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ABSTRACT
Anaplastic thyroid cancer (ATC) is one of the most lethal human malignancies 

that currently has no effective therapy. We performed quantitative high-throughput 
screening (qHTS) in three ATC cell lines using 3,282 clinically approved drugs and drug 
candidates, and identified 100 active agents. Enrichment analysis of active compounds 
showed that inhibitors of EGFR and histone deacetylase (HDAC) were most active.  
Of these, the first-in-class dual inhibitor of EGFR, HER2 and HDACs, CUDC-101, had the 
highest efficacy and lower IC50 than established drugs. We validated that CUDC-101 
inhibited cellular proliferation and resulted in cell death by inducing cell cycle arrest 
and caspase-dependent apoptosis. CUDC-101 also inhibited cellular migration in vitro. 
Mechanistically, CUDC-101 inhibited MAPK signaling and histone deacetylation in ATC 
cell lines with multiple driver mutations present in human ATC. The anticancer effect 
of CUDC-101 was associated with increased expression of p21 and E-cadherin, and 
reduced expression of survivin, XIAP, β-catenin, N-cadherin, and Vimentin. In an in vivo 
mouse model of metastatic ATC, CUDC-101 inhibited tumor growth and metastases, 
and significantly prolonged survival. Response to CUDC-101 treatment in vivo was 
associated with increased histone 3 acetylation and reduced survivin expression. Our 
findings provide a preclinical basis to evaluate CUDC-101 therapy in ATC.

INTRODUCTION

Anaplastic thyroid cancer (ATC) is one of the most 
lethal human malignancies. It accounts for less than 2% of 
all thyroid cancers, but results in nearly one-third of thyroid 
cancer–related deaths [1]. The median survival rate of patients 
with ATC is less than six months, with 90% of patients 

presenting with unresectable ATC at the time of diagnosis and 
most patients developing recurrent ATC even after complete 
tumor resection [2, 3]. Currently, there is no standard or 
effective therapy for ATC, and patient survival has not 
improved in over six decades [2, 4]. Thus, there is a pressing 
need to identify agent(s) that inhibits disease progression or 
metastasis, and improve the survival of patients with ATC.
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Drug discovery and development are costly and 
time-consuming, and rarely focused on rare malignancies. 
This is partly because it takes an average of 15 years and 
costs approximately $800 million to bring a single drug 
to market; this cost would not be recouped for rare cancer 
indications. Thus, quantitative high-throughput screening 
(qHTS) of existing drugs has become an emerging 
strategy for identifying new drugs for rare diseases/
cancers such as ATC [5, 6]. There are several advantages 
to using this strategy, including knowledge of the drug’s 
pharmacokinetics, pharmacodynamics, and side effects. 
These data can lead to a more streamlined translation of 
any promising preclinical findings into Phase II and/or III 
clinical trials to test the efficacy of the compound. Another 
advantage of this approach is the ability to determine 
whether the compound(s) identified from qHTS could 
effectively target known molecules or pathways that are 
specifically altered in a given cancer type. For example, in 
ATC, TP53-inactivating mutations are common (42–55%), 
followed by mutations in genes involved in the PI3K/
AKT/mTOR, EGFR/RAS/BRAF/MEK/ERK, and WNT 
signaling pathways [7]. Mutually exclusive activation 
mutations in RAS and BRAF occur in approximately one-
fourth of ATC cases [7, 8]. Mutations in PIK3CA and PTEN 
occur in 17–23% and 12% of ATC cases, respectively  
[7, 9]. Thus, agents identified by qHTS could be tested to 
evaluate their effects on these known activated pathways.

In this study, we performed qHTS in multiple ATC 
cell lines and identified 100 active compounds that were 
enriched for inhibitors of epidermal growth factor receptor 
(EGFR) signaling and histone deacetylase (HDAC). One 
of the most potent compounds identified was CUDC-101, 
a first-in-class dual inhibitor of EGFR, HER2 and HDACs 
[10, 11]. We then confirmed its effective inhibition of 
HDAC and EGFR/RAS/BRAF/MEK/ERK in ATC cell 
lines, and demonstrated that CUDC-101 inhibited ATC cell 
proliferation, disrupted cell cycle progression, and induced 

caspase-dependent apoptosis. More importantly, CUDC-
101 treatment inhibited ATC tumor growth and metastasis 
in vivo, resulting in prolonged survival in a mouse model 
of metastatic ATC. Response to CUDC-101 treatment  
in vivo was associated with increased histone H3 acetylation 
and decreased survivin nuclear staining in tumor tissues.

RESULTS

Quantitative high-throughput screening 
of drug library

Molecular heterogeneity among and within 
tumors is one of the major reasons that the efficacy of 
anticancer drugs is restricted to only a small subset of 
patients. To search for new therapies that are effective for 
broad groups of patients, we performed the drug library 
screening in three different ATC cell lines with distinct 
genetic background, 8505c, C-643 and SW-1736. Since 
TP53 and the genes involved in PI3K/AKT/mTOR and 
MAPK pathways are frequently mutated in ATC, we 
first examined the mutation status of genes involved in 
these pathways. As summarized in Table 1, all three cell 
lines displayed TP53-inactivating mutations, as well as 
mutations in EGFR, MET, BRAF, RAS, PI3K, PTEN, and 
mTOR, suggesting that these cell lines are representative 
of human ATC. Thus, we used these three cell lines for 
the qHTS of the 3,282-compound library, and identified 
100 compounds that were pan-active in the three ATC 
cell lines (Supplementary Table S1). To identify the 
top-ranking drug targets active against ATC cells, we 
performed enrichment analysis by mode-of-drug action 
on target classes that have at least five drugs in each 
class, and demonstrated that inhibitors of HDAC, aurora 
kinase, mTOR, and EGFR were the most active drug 
categories (Figure 1).

Table 1: Mutated genes involved in MAPK and PI3K pathways
Gene 8505c C-643 SW-1736

BRAF V600E V600E

EGFR R468K R468K

HRAS G13R

MET E168D

mTOR H419R

PIK3CB FRAME_SHIFT- 50

PIK3CG N522S

PIK3R1 M26I

PIK3R2 S313P S313P S313P

PTEN F341L

TP53 R116G R116Q, H178P, P72R P72R, Q192*



Oncotarget9075www.impactjournals.com/oncotarget

qHTS identifies CUDC-101, a dual EGFR, HER2 
and HDAC inhibitor

One of the highly active agents identified was 
CUDC-101, a first-in-class dual EGFR, HER2 and HDAC 
inhibitor [11]. CUDC-101 was the most active agent in all 
three ATC cell lines screened for inhibitors of EGFR and 
HDACs, with half-maximal inhibitory concentration (IC50) 
at 0.15 μM for 8505c, and 1.66 μM for both C-643 and 
SW-1736 cells. Current and past chemotherapy agents for 
ATC include sorafenib, paclitaxel, carboplatin, docetaxel, 
and doxorubicin as monotherapy or in combination with 
other agents, or as radiosensitizers to external beam 
radiation therapy [12–14]. Therefore, we compared the 
activity of CUDC-101 in the three ATC cell lines to these 
agents. As shown in Figure 2, CUDC-101 had better 
activity (maximum response and lower IC50) than sorafenib, 
paclitaxel, carboplatin, docetaxel, and doxorubicin.

CUDC-101 inhibits cellular proliferation and cell 
cycle progression, and induces apoptosis in ATC cells

As previously reported, HDAC1, HDAC2, and 
EGFR are over-expressed in ATC [15–19]. Therefore, 
we validated the antiproliferative activity of CUDC-101  

using seven different ATC cell lines: 8505c, C-643, 
SW-1736, THJ-11T (KRAS mutation), THJ-16T (TP53, 
RB, PI3KCA mutations), THJ-21T (TP53, RB, BRAF 
mutations), and THJ-29T (RB mutation) [20]. We first 
determined the baseline expression of EGFR, HDAC1 
and HDAC2 in these cell lines. As shown in Figure 3A, 
all the ATC cell lines expressed EGFR, HDAC1 and 
HDAC2, the targets of CUDC-101, under regular culture 
conditions. We then validated the activity of CUDC-101 
on cell proliferation, and found dose- and time-dependent 
inhibition of cellular growth with cell death at higher 
concentrations of CUDC-101 in all seven ATC cell lines 
(Figure 3B).

To understand the mechanism by which CUDC-
101 inhibited cellular proliferation and caused cell death 
at higher concentrations, we next assessed the effect of 
CUDC-101 on cell cycle progression and apoptosis using 
the three representative ATC cell lines used in the qHTS. 
Cell cycle analysis revealed that CUDC-101 treatment 
decreased the number of cells in the S phase and induced 
accumulation of cells in G2/M phase, which were dose-
dependent (Figure 3C). To determine whether CUDC-
101 induced caspase-dependent apoptosis, we performed 
caspase assay and found the drug induced an increase in 
caspase 3/7 activity (Figure 3D).

Figure 1: Results of qHTS in ATC cell lines. Enrichment analysis was performed. The enrichment ratio (green, right Y-axis) 
represents the number of active drugs (red) vs. total drugs (blue, left Y-axis) by drug mode of action. An enrichment score of 0.7 was used 
as a cutoff.
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CUDC-101 inhibits cancer cell migration and 
modulates epithelial-mesenchymal transition 
marker expression in ATC cells

We next investigated whether CUDC-101 had 
any effect on cellular migration because ATC is a highly 
invasive cancer and the EGFR/RAS/BRAF/MEK/ERK 
pathway has been shown to regulate cellular migration 
and epithelial-mesenchymal transition (EMT) [21–23]. 
Compared to control, CUDC-101 significantly inhibited 

cellular migration in the ATC cell lines (Figure 4A). 
Given this effect on cellular migration, we evaluated 
whether CUDC-101 had any effect on EMT marker 
expression. ATC cells had basal expression of mesenchymal 
markers vimentin and N-cadherin (Figure 4B).  
In contrast, E-cadherin, a known tumorigenicity and 
tumor dissemination suppressor, was almost undetectable 
under the regular culture condition. CUDC-101 decreased 
N-cadherin level in 8505c and SW-1736 cells, but 
had minimal effect in the C-643 cell line (Figure 4B).  

Figure 2: Comparison of dose-response curves for CUDC-101, paclitaxel, carboplatin, docetaxel, sorafenib, and 
doxorubicin. Y-axis, percent inhibition; X-axis, drug concentration.
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For vimentin, CUDC-101 slightly reduced its level in 8505c 
and C-643 cells, but had no effect on its expression in  
SW-1736 cells. Interestingly, in SW-1736 cells, which had 
high basal expression of N-cadherin, treatment with CUDC-
101 induced a significant increase in E-cadherin expression 
(Figure 4B), suggesting that this drug is effective even in 
cancer cells with high-levels of pro-EMT proteins.

CUDC-101 inhibits HDAC and MAPK pathway, 
induces p21, and decreases survivin and XIAP 
expression in ATC cells

CUDC-101 is thought to be a dual HDAC, EGFR, 
and HER2 inhibitor; therefore, we examined its inhibitory 
effect on HDAC and EGFR downstream pathways in 
ATC cells [24]. CUDC-101 effectively inhibited HDAC 
function with increased acetylation of histone, and reduced 
total ERK and phospho-ERK, downstream of EGFR 
signaling in all the three cell lines (Figure 5A).

As mentioned above, CUDC-101 inhibited cell 
cycle progression of ATC cells by reducing the cell 

numbers in the S phase and inducing arrest in the 
G2/M phase. Therefore, we examined the expression 
of p21, an important cell cycle regulator. Under regular 
culture condition, ATC cells had very low expression 
of p21, matching their aggressive cellular phenotype.  
CUDC-101 treatment induced an increase in p21 express-
ion (Figure 5A). Furthermore, we also found that CUDC-
101 not only inhibited HDAC function, but also reduced 
the expression of HDAC1 and HDAC2, especially in 
8505c and C-643 cells (Figure 5A).

To determine if alternative activated pathways 
implicated in targeted therapy resistance are not activated 
with CUDC-101 therapy, and to further understand 
additional mechanism by which CUDC-101 may have 
an anticancer effect, we performed phospho-kinase 
protein arrays using 8505c and SW-1736 cells. As 
expected, CUDC-101 reduced the phosphorylation of 
ERK in both cell lines, but also decreased the expression 
of β-catenin (Figure 5B). We also performed apoptosis 
array to determine which molecules may mediate  
CUDC-101-induced ATC cell apoptosis. In both 8505c and  

Figure 3: CUDC-101 inhibits ATC cell proliferation, and induces cell cycle arrest and apoptosis. (A) Basal expression 
of HDAC1, HDAC2 and EGFR in ATC cell lines. (B) Cell proliferation assay. Error bars are mean ± SD. (C) Cell cycle analysis after  
24 hours of treatment. (D) The Caspase-Glo 3/7 assay after 48 hours of treatment with CUDC-101. *p < 0.05, **p < 0.01, ***p < 0.001. 
NS, no significant difference.
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SW-1736 cells, CUDC-101 treatment dramatically 
increased the level of cleaved caspase-3, which is consistent 
with the increased caspase 3/7 activity we observed 
(Figure 5C). More importantly, treatment with CUDC-101 
also significantly reduced the expression of survivin and 
XIAP, known inhibitors of caspases [25] (Figure 5C). To 
verify the protein array results, we performed Western blots 
and confirmed CUDC-101 treatment reduced the level of 
survivin, XIAP, and β-catenin, which are upregulated in 
ATC and contribute to the highly aggressive behavior of 
this tumor (Figure 5D) [19, 26, 27].

CUDC-101 inhibits tumor growth and 
metastases in vivo

To confirm our in vitro observations, the effect 
of CUDC-101 treatment was evaluated in a metastatic 
mouse model of ATC (8505c-Luc2) that recapitulates the 
aggressive nature of human ATC [28]. We first evaluated 
if pretreatment could reduce the rate of metastasis to 
assess the possible effects of CUDC-101 as an adjuvant 
therapy, and found that pre-treatment with CUDC-
101 significantly reduced ATC metastasis in the mice 
(Figure 6A–6B). During treatment, we observed that 
mice treated with CUDC-101 developed gastrointestinal 
distress with diarrhea, but the symptoms were manageable 
with a gel meal and trans-gel food supplement, and with 
intraperitoneal fluid repletion using normal saline. The 
body weight of the treated mice was not significantly 
different from that of the control mice (Figure 6C). We 
then treated the mice with the established metastases, and 
found that CUDC-101 treatment significantly decreased 

tumor growth and metastases, and prolonged survival of 
treated mice (Figure 6D–6G). To determine biomarkers 
of response to CUDC-101 treatment, we examined 
metastatic tumor tissue from the in vivo experiments. We 
found increased levels of acetyl-histone H3 and decreased 
survivin nuclear staining in tumors that responded to 
therapy (Figure 6H). These results suggest that CUDC-101 
may have potential as both adjuvant therapy and treatment 
for advanced ATC.

DISCUSSION

Our study demonstrates an efficient and 
comprehensive approach to identify novel therapies for 
ATC. In this study, we performed qHTS using a large 
pharmaceutical collection with the goal of identifying 
new therapies that can be readily translated into the 
clinic. Multiple ATC cell lines with different genetic 
mutations were used in the screening. The qHTS identified  
100 compounds that were active in all three ATC cell lines. 
Through enrichment analysis, the drug categories with the 
highest enrichment score were inhibitors of HDACs, aurora 
kinase, mTOR, and EGFR. CUDC-101, a first-in-class 
multi-targeted inhibitor of HDACs and receptor tyrosine 
kinases, was identified and confirmed to be a potent 
compound against ATC. In vitro, CUDC-101 treatment 
inhibited ATC cell proliferation and migration, caused cell 
cycle arrest, and induced caspase-dependent apoptosis. 
The anti-ATC activity of CUDC-101 occurred through the 
simultaneous inhibition of HDACs and the MAPK pathway 
downstream of EGFR, resulting in increased expression of 
p21 and E-cadherin and decreased expression of survivin, 

Figure 4: CUDC-101 inhibits ATC cell migration and regulates EMT marker expression. (A) ATC cell migration with and 
without CUDC-101 treatment. The numbers of migrated cells were counted and calculated with the vehicle-treated cells as 100%. Data 
was for an average of three fields. Error bars are mean ± SD. *p < 0.05, **p < 0.01. (B) EMT marker expression. ATC cells were treated 
with CUDC-101 for 24 hours, and the blots were probed with the indicated antibodies to measure protein expression. Each corresponding 
anti-β-actin blot was used as loading control.
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XIAP, N-cadherin, vimentin, and β-catenin. CUDC-101 
exhibited antitumor effect in vivo, including the inhibition 
of tumor growth and distant bone metastasis, and prolonged 
survival in an ATC metastases mouse model.

To our knowledge, this is the first study to use the 
unique combination of a large clinical drug collection and 
multiple tumor cell lines to screen for novel therapies 
for ATC. This strategy offers several advantages. First, 
it offers a cost-effective approach to identify promising 
drugs for a rare and lethal malignancy such as ATC. 
Second, this approach presents a shortcut for bringing the 
laboratory-identified targets rapidly to clinical treatment. 
With the available information on clinical drugs, the 
multiple positive “hits” from the screen can be selected 
based on their pharmacokinetics and toxicity to achieve 
high efficacy with minimal toxicity. Third, using multiple 
cell lines with different genetic mutations involved in 
the targeted cancer assists in candidate selection. This 

selection is thus likely to be effective for a broad range 
of patient groups in the clinic since genetic heterogeneity 
among and within tumors is one reason that the efficacy of 
anticancer drugs is restricted.

Molecular studies indicate that ATC frequently 
harbor mutations in TP53, BRAF, RAS, β-catenin, 
PIK3CA, and PTEN [7, 27, 29–33]. Gene copy number 
and expression variations are also common in ATCs. 
Copy number gains have been reported for the following 
genes: EGFR, VEGFR1 and 2, PDGFRA and B, 
PIK3CA, PIK3CB, KIT, PDK1, AKT1, and MET [30]. 
Overexpression has been reported in EGFR, HDAC1 
and 2, β-catenin, Aurora kinase, Cyclin E, Cyclin D1, 
PDGFRB, survivin, and HER-2 [15–19, 26, 34–36]. In 
contrast, the expression of E-cadherin is reduced in ATC 
[37]. It has also been observed that both ERK and AKT1 
proteins are phosphorylated and, thus, activated in ATC 
[38, 39]. These studies emphasize that ATCs have a high 

Figure 5: Protein targets of CUDC-101 in ATC cells. (A) CUDC-101 inhibits HDACs and MAPK in ATC cells. (B) Targets 
of CUDC-101 identified by phospho-kinase array. Phospho-kinase arrays were performed using cell lysates treated with and without 
CUDC-101. Shown are those proteins that were altered with CUDC-101 treatment in both ATC cell lines with > 1.5-fold difference.  
(C) Differentially expressed apoptotic proteins with and without CUDC-101 treatment. Apoptosis arrays were performed. Shown are those 
proteins that were altered with CUDC-101 treatment in both ATC cell lines with > 1.5-fold difference. For A–C, ATC cells were treated 
with the vehicle or CUDC-101 at 1.1 μM for 24 hours. (D) CUDC-101 reduces the expression of survivin, XIAP, and β-catenin. Cells were 
treated with the vehicle or CUDC-101 for 24 hours.
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degree of genetic abnormality that results in substantial 
expression variations in many genes and dysregulated 
signaling pathways such as EGFR/RAS/BRAF/MEK/ERK 
and PI3K/AKT [33]. CUDC-101 effectively inhibits these 
pathways in human ATC cells and targets multiple genes 
involved in cellular proliferation and migration making it 
an attractive anticancer agent.

Based on an improved understanding of the genetic 
basis of ATC, several targeted preclinical and clinical 
studies have been conducted to test new therapies. It has 
been reported that gefitinib, an EGFR inhibitor, reduces 

cellular proliferation and induces apoptosis in ATC cells, 
and slows tumor growth in a nude mouse model [18].  
A Phase 2 trial of Pazopanib, a potent multi-targeted 
receptor tyrosine kinase inhibitor, was performed in 
patients with ATC. Although transient disease regression 
was observed in several patients, there were no confirmed 
RECIST responses [40]. Efatutazone, an oral PPAR-γ 
agonist, has been tested in combination with paclitaxel 
in a Phase 1 trial in ATC. Out of 15 patients, only one 
patient had a partial response [41]. Late intervention with 
the BRAF inhibitor, PLX-4720, has also been observed to 

Figure 6: CUDC-101 treatment reduced ATC tumor growth and metastases in vivo. (A–C) Mice (n = 5 for each group) were 
treated by intraperitoneal injection 20 minutes before tumor engraftment with 8505c-luc2 cells via the tail vein. (A) Luciferase activity fold 
changes. Treatment is indicated by the arrow (↓). Error bar is mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. (B) Whole-body images 
of treated and control mice at day 40 after cell engraftment. White arrows show sites of metastases to the liver and bone. (C) Mouse body 
weight changes. (D–G), CUDC-101 inhibits tumor growth, metastases in vivo, and prolonged animal survival. Mice (n = 5 for each group) 
were engrafted with 8505c-luc cells via the tail vein and given CUDC-101 treatment 1 week after metastasis was established. (D) The 
Y-axis indicates the total change in luciferase activity. Error bars are mean ± SEM. The X-axis shows the time after engraftment, with the 
treatment indicated by the arrow (↓). *p < 0.05, **p < 0.01, ***p < 0.001. (E) Whole-body images of control and treated mice at day 40 of 
cell engraftment (one mouse in the control group died at this time). White arrows show sites of metastases to the liver and bone. (F) Mouse 
body weight changes with the treatment. (G) Survival of vehicle versus CUDC-101 treatment group. The first treatment day was indicated 
as day 1. p = 0.0034 by Cox log-rank test. H, Representative immunohistochemistry staining for acetyl-histone H3 and survivin. Five tumor 
samples per group (treatment and vehicle groups) were stained for acetyl-histone H3 and survivin.
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induce tumor regression in an orthotopic mouse model of 
ATC with BRAF mutant cells [42]. Recently, it has been 
reported that vemurafenib, a BRAF inhibitor, resulted in 
near complete tumor regression in a patient with ATC who 
had an activating BRAF mutation [43]. A Phase II study 
in patients with ATC reported that imatinib, a multiple 
kinase inhibitor, shows some antitumor effect in advanced 
ATC cases [44]. Dasatinib, a Src kinase inhibitor, has 
been reported to inhibit cell proliferation in some ATC 
cell lines in vitro [45]. Another multiple kinase inhibitor, 
sorafenib, also shows antitumor activity in some patients 
with ATC [46]. Fosbretabulin, a vascular-disrupting 
agent, has been tested with carboplatin/paclitaxel (CP) 
against ATC. However, there was no significant difference 
in progression-free survival between CP and CP/
fosbretabulin groups [47]. So far, long-lasting antitumor 
effects are rare most likely because of the high degree of 
genetic heterogeneity of ATC. With the multiple altered 
genes and pathways, ATC tumors can negate a drug’s 
effect or escape from treatment by bypassing the level/
factor being inhibited by a specific inhibitor. Therefore, 
simultaneous inhibition of multiple tumor cell pathways 
may result in more effective therapies.

CUDC-101 is a multi-targeted inhibitor of 
HDACs, EGFR, and HER2. The drug displays potent 
antiproliferative and proapoptotic activities against 
cultured cancer cells in vitro and in xenograft tumors  
in vivo [48]. Cancer cells that have acquired resistance to 
single-target EGFR inhibitors remain sensitive to CUDC-
101 [24]. Mechanistic studies show that CUDC-101 
integrates HDAC and EGFR/HER2 pathway inhibition, 
blocks and inhibits MET- and AXL-mediated signaling, 
and reduces cancer cell migration [24, 48]. Recently, a 
Phase I study of CUDC-101 reported that CUDC-101 
was tolerated and showed some preliminary evidence of 
antitumor activity. Pharmacodynamic analysis in skin 
biopsy samples suggested that CUDC-101 effectively 
inhibits HDAC activity at the 275-mg/m2 dose level [11].

In this study, we found that CUDC-101 was the 
most potent compound in HDAC and EGFR inhibitor drug 
categories, two of the four most potent drug categories 
against ATC. Our validation study confirmed that CUDC-
101 had potent antiproliferative and proapoptotic activities 
in multiple ATC cell lines. Overexpression of HDACs 
has been reported in multiple types of cancers, including 
ATC. HDAC inhibitors upregulate E-cadherin, inhibit 
cancer cell proliferation, migration and invasion as well 
as induce apoptosis and cell cycle arrest. [15, 49, 50]. 
Thus, by simultaneous inhibition of HDAC and the EGFR 
downstream pathway, CUDC-101 may offer a potential 
treatment for overcoming tumor resistance in ATC therapy. 
Our results demonstrated that CUDC-101 is effective in 
cell lines with gene mutations in both the MAPK and PI3K/
AKT pathways further support this. For the first time we 
show that CUDC-101 treatment also reduces the expression 
of survivin, XIAP, N-cadherin, vimentin, and β-catenin, 

and restored p21 and E-cadherin expression in ATC cells. 
These results are consistent with CUDC-101-induced cell 
cycle arrest, apoptosis, and reduced cellular migration, also 
explain the reduced tumor growth and metastasis observed 
in vivo. Lastly, we show that acetyl-histone H3 and survivin 
level in tumor tissue is associated with response to CUDC-
101 therapy, suggesting that these markers could be used as 
biomarkers for response to therapy.

In conclusion, we performed qHTS for 3,282 
clinically approved drugs and pharmacologically active 
small molecules using three different ATC cell lines. 
The qHTS identified 100 active agents; the top four most 
active drug categories against ATC were inhibitors of 
HDAC, aurora kinase, mTOR, and EGFR. CUDC-101, 
a multi-targeted inhibitor of HDACs and tyrosine kinase 
receptors, was the most potent compound in the HDAC 
and EGFR inhibitor categories. We found that CUDC-101 
had potent antiproliferative and proapoptotic activities 
in multiple ATC cell lines containing different genetic 
mutations involved in ATC. In a metastatic ATC mouse 
model, CUDC-101 treatment inhibited tumor growth and 
metastasis, and prolonged survival. Our findings suggest 
that CUDC-101 is a promising therapeutic agent for the 
treatment of ATC.

METHODS

Cell lines

Human ATC cell line 8505c was purchased from the 
European Collection of Cell Cultures (Salisbury, United 
Kingdom); C-643 and SW-1736 were purchased from Cell 
Lines Service (GmbH, Eppelheim, Germany); THJ-11T, THJ-
16T, THJ-21T, and THJ-29T have been described previously 
[20]. Cell lines were authenticated by short-tandem repeat 
profiling on October 14, 2012, and August 30, 2013.

Targeted sequencing of genes

The targeted sequencing of genes involved in the PI3K/
AKT/mTOR, EGFR/RAS/BRAF/MEK/ERK, and WNT 
signaling pathways was performed using the Ion Torrent 
TargetSeq platform for 409 known tumor suppressor and 
oncogenes at the National Cancer Institute (NCI) Frederick 
Laboratory of Molecular Technology (Frederick, MD).

Quantitative high-throughput drug screening

Two pharmaceutical collections were used: The 
National Center for Advancing Translational Sciences 
(NCATS) Pharmaceutical Collection (NPC) and the 
Mechanism Interrogation PlatE (MIPE) collection. 
Additional information on NPC drug libraries can be 
found at http://tripod.nih.gov/npc/. qHTS was performed 
in three ATC cell lines, 8505c, C-643, and SW-1736, as 
previously described [6]. The final concentration of the 
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compounds was 0.5 nM to 46 μM. Tetraoctylammonium 
bromide, a toxin, was used as positive control (100% 
inhibition) and DMSO as negative control (0% 
inhibition).

Cell proliferation, apoptosis, cell cycle, and 
migration assays

Cell proliferation assay was performed using the 
CyQuant kit (Life technologies, Grand Island, NY). 
Apoptosis was determined using the Caspase-Glo 3/7 
assay kit (Promega) and normalized to the cell number.

Cell cycle analysis was performed at 24 hour after 
drug treatment on a FACScan using CellQuest software 
(BD Biosciences, San Jose, CA). Cell cycle data was 
analyzed using Modfit software (Verity Software House, 
Inc., Topsham, ME).

Cellular migration was determined using the 
Transwell chamber assay (BD Biosciences). After 
24 hours of incubation with CUDC-101 or vehicle, cells 
were trypsinized, and an equal number of live cells were 
plated in each of the transwell chambers. After 22 hours 
of incubation at 37°C, the migrated cells were fixed, 
stained with Diff-Quik (Dade Behring Newark, NJ) and 
photographed.

Western blot and antibodies

Following antibodies were used: anti-p21 (1:500), 
anti-vimentin (1:5,000), anti-E-cadherin (1:250), anti-
survivin (1:2,000), anti-phospho-Erk1/2 (1:1,000), and 
anti-Erk1/2 (1:1,000)were from Cell Signaling Technology 
(Boston, MA); anti-N-cadherin (1:4,000) was from EMD 
Millipore (Billerica, MA); anti-β-catenin (1:250) and anti-
XIAP (1:1,000) were from R&D Systems (Minneapolis, 
MN); and anti-β-actin (1:3,000) was from Santa Cruz 
Biotechnology (Dallas, TX).

Phospho-kinase and apoptosis protein arrays

Human phospho-kinase (Catalog # ARY003B) array 
(detecting site-specific phosphorylation of 43 kinases and 
2 related total proteins, and apoptosis array (Catalog # 
ARY009 detecting the expression level of 35 apoptosis-
related proteins) were purchased from R&D Systems 
(Minneapolis, MN). Signal intensity of each spot was 
quantified with Image J (Bethesda, MD) and averaged for 
each specific protein.

Immunohistochemistry

Tissues were fixed in 10% formalin, embedded in 
paraffin, sections were incubated with primary antibody 
(rabbit anti-acetyl-histone H3, 1:600, Cell Signaling 
Technology, Boston, MA; or rabbit anti-survivin, 1:500, 
Novus Biologicals, NB500–201, Littleton, CO ) at 4°C 
overnight, and immunostaining was performed using 

Vectastain ABC and DAB kits (Vector Laboratories, Inc., 
Burlingame, CA, USA).

In vivo ATC metastasis mouse model

An in vivo ATC metastasis mouse model was used 
to assess the effect of CUDC-101 [28]. The Animal Care 
and Use Committee of NCI/NIH approved the animal 
study protocol. 8505c-Luc2 cells were injected into the 
tail vein of six-month-old NOD. Cg-Prkdcscid Il2rgtm1Wjl/
SzJ mice. Bioluminescence imaging was used to assess 
tumor burden using the Xenogen in vivo imaging system 
(Caliper Life Sciences. Inc., Hopkinton, MA) [28].

CUDC-101 (Curis, Lexington, MA) was 
reconstituted according to pharmacy manual directions. 
Eight days after tumor cell injection, widespread lung 
metastasis was established. The mice were randomized 
into two groups and injected with either CUDC-101 
(120 mg/kg) or vehicle (10% captisol) daily, alternating 
between intravenous and intraperitoneal injections. 
Treatment continued until the first mouse reached humane 
euthanasia criteria endpoints. Then the mice were housed 
under normal care conditions with no further treatment 
and monitored daily.

To assess the effects of CUDC-101 on metastasis 
and as an adjuvant therapy, a pre-treatment mouse 
study was also performed. In this group, six-month-old 
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice were first injected 
intraperitoneally with either CUDC-101 (120 mg/kg) or 
10% captisol solution. Twenty minutes later, the mice were 
injected with 8505C-Luc2 cells via tail vein. CUDC-101 
(120 mg/kg) or 10% captisol solution was injected daily. 
Treatment was continued until the first mouse reached 
humane euthanasia criteria endpoints. Then the mice were 
imaged, and euthanized by CO2 inhalation.

Statistical analyses

qHTS data analysis was performed as previously 
described [6]. For validation of cell proliferation assays 
and animal study, statistical analyses were performed 
using GraphPad Prism 5 software (GraphPad Software, 
La Jolla, CA).

ACKNOWLEDGMENTS

We are grateful to Ms. Kelli Gaskins (NCI/NIH) 
for technical help and Mr. Jules Choumbeun for caring 
animals. This research was supported by the intramural 
research program of the Center for Cancer Research, 
National Cancer Institute, National Institutes of Health.

CONFLICTS OF INTEREST

There are no conflicts of interest to report for the 
authors not affiliated with Curis Inc. Z Tian and J Wang 
are employees of Curis, Inc.



Oncotarget9083www.impactjournals.com/oncotarget

REFERENCES

1. Davies L, Welch HG. Increasing incidence of thyroid 
cancer in the United States, 1973–2002. JAMA. 2006; 
295:2164–2167.

2. Smallridge RC, Ain KB, Asa SL, Bible KC, Brierley JD, 
Burman KD, Kebebew E, Lee NY, Nikiforov YE, 
Rosenthal MS, Shah MH, Shaha AR, Tuttle RM. 
American thyroid association guidelines for management 
of patients with anaplastic thyroid cancer. Thyroid. 2012; 
22:1104–1139.

3. Kebebew E, Greenspan FS, Clark OH, Woeber KA, 
McMillan A. Anaplastic thyroid carcinoma. Treatment out-
come and prognostic factors. Cancer. 2005; 103:1330–1335.

4. Kebebew E. Anaplastic thyroid cancer: rare, fatal, and 
neglected. Surgery. 2012; 152:1088–1089.

5. Nilubol N, Zhang L, Shen M, Zhang YQ, He M, Austin CP, 
Kebebew E. Four clinically utilized drugs were identified 
and validated for treatment of adrenocortical cancer using 
quantitative high-throughput screening. J Transl Med. 2012; 
10:198.

6. Zhang L, He M, Zhang Y, Nilubol N, Shen M, Kebebew E. 
Quantitative high-throughput drug screening identifies 
novel classes of drugs with anticancer activity in thy-
roid cancer cells: opportunities for repurposing. J Clin 
Endocrinol Metabol. 2012; 97:E319–328.

7. Smallridge RC, Marlow LA, Copland JA. Anaplastic thy-
roid cancer: molecular pathogenesis and emerging thera-
pies. Endocr Relat Cancer. 2009; 16:17–44.

8. Pita JM, Figueiredo IF, Moura MM, Leite V, Cavaco BM. 
Cell cycle deregulation and TP53 and RAS mutations are 
major events in poorly differentiated and undifferentiated 
thyroid carcinomas. J Clin Endocrinol Metabol. 2014; 
99:E497–507.

9. Garcia-Rostan G, Costa AM, Pereira-Castro I, Salvatore G, 
Hernandez R, Hermsem MJ, Herrero A, Fusco A, 
Cameselle-Teijeiro J, Santoro M. Mutation of the PIK3CA 
gene in anaplastic thyroid cancer. Cancer Res. 2005; 
65:10199–10207.

10. Cai X, Zhai HX, Wang J, Forrester J, Qu H, Yin L, Lai CJ, 
Bao R, Qian C. Discovery of 7-(4-(3-ethynylphenylamino)-
7-methoxyquinazolin-6-yloxy)-N-hydroxyheptanamide 
(CUDc-101) as a potent multi-acting HDAC, EGFR, and 
HER2 inhibitor for the treatment of cancer. J Med Chem. 
2010; 53:2000–2009.

11. Shimizu T, LoRusso PM, Papadopoulos KP, Patnaik A, 
Beeram M, Smith LS, Rasco DW, Mays TA, Chambers G, 
Ma A, Wang J, Laliberte R, Voi M, Tolcher AW. Phase I 
First-in-human study of CUDC-101, a multitargeted inhibi-
tor of HDACs, EGFR, and HER2 in patients with advanced 
solid tumors. Clin Cancer Res. 2014; 20:5032–5040.

12. Shimaoka K, Schoenfeld DA, DeWys WD, Creech RH, 
DeConti R. A randomized trial of doxorubicin versus doxo-
rubicin plus cisplatin in patients with advanced thyroid car-
cinoma. Cancer. 1985; 56:2155–2160.

13. Higashiyama T, Ito Y, Hirokawa M, Fukushima M, 
Uruno T, Miya A, Matsuzuka F, Miyauchi A. Induction 
chemotherapy with weekly paclitaxel administration for 
anaplastic thyroid carcinoma. Thyroid. 2010; 20:7–14.

14. Denaro N, Nigro CL, Russi EG, Merlano MC. The role 
of chemotherapy and latest emerging target therapies 
in anaplastic thyroid cancer. OncoTargets Ther. 2013; 
9:1231–1241.

15. Borbone E, Berlingieri MT, De Bellis F, Nebbioso A, 
Chiappetta G, Mai A, Altucci L, Fusco A. Histone deacety-
lase inhibitors induce thyroid cancer-specific apoptosis 
through proteasome-dependent inhibition of TRAIL degra-
dation. Oncogene. 2010; 29:105–116.

16. Elliott DD, Sherman SI, Busaidy NL, Williams MD, 
Santarpia L, Clayman GL, El-Naggar AK. Growth fac-
tor receptors expression in anaplastic thyroid carcinoma: 
potential markers for therapeutic stratification. Hum Pathol. 
2008; 39:15–20.

17. Ensinger C, Spizzo G, Moser P, Tschoerner I, 
Prommegger R, Gabriel M, Mikuz G, Schmid KW. 
Epidermal growth factor receptor as a novel therapeutic 
target in anaplastic thyroid carcinomas. Ann N Y Acad Sci. 
2004; 1030:69–77.

18. Schiff BA, McMurphy AB, Jasser SA, Younes MN, 
Doan D, Yigitbasi OG, Kim S, Zhou G, Mandal M, 
Bekele BN, Holsinger FC, Sherman SI, Yeung SC, 
El-Naggar AK, Myers JN. Epidermal growth factor receptor 
(EGFR) is overexpressed in anaplastic thyroid cancer, and 
the EGFR inhibitor gefitinib inhibits the growth of anaplas-
tic thyroid cancer. Clin Cancer Res. 2004; 10:8594–8602.

19. Wiseman SM, Masoudi H, Niblock P, Turbin D, Rajput A, 
Hay J, Bugis S, Filipenko D, Huntsman D, Gilks B. 
Anaplastic thyroid carcinoma: expression profile of targets 
for therapy offers new insights for disease treatment. Ann 
Sur Oncol. 2007; 14:719–729.

20. Marlow LA, D’Innocenzi J, Zhang Y, Rohl SD, 
Cooper SJ, Sebo T, Grant C, McIver B, Kasperbauer JL, 
Wadsworth JT, Casler JD, Kennedy PW, Highsmith WE, 
Clark O, Milosevic D, Netzel B, et al. Detailed molecular 
fingerprinting of four new anaplastic thyroid carcinoma cell 
lines and their use for verification of RhoB as a molecu-
lar therapeutic target. J Clin Endocrinol Metabol. 2010; 
95:5338–5347.

21. Gulhati P, Bowen KA, Liu J, Stevens PD, Rychahou PG, 
Chen M, Lee EY, Weiss HL, O’Connor KL, Gao T, 
Evers BM. mTORC1 and mTORC2 regulate EMT, motil-
ity, and metastasis of colorectal cancer via RhoA and Rac1 
signaling pathways. Cancer Res. 2011; 71:3246–3256.

22. Liu J, Brown RE. Immunohistochemical detection of epi-
thelialmesenchymal transition associated with stemness 
phenotype in anaplastic thyroid carcinoma. Int J Clin Exp 
Pathol. 2010; 3:755–762.

23. Garg M, Kanojia D, Okamoto R, Jain S, Madan V, 
Chien W, Sampath A, Ding LW, Xuan M, Said JW, 
Doan NB, Liu LZ, Yang H, Gery S, Braunstein GD, 



Oncotarget9084www.impactjournals.com/oncotarget

Koeffler HP. Laminin-5gamma-2 (LAMC2) is highly 
expressed in anaplastic thyroid carcinoma and is associated 
with tumor progression, migration, and invasion by modu-
lating signaling of EGFR. J Clin Endocrinol Metabol. 2014; 
99:E62–72.

24. Wang J, Pursell NW, Samson ME, Atoyan R, Ma AW, 
Selmi A, Xu W, Cai X, Voi M, Savagner P, Lai CJ. 
Potential advantages of CUDC-101, a multitargeted HDAC, 
EGFR, and HER2 inhibitor, in treating drug resistance and 
preventing cancer cell migration and invasion. Mol Cancer 
Ther. 2013; 12:925–936.

25. Scott FL, Denault JB, Riedl SJ, Shin H, Renatus M, 
Salvesen GS. XIAP inhibits caspase-3 and -7 using two 
binding sites: evolutionarily conserved mechanism of IAPs. 
EMBO J. 2005; 24:645–655.

26. Pannone G, Santoro A, Pasquali D, Zamparese R, 
Mattoni M, Russo G, Landriscina M, Piscazzi A, Toti P, 
Cignarelli M, Lo Muzio L, Bufo P. The role of survivin 
in thyroid tumors: differences of expression in well- 
differentiated, non-well-differentiated, and anaplastic thy-
roid cancers. Thyroid. 2014; 24:511–519.

27. Garcia-Rostan G, Tallini G, Herrero A, D’Aquila TG, 
Carcangiu ML, Rimm DL. Frequent mutation and nuclear 
localization of beta-catenin in anaplastic thyroid carcinoma. 
Cancer Res. 1999; 59:1811–1815.

28. Zhang L, Gaskins K, Yu Z, Xiong Y, Merino MJ, 
Kebebew E. An in vivo mouse model of metastatic human 
thyroid cancer. Thyroid. 2014; 24:695–704.

29. Ricarte-Filho JC, Ryder M, Chitale DA, Rivera M, 
Heguy A, Ladanyi M, Janakiraman M, Solit D, Knauf JA, 
Tuttle RM, Ghossein RA, Fagin JA. Mutational profile 
of advanced primary and metastatic radioactive iodine-
refractory thyroid cancers reveals distinct pathogenetic 
roles for BRAF, PIK3CA, and AKT1. Cancer Res. 2009; 
69:4885–4893.

30. Liu Z, Hou P, Ji M, Guan H, Studeman K, Jensen K, 
Vasko V, El-Naggar AK, Xing M. Highly prevalent genetic 
alterations in receptor tyrosine kinases and phosphatidylino-
sitol 3-kinase/akt and mitogen-activated protein kinase 
pathways in anaplastic and follicular thyroid cancers. J Clin 
Endocrinol Metab. 2008; 93:3106–3116.

31. Begum S, Rosenbaum E, Henrique R, Cohen Y, 
Sidransky D, Westra WH. BRAF mutations in anaplastic 
thyroid carcinoma: implications for tumor origin, diagnosis 
and treatment. Mod Pathol. 2004; 17:1359–1363.

32. Donghi R, Longoni A, Pilotti S, Michieli P, Della Porta G, 
Pierotti MA. Gene p53 mutations are restricted to poorly 
differentiated and undifferentiated carcinomas of the thy-
roid gland. J Clin Invest. 1993; 91:1753–1760.

33. Smith N, Nucera C. Personalized therapy in patients with 
anaplastic thyroid cancer: targeting genetic and epigen-
etic alterations. J Clin Endocrinol Metabol. 2015; 100: 
35–42.

34. Ito Y, Yoshida H, Uruno T, Nakano K, Miya A, 
Kobayashi K, Yokozawa T, Matsuzuka F, Matsuura N, 
Kakudo K, Kuma K, Miyauchi A. Survivin expression is 
significantly linked to the dedifferentiation of thyroid carci-
noma. Oncol Rep. 2003; 10:1337–1340.

35. Isham CR, Bossou AR, Negron V, Fisher KE, Kumar R, 
Marlow L, Lingle WL, Smallridge RC, Sherman EJ, 
Suman VJ, Copland JA, Bible KC. Pazopanib enhances 
paclitaxel-induced mitotic catastrophe in anaplastic thyroid 
cancer. Sci Transl Med. 2013; 5:166ra163.

36. Baldini E, D’Armiento M, Ulisse S. A new aurora in ana-
plastic thyroid cancer therapy. Int J Endocrinol. 2014; 
2014:816430.

37. Dahlman T, Grimelius L, Wallin G, Rubin K, 
Westermark K. Integrins in thyroid tissue: upregulation 
of alpha2beta1 in anaplastic thyroid carcinoma. Eur J 
Endocrinol/Eur Fed Endocr Soc. 1998; 138:104–112.

38. Santarpia L, El-Naggar AK, Cote GJ, Myers JN, Sherman SI. 
Phosphatidylinositol 3-kinase/akt and ras/raf-mitogen-acti-
vated protein kinase pathway mutations in anaplastic thyroid 
cancer. J Clin Endocrinol Metab. 2008; 93:278–284.

39. Marlow LA, von Roemeling CA, Cooper SJ, Zhang Y, 
Rohl SD, Arora S, Gonzales IM, Azorsa DO, Reddi HV, 
Tun HW, Doppler HR, Storz P, Smallridge RC, Copland JA. 
Foxo3a drives proliferation in anaplastic thyroid carcinoma 
through transcriptional regulation of cyclin A1: a paradigm 
shift that impacts current therapeutic strategies. J Cell Sci. 
2012; 125:4253–4263.

40. Bible KC, Suman VJ, Menefee ME, Smallridge RC, 
Molina JR, Maples WJ, Karlin NJ, Traynor AM, Kumar P, 
Goh BC, Lim WT, Bossou AR, Isham CR, Webster KP, 
Kukla AK, Bieber C, et al. A multiinstitutional phase 2 trial 
of pazopanib monotherapy in advanced anaplastic thyroid 
cancer. J Clin Endocrinol Metab. 2012; 97:3179–3184.

41. Smallridge RC, Copland JA, Brose MS, Wadsworth JT, 
Houvras Y, Menefee ME, Bible KC, Shah MH, 
Gramza AW, Klopper JP, Marlow LA, Heckman MG, Von 
Roemeling R. Efatutazone, an oral PPAR-gamma agonist, 
in combination with paclitaxel in anaplastic thyroid can-
cer: results of a multicenter phase 1 trial. J Clin Endocrinol 
Metab. 2013; 98:2392–2400.

42. Nehs MA, Nucera C, Nagarkatti SS, Sadow PM, Morales-
Garcia D, Hodin RA, Parangi S. Late intervention with 
anti-BRAF(V600E) therapy induces tumor regression in an 
orthotopic mouse model of human anaplastic thyroid can-
cer. Endocrinology. 2012; 153:985–994.

43. Rosove MH, Peddi PF, Glaspy JA. BRAF V600E inhi-
bition in anaplastic thyroid cancer. N Engl J Med. 2013; 
368:684–685.

44. Ha HT, Lee JS, Urba S, Koenig RJ, Sisson J, Giordano T, 
Worden FP. A phase II study of imatinib in patients 
with advanced anaplastic thyroid cancer. Thyroid. 2010; 
20:975–980.



Oncotarget9085www.impactjournals.com/oncotarget

45. Chan CM, Jing X, Pike LA, Zhou Q, Lim DJ, Sams SB, 
Lund GS, Sharma V, Haugen BR, Schweppe RE. Targeted 
inhibition of Src kinase with dasatinib blocks thyroid 
cancer growth and metastasis. Clin Cancer Res. 2012; 
18:3580–3591.

46. Savvides P, Nagaiah G, Lavertu P, Fu P, Wright JJ, 
Chapman R, Wasman J, Dowlati A, Remick SC. Phase II 
trial of sorafenib in patients with advanced anaplastic carci-
noma of the thyroid. Thyroid. 2013; 23:600–604.

47. Sosa JA, Elisei R, Jarzab B, Balkissoon J, Lu SP, Bal C, 
Marur S, Gramza A, Yosef RB, Gitlitz B, Haugen BR, 
Ondrey F, Lu C, Karandikar SM, Khuri F, Licitra L, et al. 
Randomized safety and efficacy study of fosbretabulin with 
paclitaxel/carboplatin against anaplastic thyroid carcinoma. 
Thyroid. 2014; 24:232–240.

48. Lai CJ, Bao R, Tao X, Wang J, Atoyan R, Qu H, Wang DG, 
Yin L, Samson M, Forrester J, Zifcak B, Xu GX, 
DellaRocca S, Zhai HX, Cai X, Munger WE, et al. CUDC-
101, a multitargeted inhibitor of histone deacetylase, epider-
mal growth factor receptor, and human epidermal growth 
factor receptor 2, exerts potent anticancer activity. Cancer 
Res. 2010; 70:3647–3656.

49. West AC, Johnstone RW. New and emerging HDAC inhibi-
tors for cancer treatment. J Clin Invest. 2014; 124:30–39.

50. Catalano MG, Fortunati N, Pugliese M, Marano F, 
Ortoleva L, Poli R, Asioli S, Bandino A, Palestini N, 
Grange C, Bussolati B, Boccuzzi G. Histone deacetylase 
inhibition modulates E-cadherin expression and suppresses 
migration and invasion of anaplastic thyroid cancer cells.  
J Clin Endocrinol Metab. 2012; 97:E1150–1159.


