
R

T
t

G
M
a

I
b

c

a

A
R
R
A
A

K
T
T
I
P
A

C

J
F

(

h
1

Pharmacological Research 109 (2016) 55–63

Contents lists available at ScienceDirect

Pharmacological  Research

j ourna l h om epage: w ww.elsev ier .com/ locate /yphrs

eview

hyroid  hormones  and  their  membrane  receptors  as  therapeutic
argets  for  T  cell  lymphomas

raciela  A.  Cremaschia,b,∗, Florencia  Cayrola, Helena  Andrea  Sterlea,
aría  Celeste  Díaz  Flaquéa, María  Laura  Barreiro  Arcosa,c

Instituto de Investigaciones Biomédicas (BIOMED), Facultad de Ciencias Médicas, Pontificia Universidad Católica Argentina (UCA), Consejo Nacional de
nvestigaciones Científicas y Técnicas (CONICET), Buenos Aires, Argentina
Laboratorio de Radioisótopos, Facultad de Farmacia y Bioquímica (FFyB), UBA, Buenos Aires, Argentina
Departamento de Química Biológica, Facultad de Ciencias Exactas y Naturales (FCEyN), Universidad de Buenos Aires (UBA), Buenos Aires, Argentina

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 18 December 2015
eceived in revised form 25 January 2016
ccepted 1 February 2016
vailable online 4 February 2016

eywords:
hyroid hormones

 cell lymphoma

a  b  s  t  r  a  c  t

Thyroid  hormones  (THs)  are  important  regulators  of  metabolism,  differentiation  and  cell proliferation.
They  can  modify  the  physiology  of  human  and  murine  T cell  lymphomas  (TCL).  These  effects  involve
genomic  mechanisms,  mediated  by specific  nuclear  receptors  (TR),  as  well  as  nongenomic  mechanisms,
that  lead  to the  activation  of  different  signaling  pathways  through  the  activation  of  a  membrane  recep-
tor,  the integrin  �v�3.  Therefore,  THs  are  able  to  induce  the  survival  and  growth  of  TCL.  Specifically,  the
signaling  induced  by THs  through  the  integrin  �v�3  activates  proliferative  and  angiogenic  programs,
mediated  by  the  regulation  of  the vascular  endothelial  growth  factor  (VEGF).  The  genomic  or  pharmaco-
logic  inhibition  of integrin  �v�3 reduces  the  production  of VEGF  and induces  cell death  both  in  vitro  and
ntegrin �v�3
roliferation
ngiogenesis

in  xenograft  models  of  human  TCL.
Here we  review  the  mechanisms  involved  in  the modulation  of  the physiology  of  TCL induced  by  THs,

the  analysis  of  the interaction  between  genomic  and  nongenomic  actions  of THs  and  their  contribution  to
T  cell  lymphomagenesis.  These  actions  of  THs  suggest  a novel  mechanism  for  the  endocrine  modulation
of  the  physiopathology  of  TCL  and  they  provide  a potential  molecular  target  for  its  treatment.

©  2016  Elsevier  Ltd. All  rights  reserved.
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1. Introduction

Thyroid hormones (THs), triiodothyronine (T3) and thyroxine
(T4) modulate several physiologic processes and are critical for

the growth, development, differentiation and the maintenance of
metabolism and homeostasis [1]. The effects of THs are mainly
mediated by classical signaling mechanisms initiated by T3 bind
to their nuclear receptors (TR). These receptors interact with
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http://www.sciencedirect.com/science/journal/10436618
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pecific responding elements (TREs) within the promoters of tar-
et genes, thus regulating their transcription [2,3]. Two different
enes encode these receptors: the THRA, that is located in the chro-
osome 17, and the THRB located in the chromosome 3, codifying

or the TR� and TR� proteins, respectively [4]. Different expression
atterns of these isoforms have been found during the embryonic
evelopment or in adult tissues [1]. The TR�1 is mainly expressed

n brain, heart and skeletal muscle, the TR�2 is mostly expressed in
rain, retina and inner ear, while TR�3 is expressed in kidney, liver
nd lung [4]. There are also other truncated isoforms which are not
ctive. Mutations of TRs have been detected in several cancers, such
s erythroleukemia and liver, kidney and thyroid cancers [5,6].

THs actions on the cell physiology are also exerted through non-
lassical mechanisms, originally called nongenomic, as they do not
mplicate the direct transcription of genes by TRs. These mecha-
isms are quick and involve the activation of intracellular signaling
ascades which finally lead to the activation of transcription factors,
hus indirectly regulating gene transcription [3,7]. Many of these
on-classical mechanisms have been demonstrated to be mediated
y a plasmatic membrane receptor (mTR), although they can also
egin at receptors in the mitochondria or cytoplasm [8]. Several
tudies have identified the integrin �v�3 as the mTR  [9] in dif-
erent tissues, such as blood vessels and heart [7]. This integrin is
he receptor for vitronectin, and is a member of the superfamily
f glycoproteins of adhesion molecules that mediate the binding
f cells to the extracellular matrix through the recognition of the
onserved sequence RGD (Arginine– Glycine–Aspartate) of many
lasmatic and matrix proteins. An interesting data is that this inte-
rin is mainly expressed in cancer cells, proliferating endothelial
nd vascular smooth muscle cells and osteoclasts [10]. The tumor
rowth, its invasiveness and metastatic dissemination are highly
ssociated with angiogenesis. Several evidences demonstrate that
he THs stimulate the production of angiogenic factors in the T lym-
homa cells through their interaction with the integrin �v�3 [11].
herefore, the presence of integrin �v�3 in the vascular endothe-
ium and in the tumor cells could explain the proangiogenic and
roliferative effects of THs on some cancer cells, including gliomas
4].

Studies performed in several human cancer cell lines, such as
reast adenocarcinoma [12], papillary and follicular thyroid carci-
oma [13], glioma [14] and lung carcinoma [15], showed that the
reatment with physiological concentrations of T3 and T4 induces
he activation of intracellular signaling pathways that involve the
xtracellular signal-regulated kinases (ERK), leading to cell prolif-
ration. These effects were blocked when the cells were pre-treated
ith the RGD peptide. Also an ERK-independent, PI3 K dependent
itogenic nongenomic effect of THs was demonstrated in pancre-

tic and ovarian cancer cell lines [16]. Therefore, THs bind to the
ntegrin �v�3 within the plasmatic membrane and initiate nonge-
omic actions that activate intracellular signaling cascades leading
o the proliferation of tumor cells.

We here review the actions that THs exert upon normal T
ymphocytes and T lymphoma cells, as well as their impact in T
ymphomagensis, with special focus in the potential targeting of
he mTR  for lymphoma treatment.

. Thyroid hormone receptors and actions in T lymphocytes

All the cells of the immune system have receptor for THs indicat-
ng their important role in the physiology of the immune system.
s an example, the existence of TRs in normal human lymphocytes
17] and in murine L1210 leukemia cells [18] was  demonstrated.
lso, the presence of TR�1 mRNA in human lymphocytes at similar

evels than those found in normal thyroid tissues, was  described
19]. We  found the presence of TR�1 in both murine [20] and
al Research 109 (2016) 55–63

human [21] normal and tumor T cells. This expression indicates
that there is an important interaction between the thyroid axis
and immune system. The existence of this relationship is strength-
ened by the alterations frequently observed in immunity during
the physiological or pathological fluctuations of TH circulating lev-
els [22–24]. Experimental hypothyroidism in rodents, induced by
thyroidectomy or by anti-thyroid agent administration, lead to a
decreased activity of the thymus, and to the involution of the spleen
and lymph nodes, effects that were reversed by the treatment
with THs [22,25]. According to these findings, the depression of
humoral and cell-mediated immune responses was  also observed
[26–31]. The immunological disorders occurring during hypothy-
roidism contribute to the severity of the disease in mice infected
with the respiratory syncytial virus [32]. In humans, hypothy-
roidism also leads to immunosuppression with clinical impact in
different disease conditions. Schoenfeld et al. [33] described the
suppression of cell mediated immunity in severe hypothyroidism,
as well as restoration of lymphocyte function during the gradual
return to the euthyroid state. A decrease in the number of circulat-
ing leukocytes, mononuclear cells and lymphocytes was described
in hypothyroid patients [34]. In accordance, children with congen-
ital hypothyroidism display a major deficiency of serum IgA and
IgM levels [35]. Hypothyroidism may  also aggravate the outcome
of serious viral infections and sepsis [36–38].

Despite some controversial results, most studies demonstrate
that hyperthyroid experimental conditions up regulate immune
responses. An increase in the size and cellularity of the spleen,
plasma cell differentiation, primary antibody responses, and T or
B lymphocyte activation was  observed in animals with high levels
of circulating THs [22,27,29,39,40].

Immune competence declines with age, and this is gener-
ally associated with increased susceptibility to infections and
malignancies [41]. Also, a relation between aging and altered
pituitary-thyroid axis with high thyrotropin levels was  shown [42].
A study in healthy elderly subject demonstrated that serum THs lev-
els were positively correlated with several immune markers such
as, markers of inflammation, proportion of NKT cells, IL-6 expres-
sion in activated monocytes, percentage of memory T lymphocytes,
and IL-2 receptor density in T cells [43]. In contrast, the concen-
tration of THs was  inversely associated with early lymphocyte
apoptosis and the relationship between naïve T cells and cytotoxic
T lymphocytes [43]. Similar findings indicating that THs would be
involved in reduced immunity due to aging was described in aged
mice, in which immune function was restored by administration
of T4 [31]. These results highlight the relationship between thy-
roid and immune function in healthy elderly individuals and the
importance of their role under physiological conditions.

Despite the several evidences showing the influence of thy-
roid status on immune responses and inflammation [24,44], only
few studies have reported the direct effects of THs on cells of the
immune system and the participation of nongenomic mechanisms
in this regulation [45]. In this way, integrin �v�3 expressions was
demonstrated in THP-1 human leukemic monocyte cells, where
THs were shown to stimulate the production of reactive oxygen
species (ROS) and cell migration, effects that were blocked by
the RGD peptide and that involved ERK1/2 and PI3 K/Akt path-
ways [45]. THs were also shown to increase the production of ROS
on human polymorphonuclear leukocytes, via a pertussis toxin-
sensitive nongenomic mechanism that involves PKC and calcium
intracellular pathways [46]. Also, both T3 and T4 enhance bac-
tericidal activity of murine macrophages infected with Neisseria
meningitides by nongenomic pathways involving the PI3 K and

ERK1/2 kinases and initiated via the integrin �v�3 [47].

In addition, T3 was  shown to induce the maturation and acti-
vation of dendritic cells, through the activation of a cytoplasmic
TRß1 receptor leading to the PI3K-independent phosphorylation
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Fig. 1. Genomics and nongenomics actions of THs on TCL.
THs  induce signaling pathways lead to the proliferation and survival of TCL through interaction with their nuclear receptors or the integrin �v�3. Nongenomics pathways
involve  rapid activation of PKC�, the ERK1/2 phosphorylation and NF-�B translocation to the nucleus. The genomic and nongenomic signals converge in the transcription of
specifics genes required for cell proliferation, survival and angiogenesis, such as cell cycle regulators, VEGF, and probably other angiogenic regulators.
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and the activation of the transcription factor NF-�B [20,57].
f Akt [48,49]. On cells from the adaptive immune response, we
howed that normal T lymphocytes, displayed very low levels of
he mTR, the integrin �v�3 [21], and that THs were not able to
xert the rapid activation of the intracellular signals involved in T
ell proliferation [50]. Despite this, and as observed in other tumor
ells, the mTR  was found overexpressed in both murine [20] and
uman [21] T cell lymphomas (TCL), leading to the possibility of
he participation of the integrin �v�3 in T cell lymphomagenesis.

. Direct action of THs on TCL lines. Genomic and
ongenomic mechanisms

T cell lymphomas are a heterogeneous group of aggressive lym-
hoproliferative disorders of considerable clinical, morphologic,

mmunophenotypic and genetic variation, accounting for approx-
mately the 10–15% of the total lymphoid malignancies [51,52].

ith an approximate annual incidence of 1.77 per 100,000 popula-
ion, its frequency varies geographically and its incidence increases
–2% per year [53]. They usually affect adults and are more com-
on  in men  than in women. The average age of diagnosis is 61 years,

anging from 17 to 90 years [53]. These lymphomas are a result of

he exacerbated proliferation of mature post-thymic lymphocytes.
atural killer (NK) cell neoplasms are also included in this group.
he last World Health Organization classification of hematopoi-
tic malignancies has divided this group of disorders into those
with predominantly leukemic (disseminated), nodal, extra-nodal
or cutaneous presentation [51,54].

The most common types are those of nodal presentation, that
include the peripheral T cell lymphoma not otherwise specified
(PTCL-NOS), the anaplastic large cell lymphoma and the angioim-
munoblastic TCL [54]. Although rare, cutaneous TCL deserved to be
mentioned, as the skin is the second location in frequency of extran-
odal primary lymphomas [55]. The TCL can be exposed to a complex
environment, formed by many growth factors, cytokines and hor-
mones that are synthesized by neighbor or distal cells [56]. In our
laboratory, we have demonstrated in the last years that one of the
factors that regulate the biology of TCL are THs [20,21,50,57,58].

Studies performed with free THs or agarose-coupled THs (TH-
AG, which are incapable of crossing the cell membrane) have
demonstrated that the genomic and nongenomic actions of THs
contribute to the proliferation of human and murine TCL lines.
Additionally, these studies indicated the participation of a mTR  in
the rapid effects of THs in these cells [20,21,50]. The nongenomic
signaling triggered by THs through the mTR  in murine TLC involves
the rapid translocation of the � isoform of protein kinase C (PKC�)
to the cell membrane, essential for the proliferation and survival of
TCL [50,57], the nongenomic phosphorylation of ERK 1/2 kinases
We have recently demonstrated that the integrin �v�3 is the
mTR  in human TCL lines. Thus, in a panel of 9 TCL lines of the differ-
ent subtypes of human TCL, we  have demonstrated the proliferative
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ction of THs. This effect was blocked by the RGD peptide and was
ot observed when the expression of the integrin �v�3 was inhib-

ted using small interfering RNA (siRNA) for the integrin �v or �3
21]. Additionally, we have evidenced in immature and mature TCL
hat these effects were accompanied by the regulation of the cell
ycle. According to this, in breast cancer cells the tetraiodothy-
oacetic acid (TETRAC), that inhibits the effects of THs on the mTR,
ed to an increase in the expression levels of proapoptotic genes,

hich demonstrates that THs are necessary for cell survival [7,59].
Using RNA sequencing techniques and bioinformatics, we

dentified in TCL the transcriptional programs activated by
Hs through their membrane receptor. Among these genes,
e found some related to protein translation, lymphocyte
roliferation/differentiation, DNA replication and angiogenesis.

nterestingly, we verified an increment in the mRNA levels of the
ascular endothelial growth factors (VEGF), VEGFA and VEGFB.
esides being mediated via the mTR  activation, this effect was
ependent on the activation of the transcription factor NF-�B, as
o increase of VEGF levels was detected in cells pre-treated with a
F-�B inhibitor [21]. This association between integrin �v�3 and
EGF was also evidenced in PTCL patient samples, as a positive
orrelation between the mRNA levels of the integrins �v or �3 and
he VEGFA or VEGFB gene. We  also demonstrate that THs induce
he production of VEGF functional angiogenic factors in TCL, func-
ioning in a paracrine or autocrine manner. In fact, THs were able
o increase the migration of human endothelial cells, as well as to
nduce tumor cell proliferation mediated by THs. Bevacizumab, a
locking antibody against VEGF, abrogated both effects. Also, the
roliferative action of THs on TCL was impaired by Axitinib, a phar-
acologic inhibitor of the VEGF receptor [21]. These results are

ummarized in Fig. 1.
The ability of THs to induce the expression of VEGF receptors

nd their ligands, the fibroblast growth factor (FGF), the platelet-
erived growth factor (PDGF) and the epidermal growth factor
EGF), as well as some angiogenic chemokines, has also been
emonstrated in other tumor cell types [60]. THs can also increase
he activity of bradykinin and angiotensin II, which contribute to
ascularization [60]. In human breast cancer cells treated with
ETRAC the proliferative and proangiogenic action of THs was
locked through the inhibition of the angiogenic effects of VEGF
nd FGF [7,59].

In summary, both proliferation programs, initiated by THs
hrough their nuclear and membrane receptors, favor the survival
nd proliferation of TCL, contributing to their malignant phenotype.

. Possible use of the mTR  as a therapeutic target for the
reatment of TCL

Based on the above, it could be expected that the circulating
evels of THs, would influence the tumor microenvironment in
atients with TCL and determine their development and/or pro-
ression. Therefore, decrease of circulating levels of THs, leading
he hypothyroid state, would be an attractive alternative adjuvant
herapy for impairing cancer cell growth and angiogenesis. How-
ver, there are no concluding evidences about the effect of thyroid
tatus on tumor processes. The greatest controversial results come
ut from the analysis of the relation between thyroid disease and
ancer risk or incidence in human epidemiological studies. Exper-
mental evidences also show that the thyroid status may  influence
ell components of the anti-tumor immunity, which would explain

n part some controversial results also found at this level on the
ffect exerted by hypothyroidism and hyperthyroidism in tumor
rowth in vivo. A brief summary of these findings is highlighted
elow.
al Research 109 (2016) 55–63

4.1. Thyroid status and tumor progression

Several epidemiological studies have evaluated if cancer is asso-
ciated with alteration in thyroid status. Both hyperthyroidism and
hypothyroidism were shown to influence cancer development.
However the final consequence of this influence depends on the
sampled population and the tumor type. Excellent reviews have
been published in the last years on this respect [61–65]. Some
examples of these studies are shown in Table 1 for hyperthyroid
conditions and Table 2 for hypothyroidism. Thus, hyperthyroidism
has been described as a risk factor for the development of pancreatic
[66] and oesophageal [67]. Also, Hellevik et al., [68], found a higher
risk of lung and prostate cancer in patients with hyperthyroid
function. The risk was  elevated both in subclinical hyperthyroid
patients, as well in those with overt hyperthyroidism, being the
risk stronger in this last patients [68]. Biochemical alterations in
thyrotropin and thyroid hormone levels could be related to a non-
thyroidal disease status caused by cancer, so the association would
be caused by cancer leading to low thyrotropin levels instead of
a hyperthyroid function. To rule out this possibility, the authors
started follow-up 2 years after laboratory measurements and with
this approach, the association of hyperthyroid function with cancer
risk was  strengthened [68].

Also, for prostate [71] and breast [70] cancer an association
between high levels of T3 and cancer development has been shown.
Furthermore, for prostate cancer an association between T3 levels
and a higher risk of disease recurrence in those with advance dis-
ease (stages T2c and T3) was found [69]. Despite hyperthyroidism
was also shown to be a risk factor for ovarian cancer [72], no signif-
icant association of self-reported history of hypothyroidism and
hyperthyroidism with either endometrial or ovarian cancer risk
was found in a large-cohort study performed by Kang et al. [73].

Respect to digestive system cancers, TH signaling has been asso-
ciated to the prevention of disease [63], and accordingly it was
demonstrated that long-term thyroid hormone replacement treat-
ment in hypothyroid patients was related to a significantly reduced
relative risk of colorectal cancer [74,75]. Also, increased risk of
hepatocellular carcinoma in hypothyroid subjects was also demon-
strated by 2 case-control studies [76,77]

However contradictory results were found in the relation
between hypothyroidism and the development of other cancer
types. Thus, Cristofanilli et al. [78] have described a lower inci-
dence of breast carcinoma in patients with hypothyroidism and
Backwinkel and Jackson [79] found a 5 month longer survival in
hypothyroid respect to euthyroid breast cancer patients. However,
in this last study a significantly lower survival time was  found
associated to hypothyroidism in the presence of metastasis. Also,
hypothyroidism was  shown to be a risk factor for the develop-
ment of breast cancer [80] and a negative correlation between
proliferation index and free T3 levels were found in HER2 posi-
tive breast cancer patients [81]. Contributing to this controversy, a
recent meta-analysis showed no association with increased risk for
breast cancer and THs replacement therapy does not reduce breast
cancer prevalence [82].

Hypothyroidism was  also shown to reduce the risk for prostate
[83] and, to improve the survival of head and neck cancer patients
[84]. Hercbergs et al. [85] have shown the spontaneous remis-
sion of a nonsmall cell lung cancer in a patient that survives a
mixedema coma, and prolonged recurrence-free survival and 3-
fold increased survival rates have been reported in association
with chemical- induced hypothyroidism in two clinical trials for
glioblastoma [86,87].
Experimental evidences using tumor models in hyperthyroid
or hypothyroid animals were not able to clarify the role of thy-
roid status on tumor establishment and progression. Most studies
demonstrate that tumor-bearing hypothyroid animals displayed
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Table  1
Some studies on hyperthyroidism relation with different types of cancers.

Hyperthyroidism

Cancer type Study type No. of cases Clinical relevance Refs.

Pancreatic Case-control 532 Pts, 1701C Increased risk [66]
Oesophageal Prospective 102 Pts, 160C Significantly higher incidence in Pts than in C [67]
Colorectal Nested case-control 20990 Pts, 82054C Modestly elevated risk [75]
Lung (LC) Prospective 192 LC Pts Increased risk [68]
Prostate (PC) 326 PC Pts
Prostate Comparative 68 Pts Association with high risk of disease recurrence [69]

161 Pts, 27C Mean serum T3 in Pts increased significantly vs C [71]
Ovarian Case-control 767 Pts, 1367C Increased risk [72]
Endometrial (EC) Prospective 1314 EC Pts, No association [73]
Ovarian (OC) 1150 OC Pts
Breast Prospective cohort 2185 Pts Association with risk of cancer development in peri/postmenopausal women [70]

Pts: Cancer patients; C: Controls.

Table 2
Examples of hypothyroidism impact on different types of cancers.

Hypothyroidism

Cancer type Study type No. of cases Clinical relevance Refs.

Colorectal Nested case-control 20,990 Pts, 82054 C Modestly elevated risk in untreated Pts Decreased risk
with long-term hormone replacement therapy

[75]

Hepatocellular
carcinoma

Case control 420 Pts, 1104 C Increased risk in women  [77]
Case-controla 54 Pts, 57 HCV,49 ALD Increased risk in Pts with unknown etiology [76]

Lung Case report 1 Pts Spontaneous remission following myxedema coma [85]
Prostate Randomized controlled trial 402 Pts, 800 C Reduce Risk [83]
Endometrial (EC) Prospective 1314 EC Pts, No association [73]
Ovarian (OC) 1150 OC Pts
Breast Comparative 280 Pts Pts 5 months more survival than C

Significantly lower survival time in the presence of
metastasis

[79]

Case control 1136 Pts, 1088 C Reduce risk [78]
Head and neck Retrospective 155 Pts Improved survival and increased recurrence-free survival [84]
Glioblastoma
multiforme

Clinical trialb 22 Pts 3-fold increase in survival duration [86]
Case report 1 Pts Extended remission period and prolonged overall survival [87]

Pts: Cancer patients; C: Controls.
a Cross-sectional associations between underlying liver disease in hepatocellular carcinoma (HCC) and hypothyroidism. HCC Pts seen with no underlying etiology for

chronic  liver disease; HCV: HCC patients with Hepatitis C virus infection; ALD: HCC patients with alcoholic liver disease.

r
c
c
t
t
h
s
i
m
g
i
F
t
p
T
t
t
p
a
t
p

p
a
t

b Chemoterapy plus chemical induce hypothyroidism with propylthiouracil.

educed tumor growth and prolonged survival than euthyroid
ounterparts [62]. Thus, analysis of MNU-induced mammary car-
inogenesis in rats with different thyroid status showed that
he hyperthyroid group had a statistically higher tumor burden
han euthyroid animals after 38 weeks post MNU  injection, while
ypothyroid rats had no tumors of mammary tissue origin at the
ame time [88]. Similarly, T4-induction of a hyperthyroid state
ncreased sarcoma tumor growth and dissemination in syngeneic

ice [89]. Otherwise, hypothyroidism lead to the inhibition of local
rowth rate of Morris Hepatoma implanted in rats, while decreas-
ng tumor spreading and prolonging rat survival [90]. However,
rau et al. [91] has recently reported that hypothyroidism induc-
ion in an experimental model of liver carcinogenesis, favors the
rogression of preneoplastic lesions to a malignant carcinoma.
his was accompanied by a decrease in the expression of TRs and
heir target genes, while T3-induced hyperthyroidism leads to con-
rary effects and to the regression of hepatic nodules [91]. The
hysiological loss of TR, either by gene deletion or mutation, was
lready related to the development, progression and dissemina-
ion of several cancers [for review see 92]. Therefore, the possible
articipation of this additional factor has to be considered.

In addition, decreased tumor growth was reported for human

rostate and lung adenocarcinoma xenografts in hypothyroid
thymic nude mice [62,93]. Martinez-Iglesias et al. [94] showed
hat hypothyroidism resulted in a decreased rate of tumor growth,
but an increased development and number of metastases, in murine
xenograft models of human hepatocarcinoma and breast can-
cer. We  have described similar findings on the in vivo growth
of murine TLC in syngeneic animals with different thyroid sta-
tus [58,95]. Hyperthyroid mice exhibited increased tumors along
with increased expression of proliferating cell nuclear antigen
and cell cycle regulators compared to hypothyroid and control
tumor-bearing mice [58,95]. Also, they displayed an increased
intratumoral and peritumoral vasculogenesis [58] and a lower
number of tumor-infiltrating T lymphocytes with lower percent-
age of functional IFN-�-producing CD8+ T cells [95]. However,
hypothyroid mice showed a higher frequency of metastases than
the other groups, similar to was found in breast cancer patients
in which hypothyroidism was associated with significantly lower
survival in the presence of metastasis [79]. In our hypothyroid ani-
mals, tumor dissemination was shown to be related to the thyroid
status modulation of anti-tumor immunity, as lower number and
activity of splenic NK and cytotoxic CD8+ T cells were found in
the spleens of hypothyroid respect to hyperthyroid tumor-bearing
mice [95]. This results can be explained under the light of thyroid
status influence on immunity as discussed before, and poin out
that in addition to hormones, immune cells in tumor microenvi-

ronment also influence tumor destiny. Remembering that TH exert
proangigenic actions on TCL cells that display increased levels of the
integrin �v�3, while normal T cells do not, inhibition of TH actions
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Fig. 2. Hormonal and inmune factors of the tumor microenviroment interplay to regulate T lymphomas growth and metastases dissemination.
THs  induce tumor proliferation and angiogenesis through activation of nongenomic and genomic pathways. In addition, THs stimulate antitumor immunity contributing to
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ontrol of tumor spreading (upper panel). Specific inhibitors of integrin �v�3 block
nhibition of integrin �v�3 does not affect the antitumor response, which is mod
nhibition of the integrin �v�3 could be an attractive therapeutic target for TCL pat

t this levels would be a potential adyuvant therapy against TCL
rogression.

.2. Inhibition of TH actions at the integrin ˛vˇ3 receptor for TCL
reatment

It has been well accepted that anti-angiogenic therapy can be an
djuvant treatment for various types of tumor with relative success
96]. Also, we have already discussed the pro-angiogenic action of
Hs on several types of cancer [11]. Taking into account our results
n the proliferative and proangiogenic roles of THs mediated by the
TR  in TCL lines, we used preclinical models to analyze whether

hese pathways could be capitalized for the treatment of patients
ith TCL. We  performed xenografts of human TCL in NOD-SCID

mmunodeficient mice and we evaluated the effect of the inhibition
f the integrin �v�3 on the tumor growth. The negative regulation
f the integrins �v or �3 in TCL by siRNA reduced the tumor vol-
me  and decreased the expression levels of VEGF and the blood
essel area in the tumor [21]. This suggests a decrease in the angio-

enic potential of tumors originated from cells that do not express
TR. Moreover, the growth of tumors in immunodeficient animals

ransplanted with PLCT-NOS cells or patient-derived tumors xeno-
ransplanted in mice was significantly reduced by treatment with
ongenomic actions mediated by THs, which leads to a lower rate of tumor growth.
 by the THs mainly through of the genomic pathways. Furthermore, the selective
herapy (bottom panel).

cilengitide [21], a selective pharmacologic inhibitor for integrin
�v�3, at present used in the clinic for the treatment of other tumors
[97]. It is worth to notice that no toxic effects of cilengitide were
observed in these animals. Cilengitide is at the present time under-
going phase III clinical trials in patients with glioblastoma [98] and
phase II clinical trials with other types of solid tumors [99–101].
Given that integrin �v�3 is mainly expressed in malignant cells
[102], these results point out the importance of these mechanisms
for the development of an effective and low toxicity treatment for
patients with TCL.

In support to the role of integrin �v�3 in cancer, an observa-
tional study on unselected terminal patients with incurable solid
tumors showed that medical induction of hypothyroxinemia, with
T3 or the anti-thyroid drug methimazole plus T3, extended sur-
vival in the majority of patients [103]. This was  based on the fact
that the integrin �v�3 affinity for T4 is greater than that for T3 in
many cell types [9], and that T4 is a more potent inducer of tumor
cell proliferation than T3 [104]. Furthermore, the inhibition of T4
and T3 binding to the integrin �v�3 by the non-cell permeable

T4 analog, tetraiodothyroacetic acid (tetrac), covalently attached
to a nanoparticle (Nanotetrac), abolished the angiogenic activity of
THs [105]. Thus, Nanotretrac suppressed expression of EGFR, VEGF,
multiple cyclins, catenin, and multiple cytokines and was shown
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o be an effective chemotherapeutic agent in preclinical studies of
uman pancreatic cancer cell xenografts [106]. In sum, all these
vidences point out that targeting the mTR  would be an attractive
herapeutic tool for other neoplastic diseases.

. Concluding remarks

In a tumor, cell growth is sustained by many factors of the
icroenvironment that also allow their invasion and escape to

vade the anti-tumor immune response. This tumor microenvi-
onment includes hormonal factors and THs were demonstrated to
e one of these factors. A well-characterized biological mechanism
hrough which THs may  regulate tumor cell division and spreading
nvolves THs binding to the mTR, namely the integrin �v�3. This
ctivates various pro-carcinogenic pathways leading to cell prolif-
ration and angiogenesis. For TCL, THs were shown to induce, both
n vitro and in vivo, their proliferation. This effect is mediated by
he induction of signaling pathways in which both TR and integrin
v�3 participate. Among the signaling initiated by the integrin, the
ctivation of NF-�B plays a crucial role in TCL growth. This mech-
nism also involves the modulation of cell cycle regulators and
ngiogenic factors, thus ultimately leading to the tumor growth and
ascularization. Despite slowing tumor growth, reduction of circu-
ating THs levels paradoxically rises TCL dissemination by affecting
he distribution of immune cell types in the tumor milieu and the
ature of local and systemic antitumor immune responses. Thus,
he mTR, that would not affect immune cell function, become an
ttractive target for TCL treatment. In fact, the selective inhibition of
he integrin �v�3 in different subtypes of TCL results in the inhibi-
ion of cell proliferation, tumor growth and impaired angiogenesis
see Fig. 2). In those cases in which tumor cells displayed an mTR
ith higher affinity for T4 than T3, the induction of hypothyroxine-
ia  with normal levels of T3 would be a good and cheap adjuvant

lternative for cancer treatment. In cases in which both T3 and T4
odulates tumor cell physiopathology via the integrin �v�3, as

n TCL, then selective inhibition of the integrin, with cilengitide or
otentially by nanotetrac, would contribute to impair cancer pro-
ression. Nevertheless, the confirmation in preclinical models that
oth compounds do not affect antitumor immunity is still pending.

onflict of interest

The authors declare no conflicts of interest.

cknowledgements

This work was supported by the National Research Council of
rgentina (PIP-CONICET 00275) (G.A.C.), the University of Buenos
ires (UBACYT 20020130100289BA), the National Agency for Sci-
nce and Technology (ANPCYT, PICT 2008-1858 and PICT-Raíces
012-1328)

eferences

[1] A. Oetting, P.M. Yen, New insights into thyroid hormone action, Best Pract.
Res. Clin. Endocrinol. Metab. 21 (2007) 193–208, http://dx.doi.org/10.1016/j.
beem.2007.04.004.

[2] M.A. Lazar, Thyroid hormone action: a binding contract, J. Clin. Invest. 112
(2003) 497–499, http://dx.doi.org/10.1172/JCI200319479.

[3]  G.A. Brent, Mechanisms of thyroid hormone action, J. Clin. Invest. 122 (2012)
3035–3043, http://dx.doi.org/10.1172/JCI60047.

[4]  S.Y. Cheng, J.L. Leonard, P.J. Davis, Molecular aspects of thyroid hormone
actions, Endocr. Rev. 31 (2010) 139–170, http://dx.doi.org/10.1210/er.2009-

0007.

[5] I.H. Chan, M.L. Privalsky, A conserved lysine in the thyroid hormone
receptor-alpha1 DNA-binding domain, mutated in hepatocellular
carcinoma, serves as a sensor for transcriptional regulation, Mol. Cancer Res.
8  (1) (2010) 15–23, http://dx.doi.org/10.1158/1541-7786.MCR-09-0425.
al Research 109 (2016) 55–63 61

[6] M.D. Rosen, I.H. Chan, M.L. Privalsky, Mutant thyroid hormone receptors
(TRs) isolated from distinct cancer types display distinct target gene
specificities: a unique regulatory repertoire associated with two renal clear
cell  carcinomas, Mol. Endocrinol. 25 (2011) 1311–1325, http://dx.doi.org/
10.1210/me.2010-0420.

[7] P.J. Davis, F.B. Davis, S.A. Mousa, M.K. Luidens, H.Y. Lin, Membrane receptor
for  thyroid hormone: physiologic and pharmacologic implications, Annu.
Rev. Pharmacol. Toxicol. 51 (2011) 99–115, http://dx.doi.org/10.1146/
annurev-pharmtox-010510-100512.

[8] P.J. Davis, F. Goglia, J.L. Leonard, Nongenomic actions of thyroid hormone,
Nat. Rev. Endocrinol. 12 (2) (2016) 111–121, http://dx.doi.org/10.1038/
nrendo.2015.205.

[9] J.J. Bergh, H.Y. Lin, L. Lansing, S.N. Mohamed, F.B. Davis, S. Mousa, P.J. Davis,
Integrin alphaVbeta3 contains a cell surface receptor site for thyroid
hormone that is linked to activation of mitogen-activated protein kinase
and  induction of angiogenesis, Endocrinology 146 (2005) 2864–2871,
http://dx.doi.org/10.1210/en.2055-0102.

[10] E.K. Sloan, N. Pouliot, K.L. Stanley, J. Chia, J.M. Moseley, D.K. Hards, R.L.
Anderson, Tumor-specific expression of alphavbeta3 integrin promotes
spontaneous metastasis of breast cancer to bone, Breast Cancer Res. 8
(2006) R20, http://dx.doi.org/10.1186/bcr1398.

[11] M.  Pinto, P. Soares, D. Ribatti, Thyroid hormone as a regulator of tumor
induced angiogenesis, Cancer Lett. 301 (2011) 119–126, http://dx.doi.org/
10.1016/j.canlet.2010.11.011.

[12] H.Y. Tang, H.Y. Lin, S. Zhang, F.B. Davis, P.J. Davis, Thyroid hormone causes
mitogen-activared protein kinase-dependent phosphorylation of the
nuclear estrogen receptor, Endocrinology 145 (2004) 3265–3272, http://dx.
doi.org/10.1210/en. 2004-0308.

[13] H.Y. Lin, H.Y. Tang, A. Shih, T. Keating, G. Cao, P.J. Davis, F.B. Davis, Thyroid
hormone is a MAPK-dependent growth factor for thyroid cancer cells and is
anti-apoptotic, Steroids 72 (2) (2007) 180–187, http://dx.doi.org/10.1016/j.
steroids.2006.11.014.

[14] H.Y. Lin, M.  Sun, H.Y. Tang, C. Lin, M.K. Luidens, S.A. Mousa, S. Incerpi, G.L.
Drusano, F.B. Davis, P.J. Davis, l-Thyroxine vs. 3,5,3′-triiodo-l-thyronine and
cell proliferation: activation of mitogen-activated protein kinase and
phosphatidylinositol 3-kinase, Am.  J. Physiol. Cell Physiol. 296 (2009)
C980–C991, http://dx.doi.org/10.1152/ajpcell.00305.2008.

[15] R. Meng, H.Y. Tang, J. Westfall, D. London, J.H. Cao, S.A. Mousa, M.  Luidens, A.
Hercbergs, F.B. Davis, P.J. Davis, H.Y. Lin, Crosstalk between integrin �v�3
and estrogen receptor-� is involved in thyroid hormone-induced
proliferation in human lung carcinoma cells, PLoS One 6 (2011) e27547,
http://dx.doi.org/10.1371/journal.pone.0027547.

[16] G. Moriggi, C. Verga Falzacappa, C. Mangialardo, S. Michienzi, A. Stigliano, E.
Brunetti, V. Toscano, S. Misiti, Thyroid hormones (T3 and T4): dual effect on
human cancer cell proliferation, Anticancer Res. 31 (2011) 89–96.

[17] C. Jaffiol, L. Baldet, J. Torresani, J. Bismuth, C. Papachristou, A case of
hypersensitivity to thyroid hormones with normally functioning thyroid
gland and increased nuclear triiodothyronine receptors, J. Endocrinol.
Invest. 13 (1990) 839–845, http://dx.doi.org/10.1007/BF03349636.

[18] P. Filipcík, J. Brtko, L. Rauová, V. Sedláková, Distribution of triiodothyronine
nuclear receptors during the cell cycle in mouse leukemia cells, Folia Biol.
(Praha) 38 (1992) 332–339.

[19] S. Meier-Heusler, A. Pernin, H. Liang, M.O. Goumaz, A.G. Burger, C.A. Meier,
Quantitation of beta 1 triiodothyronine receptor mRNA in human tissues by
competitive reverse transcription polymerase chain reaction, J. Endocrinol.
Invest. 18 (1995) 767–773.

[20] M.L. Barreiro Arcos, H.A. Sterle, M.A. Paulazo, E. Valli, A.J. Klecha, B. Isse, C.G.
Pellizas, R.N. Farias, G.A. Cremaschi, Cooperative nongenomic and genomic
actions on thyroid hormone mediated-modulation of T cell proliferation
involve up-regulation of thyroid hormone receptor and inducible nitric
oxide synthase expression, J. Cell. Physiol. 226 (2011) 3208–3218, http://dx.
doi.org/10.1002/jcp.22681.

[21] F. Cayrol, M.C. Díaz Flaqué, T. Fernando, S.N. Yang, H.A. Sterle, M.  Bolontrade,
M.  Amorós, B. Isse, R.N. Farías, H. Ahn, Y.F. Tian, F. Tabbò, A. Singh, G.
Inghirami, L. Cerchietti, G.A. Cremaschi, Integrin �v�3 acting as membrane
receptor for thyroid hormones mediates angiogenesis in malignant T cells,
Blood 125 (2015) 841–851, http://dx.doi.org/10.1182/blood-2014-07-
587337.

[22] N. Fabris, E. Mocchegiani, M.  Provinciali, Pituitary-thyroid axis and immune
system: a reciprocal neuroendocrine-immune interaction, Horm. Res. 43
(1995) 29–38.

[23] A.M. Genaro, A.J. Klecha, L.R. Frick, M.L. Barreiro Arcos, G.A. Cremaschi,
Thyroid hormone modulation of immunity. Its participation in chronic
stress-induced immune alterations, Curr. Immunol. Rev. 6 (2010) 339–347,
http://dx.doi.org/10.2174/1573395511006040339.

[24] P. De Vito, S. Incerpi, J. Pedersen, P. Luly, F. Davis, P. Davis, Thyroid hormones
as  modulators of immune activities at the cellular level, Thyroid 21 (2011)
879–890, http://dx.doi.org/10.1089/thy.2010.0429.
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