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Introduction

There are over 70 tripartite motif (TRIM) proteins in the human 
genome. These proteins have evolutionary conserved domain 
structures and the role of TRIM proteins in cellular function 
can differ greatly from differentiation, transcription, cell cycle 
regulation, innate immunity and cell migration.1 Several TRIM 
proteins have been implicated in cancer, offering novel targets 
for cancer therapies and prognostic markers.2 TRIM16 is a ubiq-
uitously expressed, predominately cytoplasmic protein, with 
mRNA expression levels highest in the embryonic brain and in 
adult testes.3 We have previously demonstrated that overexpres-
sion of TRIM16 causes decreased proliferation in neuroblastoma 
and in lung, breast and skin cancer cell lines.4-7 Overexpression 
of TRIM16 is able to enhance retinoid-induced differentiation 
and causes downregulation of cell cycle factors E2F1 and pRB. 
Overexpression of TRIM16 also increases histone 3 acetylation 
and causes an upregulation of retinoid target genes. These find-
ings indicate that TRIM16 plays an important role in the G

1
 

phase of cell cycle, although the role of TRIM16 in cell cycle has 
not been directly studied.

Neuroblastoma is the most common solid tumor in childhood and represents 15% of all children’s cancer deaths. 
We have previously demonstrated that tripartite motif 16 (TRIM16), a member of the RING B-box coiled-coil  
(RBCC)/tripartite totif (TRIM) protein family, has significant effects on neuroblastoma proliferation and migration 
in vitro and tumorigenicity in vivo. However, the mechanism by which this putative tumor suppressor influences cell 
proliferation and tumorigenicity was undetermined. Here we show, for the first time, TRIM16’s striking pattern of 
expression and dynamic localization during cell cycle progression and neuroblastoma tumor development. In a tyrosine 
hydroxylase MYCN (TH-MYCN) neuroblastoma mouse model, immunohistochemical staining revealed strong nuclear 
TRIM16 expression in differentiating ganglia cells but not in the tumor-initiating cells. Furthermore in vitro studies clearly 
demonstrated that during G1 cell cycle phase, TRIM16 protein expression is upregulated and shifts to the nucleus of cells. 
TRIM16 also plays a role in cell cycle progression through changes in Cyclin D1 and p27 expression. Importantly, using 
TRIM16 deletion mutants, an uncharacterized protein domain of TRIM16 was found to be required for both TRIM16’s 
growth inhibitory effects and its nuclear localization. Taken together, our data suggest that TRIM16 acts as a novel 
regulator of both neuroblastoma G1/S progression and cell differentiation.
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The G
1
/S transition is the key step for cell cycle progression 

and is mediated by Cyclin Ds, CDK4/CDK6 (complexes oper-
ates at mid-G

1
) and cyclin E/CDK2 (operates at late G

1
).8-11 The 

Cip/Kip family (including p21, p27 and p57) can inhibit cell 
progression to S phase via inhibition of CDK kinases activities. 
Many TRIM proteins, such as the tumor suppressor promeylo-
cytic leukemia protein (PML/TRIM19), are highly expressed 
during G

1
 phase and form PML bodies during G

1
 and parti-

tion during mitosis.12,13 Additionally, after retinoid treatment, 
TRIM16 protein co-localizes and homodimerizes with PML and 
forms nuclear bodies.4,14 These nuclear bodies are also formed 
after cellular stress.15-17 Moreover, p27 (also known as CDKN1B) 
and other factors involved in G

1
 have been found to be associated 

with these nuclear PML bodies.18 In neuroblastoma, p27 has a 
key role in both cell cycle and is involved in retinoid-induced 
differentiation.

The decision of cells to initiate differentiation is commonly 
made in G

1
 phase of the cell cycle, and differentiation initiation 

requires cell cycle arrest.8,19 How the cell cycle machinery coor-
dinates cell cycle arrest with differentiation activation is not fully 
understood in neuroblastoma. In vitro, TRIM16 overexpression 
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cycle phase. Both ganglia and hyperplastic cells (neuroblasts) 
were negative for cyclin E, showing that the ganglia cells were 
not in the late stages of G

1
. Cyclin E expression was observed 

in a minority of tumor cells, confirming that the antibody was 
working. Intense p27 staining was observed in the nucleus of the 
large differentiated ganglia cells. Strong p27 staining was not 
observed in the nucleus of the neuroblasts in the hyperplastic 
regions of the ganglia. This indicates the ganglia cells (and not 
the neuroblasts) were in G

0
, G

1
 or undergoing differentiation. 

Interestingly, strong ubiquitous p27 staining was also observed 
in the neuroblastoma tumors, an unexplained finding that is in 
accordance with immunohistochemical studies of human neu-
roblastomas.22 Thus, during neuroblastoma development, the 
expression pattern of p27 and cyclin E indicated that the ganglia 
cells which expressed TRIM16 in the nucleus were arrested in 
early to mid-G

1
, which is consistent with early differentiation.

TRIM16 protein expression is cell cycle-dependent. As 
TRIM16 expression correlated with differentiating cells, a pro-
cess which requires the arrest of proliferation. We next investi-
gated if TRIM16 is highly expressed during G

0
 and/or G

1
 cell 

cycle phases. To ascertain whether TRIM16 has a differential 
expression pattern through phases of the cell cycle, the BE2C 
and SHEP neuroblastoma cells were synchronized and analyzed 
by western blots. Treatment conditions were evaluated by using 
different markers of the cell cycle phases and analyzed in six 
different cell cycle phases: G

0
, G

1
 (CDK4), G

1
/S (Cyclin E), S, 

G
2
/M (Cyclin A) and mitosis (M, Cyclin B). Asynchronous cells 

were used as a control. Western blot analysis revealed that after 
synchronization to G

0
, via serum starvation, the level of TRIM16 

protein expression decreased when compared with asynchronous 
cells (Fig. 2A). After only 3 h of serum stimulation, the cells 
were entranced into G

1
 phase, and TRIM16 expression increased 

markedly when compared with G
0
 phase. Upon aphidicolin 

treatment, cells were arrested at the G
1
/S boundary, and the 

level of TRIM16 was increased in amount when compared with 
asychronous cells. After 3 h of aphidicolin treatment, the cells 
were released and came to S phase, and a high expression level 
of TRIM16 was maintained in these cells. The cells were then 
synchronized to G

2
/M or mitosis and showed a reduced level 

of TRIM16. Furthermore, the nuclear and cytoplasmic protein 
lysates were also analyzed by western blot; these results indicated 
that the high level of TRIM16 in G

1
 phase was more pronounced 

in the nucleus of the cells in both BE2C and SHEP (Fig. 2B). 
RT-PCR showed that the induction of TRIM16 protein expres-
sion from G

0
 to G

1
 in the cell cycle was not due to an increase 

in TRIM16 mRNA levels (Fig. 2C). To determine whether 
TRIM16’s dynamic expression association with the cell cycle was 
specific to neuroblastoma, the human embryonic fibroblast cell 
line HEK293, MDA-MB-231 (breast cancer cells) and CALU-6 
(lung cancer cells) were utilized and subjected to synchroniza-
tion. This analysis of whole-cell lysates yielded similar results to 
the neuroblastoma cells (Fig. S1).

TRIM16 localization shifts to the nucleus during the 
G

1
 phase of the cell cycle. As TRIM16 nuclear protein increased 

during G
1
 of the cell cycle (in W analyses), it was important 

to ascertain if this could be confirmed by immunofluorescent 

induces or enhances keratinocyte and neuroblastoma differ-
entiation, respectively.6,20 We have also shown that in human 
neuroblastoma tissues, TRIM16 protein is only expressed in 
the differentiated ganglion cell component of human tumors. 
However, it is yet to be determined if TRIM16’s role in neu-
roblastoma differentiation involves elements of G

1
 phase in the 

cell cycle. Also the expression and localization characteristics of 
TRIM16 through the phases of cell cycle have not been previ-
ously investigated. These are critical steps toward understanding 
TRIM16’s function in cancer and normal cells.

To further investigate TRIM16’s role in neuroblastoma cell 
cycle regulation, we investigated the expression of TRIM16 in 
cells during cell cycle progression. Our results show that TRIM16 
is most highly expressed during G

1
 phase of cell cycle, and that 

TRIM16 suppresses cell growth by prolonging the G
1
 phase of 

cell cycle. We have also demonstrated that nuclear localization 
of TRIM16 is associated with ganglia cell differentiation and 
inhibition of proliferation. Thus we have identified a novel func-
tional domain of the TRIM16 protein, which is responsible for its 
growth-inhibitory effects and nuclear localization.

Results

TRIM16 protein has a nuclear localization in differentiating 
ganglia cells and is reduced in neuroblastoma tumor cells in 
vivo. Enforced overexpression of TRIM16 enhances neuronal 
differentiation in neuroblastoma cells,6 suggesting that TRIM16 
expression changes during neuroblast differentiation. To address 
this hypothesis, tissues from the histologically well-charac-
terized TH-MYCN neuroblastoma mouse model were exam-
ined for TRIM16 protein expression.21 In order to determine if 
TRIM16 is expressed dynamically during normal paravertebral 
ganglia development and neuroblastoma tumor formation, the 
TH-MYCN mice were culled at birth, and 7, 14 and 42 d of 
age, and processed for immunohistochemistry to examine the 
paravertebral ganglia regions from both wild-type and homozy-
gous TH-MYCN transgenic mice. These time points sample a 
critical period of growth and differentiation in normal ganglia 
and also span tumor initiation and development in neuroblas-
toma tumors. In the wild-type (wt) animals, the newly differenti-
ated ganglia at day 0–14 time points had strong, predominately 
nuclear TRIM16 expression (Fig. 1). In contrast, the mature 
and terminally differentiated ganglia cells at day 42 had low 
levels of diffuse (de-localized) TRIM16 staining. In the pres-
ence of two copies of transgenic MYCN, neuroblast cells in the 
hyperplastic regions of the ganglia go on to form mature tumors. 
These neuroblast cells of the ganglia were mostly negative for 
TRIM16 staining. In contrast, the more differentiated ganglia 
cells adjacent to the hyperplastic regions possessed strong nuclear 
TRIM16 staining (Fig. 1). The βIII-tubulin staining was used in 
this study as a marker of both ganglia and neuroblastoma tissue 
and confirmed that the tissues studied were paravertebral ganglia 
or neuroblastoma.

To gain greater insight into the cell cycle status of the cells 
involved in neuroblastoma development, the above tissues were 
stained with antibodies directed against components of G

1
 cell 
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Strikingly, in SHEP cells, G
1
/S arrested cells achieved pre-

dominately nuclear TRIM16. S phase cells maintained high 
expression of TRIM16 but cells lost nuclear TRIM16. Cells syn-
chronized to G

2
/M or mitosis did not display any involvement of 

TRIM16 with the DNA and had relatively low levels of expres-
sion. Therefore, during G

1
 cell cycle phase, TRIM16 protein is 

increased and also shifts to the nuclear compartment of the cell. 
CALU-6 (lung cancer) and HEK293 had a similar staining pat-
tern to the neuroblastoma cells but, in addition, had induction of 
large nuclear bodies in the nucleus of G

1
 and G

1
/S synchronized 

cells (Fig. S2). Hence, the TRIM16 nuclear protein increases 

studies. The localization of endogenous TRIM16 was assessed 
via immunofluorescent staining of endogenous TRIM16 and 
co-staining with DAPI nuclear/DNA marker (Fig. 3). In asy-
chronous BE2C and SHEP neuroblastoma cell lines, TRIM16 
was expressed predominately in the cytoplasm of the cells. At 
G

0
, TRIM16 expression decreased and was cytoplasmic; this 

was in stark contrast to cells that had entered the G
1
 phase. 

Cells in G
1
 had TRIM16 expression markedly increased in the 

nucleus, although the majority of TRIM16 remained cytoplas-
mic. Upon cell synchronization to the G

1
/S boundary, TRIM16 

was increased in the nucleus compared with asynchronous cells. 

Figure 1. TRIM16 protein has nuclear localization in differentiating ganglia cells but is reduced in neuroblastoma tumors in vivo. Wild-type (wt) mice 
and homozygous TH-MYCN mice were culled at day 0, 7, 14, 42 time points. At day 42, only the transgenic mice have tumors. Parafilm-embedded 
paravertebral ganglia tissues were sectioned, and consecutive slides were used for immohistochemistry. Proteins of interest were stained by antibody 
conjugated to DAB (brown) stain and counterstained with hematoxylin (blue). β-III-tubulin (neuronal maker), cyclin E (G1/S marker), p27 (G0, G1 and 
neuronal differentiation marker) antibodies were used. The arrows show areas of hyperplasia/tumor initiating neuroblasts. Representative images are 
40× captured with Aperio ScanScope XT.
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cells were synchronized by serum starvation and simultaneously 
transfected with TRIM16-specific siRNAs. At the protein level, 
markers of the G

1
 cycle phase were used to analyze the serum-

starved cells after the addition of serum. Two specific siRNA 
sequences were used to knocked-down TRIM16 protein levels 
at 36 h post-transfection, and this knockdown was maintained 
during the subsequent time points (Fig. 4B). The tumor sup-
pressor p27 and cyclin D1 were significantly downregulated by 
the specific TRIM16 siRNAs. Critical mid-G

1
 factors, CDK4 

and CDK6 showed a trend toward upregulation by TRIM16 
knockdown. Rb and cyclin E showed no significant changes 
across the time points studied. This suggests that TRIM16 plays 
a role in modulation of G

1
 cell cycle components.

The “linker” domain of TRIM16 has nuclear localiza-
tion and growth inhibition potential. As nuclear TRIM16 

during G
1
 cell cycle phase is likely to be common yet compelling 

in cells where TRIM16 is expressed.
TRIM16 has a role in cell cycle progression. In order to 

establish whether TRIM16 has an active role in cell cycle pro-
gression, we analyzed how TRIM16 knockdown and overex-
pression affected the cell cycle. TRIM16 overexpression for 48 h 
resulted in an increased proportion of cells in G

1
, with over 44% 

of cells in G
1
 when TRIM16 was overexpressed, compared with 

the empty vector transfected cells with 39% of cells in G
1
 (Fig. 

4A). As synchronization of cells dramatically affects TRIM16 
cell phenotype, and there was a marked induction at G

1
, dem-

onstrated in Figures 1 and 2, it was likely that TRIM16 was 
important in synchronized cells for the progression into/through 
G

1
. This prompted investigation into whether TRIM16 was 

required for the transition from G
0
 to G

1
 in the cell cycle. BE2C 

Figure 2. TRIM16 protein expression is cell cycle dependent. (A) Western blots show TRIM16 expression at various phases of the cell cycle in two neu-
roblastoma cell lines. Two neuroblastoma cell lines (BE2C and SHEP) were used. Markers of the cell cycle phases: CDK4 for G1, Cyclin E for G1/S, Cyclin 
A G2/M and cyclin B for mitosis (M) were used. The α-tubulin antibody was used as a loading control. Representative panels are displayed of three repli-
cate runs. (B) Cells were synchronized; the cytoplasmic and nuclear lysates were analyzed by western blot. Topoisomerase was used as a nuclear mark-
er and α-tubulin as a cytoplasmic marker. (C) RT-PCR with TRIM16 primers and β 2-microglobulin (β2M) primers (template and loading control). cDNA 
samples were obtained from synchronized cells and subjected to competitive RT-PCR and gel electrophoresis. Representative gel image displayed.
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in AA165–294 (putative coiled-coil domain) which is responsible 
for nuclear exclusion/export of the TRIM16 protein.

Discussion

Even though previous studies have shown TRIM16 to have a role 
in cell proliferation and differentiation, these studies did not fully 
elucidate the mechanism by which the TRIM16 protein exerted 
these effects. Thus we began by thoroughly characterizing the 
level and localization of TRIM16’s protein through neuroblas-
toma differentiation and cell cycle progression. We found a sig-
nificant and striking pattern of expression and localization for 
the TRIM16 protein, with highest nuclear protein expression 
during the G

1
 cell cycle phase. We have presented data here that 

gives a major insight into the function of this novel TRIM family 
member and has significant implications on the interpretation of 
previous research on TRIM16. Importantly, we have shown for 
the first time that TRIM16 expression and localization is influ-
enced by cell cycle phase and its localization.

TRIM16, while being weakly expressed in G
0
 and mitosis, is 

most highly expressed during the G
1
 cell cycle phase. Furthermore, 

TRIM16’s localization becomes more nuclear during G
1
 and 

shifts back to the cytoplasm during S phase. This appears to be a 
common feature of TRIM16 in different type of cells, since other 

localization was likely to be important in the role of TRIM16 
in both cell cycle progression and differentiation, GFP-fused 
deletion mutants were used to further study this characteris-
tic in vitro. Confocal images were taken 36 h post-transfection 
of TRIM16 full-length and mutants in SHEP cells (Fig. 5A). 
Empty vector (EV) and mutant 4 (M4) constructs display 
similar ubiquitous expression. Mutant 1 (M1) and mutant 2 
(M2) both had cytoplasmic bodies and displayed some diffuse 
expression throughout the nucleus and cytoplasm. The expres-
sion level of mutant 1 protein was less than the other constructs. 
TRIM16 full-length and mutant 3 (M3) had a similar fluores-
cent pattern, with cells being either predominately cytoplasmic, 
or cytoplasmic and nuclear. Mutant 5 (M5) was cytoplasmic. 
A similar localization pattern was displayed in BE2C cells 
(Fig. S3).

These domain mutants were also used to determine which 
domain causes the growth inhibition associated with the over-
expression of full-length TRIM16. TRIM16 (wt), M1, M2, M3, 
constructs caused decreased proliferation in BE2C and SHEP 
cells, with M4 and M5 being comparable to the EV control 
(Fig. 5B). Together these results implicate that a region between 
the TRIM16 amino acid (AA) 294 and AA373 (termed here as 
the “linker” domain) has both nuclear localization potential and 
proliferation inhibition potential. There is also possibly a region 

Figure 3. TRIM16 localization shifts to the nucleus during the G1 phase of the cell cycle. (A) Propidium iodide was used to optimize the synchronization 
of BE2C and SHEP cell lines by DNA content analysis. Immunofluorescent studies used confocal microscopy with the 100× objective on the Olympus 
FV1000. Endogenous TRIM16 is stained with Alexa Fluor 488 (green). DAPI (nuclear/DNA stain) has blue staining.
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As TRIM16 overexpression promotes differentiation 
and decreased proliferation, cells where TRIM16 had 
been knocked-down would be expected to progress faster 
through G

1
 compared with control samples. However, 

the data presented does not indicate a faster progression 
through G

1
 when TRIM16 is suppressed in synchronized 

cells. Instead the data suggests a deregulation of G
1
 fol-

lowing knockdown of TRIM16. Cyclin D1 was downreg-
ulated by the TRIM16 knockdown. The time points used 
indicate a delay in this cell cycle regulator’s induction by 
at least 9 h upon TRIM16 depletion. Importantly, Cyclin 
D1 protein has been shown to enhance retinoid treatment 
response in breast cancer cells.23 Cyclin D1 is also deregu-
lated in many cancers.24 The downregulation of cyclin D1 
by TRIM16 could be through a feedback loop, in which 
TRIM16 knockdown increased E2F1 activity and thereby 
repressed cyclin D1 transcription.6,25 One interesting 
study has demonstrated that c-Myc has a similar effect 
on the cell cycle to that observed for TRIM16 knock-
down.26 When the c-Myc was overexpressed from G

0
-S 

phases, p27 and cyclin D1 were reduced, with CDK4 
and CDK6 being induced. c-Myc is an oncogene, and 
the effect observed for TRIM16 knockdown may explain 
how TRIM16 acts as a tumor suppressor,6 through influ-
encing cell cycle components’ expression.

TRIM16 is dynamically expressed during normal 
parasympathetic ganglia development and comparatively 
suppressed in neuroblastoma cells. Evidence of this was 
gained by using the TH-MYCN mouse model of neuro-
blastoma.21,27 Notably, TRIM16 was highly expressed in 
the nuclei of the large differentiating ganglia cells of both 
wild-type and transgenic mice. This was in contrast to the 
tumor-initiating cells in the hyperplastic regions, where 
the majority of cells had reduced TRIM16 expression. 
Interestingly, in the highly proliferative neuroblastoma 
tumors, TRIM16 was expressed weakly in the cytoplasm. 
In the mature ganglia of the wild-type mice, TRIM16 
was ubiquitously and moderately stained throughout 
the nucleus and cytoplasm of the ganglia cells and was 
greatly reduced compared with the high expression of 
TRIM16 observed in the ganglia at day 0. The decrease 
in TRIM16 expression in mature, non-dividing cells was 

reminiscent of TRIM16’s decrease in expression in G
0
 cell cycle 

phase in vitro. As the mature ganglia cells of the 6-week-old mice 
did not have predominately nuclear TRIM16, this suggests that 
nuclear TRIM16 expression is not associated with terminally dif-
ferentiated cells.

As TRIM16 is downregulated at G
0
 in vitro, it probable that 

the nuclear TRIM16 expressing ganglia cells were in the G
1
 cell 

cycle phase or in the early stages of differentiation; this is also 
indicated by the high TRIM16 expression in the G

1
 phase and 

its comparisons with other cell cycle phase markers. Our results 
suggest that nuclear TRIM16 is, therefore, a marker of early dif-
ferentiation or early G

1
 cell cycle phase in neuroblastoma cells. 

Our results also indicate that TRIM16 localization and expres-
sion is cell cycle-dependent in vivo. In the literature, TRIM16 

cell types also have the same pattern of expression as the neu-
roblastoma cell lines. In this work, we also show that TRIM16 
transcription is not increased during the G

0
 to G

1
 phases. This 

result suggests that TRIM16’s role in G
1
 cell cycle phase may be 

through increased protein levels via decreased protein degrada-
tion of TRIM16. Interestingly, in one of the first publications 
on TRIM16 by Beer and colleagues,20 studies showed a massive 
induction of TRIM16 protein (but not mRNA) in keratinocytes 
cells after serum starvation and activation with serum and other 
growth factors. Our result suggests that induction of TRIM16 
in those keratinocytes cells was likely due to the cell cycle status 
of the cells studied, and that the biphasic induction of TRIM16 
described by Beer et al. is more likely due to the cells re-entering 
the G

1
 cell cycle phase for a second time.

Figure 4. TRIM16 is involved in cell cycle progression. (A) BE2C neuroblastoma 
cells were transiently transfected with the TRIM16-myc-His plasmid or EV 
control, for 48 h before harvest. Propidium iodide was used to determine DNA 
content. *p < 0.05. (B) Western blot of TRIM16 knockdown by siRNA in the cells 
synchronized in G0 and serum released for time points up to 12 h, and probed 
with anti-CDK4, anti-CDK6, anti-cyclin E, anti-cyclin D1, anti-p27, anti-pRb and 
α-tubulin antibodies. BE2C neuroblastoma cells were used.
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Figure 5. The “linker” domain of TRIM16 has nuclear localization and growth inhibition potential. TRIM16 deletion domains were fused with GFP to aid 
observation of localization and transfection. (A) SHEP cells were transiently transfected with constructs and fixed for 36 h post-transfection. Microsco-
py studies imaged exogenous GFP (green) directly by confocal microscopy at the 100× objective on the Olympus FV1000. DAPI was used as a nuclear 
stain (blue). Cyto stands for cytoplasmic, and Nuc stands for nuclear expression. (B) BE2C and SHEP cells were transiently transfected with domain 
mutant constructs. After 72 h transfections, the cells were analyzed via BrdU incorporation analysis.

is shown to display a similar expression phenomenon in dif-
ferentiated keratinocytes as we observed in the differentiated 
neuroblasts.20 TRIM16 was highly expressed during the early 
differentiation process of the skin, but not in the highly prolif-
erative epithelium of wounded skin. The in vitro studies of this 

publication also demonstrated that overexpression of TRIM16 
enhanced early differentiation in keratinocytes. Our own overex-
pression studies6 show that overexpression of TRIM16 enhances 
retinoid-induced differentiation in neuroblastoma cells, and that 
treatment by a differentiating agent can cause nuclear TRIM16 
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is required for tissue differentiation signaling.30 Importantly, 
nuclear export/import of TRIM16 may involve specific NLS and 
NES sequence sites on TRIM16, binding to shuttling proteins 
and the homodimerization of TRIM16 or heterodimerization of 
TRIM16 to other TRIM proteins.14 More research needs to be 
undertaken to fully explore the exact sequences and molecules 
involved in the actions of the coiled-coil and “linker” domain in 
the localization of the TRIM16 protein.

Results from this study have significantly contributed to the 
understanding and knowledge of TRIM16, and thus a new model 
of TRIM16 protein activity in neuroblastoma cells is proposed 
(Fig. 6). Although asynchronous cells have predominately cyto-
plasmic TRIM16, synchronization of cells to G

1
 shows TRIM16 

localization is dynamic and is determined in part by cell cycle 
phase. TRIM16 localization is also dependent upon expression 
of both the “linker” and coiled-coil protein domains of TRIM16. 
Furthermore, nuclear TRIM16 is a novel marker of differentiat-
ing neuroblastoma cells and is dynamically expressed throughout 
ganglia differentiation. Nuclear TRIM16 is not only involved in 
differentiation, but is associated with proliferation inhibition, 
potentially acting via changes in Cyclin D1, CDK4/6 and p27. 
Pharmacological induction of nuclear TRIM16 presents itself as 
a potential target of differentiation and anti-proliferative treat-
ment in neuroblastoma.

Materials and Methods

Cell culture and conditions. The human neuroblastoma cell lines 
used in these experiments were BE2C and SHEP cells. These 
cell lines were generously supplied by Dr J. Biedler (Memorial 
Sloan-Kettering Cancer Center, New York). The human embry-
onic kidney 293 cells (HEK 293), MDA-MB-231 and CALU-6 
were purchased from the American Type Culture Collection. All 
cells were cultured at 37°C in 5% CO

2
 as an adherent mono-

layer in Dulbecco’s modified Eagle’s medium supplemented with 
L-glutamine and 10% fetal calf serum.

Cell cycle synchronization. Cells were synchronized at the 
G

1
/S boundary using 1 μg/mL Aphidicolin (AP) (Sigma) for 

16 h incubation, and at the G
2
/M boundary using 0.5 μg/mL 

nocodazole (NZ) (Biomol) for 16 h. Synchronization in G
0
 was 

achieved by serum starvation to 0.1% fetal bovine serum for 
36–48 h, and G

1
 cells were achieved by a 3 h in complete culture 

medium after serum starvation. S phase cells were at 3 h after 
AP release. Mitosis (M) phase cells were after 1 h of NZ release.

Flow cytometry. The cell cycle phase distribution of a cell 
population was determined by measuring cell DNA content by 
flow cytometry using propidium iodide (PI) (Sigma). The cells 
were trypsinized and resuspended at a concentration of 1 × 106 
in complete medium, then pelleted by cold centrifugation at 500 
standard gravity/g-force, rinsed with PBS and recollected as a cell 
pellet. The cells were then resuspended in 1 mL cold PBS and 
were fixed in 75% cold ethanol by adding 10 mL on top of the 
cell suspension and stored at 4°C, at least overnight. Prior to flow 
cytometric analysis, cells were pelleted and the entire supernatant 
carefully discarded. Cells were resuspended in 100 μL MilliQ 
H

2
O, vortexed and heated at 90°C for 5 min. The samples were 

levels to increase.4,5 Taken together, the previous studies and the 
current study show that TRIM16 has a role in actively differenti-
ating, rather than differentiated cells and it is important to note 
that neuronal differentiation (including via retinoid treatment) 
is known to occur via G

1
 cell cycle arrest. These data together 

allowed us to speculate that involvement of TRIM16 in differ-
entiation was via interactions with G

1
 cell cycle phase machinery.

The “linker” domain of TRIM16 is required both for 
TRIM16 nuclear localization and its growth inhibitory effects 
in neuroblastoma. Confocal localization showed the “linker” 
region was required for TRIM16 protein to persist in the nucleus. 
Furthermore, the BrdU incorporation assay also demonstrated 
that overexpression of plasmids containing the “linker” region 
of TRIM16 produced a significant decrease in proliferating 
cells (like that seen for the wild-type protein). It is known that 
TRIM16 can reduce cell proliferation in several cancers in vitro,4-6 
and our work indicates that the “linker” region is required in the 
tumor suppressor-like characteristics of TRIM16 in cancer cells.

It remains controversial if the “linker” domain is actually part 
of an undefined domain as presented in the Liu et al. paper,3 or 
part of the coiled-coil domain (being a small third coiled-coil), as 
illustrated by Beer and colleagues.20 A crystal structure of TRIM16 
is required to resolve this controversy, and would also give insight 
into the surface amino acids of TRIM16. This would be impor-
tant in determining whether putative localization sequences are 
located on the surface of the TRIM16 protein. Other TRIM pro-
teins have been shown to possess localization signals. A nuclear 
export signal was found in a leucine-rich sequence in the coiled-
coil domain of RFP (TRIM27).28 Additionally, PML (TRIM19) 
has a putative bi-partite nuclear localization sequence (NLS).29 
Also, a nuclear receptor binding motif (NRBM)3 is located in the 
“linker” region and may also affect the localization of TRIM16. 
This LxxLL motif, which appears in many retinoid receptors, 

Figure 6. Schematic model of TRIM16 localization in neuroblastoma 
cells. Localization of TRIM16 is important for its growth inhibitory func-
tion. The localization of TRIM16 is influenced by cell differentiation, cell 
cycle phase and the activity of TRIM16’s protein domains. The linker 
domain of the TRIM16 protein is required for inhibition of cell cycle 
progression.
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(1/500, Cell Signaling), α-tubulin (1/5,000, Sigma), Cyclin D1 
(1/200, Calbiochem). RT-PCR of TRIM16 (EBBP) was per-
formed as published in our previous studies.4,5

TH-MYCN mice and immunohistochemistry. TH-MYCN 
mice carry in the germline of the human MYCN cDNA under 
the control of the rat tyrosine hydroxylase (TH) promoter.21,27 
A total of 38 mice resulting from the cross-breeding of hemizy-
gous TH-MYCN mice were used in a blinded, histologic audit of 
tumor-prone paravertebral tissues over the developmental time 
period at day 0 (birth), day 7, 14, 42 (tumors only). TRIM16 
antibody (Bethyl Laboratories) was used at 1:100 dilution; 
β-III-tubulin anti-rabbit antibody (Invitrogen) at 1:2,000. The 
sections were incubated with a biotinylated anti-rabbit second-
ary antibody (DAKO). The immune complexes were visualized 
by using liquid 3,3-diaminobenzidine (DAB) as a chromogen. 
Both Cyclin E1 (cell signaling) and p27 (BD) antibodies were 
at 1:100 with MOM kit (Dako) for mouse antibodies. Sections 
were counterstained with hematoxylin. Representative images are 
40× captured with Aperio ScanScope XT.

Statistical analysis. Averaged replicates of three independent 
experiments were used in molecular and tissue culture studies. 
Results were statistically analyzed using the two-tailed, unpaired 
Student’s t-test. Results are expressed as mean values with 
95% confidence intervals. Error bars represents standard error.  
p < 0.05 was considered statistically significant.
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treated with RNase A (Sigma) for 30 min at room temperature 
and then stained with propidium iodide (50 μg/mL, final con-
centration) for 1 h at room temperature. The samples were ana-
lyzed using a BD Caliber Flow cytometer (BD). For cell cycle 
analysis, cells were divided into three subsets of cells that rep-
resented the G

0
 + G

1
 phase, S phase and G

2
 + M (as determined 

from comparison with untreated cell control gating).
Expression vectors. The pcDNA3.1(-).TRIM16.myc.His 

vector was created “in house” as previously described.4,5 The 
mutants are in the pCMV6-AC-GFP plasmid and were con-
structed by primer-specific PCR of full-length TRIM16 cDNA 
(NM_006470.3). Primers used to create GFP domain deletion 
vectors are displayed in the Table S1. The mutants used were 
M1 (AA161–564), M2 (AA290–564), M3 (AA1–372), M4 
(AA1–165), M5 (AA1–294). The resulting mutants were trans-
fected with Lipofectamine: DNA complexes in a 3:1 ratio for 8 h. 
Cell lysates were analyzed for presence of the transgene by west-
ern blot using TurboGFP antibody (Evrogen) according to the 
manufacturer’s instructions or via fluorescence and microscopy.

siRNA transfection. siRNAs were purchased commercially 
from Dharmacon. TRIM16 siRNA sequences: (1) PAG UAA 
UUC ACC AUG CAG GUU U and (2) PUC UCC CUC CUG 
CAU UUG UGU U. Transfection was performed in the absence 
of serum, with cells being 50–70% confluent. Ten nM of siRNA 
and 4 μL Lipofectamine 2,000/mL was used in the final trans-
fection solution, which was placed onto cells for 12 h (one well of 
a 6-well plate). Media was replaced, and cells were maintained in 
serum-free conditions for a further 24 h, before being fed com-
plete culture media for time points, followed by cold PBS wash 
and cell lysis for protein extraction.

Immunofluorescence. Endogenous TRIM16 expression was 
determined on cells fixed in 4% paraformaldehyde and then with 
cold methanol. Two % BSA TBST was used to block non-specific 
antibody binding and dilute antibodies. 1/100 dilution TRIM16 
rabbit antibody (Sigma), and 1/1,000 Alexafluor 488 anti-rabbit 
(Invitrogen) were used to detect TRIM16 protein. Appropriate 
isotype control antibodies were used (DAKO). Confocal images 
were captured using Olympus FV1000 confocal microscope and 
with 100× objective. GFP mutants’ expression were also visual-
ized by confocal fluorescent microscope via the GFP tag on the 
transgene proteins. GFP vector expressing cells were treated with 
4% paraformaldehyde in PBS, and after washing with PBS were 
permeabilized in 0.1% Triton X PBS for 5 min before mounting 
with vector shield media containing DAPI (Vector).

Western blotting and polymerase chain reaction (PCR). 
Nuclear/cytoplasmic preparations were prepared with the 
NE-PER kit (Thermo Scientific) following manufacturer’s 
instructions. Whole-cell lysates were prepared in RIPA buffer. 
Twenty μg of lysates were loaded onto Criterion Gels TRIS-HCl 
10% Polyacrylamide gels (Bio-Rad, NSW). Antibodies used 
were p27 (1/3000, BD), Cyclin E1(H12)/CDK4/CDK6/p-Rb  
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