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Introduction
Medullary thyroid cancer (MTC) is an aggressive neuroendocrine form of  thyroid cancer that represents 
1%–2% of  all thyroid cancer cases in the United States, but disproportionally accounts for 14% of  all 
thyroid cancer-related deaths (1, 2). Patients presenting with MTC localized to the thyroid have a 10-year 
survival rate of  95% (3). However, approximately 70% of  patients present with lymph node metastases 
and approximately 10% with distant metastases at the time of  diagnosis (4). Metastatic MTC carries a 
10-year survival rate of  21% (5). MTC arises from calcitonin-secreting parafollicular C-cells of  the thyroid. 
These cells do not process iodine, making traditional radioactive iodine treatment ineffective for progres-
sive disease cases. Currently, there are 2 FDA-approved therapies for metastatic MTC, vandetanib and 
cabozantinib, both of  which are multikinase inhibitors (MKIs) that include the rearranged during trans-
fection (RET) tyrosine kinase, the most common driver mutation in MTC, as a target (6, 7). Although 
progression-free survival is lengthened by these 2 compounds, the effect is transient, associated with side 
effects, complete responses have not been attained, and long-term survival improvements have not been 
reported (6, 8, 9). Thus, new treatments are needed for both initial therapy and for patients with treatment 
resistance or who do not tolerate these 2 agents.

MTC can present as a hereditary disease in 25% of cases as a phenotype of  multiple endocrine neoplasia 
type II (MEN2) syndromes A and B, or as a sporadic disease in 75% of cases (10). Constitutively activating 
mutations in RET cause almost all hereditary occurrences and approximately 50% of sporadic cases (11); 
thus, this protein has been the primary focus of  drug development. Activated RET signals through a number 
of  downstream pathways including PI3K/AKT and MEK/ERK. In addition to activating mutations in RET, 
somatic mutations in RAS genes (most frequently H-RAS) also have been described in MTC, albeit at a lower 
frequency than RET mutations in most populations (12–14). Somatic RET mutations in nonfamilial MTC 
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The objective of this study was to determine if CDKs represent therapeutic targets for MTC and 
to define mechanisms of activity. Using human MTC cells that are either sensitive or resistant to 
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cases are nearly all at codon 918. In contrast, a variety of  germline RET mutations can cause MEN2, with 
the 918 mutation being limited to the most aggressive form of the disease, MEN2B (11). Interestingly, murine 
models consistently have shown that heterozygous generalized loss of  retinoblastoma (RB) and other mem-
bers of  the RB pathway including cyclin-dependent kinase (CDK) inhibitors p18 and p27, unexpectedly cause 
MTC and have been shown to cooperate with Ret mutants in vivo (15–19). Also, it has been reported that 
murine models with CDK5 overactivation developed MTC in an RB-mediated mechanism (20). These data 
suggest a potentially unique sensitivity of  neuroendocrine thyroid cells to alterations in CDK/RB pathway 
signaling. In human MTCs, we, and others, have identified loss of  heterozygosity (LOH) at the p18 and E2F2 
loci, and we recently demonstrated that loss of  RB is associated with reduced MTC disease–specific survival 
(16, 21–23). However, there have not been reports of  germline RB mutations in patients diagnosed with MTC, 
although the thyroid glands have not been systematically evaluated to our knowledge.

In addition to regulating the cell cycle, CDKs, such as CDK7 and CDK9, play an essential role in tran-
scription regulation and have been targeted in cancer. Gene transcription is exquisitely regulated through 
a variety of  mechanisms, particularly at the initiation and elongation steps of  RNA polymerase II (RNAP 
II) (24–26). During transcription initiation, the preinitiation complex is assembled, followed by the phos-
phorylation of  the carboxy-terminal domain (CTD) of  RNAP II at Ser5 by CDK7 (27). RNAP II then 
proceeds to an intrinsic pause site, where it is stalled by the negative elongation factor (NELF) and DRB 
sensitivity–inducing factor (DSIF) (26, 28). Transcription elongation requires release from this promoter-
proximal pause site. This occurs by phosphorylation of  DSIF, NELF, and the CTD of  RNAP II at Ser2 by 
CDK9, the catalytic subunit of  the positive transcription elongation factor b (P-TEFb). P-TEFb is recruited 
to the RNAP II complex to allow for this activity by bromodomain-containing proteins (e.g., BRD4), CDK8, 
NF-κB, and DNA-binding transcription factors. BRD4 has been specifically targeted with therapeutic intent 
and is a member of  the bromodomain and extraterminal domain (BET) family of  chromatin readers that 
includes BRD4, BRD2, BRD3, and BRDT (29). These proteins contain 2 bromodomains that bind acetylat-
ed lysine residues in histone and nonhistone proteins, facilitating the anchoring of  nuclear macromolecular 
complexes such as HATs, histone deacetylases, and Mediator complexes (30, 31).

Preclinical models using CDK7 inhibitors show antiproliferative and proapoptotic effects against dif-
ficult-to-treat solid tumors including triple-negative breast, small-cell lung, and ovarian cancers (32–34). 
In addition, a number of  CDK inhibitors that include CDK9 targeting in their profile have been shown to 
decrease phosphorylation of  RNAP II and induce apoptosis by inhibiting transcription of  antiapoptotic 
proteins such as XIAP and Bcl-2 family proteins (35–42). BRD4 inhibitors that displace the BET bromo-
domain from chromatin also have progressed in preclinical models. In thyroid cancer, mouse anaplastic 
thyroid cancer models are sensitive to BRD4 inhibition and show reduced tumor burden and suppression 
of  MYC expression (43–45).

Superenhancers have been identified as regulators of  key genes involved in cellular fate and oncogen-
esis. Superenhancers are clusters of  enhancers and DNA regulatory elements that are densely occupied 
by transcription factors, cofactors, and chromatin regulators. They facilitate high expression of  genes that 
define cell identity in healthy and tumor cells; the genes that they regulate are especially sensitive to pertur-
bations in enhancer function (46, 47). Identification of  superenhancers is aided by enrichment of  H3K27Ac 
chromatin mark on these areas along with high occupancy of  BRD4 and Mediator complexes (48, 49). 
CDK7 is also an important positive regulator of  superenhancer-mediated transcription, and expression of  
superenhancer-associated genes has been shown to be particularly vulnerable to transcriptional inhibitors 
that target CDK7 and BRD4 (26, 46, 50, 51).

In the present study, we determined that human MTC cells are relatively resistant to CDK4/6 inhibition 
but were specifically sensitive to CDK7 and/or CDK9 inhibition in coordination with loss of  RET mRNA. 
Subsequently, we identify, for the first time to our knowledge, the presence of  a superenhancer in intron 1 of  
RET and provide evidence for transcriptional RET targeting both as monotherapy and in combination with 
RET kinase inhibitors. Taken together, these data suggest that transcriptional targeting of  RET may represent 
a novel therapeutic approach.

Results
CDK4/6 inhibitor reduces MTC cell proliferation but does not affect cell viability in vitro. Due to the sensitivity of  
MTC to RB loss and the clinical data associating loss of  RB function with aggressive MTC (21), palboci-
clib, a relatively specific CDK4/6 inhibitor, was used initially to target the CDK/RB pathway in MTC cells 
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in vitro. Cell viability assays showed a statistically significant reduction in TT cell viability at 96 hours of  
exposure using 10 μM palbociclib, and at 120 hours of  exposure using 5 μM and 10 μM concentrations 
(Supplemental Figure 1A; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.122225DS1). However, IC50 values were not reached in the assays. Concordantly, cell viability 
was not reduced at any of  the time points tested in MZ-CRC-1 cells. Cell counting assays demonstrated cell 
growth inhibition at long exposure times (Supplemental Figure 1B). TT cell growth was reduced with 1 μM 
and 10 μM palbociclib exposure for 72–120 hours, while MZ-CRC-1 cell number was significantly reduced 
at 10 μM for 72–120 hours of  exposure. GI50 for the TT cell line at 72 hours of  exposure was 1.8 μM (95% 
CI: 0.7–5.2 μM) and 0.3 μM (95% CI: 0.2–0.6 μM) at 96 hours. In the MZ-CRC-1 cell line, the effect was 
more modest, with GI50 not reached at 72 hours in these assays, and having a value of  12.3 μM (95% CI: 
2.8–166.3 μM) at 96 hours and 4.9 μM (95% CI: 1.7–14.0 μM) at 120 hours of  exposure to palbociclib. 
Taken together, the data suggest that both cell lines were relatively resistant to palbociclib.

CDK1/2/5/9 inhibitor dinaciclib is active against naive and vandetanib-resistant MTC cells in vitro. To expand 
our analysis of  CDK targeting in these cells, including some implicated in MTC development (20), we next 
tested the effects of  the FDA-approved multi-CDK inhibitor dinaciclib, which inhibits primarily CDK1, 
-2, -5, and -9 activities. In contrast to palbociclib, dinaciclib resulted in reduced cell viability in a dose- 
and time-dependent manner at low concentrations in both MTC cell lines (Figure 1A). IC50 values were 
achieved starting at 72 hours of  exposure in this assay for both cell lines; at 72 hours, IC50 was 4.6 nM (95% 
CI: 3.2–6.4 nM) for the TT cell line and 13.9 nM (95% CI: 10.9–19.2 nM) for the MZ-CRC-1 line. Cell 
proliferation was also reduced by dinaciclib in a time- and dose-dependent manner at low concentrations 
(Figure 1B). GI50 concentrations were achieved starting at 24 hours for TT and 48 hours for MZ-CRC-1; 
after 72 hours of  exposure to dinaciclib, GI50 was 7.8 nM (95% CI: 3.6–5.3 nM) for TT cells and 3.8 nM 
(95% CI: 3.0–5.0 nM) for MZ-CRC-1 cells.

Given FDA-approval of  vandetanib as a first-line therapy for patients with progressive metastatic MTC 
cases, we tested dinaciclib on MTC cells that have been cultured in vandetanib-containing medium and 
selected for vandetanib resistance, along with age-matched controls. The resistant cells were also sensitive 
to dinaciclib (Figure 2, A and B). For the TT cells, IC50 concentrations were reached starting at 48 hours 
for vandetanib-resistant and age-matched controls. At 72 hours, the IC50 was 4.4 nM (95% CI: 0.4–16.3 nM) 
for vandetanib-resistant cells and 1.8 nM (95% CI: 0.54–5.7 nM) for age-matched controls. For MZ-CRC-1 
cells, IC50 values were achieved starting at 48 hours for the vandetanib-resistant cells and starting at 72 hours 
for age-matched controls. At 72 hours, the IC50 was 10.1 nM (95% CI: 9.3–11.0 nM) for vandetanib-resis-
tant cells and 17.1 nM (95% CI: 15.3–19.6 nM) for the age-matched controls. In addition, trend analysis 
demonstrated no statistical difference in cell viability between age-matched controls and vandetanib-resis-
tant TT cells, and although some MZ-CRC-1 trends were statistically significant, the IC50 values were 
similar between age-matched controls and vandetanib-resistant cells, consistent with high activity in 
both cell lines (Supplemental Figures 2 and 3).

Dinaciclib treatment induces apoptosis in MTC cells in vitro. To determine a cause of  cell death induced by 
dinaciclib, Western blots were performed to detect PARP cleavage. These experiments identified PARP-1 
cleavage in both cell lines (Figure 3). At 72 hours of  exposure, PARP-1 cleavage in the TT cell line was 
more pronounced at 10 nM dinaciclib (Figure 3A), matching the cell viability data (Figure 1A). However, 
at later time points, PARP-1 cleavage became more stable across treatments, coinciding with a similar pat-
tern of  diminished cell viability at all concentrations tested, suggesting a maximal effect (Figure 3B and 
Figure 1A). In the case of  MZ-CRC-1 cells, PARP-1 cleavage was present starting at 10 nM, and total 
PARP-1 protein expression was highest at 20 nM after 72 hours of  dinaciclib treatment, a concentration 
that reduces MZ-CRC-1 viability by 80% (Figure 3A and Figure 1A).

Dinaciclib treatment downregulates transcription at low concentrations in MTC cells. Due to the multiple targets 
of  dinaciclib, we sought to identify key pathways inhibited by the compound to explore the mechanism of  
action in an unbiased manner. mRNA sequencing (RNA-seq) of  TT and MZ-CRC-1 cells treated with 10 nM 
and 20 nM dinaciclib, respectively, or vehicle control for 12 hours and 24 hours was performed and identified 
a global reduction in mRNA levels (Figure 4 and Supplemental Figure 4). Gene score enrichment analysis 
(GSEA) of  the differentially expressed genes revealed that in TT cells, the transcripts involved in RNAP II–
regulated transcription were particularly decreased with dinaciclib treatment. In contrast, genes modulated by 
other RNA polymerase complexes including mitochondrial genes were upregulated and/or unchanged. Many 
of  the downregulated transcripts after dinaciclib treatment are involved in key cellular processes including cell 
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cycle transition (CDK6, CCNA1, CCNB1, CCNE1, and CCNG2), chromosome segregation during cell division 
(CENPA, CENPF, AURKA, and CDC25A), and DNA replication (ORC). In addition, there was enrichment of  
transcripts related to RNAP I, RNAP III, and mitochondrial polymerase transcription in the treatment group 
(Figure 4A and Supplemental Table 1). In these gene sets, multiple HIST, RPL, and RPS transcripts were 
upregulated. Gene enrichment analysis for differentially expressed transcripts in the MZ-CRC-1 cell line elu-
cidated downregulation in the treatment group of  transcripts involved in cell cycle transition including DNA 
replication and DNA repair steps such as ORC, PSM, MCM, POLA2, POLD3, RB1, CDC25A, CDC6, p21, p27, 
CDK1, CDK4, WEE1, CCNH, CCNA, CCNE, CCND, CENPA, CENPN, CENPQ, and CENPL, among others. 
Similar to the TT cell line, there was upregulation of  HIST and RPL transcripts that are involved in RNAP 
I, RNAP III, and mitochondrial polymerase–related transcripts in treated MZ-CRC-1 cells (Figure 4B and 
Supplemental Table 2). A list of  the top downregulated and upregulated pathways after dinaciclib treatment 
are included in Supplemental Tables 3–6. Leading edge analysis of  GSEA gene sets was performed, and 
we identified the pathways that shared multiple genes. These genes were used as input for Gene Ontology 
biological process classification through the STRING database. As can be seen in Supplemental Tables 7–10, 
the genes downregulated in treated cells were most typically involved in transcription regulation, nucleic acid 
metabolic processes, and cell cycle, among other classifications. The genes upregulated in the treated groups 
were mainly involved in chromatin modification.

Dinaciclib treatment downregulates CDK9 and RET in MTC cells in vitro. When testing protein levels of  
dinaciclib targets at doses close to the IC50, it was found that levels of  CDK1, -2, and -5 were stable; in con-
trast, CDK9 protein levels were markedly reduced at low doses (Figure 5A). In support of  reduced CDK9 
activity, and consistent with the RNA-seq data, we detected lower RNAP II Ser2 phosphorylation, a spe-
cific CDK9 phosphorylation site, along with downstream proteins cyclin D1 and Mcl-1, which have short 

Figure 1. TT and MZ-CRC-1 cell viability and proliferation after dinaciclib treatment. Cell viability assays were performed with TT and MZ-CRC-1 cells 
treated with dinaciclib for 72–120 hours (A). Data were normalized to 0 nM (vehicle control) wells and represented as percentages. (B) Cell counting assays 
of TT and MZ-CRC-1 cells treated with dinaciclib were seeded and counted for 3 days after treatment, including vehicle control wells at day 0. Each biologi-
cal replicate was performed in triplicate (cell viability assays) or duplicate (cell counting assays), and the error bars represent the standard deviation. Two-
way ANOVA tests followed by Holm’s procedure were done on both types of assays. In the case of cell counting assays, log2-transformed data were used 
for statistical analysis. **P < 0.0001, *P < 0.001, #P < 0.01.

https://doi.org/10.1172/jci.insight.122225
https://insight.jci.org/articles/view/122225#sd
https://insight.jci.org/articles/view/122225#sd
https://insight.jci.org/articles/view/122225#sd
https://insight.jci.org/articles/view/122225#sd


5insight.jci.org      https://doi.org/10.1172/jci.insight.122225

R E S E A R C H  A R T I C L E

half-lives and are affected by disruption in RNAP II function (Figure 5B). Additionally, CDK9 mRNA 
levels were reduced in both cell lines at low concentrations and early time points of  exposure (Figure 5C), 
as was also seen in the RNA-seq data. Relative expression versus vehicle control was 0.286 for TT cells at 
12 hours (P = 0.0069) and 0.132 at 24 hours (P = 0.0087). For MZ-CRC-1 cells, the relative expression nor-
malized to control was 0.218 at 12 hours (P = 0.0262) and 0.201 at 24 hours (P = 0.0003).

RNA-seq also demonstrated a reduction in RET mRNA levels with dinaciclib treatment in both cell 
lines. This result was confirmed in the MZ-CRC-1 cell line, and a consistent trend was noted in the TT cell 
line at 24 hours (Figure 6B). RET protein expression also was decreased in both cell lines to a lesser degree, 
with some increase in the upper band of  the RET doublet suggesting posttranslational changes (Figure 6A).

To determine if  the changes in RET and CDK9 protein levels related to changes in protein synthesis or 
stability, we treated both MTC cell lines with dinaciclib in the absence or presence of  cycloheximide or bort-
ezomib (Supplemental Figure 5). CDK9 protein levels were not changed with the addition of  cycloheximide 
even though the compound was active as evidenced by the reduction in cyclin D1, a protein with a short half-
life. Similarly, exposure to bortezomib did not alter CDK9 levels despite the noted increase in Mcl-1 protein 
levels, a positive control for this assay. Thus, the reduction of  CDK9 levels by dinaciclib are due primarily to 
transcription or mRNA stability effects. In contrast, cycloheximide treatment alone decreased RET protein 
levels, indicating a decrease in protein stability with this treatment, but the decrease was more pronounced 
than using dinaciclib alone at the time points tested. RET protein level did not increase with bortezomib 
treatment. Thus, RET is regulated both at the mRNA level and by posttranslational mechanisms.

Interestingly, we also noted elevated levels of  RET and ERK phosphorylation, consistent with overac-
tivation in conjunction with the increase in the upper band of  the RET doublet (Figure 6B). We interpret 

Figure 2. TT and MZ-CRC-1 vandetanib-resistant and age-match control cell viability after dinaciclib treatment. Cell viability assays were performed 
with TT vandetanib-resistant and age-matched controls (A), and MZ-CRC-1 vandetanib-resistant and age-matched controls (B) treated with dinaci-
clib for 72–120 hours. The data were normalized to 0 nM (vehicle control) wells and represented as percentages. Each biological replicate was done in 
triplicate and the error bars represent the standard deviation. Two-way ANOVA tests followed by Holm’s procedure were done for statistical analysis. 
**P < 0.0001, *P < 0.001, #P < 0.01, +P < 0.05.
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these data as consistent with hyperactivation of  residual RET protein in response to dinaciclib treatment to 
enable cell survival, or selection of  the subpopulation of  MTC cells has the highest level of  RET activity.

RET inhibition reduces RET activation after dinaciclib treatment and synergizes with dinaciclib. Because 
dinaciclib reduced MTC cell viability and proliferation, but increased RET activation, we hypothesized 
that combining dinaciclib with RET kinase inhibition would be synergistic. To test this hypothesis, we 
treated TT cells with dinaciclib for 6 hours followed by vandetanib for 72 hours. Western blot showed that 
the RET and ERK activation that occur with dinaciclib treatment were inhibited by vandetanib (Supple-
mental Figure 8A). Cell viability assays showed synergy in both cell lines at 10–200 nM dinaciclib with 
100 nM vandetanib for the TT cells, and at 500 nM and 1,000 nM dinaciclib with 6,000 nM vandetanib 
(Supplemental Figure 8B). Taken together, these data support the premise that RET overactivation is in 
part responsible for survival of  MTC cells in response to dinaciclib.

CDK7 inhibitor THZ1 is active against MTC cells in vitro. Given the principle effects on RNAP II–associated 
transcription in the RNA-seq analysis and the reduction in RNAP II activation on Western blot, we sought 
to target RNAP II function with greater specificity using a different target. CDK7 is a key regulator in the 
transcription process, by phosphorylating RNAP II to facilitate its release from promoter-proximal pausing. 
Treatment of  both MTC cell lines with THZ1, a specific covalent CDK7 inhibitor, reduced cell viability at 
low concentrations (Figure 7A). IC50 values were achieved in this assay starting at 24 hours with TT cells and 
48 hours for MZ-CRC-1 cells. At 72 hours of  exposure, the IC50 for TT cells was 26 nM (95% CI: 17.8–38.8 
nM) and 87 nM (95% CI: 69.9–116.8 nM) for MZ-CRC-1 cells. Cell proliferation was also markedly reduced 
with low concentrations and short exposure times (Figure 7B). GI50 concentrations were also found starting 
at 24 hours for TT cells and 48 hours for MZ-CRC-1 cells. At 72 hours, GI50 was 11.7 nM (95% CI: 10.4–13.2 
nM) for TT cells and 34.7 nM (95% CI: 29.4–41.4 nM) for MZ-CRC-1. Apoptosis was induced with CDK7 
inhibition, as evidenced by PARP-1 cleavage in both cell lines at 72 hours (Figure 7C).

We also targeted BRD4, a component in RNAP II transcription regulation, with JQ1. This resulted in 
decreased cell viability for TT cells but had a very mild effect on MZ-CRC-1 cells (Supplemental Figure 6), 
consistent with the low levels of  BRD4 in the cells when compared with other BRD units, as evaluated in 
RNA-seq. IC50 was reached at 72 hours for TT cells in this assay, but for MZ-CRC-1 cells it was not reached 
until 120 hours. At 120 hours of  exposure, the IC50 for TT cells was 68.7 nM (95% CI: 51.2–91.7 nM), 
while it was 466.8 nM (95% CI: 278.8–998.9 nM) for MZ-CRC-1.

THZ1 downregulates CDK9 and RET mRNA and protein levels in MTC cells in vitro. We next sought to test 
whether THZ1 reduced RET and CDK9 mRNA and protein levels in MTC cells. THZ1 treatment had an 
effect similar to that of  dinaciclib on CDK9 protein levels, while CDK7 protein expression remained stable 

Figure 3. Apoptosis after dinaciclib treatment of TT and MZ-CRC-1 cells. Western blots were performed with protein 
extracts from TT and MZ-CRC-1 cells treated with vehicle control or dinaciclib for 72 hours (A) and 96 hours (B). PARP-1 
cleavage was used as marker of apoptosis and observed in the treated cells versus vehicle control.
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but its function was inhibited (Figure 8A). CDK9 mRNA was significantly reduced at early time points of  
exposure for both cell lines (Figure 8B). In addition, RET protein and mRNA downregulation was also 
observed under THZ1 treatment in both cell lines (Figure 9, A and B). RET protein levels decreased with 
this treatment in both cell lines, and the RET downstream pathway was activated, as noted by the increased 
ERK phosphorylation with increased THZ1 dose in the surviving cells, similar to the dinaciclib studies 
(Figure 9A). Both MTC cell lines were treated with THZ1 in the presence or absence of  cycloheximide 
to determine if  THZ1 affects CDK9 and/or RET protein stability (Supplemental Figure 7). CDK9 and 
RET protein levels decreased with THZ1 treatment alone and with cycloheximide treatment alone, and the 
combined treatment did not further decrease CDK9 or RET protein level. Cyclin D1 levels were reduced 
by cycloheximide and THZ1.

RET is associated with a superenhancer in TT cells. We performed ChIP-sequencing (ChIP-seq) to iden-
tify predicted superenhancers using H3K27Ac and BRD4 antibodies on the TT cell line. Overall, pre-
dicted superenhancers were identified in different locations of  the genome (Figure 10A), with most 
enhancers located in either intronic or intergenic regions. Out of  20,158 merged peak regions identified 
with H3K27Ac immunoprecipitation, 1,008 were classified as superenhancers (top 5%) (Figure 10B). 

Figure 4. RNA sequencing and gene set enrichment analysis (GSEA) of dinaciclib-treated and non-treated TT and 
MZ-CRC-1 cells. RNA sequencing was performed on TT (A) and MZ-CRC-1 (B) cells after treatment with dinaciclib or 
vehicle control for 12 hours and 24 hours. Heatmaps of differentially expressed genes were created, and the genes were 
compared to curated gene sets; highly differential gene sits are demonstrated. Details of the RNA-seq results can be 
found in Supplemental Figure 4, and details of enrichment results can be found in Supplemental Tables 1 and 2.
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The BRD4 ChIP-seq identified 1,806 merged peak regions, 90 of  which were classified as superen-
hancers. Of  these 90 superenhancers predicted in the BRD4 ChIP data, 62 also had strong H3K27Ac 
enrichments. A total of  2,441 genes were found to be associated with the superenhancers identified in 
this study. These genes are associated with different biological processes, mainly cellular and meta-
bolic processes using the PANTHER database (Figure 10C). Further investigation showed that these 
included cell communication and primary metabolic processes that involve DNA and RNA metabolism 
(Supplemental Figure 9).

Importantly, this analysis identified a putative superenhancer within the RET gene body based on our 
H3K27Ac ChIP-seq data, with an overall ranking of  43 out of  the 1,008 superenhancers called (Figure 10, 
B and D). We also observed overlapping BRD4 peaks on the RET gene (Figure 10D), that collectively sug-
gest that RET expression is controlled in MTC TT cancer cell lines by superenhancer activity.

Figure 5. Downregulation of CDK9 protein and mRNA in TT and MZ-CRC-1 cells with dinaciclib treatment. Western blots were performed with protein 
extracts from TT and MZ-CRC-1 cells treated with dinaciclib or vehicle control for 72 hours. Total CDK9 protein levels were reduced with dinaciclib treat-
ment (A) as well as phosphorylation of RNA polymerase II at Ser2 and downstream proteins cyclin D1 and Mcl-1 (B). Treatment with dinaciclib showed a 
reduction in CDK9 mRNA (C). RT-qPCR data were normalized to the 0 nM (vehicle control) samples and represented as relative expression. Each biological 
replicate was performed in duplicate, and the error bars represent the standard deviation. One-way ANOVA tests were performed for the ΔCt values. *P < 
0.001, #P < 0.01, +P < 0.05. ^β-Actin for CDK9 and cyclin D1 in TT cells is the same because they were blotted on the same membrane.
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CDK9 expression in human MTCs. To determine if  CDK9 was expressed in human MTCs, DNA from 
30 MTC tumors was analyzed on array–comparative genomic hybridization (array-CGH) and it was 
found that 11 out of  30 cases had CDK9 amplification. Ten cases had 3 copies of  CDK9 while 1 case had 
4 copies. The rest of  the samples had 2 copies of  CDK9. Amplification of  CDK9 showed a trend towards 
correlation with lymph node metastasis occurrence in non-RET mutant cases (P = 0.0762) (Supplemen-
tal Table 11). To validate these data and evaluate CDK9 protein expression, we stained 2 additional 
cohorts of  MTC samples: 1 from OSU and 1 from the University of  Michigan. From the OSU cohort, 
10 out of  14 samples (from 14 patients) for which MTC and normal thyroid areas were available had 
stronger CDK9 staining in the tumor areas than in the normal thyroid (Supplemental Figure 10A). In 
addition, we stained 36 more samples (from 3 patients) from this OSU cohort and found that CDK9 
was present in all of  the cases; however, there were no normal C-cells to compare to due to the rarity 
in normal thyroid tissues (Supplemental Figure 10B). The validation cohort from the University of  
Michigan consisted of  65 MTC tumor microarray samples, which were stained for CDK9 and found to 
be positive (Supplemental Figure 10C).

Figure 6. Downregulation of RET protein and mRNA in TT and MZ-CRC-1 cells with dinaciclib treatment. Western 
blots were performed with protein extracts form TT and MZ-CRC-1 cells treated with dinaciclib or vehicle control 
for 72 hours. Total RET protein levels were reduced with treatment while phosphorylation of RET and ERK indicate 
RET pathway activation (A). Treatment with dinaciclib showed a reduction in RET mRNA (B). RT-qPCR data were 
normalized to the 0 nM (vehicle control) samples and represented as relative expression. Each biological replicate 
was done in duplicate, and the error bars represent the standard deviation. One-way ANOVA tests were performed 
for the ΔCt values. *P < 0.001, #P < 0.01, +P < 0.05. ns, not significant. ^β-Actin for RET, ERK 1/2, and p-Thr202/
Tyr204 ERK 1/2 in MZ-CRC-1 cells is the same because they were blotted on the same membrane.
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Discussion
The CDK/RB pathway is a logical potential target for therapy in MTC given the existent data in murine 
models that show MTC development after loss of  Rb and negative regulators of  this pathway such as p18 
and p27, and increased MTC aggressiveness with loss of  p18 and p27 in Ret-mutant mice (15–19). Human 
data further support the importance of  this pathway in MTC, since LOH occurs in loci of  several RB path-
way genes, such as p18 and E2F2, and low RB expression in human MTC is associated with decreased 
patient survival (15, 21). However, targeting this pathway in vitro with a CDK4/6 specific inhibitor (palbo-
ciclib) had only modest effects on cell proliferation and was not cytotoxic, even at high doses, and the loss 
of  RB suggests that this may not be a logical approach (Supplemental Figure 1). Similar results have been 
published by others using similar cell lines suppressing p25 overexpression in a CDK5-driven model (20). 

Figure 7. TT and MZ-CRC-1 cell metabolic activity and proliferation after THZ1 treatment. Cell viability assays (A) and cell counting assays (B) were 
performed with TT and MZ-CRC-1 cells treated with THZ1 or vehicle control. Data were normalized to the 0 nM (vehicle control) wells and represented as 
percentages. Each biological replicate was performed in triplicate (cell viability assays) or duplicate (cell counting assays), and the error bars represent the 
standard deviation. Two-way ANOVA tests followed by Holm’s procedure were done on both types of assays. In the case of cell counting assays, log2-trans-
formed data were used for statistical analysis. (C) Western blots were performed with protein extracts from TT and MZ-CRC-1 cells treated with vehicle 
control or THZ1 for 72 hours. PARP-1 cleavage was used as a marker of apoptosis and was observed in the treated cells versus vehicle control. **P < 0.0001, 
*P < 0.001, #P < 0.01. ns, not significant. ^β-Actin for PARP-1 in this figure and for ERK 1/2 and p-Thr202/Tyr204 ERK 1/2 in Figure 9 in MZ-CRC-1 cells is 
the same because they were blotted on the same membrane.
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However, treatment of  both MTC cell lines with the CDK1/2/5/9 inhibitor dinaciclib resulted in significant 
reductions in cell viability and cell number (Figure 1), and enhanced apoptosis (Figure 3). Interestingly, 
dinaciclib was similarly potent against MTC cells that were selected for resistance to vandetanib (Figure 2). 
Thus, we opted to study the mechanism of  action.

In an unbiased approach using RNA-seq at doses close to the IC50 of  dinaciclib (Figure 4 and Supple-
mental Tables 1 and 2), we identified a global reduction in most mRNAs that correlated with a primary 
downregulation of  genes involved in RNAP II–mediated transcription, yet RNAP I, RNAP III, and mito-
chondrial polymerase–related transcripts were upregulated. Specifically, there was a reduction in multiple 
MED and ZNF transcripts, which are important regulators of  RNAP II and superenhancer functions. Other 
top gene sets affected were involved in cell cycle, cell division, and DNA replication and repair, as might be 

Figure 8. Downregulation of CDK9 protein and mRNA in TT and MZ-CRC-1 cells with THZ1 treatment. Western blots performed with protein extracts from 
TT and MZ-CRC-1 cells treated with vehicle control or THZ1 for 72 hours. Total CDK9 protein levels were reduced with THZ1 treatment as well as phos-
phorylation of RNA polymerase II (RNAP II) at Ser5 and downstream proteins cyclin D1 and Mcl-1, with no change in CDK7 levels (A). Treatment with THZ1 
reduced CDK9 mRNA levels (B). RT-qPCR data were normalized to the 0 nM (vehicle control) samples and are represented as relative expression. Each 
biological replicate was done in duplicate, and the error bars represent the standard deviation. One-way ANOVA tests were performed on the ΔCt values. 
#P < 0.01, +P < 0.05. ^β-Actin for cyclin D1 in this figure and for p-Thr202/Tyr204 ERK 1/2 in Figure 9 in TT cells is the same because they were blotted on 
the same membrane. ^^β-Actin for CDK7 in this figure and for RET in Figure 9 in MZ-CRC-1 cells is the same because they were blotted on the same mem-
brane. Nu-PAGE 3%–8% Bis-Tris gel was used for RNAP II and pSer5 RNAP II in MZ-CRC-1.
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predicted by the known dinaciclib targets. In addition, upregulation of  HIST transcripts in both cell lines 
under treatment is suggestive of  chromatin remodeling, which is a factor regulating gene expression. The 
accumulation of  histones might be due to defective degradation given by downregulation of  SLBP, a gene 
whose transcript is downregulated in our RNA-seq results and which plays a key role in regulating histone 
mRNA metabolism (52), but further experiments need to be performed to test this hypothesis.

As a CDK inhibitor, dinaciclib inhibits the kinase function of  its target CDKs. However, CDK9 mRNA 
and protein levels are unexpectedly reduced by exposure to low concentrations, while the protein levels of  
other targets were stable (Figure 5). Additionally, downstream targets of  CDK9 were inhibited. Interestingly, 
the loss of  CDK9 mRNA and protein occurred at short exposure times and low doses. Importantly, dinaciclib 
did not alter CDK9 protein stability or induce proteasome-mediated degradation of  CDK9 (Supplemental 
Figure 5). These data are consistent with a possible role for dinaciclib in CDK9 gene transcription or RNA 
processing in addition to the kinase inhibitory effect, consistent with a more complex mode of  action in these 
cells. The fact that RB loss is seen in human MTCs (21) could suggest that CDK2 might not be the primary 
target of  dinaciclib in these cells that express low levels of  wild-type RB (RNA-seq and data not shown).

The RNA-seq and confirmatory RT-PCR studies of  TT and MZ-CRC-1 cells treated with dinaciclib 
also identified downregulation of  RET transcript, the key oncogenic driver of  MTC and the neuroendo-
crine tumor syndrome MEN2. It was also interesting that the surviving cells at higher doses of  dinaciclib 
demonstrated an increase in RET activity and an increase in the upper band of  the RET doublet and 
p-RET levels despite the reduction in mRNA expression, consistent with enhanced activation of  RET in 

Figure 9. Downregulation of RET protein and mRNA in TT and MZ-CRC-1 cells with THZ1 treatment. Total RET protein levels were reduced with THZ1 
treatment while phosphorylation of RET and ERK indicate RET pathway inactivation at lower doses but activation at higher doses in the surviving cells 
(A). Treatment with THZ1 reduced RET mRNA levels (B). RT-qPCR data were normalized to the 0 nM (vehicle control) samples and represented as rela-
tive expression. Each biological replicate was performed in duplicate, and the error bars represent the standard deviation. One-way ANOVA tests were 
performed on the ΔCt values. #P < 0.01, +P < 0.05. ^β-Actin for p-Thr202/Tyr204 ERK 1/2 in this figure and for cyclin D1 in Figure 8 in TT cells is the same 
because they were blotted on the same membrane. ^^β-Actin for RET in this figure and for CDK7 in Figure 8 in MZ-CRC-1 cells is the same because they 
were blotted on the same membrane. ^^^β-Actin for ERK 1/2 and p-Thr202/Tyr204 ERK 1/2 in this figure and for PARP-1 in Figure 7 in MZ-CRC-1 cells is the 
same because they were blotted on the same membrane.
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the surviving cell population (Figure 6). The precise mechanism for this further activation could reflect 
enhanced protein homo- or heterodimerization, as has been described for other receptor tyrosine kinases 
(53). Nonetheless, this reactivation of  RET kinase activity allows potential for synergy between dinaciclib 
and vandetanib in association with blockade of  this reactivation (Supplemental Figure 8).

While the data pointed toward a possible transcriptional primary mechanism, it is recognized that 
dinaciclib targets several CDKs and the protein changes in RET were complex; thus, we evaluated other 
compounds that inhibit RNAP II function through other mechanisms with greater specificity. Treatment 
with the CDK7 inhibitor THZ1 mimicked the results seen with dinaciclib in terms of  reduced cell viability 
and proliferation, apoptosis, CDK9 and RET mRNA and protein reduction, with a more pronounced effect 
on RET protein levels, and RET downstream pathway reactivation (Figures 7–9). In this case, the reduc-
tion of  RET protein was more pronounced, likely related to the greater level and specificity of  the inhibitor. 
BRD4 inhibition using JQ1 also reduced cell viability in TT cells but had only a modest effect on MZ-CRC-1 
cells (Supplemental Figure 6). The reduced potency with JQ1 in comparison with dinaciclib or THZ1 may 

Figure 10. Identification of RET-associated superenhancer in TT cells. ChIP sequencing (ChIP-seq) done for H3K27Ac and BRD4 identified enhancers 
in different genomic regions of the TT cell genome (A). A total of 1,008 superenhancers were identified with the H3K27Ac ChIP-seq (B). The superen-
hancer associated genes are distributed into biological processes that are involved in metabolic and cellular processes (C). RET was associated with a 
superenhancer on the H3K27Ac ChIP-seq (D).
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be attributable to redundant mechanisms present in the cell that help facilitate CDK9 recruitment to gene 
promoters, such as CDK8 and NF-κB or other bromodomain proteins in addition to BRD4. Specifically, the 
RNA-seq data demonstrate that BRD2 is the predominant BRD transcript in these cells. In addition, it has 
been reported that BRD4 inhibition through JQ1 may be less potent in downregulating RNAP II phosphory-
lation than agents that reduce BRD4 protein stability (54). Finally, the relative resistance in the MZ-CRC-1 
cell line versus TT could also be explained by the low expression of  MYC in the MZ-CRC-1 cells compared 
with TT. JQ1 has been shown to be most effective in MYC-dependent cancer cells (55); thus, if  the effect of  
BRD4 inhibition occurs in part through MYC in the MTC cells, then this also could be a plausible explana-
tion. Finally, it is notable that the MZ-CRC1 cells, while sensitive to both dinaciclib and THZ1, were more 
resistant than TT cells to these compounds as well. Further studies are required to determine if  MYC expres-
sion predicts sensitivity to BRD4 and other transcriptionally targeted inhibitors in MTC.

It is of  interest that the reduction of  CDK9 and RET levels occurred while a number of  other proteins 
remained stable, suggesting some specificity to this effect (Figures 5, 6, 8, and 9). This does not appear to 
be related to protein translation or stability for CDK9 and occurred at low doses and early time points for 
both transcripts (Supplemental Figures 5 and 7). The data suggest a primary effect either on specific gene 
transcription or mRNA stability. The former was implied by the RNA-seq data, leading to the hypothesis 
that one or both may contain a superenhancer in these cells, which was suggested in silico using the Super-
Enhancer Archive (56). ChIP-seq experiments revealed a superenhancer associated with RET (Figure 10), 
making this the likely mechanism of  action by which dinaciclib and THZ1 regulate RET. Interestingly, 
CDK9 was not associated with a superenhancer on ChIP-seq in the MTC cells and further studies are ongo-
ing to clarify this mechanism. Even though a superenhancer was not found to be linked to CDK9, the data 
show this protein to be of  potential importance for MTC. Array-CGH in an MTC cohort showed CDK9 
amplification in 11 of  30 cases (36%), suggesting a role for this transcription regulator in MTC. It was not 
possible to test for associations between specific RET or RAS mutations in sporadic or inherited MTCs and 
CDK9 expression levels due to the relatively high level of  expression in all tested samples (suggesting little 
functional difference) and the lack of  routine somatic results on a large enough number of  the samples.

In summary, we have identified nanomolar-range sensitivity of  MTC cells to the CDK1/2/5/9 inhibi-
tor dinaciclib, and the CDK7 inhibitor, THZ1. The mechanism appears primarily to be transcriptional, 
particularly for the CDK7 inhibitor, and likely mediated by a previously unreported superenhancer in 
intron 1 of  RET. The continued importance of  maintaining or enhancing RET kinase activity to survive 
the CDK inhibitors also can be utilized for therapeutic synergy with RET kinase inhibition by targeting 
both transcriptional and signaling “addiction” to the oncogene. This mechanism for RET inhibition for 
monotherapy and combinatorial strategies may provide a basis for a new approach to inhibiting this path-
way in this difficult-to-treat disease.

Methods
Cell lines and cell culture. Two MTC human cell lines were used for cell-based assays: TT and MZ-CRC-1. 
The TT cell line contains a pathogenic RET C634W mutation and was derived from a primary MTC tumor 
from a 77-year-old white female patient (57, 58). These cells were provided by B. Nelkin, John Hopkins, 
Baltimore, Maryland, USA. MZ-CRC-1 contains the RET M918T pathogenic mutation. This cell line was 
derived from a malignant pleural effusion of  a 43-year-old white female patient with metastatic MTC (58, 
59). Both cell lines were cultured in RPMI medium with 20% fetal bovine serum (FBS), 1% glutamine, and 
1% nonessential amino acids at 37°C and 5% CO2.

We also used TT and MZ-CRC-1 cells that had been cultured in medium containing 0.5 μM vandetanib 
for 3 months and selected for vandetanib resistance. Age-matched control cells cultured in regular RPMI 
medium without vandetanib were used in the appropriate experiments.

Pharmaceutical reagents. The pharmaceutical reagents used are the following: palbociclib (S1116, Sell-
eckchem), inhibitor of  CDK4/6 (IC50 in cell-free assays, 11 nM and 16 nM, respectively); dinaciclib 
(S2768, Selleckchem), inhibitor of  CDK1/2/5/9 (IC50 in cell free assays, 1–4 nM) and CDK4/6 (IC50 
in cell-free assays, 100 nM); THZ1 (532372, Millipore), inhibitor of  CDK7 (IC50 in cell-free assays, 3.2 
nM); vandetanib (S1046, Selleckchem), inhibitor of  RET and VEGFR; and JQ1 (S7110, Selleckchem), 
inhibitor of  BRD4(1/2) (IC50 in cell-free assays, 77 nM/33 nM, respectively). Other pharmaceutical 
reagents used: cycloheximide (C7698, Sigma-Aldrich), a protein synthesis inhibitor; and bortezomib 
(S1013, Selleckchem), a proteasome inhibitor.
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Cell viability assays. TT and MZ-CRC-1 cells were seeded at a density of  2.0 × 104 cells per well in 
96-well plates. After 24 hours, the cells were washed once with PBS and incubated in RPMI media at 2% 
FBS for an additional 24 hours. The pharmaceutical reagent of  interest was added in RPMI media at 2% 
FBS. At 24–120 hours of  exposure to the drugs, 10 μl of  WST-8 (Dojindo Molecular Technologies) was 
added to each well already containing 100 μl of  drug/medium and the plates were incubated for 3 hours at 
37°C. The optical density was read at 450 nm using a spectrophotometer. For assays longer than 72 hours, 
the treatment or vehicle control was replaced at 72 hours of  exposure after aspirating the old treatment or 
vehicle. The data were plotted using GraphPad software. For combination treatments, dinaciclib was added 
for 6 hours, after which it was removed, the cells washed with PBS, and vandetanib or RPMI media was 
added for 72 hours, after which WST-8 solution was added.

Cell counting assays. TT and MZ-CRC-1 cells were seeded in 12-well plates at a density of  1.0 × 104 
cells per well for TT and 1.2 × 104 cells per well for MZ-CRC-1 cells and incubated for 24 hours. After 24 
hours, the cells were washed with PBS one time and incubated in RPMI media with 2% FBS for 24 hours. 
The next day, the day-0 control wells were counted using the trypan blue and the Countess Automated 
Cell Counter (Invitrogen). At this time, the different drugs or vehicle control were added in RPMI media 
with 2% FBS to the rest of  the plates and incubated at 37°C. Each day thereafter, the number of  cells per 
well of  one plate were counted using trypan blue and the Countess Automated Cell Counter for up to 3, 4, 
or 5 days depending on the drug used. For assays longer than 3 days, the treatment or vehicle control was 
replaced on day 3 after aspirating the old treatment or vehicle. The data were plotted and statistical tests 
were performed using GraphPad software.

Protein isolation and Western blots. TT and MZ-CRC-1 cells were seeded in 10-cm plates and incubated 
for 24 hours, then washed with PBS and incubated in 2% FBS-RPMI medium for another 24 hours. After 
this time, the cells were treated with the different drugs or vehicle control and incubated at 37°C. At the 
desired exposure time, the supernatant was collected into 50-ml tubes, and the cells were scraped and pipet-
ted into the same 50-ml tube containing the corresponding supernatant. After centrifugation at 300 g for 5 
minutes, the supernatant was aspirated and the cell pellet resuspended in 1 ml PBS to wash the cells. The 
cells were transferred into 1.5-ml tubes and centrifuged again at 500 g for 5 minutes. Following aspiration 
of  the supernatant, the cells were lysed in mammalian protein extraction reagent (M-PER) (Thermo Fisher 
Scientific). The cells were incubated in M-PER for 10 minutes on ice to complete lysis and centrifuged at 
12,000 g for 10 minutes. The supernatant was collected and quantified using the Pierce BCA Protein Assay 
Kit (Thermo Fisher Scientific).

For Western blots, 20 μg of  protein for each sample was pretreated with 1× SDS buffer (Invitrogen) and 
boiled for 5 minutes before loading into NuPAGE 4%–12% Bis-Tris gels (Invitrogen) unless otherwise noted 
in the figure legend. Proteins were separated by electrophoresis at 180 V for 1.5 hours and transferred to nitro-
cellulose membranes (Bio-Rad) at 30 V for 2 hours. Membranes were blocked using 5% milk in 1× TBST and 
incubated overnight at 4°C in primary antibodies as noted below. Membranes were washed using 1× TBST 3 
times for 5 minutes each and incubated in near-infrared fluorescent secondary antibody (LI-COR) for 1 hour 
at room temperature. Membranes were washed again with 1× TBST as before and the Odyssey CLx Imaging 
System (LI-COR) was used for signal acquisition. Each membrane was blotted for a loading control.

The primary antibodies were used to detect the following proteins: PARP-1 (1:1,000 dilution, 9542S, Cell 
Signaling), β-actin (1:100,000 dilution, A5316, Sigma-Aldrich), CDK1 (1:1,000 dilution, sc-954, Santa Cruz), 
CDK2 (1:1,000 dilution, sc-163, Santa Cruz), CDK5 (1:1,000 dilution, sc-750, Santa Cruz), CDK9 (1:500 
dilution, 2316S, Cell Signaling), CDK7 (1:1,000 dilution, 2090S, Cell Signaling), RNAP II (1:500 dilution, 
sc-56767, Santa Cruz), p-Ser2 RNAP II (1:500 dilution, 13499S, Cell Signaling), p-Ser5 RNAP II (1:500 
dilution, 13523S, Cell Signaling), Mcl-1 (1:500 dilution, 5453S, Cell Signaling), cyclin D1 (1:500 dilution, 
sc-753, Santa Cruz), RET (1:500 dilution, 3220S, Cell Signaling), p-Tyr905 RET (1:500 dilution, 3221S, Cell 
Signaling), ERK (1:1,000 dilution, 4695S, Cell Signaling), and p-ERK (1:500 dilution, 9101L, Cell Signaling).

RNA isolation and RT-qPCR. The cells were seeded and treated in 10-cm plates as for the protein isola-
tion assays. At the desired exposure time, the supernatant and scraped cells were collected into 50-ml tubes, 
centrifuged at 300 g for 5 minutes, the supernatant aspirated, and the pellet washed with 1 ml of  PBS and 
transferred into 1.5-ml tubes. After centrifugation at 500 g for 5 minutes, the supernatant was aspirated and 
the pellet resuspended in 1 ml of  TRIzol reagent (Invitrogen) to isolate total RNA. RNA was isolated using 
the protocol provided by Invitrogen for TRIzol reagent and quantified using the NanoDrop Spectropho-
tometer (Thermo Fisher Scientific).
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To remove contaminating DNA, 400 ng of  RNA was treated with DNAse I (Invitrogen) for 15 min-
utes at room temperature and at 65°C for 10 minutes. The RNA was reverse transcribed into cDNA by 
using MultiScribe reverse transcriptase (Applied Biosystems) following the manufacturer’s instructions. 
The mRNA levels of  CDK9 and RET were detected via quantitative PCR (qPCR) using Taqman assays 
(CDK9: Hs00977896_g1, RET: Hs01120030_m1, Applied Biosystems) and normalized to 18S ribosomal 
RNA as previously described (60). The data were analyzed using Mx3000P software (Stratagene) and plot-
ted and analyzed using GraphPad.

RNA-seq. After treating the MTC cells with dinaciclib in 10-cm dishes, the RNA was isolated and 
treated with DNAse I as described above. Poly-A sequencing was performed using Illumina HiSeq 4000 
next-generation sequencer at the Genomics Shared Resource at The Ohio State University. Manual library 
generation for sequencing was performed by poly-A selection. RNA-seq reads were first mapped to the 
human genome GRCh38 build using TopHat (version 2.0.13) (22). Raw read counts for each gene were 
quantified by using the featureCounts (version 1.4.6) (23) tool. Then NCBI RefSeq was used for gene 
annotation. The RNA-seq data have been deposited in NCBI’s Gene Expression Omnibus (61) and can be 
accessed using GEO Series accession number GSE114070.

GSEA and STRING analyses. The differentially expressed transcripts obtained through RNA-seq after 
treatment with dinaciclib for 12 hours and 24 hours were compared to curated gene sets from online path-
way databases, publications in PubMed, and knowledge of  domain experts using the GSEA tool (62, 63). 
The following options were selected or input into the software for analysis: phenotypes analyzed: (a) 0 nM, 
12 hours, and 24 hours; (b) 10 nM/20 nM, 12 hours, and 24 hours; gene set database: c2.all.v6.1.symbols 
[curated]; number of  permutations: 1,000; permutation type: gene_set; Chip platform: HTA_2_0.

The results from GSEA are evaluated based on the enrichment score (ES), which represents the extent 
to which a gene set is overrepresented at the top or bottom of  a ranked list of  genes of  interest. The nor-
malized enrichment score (NES) accounts for the difference in gene set size and in correlations between 
the gene set and the expression dataset. Other values reflected in the analysis is the nominal P value, which 
represents the significance of  the enrichment score, and the false discovery rate (FDR), which indicates the 
probability that the results represent a false positive finding (62, 63).

Using GSEA, the leading edge analysis of the upregulated pathways in the treated and nontreated cells 
was analyzed. Sets of genes were common to multiple pathways in leading edge analysis, and the genes in these 
pathways were then input into the STRING database (64) to determine Gene Ontology biological functions.

ChIP-seq. Cells were fixed with 1% formaldehyde for 15 minutes, quenched with 0.125 M glycine, flash-
frozen, and sent to Active Motif  for ChIP-seq analysis. Briefly, to isolate the chromatin, the cells were 
lysed and homogenized using a Dounce homogenizer followed by sonication to fragment the DNA to an 
average 300–500 bp in length. The DNA was treated with RNase, proteinase K, and heat to de-crosslink, 
followed by ethanol precipitation. Samples containing 30 μg of  chromatin were precleared using protein A 
agarose beads (Invitrogen), followed by incubation with 4 μg of  BRD4 and H3K27Ac antibodies to bind 
DNA regions. The DNA-protein complexes were washed and eluted using SDS buffer. De-crosslinking of  
the complexes was performed overnight at 65°C, and the DNA was purified using the phenol-chloroform 
method and ethanol precipitation. Specific genomic regions binding to BRD4 and H3K27Ac were checked 
via RT-qPCR with SYBR Green Supermix (Bio-Rad) to confirm success of  the ChIP assay.

Input and ChIP DNA were used to create Illumina sequencing libraries after end-polishing, dA-addi-
tion, and adaptor ligation. The libraries were quantified and sequenced using Illumina’s NextSeq 500, and 
the BWA algorithm (65) was used to align the reads to the human genome. After removing duplicate reads, 
the alignments were extended to 300 bp at their 3′ ends. Genomic locations associated with peaks were 
determined using the MACS algorithm (66) and a cutoff  value of  P = 1 × 10–5. Removal of  peaks that are 
known to be false based on the ENCODE blacklist were removed. Active Motif ’s analysis program was 
used to generate peak locations, metrics, and gene annotations based on the signal maps and peak locations 
obtained from the MACS algorithm. The data from ChIP-seq were deposited in in NCBI’s Gene Expres-
sion Omnibus (61) under accession number GSE114070.

Superenhancers were determined based on a bioinformatics approach including peak calling, merging 
neighboring peaks (MACS peaks for which their inner distance is equal or less than 12,500 bp), and finally 
identifying the top 5% merged peak regions superenhancers. Genes associated with superenhancers were 
determined as any gene that was 25 kb or closer to a superenhancer region. PANTHER classification system 
was used to segregate the superenhancer-associated genes into Gene Ontology biological processes (67).
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Array-CGH analysis. CDK9 copy number of  30 MTC cases was obtained through gene-specific sam-
pling of  the array-CGH data reported in Ye et al. (68). The data derive from the use of  the Agilent oligo-
nucleotide genomic hybridization microarray 244K platform. A log2 ratio greater than 0.5 was considered 
as DNA amplification. As the microarray platform contains only a single probe specifically mapping to 
the CDK9 gene (Feature Number 213215), we defined amplification based on signal concordance within 
a region mapping between probes 21877 and 225864 (~100,000 bp) that includes the SH2DB3C, CDK9, 
FPGS, and ENG genes.

Tissue microarray. Formalin-fixed, paraffin-embedded tissue blocks (FFPE) of  73 MTC cases (41 prima-
ry tumors, 1 recurrent case, and 32 metastatic) were obtained from the files of  the Department of  Pathol-
ogy, University of  Michigan Medical Center, Ann Arbor, Michigan, USA. After pathological review, a 
tissue microarray was constructed from the most representative area using the methods described by Nocito 
et al. (69). Each case was represented by three 1-mm-diameter cores, obtained from the most representative, 
non-necrotic area of  the tumor.

Immunohistochemistry
OSU samples. MTC tissue slides were stained with CDK9 antibody following a previously described proto-
col by our group using Vector kits (Vector Laboratories) (21). Slides of  paraffin-embedded MTC tissue were 
deparaffinized with xylene and incubated in a sequence of  ethanol dilutions (100%, 95%, and 70%). Anti-
gen unmasking was performed by incubation the slides in a citrate-based antigen and microwaving for 5.5 
minutes, followed by a 10-minute incubation in 3% hydrogen peroxide after cool down to quench endog-
enous peroxidase activity. Horse serum was used as a blocking agent for 30 minutes at room temperature. 
CDK9 primary antibody (2316S, Cell Signaling, 1:100 dilution) was used to incubate the slides overnight 
at 4°C. The next day, species specific biotinylated secondary antibody was used to incubate the slides for 
1 hour at room temperature. Slides were incubated in Streptavidin/peroxidase for 10 minutes followed by 
diaminobenzidine substrate (DAB Peroxidase Substrate Kit) for 5 minutes and hematoxylin counterstain 
for 3 minutes. The slides were washed with water, sealed, and quantified using the Automated Quantitative 
Pathology Imaging System to determine nuclear expression of  CDK9. Ten fields of  view were quantified 
per slide, and H scores were calculated.

University of  Michigan samples. Immunostaining was performed on the DAKO Autostainer (DAKO) using 
DAKO Envision+ and DAB as the chromogen. Briefly, deparaffinized TMA sections were labeled with 
CDK9 (2316S, Cell Signaling, 1:200 dilution) for 60 minutes at room temperature. High temperature high 
pH (10 mM Tris HCl buffer pH 9/1 mM EDTA) epitope retrieval was used prior to staining. Appropriate 
negative (no primary antibody) and positive controls were stained in parallel with each set of  tumors studied.

Statistics
Cell viability assays. IC50 values were estimated using 4- or 5-parameter logistic regressions. For optical density 
cell viability data, 2-way ANOVA tests followed by Holm’s procedure were used to determine significance 
of  different dose and exposure time combinations for all cell lines and compounds used and to control for 
multiple comparisons. The optical density over the tested drug concentrations was compared between age- 
matched control and vandetanib-resistant cells at different time points with linear mixed models after using 
log2 transformation of  the data to reduce skewness and variance. These models were used to account for the 
correlation among observations from the same experiment. In addition, trend analyses were performed to 
determine if  there were significant slope differences with the increase of  drug concentrations between age-
matched controls and vandetanib-resistant cells with dinaciclib treatment for each time point analyzed. For 
combination treatments, linear mixed models were used to test the interaction of  dinaciclib and vandetanib 
at each of  the dose combinations. If  the difference in the optical density ([combo – dinaciclib] – [vandetanib 
– control]) was less than 0 and the P value was significant, then we claimed there is significant synergistic 
interaction at the tested dose. Holm’s procedure was used to control for multiple comparisons.

Cell counting assays. The cell counting data was first log2 transformed before the analysis to reduce skew-
ness and variance. However, for graphics, the raw count was used. Two-way ANOVA followed by Holm’s 
procedure was used to determine the statistical significance of  each dose and exposure time combinations 
on cell number. Trend analyses were performed to determine the difference between each drug treatment 
concentration and vehicle control (0 nM concentration) across the entire duration of  the counting experi-
ments with linear mixed-effects models.
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RT-qPCR. One-way ANOVA tests were used to compare the ΔCt between the vehicle control and the 
treated samples. However, for graphics, the mRNA expression of  treated samples was normalized to that 
of  vehicle control.

RNA-seq. Genes with raw read counts below 5 for more than 50% of  samples within each condition 
were first filtered out. Count data were normalized using the trimmed mean of  M-values (TMM) method 
within controls or drug treatments due to global drug inhibition effect. To improve the estimate of  gene vari-
ability and to identify genes differentially expressed between samples, R package limma with Voom trans-
formation (70) was used for testing differential expression between conditions. The P-value cutoffs were 
determined by controlling the mean number of  false positives (71). Heatmaps with hierarchical clustering 
were generated, and principal component analysis was performed. Other normalization methods were used 
as well: normalizing across groups with the least fold-changed transcripts and normalizing within groups 
with the least fold-changed transcripts. Both of  these normalization procedures yielded similar results.

Array-CGH. The association between CDK9 amplification and lymph node metastases or distant 
metastases occurrence was tested using Fisher’s exact test.

Study approval. The sample collections were performed with institutional IRB approvals from The Ohio 
State University, MD Anderson Cancer Center, and the University of  Michigan. In all cases, samples were 
deidentified prior to inclusion in the study as per approved protocols at the 3 institutions.
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