The NEW ENGLAND JOURNAL of MEDICINE

BRIEF REPORT

Thyroid Hormone Inactivation
in Gastrointestinal Stromal Tumors

Michelle A. Maynard, B.A., Adrian Marino-Enriquez, M.D., Jonathan A. Fletcher, M.D.,
David M. Dorfman, M.D., Ph.D., Chandrajit P. Raut, M.D., Leila Yassa, M.D.,
Cuicui Guo, B.A,, Yuexiang Wang, Ph.D., Clara Dorfman, Henry A. Feldman, Ph.D.,
Mary C. Frates, M.D., Huaidong Song, M.D., Ph.D., Rebecca H. Jugo, M.A,,
Takahiro Taguchi, Ph.D., Jerome M. Hershman, M.D., P. Reed Larsen, M.D.,
and Stephen A. Huang, M.D.

SUMMARY

Gastrointestinal stromal tumors (GISTs) are resistant to traditional chemotherapy
but are responsive to the tyrosine kinase inhibitors imatinib and sunitinib.* The use
of these agents has improved the outcome for patients but is associated with ad-
verse effects, including hypothyroidism.2 Multiple mechanisms of this effect have
been proposed, including decreased iodine organification? and glandular capillary
regression.* Here we report the finding of consumptive hypothyroidism caused by
marked overexpression of the thyroid hormone—-inactivating enzyme type 3 iodo-
thyronine deiodinase (D3) within the tumor. Affected patients warrant increased
monitoring and may require supernormal thyroid hormone supplementation.

51-YEAR-OLD MAN WAS FOUND TO HAVE A LARGE ABDOMINAL TUMOR

during elective inguinal hernia repair. Given the absence of disseminated

disease, a partial gastrectomy and transverse colectomy with en bloc re-
section of the primary tumor were performed with curative intent. Pathological
examination led to the diagnosis of a GIST. Two years later, computed tomo-
graphic surveillance revealed liver lesions that were confirmed on biopsy as met-
astatic GIST. This finding prompted the initiation of treatment with imatinib
mesylate (which was discontinued after 10 months owing to disease progression)
and then sorafenib (which was discontinued after 5 months owing to disease
progression). Six months after discontinuing sorafenib, the patient was enrolled
in a research trial of sunitinib therapy, which at that time had not yet been ap-
proved as second-line therapy.

Baseline testing that was performed immediately before the initiation of suni-
tinib therapy revealed hypothyroidism, with a thyrotropin level of 149 uU per milliliter
(normal range, 0.5 to 5.0 pU per milliliter), a total thyroxine level of 6.1 ug per
deciliter (normal range, 5.0 to 11.0 wg per deciliter [79 nmol per liter; normal
range, 64 to 142 nmol per liter]), and a triiodothyronine uptake of 28% (normal
range, 25 to 35%). Testing for serum thyroperoxidase antibodies was negative.
Despite the administration of levothyroxine doses as high as 300 ug (3.2 ug per
kilogram of body weight) daily and excellent adherence, the patient’s subsequent
serum thyrotropin levels remained elevated (range, 70 to 181 uU per milliliter),
with subnormal levels of serum thyroxine (range, 1.4 to 4.2 ug per deciliter [18 to
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54 nmol per liter]) and triiodothyronine (17 to
40 ng per deciliter; normal range, 70 to 170 ng per
deciliter [0.3 to 0.6 nmol per liter; normal range,
1.1 to 2.6 nmol per liter]). During hypothyroxin-
emia, the level of serum reverse triiodothyronine
was elevated, at 1545 pg per milliliter (normal
range, 30 to 250 pg per milliliter [2.37 nmol per
liter; normal range, 0.05 to 0.38 nmol per liter]).
Sunitinib was continued until the patient’s death
from tumor progression 23 months later.

METHODS

DEIODINATION ASSAYS
We used high-performance liquid chromatography
to assay the activity of D3, as described previous-
ly,> in 150-mm3 reactions containing 0 to 150 ug
of cellular protein, 10 mM dithiothreitol, and 0.5
to 500 nM iodine-125-labeled triiodothyronine
(PerkinElmer). Assays for type 1 deiodinase (D1)
were in 150-mm? reactions containing 3 ug of pro-
tein and 100 nM iodine-125-labeled reverse triio-
dothyronine. Assays for type 2 deiodinase (D2)
were in 75-mm? reactions containing 10 ug of pro-
tein, 0.2 versus 100 nM iodine-125-labeled thyrox-
ine, and 100 nM triiodothyronine. Studies were
approved by the institutional review board at each
study center.

OTHER CELLULAR ANALYSES
Immunohistochemical analyses were performed
with the use of 1:1000 polyclonal rabbit anti-D3
antibody (Novus Biologicals), as described pre-
viously.® Cells were propagated in Iscove’s Modified
Dulbecco’s medium with 15% fetal-calf serum
(GIST-T1 cells),” in RPMI medium with 10% fe-
tal-calf serum (SK-N-AS neuroblastoma cells),
or in Dulbecco’s Modified Eagle’s medium with
10% fetal-calf serum (MCEF-7 breast-cancer cells)
(Clontech). Unstripped fetal-calf serum was used
to supply physiologic concentrations of thyrox-
ine and triiodothyronine.®® For all cell lines,
the medium contained 100 nM sodium selenite.
All reagents were purchased from Sigma-Aldrich,
except imatinib (LC laboratories) and iopanoic
acid (MP Biochemicals).

GISTT1 cells were plated at 5000 cells per well,
and after 72-hour exposure to drugs, viability was
analyzed by means of CellTiter-Glo Luminescent
Cell Viability Assay (Promega). Proliferation was
measured with the use of a Coulter counter.

Immunoblotting of cellular protein (20 ug per

Figure 1 (facing page). Features of the Index Patient’s
Tumor and D3 Expression across Genetic Subtypes
of Gastrointestinal Stromal Tumor (GIST).

Computed tomography (CT) of the abdomen (Panel A)
shows a massive tumor burden (low-density lesions)
in the patient with GIST. A large mass at the gastroin-
testinal junction is evident in the center of the image
(white arrows), and the majority of the right lobe of
the liver is replaced with tumor (white arrowheads).
Smaller metastases are present in the left liver lobe
(black arrows). A tumor-biopsy sample obtained from
the patient shows specific staining of GIST cells
(Panel B) (top, hematoxylin and eosin; bottom, immu-
nohistochemical staining for type 3 iodothyronine
deiodinase [D3]). D3 activity was determined by quan-
tification of the iodine-125-labeled triiodothyronine
(T3) converted to iodine-125—labeled diiodothyronine
(T2) and was expressed as femtomoles of T3 deiodin-
ated per milligram of protein per minute (fmol T3/mg/
min). Lineweaver—Burk analysis of enzyme kinetics
(Panel C) showed strong D3 activity in the patient’s
tumor (maximum velocity [V,,,], 38.5 fmol of T3 deio-
dinated per milligram per minute, as compared with
37.0 fmol of T3 deiodinated per milligram per minute
in placental tissue), as well as in GIST samples from
three other patients with diverse KIT mutations (V .,
7.6, 2.1, and 0.5 fmol of T3 deiodinated per milligram
per minute). As a confirmation of authentic D3 activ-
ity, all tissue samples had low nanomolar Michaelis
constants for T3 (1.0 to 1.4 nM T3), indicated by the
shared point of intersection through the x axis. The I
bars indicate standard errors. Extended screening of
additional GIST specimens (Panel D) showed D3 ex-
pression in 23 of 28 specimens tested (82%), includ-
ing specimens from patients who were taking tyrosine
kinase inhibitors (black circles), patients who were not
receiving GIST therapy (white circles), and patients
who had an unknown medication status (gray circles).
The index patient is identified by an asterisk.

specimen) was performed with the use of rabbit
polyclonal antibody against poly(adenosine diphos-
phate [ADP]-ribose) polymerase (Roche).

GENE EXPRESSION
We extracted total RNA using TRIzol (Ambion)
and then performed reverse transcription using
the iScript complementary DNA synthesis kit
(Bio-Rad). All samples were quantified with the
use of the iQ5 Multicolor Real-Time PCR Detection
System (Bio-Rad).

STATISTICAL ANALYSIS
We used analysis of variance to perform all com-
parisons in cell-culture experiments. P values of
less than 0.05 were considered to indicate statisti-
cal significance. We applied the principle of closed

N ENGLJ MED 370;14 NEJM.ORG APRIL 3, 2014

The New England Journal of Medicine
Downloaded from nejm.org on December 11, 2015. For personal use only. No other uses without permission.
Copyright © 2014 Massachusetts Medical Society. All rights reserved.



BRIEF REPORT

A CT Scan of Abdomen

B GIST-Cell Staining

Hematoxylin and Eosin

S T
i ‘- .M-*

‘,.

\ “;\ =

C Lineweaver—Burk Analysis

1+Veloctiy
(fmol T3/mg/min)
T

1+Substrate Concentration (nM T3)

® Placenta
A Index patient 30
A KIT exon 9 mutation —
0O KIT exon 11 mutation »-E o .
W KIT exon 11 mutation '§' o5 [0)
i+ E 20 o
< e
o -
(2=}
g °
10+ o
(]
Q
o ° e}
E: B S
e S N
- °)

3 Qy’ RN
0’0 «Q’." d.o QOéQO\;“'Q
& e ¢ e

testing to hold the familywise type I error rate
below 5% for each of the three-group comparisons
of D3 activity and messenger RNA expression.

RESULTS

DEIODINASE EXPRESSION IN GIST
In the index patient, the massive tumor burden
(Fig. 1A) and supernormal requirements for ex-
ogenous thyroid hormone raised the possibility
of consumptive hypothyroidism, a rare endocri-
nopathy caused by the inactivation of circulating

N ENGLJ MED 370;14

thyroid hormones by tumoral D3.1° To test this
hypothesis, we immunostained biopsy samples
obtained before the initiation of sunitinib therapy,
which showed strong D3 expression in the GIST
cells (Fig. 1B). To confirm that the D3 protein
was enzymatically active, we assayed deiodinase
activity in frozen GIST tissue that was stored at
the time of the patient’s first surgery. This assay
showed robust D3 activity approximating that of
term placenta, the normal human tissue with the
highest D3 activity (Fig. 1C). No D1 or D2 activity
was detected.
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Genotyping revealed a somatic PDGFRA exon
18 mutation in the tumor sample. Such PDGFRA
mutations are present in approximately 10% of
samples obtained from patients with sporadic
GISTs. To determine whether more common
GIST subtypes also express D3, we performed
Lineweaver—Burk analysis of tumor samples ob-
tained from two patients with KIT exon 11 muta-
tions (present in 60 to 80% of GISTs) and from
one patient with a KIT exon 9 mutation (present
in 10 to 15% of GISTs), which showed strong D3
activity (Fig. 1C).

To assess the overall prevalence of D3 expres-
sion, we next assayed a large collection of surgi-
cal GIST specimens and found D3 activity in 23
of 28 samples (82%) (Fig. 1D). D3 activity was
present across all genetic subtypes of GIST and
in samples obtained from 11 patients who were
not receiving tyrosine kinase inhibitor therapy at
the time of surgery. An assessment of thyroid
status was available in the medical records of 15
patients, and retrospective review revealed 4 ad-
ditional patients with hypothyroidism (all positive
for tumoral D3 activity), including 2 patients with
KIT-mutated GISTs who required unusually high
doses of levothyroxine (300 or 400 ug per day).

ENDOGENOUS D3 ACTIVITY IN GIST CELLS
To study the regulation of D3 expression in GIST
and its downstream effects, we used the well-
characterized, imatinib-sensitive GIST-T1 cell line.”
In the basal state, endogenous D3 activity in
GIST-T1 cells was similar to that observed in tu-
mor tissues. Exposure to imatinib or sunitinib at
doses corresponding to their clinically therapeu-
tic ranges increased D3-specific activity by a fac-
tor of as much as 1.8 (Fig. 2A) and increased the
level of D3 messenger RNA by a factor of as much
as 4.8 (Fig. 2B). This effect was specific to
GIST-T1 cells, with no D3 induction in either neu-
roblastoma or breast-cancer cells.

A study of basal-cell carcinoma has shown
that tumoral D3 expression promotes the prolif-
eration of malignant keratinocytes.'* To study
the potential effect of D3 on GIST tumorigene-
sis, we developed methods to block the D3 activ-
ity of GIST-T1 cells in culture with iopanoic acid
(a competitive inhibitor of deiodinase activity),
using tissue-culture medium supplemented with
tracer iodine-125-labeled triiodothyronine to
measure deiodination in living cells. Full D3 inhi-
bition was confirmed by the blockade of triiodo-

thyronine inactivation in living cells (Fig. 3A).
We next measured the effect of iopanoic acid on
the behavior of GIST-T1 cells, using imatinib as
a positive control. As expected, imatinib de-
creased GIST-T1—cell proliferation (Fig. 3B) and
viability (Fig. 3C) and induced apoptosis (Fig. 3D)
(P<0.001 for all three comparisons). No signifi-
cant effect on these measurements was observed
with D3 inhibition by iopanoic acid, either alone
or in combination with imatinib.

DISCUSSION

The patient described in this case report had se-
vere hypothyroidism in the context of a massive
GIST burden. His clinical features suggested con-
sumptive hypothyroidism, which was confirmed
by expression of the thyroid hormone-inactivat-
ing enzyme D3 in his resected tumor. Since D3
expression is common across the major GIST
subtypes, this pathophysiological mechanism is
applicable to the majority of patients with this
tumor type. When assayed in physiologic con-
centrations of thyroid hormone, this D3 activity
has negligible direct (cell-autonomous) effects on
GIST-cell proliferation, viability, and apoptosis.
However, it potently inactivates extracellular thy-
roid hormones, and this effect is sufficient to
cause systemic hypothyroidism.

Consumptive hypothyroidism was first iden-
tified in children with infantile hemangiomas.*®
Unlike all other forms of hypothyroidism, which
are caused by impaired secretion, consumptive
hypothyroidism results from the accelerated
degradation of circulating thyroid hormone at rates
that exceed the synthetic capacity of the normal
stimulated thyroid gland. This pathophysiologi-
cal mechanism has been well defined in infants,
and its tumor dependence has been shown by
the complete resolution of hypothyroidism after
involution or resection of the hemangioma.!?
The diagnosis of consumptive hypothyroidism
requires evidence of increased thyroid hormone
inactivation — either elevated levels of serum re-
verse triiodothyronine (the product of thyroxine
inactivation) or supernormal requirements for
exogenous thyroid hormone.'? Serum thyroglobu-
lin levels and thyroid radioactive iodine uptake
are elevated, reflecting stimulation of the normal
thyroid gland.

To our knowledge, there have been only three
previous reports of adults with consumptive hypo-
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Figure 2. Effect of Tyrosine Kinase Inhibitors on D3 Activity in GIST-T1, Neuroblastoma, and Breast-Cancer Cells.

Treatment with tyrosine kinase inhibitors (0.2 yM) for 24 hours increased the activity of endogenous D3, expressed
as femtomoles of T3 deiodinated per minute per milligram of protein (fmol T3/mg/min) (Panel A), and the relative
level of messenger RNA (mRNA) encoded by the D3 gene (DIO3) (Panel B) in isolated GIST-T1 tumor cells (graph at
left in each panel) but not in SK-N-AS neuroblastoma cells (middle graphs) or in MCF-7 breast-cancer cells (graphs
at right). P values are for comparisons with vehicle-treated cells. The T bars indicate standard errors. Of note, the
specific D3 activity is higher in neuroblastoma cells and breast-cancer cells than in GIST-T1 cells. The housekeeping
gene GAPDH was used as an internal control for quantitative reverse-transcriptase—polymerase-chain-reaction assay.

thyroidism caused by D3-expressing vascular'41>
or fibroblastic'® tumors. Here we show that this
pathophysiological mechanism extends to adults
with GISTs, the most common mesenchymal tu-
mor of the gastrointestinal tract.® The well-char-
acterized genetics of GISTs have made them a
model for targeted therapy with tyrosine kinase
inhibitors, and patient-derived cell lines such as
GIST-T1 are well established in vitro models.
Approximately 85% of GISTs carry pathogenic
gain-of-function mutations in KIT*” or PDGFRA#
that cause ligand-independent oncogenic signal-
ing. These mutations activate shared downstream
pathways, including PI3K-AKT and MEK-MAPK,
which alter cell metabolism, apoptosis, and pro-
liferation. Although the high level of D3 activity
that is observed in all GIST subtypes that we
tested suggests its stimulation by a downstream
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signaling pathway shared by KIT and PDGFRA,
the paradoxical increase in D3 observed in
GIST-T1 cells after exposure to imatinib or suni-
tinib (both of which inhibit KIT signaling) sug-
gests that the regulation of D3 expression in
these tumors is probably multifactorial.

Since the gene encoding D3 is a member of
the DLK1-DIO3 imprinted cluster on chromosome
14932 and about two thirds of GISTs are char-
acterized by either monosomy 14 or partial loss
of 14q,* we speculate that loss of an epigenetic
silencing element may contribute to D3 overex-
pression in some of these tumors. DLK1 overex-
pression has been reported in GISTs with PDGFRA
or KIT exon 9 mutations.2° From a clinical stand-
point, a therapy-induced increase in tumoral D3
expression (as we observed in cultured GIST-T1
cells exposed to tyrosine kinase inhibitors) could
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Figure 3. Effects of Imatinib and lopanoic Acid on the Proliferation, Viability, and Apoptosis of GIST-T1 Cells.

The inhibition of endogenous D3 activity with the use of 60 yM iopanoic acid (IOP) was confirmed by documenting
the blockade of T3 conversion to diiodothyronine (T2) in living cells (Panel A). In GIST-T1 cells that were exposed to
0.2 uM imatinib (graph at left), 34% of the T3 in the medium was inactivated through conversion to T2. In contrast,
GIST-T1 cells that were exposed to both 0.2 ym imatinib and 60 M IOP (middle graph) showed no T2 production
and resembled the negative control (graph at right). Negligible production of monoiodothyronine (T1) was ob-
served under all conditions tested. GIST-T1 cells that were exposed to 0.2 yM imatinib, 60 M IOP, or both were
assayed for proliferation (Panel B), viability (Panel C), and apoptosis (Panel D). The I bars and T bars represent
standard errors. Apoptosis was measured by means of Western blotting for poly(adenosine diphosphate [ADP]-
ribose) polymerase (PARP), which is specifically cleaved from its 113-kD native form to an 89-kD protein by apopto-
sis-specific proteases. Thus, a reduction in the ratio of native PARP to cleaved PARP indicates increased apoptosis.
Medium contained 15% fetal-calf serum to provide physiologic concentrations of thyroxine and T3. Cell numbers
rose by 3.6 cells per hour in the presence of imatinib (P=0.0003) and by 21.8 cells per hour in the absence of ima-
tinib (P<0.0001), a difference that was significant (P<0.001). IOP had no effect on the rate of increase, either in the
presence of imatinib (P=0.95) or in the absence of imatinib (P=0.48). Viability, expressed as relative luminescence,
decreased significantly, from 1.00 to 0.29, in the presence of imatinib (P<0.001). The amount of the reduction was
not affected by the presence of IOP (P=0.16 for interaction). After averaging of the results of two Western blot
experiments, the presence of imatinib reduced the ratio of native PARP to cleaved PARP by a factor of 3.4 (95%
confidence interval, 2.6 to 4.4; P<0.001). The reduction was slightly more pronounced in the presence of IOP (4.3)
than in the absence of IOP (2.7) (P=0.07).
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contribute to the increased incidence of hypo-
thyroidism associated with these antineoplastic
agents.? Further studies of D3 expression in
tumor-biopsy specimens obtained from patients
both before and during therapy with tyrosine
kinase inhibitors may be warranted to test this
hypothesis.

The cause of thyroid dysfunction that is as-
sociated with the use of tyrosine kinase inhibi-
tors is multifactorial and probably varies among
individual patients. Previously discovered mech-
anisms include thyroidal toxicity owing to re-
duced vascularity of the gland,*2* inhibition of
iodine uptake or organification,*2?2 and the in-
duction of hepatic D3.#23 Thus, in most patients,
tumoral D3 is only one of several mechanisms
that combine to produce systemic hypothyroid-
ism. However, it is noteworthy that our patient
was not receiving tyrosine kinase inhibitor ther-
apy when hypothyroidism developed and that
robust D3 activity was present in GIST tissue
from his tumor when it was resected, 2 years
before he started taking imatinib. This indicates
that consumptive hypothyroidism alone is suf-
ficient to cause systemic hypothyroidism in pa-
tients with a large GIST burden. Although the
incidence of this condition is unknown, it is
notable that the first published prospective study
of sunitinib-induced hypothyroidism described
the exclusion of 15 of 69 patients with GIST
(22%) because they had either levothyroxine re-
quirements or baseline hyperthyrotropinemia
that preceded the initiation of chemotherapy.2*
This rate far exceeds the 4.6% prevalence of hy-
pothyroidism in the general adult population*
and suggests that some of these patients may
have had consumptive hypothyroidism.

Recognizing the presence of consumptive
hypothyroidism provides useful insight into

management. On the basis of experience in treat-
ing infants with massive hemangiomas, who
sometimes require 10 times the typical replace-
ment dose to restore euthyroidism,?s thyroid func-
tion should be monitored frequently in adults with
rapidly growing GISTs, and when necessary,
clinicians should be prepared to treat such pa-
tients with supernormal doses of levothyroxine.
Since the rate of thyroid hormone inactivation
depends on both the specific D3 activity of the
tumor and its mass, cancer growth alone may
increase the levothyroxine requirements.

On the basis of our studies of isolated
GIST-T1 cells, physiologic levels of thyroid hor-
mone have negligible direct effects on GIST pro-
liferation or viability, so exogenous thyroid hor-
mone should be administered as needed to restore
euthyroidism. If we had diagnosed our patient’s
consumptive hypothyroidism earlier, his levothy-
roxine dose could have been aggressively increased
to rapidly correct his severe hypothyroidism and
reverse its potentially deleterious effects on car-
diac function and fluid balance. Monthly mea-
surement of serum thyrotropin in all patients
with a large GIST burden and symptoms of hy-
pothyroidism, even if tyrosine kinase inhibitors
have never been used, could avoid the complica-
tions of occult hypothyroidism and the risk of
incorrectly attributing hypothyroid symptoms to

the cancer or chemotherapy.
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