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Background: Activating mutations of the receptor tyrosine kinase RET are associated with oncogenic function in medullary

thyroid cancer.

Results: RET is a dual specificity kinase, phosphorylates ATF4, and inhibits expression of the ATF4 target proapoptotic genes.
Conclusion: RET prevents apoptosis through inhibition of ATF4 activity.
Significance: Simultaneous targeting of RET and ATF4 may provide clinical benefit in cancers with RET abnormalities.

The RET proto-oncogene, a tyrosine kinase receptor, is widely
known for its essential role in cell survival. Germ line missense
mutations, which give rise to constitutively active oncogenic
RET, were found to cause multiple endocrine neoplasia type 2, a
dominant inherited cancer syndrome that affects neuroendo-
crine organs. However, the mechanisms by which RET promotes
cell survival and prevents cell death remain elusive. We demon-
strate that in addition to cytoplasmic localization, RET is local-
ized in the nucleus and functions as a tyrosine-threonine dual
specificity kinase. Knockdown of RET by shRNA in medullary
thyroid cancer-derived cells stimulated expression of activating
transcription factor 4 (ATF4), a master transcription factor for
stress-induced apoptosis, through activation of its target proapo-
ptotic genes NOXA and PUMA. RET knockdown also increased
sensitivity to cisplatin-induced apoptosis. We observed that
RET physically interacted with and phosphorylated ATF4 at
tyrosine and threonine residues. Indeed, RET kinase activity was
required to inhibit the ATF4-dependent activation of the NOXA
gene because the site-specific substitution mutations that block
threonine phosphorylation increased ATF4 stability and acti-
vated its targets NOXA and PUMA. Moreover, chromatin
immunoprecipitation assays revealed that ATF4 occupancy
increased at the NOXA promoter in TT cells treated with tyro-
sine kinase inhibitors or the ATF4 inducer eeyarestatin as well
as in RET-depleted TT cells. Together these findings reveal RET
as a novel dual kinase with nuclear localization and provide
mechanisms by which RET represses the proapoptotic genes
through direct interaction with and phosphorylation-depen-
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dent inactivation of ATF4 during the pathogenesis of medullary
thyroid cancer.

The RET proto-oncogene, which encodes a receptor tyrosine
kinase and regulates a complex network of signal transduction
pathways, is often aberrantly activated through mutations or
oncogenic fusion. RET oncogenic mutations contribute to cell
transformation in medullary thyroid cancer (MTC)? (1). MTC
occurs in sporadic (75%) or hereditary (25%) forms with three
clinical subtypes: multiple endocrine neoplasia types 2A and 2B
and familial MTC. The MEN2A subtype harbors RET muta-
tions affecting the cysteine residues (609, 611, 618, 620, or 634).
These mutations lead to the formation of permanent receptor
dimers with constitutive autophosphorylation activity, stimu-
late downstream signaling pathways, and thus promote trans-
formation. The most aggressive form of MTC is associated with
the MEN2B subtype with RET mutations identified in the tyro-
sine kinase domain of RET (M918T) and causes conformational
change and alters substrate specificity.

Furthermore, RET overexpression has been observed in pan-
creatic cancer (2), melanoma (3), and leukemia (4). RET copy
number gains, mutations, and rearrangements have been
observed in breast cancer (5). Oncogenic fusions of RET that
drive misexpression of the tyrosine kinase domain are found in
papillary thyroid carcinoma (6), chronic myelomonocytic leu-
kemia (7), and lung adenocarcinomas (8, 9). Conversely, disrup-
tion of RET signaling by a dominant negative truncated form of
RET reduces cell viability, abolishes phosphorylation of down-
stream signaling molecules, reduces cell cycle progression, and
stimulates apoptosis (10). RET inhibition also decreases the
growth and metastatic potential of estrogen receptor-positive
breast cancer cells (11). The direct transforming impact of RET

2 The abbreviations used are: MTC, medullary thyroid cancer; FLIM, fluores-
cence lifetime imaging microscopy; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; PARP, poly(ADP-ribose) polymerase; CRE,
cAMP-response element; TKI, tyrosine kinase inhibitor.
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as an oncogenic driver is further supported by studies in which
RET transgenic mice developed a variety of malignancies (12,
13). Despite these studies of RET-activated oncogenic signaling
pathways, the molecular mechanism by which RET prevents
cell death remains unclear.

Cell survival involves suppression of the intrinsic apoptosis
pathway through complex interactions between members of
the BCL-2 family (14). The BH3-only proapoptotic family
members, including NOXA and PUMA, are responsible for
relaying various environmental stresses to promote cell death
(14). Both NOXA and PUMA are direct transcriptional targets
of p53 (15), but they can be regulated by other transcription
factors, including ATF4 (16, 17), cMYC (18), FOXO3a (19), Sp1l
(20), and E2F1 (21).

The transcription factor ATF4 plays a central role in the acti-
vation of the integrated stress response pathway (22). In
response to stressors, el[F2a phosphorylation induces ATF4
translation, which then activates expression of its downstream
target genes. Some studies indicate that ATF4 plays a prosur-
vival role (23), whereas others indicate a proapoptotic role, sug-
gesting that the function of ATF4 is context-dependent (16, 17,
24, 25). The fact that p53 expression is lost in MTC cells (26)
and the central role of ATF4 in promoting apoptosis led us to
hypothesize that RET might prevent the induction of apoptosis
via regulating ATF4. Here, we demonstrate that RET represses
expression of the ATF4 target proapoptotic genes NOXA and
PUMA in an MTC-derived cell line through phosphorylation-
dependent degradation of ATF4.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Eeyarestatin and sunitinib were
purchased from Tocris Bioscience, and cisplatin was from Sig-
ma-Aldrich. The sources of antibodies are as follows: PUMA,
MCL-1,BAD, BIM, BAX, and BCL-XL (Cell Signaling Technol-
ogy); NOXA (Calbiochem); ATF4 (C-20), RET (C-19), RET
(C-20), RET (H300), and ubiquitin (P4D1) (Santa Cruz Biotech-
nology, Inc.); ATF4 (D4B8) (Cell Signaling). Peptides contain-
ing amino acids 102-125 of ATF4 were custom made from
Abgent (San Diego, CA).

Cell Lines—The TT, H1993, HCC2935, and HEK293T cell
lines were purchased from ATCC. MZCRCI1 cells were kindly
provided by Dr. Alex Knuth (University Hospital Ziirich, Zur-
ich, Switzerland) and were described previously (27-29). The
thyroid cell lines were verified by sequencing; TT cells harbor a
codon 634 cysteine to tryptophan (C634W) exon 11 RET muta-
tion, and MZCRCI cells harbor a codon 918 methionine to
threonine (M918T) exon 16 RET mutation.

Plasmid Construction and Lentiviral Transduction—Plasmid
constructs containing NOXA-luc were purchased from Add-
gene (30). WT RET, RET-C634W, and RET-M918T long iso-
form (RET-51) constructs were described previously (31). RET-
K758, FLAG-tagged ATF4-T107, ATF4-T114, ATF4-T115,
ATF4-T119,and ATF4—-4TA constructs were generated with a
site-directed mutagenesis kit (Stratagene). Lentiviral vectors
(pLKO.1) containing RET and ATF4-specific shRNAs were
purchased from Sigma-Aldrich. Lentiviral RET shRNA plas-
mids were co-transfected into HEK293T cells along with pack-
aging (VPR8.9) and envelope (VSV-G) plasmids using
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X-tremeGENE (Roche Applied Science) for 2 days. The virus
particles containing RET shRNA or control shRNA were used
toinfect TT cells. Transfected cells were selected in media con-
taining 2 ug/ml puromycin (Clontech). ATF4-WT and ATF4 -
4TA were cloned in lentiviral vectors (OriGene). The RET
kinase domain spanning amino acids 657-1114 for WT and
RET-M918T was cloned in pEF4-MYC (Life Technologies,
Inc.). GFP-RET and RFP-ATF4 were cloned in pcDNA3.1. RET
siRNAs were purchased from Sigma-Aldrich.

Cell Viability, Anchorage-independent Growth, Proliferation,
Cell Cycle, and Apoptosis Analyses—Cell viability was mea-
sured using an MTT assay with 40,000 cells in a 96-well plate.
Cells were treated as indicated in figures and incubated in 200
wl of 0.6 mg/ml MTT in serum-free medium for 4 h and then
were solubilized in dimethyl sulfoxide for 30 min following
quantification with a spectrophotometer (VICTOR3, PerkinEl-
mer Life Sciences) at 595 nm. Anchorage-independent colony
formation assays were performed as described previously (32).
Apoptotic cell death was determined using the BD ApoAlert
annexin V-FITC apoptosis kit (BD Biosciences) according to
the manufacturer’s instructions, and cells were analyzed on
FACScan system (BD Biosciences). In addition, cells were fixed
and stained with antibodies against cleaved caspase-3 and poly-
(ADP-ribose) polymerase (PARP) (BD Biosciences) and visual-
ized by flow cytometry as described previously (33).

Immunofluorescence Staining and Fluorescence Lifetime
Imaging Microscopy (FLIM) Analysis—Cells were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) (pH 7)
for 20 min, permeabilized, and blocked in 5% bovine serum
albumin. Incubation with the indicated antibodies was carried
out for 1 h at 37 °C followed by incubation with a secondary
antibody for 1 h at room temperature. DAPI was used to visu-
alize nuclei. FLIM analysis was performed as described previ-
ously (34, 35). Cells were imaged using a Leica SP5 II confocal
microscope. FLIM samples were excited with a tunable femto-
second titanium-sapphire pumped laser (Mai Tai BB, Spectra-
Physics). The wavelength used for two-photon excitation was
900 nm. Images were obtained with an oil immersion objective
(numerical aperture 1.4) and a line scan speed of 400 Hz, with
image size of 512 X 512 pixels. For FLIM analysis, the pixels
were reduced to 256 X 256. FLIM data were collected using an
SPC830 data and image acquisition card (Becker & Hickl) for
time-correlated single photon counting (TCSPC). The fluores-
cence decays were fitted with a single exponential decay model
using SPC Image software (Becker & Hickl), and the GFP fluo-
rescence lifetimes were displayed in a false color map.

Dual-Luciferase  Assay—Using X-tremeGENE (Roche
Applied Science), the 4X-CRE or pGL3-NOXA-Luc construct
was transfected into HEK293T cells, with Renilla luciferase
plasmid (Promega) as an internal control. Dual-Luciferase
assays were performed at 24 h post-transfection, and reporter
activity was normalized as relative luciferase activity (firefly
luciferase/Renilla luciferase).

Real-time PCR—Total RNA was extracted with a Qiagen
RNeasy kit and treated with DNase. cDNA was prepared using
reverse transcriptase and used for quantitative real-time PCR
using TaqMan primer probes (Applied Biosystems) and 18 S
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rRNA or hypoxanthine-guanine phosphoribosyltransferase
(HPRT) as control.

ChIP Assay—ChIP was performed as described previously
(36). The quantitative PCR was performed on ChIP DNA using
FastStart SYBR Green Master (Roche Applied Science). The
primer sequences used for the ChIP have been described previ-
ously (30), and the primers used for the real-time PCR included
the following: primer set 1, CCTACGTCACCAGGGAAGTT
(forward) and GATGCTGGGATCGGGTGT (reverse); primer
set 2, TAACAGGCTGCTGTCTCTGG (forward) and TTGG-
GAATTAAGTCGGACCA (reverse).

Biochemical Assays—Cell extracts, Western blot analysis,
immunoprecipitation, and cell fractionations were performed
as described previously (37).

In Vitro Binding Assay—>°S-Labeled RET was prepared by in
vitro transcription and translation using the TNT system as
described previously (32). Labeled RET was incubated with
GST or GST-ATF4 followed by pull-down with glutathione
S-transferase-agarose beads and then separation of SDS-PAGE
and autoradiography.

In Vitro Kinase Assay and Mass Spectrometry—For the
kinase reaction, 0.25 ug of commercial RET active enzyme (cat-
alog no. 14-570, Millipore) or immunopurified FLAG-tagged
RET kinase domain from TT cells and transfected HEK293T
cells was incubated with 2 ug of GST-ATF4 in presence of 1 mm
ATP for 30 min at 30 °C. Samples were separated on SDS-PAGE
followed by Western blotting with tyrosine- and threonine-spe-
cific phosphoantibodies. Site-specific phosphorylation of GST-
ATF4 by commercial RET was identified by mass spectrometry.
For dot blot analysis, RET kinase domain wild type was
expressed in HEK293T cells and purified with FLAG-agarose
beads. FLAG-tagged RET bound with agarose beads was incu-
bated with peptides in kinase buffer at 30 °C for 1 h. Following
incubation, supernatant was spotted onto nitrocellulose mem-
brane and then incubated with phospho-specific antibodies.

In Vivo Ubiquitination Assay—Cells were treated with
MG132 (10 um) for 8 h. ATF4 was immunoprecipitated by c-20
antibody followed by Western blot analysis with ubiquitin
antibody.

Statistical Analysis—All data were expressed as means *
S.D. Data were analyzed with GraphPad Software using the
indicated tests. Statistical significance was indicated as follows:
* p < 0.05;*, p < 0.01; **, p < 0.001; ***, p < 0.0001.

RESULTS

RET Inhibition Increases Sensitivity to Cisplatin-mediated
Apoptosis—The human MTC cell line TT was derived from a
patient with aggressive medullary thyroid carcinomas and car-
ries a frequent RET mutation (C634W) identified in patients
with multiple endocrine neoplasia type 2A disease. This muta-
tion confers dominant ligand-independent constitutive activity
of the mutant RET protein. Oncogenic RET has been shown to
increase antiapoptotic signaling (10). We first examined the
mechanism by which RET prevents apoptosis upon stress path-
way activation. TT cell lines stably expressing RET-specific
shRNA were generated by lentiviral shRNA transduction.
Western blot analysis confirmed that RET protein levels were
60-90% lower in the RET-depleted cells than in the controls
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(Fig. 1A). RET depletion in the TT cells decreased cell survival
and inhibited colony formation on soft agar (Fig. 1, Band C). To
define the mechanism of decreased survival, we examined the
levels of proapoptotic and antiapoptotic regulators in the RET-
depleted and control TT cells. A significant increase in levels of
the proapoptotic regulators NOXA (i.e. PMAIP1) and PUMA
(i.e. BBC3) was observed in RET-depleted TT cells, whereas the
level of the antiapoptotic regulator MCL-1 was markedly
decreased (Fig. 1D). The levels of the proapoptotic regulators
BIM (i.e. BCL2L11), BAX (BCL2L4), and BAD (BBC2, BCL2LB)
and the antiapoptotic regulator BCL-XL (i.e. BCL2L1) were not
affected by RET depletion.

It has been shown that NOXA expression is up-regulated in
response to cisplatin and related platinum compounds (38).
Because knockdown of RET up-regulated NOXA levels (Fig.
1D), we hypothesized that RET knockdown would also enhance
the efficacy of cisplatin-induced cell death. We observed that
RET-depleted TT cells were more sensitive to cisplatin than
control cells, as shown by an MTT assay (Fig. 1E). Quantifica-
tion of apoptotic cells by annexin V/propidium iodide staining
showed increase in cell death in cisplatin treated RET-shRNA
cells compared with control shRNA cells (Fig. 1F). The percent-
age of apoptotic cells was quantified by measuring cleaved
caspase-3/cleaved PARP double-positive cells using flow
cytometry. We found that RET-depleted cells were more sen-
sitive to cisplatin-induced cell death than control shRNA cells
treated with cisplatin (Fig. 1G).

To address the mechanisms of RET-mediated regulation in
expression of NOXA and PUMA, we analyzed their transcript
levels in control and RET-depleted TT cells. We observed that
the levels of NOXA and PUMA mRNAs were strongly stimu-
lated in RET-depleted shRNA TT cells compared with control
shRNA cells, whereas there was no change in MCL-I mRNA
levels observed, indicating that RET mediates transcriptional
repression of the NOXA and PUMA genes in MTC cells (Fig.
2A). Similar results were reproduced in another MTC cell
line, MZCRC]1, in which knockdown of RET by siRNA
increased the levels of NOXA and PUMA mRNAs (Fig. 2, C
and D). Cisplatin-induced stimulation in NOXA and PUMA
mRNA levels were higher in RET siRNA-transfected cells
compared with control siRNA cells (Fig. 2, C and D). How-
ever, RET expression was reduced by cisplatin in both RET
siRNA and control siRNA cells (Fig. 2B). These findings sug-
gest that RET is an essential regulator of survival in MTC
cells, and its specific inhibition leads to the induction of
proapoptotic effector genes, causing sensitivity to genotoxic
stress-induced cell death.

RET Kinase Activity Is Required for Inhibition of the NOXA
Promoter Activity—Using reporter assays (NOXA-luciferase) in
HEK293T cells, we showed that ectopic expression of both wild
type and mutants (M918T and C634W mutations) RET long
isoform (RET 51) repressed the NOXA promoter activity in a
dose-dependent manner (Fig. 2E). Interestingly, NOXA pro-
moter inhibition by activated RET-C634W and RET-M918T
were more robust than inhibition by RET-WT. However, co-
expression of a kinase-dead RET mutant (RET-K758M) did not
inhibit NOXA promoter activity, indicating that RET kinase
activity was required for repression of NOXA transcription (Fig.
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FIGURE 1. RET knockdown decreases cell survival and sensitizes cells to cisplatin-induced cell death. A, Western blot analysis showing efficiency of RET
knockdown in RET shRNA TT cells (clone 7 and clone 2) compared with control (Con). Vinculin served as a loading control. B, cell viability was measured by an
MTT assay in control shRNA and RET shRNA TT cells at the indicated time points. Shown are the mean and S.D. (error bars) of six replicates in a representative
experiment. C, RET knockdown inhibits anchorage-independent growth. Control and RET shRNA 1 cells were seeded in soft agar, and colonies were counted
after 2 and 3 weeks. Data are presented as mean and S.D. of six replicates in a representative experiment (Student'’s t test). D, Western blot showing levels of
apoptotic and survival proteins in control and RET shRNA TT cells. E, MTT assay for cell viability in RET shRNA and control shRNA cells treated with cisplatin at
the indicated dose for 48 h. Shown are mean and S.D. of six replicates in a representative experiment. Two-way analyses of variance and Bonferroni’s multiple
comparison tests were used. F, quantification of apoptotic and dead cells using an annexin V/propidium iodide assay in control shRNA and RET shRNA TT cells
after treatment with cisplatin (20 um) for 24 h. Two-way analyses of variance and Bonferroni’s multiple comparison tests were used. G, cleaved caspase-3/
cleaved PARP-positive cells were quantified using flow cytometry after treatment with cisplatin at the indicated concentrations for 24 h (right panels). Data are
shown as means = S.D. from three independent experiments (left panel). The statistical analysis used was two-way analysis of variance, Tukey’s multiple
comparison test. Asterisk indicates p value, *, p < 0.05; **, p < 0.01; ***, p < 0.001.

2E). To gain further insight into the mechanisms of RET-de-
pendent repression of the apoptotic genes, we performed a
chromatin immunoprecipitation assay in MTC TT cells and
breast cancer T47D cells using RET antibodies. Our results
indicate that RET interacted with the chromatin fragments of
the NOXA gene in TT and breast cancer T47D cell lines. The
RET occupancy was observed at the proximal promoter within
—500 bp upstream of the transcriptional start site of NOXA
gene (primer 1, Fig. 2F). Furthermore, RET occupancy at the
NOXA promoter was appreciably reduced in TT cells treated
with tyrosine kinase inhibitor vandetanib and in RET shRNA
TT cells as well (Fig. 2G). These results support our hypothesis
that RET has a nuclear function in regulation of gene expres-
sion. These data further prompted us to examine localization of
RET in the nucleus, wherein this mediates nuclear function in
regulation of NOXA and PUMA genes.
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Receptor Tyrosine Kinase RET Is Localized in the Nucleus—
The nuclear localization of other receptor tyrosine kinases is
well documented (39). Therefore, a direct assessment of
nuclear localization was performed through immunostaining
of TT cells and lung cancer cells using antibodies specific to the
N and C termini of RET. These studies showed that although
RET was localized predominantly in the plasma membrane and
cytoplasm, RET was also localized in the nucleus, indicating
that intact RET can translocate into the nucleus (Fig. 3, A and
B). We also observed RET in the nuclei of the non-small lung
cancer cell lines H1993 and HCC2935, suggesting that nuclear
localization of RET is not restricted to MTC cells (Fig. 3, A and
B). Next, we investigated whether RET activation was required
for its translocation to the nucleus. Green fluorescent protein
GFP-RET was ectopically expressed in HEK293T cells, which
were then stimulated with glial cell-derived neurotropic factor
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and its soluble coreceptor GFRa1. Nuclear localization of GFP-
RET was only observed in glial cell-derived neurotropic factor-

ATF4 is known to activate its target gene through the cyclic
AMP-response element (CRE). Therefore, we tested whether

treated cells, which confirmed that activation was essential for
translocation (Fig. 3, C and D). Further, cellular fractionation
followed by Western blot studies detected intact full-length
RET protein in the nuclear fractions of TT cells (Fig. 3E).

RET Represses ATF4-mediated Apoptotic Gene Trans-
cription—In silico analysis of the promoter sequence bound by
RET identified several cis-acting elements, including consensus
binding sites for p53 (15), c-Myc (18), and ATF4 (30). Because
no expression of a p53 transcript is detected in MTC cells (26),
we chose to focus on ATF4 because of its well defined role in the
activation of apoptotic genes, including NOXA and PUMA (16,
30). Interestingly, ATF4 levels were significantly increased in
the nuclear fraction of RET-depleted TT cells compared with
control cells (Fig. 4A), in parallel with levels of NOXA and
PUMA (Fig. 1D), which are both targets of ATF4. These obser-
vations led us to hypothesize that RET regulates the ATF4
activity.
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RET regulates ATF4-mediated activation of CRE. Consistent
with a previous report (40), overexpression of ATF4 in
HEK293T cells stimulated an ~20-fold increase in the CRE-
luc reporter activity (Fig. 4B). This ATF4-stimulated activa-
tion of CRE was significantly inhibited by co-expression of
RET-WT, RETC634W, and RET-M918T but was not
repressed by kinase-dead mutant RET (RET-K758M) (Fig.
4B). To examine the effect of RET on ATF4 transcriptional
activity, we transfected the NOXA-luc reporter into
HEK293T cells. Co-expression of ATF4 stimulated a 6-fold
increase in the NOXA-luc reporter activity, whereas co-ex-
pression of RETC634W or RET-M918T significantly
repressed the ATF4-stimulated NOXA reporter activity (Fig.
4C). Indeed, kinase-dead RET was unable to repress the
NOXA reporter activity, further supporting our notion that
kinase activity of RET is required for repression of ATF4-de-
pendent NOXA reporter activity.
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quantification of cells showing nuclear RET as performed in B. E, Western blot analysis for RET in nuclear and cytoplasmic fractions of TT cells. Vinculin and PARP
were used as cytoplasmic and nuclear markers, respectively. Asterisks indicate p value, *, p < 0.05.

To examine the effect of RET on occupancy of ATF4 at its
target genes, we performed ChIP assays using ATF4 antibodies
in tyrosine kinase inhibitor (TKI)-treated TT cells and in the
RET shRNA TT cell lines. Under these conditions, the levels of
ATF4 occupancy at the NOXA promoter increased both in the
TKI-treated cells and in the RET-depleted cells compared with
control cells (Fig. 4D, left). Similar results were observed using
the MZCRCI1 cell line (Fig. 4D, right). These results indicate
that ATF4 occupancy at NOXA is inversely correlated with the
level and activity of RET. We conclude that increased RET
activity and levels in MTC are favorable for maintaining sup-
pression of ATF4 and the proapoptotic genes.

Stabilized ATF4 Promotes Its Recruitment to the NOXA
Promoter—We have demonstrated that in MTC cells, RET is
highly expressed, whereas the stress-induced transcription fac-
tor ATF4 and its target proapoptotic genes NOXA and PUMA
are weakly expressed (Figs. 1D, 24, and 4A), thus providing a
mechanistic clue that RET should prevent apoptosis by antag-
onizing ATF4 stability. Reports indicate that eeyarestatins are
ERAD-specific inhibitors that elicit an integrated stress
response program at the endoplasmic reticulum, which acti-
vates ATF4-dependent induction of cell death (30, 41). Consist-
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ent with these reports, we showed that ATF4 levels were signif-
icantly higher in nuclear fractions of TT cells treated with
eeyarestatin (EE) than in nuclear fraction of control cells (Fig.
5A). Levels of nuclear ATF4 were increased in TKI-treated TT
cells (sunitinib) compared with untreated control cells. These
data imply that elevated RET levels in MTC cells should affect
ATF4 stability. To determine the effect of RET in ATF4 stabil-
ity, we performed ubiquitination assay in control and RET
shRNA TT cells treated with the proteasome inhibitor MG132.
In the presence of MG132, a high molecular mass species due to
polyubiquitination of ATF4 was observed in control TT cells. In
contrast, the levels of polyubiquitinated ATF4 were reduced in
RET-depleted cells (Fig. 5B, compare lane 2 with lane 4). These
data suggest that ATF4 is prone to degradation in MTC cells.
We speculate that RET should sequester ATF4 for ubiquitina-
tion and degradation, thus maintaining low levels of ATF4 in
MTC cells.

Furthermore stabilization of ATF4 by MG132 in both MTC
cell lines, TT and MZCRCI, allowed a significant increase in
ATF4 occupancy at the NOXA promoter, but RET occupancy
decreased (Fig. 5C, top panel for TT cells). Moreover, ATF4
occupancy was also significantly enhanced at the NOXA pro-
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moter in RET shRNA TT cells that were treated with eeyares-
tatin compared with RET shRNA or eeyarestatin-treated con-
trol cells, and RET occupancy was decreased (Fig. 5, D and E),
suggesting that ATF4 prevents interactions of RET with the
NOXA gene. These results were further confirmed in ATF4
shRNA TT cells, which indicated that occupancy of RET at the
NOXA promoter increased in ATF4-depleted TT cells com-
pared with control TT cells (Fig. 5F, right). These findings con-
sistently indicate that there is an inverse relationship between
ATF4 and RET occupancy at the target NOXA gene. Overall,
these data strongly suggest that aberrantly activated RET
decreases ATF4 levels and consequently inhibits activation of
the proapoptotic NOXA and PUMA genes.

RET Physically Interacts with ATF4 in Vitro and in Vivo—
The kinase-dependent inhibition of ATF4 activity by RET led
us to examine their physical interactions and the phosphoryla-
tion of ATF4 by RET. A GST pull-down assay demonstrated
that in vitro-translated [**S]methionine-labeled RET-C634W
specifically interacted with recombinant GST-ATF4 but not
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with GST alone (Fig. 6A4), indicating a physical interaction
between ATF4 and RET in vitro.

Direct interactions between RET and ATF4 in vivo were
studied by FLIM after co-expression of wild type GFP-RET and
RFP-ATF4 in HEK293T cells treated with MG132. Represent-
ative confocal images and co-localization of the same field of
view are also shown (Fig. 6B). FLIM analysis showed that in the
presence of MG132, GFP-RET is within 10 nm of RFP-ATF4,
supporting a direct physical interaction of the two proteins.
The specific interaction is observed by a peak shift to the left of
the vertical line (i.e. to shorter lifetimes resulting from FRET
between GFP and REP) (Fig. 6B). The histograms on the right
show the average fluorescence lifetime distributions corre-
sponding to cells in the field of view. Lifetime images were gen-
erated by pixel-by-pixel mapping of the lifetime data and rep-
resented as false color images. The interactions between RET
and ATF4 were only observed in cells treated with proteasome
inhibitor. In cells expressing the RET receptor, the average life-
time is centered on ~2.2 ns. This is in contrast to the protea-
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some inhibitor-treated cells, where the average lifetime short-
ens to 2.1 ns, seen as a left shift in the peak. The 100-ps
shortening of the average lifetime is the result of FRET between
GFP-RET and RFP-ATF4, indicating direct interactions
between RET and ATF4.

In addition, using affinity purification of RET with Ni*"
beads in the lysates of HEK293T expressed with His-tagged
RET(657-1114) and FLAG-tagged ATF4, we found that ATF4
was co-purified with RET, further confirming in vivo interac-
tion of these proteins (Fig. 6C). In co-immunoprecipitation (IP)
and reverse co-immunoprecipitation assays, we further dem-
onstrated that interactions between RET and ATF4 after trans-
fections in HEK293T cells (Fig. 6D).

RET Exhibits a Novel Dual Kinase Activity and Phosphoryl-
ates ATF4—RET interactions with ATF4 implies that ATF4
may serve as a kinase substrate. This assumption is further sup-
ported by the observation that RET kinase activity is required
for inhibition of ATF4-dependent transcription. Therefore, we
hypothesized that RET inhibits ATF4 activity through phos-
phorylation, which antagonizes its maximal transcriptional
activity for target genes.

To demonstrate that RET phosphorylates ATF4, we carried
out three independent approaches. First, we showed that
immunopurified mutant RET (C634W) from TT cells phos-
phorylated recombinant GST-ATF4 and a known RET sub-
strate, myelin basic protein, in the presence of [**P]ATP (Fig.
7A). Second, immunopurified RET from transfected HEK293T
cells was able to phosphorylate GST-ATF4 and myelin basic
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protein (Fig. 7B). Third, we expressed the kinase domain of
RET-M918T as FLAG-RET(657-1114)-His-tagged protein in
HEK293T cells, purified by a two-tandem immunoaffinity
approach using first Ni>* beads and then FLAG antibody-con-
jugated beads (Fig. 7C, left). Recombinant GST-ATF4 was phos-
phorylated by the purified RET(657-1114) at both threonine
and tyrosine residues, as indicated by Western blot with phos-
phothreonine and phosphotyrosine antibodies (Fig. 7C, right).
A commercially available active RET enzyme served as a con-
trol for RET activity. To determine ATF4 phosphorylation in
vivo, FLAG-ATF4 and full-length RET-HA were expressed in
HEK293T cells, followed by immunoprecipitation of ATF4 and
then Western blot with phospho-specific antibodies. Fig. 7D
shows that ectopically expressed RET in HEK293T cells
increased ATF4 phosphorylation at both threonine and
tyrosine.

Identification of Threonine Phosphorylation in ATF4 by Mass
Spectrometry—Site-specific phosphorylation of GST-ATF4 by
commercial RET enzyme in vitro assays was identified by high
sensitivity LC-MS/MS in an Orbitrap Elite high resolution mass
spectrometer that revealed threonine phosphorylation at Thr-
107, -114, -115, and -119 (supplemental Figs. 1 and 2). To con-
firm the specificity of RET-mediated ATF4 phosphorylation,
we generated ATF4 mutants in which threonine was substi-
tuted with alanine and tyrosine with phenylalanine. We
observed a moderate decrease in GST-ATF4 phosphorylation
with targeted substitution of T114A, T115A, and T119A by
RET kinase in vitro, but simultaneous mutation of all four thre-
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reversed immunoprecipitation and Western blot with the indicated antibodies.

onines (T107A, T114A, T115A, and T119A; denoted 4TA)
abrogated phosphorylation (Fig. 7E). For in vivo phosphoryla-
tion, wild type ATF4, ATF4—-4TA, and ATF4-3YF (Y197F,
Y228F, and Y261F) were expressed together with the RET
(M918T) kinase domain in HEK293T cells. Immunoprecipita-
tion of ATF4 followed by Western blot indicated that although
tyrosine phosphorylation was completely abolished in ATF4—
3YF, threonine phosphorylation was moderately decreased in
ATF4—-4TA, possibly due to the presence of other phosphory-
latable threonines by other kinases present in HEK293T cells
(Fig. 7F). Moreover, we further showed that ATF4 phosphory-
lation levels at both tyrosine and threonine residues were
decreased in RET kinase-dead-expressing cells compared with
wild type RET kinase-expressing cells (Fig. 7G). These data
strongly indicate that RET phosphorylates ATF4 in cells.

To further confirm the RET as dual specificity tyrosine/thre-
onine kinase, we used ATF4 peptides as substrate for an RET
kinase activity in vitro assay. These peptides were identified by
amass spectrometry approach to contain phosphorylated thre-
onine (Thr-107, -114, -115, and -119) by RET enzyme. Thre-
onines were substituted with alanine to identify preferential
substrate for RET. Dot blot analysis followed by phosphothreo-
nine antibody clearly indicates that there were reduced levels of
phosphorylation in peptide 2 (with one threonine at 115), pep-
tide 3 (at Thr-114), and peptide 5 (at Thr-107) compared with
wild type peptide 1, which had all four threonines. Indeed, RET
was able to phosphorylate peptide 4 (at Thr-119) to the same
extent as it did peptide 1 (Fig. 7H), indicating that RET utilized
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these sites for phosphorylation with relative specificity.
Together, these data suggest that RET exhibits threonine kinase
activity and phosphorylates ATF4 at threonine and tyrosines.

Threonine Phosphorylation Regulates Stability and Activity
of ATF4—To examine the effect of ATF4 phosphorylation on
activation of its target genes, wild type ATF4 and ATF4—-4TA
were expressed in TT cells using lentiviral constructs. Quanti-
tative RT-PCR measurement indicates that levels of NOXA and
PUMA mRNAs were stimulated to a level 69 times higher in
TT cells with expression of mutant ATF4—4TA than in those
with wild type ATF4 (Fig. 84). Levels of the PUMA protein were
also higher in TT cells with ATF4—4TA expression than in
those with wild type ATF4 (Fig. 8B). Although NOXA mRNA
levels were increased in ATF4-4TA expressing cells, NOXA
protein levels remained unchanged, suggesting a possible post-
translational control in regulation of NOXA protein. Further-
more, cycloheximide treatment of these cells overexpressing
mutant ATF4—4TA or wild type ATF4 indicated that the phos-
phodefective ATF4—4TA protein was rather much more stable
than wild type ATF4 without any change in RET levels (Fig. 8C).
Together, these studies strongly indicate that RET regulates
ATF stability and its transcriptional activity through phosphor-
ylation and ubiquitination.

DISCUSSION

This study provides several lines of evidence for a novel
nuclear role of RET tyrosine kinase receptor to attenuate apo-
ptosis. RET functions to regulate both ATF4 stability and DNA
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binding, through phosphorylation-dependent mechanisms. ing molecule (44), our data reveal that intact activated RET

Specific targeting of this pathway by stabilization of ATF4 in
combination with inhibition of RET offers a possible new ther-
apeutic approach because it renders tumor cells more suscep-
tible to genotoxic-induced apoptosis.

During the past several decades, 58 receptor tyrosine kinases
have been identified and classified into 20 different subfamilies
(39). 18 of these 58 receptor tyrosine kinases have been detected
in the nucleus and are directly involved in regulating gene
expression that is related to cell proliferation, survival, and
insensitivity to therapeutic agents (37, 39, 42). Although RET is
widely reported as a survival factor (43) and cytoplasmic signal-
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tyrosine kinase receptor also exists in the nuclei of MTC cells,
where its function is probably to control gene transcription.
The interaction of RET with the chromatin of NOXA and most
likely that of other proapoptotic genes explains the functional
relevance of RET nuclear localization. We demonstrated that,
as with other receptor tyrosine kinases, such as ErbB-2 (45),
RET kinase activity is required for its nuclear function. Our
finding that RET also is localized to the nuclei of non-small lung
cancer cells suggests that an activated form of RET is expressed
in lung cancer cells and might be an attractive and novel alter-
native therapeutic target in other RET-dependent cancers.
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using anti-FLAG, anti-RET, and anti-vinculin antibodies.

ATF4 is a universal stress-responsive gene and an important
effector of the integrated stress response pathway (25). In the
presence of stress stimuli, ATF4 levels increase to activate
expression of its primary target CHOP, which mediates oxida-
tive stress and cell death (25). ATF4 is known to activate several
other proapoptotic genes, including NOXA, PUMA, and TRB3,
during cell death (16, 46). Small molecules that elevate ATF4
activity inhibit autochthonous murine neuroblastoma tumor
growth in xenograft models (17). It has been previously shown
that phosphorylation of ATF4 occurs at several sites (Thr-212,
Ser-215, Ser-218, Ser-223, Ser-230, Ser-234, and Ser-247) and
regulates both stability and transcriptional activity. For exam-
ple, serine 215 phosphorylation by casein kinase 2 increases
ATF4 transcriptional activity (47, 48).

In our study, we provide compelling evidence using mass
spectrometryand otherbiochemical studies that RET phosphor-
ylates ATF4 at threonines, revealing RET to be a dual specificity
kinase. We found that ATF4 phosphorylation at threonines
(Thr-107, -114, -115, and -119) destabilized ATF4 and
decreased its ability to activate NOXA and PUMA transcrip-
tion. These findings strongly suggest that RET may regulate the
expression of a wide range of ATF4 target genes. This novel
phosphorylation function of RET could be used to identify
other key targets whose functions are regulated by RET threo-
nine kinase activity and to reveal other roles of aberrantly acti-
vated RET in tumor progression.

NOXA is one of nine major BH3-only proteins that are
required for proteasome and endoplasmic reticulum stress-in-
duced apoptosis (49, 50). We observed that RET negatively reg-
ulates expression of the proapoptotic genes NOXA and PUMA
but not that of other members of the BCL2 family, such as BIM,
BAX, and BCL-XL. The levels of the prosurvival protein
MCL-1, but notits mRNA, were significantly decreased in RET-
depleted cells, suggesting that RET regulates MCL-1 synthesis
or turnover, acting as a positive regulator of this survival gene
(51, 52). Because NOXA regulates the localization and stability
of MCL-1 in small cell lung cancer cells (53), we speculate that
RET regulates MCL-1 expression through repression of NOXA
transcription.

In summary, our data provide evidence for a key role of RET
in cell survival through negative regulation of proapoptotic
gene transcription. These functions are propagated through
regulation of ATF4 expression, a central mediator of stress-
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induced apoptosis. The ability of RET to destabilize ATF4 ren-
ders MTC cells resistant to chemotherapy and TKIs.
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