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Abstract. ETS variant 1 (ETV1) is an oncogenic transcrip-
tion factor. However, its role in colorectal cancer has remained 
understudied. The present study demonstrated that ETV1 
downregulation led to reduced HCT116 colorectal cancer 
cell growth and clonogenic activity. Furthermore, the ETV1 
mRNA levels were enhanced in colorectal tumors and were 
associated with disease severity. In addition, ETV1 directly 
bound to Jumonji C domain-containing (JMJD) 1A, a histone 
demethylase known to promote colon cancer. ETV1 and 
JMJD1A, but not a catalytically inactive mutant thereof, coop-
erated in inducing the matrix metalloproteinase (MMP)1 gene 
promoter that was similar to the cooperation between ETV1 
and another histone demethylase, JMJD2A. RNA-sequencing 
revealed multiple potential ETV1 target genes in HCT116 cells, 
including the FOXQ1 and TBX6 transcription factor genes. 
Moreover, JMJD1A co-regulated FOXQ1 and other ETV1 
target genes, but not TBX6, whereas JMJD2A downregula-
tion had no impact on FOXQ1 as well as TBX6 transcription. 
Accordingly, the FOXQ1 gene promoter was stimulated 
by ETV1 and JMJD1A in a cooperative manner, and both 
ETV1 and JMJD1A bound to the FOXQ1 promoter. Notably, 
the overexpression of FOXQ1 partially reversed the growth 
inhibitory effects of ETV1 ablation on HCT116 cells, whereas 
TBX6 impaired HCT116 cell growth and may thereby dampen 
the oncogenic activity of ETV1. The latter also revealed for 
the first time, to the best of our knowledge, a potential tumor 
suppressive function of TBX6. Taken together, the present 
study uncovered a ETV1/JMJD1A-FOXQ1 axis that may drive 
colorectal tumorigenesis.

Introduction

ETS variant 1 (ETV1; previously also known as ER81) is a 
transcription factor endowed with an ETS domain that binds 
to DNA sequences with a GGA(A/T) core (1-3). Nucleotides 
flanking this core or neighboring DNA-binding sites for 
interaction partners determine which ETS protein can bind 
to a specific gene regulatory element (4,5). However, ETV1 
has two close homologs, ETV4 and ETV5, and they can bind 
potentially to the same sites throughout the genome. However, 
tissue-specific expression and possibly different interac-
tomes endow each of these three transcription factors with 
a specific role during development (6). Indeed, compared to 
ETV4 and ETV5 ablation, ETV1 knockout leads to different 
phenotypic alterations in mice, such as deficient connection 
between muscle sensory and spinal motor neurons, abnormal 
numbers of spindles in limb muscles, the lack of Pacinian 
corpuscle limb mechanoreceptors, cardiac conduction defects, 
and the abnormal development of the ventricular conduction 
system (7-10). Furthermore, the activity of ETV1 is heavily 
regulated by post‑translational modification, which includes 
phosphorylation, acetylation and ubiquitylation (11-18); 
however, the mechanisms thorough which these post-trans-
lational modifications affect the developmental functions of 
ETV1 remain elusive.

ETV1 has been implicated in tumorigenesis, most promi-
nently in prostate cancer (6). Chromosomal translocations 
occur in ~5-10% of all human prostate tumors that lead to the 
overexpression of ETV1 (19). Furthermore, ETV1 overexpres-
sion is associated with an increased Gleason score and disease 
recurrence, suggesting that ETV1 promotes the development 
of aggressive prostate cancer in particular (20-22). Transgenic 
mice that prostate-specifically overexpress ETV1 develop 
prostatic intraepithelial neoplasia and the simultaneous 
homozygous loss of the tumor suppressor, Pten, leads to the 
development of invasive adenocarcinomas (21-23). Likewise, 
ETV1 transgenic mice develop prostate carcinoma when 
Jumonji C domain-containing (JMJD)2A is concurrently over-
expressed in a heterozygous Pten knockout background (24). 
JMJD2A is a member of the JMJD protein family that encom-
passes numerous, diverse histone demethylases (25-27). The 
JMJD2A enzyme particularly demethylates tri-methylated 
lysine 9 and 36 on histone H3, and can thereby induce changes 
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in gene transcription (28-30). It also binds directly to ETV1 
and serves the function of an ETV1 coactivator (24,31).

Notably, JMJD2A is robustly expressed in several 
established colorectal cancer cell lines (32). In addition, the 
downregulation of JMJD2A in HCT116, DLD-1 and HT-29 
human colorectal cancer cells has been shown to reduce their 
proliferative potential and increase apoptosis (33), while a 
small molecule inhibitor of JMJD2A catalytic activity has 
been shown to suppress the growth of HCT116 colorectal 
cancer cells (34). These data suggest that JMJD2A promotes 
colorectal cancer growth. Furthermore, ETV1 is expressed in 
human colorectal cancer cell lines and tumors (35,36). Hence, 
the present study examined the possible association between 
ETV1 and JMJD2A in colon cancer. Another histone demeth-
ylase, JMJD1A (37,38), was also included in the present study, 
since this enzyme is reportedly expressed in HCT116 cells and 
is overexpressed in human colorectal tumors (39‑42).

Materials and methods

Cell culture and transfection. HCT116 cells (CCL‑247; 
American Type Culture Collection), 293T cells (CRL-3216; 
American Type Culture Collection) and LNCaP cells 
(CRL‑1740; American Type Culture Collection) were cultured 
at 37˚C in a 5% CO2 atmosphere in Dulbecco's modified 
Eagle's medium plus 10% fetal bovine serum (43). The calcium 
phosphate coprecipitation method was employed to transfect 
293T cells cultured in poly-L‑lysine coated 6‑cm plates (44), 
while transfection of HCT116 cells grown in 12-wells was 
accomplished with the help of 2 µg polyethylenimine (45).

Retrovirus. In order to downregulate a gene, respective shRNA 
was cloned into the pSIREN-RetroQ retroviral vector (Clontech 
Laboratories, Inc.). The sequences targeted by ETV1 shRNAs 
were as previously published (46), while JMJD1A shRNA#1 
targeted the sequence 5'-GCAGGUGUCAAUAGUGAUA-3' and 
shRNA#2 the sequence 5'‑GUAGACCUAGUUAAUUGUA‑3'. 
The sequence of the control shRNA was 5'-CAACAAGAU 
GAAGAGCACCAA-3', which has at least 5 mismatches to known 
human genes. The production of retrovirus in 293T cells has 
been previously described (47). HCT116 cells were then infected 
two or three times, temporally spaced by 12 h, with the indicated 
retrovirus, grown for 24 h in fresh media and then selected with 
1 µg/ml puromycin for 2-3 days. Changes in protein expression 
were determined by western blot analysis (48); for this, cells 
were lysed in Laemmli sample buffer, resulting protein extracts 
run on SDS polyacrylamide gels and proteins transferred to 
PVDF membranes. For overexpression experiments, HA-tagged 
FOXQ1 and TBX6 were cloned into the pQCXIH retroviral 
vector (Clontech). HCT116 cells were infected twice within 
12 h, grown for 24 h with fresh media, selected with 200 µg/ml 
hygromycin B for 3 days and then expanded under continuous 
hygromycin B selection. To detect expression of proteins in retro-
virally transduced cells, rabbit polyclonal antibodies directed 
against ETV1 [#959; as previously described (46); 1:1,000 
dilution], actin (A2066; Sigma-Aldrich; Merck KGaA; 1:5,000 
dilution) or JMJD1A (NB100-77282; Novus Biologicals; 1:1,500 
dilution) and goat polyclonal antibodies directed against FOXQ1 
(NB100-1283; Novus Biologicals; 1:1,000 dilution) or TBX6 
(AF4744; R&D Systems; 1:1,000 dilution) were used. Secondary 

goat anti-rabbit (170-6515; Biorad) or mouse anti-goat (sc-2768; 
Santa Cruz Biotechnology, Inc.) antibodies coupled to horse-
radish peroxidase were used at a 1:3,000 dilution. All antibody 
incubations were performed in TRIS-buffered saline/0.05% 
Tween‑20 with 4% non‑fat dry milk. Detection was done with 
enhanced chemiluminescence using an ECL kit (GERPN2106; 
Sigma-Aldrich; Merck KGaA).

Cell growth and clonogenic assays. A total of 2,000 (for 
Fig. 1) or 2,400 (for Fig. 9) cells were seeded in 96‑wells (49) 
and growth was determined using the PrestoBlue Cell 
Viability kit (A13262, Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's recommendations. For 
clonogenic assays, 3,000 (for Fig. 1) or 2,400 (for Fig. 9) cells 
were spread into 6-wells (50) and the formation of colonies 
was assayed after 8 days by staining with 0.4% crystal violet 
(C0775; Sigma-Aldrich; Merck KGaA) in 10% methanol/10% 
glacial acetic acid for 10 min at room temperature.

Analysis of mRNA expression levels in public databases. All 
respective bioinformatics analyses were performed using the 
Oncomine tool (51). Data for mRNA expression levels were 
downloaded through the website www.oncomine.org and 
imported into GraphPad Prism 6 for Mac OS X for analysis.

Co‑immunoprecipitation and GST pulldown experiments. 
Human 293T cells were transfected with the following amounts 
of plasmids: 3 µg Flag-tagged JMJD expression vector or 
empty vector pEV3S (52), 1 µg 6Myc-tagged ETV1 expres-
sion vector or empty vector pCS3+-6Myc (kindly provided by 
Professor Tony Hunter, Salk Institute), and 5 µg pBluescript 
KS+ (Stratagene; Agilent Technologies, Inc.). At 2 days 
following transfection, cells were lysed in 650 µl of 50 mM 
Tris‑HCl (pH 7.4), 150 mM NaCl, 0.5% Igepal CA‑630, 50 mM 
NaF, 0.1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 
2 µg/ml aprotinin, 10 µg/ml leupeptin, 1 µg/ml pepstatin A, 
0.1 mM dithiothreitol and immunoprecipitations were 
performed with 1 µg of anti‑Flag M2 (F1804; Sigma‑Aldrich; 
Merck KGaA) mouse monoclonal antibody (53); the nature 
of the beads used, incubation times and washing procedures, 
including centrifugation steps, for the immunoprecipitations 
were as previously described (54). Following western blot 
analysis, as described above, with mouse monoclonal anti-Myc 
9E10 antibody (M4439; Sigma‑Aldrich; Merck KGaA; 1:3,000 
dilution) and secondary goat anti-mouse antibodies coupled to 
horseradish peroxidase (170-6516, Bio-Rad Laboratories, Inc.; 
1:3,000 dilution), the blots were developed utilizing chemi-
luminescence (55). For endogenous coimmunoprecipitation, 
ETV1 was immunoprecipitated with 0.5 µg of rabbit poly-
clonal antibody H-70 (sc-28681; Santa Cruz Biotechnology, 
Inc.) and JMJD1A was detected with rabbit polyclonal anti-
body NB100-77282 (Novus Biologicals; 1:1,500 dilution). 
Glutathione S-transferase (GST) pulldown experiments were 
performed essentially as described (56) utilizing as a binding 
and washing buffer phosphate-buffered saline supplemented 
with 0.05% Tween-20, 1 mM dithiothreitol, 0.2 mM phenyl-
methylsulfonyl fluoride, 2 µg/ml aprotinin, 10 µg/ml leupeptin 
and 1 µg/ml pepstatin A. The GST-ETV1 fusion protein or 
the GST moiety was expressed in Escherichia coli and puri-
fied with the help of glutathione agarose, while Flag- and 
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His-tagged JMJD1A was produced in baculovirus-infected 
Sf9 cells and purified with the help of Ni2+‑NTA agarose (24).

Luciferase assays. The following amounts of plasmids were 
used to transfect the HCT116 cells: 0.25 µg matrix metallo-
proteinase (MMP)1(-525/+15) luciferase reporter plasmid (12), 
0.75 µg pBluescript KS+ (Stratagene; Agilent Technologies, 
Inc.), 20 ng ETV1 expression vector or empty vector 
pEV3S (52), and 50 ng Flag-tagged JMJD expression vector 
or empty vector pEV3S (52). For experiments comparing 
pGL2-Basic to the FOXQ1(‑2000/+124) luciferase reporter, 
100 ng pEV3S or ETV1 expression vector, as well as 75 ng 
pEV3S or JMJD1A expression vector were employed. Cells 
were washed once with phosphate-buffered saline 8 h after 
transfection and lysed 40 h later as previously described (57). 
Subsequently, light emission following the addition of 
D-luciferin was measured using a luminometer (Berthold 
Lumat LB9507), as previously described (58). Please note 
that, similar to recent publications (59-62), no internal control 
plasmid was used to normalize for transfection efficiency, 
since the authors have observed that such internal control plas-
mids are often themselves affected upon transcription factor 
overexpression, furthering the notion that the use of internal 
control plasmids can lead to artefacts (63-66).

RNA analyses. RNA was isolated from the HCT116 cells using 
TRIzol reagent (67) and reverse transcribed into cDNA using 
the GoScript Reverse Transcription kit (A5000; Promega 
Corporation) utilizing random p(dN)6 primers according to the 
manufacturer's recommendations. The resultant cDNA was 
then amplified by polymerase chain reaction, as previously 
described (68). The temperature program was as follows: 97˚C 
for 1 min; 9 cycles of 97˚C for 25 sec, 65˚C (‑1˚C per cycle) 
for 25 sec, 72˚C for 25 sec; 16‑29 cycles of 97˚C for 25 sec, 
56˚C for 25 sec, 72˚C for 25 sec; 72˚C for 4 min followed by 
cooling down to 4˚C (69). The PCR products were visualized 
on ethidium bromide-stained agarose gels (70). Alternatively, 
qPCR was performed with the AccuPower 2X Greenstar 
qPCR kit (Bioneer K‑6251) with initial denaturation at 95˚C 
for 6 min followed by 32 cycles of 95˚C for 15 sec, 56˚C 
for 15 sec and 72˚C for 35 sec. Relative quantification was 

performed with the ΔΔCq method (71). The primer sequences 
are listed in Table SI.

RNA-sequencing was performed in the Targeted DNA 
Methylation and Mitochondrial Heteroplasmy Core of the 
Nathan Shock Center of Excellence in the Biology of Aging in 
Oklahoma City. Briefly, Illumina Truseq Stranded HT library 
generation was performed according to the manufacturer's 
instructions. For strand‑specificity, the incorporation of dUTP 
instead of dTTP in the second strand cDNA synthesis did 
not allow amplification past this dUTP with the polymerase. 
Following cDNA synthesis, each product underwent end repair 
process, the addition of a single A-base and ligation of adpa-
ters. The cDNA products were further purified and enriched 
using PCR to make the final library for sequencing. Library 
sizing was performed by TapeStation (Agilent Technologies, 
Inc.) and the RNA-seq libraries were sequenced using an 
Illumina NextSeq (2x75 bp) instrument. Following sequencing, 
reads were trimmed and aligned against the GRCh38 build 
of the human genome, and differential expression statistics 
and correlation analyses were performed with the help of the 
Strand NGS software package (Avadis). Normalization was 
performed with the DESeq algorithm and a z-test was used 
to determine differential expression. P-values were adjusted 
according to the Benjamini and Hochberg method and deemed 
significant for a value <0.05 (72). No biological/technical 
replicates were used. Ingenuity Pathway Analysis (Qiagen 
GmbH) was employed to identify pathways affected upon 
ETV1 downregulation. Sequencing data were deposited in 
Gene Expression Omnibus (GEO) under accession number 
GSE158294.

Chromatin immunoprecipitation assays. Chromatin immuno-
precipitation assays were performed on formaldehyde-treated 
HCT116 cells essentially as previously described (73). ETV1 
and JMJD1A were precipitated with the rabbit polyclonal 
antibodies, ab81086 (Abcam) and NB100-77282 (Novus 
Biologicals), respectively, while control rabbit IgG was 
purchased from Santa Cruz Biotechnology, Inc. (sc-2027). 
Approximately 2 µg of the antibodies were employed for 
the immunoprecipitations that were performed at 4˚C over-
night (74). Genomic DNA was amplified in two steps with 

Figure 1. Effect of ETV1 on HCT116 colorectal cells. (A) Downregulation of ETV1 with two different shRNAs in HCT116 cells was evaluated by western blot 
analysis. Arrowhead points to ETV1. (B) Analysis of HCT116 cell growth. Statistical significance was assessed with two‑way ANOVA with post hoc Dunnett's 
multiple comparisons test; n=3; ****P<0.0001 vs. control. (C) Clonogenic assay. Representative images from 3 independent experiments.
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nested primers (75). The first PCR encompassed the following 
temperature steps: 97˚C for 1 min; 9 cycles of 97˚C for 20 sec, 
65˚C (‑1˚C per cycle) for 20 sec, 72˚C for 40 sec; 20 cycles 
of 97˚C for 20 sec, 56˚C for 20 sec, 72˚C for 40 sec; 72˚C 
for 4 min followed by cooling down to 4˚C. The second PCR 
was performed in the same manner except that 31 instead of 
20 cycles were used. The primer sequences are presented in 
Table SII.

Statistical analyses. Means with standard deviations are 
presented in all applicable figures. Statistical tests that were used 
are indicated in the figure legends and included an unpaired, 
two-tailed Student's t-test, as well as one-way or two-way 
ANOVA with post hoc tests (Dunnett's, Sidak's or Tukey's) for 
multiple comparisons. All calculations were performed with 
GraphPad Prism 6 for Mac OS X. A P-value <0.05 was consid-
ered to reflect a statistical significance difference.

Results

Effect of ETV1 on HCT116 cells. Previously, it was reported 
that ETV1 downregulation reduced the viability of HT-29 
colorectal cancer cells (76). The present study wished to assess 
whether ETV1 is also a promoter of HCT116 colorectal cancer 
cell growth; this particular cell line was selected for use in 
the present study, as ETV1, JMJD1A and JMJD2A were all 
robustly expressed in HCT116 cells (see below). Indeed, the 

downregulation of ETV1 with two different shRNAs signifi-
cantly decreased the growth of HCT116 cells (Fig. 1A and B). 
In addition, the cell clonogenic activity was markedly reduced 
in the presence of ETV1 shRNA (Fig. 1C). Hence, similar 
to JMJD2A (33) or JMJD1A (39,41,42), ETV1 is a promoter 
of HCT116 colorectal cancer cell growth; this may therefore 
serve as a model system to study the potential cooperation of 
ETV1 with JMJD histone demethylases.

ETV1 and JMJD2A mRNA levels in colorectal cancer. In 
order to substantiate that ETV1 is overexpressed in colorectal 
tumors, bioinformatics analyses were performed through the 
Oncomine website (www.oncomine.org). Utilizing published 
microarray data (77,78), it was found that ETV1 mRNA 
expression was significantly upregulated in colorectal tumors 
compared with normal tissue (Fig. 2A and B). Moreover, a high 
ETV1 expression was significantly associated with a reduced 
survival at 5 years [Fig. 2C; data from a previous study (79)], 
3 years and 1 year (Fig. S1A) following diagnosis and was also 
positively associated with the stage of the disease (Fig. S1B), 
the latter being consistent with the reported presence of ETV1 
in lymph node metastases (80). These data strongly support 
the notion that ETV1 promotes colorectal tumor formation and 
may be a predictor of an unfavorable outcome.

Since ETV1 and JMJD2A synergize in prostate 
cancer (24), the present study also examined the mRNA 
levels of the JMJD2A histone demethylase. Surprisingly, 

Figure 2. Expression of ETV1 and JMJD2A mRNA in colorectal cancer. (A) Upregulation of ETV1 mRNA in colorectal tumors. Data were from the study 
by Hong et al (77). (B) Analogous in microarray data from the study published by Skrzypczak et al (78). (C) Higher ETV1 expression was associated with 
a reduced 5-year survival according to the microarray data from the study by Smith et al (79). (D) JMJD2A mRNA levels were downregulated in colorectal 
carcinomas. Data were from the Cancer Genome Atlas (81). (E) Analogous in microarray data published in the study by Skrzypczak et al (78). (F) Decreased 
survival (5 years) was associated with increased JMJD2A mRNA levels. Microarray data retrieved from the study by Smith et al (79). Statistical significance 
was assessed with unpaired, two-tailed Student's t test. JMJD, Jumonji C domain-containing protein.
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it was discovered that the JMJD2A mRNA levels were 
downregulated in colorectal cancer [Fig. 2D and E; data 
from previous studies (78,81)]. Notably, high JMJD2A 
mRNA levels were associated with a reduced survival 
(Figs. 2F and S1C) and were associated with an increased 
disease stage (Fig. S1D). These data suggest that JMJD2A 
is not required for the initiation of disease, but rather for the 
progression to the more aggressive and lethal end stages of 
colorectal cancer.

Physical interaction between ETV1 and JMJD1A. It has 
been previously reported that JMJD1A is overexpressed 
in colorectal tumors (39,40). Since it has been found that 
ETV1 is upregulated in colorectal cancer and as ETV1 has 
been shown to physically bind to JMJD2A (24), the present 
study wished to determine whether JMJD1A may also form 
complexes with ETV1. Hence, the present study investigated 
the potential interaction between these two proteins in 
co-immunoprecipitation assays. Indeed, overexpressed ETV1 
robustly co-immunoprecipitated with JMJD1A to a similar 
degree as with JMJD2A (Fig. 3A), but not with several other 
JMJD proteins (JMJD1B, SMCX, PHF2, HSPBAP1, JMJD5 
and JMJD6). This complex formation of JMJD1A with ETV1 

was independent of catalytic activity, as the H1120A/D1122G 
catalytic mutant of JMJD1A was indistinguishable from the 
wild-type in its ability to co-immunoprecipitate with ETV1 
(Fig. 3B). Furthermore, endogenous JMJD1A co-immunopre-
cipitated with endogenous ETV1 in HCT116 cells (Fig. 3C). 
In addition, recombinant JMJD1A purified from baculovirus 
bound to bacterially expressed, purified GST‑ETV1, but not 
to GST (Fig. 3D). Taken together, these data demonstrate that 
ETV1 and JMJD1A can directly bind to each other in vitro 
and in vivo.

Domain mapping experiments. Two structural domains were 
identified in JMJD1A, a central Zn‑finger and the C‑terminal 
Jumonji C domain that is its catalytic center (Fig. 4A). The 
present study then examined whether any of these domains 
are involved in the interaction with ETV1 by utilizing trun-
cation mutants of JMJD1A. ETV1 co-immunoprecipitated 
with the N-terminal 650 JMJD1A amino acids, whereas the 
651-1056 and 1051-1321 truncations, which encompass the 
Zn‑finger or Jumonji C domain, did not form complexes with 
ETV1 (Fig. 4B). Likewise, the Jumonji C domain of JMJD2A 
was reportedly not required for binding to ETV1 (24), which 
may be the reason why ETV1 did not promiscuously interact 

Figure 3. Interaction of JMJD1A with ETV1. (A) Flag-tagged JMJD proteins were co-expressed with Myc-tagged ETV1. Shown are immunoprecipitations 
(IP) with anti-Flag antibody followed by western blot analysis with anti-Myc antibody (top panel), as well as input levels of ETV1 (middle panel) and JMJD 
proteins (bottom panel). (B) Comparable degree of co-immunoprecipitation of ETV1 with wild-type JMJD1A and its H1120A/D1122G catalytic mutant (mut). 
(C) Endogenous coimmunoprecipitation in HCT116 cells. No, anti-ETV1 or a control antibody was utilized for immunoprecipitation. Right panel shows equal 
input levels of JMJD1A. (D) Interaction of purified proteins was tested by GST pull‑down assays (top panel). Purity of recombinant proteins (GST, GST‑ETV1 
and Flag-His-JMJD1A) was assessed by Coomassie staining (bottom panel). JMJD, Jumonji C domain-containing protein.
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with all of the Jumonji C domain-containing proteins tested 
in Fig. 3A.

Conversely, the present study assessed which domains in 
ETV1 mediate its interaction with JMJD1A. Neither amino 
acids 1‑334 nor 1‑249, which encompass a strong N‑terminal 
transactivation domain of ETV1 (3), co-immunoprecipitated 
with JMJD1A (Fig. 4C and D). In contrast, all other truncations 
tested formed complexes with JMJD1A. The smallest fragment 
that still interacted with JMJD1A encompassed ETV1 amino 
acids 333‑429, suggesting that the ETS DNA‑binding domain 
of ETV1 mediates the interaction with JMJD1A. Similarly, the 
ETS domain was reportedly crucial for binding of ETV1 to 
JMJD2A (24), suggesting that the DNA‑binding ETS domain 
of ETV1 is responsible for recruitment of either JMJD1A 
or JMJD2A. This also suggests that the highly homologous 
ETV4 and ETV5 proteins are likely to bind to JMJD1A and 
JMJD2A through their ETS domains.

Cooperation between ETV1 and JMJD histone demethylases. 
To assess whether ETV1 and JMJD1A (or JMJD2A) function-
ally cooperate in gene transcription in colon cancer cells, the 

MMP1 gene promoter that is a bona fide target of ETV1 (12) 
was examined. When an MMP1 luciferase reporter gene 
was transfected into HCT116 cells, expectedly, a significant 
stimulation of luciferase activity was observed upon ETV1 
co-transfection (Fig. 5). Notably, JMJD1A, but not JMJD2A 
co-transfection alone also significantly increased MMP1 
luciferase activity; this different behavior may be attribut-
able to the fact that endogenous levels of ETV1 were only 
sufficient in the case of JMJD1A to detect transactivation. 
It should be noted that JMJD1A and JMJD2A were over-
expressed at comparable levels (Fig. S2A). When JMJD1A 
or JMJD2A was co-expressed with ETV1, a cooperative 
transcriptional activation was observed (Fig. 5). As previ-
ously reported in prostate cells (24), the JMJD2A‑H188A 
catalytic mutant did not cooperate with ETV1, and neither 
did the JMJD1A-H1120A/D1122G catalytic mutant (Fig. 5), 
indicating that the catalytic activity of JMJD1A is required 
for the coactivation of ETV1. Similarly, JMJD1A was capable 
of cooperating with ETV1 in LNCaP prostate cancer cells, 
although in this case, JMJD2A was much more potent 
(Fig. S2B). Taken together, these data reveal the novel finding 

Figure 4. Domain mapping experiments. (A) Scheme of the human JMJD1A protein. JmjC, Jumonji C domain that is the catalytic center. (B) Indicated 
Flag-tagged JMJD1A amino acids were co-expressed with 6Myc-tagged ETV1 and coimmunoprecipitation experiments performed. Top panel shows the 
immunoprecipitates, while the bottom two panels show input levels of Flag- and Myc-tagged proteins. (C) Scheme of human ETV1. AD, acidic domain that 
is part of an N-terminal or C-terminal transactivation domain. ETS, DNA-binding domain. (D) Similar as in panel (B) co-immunoprecipitation experiments 
with indicated 6Myc-tagged ETV1 amino acids and Flag-JMJD1A. JMJD, Jumonji C domain-containing protein.
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(to the best of our knowledge) that enzymatically active 
JMJD1A can serve as a co-activator of ETV1.

Regulation of the transcriptome by ETV1. To gain deeper 
insight into the mechanisms through which ETV1 may affect 
colon cancer cells, ETV1 expression was downregulated with 
shRNA in HCT116 cells and RNA-sequencing was performed 
(Fig. 6A and B). A total of 745 genes were downregulated upon 
the expression of either of the two ETV1 shRNAs used, and 
257 genes were upregulated, indicating that ETV1 regulates 
approximately a thousand genes in HCT116 cells. Amongst 
the downregulated genes, RT‑qPCR confirmed the reduced 
expression of signaling molecules (WNT7A and WNT11) 
and transcription factors (BHLHE40, FOXQ1, KLF7, MYCL, 
NFATC4 and TBX6), whereas two examples of validated 
upregulated genes were FAS and TP53I3 (Fig. 6A). WNT7A 
is a secreted morphogen that is overexpressed in colorectal 
cancer and may activate cancer-associated fibroblasts, 
which enhances tumor aggressiveness (82,83). Likewise, 
WNT11 is overexpressed in colon cancer and may promote 
colorectal cancer cell growth and invasion (84,85). Hence, the 
upregulation of WNT7A and WNT11 may be involved in the 
mechanisms through which ETV1 overexpression contributes 
to colon tumorigenesis.

This may also pertain to the upregulation of FOXQ1, 
as the encoded transcription factor is overexpressed in 
colorectal cancer and promotes tumor initiation and metas-
tasis (86‑89). By contrast, the authors were unable to find 
substantial evidence in the literature that BHLHE40, KLF7, 
MYCL, NFATC4 or TBX6 promote colon cancer. However, 
the downregulation of the FAS cell surface death receptor 
has been reported in colon tumors and seems to be associ-
ated with a reduced survival, likely due to the fact that FAS 
downregulation facilitates escape from immune surveillance 
and thus, also resistance to immune checkpoint inhibi-
tors (90,91). Accordingly, the suppression of FAS expression 
by ETV1 could contribute to colon cancer aggressiveness. By 
contrast, the suppression of the expression of the oxidoreduc-
tase TP53I3 by ETV1 cannot account for the pro-growth role 
of ETV1 in HCT116 cells, since TP53I3 is also a pro-growth 
factor (92). This indicates that results from RNA-sequencing, 
although they can provide some insight into how ETV1 facili-
tates its oncogenic effects, should be treated with caution and 
identifying seminal downstream effectors of ETV1 requires 
experimental validation (see below).

The present study also applied Ingenuity Pathway Analysis 
to better comprehend ETV1 function. This revealed multiple 
upstream regulatory pathways that were affected by ETV1 
downregulation (Fig. 6C). Amongst the downregulated path-
ways, there were interleukin (IL)-6, signal transducer and 
activator of transcription (STAT)3 and β-catenin (CTNNB1). 
Given that IL6/STAT3 as well as β-catenin are potent onco-
genic agents in colorectal cancer (93,94), this outlines how 
ETV1 overexpression may facilitate tumorigenesis by stimu-
lating the IL6/STAT3 and β-catenin pathways.

Subsequently, the authors wished to determine whether 
JMJD1A may also regulate the newly identified ETV1 target 
genes. To this end, two different JMJD1A shRNAs were 
transfected into HCT116 cells. This robustly ablated JMJD1A 
expression, but did not alter the ETV1 levels, and neither 

did ETV1 downregulation affect JMJD1A levels (Fig. 7A). 
The mRNA levels of WNT7A, WNT11, BHLHE40, FOXQ1, 
KLF7, NFATC4, TBX6, FAS and TP53I3 were then measured 
(Fig. 7B). As observed with ETV1 downregulation, JMJD1A 
shRNA led to a decrease in the WNT11, BHLHE40, FOXQ1, 
KLF7 and NFATC4 mRNA levels, while the FAS and TP53I3 
levels were increased. However, in contrast to ETV1, WNT7A 
and TBX6 mRNA levels were not significantly affected by 
JMJD1A shRNAs. Collectively, these results suggest that 
JMJD1A cooperates with ETV1 in the regulation of several, 
but not all of ETV1 target genes.

FOXQ1 as a downstream effector of ETV1 and JMJD1A. Out 
of the validated ETV1-regulated genes, FOXQ1 was selected 
for further analysis. The reasons were that the pro-oncogenic 
association of FOXQ1 with colorectal cancer has been estab-
lished (87,89) and it could be corroborated that FOXQ1 was 
upregulated in colorectal tumors (Fig. S3A-C). In addition, 
FOXQ1 mRNA levels were regulated by JMJD1A (Fig. 7B), 
but not by JMJD2A (Fig. S4), suggesting that ETV1 and 
JMJD1A cooperate in the transcriptional control of FOXQ1.

Thus, the human FOXQ1 promoter from ‑2,000 to +124 was 
cloned and it was demonstrated that it was dose-dependently 
inducible by ETV1 (Fig. 8A). Accordingly, multiple potential 
ETV1 binding sites were identified within these 2.1 kbp of 
genomic DNA (Fig. S5). Subsequently, JMJD1A was expressed 
and it was observed that JMJD1A, but not the H1120A/D1122G 
catalytic mutant, was capable of inducing the FOXQ1 gene 

Figure 5. Activation of the MMP1 gene promoter by JMJD1A. Indicated 
expression vectors were co-transfected with an MMP1 luciferase reporter 
gene into HCT116 cells. Catalytically inactive JMJD proteins are indicated 
by the suffix ‘mut’. ANOVA (Tukey's multiple comparisons test; n=4). NS, not 
significant; ***P<0.001; ****P<0.0001. JMJD, Jumonji C domain-containing 
protein; MMP1, matrix metalloproteinase 1.
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promoter only in the presence of ectopic ETV1 (Fig. 8B); as 
a control, the parental luciferase construct pGL2-Basic was 
not affected by ETV1 or JMJD1A. In addition, as determined 
by chromatin immunoprecipitation experiments, both ETV1 
and JMJD1A bound to the FOXQ1 promoter within region A 
(Fig. 8C), but not within region C. Of note, JMJD1A, but 
not ETV1, also bound to region B (Fig. 8C), suggesting that 
a transcription factor(s) other than ETV1 likewise recruits 
JMJD1A to the FOXQ1 gene promoter. Taken together, these 
data strongly support the notion that FOXQ1 is a valid target 
of the ETV1/JMJD1A complex.

Finally, the present study wished to determine whether 
FOXQ1 is seminal for ETV1 function in HCT116 cells. To this 
end, ETV1 was downregulated and FOXQ1 was overexpressed 
simultaneously. As also shown above (Fig. 1), ETV1 downregu-
lation suppressed HCT116 cell growth and clonogenic activity 
(Fig. 9). The overexpression of FOXQ1 had no effect in the 
presence of control shRNA, suggesting that endogenous levels 
of FOXQ1 were already sufficient for a maximal growth‑stimu-
latory effect of this transcription factor in the presence of normal 
ETV1 levels. However, FOXQ1 overexpression partially reversed 
the growth-suppressive effect of ETV1 shRNA on HCT116 cells, 
although not the clonogenic activity. These data demonstrate that 
FOXQ1 is indeed one of the crucial target genes of ETV1.

The present study also attempted to rescue ETV1 ablation 
by TBX6 overexpression, since our interest was piqued by the 
fact that we did not find any literature convincingly linking 
the TBX6 transcription factor to cancer at all. This was despite 
conflicting bioinformatics results demonstrating either the 

up- or downregulation of TBX6 mRNA in colorectal cancer 
(Fig. S3D-F) and JMJD1A as well as JMJD2A not regulating 
TBX6 gene transcription (Figs. 7B and S4). Notably, TBX6 
overexpression significantly impaired HCT116 cell growth 
and clonogenic activity in the presence of control shRNA, 
but had no effect in the presence of ETV1 shRNA (Fig. 9). 
This indicates that TBX6 transcriptional upregulation does 
not contribute to the pro-growth activity of ETV1, but may 
instead suppress it. In addition, to the best of our knowledge, 
these data suggest for the first time that TBX6 may perform a 
tumor-suppressive activity in colorectal cancer cells.

Discussion

The present study provided evidence that the ETS transcrip-
tion factor, ETV1, may contribute to the development of 
colorectal cancer. This is primarily based on ETV1 being 
overexpressed in respective tumors, its expression levels being 
associated with the aggressiveness of the disease, and being 
required for the efficient growth and clonogenic activity of 
HCT116 colorectal cancer cells. Moreover, it was discovered 
that ETV1 binds directly to the JMJD1A histone demethylase 
that appears to coregulate many ETV1 target genes. Given that 
JMJD1A itself is overexpressed in colorectal cancer and has 
been implicated as a respective tumor promoter (39‑42,95), 
this interaction may have lethal consequences. Furthermore, 
the relevance of the ETV1-JMJD1A complex may extend to 
other malignancies, including prostate cancer, where ETV1 is 
known to be a driver of tumorigenesis (21-23,96) and some 

Figure 6. RNA-sequencing analyses. (A) RT-qPCR analyses showing mRNA levels of indicated genes in HCT116 cells expressing control shRNA, shRNA 
ETV1 #1 or shRNA ETV1 #5. (B) Venn diagram depicting genes that were >2‑fold up‑ or downregulated in HCT116 cells upon expression of the two 
different ETV1 shRNAs compared to control shRNA. (C) Ingenuity Pathway Analysis for upstream regulator pathways. Blue color indicates inhibition and 
red color activation in the presence of ETV1 shRNAs. Inclusion criteria were the following: i) Absolute value of the activation z-score was larger than 1.5, and 
(ii) P-value of overlap <0.01.
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in vitro evidence points to a similar role for JMJD1A (97-100). 
Consistently, JMJD1A is upregulated in prostate tumors and 
even more so at metastatic sites (Fig. S6).

The depletion of ETV1 in HCT116 cells resulted in 
the inhibition of multiple regulatory pathways (Fig. 6C), 
including IL6/STAT3 and β-catenin signaling that facilitate 
colon cancer (93,94). Accordingly, the stimulation of these 
pathways upon ETV1 overexpression could contribute to 
tumorigenesis. Seemingly inconsistent with the oncogenic 
role of ETV1 in colon cancer, interferon-γ (IFNG) signaling 
(Fig. 6C), whose tumor suppressive role has long been 
recognized (101), was inhibited upon ETV1 downregulation. 

However, IFNG can also contribute to the progression of 
cancer, in particular by promoting the immunoevasion of 
tumor cells, which may occur through the upregulation of 
e.g., PD-L1 or the increased secretion of immunosuppressive 
molecules that is associated with a reduced survival (102). 
Another pathway diminished by ETV1 downregulation was 
TGF-β signaling (Fig. 6C). TGF-β normally suppresses the 
growth of epithelial cells, but it can also promote epithe-
lial-to-mesenchymal transition and thereby metastasis (103). 
Hence, it is plausible that the stimulation of TGF-β signaling 
by ETV1 may particularly be relevant during the progres-
sion from localized to disseminated tumors. Conversely, 

Figure 7. Co-regulation of ETV1 target genes by JMJD1A in HCT116 cells. (A) Downregulation of JMJD1A or ETV1 with shRNA; arrowhead indicates ETV1. 
Shown are indicated western blots. (B) Gene expression upon JMJD1A downregulation was determined by RT-qPCR. All mRNA levels were normalized to 
those of GAPDH. One‑way ANOVA with post hoc Dunnett's multiple comparisons test; n=3; NS, not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 
JMJD, Jumonji C domain-containing protein.
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from the RNA-sequencing data in the present study, it 
was predicted that ETV1 causes the inhibition of scaffold 

attachment factor B (SAFB) signaling (Fig. 6C). SAFB is 
downregulated in colorectal tumors, being associated with 

Figure 9. Rescue of growth defects. HCT116 cells were stably transduced with pQCXIH vector control or retrovirus expressing HA-tagged FOXQ1 or TBX6. 
Following selection with hygromycin B, cells were additionally infected with retrovirus either expressing control shRNA or ETV1 #5 shRNA. (A) Western blots. 
Arrowhead indicates ETV1. (B) Growth assays. Two‑way ANOVA with post hoc Tukey's multiple comparisons test (n=3). NS, not significant; ****P<0.0001. 
(C) Representative images for clonogenic assays (n=3).

Figure 8. Analysis of the FOXQ1 gene promoter. (A) ETV1-mediated activation of a luciferase gene controlled by the FOXQ1 gene promoter. Indicated 
amounts of empty vector pEV3S or ETV1 expression vector were used for transient transfection of HCT116 cells. Two-way ANOVA with post hoc Sidak's 
multiple comparisons test; n=6; **P<0.01; ****P<0.0001. (B) Comparison of control pGL2-Basic to the FOXQ1 luciferase reporter; ‘mut’ signifies the 
JMJD1A‑H1120A/D1122G catalytic mutant. One‑way ANOVA with post hoc Tukey's multiple comparisons test; n=4; ****P<0.0001; NS, not significant. 
(C) Chromatin immunoprecipitation experiments assessing binding of ETV1 and JMJD1A to three different upstream regions of the human FOXQ1 promoter. 
Shown are agarose gels with amplified promoter regions. The transcription start site is marked by +1, and the open reading frame (ORF) begins at +608.
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a reduced survival, and its overexpression leads to the 
inhibition of metastasis (104), outlining another mechanism 
through which ETV1 could potentially drive colon cancer. 
However, whether the aforementioned pathways are indeed 
crucial for the role of ETV1 in colorectal cancer needs to be 
validated in the future.

FOXQ1 is overexpressed in colorectal tumors (86-88,105) 
and this transcription factor can promote in vitro migra-
tion, invasion, angiogenesis and proliferation, as well as the 
xenograft tumor growth of colorectal cancer cells (87-89). 
The present study discovered FOXQ1 was a target gene of 
ETV1 and JMJD1A. Notably, FOXQ1 overexpression partially 
reversed the growth suppressive effect of ETV1 shRNA on 
HCT116 cells, strongly arguing that FOXQ1 is a seminal 
downstream effector of ETV1 in colorectal and possible other 
cancers.

However, albeit FOXQ1 is in general considered as an 
oncoprotein, a recent study demonstrated that FOXQ1 can also 
act as a tumor suppressor in melanomas (106). It is possible 
that the same holds true for prostate cancer, as it was found that 
FOXQ1 was downregulated in prostate tumors, and this down-
regulation was even accentuated upon metastasis (Fig. S7). 
Accordingly, FOXQ1 may not always be a crucial downstream 
effector of ETV1, and it remains to be determined whether and 
why ETV1 would potentially be ineffectual to induce FOXQ1 
transcription in prostate tumors.

FOXQ1 overexpression only partially reversed ETV1 
ablation, indicating that other crucial ETV1 downstream 
effectors await discovery. For instance, one of these could be 
the transcription factor, MYCL, as MYCL transcription was 
reduced upon ETV1 shRNA expression. The MYCL gene has 
been found amplified and/or overexpressed in small cell lung 
cancer, ovarian carcinomas and prostate cancer (107-109). In 
mice in which both the TP53 and RB1 tumor suppressor genes 
were deleted, the overexpression of MYCL promoted, while the 
knockout of MYCL suppressed small cell lung cancer forma-
tion, indicating an oncogenic activity for MYCL (110,111). This 
was further substantiated by the fact that transgenic mice over-
expressing MYCL in T cells developed lymphoid tumors (112). 
Consistent with being another downstream effector of ETV1, 
MYCL was found overexpressed in both colon and prostate 
cancer (Fig. S8).

It was also unraveled that TBX6 transcription was stimu-
lated by ETV1, but not by JMJD1A. The T-box transcription 
factor TBX6 is essential for embryonic development (113), yet 
its role in cancer has, to our knowledge, not yet been inves-
tigated. TBX6 overexpression reduced HCT116 cell growth 
and clonogenicity, suggesting that TBX6 exerts a tumor 
suppressive function, an important finding in its own right. 
Accordingly, TBX6 upregulation may dampen the oncogenic 
activity of ETV1. Since it is conceivable that TBX6 gene 
activity is modulated by transcription factors other than ETV1, 
TBX6 downregulation may occur in a number of instances 
in colorectal cancer and promote tumorigenesis. Similar to 
numerous cancer-critical transcription factors, TBX6 has 
been shown to be associated with congenital developmental 
diseases, including Müllerian aplasia, scoliosis, anomalies of 
the kidney and urinary tract, and cervical vertebral malfor-
mations (114‑117). One possible mechanism through which 
TBX6 could affect development is through TBX6-mediated 

repression of the stem cell factor SOX2 (118,119). The same 
mechanism may apply for TBX6-mediated tumor suppression; 
consistently, the elevated expression of SOX2 is associated with 
increased metastasis, recurrence and lethality in colorectal 
cancer patients (120-122).

In conclusion, the data of the present study revealed plau-
sible mechanisms through which an ETV1-JMJD1A protein 
complex could facilitate tumorigenesis in the colon, including 
by upregulating the FOXQ1 gene. This knowledge suggests 
that interfering with ETV1, JMJD1A and/or FOXQ1 func-
tion may be a valid strategy with which to combat metastatic 
colorectal cancer.
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