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Background: The cyclin-dependent-kinase inhibitors (CDKN)/retinoblastoma (RB1) pathway has been im-
plicated as having a role in medullary thyroid carcinoma (MTC) tumorigenesis. CDKN2C loss has been
associated with RET-mediated MTC in humans but with minimal phenotypic correlation provided. The ob-
jective of this study was to evaluate the association between tumor RET mutation status, CDKN2C loss, and
aggressiveness of MTC in a cohort of patients with sporadic disease.
Methods: Tumors from patients with sporadic MTC treated at a single institution were evaluated for somatic
RETM918T mutation and CDKN2C copy number loss. These variables were compared to patient demographics,
pathology detail, clinical course, and disease-specific and overall survival.
Results: Sixty-two MTC cases with an initial surgery date ranging from 1983 to 2009 met the inclusion criteria,
of whom 36 (58%) were male. The median age at initial surgery was 53 years (range 22–81 years). The median
tumor size was 30 mm (range 6–145 mm) with 29 (57%) possessing extrathyroidal extension. Nodal and/or
distant metastasis at presentation was found in 47/60 (78%) and 12/61 (20%) patients, respectively. Median
follow-up time was 10.5 years (range 1.1–27.8 years) for the censored observations. The presence of CDKN2C
loss was associated with worse M stage and overall AJCC stage. Median overall survival of patients with versus
without CDKN2C loss was 4.14 [confidence interval (CI) 1.93–NA] versus 18.27 [CI 17.24–NA] years
( p < 0.0001). Median overall survival of patients with a combined somatic RETM918T mutation and CDKN2C
loss versus no somatic RETM918T mutation and CDKN2C loss versus somatic RETM918T mutation and CDKN2C
2N versus no somatic RETM918T mutation and CDKN2C 2N was 2.38 [CI 1.67–NA] years versus 10.81 [CI
2.46–NA] versus 17.24 [CI 9.82–NA] versus not reached [CI 13.46–NA] years ( p < 0.0001).
Conclusions: The detection of somatic CDKN2C loss is associated with the presence of distant metastasis at
presentation as well decreased overall survival, a relationship enhanced by concomitant RETM918T mutation.
Further defining the genes involved in the progression of metastatic MTC will be an important step toward
identifying pathways of disease progression and new therapeutic targets.
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Introduction

Medullary thyroid carcinoma (MTC) derives from
the calcitonin-producing parafollicular cells, and ac-

counts for approximately 1200 new cancer diagnoses annu-
ally (1,2). While hereditary forms of MTC associated with
Multiple Endocrine Neoplasia Type 2 (MEN2) can be suc-
cessfully treated with prophylactic surgery, for sporadic
presentation, patient outcomes are highly dependent on
tumor stage. Without systemic treatment, five-year survival is

<50% for individuals presenting with stage 3 or 4 disease (3).
In recent years, there has been a paradigm shift in the treat-
ment of advanced MTC, with the introduction of molecular
targeted therapies. Inhibiting the action of key pathogenic
tyrosine kinase, RET, has led to the Food and Drug Admin-
istration approval of vandetanib and cabozantanib for the
treatment of MTC (4–6). These events represent an exciting
development in the treatment of a cancer that has previously
had few systemic options for patients with advanced disease.
Unfortunately, these agents have not been curative, and the
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adverse effects often require mitigating therapies, leaving
room for improvement (7–9).

While RET mutations, specifically RETM918T alterations,
have been identified as predominant driver pathways in
sporadic MTC, these isolated defects do not explain the
majority of cases, representing a knowledge gap in tumori-
genesis. This primary target of systemic treatments accounts
for only about 40% of MTC cases (10,11). Activating mu-
tations in RAS have recently risen as a second driver of MTC
in 10–15% of cases, and are not predicted to be directly im-
pacted by therapies targeting RET (12,13). Thus, there is a
clear need to define patient-specific mutations in order to
personalize therapies better. In considering targets beyond
RET and RAS, members of the cyclin-dependent-kinase in-
hibitors (CDKN)/retinoblastoma (RB1) tumor suppressor
pathway have been implicated as having a role in MTC tu-
morigenesis (14–17). Universally, the pathway plays a crit-
ical role in cell cycle checkpoint regulation; alterations in one
or more of various components may propagate aberrant cell
proliferation and development of cancer. The members of the
INK4/CDKN2 family (CDKN2A [p15], CDKN2B [p16],
CDKN2C [p18], and CDKN2D [p19]) are cyclin-dependent
kinase inhibitors that block the progression of the cell cycle
by interacting with CDK4 or CDK6 to prevent activation of
the Cyclin D-CDK4/6 complex (Fig. 1). The aberrant loss of
CDKNs lead to unrestrained phosphorylation of RB and
unregulated progression through the S phase of the cell cycle,
and has been associated with the development of numerous
cancers (18–21).

A role for CDKNs in MTC in humans is supported by two
observations: (i) frequent loss (38%) of the 1p32 chromo-
somal region containing CDKN2C in sporadic MTC tumors
examined by array CGH (22,23), and (ii) the finding of
CDKN2C somatic mutations in 8.5% of studied samples
(10,11). Haploinsufficiency occurs in a diploid organism
when loss of gene function causes a phenotype, typically

though mutation or copy number loss (24). Reduction of
CDKN2C function by means of haploinsufficiency has a
dose-dependent effect on tumorigenesis when combined with
other oncogenic factors (25,26), and has been associated with
RET-mediated MTC in humans (15,22). Additionally, loss of
a single gene copy is sufficient to cause MTC in mice with the
disease course accelerated by a concomitant RET mutation
(14). Such alterations are suggested to impede CDKN2C
function, implicating it as a halpoinsufficient tumor sup-
pressor gene in malignancies including human MTC (27).

These findings provide the basis for our hypothesis that
alterations within the CDKN2/RB1 pathway contribute to the
development and progression of MTC in humans. The ob-
jective of this study was to evaluate the association between
RET mutation status, CDKN2C halploinsufficiency through
copy number loss, and aggressiveness of MTC in a cohort of
patients with sporadic disease. If such an association exists
between aberrations in cell cycle regulators and biological
behavior in MTC, this pathway may be a viable target for
MTC therapy, as targeted therapies that function through
direct CDK inhibition are being developed across multiple
human cancers.

Materials and Methods

MTC patients and clinical data

All cases were derived from patients who were treated at
The University of Texas MD Anderson Cancer Center. A
total of 62 sporadic MTC cases were included in this single-
center study for which approval from the Institutional Review
Board was obtained. Inclusion criteria for cases were: (i)
having available primary tumor; (ii) known germline RET
negative status (33 had germline testing that included exons
10, 11, 13–16; 29 had fewer exons examined appropriate to
the era in which they were tested, but all had exon 16 tested);
and (iii) availability of corresponding clinical data. Clinical

FIG. 1. Molecular path-
ways associated with thyroid
cancer. Mutations in the
RET/MAPK signaling path-
way are known to drive tu-
morigenesis. This activation
causes the enhanced pro-
gression of Cyclin D, which
interacts with CDK4/6 to
phosphorylate Rb. pRb is re-
quired for cell cycle pro-
gression. The members of the
INK4/CDKN2 family
(CDKN2A [p15], CDKN2B
[p16], CDKN2C [p18], and
CDKN2D [p19]) are cyclin-
dependent kinase inhibitors
that block the progression of
the cell cycle by interacting
with CDK4 or CDK6 to pre-
vent activation of the Cyclin
D-CDK4/6 complex.
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data were retrieved from a prospectively maintained database
within the Department of Surgical Oncology at the University
of Texas MD Anderson Cancer Center. All pathology slides
were evaluated by one of four dedicated head and neck pa-
thologists at the institution. Pathology variables included
tumor size of greatest dimension and presence of extra-
thyroidal extension. Invasion of adjacent structures was de-
termined from combination of surgeon’s report at time of
operation and pathology record. TNM staging was based on
7th Edition AJCC criteria (28). Nodal status was assigned as
NX if no nodal material was removed, and MX was assigned
if no staging workup was performed when a preoperative
calcitonin was >400 within six months of the diagnosis.
Locoregional recurrence was defined as biopsy-proven dis-
ease within the neck more than six months after the initial
surgery. Date of diagnosis was defined as date of initial
surgery. Disease status was censored at last evaluation or
time of death. Disease-free status was defined as no biopsy-
proven neck disease and no radiographic evidence of distant
disease; the latter required negative chest and abdomen com-
puted tomography or magnetic resonance imaging (MRI)
and bone scans, or spine MRI if the calcitonin levels were
>400 pg/mL. Deaths were further categorized as due to MTC,
other cause, and unknown cause. The last category included
patients that all had advanced MTC at the time of their death,
but the death could not be definitively linked to their disease.
Disease-specific survival (DSS) was calculated from the date
of surgery until death due to either MTC or unknown causes.
Overall survival (OS) was measured from the date of diagnosis
until death from any cause.

DNA isolation

Paired tumor/normal thyroid formalin-fixed, paraffin-
embedded (FFPE) tissue was obtained from 47 MTC patients.
An additional 11 FFPE tumor samples without paired normal
tissue were also included in this study. A serial hematoxylin
and eosin–stained slide was used to define regions of tumor
and to confirm the absence of tumor cells in normal tissue
sections. Genomic DNA was isolated from macrodissected
tissue containing at least 80% of neoplastic cells (tumor), or
no visible tumor cells (normal) using the QIAamp DNA
FFPE tissue kit (QIAGEN, Valencia, CA) according to the
manufacturer’s instructions. A final four MTC DNA samples
were derived from a previous study (23).

RETM918T gene mutation analysis in sporadic
MTC tumor samples

Mutation detection was performed through the Char-
acterized Cell Line Core facility using a CLIA-certified
Sequenom MALDI TOF MassArray system (Sequenom, San
Diego, CA). Assay primers used were designed to specifically
detect the presence or absence of RET_M918T_T2753C. The
somatic assignment of RETM918T mutation was based on the
lack of mutation in paired peripheral blood cells or normal
thyroid DNA performed in all patients.

Detection of CDKN2C (p18) copy number loss

To facilitate high-throughput analysis of CDKN2C loss at
reduced expense, the authors collaborated with the Char-
acterized Cell Line Core facility to develop a multiplexed

SNP genotyping assay using the Sequenom MALDI TOF
MassArray system. The assay included 22 SNPs mapping a
223,049 bp region from 51,086,606 to 51,309,654 on chro-
mosome 1p (NCBI36/hg18; see Supplementary Table S1;
Supplementary Data are available online at www.liebertpub
.com/thy). The CDKN2C gene is centrally located within this
region (chr1:51,206,196–51,212,897). Samples with paired
normal thyroid tissue were tested using this Sequenom plat-
form. Within this group, 7/47 samples were noninformative for
CDKN2C single copy loss. Follow-up testing on these seven
samples along with 15 additional samples lacking paired nor-
mal tissue was performed using the qBiomarker Copy Number
PCR Assay (QIAGEN) with four CDKN2C targeted primer
sets (VPH101-0257177A, VPH101-0257178A, VPH101-
0257200A, and VPH101-0257201A) according to the manu-
facturer’s instructions.

CDKN2C gene mutation analysis in sporadic
MTC tumor samples

In those patients in which CDKN2C loss was detected,
tumor DNA sequencing was performed to distinguish hap-
loinsufficiency from CDKN2C inactivation occurring
through mutation of the remaining gene copy. Targeted
mutational analysis was performed on polymerase chain re-
action (PCR) products derived from CDKN2C exons 1 and 2.
The coding regions were amplified using primers specific to
exon 1 (forward: GTA TTT ACT ACC AAG CTC TAC TCC
AG; reverse: GTA CGT CAT TTT GAG AAG TTG CAT
CC) and exon 2 (forward: GTC TTC TAC TTT CAC CTA
CTA GCA C; reverse: GCT GCT TAA CAT ATG ACA
GAA CTG). The amplified PCR products were treated with
shrimp alkaline phosphatase and exonuclease 1 (37�C for 1 h,
72�C for 15 min) before submission to the Sequencing and
Microarray Core facility. It was not possible to perform se-
quence analysis for a single sample because of exhaustion of
the DNA sample for other analyses.

Statistics

Fisher’s exact test was used to evaluate the association
between two categorical variables. Wilcoxon’s rank sum test
was used to assess the difference in a continuous variable
between patient groups. OS was estimated using Kaplan–
Meier survival method, and the difference in OS between
patient groups was assessed by the log-rank test. Univariate
Cox proportional hazards model was fitted to evaluate the
effect of a prognostic factor on OS. All statistical analyses
were performed using SAS v9.3 for Windows (SAS Institute,
Inc., Cary, NC). A p-value of 0.05 was used to determine
significance.

Results

Clinical evaluation

Sixty-two MTC cases with an initial surgery date ranging
from 1983 to 2009 met the inclusion criteria. Dividing this
time period into thirds, five patients were diagnosed from
1983 to 1991, 24 from 1992 to 2000, and 33 from 2001 to
2009. Detailed demographic and pathology characteristics as
well as clinical course details are provided in Table 1. The
median age at initial surgery of the 62 MTC patients was 53
years (range 22–81 years). Thirty-six (58%) patients were
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male. The median tumor size was 30 mm (range 6–145 mm)
with 29 (57%) possessing extrathyroidal extension. Nodal
and distant metastasis at presentation was found in 47/60
(78%) and 12/61 (20%) patients, respectively. Of the 57
patients with sufficient available pathology data, according to
TNM classification, four patients had Stage 1 (T1N0M0)
disease, nine had Stage 2 (T2-T3N0M0), one had Stage 3

(T1-T3N1aM0), 31 had Stage 4a (T1-T4aN1bM0), and 12
had Stage 4c (any M1) disease. Median follow-up time
was 9.8 years (range 1.1–27.8 years) for the censored ob-
servations. At the conclusion of follow-up, locoregional
disease recurrence had occurred in 16 (30%), and devel-
opment of metachronous distant disease in 20 (32%), either
additional sites of distant metastasis if M1 at original

Table 1. Demographic and Pathology Characteristics and Clinical Course of All Cohort Patients

with Medullary Thyroid Cancer and Divided by Tumor Somatic 918 Mutation Status

Variable
Total (%),

n = 62
RETM918T (negative),

n = 31
RETM918T (positive),

n = 31 p-Value

Sex 1.00
Female 26 (42%) 13 (42%) 13 (42%)
Male 36 (58%) 18 (58%) 18 (58%)

Age at first surgery (years),
median (range)

53 (22–81) 59 (22–81) 51 (25–77) 0.04

Preoperative calcitonin (pg/mL),
median (range)

5150 (6–129,780) 1154 (6–92,230) 8660 (682–129,780) 0.04

Tumor size (mm), median (range) 30 (6–145) 30 (11–145) 32 (6–70) 0.72

Extrathyroidal extension 0.35
Yes 29 (57%) 12 (50%) 17 (63%)
No 22 (43%)a 12 (50%) 10 (37%)

Invasion of adjacent structures 0.81
Yes 13 (23%) 6 (21%) 7 (24%)
No 44 (77%)b 22 (79%) 22 (76%)

T status 0.57
1 13 (22%) 7 (24%) 6 (20%)
2 17 (28%) 10 (33%) 7 (23%)
3 20 (33%) 10 (33%) 10 (34%)
4 10 (17%)c 3 (10%) 7 (23%)

N status 0.04
0 13 (22%) 10 (35%) 3 (10%)
N1a 5 (8%) 3 (10%) 2 (6%)
N1b 42 (70%)c 16 (55%) 26 (84%)

M status 0.11
0 49 (80%) 27 (90%) 22 (71%)
1 12 (20%)d 3 (10%) 9 (29%)

Stage 0.06
1 4 (7%) 3 (11%) 1 (3%)
2 9 (16%) 7 (26%) 2 (7%)
3 1 (2%) 1 (4%) 0 (0%)
4a 31 (54%) 13 (48%) 18 (60%)
4c 12 (21%)b 3 (11%) 9 (30%)

Development of local regional
recurrence

0.49

Yes 16 (30%) 7 (26%) 9 (35%)
No 37 (70%)e 20 (74%) 17 (65%)

Development of metachronous
distant disease*

0.28

Yes 20 (32%) 8 (26%) 12 (39%)
No 42 (68%) 23 (74%) 19 (61%)

Vital status at last follow-up **
Alive, disease free 17 (27%) 11 (38%) 6 (18%)
Alive, evidence of disease 18 (29%) 6 (21%) 12 (36%)
Dead 27 (44%) 12 (41%) 15 (45%)

a Eleven patients with missing data.
b Five patients with missing data.
cTwo patients with missing data.
dOne patient with missing data.
eNine patients with missing data.
*Independent of initial M status.
**The data were analyzed as time-to-event endpoints for death and disease death.
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staging or new distant disease if originally M0. Twenty
(32%) patients underwent treatment with systemic therapy:
seven patients with standard chemotherapy, nine with tar-
geted molecular therapy, and four with both at staggered
intervals.

At the conclusion of the follow-up interval, 17 patients
were free of disease, 18 had evidence of disease, and 27 had
died. Sixteen deaths were from MTC, six from other causes,
and five from unknown causes. Six of the deaths were known
to be non-MTC causes, one secondary to metastatic breast

Table 2. Demographic and Pathology Characteristics of Patients with Medullary Thyroid Cancer

by Tumor Somatic CDKN2C Copy Number Status

Variable CDKN2C 2N, n = 50 CDKN2C loss, n = 12 p-Value

Sex 0.53
Female 20 (40%) 6 (50%)
Male 30 (60%) 6 (50%)

Age at surgery (years), median (range) 52 (22–81) 61 (40–77) 0.18
Preoperative calcitonin, median (range) 3850 (6–129,780) 8980 (656–92,230) 0.24
Tumor size (mm), median (range) 30 (6–145) 40 (10–70) 0.17

Extrathyroidal extension 1.00
Yes 23 (58%) 6 (55%)
No 17 (42%)a 5 (45%)

Invasion of adjacent structures 0.10
Yes 8 (17%) 5(45%)
No 38 (83%)b 6 (55%)

T status 0.87
1 11 (23%) 2 (17%)
2 14 (29%) 3 (25%)
3 16 (33%) 4 (33%)
4 7 (15%)c 3 (25%)

T status (combined) 0.75
1/2 25 (52%) 5 (42%)
3/4 23 (48%) 7 (58%)

N status 0.13
0 8 (17%) 5 (42%)
1a 4 (8%) 1 (8%)
1b 36 (75%)c 6 (50%)

M status 0.003
0 43 (88%) 6 (50%)
1 6 (12%)d 6 (50%)

Stage 0.0009
1 2 (4%) 2 (17%)
2 6 (13%) 3 (25%)
3 1 (2%) 0
4a 30 (67%) 1 (8%)
4c 6 (13%)b 6 (50%)

RETm918T status 1.00
Positive 25 (50%) 6 (50%)
Negative 25 (50%) 6 (50%)

Development of local regional recurrence 0.31
Yes 14 (34%) 2 (17%)
No 27 (66%)e 10 (83%)

Development of metachronous distant disease* 0.31
Yes 18 (36%) 2 (17%)
No 32 (64%) 10 (83%)

Vital status at last follow-up **
Alive, disease free 14 (18%) 3 (25%)
Alive, evidence of disease 18 (36%) 0
Dead 18 (36%) 9 (75%)

aEleven patients with missing data.
bFive patients with missing data.
cTwo patients with missing data.
dOne patient with missing data.
eNine patients with missing data.
*Independent of initial M status.
**The data were analyzed as time-to-event endpoints for death and disease death.
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cancer, and five related to other comorbidities in patients who
had no evidence of MTC on last follow-up. Of the five pa-
tients with unknown causes for death, two died at ages 86 and
83 with small-volume pulmonary disease and cervical dis-
ease, respectively. One patient died at 83 years of age with no
evidence of MTC. The remaining two patients included one
patient who died at 58 years of age and had last been seen at
follow-up 24 months earlier with progressing lung metasta-
sis, and one who died at 76 years of age with respiratory
complications, three months after a complicated cervical and
mediastinal surgery requiring tracheostomy with known re-
sidual intrathoracic disease.

RETM918T mutation and CDKN2C copy number loss

The association of somatic RETM918T mutation status with
pathology, clinical features, and outcome is described in
Table 1. Within the cohort, 31/62 (50%) patients had a so-
matic RETM918T mutation. The presence of a somatic
RETM918T mutation was significantly associated with youn-
ger age at first surgery (median 51 vs. 59 years; p = 0.04),
higher preoperative calcitonin levels (8660 vs. 1154 pg/mL;
p = 0.04), and presence of nodal metastasis (90% vs. 65%;
p = 0.04). Sex, extrathyroidal extension, T and M status, and
overall AJCC staging were not statistically different among
patients with and without somatic RETM918T mutations.
There was no association between era of diagnosis and
RETM918T status (data not shown). No difference was noted
between development of locoregional disease and develop-
ment of initial or additional sites of distant metastasis based
on the presence of a RETM918T mutation.

The status of a CDKN2C copy number loss was examined
with respect to pathology, clinical features, and outcome as
shown in Table 2. Twelve (19%) patients had allelic loss
encompassing the CDKN2C gene, of whom six also had a
RETM918T mutation. It was possible to confirm the absence
of a second mutation event in 11/12 tumor samples as only
normal CDKN2C gene sequence was observed (see Methods);
the 12th sample was unable to be tested due to lack of spec-
imen. Sex, age at first surgery, preoperative calcitonin, and T
and N stage were not different among patients with and
without CDKN2C loss. However, unlike RETM918T status, the
presence of CDKN2C loss was associated with worse M
stage (50% vs. 12%; p = 0.003) and overall AJCC stage
( p = 0.0009). No difference was noted between development
of locoregional disease and development of initial or addi-
tional sites of distant metastasis based on the presence of a
CDKN2C loss.

Predictors of outcome in sporadic MTC patients

In order to determine the role of RETM918T mutation and
CDKN2C loss in MTC tumorigenesis, predictors of overall
survival in the patient cohort were examined (Table 3).
Univariate analysis included the following variables: sex,
age, preoperative calcitonin level, tumor size, presence of
extrathyroidal extension, invasion of adjacent structures,
TNM stage, RETM918T mutation, and CDKN2C copy number
status (both alone and combined). Multivariate analysis was
not performed, given the limited number of events. Invasion
of tumor into of adjacent structures (hazard ratio [HR] 4.56
[confidence interval (CI) 1.89–11.04]; p = 0.0008), worse T
status (HR 3.46 [CI 1.00–11.91]; p = 0.04), worse M status

(HR 9.31 [CI 3.89–22.27]; p < 0.0001), and worse overall
stage (HR 8.26 [CI 1.05–64.74]; p = 0.0002) were associated
with shorter overall survival, as was a higher preoperative
calcitonin level (HR 2.97 [CI 1.11–7.94]; p = 0.30). The
presence of CDKN2C loss (HR 4.74 [CI 2.01–11.19];
p = 0.0004), and a combination of RETM918T mutation and
CDKN2C loss (HR 11.24 [CI 3.28–38.53]; p = 0.0006) were
observed to be highly significant predictors of outcome.
Notably, the RETM918T mutation alone was not associated
with worse survival (HR 1.33 [CI 0.62–2.86]; p = 0.460).

The median overall survival for the entire cohort was 15.9
years [CI 11.9–NA]. Median overall survival of patients with a
somatic RETM918T mutation versus those without a somatic
RETM918T mutation was 17.24 [CI 9.31–NA] versus 15.87 [CI
11.92–NA] years ( p = 0.46). Median overall survival of pa-
tients with a somatic CDKN2C copy number loss versus those
without a somatic CDKN2C loss was 4.14 [CI 1.93–NA]
versus 18.27 [CI 13.46–NA] years ( p < 0.0001; Fig. 2). Med-
ian overall survival of patients with a combined somatic

Table 3. Univariate Analysis of Overall Survival

of Patients with Sporadic Medullary

Thyroid Carcinoma

Variable HR CI p-Value

Sex 0.609
Female vs. male 0.61 0.27–1.37

Age 0.152
‡53 vs. <53 years 1.79 0.81–3.95

Preop calcitonin 0.030
‡5150 vs. <5150 pg/mL 2.97 1.11–7.94

Tumor size 0.221
‡30 mm vs. <30 mm 1.76 0.71–4.38

Extrathyroidal extension 0.022
Yes vs. no 3.62 1.21–10.85

Invasion of adjacent structures 0.0008
Yes vs. no 4.56 1.89–11.04

T status 0.040
T4 vs. T1 3.46 1.00–11.91
T3 vs. T1 1.29 0.40–4.17
T2 vs. T1 0.70 0.17–2.84

N status 0.800
N1b vs. N0 1.44 0.49–4.27
N1a vs. N0 1.31 0.28–6.04

M status <0.0001
M1 vs. M0 9.31 3.89–22.27

Stage 0.0002
4c vs. 1 8.26 1.05–64.74
4a vs. 1 0.98 0.12–7.87
3 vs. 1 —
2 vs.1 1.16 0.12–11.38

RETM918T status 0.460
+ vs. - 1.33 0.62–2.86

CDKN2C status 0.0004
Loss vs. no loss 4.74 2.01–11.19

RETM918T/CDKN2C status 0.0006
+/+ vs. -/- 11.24 3.28–38.53
-/+ vs. -/- 3.25 0.95–11.14
+/- vs. -/- 1.21 0.47–3.07

HR, hazard ratio; CI, confidence interval.
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RETM918T mutation and CDKN2C copy number loss versus no
somatic RETM918T mutation and CDKN2C loss versus somatic
RETM918T mutation and no CDKN2C loss versus no somatic
RETM918T mutation and no CDKN2C loss was 2.38 [CI 1.67–
NA] years versus 10.81 [CI 2.46–NA] versus 17.24 [CI 9.82–
NA] versus 18.27 [CI 13.46–NA] years ( p < 0.0001; Fig. 3).
DSS was evaluated in a similar manner with the same signif-
icant variable relationships as described for overall survival.

Discussion

This study evaluated the relationship of CDKN2C hap-
loinsufficiency in sporadic MTC tumors with clinical ag-
gressiveness of disease. Haploinsufficiency was defined by
loss of a single copy without concomitant mutation. Twelve
of 62 (19%) sporadic MTC tumors had a CDKN2C loss, an
incidence similar to the reported loss of chromosome 1p32
regions that contains CDKN2C (summarized in Table 4)
(22,23,29–34). The presence of CDKN2C loss showed a
significant association with the incidence of distant metas-
tasis at presentation, as well as with decreased DSS and OS.
While a relationship between CDKN2C loss and various
adverse clinical factors has been suggested in previous small
case reports (33, 34), this study represents the first evalua-
tion of its relationship with survival. Additionally, half the
patients in the present cohort had a RETM918T mutation de-
tected in their tumor; the combination of a somatic RETM918T

alteration with the presence of CDKN2C loss further de-
creased a patient’s disease specific and overall survival, as
shown in Figure 2. While these relationships are compelling,
the relatively small number of cases reported here caution
against making definitive conclusions of the pathogenicity of
CDKN2C loss and its association with a RETM918T mutation.
However, given the rarity of MTC, larger single-institution
studies are not readily feasible; these initial findings require
validation in further cohorts.

Why study copy number in MTC and specially target
CDKN2C haploinsufficiency? The potential role of somatic
copy number alterations (SCNAs) has been an under-

investigated mechanism of tumorigenesis in general (24).
Furthermore, only RET, HRAS, and KRAS have been identified
as clear drivers of tumorigenesis, accounting for approxima-
tely 60% of MTC. Therefore, SCNA and epigenetic regulation
should be considered as an additional potential source of on-
cogenicity (24,35). A fundamental tenet of this proposal is that
in the absence of well-defined heterozygous markers, single
copy gene loss would go undetected by the most common
current mutation investigational mechanisms. Thus, in the
common paradigm of simply searching for second hit muta-
tions without considering the cellular impact of SCNAs,
causative roles for haploinsufficiency in tumorigenesis are
likely underestimated (24). The role of SCNA change in hu-
man MTC has been evaluated in several small independent
studies, with losses in 1p, 19p, and 22 representing the most
consistent SCNAs associated with this malignancy (Table 4).
Of the several hundred candidate genes that exist in these
regions, particular focus has been paid to the candidate tumor
suppressor gene CDKN2C located on 1p32 (31,36). A specific
haploinsufficient loss-of-function role for CDKN2C in MTC
is supported by the mouse knockout model (RET2B;p18+/-),
which expresses human RETM918T from a transgene in a ge-
netic background lacking one copy of Cdkn2c (p18) (14).
Complete loss of CDKN2C is associated with hyperplastic
growth within murine endocrine organs, including the C-cells,
along with a low incidence of MTC, which is greatly enhanced
by coincident CDKN1B (p27) haploinsufficiency or complete
loss (37). As CDKNs function as regulators of RB1 (Fig. 1), it
is not surprising that Rb1 knockout mice also develop MTC
(38–41).

This study determined the frequency of CDKN2C loss
(using targeted analysis) in a cohort of patients diagnosed
with sporadic MTC and examined the relationship of gene

FIG. 2. Overall survival (OS) of medullary thyroid car-
cinoma (MTC) patients with somatic CDKN2C copy num-
ber loss versus those patients with somatic tumor CDKN2C
2N. Median follow-up 10.5 years; median OS CDKN2C
copy number loss versus CDKN2C 2N 4.14 [confidence
interval (CI) 1.93–NA] versus 18.27 [CI 13.46–NA] years
( p < 0.0001).

FIG. 3. OS of MTC patients with a combined somatic
CDKN2C copy number loss and somatic RETM918T mutation
versus somatic CDKN2C copy number loss and wild type
(WT) somatic RETM918T versus somatic CDKN2C 2N and
somatic RETM918T mutation versus somatic CDKN2C 2N
and WT somatic RETM918T. Median follow-up 10.5 years;
median OS of patients with a combined somatic CDKN2C
copy number loss and RETM918T mutation versus CDKN2C
copy number loss and WT somatic RETM918T versus
CDKN2C 2N and RETM918T mutation versus CDKN2C 2N
and WT somatic RETM918T was 2.38 [CI 1.67–NA] years
versus 10.81 [CI 2.46–NA] versus 17.24 [CI 9.82–NA]
versus 18.27 [CI 13.46–NA] years ( p < 0.0001).
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loss with tumor presentation, aggression, and patient sur-
vival. It also evaluated for a potential association of
RETM918T mutation with CDKN2C loss and tumor behavior,
which is important given that these two alterations have
usually appeared concomitantly in previous mouse and hu-
man studies when MTC develops (14,15). The presence of
CDKN2C loss had a significant relationship with M1 status in
univariate analysis, which directly influenced its association
with the TNM stage of 4c (Table 2). M stage and CDKN2C
SCNA status were also independently associated with overall
survival (Table 3). The small cohort with a limited number of
events (deaths) prevented use of adjustment models in the
analysis, an acknowledged limitation of this study. Other
study variables associated with decreased overall survival,
such as T status and gross extrathyroidal extension invading
into adjacent structures, have similarly been found to be
significant in other published reports (42–44). These vari-
ables, which may be viewed as measures of aggressiveness,
were not associated with CDKN2C SCNA status. The ob-
servation that CDKN2C loss was not associated with locor-
egional variables of aggressiveness but was with distant
metastasis may point to the mechanism MTC tumor spread.
Importantly, the gene that serves as the primary target of
CDKN action, RB1, has well established roles in promoting
tumor angiogenesis and distant metastasis (45).

In this study, the addition of a RETM918T mutation in the
presence of a CDKN2C loss appeared to worsen the prognosis.
Inactivating CDKN2C mutations have been found to coexist
with activating RET mutations in both human MTCs and
pheochromocytomas (15), supporting the concept that
CDKN2C functions as a haploinsufficient tumor suppressor
gene in the presence of other defects upregulating phosphoRB-
mediated cell cycle progression. In the RET2B;p18+/- mouse
model described above (14), independently, either over-
expression of RETM918T or loss of a single copy of CDKN2C
lead only to C-cell hyperplasia in mice. However, their com-
bination is associated with a dramatic increase the risk of MTC
development as well as enhanced tumor progression.

The tumor mutational profile of this cohort is directly
influenced by the patients who are referred to the authors’
tertiary care center; the proportion of patients presenting with
nodal disease is 87% compared with 59% of the 1957 patients
with known nodal status in the National Cancer Database
(NCDB) (42). Additionally, 20% of the population presents
with distant metastatic disease compared with 11% in the
NCDB. While these data suggest that the present cohort
presents with more aggressive disease than the national
population, univariate analysis findings are similar to the
NCDB unadjusted overall survival in that M status has by far
the most significant relationship with survival of evaluated
variables. Thus, while the present cohort has more aggressive
disease, it behaves similarly to other reported patient groups
with aggressive disease. The number of RETM918T mutations
and CDKN2C loss found in the present population are similar
in proportion to others reported in the literature—small
groups that may be equally influenced by referral biases. This
observation does not lessen the importance of these findings,
but rather it cautions us when trying to extrapolate mutational
percentages to the larger population.

In conclusion, this study provides clinical context for a
molecular alteration, CDKN2C loss, which has been de-
scribed by others to be present in MTC. It was observed that
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genetic loss of a region containing CDKN2C has a relation-
ship with distant metastasis and OS in the cohort examined
that is enhanced by a concomitant RETM918T mutation. Given
the small number of patients included in the study, these
findings should be considered as exploratory in nature but
nonetheless important to pursue because defining pathways
of disease progression allow the development of targeted
cancer therapies. Indeed, a recent comprehensive genomic
profiling of 34 aggressive MTC cases further supports this
treatment paradigm (46). This report found alterations in the
Rb1 pathway genes, including CDK4, CDK6, CDKN2A/B, or
CDKN2C, in 21% of specimens, often with coincident RET-
activating mutations, suggesting hyperactivation of the
cyclin D-dependent kinases CDK4 and CDK6. Targeting
cancers through CDK inhibition to regain control of the cell
cycle is currently being evaluated in several clinical studies
(47–50). The findings support the study of approved RET
targeting agents in combination with CDK inhibitors in
preclinical studies of MTC. This approach may ultimately
best benefit a subpopulation of MTC patients with RETM918T

mutations and concomitant CDKN2C loss.

Acknowledgments

This work was supported by an American Cancer Society
Mentored Research Scholar Grant for MEN2 (121138
MRSGM1112901). (E.G.G.) and the National Cancer In-
stitute Grant P50 CA168505 (G.J.C). This project used the
Characterized Cell Line Core and the Sequencing and Mi-
croarray Core Facilities, which receive funding from NCI
Cancer Center Support Grant P30 CA016672.

Author Disclosure Statement

No competing financial interests exist for any of the authors.

References

1. Agrawal N, Jiao Y, Sausen M, Leary R, Bettegowda C,
Roberts NJ, Bhan S, Ho AS, Khan Z, Bishop J, Westra WH,
Wood LD, Hruban RH, Tufano RP, Robinson B, Dralle H,
Toledo SP, Toledo RA, Morris LG, Ghossein RA, Fagin
JA, Chan TA, Velculescu VE, Vogelstein B, Kinzler KW,
Papadopoulos N, Nelkin BD, Ball DW 2013 Exomic se-
quencing of medullary thyroid cancer reveals dominant and
mutually exclusive oncogenic mutations in RET and RAS. J
Clin Endocrinol Metab 98:E364–369.

2. Siegel RL, Miller KD, Jemal A 2015 Cancer statistics,
2015. CA Cancer J Clin 65:5–29.

3. Boostrom SY, Grant CS, Thompson GB, Farley DR,
Richards ML, Hoskin TL, Hay ID 2009 Need for a revised
staging consensus in medullary thyroid carcinoma. Arch
Surg 144:663–669.

4. Wells SA Jr, Robinson BG, Gagel RF, Dralle H, Fagin JA,
Santoro M, Baudin E, Elisei R, Jarzab B, Vasselli JR, Read
J, Langmuir P, Ryan AJ, Schlumberger MJ 2012 Vande-
tanib in patients with locally advanced or metastatic med-
ullary thyroid cancer: a randomized, double-blind Phase III
trial. J Clin Oncol 30:134–141.

5. Sherman SI 2013 Lessons learned and questions un-
answered from use of multitargeted kinase inhibitors in
medullary thyroid cancer. Oral Oncol 49:707–710.

6. Elisei R, Schlumberger MJ, Muller SP, Schoffski P, Brose MS,
Shah MH, Licitra L, Jarzab B, Medvedev V, Kreissl MC,

Niederle B, Cohen EE, Wirth LJ, Ali H, Hessel C, Yaron Y,
Ball D, Nelkin B, Sherman SI 2013 Cabozantinib in progres-
sive medullary thyroid cancer. J Clin Oncol 31:3639–3646.

7. Ye L, Santarpia L, Gagel RF 2010 The evolving field of
tyrosine kinase inhibitors in the treatment of endocrine
tumors. Endocr Rev 31:578–599.

8. Cabanillas ME, Hu MI, Jimenez C, Grubbs EG, Cote GJ
2014 Treating medullary thyroid cancer in the age of tar-
geted therapy. Int J Endocr Oncol 1:203–216.

9. Weitzman SP, Cabanillas ME 2015 The treatment land-
scape in thyroid cancer: a focus on cabozantinib. Cancer
Manag Res 7:265–278.

10. Forbes SA, Beare D, Gunasekaran P, Leung K, Bindal N,
Boutselakis H, Ding M, Bamford S, Cole C, Ward S, Kok
CY, Jia M, De T, Teague JW, Stratton MR, McDermott U,
Campbell PJ 2015 COSMIC: exploring the world’s
knowledge of somatic mutations in human cancer. Nucleic
Acids Res 43:D805–811.

11. COSMIC: catalogue of somatic mutations in cancer.
Available at: http://cancer.sanger.ac.uk (accessed Novem-
ber 14, 2015).

12. Moura MM, Cavaco BM, Pinto AE, Leite V 2011 High
prevalence of RAS mutations in RET-negative sporadic
medullary thyroid carcinomas. J Clin Endocrinol Metab 96:
E863–868.

13. Moura MM, Cavaco BM, Leite V 2015 RAS proto-
oncogene in medullary thyroid carcinoma. Endocr Relat
Cancer 22:R235–252.

14. van Veelen W, van Gasteren CJ, Acton DS, Franklin DS,
Berger R, Lips CJ, Hoppener JW 2008 Synergistic effect of
oncogenic RET and loss of p18 on medullary thyroid car-
cinoma development. Cancer Res 68:1329–1337.

15. van Veelen W, Klompmaker R, Gloerich M, van Gasteren
CJ, Kalkhoven E, Berger R, Lips CJ, Medema RH, Hoppener
JW, Acton DS 2009 P18 is a tumor suppressor gene involved
in human medullary thyroid carcinoma and pheochromo-
cytoma development. Int J Cancer 124:339–345.

16. Santarpia L, Ye L, Gagel RF 2009 Beyond RET: potential
therapeutic approaches for advanced and metastatic med-
ullary thyroid carcinoma. J Intern Med 266:99–113.

17. Cote GJ, Grubbs EG, Hofmann MC 2015 Thyroid C-cell bi-
ology and oncogenic transformation. Recent Results Cancer
Res 204:1–39.

18. Knudsen ES, Wang JY 2010 Targeting the RB-pathway in
cancer therapy. Clin Cancer Res 16:1094–1099.

19. Zhu L, Lu Z, Zhao H 2015 Antitumor mechanisms when pRb
and p53 are genetically inactivated. Oncogene 34:4547–4557.

20. Chinnam M, Goodrich DW 2011 RB1, development, and
cancer. Curr Top Dev Biol 94:129–169.

21. Di Fiore R, D’Anneo A, Tesoriere G, Vento R 2013 RB1 in
cancer: different mechanisms of RB1 inactivation and al-
terations of pRb pathway in tumorigenesis. J Cell Physiol
228:1676–1687.

22. Flicker K, Ulz P, Hoger H, Zeitlhofer P, Haas OA, Behmel A,
Buchinger W, Scheuba C, Niederle B, Pfragner R, Speicher
MR 2012 High-resolution analysis of alterations in medul-
lary thyroid carcinoma genomes. Int J Cancer 131:E66–73.

23. Ye L, Santarpia L, Cote GJ, El-Naggar AK, Gagel RF 2008
High resolution array-comparative genomic hybridization
profiling reveals deoxyribonucleic acid copy number al-
terations associated with medullary thyroid carcinoma.
J Clin Endocrinol Metab 93:4367–4372.

24. Davoli T, Xu AW, Mengwasser KE, Sack LM, Yoon JC,
Park PJ, Elledge SJ 2013 Cumulative haploinsufficiency

CDKN2C IN MEDULLARY THYROID CARCINOMA 1561



and triplosensitivity drive aneuploidy patterns and shape
the cancer genome. Cell 155:948–962.

25. Bai F, Pei XH, Godfrey VL, Xiong Y 2003 Haploinsuffi-
ciency of p18(INK4c) sensitizes mice to carcinogen-
induced tumorigenesis. Mol Cell Biol 23:1269–1277.

26. Bai F, Pei XH, Pandolfi PP, Xiong Y 2006 p18 Ink4c and
Pten constrain a positive regulatory loop between cell
growth and cell cycle control. Mol Cell Biol 26:4564–4576.

27. Uziel T, Zindy F, Sherr CJ, Roussel MF 2006 The CDK
inhibitor p18Ink4c is a tumor suppressor in medulloblas-
toma. Cell Cycle 5:363–365.

28. Edge SB, Compton CC 2010 The American Joint Committee
on Cancer: the 7th edition of the AJCC cancer staging
manual and the future of TNM. Ann Surg Oncol 17:1471–
1474.

29. Yang KP, Nguyen CV, Castillo SG, Samaan NA 1990 De-
letion mapping on the distal third region of chromosome 1p
in multiple endocrine neoplasia type IIA. Anticancer Res
10:527–533.

30. Moley JF, Brother MB, Fong CT, White PS, Baylin SB,
Nelkin B, Wells SA, Brodeur GM 1992 Consistent asso-
ciation of 1p loss of heterozygosity with pheochromocy-
tomas from patients with multiple endocrine neoplasia type
2 syndromes. Cancer Res 52:770–774.

31. Mulligan LM, Gardner E, Smith BA, Mathew CG, Ponder
BA 1993 Genetic events in tumour initiation and progres-
sion in multiple endocrine neoplasia type 2. Genes Chro-
mosomes Cancer 6:166–177.

32. Hemmer S, Wasenius VM, Knuutila S, Franssila K, Joen-
suu H 1999 DNA copy number changes in thyroid carci-
noma. Am J Pathol 154:1539–1547.

33. Frisk T, Zedenius J, Lundberg J, Wallin G, Kytola S,
Larsson C 2001 CGH alterations in medullary thyroid
carcinomas in relation to the RETM918T mutation and clin-
ical outcome. Int J Oncol 18:1219–1225.

34. Marsh DJ, Theodosopoulos G, Martin-Schulte K, Ri-
chardson AL, Philips J, Roher HD, Delbridge L, Robinson
BG 2003 Genome-wide copy number imbalances identified
in familial and sporadic medullary thyroid carcinoma.
J Clin Endocrinol Metab 88:1866–1872.

35. Roszik J, Wu CJ, Siroy AE, Lazar AJ, Davies MA,
Woodman SE, Kwong LN 2016 Somatic copy number al-
terations at oncogenic loci show diverse correlations with
gene expression. Sci Rep 6:19649.

36. Mathew CG, Smith BA, Thorpe K, Wong Z, Royle NJ,
Jeffreys AJ, Ponder BA 1987 Deletion of genes on chro-
mosome 1 in endocrine neoplasia. Nature 328:524–526.

37. Franklin DS, Godfrey VL, O’Brien DA, Deng C, Xiong Y
2000 Functional collaboration between different cyclin-
dependent kinase inhibitors suppresses tumor growth with
distinct tissue specificity. Mol Cell Biol 20:6147–6158.

38. Harvey M, Vogel H, Lee EY, Bradley A, Donehower LA
1995 Mice deficient in both p53 and Rb develop tumors
primarily of endocrine origin. Cancer Res 55:1146–1151.

39. Takahashi C, Contreras B, Bronson RT, Loda M, Ewen ME
2004 Genetic interaction between Rb and K-ras in the
control of differentiation and tumor suppression. Mol Cell
Biol 24:10406–10415.

40. Williams BO, Remington L, Albert DM, Mukai S, Bronson
RT, Jacks T 1994 Cooperative tumorigenic effects of
germline mutations in Rb and p53. Nat Genet 7:480–484.

41. Coxon AB, Ward JM, Geradts J, Otterson GA, Zajac-Kaye
M, Kaye FJ 1998 RET cooperates with RB/p53 inactivation
in a somatic multi-step model for murine thyroid cancer.
Oncogene 17:1625–1628.

42. Esfandiari NH, Hughes DT, Yin H, Banerjee M, Haymart
MR 2014 The effect of extent of surgery and number of
lymph node metastases on overall survival in patients with
medullary thyroid cancer. J Clin Endocrinol Metab 99:448–
454.

43. Roman S, Lin R, Sosa JA 2006 Prognosis of medullary
thyroid carcinoma: demographic, clinical, and pathologic
predictors of survival in 1252 cases. Cancer 107:2134–
2142.

44. Machens A, Hofmann C, Hauptmann S, Dralle H 2007
Locoregional recurrence and death from medullary thyroid
carcinoma in a contemporaneous series: 5-year results. Eur
J Endocrinol 157:85–93.

45. Schaal C, Pillai S, Chellappan SP 2014 The Rb-E2F tran-
scriptional regulatory pathway in tumor angiogenesis and
metastasis. Adv Cancer Res 121:147–182.

46. Heilmann AM, Subbiah V, Wang K, Sun JX, Elvin JA,
Chmielecki J, Sherman SI, Murthy R, Busaidy NL, Subbiah
I, Yelensky R, Nangia C, Vergilio JA, Khan SA, Erlich RL,
Lipson D, Ross JS, Miller VA, Shah MH, Ali SM, Stephens
PJ 2016 Comprehensive genomic profiling of clinically
advanced medullary thyroid carcinoma. Oncology 90:339–
346.

47. Dickson MA 2014 Molecular pathways: CDK4 inhibitors
for cancer therapy. Clin Cancer Res 20:3379–3383.

48. Sheppard KE, McArthur GA 2013 The cell-cycle regulator
CDK4: an emerging therapeutic target in melanoma. Clin
Cancer Res 19:5320–5328.

49. Mayer EL 2015 Targeting breast cancer with CDK inhib-
itors. Curr Oncol Rep 17:443.

50. Bose P, Simmons GL, Grant S 2013 Cyclin-dependent
kinase inhibitor therapy for hematologic malignancies.
Expert Opin Investig Drugs 22:723–738.

Address correspondence to:
Elizabeth G. Grubbs, MD

Department of Surgical Oncology
The University of Texas MD Anderson Cancer Center

1400 Pressler Street, Unit 1484
Houston, TX 77030

E-mail: eggrubbs@mdanderson.org

1562 GRUBBS ET AL.


