
Int J Clin Exp Pathol 2016;9(5):5249-5257
www.ijcep.com /ISSN:1936-2625/IJCEP0023817

Original Article 
Sub-cellular localization of Tudor-SN  
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Abstract: Tudor-SN (Tudor Staphylococcal Nuclease) protein is evolutionarily conserved in human, animals and 
plants, and participates in several biological processes, such as gene transcription, cellular stress and pre-mRNA 
splicing. Our previous data suggested that Tudor-SN binds G3BP protein and takes part in the SGs (Stress Granules) 
formation under oxidative stress or 45°C heat shock. Here, we further demonstrated that Tudor-SN containing SGs 
aggregated under the treatment of 10 mM DTT (Dithiothreitol) stress, 20 J/m2 UVC exposure, but not 4°C 1 h, 32°C 
20 h, and 1 μM thapsigargin 1 h. Tudor-SN foci fail to co-localize with organelles, including endoplasmic reticulum, 
mitochondria and Golgi apparatus. We also found that Tudor-SN foci disassembled gradually during the Prophase, 
Prometaphase, Metaphase and Anaphase, but reassembled in the Telophase of cell cycle.

Keywords: Tudor-SN, G3BP, stress granules, organelle, cell cycle

Introduction

When suffered from the various environmental 
stimuli (such as oxidative stress, heat shock, 
UV exposure, low permeability or virus infec-
tion), the protein translation situation in the 
cytoplasm can be altered to enable the eukary-
otic cells to survive during stress [1]. The trans-
lation stalled mRNA molecules and the protein 
factors dynamically accumulate in the cyto-
plasm and form a kind of RNA foci structure 
named Stress Granules (SGs) [2, 3]. SGs con-
tain the inhibited translation initiation complex, 
like eukaryotic translation initiation factor 2α 
(eIF2α) and Poly(A)-binding protein 1 (PABP-1), 
mRNAs released from polysomes, some miR-
NAs and various RNA binding proteins, such as 
Hu antigen R (HuR), Ras-GAP SH3 domain-bind-
ing protein (G3BP) and T-cell internal antigen-1 
(TIA-1), which regulate mRNA translation, stor-
age and stability during stress [4, 5]. The bio-
logical role of SGs components varies due to 

the stimuli type [2]. In addition, the efficient cell 
adaptation during stress depends on the coor-
dination of a variety of cellular structures or pro-
cesses, such as SGs, Processing Bodies (PBs), 
organelle, cell cycle, autophagy, and apoptosis 
[1, 6-9]. Thus, it is important to investigate the 
relationship between SGs and these structures 
or processes under different stress conditions. 

Tudor staphylococcal nuclease (Tudor-SN) pro-
tein, also called p100 or staphylococcal nucle-
ase domain containing 1 (SND1), was originally 
identified as transcriptional co-activator of 
EBNA2 (Epstein-Barr virus nuclear protein 2) 
[10]. Tudor-SN is composed by four N-terminal 
SN (staphylococcal nuclease-like) domains and 
a C-terminal TSN (Tudor-SN5) domain [11, 12]. 
SN domains mediate the binding of Tudor-SN 
with some transcription regulation proteins, like 
RNA polymerase II, CREB-binding protein (CBP), 
Signal transducer and activator of transcription 
6 (STAT6) to form transcription complex, and 
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then enhance transcription activity [13, 14], 
while TSN domain is able to promote pre-mRNA 
splicing by promoting the formation of spliceo-
some [15, 16]. Several lines of evidence con-
firmed that Tudor-SN is a kind of SGs proteins in 
human, plant and animal [17-23]. However, the 
study on the Tudor-SN foci assembly in terms of 
cell cycle or organelle remains elusive. 

Our previous data demonstrated that Tudor-SN 
efficiently binds and co-localizes with G3BP 
into SGs, when cells were treated with 45°C 
heat shock or arsenite sodium for 1 h [17]. 
Moreover, endogenous Tudor-SN knockdown 
can retard the aggregation of small G3BP-
containing SGs into large SGs, and Tudor-SN 
protein is capable of influencing the assembly 
dynamics of G3BP granules [24]. In the present 
study, we further performed the sub-cellular 
localization analysis of Tudor-SN foci with differ-
ent organelles, under different conditions, in- 
cluding cold stress, endoplasmic reticulum 
stress, UVC damage, or in different cell cycle 
phases.

Materials and methods

Cell Culture, plasmids and transfection

HeLa cells were cultured as described previ-
ously [14]. Plasmids were transfected by Lipo- 
fectamine 2000 (Invitrogen, Barcelona, Spain), 
according to manufacturer’s protocol. pERFP-
mito plasmid was kindly provided by Dr. 
Yongfeng Shang (Tianjin medical university, 
Tianjin, China). pEYFP-ER and pEYFP-Golgi 
plasmids were purchased from BD Biosciences 
Clontech (France).

Immunofluorescence (IF) assay

The IF assay was performed as described previ-
ously [16, 24, 25]. Cells were grown on glass 
cover slips and treated with drugs, including 
0.5 mM sodium arsenite (Sigma Aldrich), Earle’s 
balanced salt solution (EBSS) for 2 h (starva-
tion), 10 mM DTT (Sigma Aldrich) for 1 h, 1 μM 
thapsigargin (ab120286, Abcam) for 1 h, 45°C 
for 1 h, 4°C for 1 h, 32°C for 20 h, 20 J/m2 UVC, 
as indicated. Cells were fixed, premeabilized, 
and then incubated with specific primary anti-
bodies at 4°C overnight. After washing, cells 
were incubated with fluorescent dye conjugat-
ed secondary antibodies (1:800 dilution) at 4°C 
overnight. The glass cover slips were adhered 
to the plates, using hard-set mounting medium, 

which containing 4’,6-diamidino-2-phenylindole 
(DAPI) (sc-359850, Santa Cruz biotechnology). 
And the images were collected using Olympus 
FV1000 confocal microscope. 

Primary antibodies were used: goat polyclonal 
anti-Tudor-SN (sc-34753, Santa Cruz Biotech- 
nology), mouse monoclonal anti-G3BP (ab56- 
574, Abcam). Secondary antibodies were used: 
donkey anti-goat IgG (H+L) (TR) antibody (ab- 
6883, Abcam), donkey anti-goat IgG (H+L) 
(Dylight 488) antibody (ab96931, Abcam), 
Alexa Fluor 488-coupled donkey anti-mouse 
IgG (H+L) antibody (A21202, Molecular Probes).

Cell cycle synchronization

HeLa Cells were grown to 30%~40% of conflu-
ence and incubated in medium containing 2 
mM thymidine (T1895, Sigma Aldrich) for 16 h. 
After washing with 1×PBS (phosphate-buffered 
saline), cells released in 10% FBS-DMEM 
growth media for 8 h. Then cells were treated 
again with 2 mM thymidine for 16 h to reach 
G1/S border and released at 4, 8 and 16 h in 
10% FBS to reach S phase, G2/M phase, G0/
G1 phase cells, respectively. The immunofluo-
rescence assay with anti-Tudor-SN antibody 
was then performed to detect the formation of 
Tudor-SN foci during cell cycle. DAPI was used 
to stain the nucleus to further specify the cell 
cycle phase, including G1, S, G2, Prophase, 
Prometaphase (P1, P2, P3), Metaphase, Ana- 
phase, Telophase (T1,T2) and G0.

Granule quantification and statistical analysis

The size and number of granules in cells was 
analyzed by the analyze particle tool in Image J 
software (version 1.46a, National Institutes of 
Health, USA), as described previously [24, 25]. 
All experiments were repeated at least three 
times, and more than 50 cells per experiment 
were scored. The data are presented as the 
box-plots (granule size analysis) or means ± se 
(Standard Error) and compared with one-way 
analysis of variance (ANOVA) using SPSS 16.0 
software. P value less than 0.05 was consid-
ered statistically significant. 

Results

The assembly of endogenous Tudor-SN foci 
varies in response to different stimuli

Previously, we found that Tudor-SN co-localizes 
with G3BP protein into SGs [17]. In this report, 
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we detected the formation of Tudor-SN foci in 
HeLa cells under different stress conditions, 
including endoplasmic reticulum stress, cold 
stress and UVC damage. The 10 mM DTT 
(Dithiothreitol) was used to mimic the endo-
plasmic reticulum stress. UVC damage stress 
was induced by the treatment of 20 J/m2 UVC. 
The cold stress was also induced by 4°C for 1 h, 
32°C for 20 h. As shown in Figure 1, both 
Tudor-SN and G3BP mainly located in the cyto-
plasm and failed to form the SGs under normal 
condition, whereas the stress conditions, in- 
cluding 0.5 mM arsenite sodium 1 h, 10 mM 
DTT 1 h, 45°C 1 h, 20 J/m2 UVC, induced the 
assembly of Tudor-SN containing SGs. However, 
Tudor-SN foci were not aggregated in HeLa 
cells under 4°C for 1 h, 32°C for 20 h-mediated 
cold stress condition. 

Tudor-SN foci fail to co-localize with endoplas-
mic reticulum, mitochondria, Golgi apparatus

The previous data of sucrose gradient fraction-
ation indicated that Tudor-SN protein co-frac-
tionated with GM130 (Golgi marker) and Cal- 
reticulin (endoplasmic reticulum marker) in lipid 
droplets of rat liver parenchyma and cultured 
hepatocytes [26]. Moreover, Tudor-SN was par-

tially co-localized with the GM130 or Calreticulin 
in rat primary hepatocyte [26]. In addition, SG 
structure was reported to be associated with 
the endoplasmic reticulum stress (ERS) and 
mitochondrial stress [27-30]. For example, the 
treatment of 1 µM thapsigargin (a kind of intra-
cellular endoplasmic reticulum calcium pump 
inhibitor) for 1 h was able to induce the ERS 
and the recruitment of Stau1 protein into SGs 
in mammalian cells [29]. In order to study the 
co-localization between Tudor-SN foci and mito-
chondria, endoplasmic reticulum or Golgi, HeLa 
cells were transfected with pERFP-mito, pEYFP-
Golgi, pEYFP-ER plasmids and then treated 0.5 
mM sodium arsenite, 1 μM thapsigargin for 1 h, 
or not. As shown in Figure 2, arsenite oxidative 
stress-induced Tudor-SN foci did not co-localize 
with the ectopically-expressed markers of mi- 
tochondria, Golgi and endoplasmic reticulum. 
Thapsigargin-mediated ERS also failed to effi-
ciently induce the formation of Tudor-SN foci. 
The same results were also obtained in the IF 
assay of HeLa cells, using anti-GM130 (endog-
enous Golgi marker), anti-Calreticulin (endoge-
nous ER marker) antibodies (data no shown). 

Intriguingly, under normal condition, ~90% of 
HeLa cells, which was transfected with pERFP-

Figure 1. The formation of endogenous Tudor-SN foci under different stress conditions. HeLa cells were cultured 
and either untreated (Control, A) or treated with different stress stimuli, including 0.5 mM sodium arsenite for 1 h 
(B), 10 mM DTT for 1 h (C), 20 J/m2 UVC (D), 45°C for 1 h (E), 4°C for 1 h (F), 32°C for 20 h (G), as indicated. Cells 
were fixed and stained with goat anti-Tudor-SN or mouse anti-G3BP (marker of SGs) primary antibodies, followed 
by donkey anti-goat IgG (H+L) (TR) or Alexa Fluor 488-coupled donkey anti-mouse IgG (H+L) secondary antibodies, 
respectively. After washing, the glass slides were adhered to the plates using hard-set mounting medium with DAPI. 
Confocal microscopy analysis was then performed. Bar, 10 μm.
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mito plasmid, were capable of accumulating 
the Tudor-SN foci (Figure 2A). pERFP-mito plas-
mid expresses the mitochondrial localization 
peptide of Thioredoxin 2 protein, which marks 
mitochondria and plays a role in the modulation 
of redox and antioxidant defense [31, 32]. The 
artificial plasmid transfection might interfere 
with normal mitochondrial redox equilibrium. In 
addition, when cells were transfected with pEY-
FP-ER plasmid, sodium arsenite failed to induce 
the formation of Tudor-SN containing granules 
in ~60% cells (Figure 2C). pEYFP-ER plasmid 
can express calreticulin fragments and the ER 
retention signal peptide (l-lysine-l-glutamic-as- 
partic acid-Leucine, Lys-Asp-Glu-Leu). Calreti- 
culin, a kind of multifunctional calcium-binding 
protein, participates in the protein folding, ER 
calcium storage and release, and is commonly 
used as one marker protein of ER structure 
[33]. It is possible that the over-expression of 
calreticulin is associated with the inhibition of 
Tudor-SN containing SGs formation.

The above data indicated that Tudor-SN foci did 
not co-localize with mitochondria, endoplasmic 
reticulum or Golgi in morphology. However, we 
still could not rule out the possibility of func-
tional link between Tudor-SN foci and mito-
chondria or endoplasmic reticulum stress.

Tudor-SN foci disassemble during cell cycle 

Recently, we identified Tudor-SN as a new regu-
lator of the G1/S transition, and Tudor-SN pro-
motes cell cycle progression by facilitating E2F-
1-mediated gene transcription under normal 
condition [34]. To analyze the Tudor-SN foci 
assembly in different phases of cell cycle dur-
ing stress, HeLa cells were synchronized and 
collected at different cell cycle phases, includ-
ing G1, S, G2, prophase, prometaphase, meta-
phase, anaphase, telophase and G0, by dou-
ble-thymidine blocking and DAPI staining. After 
the cells were treated with 0.5 mM sodium 
arsenite for 0.5 h, IF assay was then performed 
to detect the formation of endogenous Tudor-
SN foci using the anti-Tudor-SN antibody. As 
shown in Figure 3A, 3B, Tudor-SN foci were 
accumulated in the G0, G1, S, G2 prophase 
phase in 75%~95% HeLa cells. And the foci 
number in most of cells is >20 (Figure 4A), the 
size of Tudor-SN foci was ~3 μm2 (Figure 4B). 
However, in the phase of Prometaphase, Me- 
taphase and Anaphase, the portion of cells 
containing Tudor-SN foci significantly reduced 
(Figure 3). And the foci number in cells reduced 
to 0~5; the size of Tudor-SN foci was less than 
2 μm2 (Figure 4, P<0.05). In Telophase phase, 
the rate of positive cells raised to 63% (Figure 

Figure 2. The co-localization between Tudor-SN and ectopically-expressed markers of mitochondria, endoplasmic 
reticulum and Golgi. HeLa cells were transfected with plasmids encoding RFP-tagged mito (A), YFP-tagged Golgi (B), 
YFP-tagged ER (C), and then treated with 0.5 mM sodium arsenite, 1 μM thapsigargin for 1 h, or not as indicated. 
Cells were fixed and stained with goat anti-Tudor-SN primary antibody and Dylight 488-coupled donkey anti-goat IgG 
(H+L) or donkey anti-goat IgG (H+L) (TR) secondary antibodies. Image data were collected using confocal micros-
copy. “1” in (A), RFP-tagged mito transfected HeLa cell. “2” in (A), RFP-tagged mito untransfected HeLa cell. Bar, 
10/20 μm.
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3), the foci number recovered to >20; and  
the foci size recovered to ~3 μm2 (Figure 4, 
P<0.05). These indicated that Tudor-SN foci 
disassembled in the metaphase phase of cells 
and reassembled in telophase might for cellu-
lar adaptability.

Discussion

In the present study, we found that Tudor-SN 
foci accumulated in HeLa cells and showed the 
distinct assembly characteristics under the 
environmental stimuli of cold shock, mitochon-
drial stress, endoplasmic reticulum stress or 
UV irradiation. Accumulating evidence indicates 

that SGs are associated with cold stress [35-
37]. For example, Tudor-SN mRNA in a New 
Zealand alpine stick insect was up-regulated in 
response to 0°C-induced cold shock for 1 h, 
suggesting that Tudor-SN is a kind of cold 
stress response gene [36]. The treatment of 
0°C for 4 h was efficiently inducing the forma-
tion of SGs in S.cerevisiae. Yeast [37]. In our 
experiment, we failed to observe the aggrega-
tion of Tudor-SN/G3BP-containing SGs in HeLa 
cells under 4°C for 1 h, 32°C for 20 h-mediated 
cold stress conditions. Unfortunately, we did 
not detect the Tudor-SN foci formation under 
other cold stress conditions, such as 10°C for 
10 h, which were unavailable in our Lab. The 

Figure 3. The formation of Tudor-SN foci during different cell cycle phase. A. HeLa cells were synchronized at dif-
ferent cell cycle phase (G1, S, G2, Prophase, Prometaphase, Metaphase, Anaphase, Telophase and G0), and then 
treated with 0.5 mM sodium arsenite for 0.5 h. Cells were fixed and stained with goat anti-Tudor-SN primary anti-
body and donkey anti-goat IgG (H+L) (TR) secondary antibody. After washing, the glass slides were adhered to the 
plates using hard-set mounting medium with DAPI. Confocal microscopy analysis was then performed. Bar, 10 μm. 
B. The numbers of Tudor-SN foci positive cells were counted and analyzed by One-way analysis of variance (ANOVA). 
Significant difference was indicated: P<0.05.
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potential association of Tudor-SN foci and cold 
stress was thus not to be excluded, which 
needs further experiments.

The adaptive molecular defense mechanism of 
SGs assembly is complicated. Different SGs 
components exhibit different assembly kinet-
ics. We found that exposure of 10 mM DTT for 1 
h induced the formation of G3BP/Tudor-SN 
foci, suggesting the association of ER stress 
with SGs. However, the efficient aggregation of 
Tudor-SN foci was not observed in response to 
1 μM thapsigargin for 1 h, even though Stau1 
and TDP-43 (TAR DNA binding protein 43) were 
recruited into SGs after the treatment of thapsi-
gargin [29, 30]. Tudor-SN foci did not co-local-
ize with the ER structure as well, via pEYFP-ER 
plasmid transfection and the IF assay using 
anti-calreticulin antibody. And we were sur-
prised that the expression of calreticulin frag-
ment from the transfection of pEYFP-ER plas-
mid could hinder the formation of sodium arse-
nite-induced Tudor-SN foci. As reported, when 
COS7 or NIH3T3 cells were treated with heat 
shock, sodium arsenite for 30 min, calreticulin 
formed to dimers, and co-localized with TIA-1 

protein in SGs [38, 39]. However, we observed 
that the foci of calreticulin were not co-localized 
with Tudor-SN foci in HeLa cells after the treat-
ment of sodium arsenite. SGs assembly is 
reported to be associated with the inhibition of 
cellular apoptosis [1, 40]. Tudor-SN protein can 
be cleaved by caspase-3 and participates in 
the execution of apoptosis during stress [41]. 
Several researches had also shown that calre-
ticulin can move to the cell membrane (Endo- to 
Ecto-) and induce apoptosis under oxidative 
stress situations [42-44]. Calreticulin protein 
might interrupt the aggregation of Tudor-SN foci 
via the modulation of cellular apoptosis. More 
work is needed to investigate this possibility.

Cell cycle refers to the whole process from a 
cell division to the next division. Here, the size 
and number of Tudor-SN foci in cells was found 
to decrease in the Metaphase phase and 
restore gradually in Telophase phase of cell 
cycle. This trend was similar to the behavior of 
eIF3B foci or decapping enzyme 1 a (DCP1a)-
tracing PBs during cell cycle [9, 45, 46]. It is 
possible that the disassembly of SGs and PBs 
functions as an adaptive response to cell divi-
sion, which facilitates normal mitosis and pro-
motes cellular survival during stress [46]. 
Another possibility is that SGs or PBs could not 
assemble because of the characteristics of 
mitosis. During mitosis, the chromatin con-
denses into chromosome, translating riboso-
mes slow down and general proteins synthesis 
almost stops except for mitosis specific pro-
teins [9, 47]. 

Here, we found that 20 J/m2 UVC irradiation 
could induce the assembly of Tudor-SN foci in 
HeLa cells. Similarly, G3BP foci were also accu-
mulated in 10 J/m2 of UVC-irradiated mamma-
lian NIH-3T3 cells, which is tightly related with 
the G1 phase arrest of cell cycle [48]. Our previ-
ous data indicated that Tudor-SN regulates the 
G1 to S phase transition [34]. It is likely that 
dynamic change of Tudor-SN foci contributes to 
G1/S border transition of cell after UV irradia-
tion, implicating into the modulation of UV dam-
age or cellular apoptosis. Moreover, Tudor-SN is 
phosphorylated in the G1/S border [34]. The 
phosphorylation modification is likely to be 
involved in the assembly dynamic of Tudor-SN 
foci during cell cycle. Further experiments can 
be performed to study the potential role of 
phosphorylated Tudor-SN foci in the G1/S bor-
der under stress conditions.

Figure 4. The analysis on the number/size of Tu-
dor-SN foci during different cell cycle phase. A. The 
number of Tudor-SN foci per cell was measured by 
Image J. The cells were divided into four categories, 
0~5, 5~20, 20~40 and >40, based on the number 
of granules per cell. B. Tudor-SN foci size was ana-
lyzed using the particle analysis tool in Image J and 
displayed as box-plots. One-way analysis of variance 
(ANOVA) was performed using SPSS 16.0 software. 
Significant differences are indicated as follows: 
P<0.05.
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