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The bystin-like (BYSL) gene was previously characterized to encode an accessory protein for cell adhesion that 
participates in early embryo implantation. It is also involved in 40S ribosomal subunit biogenesis and is found to be 
expressed in rapidly growing embryo and cancer cell lines. In order to explore the role of BYSL in cancer cell prolif-
eration and growth, we used hepatocellular carcinoma (HCC) as a model. Here, we report that BYSL is crucial for 
HCC cell growth both in vitro and in vivo. Expression levels of BYSL mRNA and protein in human HCC specimens 
were markedly increased compared with those seen in adjacent non-cancerous tissue. In vitro, inhibition of BYSL by 
short hairpin RNA decreased HCC cell proliferation, induced apoptosis and partially arrested the cell cycle in the 
G2/M phase. In vivo, HCC cells treated with BYSL siRNA failed to form tumors in nude mice after subcutaneous im-
plantation. To determine the cellular basis for BYSL RNAi-induced cell growth arrest, BYSL subcellular localization 
in mitotic and interphase HepG2 cells was examined. BYSL was present at multiple stages during nucleologenesis, 
including in nucleolus-derived foci (NDF), perichromosomal regions and the prenucleolar body (PNB) during mito-
sis. BYSL depletion remarkably suppressed NDF and PNB formation, and disrupted nucleoli assembly after mitosis, 
resulting in increased apoptosis and reduced tolerance of HCC cells to serum starvation. Taken together, our studies 
indicate that upregulated BYSL expression plays a role in hepatocarcinogenesis.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most 

prevalent malignancies worldwide with the highest 
prevalence in Southeast Asian countries and tropical 
Africa. In these regions, the incidence is estimated to be 
10-20 per 100 000 population [1]. Like many malignan-
cies, HCC has characteristics of fast cell proliferation 
and tumor growth, metastasis at an early stage, and poor 
response to treatment. Thus, further understanding of 
molecular mechanisms underlying HCC pathogenesis 
could improve our current efforts to screen for and treat 
this disease.

Accumulating evidence indicates that abnormalities 
in nuclear morphology and in the function of nucleo-
lar proteins are closely associated with tumorigenesis. 
For example, pathologists use alterations in nucleolar 
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morphology as a diagnostic marker of malignancies. In 
particular, silver staining (AgNOR) has proven to be 
an important tool to predict clinical outcomes of some 
cancers [2]. Two major argyrophilic proteins responsible 
for such strong staining are B23 (also known as NPM1, 
nucleophosmin and nucleolar phosphoprotein B23) and 
nucleolin (also known as C23, NCL), both of which are 
nucleolar factors [3, 4] that participate in nucleolar reas-
sembly at the end of mitosis [5]. Enhanced B23 expres-
sion causes uncontrolled cell growth, suggesting that it 
is not only a potential HCC marker but also may play 
a critical role in the progression of tumorigenesis [6]. 
Nucleolin has been described as both a marker and a 
protein functioning in tumorigenesis. Anti-cancer drugs 
targeting nucleolin have been described [7]. Recent evi-
dence supports the idea that ribosomal proteins function 
in tumorigenesis. High levels of multiple large and small 
subunit ribosomal proteins have been found in several 
primary tumors, including HCC [8], leukemia and colon 
tumors [9-11]. Moreover, mutations in genes encoding 
DKC1 and the small ribosomal subunit protein S19, both 
of which directly affect ribosome assembly, are associ-
ated with increased cancer risk [12-14].

Bystin-like (BYSL) protein has recently also been 
identified as a nucleolar protein. It is involved in ribo-
somal processing of 18S rRNA, a component of the 40S 
subunit [15, 16], corroborating previous findings in yeast 
[17, 18]. It is also found that BYSL is highly expressed 
in human cervical cancer line HeLa cells, embryonic kid-
ney 293T cells and embryonic stem cells [15, 16, 19]. Of 
interest, BYSL is a direct downstream target of the c-myc 
proto-oncogene, as evidenced in part by the fact that c-
myc is shown to directly bind to the BYSL promoter in a 
B-cell line by CHIP assay [20]. c-myc, whose expression 
tightly correlates with the proliferative potential of the 
cell, is a key transforming agent in the etiology of human 
cancer [21, 22]. Amplification and overexpression of 
c-myc have been found in both chemical hepatocarcino-
genesis in rat [23-25] and in human HCC cells [26-28]. 
Taken together, these data raise the possibility that BYSL 
may play important roles in rapid cell growth and prolif-
eration seen in HCC.

In higher eukaryotes, the nucleolus is assembled dur-
ing the end of mitosis. Proteins participating in pre-rRNA 
processing leave the nucleolus in prophase and some 
of them localize at perichromosomal regions (PR) dur-
ing prometaphase and metaphase [29]. Some processing 
proteins transfer to nucleolus-derived foci (NDF) in the 
early anaphase cytoplasm [5]. During telophase, NDF 
disappear with a concomitant appearance of concentrated 
foci called prenucleolar bodies (PNBs) in the reforming 
nuclei [30-33]. Although it is not clear why intermediate 

steps including NDF and PNBs are required, formation 
of NDF and PNBs is crucial for nucleolar assembly. 

In the present study, we tested the hypothesis that the 
ribosomal protein BYSL contributes to tumorigenesis 
through altered nucleologenesis. We demonstrate that 
BYSL expression levels are markedly upregulated in hu-
man HCC specimens. Suppression of BYSL expression 
resulted in impaired nucleologenesis, leading to retarded 
cell growth and failure of tumor formation in nude mice. 
Our data suggest that BYSL is critical for HCC growth 
and nucleologenesis. 

Results

Upregulated BYSL expression in HCC
To characterize BYSL expression in HCC, we first 

determined the specificity of a polyclonal antibody (pAb) 
raised in our laboratory against human BYSL. As shown 
in Figure 1, BYSL antibody recognized exogenous and 
endogenous BYSL in HepG2 cells transfected with pEG-
FP-BYSL in western blotting assays. Exogenous GFP-
BYSL fusion protein (~76 kDa) was also recognized by a 
GFP antibody (Figure 1A). Immunofluorescence showed 
that the BYSL antibody recognized only endogenous nu-
cleolar signals, consistent with the pattern of exogenous 
GFP-BYSL fluorescence (Supplementary information, 
Figure S1A). Immunostaining using pre-immune serum 
showed no positive signal (Supplementary information, 
Figure S1B). These data suggest high antibody specifici-
ty and selectivity, agreeing with reports that BYSL (Enp1) 
is found in the nucleolus of yeast, trophoblasts and can-
cer cell lines [15-18].

Using this antibody, 98 paraffin-embedded human 
HCC specimens and adjacent non-cancerous liver tis-
sues were subjected to immunohistochemical analysis. 
Figure 1B shows morphology of HCC cells indicating 
higher BYSL expression than that seen in adjacent liver 
tissue. In HCC tissue, liver cell structure was severely 
distorted with prominent BYSL staining in both HCC 
cells and vascular endothelial cells (Figure 1B, panel 
b to d). Strong BYSL immunoreactivity was observed 
in both the cytosol and nucleus of HCC cells. In some 
cases, nuclear localization of BYSL immunosignals was 
stronger than that in the cytoplasm (Figure 1B, panel b). 
In contrast, in normal liver tissue most liver cells either 
lacked BYSL immunoreactivity or showed light nuclear 
and cytoplasmic staining (Figure 1B, panel a). Pseudo-
glandular structures, which often appear in HCC [34] 
were seen in HCC specimens and showed strong BYSL 
immunoreactivity (Figure 1B, panel c). This pattern re-
sembled that of glandular epithelia cells in mouse uteri 
after implantation [19]. Furthermore, as shown in Figure 
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Figure 1 Characterization of BYSL expression in human hepatocellular carcinoma specimens. (A) Specificity of a polyclonal 
antibody against human BYSL (pAb). Lysates of HepG2 cells stably transfected with empty pEGFP-N1 vector or pEGFP-
BYSL were analyzed by western blotting using a pAb against BYSL (aa 424-437). Expression and integrity of the exogenous 
GFP-BYSL fusion protein (~77 kDa) was verified using an anti-GFP antibody (middle and right lane, upper band) or the BYSL 
pAb. Endogenous BYSL (~50 kDa) was recognized by the pAb (left and middle lane, lower band). Exogenous GFP-BYSL 
was recognized by both antibodies. (B) BYSL expression in liver tissue of patients with HCC (panels b to d), and adjacent 
non-tumor tissue in corresponding patients (panel a). Immunohistochemistry with pAbs against BYSL was performed on for-
malin-fixed, paraffin-embedded sections. Both nuclear and cytoplasmic signals are observed in HCC patients (panels b and 
c). By contrast, a weak positive signal is present in adjacent tissue in some patients (panel a). Arrows in panel b indicate cells 
with nuclear BYSL immunosignals, whereas arrows in c indicate a pseudo-glandiform structure. Dense cytoplasmic staining 
is also observed in some specimens. Cytoplasmic BYSL immunosignals (indicated with arrows) in walls of blood vessels are 
detected in some specimens (panel d). Scale bars, a, b, 20 µm; c, 30 µm; d, 80 µm. Each pair of patient samples was clas-
sified separately as strongly positive (+++), intermediately positive (++), weakly positive (+) or negative (–), and the number 
of cases in each class is shown in panel e. (C) a, Western blot of BYSL protein in HCC patients using pAb against BYSL. T, 
tumor tissue; C, tissue adjacent to tumor in corresponding patient. α-tubulin expression served as a loading control (lower 
panel in a). b, Quantitation of BYSL protein levels normalized to tubulin, each compared to relevant adjacent non-tumor tis-
sue. Data for each dot are mean values of three independent experiments (ratio of HCC/non-tumor adjacent tissue). Dashed 
line indicates control level (100%). Solid lines represent means ± SEM (n = 26). Data in A to C are representative of three 
independent experiments with similar results.
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1B, panel e, the number of HCC cases with strong and 
intermediate immunoreactivity in tumor regions was 
much higher than that seen in adjacent tissues (41/98 
versus 11/98), whereas the number of cases with weak or 
negative BYSL staining in HCC was significantly fewer 
than that in adjacent areas (57/98 versus 87/98). The 
elevated level of BYSL protein in the HCC specimens 
was confirmed by western blot analysis. On average, up 
to a 2.18-fold increase in BYSL proteins was observed 
in HCC specimens compared to that in controls (Figure 
1C, panel b). To further characterize BYSL expression 
in HCC, a separate set of HCC and control specimens 
was analyzed for BYSL expression using real-time PCR. 
BYSL mRNA levels in HCC were increased from 1.5- to 
3.0-fold compared to paired native liver tissue in five of 
eight sample pairs (Supplementary information, Figure 
S2). Together, these data indicate that BYSL is upregu-
lated in HCC.

BYSL expression was also examined in clinical speci-
mens of several other types of human cancer. BYSL im-
munoreactivity was observed in 6 of 10 pairs of invasive 
breast ductal carcinoma specimens, 1 of 4 pairs of intes-
tine adenocarcinomas, 7 of 8 pairs of gastric adenocarci-
noma, 1 of 2 pairs of cervical squamous cell carcinoma 
and all 5 pairs of esophageal squamous epithelioma in 
which nuclear and cytoplasmic signals were detectable 
(data not shown). These data further support our hypoth-
esis that BYSL upregulation may be a general feature of 
human cancers.

BYSL is required for HCC cell growth in vitro and in vivo
To further investigate the role of BYSL in HCC tu-

morigenesis, we investigated the impact of suppressing 
BYSL expression on HCC cell growth using RNA in-
terference (RNAi) methodology. Stable transfection of 
HepG2 and QSG-7701 cells with pSUPER-BYSL-RNAi 
(designated BYSL siRNA #1) resulted in marked reduc-
tion of BYSL levels to 42.15% ± 7.75% and 21.92% ± 
5.13% of that found in controls, as revealed by western 
blot analysis (Supplementary information, Figure S3A). 
BYSL depletion in both HCC cell lines, HepG2 and 
QSG-7701, dramatically reduced their capacity to form 
colonies, as demonstrated by a significant decrease in the 
percentage of survived cell clones (47.8% of control in 
HepG2 cells and 25.9% in QSG-7701 cells) seen in col-
ony-formation assays (Figure 2A, panels c and d). BYSL 
depletion also induced apoptosis and G2/M arrest of 
HepG2 cells, as revealed by fluorescence-activated cell 
sorter (FACS) analyses (Figure 2B). Consistently, BYSL 
knockdown markedly retarded cell growth, as manifested 
by a rightward shift of the growth curve shown in Figure 
2C. These data suggest that BYSL is required for HCC 

growth and proliferation in vitro.
To determine whether BYSL is required for HCC 

formation in vivo, BYSL-depleted QSG-7701 cells were 
transplanted subcutaneously into nude mice and growth 
kinetics of HCC tumors were monitored. Seven weeks 
after inoculation, animals were sacrificed and the result-
ing tumors were examined. In mice receiving trans-
plantation of BYSL siRNA-treated QSG-7701 cells, no 
tumor mass was detected in the flanks of mice, despite 
that small bumps in implantation sites were observed in 
the first week post implantation. By contrast, 100% of 
mice receiving QSG-7701 cells transfected with control 
siRNA developed tumors (1.88 ± 0.13 cm in diameter, 
n = 3) with an average volume of 1.5 cm3 (Figure 2D). 
These results suggest that BYSL expression is necessary 
for tumor growth in vivo.

BYSL is localized to PR, NDF and PNBs during mitosis
To investigate cellular mechanisms underlying BYSL-

siRNA-mediated suppression of HCC cell growth, we 
examined BYSL subcellular localization in mitotic cells 
based on the G2/M arrest of HepG2 cell line upon BYSL 
depletion (Figure 2B). As shown in Supplementary infor-
mation, Figure S4 and in Figure 3A, exogenous BYSL-
GFP expressed in HepG2 cells was localized to PR, as 
manifested by enrichment in regions surrounding chro-
mosomes and co-localization with the nucleolar proteins 
nucleolin and B23 sequentially during mitosis. BYSL 
accumulation in PR began in prophase/prometaphase, 
through metaphase and persisted until anaphase. Begin-
ning from anaphase, additional distinct BYSL foci were 
also observed in the cytoplasm. These foci were NDF, as 
they expressed B23 during anaphase and telophase (Fig-
ure 3A). These results suggest that BYSL is expressed in 
a dynamic pattern similar to other known nucleolar pro-
teins during mitosis. Given that nucleologenesis occurs 
in anaphase and telophase through early G1, our find-
ings, together with observations that BYSL localizes to 
subregions of nucleoli of interphase cells (Supplementary 
information, Figure S1), suggest that BYSL behaviors 
resemble other rRNA-processing proteins, such as B23, 
in human cells.

Next, we examined BYSL in the nucleologenesis PNB 
pathway in comparison with fibrillarin, nucleolin and 
B23. HepG2 cells were stably transfected with pEGFP-
BYSL and examined by immunocytochemistry. In early 
telophase, fibrillarin was concentrated in PNBs while 
BYSL was absent (Figure 3B, panels a to d). Following 
recruitment of BYSL into PNBs, BYSL appeared in the 
newly assembled nucleolus (indicated by arrows in Fig-
ure 3B, panels e to h), which also contained nucleolin. 
In contrast, nucleolin, but not BYSL, remained in some 
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Figure 2 BYSL knockdown inhibits growth of human HCC cells in vitro and in vivo. (A) Colony-formation assays: HepG2 cells 
stably expressing BYSL siRNA show significantly reduced clone-forming capacity compared to controls plated at different 
cell densities (HepG2 cells, panels a and c; QSG-7701 cells, panels b and d). Quantitative data are shown in panels c and d. 
Data are from three independent experiments. *P < 0.05 versus control, **P < 0.01 versus control. (B) BYSL knockdown by 
siRNA increases cell death and the number of cells arrested at G2/M phase (panel a). Data from three independent experi-
ments are quantified in panel b. *P < 0.05, **P < 0.01 versus control. (C) Stable expression of BYSL siRNA in QSG-7701 
cells decreases cell growth relative to controls. QSG-7701 cells treated with or without BYSL siRNA were cultured and har-
vested at different intervals for counting. Cell growth curve shows the logarithm of the normalized number cells versus time. 
Data are of three independent experiments in triplicate with similar results. **P < 0.01 versus control. (D) BYSL knockdown 
reduced tumor-forming capacity of QSG-7701 cells in vivo. Mice received subcutaneous transplantation of BYSL siRNA-treat-
ed QSG-7701 cells (indicated by T) or control ones (indicated by C). Animals were sacrificed 7 weeks after transplantation. A 
total of 18 mice were used in the xenografting experiments. Experiments were repeated thrice with three mice per group with 
similar results. Arrows indicate tumor mass.

500       1 000       1 500

Number of cells plated/dish

Q
S

G
-7

70
1 

   
   

   
   

  H
ep

G
2

B
Y

S
L 

   
   

   
   

   
   

   
B

Y
S

L
si

R
N

A 
#1

 C
on

tro
l  

 s
iR

N
A 

#1
 C

on
tro

l

P
er

ce
nt

ag
e 

of
 s

ur
vi

ve
d 

ce
ll 

cl
on

es

P
er

ce
nt

ag
e 

of
 s

ur
vi

ve
d 

ce
ll 

cl
on

es

Control     BYSL
              siRNA (#1)

Control     BYSL
              siRNA (#1)

*

**

**

**

**
**

**

Cell death           G2/M arrest

C           T              C             T              C           T

0          24          48          72          96

*

HepG2 QSG-7701
20

15

10

5

0

15

12

9

6

3

0

Control BYSL siRNA

P
er

ce
nt

ag
e 

of
 c

el
l

0     200      400   600     800   1 000 0     200      400   600     800   1 000

1 000

800

600

400

200

0

600

400

200

0

20

15

10

5

0

Control
BYSL siRNA

Control
BYSL siRNA

Time (h)

527 999.7

263 999.8

131 999.9

66 000

33 000

C
el

l n
um

be
r/m

l (
Lo

g 2
)

A

a

b

c                                                 d

a b

B

C D



www.cell-research.com | Cell Research

Hanzhi Wang et al.
1155

npg

PNBs scattered around the newly assembled nucleolus 
(Figure 3B, panels e to h), suggesting that BYSL pref-
erentially localizes to the nucleolus ahead of nucleolin. 
Conversely, B23 was recruited to the nucleolus later in 
the PNB pathway (Figure 3B, panels i to l). Here, BYSL 
participates in nucleologenesis earlier than nucleolin and 
B23, indicating different roles of BYSL in interphase 
r-RNA processing and the nucleologenesis process. 
Overall, we conclude that BYSL is associated with all 
structures, PR, NDFs and PNBs, which have roles in re-
assembly of the nucleolus following mitosis (Figure 3C).

BYSL depletion reduces NDF formation in mitotic phase 
and causes malformation of the nucleolus

To determine the role of BYSL in nucleologenesis, we 
performed loss-of-function analyses in HeLa cells tran-
siently transfected with small RNAi. As shown in Sup-
plementary information, Figure S3B, BYSL siRNA (#2) 
specifically knocked down endogenous BYSL expression 
24 h after transfection without affecting levels of other 
known nucleolar proteins, such as Ubf (upstream binding 
transcription factor), fibrillarin, nucleolin and B23. We 
found that the number and distribution of NDF undergo 
dynamic changes with the progression of mitosis. Con-
sistent with previous studies [35], NDF, marked by B23 
immunostaining, first appeared in anaphase when con-
densed chromosomes began to separate from each other 
(Figure 4A, panel a). The number of NDF continued to 
increase with further chromosome separation (Figure 4A, 
panel c). When separated chromatin was de-condensed, 
NDF numbers began to decrease (Figure 4A, panel e). 
In contrast, following BYSL depletion, the number of 
NDF in mitotic HCC cells was reduced by 40.4% and the 
range of NDF distribution shrank compared to control 
cells (Figure 4B). These results indicate that BYSL may 
function during NDF formation and distribution.

To further investigate the role of BYSL in HCC cell 
nucleoli, we investigated the effect of BYSL RNAi on 
the expression of known nucleolar proteins using HepG2 
cells stably transfected with BYSL siRNA. We used Ubf 
to mark Pol I transcription sites [36]. Fibrillarin served 
as a marker of the dense fibrillar compartment (DFC) 
rich in nascent pre-rRNAs [37]. Thus, Ubf, fibrillarin, 
nucleolin and B23 represent distinct aspects of nucleolus 
activity from pre-rRNA transcription to late events of 
rRNA processing. Compared to controls, BYSL deple-
tion markedly reduced the number of active NORs in 
HepG2 cells, as revealed by immunostaining. Small Ubf-
positive foci were converted to larger condensed spots 
when BYSL was suppressed (Figure 4C, panels a and 
b), suggesting a reduction in active transcription sites in 
the nucleolus. Similarly, fibrillarin-enriched early rRNA-

processing regions were also disrupted and merged form-
ing larger, more condensed structures (Figure 4C, panels 
c and d). Nucleolin immunostaining showed that the 
nucleolin-containing perinucleolar compartment became 
more centralized in nucleoli (Figure 4C, panels e and f). 
Moreover, B23 distribution in nucleoli was markedly al-
tered, with the appearance of numerous small particles in 
the nucleoplasm like PNB in interphase cells (Figure 4C, 
panels g and h). Taken together, these results suggest that 
BYSL depletion disrupts both early phases of nucleolus 
assembly such as NDF formation and late steps in the 
PNB pathway.

BYSL depletion reduces HCC cell tolerance to serum 
starvation

To further characterize its role and mechanism in 
HCC cell growth, we asked whether BYSL functions 
in serum-starvation-induced apoptosis in HepG2 cells. 
BYSL suppression significantly decreased the viability 
of HepG2 cells maintained in culture following reduc-
tion of serum compared with controls (Figure 5A). Cell 
growth suppression induced by BYSL RNAi was further 
characterized using FACS (Figure 5C). The percentage 
of apoptotic cells in BYSL-depleted HepG2 cells was 
dramatically increased in cultures with either complete or 
partial removal of serum compared with control cultures. 
To determine how serum starvation increased apoptosis 
of BYSL-depleted cells, we examined BYSL distribution 
using immunocytochemistry upon serum deprivation. 
Comparing to normal control cells with complete culture 
medium, the number of BYSL-positive foci in nucleoli 
was remarkably reduced from 4-7 foci to 1-2 foci per 
cell, 1 day after serum deprivation. This reduction was 
accompanied by diffuse nucleolar BYSL and nucleolin 
immunosignals (Figure 5B). These abnormalities be-
came more severe on day 3, suggesting that the nuclear 
machinery was disrupted following serum starvation. In 
contrast, in the absence of serum for 24 h, HepG2 cells 
still maintained normal PR structure (data not shown), 
but no NDF were formed (Figure 6B, left panels). BYSL 
protein appeared dispersed in the cytoplasm outside the 
dividing nucleus and accumulated as small granules 
resembling NDF structure (indicated with arrows) but 
lacking B23-positive signals. This indicated a BYSL 
function in NDF formation distinct from that of B23. 
In HepG2 cells treated with BYSL siRNA (Figure 6B, 
middle panels), all NDF-like structure seems dissolved 
and PR structure was abnormal. Without BYSL protein, 
HCC cells subjected to serum starvation underwent sig-
nificant apoptosis, as revealed by Hoechst staining; the 
dying cells crowded together compared to the rare apop-
totic ones in normal BYSL-level group (Supplementary 
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Figure 3 Subcellular localization of BYSL in mitosis. (A) HepG2 cells were stably transfected with pEGFP-BYSL, and stained 
with nucleolin and B23 antibodies. The perichromosomal layer, indicated by arrows, is present in prometaphase, metaphase 
(Supplementary information, Figure S4) and anaphase (panels a to d). Nucleolus-derived foci containing BYSL, indicated 
by arrowheads, are observed in anaphase (panels a to d) and telophase (panels e to h). Left panel, BYSL-eGFP is in green, 
B23 (panels b and f) is in red and DNA stained with Hoechst 33258 is in blue. Scale bar, 5 µm. (B) BYSL kinetics relative to 
other nucleolar proteins during nucleolus formation. HepG2 cells stably transfected with BYSL-GFP were double-stained us-
ing antibodies to nucleolar proteins. Images show comparison of BYSL with fibrillarin (panels a to d) or nucleolin (panels e to 
h). By contrast, BYSL does not colocalize with B23 (panels i to l). Arrowheads indicate PNBs, whereas arrows indicate newly 
assembled nucleoli. When fibrillarin is recruited to nucleoli, BYSL remains in PNBs (panels a to d). After BYSL is recruited 
into nucleoli, nucleolin (panels e to h) and B23 (panels i to l) remain in PNBs. With cell cycle progression from late telophase 
to early G1, colocalized immunosignals increase in the nucleolus. Scale bar, 5 µm. (C) Kinetics of translocation of nucleolar 
proteins including BYSL during nucleologenesis (modified from Savino et al. [54]). Data shown in A to B represent at least 
three independent experiments with similar results.
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information, Figure S5). Further observation showed that 
many BYSL-depleted cancer cells died in couple in se-
rum starvation condition, indicating that cells with failed 
nucleogenesis died at the end of mitosis (Figure 6B, right 

panels and Supplementary information, Figure S5). In 
interphase cells, following treatment with BYSL siRNA 
in combination with serum deprivation for 24 h, expres-
sion of nucleolin in nucleoli was altered, as evidenced by 

Figure 4 Treatment with BYSL siRNA induces abnormal 
distribution of nucleolar proteins in HepG2 cells. (A) Im-
munofluorescent analyses. The number of nucleolus-
derived foci was reduced in mitotic phase in the absence 
of BYSL. Arrowheads indicate B23-positive nucleolus-
derived foci in HepG2 cells. Scale bars, a, b, 3 µm; c-f, 
5 µm. (B) Quantitative data shown in A. Data represent 
means ± SEM from five independent experiments. Total 
number of cell examined was 96 in three independent ex-
periments. (C) Altered distribution of indicated nucleolar 
proteins following BYSL siRNA treatment. HepG2 cells 
were transiently transfected with either BYSL siRNA or 
control siRNA, followed by immunostaining to reveal en-
dogenous BYSL (green) and other nucleolar proteins (red). 
Ubf-positive group foci become larger condensed spots 
(panels a to b), whereas fibrillarin-abundant early rRNA-
processing regions are reduced in size (panels c and d). 
Nucleolin-occupied regions shrink to the center of nucleo-
lus (panels e and f). Numerous B23-positive particles 
(indicated by arrows) appear in the nucleoplasm (panels 
g to h). Scale bar, 3 µm. Data shown in A to C represent 
three independent experiments with similar results.
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Figure 5 BYSL siRNA reduces resistance of hepatocarcinoma cells to serum starvation. (A) HepG2 cells were treated with or 
without BYSL siRNA and maintained in the presence of different concentrations of serum. Their viabilities were assayed using 
MTT-based cell viability assay on day 3 in vitro. Data represent means ± SEM of three independent experiments in triplicate. 
**P < 0.01 versus control. (B) Immunofluorescence. Serum starvation alters nucleolar localization of BYSL and nucleolin. 
At 72 h after serum starvation, endogenous BYSL and nucleolin become dispersed in the cytoplasm. Scale bar, 5 µm. Data 
represent three independent experiments with similar results. (C) FACS analyses. Cells were treated with BYSL siRNA and 
maintained in the presence of indicated concentrations of serum for 72 h. The percentage of apoptotic cells was determined 
using FACS analyses (panel a). Panel b, Quantitation of apoptosis by FACS analyses as shown in panel a. Data are means ± 
SEM of three independent experiments. *P < 0.05, **P < 0.01 versus control.
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Figure 6 BYSL siRNA alters nucleolar protein distribution, disturbs NDF formation and leads to cell death in serum starvation 
condition. (A) Following treatment with BYSL siRNA, serum starvation alters nucleolar expression of nucleolin and B23. At 
24 h after serum starvation, BYSL knockdown promotes loss of endogenous BYSL. Nucleolin becomes dispersed in nucleoli 
(indicated with arrows). Scale bar, 8 µm. (B) In the absence of serum for 24 h, NDF failed to form in HepG2 cells (left panels). 
BYSL-positive signals appeared dispersed to the cytoplasm outside the dividing nucleus and accumulated to small granules 
resembling NDF structure (white arrows) but without B23-positive signals. While in HepG2 cells treated with BYSL siRNA 
(middle panels), all NDF-like structure seems dissolved. Cell death following BYSL depletion is coupled with serum starvation 
condition (right panels). Scale bar, 5 µm.
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the fact that nucleolin-containing foci became dispersed 
and nucleolin immunosignals were less intense compared 
to controls (Figure 6A). Moreover, B23 immunosignals 
were reduced, whereas Ubf and fibrillarin were not af-
fected (Figure 6A). These data suggest that BYSL is 
necessary for tolerance to serum starvation in HCC cells. 
Loss of BYSL sensitized HCC cells to serum starvation-
induced apoptosis especially in mitotic phase. Abnormal 
nucleologensis was likely the initial cause of cell death 
in serum-deprived HCC cell lines.

Discussion

In the present study, we showed that BYSL is crucial 
for cell growth and HCC tumor formation in vitro and in 
vivo. Recent studies have shown that BYSL is expressed 
at higher levels in embryonic stem cells, HeLa and 293T 
cell lines [15, 16, 19]. Here, we reported for the first time 
that BYSL expression is upregulated in human HCC 
specimens. A previous study mentioned that BYSL inhib-
ited cancer cell proliferation in vitro [15]. Our findings 
showed that BYSL knockdown greatly suppresses HCC 
cell growth in vitro and tumor formation in vivo. We also 
observed BYSL upregulation in other cancer specimens, 
such as breast cancer, intestinal adenocarcinomas and 
gastric adenocarcinoma. Moreover, the BYSL gene is 
frequently amplified in diffuse large B-cell lymphoma 
[38]. Overall, these observations suggest that BYSL up-
regulation may be a general feature of human cancers 
and crucial for tumor formation. BYSL is not a widely 
expressed gene in adult human tissue through both north-
ern blot and immunohistology analysis in various human 
tissues [39]. The lack of BYSL protein leads to G2/M 
arrest and cell death at the end of mitosis in cancer cells, 
indicating that BYSL is more required in continual cell 
division. Given that c-myc binds to the BYSL promoter 
in a B-cell line [20], is expressed highly and plays a criti-
cal role in both cancer and preimplantation mammalian 
embryo development [40, 41], BYSL is likely an impor-
tant component of the machinery activated by c-myc and 
a new marker in cancer.

In addition to its role in 18S rRNA processing and 
40S ribosomal subunit biogenesis, which is conserved 
from yeast to human [16, 17], we report novel functions 
of BYSL in nucleolar assembly in human cancer cells. 
PNBs have been shown to originate from the PR [42], 
whereas NDF also contribute to nucleoli reassembly by 
supplying components to PNBs when NDF disappear 
during telophase [5]. Our data show that all three struc-
tures, PR, NDF and PNBs, contain BYSL protein (Figure 
3), suggesting that BYSL is intimately associated with 
nucleologenesis at the end of mitosis. In higher eukary-

otic cells, dynamic assembly of nucleoli is an important 
event at the exit of mitosis. The assembly of the nucleo-
lus requires relocalization and reactivation of the pre-
rRNA-processing machinery. The detailed mechanisms 
of the assembly are still poorly understood [43]. Here, 
we show that nucleolar localization of multiple factors 
crucial for nucleologenesis, including Ubf, fibrillarin, 
nucleolin and B23, is disrupted in BYSL-knockdown 
cells (Figure 4C). Thus, BYSL knockdown may impair 
nucleologenesis by incorrect localization or inactiva-
tion of these factors, leading to retardation of HCC cell 
growth. This is consistent with a previous study showing 
that loss of function of several proteins, including cyclin-
dependent kinases [44], induced similar defects, suggest-
ing their potential interactions.

Our study also suggests that BYSL is likely to be in-
volved in the maintenance of NDF/PNB integrity. We 
found that BYSL is moved back to the nucleoli very 
early in the PNB pathway just after fibrillarin, but before 
nucleolin and B23 in mitotic cells. In assembled nucleus, 
neuleolar proteins are expressed in distinct regions of the 
nucleoli. It is known that Ubf is expressed in the fibrillar 
centers. Fibrillarin localizes in DFC and B23 occupies 
the granular component. By contrast, BYSL is localized 
in all three subregions (Figure 6C). These results sug-
gest extensive roles of BYSL in nucleolar machinery. 
Loss of function through BYSL siRNA could deregulate 
this sequence and impair coordinate expression of these 
factors. Indeed, expanded distribution of fibrillarin and 
nucleolin in nucleoli was observed in cells treated with 
BYSL siRNA (Figure 4C). BYSL depletion also reduced 
NDF formation (Figure 4). Same knockdown treatment 
distorts nuclear shape in PNB formation stage indicat-
ing less healthy cells exiting mitosis (Supplementary 
information, Figure S6). B23, which was expressed later 
in the PNB pathway than BYSL, showed markedly al-
tered nuclear distribution in BYSL-depleted interphase 
cells, with the appearance of numerous small particles 
in the nucleoplasm like PNB (Figure 4C, panels g and 
h), indicating incompleted PNB pathway without BYSL. 
Defects in nucleolar assembly following BYSL depletion 
indicate that BYSL regulates nucleolar activity at mul-
tiple steps involving PR, NDF and PNB formation and is 
essential for sthenic cancer cell proliferation.

Lastly, we found that BYSL is also present in the cy-
toplasm in human HCC. This observation agrees with 
the previous studies reporting BYSL in nuclei of yeast 
and mouse ES cells, while only small amounts of BYSL/
ENP1 were cytoplasmic in HeLa cells and yeast [17, 18]. 
Interestingly, BYSL promotes cell adhesion of tropho-
blasts by forming a complex with trophinin and tastin 
[39, 45], thus mediating embryo implantation which is 
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accompanied by rapid cellular invasion and prolifera-
tion [39, 46, 47]. It is likely that cytoplasmic activity of 
BYSL is important in cancer cell metastasis. Indeed, tro-
phinin, one of BYSL-interacting proteins, has been found 
to promote metastasis of testicular germ cell tumor [48]. 
Tastin, another BYSL-interacting protein, is required for 
bipolar spindle assembly and centrosome integrity dur-
ing mitosis, and is suggested to be a tumor-associated 
antigen in prostate cancer and perhaps other cancers [49]. 
Given that BYSL plays multiple roles, it is conceivable 
that BYSL knockdown dramatically impairs HCC cell 
growth in vitro and in vivo. Our observations suggest that 
BYSL could be a potential target for cancer therapy, as 
its suppression could impair mitosis, thereby inhibiting 
abnormal cell growth and survival. 

In summary, our data demonstrate that BYSL plays 
an important role in rapid growth of HCC cells. BYSL 
mediates NDF and PNB formation, which ultimately 
contributes to nucleolar assembly during cell division. 
Inhibiting BYSL-mediated nucleologenesis in mitotic 
cells may be an effective means to disrupt tumorigenesis. 
Our results also provide a new basis for developing novel 
approaches in HCC cancer therapy.

Materials and Methods

Human HCC specimens
Paraffin-embedded tumor specimen sections (5-µm thick) from 

98 HCC patients and 34 biopsies were obtained from multiple 
hospitals in the Shanghai and Jiangsu regions of China following 
local ethical considerations. Patients received curative resection 
for primary HCC. All samples were diagnosed as HCC and graded 
as stages III-IV. Paraffin-embedded tumor specimen sections were 
immunostained. A total of 34 biopsies containing tumor and adja-
cent tissue were used for either western blot (26 biopsies) or real-
time PCR (8 biopsies) analysis. 

Antibodies
Antibodies used were an anti-Ubf antibody (1:500, Santa Cruz 

Biotech., Santa Cruz, CA, USA), anti-fibrillarin antibody (1:500, 
Santa Cruz Biotech.), anti-nucleolin antibody (1:500, Santa Cruz 
Biotech.), anti-B23 antibody (1:500, Sigma-Aldrich, St. Louis, 
MO, USA) and anti-GFP antibody (1:500, Santa Cruz Biotech.). 
Rabbit anti-human BYSL pAb (1:1 000) was raised against the 
synthetic peptide AVPRDVEDVPITVE (aa 424-437) based on C-
terminal sequence of human BYSL (GenBank accession number 
NM_004053).

Immunohistochemical analysis of liver tissue sections from 
HCC patients

Immunohistochemical staining of BYSL was performed on 
formalin-fixed, paraffin-embedded sections from 98 sample blocks 
using the standard avidin-biotin complex method. Briefly, enzy-
matic antigen retrieval was performed using 0.1% trypsin at 37 °C 
for 15 min. After blocking, sections were incubated in BYSL an-
tibodies overnight (1:1 000), followed by incubation in secondary 

antibodies and further incubation with the streptavidin-biotin com-
plex (Vectastain Elite ABC Kit; Vector Laboratories, Burlingame, 
CA, USA). Reactivity was developed in chromogen DAB solution. 
The sections were then dehydrated and mounted. Brown cellular 
staining was considered positive labeling. Sections were observed 
under a light microscope, and the degree of BYSL expression was 
scored and assessed based on the percentage and staining intensity 
of positive cells. Tumor-containing areas and adjacent tissue were 
classified as strongly positive (+++) (70% cells staining positive), 
intermediately positive (++), weakly positive (+) or negative (−).

Quantitative RT-PCR analysis
HCC tissue and adjacent tissue were homogenized and total 

RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, 
CA, USA). Single-strand cDNA was synthesized from 1 µg total 
RNA using Superscript II Reverse Transcriptase (Invitrogen). 
Real-time PCR analysis was performed for 40 cycles to amplify a 
140-bp BYSL fragment (nt 1 332-1 471) using SYBR Premix Ex 
Taq™ (Takara Biotechnology, China) and an ABI Prism 7000 am-
plifier (Applied Biosystems, UK). Beta-actin served as an internal 
control. Primers: BYSL: forward, 5′-GGA ATA CAG CGG TGC 
CAA CA-3′ and reverse, 5′-GCC ACA GCA CAG GCA GTT CA-
3′; β-actin: forward, 5′-TTG CGT TAC ACC CTT TCT TGA CA-
3′ and reverse, 5′-TCA CCT TCA CCG TTC CAG TTT T-3′. The 
reaction was carried out in triplicate for each specimen at least 
thrice.

Plasmid construction
Full-length cDNAs encoding human BYSL were purchased 

from Invitrogen and subcloned into the EcoRI and BamHI restric-
tion sites of pEGFP-C1 vector (BD Biosciences Clontech, Palo 
Alto, CA, USA) to add an N-terminal GFP tag.

Cell culture and transfection
HeLa, NIH-3T3, the hepatocarcinoma cell line HepG2, as well 

as the hepatocarcinoma cell line QSG-7701 were used. This latter 
line was derived from liver carcinoma peripheral tissue taken from 
a 35-year-old woman [50] and has been used in recent years for 
HCC studies [28, 51, 52]. Cells were grown in Dulbecco's modi-
fied Eagle medium (DMEM, Invitrogen) supplemented with 10% 
(v/v) heat-inactivated fetal bovine serum, 2 mM glutamine, 100 
U/ml penicillin and 0.1 µg/ml streptomycin at 37 °C in an atmo-
sphere of 5% CO2. HeLa, HepG2 and QSG-7701 cells were trans-
fected using Lipofectamine 2000 transfection reagent (Invitrogen). 
To obtain clones stably expressing BYSL-eGFP or BYSL siRNA, 
transfected HepG2 or QSG-7701 cells were treated with G418, 
and GFP-positive clones were identified by western blotting. In 
some experiments, cells were harvested at 24 h intervals for 96 h, 
and cell numbers were determined using a Coulter counter (Beck-
man, Fullerton, CA, USA).

RNAi
Two BYSL siRNAs were used. For in vivo studies, a pSUPER 

vector-based construct encoding BYSL siRNA and EGFP (desig-
nated BYSL siRNA #1) to allow tracking of transfected cells was 
prepared according to the manufacturer’s protocols (OligoEngine). 
Briefly, a BYSL target sequence 5195′-GAA GCA GAC AGA GGT 
GGA G-3′538 was selected. Two complementary oligonucleotides, 
5′-GAT CCC CGA AGC AGA CAG AGG TGG AGT TCA AGA 
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GAC TCC ACC TCT GTC TGC TTC TTT TTA-3′ and 5′-AGC 
TTA AAA AGA AGC AGA CAG AGG TGG AGT CTC TTG 
AAC TCC ACC TCT GTC TGC TTC GGG-3′ were synthesized. 
After annealing, the resulting products were cloned into the BglII 
and HindIII sites of pSUPER to generate the siRNA duplex. siR-
NA targeting 11355′-CGA CTC AAC TTC CAT CTC T-3′1153 (des-
ignated BYSL siRNA #2) was synthesized (GeneChem, Shanghai, 
China) and transfected into HepG2 cells using TransMessenger 
Transfection Reagent (QIAGEN, Germany). HepG2 and QSG-
7701 cells were transfected using either Nucleofector™ (Amaxa, 
Cologne, Germany) or Lipofectamine™ 2000 (Invitrogen) accord-
ing to the manufacturers’ protocols. The efficiency and specificity 
of siRNA targeting to BYSL was determined by western blot anal-
ysis. A mock construct (target sequence: UUC UCC GAA CGU 
GUC ACG UTT) that had no effect on BYSL expression served as 
a control.

Western blotting assay
Briefly, total proteins were collected in RIPA buffer (20 mM 

Tris-HCl, pH 7.4, 0.1% SDS, 1% NP-40, 1% sodium deoxycholate 
and protease inhibitor cocktail) from cell or tissue samples. Whole-
cell or tissue lysates were separated by SDS-polyacrylamide gel 
electrophoresis and transferred to nitrocellulose membranes. Im-
munoblots were incubated with primary antibodies followed by 
peroxidase-linked secondary antibodies. Band intensities were 
visualized by SuperSignal West Pico Chemilluminescent substrate 
(Pierce, Rockford, IL). In some cases, bands were digitized and 
optical densities were analyzed using ImageMaster 2D Platinum 
(v.5.0, Amersham Biosciences Piscataway, NJ, USA).

Immunofluorescence, confocal microscopy and image analysis
For most immunofluorescence experiments, cells were grown 

on coverslips and fixed with 4% paraformaldehyde for 30 min. Af-
ter treatment with 1% Triton X-100 in PBS, cells were incubated 
in PBS containing 4% goat serum albumin for 1 h. To visualize 
NDF, cells were fixed as described by Dundr et al. [5] with modifi-
cations. Cells on coverslips were fixed with 4% paraformaldehyde 
and permeabilized with 0.2% Triton X-100 in PBS for 5 min on 
ice and then washed extensively with PBS. Cells were incubated 
with primary antibodies overnight at 4 °C, followed by incubation 
with appropriate secondary antibodies. Cells were imaged using 
either a cooled CCD SPOT II (Diagnostic Instruments, MI, USA) 
on a microscope (BX51) or a confocal laser-scanning microscope 
(TCS SP2, Leica, Bensheim, Germany). Optical sections were 
scanned at 0.2-0.5 µm intervals. Z stack images were then formed 
by maximal projection. Data were obtained and processed using 
Adobe Photoshop 7.0 software (Adobe Systems).

Clone-forming assay
Cells were cultured for 4 weeks and stained with hematoxylin. 

Digital photographs of plates were taken and the number of clones 
containing at least 50 cells was determined using 2D ImageMaster 
2D Platinum software (Amersham Biosciences). The clone-form-
ing rate of tumor cells was calculated as: (the number of clones 
identified/ the number of cells seeded) ×100%. 

Cell viability assay (MTT-based method)
The assay was performed as described previously [53], with 

some modifications. Cells were incubated with 0.25 mg/ml MTT 

(Sigma, USA) for 48 h at 37 °C and the reaction stopped by adding 
a solution containing 50% dimethyl-formamide and 20% sodium 
dodecyl sulfate (pH 4.8). The amount of MTT formazan product 
was determined by measuring absorbance with a microplate reader 
at a test wavelength of 570 nm. A growth curve of tumor cells was 
generated every 2 days using the MTT assay over a period of 10 
days (n = 6). For serum starvation experiments, cells were sur-
veyed 48 h in innutritious culture.

FACS analysis
HCC cell lines were fixed, stained with propidium iodide and 

analyzed for DNA content on a FACSca flow cytometer using 
CellQuest software (BD Biosciences).

Tumor xenografts in Balb/c nude mice
Mice were maintained according to guidelines of the Ethical 

Committee for animal use at the Shanghai Institutes for Biologi-
cal Sciences. 6-week-old male athymic nude mice (Balb/c nu/nu) 
obtained from an animal house (SIBS, Chinese Academy of Sci-
ences) were caged in groups with free access to sterilized food and 
autoclaved water, and kept in a temperature-controlled environ-
ment on a 12 h light/dark cycle. A suspension of QSG-7701 cells 
stably expressing BYSL siRNA (1 × 107) was injected subcutane-
ously into the back of each mouse. Animals were maintained for 
50 days before they were sacrificed.

Statistical analysis
Statistical analysis was carried out using statistical software 

(GraphPad Prism v4.0, GraphPad Software Inc.). The control 
group was compared with different treatment groups using one- 
or two-way ANOVA followed by Dunnet’s test. Differences were 
considered significant when P values were < 0.05.
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