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Abstract: Objective: Cancer has been shown to be an independent risk factor for 2019-nCoV. Expression of trans-
membrane serine protease 2 (TMPRSS2) is abnormal in many cancers. Nevertheless, system analysis of TMPRSS2-
ERG (T2E) abnormalities in metastatic thyroid cancer remains to be elucidated. Method: Using genomic and chro-
matin data, we demonstrate a unique cis-regulatory landscape between non-T2E and T2E-positive metastatic thy-
roid cancers, including clusters of regulatory elements (COREs). We attempt to describe the effect of T2E silencing 
on the cis-regulatory structure in metastatic thyroid cancers and its phase with the obvious phenotype character-
istics of T2E-positive metastatic thyroid cancers. Results: These differences were linked by the ERG (erythroblast 
transformation-specific related gene) co-opts of FoxA1 and HOXB13, which realized T2E specific transcription pro-
file. The study also demonstrated the T2E-specific CORE in an ERG site of structural rearrangement, which is due to 
the expansion of the T2E locus and contributes to its up-expression. Ultimately, we demonstrate that T2E-specific 
transcription profile is the basis of vulnerability of CBF-1/RBP-Jκ pathway. In fact, CBF-1/RBP-Jκ pathway inhibits the 
invasion and growth of T2E-positive thyroid tumors. Conclusion: This study indicates that the overexpression of ERG 
co-option has a unique cis-regulatory structure in T2E positive thyroid tumors, which induces drug dependence on 
CBF-1/RBP-Jκ signal. Our study solved the genetic and epigenetic variation of T2E in metastatic thyroid cancer for 
the first time. It is worth noting that further functional and clinical validation is needed as our study is a bioinformat-
ics analysis.
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Introduction

Outbreak of a novel coronavirus disease (2019-
nCoV) in 2019 has become the world’s largest 
health threat [1-4]. At present, about 3,600,000 
people have been infected worldwide, and 
more than 450 thousand lives have been lost 
[5]. In addition, cancer has been shown to be 
an independent risk factor for 2019-nCoV [6, 
7]. The cell entry of coronavirus depends on the 
binding of spike protein to cell receptor and the 
activation of S protein of host cell protease [8]. 
Unravelling which cytokines are used by 2019-
nCoV for entry might provide insight into reveal 
therapeutic targets and viral transmission [9]. 
Transmembrane serine Proteinase-2 (TMPR- 
SS2) is a key factor leading to coronavirus 

infection including COVID-19 [10]. The mecha-
nism of acute lung injury caused by COVID-19 
infection might be related to TMPRSS2-ERG 
(T2E) [11]. T2E is not only widely expressed in 
lung [12, 13], but also in thyroid follicular epi-
thelial cells [14]. Therefore, T2E related signal-
ing pathway might also play a role in metastatic 
thyroid cancer.

Thyroid tumor is the most common noncortical 
cancer in women in the world [15]. Up-expression 
of transcription factor ERG is the most frequent 
somatic mutation in thyroid cancer, and the 
most common result of the fusion of T2E gene 
[16]. This fusion results in high expression of 
T2E, which is driven by the TSH response pro-
moter of T2E gene. Compared with benign thy-
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roid follicular epithelial cells, these lead to an 
increase in invasion and migration of follicular 
epithelial cells and incomplete differentiation 
[14]. 

In view of the influence of transcription factor 
ETS on remodeling chromatin and transcription 
factors [17, 18], its ability to accelerate the car-
cinogenic phenotype of thyroid tissues [19], 
and the known role of T2E as an initial tran-
scription factor in many cell lines [20-23], we 
attempt to describe the effect of T2E silencing 
on the cis-regulatory structure in metastatic 
thyroid cancers and its phase with the obvious 
phenotype characteristics of T2E-positive met-
astatic thyroid cancers.

Materials and methods

ERG stratification and tumor samples

Sixteen fresh metastatic thyroid tumor tissues 
samples are obtained from thyroidectomy 
specimen from patient with thyroid tumor iden-
tified as moderate risk. These studies were 
approved by the medical ethics committee of 
the Affiliated Hospital and informed consent of 
all subjects or their relatives was obtained. The 
stratification of T2E-negative (non-T2E) or T2E-
positive was determined by mRNA expression 
microarray data, and the positive detection was 
considered as T2E sample. The expression of 
ERG mRNA in a sample was divided into two 
groups by K-means clustering.

Cell culture

Three human papillary thyroid cancer cell lines 
(TPC-1, KTC-1 and NPA-87) were cultured in 
10% FBS, in which 1% penicillin streptomycin 
and RPMI-1640 were cultured in incubator at 
5% CO2 and 37°C. All cells were detected for 
mycoplasma contamination and the results 
were negative. The cells were incubated for 48 
hours before chromatin was harvested. SiRNAs 
(Thermo Fisher Scientific) were selected for 
knockdown test. Primers for genotyping TMPR- 
SS2/ERG silence mouse strains (excised): GGA 
TCT GCT GGC ACG ATA ACT CTG.

Gene expression arrays

The matched samples were analyzed for mRNA 
by R statistical environment. Normalization 
algorithm, annotation and background correc-

tion are carried out in the oligo package  
(V3.0). Subsequently, the well-established 
limma (v3.22.6) package was used to calculate 
the differential gene expression to estimate the 
statistical significance (Bonferroni Holm correc-
tion, Q ≤ 0.05). Invasive immune cells were esti-
mated by R-packet Estimate of tumor stroma 
and immune cells by gene expression array.

H3K27ac ChIP in metastatic thyroid cancer

The fast-frozen specimens of metastatic thy-
roid cancer were cut into 20 μM sections (each 
ChIP uses 1-3 sections, depending on the 
tumor size) and fixed with PBS soaked at room 
temperature in 2% formaldehyde for ten min-
utes. After fixation, the tissue section was 
washed with ice-cold PBS or BSA/PBS. Then 
tissues were transferred to 200 μl of lysis buf-
fer (pH8.1, 50 mM Tris-HCl, 1% SDS, 10 mM 
EDTA). Cell debris were removed by centrifuga-
tion at 3°C at 20000 r.p.m. for 10 min. 5 μL 
protein G and protein A Dynabeads per ChIP 
was washed 3 times in ice-cold BSA/PBS (0.01 
g/l), then resuspend them in 250 μl ice-cold 
BSA/PBS, and add 2 μg antibody of H3- 
lysine-27ac.

RNA extraction and RT-qPCR

Total RNA was extracted from the samples 
using TRIzol reagent (Invitrogen, CA, USA) 
according to the manufacturer’s instruction. 
According to the scheme recommended by the 
manufacturer, 1 μg RNA (The primer: GAG CAT 
TGC GGT TTA TCA AGC TGG) is reverse tran-
scribed into cDNA using iScript cDNA synthesis 
kit. The quality and concentration of the RNA 
was tested in agarose gel electrophoresis and 
a NanoDrop ND-2000 spectrophotometer. The 
ΔΔCt value was calculated by subtracting the 
ΔCt of the reference sample from the ΔCt of 
each sample. The fold-change was determined 
as 2-ΔΔCt.

Migration assay and DAPT (2, 4-diamino-
5-phenylthiazole) treatment

About one million NPA-87, TPC-1 or KTC-1 cells 
were plated in 24-well plates with 5 mL medi-
um and 10 μM of DAPT (a chemical inhibitor of 
CBF-1/RBP-Jκ signal) or DMSO media, respec-
tively. After 24 hours, NPA-87 cells were treated 
with trypsin, and 150,000 cells were inoculat-
ed into 24 transwells. The upper layer was 0.3 
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mL no-serum DMEM plus 6 μM DAPT or DMSO, 
and the lower layer was 500 μL FBS plus DMSO 
or 5 μM DAPT. Before fixation and crystal violet 
staining, the cell was allowed to migrate for 2 
days. TPC-1 or KTC-1 cell was tryptized 2 days 
after transwell, and 4×104 cells were trans to 
24-well plates, 0.3 ml no-serum RPMI plus 
DMSO or 5 μm DAPT were plated in the upper 
cavity, 0.5 ml RPMI was plated in the lower cav-
ity, and 10% FBS + DMSO or 5 μm DAPT were 
plated in the lower cavity.

Xenograft and metastasis assays

About 2×106 living cells were inoculated subcu-
taneously into right flank of 5-7 weeks old nude 
mice. Metastatic thyroid tumor was removed 
from 24-30 weeks old TMPRSS2-/-; TRAMP or 
TMPRSS2WT mouse and transferred to no-phe-
nol RPMI with antibiotic and 10% fetal bovine 
serum. The volume of the implanted tumor was 
measured at every 2 days with a vernier caliper, 
using the formula: V = L × W2/2; the mice exper-
iments were terminated when tumors grew to  
a maximum of 400 mm3. The tumors were re- 
moved and halved for immunohisto chemical 
studies and Western blot analysis. The tissues 
were cut with a scalpel and passed through a 
0.1 mM cells filter. Determination of the num-
ber of living cells by trypan blue exclusion. 

Statistical analysis

All statistical analyses were performed using 
the statistical software package for Social 
Sciences (v. 13) (SPSS). Significance analyses 
of overlap between T2E-down and T2E-up 
regions and cell line transcription factor ChIP 
peaks was performed using Genome Structure 
Correction software. In comparison, the overlap 
of the significant boxes showed the same acet-
ylation change direction was incorporated. We 
performed a two tailed Wilcoxon signed rank 
test between T2E and non-T2E samples of all 
linkage enhancers, and corrected by FDR. 
Wilcoxon rank sum test was used to analyze 
the difference of demographic characteristics 
between the two groups with different T2E 
expression. Pearson test was used to evaluate 
the correlation between CBF-1 expression and 
T2E expression. Two main clusters were identi-
fied by unsupervised hierarchical clustering 
based on CREs signals of each tumor, which 
were mainly separated based on over expres-
sion of ERG mRNA and T2E fusion. Student’s t 

test was used to obtain the p value for compari-
son of line-linked groups. All statistical tests 
were bilateral, P < 0.05 was considered statisti-
cally significant.

Results

Correlation between active CREs (cis-regulato-
ry elements) and T2E expression in metastatic 
thyroid tumors

We selected 16 metastatic thyroid tumors from 
a cohort of 286 patients that were previously 
evaluated for genomic changes. Unsupervised 
hierarchical clustering based on histone 
H3-lysine-27 acetylation signals identified two 
major clusters from each tumor of all CREs, 
mainly based on T2E fusion and mRNA up-
expression of ERG (Figure 1A). The tumor with 
high ERG expression was aggregated from 
mRNA array data, and the evidence of gene 
rearrangement was considered as T2E positive 
(Figure 1B). About 11% of these CREs elements 
are located in the promoter, 47% in the intron 
region and 34% in the intergenic region (Figure 
1C). This is consistent with the priority genome 
distribution of histone H3-lysine-27 acetylation 
on the active CREs enhancer and the promoter 
reported in other systems. Active elements in 
all 16 tumors, including thyroid function specif-
ic gene and housekeeper gene (Figure 1D). We 
identified 83,236 and 138,143 CREs enriched 
in H3-lysine-27 acetylation and 197,890 active 
CREs (Figure 1E). In a cohort of 286 patients 
with metastatic thyroid tumors, samples were 
clustered according to T2E status, which was 
compared with other common gene changes 
determined by whole genome sequencing. 
Other reported gene changes, including PTEN 
and TP53 deletions, were not directly and con-
sistently associated with different chromatin 
landscapes in T2E tumors (Figure 1F). These 
studies suggest that the up-expression of ERG 
is preconditions for chromatin rearrangement 
of T2E metastatic thyroid cancers.

Specific chromatin and gene expression profile 
of T2E metastatic thyroid tumor

To describe how the change in chromatin rear-
rangement drive T2E metastatic thyroid tumor, 
we reported CREs that showed remarkable 
acetylation difference between non-T2E and 
T2E metastatic thyroid cancers. Most of the 
T2E-down or T2E-up elements are located at 
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Figure 1. Histone H3-lysine-27 acetylation ChIP-seq defines the activity of CREs near the function related genes in metastatic thyroid tissue samples. A. Unsuper-
vised hierarchical clustering of 7 cases of non-T2E and 9 cases of T2E cancers using the cluster of ChIP-seq of H3K27ac. B. Full linkage hierarchical cluster analysis 
of BRAF, TR, FoxA1 and ERG gene express levels in 15 metastatic thyroid cancer patients. C. Distribution of H3K27 acetylated enriched CREs in promoter, exon, 
intron, downstream or promoter 5’UTR and 3’UTR element of the gene and CRE of 16 tumors. D. GREAT (Genomic Regions Enrichment of Annotations Tool) analysis 
of H3-lysine-27 acetylation peak was consistent in 16 tumors. Q value (housekeeping gene) and significant thyroid specific description from MSigDB disturbance 
ontology are shown (observed/expected fold changes > 2). E. The total number of CREs enriched by acetylation of H3K27 in 16 metastatic thyroid tissue samples (9 
T2E, 7 non-T2E). F. Common mutations or copy number abnormalities of thyroid cancer were found in the whole genome sequencing data of 16 samples analyzed 
by ChIP-seq cluster analysis of H3K27ac. It also includes log2 value of ERG mRNA expression microarray data. 
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the far end of the promoter, which is a typical 
enhancer, while the same active element in the 
subtype is twice the promoter (Figure 2A). 
Unsupervised hierarchical clustering based on 
the express level of gene could also distinguish 
non-T2E from T2E metastatic thyroid tumors 
(Figure 2B). Compared with non-T2E samples, 
we found that 807 CREs binding components in 
T2E tumor showed higher acetylation level, 
while 1,023 CREs binding components in T2E 
tumor showed lower acetylation level (negative 
binomial test, FDR-corrected, q ≤ 0.05) (Figure 
2C). The expression data of matched tumor 
genes analyzed by H3-lysine-27 acetylation 
microarray showed that the expression of 
genes related to T2E-up promoter or enhancer 
was significantly increased in T2E tumor, while 
that of genes related to T2E-down promoter or 
enhancer was decreased in T2E tumor (Figure 
2D, 2E) (FDR-corrected, Q ≤ 0.05). 

T2E activates c-Met signal to participate in the 
chromatin rearrangement that contribute to 
metastasis

Because bFGF signal transduction promotes 
epithelial to mesenchymal transfer (EMT), we 
detected gene expression of this phenotype. 
We first confirmed the expression of TMPRSS2 
and c-Met in primary and metastatic TMPRSS2wt 
tumors (Figure 3A). Tumors with positive immu-
nohistochemical staining or gene rearrange-
ment are considered (Figure 3B). Next, we dis-
sected the normal thyroid epithelium of wild-
type animals and the epithelium of TMPRSS2-/- 
and TMPRSS2wt thyroid tumors. According to 
the clustering analysis, the expression level of 
EMT (epithelial-mesenchymal transition) relat-
ed genes in TMPRSS2+/+ was significantly high-
er (Figure 3C). The study shown that bFGF sig-
nal could inhibit cell invasive and enhance pro-
liferation phenotype at the same time. In order 
to compare the abundances of these proteases 
directly, we dissected the tumor epithelium of 
metastatic thyroid cancer (n = 36) and local-
ized thyroid cancer (n = 18), and quantitatively 
analyzed the transcription level of the cancer. 
We found that the level of T2E exceeded that of 
Hepsin and Matriptase in most thyroid cancers 
(p < 0.01) (Figure 3D). High level of T2E in inva-
sive thyroid cancer promotes further study of 
the role of T2E in metastasis (Figure 3E). The 
expression of proliferating nuclear antigen 
(PCNA), p27 and p21 were up-regulated by 

bFGF in TCP-1 cells, while the express level of 
PCNA in KTC-1 cells increased (Figure 3F, 3G).

ERG overexpression regulates TR, HOXB13 
and FoxA1 cistromes

Cell characteristics are obviously correlated 
with the interaction between chromatin land-
scape and transcription factor activity. There- 
fore, this study demonstrated the effect of ERG 
up-expression on chromatin landscape in T2E 
metastatic thyroid cancers, because it is relat-
ed to the structure of other transcription factor. 
Notably, metastatic thyroid tumors presented 
with increased ACE2 expression (Figure 4A). 
Analysis of differential expression in patients 
with high and low levels of ERG showed that 
HDAC1 was one of the top 10 up-regulated 
transcripts in high-level ERG samples, as shown 
in Figure 4B. Next, we compared the expres-
sion of ACE2 in tumor and normal control tis-
sues. Compared with the whole genome back-
ground, the shared CREs of forkhead (FKH), 
TSH response element (TRE) and homeobox 
(HBOX) motifs are more abundant (Figure 4C). 
Western blot study indicated that there was lit-
tle change in FoxA1 and HOXB13 protein 
expression after ERG gene knockout (Figure 
4D). Therefore, the out of context overexpres-
sion of ERG seems to shift the core mechanism 
of thyroid tumors transcription to a new set of 
CREs, similar to its physical connection and 
regulation with modulate partner transcription 
factors in endothelial cell and hematopoietic 
environments. 

ERG specific CREs activated by CBF-1/RBP-Jκ 
pathway

The lack of treatment for ERG leads us to 
search for an operable target for activation of 
ERG up-expression in T2E metastatic thyroid 
cancers. This study evaluated the changes of 
H3-lysine-27 acetylation level at the T2E-down 
and T2E-up genes after the removal of ERG in 
NPA-87 cells by siRNA to determine the ERG 
dependent CREs. We observed that the acety-
lation level of H3-lysine-27 decreased signifi-
cantly when T2E-up CREs by 18.0%, and 
increased significantly when T2E-down CREs by 
8.7% (Figure 5A). Analysis of acetylated ele-
ments of ERG dependent H3-lysine-27 by 
GREAT (Genomic Regions Enrichment of Anno- 
tations Tool) analysis shows enrichment of 
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Figure 2. T2E metastatic thyroid tumor has obvious gene expression profile and chromatin. A. Genome distribution of promoter, exon, intron, promoter/5’UTR and 
downstream/3’UTR elements, T2E-down CREs, T2E-up CRE or CREs without H3-lysine-27 acetylation. B. Unsupervised hierarchical clustering  was performed in 
7 non-T2E and 9 T2E cancers using the standardized express levels of genome express chip. C. H3k27ac signal thermogram of T2E-down and T2E-up element in 
16 patients. D. The -log10 FDR vs. log2 fold change corrected the statistical significance Q value of tumors analyzed by h3k27ac ChIP-seq, in which promoter was 
covered by T2E-down and T2E-up regulate elements. E. Q value vs. Log2 fold change to statistically analyze all genes related to metastatic T2E-down and T2E-up 
regulate element of tumor from h3k27ac ChIP-seq.
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Figure 3. T2E-activated bFGF continued to promote invasion but increased or inhibited proliferation in varying degrees. A. Detection of c-Met and TSHR transcription 
in metastatic or primary TRAMP cancers by qRT-PCR. B. Immunohistochemistry of ERGs in 4 non-T2E and 8 T2E metastatic thyroid cancer specimens. C. Microarray-
based transcript profiling analysis of mRNAs in thyroid epithelium. EMT related genes increased in TMPRSS2+/+ RAMP tumors, and decreased in TMPRSS2-/- TRAMP 
tumors. D, E. Detection of T2E, Hepsin and Matriptase mRNA expression in primary thyroid cancer and metastasis of advanced thyroid cancer by qRT-PCR. F, G. The 
effect of bFGF activation on cell cycle regulators p27 and P21 of TPC-1 and KTC-1 cells.
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CBF-1/RBP-Jκ signaling pathway (Figure 5B). In 
addition, up regulation of JAG1, HES1 and DLL1 
mRNA is a typical feature of T2E positive thy-
roid tumors in the thyroid cancer cohort (Figure 
5C-E). Considering the over expression of ERG 
promotes the migration and invasion of thyroid 
cancer cells, a chemical inhibitor of CBF-1/
RBP-Jκ signal (DAPT) was used to treat KTC-1, 
NAP-87 and TPC-1 cells. We observed a 25% 
decrease in the migration of T2E-negative 
KTC-1 and NAP-87 cells and a 35% decrease in 
the migration of TPC-1 cells (Figure 5F, 5G). In 
conclusion, our results support that in T2E met-
astatic thyroid tumors, the expression of CBF-1/
RBP-Jκ is increased due to the ERG dependent 
activation of T2E.

Discussion

Spike protein of 2019-nCoV promotes virus 
entry into target cell [24, 25]. SARS-S uses 
ACE2 as the target receptor, and spike protein 
is activated by TMPRSS2 [26]. Nearly 72% of 

thyroid cancer patients have T2E subtypes [14], 
and the overexpression of ERG has been 
thought to drive tumor development. Frequent 
deletions extend the core containing the T2E 
promoter to the rearranged ERG allele [27, 28]. 
The CORE of this expansion includes CREs, 
which is involved in some of the ERG loci and 
promotes the over expression of ERG [29]. 
Previous studies have shown that point muta-
tions can cause oncogene driven COREs, 
whereas rearrangement and amplification of 
COREs could enhance oncogene expression 
[21, 30]. As far as we know, these studies indi-
cate for the first time that the expansion of 
COREs after chromosome rearrangement has a 
significant impact on the express level of target 
genes. 

Because of the over expression of ERG, there is 
a dependent cis-regulatory cluster in T2E meta-
static thyroid cancers [31, 32], suggesting that 
ERG can alter chromatin rearrangement. These 
data are consistent with and based on the pub-

Figure 4. In patients with metastatic thyroid cancer the expression levels of ERG and HDAC are correlated. A. In-
creased expression of ACE2 in metastatic thyroid tumors. *P < 0.05. grey, normal control sample; Red, tumor sam-
ple. B. The top 10 up regulated transcriptional datasets were divided into low (n = 11, average 97.1, maximum 130) 
and high (n = 19, average 698, minimum 380) ERG expression samples. C. There was no remarkable distinguish in 
enrichment of cis-regulatory elements between non-T2E and T2E tumor (HBOX: homebox; ETS: E26 transformation 
specific; TRE: TSH response element; FKH: Forkhead). D. Western blots study of HOXB13, FoxA1 and ERG in NAP-
87 cells after siRNA deletion of ERG. Immunoblotting was used as the loading control. (siERG: ERG targeted siRNA; 
siCtl: non-targeted siRNA).
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Figure 5. ERG activates CREs around CBF-1/RBP-Jκ pathway gene. A. Volcanic map of the Q-value corrected by -log10 FDR and the log2 fold change of acetylated of 
H3-lysine-27 during ERG knockout in NPA-87 cells (three independent copies in each group). B. -Log10 FDR-corrected Q-value, which is used to calculate and enrich 
the regulation of CBF-1/RBP-Jκ signal pathway by CRE with tissues identified CORE or T2E-up CRE and significantly loss of activities after ERGs gene knockout. C-E. 
Expression of DLL1, JAG1 and HES1 mRNA in non-T2E or T2E sample from TCGA thyroid tumor cluster. F. After DMSO or DAPT treatment, the transmembrane cells 
stained with crystal violet migrated to NPA-87, TPC-1 and KTC-1 cells. G. Quantitative results of transwell migration with three independent repeats. *P < 0.05, two-
tailed, one-sample t-test, Bonferroni-corrected; **P < 0.01, two-tailed t-test, Bonferroni-corrected.
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lished results [32]. These data show that ERG 
can induce the overall changes of chromatin 
topology, thus promoting the expression of ERG 
target gene in thyroid epithelial cells, which 
indicates that ERG can not only promote the 
cis-regulation of chromatin interaction, but also 
promote the activity of chromatin landscape 
[33, 34]. In addition, our data are consistent 
with the ability of ETS factors ELK3 and ETS2 to 
regulate the level of H3K27ac in CREs.

Finally, this study shows the activation of 
CBF-1/RBP-Jκ pathway in T2E metastatic thy-
roid tumors. CBF-1/RBP-Jκ signal transduction 
promotes the maintenance and proliferation of 
stem cell in the development of thyroid cancer 
[35], while the inhibition of CBF-1/RBP-Jκ signal 
transduction reduces the growth and invasion 
of cells in thyroid cancer. Our results show that 
CBF-1/RBP-Jκ signal is involved in the invasive 
characteristics of T2E thyroid tumor stem cell. 
Therefore, the reducing of CBF-1/RBP-Jκ path-
way could provide treatment method against 
the metastasis phenotype of T2E thyroid tumor. 
In addition, in COVID-19 patients with T2E, 
tumor tissue may be more susceptible to SARS-
CoV-2 infection, thus worsening the prognosis 
[36, 37]. Since these studies are only prelimi-
nary analysis, it is worth further verification in 
larger clinical samples.
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