
Signal Transducer and Activator of Transcription 1 Plays a
Pivotal Role in RET/PTC3 Oncogene-induced Expression of
Indoleamine 2,3-Dioxygenase 1*

Received for publication, June 27, 2016, and in revised form, December 9, 2016 Published, JBC Papers in Press, December 19, 2016, DOI 10.1074/jbc.M116.745448

Sonia Moretti‡§, Elisa Menicali‡§, Nicole Nucci‡§, Pasquale Voce‡§, Renato Colella¶, Rosa Marina Melillo�**,
Federica Liotti�, Silvia Morelli‡§, Francesca Fallarino¶, Antonio Macchiarulo‡‡, Massimo Santoro�, Nicola Avenia§ §§,
and Efisio Puxeddu‡§1

From the Departments of ‡Medicine, ¶Experimental Medicine, ‡‡Pharmaceutical Sciences, and §§Surgical and Biomedical Sciences,
University of Perugia, 06100 Perugia, the §Research Centre of Thyroid Proteomics and Genomics (CRiProGeT), University of Perugia,
05100 Terni, and the �Department of Molecular Medicine and Medical Biotechnology, University of Naples “Federico II,” **Istituto
per l’Endocrinologia e l’Oncologia Sperimentale, CNR, 80131 Naples, Italy

Edited by Eric R. Fearon

Indoleamine 2,3-dioxygenase 1 (IDO1) is a single chain oxi-
doreductase that catalyzes tryptophan degradation to kynuren-
ine. In cancer, it exerts an immunosuppressive function as part
of an acquired mechanism of immune escape. Recently, we dem-
onstrated that IDO1 expression is significantly higher in all thy-
roid cancer histotypes compared with normal thyroid and that
its expression levels correlate with T regulatory (Treg) lympho-
cyte densities in the tumor microenvironment. BRAFV600E- and
RET/PTC3-expressing PcCL3 cells were used as cellular models
for the evaluation of IDO1 expression in thyroid carcinoma cells
and for the study of involved signal transduction pathways.
BRAFV600E-expressing PcCL3 cells did not show IDO1 expres-
sion. Conversely, RET/PTC3-expressing cells were character-
ized by a high IDO1 expression. Moreover, we found that, the
STAT1-IRF1 pathway was instrumental for IDO1 expression in
RET/PTC3 expressing cells. In detail, RET/PTC3 induced
STAT1 overexpression and phosphorylation at Ser-727 and
Tyr-701. STAT1 transcriptional regulation appeared to require
activation of the canonical NF-�B pathway. Conversely, activation
of the MAPK and PI3K-AKT pathways primarily regulated Ser-
727 phosphorylation, whereas a physical interaction between RET/
PTC3 and STAT1, followed by a direct tyrosine phosphorylation
event, was necessary for STAT1 Tyr-701 phosphorylation. These
data provide the first evidence of a direct link between IDO1
expression and the oncogenic activation of RET in thyroid carci-
noma and describe the involved signal transduction pathways.
Moreover, they suggest possible novel molecular targets for the
abrogation of tumor microenvironment immunosuppression. The
detection of those targets is becoming increasingly important to
yield the full function of novel immune checkpoint inhibitors.

There is increasing evidence that solid tumors are composed
by a complex aggregation of distinct cell types. Next to cancer
cells and cancer stem cells, the tumor stroma contains endothe-
lial cells, pericytes, tumor-associated fibroblasts, myeloid pro-
genitors, and cells belonging to both the innate and adaptive
immune system (1). Overall, these cells appear to promote
tumor growth and progression. The immune cells of the tumor
microenvironment may include subclasses with anti-tumor
activity, such as CD8� T lymphocytes, involved in the recogni-
tion and elimination of antigens expressed by cancer cells.
However, it is well established that clinically detectable cancers
must have developed mechanisms to evade the immune system
(2). One such mechanism includes the expression of the
immune-suppressive enzyme indoleamine 2,3-dioxygenase 1
(IDO1),2 either by tumor cells or the tumor-associated den-
dritic cells that may move to tumor-draining lymph nodes (3,
4). IDO1 is a single chain oxidoreductase that catalyzes the
degradation of the essential amino acid tryptophan to kynuren-
ine, the first step in the biosynthesis of nicotinamide adenine
dinucleotide (NAD). T cells have appeared to be preferentially
sensitive to IDO1 activation, such that when starved for tryp-
tophan they cannot divide, therefore losing the ability to be
activated by specific antigens (4). Moreover, kynurenine gener-
ated by the IDO1 pathway has appeared important for the
induction of Tregs and immune suppression (5). In cancer cells,
kynurenine has been shown to promote tumor-cell survival and
motility through the activation of the aryl hydrocarbon recep-
tor (AHR) in an autocrine/paracrine fashion (6). Very recently,
we demonstrated that IDO1 expression is significantly higher
in all thyroid cancer histotypes compared with normal thyroid
and that its expression levels correlate with Treg lymphocyte
densities in the thyroid tumor microenvironment (7).

BRAF point mutations and RET gene rearrangements (RET/
PTCs) are the two major groups of mutations involved in pap-
illary thyroid carcinoma initiation and progression. Cells
expressing BRAFV600E showed overactivation of the mitogen-
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activated protein kinase (MAPK) pathway with increased
expression of dual-specificity phosphatase genes and a loss of
extracellular signal regulated kinase (ERK) negative feedback
on RAF dimerization (8). RET/PTCs have been involved in the
activation of the MAPK, phosphoinositide 3-kinase-AKT
(PI3K-AKT), nuclear factor-�B (NF-�B), and c-Jun N-terminal
kinase (JNK) pathways and in the phosphorylation and tran-
scriptional activation of signal transducer and activator of tran-
scription (STATs) 1 and 3 (9). Interestingly, RET/PTCs have
high MAPK pathway activation (8), consistent with preferential
signaling via BRAF homodimers (10). Acute RET/PTC activa-
tion stimulates both DNA synthesis and apoptosis in thyroid
cells, is associated with loss of thyroid-specific differentiation,
and interferes with thyrotropin (TSH) receptor-mediated
intracellular signaling at various levels (11). In human papillary
thyroid carcinomas, RET rearrangements behave as weak
BRAFV600E-like mutations being associated with classical pap-
illary histology, loss of differentiation, and intermediate clinical
risk (8). Analysis of RET/PTC-induced gene expression profiles
showed strong modulation of genes coding for proteins
involved in the immune response and in intracellular signal
transduction pathways activated by cytokines and chemokines,
indicating a critical role of these oncogenes in the early modu-
lation of the immune response (9).

In this paper, we report data on the pathways that are
involved in IDO1 expression in thyroid cancer cells. In detail,
we show that IDO1 is induced by RET/PTC rearranged onco-
proteins and that this phenomenon depends on the induction
of STAT1 overexpression and full phosphorylation at the levels
of Ser-727 and Tyr-701.

Results

RET/PTC3 Induces IDO1 Expression in PcCL3 Cells—To
evaluate the effect of BRAFV600E and RET/PTC3 on IDO1
expression, we tested the expression of the immunomodulatory
enzyme in BRAF9.6 and PTC3–5 cells characterized by the
doxycycline (Dox)-inducibility of BRAF and RET/PTC3 trans-
genes, respectively. In BRAF9.6 cells, Dox treatment did not
elicit any up-regulation of IDO1 mRNA expression (Fig. 1A).
Conversely, in PTC3–5 cells acute induction of RET/PTC3 was
associated with a significant increase of IDO1 mRNA expres-
sion evident at 48 h and lasting for at least 96 h (Fig. 1A).

To confirm this finding, IDO1 expression was tested in PcCL3-
derived cell lines stably expressing, respectively, BRAFV600E

(PcBRAF), RET/PTC1 (PcPTC1), RET/PTC3 (PcPTC3), v-Mos
(Pc663), RET/PTC1 and H-RasG12V (PcHA213), and v-Raf
(PcE1A Raf) oncogenes. Interestingly, cells expressing RET/PTC1
and RET/PTC3 showed very high IDO1 expression levels (RET/
PTC1 about 200-fold, RET/PTC3 about 1200-fold, RET/PTC1 �
H-RasG12V about 1800-fold compared with PcCL3 cells), whereas
mRNA of the immunomodulatory molecule was barely detectable
in the other cell lines (Fig. 1B).

RET/PTC3-induced IDO1 Expression in PTC3–5 Cells
Depends on Activation of a RET/PTC3-STAT1-IRF1 Pathway—
The dissection of RET/PTC3-activated signaling pathways
involved in the induction of IDO1 expression focused on
STAT1, a transcription factor known to play a central role in

�-interferon-induced IDO1 expression in dendritic cells
(12).

In PTC3–5 cells treated with Dox for up to 96 h, character-
ized by robust IDO1 mRNA overexpression, RET/PTC3
induced both up-regulation of STAT1 protein expression and
its full activation through the phosphorylation of tyrosine 701
and serine 727 (Fig. 2). Simultaneously, we could detect a pro-
gressive increase of IDO1 protein lasting up to 96 h (Fig. 2).

To demonstrate in a more consistent way the dependence of
IDO1 expression on RET/PTC3-induced STAT1 activation, we
performed an RNAi experiment. Silencing of STAT1 was asso-
ciated with a significant reduction of RET/PTC3-induced
STAT1, IRF1, and IDO1 mRNA (Fig. 3, A–C) and a loss of
STAT1 and IDO1 protein up-regulation (Fig. 3D).

To answer the question how RET/PTC3-induced STAT1
overexpression, we evaluated the involvement of the canonical
NF-�B pathway, known to be activated by RET/PTCs (13). We
explored the effect of NF-�B inhibitors Bay11-7085 and JSH-23
on STAT1 and IDO1 expression, in PTC3–5 cells treated with

FIGURE 1. IDO1 expression in PcCL3 cells expressing BRAFV600E or RET/
PTC3 oncogenes. A, PTC3–5 cells and BRAF9.6 were incubated with Dox (1
�g/ml) for the indicated times and harvested for total RNA extraction. After
total RNA extraction and cDNA synthesis, IDO1 mRNA expression levels were
assayed by quantitative PCR. The data are presented as means of arbitrary
units. In BRAF9.6 cells Dox treatment for 48 and 96 h did not elicit any up-reg-
ulation of IDO1 mRNA expression. Conversely, in PTC3–5 cells induction of
RET/PTC3 for the same time was associated with a significant increase of IDO1
mRNA expression. The experiment was repeated three times in triplicate and
the more representative result is depicted. B, PcCL3-derived cell lines stably
expressing, respectively, BRAFV600E (PcBRAF), RET/PTC1 (PcPTC1), RET/PTC3
(PcPTC3), v-Mos (Pc663), RET/PTC1 and H-RasG12V (PcHA213), and v-Raf
(PcE1ARaf) oncogenes were harvested for total RNA extraction. After total
RNA extraction and cDNA synthesis, IDO1 mRNA expression levels were
assayed by quantitative PCR. Cells expressing RET/PTC1 and RET/PTC3
showed very high IDO1 expression levels compared with PcCL3 cells, whereas
mRNA of the immunomodulatory molecule was barely detectable in the
other cell lines. The data are presented as relative quantification compared
with PcCL3 parental cells. The experiment was repeated two times in tripli-
cate and the results are presented as mean � S.D. (error bars) of the obtained
data.
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Dox for 24 or 48 h. In detail, Bay11-7085 is an irreversible inhib-
itor of I�B� phosphorylation, whereas JSH-23 is an inhibitor of
p65 nuclear translocation. As shown in Fig. 4, both inhibitors
down-regulated RET/PTC3-induced STAT1 (Fig. 4, A–C) and
IDO1 expression (Fig. 4D). To understand if RET/PTC3-in-
duced activation of the canonical NF-�B pathway directly reg-
ulated IDO1 expression, a ChIP assay using an anti-p65 anti-
body was performed in PTC3–5 cells. In detail, one NF-�B
binding sequence in the STAT1 promoter and three in the
IDO1 promoter/enhancer regions were considered. As shown
in Fig. 5, chromatin immunoprecipitation with an anti-p65
antibody of cells treated with Dox for 24 h allowed a significant
enrichment in the promoter sequence of STAT1 (Fig. 5A) to be
obtained, but not in the three promoter/enhancer regions of
IDO1 (Fig. 5B). These data indicated that RET/PTC3-induced
activation of a canonical NF-�B pathway up-regulated
directly the STAT1 expression that, in turn, modulated
IDO1 expression.

STAT1 Phosphorylation on Ser-727 Depends on MAPK and
PI3K Activation—To explore the role of the MAPK pathway in
STAT1 activation and IDO1 expression, in the first instance we
analyzed BRAF9.6 cells treated with Dox for up to 96 h. As
shown in Fig. 6A, BRAFV600E expression only induced phos-
phorylation of STAT1 Ser-727 without affecting STAT1 Tyr-
701 or the expression levels of the transcription factor. More-
over, BRAFV600E did not induce IDO1 expression also at the
protein level (Fig. 6A). Thus, specific MAPK activation, induced
by BRAFV600E, appeared to affect only STAT1 Ser-727 phos-
phorylation in PcCl3 cells, with a consequent incomplete acti-
vation of STAT1 and no expression of IDO1.

To confirm this finding, STAT1 phosphorylation was evalu-
ated in PTC3–5 cells treated with Dox for 48 h in the presence
of the selective MEK inhibitor U0126. As shown in Fig. 6, B and
D, inhibition of the MAPK pathway appeared to significantly
reduce STAT1 Ser-727 phosphorylation (14.15 � 7.31%, p �
0.04), affecting in a less pronounced way STAT1 Tyr-701 phos-
phorylation (65.97 � 13.4%, p � 0.17). Conversely, RET/PTC3-

induced STAT1 overexpression was completely unaffected
(Fig. 6B).

Furthermore, phosphorylation of STAT1 was evaluated in
PTC3–5 cells treated with Dox for 48 h in the presence of the
selective PI3K inhibitor wortmannin. Inhibition of the PI3K-
AKT pathway resulted in a significant inhibition of STAT1 Ser-
727 phosphorylation (20.12 � 1.9%, p � 0.011) and a less
pronounced reduction in STAT1 Tyr-701 phosphorylation
(54.07 � 8.12%, p � 0.079) (Fig. 6, C and D). Conversely, no
difference in STAT1 expression could be detected (Fig. 6C).
Interestingly, inhibition of STAT1 full activation, caused by U0126
and wortmannin, resulted in a significant reduction of RET/
PTC3-induced IDO1 mRNA overexpression (Fig. 6, E and F).

Phosphorylation of STAT1 Tyr-701 Depends on Direct Phos-
phorylation by RET/PTC3—The data obtained thus far indi-
cated that full activation of STAT1 depended not only on
MAPK and PI3K-AKT pathways, able to mainly induce STAT1
Ser-727 phosphorylation, and on the canonical NF-�B path-
way, involved in STAT1 overexpression, but on at least another
signal transduction pathway simultaneously activated by RET/
PTC3 and involved in STAT1 Tyr-701 phosphorylation. Thus,
we hypothesized that STAT1 tyrosine 701 phosphorylation
could be delivered by independent mechanisms/pathways
including: JAK2 activation or Src tyrosine-protein kinase
involvement or RET/PTC3 physical interaction with STAT1
followed by a direct tyrosine phosphorylation event. To con-
firm these hypotheses, in the first instance, we compared the
degree of STAT1 phosphorylation (at Tyr-701 and at Ser-727)
in PTC3–5 cells treated with Dox with or without different
doses of the specific JAK2 inhibitor AG490 for 24 h. As shown
in Fig. 7A, any dose of the inhibitor did not affect RET/PTC3
activation or STAT1 phosphorylation. Consistently, treatment
with the JAK2 inhibitor did not change RET/PTC3-induced
IDO1 expression (Fig. 7B). Similarly, silencing of JAK2 expres-
sion did not affect RET/PTC3-induced STAT1 Tyr-701 or Ser-
727 phosphorylation (Fig. 7C) or IDO1 expression (Fig. 7D).
These findings excluded the involvement of JAK2 in RET/
PTC3-induced activation of STAT1.

In the second instance, we tested the effect of three Src inhib-
itors in PTC3–5 cells. Unfortunately, all of them, namely
SU6656, PP1, and SRCI-1, are characterized by a weak selectiv-
ity (14, 15) and inhibited simultaneously STAT1 tyrosine 701
and serine 727 phosphorylation, ERK phosphorylation, and
STAT1 expression in relationship to a concurrent inhibitory
effect not only on Src but also on RET/PTC3, demonstrated by
the down-regulation of RET tyrosine 905 phosphorylation
(data not shown). Thus, we changed the strategy to demon-
strate the role of Src in RET/PTC3-induced full activation of
STAT1. In detail, we transiently transfected HEK293T cells
with two RET/PTC3 mutant constructs, namely RET/PTC3-
V804M, almost completely resistant to the PP1 inhibitory effect
(16), and RET/PTC3-Y981F, characterized by the inability to
bind Src (17). Interestingly, HEK293T cells transfected with the
RET/PTC3-V804M construct showed STAT1 Tyr-701 phos-
phorylation levels that were superimposable to those observed
in HEK293T cells transfected with RET/PTC3WT (Fig. 8).
Conversely, STAT1 Tyr-701 phosphorylation was almost com-
pletely abrogated in the RET/PTC3WT-transfected cells after

FIGURE 2. RET/PTC3 regulates STAT1 activation. PTC3–5 cell line was incu-
bated with Dox (1 �g/ml) for the indicated times and harvested for cell lysate
preparation. Expression of RET, IDO1, pTyr-701 STAT1, pSer-727 STAT1, total
STAT1, and tubulin were assayed by immunoblot. RET/PTC3 induced both the
up-regulation of STAT1 expression and its full activation through the simul-
taneous phosphorylation of Tyr-701 and Ser-727. Analysis of IDO1 confirmed
RET/PTC3-induced IDO1 overexpression also as protein. All the experiments
were repeated twice and the more representative results are depicted.
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treatment with the RET and Src inhibitor PP1, whereas it was
almost completely maintained in cells transfected with the
RET/PTC3 PP1-resistant mutant (Fig. 8). Similarly, no differ-
ence in STAT1 Tyr-701 phosphorylation levels could be
detected in HEK293T cells transfected with the RET/PTC3WT
construct and those transfected with the RET/PTC3-Y981F
mutant deprived of the capacity to bind Src (Fig. 8). These
experiments clearly indicated that Src does not play a key role in
RET/PTC3-induced STAT1 Tyr-701 phosphorylation.

Finally, we performed co-immunoprecipitation experiments
on cell lysates of HEK293T cells transiently cotransfected with
RET/PTC3 and STAT1 or RET/PTC3 and Src or RET/PTC3,
STAT1, and Src. As shown in Fig. 9A, immunoprecipitation of
RET/PTC3 with an anti-RET antibody allowed a specific co-
immunoprecipitation of STAT1. Similarly, immunoprecipita-
tion of STAT1 with an anti-Myc antibody allowed a specific
co-immunoprecipitation of RET/PTC3, but not of Src. Further-
more, immunoprecipitation of Src with an anti-Src antibody
did not allow a specific co-immunoprecipitation of STAT1 (Fig.
9A). These data indicate that RET/PTC3 and STAT1 aggregate
one with the other, whereas Src and STAT1 do not.

To demonstrate that RET/PTC3 phosphorylates STAT1, we
performed an in vitro kinase assay using immunoprecipitated
RET/PTC3 and STAT1 proteins. As shown in Fig. 9B, RET/
PTC3 phosphorylated STAT1 on Tyr-701, whereas the Ser-727
was not affected.

Discussion

Very recently, we demonstrated that IDO1 expression is sig-
nificantly higher in all thyroid cancer histotypes compared with
normal thyroid and that its expression levels correlate with
Treg lymphocyte density in the tumor microenvironment (7).

Interestingly, IDO1 expression was higher in BRAFV600E-nega-
tive papillary thyroid carcinomas and in RET mutation-positive
medullary thyroid carcinomas (7). This observation prompted
us to explore the preferential signal transduction pathways
involved in the regulation of IDO1 expression in thyroid cancer
cells. For this purpose, PcCL3 cells characterized by the doxycy-
cline-inducible expression of BRAFV600E and RET/PTC3 were
used. Interestingly, whereas BRAFV600E-expressing PcCL3 cells
did not show IDO1 overexpression, RET/PTC3-expressing ones
demonstrated a dramatic increase of the enzyme expression levels.
This finding was confirmed also in BRAFV600E- and RET/PTC-
stably expressing PcCL3 cell lines.

For the dissection of RET/PTC3-activated signaling path-
ways involved in the induction of IDO1 expression, we concen-
trated on STAT1 activation, known to play a central role in the
regulation of �-interferon-induced IDO1 expression in den-
dritic cells (18). We could demonstrate that RET/PTC3 induces
both expression up-regulation of STAT1 and its full phosphor-
ylation at Tyr-701 and Ser-727. Simultaneously, we could dem-
onstrate a prolonged activation of IDO1 expression lasting lon-
ger and happening at higher levels than that of RET/PTC3. This
finding could be explained by the fact that RET/PTC3 induced
the expression of IDO1 via STAT1. Once STAT1 was in the
active form, it could maintain a prolonged expression of IDO1,
independently from RET/PTC3.

The central role of STAT1 on IDO1 expression was demon-
strated by its silencing in PTC3–5 cells, which resulted in
down-regulation of RET/PTC3-induced IRF1 mRNA and
IDO1 mRNA and protein expression. Thus, we could confirm
that, downstream of STAT1, RET/PTC3 induces up-regulation
of IRF1 expression through STAT1 itself that binds the GAS

FIGURE 3. STAT1 silencing impairs RET/PTC-induced IRF1 and IDO1 overexpression. PTC3–5 cells were transfected with rat STAT1 siRNA (25 nM) (siSTAT1)
or with non-target siRNA (25 nM) (siNC). Twenty-four hours after transfection, cells were stimulated with Dox (1 �g/ml) for 48 h before cell harvesting for total
RNA and cell lysate preparation. After total RNA extraction and cDNA synthesis, STAT1 (A), IRF1 (B), and IDO1 (C) mRNA expression levels were evaluated by
quantitative PCR. STAT1, IRF1, and IDO1 mRNA expression resulted significantly in impaired STAT1-silenced cells compared with controls. The quantitative PCR
data are presented as means of arbitrary units. D, immunoblottings for RET, IDO1, total STAT1, and tubulin were performed. In STAT1-silenced cells, despite a
comparable expression of RET/PTC3, STAT1 and IDO1 protein expression was significantly impaired compared with controls. All experiments were repeated
twice and the more representative results are depicted. p values were calculated applying the two-tailed unpaired Student’s t test.
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promoter region of the IRF1 gene (18). STAT1 and IRF1 are
then expected to cooperate for IDO1 expression, binding to the
ISRE/GAS promoter region of the IDO1 gene (18) (Fig. 10).

The notion that RET/PTC3 can activate the canonical NF-�B
pathway (13) prompted us to explore also the effect of this tran-
scription factor on the STAT1 pathway using two commercially

available inhibitors. Interestingly, inhibition of I�B� phosphor-
ylation, with the inhibitor Bay11-7085, and inhibition of p65
nuclear translocation, with the inhibitor JSH-23, were both
associated with a significant reduction of STAT1 and IDO1
expression. These data indicate that canonical NF-�B contrib-
utes to RET/PTC3-induced expression of IDO1 driving STAT1

FIGURE 4. RET/PTC3-induced activation of canonical NF-�B pathway is involved in STAT1 and IDO1 gene expression. PTC3–5 cells were incubated with
Dox (1 �g/ml) for the indicated times in the presence or absence of the NF-�B inhibitors Bay11-7085 (2 and 5 �M) or JSH-23 (10 �M) and harvested for cell lysate
preparation or total RNA extraction and cDNA synthesis. A, immunoblottings for RET, STAT1, and tubulin were performed and B, the bands of three indepen-
dent experiments were analyzed by densitometry and normalized with tubulin. Inhibition of canonical NF-�B pathway or inhibition of p65 nuclear transloca-
tion down-regulated STAT1 expression in a statistically significant manner. C, STAT1 mRNA expression levels were assayed by quantitative PCR. D, IDO1 mRNA
expression levels were assayed by quantitative PCR. The data are presented as means of arbitrary units. Inhibition of the canonical NF-�B pathway or inhibition
of p65 nuclear translocation down-regulated STAT1 and IDO1 mRNA expression. All experiments were repeated three times and the more representative
results are depicted. p values were calculated applying the two-tailed unpaired Student’s t test. *, p � 0.05.
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overexpression (Fig. 10). Unfortunately, this experimental
approach could not exclude a direct contribution of the RET/
PTC3-induced NF-�B pathway activation to IDO1 expression,
eventually through the binding of specific �B response ele-
ments postulated to be present on the IDO1 gene promoter
(19). To clarify this aspect, we performed a ChIP assay in
PTC3–5 cells exploring the binding of RelA/p65 to the pro-
moter region of IDO1. Although we could demonstrate p65
binding to the STAT1 promoter after 24 h of RET/PTC3 acti-
vation, in the same conditions, we had no enrichment of the
putative NF-�B binding sites detected on IDO1 promoter/en-
hancer regions of DNA. In summary, this experiment con-
firmed the direct regulatory role of the canonical NF-�B path-
way on STAT1 expression and excluded its direct action on
IDO1 promoter. In line with our findings, thus far IDO1 expres-
sion has been demonstrated to depend only on the activation of
the non-canonical NF-�B pathway (20, 21), which has not
appeared to be regulated by RET/PTCs (13).

Furthermore, we explored the mechanisms of RET/PTC3-
induced STAT1 phosphorylation. Interestingly, STAT1 Ser-
727 phosphorylation has been attributed to MAPK and PI3K-
AKT pathway activation (22). Because RET/PTC3 is a strong

activator of the MAPK pathway, in the first instance, we ana-
lyzed the effects of this pathway on STAT1 activation. Interest-
ingly, Dox-inducible expression of BRAFV600E in PcCL3 cells
induced only STAT1 Ser-727 phosphorylation, without affect-
ing STAT1 Tyr-701 or STAT1 expression. The incapacity of
BRAFV600E to induce IDO1 expression could be ascribed to the
lack of full activating potential on STAT1. However, the evi-
dence that BRAFV600E induces Ser-727 phosphorylation indi-
cated that this phosphorylation event is particularly dependent
on activation of the MAPK pathway. Indeed, treatment of
PTC3–5 cells with the MEK inhibitor U0126 resulted in a sig-
nificant reduction in STAT1 phosphorylation, especially at the
level of Ser-727. In the second instance, we also evaluated the
effect on STAT1 phosphorylation of the other key signal trans-
duction pathway activated by RET/PTC, namely the PI3K-AKT
pathway. Interestingly, also inhibition of PI3K, using the selec-
tive inhibitor wortmannin, resulted in a significant reduction of
STAT1 phosphorylation and again the strongest effect was on
Ser-727. These data confirm that the RET/PTC3-induced
MAPK and PI3K-AKT pathways contribute to activate PKC�,
which has been shown to associate with STAT1 and mediate its
Ser-727 phosphorylation in the contest of �-interferon signal-
ing (23, 24) (Fig. 10).

Conversely, MAPK and PI3K pathway inhibition affected
less significantly phosphorylation of STAT1 Tyr-701, which we
postulated to depend from an independent mechanism/path-
way. We explored the possibility that STAT1 Tyr-701 phos-
phorylation could happen through JAK2 or tyrosine kinase Src
or the occurrence of a physical interaction of RET/PTC3 and
STAT1 followed by a tyrosine phosphorylation step directly
performed by the oncogene. The obtained data point to the
direct kinase action of RET/PTC3 on STAT1 Tyr-701 (Fig. 10).
Indeed, JAK2 pharmacological inhibition and JAK2 silencing in
PTC3–5 cells did not affect STAT1 phosphorylation and IDO1
expression. Unfortunately, in PTC3–5 cells the use of Src phar-
macological inhibitors to demonstrate a role of the kinase in
STAT1 phosphorylation was weakened by the low selectivity of
SU6656, PP1, and SRCI-1 (14, 15) and the concurrent inhibition
of Src and RET/PTC3. Thus, we had to resort to HEK293T cells
transiently transfected with RET/PTC3 mutants. Although we
expected differences in the signaling network between these
cells and rat thyroid cells, we thought that they could represent
an appropriate container to explore molecular interactions and
to make predictions on molecular functions. Indeed, the use of
the RET/PTC3-V804M mutant, resistant to the RET and Src
inhibitor PP1, and of the RET/PTC3-Y981F mutant, character-
ized by the inability to bind Src, allowed a marginal role of Src
kinase in STAT1 Tyr-701 phosphorylation to be predicted.
Conversely, immunoprecipitation experiments on cell lysates
of HEK293T cells, transiently transfected with RET/PTC3,
STAT1, and Src constructs, clearly showed the occurrence of a
RET/PTC3 and STAT1 aggregation. Moreover, kinase assay
co-incubating RET/PTC3 and STAT1 proteins showed that
RET/PTC3 directly phosphorylates Tyr-701 of STAT1. A pre-
vious study, which analyzed the dynamics of RET/PTCs and
STAT1 interactions in thyroid carcinoma cell lines, demon-
strated that RET/PTC1 and RET/PTC3 activate STAT1 induc-
ing Tyr-701, but apparently not Ser-727, phosphorylation.

FIGURE 5. RelA/p65 regulates STAT1 but not IDO1 gene expressions.
PTC3–5 cells were incubated with Dox (1 �g/ml) for 24 h to induce RET/PTC3
oncogene expression. Analysis of STAT1 and IDO1 promoters using MatIn-
spector software allowed detection of one NF-�B binding region for STAT1
and three NF-�B binding regions for IDO1. A ChIP assay was performed using
an anti-p65 antibody after dual cross-linking of the cells and the isolated DNA
was amplified by Q-PCR using specific primers spanning the detected puta-
tive NF-�B binding regions of STAT1 and IDO1 genes. A, STAT1 promoter ChIP
analysis showed a significant enrichment of the putative NF-�B binding
region in p65 IP after 24 h of oncogene expression compared with control
(IgG IP). B, IDO1 promoter ChIP analysis did not show any significant enrich-
ment of the three putative NF-�B binding regions in p65 IP after 24 h of
oncogene expression compared with control (IgG IP). The results are pre-
sented as mean � S.D. of three independent experiments. p values were
calculated applying the two-tailed unpaired Student’s t test.
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Moreover, after having excluded a role of JAK2 and Src, as we
did, the authors postulated the existence of a physical interac-
tion between RET/PTCs and STAT1, as previously observed for
STAT3, although they were unable to demonstrate it by immu-
noprecipitation experiments (25). On the contrary, we were
able to demonstrate the importance of both STAT1 phosphor-
ylations (Tyr-701 and Ser-727) and STAT1 expression up-reg-
ulation in RET/PTC3-induced STAT1 activation in thyroid
cells. Moreover, we were able to demonstrate the occurrence of
a physical interaction of RET/PTC3 and STAT1 followed by a
tyrosine phosphorylation step directly performed by the onco-
gene (Fig. 10). It is possible that the differences between our
study and the previous one might be related to differences of the
adopted cellular models and experimental approaches. In the
present study, we primarily used a fairly physiologic model
characterized by a well differentiated rat thyroid cell line mod-
ified to deliver doxycycline-inducible expression of RET/PTC3.

Furthermore, for the pulldown experiments, we used the
human embryonic kidney cell line HEK293T transfected with
RET/PTC3, STAT1, and Src expression vectors. In the latter
study, all the experiments were carried out in thyroid cancer
(TPC1) and colon cancer (ARO, containing a BRAFV600E muta-
tion) cell lines and mouse fibroblasts transfected with RET/
PTC and STAT1 expression vectors. Thus, our study might
refine and complete more gross, although not less important,
acquisitions coming from the previous one. In accordance with
the previous study, we could exclude that RET/PTC3 stimu-
lates �-interferon synthesis and secretion as Dox treatment did
not modify the concentration of the cytokine in the cell culture
media (data not shown).

Very recently, tryptophan catabolite kynurenine was identi-
fied as an endogenous ligand of the human AHR (6). In detail,
kynurenine produced by intracellular dioxygenases appeared to
suppress antitumor immune responses and to promote tumor-

FIGURE 6. STAT1 Ser-727 phosphorylation depends on activation of the MAPK and PI3K pathways. A, BRAF9.6 cell line was incubated with Dox (1 �g/ml)
for the indicated times and harvested for cell lysate preparation. Immunoblottings for pERK, IDO1, pTyr-701 STAT1, pSer-727 STAT1, total STAT1, and tubulin
were performed. BRAFV600E expression only induced phosphorylation of serine 727 without affecting tyrosine 701 phosphorylation and STAT1 and IDO1
expression levels (PC: positive control). B, PTC3–5 cells were incubated with Dox (1 �g/ml) for the indicated times in the presence or absence of the MEK
inhibitor U0126 (10 �M) and harvested for cell lysate preparation. Immunoblottings for RET, pTyr-701 STAT1, pSer-727 STAT1, total STAT1, pERK, and tubulin
were performed. Inhibition of RET/PTC3-induced activation of the MAPK pathway appeared to strongly inhibit STAT1 serine 727 phosphorylation and, to a
lower extent, STAT1 tyrosine 701 phosphorylation, without affecting the expression levels of the transcription factor. C, PTC3–5 cells were incubated with Dox
(1 �g/ml) for the indicated times in the presence or absence of the PI3K inhibitor wortmannin (0.3 �M) and harvested for cell lysate preparation. Immunob-
lottings for RET, pTyr-701 STAT1, pSer-727 STAT1, total STAT1, pAKT, and tubulin were performed. Inhibition of RET/PTC3-induced activation of the PI3K
pathway appeared to inhibit significantly STAT1 serine 727 phosphorylation and, to a lower extent, STAT1 tyrosine 701 phosphorylation, without affecting the
expression levels of the transcription factor. D, the STAT1 pTyr-701 and pSer-727 bands of three independent experiments were analyzed by densitometry and
normalized toward tubulin. The results indicate that either the MAPK or PI3K pathway inhibition cause a not significant light reduction of STAT1 tyrosine 701
phosphorylation, but a statistically significant strong reduction of STAT1 serine 727 phosphorylation. E, PTC3–5 cells were incubated with Dox (1 �g/ml) for the
indicated times in the presence or absence of the MEK inhibitor U0126 (10 �M) and harvested for total RNA preparation. After total RNA extraction and cDNA
synthesis, IDO1 mRNA expression levels were assayed by quantitative PCR. The data are presented as means of arbitrary units. Inhibition of RET/PTC3-induced
activation of the MAPK pathway appeared to strongly inhibit IDO1 mRNA expression (*, p � 0.0022). F, PTC3–5 cells were incubated with Dox (1 �g/ml) for the
indicated times in the presence or absence of the PI3K inhibitor wortmannin (0,3 �M) and harvested for total RNA preparation. After total RNA extraction and
cDNA synthesis, IDO1 mRNA expression levels were assayed by quantitative PCR. The data are presented as means of arbitrary units. Inhibition of RET/PTC3-
induced activation of the PI3K pathway appeared to strongly inhibit IDO1 mRNA expression (*, p � 0.01). All experiments were repeated twice and the more
representative results are depicted. p values were calculated applying the two-tailed unpaired Student’s t test.
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FIGURE 7. JAK2 does not mediate RET/PTC3-induced activation of STAT1. PTC3–5 cell line was incubated with Dox (1 �g/ml) or with Dox (1 �g/ml) and JAK2
inhibitor AG490 (5, 10, and 50 �M) for 24 h and harvested for cell lysate preparation or for total RNA extraction and cDNA synthesis. A, immunoblottings for RET,
pTyr-905 RET, pSer-727 STAT1, pTyr-701 STAT1, total STAT1, and tubulin were performed. Treatment with AG490 did not appear to influence RET activation and
STAT1 phosphorylation and expression. B, IDO1 mRNA expression levels were assayed by quantitative PCR. The data are presented as means of arbitrary units.
Inhibition of JAK2 did not significantly influence IDO1 expression. C, the PTC3–5 cell line was transfected with rat JAK2 siRNA (50 nM) (siJAK2) or with non-target
siRNA (50 nM) (siNC). Twenty-four hours after transfection, cells were stimulated with Dox (1 �g/ml) for 48 h before cell harvesting for RNA and cell lysate
preparation. Immunoblottings for RET, pTyr-701 STAT1, pSer-727 STAT1, total STAT1, JAK2, and tubulin were performed. JAK2 silencing did not appear to
influence RET activation and STAT1 phosphorylation and expression. D, IDO1 mRNA expression levels were assayed by quantitative PCR. The data are
presented as means of arbitrary units. Silencing of JAK2 did not significantly influence IDO1 expression. All the experiments were repeated twice and the more
representative results are depicted.

FIGURE 8. Src does not mediate RET/PTC3-induced activation of STAT1. HEK293T cells, transiently transfected with pcDNA3, pcDNA3-RET/PTC3 WT, and the
mutant pcDNA3-RET/PTC3-V804M Myc-tagged, were treated with the Src inhibitor PP1 (5 �M) for 24 h and harvested for cell lysate preparation. Immunoblot-
ting for RET, pTyr-905 RET, pTyr-701 STAT1, pSer-727 STAT1, total STAT1, and tubulin were performed. Treatment with PP1 caused a marked reduction of RET
Tyr-905 and STAT1 Tyr-701 phosphorylations in cells transfected with RET/PTC WT (pR/P3 WT), but not in cells transfected with the mutant RET/PTC3-V804M
(pR/P3 V804M), which is resistant to PP1. Furthermore, HEK293T cells were transiently transfected with pcDNA3, pcDNA3-RET/PTC3 WT, and the mutant
pcDNA3-RET/PTC3-Y918F, which is unable to bind Src, and harvested for cell lysate preparation, 24 h after transfection. Immunoblotting for RET, pTyr-905 RET,
pTyr-701 STAT1, pSer-727 STAT1, total STAT1, and tubulin were performed. In cells transfected whit RET/PTC3-Y918F (pR/P3 Y918F) phosphorylation of STAT1
Tyr-701 was superimposable to that of RET/PTC3 WT (pR/P3 WT). These results indicate that Src is not involved in RET/PTC3-induced STAT1 Tyr-701 phosphor-
ylation. All the experiments were repeated twice and the more representative results are depicted.
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cell survival and motility through AHR in an autocrine/para-
crine fashion. Interestingly, these types of pathways were dem-
onstrated to be active in human brain tumors and to be
associated with malignant progression and poor survival.

Our data extend the carcinogenetic role of dioxygenases-de-
rived kynurenine to thyroid carcinoma. Indeed, we present a novel
genetic model supporting in vitro the dependence of IDO1 expres-
sion from an oncogene, namely RET/PTC, in thyroid cells.

In conclusion, this work shows for the first time that the
RET/PTC oncogenes induce expression of IDO1 through the
full activation (overexpression and full phosphorylation) of
STAT1. This event might represent an initiation step of thyroid
tumorigenesis. Conversely, in the absence of RET/PTC rear-

rangements, STAT1 activation might be a later event during
cancer progression regulated by other genetic or epigenetic
mechanisms. Independently of its timing, STAT1-driven IDO1
overexpression ultimately results in a gain in immune evasion
and tumorigenic potential of cancer cells. Further studies will
be needed to completely understand the role of IDO1 in thyroid
tumorigenesis and to propose the use of IDO1 inhibitors in the
treatment of advanced thyroid carcinomas.

Experimental Procedures

Plasmids—pcDNA3-RET/PTC3R51, pcDNA3-RET/PTC3-
V804MR51 Myc-tagged and pCEFL-Src plasmids were available
in our laboratory and obtained as described previously (26);

FIGURE 9. RET/PTC3 interacts with STAT1 and phosphorylates STAT1 on Tyr-701. A, co-immunoprecipitation experiment in HEK293T cells. HEK293T cells
were transiently co-transfected with expression vectors for RET/PTC3 and Myc-tagged STAT1 or RET/PTC3 and Src or RET/PTC3, Myc-tagged STAT1 and Src.
Twenty-four hours after transfection, cells were harvested for cell lysate preparation. Five hundred �g of total lysate were immunoprecipitated (IP) using an
anti-RET antibody or an anti-Myc antibody (used for STAT1 IP) or an anti-Src antibody. Immunoprecipitates were then subjected to Western blotting using the
anti-Myc antibody in RET IP, the anti-RET and anti-Src antibodies in STAT1 IP, and the anti-Myc antibody in Src IP. To verify binding specificity, the presence of
STAT1, RET, and Src was searched on the protein complexes immunoprecipitated with normal goat (control of RET IP), normal mouse (control of Myc IP), or
normal rabbit (control of Src IP) IgG mixtures. Immunoprecipitation of RET allowed a specific co-immunoprecipitation of STAT1 in the cells expressing RET/PTC3
and STAT1 or RET/PTC3, STAT1, and Src. Similarly, immunoprecipitation of STAT1 (with an anti-Myc antibody) allowed a specific co-immunoprecipitation of RET
in the cells expressing RET/PTC3 and STAT1 or RET/PTC3, STAT1, and Src. Conversely, Src was not detected in the STAT1 IP and STAT1 could not be found in Src
IP. These data indicate that STAT1 and RET/PTC3 aggregate one with the other, whereas Src and STAT1 do not. B, RET/PTC3 in vitro kinase assay. HEK293T cells
were transiently transfected with expression vector for RET/PTC3 or Myc-tagged STAT1. Twenty-four hours after transfection, cells were harvested for cell lysate
preparation. Five hundred �g of total lysate were immunoprecipitated using an anti-RET antibody or an anti-Myc antibody (used for STAT1 IP). The two IPs were
pulled together and resuspended in kinase buffer. The reaction was carried out for 30 min at 30 °C and stopped by adding Laemmli buffer. The kinase reactions
were submitted to Western blotting and the presence of RET, pTyr-701 STAT1, pSer-727 STAT1, and total STAT1 were assayed using the specific antibodies.
RET/PTC3 phosphorylated STAT1 Tyr-701, but not STAT1 Ser-727. Furthermore, RET/PTC3 and STAT1 were incubated alone in the kinase buffer. No evidence
of RET/PTC3-driven pulldown of phosphorylated STAT1 from HEK293T cell lysates or STAT1 autophosphorylation could be detected. All experiments were
repeated twice and the more representative results are depicted.

Regulation of IDO1 in Thyroid Carcinoma Cells

FEBRUARY 3, 2017 • VOLUME 292 • NUMBER 5 JOURNAL OF BIOLOGICAL CHEMISTRY 1793



pCMV6-STAT1 Myc- and FLAG-tagged plasmids were
purchased from OriGene Technologies (Rockville, MD).
pcDNA3-RET/PTC3-Y981F was obtained by site-directed
mutagenesis of pcDNA3-RET/PTC3, using the QuikChange
XL mutagenesis kit (Stratagene, Agilent Technologies, Santa
Clara, CA), according to the manufacturer’s instructions.

Cell Cultures—BRAF9.6 cells, characterized by Dox-induci-
ble expression of the BRAFV600E mutation, and PTC3–5 cells,
characterized by Dox-inducible expression of the RET/PTC3
rearrangement, were derived from the PcCL3 line (a clonal rat
thyroid line requiring TSH for growth), as described elsewhere
(11, 27), and were kindly provided by Dr. James A. Fagin
(Memorial Sloan Kettering Cancer Center, New York).
BRAF9.6 and PTC3–5 cells were grown to near confluence in
10-cm dishes and then transferred to TSH-free medium for 3
days before the addition of 1 �g/ml of Dox. At the designated
time points, the cells were harvested for total RNA and cell
lysates preparation. Signal transduction dissection experiments
using specific inhibitors were performed by treating the cells for
24 or 48 h with the inhibitor. At the end, cells were harvested
and used to prepare cell lysates or total mRNA according to
standard procedures. U0126 was purchased from Cell Signaling
(Danvers, MA), wortmannin from Life Technologies (Thermo
Scientific, Waltham, MA), and AG490, Src inhibitor-1,
SU6656, PP1, Bay11-7085, and JSH-23 from Sigma (Sigma-Al-
drich, Milan, Italy). PcCL3-derived cell lines stably expressing
BRAFV600E, RET/PTC1, RET/PTC3, v-Mos, RET/PTC1, and
H-RasG12V, and v-Raf oncogenes were generated and grown as
described previously (29). HEK293T cells were from American
Type Culture Collection (ATCC, Manassas, VA) and grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (Thermo Scientific).

Transient transfections were carried out with the Lipo-
fectamine 2000 reagent according to manufacturer’s instruc-
tions (Thermo Scientific). In detail, cells were seeded at a den-
sity of 1.5 � 106/100-mm dish the day before transfection,
transfected with 5 �g of DNA, and harvested 24 or 48 h later.

Quantitative PCR—Total RNA was extracted with TRIzol
(Thermo Scientific) and first-strand cDNA synthesis was
performed using 2 �g of each RNA sample primed with ran-
dom hexamers with 200 units of SuperScript III reverse tran-
scriptase (Thermo Scientific), according to the manufactu-
rer’s instructions.

To evaluate expression of IDO1, STAT1, IRF1, and JAK2
mRNA, quantitative PCR amplifications were performed using
Platinum SYBR GreenER qPCR SuperMix UDG Universal (Life
Technologies) according to the manufacturer’s instructions
(IDO F, GATGTGGGCTTTGCTCTACC; IDO R, GCTTC-
CCATTCTCAATCAGC; STAT1 F, TGAAGCTGAGACT-
GTTGGTG; STAT1 R, GAACTCAGCTGCCAAACTTC;
IRF1 F, GACGGACTGAGCAGCTCTAC; IRF1 R, CTG-
CATATGCCACTCAGAGA; JAK2 F, GCCGAAGAAATTT-
GTGTGGC; JAK2 R, TGGAAGACATGATTGGGTGGA;
�-actin F, TCATCACTATCGGCAATGAG; �-actin R, CTT-
TACGGATGTCAACGTCA) and the results were analyzed as
described previously (30). In detail, the cycle threshold (CT) value
coupled with individualized amplification efficiencies for each
primer set was used to calculate the normalized expression of the
indicated gene mRNA using the Q-Gene software (31). p values
were calculated applying the two-tailed unpaired Student’s t test
and all differences were considered significant when p � 0.05.

Immunoblotting Experiments—Immunoblotting experi-
ments were performed according to standard procedures. Poly-
clonal anti-RET antibody (1:1000) and anti-total ERK (1:1000)

FIGURE 10. Proposed mechanism whereby RET/PTC3 regulates IDO1 expression in thyroid cancer cells. RET/PTC3 induces STAT1 expression through
activation of the canonical NF-�B pathway. The activation of STAT1 is achieved by phosphorylation of Ser-727 and Tyr-701. RET/PTC3 induces phosphorylation
of Ser-727 through activation of the MAPK and PI3K pathways, via PKC� (23, 24); whereas RET/PTC3 phosphorylates STAT1 Tyr-701 directly. STAT1 translocates
into the nucleus and induces the expression of IRF1. STAT1 and IRF1 bind to ISRE/GAS elements on the IDO1 promoter and promote the expression of the
immunomodulatory enzyme. Activation of the canonical NF-�B pathway does not appear to modulate directly IDO1 gene expression.
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were from Santa Cruz Biotechnology. Anti-rat IDO1 (1:200),
anti-pTyr-701 STAT1 (1:1000), and anti-pSer-727 STAT1
(1:200) were from Abcam (Abcam Cambridge, UK). Anti-�-
tubulin (1:5000) and anti-Myc (clone 9E10; 1:5000) were from
Sigma. Anti-total STAT1 (1:1000), anti-pERK (1:1000), anti-
pAKT (1:1000), anti-JAK2 (1:1000), anti-pTyr-905 RET
(1:1000), and anti-Src (1:1000) were from Cell Signaling Tech-
nology. Secondary anti-mouse, anti-rabbit, and anti-goat anti-
bodies coupled to horseradish peroxidase were purchased from
Sigma. The densitometric analysis of the results was performed
using the ImageJ processing program.

STAT1 and JAK2 Silencing—For STAT1 silencing, PTC3–5
cells were transfected with 25 nM rat STAT1 siRNA (ON-TAR-
GETplus SMART pool, L-080050-01, Thermo Scientific) or
with 25 nM nontarget siRNA (ON-TARGETplus Non-Target-
ing Pool, Thermo Scientific) using Lipofectamine 2000
(Thermo Scientific). Twenty-four hours after transfection, cells
were stimulated with Dox for 48 h before preparation of total
RNA or cell lysates. STAT1, IRF1, and IDO1 expressions were
evaluated by Q-PCR and Western blotting, as described in the
previous paragraphs. For JAK2 silencing, PTC3–5 cells were
transfected with 50 nM rat JAK2 siRNA (ON-TARGETplus
SMART pool, L-088340-02, Dharmacon) or 50 nM non-target
siRNA using Lipofectamine 2000. Twenty-four hours after
transfection, cells were stimulated with Dox for 48 h before
preparation of total RNA or cell lysates. JAK2, RET, STAT1,
pSer-727-STAT1 and pTyr-701-STAT were evaluated by
Western blotting. IDO mRNA expression was evaluated by
Q-PCR, as previously described.

Chromatin Immunoprecipitation (ChIP) Assay—Rat IDO1
and STAT1 promoters were analyzed using MatInspector soft-
ware (Genomatix) (32) for the identification of putative binding
sites for RelA/p65. In detail, for STAT1, 5000 bp of the pro-
moter, localized upstream of the starting codon, were analyzed.
At variance, for IDO1, 2000 bp of the promoter, localized
upstream of the starting codon, and the sequence of the first
intron, were analyzed.

A dual cross-linking ChIP assay (28) was used. Briefly,
PTC3.5 cells were treated for 24 h with Dox to induce expres-
sion of the RET/PTC3 oncogene. The cells were washed twice
with PBS at room temperature and resuspended in PBS con-
taining 1 mM MgCl2. In the first instance, disuccinimidyl
glutarate (Sigma) was added to a final concentration of 2 mM

and cells were incubated 45 min at room temperature for cross-
linking. In the second instance, formaldehyde was added to a
final concentration of 1% (v/v) and cells were incubated for 15
min at room temperature for dual cross-linking. Finally, glycine
was added to a final concentration of 125 mM and cells incu-
bated for 5 min at room temperature to quench formaldehyde
cross-linking. After harvesting, cells were lysed in 700 �l of
ice-cold cell lysis buffer (5 mM HEPES, pH 8.0, 85 mM KCl, 0.5%
Nonidet P-40, 1 mM PMSF, 1� protease inhibitor mixture
(Roche)) for 10 min on ice. Nuclei were precipitated by centrif-
ugation (3,000 � g for 5 min) resuspended in 600 �l of ice-cold
RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Non-
idet P-40, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM PMSF,
1� protease inhibitor mixture (Roche)) and incubated on ice
for 20 min. Sonication with Soniprep 150 (Sanyo) was per-

formed to obtain DNA fragments of 100 – 600 bp in length (15
cycles each of 10 min with 30 min pause, power 70%). An anti-
p65 antibody (1:100) (Cell Signaling Technology) was used to
recover protein-DNA complexes. Normal rabbit IgG mixtures
(Santa Cruz Biotechnology) were used as negative control. The
chromatin pulldown was performed using 20 �l of protein
G-Sepharose (GE Healthcare, Milan, Italy).

Quantitative PCR amplifications were performed using 90 ng
of DNA and Platinum SYBR GreenER Q-PCR SuperMix UDG
Universal (Life Technologies) according to the manufacturer’s
instructions. Primers used were: STAT1 promoter F, GGAGC-
CCCACGTTTCTCAC; STAT1 promoter R, TTTCCTC-
CTCGGCCAATCAG (for the amplification of a DNA fragment
spanning from �3639 to �3504 bp upstream of the ATG); IDO1
promoter region 1 F, CTCCACCGCAAGCATAGACC; IDO1
promoter region 1 R, CTCATGCCACACCCACTCC (for the
amplification of a DNA fragment spanning from �1695 to
�1545 bp upstream of the ATG); IDO1 intron 1 region 2 F,
ACTACGGTCTAGCGTGCAG; IDO1 intron 1 region 2 R,
AGGTTGAGAACTGCTGCACA (for the amplification of a
DNA fragment spanning from �1480 to �1638 bp down-
stream of the ATG); IDO1 intron 1 region 3 F, ATAAGGTG-
GTGCGCACTTGA; IDO1 intron 1 region 3 R, CTGTGTGT-
GTAGGCCAGAGG (for the amplification of a DNA fragment
spanning from �2438 to �2592 bp downstream of the ATG).
The results were analyzed using the �Ct method with the input
(10% of sonicated DNA) as endogenous control.

Coimmunoprecipitations—Five hundred �g of total lysate
were used for each immunoprecipitation assay. In HEK293T
cells transiently transfected with RET/PTC3 and Src or RET/
PTC3 and STAT1 or RET/PTC3 and Src and STAT1, molecu-
lar complexes assembled with RET, Src, and STAT1 were
immunoprecipitated using an anti-RET antibody (1:100), an
anti-Src antibody (1:100), or an anti-Myc (1:100) (anti-Myc-
tagged STAT1), respectively. The protein pulldown was per-
formed using 40 �l of protein G-Sepharose (GE Healthcare,
Milan Italy) in the case of goat or mouse antibodies, or protein
A-Sepharose (GE Healthcare) in the case of rabbit antibody.
Obtained protein complexes were resuspended in 30 �l of 2�
Laemmli buffer. Immunoprecipitates were then subjected to
10% SDS-gel electrophoresis. The presence of STAT1, Src, and
RET was searched by Western blotting using the specific anti-
bodies. To verify binding specificity, the presence of STAT1,
Src, and RET was searched on the protein complexes immuno-
precipitated with normal mouse, normal rabbit, or normal goat
IgG mixtures (Santa Cruz Biotechnology), respectively.

In Vitro Kinase Assay—HEK293T cells transiently trans-
fected with RET/PTC3 or STAT1 plasmid were cultured for
24 h and lysed in a buffer containing 10 mM Tris-HCl, pH 7.4, 1
mM EDTA, 1 mM EGTA, 150 mM NaCl, 1% Triton X-100, 0.5%
Nonidet P-40, 50 mM NaF, 1 mM sodium vanadate, 2 mM phen-
ylmethylsulfonyl fluoride (PMSF), and 1� complete protease
inhibitor mixture (Roche Diagnostics). RET/PTC3 and STAT1
were immunoprecipitated with anti-RET and anti-Myc anti-
bodies, respectively, as described in the previous paragraph. To
demonstrate direct STAT1 phosphorylation by RET/PTC3,
the RET/PTC3-washed immunoprecipitate and the STAT1-
washed immunoprecipitate were pulled together and resus-
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pended in 40 �l of a kinase buffer containing 25 mM Tris-HCl,
pH 7.5, 1 M NaF, 2 mM 1,4-dithiothreitol (DTT), 0.1 mM sodium
vanadate, 10 mM MgCl2, and 0.2 mM ATP. As positive control of
the reaction, the RET/PTC3-washed immunoprecipitate was
incubated with 2 �M poly(GT) (poly-L-glutamic acid-L-tyro-
sine) (Sigma). Conversely, to rule out the occurrence of STAT1
autophosphorylation or RET/PTC3-driven pulldown of phos-
phorylated STAT1 from HEK293T cell lysates, the STAT1-
washed immunoprecipitate or the RET/PTC3-washed immu-
noprecipitate were incubated alone in the kinase buffer. The
kinase reactions were incubated 30 min at 30 °C in agitation,
stopped by adding 10 �l of 2� Laemmli buffer and 5 �l were
subjected to 8% SDS-gel electrophoresis. The degree of STAT1
phosphorylation was analyzed using anti-pTyr-701 STAT1
(1:1000) and anti-pSer-727 STAT1 (1:200). At variance, the
degree of positive control phosphorylation was analyzed using
anti-Tyr(P) (PY20) (1:1000) (Santa Cruz Biotechnology).
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