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Abstract: Head and neck squamous cell carcinoma (HNSCC) is a frequent malignancy with a poor
prognosis. So far, the EGFR inhibitor cetuximab is the only approved targeted therapy. A deeper
understanding of the molecular and genetic basis of HNSCC is needed to identify additional targets
for rationally designed, personalized therapeutics. The transcription factor EVI1, the major product
of the MECOM locus, is an oncoprotein with roles in both hematological and solid tumors. In
HNSCC, high EVI1 expression was associated with an increased propensity to form lymph node
metastases, but its effects in this tumor entity have not yet been determined experimentally. We
therefore overexpressed or knocked down EVI1 in several HNSCC cell lines and determined the
impact of these manipulations on parameters relevant to tumor growth and invasiveness, and on
gene expression patterns. Our results revealed that EVI1 promoted the proliferation and migration
of HNSCC cells. Furthermore, it augmented tumor spheroid formation and the ability of tumor
spheroids to displace an endothelial cell layer. Finally, EVI1 altered the expression of numerous
genes in HNSCC cells, which were enriched for Gene Ontology terms related to its cellular functions.
In summary, EVI1 represents a novel oncogene in HNSCC that contributes to cellular proliferation
and invasiveness.

Keywords: squamous cell carcinoma of head and neck; EVI1; MECOM; PRDM3; cell proliferation;
lymphatic metastasis; neoplasm metastasis; gene expression regulation; molecular targeted therapy

1. Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common malig-
nancy worldwide, with more than 830,000 new diagnoses and more than 430,000 deaths
per year [1,2]. Primary tumors are predominately located in the oral cavity, oropharynx,
hypopharynx, or larynx [2]. Excessive consumption of alcohol and/or tobacco products are
the primary risk factors and are associated with 75% of cases [1,2]. More recently, human
papilloma virus (HPV) infection has been identified as an additional etiological factor
with increasing importance, particularly in younger men, and is associated with better
outcomes [1,2]. HNSCC is a genetically and molecularly heterogeneous disease. Among
the most important genetic lesions are TP53 mutations and mutations in the pRb path-
way, both of which represent early events [1]. Moreover, overexpression of the epidermal
growth factor receptor (EGFR) is observed in 80–90% of HNSCC cases and indicates a poor
prognosis [1,2].
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While early-stage HNSCC, even if HPV-negative, has a 5-year overall survival (OS)
rate of 70–90%, the majority (two-thirds) of patients present with advanced disease, which
is associated with a 5-year OS of only around 25–50%, depending on the primary tumor
site [2]. Treatment is multimodal, comprising surgery, radiation, and platinum compound-
based chemotherapy [1,2]. So far, the EGFR inhibitor cetuximab, a monoclonal antibody
that competitively inhibits ligand binding, is the only approved targeted treatment, but
its efficacy is limited and resistance is frequent [1,2]. Most recently, immune checkpoint
inhibitors were also successfully established for the treatment of recurrent/metastatic
HNSCC [1,2]. Overall, however, treatment success is limited, relapses are frequent, and
survival outcomes are unsatisfactory [1,2].

Ecotropic viral integration site 1 (EVI1), one of several transcript and protein variants
derived from the MDS1-EVI1 complex (MECOM, alias PRDM3) locus in chromosome band
3q26 [3,4], was first discovered because its transcriptional activation by retroviral insertion
promoted myeloid leukemia in mice [5]. EVI1 is a transcription factor with two zinc finger
domains, comprising seven and three zinc finger motifs, respectively [3,4]. It has been
shown to bind to DNA in a sequence-specific manner, to interact both with other sequence-
specific transcription factors and with transcriptional cofactors, and to regulate numerous
target genes [3,4,6–12]. Targeted disruption of the Mecom locus in mice revealed multiple
roles in embryonic development [13]. Moreover, the key roles of this gene in hematopoietic
stem cells have been described [14,15]. Beyond this, MECOM, and particularly its product
EVI1, acts as an oncogene in a variety of different tumor entities, as revealed both by inves-
tigations on corresponding patient cohorts and by experimental studies. A large body of
work has focused on the role of EVI1 in myeloid malignancies, particularly in acute myeloid
leukemia (AML). Overexpression of EVI1 is present in around 10% of patients with AML
and is associated with a dismal prognosis [16–18]. Moreover, EVI1 promoted the key prop-
erties of AML stem cells [19]. Increasingly, the role of EVI1 in solid tumors is also becoming
recognized. Thus, EVI1 was overexpressed as compared with corresponding healthy tis-
sues, associated with parameters reflecting disease aggressiveness, and/or correlated with
shorter survival in a variety of tumor entities, including glioblastoma multiforme [20],
triple negative breast cancer [21], clear cell renal cell carcinoma [22], lung squamous cell
carcinoma [23], cholangiocarcinoma [24,25], prostate cancer [26], serous epithelial ovarian
cancer [27], pancreatic ductal adenocarcinoma [28], and nasopharyngeal carcinoma [9].
In corresponding experimental models, EVI1 promoted proliferation, colony formation,
anchorage-independent growth, migration, invasion, tumor sphere formation (an in vitro
surrogate for cancer stem cell activity), epithelial-to-mesenchymal transition, resistance to
drug-induced apoptosis, and/or tumor growth and metastasis formation in syngeneic or
xenotransplantation mouse models [8,9,11,12,25–30]. The numerous molecular mechanisms
implicated in these biological functions include inhibition of TGF-β signaling [27] and
activation of KRAS [28], AKT [25,29], mTOR [8], and Wnt signaling [9,11].

In HNSCC, increased expression of EVI1 in primary tumors correlated with the
presence of lymph node metastases [31], which are usually associated with an advanced
disease stage and worse prognosis. However, to the best of our knowledge, the functional
effects of EVI1 in this tumor entity have not yet been described. Here, we report that EVI1
promoted proliferation and properties related to tumor invasiveness, and regulated the
expression of numerous genes in HNSCC cells.

2. Results
2.1. Establishment of HNSCC Cell Lines with Experimentally Altered EVI1 Expression

High EVI1 protein expression was associated with an increased propensity to form
lymph node metastases in HNSCC [31]. To investigate the biological functions of EVI1
in this tumor entity, we first determined its expression in a panel of human HNSCC cell
lines. BHY, CAL-27, CAL-33, FADU, HN, SCC-4, and SCC-25 all expressed moderate and
somewhat variable levels of EVI1 mRNA and protein (Figures 1A and S1A,B). Further
experiments focused on cell lines derived from carcinomas of the oral cavity because of the
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frequency and aggressive nature of this HNSCC sub-entity [2]. CAL-33, CAL-27, SCC-25,
and SCC-4 cells were transduced with a retroviral EVI1 expression vector or with an empty
vector as a control. Transduced cells were sorted by flow cytometry for vector-encoded
enhanced green fluorescent protein (eGFP), and overexpression of EVI1 was confirmed by
immunoblot analysis (Figures 1B and S1C–E). The resulting EVI1 overexpression and empty
vector control cell lines are designated by appending “_EVI1” and “_vec”, respectively, to
the respective cell line names (e.g., CAL-33_EVI1, CAL-33_vec). Moreover, CAL-33 cells
were infected with lentiviral vectors containing one of two different shRNAs targeting EVI1
(shEVI1-1, shEVI1-2) or a control shRNA (shCtrl). After sorting for the vector-encoded
fluorescent marker Venus, successful knock-down of EVI1 in the resulting cell lines CAL-
33_shEVI1-1 and CAL-33_shEVI1-2 vs. CAL-33_shCtrl was corroborated by immunoblot
analysis (Figure 1C).
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were transduced with lentiviral vectors containing shRNAs targeting human EVI1 (shEVI1-1, 
shEVI1-2) or a control shRNA targeting the renilla luciferase gene (shCtrl). Knock-down of EVI1 was 
confirmed by immunoblot analysis. (B,C) Left panels, representative immunoblots; right panels, 
quantification using GAPDH for normalization. Means + SEM, n = 3. * p < 0.05; one-sample t-test (B) 
or one-sample t-test with Bonferroni correction for multiple testing (C). 

2.2. EVI1 Promotes the Proliferation of HNSCC Cells 
To evaluate whether EVI1 affected the proliferation of HNSCC cells, increases in cell 

numbers were monitored in real-time by measuring impedance changes in cell culture 
plates with integrated electrodes. These experiments showed that overexpression of EVI1 
promoted cellular proliferation and knock-down of EVI1 decreased it (Figures 2A,B and 
S2A–C). Moreover, when cells were seeded into standard culture dishes at a low density, 
experimental manipulation of EVI1 expression, albeit without an impact on the number 
of colonies formed, affected colony size in a manner consistent with a growth-promoting 
effect of EVI1 (Figures 2C,D and S2D–F). The positive impact of EVI1 on cell proliferation 

Figure 1. Expression of EVI1 in native and transduced HNSCC cell lines. (A) EVI1 protein levels
in seven HNSCC cell lines were determined by immunoblot analysis; GAPDH was used as a load-
ing control. Left panel, representative immunoblot; right panel, quantification. EVI1 levels were
normalized to GAPDH levels and to CAL-27 cells. Means + SEM, n = 3. (B) CAL-33 cells were
transduced with a retroviral vector containing the human EVI1 cDNA (EVI1) or with an empty vector
as a control (vec). Overexpression of EVI1 was confirmed by immunoblot analysis. (C) CAL-33
cells were transduced with lentiviral vectors containing shRNAs targeting human EVI1 (shEVI1-1,
shEVI1-2) or a control shRNA targeting the renilla luciferase gene (shCtrl). Knock-down of EVI1 was
confirmed by immunoblot analysis. (B,C) Left panels, representative immunoblots; right panels,
quantification using GAPDH for normalization. Means + SEM, n = 3. * p < 0.05; one-sample t-test (B)
or one-sample t-test with Bonferroni correction for multiple testing (C).

2.2. EVI1 Promotes the Proliferation of HNSCC Cells

To evaluate whether EVI1 affected the proliferation of HNSCC cells, increases in cell
numbers were monitored in real-time by measuring impedance changes in cell culture plates
with integrated electrodes. These experiments showed that overexpression of EVI1 promoted
cellular proliferation and knock-down of EVI1 decreased it (Figures 2A,B and S2A–C). More-
over, when cells were seeded into standard culture dishes at a low density, experimental
manipulation of EVI1 expression, albeit without an impact on the number of colonies
formed, affected colony size in a manner consistent with a growth-promoting effect of EVI1
(Figures 2C,D and S2D–F). The positive impact of EVI1 on cell proliferation was observed
in all five investigated cell line models (one knock-down and four overexpression models)
for both assay types.



Int. J. Mol. Sci. 2022, 23, 1050 4 of 16

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 4 of 17 
 

 

was observed in all five investigated cell line models (one knock-down and four overex-
pression models) for both assay types. 

 
Figure 2. EVI1 promotes the proliferation of CAL-33 cells. (A,B) Proliferation of CAL-33_EVI1 and 
CAL-33_vec cells (A), or of CAL-33_shEVI1-1, CAL-33_shEVI1-2, and CAL-33_shCtrl cells (B) was 
monitored in real-time for 120 h. Impedance values determined by the xCELLigence system were 
normalized to the 24 h time point. Means ± SEM, n = 3. *** p < 0.001, according to the anova.lme 
function of the R package nlme. (C,D) Colony formation. CAL-33_EVI1 and CAL-33_vec cells (C), 
or CAL-33_shEVI1-1, CAL-33_shEVI1-2, and CAL-33_shCtrl cells (D) were seeded at low densities 
into six-well-plates and stained with trypan blue after 11 days. Top panels: quantification of colony 
numbers and sizes; bottom panels: representative well areas. Means + SEM, n = 3. * p < 0.05; Student’s 
two-sided t-test (C) or one-way ANOVA followed by Dunnett’s multiple comparison test (D). 

2.3. EVI1 Promotes Spheroid Formation by HNSCC Cells 
The ability to form spheroids is thought to reflect the stem cell-related properties of 

cancer cells [32]. EVI1 has previously been implicated in the activities of both normal and 
malignant stem cells [9,14,19,26]. To query whether EVI1 affected spheroid formation in 
HNSCC cells, cell lines with experimentally manipulated EVI1 expression were seeded 
into ultra-low attachment plates, and the sizes of the spheroids generated under these 
conditions were monitored over several days. CAL-33 cells formed the most compact and 
stable spheroids, and overexpression and knock-down of EVI1 increased and decreased, 
respectively, spheroid size after 11 days (Figure 3A,B). Spheroids derived from CAL-27, 
SCC-25, and SCC-4 cells started to disintegrate much earlier, and therefore were moni-
tored for only 3 days. After this time, EVI1 overexpression had significantly increased the 
size of CAL-27 spheroids, but had no effect on SCC-25- and SCC-4-derived spheroids (Fig-
ure S3A–C). Thus, although its impact may be less readily observed in cell lines with a 

Figure 2. EVI1 promotes the proliferation of CAL-33 cells. (A,B) Proliferation of CAL-33_EVI1 and
CAL-33_vec cells (A), or of CAL-33_shEVI1-1, CAL-33_shEVI1-2, and CAL-33_shCtrl cells (B) was
monitored in real-time for 120 h. Impedance values determined by the xCELLigence system were
normalized to the 24 h time point. Means ± SEM, n = 3. *** p < 0.001, according to the anova.lme
function of the R package nlme. (C,D) Colony formation. CAL-33_EVI1 and CAL-33_vec cells (C),
or CAL-33_shEVI1-1, CAL-33_shEVI1-2, and CAL-33_shCtrl cells (D) were seeded at low densities
into six-well-plates and stained with trypan blue after 11 days. Top panels: quantification of colony
numbers and sizes; bottom panels: representative well areas. Means + SEM, n = 3. * p < 0.05; Student’s
two-sided t-test (C) or one-way ANOVA followed by Dunnett’s multiple comparison test (D).

2.3. EVI1 Promotes Spheroid Formation by HNSCC Cells

The ability to form spheroids is thought to reflect the stem cell-related properties of
cancer cells [32]. EVI1 has previously been implicated in the activities of both normal and
malignant stem cells [9,14,19,26]. To query whether EVI1 affected spheroid formation in
HNSCC cells, cell lines with experimentally manipulated EVI1 expression were seeded
into ultra-low attachment plates, and the sizes of the spheroids generated under these
conditions were monitored over several days. CAL-33 cells formed the most compact and
stable spheroids, and overexpression and knock-down of EVI1 increased and decreased,
respectively, spheroid size after 11 days (Figure 3A,B). Spheroids derived from CAL-27,
SCC-25, and SCC-4 cells started to disintegrate much earlier, and therefore were monitored
for only 3 days. After this time, EVI1 overexpression had significantly increased the
size of CAL-27 spheroids, but had no effect on SCC-25- and SCC-4-derived spheroids
(Figure S3A–C). Thus, although its impact may be less readily observed in cell lines with
a reduced basal ability to generate spheroids, EVI1 promoted the formation of tumor
spheroids in HNSCC cell lines.
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Figure 3. EVI1 increases the size of CAL-33 spheroids. Tumor spheroids from CAL-33_EVI1 and CAL-
33_vec cells (A), or from CAL-33_shEVI1-1, CAL-33_shEVI1-2, and CAL-33_shCtrl cells (B) were
allowed to form over a period of 11 days. Top panels: quantification of spheroid sizes; bottom panels:
representative spheroids. Means + SEM, n = 3. *, p < 0.05, ** p < 0.01; Student’s two-sided t-test (A) or
one-way ANOVA followed by Dunnett’s multiple comparison test (B).

2.4. EVI1 Promotes the Migration and Invasive Properties of HNSCC Cells

Because analyses of primary HNSCC patient samples had suggested a possible role of
EVI1 in the formation of lymph node metastases [31], we next asked whether manipulation
of EVI1 expression would affect the migration and invasiveness of HNSCC cell lines as
well as endothelial barrier disruption by HNSCC cell spheroids.

Indeed, overexpression and knock-down of EVI1 in CAL-33 cells accelerated and re-
tarded, respectively, gap closure in a scratch assay (Figure S4A,B). To rule out the possibility
that this effect was secondary to the impact of EVI1 on cell proliferation, the assay was
repeated in media containing 0.2% fetal bovine serum (FBS), which effectively impeded
the proliferation of CAL-33 cells (Figure S4C). Gap closure generally took longer under
these conditions, yet the effects of EVI1 overexpression and knock-down were still clearly
evident (Figure 4A,B). Similarly, EVI1 overexpression promoted the migration of CAL-27
and SCC-25 cells under proliferation-minimizing reduced serum conditions (Figure S4D–G).
The assay could not be performed for SCC-4 cells because their tight adherence to each
other and/or the surface of the culture dish precluded the introduction of an evaluable
scratch into the cell layer. The results of the scratch assays were corroborated by transwell
migration assays: EVI1 overexpression promoted the migration of CAL-33, CAL-27, and
SCC-4 cells from serum-free to serum-containing media, and its knock-down in CAL-33
cells inhibited migration under these conditions (Figures 4C,D and S5A–C).
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Figure 4. EVI1 enhances the migration of CAL-33 cells. (A,B) Scratch assay. CAL-33_EVI1 and
CAL-33_vec cells (A), or CAL-33_shEVI1-1, CAL-33_shEVI1-2, and CAL-33_shCtrl cells (B) were
grown to 90% confluence in a regular growth medium. The medium was changed to low serum
conditions (0.2% fetal bovine serum (FBS)), scratches were introduced 24 h later, and gap closure
was monitored at the indicated time points thereafter. Top panels: quantification; bottom panels:
representative experiments. Means + SEM, n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001, two-way
ANOVA followed by Bonferroni’s post-hoc test. (C,D) Transwell migration assay. Serum-starved
CAL-33_EVI1 and CAL-33_vec cells (C), or CAL-33_shEVI1-1, CAL-33_shEVI1-2, and CAL-33_shCtrl
cells (D) were seeded into transwell inserts and allowed to migrate towards a medium containing
10% FBS. After 24 h, cells at the bottom of the transwell membranes were stained with trypan blue.
Top panels: quantification; bottom panels: images from representative experiments. Means + SEM,
n = 3. * p < 0.05; one-sample t-test (C) or one-sample t-test with Bonferroni correction for multiple
testing (D).
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To assess the effect of EVI1 on cell invasiveness, transwell assays in which the upper
wells were coated with Matrigel® were conducted. Overexpression of EVI1 enhanced the
invasiveness of CAL-33, CAL-27, and SCC-4 cells (Figure S5D–H).

Finally, the ability of tumor spheroids to disrupt an endothelial cell monolayer was
tested. One- to 2-day-old spheroids formed by CAL-33, CAL-27, and SCC-25 derivative cell
lines (i.e., spheroids whose size was not yet affected by EVI1) were placed onto a monolayer
of human umbilical vein endothelial cells (HUVECs). The ability of the spheroids to
displace endothelial cells was monitored over time. After 15 h, CAL-33_EVI1- and SCC-
25_EVI1-derived spheroids had formed significantly larger gaps in the HUVEC monolayer
than their empty vector-containing counterparts. Knock-down of EVI1 in CAL-33 cells had
the opposite effect (Figures 5A,B and S6A,B). SCC-4 spheroids were too fragile to be used
in this assay.
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Figure 5. EVI1 enhances the displacement of endothelial cells by CAL-33-derived spheroids.
(A,B) Spheroids were generated from CAL-33_EVI1 and CAL-33_vec cells (A), or from
CAL-33_shEVI1-1, CAL-33_shEVI1-2, and CAL-33_shCtrl cells (B). They were placed onto con-
fluent HUVECs that had been stained with Cell Tracker Dye, and HUVEC displacement was followed
by live-cell imaging. Top panels: quantification; bottom panels: images of representative experi-
ments. Means + SEM, n = 3. Differences in gap areas were tested for statistical significance after
15 h. * p < 0.05; Student’s two-sided t-test (A) or one-way ANOVA followed by Dunnett’s multiple
comparison test (B).

In summary, EVI1 promoted the properties of HNSCC cell lines that are related to
tumor migration and invasion.

2.5. EVI1 Regulates the Expression of Genes Implicated in Epithelial Development, Adhesion, and
Proliferation in HNSCC Cells

EVI1 exerts its biological functions primarily by acting as a transcription factor [3,4,6–12].
We therefore aimed to identify putative EVI1 target genes in HNSCC cells. RNA was
extracted from quadruplicate cultures of CAL-33_vec, CAL-33_EVI1, SCC-25_vec, and
SCC-25_EVI1 cells and subjected to RNA sequencing (RNA-seq). In CAL-33 cells, 1690
and 1687 genes were up- and downregulated, respectively, at a false discovery rate (FDR)
of <0.1 upon experimental expression of EVI1 (Figure 6A, Supplementary Table S1A).
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In SCC-25 cells, 334 significantly up- and 417 significantly downregulated genes were
identified (Figure 6A, Supplementary Table S1B); 71 and 181 genes were up- and down-
regulated, respectively, in response to EVI1 expression in both cell lines (Figure 6A,B;
Supplementary Table S1C). Gene Ontology analysis revealed, among others, the terms ep-
ithelium development, extracellular matrix organization, cell adhesion, response to growth
factor, and epithelial cell proliferation to be significantly (FDR < 0.1) enriched among the
252 genes that were regulated by EVI1 in a consistent manner in both cell lines (Figure 6C,
Supplementary Table S1D). To probe the relevance of the identified EVI1-dependent gene
expression signature for primary human HNSCC, the TCGA HNSCC dataset (Firehose
Legacy, n = 522 with RNA-seq data available) was used. Transcript levels of 15 of the
71 genes (21%) that were upregulated by EVI1 in both cell lines correlated positively
(Spearman ρ > 0.3) with EVI1 mRNA levels in the primary samples. Of the 181 genes down-
regulated by EVI1 in both cell lines, 24 (13%) correlated negatively (Spearman ρ < −0.3)
with EVI1 in the TCGA data (Supplementary Table S1E). Taken together, these results show
that EVI1 regulates numerous genes in HNSCC cells, and that these genes are significantly
enriched for processes relevant to its biological functions in these cells.
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3. Discussion 

Figure 6. EVI1 regulates genes implicated in epithelial development, adhesion, and proliferation in
HNSCC cells. Genome-wide gene expression patterns in CAL-33_EVI1, CAL-33_vec, SCC-25_EVI1,
and SCC-25_vec cells were determined by RNA-seq. (A) Venn diagram showing the numbers of genes
differentially expressed at a false discovery rate (FDR) of <0.1 upon experimental expression of EVI1
in CAL-33 and/or SCC-25 cells. (B) Heatmap of 252 genes consistently regulated by EVI1 in CAL-33
and SCC-25 cells. The rows and columns represent genes and biological replicates, respectively. Blue,
low expression; red, high expression. (C) Selected categories from the Gene Ontology enrichment
analysis of the 252 commonly deregulated genes, performed using ShinyGO (v0.61).
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3. Discussion

Analyses of patient samples as well as functional studies using in vitro and in vivo model
systems have implicated EVI1, the major protein product of the MECOM locus, as an onco-
protein in myeloid leukemias and in various solid tumor entities [8,9,11,12,14,16–30,33,34]. In
HNSCC, high EVI1 expression was associated with an increased probability of the presence
of lymph node metastases [31], but, to the best of our knowledge, no characterization of
the functional roles of this gene in this tumor entity has been reported so far. In the studies
described here, we used three different HNSCC cell lines to overexpress EVI1 and a fourth
to perform both overexpression and knock-down experiments. Functional assays with
the resulting derivative cell lines demonstrated that EVI1 promoted the proliferation of
HNSCC cells and augmented the size of tumor spheroids formed by them. Furthermore,
EVI1 enhanced the migration and invasiveness of HNSCC cell lines, as well as the ability
of spheroids derived from them to displace endothelial cells (under conditions where
the impact of EVI1 on spheroid size was not yet manifest). These properties are relevant
to the initiation of metastasis formation and thus are in agreement with the correlation
between EVI1 expression and the formation of lymph node metastases observed in patient
samples [31]. The same study did not find any prognostic significance of EVI1 expression
in HNSCC [31]; accordingly, we found only marginal effects of EVI1 on cellular sensitivity
to chemotherapeutic drugs used in HNSCC therapy, if any (data not shown).

All the abovementioned EVI1-associated phenotypes were investigated in at least four
of the five cell line models (with technical aspects precluding analysis of the fifth model in
case of the scratch assay and the endothelial cell displacement assay) and were observed in
the majority of them. The absence of significant effects in some models and assays may
partly be related to the different expression levels of exogenous EVI1 (Figures S1C,D and S7)
and partly to intrinsic differences between the cell lines. Importantly, the observation of
complementary phenotypes with the knock-down model confirmed the validity of the
data obtained with the overexpression models. Curiously, however, in the endothelial cell
displacement assay, only shEVI1-2, but not shEVI1-1, had an effect. Since both shRNAs
caused substantial downregulation of EVI1 and behaved comparably in other assays, it
appears unlikely that this discrepancy could be attributable to residual EVI1 activity or
to an off-target effect of one of the shRNAs. In principle, it could be due to the fact
that shEVI1-1, but not shEVI1-2, also targets a poorly characterized EVI1 splice variant
termed EVI1∆324, which is usually expressed along with full-length EVI1 [35] and was
also present in the HNSCC cell lines investigated (Figure S1A). This would imply an
antagonistic relationship between full-length EVI1 and EVI1∆324 specifically with respect
to the endothelial cell displacement phenotype, an assumption that would require further
investigation. Notwithstanding, all the phenotypes described above were observed in at
least three, and in up to five, of the five different cell line models, strongly supporting
the relevance of EVI1 to HNSCC biology. Our in vitro data therefore offer convincing
explanations for the observations made with primary patient samples [31].

To gain insights into the molecular mechanisms mediating the effects of EVI1 in
HNSCC, RNA-seq experiments were performed. As expected for a transcription factor, EVI1
regulated the expression of numerous genes in both CAL-33 and SCC-25 cells. Interestingly,
the extent of the transcriptional alterations correlated with that of the functional effects,
in that EVI1 caused the differential expression of 4.5 times more genes in the biologically
more responsive CAL-33 cells compared with the SCC-25 cells. Nevertheless, 252 genes
were regulated in the same direction in both cell lines. Among these, genes with roles in
the observed biological phenotypes were enriched, supporting the expected importance of
transcriptional regulation for the functional effects of EVI1.

Even though transcription factors are not considered straightforward drug targets,
several therapeutic suggestions for EVI1-overexpressing malignancies have been made.
Zhang et al. described a pyrrole−imidazole polyamide that specifically bound to EVI1
recognition motifs in DNA, and inhibited DNA binding and transcriptional regulation
by EVI1 [36]. It also moderately inhibited the proliferation of and colony formation by
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hematopoietic cells expressing EVI1 or a leukemogenic EVI1 fusion protein [36]. Whether
this substance is potent and specific enough for in vivo application remains to be de-
termined. In AML, a prevalent mechanism for the aberrant expression of EVI1 is its
juxtaposition, via chromosomal rearrangements, to transcriptional super-enhancers [37,38].
Accordingly, the BET-bromodomain inhibitor JQ1 decreased EVI1 mRNA levels, inhibited
proliferation, and augmented the differentiation and apoptosis of AML cells overexpress-
ing EVI1 due to specific chromosome rearrangements [37]. While gene amplification was
proposed as a potential mechanism for EVI1 overexpression in ovarian cancer [12,27], acti-
vation of EVI1-associated distal enhancers was correlated with increased EVI1 expression in
pancreatic ductal adenocarcinoma, and JQ1 reduced EVI1 expression in the corresponding
organoids [11]. MECOM was amplified in 19% of HNSCC patients in the TCGA Firehose
cohort [39], yet the mechanism(s) of upregulation of EVI1 in HNSCC remain(s) to be deter-
mined. Should activation by super-enhancers also play a role in this entity, BET inhibitors
may represent a therapeutic option. Thirdly, overexpression of EVI1 was reported to aug-
ment sensitivity towards arsenic trioxide in in vitro models of myeloid malignancies and
in patients with myelodysplastic syndrome [40]. Recently, arsenite loaded nanoparticles
were shown to exhibit anti-tumor activity against EVI1-positive nasopharyngeal carcinoma
cell lines both in vitro and in a xenograft model [9], raising the possibility that arsenic
compounds may also be effective in solid tumors with high EVI1 expression, including in
HNSCC. Arsenic compounds and BET inhibitors are approved and under development,
respectively, as anti-cancer therapeutics [41,42].

In summary, the data presented in this publication establish EVI1 as novel relevant
oncogene in HNSCC. Whether any of the approaches described above will be useful in the
treatment of HNSCC with high EVI1 expression remains to be determined.

4. Materials and Methods
4.1. Cell Culture

The HPV-negative human HNSCC cell lines CAL-33, CAL-27, SCC-25, SCC-4, BHY,
FADU, and HN were acquired from the German Collection of Microorganisms and Cell
Cultures GmbH, Braunschweig, Germany. CAL-33, CAL-27, BHY, and HN cells were
cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) containing 10% FBS
(Thermo Fisher Scientific), 1× penicillin–streptomycin (Sigma-Aldrich, St. Louis, MO,
USA), and 2 mM L-glutamine (Thermo Fisher Scientific). For CAL-33 derivative cell
lines obtained through transduction with inducible shRNA vectors, 1 µg/mL doxycy-
cline (MP Biomedicals, Santa Ana, CA, USA) was added to the growth medium. SCC-
25 cells were cultivated in DMEM/F12 (Thermo Fisher Scientific) supplemented with
20% FBS, 1× penicillin–streptomycin, 2 mM L-glutamine, and 1 mM sodium pyruvate
(Thermo Fisher Scientific). SCC-4 cells were grown in DMEM/F12 containing 10% FBS,
1× penicillin–streptomycin, 2 mM L-glutamine, and 40 ng/mL hydrocortisone (Sigma-Aldrich).
FADU cells were cultured in MEM (Thermo Fisher Scientific) containing 10% FBS and
1× penicillin–streptomycin. For the scratch assays, FBS concentrations were reduced to
0.2% (CAL-33 derivative lines), 1% (CAL-27 derivative lines), or 10% (SCC-25 derivative
lines), which minimized cell proliferation while maintaining viability.

Phoenix GP cells (kindly provided by H. Stockinger, Medical University of Vienna, Austria)
were grown in DMEM supplemented with 10% FBS and 1× penicillin–streptomycin-glutamine.

Isolation of HUVECs from consenting donors was approved by the ethics committee
of the Medical University of Vienna (EK1621/2020), and was performed as described previ-
ously [43]. Briefly, umbilical veins were rinsed twice with HBSS (Lonza, Basel, Switzerland),
filled with dispase (Corning, Bedford, MA, USA), and incubated for 10 min at 37 ◦C in
a water bath. The detached endothelial cells were flushed out with HBSS, collected by
centrifugation, and seeded in IMDM (Lonza) supplemented with 20% FBS, 1% Low Serum
Growth Supplement (Thermo Fisher Scientific), 2 mM L-glutamine, and 1× penicillin–
streptomycin. Culture dishes were coated with 1% gelatin. Only cells from passages 2 to 8
were used for the experiments.
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All cells were cultured in a humidified incubator at 37 ◦C and 5% CO2. To passage
cells, they were washed with phosphate-buffered saline (PBS; Thermo Fisher Scientific)
and incubated with Trypsin-EDTA (0.05%; Thermo Fisher Scientific) at 37 ◦C until they
detached from the dishes. Cell lines and HUVECs were tested regularly for Mycoplasma
contamination using the MycoAlert™ Mycoplasma Detection Kit (Lonza).

4.2. Overexpression and Knock-Down of EVI1 in Human HNSCC Cell Lines

A retroviral vector expressing a codon-optimized version of the human EVI1 cDNA
(pMSCV-EVI1-eGFP) and lentiviral vectors containing doxycycline-inducible shRNAs
targeting human EVI1 (LT3REVIR-shEVI1-1, LT3REVIR-shEVI1-2) or the renilla luciferase
gene as a control (LT3REVIR-shCtrl) have been described previously [19,44,45]. To generate
viral particles containing pMSCV-EVI1-eGFP or the empty vector as a control, Phoenix
GP cells were transfected with these vectors, along with the helper plasmids pMD2.G
and pGagPol. In case of the shRNA vectors, the helper plasmids pMD2.G and psPAX2
were co-transfected. Transfections were performed using a standard calcium phosphate
protocol. Supernatants containing viral particles were collected from transfected Phoenix
GP cells, and any detached cells were removed by filtration through a 0.45 µM filter (VWR,
Radnor, PA, USA). HNSCC cell lines were grown to 50% confluence in 6-well plates and
transduced by centrifugation for 45 min at 250 g and 32 ◦C in the presence of retro- or
lentiviral particles and 4 µg/mL polybrene (Sigma-Aldrich). Infection cycles were repeated
after 24 and 48 h (retroviral transduction), or after 24 h (lentiviral transduction). Three days
after the last transduction cycle, cells were sorted for fluorescence marker positivity (eGFP
for pMSCV-based vectors, Venus for shRNA constructs) on a BD FACSAria™ Fusion cell
sorter (BD Biosciences, Franklin Lakes, NJ, USA). Overexpression and knock-down of EVI1
were confirmed by immunoblot analysis.

4.3. Quantitative Real-Time Reverse Transcriptase PCR

Total RNA was isolated using TRIzol® reagent (Thermo Fisher Scientific), and cDNA
was synthesized using the LunaScript™ RT SuperMix Kit (NEB, Ipswich, MA, USA). Quan-
titative real-time reverse transcriptase PCR (qRT-PCR) was performed in triplicate on
a StepOnePlus™ Real-Time PCR instrument using gene-specific TaqMan probes (EVI1:
Hs00602795_m1; β-2-microglobulin: Hs99999907_m1), the TaqMan gene expression Mas-
termix (all from Thermo Fisher Scientific), and the instrument’s standard cycling protocol.
EVI1 expression levels were normalized to those of β-2-microglobulin and to a reference
sample using the ∆∆CT method [46].

4.4. Immunoblot Analysis

Protein extracts were prepared using a RIPA buffer (50 mM Tris/HCl (pH 8.0), 0.1%
SDS, 0.5% sodium desoxycholate (all from Sigma-Aldrich), 150 mM NaCl (Carl Roth, Karl-
sruhe, Germany), and 1% Triton X-100 (Roche, Penzberg, Germany)) with 5% protease
inhibitor (Sigma-Aldrich). Protein concentrations were determined using the Bradford
assay (Bio-Rad Laboratories, Hercules, CA, USA). Samples were diluted to equal concen-
trations with 1× Roti®-Load 1 (Carl Roth). SDS-PAGE was performed following standard
protocols. The Pierce™ Power Blotter (Thermo Fisher Scientific) was used for semi-dry
protein transfer to PVDF membranes (Pall, Port Washington, NY, USA). Membranes were
blocked with 5% non-fat dried milk (AppliChem, Darmstadt, Germany)/TBS-T (40 mM
Tris/HCl (pH 7.6), 273 mM NaCl, 0.1% Tween® 20 (Sigma-Aldrich)) for 1 h at room temper-
ature. Incubation with primary antibodies was performed in blocking solution overnight
at 4 ◦C, and incubation with secondary antibodies was performed in TBS-T for 1 h at room
temperature. Immunoblots were developed with SuperSignal West Pico or Femto Chemilu-
minescent Substrates (Thermo Fisher Scientific), and signals were detected on a ChemiDoc
Touch Imaging System (Bio-Rad). Bands were quantified using Image Lab v6 (Bio-Rad).
The antibodies and the concentrations used are listed in Supplementary Table S2.
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4.5. Cell Proliferation Assays

Real-time cell proliferation assays were performed using the xCELLigence system
(OMNI Life Science, Bremen, Germany). For this, 2000 cells were seeded per well of an
E-Plate 16 (Agilent Technologies, Santa Clara, CA, USA) in a complete growth medium.
Assays were performed in quadruplicate. Impedance was measured every 15 min for 120 h,
and the data were normalized to the 24 h time point.

To compare the proliferation of derivative HNSCC cell lines under normal and low-
serum conditions, 2000 cells were seeded per well in a 96-well-plate (TPP, Trasadingen,
Switzerland). Starting from the next day, resazurin (Sigma-Aldrich, 550 µM stock in RPMI
1640 (Thermo Fisher Scientific)) was added daily to a subset of wells to a final concentration
of 55 µM. After incubation with resazurin for 6 h at 37 ◦C, fluorescence was measured
(λex = 507 nm, λem = 595 nm) on a Varioskan LUX microplate reader equipped with SkanIt
v5 software (Thermo Fisher Scientific).

4.6. Colony Formation Assay

Two thousand cells from CAL-33, CAL-27, or SCC-25 derivative cell lines, or 500 cells
from SCC-4 derivative cell lines were seeded per well of a 6-well plate and cultivated in
their respective growth media for 11 days. For each sample, duplicates were prepared.
Media were changed every 3 to 4 days. For staining, colonies were washed with PBS,
fixed and permeabilized with 100% methanol (Fisher Scientific, Schwerte, Germany) for
5 min, washed again with PBS, and stained with 0.2% trypan blue (Merck, Darmstadt,
Germany)/PBS for 5 min. Wells were washed with PBS, air-dried, and photographed.
Colony numbers and sizes were quantified using ImageJ v1.53.

4.7. Scratch Assay

Cells were seeded into 6-well plates and cultivated in a complete growth medium for 1
to 3 days until they reached 90% confluence. Cell layers were washed twice with PBS, then
media with reduced FBS concentrations were added (CAL-33: 0.2%; CAL-27: 1%; SCC-25:
10%), and cells were incubated for another 24 h. Scratches were made using a 200 µL pipet
tip, and photographed after the indicated time periods. Scratch areas were quantified using
Photoshop CS6 v13 (Adobe, San José, CA, USA), normalized to the 0 h time point, and
converted to gap closure values by subtraction from 1. Therefore, gap closure values of 0 or
1 represent no or complete closure of the initial scratch area, respectively.

4.8. Transwell Migration and Invasion Assays

Cells were maintained in a serum-free medium for 24 h prior to the assays. Uncoated
and Matrigel®-coated well inserts with PET membranes (8.0 µm pores, 24 wells; Corning,
Corning, NY, USA) were used for the migration and invasion assays, respectively. To coat
the membranes, 100 µL of 300 µg/mL Matrigel® (Corning) in a serum-free growth medium
was added per insert. After incubation for 3 h at 37 ◦C, the coating solution was removed.
For both assay types, 250,000 cells in 200 µL of serum-free medium were seeded into the
inserts (upper chamber) and 750 µL of complete growth medium was added into the wells
(lower chamber). After 24 h, the inserts were removed from wells, and the cells were fixed
with 4% formaldehyde (Sigma-Aldrich) /PBS for 2 min, permeabilized with methanol for
20 min, and stained with 0.2% trypan blue/PBS for 10 min. Cells on the upper side of the
membrane were removed with a cotton swab. Photos of four representative regions of the
membranes were taken, and cells were counted manually.

4.9. Spheroid Formation

Three thousand cells in 150 µL of complete growth medium were seeded per well
of a 96-well Nunclon™ Sphera™ ultra-low attachment plate with round-bottomed wells
(Thermo Fisher Scientific). Six technical replicates were performed. Plates were centrifuged
for 15 min at 390 g and incubated in a cell culture incubator. Spheroids were photographed
on the indicated days, and the cross-section area was determined using Photoshop CS6 v13.
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4.10. Displacement of Endothelial Cells by Tumor Spheroids

HUVECs were prepared as described above (the “Cell Culture” section), seeded into
gelatin-coated 4-well µ-slides (ibidi, Gräfelfing, Germany), and grown to confluence. They
were stained with CellTracker™ Orange CMTMR Dye (Thermo Fisher Scientific; 1:2000 in
complete HUVEC medium for experiments with EVI1-overexpressing cells) or CellTracker™
Deep Red Dye (Thermo Fisher Scientific, 1:1000 in serum-free IMDM for experiments with
EVI1 knock-down cells) for 3 or 1 h, respectively, at 37 ◦C. Tumor cell spheroids (8 to 16 per
derivative cell line) were allowed to form for 2 (CAL-33 derivative lines) or 1 (CAL-27
and SCC-25 derivative lines) day(s) as described above (“Spheroid Formation” section).
They were collected, pooled, washed twice with PBS, resuspended in 800 µL HUVEC
medium without phenol red, added onto the confluent stained HUVEC monolayers, and
dispersed by gently rocking the slides to ensure even distribution throughout the wells.
The slides were placed into the incubation chamber of an IX83 live cell imaging microscope
(Olympus, Tokyo, Japan), which maintained the cells at 37 ◦C in a humidified atmosphere
with 5 % CO2. Spheroids were allowed to adhere to HUVECs for 1 h. Afterwards, circular
discontinuities of the endothelial cell monolayer underneath the spheroids were imaged
once per hour for 15 h in phase contrast and fluorescence channels with excitation at 561 nm
and the Cy3 and Cy5 emission filters for CellTracker™ Orange and Deep Red, respectively.
Gap areas for each time point were measured using ImageJ v1.53.

4.11. Statistics

At least three independent biological replicates were performed for each experi-
ment (except for the endothelial cell displacement assay for CAL-27 derivative lines in
Figure S6A, where n = 2). The number of technical replicates is indicated in the respec-
tive descriptions of each experiment type. Data are presented as means of the biological
replicates ± SEM. Student’s two-sided t-test was used to assess the significance of differ-
ences between two independent groups. The one-sample t-test was used to compare an
experimental sample to a control sample that had no variance because it was used for
normalization. In cases where several comparisons with the same control sample were per-
formed (i.e., experiments with knock-down cell lines), Bonferroni correction was applied to
adjust for multiple testing. One-way ANOVA followed by Dunnett’s multiple comparison
test was used for comparisons between multiple independent groups and a single control
group, and two-way ANOVA followed by Bonferroni’s post-hoc test was used for multiple
groups with two or more factors. These statistical tests were performed using GraphPad
Prism 6 software (GraphPad Software, San Diego, CA, USA). Spearman’s correlation was
calculated using the cor.test function in R v4.1.0. Linear mixed effects models were fitted
for real-time cell proliferation experiments, and the significance of differences between
the resulting curves was determined using the anova.lme function of the nlme (v3.1.153)
package in R v4.1.0; p-values < 0.05 were considered statistically significant.

4.12. RNA-seq and Bioinformatic Analyses

RNA was extracted from 4 replicate cultures each of CAL-33_EVI1, CAL-33_vec, SCC-
25_EVI1, and SCC-25_vec cells using TRIzol®, and the samples were submitted to the
Genomics Core Facility of the Medical University of Vienna, Vienna, Austria, for further
processing. RNA quality was checked on a Bioanalyzer 2100 (Agilent Technologies). RNA-
seq library preparation was performed using the QuantSeq 3′ mRNA-Seq Library Prep Kit
FWD (Lexogen, Greenland, NH, USA) according to the manufacturer’s instructions. In
order to avoid distortion of the gene expression values due to over-cycling, the optimal
number of PCR cycles for library preparation was determined by qPCR according to the
library preparation manual. Library fragment size was checked on a Bioanalyzer 2100 using
the High Sensitivity DNA Kit (Agilent Technologies), and dsDNA was quantified using the
Qubit dsDNA HS Assay (Thermo Fisher Scientific); 75 bp single-end sequencing of pooled
libraries was performed on a NextSeq500 instrument (Illumina, San Diego, CA, USA).
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Fastq files containing unmapped reads were generated using Illumina bcl2fastq Con-
version software (v2.19.1.403). Adapter trimming and read filtering were performed using
cutadapt (v1.15). Reads were aligned to the human reference genome build GRCh38 with
Gencode 29 annotations using STAR aligner (v2.6.1a) in 2-pass mode. The expression of
codon-optimized EVI1 was verified through alignment to a modified GRCh38 STAR index
containing the codon-optimized EVI1 sequence. Differentially expressed genes were identi-
fied with DESeq2 (v1.22.2) using an FDR of <0.1 as the cut-off for significance. Overlaps of
genes up- or down-regulated consistently between cell lines were visualized as Venn dia-
grams. Heatmaps were generated using the ClustVis tool [47]. Gene Ontology enrichment
analyses were performed using ShinyGO v0.61 [48]. RNA-seq data were deposited in the
Gene Expression Omnibus (accession number GSE187454).

RNA-seq data from the TCGA HNSCC Firehose legacy cohort were obtained from the
cBioPortal database [49,50].
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