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Cold atmospheric plasma (CAP) holds promise as a cancer-specific treatment that
selectively kills basal-like breast cancer cells. We used CAP-activated media (PAM)
to capture the multi-modal chemical species of CAP. Specific antibodies, small
molecule inhibitors and CRISPR/Cas9 gene-editing approaches showed an essential
role for receptor tyrosine kinases, especially epidermal growth factor (EGF) receptor,
in mediating triple negative breast cancer (TNBC) cell responses to PAM. EGF also
dramatically enhanced the sensitivity and specificity of PAM against TNBC cells.
Site-specific phospho-EGFR analysis, signal transduction inhibitors and reconstitution
of EGFR-depleted cells with EGFR-mutants confirmed the role of phospho-tyrosines
992/1173 and phospholipase C gamma signaling in upregulating levels of reactive
oxygen species above the apoptotic threshold. EGF-triggered EGFR activation
enhanced the sensitivity and selectivity of PAM effects on TNBC cells, such that a
strategy based on the synergism of CAP and EGF therapy may provide new

opportunities to improve the clinical management of TNBC.
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INTRODUCTION

Breast cancer (BC) is one of the most prevalent and malignant cancers in women, and
affects men at a lower rate (1/100™). Among various breast cancer subtypes, triple
negative breast cancers (TNBCs) are known for their poor clinical outcome and dearth
of effective targeted therapies with acceptable toxicity profiles, due to the absence of
druggable targets seen in other breast cancer subtypes “2 There is a need to explore
novel therapeutic modalities that, in combination with current therapies, can help
improve clinical outcomes and reduce side effects, especially in TNBC. One such
potential therapy is cold atmospheric plasma (CAP), which has proven selectivity
against many types of cancer cells ® and represents an emerging oncotherapeutic

approach offering a new opportunity to effectively manage a wide range of cancers.

CAP, the plasma generated at room temperature and atmospheric pressure, has
shown great potential for biomedical applications *®, due to a favorable combination
of reactive physical and chemical species, such as UV radiation, electrons, free
radicals, ions and excited molecules °. More recently, plasma activated medium (PAM)
produced by exposure of aqueous medium to CAP, was also found to inhibit cancer
cells, sometimes as effectively as the direct CAP treatment ™, increasing the scope

12

and flexibility of plasma-based therapeutics *°. We have previously reported the

remarkable anti-cancer capacity of PAM against TNBCs *** and here identify a
critical role for epidermal growth factor receptor (EGFR), which is highly expressed

in TNBC 7 and its response to PAM. Increasing evidence has associated high

18

EGFR with immune resistance *® and with high PD-L1 expression *°. Synergies
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between PAM and EGF were identified in this project, which explored the underlying
biochemical mechanisms triggered in TNBCs upon treatment with PAM or PAM and
EGF together. Combined treatment of TNBC cells with EGF and PAM caused
remarkably potent and selective cell killing that is contradictive of conventional
anti-cancer approaches using EGFR inhibitors, through cooperative increases in

intracellular levels of reactive oxygen and nitrogen species (RONS).

RESULTS

EGFR signaling contributes to the selectivity of PAM against TNBC cells.

TNBC cells were sensitive, in a dose-dependent manner, to PAM treatment.
Treatment with 70% 10PAM (i.e., PAM that was prepared by treating cell culture
medium with CAP for 10 min, Figure 1a) induced approximately 40% apoptosis in
MDA-MB-231 and SUM-159PT cells, and more than 70% apoptosis was seen when
cells were treated with 100% 10PAM (Figure 1d). Optical emission spectra (OES)
analysis was used to identify the excited molecular species generated at the argon
plasma-liquid interface (Figure 1b). Bands corresponding to the second positive
system of N, were observed in the range of 300-400 nm. OH, the rotational band
(A’s+ — X°IT) at 308.8 nm, strong atomic argon emission lines in the range of
690-800 nm, and a relatively weak oxygen peak at 777 nm were also clearly observed
to originate from the interactions of argon plasma, ambient air and water. The
long-lived constituent species of PAM, including H20,, NOs, NO2, and O3 were

generated by treating 1.5 mL of DMEM with plasma for 10 min, and their
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concentrations determined to be 50 mg L™, 1000 mg L™, 20 mg L, and 0.9 mg L,
respectively (Figure 1c). The effects of PAM on the viability of BC cell lines were
also time-dependent. Across all the monitored durations of 10PAM exposure, cell
apoptosis became evident at 6 h, and reached the highest significance at 24 h, where
70% 10PAM-induced apoptosis was highest in TNBC cell lines (Figure le and

Figure Sla-Slc).

EGFR is known to respond actively to oxidative stress °, and given the reactive
oxygen and nitrogen species (RONS) enriched in PAM * and the selectivity of PAM
against TNBC cells (Figure 1d-e, pink shade), we examined EGFR expression levels
across different breast cancer subtypes using public datasets. EGFR expression is

higher in basal-like breast cancer cells ***/

, most of which are TNBC according to the
Prediction Analysis of Microarray 50 (PAM50) and IHC status in the METABRIC
dataset as assessed with bc-GenExMiner v4.5 (Figure 1f, p<0.0001), and at the
transcriptional level from the E-MTAB-181 dataset ** as assessed with ArrayExpress
2% (Figure 1g, p<0.0001). EGFR signaling is controlled by endocytosis after ligand
activation 2. Accordingly, we examined the effects of PAM on EGFR ubiquitination
and EGFR trafficking in MDA-MB-468, SUM-159PT and MDA-MB-231 TNBC
cells. EGFR ubiquitination was substantially reduced upon 50% 10PAM treatment
(Figure 1h, Sld) and its diffuse plasma membrane staining became more
concentrated on the plasma membrane after PAM treatment, particularly at points

where two cell membranes meet / overlap (Figure Sle) in MDA-MB-468. A

peri-nuclear enrichment was also especially evident in the SUM-159PT and
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MDA-MB-231 cells (Figure S1f). This may reflect delayed or altered exocytic
pathways as anti-EGFR steady state imaging shows the entire cellular EGFR while
EGF-Alexa 488 time course show the kinetics of endocytosis. Using
green-fluorescence (Alexa 488)-labelled EGF and high-resolution microscopy, we
observed that whilst EGF was endocytosed in control (untreated) cells, 50%
10PAM-treated cells retained EGF on the cell surface even at 30 min post 50%
10PAM treatment (Figure 1i). Thus, PAM caused enhanced EGFR stability and
amplified EGFR-mediated cytoplasm signaling through EGF membrane retention in

TNBC cells.

The murine, interleukin (IL)-3 dependent, BaF/3 hematopoietic cell line, which
lacks endogenous EGFR %, was used to explore the role of EGFR in PAM cell
responsiveness using EGFR transfection. Although both 70% and 100% 10PAM
treatments induced BaF/3 cell death in the control (untreated) and mock-transfected
BaF/3 cells, the more EGFR transfected into the BaF/3 cell line (from 0.5 ug to 5 pg),
the more the cells were killed by the PAM treatment (Figure 1j). BaF/3 cells
transfected with 5 pg EGFR were sensitive to 30% 10PAM, with 72.48% cell
viability. By transfecting BaF/3 with plasmids encoding the wildtype EGFR and
different domain mutants, only cells transfected with the wildtype EGFR expression
were more sensitive to 10PAM treatment; there was no increased effect of 10PAM on
cell killing when cells were transfected with mutants encoding abrogated EGFR

kinase activation (V741G-EGFR, K721R EGFR, A957G EGFR). These data
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demonstrated the importance of EGFR signaling in facilitating its enhancement of

PAM efficacy against cancer cells.

To explore this role further, we silenced EGFR in MDA-MB-231 human breast
cancer cells using CRISPR/Cas9 gene editing, and used the KO2 cell line, in which
EGFR was undetectable by Western blot (Figure S1g). The KOL1 cell line, where
EGFR was reduced but not silenced, was used as a negative control. Increased EGFR
expression was observed in the KO TGFBR cell line, which was also used as a
positive control. The KO2 EGFR cell line was the most resistant to PAM treatment,
with 76% cell viability observed at 100% PAM, while the KO TGFBR was the most
sensitive to PAM, with only 14% of cells surviving after being treated with 100%

10PAM (Figure 1K).

EGFR-specific tyrosine kinase inhibitors erlotinib (Tarceva), gefitinib (lressa),
afatinib (Gilotrif), and the EGFR-specific monoclonal antibodies panitumumab
(PmAD, Vectibix) and cetuximab (CmADb, Erbitux), were used to further explore the
role of EGFR signaling in killing of TNBC cells by 100% 10PAM for 24h (Figure
S2a). The EGFR inhibitors significantly reduced the effects of PAM on TNBC, cells
but not in the luminal MCF-7 cell line, consistent with the results of Figure 1d-e.
This further confirmed an important role of EGFR signaling in cell response to the

PAM treatment.

A mouse experiment undertaken using the SUM-159PT TNBC cell line (Figure

2a) confirmed the PAM-induced repression of tumour weight (0.640+0.855g to
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0.064+0.095g; p=0.0113), and showed that the EGFR antagonist afatinib could
significantly (p=0.0327) weaken the anti-cancer effect of PAM; tumor weight was
increased from 0.064+0.095g to 0.224+0.272g (Figure 2b-c) without any vital organ
damage (Figure 2c). The pilot in vivo study showed similar results (Figure S2b).
Immunohistochemistry staining of EGFR(Tyr992), EGFR, Ki67 and caspase-3 in
SUM-159PT tumors from these mice (Figure 2€) consolidated the role of CAP in
activating EGFR(Tyr992) (Figure 6¢), enhancing EGFR stability (Figure 1h, S1d),
blocking EGFR nuclear translocation (Figure 1i, S2e-f), inhibiting tumor cell growth

(Figure 1d-e), and triggering cancer cell apoptosis (Figur e 3f).

EGF creates synergieswith PAM towar ds enhanced efficacy against TNBC cells
When EGF (10 ng/mL) was used together with 50% 10PAM for 12h, the potency of
10PAM against TNBC cells was strongly enhanced. While the viability of non-TNBC
cell lines was not reduced as much as TNBC, a significant reduction in cell viability
was observed for TNBC cells (43.2% for HCC70 with p=0.0008; 73.20% for
MDA-MB-468, 58.12% for SUM-159PT and 76.17% for MDA-MB-231 with
p<0.0001), whereas less reduction was observed in luminal breast cancer cell lines,
T47D and MCF-7 (45.05% for T47D with p=0.001, 17.1% for MCF-7 with p=0.0398)
cells (Figure 3a).

EGF also significantly (p<0.0001) enhanced the sensitivity of BC cells to
50%PAM treatment. While a minimum of 12 h was required for TNBC cells to be
responsive to PAM treatment, only 1-3 h was required to trigger equivalent cell

apoptosis when EGF and PAM were used together (Figur e 3b).
8
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Morphology of MDA-MB-231 cells as viewed in the Holomonitor changed from a
spindle-like shape to a small and roundish shape after the combined treatment of
50%PAM and EGF for 3 h (Figure 3c). While MDA-MB-231 cell division in the
control group was observed at 12h, PAM-induced apoptosis was evident at 8 h and
cell apoptosis was initiated at 3 h when cells were exposed to combined EGF and 50%
10PAM treatment. Under the control conditions, the correlation between cell area
(um?) and optical thickness avg (um) as measured by Holomonitor Hstudio was
evident in video imaging (Figure 3d and Figure S3a-b, S4a-b). When plotted against
each other, the control group showed an equilateral-like triangular shape, indicating
that untreated MDA-MB-468 cells had equivalent area and height, with a roundish
ball shape. After 30 min EGF treatment, cells became much taller but had a smaller
area than the control group (Figure S4c-d). The single 50% 10PAM treatment caused
cells to adopt a taller and broader shape as compared with the other groups,

suggesting necrosis %%,

PAM synergizes with EGF in causing altered cell
morphology in terms of area, height, volume and motility speed, and the number of

cells decreased dramatically (Figure $4e-h).

Rates of ATP production by mitochondrial respiration and glycolysis were assessed
simultaneously using an Agilent Seahorse XFe96 Analyzer (Figure 3e). Pre-treatment
of cells with 30% PAM for 30 min significantly decreased mitochondrial ATP
generation in MCF-7 (p=0.0446), T47D (p=0.0361), MDA-MB-468 (p=0.0369) and
MDA-MB-231 (p=0.0029) cells, but not MCF-10A cells (p=0.681), which is

consistent with our observation that MCF-10A cells were unresponsive to PAM
9
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treatment. Although 30% PAM treatment for 30 min did not reduce cell viability, it
was sufficient to influence cells’ energy production. Furthermore, combined treatment
inhibited approximately 60% of the oxidative phosphorylation (OXPHOS) (p=0.0049
for MDA-MB-468, p=0.0096 for MDA-MB-231) and part of the glycolysis of
MDA-MB-468 and MDA-MB-231 (p=0.0039 for MDA-MB-468, p=0.0009 for
MDA-MB-231). Suppressed glycolysis may contribute to the increased sensitivity of

TNBCs to PAM treatment when PAM was combined with EGF (Figur e Sba-c).

The proportion of apoptotic and necrotic cells after 50%PAM and/or EGF
treatment for one-hour was determined by Annexin V and Pl double staining.
Quadrants Q1, Q2, Q3 and Q4 denote necrotic cell (Annexin VV-/PI+), late apoptotic
cell (Annexin V+/PI+), early apoptotic cell (Annexin V+/Pl-) and viable cell
(Annexin V-/PI-) regions, respectively (Figure 3f). EGF treatment did not cause any
significant change as compared with the control. 50%PAM treatment increased the
percentages of both necrosis and apoptosis, while combined 50%PAM + EGF
treatment boosted the apoptotic proportion. Among cells receiving combined PAM
and EGF exposure, 74% (32%+42%) underwent apoptosis and only 2% underwent

necrosis (p<0.0001), which was consistent with Holomonitor observations.

Cell viability was significantly reduced by 70%-80% in TNBC cells
(MDA-MB-231, MDA-MB-468) when cells were treated with combined 50%PAM
and EGF for 3 h, whereas the viability retention was rescued when EGFR inhibitors

(PmAD, erlotinib, geftinib) were added (Figure 3g). The 50%PAM + EGF

10
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combination did not inhibit cell viability in the MCF-7 cell line, supporting the
selectivity of PAM against TNBC cells and the role of EGF triggered EGFR signaling
in mediating such an efficacy. These results indicated that both antibodies and
tyrosine kinase inhibitors could inhibit the synergies between EGF and PAM in

killing of EGFR-overexpressing cancer cells.

Gene editing to remove EGFR from MDA-MB-231 cells significantly reduced the
proportion of cells killed by 10PAM (p=0.001) (Figure 3h). The same results were
obtained when 12h EGF and 50%PAM were applied together (p=0.0003), or when
cells were treated with a combination of PAM and TGFa (p=0.0001), another EGFR
ligand (Figure 3h). Other growth factors such as TGFp and FGFs also showed a
synergistic effect with 50%PAM, depending on the cell line and the growth factor
(Figure Sb5g). TGFB (p=0.0175) also enhanced the reduction of cell viability when
combined with PAM in the absence of EGFR in the KO2 cells (Figure 3h), indicating
that TGFBR also enhances the efficacy of PAM rather than EGFR crosstalk. Besides,
the titration of 10 PAM (Figure Sbd) and EGF (Figure Sbe) suggested the
determinant role of PAM rather than EGF in their synergies in cell killing, with 0.01
ng/mL EGF sufficient to synergize with PAM in triggering cell apoptosis. Treatment
order also played a role here, with EGF pre-treatment more efficient than PAM

pre-treatment in reducing cancer cell viability (Figur e S5f).

EGFR activation by PAM + EGF enhances cellular ROS level that trigger cdl

apoptosis

11
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Since reactive species overload has been implicated in the selective killing of cancer
cells by PAM °, we tested the effects of PAM and/or EGF on intracellular ROS. Using
the same panel of cell lines as in Figure 1d-e, we found that treatment with either
EGF or 50% PAM for 12 h had minimal effects on the ROS level, whereas the
combined treatment of 50% PAM and EGF selectively enhanced the cellular ROS
level in TNBC cells (Figure 4a). Combined 50% PAM and EGF treatment for 2 h did
not alter cellular ROS level of the normal cells (MCF-10A and HEK-293T), increased
the ROS level of luminal cell lines (MCF-7, T47D and HCC70), and substantially
enhanced the ROS level of TNBC cell lines (MDA-MB-436, SUM-159PT,
MDA-MB-231) (Figure 4b). In MDA-MB-231 cells, the ROS level reached a peak of
520% of control at 1 h and remained at a high level even after 6 h. Cellular ROS
levels increased with PAM treatment dose regardless of the cell type (Figure S6a-c),
and the resting state intracellular ROS levels increased in the order of normal, luminal
and TNBC cell lines (Figure S6d). A tight correlation (R*=0.7502) was found
between the constitutive ROS level of the cell lines and cell viability responses to 100%
PAM treatment (Figure 4c), and the strength of this correlation increased (R*= 0.9247)
when 30% PAM+EGF was used (Figure 4d).

ROS levels were also assessed by immunofluorescence in MCF-10A (Figure 4e€)
and MDA-MB-468 (Figur e 4f) cells. While ROS levels in malignant MDA-MB-468
cells were tripled by combined treatment (50%PAM + EGF) as compared with PAM
treatment alone, this did not cause any significant alteration in MCF-10A cells. Cell

membrane-associated actin (indicated by phalloidin red) and cytoplasmic distribution

12
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of ROS remained consistent after PAM or combined PAM+EGF treatment in
MCF10A cells. In MDA-MB-468 cells, cell membrane-associated actin was reduced
by PAM and abrogated by the combined PAM+EGF treatment as compared with the
control (no treatment), and ROS accumulated in cell nuclei (Figure 4f and S6e).
Collectively, these results suggested a role of ROS in PAM-triggered cell apoptosis

and, in particular, in the combined PAM+EGF treatment in BC cells.

By quenching each active component of CAP and examining cell viabilities, we
found that all ROS quenchers, except for monopotassium that abrogates the effect of
solvated electrons (¢") %, rescued cell viability from 50%PAM or 50%PAM+EGF
treatment in MDA-MB-231 cells (Figure 4g, Figure S6f). This suggested that
hydroxyl radical (L/OH; mannitrol), superoxide anion (LJO;; tiron), nitric oxide
(T'NO; hemoglobin), (H,0,; sodium pyruvate), as well as reactive species generated
from their interactions, all played roles in mediating the selectivity of PAM against

TNBC cells.

The EGFR (Tyr992/1173) axis is essential in mediating the synergistic effect of
PAM and EGF

Given our accumulated evidence on the synergistic role of EGF and PAM in killing
TNBC cells, we were motivated to identify the specific EGFR phosphorylation sites
2930 mediating these effects. MDA-MB-231 cells, which are highly sensitive to both

50%PAM and combined 50%PAM+EGF treatments were chosen for further studies.

Based on the configuration map of the multi-EGFR phosphorylation assay (Figure

13
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S7m), phosphorylation of Tyr992 and Tyrl173 were up-regulated by PAM and
combined PAM + EGF treatments, while phosphorylation of Tyr1045, Tyr1068,
Tyrl086, Tyr1148, Serl045/1047 and Serl070 were down-regulated by these
treatments (Figure 5a-b). The Tyr845 site remained active even after 3 h serum
starvation, suggesting that this could be a constitutive autophosphorylation site in the
MDA-MB-231 cell line.

ELISA measurement of total and phospho-Tyr992 EGFR levels in the 9 cell lines
(Figure 5c) showed that among the TNBC lines, MDA-MB-468 cells had the highest
EGFR level followed by the basal B cell lines (SUM-149PT, SUM-159PT and
MDA-MB-231) *. Interestingly, the EGFR level in MCF-10A cells was similar to
that in T47D and HCC70 cells, while MCF-7 and HEK-293T cells displayed almost
no EGFR expression (Figure 5c). Although there was not a close relationship
between EGFR level and cells” sensitivity to PAM or PAM+EGF treatments (R
=0.2298, Figure 5d), the ratio of phosho-Tyr992 EGFR to total EGFR in untreated
cells showed a high correlation with their sensitivities to PAM (R?= 0.9514) or

PAM+EGF (R’= 0.9257) exposure (Figure 5e-f).

Phospholipase C gamma (PLCy, PLCG1) isinvolved in the synergistic effects of
PAM and EGF

To identify the EGFR residues that mediated CAP-triggered EGFR signaling, we
transfected EGFR phosphorylation site-mutants into the EGFR-silenced KO2
MDA-MB-231 cell line (Figure 1k). The genomic sequencing (Figure S7a-S7e) and

the multi-EGFR phosphorylation assay (Figure S7f-S71) confirmed the successful
14
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construction of these EGFR mutants. When treated with PAM (Figure 6a) and
50%PAM+EGF for 12h (Figure 6b), cells transfected with the wild type EGFR were
sensitive to PAM treatment, consistent with the results of Figure 1k. Cells transfected
with Tyr1068-, Tyr1086- or Try1148-mutated EGFR were more sensitive to PAM and
combined PAM+EGF exposure than cells transfected with the wild type EGFR,
presumably because these site-mutated forms of EGFR could not influence the
activation of PI3K/AKT survival signaling. Importantly, cells carrying Tyr992- or
Tyrl173- mutant EGFR remained resistant to PAM or PAM+EGF treatments, with
100% PAM and PAM+EGF triggering only 30% and 28.7% apoptosis, respectively.
Similar results were observed in cell lines transfected with DY5- or DY6- mutated
EGFR plasmids, where DY5-mutant included Tyr992, Tyr1068, Tyr1086, Tyr1148
and Tyr1173 and DY6-mutant included all these sites plus Tyr845. The results
collectively confirmed our findings of the primary role of Tyr992 and Tyrl173 in
mediating PAM or PAM+EGF triggered cell response.

To identify the signaling downstream of EGFR Tyr992/Tyr1173, we assessed the
levels of EGFR, PLCy, AKT and ERK, and their phosphorylated forms via Western
blotting of lysates from MCF-10A (normal), MCF-7 (luminal) and MDA-MB-231
cells (TNBC) (Figure 6¢). EGFR Tyr992 phosphorylation was highly activated by the
combined 50%PAM+EGF treatment in these three cell lines (Figure 6d). PLCy
phosphorylation was only detectable after combined 50%PAM+EGF treatment in all
three cell lines (Figure 6€). PLCy was activated in MCF-10A and MDA-MB-231

cells when incubated with 50%PAM for 15 to 30 min; PLCy activation was observed
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in MCF-7 cells at 15 min 50%PAM + EGF incubation but decreased after 30 min.
These results were consistent with the observation that MCF-7 cells were less
sensitive to combined treatment than MDA-MB-231 cells. Phosphorylated AKT
(p-Akt) was activated by EGF in all three cell lines but was inactivated by 50%PAM
and totally inhibited by the combined 50%PAM+EGF treatment in MDA-MB-231
cells (Figure 6f). Although it was activated by 50%PAM in MCF-7 cells, it only
lasted for 15 min on PAM treatment, and only for 5 min with 50%EGF+PAM
treatment. Interestingly, p-AKT was stimulated after 30 min of combined PAM+EGF
treatment in MCF-10A, reflecting the survival of normal cells under PAM-imposed
stress. ERK activation was upregulated by EGF, PAM and their combined treatment
in MDA-MB-231 and MCF-10A cells (Figure 6g). Through examining multiple
signaling pathways downstream of EGFR using various inhibitors, we identified
PLCy as the most significantly activated target for 50%PAM responses (p=0.0186 for
MCF-7, p=0.0006 for MDA-MB-468, p=0.0050 for SUM-159PT and p=0.0042 for
MDA-MB-231, Figure S8), offering one potential molecular mechanism that drives

the selectivity of PAM and its synergy with EGF in killing TNBC cells.

The EGFR (Tyr992/1173) is necessary for PAM induced ROS levels increase and
ATP generation reduction

Accumulating results indicated that phosphor-Tyr992/1173 EGFR and PLCy were
essential for CAP-induced apoptosis by increasing enormous ROS generation and
decreasing the metabolic rate. We were motivated to test the ROS level and ATP

production rate of the EGFR phosphorylation site-mutants. Among these mutants,
16
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only cells stably transfected with EGFR-Y992F and Y1173F could downregulate
ROS generation response to PAM/PAM+EGF, while cells transfected with
EGFR-WT, Y845F, Y1068F, Y1086F and Y1148F dramatically increased the ROS
value in cells under 12h 50% or 100%PAM and joint treatments (Figure 7a-b). In
terms of ATP production, 30 min 10% or 30%PAM treatment or EGF joint treatment
could not affect the metabolic rate of KO2 EGFR cells, but obviously reduced both
glycolysis and OXPHOS metabolism of EGFR-WT cells and these mutants including
Y845F, Y1068F, Y1086F and Y1148F. However, Y992F and Y1173F reversed
PAM- or (PAM+EGF)-triggered reduction on glycolysis and OXPHOS (Figure 7c-d;
Figure S9a-b). These results indicated the necessity of Tyr992/1173 in endogenous

ROS production and ROS-triggered ATP reduction.

DI SCUSSION

We show in this study that receptor tyrosine kinases (RTK) ligands such as EGF can
dramatically promote PAM-induced apoptosis of TNBC cells, where EGF acts
through EGFR-Tyr 992/1173/PLCy signaling (Figure 8) in association with its

existing degree of activation (Figur e 5e, 5f).

We assessed cell apoptosis, viability, cell morphology, and ATP production rate in
this study to evaluate the role of EGF in promoting PAM-triggered cell responses.
The altered cell morphology from spindle-like to roundish upon combined treatment

with PAM and EGF (Figure 3c) is likely due to a cell response to EGF stimulation of

32

integrin attachment to the extracellular matrix *. As higher glycolytic and
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mitochondrial ATP production are associated with higher metabolism and thus higher

333 \we included this

cell proliferation rate, which is one hallmark of cancers
phenotypic index when assessing the efficacy of PAM, as well as its synergy with
EGF, in triggering cell apoptosis. Both glycolytic and mitochondrial ATP production
rates were considerably higher in TNBC cells, and were significantly (p<0.0001)
reduced on exposure to the combined use of EGF and PAM, suggesting increased
apoptosis and effective malignancy control with PAM and, in particular, with the
combined use of EGF and PAM. In addition, the ATP production rates of TNBC cells
were reduced to a level comparable with the luminal type of cancer cells once treated

with joint PAM + EGF treatment, suggesting a possible transition in the metabolic

state of TNBC cells from a hormone receptor-irresponsive to a -responsive state.

EGFR activation has been associated with a cell proliferative role, as well as

%39 and is necessary for

migration, invasion, and epithelial mesenchymal transition
the PAM response, however, it is largely blocked by small molecule inhibitors
erlotinib and gefitinib, afatinib, and the antibodies panitumumab and cetuximab.
Consistent with this, mutation of the EGFR kinase completely blocked PAM response,
even in the absence of EGF, and blocked the response to combined treatment. These

observations together suggest that PAM should possibly not be used with EGFR

inhibitors such as erlotinib, gefitinib or afatinib in cancer treatment.

Reasonable consensus exists on the role of ROS played in PAM-induced cancer

cell cytotoxicity °. Indeed, there was a high correlation between the resting ROS
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level and cell response to PAM, with the highest ROS level observed in the most
aggressive TNBC cell lines *, as previously reported *2. In contrast, the quasi-normal
MCF-10A cell line had very low levels of ROS and showed a very blunted response,
and the less aggressive luminal breast cancer cell lines, e.g., MCF-7 and T47D,
showed low levels of ROS and reduced cell responses. Consistent with the prevailing
dogma, increases in the ROS levels observed after the combined EGF and PAM
treatment were also higher in the more responsive TNBC cell lines. Thus, our data is
supportive of the positive relationship between cellular ROS levels and PAM

responsiveness .

Although potentially toxic to cells, ROS also play important signaling roles
downstream of RTKs such as EGFR and have been implicated in EGFR-mediated
tumor progression and therapy resistance “*. ROS such as H,O, are generated by
NADPH-dependent oxidases in response to EGFR stimulation, and have a second
messenger function to regulate intracellular signaling cascades by modifying specific
cysteine and methionine residues within redox-sensitive protein targets **%. We
focused on the functionality of EGFR(p-Tyr992/Tyr1173) in PAM-mediated cell
responses by locating EGFR phosphorylation sites that showed largest differences
between PAM and PAM+EGF treatment. MDA-MB-231 cells were selected as the
studying system as it exhibited the most obvious synergistic effect and was
PAM-sensitive (Figure 3a), rendering the identified molecular mechanism extensible
to other TNBC cells. Among the EGFR phosphorylation sites we examined, Tyr1045,

Tyr1068, Tyr1086, Tyr1148, Ser1046/1047, Ser1070 were also significantly affected
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by the synergistic treatment with PAM and EGF, in addition to Tyr992 and Tyr1173.
However, Tyr992 and Tyr1173 were the sole phosphorylation sites that exhibited a
consistently increasing pattern among EGF, PAM and EGF+PAM treatment groups.
Interestingly, these two phospho-Tyr sites have been linked to PLCy signaling *,
which, in turn, has been implicated in increased ROS production *°. Among the other
phosphorylation sites, EGFR(Try1068/1086/1148) were suppressed in response to
PAM and PAM+EGF, suggestive of the differential modulation of EGFR
phosphorylation sites of the proposed PAM-based treatment modality towards
improved anti-cancer efficacy. EGFR(Try1068/1086) and EGFR(Tryl1148) each
mediates the GRB2/STAT3 and GRB2/ERK signaling, respectively, and is oncogenic,
with GRB2 being a known therapeutic target of many solid tumors including breast
cancers®®. Thus, by simultaneously suppressing GRB2-mediated pathways and
elevating PLCy signaling, PAM, alone or coupled with EGF, is capable of achieving
the observed selectivity against TNBCs via a unique molecular mechanism that

cannot be obtained by conventional targeted therapies.

Besides transducing signals, ROS may oxidize DNA that overwhelms the DNA
repair apparatus and triggers programmed cell death including apoptosis once entering
the cell nucleus *'. Thus, ROS accumulation in the nucleus as triggered by EGF in
combination with PAM (Figure 4d) may contribute to the increased PAM sensitivity
of TNBC cells (Figure 1d-e). Although some residual signaling and proliferative
responses have been noted with EGFR mutations such as V741G %“, they were not

sufficient to support PAM effects on cell viability (Figure 1j), further differentiating
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proliferative signaling responses mediated by EGFR(V741G) from that involving

PLCy, in relation to PAM induced loss of cell viability.

A key feature of our study was the observation that EGFR internalisation and
lysosomal degradation was blocked by PAM treatment, allowing EGFR to continue
sustained cytoplasm signaling until PAM was removed. This may, at least partially,
be attributed to a series of post-translational modification (PTM) events that involve,
e.g., orchestrated efforts of phosphorylation and ubiquitination. K48 and/or K63
ubiquitination are required for EGFR endocytosis trafficking and subsequent

lysosomal degradation ***°

, and reduced EGFR ubiquitination would lead to increased
EGFR retention on the plasma membrane. Consistent with this, we observed EGFR
accumulation on the cell surface after CAP/PAM treatment using EGF-Alexa 488
pulse-chase uptake assays (Figure 1i). This is the standard for monitoring EGFR
endocytosis as EGFR antibodies alter receptor trafficking and steady state staining

does not show alterations in the kinetics of endocytosis 49",

Among the three TNBC lines examined, EGF showed the optimal synergy with
PAM followed by TGFa (Figure S5g), the latter of which was reported to elevate
EGFR expression at both the transcriptional and translational levels in prostate cancer
cells®. Thus, we focused on EGFR-relayed signaling in this study to investigate the
anti-cancer efficacy of PAM against TNBC cells. However, we do not exclude the
possibility of other tyrosine kinase receptors participating in PAM-triggered cell

responses, and indeed we saw a PAM response in the BaF/3 hematopoietic cell line
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that lacks endogenous EGFR and most other known RTKSs except for IL2 receptor. In
particular, knocking out TGFBR, another cell RTK that plays critical roles in cancer

53,54

initiation and progression *>**, enhanced the efficacy of PAM in reducing the viability

of cancer cells (Figure 1k). Besides, SUM-159PT cells exhibit higher expression of

55,56

FGFR1/2 than other breast cancer cell lines that can enhance PLCy

phosphorylation *"°%; consistent with this, SUM-159PT cells were more sensitive to
PAM+FGFs than other cell lines (Figure S5g), suggestive of the involvement of
FGFR in PLCy-relayed signaling in response to PAM treatment. Thus, PAM-triggered
cell apoptosis, though being an orchestrated effort from a panel of cell receptors, take
actions via PLCy signaling. In addition, EGFR is selectively expressed in the TNBC
cell lines (Figure 5¢) >, and the sensitivity of cancer cells to PAM treatment is
quantitatively related to EGFR activity (Figure 1k, 5e, 5f). Thus, EGFR may

represent a potential target for this clinical subtype, and an avenue through which the

efficacy of plasma therapy could be enhanced.

It is also important to address that PAM-mediated anti-cancer efficacy is
dose-dependent ®°. With the increase of PAM doses, cells can initiate the survival
program such as autophagy® and cell cycle arrest®, and programmed cell death such

6384 and immunogenic cell death (ICD)®. By synergizing

as apoptosis'?, ferroptosis
with EGF under the examined PAM doses, the apoptotic program is particularly

initiated by modulating the differential EGFR phosphorylation sites as we reported in

this study.
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CAP is a cocktail of reactive species, among which we identified hydroxyl radical
(L_OH), superoxide anion (L O;), nitric oxide (_NO), and (H.O) as the leading
RONS that mediate the action of PAM as well as its synergy with EGF in reducing
the viability of TNBC cells. As CAP generated short-lived reactive species ®® and the
EGFR monoclonal antibody cetuximab ¢’ could both induce ICD in cancer cells, it is
likely that short-lived reactive species from CAP (such as -OH, LIO,", -NO) and/or
generated from interactions among CAP components (such as ["O;’) activated PLCy
signaling via stimulating EGFR(Tyr992/1173). Thus, any individual component of
PAM such as O3 and H,O; is unlikely to function as effectively as the full PAM as an
oncotherapy, as also reported by others . Further, the important roles of short-lived
reactive species such as TTOH (half-life 10 in vitro and in vivo), 10, (half-life
10°®s in vivo, 10%s in vitro), and [TNO (~ 1s in vivo, seconds to hours in vitro) ® in
delivering the anti-cancer efficacy of PAM render it difficult to reconstitute PAM that
is typically generated via appropriate Ar/He-based plasma source. It is worth
mentioning that the lifetime of these reactive species varies with different conditions
of the treated solution (i.e., pH, temperature and chemicals inside). However, such
variations do not change the classification of these species (i.e., short- or long- lived)
and thus do not affect the clinical efficacy and usage of PAM. Indeed, sodium lactate
Ringer's solution has been recommended for generating PAM if applied clinically ",
as well as drug release system’*. The N and N-containing species observed from OES
(Figure 1b) originated from the surrounding air, since no further protecting gas and

setup for isolating air were employed in our study. The [JOH formed at the
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plasma-liquid interface (which has been widely reported in the literature) was mainly
generated from the reactions between water molecules and energetic Ar* or electrons.
A short and mild plasma exposure or low dose plasma treatment (such as the use of a
cold plasma jet for several minutes) may not strongly affect the biomacromolecules
(e.g., proteins) in the liquid, while the small molecular compounds (amino acid or
even glucose) may consume a small amount of aqueous species. Overall, the
plasma-based medium activation strategy does not affect the clinical efficacy and

usage of PAM, which has been confirmed in some published studies ",

Fabrication of plasma sources feasible for administrating CAP to different types of
tumors and tumors at different loci to enable direct contact of the cocktail formula of
CAP to the pathological sites is required for the clinical translation of plasma for
cancer treatment. In addition, PAM might be made into capsules where the activities
of short-lived species such as "TOH and MO, could be maintained by appropriate
nanoparticles and thus be used for oncotherapy. In this research, the direct

intratumoural injection of PAM had been conducted.

The recent observation that PLCy could also physically bind to PD-L1 even in
EGFR p-Tyr992/1173 mutated cells, resulting in tumor cell proliferation *, suggests
that combined EGF and PAM treatment could competitively occupy PLCy to generate
ROS for cytotoxicity, rather than allowing it to drive cell proliferation signaling. This
would provide a theoretical basis for the role of plasma in immunotherapy in the

future.
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We demonstrated in this study that TNBC cells, which have higher levels of EGFR

than the corresponding normal tissue (>70% of patient samples) "

, show enhanced
cytotoxic responses to PAM treatment. EGF dramatically enhances the killing of the
TNBC cells by PAM, mediated via the EGFR (p-Tyr992/1173)/PLCy axis that
triggers cell apoptosis due to elevated cellular ROS levels. This study opens a new
horizon in the clinical use of EGFR ligands, and/or modified forms thereof, as
onco-therapeutic agents in conjunction with PAM, which is contradictory to
conventional onco-therapeutic strategies relying on EGFR blockage. We identified
EGF as a novel ‘drug’ towards enhanced therapeutic efficacy of PAM in cancer
treatment, which warrants careful reconsideration of the clinical use of traditional
FDA-approved drugs that block EGFR signaling if PAM or other drugs modulating
cellular ROS level (e.g., radiation treatment) are also being used for cancer control.
Although this study focused on EGFR due to its strong association with TNBC, we
also provide preliminary evidence for similar synergism with other RTKs when

present in the cells, paving the way for a personalized approach based on

tumor-specific RTK profiles, and /or generic downstream signaling targets.

MATERIALSAND METHODS
Cell Culture: Cells were cultured at 37 °C incubator with 5% CO, in DMEM

with 10% FCS (HEK-293T, SUM-159PT, MCF-7 and MDA-MB-468) or RPMI with
10% FCS (HCC70, MDA-MB-231, T-47D). MCF-10A was cultured in DMEM

supplemented with 20 ng/mL EGF, 100 ng/mL Cholera Toxin, 5% horse serum, 10
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ug/mL insulin, 1% streptomycin and 0.5 mg/mL hydrocortisone. Cells were passaged
with trypsin and stored in liquid nitrogen. SUM-159PT cells were purchased from
BeNa Culture Collection (Cat# 359533). Other cells were obtained from ATCC
(Manassas, USA). Cells were subjected to STR profile validation and routinely

checked for mycoplasma.

Antibodies and reagents: Primary antibodies: EGFR (Cat# sc-120, Santa Cruz,
USA), Phospho-EGFR (Tyr992) (Cat# PA5-85794, Invitrogen, USA), T-PLCG1
(Cat# PA5-83347, Invitrogen, USA), Phospho-PLCG1(Tyr783) (Cat# 700044,
Thermo-Fisher Scientific, USA), T-AKT (Cat# 4691, CST, USA), Phospho-AKT
(Ser473) (Cat# 4060, CST, USA), p44/42 MAPK (Erk1/2) (Cat# 9102, CST, USA),
Phospho-p44/42 MAPK (Erk1/2, Thr202/Tyr204) (Cat# 9106, CST, USA), B-actin
(Cat# sc-8432, Santa Cruz, USA), D9D5 K48-linkage polyubiquitin (Cat# 8081, CST,
USA), GADPH (Cat# AC001, ABclonal, China).

Secondary antibodies: Goat anti-mouse IgG-HPR (Cat# sc-2031, Santa Cruz, USA),
goat anti-rabbit IgG H&L-HRP (Cat# ab6721, Abcam, USA). Phalloidin Alexa Fluor
647 for F-actin staining (Cat# A22287, ThermoFisher, USA).

Reagents: A6355 (ERK1/2 inhibitor, Cat# MFCD09038681, Sigma-Aldrich, USA),
A6730 (AKT1/2 inhibitor, Cat# MFCDO08705407, Sigma-Aldrich, USA), U73122
(PLCy inhibitor, Cat# 112648-68-7, Sigma-Aldrich, USA), erlotinib hydrochloride
(EGFR tyrosine kinase inhibitor, Cat# ab141930, Abcam, USA), gefitinib (EGFR
tyrosine kinase inhibitor, Cat# abl142052, Abcam, USA), cetuximab (EGFR

monoclonal antibody, Cmab, Merck Serono, Germany), panitumumab (EGFR
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monoclonal antibody, Pmab, Amgen, USA), Interleukin-3 (IL-3, Cat#
SRP4135-10UG, Sigma, USA), Alexa Fluor 488 EGF complex (Cat# E13345,
Thermo-Fisher Scientific, USA), CellROX® (Cat# C10443, Thermo-Fisher Scientific,
USA), Hoechst 33342 (Cat# H3570, Thermo-Fisher Scientific, USA), human
Epidermal Growth Factor (hEGF, Cat# 62253-63-8, Sigma-Aldrich, USA), human
Transforming Growth Factor-a (hTGF-a, Cat# 105186-99-0, Sigma-Aldrich, USA),
human Transforming Growth Factor-1 (hTGF-f1, Cat# T7039, Sigma-Aldrich,
USA), Fibroblast Growth Factor 1 (FGF1, Cat# SRP2091, Sigma-Aldrich, USA),
Fibroblast Growth Factor 2 (FGF2, Cat# F5392, Sigma-Aldrich, USA), Fibroblast

Growth Factor 10 (FGF10, Cat# F8924, Sigma-Aldrich, USA).

Live-Dead Assay: Cells were plated in a 96-well plate for 24h at 5,000 cells per
well. Following incubation of cells with the indicated treatments, propidium iodide
(10 pug/mL) and Hoechst 33342 (10 ug/mL) were added 30 min before imaging. Cells
were imaged on an IN-Cell Analyzer 2200 (GE Healthcare, Location; 10xobjective).

Live/dead cell analysis was performed using IN Cell analysis software.

PAM generation: The set-up of the CAP device and PAM generation are shown
in Figure la. The CAP device was a typical high-frequency (1.7 MHz, 2-6 kV),
atmospheric pressure Argon plasma jet (model kINPen 09) developed at the
Leibniz-Institute for Plasma Science and Technology (INP Greifswald), Germany. As
shown in Figure 1la, CAP was generated between central electrode and ring electrode
and flowed out of the quartz tube via the Argon gas with a flow rate of 5.0 Standard

Liter per Minute (power: < 3.5 W in the hand-held unit). Aliquots of 1.5 mL DMEM
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(Cat# 11965092, Lot#, 1965453, ThermoFisher Scientific) without serum in 2 mL
centrifuge tubes were activated by CAP for 10 min and named ‘10PAM’ here. PAM
was then diluted to different concentrations, designated by the percent remaining (e.g.,
70% 10PAM refers to 70% concentration at use). After treatment, different
concentrations of PAM were used in cultured cells, which were seeded in a 96-well

plate.

RONS measurement and scavengers. A spectrometer (Andor Shamrock
SR-500i-A-R) was used to capture the optical emission spectra (OES) of the plasma
discharges, reactive species in the gas phase and to validate the formation of
secondary chemical species in the treated medium (Figure 1b). OES of the CAP was
dominated by hydroxyl band (A%S to X?I1, 0-0, 1-1, 2-2), second positive system
emission of N, (C°ITu to B®I1g), argon bands and oxygen emission lines ”’. Chemical
scavengers for ROS and RNS, D-mannitol (Sigma-Aldrich, 200 mM), tiron
(Chem-Supply Pty Ltd, 20 mM), sodium pyruvate (Sigma-Aldrich, 10 mM),
monopotassium (Sigma-Aldrich, 1 mM), uric acid (Sigma-Aldrich, 100 uM) and
hemoglobin (Sigma-Aldrich, 20 pM), were employed to trap -OH, -O,’, H,O,, €’, O3

and -NO respectively.

The titanium sulfate method was used to quantify H,O, where a yellow-colored
complex was formed with a UV-Vis absorbance at 410 nm following the reaction
Ti** + Hy02 + 2H,0 — H,TiOs + 4HY) . A multiparameter photometer (Hanna
Instruments, HI83399) and a certified O3 reagent kit purchased from the supplier were

used for O3 quantification via the colorimetric method. The Griess Reagent method
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was used to quantify NO,", and a nitrate specific ion electrode was used to quantify

NO;~ where 2 mol/L lonic Strength Adjuster (NH;),SO,4 was added before detection
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Annexin V/PI analysis. HEK-293T, SUM159 or T47D cells were trypsinized into
1.5 mL centrifuge tubes that were cleaned three times using pending buffer. Cells
were pelleted and stained with the recommended concentration of Promega Annexin
V-FITC Apoptosis Detection Kit (United Bioresearch; Dural NSW, Australia). After
staining, cells were re-suspended with pending buffer to 2x10°-5x10° cells in 400 pL
buffer. 488-Annexin antibody was diluted in 1:40, and cells were incubated for 15
min in darkness. After washing and re-suspending cells 3 times, cells were stained by
propidium iodide (PI) at 1:20 dilution. Fluorescence of cells was measured using the
Gallios flow cytometer system and analyzed using the Kaluza software (Beckman,

Lane Cove NSW, Australia).

HoloMonitor imager measurements. SUM159 and MDA-MB-231 cells were
plated in 96-well plates at 5,000 cells per well for 24h before real-time monitoring.
When the cell density was around 30%, the digital holograms of cells were set up
using the HoloMonitor M4 Digital Holography Cytometer (Phase Holographic
Imaging PHI AB, Lund, Sweden). The results were calculated using Hstudio M4

software (Phase Holographic Imaging PHI AB, Lund, Sweden)

DeltaVison Ultra High-Resolution Microscope: MDA-MB-468 cells were

plated at 5 x 10° per well in an 8-well chamber slide for 24 h with or without 30 min
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PAM pre-treatment, and EGF-Alexa 488 added to the medium simultaneously. The
488 nm laser of DeltaVision OMX V3 was used to provide the illumination, and
pictures were captured on two cameras: Photometrics Cascade (Photometrics, Tucson,
USA) and back-illuminated EMCCD cameras (90% QE). Data capture used an
Olympus UPlanSApo 10061.4 NA oil objective and standard excitation and emission
filter sets (in nm, 488 EX/500-550 EM and 592.5 EX/608-648 EM). 3D-SIM images

were sectioned using a 125 nm z-step.

Metabolic energy ATP measurements. The rates of ATP generation from
glycolysis and mitochondria were measured via the Agilent Seahorse XFe96 Analyzer
(Agilent Technologies, Santa Clara, CA) as described ®. The oxygen consumption
rate (OCR) value is used to calculate ATP produced through OXPHOS from
mitochondria and the extracellular acidification rate (ECAR) value to calculate ATP
generated from glycolysis process. Briefly, 2 x 10* cells of each cell line were seeded
in 96-well-plate Seahorse XF cell culture plate at 2471h before the treatment. After the
half hour specific pre-treatment, the cells were washed 3 times and cultured in phenol
red free DMEM medium (supplemented with 10 mM glucose, 1L. mM sodium
pyruvate and 2L/mM L-glutamine without serum) 1Lh at 37 °C in atmospheric CO,
incubator. To determine the OCR and ECAR values, the ATP rate assay, including
1.5 uM Oligomycin and 1uM each of Antimycin A and Rotenone, were added during
the test process consecutively. ATP production rate was calculated using Wave
software. These values were normalized for the cell numbers of each sample, counted

by InCell HS6500 following a 10-min incubation with 10 ug ml-1 Hoechst 33342.
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ELISA: The EGFR resting expression level of each cell line were measured by
enzyme-linked immunosorbent assay (ELISA), STAR EGFR ELISA Kit (Millipore,
Billerica, MA) and followed by manufacturer’s recommended protocol. The cells
were plated in 6-well-plates at 5 x 10° per well for 24 h. The adherent cells were
washed 3 times with PBS and incubated with 100 uL cold RIPA buffer containing 1%
SDS and protease inhibitors for 30 min on ice. The fresh protein lysates were
collected by scraping from the plate into 1.5 mL Eppendorf tube and briefly sonicated
for 10 seconds. Centrifugation at 12,000 rpm for 10 minutes at 4 °C. The total
proteins were in the supernatant and normalized to 1mg/mL based on the Micro BCA
assay according to manufacturer’s recommendations (Thermo Fisher Scientific Inc,
Rockford, IL). 25 pL of each sample was diluted in the Diluent Buffer to 100 uL and
added in the EGFR capture plate. Remaining protein lysates were kept at -80 °C. The
standard EGFR protein was added and plates incubated for 2 h at room temperature
with shaking, before removing samples and washing with provided washing buffer 4
x 5 min. The plate was then incubated with EGFR detection antibody for 1h,
anti-Rabbit IgG HRP conjugate for 45 min, TMB Solution for 30 min in the dark, and
Stop Solution, successively, with 4 x 5 min washing between each step. The data was
immediately collected by Multiskan™ FC Microplate Photometer (Thermo Fisher
Scientific, USA) at 450 nm. Based on the EGFR standard curve, the EGFR level of

each sample was calculated.

Human EGFR Phosphorylation Antibody Array: Human EGFR Phosphorylation

Array Kit was purchased (CatLog number ab134005, Abcam, USA). The 2 x 10’ cells
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were seeded in T25 flask for 24 h and were rinsed with PBS and solubilized with 1ImL
1x lysis buffer, containing Protease Inhibitor Cocktail and Phosphatase Inhibitor
Cocktail Set I and Set Il provided in the Kit. Lysates were incubated gently on the ice
for 30min after transfer to the microfuge tubes, and centrifuged at 14000 x g for 10
min at 4 °C. According to the Micro BCA assay (Thermo Fisher Scientific Inc,
Rockford, IL), every sample was normalized to 4 mg/mL and 200 uL diluted in 5%
BSA in TBST to 1 mL. The remaining protein lysates were stored at -80 °C fridge.
The membranes were placed in the 8-well tray and incubated with 2 ml blocking
buffer at room temperature for 1h with shaking. After the blocking buffer removal, 1
ml cell lysate of each sample was placed on the membrane and incubated at room
temperature for 2 h. The membranes were washed 3 x 3 min with 2 mL wash buffer |
and removed to a container containing 20mL wash buffer 11 3 x 5 min. The
membranes were incubated with 1mL Biotin-Conjugated anti-EGFR for 2 h at room
temperature overnight on an orbital shaker, and washed again using the same previous
method. 1.5 ml of HRP-conjugated streptavidin solution was added onto the
membrane and incubated at room temperature for 2 h before the same wash steps.
Then, 500 pL Detection Buffer comprising 250 uL Detection Buffer C and 250 uL
Detection Buffer D was added onto each membrane and the membranes placed on a
plastic sheet. The ChemiDoc™ Touch Imaging system (Bio-Rad, CatlLog number
5119100, Hercules, CA, USA) was used to take detailed pictures of the array
membranes, which were quantified by the Image Lab Software 6.0.1 (Life Science

Research, Bio-Rad, USA). The membranes were stored at -20 °C for future reference.
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The normalization of each signal followed the protocol recommended by the
manufacturer, which contains two steps. One is normalized by the positive controls
between two membranes, and the other is to normalize each phosphorylation spot.

Pos (1) = average signal intensity of positive controls on the reference array
Pos (2) = average signal intensity of positive controls on Array 2

X (2) = signal intensity for a particular spot on Array 2

X (N2) = the normalized value for that particular spot on Array 2

X (N2) = X(2) x Pos (1) / Pos (2)

After positive control normalization, phospho-EGFR signals were normalized to
the pan EGFR signals that could be calculated according to the following example:
EGFR (1) = average signal intensity of pan EGFR on the reference array
EGFR(2) = average signal intensity of pan EGFR in Array 2
Y845 (2) = average signal intensity of EGFR (Tyr845) in Array 2
Y845 (N2) = normalized signal of EGFR (Tyr845) in Array 2
Y845 (N2) = Y845 (2) x EGFR (1) / EGFR (2)

Therefore, the normalized signal value of each array is calculated. In order to
facilitate comparison, we showed the Log2 value. Each group was scanned three

times and the SD value was calculated.

Immunofluorescence  microscopy: SUM-159PT, MCF-10A, T47D and
MDA-MB-468 cells were plated at 5,000 cells per well for 24h, with or without
different PAM treatments. After the treatment for the designated durations, cells were

fixed with 4% paraformaldehyde in PBS for 10 min at 4 °C. Cells were first
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permeabilized in 0.2% Triton X-100 for 5 min and then blocked (3% BSA in PBS) for
1 h, followed by incubation with primary antibodies as indicated. After incubation,
cells were washed three times with PBS before the addition of secondary antibodies
as indicated, and these were incubated for 1 h at the room temperature. Nuclear DNA
was stained with Hoechst 33342 for 5 min at 10 ug/mL. A Delta Vision Elite Live
Imaging Microscope (Applied Precision, GE Healthcare Lifesciences, Parramatta
NSW, Australia) and softWoRx analysis software (Applied Precision) were used for
cell imaging. EGFR immunofluorescence was assessed using Axio Imager Z2 (Zeiss)
microscope. High-throughput analysis was performed using an IN Cell 2200 Analyzer

and IN Cell analysis software (GE Healthcare).

Reactive oxygen species (ROS) Assay: Cells were treated with or without PAM
for the specified time duration and the CellROX® Reagent was added to cells at a
final concentration of 5 uM and incubated for 30 minutes at 37 °C. Medium was
removed and cells were washed 3 times with PBS, after which cells were stained with

10 pg/ml Hoechst 33342, a nuclear counterstain.

CRISPR/Cas9 Gene Editing: Custom sgRNAs for human EGFR, FGFR and
TGFBR gene were designed using the MIT CRISPR Design website
(https://www.benchling.com/crispr/) with the sequence of EGFR (NM_005228.5),
FGFR (NM_023110.3), TGFBR (NM_001024847.2). This website predicts both
on-target sequences and off-target possibilities. We selected the best scoring guide
sequences in  the EGFR protein-coding region as  SgRNA_1l

(GAATTCGCTCCACTGTGTTG) and syRNA_2 (CGATCTCCACATCCTGCCGG);
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FGFR protein-coding region as sgRNA 1 (GTTGCCCGCCAACAAAACAG) and
SgRNA 2 (GCGGTGGCTGAAAAACGGGA); TGFBR protein-coding region as
sgRNA  (TGGGCAGTCCTATTACAGCT). A scramble (SC) sgRNA
(CCATATCGGGGCGAGACATG) was used as a parental control. Guide
oligonucleotides were phosphorylated, annealed, and cloned into the BsmBl site of
the lentiCRISPR v2 vector (Addgene, 52961, kindly provided by Feng Zhang),
according to the Zhang laboratory protocol (F. Zhang lab, MIT, Cambridge, MA,

USA). All plasmid constructs were verified by sequencing.

Plasmid Construction, Lentiviral Production and transduction: Lentiviral
particles were produced by transient transfection of Phoenix-ECO cells (CRL-3214)
using TransIT®-LT1 Reagent (Mirus Bio LLC, Madison, WI, USA). The
lentiCRISPR construct or the pLIM1-EGFP plasmid (Addgene plasmid #19319, a gift
from David Sabatini) was co-transfected with pMD2.G (Addgene plasmid #12259)
and psPAX2 (Addgene plasmid #12260, both kindly provided by Didier Trono, EPFL,
Lausanne, Switzerland). Lentiviral particles were collected at 36 and 72 h and then
purified with 10% Lenti-X Concentrator® (Clontech, Mountain View, CA, USA).
The virus copy number was determined by Q-PCR. A total of 1 x 10° cells was plated
in a 6-cm dish and treated with EGFR targeting lentivirus at an MOI =5 for 48 hours.
The culture medium was replaced and antibiotic selected with 2.5 ug/mL puromycin
for 48hours. The cell line transfected with sgRNA _1 virus refers to KOL1 in this study,
whereas sgRNA_2 virus transfected cell line refers to KO2. The protocol of gene

recombinant and infectious biological materials experiment was approved by the
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Institutional Biosafety Committee (G-109-059 and G-108-024) at Taipei Medical

University, Taipei, Taiwan.

Animal Trials: In vivo analysis was undertaken using intratumoural injection of
PAM generated by a home-made plasma source®. The experiment was performed
twice. PAM was generated by setting the distance between the CAP nozzle and the
medium surface to 13 mm, the peak-to-peak electrode voltage to 1.1 kV, the
sinusoidal wave frequency to 8.8 kHz, the Helium gas flow rate to 1 L/min, and
exposing the medium to CAP for 5 min.

SUM159PT cells (1 x 10° suspended in phosphate buffer saline (PBS) were
injected subcutaneously in the right forelimbs of 50 female BALB/c mice aged 4
weeks with the weights of 16 + 2 g on the first day. Nine mice carrying SUM159PT
tumors which had grown to a similar size 3 weeks later were recruited into each study.
The mice were evenly divided into 3 groups, i.e., SUM159PT_control group (without
PAM  treatment), = SUM159PT _PAM  group  (receiving PAM), and
SUM159PT_PAM+Afa group (receiving CAP and afatinib). The first treatment was
performed when tumor sizes reached 5 £ 0.5 mm. Tumor diameters were measured
using vernier caliper. Mice were anesthetized with ketamine (concentration is 10
mg/ml) intraperitoneally before each treatment. The injection volume was 10 uL/g of
the mouse body weight. PAM was subcutaneously injected at two sites of the tumor
for each mouse, with 100 ulL/site. This treatment was repeated every 6 days. Tumors

were dissected after the sacrifice of the mice on the 19" day. One mouse from the
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PAM + afatinib (10 uM) group was dead by the time the mice were sacrificed in the
first experiment (pilot study).

Statistical analyses: Most statistical tests of this study were performed by Graph
Pad Prism V7. Group-wise analysis was performed using students’ two-tailed t-tests.
Mean +/- standard error of the mean (SEM) plotted unless otherwise specified. p
value > 0.05 is considered insignificant, “*” represents a p value < 0.05, “**”
represents a p value < 0.01, “***” represents a p value < 0.001 and *“****” represents

a p value < 0.0001.
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Figure 1. Experimental evidence showing the essential role of EGFR signaling in

the selectivity of PAM against TNBC cells in vitro. a Schematic graph of the CAP
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device set up. Model presentation of the CAPs generation and an image of kINPen 09
for CAP generation. b Optical emission spectra for argon plasma generated using
kINPen 09. c Concentrations of activated species in 10PAM (10 min-CAP activated
PAM). d Effects of 12 h treatment with control (C) or 20%, 50%, 70% and 100%
10PAM as indicated on viability (% of C; mean +/- SEM) of breast cancer cell lines
(pink shading of TBNC lines, HCC70, MDA-MB-468, SUM-149PT, SUM159-PT,
MDA-MB-231 reflects levels of responses to PAM). Cells were plated in 96-well
plates at 5,000 cells per well for 24 h and serum free starvation before treatments. f
Effects of different time durations (0 h, 3 h, 6 h, 9 h, 12 h and 24 h) of 70% 10PAM
on viability of different cell lines as per (d). f EGFR expression according to
basal-like PAM50 molecular profile and TNBC immunohistochemistry (IHC) staining
status in the METABRIC cohort from bc-GenExMiner v4.5. g EGFR gene expression
among 28 luminal and 28 basal A/B breast cancer cell lines in the E-MTAB-181
dataset. h EGFR ubiquitination levels in MDA-MB-468 cells with or without PAM
treatment. i MDA-MB-468 cells were plated in an 8-well plate at 2x10° cells per well
for 24 h. After 30min pre-treatment with 0% PAM (Control) or 50% PAM, 10 ng
mL™* GFP-488 labelled EGF was added to the medium. The images were taken by
Delta Vision Ultra High-Resolution Microscope at 6 min, 15 min and 30 min after
adding EGF. | Viabilities (% of 0% PAM control; mean +/- SEM) of Ba/F3 cells
transfected with WT or mutant EGFR in response to PAM, as indicated. k Viabilities
of MDA-MB-231 cells (% of C; mean +/- SEM) with and without Crispr/Cas-9

suppression of EGFR or TGFR, in response to PAM of different doses.
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Figure 2. Experimental evidence showing the essential role of EGFR signaling in

the selectivity of PAM against TNBC cells in vivo. a Schematic illustration of the
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mouse trial testing PAM treatment of SUM-159PT cells in the absence or presence of
EGFR inhibitor afatinib (afa). b Results from the in vivo showing the effects of EGFR
inhibition with afatinib (afa) on 50%PAM-treated SUM-159PT tumors. c
Quantification on the tumor size in the mice. The tumor weight (mean +/- SEM) of
control group mice, PAM only treatment and PAM + afatinib treatment. d Images of
heart, lung, liver, spleen and kidney of mice carrying SUM-159PT tumors in the
control, 50%PAM-treated and 50%PAM-treated plus EGFR inhibition with afa. e
Immunohistochemistry staining results of EGFR(Tyr992), EGFR, Ki67, Caspase 3 on
SUM-159PT carrying mice samples in the control, CAP-treated, and CAP-treated plus

afatinib groups.
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Figure 3. EGF enhances the selectivity of PAM against TNBC cells. a Effects of
treatment with 50% 10PAM, 10 ng mL™ EGF or both for 12h on viability (% of
control (C); mean +/- SEM; N=3) of breast cancer cell lines as indicated (pink
shading of TBNC lines: HCC70, MDA-MB-468, SUM-149PT, SUM159-PT,
MDA-MB-231). b Effects of EGF, 50%PAM or EGF+50%PAM treatments for 12h
as in (a), for different time durations as indicated, on cell viability (% of control (C);
mean +/- SEM; N=3). c Representative HoloMonitor images (taken every 5 min, 3
days in total) of MDA-MB-231 cell examples treated with EGF, 50%PAM, or
EGF+50%PAM. The time points of cell division (Control and EGF group) and
apoptosis (PAM and PAM+EGF group) have been selected for display. d Cell area
(um?) and optical thickness avg (um) of MDA-MB-468 and MDA-MB-231 cells
measured by the Holomonitor Hstudio after EGF, PAM or EGF+PAM treatments as
in (a) above, for 3 days, versus Control in MDA-MB-468 and MDA-MB-231
cultures. e ATP production rates by MCF-10A, MCF-7, T47D, MDA-MB-468 and
MDA-MB-231 (from left to right) upon Control, EGF, PAM or EGF+PAM
treatments, for 30 min. OCR and ECAR were measured by Seahorse XF Analyzer to
determine rates of glycolysis (glycol) or OXPHOS (mito). f Cell apoptosis determined
by PI and Annexin V analysis of MDA-MB-231 cells after 50%PAM, EGF or
50%PAM+EGF treatments (as per (a) above) for 1 h. g Viabilities (% of control
(DMEM); mean +/- SEM; N=3) of MCF-7, MDA-MB-468 and MDA-MB-231 cells
plated for 24h and pre-treated with 50 ng mL™ PmAb, 1 nM erlotinib and 17 nM

gefitinib for 1 h before being treated with 50%PAM, 50%PAM+EGF, or
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50%PAM+EGF plus EGFR inhibitors as above for 12 h. h Viabilities (% of Control;
mean +/- SEM; N=3) of MDA-MB-231 variants (SC, KO2 EGFR, KO TGFBR)
treated with 50% PAM, 10 ng mL? EGF+ 50% PAM, 10 ng mL™* TGFa+ 50% PAM,

10 ng mL1 TGFB+ 50% PAM for 12 h.
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Figure 4. EGF+PAM enhances cellular ROS level that triggers cell apoptosis. a
Relative ROS levels (% of Control; mean +/- SEM; N=3) of different cell lines (pink
shading of TBNC: HCC70, MDA-MB-468, SUM-149PT, SUM159-PT,
MDA-MB-231) upon 10 ng mL™* EGF, 50% 10PAM, 50% 10PAM+10 ng mL™ EGF
treatment treatments for 12h as indicated. and then incubated with ROS detection kit
for 30 min. b Relative ROS level of different cell lines upon treatment with 50%
10PAM+10 ng mL™* EGF treatment as per (), for different durations as indicated. ¢
Plot showing the linear correlation between ROS levels (Arbitrary Units) of the
different cell lines and cell viability (% of Control) in response to 100% PAM
treatment for 12 h. R?= 0.7502. d Plot showing the linear correlation between ROS
level of different cell lines and cell viability as per (b) in response to 50%
10PAM+10ng mL™ EGF treatment for 12 h. e Fluorescence imaging showing cellular
ROS (incubated with ROS detection kit for 30 min), actin architecture (phalloidin
stain), and nuclei (Hoechst 33342) in MCF-10A and f MDA-MB-468 cells treated
with EGF, PAM, EGF+PAM for 3 h from (b). g Viabilities (% of Control; mean +/-
SEM; N=3) of MCF-7, MDA-MB-468 and MDA-MB-231 cells pre-treated for 1h
with control or scavengers of different ROS components (200 mM mannitol, 100 pM
uric acid, 20 mM tiron, 20 uM hemoglobin, 10 mM sodium pyruvate and 1 mM
monopotassium were used to quench hydroxyl radical, ozone, superoxide anion, nitric

oxide, H,0,, and €, respectively), and then treated with 50% 10PAM.
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Figure 5. The EGFR (Tyr992/1173) axis is essential in mediating the synergistic
effect of PAM and EGF. a Multi-site  EGFR phosphorylation assay of
MDA-MB-231 cells showing EGFR phosphorylation site activation status upon EGF,
509%PAM, EGF+50%PAM treatments. Cells were plated in 6-well-plates at 5x10° per
well for 24 h. After 3 h starvation with serum-free medium, the cells were treated with
or without EGF (10 ng mL™), 50% 10PAM or PAM+EGF. The protein lysates were
collected and normalized by protein assay. Human EGFR Phosphorylation Antibody
Array Membranes (17 Targets; ab134005) were used to quantitate the degree of
phosphorylation at each site, as per the MATERIALS AND METHODS. b
Quantification of (a). Graph of the quantification data from (a) normalised to pan
EGFR, as detailed in MATERIALS AND METHODS. Each membrane was scanned
and measured by Image Lab 3 times. ¢ Levels of EGFR phosphor-Tyr992-EGFR in
different cell lines. The nine cell lines were plated in 6-well-plates at 5x10° per well
for 24 h. Their protein lysates were collected and normalized to 25 mg/ml by protein
assay. The STAR EGFR ELISA Kit was utilized to measure EGFR and levels of
Tyr992 phosphorylated-EGFR was measured by EGFR-Y992 ELISA, as per
MATERIALS AND METHODS. N=3. d Linear correlation between total EGFR
levels and viability (% of control) after 50% 10PAM+10 ng mL™ EGF treatment.
R?=0.2298. e Proportion of Tyr992-phosphorylated EGFR (Phos-992 EGFR) to total
EGFR in different untreated cell lines. TNBC cell lines shown in pink, with the color
intensity representing the Phos-992EGFR/EGFR level. f Linear correlation between

resting Phospho-992 EGFR/ total EGFR ratio and cell viability (% of control) in
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response to PAM+EGF treatment. R°=0.9257. g Linear correlation between

Phospho-992 EGFR/ total EGFR and viability in response to 100% PAM. R?*=0.9514,

as per (f).
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Figure 6. PLCy isinvolved in the syner gistic effect of PAM and EGF. a Viabilities
(% of control; 0% PAM) of EGFR-MDA-MB-231 cells (KO2 EGFR, Figure 1n)
stably re-transfected by vector only (pLRNL plasmid), pLRNL-EGFR-WT,
pLRNL-EGFR-Y845F, pLRNL-EGFR-Y992F, pLRNL-EGFR-Y1068F,
PLRNL-EGFR-Y1086F, pPLRNL-EGFR-Y1148F, pPLRNL-EGFR-Y1173F,
pPLRNL-EGFR-DY5 or pLRNL-EGFR-DY®6 as indicated. These cell lines were plated
in 96-well-plates at 5,000 cells per well and treated with 0%, 5%, 10%, 30%, 50%,
70% and 100% 10PAM for 12h followed by cell viability test, with 3 replicates. b
Viabilities (% of control) of MDA-MB-231 KO2 EGFR cells re-transfected with
vector, wildtype EGFR or different EGFR mutations as per (a) in response to 10 ng
mL™* EGF, 50% 10PAM and EGF+50%PAM for 12h followed by cell viability test,
with 3 replicates. ¢ Western blots of p-992 EGFR, total EGFR level, p-PLCy, total
PLCy, p-AKT, total AKT, p-ERK, total ERK in MDA-MB-231, MCF-7 and
MCF-10A cells under different treatment conditions. Cells were plated in
12-well-plate at 2.5x10° per well for 24 h, and treated with 10 ng mL™" EGF, 50%
10PAM or EGF+PAM for 0, 5, 15, 30 min after 3 h starvation in serum-free medium.
The protein lysates were collected and normalized by protein assay. Quantification is
shown for p-992 EGFR/EGFR (d), p-PLCy/ PLCy (e), p-AKT/AKT (f) and

p-ERK/ERK (g). Each sample has 3 replicates.
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Figure7. The EGFR (Tyr992/1173) is necessary for PAM-induced ROS increases
and reduction in ATP generation. a Relative ROS levels (% of KO2 EGFR
control+/- SEM, N=3) of MDA-MB-231 KO2 EGFR cells re-transfected with vector,
wildtype EGFR or different EGFR mutations upon 0, 50, and 100% PAM treatment at
different doses as indicated. The stably transfected cells were seeded in 96-well-plates
at 5,000 cells per well for 24 h and treated with or without 50% or 100% PAM for
12h. Cells were then incubated with the ROS detection kit for 30 min and stained by
Hoechst 33342 and phalloidin. The cell photos were taken by InCell 6500HS and
ROS level was calculated by IN Carta Analysis. b Relative ROS levels (% of KO2
EGFR control +/- SEM, N=3) of MDA-MB-231 cells carrying vector control,
wildtype EGFR or different EGFR mutations, treated with or without 10 ng mL™
EGF, 50% 10PAM or EGF+PAM for 12 h, after which the ROS levels were tested as
in (a). ¢ ATP production rates in MDA-MB-231 KO2 EGFR cells re-transfected with
vector, wildtype EGFR or different EGFR mutations, in response to PAM treatment at
different doses. Cells were seeded in Seahorse plates at 20,000 cells per well for 24 h.
After 3 h starvation in serum-free medium, cells were treated with or without 10%
PAM or 30% PAM for 30min. OCR and ECAR were measured by Seahorse
XF Analyzer following the manufacturer's recommended protocol to determine rates
of glycolysis (glycol) or OXPHOS (mito). d ATP production rates as in (c) above, in
MDA-MB-231 KO2 EGFR cells re-transfected with vector, in response to EGF, 30%

PAM, EGF+30% PAM treatments.
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Figure 8. Schematic representation of the mechanism of activation of EGFR by

—PAM/+EGF, +PAM/+EGF, or +PAM/-EGF, and the respective downstream
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signaling. a Auto-phosphorylation of EGFR kinase activation sites (K721, VV741) that
cause the conformational changes to allow autophosphorylation of other sites. When
EGF binds to the EGFR ligand binding domain, EGFR undergoes structural changes
to form a dimer and the phosphorylation sites are exposed, and activate various
downstream signaling pathways; pTyr845 recruits SRC protein and activate STATS
signaling, pTyrl068 and pTyrl086 recruits GRB2 and phosphorylase STAT3 and
AKT. pTyrl148 recruits SHC and GRB2 activating ERK and ubiquitin. Both pTyr
992 and pTyrl173 trigger PLCy signaling to increase endogenous ROS generation,
which in turn leads to apoptosis. The +PAM/+EGF and +PAM/-EGF treatments
selectively activate specific phosphorylation sites (Tyr992/1173). While
phosphorylation of Tyr845, Tyrl068, Tyrl086 and Tyrl148 is inhibited,
phosphorylation of both Tyr992 and Tyr1173 are enhanced, to trigger PLCy signaling
and increase endogenous ROS generation. This is more evident in cancer cells, which
tend to already have higher ROS levels, however we found that Tyrl1068 and Tyr1086
could still be activated by +PAM/+EGF, +PAM/-EGF in normal cells. b PI1(4,5)P,
mediates three defined signaling events, including (i) EGFR endocytosis and
stimulation of (ii) PLCy/DAG/PKC/RAC/ROS and (iii) PISBK/AKT. EGF-activated
EGFR dimer activates these at the same time. As only PLCy could be activated during
the +PAM/+EGF or +PAM/-EGF treatments, the PI(4,5)P, is mainly converted to
DAG and IP; to recruit PKCs and RAC, generating ROS, due to the effect of
competitive inhibition, rather than PIP;. ¢ As the ubiquitination and endocytosis of

EGFR are inhibited by PAM/EGF+PAM treatment, the
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phospho-Tyr992/Tyr1173/EGFR/ PLCy/ROS pathway could be continually activated,
unlike the EGF-triggered pathway activation, which will be inhibited in 30 min due to
endocytosis and ubiquitination. ROS has also been shown to activate ERK
phosphorylation, and this can have secondary effects on other cellular functions such
as proliferation and migration. The graph created by Biorender.com (access on 10"

June 2021).
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