of BIRC2
was positively correlated with that of NAP1L1. In particular,
knockdown of NAP1L1 decreased the protein expression of BIRC2
(Fig. 2F), whereas overexpression of NAP1L1 had the opposite
effect (Fig. 2G). However, overexpression or knockdown of NAP1L1
had no significant effects on the mRNA expression of BIRC2
(Supplementary Fig. 2D~E). Moreover, overexpression or transient
knockdown of BIRC2 had no significant effects on the protein
expression of NAP1L1 (Fig. 2H, I). These results suggest that BIRC2
is a downstream target of NAP1L1 and that NAP1L1 regulates the
protein expression of BIRC2 through post-translational modifica-
tions (e.g. ubiquitination).

To explore the relationship between NAP1L1 and BIRC2 proteins
and apoptosis, we first identified the differential genes associated
with NAP1L1 and BIRC2 in hepatocellular carcinomas in the TCGA
database using single-gene-differential-analysis, and then func-
tionally clustered these differential genes using GO/KEGG
combined with logFC. It was found that both NAP1L1 and BIRC2
were involved in the negative regulation of the execution phase of
apoptosis (Table 1), and details of the other clusters are shown in
Additional file 1 and Additional file 2.
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Fig. 1 NAP1L1 promotes HCC cell proliferation and inhibits apoptosis. A, B CCK-8 assay was used to assess the proliferation of Huh7 and
LM3 cells after knockdown or overexpression of NAP1L1. C, D Colony formation assay was performed to assess the ability of Huh7 and LM3
cells to form clones after knockdown or overexpression of NAP1L1. E, F Flow cytometry was used to assess the apoptosis levels of Huh7 and
LM3 cells after knockdown or overexpression of NAP1L1. G Transmission electron microscopy was used to observe the morphological and
apoptotic features of Huh7 and LM3 cells after knockdown of NAP1L1 (red arrows indicate apoptotic bodies; x2.5k visual field, scale bar
= 5 pum; x8.0k, scale bar = 1 pm). H Laser confocal microscopy was used to assess the mitochondrial membrane potential of Huh7 and LM3
cells after knockdown of NAP1L1. Red fluorescence indicates normal mitochondrial membrane potential, whereas green fluorescence
indicates depolarised mitochondrial membrane potential (x40 visual field, scale bar = 50 um). Data are representative of three independent
experiments and are expressed as the mean £+ SD (*p < 0.05 versus control; **p < 0.01; ***p < 0.001).
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Fig. 2 NAP1L1 affects hepatocellular carcinoma cell apoptosis through the caspase pathway and BIRC2 is a downstream target of
NAP1L1. A, B Western blotting was performed to evaluate the expression of apoptosis-related proteins in Huh7 and LM3 cells after
knockdown or overexpression of NAP1L1. C, D Flow cytometry was performed to evaluate apoptosis levels in Huh7 and LM3 cells treated with
the apoptosis inducer TS and/or NAP1L1-overexpression plasmids. E Western blotting was performed to evaluate the expression of apoptosis-
related proteins in Huh7 and LM3 cells treated with the apoptosis inducer TS and/or NAP1L1-overexpression plasmids. F-1 Western blotting
assay was performed to evaluate the protein expression of NAP1L1 and BIRC2 after knockdown or overexpression of NAP1L1/BIRC2. Data are
representative of three independent experiments and are expressed as the mean + SD (*p < 0.05 versus control; **p < 0.01; ***p < 0.001).
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Table 1. GO/KEGG combined logFC functional clustering analysis of single-gene related differential genes.

Gene name ID Description P value

NAP1L1 GO0:1900117 Regulation of execution phase of apoptosis 0.0032
GO0:1900118 Negative regulation of execution phase of apoptosis 0.0002

BIRC2 GO0:1900117 Regulation of execution phase of apoptosis 0.0010
GO0:1900118 Negative regulation of execution phase of apoptosis 0.0002

BIRC2 is upregulated in HCC tissues and is associated with a
poor prognosis

Analysis of TCGA data showed that the mRNA expression of
BIRC2 was significantly higher in HCC tissues than in normal liver
tissues. The high expression of BIRC2 was significantly asso-
ciated with a poor prognosis in patients with HCC (Supplemen-
tary Fig. 3A, B). Consistently, immunohistochemical analysis
revealed that BIRC2 expression was significantly higher in
HCC tissues than in adjacent normal tissues (Supplementary
Fig. 3C, D).

Furthermore, immunohistochemical staining was performed on
90 pairs of HCC and adjacent non-tumour tissue samples using
TMA. Two pairs of tissue samples underwent desludging during
the staining process and were excluded from further analysis.
Eventually, a total of 88 pairs of tissue samples were included for
immunohistochemical scoring. The results revealed that BIRC2
expression was significantly higher in HCC tissues than in adjacent
normal tissues (Fig. 3A, B). Survival analysis showed that high
BIRC2 expression was a risk factor for prognosis, as it was
associated with poor overall survival and disease-free survival
(Fig. 3C, D). Furthermore, BIRC2 expression was significantly
associated with clinical characteristics such as clinical stage,
tumour size and survival status in HCC (Table 2). Univariate and
multivariate Cox regression analyses showed that BIRC2 was an
independent risk factor for overall survival and disease-free
survival in HCC (Fig. 3E-H). These results suggest that high
expression of BIRC2 is closely associated with tumour progression
in HCC.

BIRC2 promotes HCC cell proliferation and inhibits apoptosis
To examine the effects of BIRC2 on the proliferation and apoptosis
of HCC cells, we transfected the cells with BIRC2-overexpression
plasmids and siRNAs targeting BIRC2 and verified the transfection
efficiency via qRT-PCR and WB (Supplementary Fig. 4A-H). The
results of CCK-8 assay (Fig. 4A, B) and colony formation assay
(Fig. 4C, D) showed that overexpression of BIRC2 significantly
enhanced the proliferative ability of HCC cells, whereas transient
knockdown of BIRC2 had the opposite effect. Flow cytometry
revealed that overexpression of BIRC2 significantly reduced the
apoptosis levels of HCC cells, whereas knockdown of BIRC2 had
the opposite effect (Fig. 4E-F). In addition, western blotting
showed that BIRC2 inhibited apoptosis by reducing the expression
of cleaved caspase 9 and cleaved caspase 7, but had no effect on
the expression of Bax and Cyt-c proteins (Fig. 4G, H).

Knockdown of NAP1L1 upregulates UBR4 expression to
promote ubiquitin-mediated degradation of BIRC2

To examine whether NAP1L1 binds to BIRC2, mass spectrometry
was performed on 293T cells transfected with NAP1L1-
overexpression plasmids. A total of 127 proteins were found to
bind to NAP1L1. However, these proteins did not include BIRC2
(Additional file 3). The results of Co-IP were consistent with those
of mass spectrometry (Fig. 5A), suggesting that NAP1L1 regulates
the protein expression of BIRC2 through intermediate molecules.
The BioGRID database was used to predict intermediate proteins
associating NAP1L1 with BIRC2. Based on the prediction results
and mass spectrometry data, a Venn diagram was generated,
which demonstrated that UBR4 was an intermediate molecule
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associating NAP1L1 with BIRC2 (Fig. 5B). The results of Co-IP
validated the binding of NAP1L1 to UBR4 and that of UBR4 to
BIRC2 (Fig. 5C, D). In addition, the protein expression of UBR4 was
negatively correlated with that of NAP1L1. Knockdown of NAP1L1
increased the protein expression of UBR4, whereas overexpression
of NAP1L1 had the opposite effect (Fig. 5E, F).

To elucidate the specific mechanism through which NAP1L1
affects BIRC2, HCC cells were treated with actinomycin ketone
(CHX), proteasome inhibitor MG132, lysosomal inhibitors chlor-
oquine and 3-methyladenine (3-MA). The BIRC2 protein was
destabilised and the rate of protein degradation was significantly
increased in cells with NAP1L1 knockdown and CHX treatment
(Fig. 5G). Treatment with MG132 significantly inhibited the
degradation of BIRC2 protein (Fig. 5H), However, chloroquine
and 3-MA did not have similar effects (Supplementary Fig. 4l, J).
These results suggest that NAP1L1 affects the protein expression
of BIRC2 through the ubiquitin—proteasome system. Furthermore,
knockdown of NAP1L1 significantly enhanced the ubiquitination
of the BIRC2 protein, whereas the simultaneous knockdown of
UBR4 and NAP1L1 had the opposite effect (Fig. 51, J). These results
indicated that knockdown of NAP1L1 upregulated the expression
of the E3 ligase UBR4, which in turn promoted the ubiquitin-
mediated degradation of BIRC2.

Overexpression of BIRC2 promotes HCC cell proliferation and
reverses apoptosis induced by knockdown of NAP1L1

To investigate whether NAP1L1 affects apoptosis through BIRC2,
we transfected plasmids overexpressing BIRC2 based on
sh-NAP1L1. CCK-8 assay (Fig. 6A, B) and colony formation assay
(Fig. 6C) revealed that the proliferative ability of knockdown HCC
cells was restored after overexpression of BIRC2. Western blotting
revealed that the protein expression of Bax, Cyt-c, cleaved caspase
9 and cleaved caspase 7 was significantly higher in the sh-NAP1L1
group than in the sh-NC group, whereas that of cleaved caspase 9
and cleaved caspase 7 was significantly lower in the sh-
NAP1L1 + BIRC2-overexpression group than in the sh-NAP1L1
group. However, no significant changes were observed in the
protein expression of Bax and Cyt-c (Fig. 6D).

Flow cytometry showed that knockdown of NAP1L1 signifi-
cantly enhanced the apoptosis of HCC cells, whereas over-
expression of BIRC2 counteracted this effect (Fig. 6E, F). The
results of transmission electron microscopy were consistent with
those of flow cytometry (Fig. 6G). Depolarisation of mitochondrial
membrane potential is a hallmark of caspase-dependent apopto-
sis [35]. However, laser confocal microscopy revealed that
overexpression of BIRC2 did not affect the NAP1L1 knockdown-
induced depolarisation of mitochondrial membrane potential in
HCC cells (Fig. 7A, B).

Knockdown of NAP1L1 inhibits tumour growth and promotes
the protein expression of cleaved caspase 9

In a previous study, we found that knockdown of NAP1L1
significantly reduced tumorigenicity and the protein expression
of PCNA and Ki67 in mice in vivo [13]. In this study, we
performed immunohistochemical analysis using tumour tissues
from mice in the sh-NC and sh-NAP1L1 groups in the
aforementioned study. The results revealed that the expression
of NAP1L1 and BIRC2 was significantly lower and that of cleaved
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Table 2. Correlation of BIRC2 expression with clinicopathological
characteristics of HCC.

Characteristics n BIRC2 expression

High Low P
Gender
Male 68 37 (54.41%) 31 (45.59%) 0.100
Female 20 15 (75.00%) 5 (25.00%)
Age (year)
<50 36 22 (61.11) 14 (38.89%) 0.748
>50 52 30 (57.69%) 22 (42.31%)
Clinical stage
I~ 69 34 (49.28%) 35 (50.72%) <0.001
-~V 19 18 (94.74%) 1 (5.26%)
Histological grade
I~ 51 26 (50.98%) 25 (49.02%) 0.069
1] 37 26 (70.27%) 11 (29.73%)
Tumor scale(cm)
<5 49 22 (44.90%) 27 (55.10%) 0.002
>5 39 30 (76.92%) 9 (23.08%)
Tumor thrombus
No 61 33 (54.10%) 28 (45.90%) 0.152
Yes 27 19 (70.37%) 8 (29.63%)
AFP stage(pg/L)
<200 46 25 (54.35%) 21 (45.65%) 0.344
>200 42 27 (64.29%) 15 (35.71%)
HBsAg
Negative 18 10 (55.56%) 8 (44.44%) 0.732
Positive 70 42 (60.00%) 28 (40.00%)
Recurrence
No 54 29 (53.70%) 25 (46.30%) 0.195
Yes 34 23 (67.65%) 11 (32.35%)
Vital states
Alive 42 17 (40.48%) 25 (59.52%) 0.001
Die 46 35 (76.09) 11 (23.91%)

caspase 9 was significantly higher in the sh-NAP1L1 group than
in the sh-NC group (Fig. 8A).

DISCUSSION

With the continuous development of modern medicine, remark-
able progress has been made in cancer treatment; however, the
prognosis of HCC remains poor [36, 37]. The median survival of
patients with HCC is only 24 months, and the 5-year survival rate is
only 16%. This poor survival is mainly attributed to the apoptotic
escape and multidrug resistance of tumour cells [38, 39]. However,
the mechanisms underlying the apoptotic escape of HCC cells
remain unclear. Elucidating these mechanisms may help to
understand the progression of HCC. NAP1L1 has been shown to
play a key role in the progression of multiple tumours [40-42].
Although NAP1L1 can induce the apoptotic escape of tumour cells
[17], whether it determines the progression of HCC by affecting
the stability of BIRC2, a key factor in apoptotic escape, remains
unclear.

We have previously shown that NAP1L1 plays a crucial role in
the progression of human HCC and its upregulated expression is
associated with a poor prognosis in patients with HCC.
Upregulated NAP1L1 plays a pro-tumorigenic role by recruiting
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HDGEF to interact with c-Jun, thereby upregulating the expression
of CCND1 and promoting the proliferation of tumour cells [13]. In
this study, both in vivo and in vitro experiments demonstrated
that knockdown of NAP1L1 significantly inhibited HCC cell
proliferation and promoted HCC cell apoptosis. These results
suggest that NAP1L1 plays an oncogenic role in the progression of
HCC, which is consistent with the results of previous studies
[14, 15, 40]. On examining the effects of NAP1L1 on other
malignant behaviours of HCC cells, we found that NAP1L1 had no
significant effects on the migratory and invasive abilities of
HCC cells.

Knockdown of NAP1L1 significantly downregulated the protein
expression of BIRC2 (an anti-apoptotic factor) but did not affect its
MRNA expression in Huh7 and LM3 cells. These results suggest
that NAP1L1 affects BIRC2 activity through post-translational
regulation (e.g. degradation by the ubiquitin—proteasome system)
instead of translational regulation. Previous studies have reported
that NAP1L1 does not affect ubiquitination but can inhibit the
ubiquitin-mediated degradation of Yes-associated protein 1
(YAP1) and regulate cardiomyocyte fibrosis [18]. In this study,
the results of Co-IP validated that NAP1L1 did not bind to BIRC2,
suggesting the involvement of intermediate molecules in the
regulatory effects of NAP1L1 on BIRC2. A recent study showed that
UBR4, an E3 ubiquitin ligase, is involved in the apoptosis of renal
cancer cells [43]. Bioinformatic analysis revealed that BIRC2 could
bind to UBR4, whereas mass spectrometry revealed that NAP1L1
could bind to UBR4 in HCC cells with overexpression of NAP1L1.
Therefore, we hypothesised that NAP1L1 regulated the stability of
the BIRC2 protein by affecting the expression of UBR4, which is
involved in the activation or inhibition of apoptosis and hence
determines the progression of HCC. Knockdown of
NAP1L1 significantly increased the protein expression of UBR4
and the ubiquitination level of BIRC2. Transient knockdown of
UBR4 in HCC cells with knockdown of NAP1L1 significantly
reduced the ubiquitination level of BIRC2, suggesting that NAP1L1
regulates the ubiquitination of BIRC2 through UBRA4.

BIRC2, a member of the IAP family of apoptosis inhibitory
proteins, was initially identified in the tumour necrosis factor
receptor 2 (TNFR2) complex and was subsequently detected in all
human tissues [44, 45]. During TNFR-mediated activation of
nuclear factor-kappa B (NF-kB), the increased expression of BIRC2
effectively reduces caspase 8 activity, which in turn protects
against TNF-induced apoptosis [46, 47]. BIRC2 has been identified
as an E3 ubiquitin ligase in the ubiquitin-proteasome system that
mediates the ubiquitin-mediated degradation of caspase 8,
caspase 7 and caspase 3 and exerts an anti-apoptotic effect
[48-50]. Semenza et al. [20] found that overexpression of BIRC2 in
tumour tissues was a key marker of immunotherapy resistance
and that silencing of BIRC2 significantly reduced the tumorigeni-
city of breast cancer and melanoma cells. BIRC2 is highly
expressed in various tumours, including breast cancer, melanoma,
glioblastoma, gallbladder cancer and nasopharyngeal carcinoma,
and plays a crucial role in the escape of tumour cells from
apoptosis [51-54]. In this study, analysis of TCGA data revealed
that BIRC2 was highly expressed in HCC tissues and was
associated with a poor prognosis. However, the molecular
mechanisms through which BIRC2 regulates the apoptosis of
HCC cells remain unclear. Immunohistochemical staining using
TMA revealed that the expression of BIRC2 was significantly higher
in HCC tissues than in adjacent paracancerous tissues. In addition,
the high expression of BIRC2 was associated with a poor prognosis
in patients with HCC. Univariate and multivariate Cox analyses
demonstrated that BIRC2 was an independent risk factor affecting
overall survival and disease-free survival in HCC. These results are
consistent with those obtained from analysis of TCGA data.
Knockdown of BIRC2 inhibited the proliferative ability of HCC cells
and activated the apoptosis of HCC cells. These results suggest
that BIRC2 plays a pro-carcinogenic role in HCC, which is
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Fig. 4 BIRC2 promotes HCC cell proliferation and inhibits apoptosis. A, B CCK-8 assay was performed to assess the proliferation of Huh7
and LM3 cells after overexpression or knockdown of BIRC2. C, D Colony formation assay was performed to assess the ability of Huh7 and LM3
cells to form clones after overexpression or knockdown of BIRC2. E, F Flow cytometry was performed to evaluate the apoptosis levels of Huh7
and LM3 cells after overexpression or knockdown of BIRC2. G, H Western blotting was performed to evaluate the expression of apoptosis-
related proteins in Huh7 and LM3 cells after overexpression or knockdown of BIRC2. Data are representative of three independent
experiments and are expressed as the mean + SD (*p < 0.05 versus control; **p < 0.01; ***p < 0.001).
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consistent with its role in other tumours [55, 56]. Interestingly, our
experimental results revealed that altered BIRC2 expression could
affect the expression of the downstream proteins Cleaved
caspase9 and Cleaved caspase?, but had no significant effect on
the expression of Bax and Cyt-c proteins. Bax protein is a pro-
apoptotic protein located on the outer mitochondrial membrane,
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whose activation or aggregation can lead to mitochondrial
permeable membrane changes, which can regulate Cyt C release
from mitochondria into cytosol, thereby inducing induces
apoptosis [57]. Bax is mainly regulated by the anti-apoptotic
protein Bcl-2. Under normal conditions, the Bax protein is in an
inactive state, while the Bcl-2 protein maintains the survival state
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Fig.5 Knockdown of NAP1L1 upregulates UBR4 expression, which in turn promotes the ubiquitin-mediated degradation of BIRC2. A Co-
IP assays revealed no direct binding between NAP1L1 and BIRC2 proteins. B Venn diagram demonstrating the intersection of overexpressed
NAP1L1 (mass spectrometry data) and BIRC2-associated proteins. C Co-IP assay revealed that NAP1L1 could bind to UBR4. D Co-IP assay
revealed that BIRC2 could bind to UBR4. E, F Western blotting was performed to evaluate the protein expression of NAP1L1 and UBR4 in Huh7
and LM3 cells after knockdown or overexpression of NAP1L1. G Western blotting was performed to evaluate the protein expression of BIRC2
in Huh7/LM3 cells transfected with sh-NAP1L1 and treated with cycloheximide (CHX, 0.2 mg/mL) at indicated time points. Signals for BIRC2
were quantified via densitometric analysis, and the relative abundance of BIRC2 protein at the time of CHX addition (0 h) was set to 1.
H Protein expression of BIRC2 in Huh7/LM3 cells transfected with shNAP1L1 and treated with MG132 as indicated. I, J BIRC2 ubiquitination in
NAP1L1-knockdown Huh7 and LM3 cells co-transfected with siUBR4 and HA-Ub plasmids. The transfected cells were treated with MG132
(20 puM for 6 h) before being harvested. Data are representative of three independent experiments and are expressed as the mean +SD

s*p < 0.05 versus control; **p < 0.01; ***p < 0.001).

of cells by binding to Bax and inhibiting its activity. When
apoptotic signals occurs in cells, Bcl-2 releases Bax, and activated
Bax proteins accumulate on the mitochondrial surface to form
pores, leading to changes in mitochondrial membrane perme-
ability and ultimately triggering apoptosis [57, 58]. Hence, the
pathway by which NAP1L1 regulates apoptosis in HCC cells may
not be limited to the BIRC2 signaling pathway, but may also be
related to the aberrant expression of the anti-apoptotic protein
Bcl-2.

Furthermore, this study showed that NAP1L1 regulated the
ubiquitin-mediated degradation of BIRC2 through UBR4, which
in turn determined the progression of HCC. However, whether
NAP1L1 affects HCC cell apoptosis through BIRC2 remains
unclear. Consequently, we transfected BIRC2-overexpression
plasmids into HCC cells with NAP1L1 knockdown and verified
the apoptosis level, cell morphology, mitochondrial membrane
potential and expression of apoptotic proteins via flow
cytometry, transmission electron microscopy, laser confocal
microscopy and western blotting, respectively. Overexpression
of BIRC2 reversed NAP1L1 knockdown-induced apoptosis in HCC
cells as evidenced by the downregulation of apoptotic proteins
such as cleaved caspase 9 and cleaved caspase 7 and relatively
normal cell morphology. However, overexpression of BIRC2 did
not affect the depolarisation of mitochondrial membrane
potential induced by knockdown of NAP1L1, suggesting that
NAP1L1 regulates apoptosis by affecting not only the ubiquitin-
mediated degradation of BIRC2 but also the mitochondrial
membrane potential.

This study reveals that NAP1L1 regulates HCC cell proliferation
and apoptosis but does not affect the migratory and invasive
abilities of HCC cells. Mechanistically, NAP1L1 regulates the
ubiquitination of BIRC2 to activate or inhibit apoptosis through
the E3 ubiquitin ligase UBR4, which in turn determines the
progression of HCC (Fig. 8B). This mechanism may represent a
novel strategy for targeted treatment of HCC. Tumour progression
may be inhibited by suppressing NAP1L1 expression in patients
with HCC with high protein expression of NAP1L1 and BIRC2. In
conclusion, the findings of this study provide a new theoretical
basis for the development of drugs targeting NAP1L1 for the
treatment of HCC.

Limitations

a. The specific mechanism underlying the NAPIL1
knockdown-induced increase in the protein expression of
UBR4 warrants further investigation.

b. A total of 20 pairs of clinical HCC and adjacent normal
tissues were collected for immunohistochemical analysis.
Given that this is a small sample size, the experimental
results may be biased.

¢. Mouse tumour tissues from our previous study were used
for immunohistochemical staining, resulting in a relatively
weak chain of evidence for in vivo experiments.
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MATERIALS AND METHODS

Cell culture

HCC cell lines (Huh7 and HCCLM3) were purchased from the cell bank of
the Typical Culture Preservation Committee of the Chinese Academy of
Sciences. The cells were cultured in high-glucose Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% foetal bovine serum (FBS)
and 1% triple antibiotics (penicillin, streptomycin and gentamicin) in Petri
dishes and maintained at 37°C in a thermostat incubator with 5% CO,.

Cell transfection

Huh?7 and HCCLM3 cells were inoculated in 6-well plates. When the cells
reached approximately 50% confluence, the medium was replaced with
DMEM and the cells were infected with Lipofectamine 3000, P3000 reagent
and lentiviral vectors or plasmids. The medium was replaced with
complete DMEM after 8hours, and overexpression or knockdown
efficiency was verified via real-time reverse transcription polymerase chain
reaction (QPCR) and western blotting. The sequences of lentiviral vectors,
plasmids and siRNAs used in this study are provided in Supplementary
Table 1.

Cell proliferation assay

HCC cells were inoculated in 96-well plates at a density of 3000 cells/well
and cultured at 37°C and 5% CO,. Cell viability was assessed using a CCK-8
kit. At 0, 24, 48 and 72 h after culture, the cells were incubated with 10 pL
of CCK-8 reagent for 2h. Subsequently, absorbance was measured at
450 nm using a multifunctional enzyme marker. Three wells were included
in each group, and the experiment was repeated three times
independently.

Colony formation assay

HCC cells were inoculated in 6-well plates at a density of 800 cells/well (the
number of cells was determined according to the minimum population
dependence of the cell line). The cells were cultured in a complete medium
at 37°C and 5% CO,, and the medium was replaced at an interval of 3 days.
After 14 days of culture, the cells were washed twice with PBS, fixed with
methanol for 10 min and stained with crystal violet solution for 3 min. The
residual stain was washed with tap water, and the cells were allowed to air
dry at room temperature. Subsequently, cell colonies were counted under
a microscope. The experiment was repeated three times independently.

Wound healing assay

HCC cells were inoculated in 6-well plates. When the cells reached 80%
confluence, the tip of a 10-pL pipette was used to create a linear scratch on
the cell monolayer. At 0 and 48 h, cell migration was observed under a
microscope, the cells were photographed and the cell migration rate was
calculated. The experiment was repeated three times independently.

Transwell migration assay

Cells were resuspended in serum-free DMEM, and the cell density was
adjusted to 1 x 10° cells/mL. A total of 500 uL of DMEM supplemented
with 10% FBS was added to the lower transwell chamber, whereas 200 L
of the cell suspension was added to the upper chamber. The upper
chamber was placed into the lower chamber, and the cells were incubated
in a humidified incubator with 5% CO, at 37°C for 24 h. Subsequently,
non-migratory cells in the upper chamber were removed using a cotton
swab, whereas migratory cells at the bottom of the chamber were fixed
with 4% paraformaldehyde for 20 min and stained with 0.1% crystal violet
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Fig. 6 Overexpression of BIRC2 promotes HCC cell proliferation and reverses apoptosis induced by knockdown of NAP1L1. A, B CCK-8
assay was performed to assess the effects of BIRC2 overexpression on the proliferation of Huh7 and LM3 cells with NAP1L1 knockdown.
C Colony formation assay was performed to assess the effects of BIRC2 overexpression on the colony-forming ability of Huh7 and LM3 cells
with NAP1L1 knockdown. D Western blotting was performed to assess the effects of BIRC2 overexpression on the expression of apoptotic
proteins in Huh7/LM3 cells with NAP1L1 knockdown. E, F Flow cytometry was performed to assess the effects of BIRC2 overexpression on the
apoptosis levels of Huh7/LM3 cells with NAP1L1 knockdown. G Transmission electron microscopy was performed to assess the effects of
BIRC2 overexpression on the morphological and apoptotic features of Huh7/LM3 cells with NAP1L1 knockdown. Data are representative of
three independent experiments and are expressed as the mean + SD (*p < 0.05 versus control; **p < 0.01; ***p < 0.001).
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Fig. 7 Overexpression of BIRC2 reverses the NAP1L1 knockdown-induced decrease in mitochondrial membrane potential. A, B Laser
confocal microscopy was performed to assess the effects of BIRC2 overexpression on the mitochondrial membrane potential of Huh7/LM3
cells with NAP1L1 knockdown. Red fluorescence indicates normal mitochondrial membrane potential, whereas green fluorescence indicates
depolarised mitochondrial membrane potential (x40 visual field, scale bar = 50 pm). Data are representative of three independent
experiments and are expressed as the mean £ SD. (*p < 0.05 versus control; **p < 0.01; ***p < 0.001).
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and upregulated NAP1L1 directly inhibits the expression of apoptotic proteins, such as Bax and Cyt-c, thereby inducing the apoptotic escape
of HCC cells. In addition, NAP1L1 plays a pro-tumorigenic role by inhibiting the expression of the E3 ubiquitin ligase UBR4, thereby reducing
the ubiquitin-mediated degradation of BIRC2 and inhibiting the activation of the caspase pathway.
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for 5 min. The number of migratory cells in each field of view was counted
under a microscope. The experiment was repeated three times
independently.

Apoptosis assay

Apoptosis was assessed using the Annexin V-FITC/PI Apoptosis Detection
Kit. Briefly, cells were inoculated in 6-well plates and collected when they
reached 70% confluence. The cells were washed twice with PBS,
resuspended in 100 uL of 1x binding buffer and stained with 5puL of
Annexin V-FITC and 10pL of Pl staining solution for 15 min at room
temperature. Subsequently, the cells were incubated with 400 L of 1x
binding buffer at room temperature, and apoptosis was detected on a flow
cytometer. The experiment was repeated three times independently.

Assessment of apoptotic vesicles

After the cells reached 70% confluence, the culture medium and adherent
cells were collected in a 2-mL centrifuge tube. After centrifugation (1500 r/
min, 4 min), the supernatant was discarded and the cells were incubated
with an electron microscope fixative (containing 2.5% glutaraldehyde and
100-mM phosphate) at room temperature for 30 min in the dark.
Subsequently, the cell samples were sent to Wuhan Servicebio Technology
CO., Ltd for embedding, sectioning and transmission electron microscopy
to observe apoptotic vesicles and cell morphology.

Assessment of mitochondrial membrane potential

Cellular mitochondrial membrane potential was evaluated using the
Mitochondrial Membrane Potential Assay Kit (JC-1). Briefly, cells were
inoculated in a special dish for laser confocal microscopy. When the cells
reached 70% confluence, the medium was discarded and the cells were
washed with PBS and incubated with 1 mL of a medium and 1 mL of JC-1
staining working solution (JC-1 [200 X]: ultrapure water: JC-1 staining
buffer [5x] = 1:160:40) at 37 °C for 30 min. Subsequently, the cells were
washed twice with JC-1 buffer (JC-1 staining buffer [5x]: distilled water =
1:4). Finally, 2 mL of cell culture solution was added and fluorescence was
detected under laser confocal microscope. Fluorescence was detected
using a laser confocal microscope, with red fluorescence indicating
normal mitochondrial membrane potential and green fluorescence
indicating low mitochondrial membrane potential and early stage of cell
apoptosis.

qRT-PCR

Total RNA was extracted from HCC cells using the RNAiso Plus reagent. The
quality and concentration of the extracted RNA were measured on a
microspectrophotometer. The extracted RNA was reverse transcribed to
cDNA using the TB Green Premix Ex Taq Il Kit. RT-PCR was performed on an
Applied Biosystems Gene Amplification PCR instrument, and gqPCR was
performed on a BIO-RAD CFX96 Detection System. The mRNA expression
of target genes was calculated using the 222" method, with B-actin being
used as the negative control. The sequences of all PCR primers are
provided in Supplementary Table 2. The experiment was repeated three
times independently.

Western blotting

Total proteins were extracted from HCC cells using an IP lysate
(PMSF:IP = 1:100) containing the proteasome inhibitor phenylmethylsul-
phonyl fluoride (PMSF). After the extracted proteins were quantified using
a BCA protein assay kit, they were mixed with 5x SDS-PAGE loading buffer
(1:4 by volume). Equal amounts of protein samples were separated via
SDS-PAGE, and the separated proteins were transferred to a polyvinylidene
fluoride (PVDF) membrane. The membrane was blocked with 5% skimmed
milk for 1.5 h, washed thrice with PBST and incubated with specific primary
antibodies on a shaker at 4°C overnight. The following day, the membrane
was incubated with horseradish peroxidase-labelled goat anti-rabbit
secondary antibody at room temperature for 1h. Thereafter, the
membrane was washed thrice with PBST, and protein bands were
visualised using an ultra-sensitive enhanced chemiluminescence (ECL)
reagent on a high-sensitivity luminescence imaging system (Tanon 5200).
The grayscale values of target bands were calculated using the Image Lab
(version 6.0) software (Bio-Rad). Please refer to Supplementary Table 3 for
detailed information on all antibodies, including their Cat numbers,
manufacturers and dilution concentrations. The experiment was repeated
three times independently.

SPRINGER NATURE

Co-immunoprecipitation

Co-immunoprecipitation (Co-IP) assay was performed using the Pierce™
Co-Immunoprecipitation Kit according to the manufacturer’s instructions.
Total proteins were extracted from cells and quantified. Supernatants
containing 2 mg of protein were incubated with 4 pug of anti-NAP1L1, anti-
UBR4, anti-BIRC2 or IgG antibodies overnight at 4 °C on a tumbling shaker.
After elution with magnetic beads, the recovered proteins were mixed with
5% SDS-PAGE loading buffer (1:4 by volume) and incubated in a water bath
at 100°C for 10 min. Protein immunocomplexes were detected via western
blotting, and anti-IgG antibody was used as the negative control.

Immunohistochemical analysis

This study was approved by the Ethics Committee of Guizhou Medical
University Hospital (NO: 2022053). A total of 20 pairs of HCC and adjacent
normal tissue samples were collected from patients with HCC who
underwent liver surgery. In addition, the tumour tissues of nude mice in
the sh-NC and sh-NAP1L1 groups in this study were obtained from our
previous study [13].

Tissue microarray (TMA) (Shanghai Tufei Biotechnology Co., Ltd) was
used to detect the protein expression of BIRC2. TMA was dewaxed,
hydrated, subjected to antigen retrieval, blocked with endogenous
peroxidase, incubated with primary and secondary (goat anti-mouse I1gG)
antibodies, stained with DAB, re-stained, sealed, observed under a
microscope and photographed at a single time point according to the
instructions of the mouse two-step assay kit. The staining intensity was
independently scored by two pathologists who were blinded to the clinical
information of patients. The extent of staining, defined as the percentage
of positively stained tumour cells with respect to the whole tissue area, was
scored on a scale of 0-4 as follows: 0, <10%; 1, 10-25%; 2, 26-50%; 3,
50-75%; 4, >75%. The staining intensity was scored on a scale of 0-3 as
follows: 0, negative; 1, weak; 2, moderate; 3, strong. The immunohisto-
chemical score of each sample was calculated as the product of the extent
of staining and the intensity of staining [13]. For statistical analysis, an
immunohistochemical score of 0-6 indicated low expression and a score of
6-12 indicated high expression.

Mass spectrometry

293T cells were transfected with NAP1L1-overexpression or empty
plasmids. After the transfection efficiency (in 293T-NAP1L1 and 293T-NC
groups) was verified via gPCR, the cell samples were sent to Zhongke New
Life (Zhejiang) Biotechnology Co., Ltd. for mass spectrometry. The results
are shown in Additional file 3.

Bioinformatic analysis

The BIOGRID database (https://thebiogrid.org/) was used to screen for
potential biomarkers interacting with NAP1L1 and BIRC2. The UALCAN web
resource (https://ualcan.path.uab.edu/index.html) was used to extract
TCGA data and analyse BIRC2 expression and its relationship with survival
in HCC.

Statistical analysis

All data were analysed using the SPSS Statistics (version 24.0) software
(International Business Machines Corporation, IBM, New York, USA) and
expressed as the mean +SD of at least three independent experiments.
The Kolmogorov-Smirnov test was used to assess the normality of the
data. Independent samples t-test was used to compare the data of two
groups, whereas one-way ANOVA was used to compare the data of three
or more groups. Survival analysis was performed using the Kaplan-Meier
plotter and log-rank test. Cox proportional-hazard regression models were
used to screen for independent risk factors affecting prognosis. All
statistical tests were two-sided; single, double and triple asterisks were
used to indicate statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001).

DATA AVAILABILITY

All datasets generated and analysed during this study are included in this published
article and its Supplementary Information files. Additional data are available from the
corresponding author on reasonable request.
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