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Abstract
Purpose: Sixty percent of papillary thyroid cancers (PTC)
have an oncogenic (V600E) BRAF mutation. Inhibitors of
BRAF and its substrates MEK1/2 are showing clinical promise
in BRAFV600E PTC. PTC progression can be decades long, which
is challenging in terms of toxicity and cost. We previously
found that MEK1/2 require copper (Cu) for kinase activity and
can be inhibited with the well-tolerated and economical Cu
chelator tetrathiomolybdate (TM). We therefore tested TM for
antineoplastic activity in BRAFV600E-positive PTC.
Experimental Design: The efﬁcacy of TM alone and in
combination with current standard-of-care lenvatinib and
sorafenib or BRAF and MEK1/2 inhibitors vemurafenib and
trametinib was examined in BRAFV600E-positive human PTC
cell lines and a genetically engineered mouse PTC model.
Results: TM inhibited MEK1/2 kinase activity and transformed growth of PTC cells. TM was as or more potent than

Introduction
The incidence of thyroid cancer is rising faster than that of
any other malignancy. New cases have more than tripled over
the past four decades, with the papillary thyroid cancer (PTC)
histologic subtype accounting for the overwhelming majority
of the rising incidence (1, 2). Tumors of all stages and sizes have
increased in incidence, as has the incidence-based mortality
rate, suggesting that the shift in epidemiology cannot be
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lenvatinib and sorafenib and enhanced the antineoplastic
activity of sorafenib and vemurafenib. Activated ERK2, a
substrate of MEK1/2, overcame this effect, consistent
with TM deriving its antineoplastic activity by inhibiting
MEK1/2. Oral TM reduced tumor burden and vemurafenib
in a BrafV600E-positive mouse model of PTC. This effect was
ascribed to a reduction of Cu in the tumors. TM reduced
P-Erk1/2 in mouse PTC tumors, whereas genetic reduction
of Cu in developing tumors trended towards a survival
advantage. Finally, TM as a maintenance therapy after cessation of vemurafenib reduced tumor volume in the aforementioned PTC mouse model.
Conclusions: TM inhibits BRAFV600E-driven PTC through
inhibition of MEK1/2, supporting clinical evaluation of
chronic TM therapy for this disease. Clin Cancer Res; 24(17);
4271–81. 2018 AACR.

explained solely by overdiagnosis (3, 4). Fortunately, most
patients with PTC are diagnosed with early-stage disease, which
responds well to surgical resection with or without radioactive
iodine (RAI) therapy. Indeed, the 10-year survival rate for stage
I or II disease is 90%. However, a subset of PTC cases does not
respond to conventional therapy, and the 10-year survival rate
for patients with regional lymph node involvement and/or
distant metastases drops to 77% and 37%, respectively (5).
Even in patients initially responsive to RAI, there is a 20% to
30% recurrence rate within 10 to 15 years of diagnosis (6). The
therapeutic options for patients with progressive or symptomatic disease not amenable to surgical resection or RAI are
limited to the tyrosine kinase inhibitors (TKI) sorafenib or
lenvatinib (7, 8). These therapies extend progression-free
survival by 5 to 15 months and are associated with welldocumented toxicities (9, 10). As PTC is typically diagnosed
in patients under 55 years of age, yet disease-speciﬁc death
peaks in the 70s (11). This presents a unique, decades-long
clinical challenge between balancing appropriate therapy with
patient quality of life (12, 13).
In the United States, 40% to 60% of PTC tumors have an
oncogenic (V600E) mutation in the kinase BRAF (14), which is
associated with a two-fold increase in recurrent/persistent disease and increased mortality (6, 14). This mutation results in a
constitutively active BRAF kinase, leading to increased phosphorylation and activation of MEK1/2 kinases, which in turn
phosphorylate and activate ERK1/2 kinases, all of which constitute the MAPK pathway. Activation of the MAPK pathway
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Translational Relevance
The incidence of thyroid cancer, and in particular papillary thyroid cancer (PTC), is rising faster than that of any
other malignancy. PTC often have an oncogenic (V600E)
mutation in the kinase BRAF. Inhibitors against BRAF or its
substrates MEK1/2 are showing promise as new therapies for
this disease. However, the indolent nature of PTC may be a
challenge to the clinical adaption of these inhibitors, as
ﬁnancial and physical toxicities may be ampliﬁed over
prolonged treatment. Here we demonstrate that the welltolerated copper chelator tetrathiomolybdate (TM) inhibits
MEK1/2 and reduces transformed and tumor growth of
BRAFV600E-positive PTC alone or when combined with a
BRAF inhibitor. As such, TM may ﬁnd utility in chronic
inhibition of MEK1/2 in BRAFV600E-positive PTC.

in this fashion promotes expression of an array of cell survival
and proliferation genes that drive tumorigenesis (14). The
BRAFV600E mutation may be a driver mutation in PTC; it
appears early in human PTC (15) and causes PTC when recreated in mice (16) alone or even more rapidly, when combined
with the loss of PTEN (17). The MAPK pathway has been
extensively drugged. There are now two BRAFV600E inhibitors
(BRAFi), vemurafenib and dabrafenib, and two MEK1/2 inhibitors (MEKi) trametinib and cobimetinib, approved as combination treatments for BRAFV600E-positive late-stage melanoma (18–20). Similarly, the MEKi selumetinib alone (21, 22) or
in combination with vemurafenib (23) are being tested for the
treatment of non–small cell lung cancer, with a host of other
MAPK inhibitors (MAPKi) under clinical evaluation (24, 25).
MAPKi are also being clinically evaluated for the treatment of
BRAFV600E-positive PTC (26). In a phase II trial of patients with
BRAFV600E-positive RAI-resistant PTC, vemurafenib treatment
resulted in 15.6 and 9.8 months of progression-free survival in
TKI-na€ve and TKI-treated patients, with response rates of 58%
and 36%, respectively (27). Similarly, dabrafenib prevented
disease progression in 13 of 14 patients with metastatic
BRAFV600E-positive PTC and extended progression-free survival
by 11.3 months, with only one patient progressing, and then
only after 9.3 months of response (28). MEKi are also showing
promise in the management of advanced PTC by restoring
tumor sensitivity to RAI (29–31). Moreover, the combination
of vemurafenib and trametinib was recently shown to have an
overall response rate of 69% in patients with BRAFV600E-positive anaplastic thyroid cancer (ATC), with an estimated median 1-year survival rate of 80% (32).
One potential challenge to the clinical adoption of MAPKi
for the treatment of BRAFV600E- positive PTC is the protracted
period of time that can elapse before recurrence is identiﬁed.
Even in patients initially responsive to RAI, there is a 20% to
30% recurrence rate within 10 to 15 years of diagnosis (33). It is
thus conceivable that MAPKi may need to be chronically dosed.
Drug toxicities may become problematic in such a prolonged
treatment setting based on the experiences in other cancers.
Twenty percent of patients with BRAFV600E-positive solid
tumors treated with selumetinib required dose reduction or
discontinuation whereas 38% of BRAFV600E-positive melanoma
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patients treated with the same drug were unable to complete
the ﬁrst cycle of therapy (30, 34). Similarly, in a phase II trial of
combined dabrafenib plus trametinib in melanoma, 55% of
patients experienced dose interruptions and 33% required
dose reductions, with 13% treatment termination (35). Early
indications suggest the same may be expected for PTC. Sixty-six
percent of BRAFV600E-positive PTC patients treated with vemurafenib experience grade 3 or 4 adverse events (26). Such
toxicities must be weighed against the quality of life and cost
of therapy, especially in a disease like PTC for which patients
can remain asymptomatic for decades. Indeed, there have been
calls for the design of treatment courses that are more physically and ﬁnancially appropriate for patients who require longterm management (12, 13, 36–38).
Current MEKi all target the ATP-dependent activity of these
kinases (39). However, MEK1/2 require the metal copper (Cu) for
kinase activity and to mediate the oncogenic signaling and
tumorigenic activity of BRAFV600E. Importantly, this novel activity
of MEK1/2 can be pharmacologically targeted with existing Cu
chelating drugs (40–42). Oral Cu chelators have been used to
lower Cu levels for the treatment of Wilson's disease, a Cu
overload condition (43, 44). These are extremely well tolerated
drugs when paired with serological monitoring of Cu levels by
measuring the amount of Cu bound to the plasma protein
ceruloplasmin. Patients with Wilson's disease remain on continuous Cu chelation for their entire lives (43, 44). Of these, tetrathiomolybdate (TM) exhibits higher potency in comparison to
other chelators (45, 46) and functions both by binding dietary
copper to prevent copper absorption and by forming a complex
with free Cu and albumin in the blood (47–52). Clinical cancer
trials of TM, in part based on the relationship of Cu with angiogenesis (53–57), reported that TM is well tolerated in patients
with advanced malagnancies (54, 58–63). In a phase I trial for
metastatic breast cancer, patients were orally dosed three times
daily with TM for upwards of 65 months (63). A phase II trial on
patients with breast cancer has shown that the most common sideeffects for TM treatment are grade I and II sulfur eructation,
fatigue, and neutropenia (62)—the same side effects seen in
Wilson's disease patients (45, 46, 64)—which were managed by
adjusting the dose of TM (54, 58, 60–63). We therefore explored
the potential of repurposing TM for long-term inhibition of the
MAPK pathway in BRAFV600E-positive PTC.

Materials and Methods
Cell lines
BCPAP (65) and K1 (66) cells were purchased from ATCC in
2014 and maintained in RPMI supplemented with 10% FBS,
1% penicillin, and 1% streptomycin. The identity of both cell
lines was conﬁrmed by DNA proﬁling of polymorphic short
tandem repeat (STR) markers through the human cell line
authentication analysis service at the Duke University DNA
Analysis Facility. The resultant STR makers, assess by GenePrint
10 Kit (Promega), were compared with those available for
BCPAP (CVCL_0153) and K1 (CVCL_2537) cells lines through
Cellosaurus (65) on February 2018. Both cell lines were also
conﬁrmed to be free of mycoplasma infection, as assessed by
the Duke Cell Culture Facility using MycoAlert PLUS test
(Lonza) on January 2018. Both cell lines were used within ﬁve
passages of being thawed. BCPAP cell lines were engineered to
express ERK2GOF by stable infection using established methods
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(67) of a retrovirus derived from the plasmid pBABEpuro-HAERK2GOF encoding the ERK2R67S,D321N mutant form of ERK2,
termed ERKGOF (40).

peroxidase-conjugated secondary antibody and visualized
using enhanced chemiluminescence detection (Cell Signaling
Technology).

Drug preparation
Trametinib, vemurafenib, sorafenib (Chemitek), lenvatinib
(Selleckchem), and ammonium tetrathiomolybdate, termed
TM (Sigma-Aldrich), were dissolved in 100% DMSO for
in vitro experiments and 1% DMSO/1% methylcellulose for
in vivo experiments.

Eight-week treatment TBP mouse study
Mice with BrafCA (68), Ptenﬂ (69), and Thyro::CreERT2 (70)
alleles were obtained from the Jackson Laboratory or as a kind gift
from the laboratories of David Kirsch (Duke University, Durham,
North Carolina) or Martin McMahon (University of Utah, Salt
Lake City, UT). BrafCA/CA;Ptenﬂ/ﬂ and Thyro::CreERT2/þ mice were
crossed to generate Thyro::CreERT2/þ;BrafCA/þ;Ptenﬂ/þ(TBP) mice
(17). Mice in this study were derived from a mixed BL6 and
Sv129 background and littermates were used regardless of sex. At
40 days of age, TBP mice received a single 100 mL intraperitoneal
injection of a 10 mg/mL tamoxifen (Sigma-Aldrich) dissolved
in peanut oil to activate CreER in thyrocytes and induce tumorigenesis. Eight weeks later, cohorts of 10 mice each were
randomly assigned to one of three treatment groups receiving
daily oral gavage of vehicle (250 mL of 1% DMSO/1% methylcellulose), vemurafenib (50 mg/kg), or TM (80 mg/kg). The
appearance, behavior, and weight of mice were monitored daily
and drug holidays provided if weight dropped below 10% of
the maximum weight of the animal. The drug holiday was
maintained until the mouse reached its previous weight. There
was only a one-day difference in the average number of treatment
days between the three cohorts (Supplementary Table S2). Mice
were euthanized at the end of the 8-week treatment period and
their thyroids removed for analysis. Studies involving mice were
conducted in accordance with protocols approved by the Duke
University Institutional Animal Care and Use Committee.

Soft agar assay
Soft agar assays were performed as previously described (40).
In brief, 1 mL of 0.3% bactoagar-RPMI solution containing
2.0  104 BCPAP cells or 1.0  104 K1 cells and the indicated
concentration of drug or vehicle was plated into each well of a
six-well plate already containing a solidiﬁed 2 mL bottom layer
of 0.6% bactoagar-RPMI solution also containing the relevant
vehicle or drug. Cells were fed weekly with 250 mL of media
containing vehicle or drug. After 3 weeks, colonies containing
>50 cells were counted in a blinded fashion. Drug concentrations were determined based on effective concentration. Speciﬁcally, we ﬁrst empirically identiﬁed the lowest concentrations of each drug that inhibited colony formation to the
maximum level, and termed this the EC100. Based on this, the
EC0, EC12.5, EC25, EC50, EC100, and EC200 and are as follows: 0,
50, 100, 200, 400, or 800 nmol/L for TM; 12.5, 25, 50, 100, or
200 nmol/L for sorafenib; 12.5, 25, 50, 100, or 200 nmol/L for
lenvatinib; 12.5, 25, 50, 100, or 200 nmol/L for vemurafenib;
and 0.625, 1.25, 2.5, 5.0, or 10.0 nmol/L for trametinib
(Supplementary Table S1). Each drug was serially diluted from
the highest concentration, so that the total volume of DMSO
added was identical in each well with the 0 nmol/L control,
namely the total volume of DMSO per well was 200 mL for TM,
50 mL for sorafenib, lenvatinib, and vemurafenib, and 25 mL for
trametinib, regardless of the dilution. The concentrations of
drugs in combinations experiments were combined in ﬁxedratio doses in order to calculate therapeutic synergy.
Immunoblot analysis
Whole cell lysates were isolated using standard RIPA buffer
containing proteases and phosphatases and quantiﬁed using
the Lowery protein assay (BioRad). Fifty micrograms of lysates
from BCPAP cells treated with DMSO vehicle or increasing
concentrations (25, 50, or 100 nmol/L) of TM for 7 days or TM
(EC6.25, 25 mmol/L), vemurafenib (EC6.25, 6.25 mmol/L) or
both drugs at the same concentrations for 7 days were resolved
by SDS-PAGE and immunoblotted with a rabbit anti-phospho
(Thr 202/Tyr 204)-ERK1/2 antibody (Cell Signaling Technology; antibody #3700 at a 1:1,000 dilution), a mouse antiERK1/2 antibody (Cell Signaling Technology; antibody #9101
at a 1:1,000 dilution), a mouse anti-HA-Tag antibody (Cell
Signaling Technology; antibody #2367 at a 1:1,000 dilution), a
rabbit anti-phospho-S6 ribosomal protein (Ser235/236) antibody (Cell Signaling Technology; antibody #4858S at a 1:1,000
dilution), a rabbit anti-S6 ribosomal protein (Cell Signaling
Technology; antibody #2217 at a 1:1,000 dilution), or a mouse
anti-b-tubulin (Sigma-Aldrich; antibody #2367 at a 1:5,000
dilution) followed by a goat anti-rabbit IgG (Cell Signaling
Technology; antibody #7076) or a goat anti-mouse IgG
(Cell Signaling Technology; antibody #7074) horseradish
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Ctr1ﬂ/ﬂ TBP mouse study
Mice with a Ctr1ﬂ allele (71), a kind gift of Dennis Thiele (Duke
University), were used to generate BrafCA/CA;Ptenﬂ/ﬂ;Ctr1ﬂ/þ and
Ctr1ﬂ/þ;Thyro::CreERT2 mice, which were crossed to generate
23 Ctr1þ/þ versus 8 Ctr1ﬂ/ﬂ TBP littermates. Mice in this study
were derived from a mixed BL6 and Sv129 background and
littermates were used regardless of sex. At 40 days of age, thyroid
tumorigenesis was induced by injection of tamoxifen as above,
after which the appearance, behavior, and weight of these mice
were monitored weekly. Mice were humanely euthanized upon
reaching a maximum tumor volume (1 cm3), 15% weight loss, or
moribund. Studies involving mice were conducted in accordance
with protocols approved by the Duke University Institutional
Animal Care and Use Committee.
Twenty-four-week treatment TBP mouse study
At 40 days of age, TBP mice were injected with tamoxifen as
above to induce thyroid tumorigenesis. Mice in this study were
derived from a mixed BL6 and Sv129 background and littermates were used regardless of sex. Eight weeks later, mice were
randomly assigned into cohorts of 17 mice that were treated
by daily oral gavage with vemurafenib (50 mg/kg) and either
vehicle (250 mL of 1% DMSO/1% methylcellulose) or TM
(80 mg/kg) for 4 weeks. Vemurafenib treatments were then
terminated whereas vehicle or TM treatments were continued
for a further 20 weeks. Mice were monitored as above and given
drug holidays if required. All mice were humanely euthanized
at the end of the 24-week treatment period and their tumors
removed for analysis. Studies involving mice were conducted
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in accordance with protocols approved by the Duke University
Institutional Animal Care and Use Committee.
Determining tumor volumes in thyroids
Thyroids removed from the above TBP mice at the end of the
8- or 24-week treatment period were ﬁxed in formalin for
24 hours and parafﬁn embedded. Each thyroid was sectioned
in its entirety on a RM2125 RTS microtome (Leica Biosystems
Incorporated). Multiple serial slices from every 200 mmol/L
throughout the depth of the gland were mounted on slides.
Two slides from each depth were reserved for immunohistochemical analysis whereas another one was hematoxylin and
eosin (H&E) stained and the tumor perimeter delineated by an
endocrine pathologist blinded to the genotype. One pathologist performed all tumor delineations over the span of 2 months
and referenced control slides from a normal and 8-week postinduction thyroid from TBP mice to reduce intrarater variability. Tumor volume was calculated based on the delineated
tumor area for each slide. The tumor load, as deﬁned by percent
tumor occupying the total thyroid area, was calculated for each
slide and then used to calculate the volume of thyroid occupied
by tumor for each mouse.
Immunohistochemistry
The slides reserved for immunohistochemical analysis were
de-parafﬁnized, dehydrated, and stained with a rabbit antiphospho (Thr 202/Tyr204)-Erk1/2 (Cell Signaling Technology;
antibody #4376, 1:400 dilution) or a rabbit anti-CD31
(Abcam; antibody #28364, 1:100 dilution) by the Duke Pathology Research Histology Laboratory. A breast cancer slide and a
mouse spleen slide were used as positive control for p-Erk1/2
and CD31, respectively. High-powered, stitch photographs
were taken of the entire tissue on a Vanox S microscope
(Olympus Corporation of the Americas). Percentage of
immuno-positive area per tumor was then quantiﬁed in a
blinded fashion using Image J (NIH). Both thresholding
and/or optical density analyses was performed.
Statistical analysis
Statistical analysis of tumor load, tumor volume, and metastases was performed with two-way analysis of variance (ANOVA)
using Prism 6 software (GraphPad Software Incorporated).
Kaplan–Meier survival curve analysis was performed using the
Mantel–Cox log-rank method to compare survival curves between
Ctr1þ/þ versus Ctr1ﬂ/ﬂ TBP littermates using Prism 6 software
(GraphPad Software Incorporated). Synergy between drug combinations was calculated using the previously described Bliss and
Combination Indexes (72, 73). Statistical analysis of metastatic
lesions, growth in soft agar, and immunohistochemical staining
of P-Erk1/2 and CD31 was performed with two-way t test using
Prism 6 software (GraphPad Software Incorporated).

Results
TM reduces growth of a human BRAFV600E-positive PTC cell line
through inhibition of MEK1/2
Given the rapidly evolving landscape of targeted therapies
for BRAFV600E-positive cancers, we sought to evaluate the therapeutic potential of TM relative to both standard-of-care (SOC)
treatment for progressive and/or symptomatic advanced
iodine-resistant PTC, sorafenib and lenvatinib (36), and the
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promising MAPKi, vemurafenib, dabrafenib, and trametinib
(24, 26–28). We elected to use a more long-term assay of soft
agar growth over traditional proliferation assays. BCPAP cells,
one of the very few BRAFV600E-positive human PTC cell lines
available (65), were seeded in triplicate in soft agar containing
either vehicle or a ﬁve-step dose escalation of each of the
aforementioned ﬁve drugs. The dosages of these drugs were
based on the effective concentration, as deﬁned by the lowest
concentration that inhibited colony formation to the maximum level for each drug (EC100). After 3 weeks of drug
treatment, the number of anchorage-independent colonies was
counted in a blinded fashion. This analysis revealed that TM
was as or more effective than sorafenib and lenvatinib at
reducing the anchorage-independent growth of BCPAP cells
(Fig. 1A). The small effect seen by sorafenib and lenvatinib was
not unexpected, as both drugs are TKI inhibitors while the
tested cells are BRAFV600E-positive. The relative effectiveness
of TM compared with vemurafenib and trametinib tracked
with previous studies using BRAFV600E-positive melanoma cell
lines (42), suggesting that TM targets the MAPK pathway with
similar effectiveness. Similar results were observed in another
BRAFV600E-positive human PTC cell line (Supplementary
Fig. S1). To conﬁrm that the effect of TM on transformed
growth was through inhibition of MEK1/2 rather than other
potential Cu-dependent proteins or pathways, BCPAP cells
were engineered and conﬁrmed by immunoblot to stably
express ERKGOF, an activated version of this kinase (Fig. 1B;
ref. 40). The cells were then treated with TM and the levels
of phosphorylation ERK1/2 (P-ERK1/2), the substrates of
MEK1/2, and phosphorylated S6 (P-S6), an ERK1/2 substrate,
were assessed by immunoblot analysis and transformed growth
was assessed by a soft agar assay. As controls, vehicle-treated
vector cells (negative control) were shown to exhibit lower
P-ERK1/2 and P-S6 levels compared with vehicle-treated
ERKGOF cells (positive control). In agreement with previous
studies in other BRAFV600E-positive tumor and cancer cell lines
(40, 42), P-ERK1/2 levels were reduced in cells treated with
TM (Fig. 1B), and furthermore, TM failed to reduce the anchorage-independent growth of BCPAP cells expressing ERKGOF
(Fig. 1C). Similar results were found with another Cu chelator,
trientine (Supplementary Fig. S2). We conclude that TM inhibits MEK1/2 kinase activity and correspondingly retards the
transformed growth of the human BRAFV600E-positive PTC cell
line BCPAP.
Oral TM reduces tumor load and volume in a BrafV600E-driven
mouse model of aggressive PTC
To address whether TM exhibits antineoplastic activity in a
more relevant in vivo setting, we turned to the genetically engineered Thyro::CreERT2/þ;BrafCA/þ;Ptenﬂ/þ(TBP) mouse model of
PTC. In this model, administration of tamoxifen activates CreER
recombinase in the thyrocytes, leading to recombination of the
BrafCA and Ptenﬂ alleles. This results in expression of oncogenic
BrafV600E and inactivation of the tumor suppressor Pten in these
cells, which leads to aggressive metastatic PTC (17). Indeed,
longitudinal analysis of the thyroids from TBP mice after injection
with tamoxifen revealed a stepwise progression from normal
thyroid (Fig. 2A–C). At 2 weeks postinjection, gross goiter
(Fig. 2D–F) was detected. At 8 weeks, histologically conﬁrmed
PTC with the diagnostic papillary structures and nuclear pallor,
grooves, and enlargement were present (Fig. 2G–I). At 12 weeks,

Clinical Cancer Research

Copper Chelation as a Treatment for BRAFV600E Thyroid Cancer

A
Lenvatinib
Sorafenib

*

50

ns

TM
**

Vemurafenib
*

Trametinib
0
20

10

12
.5
25
50

0

0
0

% Transformed growth

100

Effective concentration

TM (µmol/L): 0 25 50 100

C

ERKGOF

Vector
0

25 50 100

α P-ERK1/2
α T-ERK1/2
α P-S6
α T-S6
α-Tubulin

ERK GOF

100
*

α HA

% Transformed growth

B

50

Vector
0
0

200

400

600

800

TM (nmol/L)

Figure 1.
TM reduces anchorage-independent growth of BCPAP cells. A, % transformed growth in soft agar (mean  SEM, triplicate samples, three experiments)
normalized to vehicle control of BCPAP cells treated with increasing doses (effective concentration) of lenvatinib (~), sorafenib ( ),TM (*),
). B, Immunoblot detection of HA epitope-tagged ERKGOF, phosphorylated (P-) and total (T-) Erk1/2 or S6, and
vemurafenib (^), or trametinib (
tubulin in BCPAP cells transduced with an expression vector encoding no transgene (vector) or ERKGOF treated with the indicated increasing concentrations
of TM. C, % transformed growth in soft agar (mean  SEM, triplicate samples, three experiments) normalized to vehicle control of BCPAP cells stably
transduced with a vector encoding no transgene (~) or one encoding ERKGOF (*) at the indicated increasing concentrations of TM.  , P < 0.05;

, P < 0.01; ns, not signiﬁcant.

enlarged tumors were observed (Fig. 2J–L) with half of the mice
developing metastasis to the lung. The primary tumors retained
their PTC characteristics (diagnostic papillary structures, and
nuclear pallor, grooves, and enlargement). This lack of dedifferentiation into ATC and tumor aggression conﬁrms the validity of
TBP as a model for aggressive BrafV600E-positive PTC.
At 40 days of age, TBP mice were injected with tamoxifen and
then randomly assigned to one of three treatment groups of ten
mice each: (i) a negative-control vehicle-treated cohort; (ii) a
positive-control vemurafenib-treated cohort (given that this
drug shows clinical promise in phase II trials of RAI-resistant
PTC; ref. 26); and ﬁnally, (iii) the experimental TM-treated
cohort. As noted above, histologically conﬁrmed PTC was not
established until eight weeks after tamoxifen injection (Fig. 2).
Thus, to ensure the presence of established disease, treatments
were not initiated until eight weeks post-tamoxifen injection.
As TM requires up to 4 weeks to reduce Cu to therapeutically
low levels in both rodents and humans (47–49, 58), mice were
treated for a total 8 weeks in order to provide four weeks of
therapeutic TM dosing. This dose of TM has previously been
shown to reduce serum ceruloplasmin activity by 20% in mice
(42), which compares favorably to human clinical cancer trials
that reduce serum ceruloplasmin activity by up to 50% (62). To
ensure the same effective treatment time, mice in the vemurafenib arm were treated for the ﬁrst 4 weeks, then provided
vehicle control for the ﬁnal 4 weeks. After 8 weeks, all mice
were humanely euthanized and their thyroids were removed
en-bloc, parafﬁn embedded, and serially sectioned every
200 mm (amounting to roughly 15 sections per thyroid).
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Necropsy revealed a similar number of mice with grossly visible
metastatic lung lesions (Supplementary Fig. S3A). The region of
the thyroid occupied by tumor was then circumscribed by a
pathologist who was blinded to the genotype of the samples.
All mice were conﬁrmed by the pathologist to have PTC. The
tumor versus total thyroid area was determined for each section, and the total volume occupied by the tumor calculated
from all sections and recorded as either the tumor volume or as
a percentage of total thyroid occupied by tumor (Fig. 3A). Most
thyroids contained one tumor per lobe, as demonstrated in
three-dimensional reconstructions of a sample thyroid from
each study cohort (Fig. 3B). As expected, vemurafenib treatment signiﬁcantly reduced the average tumor load by 22%
(Fig. 3C) and tumor volume by 39% (Fig. 3D) in comparison
to vehicle control. Similarly, TM treatment signiﬁcantly reduced the average tumor load by 34% (Fig. 3C) and tumor volume
by 40% (Fig. 3D). Thus, oral TM treatments in mice with
established PTC reduces tumor load as well as treatment with
the clinical BRAFi vemurafenib.
Oral TM inhibits Mek1/2 kinase activity in PTC tumors
To explore the mechanism of TM, we performed immunohistochemical staining for phosphorylated (P) Erk1/2. MEK1/2
kinases are well established to transmit oncogenic BRAF signaling by phosphorylating their substrates ERK1/2 (14). As
such, reduction in P-Erk1/2 levels in tumors has been used to
validate on-target effects of MAPKi. Thirty-six thyroid sections
from 20 TBP mice treated with TM or vehicle were stained with
an anti-P-Erk1/2 antibody, after which the positive-stained area
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Figure 2.
Histology and gross pathology of thyroid tumor development in TBP mice. Samples from euthanized TBP mice at the indicated time points after an
intraperitoneal injection of vehicle (VEH, A–C) or tamoxifen (TMX, D–L). Top: Gross pathology (dotted lines demark border of thyroid). Middle: H&E staining
of thyroid section at 20 magniﬁcation. Bottom: 63 magniﬁcation of boxed region in corresponding 20 images. Arrows indicate nuclear clearing
and grooves characteristic to PTC.

of tumors was circumscribed and expressed as a percent of the
total tumor. In agreement with the effects of TM on P-Erk1/2
levels in tumors from other oncogenic BrafV600E cancer mouse
models (40), there was a statistically signiﬁcant reduction in
percent P-Erk1/2 staining in the thyroid tumors of mice treated
with TM, as assessed by threshold analysis (Fig. 3E and F),
although not by optical density analysis (Supplementary
Fig. S4). In agreement with previous observations that chelating
Cu reduces angiogenesis (53–57), CD31 staining was also
statistically reduced in the thyroid tumors of mice treated with
TM compared with those treated with vehicle, as assessed by
threshold analysis (Supplementary Fig. S5). Thus, TM appears
to inhibit Mek1/2 kinase activity in BrafV600E-positive PTC
lesions.
Crossing a Ctr1ﬂ gene into a BrafV600E-driven mouse model of
aggressive PTC trended towards an extension of lifespan
To genetically test whether the antineoplastic activity of
TM was due to a reduction of Cu in PTC lesions, we compared
the lifespan of TBP mice with or without a functional Ctr1 gene
in their tumors. Ctr1 encodes the primary Cu-speciﬁc transporter in mammalian cells, and inactivation of this gene has
been shown to reduce Cu levels in cells (71, 74), including in
tumors (40, 42). A ﬂoxed version of the Ctr1 gene (71) was
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therefore crossed into the TBP background. TBP littermates
homozygous for the wild-type (þ/þ, n ¼ 23) versus the ﬂoxed
(ﬂ/ﬂ, n ¼ 8) Ctr1 alleles were treated with tamoxifen to both
induce PTC and inactivate the Ctr1ﬂ alleles when present. All
mice were then regularly monitored and euthanized upon
reaching disease endpoint where all mice were conﬁrmed to
have thyroid tumors. Analysis of the Kaplan–Meier survival
curve revealed a trend towards an 18% increase in median
survival of the Ctr1ﬂ/ﬂ cohort. Moreover, the near absence of
mice reaching endpoint in the Ctr1ﬂ/ﬂ cohort until around
400 days suggests a true survival beneﬁt until a sudden decline
due to age, although admittedly all mice reached endpoint
with thyroid cancer (Fig. 4). These ﬁndings support the contention that the antineoplastic activity of TM is derived from its
ability to reduce Cu in PTC lesions. This in turn could lead to a
survival beneﬁt, which ultimately is the most important critical
clinical outcome.
TM enhances the antineoplastic activity of sorafenib and
vemurafenib
Given the potential of TM to therapeutically target the MAPK
pathway and an increasing emphasis on multidrug therapy, we
evaluated the therapeutic potential of TM when combined with
current SOC drugs, sorafenib and lenvatinib, or the clinically
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Figure 3.
TM treatments reduce tumor load and volume in TBP mice. A, Diagram of tumor load and volume analysis. Left: Thyroids (dotted line) were removed from TBP
mice euthanized 8 weeks after being treated with vehicle, vemurafenib, or TM. Middle: Thyroids were ﬁxed enblock, parafﬁn mounted, sections taken
every 200 microns, and H&E stained. Right: Tumor area (dark green regions) in the thyroid (yellow outline) was determined by a pathologist blinded
to the mouse genotype to calculate the tumor load (% of the ratio of tumor area/thyroid area of all sections) and tumor volume (cm3). B, A representative
three-dimensional reconstruction of a thyroid enblock from a TBP mouse euthanized 8 weeks after being treated with vehicle, vemurafenib, or TM.
Yellow outlines the thyroid area whereas green outlines the tumor boundaries. Both lobes of the thyroid are shown. C, % tumor load (% of thyroid occupied
by tumor, each sample is a ﬁlled circle, mean  SEM shown as bars) at the 8-week ﬁxed endpoint in three cohorts of 10 TBP mice orally treated with
vehicle, vemurafenib, or TM. D, Tumor volume (cm3, each sample is a ﬁlled circle, mean  SEM shown as bars) at the 8-week ﬁxed endpoint in three
cohorts of 10 TBP mice orally treated with vehicle, vemurafenib, or TM. E, Representative image of a thyroid section hematoxylin stained (purple) and
immunohistochemically stained with an anti-P-Erk1/2 antibody (brown) isolated from a TBP mouse euthanized at the 8-week ﬁxed endpoint after being
treated with vehicle (left) or TM (right). F, Boxplot of % P-Erk1/2 positive area per tumor (18 tumors from 10 mice in each cohort) at the 8-week ﬁxed
endpoint in TBP mice treated with either vehicle or TM.  , P < 0.05;   , P < 0.01;   , P < 0.005;    , P < 0.001; ns, not signiﬁcant.

assessed MAPKi vemurafenib and trametinib, again using the
long-term assay of growth in soft agar. BCPAP cells were seeded
in triplicate in soft agar containing one of these ﬁve drugs at their
EC12.5, EC25, and EC50 concentrations, or in combinations with
TM, again at these three concentrations. Given the known effect of
combining BRAFi and MEKi, we also tested a triple combination
of TM with vemurafenib and trametinib. Vehicle-treated cells
served to normalize transformed growth to 100%. After 3 weeks
of drug treatment, the number of anchorage-independent colonies was counted in a blinded fashion, and the percent trans-

www.aacrjournals.org

formed growth was determined and used to calculate the Combination and BLISS Indices to assess drug synergy. TM was
synergistic with vemurafenib by both indices at EC12.5 and the
BLISS index at EC25 (Table 1). This agrees with the synergy
observed between TM and vemurafenib in other BRAFV600E-positive cancer cell lines (42), and the clinical superiority of BRAFi
and MEKi combination therapy in comparison to either drug
alone (35, 75). This was attributed to a reduction in MAPK
signaling, as the addition of TM at an EC6.25 to vemurafenib at
an EC6.25 reduced P-ERK1/2 and P-S6 levels in BCPAP cells below
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Figure 4.
Loss of Ctr1 in thyrocytes of TBP mice trends towards a survival advantage.
Kaplan–Meier survival curve of Ctr1þ/þ (n ¼ 23, 12 on study, red line)
versus Ctr1ﬂ/ﬂ (n ¼ 8, 2 on study, black line) TBP mice. Dotted line: median
survival. Censor marks: mice still on study. P ¼ 0.10.

those of the same cells treated with either drug alone (Supplementary Fig. S6). TM was also synergistic with sorafenib by both
indices at EC12.5 and the Combination Index at EC25 with an
additive effect by the BLISS Index (Table 1), which is perhaps not
unexpected as sorafenib was originally designed to target BRAF
paralog, CRAF (76). TM was not synergistic with lenvatinib,
trametinib, or in the triple combination. In summary, TM
enhances the antineoplastic activity of the SOC sorafenib and
the BRAFi vemurafenib, this suggests a possible avenue to evaluate
TM clinically.
Oral TM enhances the ability of vemurafenib to reduce tumor
volume in a BrafV600E-driven mouse model of aggressive PTC
As TM enhances the antineoplastic activity of vemurafenib
and can be dosed for extended periods of time in late-stage
cancer patients, we surmised that one clinical scenario that
TM may prove valuable is long-term maintenance therapy
following vemurafenib treatment. To this end, we treated mice
with vemurafenib and TM for four weeks, and then continued
TM treatments for a further four weeks, but saw no advantage
over TM or vemurafenib alone (not shown). We therefore
extended TM treatment for a total of 20 weeks. Speciﬁcally,

Table 1. TM is synergistic with sorafenib and vemurafenib at EC12.5 and EC25
TM with
Lenvatinib
Sorafenib
Vemurafenib
Trametinib
Vemurafenib trametinib

Combination index
BLISS
CI
BLISS
CI
BLISS
CI
BLISS
CI
BLISS
CI

EC12.5
0.68
0.97
1.75
0.34
2.63
0.51
0.74
0.88
0.82
0.72

EC25
0.86
0.72
1.07
0.52
1.42
0.88
0.53
2.95
0.81
1.13

EC50
0.71
0.95
0.86
1.28
0.79
1.44
0.29
8.27
0.87
0.57

Summary of BLISS and combination index (CI) values for anchorage independent growth of BCPAP cells at increasing ﬁxed-ratio doses (EC12.5, 25, and
50). BLISS Index is presented in gray rows and CI in white rows. BLISS Index
values 1.2 are considered additive, whereas BLISS Index >1.2 are considered
synergistic. CI Index values 0.8–1 are considered additive, whereas CI Index
<0.8 are considered synergistic. Synergistic values are bolded.
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Figure 5.
Long-term TM treatment after cessation of vemurafenib treatment reduces
tumor volume in TBP mice. Tumor volume (cm3, each sample is a ﬁlled
circle, mean  SEM shown as bars) at the 24-week ﬁxed endpoint in
cohorts of 17 TBP mice orally treated with vemurafenib and vehicle, or
vemurafenib and TM as indicated.    , P < 0.001.

TBP mice were injected with tamoxifen at 40 days of age as
above, and eight weeks later when PTC was established to be
present (e.g., Fig. 2), two cohorts of 17 mice were treated with
(i) vemurafenib and vehicle for 4 weeks, followed by 20 weeks
of vehicle or (ii) vemurafenib and TM for 4 weeks, followed by
20 weeks of TM. All mice were humanely euthanized and tumor
volumes determined exactly as described above. Mice treated
with vemurafenib and TM followed by maintenance therapy
with TM exhibited an average tumor volume of 0.20  0.01
cm3, whereas mice treated with vemurafenib and vehicle followed by vehicle exhibited an average tumor volume of 0.40 
0.04 cm3, or roughly a 50% reduction in tumor volume (Fig. 5).
The number of metastatic lesions was similar between the two
cohorts (Supplementary Fig. S3B). Thus, prolonged TM therapy
after cessation of vemurafenib treatment reduces tumor volume
in a mouse model of aggressive PTC.

Discussion
The ﬁnding that 40–60% of PTC tumors have a BRAFV600E
mutation (6) in the United States prompted the clinical evaluation of BRAFi and MEKi for the treatment of advanced
BRAFV600E-positive PTCs (27–31), originally developed for the
treatment of BRAFV600E-positive melanoma (24, 35, 75). However, melanoma and PTC behave very differently; PTC is known
to be much more indolent overall, with longer associated
survival observed for patients with unresectable or metastatic
disease. Indeed, the average time to recurrence is 8.1 years for all
stages of PTC, with 17% of deaths occurring after 20 years (33).
This poses unique challenges to targeting the MAPK pathway
in PTC, as cost and toxicities are ampliﬁed over prolonged
treatment. Unlike most other cancers, where costs are largely
incurred in the ﬁnal year of life, 78% of the cost of thyroid
cancer treatment accumulates over the initial and surveillance
phases of the disease (12, 13). The cost of targeted therapies
administered over a long period of time can be prohibitively
expensive for patients and payers (12, 13, 36–38). In additional
to ﬁnancial toxicity, drug treatment itself often comes with
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nonnegligible side effects. In a recent clinical trial of vemurafenib, 66% of patients with PTC experienced grade 3 and 4
adverse events (26). These toxicities are especially concerning
for patients with PTC who are often asymptomatic from their
disease for long periods of time. As such, quality of life considerations are of special importance in their treatment decisions (12, 13, 36–38).
Here we show that TM was as effective as the BRAFi vemurafenib in terms of inhibiting Mek1/2 kinase activity and the
growth of established PTC lesion in a BRAFV600E-driven mouse
model of this disease. In addition, TM enhanced the antineoplastic activity of both the SOC sorafenib and the clinical
BRAFi vemurafenib. TM is typically a well-tolerated drug.
Unlike vemurafenib, which caused 66% of PTC patients to
experience grade 3 and 4 adverse events (26), the only sideeffect of treatment with TM is a small likelihood of mild and
transient anemia in the ﬁrst week of treatment (58–63).
Regular surveillance of Cu levels using the simple serum assay
of ceruloplasmin activity has allowed TM to be dosed chronically in humans with few ill-effects (58–63). In fact, TM has
been continually dosed thrice daily for as long as 65 months in
a phase I breast cancer trial (63). This feature makes TM
particularly well suited for management of advanced PTC,
especially in terms of chronic inhibition of the MAPK pathway.
The synergy of TM with sorafenib in vitro suggests an immediate clinical pathway to evaluating this drug in patients with
PTC. Alternatively, the combination of BRAFi and MEKi is
known to be clinically superior to either drug alone in the
treatment of melanoma (75). Thus, TM could be added to
current efforts testing BRAFi in patients PTC (26). Although
combining TM with a MEKi or both a BRAFi and MEKi was not
synergistic in vitro, there may still be value in adding TM to
these modalities as a long-term maintenance therapy after
initial treatment with these more toxic drugs. Indeed, when
TM was provided as a maintenance therapy after vemurafenib
treatments were terminated, tumor volume was reduced compared with control mice. As such, there are a number of
potential clinical venues to explore TM for the treatment of
BRAFV600E-positive PTC.
Mechanistically, we ascribe the antineoplastic effects of TM in
large part to inhibition of the Cu-dependent activity of MEK1/2 in
the PTC tumors themselves. This is supported by three lines of
evidence. First, the ability of TM to inhibit PTC transformed
growth was rescued by ERKGOF, an activated version of the
MEK1/2 substrate ERK2. If TM inhibited transformation by other
Cu-dependent pathways, this would not have been the case. This
also highlights the speciﬁcity of this drug. Namely, like other
MAPKi, BRAF mutation status predicts sensitivity to TM (40).
Although TM has been evaluated across a broad spectrum of
cancers with modest effects (54, 58, 60–63), it has never been
matched to the BRAFV600E mutation, which will be an important
inclusion criterion. Second, in TBP mice treated with TM, there
was a reduction in the level of P-Erk1/2 by one criteria, a direct

measure of Mek1/2 kinase activity in vivo, which was similar
to what has been reported in other mouse models of oncogenic
Braf-driven tumorigenesis (42). Third, crossing conditional null
alleles of the primary Cu-speciﬁc transporter Ctr1 into the mouse
model of PTC, ostensibly reducing Cu in the developing
tumors, trended towards an extension of lifespan. This argues
that the effect of TM on tumorigenesis lies in a reduction of Cu
in the tumor rather than the stroma. Admittedly however, how
TM speciﬁcally inhibits MEK1/2 remains to be fully elucidated. It
is worth noting that a disulﬁram metabolite has been shown
to have copper-binding properties and is antineoplastic (77) and
we also detected a reduction of CD31 staining in the thyroid
tumors of TM-treated mice. These ﬁndings collectively suggest
that TM inhibits the Cu-dependent activity of MEK1/2 kinases
to reduce oncogenic BRAF-driven signaling.
In summary, TM represents a unique clinical opportunity in
PTC. Its ability to inhibit MEK1/2 kinases while having low
toxicity makes it particularly well suited for long term inhibition
of the MAPK pathway in BRAFV600E-positive PTC, either in combination with current or emerging therapies and/or as a maintenance therapy.
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