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Abstract: Squamous cell carcinomas of the head and neck (HNSCC) and esophagus (ESCC) pose a global public
health issue due to high mortality rates. Unfortunately, little progress has been made in improving patient outcomes.
This is partially a result of a lack of understanding the mechanisms that drive SCC progression. Recently, Activin
A signaling has been implicated in a number of cancers, yet the role of this pathway in SCC remains poorly under-
stood. We have previously discovered that the Activin A ligand acts as a tumor suppressor when epithelial Activin
receptor type IB (ACVRIB) is intact; however, this effect is lost upon ACVRIB downregulation. In the present study,
we investigated the function of ACVRIB in the regulation of SCC. Using CRISPR/Cas9-mediated ACVRIB-knockout
and knockdown using siRNA, we found an increased capacity to proliferate, migrate, and invade upon ACRIB loss,
as ACVRIB-KO cells exhibited an altered cytoskeleton and aberrant expression of E-cadherin and integrins. Based
on chemical inhibitor studies, our data suggests that these effects are mediated through ACVRIB-independent
signaling via downstream activation of Smad1/5/8 and MEK/ERK. Overall, we present a novel mechanism of SCC
progression upon ACVRIB loss by showing that Activin A can transduce a signal in the absence of ACVRIB.
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Introduction as it is the primary type | receptor for several

TGFB superfamily ligands, including Activin A [3,
Activin receptor-like kinases (ALKs) have been 4]. ACVRIB is recruited by a type Il receptor
known to play a role in organism development upon ligand binding initiating downstream ph-
and cancer. ALKs are a family of seven type | osphorylation of Smad2/3 or Smadl/5/8,

receptors that share high sequence homology
(40-60%) and structural similarities, including
an extracellular glycosylation site, transmem-
brane domain, and cytoplasmic tail with a ser-
ine/threonine kinase domain [1]. ALKs are the
primary signal transducing receptor for the
TGFB superfamily of ligands, which includes
Activins and BMPs. As there are greater than
45 ligands in the TGFB superfamily with only
seven type | receptors, there is ligand-receptor
overlap [2].

which forms a complex with Smad4 and tran-
slocates to the nucleus. The Smad-dependent
pathway is considered the canonical pathway,
however several non-canonical pathways, such
as MEK/ERK, have been implicated in connec-
tion with ligand activity [5]. Complicating our
understanding of the downstream signaling ac-
tivation is that phospho-Smad1/5/8, which is
primarily involved in BMP signaling, can also be
phosphorylated in response to Activin A stimu-
lation [6]. This leads to the assumption that
ACVRIB, also known as ALK4, exemplifies the possible complexes can be formed between dif-
ligand-receptor overlap noted in the ALK family, ferent combinations of type | and type Il recep-
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tors, as demonstrated in several recent reports
[7-9].

ALKs have been found to play critical roles in
both development and cancer. The essential
functions of ACVRIB, in particular, has been
demonstrated in morphogenesis and differen-
tiation. This has also been exemplified in mouse
models, as global knockout of Acvrlb results
in embryonic lethality [10]. Conditional deletion
of Acvrlb in squamous tissues show-
ed no detriment to the oral cavity or esopha-
gus, yet affected hair follicle cycling leading to
hair loss, increased proliferation, and stunted
growth [11]. The results of these different mod-
els indicate the necessity of ACVRIB for proper
embryonic and post-natal development.

In addition to having a prominent role in devel-
opment, altered ACVRIB has been associated
with cancer progression. An example of dysreg-
ulated ACVRIB has been observed in pituitary
cancer in the form of splice variants. These
splice variants lack the kinase domain and are
therefore unable to propagate signal [12, 13].
In pancreatic cancer, loss or genetic inactiva-
tion of ACVRIB occurs in approximately 2% of
cancers [14, 15], suggesting a role for ACVRIB
as a tumor suppressor. We have recently docu-
mented the loss of ACVRIB in esophageal squa-
mous cancers, but mutations in head and neck
squamous cancers have also been reported [1,
16].

Based on our previous observations that AC-
VRIB loss occurs in esophageal squamous cell
carcinoma (ESCC), the focus of this study was
to induce ACVRIB loss and analyze the subse-
quent functional consequences in esophageal
and head and neck (HNSCC) squamous cell
carcinoma. We have shown that Activin A is
not only upregulated in ESCC, but that the
upregulation of stromal Activin A inversely cor-
relates with loss of epithelial ACVRIB expres-
sion across stage, suggesting that ACVRIB is
responsible for mediating the tumor suppres-
sive effects of Activin A [3]. This has been
shown in a separate cohort of ESCC patient
samples, where approximately 59% had up-
regulated INHBA, compared to normal tissues
[17]. In both ESCC and oral squamous cell car-
cinoma, increased Activin A expression was
associated with tumor stage, lymph node me-
tastasis, and poor prognosis [18, 19]. Based
on our previous findings in ESCC, we hypothe-
sized that loss of ACVRIB leads to tumor pro-
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gression through the regulation of adhesion
and invasion. In this study, we altered ACVRIB
in HNSCC and ESCC cell lines to examine the
role of this type | receptor in cell migration
and invasion. We found that not only do cells
with reduced expression of ACVRIB demon-
strate increased in vitro proliferation, migra-
tion, and invasion, but that this occurs throu-
gh the regulation of proteins involved in cell-
cell and cell-extracellular matrix (ECM) interac-
tions. Overall, the results of this study indicate
a novel role for ACVRIB in the homeostatic
maintenance of the epithelial and stromal com-
partments.

Materials and methods
Cell culture

The HNSCC cell line OSC-19 and oral cancer-
associated fibroblasts were cultured in DMEM,
supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin and streptomycin (P/S)
(Gibco, Grand Island, NY). The esophageal squ-
amous cell carcinoma cell line KYSE520 was
cultured in RPMI, supplemented with 10% FBS
and 1% P/S (Gibco).

CRISPR/Cas9 cell line generation

Knockout of ACVRIB in OSC-19 cells was ge-
nerated using the Genome-Wide knockout Kit,
purchased from Origene (Rockville, MD) and
performed according to the manufacturer’s
protocol. Following transfection, OSC-19 cells
were selected with puromycin (2 pg/ml) and
single clones isolated. Clones were screened
by Western blot and validated by flow cyto-
metry.

SiRNA transfection

KYSE20 cells were seeded in a 6-well plate at
a density of 200,000 cells per well. The follow-
ing day, cells were transfected with 10 nM ON-
TARGET plus siRNA Smart Pool or non-targeting
control (GE Dharmacon, Lafayette, CO) diluted
with Lipofectamine RNAiMax (Life Technolo-
gies, Carlsbad, CA) in OPTI-MEM (Gibco). Cells
were either trypsinized and reseeded for as-
says after 24 hours or harvested for RNA or
protein after 48 hours.

Flow cytometry

Flow cytometry for ACVRIB expression: Flow
cytometry experiments were performed by the
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Vanderbilt Medical Center Flow Cytometry
Shared Resource. To discern the ACVRIB-KO
population, 0SC-19 cells were first trypsinized,
washed with 1xPBS and resuspended at 5x10°
cells/ml in 1xPBS. In a separate tube, 100 pl of
the cell suspension was transferred and ACV-
RIB antibody (cat. no. ab109300; Abcam, Cam-
bridge, UK) was added to a final dilution of 1:
100. Cells were incubated for 30 minutes at
room temperature, then washed with 1xPBS
and centrifuged. The anti-rabbit secondary an-
tibody Alexa 647 (Life Technologies) was added
at 1:1000 and incubated at room temperature
for 20 minutes. Cells were washed with 1xPBS,
centrifuged, and resuspended in flow cytome-
try buffer. Unstained cells and ACVRIB-positive
cells were used to set gates.

Propidium iodide cell cycle analysis: Cell cycle
analysis, determined by propridium iodide (PI)
staining, was performed as follows. OSC-19
and KYSE520 cells were first trypsinized, wa-
shed with 1xPBS, and resuspended at 2x10°
cells/ml in ice-cold 1xPBS. Following resuspen-
sion, 9 ml of ice cold 70% ethanol was added
and cells were incubated at -20°C overnight.
Cells were washed with cold 1xPBS, centri-
fuged and resuspended in 500 pl PI staining
solution (0.1% Triton X-100, 2 mg RNAse A, 400
pl 500 pg/ml Pl in 1xPBS) overnight at room
temperature. The following day, cells were ana-
lyzed in the Vanderbilt Medical Center Flow
Cytometry Shared Resource on a 5-laser BD
LSRIl. Cell cycle analysis is depicted using
FACSDiva 8.0 software (BD Biosciences).

Western blot

Cells were plated in 6-well plates at an initial
density of 200,000 cells/well. Prior to begin-
ning treatment, cells were serum-starved over-
night at 37°C. Following overnight starvation,
cells were pre-treated with 250 nM DMH1 (AL-
K2i; Tocris, Bristol, UK) or kept in serum-free
media overnight at 37°C. The next day, cells
were treated with Activin A (ActA: 10 ng/ml;
R&D Systems), follistatin (FST: 100 ng/ml; R&D
Systems), or kept in serum-free media for 30
minutes. Cell lysates were collected and We-
stern blots performed. Fiji for Image) was used
to complete densiometric analysis. Expression
was normalized to o-tubulin and control/no
treatment conditions.
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Immunofluorescence

Formalin-fixed, paraffin-embedded sections:
Staining of formalin fixed paraffin-embedded
sections were performed as previously des-
cribed [3]. The antibodies used for immunofluo-
rescence are listed in Supplemental Table 1.

Phalloidin: Phalloidin staining was performed
using CytoPainter Phalloidin-iFluor 488 (Ab
cam), according to the manufacturers’ instruc-
tions, and mounted with ProLong Gold Anti-
fade with DAPI (Life Technologies).

Proliferation

EdU: ACVRIB-KO or control cells were seeded at
low density (500 cells/coverslip) on 0.02% gel-
atin-coated coverslips in growth media. Fol-
lowing adherence, coverslips were washed with
1xPBS and incubated with 5 uM EdU (Abcam) in
growth media. Next, cells were fixed for 30 min-
utes with 4% paraformaldehyde at room tem-
perature and washed three times for five min-
utes each with 1xPBS. Cells were permeabilized
for 30 minutes using 0.5% Triton-X 100, diluted
in 1xPBS. Subsequently, cells were incubated
with the EdU development cocktail (100 mM
Tris-buffered saline pH 7.6, 4 mM CuSO,, 5 uM
sulfo-cyanine 3 azide, 100 uM sodium ascor-
bate). Finally, cells were rinsed with 1xPBS
three times for five minutes each and mounted
on slides using ProLong Gold Anti-fade with
DAPI (Life Technologies). Slides were imaged on
an Olympus BX61WI upright fluorescent micro-
scope using Volocity Imaging Software (Per-
Kin-Elmer, Waltham, MA).

Cell counting: To further investigate prolifera-
tion, cells were first seeded in 6-well plates at a
density of 10,000 cells/well (day 1). At 48 hour
intervals, cells were dissociated using 0.25%
trypsin (Gibco) and counted using a hemacy-
tometer and 0.4% Trypan Blue solution (Gibco).
Fold-change relative to day 1 was calculated.

Magnetically attachable stencil (MAts) migra-
tion assay

MAts assays were performed as previously
described [20]. Briefly, MAts were fabricated
and coated with 1% pluronic solution diluted in
1xPBS. Prior to use, MAts were rinsed, steril-
ized under UV light, and added to a gelatin coat-
ed 12-well plate. Then, 200,000 or 250,000
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cells were seeded in each well. After adher-
ance, they were washed and serum-starved
overnight. The MAts were then removed using a
forceps. Images were taken upon MAts removal
and at 12-hour intervals. Results were calcu-
lated using TScratch (NIH, Bethesda, MD) [20].

Boyden chamber assays

Migration: Boyden chamber assays were per-
formed in 24-well format according to the
manufacturer’s instructions. Briefly, cells were
trypsinized, centrifuged, and resuspended at
100,000 cells/ml. A chemoattractant (growth
media or cancer-associated fibroblast condi-
tioned media [CAF CM]) was added to the bot-
tom chamber at 750 ul/well. 500 ul (50,000
cells) were added to the top chamber. The
plates were incubated at 37°C for approximate-
ly 24 hours. The cells were then washed with
1xPBS and fixed using 100% methanol at-20°C
for 10 minutes. Chambers were immediately
moved to a 0.1% crystal violet solution and
stained while rocking overnight. The next day,
the chambers were removed from the crystal
violet solution, washed with water, cleaned,
and allowed to dry. When the membranes were
dry, they were carefully removed with a scalpel
and mounted on slides using Permount (Fish-
er). Slides were allowed to dry overnight before
being imaged. Cells were counted, presented
as number of cells per high-powered field (hpf),
and data analyzed by Student’s t-test.

Invasion: Boyden chamber invasion assays
using Biocoat Matrigel Invasion Chambers
(Corning), were performed as described above,
with the exception that chambers were rehy-
drated with serum-free media for 2 hours at
37°C prior to cell seeding.

Oralsphere assay

Oralsphere assays were performed similarly to
that described in Shrivastava et al. [21]. Briefly,
0SC-19 cells were dissociated to single cells
using 0.25% Trypsin (Gibco) and centrifuged at
1,000 g for five minutes. Cells were resuspend-
ed in growth media and added to ultralow
attachment plates (Corning) at 5,000 cells/
well. At day 7, cells were collected, dissociated
with 0.25% Trypsin to return cells to single cell
suspension, counted, and reseeded. Wells we-
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re imaged every two days, beginning at day 1.
Images were analyzed using Fiji for ImageJ [22].

Organotypic reconstruct cultures

Organotypic cultures (OTC) were performed as
previously described [23]. In addition to the ref-
erenced protocol, OTCs were treated with sev-
eral recombinant proteins or chemical inhibi-
tors beginning at day 7 of the OTC protocol.
Treatments were refreshed every two days dur-
ing the treatment period.

HNSCC tissue microarray

HNSCC tissue microarrays (TMA) were pur-
chased from US Biomax (cat. no. HN8O3c,
Rockville, MD). After staining, TMAs were sc-
anned for digital analysis. Exposure time and
area analyzed were equivalent for all cores on
the same slide. Cores were quantified using the
“Measure Stained Area Fluorescence” algo-
rithm as part of the Leica Microsystems Tissue
IA version 4.0.6 (Buffalo Grove, IL). Fluorescen-
ce area was measured in um?2. Analysis of the
tissue sections were performed as previously
described [3].

Biostatistical analysis

Experimental results were analyzed using Stu-
dent’s t-test or one-way ANOVA and expressed
as the mean +/- standard deviation. Statistical
analysis of the in vitro experiments was per-
formed in Prism 6.0 (GraphPad, San Diego, CA).
HNSCC TMA data was analyzed using SPSS
(IBM, Armonk, NY).

Results

Loss of ACVRIB results in a proliferative pheno-
type in a HNSCC cell line

As discussed above, loss of ACVRIB has been
documented in a variety of cancers and has
therefore been flagged as a putative tumor sup-
pressor [3, 14, 16, 24, 25]. However, the func-
tional effects of loss of ACVRIB have yet to be
fully elucidated. To investigate the consequenc-
es of ACVRIB loss, we utilized the CRISPR/Cas9
model to knockout ACVRIB in the HNSCC cell
line OSC-19. Following validation of ACVRIB loss
(ACVRIB-KO) by flow cytometry, immunofluores-
cence, and Western blot (Supplemental Figure
1), we examined the proliferative capabilities of
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Figure 1. ACVRIB-KO cells exhibit increased proliferation and self-renewal. Proliferation of ACVRIB-KO and control
0SC-19 cells was examined by several methods. A. Staining of OSC-19 cells demonstrated increased incorporation
of EdU into ACVRIB-KO cells, compared to control. B. Validation of EdU staining was performed by cell counting,
using 0.25% Trypan Blue to exclude dead cells. By day three of culture, ACVRIB-KO cells showed substantially in-
creased proliferation compared to control. C. Cell cycle analysis by propidium iodide (PI) staining in flow cytometry.
D. Statistical analysis of flow cytometric cell cycle analysis. ACVRIB-KO cells had significantly less cells in G1, while
more were observed S and G2/M; Student’s t-test, "p<0.05. E. Oralspheres were grown over the course of 14 days,
with disssociation on day 7 with 0.25% Trypsin and reseeding. Upon reseeding, only ACVRIB-KO cells survived to
day 14. F. Oralspheres were imaged and measured using Fiji for Imagel. Conditions were compared by Student’s
t-test, "p<0.05.

these cells, as a well-established function of complementary approaches to determine pro-
Activin A-ACVRIB is growth inhibition [26]. Using liferation of ACVRIB-KO cells (5-ethynyl-2’-de-
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oxyuridine (EdU) incorporation and cell count-
ing), we observed increased proliferation of
ACVRIB-KO cells compared to controls (Figure
1A, 1B). We additionally performed cell cycle
analysis by propidium iodide (PI) staining in flow
cytometry and found a significantly decreased
number of cells in G1 and an increased number
of cells in S and G2/M phases, confirming the
proliferative phenotype observed prior (Figure
1C, 1D). Similar results were obtained in the
KYSE520 cells with knockdown of ACVRIB with
SsiRNA (Supplemental Figure 2). These results
suggest that loss of ACVRIB allows for unregu-
lated SCC proliferation and clonal expansion.

We continued our investigation in an oralsphere
assay, where cell survival, self-renewal, and
cell-cell adhesion is tested through anchorage
independence. On day 1, similarly sized oral-
spheres between conditions were observed,
however, after seven days ACVRIB-KO cells
formed significantly larger oralspheres (Figure
1E, 1F). Following dissociation of the oral-
spheres, ACVRIB-KO cells were able to recover
and re-establish spheres. By day 14, only the
ACVRIB-KO cells survived in anchorage-inde-
pendent conditions (Figure 1E, 1F). Therefore,
this assay suggests that loss of ACVRIB en-
hances the ability of HNSCC cells to survive
through self-renewal and participation in cell-
cell adhesion.

Cell motility is increased in the absence of
ACVRIB

Several studies have suggested that Activin A
signaling can drive migration and invasion; for
example, Yoshinaga and colleagues showed
that ESCC cell lines overexpressing Activin A
had increased in vivo tumorigenicity compared
to mock transfected cells [27]. However, this
and other studies focused on the upstream
action of the Activin A ligand and did not define
the signaling complex required for the observed
effect. As our previous study showed an inverse
correlation of increased Activin A expression
and decreased expression of ACVRIB, we aimed
to determine if this could be a mechanism to
explain the aforementioned studies. First, using
magnetically attachable stencils (MAts) on gel-
atin-coated plates, we examined how loss of
ACVRIB affects directional migration [20].
ACVRIB-KO cells had significantly less open
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area in the MAts void after 12 hours compared
to control cells (Figure 2A, 2B). After 24 hours,
the void was closed for both ACVRIB-KO cells
and controls (data not shown). Similar to OSC-
19, downregulation of ACVRIB in KYSE520 cells
by siRNA (siACVRIB) significantly decreased the
open void area after 12 and 24 hours, com-

pared to controls (siNT) (Supplemental Figure
%1 @)'

Next, we tested chemotactic migration of AC-
VRIB-KO and control 0OSC-19 cells using Boy-
den chambers in the presence of growth media
and oral cancer-associated fibroblast condi-
tioned media (CAF CM) (Figure 2C). ACVRIB-KO
cells showed increased ability to migrate and
invade towards both growth media and CAF CM
(Figure 2D). Interestingly, CAF CM was a more
potent chemoattractant for the ACVRIB-KO and
control cells, suggesting a role for epithelial-
mesenchymal crosstalk in this process [28].
Although the siACVRIB KYSE520 cells did not
increase migration in the presence of CAF CM
compared to control, they did exhibit a more
invasive phenotype when CAF CM was used as
a chemoattractant (Supplemental Figure 3C,
3D). Overall, this data suggests that loss of
ACVRIB function enhances the ability of SCCs
to migrate and invade.

As we observed increased migration and inva-
sion upon ACVRIB loss, we decided to further
examine cell morphology and structure. Control
cells grew with a cobblestone-like morphology
characteristic of squamous epithelia as seen
by bright-field microscopy (Figure 3A, 3B). Upon
loss of ACVRIB, OSC-19 cells formed small clus-
ters with lamellopodial projections (Figure 3C,
3D, arrowheads). This led us to examine the
composition of the ACVRIB-KO actin cytoskele-
ton by immunofluorescent phalloidin. Compared
to control cells, which showed high actin den-
sity along the cell surface, ACVRIB-KO cells had
bundled actin projections as seen in filopodia
(Figure 2E-H). This data suggests that ACVRIB
is involved in actin cytoskeletal structure and/
or dynamics, which impacts cell motility.

ACVRIB loss dysregulated cell-cell and cell-
ECM protein expression in three-dimensional
culture

To assess the functional consequences of AC-

VRIB loss in a complex physiological context,
we grew OSC-19 ACVRIB-KO cells in three-

Am J Cancer Res 2017;7(12):2422-2437
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Figure 2. Migration and invasion capabilities of OSC-19 cells are enhanced with ACVRIB loss. A. Directional migra-
tion investigated using MAts assay for cells seeded on a gelatin-coated surface was assessed over the course of 12
hours. Data show enhanced migration in ACVRIB-KO cells (right), compared to control (left). B. Graphic depiction of
the data points shows ACVRIB-KO cells significantly reduced the open area of the MAts by 12 hours, compared to
control (Student’s t-test, "p<0.001). C. ACVRIB-KO cells demonstrated increased chemotactic migration (left) and
invasion (right), using growth and cancer-associated conditioned media (CAF CM) as chemoattractant in Boyden
chamber assays. D. Statistical analysis for cell counts per high-powered field (hpf) of Boyden no capitalization of
Chamber Migration (left) and Invasion (right) assays using Student’s t-test, "p<0.05. E. Control OSC-19 cells have a
characteristic squamous cell morphology showing a cobblestone structure using brightfield microscopy (left). Upon
CRISPR/cas9-mediated deletion of ACVRIB, OSC-19 cells maintain cobblestone-like, but develop filopodia at the
outer edge of the cluster (arrowheads). Phalloidin (green, right) binds to the actin filament bundles labeling filopdia.
Higher magnifcation of corresponding boxed areas is shown to the right of each image.

dimensional organotypic reconstruct cultures
(OTC). Hematoxylin and eosin (H&E) staining
showed increased epithelial invasion into the
underlying stroma (Figure 3A, 3B, insets) con-
firming the observation of increased cell mobil-
ity upon loss of ACVRIB in two-dimensional cul-

ture (Figure 2C, 2D; Supplemental Figure 3C,
3D).

Next, we performed immunofluorescence stain-
ing to assess potential changes in the expres-

2428

sion and/or localization of cell-cell and cell-
ECM adhesion proteins in the OTC. Integrins are
a main group of cell surface proteins responsi-
ble foradherence tothe ECM. Laboratory and cli-
nical evidence has suggested alterations in in-
tegrin expression occur in SCC. One group fo-
und reduced expression of integrin 1, com-
monly used as a stem cell marker, correlated
with lymph node metastasis in oral SCC, how-
ever, a separate study found increased expres-
sion of B1 in oral SCC compared to neoplastic

Am J Cancer Res 2017;7(12):2422-2437
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Figure 3. Loss of ACVRIB enhances cell invasion and alters integrin expression profile in three-dimensional organo-
typic culture. Hematoxylin and eosin (H&E) staining of (A) control and (B) ACVRIB-KO cultures showed increased
invasion loss into the underlying matrix upon ACVRIB, see insert. Immunofluorescence staining for integrins o2 (C,
D), a5 (E, F), av (G, H) and B4 (M, N) showed decreased signal intensity in the more invasive ACVRIB-KO cultures. 1
integrin (1, J) remains unchanged, while B3 (K, L) was increased.

oral mucosa [29, 30]. In an additional study,
Stojanovic and colleagues found several addi-
tional integrin pairings, such as av3 and avB5,
upregulated, suggesting that these proteins
may help confer therapeutic resistance in oral
SCC [31]. Therefore, we decided to examine a
panel of integrins thought to be involved in SCC
progression. We found loss of expression of
several integrins (x2, a5, av, and B4 (Figure
3C-H, 3M, 3N, insets)) in ACVRIB-KO OSC-19
cells by immunofluorescence. Integrin B1 was
expressed at low to undetectable levels in con-
trol and ACVRIB-KO cells (Figure 3l, 3J). There
was no change in expression of integrin 3
(Figure 3K, 3L, insets). The downregulation of
a2, ab, av, and B4 integrin in ACVRIB-KO cells
suggests that ACVRIB may regulate not only
these proteins which are major cell surface
receptors involved in mediating cellular
response to ECM binding, but also cytoskeleton
stability, as integrins are intimately linked to
cytoskeleton assembly.

2429

Differentiation of OSC-19 cells correlates with
an invasive phenotype

Integrin expression and epithelial cell differen-
tiation are closely tied processes [32, 33]. As
we observed drastic alterations in integrin ex-
pression in OSC-19 cells with loss of ACVRIB,
we investigated if the differentiation status of
these cells was modified. Downregulation of
E-cadherin expression and cytokeratins have
been associated with dedifferentiation of squa-
mous epithelial cells. For example, downregu-
lated E-cadherin expression has been noted in
several HNSCC and ESCC studies, and found to
be associated with poor prognosis [34-36].
ACVRIB-KO cells showed a substantial down-
regulation, but not complete loss, of E-cadherin
(Figure 4C, 4D, insets). Within the ACVRIB-KO
invasive cells, a limited signal for E-cadherin
expression was detected at the cell-cell junc-
tions. Overall, the intensity was reduced com-
pared to control. Vimentin was used to discern
the stroma from the epithelium.
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Figure 4. Loss of ACVRIB impacts squamous cell proliferation and differentiation. ACVRIB-KO cells expressed a
different keratin signature compared to controls. (A, B) Ki67, (C, D) E-cadherin/E-cad and vimentin/Vim, (E, F) cyto-

keratin 13/K13, (G, H) cytokeratin 19/K19.

To further examine the differentiation status of
these squamous cells, we decided to focus on
cytokeratin 13 (K13), a marker of differentiated
squamous epithelial cells, and cytokeratin 19
(K19), a marker of dedifferentiated squamous
epithelial cells. K13 downregulation and K19
upregulation by both RNA and protein has been
noted in esophageal and oral SCC [37, 38]. The
control cells had K13 expression throughout
the epithelial layer, while K13 increased in focal
areas of the ACVRIB-KO squamous epithelium
(Figure 4E, 4F, insets). K19 expression was
concentrated along the basal layer of the con-
trol cells, but highly expressed throughout the
ACVRIB-KO squamous epithelium (Figure 4G,
4H, insets). Cytokeratins K14, K15, and K18
were also examined and revealed no discern-
able differences (data not shown).

Based on the findings that ACVRIB-KO cells
were highly proliferative (Figure 2), we also
stained for Ki67 expression. Compared to the
control cells, ACVRIB-KO cells had a concen-
trated number of proliferative cells along the
invasive edge of the epithelial layer (Figure 4A,
4B). This observation is intriguing, as it sug-
gests that ACVRIB-KO cells invade and prolifer-
ate concomitantly.

In the absence of ACVRIB, Activin A can induce
invasion through alternative signaling

To identify the intrinsic changes induced by the
loss of ACVRIB ultimately manifesting in the
observed proliferation, migration and invasion,
we focused on the activation of the signaling
pathway. Recent evidence has suggested that
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Activin A can propagate signals via other Activin
type | receptors, such as BMP receptor ALK2,
though ACVRIB is the primary receptor facilitat-
ing Activin A signaling. ALK2 and ACVRIB sig-
nal through distinct downstream pathways.
ALK2 preferentially phosphorylates Smadl/
5/8, while ACVRIB primarily phosphorylates
Smad?2 [10]. However, it has been suggested
that crossover between Activin A-induced sig-
naling through ACVRIB and ALK2 can occur
[39]. Therefore, we aimed to determine if Acti-
vin A could signal through ALK2 as an alternate
receptor in the absence of ACVRIB.

We treated ACVRIB-KO OSC-19 cells grown in
OTC (Figure 5A, 5B) with an ALK2 inhibitor
DMH1 [40] (ALK2i, Figure 5C, 5Il), Activin A
(ActA, Figure 5D, 5K), and/or the ALK4/5/7
chemical inhibitor A83-01 [41] (Figure 5E, 5L).
We noted no effect of the ALK2i, ActA, or ActA/
A83-01/ALK2i combination treatments on in-
vasion (Figure 5C, 5D, 5G, 5J, 5K, 5N), howev-
er, A83-01 and A83-01 in combination with
ALK2i resulted in not only epithelial epithelial
cell invasion into the stroma, but also a thinner
stromal layer (Figure 5E, 5F, 5L, 5M).
Combination treatment with A83-01/ALK2i,
also resulted in a thinner epithelial layer (Figure
5F, 5M), potentially suggesting an effect of
TGFB pathway inhibition together with ACVRIB
inhibition, as A83-01 additionally targets ALK5
and ALK7 (Figure 5F, 5M). Particularly, the cul-
tures treated with only ALK2i or all three treat-
ments (ActA/A83-01/ALK2i) showed larger
invasive clusters compared to the ActA only
treatment (Figure 5C, 5G, 5J, 5N).
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Figure 5. Chemical inhibition of Activin type | receptors alters the invasive capabilities of 0SC-19 ACVRIB-KO through
the regulation of Smad1/5/8 and ERK signaling. OSC-19 cells in organotypic culture (OTC) with no treatment (A,
H) were used as a control for inhibition of ACVRIB-KO cells. Hematoxylin and eosin (H&E) staining of control (A) and
ACVRIB-KO (B-G) OTCs, with and without treatments. Treatment conditions were as follows: (A) Control, (B) ACVRIB-
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KO no treatment (No tx), (C) the ALK2/Activin receptor type IA inhibitor DMH1 (ALK2i), (D) recombinant Activin A
(ActA), (E) the ALK 4/5/7 inhibitor A83-01, (F) A83-01 and ALK2i, and (G) combination ActA, A83-01, and ALK2i.
(H-N) The same conditions were stained for E-cadherin (green), vimentin (red), and nuclear DAPI (blue). (O) Western
blots using protein lysates harvested 30 minutes after treatments with ActA, follistatin (FST), or combination treat-
ment to identify phosphorylation and activation of Smad (pSmad2 and pSmad1/5/8) and ERK-mediated signaling.
Conditions including ALK2i were pre-treated overnight. Representative Western blots were adjusted uniformly for
brightness and cropped at the appropriate molecular weight to clearly show expression of the designated protein.
Western blots were quantified by densitometry using Fiji for Imagel, normalized to a-tubulin and control. Relative

expression is presented beneath each blot.

Next, we examined E-cadherin and vimentin
expression by immunofluorescence. Similar to
the observations described earlier, control 0S-
C-19 cells expressed substantial levels of E-
cadherin (Figure 5H), while ACVRIB-KO cells
showed increased epithelial cell invasion and
minimal E-cadherin staining (Figure 5C, 5D).
None of the treatments were able to restore
E-cadherin expression, suggesting intrinsic al-
terations following ACVRIB knockout (Figure
5J-N). These results suggest that a balance of
the TGFB/Activin/BMP signaling pathways is
required to maintain squamous epithelium in-
tegrity and limit cell invasion. Additionally, the
loss of ACVRIB may upend this balance and,
therefore, reroute Activin A to induce other
arms of pathways or potentially signal through
receptors outside of this family of receptors
(Figure 5G, 5N).

In order to dissect pathway activation, we next
examined alterations in downstream signaling
in the absence of ACVRIB. As mentioned above,
ACVRIB primarily phosphorylates Smad2 to
induce downstream gene transcription. How-
ever, we speculated that in the absence
of ACVRIB perhaps Activin A signaling could
induce signaling transduction through other do-
wnstream targets, accounting for the observed
functional alterations. To explore this, we treat-
ed control or ACVRIB-KO cells in vitro with AL-
K2i, ActA, or the Activin A antagonist follista-
tin (FST) to block Activin A prior to receptor
binding. Control cells had phosphorylated
Smad?2 (pSmad?2) following treatment with ActA
and ALK2i, however pSmad2 was blocked when
ActA and FST were added together, demon-
strating the efficacy of FST as an Activin A inhib-
itor (Figure 50, left panel). Phosphorylated
Smadl/5/8 (pSmadl/5/8) was unchanged
between control conditions. In the ACVRIB-KO
cells, ActA treatment induced pSmad2, except
when treated in combination with FST, indicat-
ing that this pathway remains intact (Figure 50,
right panel). Interestingly, ACVRIB-KO cells had
increased baseline pSmad1/5/8 compared to
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control cells, indicating active BMP signaling
(Figure 50). Upon treatment of these cells with
ALK2i, pSmad1/5/8 expression was abolished,
suggesting successful inhibition of BMP signal-
ing in the presence of ActA stimulation.
Therefore, we conclude from these experi-
ments that, in the absence of ACVRIB, Activin A
retains downstream activity through the Smad
cascade, mediated by Smad2, and that phos-
phorylation of Smad1/5/8 occurs via ALK2.

Finally, we examined alterations in MEK/ERK
signaling, as Activin A and ERK signaling are
suggested to work together to enhance native
pluoripotency and promote proliferation [42].
Phosphorylation of ERK 1/2 (pERK 1/2) was
unchanged across conditions in the control
cells (Figure 50, left panel). ACVRIB-KO cells,
however, had considerable alterations across
conditions. Though all treatment conditions
induced pERK 1/2 to some extent, compared
to ACVRIB-KO no treatment, treatment with
ALK2i/ActA or ALK2i/ActA/FST showed the hi-
ghest level of phosphorylation (Figure 50, right
panel). These results may indicate crosstalk
between non-canonical Activin A signaling via
Smad2, Smadl/5/8 and MEK/ERK path-
ways.

ACVRIB expression decreases across tumor
stage in human HNSCC samples

To examine the expression level of ACVRIB
expression for a utility as a diagnostic tool or
stage-specific biomarker, we stained a com-
mercially available tissue microarray (TMA) con-
taining 72 normal and HNSCC tissues with anti-
bodies against ACVRIB, ActRIIB, and ActA.
Interestingly, we found that positive ACVRIB
staining area was significantly decreased in the
HNSCC samples compared to the normal con-
trols (Figure 6A). As the control sections of the
TMA were from normal tongue, we next wanted
to compare the normal controls and the tongue
SCC with SCCs from other sites and found that
ACVRIB expression was decreased in both
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tongue and other SCCs compared to normal
tongue controls; thereby, establishing that
decreased ACVRIB expression is consistent
across HNSCC (Figure 6B). Next, we assessed
the relationship of ACVRIB between early (I/11)
and late (lli/IV). We found that ACVRIB is con-
sistently decreased in early and late stages
compared to normal controls (Figure 6C). We
additionally examined ActRIIB and Activin A
expression in early and late stage, compared to
control, and found a non-significant decrea-
se and increase, respectively (Supplemental
Figure 4A, 4B).

Discussion

In the current study, we characterized the func-
tional consequences of ACVRIB loss in HNSCC
and ESCC. The Activin A signaling cascade has
been long studied for its critical role in deve-
lopment across species [43, 44], however its
actions in cancer have been widely disputed as
the functions of Activin A appear to be almost
entirely cell-type and context dependent [45].
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Tongue SCC Other SCC

Normal tongue

Figure 6. ACVRIB expression decreases in early and late HN-
SCC tumor stage. (A) Using a commercially purchased tis-
sue microarray of 72 normal and HNSCC samples, we found
that ACVIRB expression was significantly reduced in HNSCC
samples, compared to normal controls. Data are depicted
as positive tissue area in um?. The box plot shows median
ACVRIB expression and range. “p<0.05. (B) As the control tis-
sues were from normal tongue, we analyzed ACVRIB expres-
sion in normal tongue and compared with tongue and other
HNSCC. Normal tissue expressed significantly more ACVRIB
compared to other SCC. The bar graph depicts median
ACVRIB expression and error bars represent the 95% confi-
dence interval. (C) We additionally examined ACVRIB expres-
sion in early (I/1) and late (Ill/1V) stages, compared to control
tissue. ACVRIB expression was significantly decreased in the
early and late stage tumor samples compared to normal tis-
sue. The bar graph depicts median ACVRIB expression and
error bars represent the 95% confidence interval "p<0.05.

To better explore the impact of this pathway in
HNSCC and ESCC, we focused on ACVRIB, as
we had previous described the inverse correla-
tion between Activin A (INHBA) and ACVRIB
expression in advanced ESCC [3]. We eliminat-
ed Activin A signaling via ACVRIB using CRISPR/
Cas9-mediated knockout of ACVRIB, to discern
the functional effects of loss of canonical
Activin A signaling. Loss of canonical Activin A
signaling mediated by ACVRIB results in in-
creased proliferation, migration, and invasion.

We observed that ACVRIB-KO cells have the
ability to simultaneously proliferate and inva-
de in three-dimensional OTC. The relationship
between proliferation and invasion of cancer
cells has been debated, as it has been suggest-
ed that cells that are proliferating are not
actively invading, and vice versa [46]. Though
the leading hypothesis is that proliferation and
invasion are mutually exclusive processes, sev-
eral reports have suggested that this may not
be the case. Tumuluri et al. and Dissanayake et
al. found that OSCC patient tissues had an
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increased proliferation index, as indicated by
Ki67 staining, along the invasive front of the
tumor tissue [47, 48]. Our data indicates a simi-
lar phenomenon: HNSCC cells at the leading
edge both proliferate and invade in the absence
of ACVRIB. Combined with the in vitro data,
which showed an increased number of ACVRIB-
KO cells in S and G2/M, this suggests that high-
ly proliferative cells can also be responsible for
the cancer cell invasion.

There is precedence for receptors of the TGF3
family to function in the maintenance of epithe-
lial homeostasis. However, among the Activin
type | receptors, little is noted regarding their
downregulation or absence in cancer [1]. ACV-
RIB is among the most highly studied in terms
of Activin type | receptors in cancer, however it
remains unknown where loss of ACVRIB occurs:
genomic, RNA, or protein level. The ESCC cell
line TE-11 lacks ACVRIB protein but expresses
ACVRIB mRNA ([3], data not shown). Therefore,
further examination of the mechanism of AC-
VRIB regulation is needed, particularly in HNS-
CC and ESCC, as majority of the evidence
regarding ACVRIB loss resides in other can-
cers.

Targeting ACVRIB in vitro, however, remains a
challenge. Due to similarities between the
ALKs, developing specific inhibitors for the indi-
vidual family members is difficult [1]. In the cur-
rent study, we treated SCC cells in vitro using
the chemical inhibitor A83-01, which targets
ALK 4/5/7. Because of the multifaceted effects
of this inhibitor, we cannot say for certain that
the phenotype we observed in OTC was solely
the responsibility of ACVRIB inhibition. At this
time, no inhibitors specifically target ALK4, as
all available inhibitors also target other ALKs
[1]. Therefore, using the CRISPR/Cas9 system
demonstrated here is the closest to selectively
targeting ACVRIB, though this is currently not
feasible in the clinical context.

A main finding of this study was the regulation
of the actin cytoskeleton and cell surface pro-
teins by ACVRIB. Ultimately, dysregulation of
ACVRIB expression and canonical Activin A sig-
naling led to reorganization of the actin cyto-
skeleton and, thus, expression of cell surface
proteins involved in cell-cell and cell-ECM inter-
action. In respect to ACVRIB, little to no evi-
dence has been published exploring such func-
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tional effects and, therefore, we have esta-
blished a novel role for this pathway. Some
investigation, however, has described the ac-
tions of Activin A during some of these process-
es, though not in cancer. Riedy and colleagues
described that stimulation of smooth muscle
cells with Activin A led to migration and the for-
mation of actin stress fibers and focal adhe-
sions [49]. A similar effect was investigated in
adipose stromal cells, Activin A could promote
differentiation along the smooth muscle cell lin-
eage. Treatment with an ALK 4/5/7 inhibitor
could block such effects [50].

Though we have unearthed a new role for
Activin A-ACVRIB signaling in HNSCC and ESCC,
there remain many questions. We have just
begun to scratch the surface of Activin A sig-
naling in the absence of ACVRIB, potentially
through an alternate Activin type | receptor.
Therefore, further investigation into the mecha-
nism of Activin A in this context is necessary to
contribute to our deeper understanding of the
pathway as well as potential ways to use this
information for targeted therapeutics. If it is
indeed the case that Activin A, working through
an alternate pathway in the absence of ACVRIB,
exerts oncogenic effects, the utilization of an
Activin A ligand trap, such as follistatin, may
aide in improving patient outcome in HNSCC
and/or ESCC. In addition, attaining a better
understanding of the role of the Activin A-
ACVRIB interaction in a more complex physio-
logical context, such as ACVRIB-KO cells in the
presence of endothelial cells, immune cells,
fibroblasts, neurons, etc., may provide a more
complete understanding to how Activin A oper-
ates without epithelial expression of ACVRIB.

Despite the remaining questions surrounding
the relationship between Activin A and ACVRIB,
in this study we provided evidence showing the
necessity of ACVRIB-dependent Activin A sig-
naling in the regulation of HNSCC and ESCC.
When this system becomes disrupted through
downregulation of ACVRIB, HNSCC and ESCC
become more aggressive. Clinically, this would
ultimately lead to a worse prognosis for patients
affected by this deletion. Therefore, further
investigation into the consequences and poten-
tial therapeutic options revolving around Acti-
vin A-ACVRIB may promote better clinical out-
comes in SCC.
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Supplemental Table 1. Antibodies used for FFPE
immunofluorescence

Antibody Dilution Vendor
ACVRIB 1:200 Abcam

o2 integrin 1:200 BD Biosciences
ob integrin 1:200 BD Biosciences

av integrin 1:200 BD Biosciences

B1 integrin 1:200 BD Biosciences

B3 integrin 1:200 BD Biosciences

B4 integrin 1:200 BD Biosciences
Kie7 1:200 Cell Signal Technology
E-cadherin 1:200 BD Biosciences
Vimentin 1:200 Cell Signal Technology
Cytokeratin 13 (K13) 1:200 Abcam
Cytokeratin 19 (K19) 1:200 Abcam
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Supplemental Figure 1. Validation of ACVRIB knockout in OSC-19 head and neck squamous cells. Cells were vali-
dated by several methods. Flow cytometry showing (A) background stain (B) control and (C) ACVRIB-KO populations.
(D) Immunofluorscence staining of ACVRIB in control (top) and ACVRIB-KO (bottom) cells. (E) Western blot of control
and ACVRIB-KO OSC-19 cells. a-tubulin was used as a loading control.



ACVRIB in SCC

>

B

5

| = 16, ACVRIB
1A " SINT

§a 1.2 1 OSiACVRIB

£ i

o 0.6 1
0.4 1
0.2 1

0
48 72 % L T N KYSE520
Time (hr)

6§
[

-
'l

Fold-change (normalized)
b

¥
i

Supplemental Figure 2. Proliferation assays of KYSE520 cells. A. Cell counting, beginning 48 hours after transfec-
tion, revealed no differences in proliferation between siNT and siACVRIB knockdown cells. B. siACVRIB cells had

significantly less cells in G1, and more cells in S and G2/M, though not statistically significant. C. qRT-PCR of ACVRIB
in KYSE520.
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Supplemental Figure 3. Knockdown of ACVRIB by siRNA in KYSE520 enhances directional motility. (A) By 12 hours
and 24 hours, siACVRIB knockdown cells close more open MAts area than non-targeting control (siNT). (B) Quan-
tification of MAts assay shown in (A). (C) Quantification of number of migrated KYSE520 siACVRIB or siNT cells
per high-powered field (hpf). Cells were stained with 0.1% crystal violet and counted. There were less KYSE520
siACVRIB cells that migrated through the Boyden chamber cmpared to siNT. (D) Similar to (C), quantification of num-

ber of invaded KYSE520 cells per high powered field. KYSE520 siACVRIB cells invaded more in Boyden chamber
assay than siNT. *p<0.05.
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Supplemental Figure 4. ActRIIB and Activin A expression in early (I/1l) and late (lll/IV) stage HNSCC. A. Compared
to controls, ActRIIB expression was non-significantly decreased in early (I/11) and late (lll/1V) stage HNSCC tumor
samples. B. Conversely, Activin A expression was non-significantly increased in early (I/11) and late (lll/IV) stage HN-
SCC samples compared to normal tissue. The bar graphs depict median ActRIIB and Activin A expression and error
bars represent the 95% confidence interval.



