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Context: Recent studies showed that transcription of the MYC gene is driven by the interaction of
bromodomain and extraterminal domain (BET) proteins with acetylated histones on chromatin.
JQ1, a potent inhibitor that effectively disrupts the interaction of BET proteins with acetylated
histones, preferentially suppresses transcription of the MYC gene. We recently reported that JQ1
decreased thyroid tumor growth and improved survival in a mouse model of anaplastic thyroid
cancer (ATC) by targeting MYC transcription. The role of MYC in human ATC and whether JQ1 can
effectively target MYC as a treatment modality have not been elucidated.

Objective: To understand the underlying molecular mechanisms of JQ1, we evaluated its efficacy in
human ATC cell lines and xenograft models.

Design: We determined the effects of JQ1 on proliferation and invasion in cell lines and xenograft
tumors. We identified key regulators critical for JQ1-affected proliferation and invasion of
tumor cells.

Results: JQ1 markedly inhibited proliferation of four ATC cell lines by suppression of MYC and
elevation of p21and p27 to decrease phosphorylated Rb and delay cell cycle progression from the
G0/G1 phase to the S phase. JQ1 blocked cell invasion by attenuating epithelial-mesenchymal
transition signals. These cell-based studies were further confirmed in xenograft studies in which the
size and rate of tumor growth were inhibited by JQ1 via inhibition of p21-cyclin/cyclin-dependent
kinase-Rb-E2F signaling.

Conclusions: These results suggest targeting of the MYC protein could be a potential treatment
modality for human ATC for which effective treatment options are limited. (J Clin EndocrinolMetab
102: 2268–2280, 2017)

Anaplastic thyroid cancer (ATC) is one of the most
aggressive cancers in humans. Studies have shown

that human ATC derives from complex and heteroge-
neous genetic changes (1), making effective treatment a
major challenge. Although well-differentiated thyroid
cancer responds well to radioiodine therapy and usually

has a favorable therapeutic outcome, it is rare for a
patient with an anaplastic thyroid tumor to survive be-
yond 1 year. Intensive efforts have been undertaken in the
search for effective ways to treat ATC (2).

Preclinical studies and clinical trials have demon-
strated that targeting epigenetic alterations could be
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domain; CDK4, cyclin-dependent kinase 4; DMSO, dimethyl sulfoxide; EMT, epithelial-
mesenchymal transition; HEXIM1, hexamethylene bis-acetamide inducible 1; IgG,
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effective for cancer treatment. Epigenetic modifications
through histone acetylation are key steps in the regulation
of the gene expression in both normal and tumor cells (3).
Bromodomain and extraterminal domain (BET) proteins
interact with acetylated histones to regulate gene tran-
scription (4). Specific inhibitors, such as JQ1, have been
shown to block the interaction of BET proteins (e.g.,
BRD4) with acetylated histones to affect transcriptional
events (5, 6). JQ1 has been reported to exhibit inhibitory
effects on lung and prostate cancers (7–9). JQ1 has also
been shown to suppress cell proliferation and tumor
growth of both differentiated and undifferentiated thy-
roid cancer cell lines (10, 11).

We recently created a mutant mouse, expressing both
mutated thyroid hormone receptor b (TRbPV) and
KrasG12D mutants (ThrbPV/PVKrasG12D mice). These
mice spontaneously developed metastatic undifferentiated
thyroid cancer mimicking ATC (12). We found that the
highly elevated expression ofMYC at the messenger RNA
(mRNA) and protein levels propels the aggressive growth
of thyroid tumors of ThrbPV/PVKrasG12D mice. Concur-
rent with the increased Myc expression is the suppressed
expression of thyroid differentiation transcription factors,
paired box gene 8 (PAX8) and NKX2-1. Recent studies
have shown that the MYC transcription program is par-
ticularly sensitive to the inhibitory effect of JQ1. Indeed,
we found that treatment of ThrbPV/PVKrasG12D mice with
JQ1 markedly reduced thyroid tumor growth and pro-
longed survival. These preclinical studies supported the
idea that epigenetic modifications through blocking the
interaction of BET proteins with acetylated chromatin by
JQ1 and its analogues could be a potential treatment
modality of human ATC.

To test the feasibility of this idea, we evaluated the
efficacy of JQ1 in four human cell lines, designated THJ-
11T, THJ-16T, THJ-21T, and THJ-29T, established
from human primary ATC tumors (13). They were
shown to harbor complex genetic alterations. In addition
to copy number gains and losses in various genes, THJ-
11T cells expressed KRASG12Vmutation; THJ-16T cells
expressed PI3KE454K, TP53, and Rb mutations; THJ-
21T cells expressed BRAFV600E, TP53, and Rb muta-
tions; and THJ-29T cells expressed Rb mutations (13).
These authenticated cell lines have been used by in-
vestigators as model cell lines to interrogate the func-
tional consequences of these mutations and to identify
potential molecular targets for treatment (14, 15).

In the present studies, we found JQ1 treatment was
effective in suppressing the proliferation and invasion of
tumor cells in cell-based studies and a mouse xeno-
graft model. Consistent with preclinical studies using
ThrbPV/PVKrasG12D mice, the expression of the MYC
gene was sensitive to the inhibitory effect of JQ1, leading

to the upregulation of cyclin-dependent kinase inhibitor 1
(p21Cip1) to arrest the cell cycle progression. Moreover,
the expression of regulators of epithelial-mesenchymal
transition (EMT) were decreased by JQ1 to attenuate
tumor cell invasion. These results suggest that JQ1 could
be considered favorably for treatment of human ATC.

Materials and Methods

Cell culture
The human ATC cell lines (i.e., THJ-11T, THJ-16T, THJ-

21T, andTHJ-29T) were obtained fromDr. JohnA. Copland III
at the Mayo Foundation for Medical Education and Research.
All patient tissues used in this study were de-identified. This
study was approved by the Mayo Institutional Review Board.
Four human ATC cell lines, designated THJ-11T, THJ-16T,
THJ-21T, and THJ-29T, were established from human primary
ATC tumors and were extensively characterized and authen-
ticated usingDNA short tandem repeat analysis (13). These four
cell lines have different genetic characteristics that were detailed
by Marlow et al. (13). The cells were cultured in RPMI-1640
media supplemented with 10% fetal bovine serum, 1% non-
essential amino acid, 1% sodium pyruvate, and 1% antibiotic-
antimycotic solution in 5% CO2 at 37°C in a humidified
incubator. The medium was replaced every 48 hours.

Cell proliferation assays
To evaluate the effect of JQ1 on cell proliferation, cells were

cultured in the medium with increasing concentrations of JQ1
(250 nM, 500 nM, or 1 mM) or dimethyl sulfoxide (DMSO) in
six-well plates in triplicates. Cell counts were measured every 24
hours for 96 hours using a cell counter (Beckmann Coulter,
Indianapolis, IN).

Invasion assay
Invasion assay was performed in 8-mm2pore transwells

(6.5 mm; Costar, Corning, NY) in quadruplicate. Transwell
filters were layered with 100 mL of Matrigel (BD Biosciences,
San Jose, CA, cat. 356230) diluted 1:10 in phosphate-buffered
saline (PBS). After rinsing with PBS, cells were plated as de-
scribed previously. Twenty-four hours later, cells migrating to
the bottom of the filter were evaluated after removal of material
from the upper side of the filter, with 0.1%crystal violet staining
and measurement of solubilized dye at A590 with triplicates.

Western blot analysis
Western blot analyses were carried out as described pre-

viously (16). Tumor tissues or cultured cells were washed with
PBS and homogenized in a solution with 50 mM Tris buffer,
150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1%
NP40, and proteinase/phosphatase inhibitors. After centrifuge
at 14,000 rpm for 5 minutes, lysates were used forWestern blot
analysis. The antibodies against MYC were used (1:5000 di-
lution; ab32072); cyclin-dependent kinase 4 (CDK4) (1:2500
dilution; ab75511) from Abcam; p21 (1:200 dilution; sc-6246),
E2F-1 (1:200 dilution; sc-251), E2F-3 (1:200 dilution; sc-878),
and TWIST1 (1:200 dilution; sc-81417) from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA); phosphorylated Rb (S780)
(1:1000 dilution; #9307), Rb (1:2000 dilution; #9309), p27 (1:
1000 dilution; #3686), zinc finger protein SNAIL (Snail; 1:1000
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dilution; #3895), and Slug (1:1000 dilution; #9585) from Cell
Signaling; a-tubulin (1:5000 dilution; T6199) from Sigma-
Aldrich; cyclin D1 (1:2000 dilution; RB9041) from Thermo
Fisher Scientific (Fremont, CA); and hexamethylene bis-
acetamide inducible 1 (HEXIM1; 1:2000 dilution; A303-
113A) and BRD4 (1:5000 dilution; A301-985A) from Bethyl
Laboratories, Inc. After being washed, the membranes were
incubated with horseradish peroxidase-conjugated anti-mouse
immunoglobulin G (IgG) (1:2500 dilution; NA9310 GE
Healthcare) or anti-rabbit IgG (1:2500 dilution; NA9340 GE
Healthcare) as the secondary antibody and were subsequently
detected by means of an ECL system (Western Lightning® Plus-
ECL, PerkinElmer, Waltham, MA). For control of protein
loading, the blots were striped with Re-Blot Plus (Milli-
poreSigma, Temecula, CA) and were reprobed with a-tubulin.
Band intensities were quantified with ImageJ software (ImageJ
1.48v; Wayne Rasband, National Institutes of Health). Western
blot analyseswere repeated three times, eachwith triplicates from
independent tissues.

Histological analysis
Slides of 14 normal thyroid tissues and 12 tumor tissues from

ATCs from the Mayo Clinic were used to analyze MYC ex-
pression in human ATCs. For analysis of proteins in ATC cells,
cell pellets were fixed in 10% neutral buffered formalin for 24
hours and were embedded in paraffin for analysis. Immuno-
histochemistry (IHC) was performed on formalin-fixed paraffin
tumor sections as described previously (12). Primary antibodies
used were anti–Ki-67 antibody (dilution: 1:300; Thermo Fisher
Scientific; #RB-9043-P0) and anti-MYC antibodies (dilution:
1:300; Abcam, ab32072). Staining was developed with dia-
minobenzidine using the diaminobenzidine substrate kit for
peroxidase (Vector Laboratories, Burlingame, CA; SK-4100).
Cells positively stained by anti–Ki-67 antibody or anti-MYC
antibody were counted (.100 cells/slide in randomly selected
three to five fields in each slide with triplicates; repeated twice).
The quantitative analysis was carried out for Ki-67– or MYC-
positive cells with ImageJ software. IHC was carried out in
triplicates.

RNA extraction and real-time reverse transcription
polymerase chain reaction analysis

RNA extraction and real-time reverse transcription polymerase
chain reaction analyses were carried out as previously described
(17): for the MYC gene: forward, 50-CCTACCCTCTCAACGA-
CAGC-30; reverse, 50-CTCTGACCTTTTGCCAGGAG-30; for the
p21 gene: forward, 50-GGAAGACCATGTGGACCTGT-30;
reverse, 50-GGGCTCCTCTTGGAGAAGAT-30; for the
glyceraldehyde-3-phosphate dehydrogenase gene: forward,
50-CGAGATCCCTCCAAAATCAA-30; reverse, 50-GGTG-
CTAAGCAGTTGGTGGT-30.

The experiments were repeated three times, each with
triplicates.

Flow cytometric analysis of cell cycle
Cells were seeded into six-well plates at a density of 13 105

cells. After 24 hours, 500 nM JQ1 was treated during 48 hours
at 37°C. Control cells were treated with DMSO. After treat-
ment, all harvested cells were washedwith ice-cold PBS and then
fixed with cold 70% (vol/vol) ethanol and stored at 220°C at
least 2 hours. After this, cells werewashed in PBS buffer and then

incubated with 1 mg/mL 40,6-diamidino-2-phenylindole solution
for 10 minutes before being analyzed. The cell cycle profiles were
determined using flow cytometry (LSRFortessa II, BD Bioscience,
San Jose, CA) and analyzed with FlowJo (FlowJo LLC, Ashland,
OR). All experiments were performed in at least triplicate.

In vivo xenograft tumor assays
All animal experiments were performed under protocols

approved by the National Cancer Institute’s Animal Care and
Use Committee. The xenograft assays used female athymic nude
mice 6 to 8 weeks old. THJ-11T and THJ-16 cells (53 106 cells)
in 200-mL suspensionmixed withMatrigel BasementMembrane
Matrix (BD Biosciences, cat. 354234) were inoculated sub-
cutaneously into the right flank of the mice. The tumor volume
was calculated as L3W3H3 0.5236. JQ1 or vehicle treatment
began when the median tumor size reached ;100 mm3. Tumor
growth rate was calculated using the following equation:

The tumor growth rate ¼ ðV22V1Þ=ðt22 t1Þ
where V2 represents tumor volume at euthanasia; V1 represents
tumor volume at JQ1 started; t2 represents the day at eutha-
nasia; and t1 represents the day at JQ1 started.

Before treatment, tumor-bearing mice were randomized into
two arms such that the median tumor sizes of each arm were
approximately the same (DMSO as vehicle vs JQ1). JQ1 was first
dissolved in DMSO and diluted to 20 volumes of b-cyclodextrin
(Sigma-Aldrich, cat. H107-5G) in pure water and adminis-
tered through intraperitoneal injection. JQ1 was administered at
50mg/kg/mouse twice per day (THJ-11T) and once per day (THJ-
16T). Tumor size was measured with calipers every day (THJ-
11T) or every other day (THJ-16T) until it reached 2 cm in
diameter at the longest dimension. Then, themicewere euthanized
and the tumor tissues were collected for further analysis.

Statistical analysis
All data are expressed as mean 6 standard deviation. All

tests were two-sided, and P , 0.05 was considered significant.
GraphPad Prism version 5.0 forMacOSXwas used to perform
analyses of variance.

Results

Human ATC cells aberrantly express elevated levels
of MYC

Using gene expression microarray analysis, von
Roemeling et al. (18) found thatMYCmRNA expression
was elevated 2.83-fold in ATC tumors (n = 12) compared
with normal thyroid tissues (n = 13; adjusted P value =
0.0014) [Fig. 1(a); GSE65144 data set by von Roemeling
et al. (18)]. Recently, in a different study, Landa et al. (1)
also reported that MYC expression was 5.06-fold higher in
human ATC (n = 20) than in poorly differentiated thyroid
cancer (n = 17) [Fig. 1(b); GSE76039 data set from Landa
et al. (1)]. It is important to note that Fig. 1(a) and 1(b) were
from twodifferent data sets of twodifferent unrelated studies
using two different ranges of (log2) scale in the y-axis.

These findings prompted us to carry out IHC analysis
to examinewhetherMYCprotein levels were increased in
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the human ATC tumors. Figure 1(ci) shows clearly that
MYC–positively labeled cells were strongly detected in
the nuclei of tumor cells (panels f and h), whereas only a
few cells were weakly stained with anti-MYC antibodies
in nontumor thyroid (panels b and d). Panels a, c, e, and g
were the respective negative controls. Quantitative data
showed that MYC–positively stained cells were 8.4-fold
higher in tumors than in nontumor thyroid [Fig. 1(cii)].
We further analyzed the MYC abundance in a normal
human thyroid cell line (116N) and human ATC cell lines
THJ-11T, THJ-16T, THJ-21T, and THJ-29T. We found
that MYC was not detectable in the 116N cell line (panel
I, lane 1, Supplemental Fig. A) butwas highly abundant in
the four ATC cell lines (panel I, lanes 2 to 5, Supplemental
Fig. A). Moreover, MYC was not detectable in human
follicular thyroid cancer cells (FTC133 and FTC236,
lanes 5 to 8, panel II, Supplemental Fig. A) or in rat

pCCL3 cells (lanes 9 and 10, panel II, Supplemental
Fig. A). Taken together, these results suggest that MYC
could be a molecular target in human ATC.

JQ1 inhibits cell proliferation in human ATC cell lines
Recent studies have shown that JQ1 is a strong in-

hibitor in suppressing MYC transcription activity. JQ1
has been shown to induce cell differentiation of NUT
midline carcinoma and to attenuate growth of myeloid
tumors (e.g., acute myeloid leukemia and multiple
myeloma) (5, 19–21). To test whether JQ1was effective
in inhibiting MYC expression in human ATC, we
evaluated the effect of JQ1 on the proliferation of these
four human ATC cell lines: THJ-11T, THJ-16T, THJ-
21T, and THJ-29T. We found the rank of proliferation
rates was THJ-16T . THJ-21T . THJ-11T . THJ-29T
[Fig. 2(ai–aiv)]. However, JQ1 inhibited cell proliferation

Figure 1. MYC overexpressed in ATC. (a) and (b) show elevated expression of MYC in ATC by two data sets deposited by two different
independent studies in the National Center for Biotechnology Information Gene Expression Omnibus database. (a) MYC expression was
significantly upregulated in anaplastic thyroid tumors compared with normal thyroid tissue [from data set GSE65144 deposited by von Roemeling
et al. (18)] and (b) was also higher in ATC than in poorly differentiated thyroid cancer [from data set GSE76039 deposited by Landa et al. (1)].
The microarray data were reanalyzed with limma, Bioconductor packages, and false discovery rate was used to calculate adjusted P values (*).
(ci) Immunohistochemical analysis was carried out using antibody against MYC protein for 14 nontumor thyroid tissues and 12 ATC tissues.
Representative images are shown for two normal thyroids as controls (panels a to d) and two ATC tissues (panels e to h). (cii) The anaplastic
thyroid tumor tissues had significantly higher numbers of cells stained for MYC than did the control nontumor thyroid tissues (P , 0.0001).
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in a concentration-dependent manner in these cell lines. At
the concentration of 250 nM, JQ1 inhibited 72%, 68%,
60%, and 65% in THJ-16T, THJ-21T, THJ-11T, and THJ-
29T cells, respectively. At the highest concentration of

1000 nM, 80% to90%of cell proliferationwas inhibited in
these four cell lines [Fig. 2(ai–aiv)]. Of note, JQ1 was
similarly effective in inhibiting cell proliferation irrespective
of the genetic background of these four cell lines.

Figure 2. JQ1 inhibited cell proliferation in human ATC cell lines. (ai–aiv) Four cells lines were treated with vehicle (DMSO) or with JQ1 at
increasing doses of 250 nM, 500 nM, or 1000 nM for 24, 48, 72, or 96 hours. Cells were harvested, and cell numbers were counted. (bi)
Immunohistochemical analysis was carried out to detect the cell proliferation marker Ki67 after cells were treated with vehicle (DMSO) or JQ1
(500 nM) for 48 hours. (bii) Quantification of Ki67-positive cells. After treatment with JQ1, the cell lines of the THJ-11T (bar 2), THJ-16T (bar 4),
THJ-21T (bar 6), and THJ-29T (bar 8) cells had significantly lower numbers of cells stained for Ki67 than those treated with DMSO as controls.
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Weperformed further IHC analysis to assess the extent
of JQ1-induced inhibition of tumor cell proliferation
using the cell proliferation marker Ki67. Figure 2(bi)
compares the number of cells positively stained for
Ki67 in tumor cells. JQ1 treatment decreased the number
of Ki67-positive cells as shown in Figure 2(bi) (compare
panels b0, d0, f0, and h0 with b, d, f, and h, respectively.
Quantitative analysis showed that consistent with pro-
liferation assays shown in Fig. 2(ai–aiv), fewer Ki67–
positively stained cells were found in JQ1-treated cells
than in the vehicle-treated cells [In Fig. 2(bii), compare
bars 2, 4, 6, and 8with 1, 3, 5, and 7, respectively]. Taken
together, these data indicate that JQ1 was effective in
inhibiting cell proliferation in these four cell lines.

JQ1 suppresses MYC and key cell cycle regulators in
human ATC cell lines

That JQ1 inhibited cell proliferation of the four an-
aplastic cancer cell lines prompted us to examine whether

the MYC protein abundance was affected by JQ1. We
first assessed the MYC protein abundance in these four
cell lines by IHC analyses. Figure 3(ai) shows that in
vehicle-treated cells, cells positively stained with MYC
were apparent (panels b, d, f, and h for THJ-11T, THJ-
16T, THJ-21T, and THJ-29T cells, respectively). Panels
a, c, e, and g were the respective negative controls in
which IgG was used. In JQ1-treated cells, however, the
number of cells positively stained with MYC was
markedly reduced [Fig. 3(ai), panels b0, d0, f0, and h0].
MYC–positively stained cells were counted, and the
quantitative data expressed as percentage of positively
stained cells to total cells are shown in Fig. 3(aii). The
number of JQ1-treated tumor cells stained with MYC
was reduced 69% for THJ-11T (bar 2), 78% for THJ-
16T (bar 4), 35% for THJ-21T (bar 6), and 62% for THJ-
29T (bar 8), indicating that JQ1 could suppress MYC
expression in these cell lines. But the extent of inhibition
in the protein levels varied in the different cell lines.

Figure 3. JQ1 decreased MYC and elevated p21 protein abundance in human ATC cell lines. (ai) Immunohistochemical analysis for MYC protein
was carried out after the THJ-11T, THJ-16T, THJ-21T, and THJ-29T cell lines were treated with vehicle or with JQ1 (500 nM) for 48 hours. (aii)
Quantification of MYC-positive cells indicated reduction of MYC protein by JQ1. (bi–biv) Cell lysates were prepared from the THJ-11T, THJ-16T,
THJ-21T, and THJ-29T cell lines. The blots were probed with the antibodies against MYC, p21, p27, cyclin D1, and CDK4 and the loading control
a-tubulin, as described in the Materials and Methods section. (ci–civ) Band intensities in (b) were quantified, allowing a comparison between
vehicle-treated and JQ1-treated cells. The P values are shown. (di–div) Cell lysates were prepared from the THJ-11T, THJ-16T, THJ-21T, and THJ-
29T cell lines. The blots were probed with the antibodies against p-Rb, total Rb, E2F-1, and E2F-3 and the loading control a-tubulin, as described
in the Materials and Methods section. (ei–eiv) Band intensities in (di–div) were quantified, allowing a comparison between vehicle-treated and
JQ1-treated cells. The P values are shown. (fi–fiii) JQ1 inhibited cell cycle progression of ATC cell lines. (fi) Cell cycle profiles in THJ cell lines. The
percentages of cell populations of different cell cycle phases are shown in the upper-right corner. After JQ1 treatments, all THJ cell lines were
blocked in the G1/G0 phase, and there was reduction in the S and G2/M phases. (fii) JQ1 treatment lengthened the G1/G0 phase in ATC cells.
(fiii) JQ1 treatment affected the distribution of cell cycle. Different cell cycle phases were quantified by 40,6-diamidino-2-phenylindole staining,
followed by fluorescence-activated cell sorting analysis in THJ cell lines.
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The findings from IHC analyses were further con-
firmed in four cell lines by Western blotting
[Fig. 3(bi–biv)]. Consistent with findings by IHC analysis
[Fig. 3(ai)], the abundance of MYC was clearly lower
in JQ1-treated than in vehicle-treated cell lines
[Fig. 3(bi–biv), lanes 4 to 6 vs lanes 1 to 3, in panel a],
albeit with varied extent of inhibition of MYC protein
levels by JQ1 depending on the cell lines. The quantitative
differences were apparent in that THJ-11T was most
sensitive to the inhibitory effect of JQ1 [;65% inhibition,
Fig. 3(ci-a)], followed by THJ-16T [28%; Fig. 3(cii-a)],
with THJ-21T and THJ-29T being the least sensitive
[5% to 10%; Fig. 3(ciii-a) and 3(civ-a)].

p21Cip1, also known as p21Waf1 and hereafter referred
to as p21, is a cyclin-dependent kinase inhibitor. The p21
protein binds to and inhibits the activity of cyclin-CDK
complexes to regulate cell cycle progression at the G1 and
S phases. MYC directly represses p21 transcription (22),
thereby driving cell cycle progression. We therefore
evaluated levels of p21, p27, cyclin D1, and CDK4
proteins by Western blot analysis [Fig. 3(bi–biv)]. Con-
comitant with decreased MYC protein levels in JQ1-
treated cells, p21 protein levels were highly elevated
[panel b in Fig. 3(bi–biv)]. Levels of cyclin-dependent
kinase inhibitor 1B (p27Kip1), another CDK inhibitor,
were also elevated (panel c), though less affected by JQ1
than p21 was. The protein levels of cyclin D1 and CDK4
were not significantly affected by JQ1 [panels e and f,
respectively, in Fig. 3(bi–biv); the quantitative JQ1-
induced changes in p21, p27, cyclin D1, and CDK4
are shown in panels b, c, d, and e, respectively, of
Fig. 3(ci–civ) for the four cell lines].

The effects of elevated p21 and p27 were apparent in
that phosphorylated Rb (p-Rb) was decreased (panel a in
Fig. 3(di–div); see also quantitative data in the ratios of
p-Rb vs total Rb, Fig. 3(ei–eiv), panel a in ei–eiv for the
respective cell lines). In addition, E2F-1 and E2F-3 were
also decreased [panels c and d in Fig. 3(di–div); see also
quantitative data in panels b and c in Fig. 3(ei–eiv) for the
respective cell lines]. These results indicate that together
with decreased MYC, JQ1-decreased cell proliferation
wasmediated via the upregulation of CDK inhibitors p21
and p27.

The inhibitory action of p21 and p27 on cell pro-
liferation was further elucidated by cell cycle analysis.
Figure 3(fi–fiii) shows that JQ1-induced elevated p21 and
p27 delayed the entry of cells from the G1 phase to the S
phase. It was clear that cells in the G1/G0 phase were
significantly prolonged in all four cell lines [Fig. 3(fii) and
3(fiii)]. The subsequent cycles of the S and G2/M phases
were also delayed by JQ1 treatment [Fig. 3(fii) and 3(fiii)].
Thus, the cell inhibitory effect by JQ1 was mainly me-
diated by decreases in cell cycle progression.

That MYC protein levels were decreased by JQ1
treatment [Fig. 3(ai–aii) and 3(bi–biv)] led us to ascertain
the effect of JQ1 at the mRNA levels. Through inhibition
of the binding of BRD4 to acetyl-lysine on chromatins,
JQ1 is known to selectively inhibit transcription of the
MYC gene in many tumors (6, 19, 23). Using a mouse
model of ATC, we recently showed that Myc expression
was suppressed in thyroid tumors of JQ1-treated mice,
resulting in improved survival and inhibition of tumor
growth (17). Consistent with these findings, we found
that the expression ofMYCmRNA in these four cell lines
was inhibited by JQ1, ranging from 77% [THJ-16T cells,
bar 4, Fig. 4(a)] to 29% [THJ-29T, bar 8, Fig. 4(a)].
Because p21 is directly negatively regulated byMYC (24)
and is MYC’s downstream effector, we further ascer-
tained the mRNA expression of the p21 gene, which is a
downstream effector of MYC. We found that concur-
rently with the suppression ofMYC by JQ1, p21 mRNA
was markedly elevated by JQ1 [Fig. 4(b)]. These data
indicated that the concordant changes of the MYC and
p21 genes by JQ1 inhibited tumor cell proliferation. It
should be pointed out that JQ1 could not suppress the
overexpressed MYC by lentiviral transduction (Supple-
mental Fig. B, lanes 10 to 12 vs lanes 7 to 9, panel a).
Suppression of MYC led to the elevation of p21 and p27
in the control cells (only control lentivirus was used; lanes
4 to 6 vs lanes 1 to 3, panels b and c, respectively),
whereas highly overexpressed MYC led to the suppres-
sion of p21 and p27 (lanes 10 to 12, panels b and c,
respectively). These data clearly indicate that over-
expression of MYC overcame the JQ1 effect and further
support our conclusions that MYC plays a critical role in
the proliferation of ATC tumor cells.

JQ1 inhibits cell motility by suppressing EMT signals
MYC also regulates genes important for tumor cell

motility and invasion. Overexpression of MYC induces
EMT in mammary epithelial cells. To investigate whether
JQ1 inhibited invasion of cells, we carried out a cell
invasion assay. Cell invasiveness was significantly de-
creased in JQ1-treated cell lines compared with vehicle-
treated cells [reduction: 16%, 40%, 37%, and 16% in
the THJ-11T, -16T, -21T, and -29T cells, respectively;
Fig. 5(civ-a)]. We further identified the regulators in
EMT affected by JQ1. Snail is a transcription factor that
represses the expression of the adhesion molecule
E-cadherin to promote EMT.We found that Snail protein
levels were lower in JQ1-treated cells [panel a in
Fig. 5(bi–biv)]. The quantitative data show that the de-
creases ranged from 82% in JQ1-treated THJ-16T
[Fig. 5(cii-a)] to 30% in THJ-21T cells [Fig. 5(ciii-a)].
The other two EMT regulators, Slug and TWIST1, were
also decreased in JQ1-treated cells [panels b and c,
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respectively, in Fig. 5(bi–biv)]. The quantitative data show
that the decreases ranged from 84% (THJ-29T) to 15%
(THJ-16T) for Slug and from 79% (THJ-21T) to 39%
(THJ-16T) for TWIST1 [Fig. 5(ci–civ), panels b and c,
respectively]. Taken together, these data indicate that JQ1
inhibited tumor cell invasion by suppression of EMT.

Inhibition of MYC expression by JQ1 via
collaboration with epigenetic regulators

We further ascertained the effects of JQ1 on the
protein levels of BRD4. We found that JQ1 did not de-
crease the protein levels of BRD4 (panel a of Supple-
mental Fig. C-I–IV) but slightly elevated its protein levels
(panel a in Supplemental Fig. C-V–VIII). Previously, we
showed that in addition to BRD4, HEXIM1 protein also
contributed to the inhibition of Myc expression to sup-
press thyroid tumor growth in a mouse model of ATC
(17). HEXIM1 is a transcription regulator that associates
with and inhibits the positive transcription elongation
factor b (p-TEFb), a key regulator of RNA polymerase II
(RNAPII) (25).We found that HEXIM1was significantly
elevated in JQ1-treated cells (panels b, Supplemental
Fig. C-I–IV). These changes can be seen more clearly in
the quantitative analysis shown in Supplemental Fig. C
(panel b inV–VIII). The increases ranged from1.4- to 2.1-
fold for HEXIM1. These data indicated that the effects of

JQ1 were not due to a decrease in
BRD4 and that the increase of
HEXIM1, an inhibitor of RNAPII tran-
scription, further coordinately contrib-
uted to the suppression of the MYC
transcription.

JQ1 inhibits ATC-induced tumor
growth in mouse xenograft models

That JQ1 inhibited proliferation
and suppressed invasion of cultured
ATC cells prompted us to assess the
effects of JQ1 in vivo using mouse
xenograft models. We first studied the
induction of tumor growth by THJ-
16T cells in athymic mice. JQ1 treat-
ment suppressed the tumor growth
[Figure 6(ai)] and decreased the growth
rate of xenograft tumors [Fig. 6(bi)].
JQ1 treatment also reduced the tumor
size [Fig. 6(ci)] and the tumor weight
[Fig. 6(di)]. Western blot analysis
showed that MYC protein levels were
lower in JQ1-treated athymic mice than
in vehicle-treatedmice [compare lanes 7
to 13 with lanes 1 to 6, Fig. 6(ei-i-a); see
also quantitative data, bar 2 vs bar 1 in

Fig. 6(ei-ii)]. Furthermore, p21 was significantly higher in
tumors from JQ1-treated than vehicle-treated mice
[compare lanes 7 to 13 with 1 to 6; Fig. 6(ei-i-b); also see
Fig. 6 (ei-ii), bar 4 vs bar 3]. Consistent with cell-based
studies, no significant changes in protein levels of CDK4
and cyclin D1 were detected in tumors from JQ1-treated
mice [Fig. 6(ei-i-c) and 6(ei-i-d); also see Fig. 6(ei-ii), bars 5
to 8]. Importantly, p-Rb (panel e) and E2F-3 (panel g,
Fig. 6(ei-i)] and the ratios ofp-Rb vs total Rb [bar 10vs bar
9, Fig. 6(ei-ii)] were also decreased, indicating the inhib-
iting effect of p21 on CDK to deter the cell cycle pro-
gression of tumor cells from the G1 phase to the S phase.

We further assessed the effect of JQ1 on tumor growth
induced by THJ-11T cells. JQ1 treatment inhibited the
tumor growth [Fig. 6(aii)] and growth rates of xenograft
tumors [Fig. 6(bii)]. JQ1 treatment also reduced the tu-
mor size [Fig. 6(cii)] and the tumor weight [Fig. 6(dii)].
Western blot analysis of key cell regulators showed that
p21 was significantly higher in tumors from JQ1-treated
mice than in vehicle-treated mice [compare lanes 6 to 10
with 1 to 5, Fig. 6(eii-i-a); also see Fig. 6(eii-ii), bar 2 vs
bar 1]. Consistent with cell-based studies, no significant
changes in protein levels of CDK4 and cyclin D1 were
detected in tumors from JQ1-treated mice [Fig. 6(eii-i-b)
and 6(eii-i-c); also see Fig. 6(eii-ii), bars 3 to 6]. It is
important to note that p-Rb and E2F-3 protein levels

Figure 4. JQ1 suppressed MYC and p21 transcription. Total RNA was extracted from four
THJ cell lines treated with vehicle or JQ1 (500 nM) for 24 hours. The expression of (a) MYC
and (b) p21 mRNA was analyzed by quantitative real-time reverse transcription polymerase
chain reaction (RT-PCR). Triplicate samples were analyzed. The glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene was used as a reference. The P values are indicated.
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Figure 5. JQ1 inhibited ATC invasion and regulated EMT expression. (ai–aiv) JQ1 inhibited tumor cell invasion. Four cell lines treated with vehicle
or JQ1 were examined using an in vitro invasion assay as described in the Materials and Methods section. Data were averaged from three
independent experiments. (bi–biv) JQ1 altered EMT key regulators. Four cell lines were treated with vehicle or JQ1 (500 nM) for 48 hours. The
blots were probed with antibodies against Snail (panel a), Slug (panel b), or TWIST1 (panel c). a-tubulin was used as the loading control. (ci–civ)
Band intensities of Snail, Slug, and TWIST1 proteins were quantified. P values are shown.
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were decreased [panels e and g in Fig. 6(eii-i)]; see also
that the ratio of p-Rb/total Rb was decreased in bar 8 vs
bar 7, Fig. 6(eii-ii). These results indicate the inhibiting
effect of p21 on CDK to deter cell cycle progression of
tumor cells and inhibit tumor cell proliferation.

Discussion

Effective treatment of humanATC has long been a challenge
for clinical oncologists.Many approaches, including tyrosine
kinase inhibitor–based targeting therapies, failed to improve
the outcome of patients with ATC (26, 27). One possible
difficulty is the complexity and heterogeneity in the genetic
abnormalities underlying ATC. The four human ATC cell

lines used in the present studies harbor complex genetic al-
terations (13). Remarkably, JQ1 treatment was effective in
suppressing proliferation and reducing invasion of tumor
cells in these four cell lines, albeit with minor quantitative
differences in the extent of responses. In the two repre-
sentative xenograft studies, we also found that JQ1 was
effective in inhibiting tumor growth in vivo. These results
suggest that targeting chromatin regulators such as BET
proteins with JQ1 in these ATC tumor cell lines is effective.
These findings raise the possibility that JQ1 and its next-
generation analogues could be beneficial for ATC patients.

The inhibitory action of JQ1 on the chromatin regu-
lators, such asBRD4, havebeen shown to selectively inhibit
transcription of the oncogenic driver MYC (6, 28, 29).

Figure 6. (ai–di) JQ1 suppressed the growth of tumors derived from THJ-16T ATC cells in a xenograft mouse model. An equal number of THJ-
16T cells (5 3 106) were injected into the flanks of mice before treatment. When tumors started to develop (average tumor size reached
100 mm3), JQ1 or vehicle was administered intraperitoneally on day 40 (50 mg/kg/d). JQ1 treatment decreased (ai) tumor growth, (bi) growth
rate, (ci) tumor size, and (di) tumor weight. (ei) JQ1 treatment altered the protein abundance of key cell regulators. (ei-i) Western blot analysis
was carried out as described in the Materials and Methods section. The proteins analyzed were marked. (ei-ii) The band intensities were
determined, and the quantitative data indicated that JQ1 treatment decreased MYC and elevated p21 protein levels to decrease p-Rb/total Rb
ratios and E2F-3 without significantly affecting CDK4 and cyclin D1. Six tumors derived from vehicle-treated mice and seven tumors derived from
JQ1-treated mice were used in the Western blot analysis for the vehicle- and JQ1-treated mice. P values are indicated. (aii-dii) JQ1 suppressed the
growth of tumors derived from ATC THJ-11T cells in a xenograft mouse model. An equal number of THJ-11T cells (5 3 106) were injected into
the flanks of mice before treatment. When tumors started to develop (average tumor size reached 100 mm3), JQ1 or vehicle was administered
intraperitoneally on day 20 (50 mg/kg per mouse twice per day). JQ1 treatment decreased (aii) tumor growth, (bii) growth rate, (cii) tumor size,
and (dii) tumor weight. (eii) JQ1 treatment altered the protein abundance of key cell regulators. (eii-i) Western blot analysis was carried out as
described in the Materials and Methods section. The proteins analyzed were marked. (eii-ii) The band intensities from the Western blots shown in
eii-i were determined. The quantitative data indicated that JQ1 elevated p21 to decrease p-Rb/total Rb ratios and E2F-3 without significantly
affecting CDK4 and cyclin D1. Five tumors each from vehicle- and JQ1-treated mice were used in the Western blot analysis. P values are shown.
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Indeed, we previously showed that JQ1 treatment of an-
aplastic thyroid tumors of ThrbPV/PVKrasG12D mice
resulted in the suppression of Myc expression to decrease
tumor growth (17). Consistent with these findings, the
present studies showed that JQ1 suppressed the expression
of the MYC gene in the four cell lines, accompanied by
concurrent elevated expression of a MYC downstream
target gene, p21 [Fig. 3(bi–biv) and 3(ci–civ)]. Although
JQ1 selectively suppressed the MYC transcription pro-
gram, resulting in the inhibiton of tumor growth, MYC-
independent effects were also found in the present studies.
We showed that JQ1 also acted to increase the expression
of HEXIM1 (Supplemental Fig. C). It was reported that
HEXIM1 inhibited p-TEFb by binding to cyclin T1 and
sequestering p-TEFb into an inhibitory complex. Multiple
p-TEFb units bind to aHEXIM1multimer. By sequestering
and inhibiting p-TEFb and in turnRNAPII,HEXIM1could
be mechanistically involved in mediating JQ1-induced
growth inhibition and differentiation of tumor cells (30).
The MYC-independent elevated HEXIM1 further collab-
oratively suppressed the transcription of MYC. The dual
actions of JQ1 shown in the present studieswere also found
in OTX015, an analogous inhibitor of BET proteins in
acute leukemia cells (19). It is important to note that despite
the different genetic mutations driving tumor cell pro-
liferation in these four cell lines (13), JQ1 was effective in
suppressing MYC expression and increasing p21 expres-
sion to deter cell cycle progression from the G1/G0 to the S
phase [Fig. 3(fi–fiii)]. These results suggest that the MYC-
p21 link is critical in the inhibition of tumor growth of
ATC (see Supplemental Fig. D). This inhibition could
effectively counteract the aberrant growth driven by
overactivation of other signaling pathways by oncogenic
mutations of BRAF, KRAS, TP53, and/or PI3KCA in
these cell lines.

Recently the effects of JQ1 and a related BET inhibitor
(I-BET762) on thyroid cancer cell lines have been reported
(10, 11). Gao et al. (10) reported that treatment of two
papillary thyroid cancer lines, BCPAP and K1, with JQ1
resulted in the inhibition of cell proliferation and en-
hancement in I-131 uptake in vitro and the suppression of
tumor growth in vivo. Mio et al. (11) demonstrated that
JQ1 and I-BET762 were effective in the inhibition of
proliferation of two human ATC cell lines, FRO and
SW1736.Consistentwith these findings, the present studies
showed that JQ1 inhibited cell proliferation in vitro and
tumor growth in vivo of four human ATC cells. Although
wedidnotknowwhether JQ1 inhibited the invasion capacity
of FRO, SW1736, BCPAP, andK1 cells studied byGao et al.
(10) andMio et al. (11), the present studies showed that JQ1
suppressed tumor cell invasion [Fig. 5(ai–aiv)] by inhibiting
key regulators to attenuate EMT [Fig. 5(bi–biv) and
5(ci–civ)]. One hallmark of human ATC is aggressive

metastasis. The finding that JQ1 was effective in suppressing
invasion of tumor cells further highlighted its beneficial ef-
fects as a potential therapy for ATC.

The transcriptomic hallmarks of ATC were recently
reported from analysis of 33ATC tumors (1).Many genetic
changes were identified in these tumors, including muta-
tions of BRAF, RAS, PI3CA, PTEN, telomerase reverse
transcription (TERT) promoters, TP53, genes in the
components of the SWI/SNF chromatin-remodeling com-
plex, and genes encoding epigenetic modifiers (1). These
complex anddiverse genetic changeswouldmake the choice
of an effective treatment modality for ATC patients chal-
lenging becausemulti-aberrantly activated pathwayswould
need to be considered. Adding to the complexity are the
progressive dynamic changes of genetic alterations during
carcinogenesis. Recent studies have documented that the
approach of targeting pathway-by-pathway in thyroid
cancer treatment may be less effective because of the ulti-
mate development of drug resistance (26, 27, 31, 32).

The present studies suggest that epigenetic modifica-
tion of chromatin by inhibitors of BET proteins to sup-
press the gene transcription of oncogenic drivers could be
an effective treatment in ATC. In humans, there are 46
bromodomain-containing proteins. Despite highly con-
served structural features, they recognize diverse natural
ligands. The discovery in 2010 of JQ1 and I-BET762 as
potent inhibitors of BET proteins sparked an intense
search for additional antagonists for bromodomain
proteins for therapeutic applications. The efficacy of JQ1
in attenuating tumor growth has been shown in a number
of myeloid-derived tumors such as acute myeloid leu-
kemia and multiple myeloma (19–21) and thyroid ana-
plastic tumors in mouse models (17). The present studies
showed that JQ1 was effective in reducing tumor cell
growth in cell-based studies and xenograft mouse
models. Moreover, BET inhibitors structurally similar
to JQ1 are being tested in clinical trials for a variety of
cancers including NUTmidline carcinoma (https://www.
cinicaltrials.gov/ct2/results?term=bet+inhibitors&search).
It is tempting to speculate that otheroncogenicdrivers, suchas
TERT, in addition to MYC may be inhibited at the tran-
scriptional levels via epigenetic modifications of bromodo-
main proteins or other components of chromatin-remodeling
complexes. Determining whether such antagonists can
be developed for potential treatment of ATC awaits
future studies.
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