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ABSTRACT

Studies have examined gene expression changes in Sézary syndrome (SS), 
but disease pathogenesis remains largely unknown, and diagnosis and treatment 
are difficult. TOX is a transcription factor involved in CD4+ T-cell development with 
downstream effects on RUNX3, a known tumor suppressor gene. We sought to identify 
genes involved in SS disease pathogenesis with the potential to enable diagnosis 
and treatment. We utilized previously reported transcriptome sequencing data to 
construct a list of candidate genes, which was narrowed using pathway analysis. 
qRT-PCR confirmed TOX upregulation (>7 fold increase) in SS (n = 5), as well as two 
established markers, PLS3 and KIRD3DL2. We also evaluated expression of members 
of the TOX-RUNX3 pathway and confirmed downregulation of RUNX3 (0.59 fold 
decrease) and upregulation of GATA3 (2 fold increase). Moreover, TOX and RUNX3 
expression were significantly inversely proportional. Using siRNA to suppress TOX, 
we demonstrated that TOX knockdown rescues RUNX3 expression and reduces cell 
viability. We evaluated TOX protein expression in paraffin-embedded skin biopsies 
with immunohistochemistry, showing nuclear staining of CTCL infiltrates, suggesting 
it is a candidate diagnostic biomarker. Further studies validating our findings and 
evaluating the TOX-RUNX3 pathway and the role of TOX as a disease marker and 
therapeutic target are warranted.

INTRODUCTION

Cutaneous T-cell lymphomas (CTCL) are a 
heterogeneous group of T-cell lymphoproliferative 
disorders involving the skin. The most common form of 
CTCL is mycosis fungoides (MF), which accounts for half 
of CTCL cases and classically presents with indolent skin-
limited patches, plaques, and tumors [1]; however, disease 
progression and extracutaneous dissemination are possible 
[2, 3]. Sézary syndrome (SS) is a rare leukemic variant of 
CTCL that has a high mortality rate and a median overall 
survival rate of 5.1 years, which decreases to as Sézary 
cell burden increases [4]. Sézary cells are neoplastic 
CD4+ lymphocytes found in skin, lymph nodes, and 
peripheral blood. Early detection of SS is associated with 
positive clinical outcome, but diagnosis is complicated by 

histological and clinical similarities between SS and other 
dermatoses [5].

Despite attempts to define gene expression in 
CTCL, the molecular biology and pathogenesis of the 
disease remain poorly understood. Genomic studies 
over the last ten years have attempted to characterize 
gene expression in CTCL [6]. These studies have aimed 
to establish biomarkers useful in diagnosis, to elucidate 
disease pathogenesis, and to discover targets for therapy. 
Several genes have been identified as upregulated 
in multiple studies including PLS3, DNM3, and 
Twist [7–11]. Despite the consensus on dysregulation of 
a small number of genes, the role of these dysregulated 
genes in pathogenically relevant pathways has not been 
well characterized. Further, little is known how the 
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effects of treatment and clinical responses correlate with 
dysregulated gene expression.

Recently, we and others have identified 
dysregulation of the gene TOX and its protein product, 
thymocyte selection-associated high mobility group box 
protein (TOX) in MF [12–15]. TOX is a transcription 
factor that contains an HMG box DNA binding domain 
function necessary for the development of CD4+ cell 
lineages and lymphoid tissue but not typically expressed 
in mature circulating CD4+ cells. [16] Overexpression of 
TOX was also found to have prognostic implications in 
CTCL as it correlated with thicker lesions, such as patches 
and plaques as well as disease progression and mortality. 
[14] TOX was also upregulated in lesional skin from SS 
patients [15] and in SS peripheral blood mononuclear cells 
by microarray analysis [11].

To further investigate gene dysregulation in SS, 
we pooled our previously reported next generation 
sequence-based transcriptome data comparing CD4+ 
malignant T-cells with non-malignant CD4+ cells from 
the same SS patient [17, 18], and identified genes likely 
to be differentially expressed. A number of these genes 
were selected for validation and analysis, including TOX. 
After confirming dysregulation of TOX, we also sought to 
characterize the expression of its downstream targets and 
the effects of treatment on its expression.

Here, we present our results, confirming the 
differential expression of TOX and other identified genes, 
and we propose potential roles for a new pathway in 
disease pathogenesis.

RESULTS

Candidate gene prioritization and biomarker 
selection

To identify genetic signatures for SS, we utilized 
two different forms of transcriptome analysis, based on 
the results of our previously reported datasets. First, we 
isolated CD4+ T-cells from both SS patients and normal 
controls and compared gene expression between the two 
using next generation sequencing-based transcriptome 
analysis [18]. This analysis was also used to compare 
normal control CD4+ T-cells to lesional skin from MF 
patients [18]. Second, we isolated highly purified Sézary 
cells and matched non-malignant CD4+ T-cells from 
the same patient and compared gene expression in these 
two cell populations as we previously described [17]. 
The results of these two data collection methods were 
examined and differentially expressed genes were selected. 
Genes most likely to be biomarkers and oncogenes 
were identified with the use of Ingenuity and Metacore 
software. Finally, an exhaustive literature search of gene 
expression in CTCL was conducted and genes identified 
in previous publications were compared with our data. 
Based on the literature and software analysis, five genes 

were initially selected for validation: TOX, PLS3, PDCD6, 
KIR3DL2, and Integrin-β1. The expression levels of these 
genes using our sequence-based method as well as their 
biological relevance are displayed in Table 1.

Gene expression analysis and 
immunohistochemical staining

PLS3 and KIR3DL2 have been consistently reported 
as upregulated in SS, and their expression has been 
confirmed by flow cytometry [6, 19, 20]. For our initial 
and verifying studies, samples of purified CD4+ T cells 
were obtained from five SS patients (Supplemental table) 
and three healthy blood donors. Real-time PCR analysis 
confirmed statistically significant overexpression of 
TOX, PLS3, and KIR3DL2 in SS CD4+ T-cells compared 
to healthy blood donor samples (Figure 1). PLS3 and 
KIR3DL2 were over-expressed in all five patient samples 
in each set of experiments. TOX was over-expressed in 
four of the five patient samples in each set of experiments. 
As there has been little reported on the role of TOX in 
CTCL, we selected it for further analysis.

Diagnosis of CTCL represents a significant 
challenge due to the absence of definitive disease markers. 
Uniquely expressed proteins are ideal candidates to serve 
as biomarkers of the disease, enabling its diagnosis and 
management. To evaluate TOX for utility as a diagnostic 
marker we employed immunohistochemical staining of 
routine tissue sections from four MF patients, two SS 
patients, and nine psoriasis controls using commercial 
antibodies chosen based on their established use in staining 
formalin fixed paraffin embedded tissues. As PLS3 has not 
been formally studied with IHC, it was included as well. 
Both TOX and PLS3 were detected in SS and MF samples 
(Figure 2).

Treatment with romidepsin, but not pralatrexate, 
alters expression of selected genes

To characterize the effects of treatment of CTCL 
on gene expression, cells isolated from three CTCL 
patients with treatment-naïve disease were treated in 
culture. Romidepsin, a histone deacetylase inhibitor, and 
pralatrexate, an antifolate analogue were selected for 
study. PBMCs isolated from SS patients were treated 
in culture with either romidepsin (10nM, 100nM, and 
4 μM) or pralatrexate (5 μM and 20 μM) for 48 hours. 
Gene expression analysis was then conducted using RNA 
isolated from treated samples. Analysis revealed that TOX 
and PLS3 expression normalizes with romidepsin treatment 
but not pralatrexate in CTCL PBMCs cultured for 48 hours 
(Figure 3a). In normal cells, a global decrease in gene 
expression was noted in response to treatment that was not 
specific to either drug (data not shown). Further, CD4+ 
T-cells were banked from two patients with active disease 
and from the same two patients following treatment with 
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romidepsin and partial or complete resolution of disease. 
qRT-PCR analysis of these samples showed TOX and PLS3 
expression also normalize in CD4+ T-cells isolated from 
patients with disease resolution (Figure 3b).

The TOX-RUNX3 pathway is dysregulated in SS

Because TOX is a transcription factor, we sought 
to examine expression of its known downstream targets, 
particularly RUNX3, a tumor suppressor gene frequently 
deleted or transcriptionally silenced in cancer [21, 22]. 
TOX knockdown was recently shown to decrease the 

expression of ThPOK/ZBTB7B, a transcriptional regulator 
which serves as an intermediary in the TOX-RUNX3 
pathway [23] and is also activated by GATA3 [24]. 
This pathway is involved in CD4/CD8 fate selection in 
T-cell development [16, 23], and RUNX3 suppression is 
associated with Th2 skewing [25], which is frequently 
observed in patients with MF and is associated with 
advanced stage of disease. TOX was also recently shown 
to be associated with increased cell viability in malignant 
Sézary cells [26]. Our sequence-based transcriptome 
analysis indicated that RUNX3 is downregulated in CD4+ 
cells from SS patients as compared with those from 

Table 1: Genes selected for reverse transcriptase analysis. 
Gene SS to Norm MF to Norm Biological Relevance

T-plastin (PLS3) 83.00 12.00 PLS3 is an actin-building protein not normally expressed in 
T-cells [34]. It has a role in SS cell survival, and migration [31].

Thymocyte selection 
associated high mobility 
group box protein 
(TOX)

21.47 1.38
TOX is a transcription factor highly expressed in the thymus 
necessary for the development of CD4+ cells but not normally 
expressed in mature CD4+ cells [16].

Killer cell Ig-like 
receptor 3DL2 
(KIR3DL2)

19.67 n/a KIR3DL2 inhibits natural killer–mediated lysis after interaction 
with HLA-A, may prevent elimination of tumor cells [36].

Integrin β1 (ITGB1) 16.67 3.19 Integrins play a role in cellular shape, motility and the cell cycle 
[37]. In SS, ITGB1 may increase skin homing [38].

Programmed Cell Death 
6 (PDCD6) 13 0.16 PDCD6 product participates in T-cell receptor-programmed cell 

death and may have a role in cancer survival pathways [39].

Ratios of overexpression comparing SS CD4+ cells to normal CD4+ cells as well as MF lesional skin to normal CD4+ cells 
as determined by previously reported sequence-based analysis are displayed as well as biological significance.

Figure 1: Analysis of gene expression. Relative expression of PLS3, TOX, and KIR3DL2 as measured by qRT-PCR is shown 
with fold change representing the average expression level in give SS patients relative to the average expression level in three normal 
controls. Data are represented as mean +\− SEM. Expression levels were normalized the housekeeping gene B2M. All three genes 
were upregulated in SS with p-values < 0.0001.
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normal controls by a factor of −4.77, suggesting that 
the TOX→(+)Intermediary→ (-)RUNX3 pathway may 
be important to SS pathogenesis (Figure 4a). qRT-PCR 
confirmed overexpression of GATA3 in SS CD4+ T-cells 
relative to healthy blood donor samples (Figure 4b), 
underexpression of RUNX3 (Figure 4c), and unchanged 
expression of ThPOK/ZBTB7B (data not shown), in 
addition to an inverse relationship between expression 
of TOX and RUNX3 in SS CD4+ T-cells (Figure 4d). 
Importantly, TOX has been hypothesized to play a role in 
PLS3 upregulation in SS [11]; however, our data did not 
demonstrate any significant correlation between TOX and 
PLS3 expression (not shown).

Knockdown of TOX expression was performed 
using two different siRNA constructs (Figure 5a). Cell 

viability was studied following TOX siRNA knockdown 
with a resultant decrease in viability following treatment 
compared with cells treated with negative control siRNA 
and untreated cells (Figure 5b). Moreover, RUNX3 
expression in cells treated with TOX siRNA was measured 
and was rescued following siRNA treatment (Figure 5c).

DISCUSSION

TOX or thymocyte selection-associated high 
mobility group box is a transcription factor that contains 
an HMG-box DNA binding domain function. TOX is 
necessary for the development of CD4+ cell lineages and 
lymphoid tissue, but is not typically expressed in mature 
circulating CD4+ cells. [16] TOX indirectly suppresses 

Figure 2: Immunohistochemical staining for PLS3 and TOX. IHC staining for PLS3 of skin specimens from patients with 
psoriasis, MF, and SS shows strong cytoplasmic expression of PLS3 in CTCL infiltrate but not psoriasis. In all three samples, vessels are 
positive due to the presence of actin-bound PLS3 [35]. IHC staining for TOX shows strong, nonuniform nuclear staining in CTCL infiltrate 
but not psoriasis. All images are 40X and were captured using a Zeiss Mirax Midi Slide Scanner with Pannoramic MIDI/Viewer software.
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RUNX3, a tumor suppressor implicated in many cancers, 
including solid organ malignancies, leukemia, and primary 
central nervous system lymphomas [21, 27, 28]. RUNX3 
modulates the strength of Wnt signaling by complexing 

with β-catenin and T-Cell Factor 4 [22]. Our data, 
including transcriptome analysis and qRT-PCR results 
demonstrate that TOX is upregulated and RUNX3 is 
downregulated in SS patients. Moreover, knockdown of 

Figure 3: TOX and PLS3 expression following drug treatment. a. Effects of therapy on gene expression in vitro. Expression of 
both TOX and PLS3 in SS PBMCs normalizes with in vitro romidepsin (R) treatment but not pralatrexate (P) following 48-hour culture. 
Control samples (no tx) were patient PBMCs cultured in media with no drug for 48 hours. b. Gene expression changes in vivo. TOX and 
PLS3 expression also normalized in CD4+ T-cells isolated from patients with partial or complete disease resolution following treatment 
with romidepsin. All pooled data is shown as mean +/− SEM.
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Figure 4: Additional members of the TOX-RUNX3 pathway are dysgregulated. a. The TOX-RUNX3 pathway is show 
with genes differentially expressed following qRT-PCR analysis shown in red (upregulated) and green (downregulated.) The dashed lines 
represent indirect interactions that could include another intermediary, microRNA, or alteration of the RUNX3 promoter site. b. GATA3 is 
upregulated in SS CD4+ T-cells compared with healthy controls. c. RUNX3 is downregulated in SS CD4+ T-cells compared with healthy 
controls. d. RUNX3 expression is significantly inversely correlated to TOX expression. All pooled data is shown as mean +\− SEM.

Figure 5: siRNA knockdown of TOX reduces cell viability and increases RUNX3 expression. a. TOX siRNA knockdown 
was carried out using two constructs and confirmed with qRT-PCR analysis. b. TOX knockdown decreases cell viability more than negative 
control knockdown determined using a luminescence assay. 100% represents the viability of the untreated group at each respective 
time point. c. TOX knockdown also produced increased expression of RUNX3 based on qRT-PCR analysis. All pooled data is shown as 
mean +\− SEM.
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TOX was associated with increase in RUNX3 expression 
levels, indicating that TOX may act to decrease 
RUNX3′s tumor suppressor functions in SS. Importantly, 
TOX knockdown was associated with decreased cell 
viability, suggesting that it may play an important role 
in maintaining the malignant phenotype. Further studies 
on the effects of TOX expression on RUNX3 and cellular 
function included evasion of apoptosis and cell migration 
are warranted.

We examined regulation of RUNX3 by TOX 
in malignant CD4+ cells derived from PMBCs of 
Sézary syndrome patients. Interestingly, both TOX 
and GATA3, which was also previously demonstrated 
to be overexpressed in CTCL [11], are the negative 
regulators of RUNX3 expression. GATA3 and TOX 
proteins may exert their action on RUNX3 through 
epigenetic or posttranslational mechanisms, because 
a known intermediary, ThPOK, was not changed in 
our studies. In support of our conclusions, a ThPOK-
independent mechanism of GATA3 effects on RUNX3 
was recently reported [29]. McGirt et al. suggests that 
TOX itself may be upregulated following downregulation 
of microRNA-223, which is underexpressed in MF and 
has a binding site in the 3′UTR region of TOX [30]. 
Huang et al. recently demonstrated that TOX levels 
correlate with disease-specific mortality in SS patients, an 
observation that suggests the in vitro results achieved here 
are correlated to clinical pathogenesis and outcomes [26]. 
In light of the recent findings by our group and others, 
the role this pathway plays in pathogenesis of SS is an 
important area of continued study.

It has been previously suggested that TOX may 
upregulate PLS3 in SS patients [11]. The overexpression 
of PLS3 in SS peripheral blood mononuclear cells and 
SS CD4+ cells has been a single consistently reported 
finding through many studies [7–9]. In our next-
generation sequence analysis, PLS3 was significantly 
upregulated in purified malignant CD4+ cells from Sézary 
patients (83 times in SS compared to both MF patients 
and normal controls). Such significant and consistent 
upregulation of a gene not normally expressed in 
lymphocytes is suggestive of its pathological role in SS. In 
fact, PLS3 has been implicated in increasing resistance to 
apoptosis and SS cell migration toward chemokines [31]. 
However, we did not find any correlation between TOX 
and PLS3 expression levels, and our data does not support 
a relationship between TOX and PLS3.

There are no markers currently available for 
definitive diagnosis of SS and MF. The diagnosis is 
based on a constellation of morphological, histological, 
and immunochemical parameters together with clinic-
pathological correlation. Diagnosis of MF and SS 
is especially difficult in early stages of the diseases. 
We hypothesized that overexpression of PLS3 and 
TOX may result in high and specific expression of 
corresponding proteins that could be used diagnostically. 

To evaluate TOX and PLS3 diagnostic markers, we 
performed IHC staining of routine paraffin embedded 
MF and SS biopsy specimens. Using psoriasis samples as 
negative control, we observed specific positive staining 
of TOX and PLS3 in SS and MF. Importantly, we have 
previously demonstrated that TOX and CD4+ stain the 
same cells in CTCL samples using immunofluorescence 
[32]. Taken together, our observations indicate that TOX 
and PLS3 are strong candidates for future prospective 
biomarker validation studies.

In summary, we have described a novel pathway, 
the TOX-RUNX3 pathway, in SS and have demonstrated 
an inverse relationship between TOX, an established 
marker in CTCL, and a tumor suppressor gene RUNX3, 
suggestive of an important role of this pathway in 
disease pathogenesis. Further functional studies 
are necessary to confirm the role of each individual 
component of this pathway, including potential role of 
GATA3. Our results both contribute to the growing body 
of data defining multicomponent pathways important 
in disease etiology and pathogenesis, and discovering 
novel markers for diagnosis and potential therapeutic 
targets.

MATERIALS AND METHODS

Transcriptome analysis

Transcriptome data was analyzed from two sources. 
A single patient’s malignant CD4+ cells were compared to 
the same patient’s non-malignant CD4+ cells as we have 
previously described. [17] Next generation sequenced-based 
transcriptome analysis was conducted comparing both 
CD4+ T-cells from three SS patients and MF skin samples 
with CD4+ T-cells from three normal controls as we have 
previously described [18]. These data were analyzed 
using Ingenuity Pathways Analysis (IPA, http://www 
.ingenuity.com) and Metacore (Thomson Reuters, http://
thomsonreuters.com) to determine oncogenic potential of 
upregulated genes.

Cell sample collection, purification, and RNA 
and protein isolation

For validation of gene expression as well as drug 
and cell viability studies, peripheral blood was collected 
from nine histologically confirmed SS patients and 
four normal controls in total. Using Ficoll-PaqueTM 
gradient centrifugation (Amersham Biosciences Corp, 
Piscataway, NF), peripheral blood mononuclear cells 
(PBMCs) were selected. The CD4+ cells were then 
isolated from whole PBMCs using MACS MicroBeads 
magnetic beads separation (Miltenyi Biotec, Inc., 
Auburn, CA). Purity of the resulting population of 
cells was checked with flow cytometry. From the CD4+ 
cells, RNA and protein were isolated using the RNeasy 
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kit (Qiagen, Valencia, CA). For cDNA synthesis, total 
RNA (2 μg) was used for Reverse Transcription (RT) 
with Superscript II reverse transcriptase (Invitrogen, 
Karlsruhe, Germany) using oligo dT primers according 
to the recommendations of the manufacturer. The 
obtained cDNA was diluted 1:10 with ddH2O and 1 μl 
was used for each PCR reaction.

qRT-PCR

Quantitative reverse transcription PCR was 
performed using TaqMan PCR master mix (Applied 
Biosystems, Grand Island, NY) together with TaqMan 
probes and primers (Applied Biosystems) using standard 
conditions. Human B2M was used as an internal control. 
The experiments were performed on a StepOnePlus™ 
Real-Time PCR System (Applied Biosystems). The 
expression levels of the studied genes were normalized 
to B2M expression. Experiments were carried out 
three separate days in triplicate. Each assay included a 
negative control that was lacking template DNA. Relative 
expression of RNAs was calculated using the two ΔCT 
method [33]. Statistical analysis was performed using the 
student’s t-test.

Immunohistochemistry

Histologically confirmed, formalin fixed paraffin 
embedded (FFPE) MF (n = 4) and SS (n = 2) tumor 
biopsies collected from our institutional tissue bank in 
accordance with an IRB-approved protocol were used 
for immunohistochemical analysis of candidate CTCL 
biomarkers, with FFPE psoriasis (n = 9) lesions selected 
for use as negative controls. Human esophagus and 
small intestine were used as positive controls for PLS3 
and TOX respectively. Commercial antibodies were 
acquired for PLS3 (dilution 1:200, Abcam, Cambridge, 
MA) and TOX (dilution 1:250, Sigma Aldrich, St. Louis, 
MO). After deparaffinization, heat mediated epitope 
retrieval was conducted for 10 minutes (PLS3) and 
60 minutes (TOX), respectively. Blocking was carried 
out with Super Block (Scy Tek, West Logan, UT) for 
PLS3 samples and Background Sniper (Biocare Medical, 
Concord, CA) for TOX. PLS3 slides were incubated 
with primary antibodies for 1 hour, biotinylated goat 
antirabbit IgG antibody (Scy Tek) for 20 minutes and 
AEC Substrate-chromogen (Scy Tek). TOX slides 
were incubated with primary antibodies for 1 hour, 
biotinylated goat antirabbit IgG antibody streptavidin/
HRP (Biocare Medical, Concord, CA) for 45 minutes and 
Warp Red Chromagen for 15 minutes (Biocare Medica). 
Counterstaining was performed with Harris Hematoxylin 
for 15 seconds.

Treatment with romidepsin and pralatrexate

To study the effects of treatment on gene 
transcription, two strategies were used. First, patient 
PBMCs from patients with active CTCL were collected as 
above. PBMCs were then cultured overnight in RPMI 1640 
medium supplemented with interleukin-2 (BD Biosciences, 
San Jose, CA) 10 U/ml and interleukin-7 (BD Biosciences, 
San Jose, CA) 10 ng/ml both in a humidified incubator with 
5% CO2 at 37°C and the next day divided into treatment 
groups: 4 μM, 100 nM, and 10 nM romidepsin and 20 μM 
and 5 μM pralatrexate. Romidepsin and pralatrexate were 
provided by the UPMC pharmacy. Romidepsin was 
dissolved in diluent composed of 80% propylene glycol 
and 20% dehydrated alcohol to a stock concentration of 
2 mM and stored at −20°C. Dilutions of 100 and 10uM 
were made in RPMI 1640 and stored at −20°C for no more 
than 2 months. Pralatrexate was stored at a concentration 
of 20 mg/mL in −20°C at for no more than two months and 
was diluted as needed in RPMI 1640; these dilutions were 
used within one week. Each treatment was added 24 hours 
following culture initiation and carried out for 48 hours. 
Following treatment and prior to gene expression analysis, 
we performed flow cytometry to ensure that CD4+ cells 
comprised a similar percentage of each sample, ensuring 
that subsequent changes in gene expression were not the 
result of cell death or and altered population.

As described, RNA was isolated with RNAprotect 
and RNeasy products (Qiagen). Additionally, patient 
samples were banked from the same patients during active 
disease and after partial or complete clinical clearance of 
disease with romidepsin treatment. CD4+ cells were isolated 
from these samples using MACS magnetic beads (Miltenyi) 
and RNA was isolated as described. Finally, qRT-PCR 
was performed using the Quantitect reverse transcription 
kit (Qiagen) and TaqMan primers and PCR master mix 
(Applied Biosystems) on all samples. Relative expression 
of RNAs was calculated using the two ΔCT method [33]. 
Statistical analysis was performed using the student’s t-test.

Gene knockdown

To study the effects of TOX knockdown, siRNA 
knockdown was used. Two Silencer® Select siRNA 
constructs (IDs s18841 and s18840, Ambion, Grand 
Island, NY) were transfected using TransIT-siQUEST® 
Transfection Reagent (Mirus Bio, Madison, WI) according 
to manufacturer’s instructions. Freshly harvested SS 
PBMCs were plated in a 24-well plate and 0.5 μl of the 
transfection reagent was added to 50 μl of Opti-MEM 
I Reduced-Serum Medium (life technologies, Grand 
Island, NY) then to each well. siRNA was added to a 
final concentration of 10nM. Incubation was carried 
out for 24–36 hours. Knockdown was confirmed with 
qRT-PCR as described above, and expression of RUNX3 
was determined.
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Cell viability

Cells were cultured overnight in a 96-well 
microplate and the next day divided into four groups: 
untreated, TOX siRNA construct #1, TOX siRNA 
construct #2, and negative control siRNA. Each treatment 
was added 24 hours following culture initiation. At 
24 hours post-treatment, a CellTiter-Glo® Luminescent 
Cell Viability Assay (Promega, Madison, WI) was 
conducted according to manufacturer’s instructions. 
Plates were read using the Lmax Microplate Luminometer 
(Molecular Devices, Sunnyvale, CA) and SoftMax 
Pro Microplate Data Acquisition & Analysis Software 
(Molecular Devices). Each experiment was performed in 
quintuplicate, and statistical analysis comparing viability 
between treatment groups was conducted using the 
student’s t-test.

ACKNOWLEDGMENTS AND 
GRANT SUPPORT

We would like to acknowledge Beverly Gambrell 
for contributing significant technical expertise in the 
immunohistochemical staining of the tissue specimens. 
We would also like to thank Dr. Patrizia Fuschiotti for her 
critical reading of this manuscript.

This publication was made possible in part by NIH 
SPORE Program Grant# 5P50CA121973-05 to LG and 
LF, Grant Number UL1 RR024153 from the National 
Center for Research Resources (NCRR), and University 
of Pittsburgh Clinical and Translational Research Center. 
BOD was supported by the Howard Hughes Medical 
Fellows Program and the American Dermatological 
Association.

CONFLICTS OF INTEREST

The authors report no disclosures, financial interest, 
or conflicts of interest.

REFERENCES

1. Willemze R, Jaffe ES, Burg G, Cerroni L, Berti E, 
Swerdlow SH, Ralfkiaer E, Chimenti S, Diaz-Perez JL, 
Duncan LM, Grange F, Harris NL, Kempf W, Kerl H, 
Kurrer M, Knobler R, et al. WHO-ERTC classification for 
cutaneous lymphomas. Blood. 2005; 105:3768-3788.

2. van Doorn R, Van Haselen CW, van Voorst Vader PC, 
Geerts ML, Heule F, de Rie M, Steijlen PM, Dekker SK, 
van Vloten WA, Willemze R. Mycosis fungoides: dis-
ease evolution and prognosis of 309 Dutch patients. Arch 
Dermatol. 2000; 136:504-510.

3. Kim YH, Liu HL, Mrax-Gernhard S, Varghese A, Hoppe 
RT. Long-term outcome of 525 patients with mycosis 

fungoides and Sézary syndrome: clinical  prognostic factors 
and risk for disease progression. 2003; 139:857-866.

4. Vidulich KA, Talpur R, Bassett RL, Duvic M. Overall 
survival in erythrodermic cutaneous T-cell lymphoma: an 
analysis of prognostic factors in a cohort of patients with 
erythrodermic cutaneous T-cell lymphoma. International 
journal of dermatology. 2009; 48:243-252.

5. Foss FM, Sausville EA. Prognosis, staging of cutaneous 
T-cell lymphoma. Hematol Oncol Clin North Am. 1995; 
9:1011-1019.

6. Dulmage BO, Geskin LJ. Lessons learned from gene 
expression profiling of cutaneous T-cell lymphoma. The 
British journal of dermatology. 2013; 169:1188-1197.

7. Kari L, Loboda A, Nebozhyn M, Rook AH, Vonderheid 
EC, Nichols C, Virok D, Chang C, Horng WH, Johnston 
J, Wysocka M, Showe MK, Showe L. Classification 
and prediction of survival in patients with the leukemic 
phase of cutaneous T-cell lymphoma. J Exp Med. 2003; 
197:1477-1488.

8. van Doorn R, Dijkman R, Vermeer MH, Out-Luiting JJ, van 
der Raaij-Helmer EM, Willemze R, Tensen CP. Aberrant 
expression of the tyrosine kinase receptor EphA4 and the 
transcription factor Twist in Sezary syndrome indentified by 
gene expression analysis. Cancer Res. 2004; 64:5578-5586.

9. Wang Y, Su M, Zhou LL, Tu P, Zhang X, Jiang X, Zhou 
Y. Deficiency of SATB1 expression in Sezary cells causes 
apoptosis resistance by regulated FasL/CD95L transcrip-
tion. Blood. 2011; 117:3826-3835.

10. Mao X, Orchard G, Mitchell TJ, Oyama N, Russell-Jones 
R, Vermeer MH, Willemze R, van Doorn R, Tensen CP, 
Young BD, Whittaker SJ. A genomic and expression study 
of AP-1 in primary cutaneous T-cell lymphoma: evidence 
for dysregulated expression of JUNB and JUND in MF and 
SS. J Cutaneous Path. 2008; 35(899-910).

11. Booken N, Gratchev A, Utikal J, Weiss C, Yu X, Qadoumi 
M, Schmuth M, Sepp N, Nashan D, Rass K, Tüting T, Assaf 
C, Dippel E, Stadler R, Klemke CD, Goerdt S. Sezary syn-
drome is a unique cutaneous T-cell lymphoma as identified 
by an expanded gene signature including diagnostic marker 
molecules CDO1 and DNM3. Leukemia. 2008; 22:393-399.

12. O’Neill BL, Mirvish ED, Pomerantz RG, Falo LD Jr, 
Geskin LJ. TOX, PLS3, and KIR3DL2 genes are differ-
entially expressed in Sézary Syndrome. J Invest Dermatol. 
2012; 132:S25.

13. Zhang Y, Wang Y, Yu R, Huang Y, Su M, Xiao C, Martinka 
M, Dutz JP, Zhang X, Zheng Z, Zhou Y. Molecular markers 
of early-stage mycosis fungoides. J Invest Dermatol. 2012; 
132:1698-1706.

14. Huang Y, Litvinov IV, Wang Y, Su MW, Tu P, Jiang X, 
Kupper TS, Dutz JP, Sasseville D, Zhou Y. Thymocyte 
selection-associated high mobility group box gene (TOX) 
is aberrantly over-expressed in mycosis  fungoides and 
 correlates with poor prognosis. Oncotarget. 2014; 5:4418-
4425. https://doi:10.18632/oncotarget.2031.



Oncotarget3113www.oncotarget.com

15. Morimura S, Sugaya M, Suga H, Miyagaki T, Ohmatsu H, 
Fujita H, Asano Y, Tada Y, Kadono T, Sato S. TOX expres-
sion in different subtypes of cutaneous lymphoma. Archives 
of dermatological research. 2014; 306:843-849.

16. Aliahmad P, Kaye J. Development of all CD4 T lin-
eages requires nuclear factor TOX. J Exp Med. 2008; 
205:245-256.

17. Pomerantz RG, Mirvish ED, Erdos G, Falo LD Jr, Geskin 
LJ. Novel approach to gene expression profiling in 
Sezary syndrome. British Journal of Dermatology. 2010; 
163(1090-1094).

18. Dulmage BO, Feng H, Mirvish E, Geskin L. Black cat in a 
dark room: absence of a directly oncogenic virus does not 
eliminate the role of an infectious agent in CTCL pathogen-
esis. The British journal of dermatology. 2014.

19. Poszepczynska-Guigne E, Schiavon V, D’Incan M, 
Echchakir H, Musette P, Ortonne N, Boumsell L, Moretta 
A, Bensussan A, Bagot M. CD158k/KIR3DL2 Is a New 
Phenotypic Marker of Sezary Cells: Relevance for the 
Diagnosis and Follow-Up of Sezary Syndrome. J Invest 
Dermatol. 2004; 122:820-823.

20. Jones CL, Ferreira S, McKenzie RC, Tosi I, Caesar 
JA, Bagot M, Whittaker SJ, Mitchell TJ. Regulation of 
T-plastin expression by promoter hypomethylation in pri-
mary cutaneous T-cell lymphoma. J Invest Dermatol. 2012; 
132:2042-2049.

21. Han YX, Liang DY. The role of the tumor suppressor gene 
RUNX3 in giant cell tumor of the bone. J Oncol. 2012; 
40:673-678.

22. Ito K, Chee-Beng Lim A, Salto-Tellez M, Motoda L, Osato 
M, Chuang LS, Lee CW, Voon DC, Koo JK, Wang H, 
Fukamachi H, Ito Y. RUNX3 attenuates Beta-catenin/T 
Cell factors in intestinal tumorigenesis. Cancer Cell. 2008; 
14:226-237.

23. Aliahmad P, Kadavallore A, de la Torre B, Kappes D, Kaye 
J. TOX is required for development of the CD4 T cell lin-
eage gene program. J Immunol. 2011; 187:5931-5940.

24. Collins A, Littman DR, Taniuchi I. RUNX proteins in tran-
scription factor networks that regulate T-cell lineage choice. 
Nat Rev Immunol. 2009; 9:106-115.

25. Djuretic IM, Levanon D, Negreanu V, Groner Y, Rao A, 
Ansel KM. Transcription factors T-bet and Runx3 cooper-
ate to activate Ifng and silence Il4 in T helper type 1 cells. 
Nat Immunol. 2007; 8:145-153.

26. Huang Y, Su MW, Jiang X, Zhou Y. Evidence of an onco-
genic role of aberrant TOX activation in cutaneous T cell 
lymphoma. Blood. 2014.

27. Estecio MR, Maddipoti S, Bueso-Ramos C, DiNardo CD, 
Yang H, Wei Y, Kondo K, Fang Z, Stevenson W, Chang 
KS, Pierce SA, Bohannan Z, Borthakur G, Kantarjian H, 
Garcia-Manero G. RUNX3 promoter hypermethylation is 

frequent in leukaemia cell lines and associated with acute 
myeloid leukaemia inv(16) subtype. Br J Haematol. 2015.

28. Braggio E, Van Wier S, Ojha J, McPhail E, Asmann YW, 
Egan J, da Silva JA, Schiff D, Lopes MB, Decker PA, 
Valdez R, Tibes R, Eckloff B, Witzig TE, Stewart AK, 
Fonseca R, et al. Genome-Wide Analysis Uncovers Novel 
Recurrent Alterations in Primary Central Nervous System 
Lymphomas. Clin Cancer Res. 2015.

29. Xiong Y, Castro E, Yagi R, Zhu J, Lesourne R, Love PE, 
Feigenbaum L, Bosselut R. Thpok-independent repression 
of Runx3 by Gata3 during CD4+ T-cell differentiation in 
the thymus. Eur J Immunol. 2013; 43:918-928.

30. McGirt LY, Adams CM, Baerenwald DA, Zwerner JP, Zic 
JA, Eischen CM. miR-223 regulates cell growth and targets 
proto-oncogenes in mycosis fungoides/cutaneous T-cell 
lymphoma. J Invest Dermatol. 2014; 134:1101-1107.

31. Begue E, Jean-Louis F, Bagot M, Jauliac S, Cayuela JM, 
Laroche L, Parquet N, Bachelez H, Bensussan A, Courtois 
G, Michel L. Inducible expression and pathophysiologic 
function of T-plastin in cutaneous T-cell lymphoma. Blood. 
2012; 120:143-154.

32. Geskin LJ, Viragova S, Stolz DB, Fuschiotti P. 
Interleukin-13 is overexpressed in cutaneous T-cell lym-
phoma cells and regulates their proliferation. Blood. 2015; 
125:2798-2805.

33. Livak KJ, Schmittgen TD. Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-delta 
delta C(T)) method. Methods. 2001; 25:402-408.

34. Pawlowska Z, Baranska P, Jerczynska H, Koziolkiewicz W, 
Cierniewski CS. Heat shock proteins and other components 
of cellular machinery for protein synthesis are up-regulated 
in vascular endothelial cell growth factor-activated human 
endothelial cells. Proteomics. 2005; 5:1217-1227.

35. Lin CS, Lau A, Huynh T, Lue TF. Differential regulation 
of human T-plastin gene in leukocytes and non-leukocytes: 
identification of the promoter, enhancer, and CpG island. 
DNA Cell Biol. 1999; 18:27-37.

36. Mingari MC, Moretta A, Moretta L. Regulation of KIR 
expression in human T cells: a safety mechanism that may 
impair protective T-cell responses. Immunol Today. 1998; 
19:153-157.

37. Brakebusch C, Bouvard D, Stanchi F, Sakai T, Fassler R. 
Integrins in invasive growth. The Journal of clinical inves-
tigation. 2002; 109:999-1006.

38. Sterry W, Mielke V, Konter U, Kellner I, Boehncke WH. 
Role of beta 1-integrins in epidermotropism of malignant T 
cells. Am J Pathol. 1992; 141:855-860.

39. Su D, Xu H, Feng J, Gao Y, Gu L, Ying L, Katsaros D, Yu 
H, Xu S, Qi M. PDCD6 is an independent predictor of pro-
gression free survival in epithelial ovarian cancer. Journal 
of translational medicine. 2012; 10:31.


