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EPS8 phosphorylation by Src modulates its oncogenic
functions

Linah A. Shahoumi'2, Hesam Khodadadi', Husam Bensreti', Babak Baban'?3 and W. Andrew Yeudall ("%3

BACKGROUND: EPS8 is a scaffolding protein that regulates proliferation, actin dynamics and receptor trafficking. Its expression is
increased in cancer, enhancing mitogenesis, migration and tumorigenesis. Src phosphorylates EPS8 at four tyrosine residues,
although the function is unknown. Here we investigated the pro-oncogenic role of EPS8 tyrosine phosphorylation at Src target sites
in HNSCC.

METHODS: Plasmids expressing EPS8 Src-mediated phosphorylation site mutants (Y485F, Y525F, Y602F, Y774F and all four
combined [FFFF]) were expressed in cells containing a normal endogenous level of EPS8. In addition, cells were treated with
dasatinib to inhibit Src activity. EPS8 downstream targets were evaluated by western blotting. Wound closure, proliferation,
immunofluorescence and tumorgenicity assays were used to investigate the impact of phenylalanine mutations on EPS8 biological
functions.

RESULTS: FOXM1, AURKA, and AURKB were decreased in cells expressing FFFF- and Y602F-EPS8 mutants, while cells harbouring
the Y485F-, Y525F- and Y774F-EPS8 mutants showed no differences compared to controls. Consistent with this, dasatinib decreased
the expression of EPS8 targets. Moreover, Y602F- and FFFF-EPS8 mutants reduced mitogenesis and motility. Strikingly though, FFFF-
or Y602F-EPS8 mutants actually promoted tumorigenicity compared with control cells.

CONCLUSIONS: Phosphorylation of EPS8 at Y602 is crucial for signalling to the cell cycle and may provide insight to explain

reduced efficacy of dasatinib treatment.
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BACKGROUND

Squamous cell carcinoma of the head and neck (HNSCC) is a
common malignancy with high morbidity and mortality rates,
affecting 630,000 patients worldwide with 50,000 new cases in the
United States annually.'? The treatment options for HNSCC
include surgery, radiotherapy, chemotherapy and, more recently,
the use of targeted therapeutic agents>> In spite of these
advanced treatment options, the prognosis remains unsatisfac-
tory. Five-year overall survival rates are dependent on the stage of
the tumour with 85.2% survival with stage | disease, 82.9% stage Il
56.3% stage Ill and 42.6% stage IV,° and the median overall
survival for recurrent or metastatic (RM) HNSCC remains <1 year.*’
There are multiple key genetic components promoting HNSCC
development, one of which is overexpression or constitutive
activation of the epidermal growth factor receptor (EGFR).5'°
EGFR is a receptor tyrosine kinase that has been found to be
overexpressed in 80-100% of advanced-stage HNSCC.'"'? This
kinase transduces signals through multiple pathways to promote
cell proliferation, motility and survival.'*'® EGFR pathway
substrate 8 (EPS8) is one of the mediators involved in post-
receptor EGFR signalling.'®?° EPS8 is a scaffolding protein that
exists as a dimer?’ and shows several structural features: a Src
homology 3 (SH3) domain, a split pleckstrin homology (PH)
domain, several proline-rich regions, an EGFR-binding region, and

a C-terminal effector region.?? The SH3 domain of EPS8 is reported
to interact with RN-tre (USP6NL),”> Shc** Shb®®> and Abi1,*®
regulating cell proliferation, actin dynamics and receptor
trafficking.?”-*® EPS8 also binds to the juxtamembrane region of
the EGFR'® and also to Sos-1?° and Src.3%3' EPS8 expression is
increased in a range of human cancers, including HNSCC.3?
Previous studies in our laboratory have shown that overexpression
of EPS8 promotes cell proliferation and migration in part by
inducing expression of the FOXM1 transcription factor, CXC-
chemokine expression and matrix metalloproteinase-9 activity and
expression, mediated by phosphoinositide 3-kinase (PI3K)/Akt-
dependent mechanisms.>**> Furthermore, studies showed that
twofold overexpression of EPS8 is sufficient to convert non-
tumorigenic cells to a tumorigenic phenotype in an orthotopic
transplantation assay.>? The non-receptor tyrosine kinase Src
modulates signalling downstream of multiple receptors including
platelet-derived growth factor receptor and EGFR family receptors,
regulating cell proliferation, migration and apoptosis.>* Src activity
is closely correlated with solid tumour progression, metastasis and
poor prognosis.>>=" Previous studies have demonstrated EPS8
overexpression in v-Src-transformed cells.>'*® Moreover, EPS8 was
identified as a phosphorylation substrate for Src, and it is reported
to phosphorylate EPS8 at four tyrosine residues: Y485, Y525, Y602,
and Y7743° To date, the impact of phosphorylation on
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biochemical functions of EPS8 is still unexplored, although it is
likely that Src activity directed at EPS8 will be crucial for tumour
progression. Deciphering how phosphorylation at the putative Src
target sites in EPS8 affects its biochemical functions will likely
provide insight into the key pathways that are deregulated in
HNSCC. Therefore, in the current study, we have investigated
biochemical and biological consequences of Src-mediated EPS8
phosphorylation in HNSCC.

METHODS

Cell lines and culture conditions

HN4 cells, derived from a human papillomavirus-negative primary
tongue tumour, express low endogenous levels of EPS8 similar to
normal keratinocytes, whereas HN12 cells, derived from a
synchronous lymph node metastasis in the same patient, express
high endogenous levels of EPS8.3° Cell lines were obtained from
Dr. J. F. Ensley (Wayne State University). Cells overexpressing
unmodified EPS8 or its phenylalanine mutants were selected in
the presence of 1 ug/ml puromycin or 400 ug/ml G418, respec-
tively, in Dulbecco's modified Eagle's medium containing 10%
cosmic calf serum, at 37 °C in a humidified atmosphere of 90% air/
10% CO,. Prior to and during experimental assays, all cells were
cultured in antibiotic-free media.

Generation of mutations, plasmids and transfections

Expression plasmids encoding EPS8 with amino acid substitutions
to phenylalanine (F) instead of tyrosine were created at the four
putative Src phosphorylation sites as single mutants (Y485F,
Y525F, Y602F and Y774F), all four combined (FFFF) and all sites
except Y602 (FFF). All mutations were prepared using the
QuikChange Site-directed Mutagenesis Kit (Agilent Technologies,
Santa Clara, CA) following the instructions provided by the
manufacturer. A plasmid containing the human EPS8 cDNA
sequence, engineered to express an amino-terminal YFP tag
(Genecopoeia; Rockville, MD), was used as template. All plasmids
were sequence-verified before use. HN4 cells were nucleofected
using a 4D-Nucleofector X unit (Lonza, Basel, Switzerland) with 1
pug of plasmid DNA. After 48h, G418 was added to a final
concentration of 400 pg/ml, and G418-resistant cells were selected
and screened for the expression of EPS8 mutants.

Cell treatment, lysis and western blotting

HN4 cells were treated with 400 nM dasatinib (Millipore-Sigma, St.
Louis, MO) or the vehicle, dimethyl sulfoxide (DMSO; Fisher
Scientific, Hampton, NH) for 24 h. Cells were washed twice in ice-
cold phosphate-buffered saline (PBS), and whole-cell lysates were
prepared by scraping cells into ice-cold modified RIPA lysis buffer
[50mM Tris-HCl (pH 7.4), 150mM NaCl, 1% Triton, 0.5%
deoxycholate] containing 1 mM phenylmethylsulfonyl fluoride,
10 ug/ml aprotinin, 10 ug/ml leupeptin and 1mM sodium
orthovanadate. In some experiments, cells were pretreated with
100 uM pervanadate for 10 min prior to lysis. The lysates were
cleared by centrifugation, and the supernatants were collected.
Analysis of protein expression was carried out as described
previously.*® Blots were blocked in 5% skimmed milk in Tween-
Tris buffered saline (TTBS) [10 mM Tris—HCI (pH 7.6), 0.5% Tween
20, 150 mM NaCl] for 1h at room temperature. Western blot
analysis was carried out with multiple primary antibodies as
follows: EPS8 (610144) and AKT (610860) were from BD
Biosciences (San Jose, CA); vimentin (V6389) was from Millipore
Sigma (St. Louis, MO); FOXM1 (sc-502), pERK (sc-7383), phospha-
tase and tensin homologue (PTEN; sc-7974) and extracellular
signal-regulated kinase 2 (ERK2; sc-154) were from Santa Cruz
Biotechnology (Santa Cruz, CA); Aurora A kinase (3092), Aurora B
kinase (3094), Src (2123), Src-pY416 (6943), phospho-AKT (Ser 473;
4060), phosphotyrosine pTyr-1000 (8954) and glyceraldehyde 3-
phosphate dehydrogenase (2118) were all from Cell Signaling
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Technology (Danvers, MA). Following primary antibody incuba-
tion, the blots were washed 3x in TTBS for 10 min each, incubated
with horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (goat anti-rabbit immunoglobulin G (IgG)-HRP-linked
antibody (7074) or horse anti-mouse IgG-HRP-linked antibody
(7076), both from Cell Signaling Technology, for 1h at room
temperature, washed 3x in TTBS and the specific signals were
detected with an enhanced chemiluminescence substrate (Perki-
nElmer, Waltham, MA) followed by exposure to X-ray film or digital
imaging (C-Digit; Li-Cor, Lincoln, NE).

For immunoprecipitation experiments, cell lysates were pre-
cleared by incubation with protein A/G agarose (Pierce, Rockford,
IL) at 4°C for 1h. Subsequently, 1 mg aliquots of total cellular
proteins were incubated with 1 pg of primary antibody or normal
IgG as control, overnight at 4 °C with rotation. Immune complexes
were captured using protein A/G agarose, washed 6x in cold lysis
buffer and then resuspended in 1x sample buffer and heated to
95 °C for 10 min prior to electrophoresis and western blotting as
described above.

Cell proliferation assay

A total of 1x10* cells were seeded in quadruplicate in 12-well
culture plates. Cells were trypsinised and counted using a
haemocytometer on each of the 7 consecutive days. For 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  (MTT)
assays, cells were plated in 12-well plates in two groups. At day
1, 0.1 vol. of MTT reagent (ThermoFisher, Waltham, MA) was added
to each well for the first group. After 4 h incubation at 37 °C, the
medium was aspirated, 1 ml of solubilisation buffer (10% sodium
dodecyl sulfate in 0.01M HCl) was added for 4h and the
absorbance was measured at 570 nm in a microtiter plate reader.
The second group was cultured for 7 days and processed as
before. Relative growth was calculated by subtracting the
absorbance at day 1 from the absorbance at day 7.

EdU (5-ethynyl-2'-deoxyuridine) incorporation assay

DNA synthesis in asynchronous cell populations was measured by
incorporation of EdU, using a commercially available kit (Click-It
EdU; Invitrogen Life Technologies, Carlsbad, CA) according to the
manufacturer’s protocol. Briefly, cells were plated in triplicate on
coverslips, pulsed with 10 uM EdU for 30 min at 37 °C, washed,
labelled with Alexa Fluor 594, counterstained with 4,6-diamidino-
2-phenylindole (DAPI), mounted and imaged using a fluorescent
microscope (Keyence Corporation, Itasca, IL). The percentage of
EdU-positive cells (EdU labelling index) was calculated by counting
the number of Alexa Fluor 594-stained cells in two %200 fields for
each of three triplicate coverslips and dividing by the total cell
number per field, expressed as a percentage. Experiments were
repeated twice, and data were pooled for statistical analysis.

Flow cytometry

Analysis of DNA content was carried out essentially as described
before*' Cells were cultured to 70% confluence, trypsinised,
washed in PBS and fixed in 70% ethanol with vortexing. Cells were
pelleted by centrifugation, resuspended in PBS, stained with 50
pg/ml propidium iodide and then analysed on a flow cytometer
(FACSCalibur, BD Biosciences, San Jose, CA).

Migration assay

To measure migration, 2x 10* cells were plated in triplicate in
culture inserts (Ibidi, Fitchburg, WI) in 12-well cell culture plates
and incubated at 37 °C overnight. On the following day, the inserts
were removed and the cell-free gap was measured immediately at
three specific points using a light microscope under a x10
objective. After 7 h incubation at 37°C, the cell-free gap was
measured at the same three points. The migration rate was
calculated by subtracting the width of the gap at 7 h from the
starting width and dividing by the time.
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Immunofluorescence

Cells were grown on glass coverslips, fixed in cold methanol for
20 min at room temperature, permeabilised in 0.1% Triton X-100
(Fisher Scientific, Hampton, NH), blocked with 3% bovine serum
albumin (BSA) in TTBS for 1h at room temperature and then
incubated with either anti-vimentin (V6389, Millipore Sigma, St.
Louis, MO) diluted 1:250 in 3% BSA/TTBS or anti-pan-keratin
(MA5-13156, ThermoFisher, Waltham, MA) diluted 1:250 in 3%
BSA/TTBS overnight at 4°C. As a negative control, samples were
incubated with the equivalent concentration of normal mouse
IgG. The coverslips were washed 3x in TTBS and incubated with
goat anti-mouse IgG Alexa Fluor 488-conjugated secondary
antibody (ThermoFisher, Waltham, MA) diluted 1:500 with 3%
BSA/TTBS in the dark for 1 h at room temperature. The samples
were subsequently stained with DAPI for 20 min and washed, and
then coverslips were mounted using Vectashield (Vector Labs,
Burlingame, CA) and visualised by fluorescence microscopy. As a
negative control, coverslips were processed with normal mouse
IgG at the equivalent concentration as the antibodies used.

Orthotopic tumorigenicity assay

All animal experiments were carried out with approval of the
Augusta University Institutional Animal Care and Use Committee
(protocol number 2015-0736). Cells were trypsinised, counted and
resuspended in serum-free medium. In all, 1 x 10° cells in a total
volume of 50 pl were injected into the tongues of 7-week-old nu/
nu athymic mice (Charles River Laboratories, Wilmington, MA),
previously anaesthetised with a cocktail of ketamine and xylazine
(50-100 mg/kg ketamine; 2-11 mg/kg xylazine by the standard
intraperitoneal route, to enable sufficient depth of anaesthesia as
well as rapid induction and recovery). Four mice were used per
group, based on similar previous experiments. As a positive
control, 5x10%* HN12 cells were injected into the tongue. All
experiments were performed inside a Class Il biosafety cabinet
during the animal’s light time cycle. Animals were monitored
visually in their home cages to ensure recovery from anaesthesia
and then monitored daily for tumour formation until they were
euthanised (CO, inhalation and bilateral thoracotomy) after
becoming premorbid. Tumours were excised from euthanised
animals and tumour mass was determined for all groups using the
formula V= (W? x L)/2, where V is the tumour volume, W is the
tumour width and L is the tumour length. Tumour tissues were
sectioned, fixed, stained with haematoxylin and eosin and
examined under a light microscope.

Immunohistochemistry

Detection of EPS8 in mouse tumour sections was carried out as
follows. Five-micrometre tissue sections were dewaxed in Safe-
Clear (Fisher Scientific, Pittsburgh, PA) and rehydrated, and
antigen retrieval was performed by incubation in Retrievagen A
(BD Biosciences, CA) at 95 °C for 30 min. After cooling to ambient
temperature, endogenous peroxidase was blocked by incubation
in 3% hydrogen peroxide for 15 min; slides were washed in TBS pH
8.0 and then blocked using a commercially available kit (M.O.M.
Immunodetection Kit—Peroxidase; Vector Laboratories, Burlin-
game, CA). Sections were then incubated with EPS8 antibody (12.5
pg/ml) or the equivalent concentration of normal mouse IgG as
control at ambient temperature for 1 h, washed in TBS and then
incubated sequentially with biotinylated secondary antibody and
streptavidin peroxidase reagent, developed using 3, 3’-diamino-
benzidine substrate, counterstained with haematoxylin, dehy-
drated, mounted and imaged by brightfield microscopy (Keyence
Corporation, Itasca, IL).

RNA sequencing

For whole-transcriptome analysis, cells were cultured to 70%
confluence under standard culture conditions. Alternatively, HN4
cells were treated with 400 nM dasatinib or equivalent volume of

the vehicle (DMSO) as a control for 24 h. Triplicate cultures were
lysed individually in Trizol, total RNA was prepared and then
library construction, sequencing and bioinformatics analyses were
carried out by a commercial source (Novogene, Sacramento, CA).

Statistical analysis

Student’s t test or one-way analysis of variance with post multiple
comparisons were performed using the GraphPad Prism software
to analyse the data obtained from western blotting, migration,
proliferation, immunostaining and tumorigenicity experiments. p
values <0.05 were considered to be statistically significant.

RESULTS

Blocking tyrosine phosphorylation at the Src target sites in EPS8
reduces the expression of cell cycle regulators

Src activity has been previously found to be involved in
modulating cell signalling downstream of EGFR and participates
in the regulation of cell proliferation.*** Moreover, EPS8 over-
expression leads to enhanced cell proliferation and increased
expression of multiple cell cycle regulators.®® Previous studies
have documented constitutive phosphorylation of EPS8 in some
cancer cell lines.?* Therefore, we determined the phosphorylation
status of EPS8 in HN4 cells. As shown in Supplementary Fig. S1A, B,
EPS8 is tyrosine phosphorylated in HN4 cells in the absence of
growth factors. As EPS8 is a Src substrate*° we sought to
determine the impact of blocking Src phosphorylation of EPS8 on
the expression of cell cycle mediators. Thus HN4 cells were first
stably transfected with FFFF-EPS8 mutants, total cell lysates were
prepared and the expression of FOXM1 and two of its targets,
AURKA and AURKB, was determined by western blotting. As
indicated in Fig. 1a—d, blocking EPS8 phosphorylation at all four
sites (FFFF-EPS8 mutant) significantly reduced the expression of
FOXM1, AURKA and AURKB compared with the non-transfected
control, showing the importance of Src phosphorylation sites of
EPS8 in controlling the expression of these cell cycle regulators. To
determine whether blocking Src-mediated EPS8 phosphorylation
is responsible for the reduced expression of cell cycle regulators,
HN4 cells were treated with 400 nM of the Src inhibitor, dasatinib,
for 24 h. Total cell lysates were prepared and the effect on cell
cycle regulators was determined by western blotting. As shown in
Fig. Te-h, there was a significant reduction in the expression of
FOXM1, AURKA and AURKB with dasatinib treatment relative to
vehicle-treated controls. Furthermore, phosphorylation of EPS8 on
tyrosine is reduced, but not completely abolished, by treatment
with dasatinib (Supplementary Fig. S2A, B). In addition, the FFFF-
EPS8 mutant shows substantially reduced tyrosine phosphoryla-
tion compared to the native protein even in the absence of
dasatinib, based on the relative abundance of each in the cell
(Supplementary Fig. S2C, D). Further reduction of tyrosine
phosphorylation was observed in the FFFF-EPS8 protein upon
dasatinib treatment and may indicate that additional tyrosines
within EPS8 are dasatinib sensitive, either directly or indirectly (for
example, Src may phosphorylate another EPS8 kinase). Alterna-
tively, this may be related to effects of the drug on kinases other
than Src, as it is known to have activity against Abl and Kit,
although neither of these has, as yet, been reported to
phosphorylate EPS8. Together, these observations suggest that
blocking the four Src phosphorylation sites of EPS8 using either a
pharmacological approach or gene mutation decreases the
expression of downstream targets of EPS8 that regulate the cell
cycle.

Y602 in EPS8 is crucial for the expression of cell cycle regulators
To investigate the impact of Src-mediated phosphorylation of
EPS8 at each single tyrosine residue (Y485, Y525, Y602 and Y774)
on cell cycle regulation, HN4 cells were stably transfected with
485F-, 525F-, 602F- and 774F-EPS8 mutants, total cell lysates were
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EPS8 expression plasmid encoding the EPS8-FFFF mutant. Total cell lysates were prepared, resolved by SDS-PAGE and western blotted with
the indicated antibodies. b-d Relative expression of FOXM1, AURKA and AURKB, normalised to GAPDH expression, is shown. Data are
representative of independent biological experiments performed at least three times. **p < 0.01. e HN4 cells were incubated in the presence
of dasatinib (400 nM) or an equivalent volume of DMSO. Twenty-four hours later, total cell lysates were prepared, resolved by SDS-PAGE and
western blotted with the indicated antibodies. f-h. Relative expression of total and Y416-phosphorylated Src, FOXM1, AURKA and AURKB,
normalised to GAPDH expression, is shown. Data are representative of independent biological experiments performed at least three times.

**p < 0.01.

prepared and the expression of FOXM1 and AURKA was
determined by western blotting. As shown in Fig. 2a-c, cells
expressing 602F-EPS8 showed a significant decrease in the
expression of FOXM1 and AURKA compared to other single F-
mutants, and at levels comparable with the FFFF-EPS8 mutant,
suggesting that pY602 is a key regulatory phosphorylation within
EPS8. To determine whether Y602 is indeed a crucial regulatory
Src phosphorylation within EPS8, modulating cell cycle mediators,
we generated stable transfectants of HN4 expressing FFF-EPS8
(blocking all Src phosphorylation sites except Y602). Total cell
lysates were prepared and the expression of cell cycle mediators
was determined by western blotting. As indicated in Fig. 2d-g,
blocking EPS8 phosphorylation at Y485, Y525 and Y774 but not at
Y602F (FFF-EPS8) significantly increased FOXM1, AURKA and
AURKB expression compared with controls, similar to what was
observed with overexpression of wild-type EPS8. The substantial
reversion of EPS8 activity with the transition from FFFF-EPS8 to
FFF-EPS8 mutant suggests that Y602 is a key phosphorylation site
within EPS8 that regulates the expression of cell cycle mediators.
Consistent with this, cells expressing the Y602F- or FFFF-EPS8
mutant showed a tendency to accumulate in G2/M (Supplemen-
tary Fig. S3).

Blocking Src phosphorylation sites within EPS8 decreases cell
proliferation

Previous studies have indicated that EPS8 overexpression leads to
an increase in tumour cell proliferation.3? Therefore, we investi-
gated whether Src-induced phosphorylation contributes to this
function of EPS8. HN4 cells, with or without the expression of EPS8
mutants, were plated, and the cell numbers were determined by
counting at 24-h intervals for 7 days. As shown in Fig. 3a, cells
expressing the FFFF-EPS8 mutant showed a statistically significant
decrease in proliferation compared to all controls, indicating that
blocking the Src phosphorylation sites in EPS8 reduces cell
proliferation. As a result of the data obtained above that showed

blocking Y602 in EPS8 reduces the expression of cell cycle
regulators, we sought to determine the impact of this mutation on
tumour cell proliferation. Cells were plated and metabolically
active cells were determined after 1 and 7 days by MTT assay. The
data indicate that blocking Y602-EPS8 leads to a significant
reduction in cell proliferation compared to the control, and the
effect was comparable to that seen with the FFFF-EPS8 mutant
(Fig. 3b), suggesting that phosphorylation of Y602 in EPS8 is
crucial for proliferation of tumour cells in culture. To confirm
whether blockade of Y602 is responsible for the reduction of
tumour cell growth, we examined the differences in the effect of
FFF- and FFFF-EPS8 mutants on tumour cell proliferation. HN4 cells
expressing these mutants were plated, and the cell numbers were
determined as previously over 7 days. As shown in Fig. 3c, cells
expressing the FFF-EPS8 mutant showed enhanced proliferation
compared to the control or cells expressing the FFFF-EPS8 mutant.
Similar data were obtained by MTT assay (Fig. 3d). To complement
these experiments, we also carried out EdU incorporation assays
to determine the fraction of cells synthesising DNA. As shown in
Fig. 3e, incorporation of EdU into cellular DNA was significantly
reduced in cells expressing the Y602F- and FFFF-EPS8 mutants,
whereas cells overexpressing the wild-type protein or the FFF-
EPS8 mutant showed increased DNA synthesis. These data provide
further evidence that phosphorylation of EPS8 at Y602 is crucial
for regulating cell proliferation.

Blocking Src phosphorylation sites of EPS8 decreases cell
migration

Previous studies in our laboratory have shown that elevated
expression of EPS8 contributes to increased migration of
squamous carcinoma cells.3? Therefore, to test whether EPS8
phosphorylation has an impact on cell migration, we assayed the
ability of cells expressing FFFF-EPS8 to migrate in a wound closure
assay. As indicated in Fig. 4a, b, cells expressing the FFFF-EPS8
mutant showed a significant decrease in migration compared to
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Fig.2 Contribution of individual Src phosphorylation sites in EPS8 on EPS8 downstream target expression. a HN4 cells stably transfected
with EPS8 expression plasmids encoding FFFF, 485F, 525F, 602F and 774F mutants were used to prepare total cell lysates and then western
blotted with the indicated antibodies. b, ¢ Graphs indicate relative expression of FOXM1 and AURKA, in controls and mutant-expressing cells,
normalised to GAPDH expression. Data shown are combined from three independent biological experiments. *p < 0.05, **p < 0.01, ***p <
0.001. d HN4 cells were stably transfected with an EPS8 expression plasmid or the FFF-EPS8 mutant. Total cell lysates were prepared, resolved
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occasions. *p < 0.05, **p < 0.01, ***p =0.001.

controls. We extended our observations by testing whether
expressing the 602F-EPS8 mutant was sufficient to alter the ability
of HN4 cells to migrate. As shown in Fig. 4c, d, HN4-602F cells
showed a significant decrease in migration compared to the
controls, and this was comparable to that of cells expressing the
FFFF-EPS8 mutant. These data suggest that blocking the four Src
phosphorylation sites of EPS8 decreases cell motility and that, of
these, pY602 is crucial for modulating cell migration. As the data
described above (Fig. 3) showed a change in cell proliferation with
the transition from FFFF- to FFF-EPS8 mutant, we extended our
observations by testing whether HN4 cells show differential ability
to migrate when expressing the FFF-EPS8 mutant. As shown in
Fig. 4e, f, cells expressing the FFF-EPS8 mutant showed a
significant increase in migration compared to controls. Taken
together, the changes in tumour cell proliferation and migration
with the transition from FFFF to FFF mutant suggest that Y602 is a
crucial regulatory site within EPS8 that impacts the biological
activity of HNSCC, consistent with effects on cell cycle regulators
described above.

Blocking Src phosphorylation sites in EPS8 reduces the expression
of vimentin

Oral squamous carcinoma cells expressing low levels of keratin,
the major intermediate filament proteins in cells of epithelial
origin, have a higher capacity to invade in vitro.** Previously, we
reported enhanced expression of vimentin in HN12 cells, derived
from a synchronous lymph node metastasis in the patient from
whom HN4 cells were derived,* and that express relatively higher
levels of EPS8.® Furthermore, it has been reported that repression
of EPS8 expression leads to reduced levels of vimentin in cervical
cancer cells.*” Therefore, we sought to test whether mutation of
the Src phosphorylation sites within EPS8 might play a role in
regulating intermediate filament protein expression. We found no
differences in keratin expression among EPS8 mutant-expressing

HN4 cells (Supplementary Fig. S4). In contrast, ectopic expression
of wild-type EPS8 or FFF-EPS8 produced a significant increase in
vimentin expression in HN4 cells, as judged by both immuno-
fluorescence and western blotting (Fig. 5a-d), but FFFF- and 602F-
EPS8 did not. These data indicate a role for phosphorylation at
Y602 in promoting a vimentin-positive phenotype of cancer cells
and is consistent with the enhanced migration of these cells
reported above.

Impact of blocking Src phosphorylation sites of EPS8 on
tumorigenesis

Previously, our laboratory reported that overexpression of EPS8
correlated with an increasingly aggressive phenotype in vivo.>
Therefore, we determined whether blocking the Src phosphoryla-
tion sites within EPS8 would alter the tumorigenic properties of
HN4 cells, which have inherently low tumorigenic potential. EPS8
mutant-expressing and control cells were injected into the
tongues of athymic mice, and tumour formation was monitored.
As indicated in Fig. 6a, cells overexpressing wild-type EPS8 formed
significantly larger tumours than the control cells (around
threefold). However, not only did FFFF-EPS8- and 602F-
expressing cells form tumours of similar size to wild-type EPS8-
expressing cells but also, strikingly, the latency of tumour
formation and the survival time of the mice was significantly
shorter for FFFF-EPS8-expressing cells compared to those over-
expressing wild-type EPS8 (Fig. 6b), although not as abbreviated
as with HN12 cells, which led to the death of all mice within the
first 3 weeks and with half of the number of cells inoculated. In
addition, tumours formed by cells expressing FFFF-EPS8 were less
well differentiated compared to tumours formed by parental cells
(Fig. 6¢). Immunohistochemical analysis of EPS8 showed strong
intratumoural expression in FFFF-EPS8 and HN4/EPS8 tumours,
with much weaker expression in tumours generated from 602F-
EPS8-expressing cells, and the expression was undetectable above
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0.01, ***p <0.001. b HN4 parental or HN4 cells expressing 602F-EPS8 (two different clones) or FFFF-EPS8 were plated in quadruplicate in
multiwell plates. MTT reagent was added and solubilised after 1 and 7 days, and proliferation was calculated as described in “Methods” Data
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coverslips and from two independent biological experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

background in the smaller tumours from the control cells (Fig. 6d).
These data indicate that, although blocking the Src phosphoryla-
tion sites in EPS8 reduces proliferation and migration in cell
culture, this does not appear to reduce, and actually enhances,
tumorigenic potential in vivo.

Blocking Src phosphorylation sites within EPS8 promotes
signalling through alternative pro-oncogenic pathways

Given the somewhat unexpected result that cells expressing EPS8
phosphorylation site mutants were tumorigenic yet showed
reduction in the in vitro parameters that we measured, we carried
out whole-transcriptome sequencing studies to explore changes
in gene expression occurring in these cells. Thus we compared
gene expression in cells expressing 602F-EPS8, which showed
reduced proliferation and migration in cell culture yet formed
larger tumours than controls. As shown in Fig. 6e-h, Kyoto
Encyclopedia of Genes and Genomes pathway analysis revealed
differential enrichment for multiple functions upon comparing
genes that were either downregulated or upregulated in cells

expressing 602F-EPS8 compared to controls. Among the genes
showing significant downregulation in 602F-EPS8-expressing cells
were those in biological processes such as cell cycle, DNA
replication and DNA repair, as well as metabolic processes
involved in carbohydrate metabolism, including citric acid cycle
and oxidative phosphorylation (Fig. 6e and Supplementary
Table S1). Moreover, when we compared these results with those
obtained following short-term (24 h) treatment of HN4 cells with
dasatinib, there was considerable pathway overlap with 602F-
EPS8-expressing cells (Fig. 6f and Supplementary Table S2).
Conversely, transcripts showing upregulation in 602F-EPS8-
expressing cells included those categorised into processes such
as extracellular matrix (ECM)-receptor interaction, focal adhesion,
cell adhesion molecules and mitogen-activated protein kinase
(MAPK) signalling (Fig. 6g and Supplementary Table S3). Similar
processes were enriched in dasatinib-treated cells (Fig. 6h and
Supplementary Table S4). To begin to explore some of these
changes, we determined ERK and AKT activation by western
blotting. Supplementary Fig. S5 shows elevated AKT activity in
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602F-EPS8-expressing cells compared to control, as judged by
reactivity with pS*>-AKT antibody, whereas both AKT and ERK
activity were elevated in FFFF-EPS8-expressing cells. As PTEN is a
negative regulator of PI3K/AKT signalling, we determined the
levels of this phosphatase in cells expressing EPS8 mutants. As
shown in Supplementary Fig. S6, expression remains relatively
similar compared to levels in control cells, and thus reduction in
PTEN is unlikely to explain the elevated AKT activity, with the
caveat that PTEN function can be lost through mutation, although
relatively rare in HNSCC.*® Taken together, the data suggest that,
while blockade of EPS8 phosphorylation by Src may downregulate
cell cycle-related and other genes important for proliferation in
cell culture, there is concomitant upregulation of other genes, the
products of which may serve to promote tumorigenesis in vivo.

DISCUSSION

EPS8 was first identified almost three decades ago,”®* yet
relatively little is known about how it is regulated to mediate its
downstream signalling functions, although it has previously been
reported to be constitutively tyrosine phosphorylated in some
cancer cells,?® including those transformed by v-src.3 In this study,
therefore, we investigated the impact of blocking four tyrosine
residues within EPS8, previously reported as targets for Src
activity,*® on the expression of downstream mediators of the cell
cycle and associated biological properties. For these studies, we
used HN4 squamous carcinoma cells, derived from a primary
tongue tumour and that we have previously characterised as
expressing similar levels of EPS8 to normal keratinocytes. HN4 cells
are poorly tumorigenic and show substantially reduced migratory

properties compared to HN12 cells isolated from a synchronous
lymph node metastasis in the same patient, express threefold
higher levels of EPS8 and are highly invasive and
tumorigenic.3%39¢ We found that, whereas mutating all four sites
together to phenylalanine led to reduced expression of FOXM1
and its target genes AURKA and AURKB, a similar result was
obtained when only Y602 was mutated but not with any of the
other four single substitutions at residues 485, 525 or 774.
Moreover, cells expressing the triple (485/525/774) phenylalanine-
substituted EPS8 actually showed elevated expression of these
downstream mediators, similar to that seen in cells overexpressing
the unmodified protein. These results indicate that phosphoryla-
tion at Y602 is likely crucial for the ability of EPS8 to regulate
FOXM1 expression. Consistent with our previous studies that
identified FOXM1 as a key mediator of cell proliferation and
migration downstream of EPS8,** we found that cells expressing
602F-EPS8 (and also the quadra-substituted mutant) grew
significantly more slowly and failed to migrate as fast as the
controls, whereas the triple-substituted mutant showed the
opposite properties. Thus phosphorylation at Y602 of EPSS, likely
by Src, should act to promote cell cycle progression as well as a
migratory phenotype.

The critical regulatory impact of phosphorylation of EPS8 at
Y602 seems clear, based on our current data, yet the mechanism
through which this effect is realised is currently unknown. EPS8 is
known to bind multiple protein partners within the cell, principally
through interactions between proline-rich regions and SH3
domains, as EPS8 contains both of these. One possibility to
explain the crucial nature of pY602 is the location of the target
site, as it is situated between the SH3 domain (residues 531-590)
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and the main proline-rich region (residues 617-646). Thus
phosphorylation at Y602 may serve to induce a conformational
change in EPS8 and/or modify the ability of EPS8 to bind to other
proteins either through its SH3 domain or its proline-rich region.
Using the phenylalanine-substituted mutants described above, we
are actively investigating this possibility.

The acquisition of partial mesenchymal characteristics has been
associated with more aggressive behaviour of squamous carci-
noma cells,***°2 such as enhanced motility and tumorigenic
potential. In previous studies, in which we reduced the expression
of EPS8 by RNA interference in vimentin-positive SCC cells, we
found not only a reduction in motility and tumorigenicity but also
the acquisition of a more differentiated phenotype in the small
tumours that were formed.>> When we investigated the impact of
modifying the Src phosphorylation sites within EPS8 in the present
study, we found that vimentin expression was increased in cells
overexpressing unmodified EPS8 or the triple phenylalanine-
substituted version, but not 602F-EPS8 or the quadra-substituted
protein. This is consistent with Src-dependent phosphorylation of
EPS8 playing at least a partial regulatory role in the process of
epithelial-to-mesenchymal transition. Several reports exist of a
relationship between Src and EMT in cancer.>® In colon cancer
cells, Src disrupts the localisation of E-cadherin and the expression
of vimentin, and this is dependent upon integrin signalling and
the ability of Src to phosphorylate focal adhesion kinase,>* with
accumulation of phosphomyosin at the cell periphery.”® Elevated
vimentin expression related to increased EPS8 has been reported
previously in cervical cancer cells.*” The results of our current
study provide evidence that not only is EPS8 overexpression
related to upregulation of vimentin but also its phosphorylation
by Src at Y602 is required, thus providing another link between Src

activity and the promotion of EMT in carcinoma cells. It is,
however, unlikely that EPS8 functions as the sole switch to trigger
EMT. Although EPS8 overexpression or modification may lead to
changes in the expression of vimentin and enhance the migratory
phenotype, as indicated in this study and previously by others,
acquisition of full mesenchymal characteristics will, undoubtedly,
require additional signalling events.

Although we had previously found HN4/EPS8 cells to be
tumorigenic in orthotopic assays,®? the finding in this study that
cells expressing either 602F-EPS8 or the quadra-substituted EPS8
were highly tumorigenic, compared to controls, was surprising to
us, given the reduced proliferation and motility that we observed
in cell culture. Although the reasons for this remain to be
established experimentally, some insight may be gleaned from the
transcriptomic studies that we carried out. As might be predicted
from the behaviour of these cells in culture, cells expressing 602F-
EPS8 showed significant downregulation of a cohort of genes
whose products are required for cell cycle progression and DNA
replication. However, there was significant upregulation of genes
related to multiple processes that might drive tumorigenesis
in vivo, such as those involved in ECM-receptor interaction, focal
adhesion and cell adhesion molecules, as well as MAPK signalling.
In addition, in cells expressing 602F-EPS8, mediators of the
tricarboxylic acid cycle and oxidative phosphorylation were
diminished, which may indicate a shift to aerobic glycolysis.
Comparing the biological processes that were significantly
enriched in 602F-EPS8-expressing cells with those in dasatinib-
treated cells compared to control cells, there were considerable
similarities in the downregulated processes, including cell cycle,
replication and DNA repair, as well as in the processes that were
upregulated under these conditions such as ECM-receptor
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interaction, focal adhesion and others. These observations
enhance confidence that the results obtained with 602F-EPS8
are representative of conditions where EPS8 is not phosphorylated
by Src.

Although inhibiting Src has been effective in some preclinical
studies, the efficacy of dasatinib in clinical trials thus far has been
disappointing. Patients with RM HNSCC treated with dasatinib
showed no objective response, in spite of its ability to block Src
kinase activity.56 Moreover, in a randomised trial of patients with
operable HNSCC, dasatinib showed neither efficacy as a single
agent nor any additive effect when combined with a tyrosine
kinase inhibitor.>” Based on the data in the current study, it may
be that tumour cells can switch to activate alternative pathways
upon treatment with dasatinib and that it may be related, at least
in part, to the action of Src on EPS8. Thus altered signalling such as
this may afford additional opportunities for more efficacious
targeted therapeutic intervention.

In summary, we have demonstrated that modification of EPS8
at Src target sites plays a key role in downstream signalling and
tumour biology. In particular, a key finding of this study is that
Y602 is a crucial regulatory Src phosphorylation site within EPS8
that impacts its biochemical and biological functions in HNSCC.
Our data suggest that blockade of EPS8 phosphorylation by Src

may trigger alternative signal transduction pathways, enabling
cells to survive and grow, underpinning resistance to dasatinib.
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