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ABSTRACT
Purpose
The liver is the most common site of  uveal melanoma (UM) metastasis with approximately 50% of  UM patients being affected.  
With no proven therapies that mitigate metastases the mortality rate is 85% within the first year after detection of  the liver disease. 
In this study, we provide a mechanistic understanding of  the de-regulation of  the TP53-MDM2 pathway in UM, which plays a 
central role in tumor biology.
Methods
We investigated the TP53-MDM2 signaling pathway in the microenvironment of  liver metastases taken from both a murine or-
thotopic xenograft and post-mortem metastatic UM human liver. These findings were studied in-depth using both primary and 
metastatic UM cell lines treated with the MDM2 antagonist Nutlin-3a and the sirtuin inhibitor and transcriptional activator of  
TP53, Tenovin-6.
Results
De-regulation of  the TP53-MDM2 signaling pathway is specific to the liver microenvironment, providing a survival mechanism 
for UM metastases. Tenovin-6, not Nutlin-3a, reduced UM cell survival by increasing the percentage of  cell death and reducing 
the percentage of  proliferating cells. Tenovin-6 increased acetylation of  p53, reduced ubiquitination of  the protein, and acted as 
a cell cycle regulator.
Conclusion
Our findings suggest that in patients with metastatic UM de-regulation of  TP53-MDM2 signaling pathway promotes growth of  
the liver metastases and provides pre-clinical information on the potential of  targeting of  the TP53-MDM2 signaling pathway via 
Tenovin-6.
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INTRODUCTION 

The liver is a primary metastatic site for several cancers includ-
ing uveal melanoma (UM).1,2  Despite effective, prompt local 

control of  the primary tumor, 50% of  UM patients still develop 
liver metastasis. This is due to early hematogenous dissemination 
of  cancer cells (micrometastases) to the liver prior to diagnosis 
of  primary ocular disease.3-5 Micrometastases may remain dormant 
for years. Even with current advances in therapeutic options for 
cutaneous melanoma, there are no proven therapies for metastatic 
UM. Metastatic UM patients have a 1-year overall mortality rate of  
85%, and 2-year overall of  92%.

	 Current efforts in the UM field focus on inherent prop-
erties of  the tumor independent of  tumor location.6-8 However, 
the interaction of  tumor cells with the hepatic microenvironment 
may determine the metastasis’ fate, whether growth is promoted or 
suppressed. Using an established orthotopic xenograft model9 we 
recently demonstrated in vivo an increase in metastatic UM clear-
ance in the liver by augmentation of  the natural killer (NK)-cell 
population by triggering the Toll-like Receptor 5 signaling agonist 
entolimod. This study provided pre-clinical evidence of  the effi-
cacy of  modulation of  the microenvironment against liver metas-
tases.10

	 We hypothesized that interaction with the host liver 
microenvironment plays a role in shaping UM tumor properties, 
leading to tumor survival and growth. It has been shown that p53 
mutations are infrequent in UM11 compared to other cancers.12 
These findings have not yet been studied in-depth in an orthotopic 
xenograft system. In our study, we sought to further characterize 
the changes that take place in metastatic UM after interaction with 
the liver microenvironment. 

	 In support of  our hypothesis, we discovered differences 
between UM cells prior to inoculation and after seeding into the 
liver microenvironment in our orthotopic xenograft. We validat-
ed these findings by examination of  a cohort of  samples taken 
post mortem from the liver of  a patient with metastatic UM. Our 
work revealed that the TP53-MDM2 signaling axis is de-regulated 
in metastatic UM. Despite overexpression of  MDM2, inhibition 
with Nutlin-3a did not decrease cellular proliferation. However, the 
sirtuin inhibitor and transcriptional activator of  the TP53 signal-
ing, Tenovin-6, increased the percentage of  apoptotic cells in UM 
primary and metastatic cell lines, increased acetylation of  p53 while 
reducing ubiquitination of  the protein, and acted as a cell cycle 
regulator.

METHODS

Cell Lines and in Vitro Cell Culture 

Established human UM cell lines derived from primary (Mel 270, 
Mel 290) and metastatic tissue (OMM 2.5) were kindly given by 
Dr. Bruce Ksander (Schepens Eye Research Institute, Boston, MA, 
USA; Massachusetts Eye and Ear, Boston, MA, USA) to HEG 

and cultured at a cell density of  1.0×105 cells per well. The next 
day, cells were harvested and supernatants collected for cytokine 
secretion assays. Routinely, cells were cultured in UM media, as 
described.9 Cell lines were treated with Hepatocyte Growth Fac-
tor (20 ng/mL, Peprotech, Rocky Hill, NJ, USA), Nutlin-3a (Pub-
Chem CID: 11433190, CalBioChem, EMD Millipore, San Diego, 
CA, USA), and Tenovin-6 (PubChem CID: 24772043, Chem-
Cruz™, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) at 
different concentrations ranging from 0.1 μM-5.0 μM.

Orthotopic Xenograft Model 

All experiments were conducted according to the Declaration of  
Helsinki and Guiding Principles in the Care and Use of  Animals 
conform to the Association for Research in Vision and Ophthal-
mology (ARVO) for animal use in ophthalmic and vision research, 
the Institutional Animal Care and Use Committee at Emory Uni-
versity and adherence to the National Institutes of  Health (NIH) 
guide for the care and use of  laboratory animals. Details of  the or-
thotopic xenograft model are published.9 Briefly, mice were anes-
thetized with ketamine and xylazine (45 and 4.5 μg/g, respectively) 
prior to inoculation with 1.0×106 cells in a 2.5 μL final volume 
into the choroid. The inoculated eye was enucleated 7-days after 
inoculation. Mice were sacrificed 5-weeks after enucleation. Liver 
and spleen tissues were removed.

Liver Tissue

The UTHSC Institutional Review Board (IRB) approved the pres-
ent study, which aimed at molecular and genomic investigation 
of  post-mortem UM liver tissue. This is in full compliance with 
and adheres to the tenets of  the Declaration of  Helsinki and the 
ARVO statement on human subjects. Different sections of  liver 
tissue were obtained from a metastatic UM patient post-mortem. 
Tissue was macerated and cells were lysed in RIPA Buffer (Thermo 
Scientific). As controls, we purchased healthy liver cell lysates and 
RNA from Zyagen, Life Science Products (San Diego, CA, USA).

Ex-vivo Cell Culture

Single cell suspensions of  excised tissues were prepared by me-
chanical disruption of  the tissue as previously described.13 RBCs 
were removed using the RBC Lysis Buffer (BioLegend, San Diego, 
CA, USA).

Cell Proliferation Assay

Quantitation of  percentage inhibition was performed using the 
CellTiter 96® AQueous One Solution Cell Proliferation Assay 
(Promega, Madison, Wisconsin, USA) as before.14 Briefly, 1.0×104 
UM cells per well were cultured under the following conditions: 
untreated control, HGF, Nutlin-3a, Tenovin-6. Cell Titer reagent 
was added at a concentration of  20 μL per 100 μL volume per well 
at specific time points of  0-, 48-, 72-, and 96-hrs after culture. Cells 
were incubated at 37 °C for 2-hrs before absorbance was read at 
490 nm using a 96-well plate reader. The percentage of  inhibition 
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was calculated based on the 72-hrs time point using the following 
formula: %inhibition=100-(100×absorbance sample–absorbance 
blank)/absorbance untreated–absorbance blank.

Cell Cycle Analysis

UM cells were labeled with DRAQ5™ (1:200, BioLegend) prior to 
analysis in a quantitative imager cytometer (Flow Sight®, Amnis, 
EMD Millipore, CA, USA). Cell cycle analysis was based on deoxy-
ribonucleic acid (DNA) content by a histogram of  DRAQ5™ In-
tensity versus normalized frequency. Samples were acquired using 
INSPIRE® software. Analysis of  the acquired data was performed 
using IDEAS® software. Using the statistics tool the percentage 
of  cells in each phase was determined. Three independent experi-
ments were done. 

Apoptosis Analysis

Flow cytometry: UM cells were resuspended in Annexin V Bind-
ing Buffer (BioLegend) at a concentration of  1.0×106 cells/100 
μL. We added 10 μL of  PI (BioLegend) and gently vortexed. The 
cell suspension was incubated for 15 min at RT, protected from 
light prior to flow cytometry analysis. Data acquisition was done 
in a ZE5 Cell Analyzer (aka YETI), from Propel Labs (Fort Col-
lins, CO, USA). Analysis was done using FlowJo software v10.0.8 
(FlowJo, LLC, Ashland, OR, USA).

Imaging flow cytometry: We followed the analysis guidelines using 
IDEAS® software. A Gradient rhabdomyosarcoma (RMS) histo-
gram of  the collected population was selected to choose the cells 
with better focus. The focused cells were gated and analyzed into 
a scatter plot of  Area versus Aspect ratio. Single cells were plotted 
into a nucleated cells scatter plot of  the Brightfield Contrast versus 
the Area of  the thresholded nucleus. Apoptotic cells are defined as 
cells with low nuclear area and high bright field contrast.

Ki-67 Immunolabeling

UM cell lines were cultured at a 2.5×105 cells/ well in a 6-well 
plate overnight at different conditions: untreated control, HGF 
control, Nutlin-3a +HGF, and Tenovin-6 + HGF at 37 °C. Cells 
were fixed with paraformaldehyde followed by permeabilization 
with 0.01% Triton X-100 for 20 min. Cells were washed 3x for 
10 min each time with phosphate-buffered saline (PBS) followed 
by blocking with PBS/1% body surface area (BSA) for 1hr. Bio-
tin Ki-67 antibody (SolA 15, 13-5698-82, eBioscience) was diluted 
1:250 in PBS/1% BSA. Cells were incubated for 1 hr followed 
by PBS washes as before. Streptavidin Alexa Fluor 488® (405235, 
BioLegend) was added at 1:250 diluted in PBS/1% BSA. Incuba-
tion proceeded for 1hr at RT. About 15min prior to wash cells we 
added a 1:4000 dilution of  4’,6-diamidino-2-phenilindole, dihydro-
chloride (DAPI), FluoroPure™ grade (D21490, ThermoScientific). 
Cells were washed 3x as before. Images were taken using an EVOS 
FLoid® Cell Imaging Station (ThermoScientific), at 20x.

Percentage of acetylated-p53+ and Ubiquitinated Cells

Cultured cells were harvested, washed in PBS and immediately fixed 
in 2% paraformaldehyde prior to permeabilization in 0.01% Triton 

X-100. Samples were blocked with PBS/1% BSA before addition 
of  a rabbit anti-acetyl-p53 (K382, CST, 1:50) antibody for 1hr in 
ice. Following primary antibody labeling, cells were washed with 
PBS and a goat anti-rabbit Alexa Fluor® 488 (ThermoScientific, 
1:100) secondary antibody was added for 1hr; nuclei were labeled 
with DRAQ5™ for the final 15 min of  incubation with secondary 
antibody (BioLegend, 1:500). Cells were analyzed using the Amn-
isFlowSight®. To assess the percentage of  acetylated-p53+ cells we 
followed the analysis guidelines using IDEAS® software. Gradient 
RMS histogram was selected to choose the cells with better focus 
followed by a scatter plot of  Area versus Aspect ratio to select single 
cells. We chose the two channels representing our sub-populations 
(acetyl, nucleus) and gated co-localized events using a histogram of  
Bright Detail Similarity and a histogram of  intensity. The percent-
age of  ubiquitinated-p53+ (anti-ubiquitin rabbit, EPR8830, Abcam, 
1:100) cells was assessed in a similar fashion.

qPCR Analyses

RNA was extracted from cells or tissue using RNeasy® Mini Kit 
(Qiagen Inc., Valencia, CA, USA) following manufacturer’s con-
ditions and published protocols.14-16 We used 100 ng of  RNA 
material for complementary DNA (cDNA) synthesis. Resulting 
cDNA material was pre-amplified prior to assay set up. Samples 
were run in Roche® Light Cycler 480 and analyzed using the Com-
parative ∆CT Method. Gene expression assays: (ThermoScien-
tific): TP53 (Hs01034249_m1), MDM2 (Hs01066930_m1), and 
MDMX (Hs00910358_s1).

Western Blot Assays

Cells were lysed in RIPA Buffer as described.13,14 Protein concen-
trations were determined using Pierce™ BCA Protein Assay Kit 
(Thermo Scientific). A total of  50 μg of  denatured protein were 
loaded in a Bolt™ 4-12% Bis-Tris Plus Gel (ThermoScientific). 
After transfer, the polyvinyl difluoride (PVDF) membrane was 
blocked with 20 mL of  SuperBlock™ Blocking Buffer (Thermo-
Scientific) and incubated overnight at 4 °C in primary antibody 
solution, followed by secondary antibody solution for 2-hrs at real 
time (RT). The membrane was washed and probed for β-actin as 
control (Cell Signaling Technologies-CST, Dancers, MA, USA). 
The following primary antibodies were used: p53 mouse monoclo-
nal antibody (1:1000, 1C12, CST), phosphorylated-p53 rabbit poly-
clonal (1:1000, Ser15, CST), acetyl-p53 rabbit polyclonal (K382, 
CST, 1:1000), MDM2 mouse monoclonal IgG1 antibody (1:100, 
SMP14, Scbt), phosphorylated-MDM2 rabbit polyclonal antibody 
(1:100, Ser166, Scbt), and anti-mutant p53 rabbit monoclonal anti-
body (1:1000, E47, Abcam, Cambridge, MA, USA). The following 
secondary antibodies were used at 1:1000: anti-mouse IgG HRP-
linked antibody and anti-rabbit IgG HRP-linked antibody, both 
from CST. SuperSignal™ West Pico Chemiluminescent Substrate 
(ThermoScientific) was used for development. Densitometry anal-
ysis was done using Kodak Molecular Imager.

Confocal Imaging

Liver samples were fixed in 4% paraformaldehyde in 0.1 M phos-
phate buffer for 6-hrs. Samples were embedded in low melting 
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point agarose (Sigma) and sections (50 μm thickness) were cut on 
a vibratome (VT1000S; Leica, Wetzlar, Germany). Immunofluo-
rescence staining for p/tMDM2 and p/TP53 was performed as 
before.15 Tissue sections were blocked with 10% goat serum for 
30 min and permeabilized with 2.5% Triton X-100 (ThermoScien-
tific) to identify intracellular localization patterns. Tissue sections 
were then separately labeled with anti-MDM2 (1:200), anti-p53 
antibody (1:200), anti-pMDM2 (1:200) and anti-pP53 antibody 
(1:200). Sections were incubated in Alexa Fluor 488® conjugated 
secondary antibody (Invitrogen, Carlsbad, CA, USA; 1:500) to de-
tect the antigen of  interest. TO-PRO3 iodide (1:4000, Invitrogen) 
was used to label the nuclei. Sections were viewed and images were 
obtained using a Nikon C1 confocal microscope in HEI, UTHSC. 
All microscope settings, including laser levels and gain, were held 
constant and images were collected in identical conditions to al-
low for relative comparisons of  signal intensity within and between 
experiments.

Statistical Analysis

Data were analyzed using Prism 6 for Mac OS X (GraphPad Soft-
ware, Inc., La Jolla, CA, USA). Statistical significance determined 
using the Holm-Sidak method, with alpha=5.000%. Values of  

p<0.05 were considered significant.

RESULTS

Regulation of the TP53-MDM2 Signaling Axis in the Metastatic 
Liver Microenvironment

We investigated the TP53-MDM2 signaling pathway in our or-
thotopic xenograft model as a potential aberrant mechanism in 
metastatic UM. Details on the orthotopic xenograft have been 
previously published.9 The primary UM cell line Mel270 was in-
oculated into the posterior compartment of  immunocompromised 
Nu/Nu mice. Clinically detectable metastases were found after 
5-weeks post inoculation. To investigate the role the microenvi-
ronment plays in shaping the tumor response, we compared TP53 
messenger ribonucleic acid (mRNA) expression of  cells prior to 
inoculation to those of  cells cultured ex vivo from liver metasta-
ses 5-weeks post inoculation (Figure 1A, left). We discriminated 
between human UM-derived cells and the murine microenviron-
ment using species-specific gene expression assays. We measured 
upregulated TP53 mRNA expression in the liver compared to the 
in vitro cultures on Day 0. Similarly, MDM2 (Figure 1A, middle) 
and MDMX (Figure 1A, right) were overexpressed ex vivo. To 

Figure 1. Expression of the TP53-MDM2 Signaling axis within the Metastatic Tumor Microenvironment

A. TP53, MDM2, and MDMX mRNA expression in Mel270 cells prior to inoculation (Day 0) and the recovered liver (5 
weeks post inoculation) of an UM orthotopic xenograft model. B. mRNA expression of in spleen-derived cell cultures. 
C-E. Tissue was removed from 5-different regions of a metastatic UM patient (samples a-e) to compare with healthy 
liver (sample f). Examination of TP53(C), MDM2(D), and MDMX(E) mRNA levels. Western blot analyses of TP53 signaling 
F. F in liver samples from healthy controls (c1-c3) and three regions from the mUM liver (p1-p3) with representative 
immunohistochemical analysis of phosphorylated-p53 (active) and total-p53 G-L. MDM2 signaling in healthy and mUM 
liver M. Immunohistochemical analysis of phosphorylated- and total MDM2 N-S. All results from bar graphs represent 
mean±SEM, ***p<0.0005.
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investigate if  this response was limited to the metastatic site, we 
compared these results to spleen-derived cell cultures. TP53 was 
upregulated, but not to the extent of  that in the liver,suggesting the 
presence of  circulating tumor cells in the spleen. Additionally, we 
measured low expression of  MDM2 and MDMX mRNA (Figure 
1B, Table 1) in the spleen, suggesting that the TP53-MDM2 de-
regulation is specific to the liver microenvironment.

Tumor Survival Mechanisms in Liver Metastases

We sought to confirm the results from Figure 1A-Busing post 
mortem liver samples obtained from a UM patient with liver me-
tastases. Because these cells may have varying levels of  pro-surviv-
al molecules allowing them to subsist, we addressed the potential 
heterogeneity of  the microenvironment by sampling 5 different 
regions of  the metastatic UM liver. We compared mRNA and pro-
tein levels to samples taken from a healthy liver using qPCR analy-
sis and Western blotting (Wb), respectively. We measured a tran-
scriptional enhancement of  TP53, MDM2 and MDMX mRNA in 
the cohort of  samples from the metastatic liver compared to the 
healthy liver (Figure 1C-E, Table 1). Next, we assessed the protein 
activation status as it could provide clinically valuable information 
for the development of  protein inhibitors targeting phosphoryla-
tion-residues. Figure 1F shows markedly decreased TP53 signaling 
in metastatic UM compared to the healthy liver as reflected by a 
decreased ratio of  phosphorylated to total TP53.  However, im-
munohistochemical analyses still demonstrated the expression of  
both phosphorylated- and total-p53 protein (Figure 1G-L, repre-
sentative figures) in the metastatic liver. We then evaluated the ex-
pression of  MDM2 and measured higher MDM2 signaling in the 
metastatic liver compared to the healthy liver (Figure 1M). We also 
measured expression of  the p-MDM2 localized primarily in the 
nucleus (Figure 1N-S) and low expression of  total MDM2 protein. 
These results highlight the molecular aberrations present in meta-
static UM providing a survival mechanism for the tumor.

Enhanced TP53 Signaling in UM Cell Lines After Treatment with 
Nutlin-3a and Tenovin-6

We investigated the molecular defects of  the TP53-MDM2 sig-
naling pathway using a series of  well characterized UM cell lines. 
We cultured cells in the presence of  Nutlin-3a17 or Tenovin-618, 
as they are considered potential therapeutic targets for the TP53-

MDM2 signaling pathway. First, we tested the percentage of  cell 
growth inhibition in each of  the UM cell lines of  interest. Three 
different UM cell lines were tested, Mel270, a primary tumor de-
rived cell line from an individual with metastatic disease; Mel290, a 
primary tumor derived cell line; and OMM2.5, a metastatic cell line. 
Figure 2A depicts the percentage of  cell growth inhibition after 72 
hrs of  culture in the presence of  Nutlin-3a relative to untreated 
cells. About 50% inhibition was achieved between 1-5 μM con-
centrations. A similar approach was utilized to test the percentage 
of  cell growth inhibition after 72 hrs of  culture in the presence 
of  Tenovin-6 (Figure 2B). Next, we tested the cytotoxic effects of  
Nutlin-3a and Tenovin-6 in UM cell lines by measuring cell death 
as the percentage of  Propidium Iodide (PI)-positive cells by flow 
cytometry analysis. Primary tumor-derived cell lines displayed a 
dose dependent response as shown in Figure 2C. In contrast, we 
measured a significant increase of  OMM2.5 PI+cells only at high 
concentrations of  Nutlin-3a. These cells showed sensitivity against 
Tenovin-6 at smaller dosage (Figure 2D). As a next step, we inves-
tigated cell death via apoptosis by measuring the nuclear morphol-
ogy at the single cell level using imaging flow cytometry. Apop-
totic cells are defined as cells with low nuclear area and high bright 
field contrast, as shown in Figure 2E, left. Figure 2E, right, shows 
representative images of  the non-apoptotic and apoptotic pheno-
types. UM cells were cultured in 4 different conditions: untreated; 
in the presence of  hepatocyte growth factor (HGF), mimicking 
physiological components of  the in vivo liver microenvironment; 
Nutlin-3a + HGF; Tenovin-6 + HGF. Quantitation analyses on 
each of  the UM cell lines are shown in Figure 2F. Collectively, we 
measured a significant increase in the percentage of  apoptotic cells 
in cell cultures containing either Nutlin-3a or Tenovin-6 across all 
tested UM cell lines. These results support our hypothesis that the 
de-regulation in the TP53-MDM2 signaling pathway plays a role in 
the control of  metastatic UM.

	 Next, we tested the hypothesis that de-regulation in the 
TP53-MDM2 signaling pathway controls UM cell proliferation. 
Cell cycle studies were done using the live cell permeant DNA 
probe DRAQ5™ (Figure 2G-H). The cell cycles studies were done 
without cellular synchronization to investigate the effects of  Nut-
lin-3a and Tenovin-6 in a microenvironment similar to an in vivo 
setting. Samples were divided into those that are completing cell 
cycle by measuring the G2/M phase versus those that do not. We 
measured significant reduction in the percentage of  cells in the 
G2/M phase in Mel270 and OMM2.5 cell lines upon treatment 
with Tenovin-6, but not with Nutlin-3a treatment. We labeled the 
cells with Ki-67, as a confirmation of  the detection of  the growth 
fraction of  the UM cells. Highest intensity of  Ki-67 is shown in 
cells treated with HGF (Figure 2J, N, R). Two distinct features are 
observed in cells treated with either Nutlin-3a + HGF (Figure 2K, 
O, S) or Tenovin-6 + HGF (Figure 2L, P, T). First, we observed 
a reduction in the intensity of  Ki-67 labeling in cells treated with 
either Nutlin-3a + HGF or Tenovin-6 + HGF. Additionally, we 
observed a reduction in the Nutlin-3a + HGF- and Tenovin-6 + 
HGF –treated cells compared to the untreated and HGF cells, con-
firming the results shown in Figure 2C-F.

25

Table 1. Gene Expression Analyses on Tissues Retrieved from the 
Orthotopic Murine Model and UM Patient post-mortem

Tissue Murine Model Human

Liver

TP53 +++ +

MDM2 +++ +++

MDMX +++ ++

 Spleen

TP53 ++ N/A

MDM2 + N/A

MDMX + N/A

(+) symbol indicates fold change expression. Murine model comparison 
of week 5 compared to Day 0; human tissue expression relative to 
endogenous control. N/A, not available.
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Enhanced TP53 Signaling in UM Cell Lines After Treatment with 
Nutlin-3a and Tenovin-6

The next step in our investigation was to assess the effects of  Nut-
lin-3a and Tenovin-6 on TP53-MDM2 signaling by Wb. Mel270 
showed increased TP53 signaling, defined as the ratio of  phosphor-
ylated-p53 over total p53, after treatment with Tenovin-6 (Figure 
3A). Mel290 showed increase in TP53 signaling upon treatment 
with Nutlin-3a or Tenovin-6 (Figure 3B).  The metastatic cell line 
OMM2.5 exhibited no significant change in TP53 signaling when 
treated either with Nutlin-3a or Tenovin-6 (Figure 3C). We mea-

sured MDM2 signaling using a similar approach. All investigated 
cell lines (Figure 3D-F) exhibited a significant reduction of  MDM2 
signaling after treatment with either Nutlin-3a or Tenovin-6.

Tenovin-6, Not Nutlin-3a, Increased TP53 Acetylation and Inter-
fered with MDM2-Mediated Ubiquitination

Acetylation of  TP53 enhances its DNA-binding activity in vitro and 
controls its stability. We evaluated acetylation of  TP53 by Wb anal-
ysis in Figure 3G and revealed enhancement across all tested UM 
cell lines. We used imaging flow cytometry to test the percentage 

26

Figure 2. Tenovin-6 Increases UM Cell Death and Decreases Cell Proliferation

A-B. Percentage cell growth inhibition, Mel 270, Mel 290, and OMM 2.5 UM cells were cultured in the presence of Nutlin-3a (A) or Tenovin-6 (B) at different concentrations 
ranging from 0.1-5.0 μM. Results represent 72 hrs time point.C-D. Bar graphs representing flow cytometry results of the percentage of PI+ UM cells after treatment with 
Nutlin-3a (C) or Tenovin-6 D. Drug concentrations ranging from 0.1-5.0 μM. (E, left)Scatter plot of the Brightfield Contrast versus the Area of the thresholded nucleus 
using FlowSight® imaging flow cytometer. (E, right) Representative images displayingthe non-apoptotic and apoptotic phenotypes. Apoptotic cells are defined as cells with 
low nuclear area and high bright field contrast. Quantitation of the percentage of apoptotic cells shown in F. Cell cycle progression analysis is shown in G-H. Percentage 
of cells in G0/G1-S (G) and G2/M (H) phases for each tested UM cell line.(I-T) Immuofluorescence analyses of Ki-67 immunopositivity in UM cell lines treated with 
Nutlin-3a + HGF and Tenovin-6 + HGF compared to untreated and HGF controls. Analyses performed in EVOS FLoid® Cell Imaging System at 20x. Ki-67 labeling shown 
in green channel (Alexa Fluor 488) and nuclei shown in blue (DAPI). The light settings, brightness and contrast were kept constant across all images. All results from bar 
graphs represent mean ±SEM, **p<0.005; ***p<0.0005.
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of  acetylated TP53 after treatment with Nutlin-3a or Tenovin-6. 
We measured an increase in acetyl TP53 in all cell lines after treat-
ment with Tenovin-6, as shown in Figure 3H-J. This enhancement 
in acetylated TP53 is concomitant to a reduction in the percentage 
of  ubiquitination, as demonstrated in Figure 3K-M.
 
DISCUSSION AND CONCLUSION

Our findings suggest that in patients with metastatic UM, de-reg-
ulation of  the TP53-MDM2 signaling pathway promotes growth 
of  the liver metastases and may be a novel target to reduce tumor 
cell survival. Two decades ago Tobal et al17 reported the presence 
of  abnormalities in the TP53 gene in malignant choroidal mela-
nomas. Jay et al18 confirmed these findings by comparing choroi-
dal melanomas with choroidal nevi. These studies paved the way 
for discrimination between mutations in the TP53 pathway versus 
functional inactivation. Brantley et al11 suggested inactivity of  the 
TP53-MDM2 signaling pathway by immunohistochemical analysis 
of  UM from enucleated eyes.  While these investigations evolved, 
novel small molecule inhibitors against this signaling pathway were 

developed.19,20 Inhibition of  in vivo tumor growth in the B16F10 
murine ocular melanoma model was demonstrated by concomitant 
administration of  Topotecan and Nutlin-3a.21 Despite the interest-
ing findings, this has not yet been translated into a clinical applica-
tion. 

	 The TP53 gene is considered the most frequently mu-
tated gene in human cancer becoming the target for drug devel-
opment efforts against cancer.22 TP53 undergoes post-transcrip-
tional and post-translational modifications for its regulation and 
activation. Work by Kruse and Gu demonstrated post-translational 
modifications are imperative for TP53-dependent cell growth ar-
rest and apoptosis to occur.23 These modifications have effects in 
the stability and function of  TP53. Among them, acetylation of  
TP53 is indispensable for TP53 transcriptional activity. TP53 was 
the first non-histone substrate shown to be acetylated by histone 
acetyl transferases. The enhancement of  TP53 acetylation correlat-
ed with protein stabilization and activation in response to cellular 
stress. Under normal physiological conditions MDM2, by its E3 
ubiquitin ligase, ubiquitinates TP53 to the proteasome for degrada-
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Figure 3. Increase in the TP52-MDM2 Signaling Pathway in UM Cells by Nutlin-3a and Tenovin-6

A-B. Wb results showing p53 signaling in Mel270 (A), Mel 290 (B), and OMM 2.5 cells (C). D-F. Wb analyses of MDM2 signaling in Mel270 (D), Mel 290 
(E), and OMM 2.5 cells (F). Representative results of Wb showing acetylated p53. Lanes Y1-Y3 indicates Y79 Retinoblastoma cells, used as controls. (H-M) 
Quantitation analyses performed using imaging flow cytometry. Quantitation of the percentage of acetylated p53 us showing in H-J. Quantitation of the 
percentage of ubiquitination is shown in K-M. All results represent mean±SEM, *p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005.
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tion. Conversely,acetylation of  MDM2 can inhibit TP53 acetyla-
tion by suppressing the acetyltransferase activity and recruiting the 
histone deacetylase 1 (HDAC1) to TP53. Mammalian sirtuins are 
HDACs that play a role in chromatin regulation, cell survival under 
stress, metabolic homeostasis regulation, and developmental and 
cell differentiation. Bifunctional roles are attributed to sirtuins in 
cancer, as some can protect DNA from oxidative stress, maintain-
ing genomic stability, while others are involved in tumorigenesis.24

	 The results of  our work suggested de-regulation of  TP53 
is not at the transcriptional level. We hypothesized de-regulation of  
the TP53-MDM2 complex, which favors the tumor, could be due 
to a post-translational modification of  TP53. We tested this hy-
pothesis by investigating the acetylation of  TP53, which enhances 
its DNA-binding activity in vitro and controls its stability, using the 
sirtuin inhibitor Tenovin-6. While performing our series of  inves-
tigations, Pan et al25 reported the use of  Tenovin-6 as an apoptosis 
inducer in UM cell lines. Our data confirmed Pan et al findings and 
addresses new questions that rise from this investigation. In our 
work, we investigated for the first time the TP53-MDM2 signal-
ing pathway in an in vivo human UM orthotopic xenograft system. 
Our work revealed the specificity of  the liver microenvironment 
for the accumulation of  UM cells, but also revealed the presence, 
albeit small, of  UM tumor cells in the spleen. We demonstrated the 
ratio of  TP53 to MDM2, is much higher in the spleen compared to 
the liver microenvironment, providing an explanation for the lack 
of  clinically detectable metastases in the spleen. Additionally, we 
sampled the heterogeneity observed in metastatic UM, as demon-
strated with a cohort of  5-samples taken from distant regions of  a 
post-mortem human liver. We measured a dose-dependent apop-
totic effect after Tenovin-6 treatment. In our work, we examined 
Tenovin-6 and Nutlin-3a as both are considered to activate TP53 
signaling: the former via transcriptional activation of  TP53 and the 
latter by inhibition of  MDM2. Nutlin-3a induces cell death in UM 
cell lines. This effect was overcome when using Nutlin-3a in com-
bination with HGF, an abundant protein in the liver microenviron-
ment. Because of  these data, it is clear that it is critically important 
to pre-clinically test these potential targets in a physiologically rel-
evant model.

	 Prognosis for metastatic UM is poor with a 1-year over-
all mortality rate of  85%, and 2-year overall of  92%. Our limited 
understanding of  the mechanisms underlying metastatic UM sur-
vival have led to the use of  systemic therapies designed to target 
cutaneous melanoma, despite different genetic and molecular char-
acteristics between the two cancers. Chemotherapeutics including, 
dacarbazine, temozolomide, cisplatin, treosulfan, and fotemustine, 
have failed in treatment of  metastatic UM.26,27 Immunotherapy 
has also shown limited activity in metastatic UM. Data from a 
Phase II clinical study investigating ipilimumab (NCT01355120) 
demonstrated limited activity in treatment-naïve and pre-treated 
patients with metastatic UM.28 Pembrolizumab is being clinical-
ly tested (NCT02359851) in metastatic UM. A recent Phase III 
clinical study using selumetinib in combination with dacarbazine 
(NCT01974752) showed no improved clinical outcomes compared 
to dacarbazine alone. Therefore, we must continue pursuing this 
“holy grail”.

	 We acknowledge the limitations of  our study and these 
may serve as an initiation point for subsequent studies. Our in vivo 
animal system is an orthotopic xenograft using UM cell lines. Cur-
rent efforts in generating patient-derived xenografts (PDX) are 
underway. Recently, Kageyama et al29 reported an orthotopic PDX 
model where hepatic metastases are transplanted directly into the 
liver of  immunocompromised mice. We must also be cognizant of  
the effects prior treatment may have had on modulating the me-
tastases and microenvironment. However, we believe our results to 
be reliable as they were reproduced in both our xenograft and post 
mortem liver.  Ultimately, our data suggests the de-regulation in the 
liver microenvironment is the result of  both functional inactiva-
tion and inhibition of  TP53.
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