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ARTICLE OPEN

PrPC controls epithelial-to-mesenchymal transition in EGFR-
mutated NSCLC: implications for TKI resistance and patient
follow-up
Claire Lailler1, Audrey Didelot1,10, Simon Garinet1,10, Hugo Berthou1, Marine Sroussi1,2, Aurélien de Reyniès1, Shoukat Dedhar3,
Séverine Martin-Lannerée1, Elizabeth Fabre4, Françoise Le Pimpec-Barthes5, Alexandre Perrier1, Virginie Poindessous1,
Audrey Mansuet-Lupo6, Fatima Djouadi1, Jean-Marie Launay 7,8, Pierre Laurent-Puig 1,2, Hélène Blons1,9,10✉ and
Sophie Mouillet-Richard 1,10✉

© The Author(s) 2024

Patients with EGFR-mutated non-small cell lung cancer (NSCLC) benefit from treatment with tyrosine kinase inhibitors (TKI)
targeting EGFR. Despite improvements in patient care, especially with the 3rd generation TKI osimertinib, disease relapse is
observed in all patients. Among the various processes involved in TKI resistance, epithelial-to-mesenchymal transition (EMT) is far
from being fully characterized. We hypothesized that the cellular prion protein PrPC could be involved in EMT and EGFR-TKI
resistance in NSCLC. Using 5 independent lung adenocarcinoma datasets, including our own cohort, we document that the
expression of the PRNP gene encoding PrPC is associated with EMT. By manipulating the levels of PrPC in different EGFR-mutated
NSCLC cell lines, we firmly establish that the expression of PrPC is mandatory for cells to maintain or acquire a mesenchymal
phenotype. Mechanistically, we show that PrPC operates through an ILK-RBPJ cascade, which also controls the expression of EGFR.
Our data further demonstrate that PrPC levels are elevated in EGFR-mutated versus wild-type tumours or upon EGFR activation in
vitro. In addition, we provide evidence that PRNP levels increase with TKI resistance and that reducing PRNP expression sensitizes
cells to osimertinib. Finally, we found that plasma PrPC levels are increased in EGFR-mutated NSCLC patients from 2 independent
cohorts and that their longitudinal evolution mirrors that of disease. Altogether, these findings define PrPC as a candidate driver of
EMT-dependent resistance to EGFR-TKI in NSCLC. They further suggest that monitoring plasma PrPC levels may represent a valuable
non-invasive strategy for patient follow-up and warrant considering PrPC-targeted therapies for EGFR-mutated NSCLC patients with
TKI failure.
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INTRODUCTION
Lung cancer remains the deadliest cancer worldwide with 1.8
million deaths in 2020, representing 18% of the overall cancer-
related deaths [1]. Because the majority of cases are detected at
late stages, either non-resectable or metastatic diseases at
diagnosis, the 5-year survival rate for non-small cell lung cancer
(NSCLC), the most common subtype, remains beyond 25% and
drops below 5% for stage 4 disease (https://seer.cancer.gov/
statfacts/html/lungb.html). Advances in the molecular characteriza-
tion of NSCLC tumours have led to the identification of targetable
genomic alterations, among which EGFR mutations are the most
frequently encountered, occurring in 15–25% of cases in Cauca-
sians, and up to 40 to 55% cases in East Asians [2]. Despite the
advent of tyrosine kinase inhibitors (TKI) targeting mutant EGFR,
including the third generation TKI osimertinib, all patients bearing
EGFR mutations eventually develop resistance, typically after 9–12
months of treatment [3, 4]. Resistance mechanisms include
secondary genomic alterations, activation of bypass signalling
pathways, epigenetic changes or histological transformation [3, 4].
Among the latter notably features epithelial-to-mesenchymal
transition (EMT), initially identified on re-biopsy in relapsed EGFR
NSCLC [5, 6], validated in vitro [7], and more recently found as a
hallmark of drug tolerant states in single-cell experiments [8].
Accordingly, several preclinical studies have shown that cells
undergoing EMT acquire resistance to EGFR-TKIs (reviewed in
[9, 10], while others have demonstrated that counteracting EMT
may allow to overcome resistance to anti-EGFR therapies in NSCLC
[7, 11–13]. However, the signals and effectors that orchestrate EMT
in NSCLC remain imperfectly understood [14].
Over the last years, the cellular prion protein PrPC has emerged as

an important contributor to EMT in various types of cancers [15]. For
instance, we documented that the expression of the PrPC-encoding
gene PRNP is specifically enriched in the mesenchymal subtype of
colon cancer and that it controls the expression of the master EMT
transcription factor ZEB1 [16]. Furthermore, several studies have
reported on the pro-migratory and pro-invasive properties of PrPC in
cancer cells [15] for review. In lung cancer, Lin et al. have shown that
PrPC is more abundantly expressed in invasive versus non-invasive
cell lines and enhances lamellipodium formation [17]. However, our
understanding of the interplay between PrPC and EMT in lung
cancer and more globally the contribution of PrPC to hallmarks of
lung cancer cells is far from complete.
Here, our goal was to investigate the role played by PrPC in lung

adenocarcinoma (LUAD). We performed a comprehensive analysis
aimed at identifying transcriptomic and proteomic signatures
linked to PRNP expression and EMT in LUAD. We employed cell-
based assays to assess the contribution of PRNP to the regulation
of the EMT process and study the interplay between PrPC and
EGFR. Finally, we combined in silico analyses, in vitro assays and
plasma measurements of circulating PrPC to evaluate the
contribution of PrPC to TKI resistance in EGFR-mutated LUAD.
Altogether, this work delineates the role of the PrPC as a driver of
mesenchymal transition and associated resistance to EGFR-TKI. It
suggests that PRNP or its related activated pathways could be
potential biomarkers or therapeutic targets to overcome resis-
tance in LUAD.

RESULTS
The cellular prion protein correlates with EMT in NSCLC
As a first step to assess whether the expression of PRNP may be
associated with EMT, we performed Gene set Enrichment Analysis
(GSEA) in different cell and patient datasets of lung adenocarci-
noma (LUAD). These include the LUAD cell lines (n= 45) from the
Cancer Cell Line Encyclopedia (CCLE) [18], LUAD from the Cancer
Genome Atlas (TCGA) (n= 511), LUAD from the Onco-HEGP cohort
(n= 107) [19], the tumours from the proteogenomic study by
Chen et al. (n= 90) [20], and the LUAD tumours of the

proteogenomic study by Lehtiö et al. (n= 90) [21]. Remarkably,
we found that PRNP mRNA expression was consistently associated
with EMT in all five studies (Fig. 1A, B and Supplementary Fig.
S1A). In accordance, the levels of PRNP transcripts were highly
correlated with those of EMT transcription factors (TF), most
notably SNAI2, ZEB1 and ZEB2, across the various datasets (Fig. 1C
and Supplementary Fig. S1B). Likewise, we found very significant
correlations between PrPC and SLUG, encoded by the SNAI2 gene,
ZEB1 or ZEB2 at protein levels using studies by Chen et al. [20] and
Lehtiö et al. [21] (Supplementary Fig. S1C). Furthermore, in all
patient cohorts, PRNP expression was significantly anti-correlated
with the epithelial (EMT_epi) score and positively correlated with
the mesenchymal (EMT_mes) score, and thereby with the patient-
derived pan-cancer EMT (EMT_score) score designed by Mak et al.
[22] (Fig. 1D and Supplementary Fig. S1D) as well as with a
mesenchymal score (mes_score) derived from the study by de
Reyniès et al. [23] (Fig. 1D and Supplementary Fig. S1E). Finally, in
the Onco-HEGP cohort, PRNPmRNA levels were higher in mixed or
mesenchymal tumours, as compared with epithelial tumours
(Supplementary Fig. S1F). They were also higher in the group of
tumours with a low miR-200 signature as compared to those with
a high miR-200 signature (Supplementary Fig. S1G), the former
being associated with a poor outcome [24]. Altogether, these in
silico data provide compelling evidence for a link between PRNP
gene expression and EMT in lung adenocarcinoma.

Loss of PrPC hinders EMT in NSCLC
We next employed cell-based assays to probe a functional
relationship between PrPC and EMT. We deliberately selected
EGFR-mutant LUAD cell lines with the view to study the
relationship between PrPC expression, EMT and resistance to
EGFR-TKIs. H1975, HCC827 and H1650 cell lines display EGFR
genetic alterations detailed in Supplementary Fig. S2A. In the
H1975 cell line that expresses high amounts of PrPC (Supplemen-
tary Fig. S2B,C) and possesses mesenchymal features in its basal
state, siRNA-mediated silencing of PrPC caused a marked
reduction in the expression of the EMT TF SNAI2, TWIST1, ZEB1
and ZEB2 (Fig. 2A), which we confirmed at the protein level for
ZEB1 (Fig. 2B) and SLUG, encoded by the SNAI2 gene (Fig. 2C).
Transcriptomic analyses followed by GSEA further indicated that
PrPC silencing in H1975 cells mitigates their EMT signature (Fig.
2D). Corroborating these overall findings, PrPC-silenced H1975
cells were found to exhibit a more flattened morphology as
compared to control conditions (Fig. 2E). In addition, cell counting
with the CASY TT instrument indicated that the knockdown of
PrPC in H1975 cells was associated swith a decrease in cell number
(Fig. 2F), while cell volume was increased (Fig. 2G), in full
agreement with the switch in cell shape observed in Fig. 2E. We
then performed functional assays through real-time monitoring of
cell migration and invasion using the xCELLigence technology.
SiPRNP-pre-treated H1975 exhibited drastically reduced migratory
and invasive capacities, as shown in Fig. 2H and I, respectively.
Having shown that PrPC expression in the mesenchymal H1975

cell line is required for the maintenance of mesenchymal features,
we next investigated whether PrPC is necessary for cells to acquire
mesenchymal hallmarks in response to growth factors. To this aim,
we first turned to the HCC827 cell line that is a commonly used
model of growth factor-induced EMT – more precisely in response
to TGFβ. Using the dataset from Sun et al. (GSE49644) [25], we first
observed that PRNP and EMT TF were highly induced in HCC827
cells having acquired a mesenchymal state upon long-term
exposure to TGFβ (Supplementary Fig. S3). In our experiment,
following shorter-term exposure to TGFβ (10 ng/ml, 24 h), HCC827
cells were found to upregulate among EMT markers, SNAI1, ZEB1
and ZEB2, VIM and CDH2 (Fig. 2J, K). Of note, when cells were
depleted of PrPC, TGFβ completely failed to induce the expression
of EMT TF (Fig. 2J), and mitigated the upregulation of VIM and
CDH2 (Fig. 2K) PrPC-silenced cells also exhibited higher levels of
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E-cadherin mRNA (CDH1) and protein (Fig. 2K, L). Western blot
analyses further confirmed that the TGFβ-induced increases in
SNAIL, ZEB1, ZEB2, Vimentin and N-cadherin protein levels were
abrogated upon PrPC silencing (Fig. 2L and Supplementary
Fig. S2F). Immunofluorescence staining with antibodies against
Vimentin, E-cadherin and N-cadherin in TGFβ-treated HCC827 cells
that were PrPC-silenced versus control cells corroborated these
findings (Supplementary Fig. S2G).
We may note that transient TGFβ treatment had no impact on

mRNA or protein levels of PrPC (Supplementary Fig. S2H, I),
suggesting that the increase in PRNP mRNA observed in the Sun
study is a late TGFβ-dependent event. This observation also
suggests that an increase in PrPC expression is not mandatory for
HCC827 to switch on EMT features in response to TGFβ but that
the basal expression of PrPC, although much lower as compared to
the very abundant level found in H1975 cells (Supplementary Fig.
S2B, C), endows cells with a permissive TGFβ-responsive state. In
addition, RNAseq followed by GSEA performed on control and

PrPC-depleted HCC827, either untreated or exposed to TGFβ,
revealed an activation of the TGFβ pathway after exposure to
TGFβ in both conditions (Supplementary Fig. S2J). We may thus
consider that PrPC silencing does not directly alters the TGFβ
signalling pathway itself but rather affects a cooperative pathway.
This hypothesis is further supported by the TGFβ-mediated
increase in TGFBI transcripts in PrPC-depleted HCC827 exposed
to TGFβ, albeit to lower levels than in control cells (Supplementary
Fig. S2K). This observation contrasts with the failure of TGFβ
treatment to induce EMT TF in PrPC-silenced HCC827 cells (Fig. 2J).
These findings collectively indicate that PrPC expression is
mandatory for lung cancer cells to maintain (H1975) or undergo
(HCC827) EMT, in line with in silico observations displayed in Fig. 1.

PrPC controls the NOTCH pathway in NSCLC via ILK
The above results demonstrate that the expression of PrPC in
NSCLC cells is required to switch on the expression of EMT TF in
response to TGFβ, and suggest that PrPC sustains the cooperative

Fig. 1 PRNP gene expression correlates with EMT in LUAD. GSEA analysis showing enrichment of the EMT signature in the genes most
correlated to PRNP in cell lines of the CCLE LUAD (A) and in patients from the Onco-HEGP LUAD cohort (B). C Heatmap summarizing the
correlation indexes between the expression of PRNP and that of EMT TF in multiple datasets. D Heatmap summarizing the correlation indexes
between the expression of PRNP and that of the pan-cancer epithelial (EMT-epi), mesenchymal (Epi-mes) and EMT scores from [22] and the
mesenchymal score derived from [23] in multiple datasets.
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crosstalk of the TGFβ pathway with another EMT-promoting
signalling cascade. Based on several observations, we suspected
the action of PrPC to involve the NOTCH pathway. First, we have
previously documented a control of PrPC on NOTCH signalling,
both in cellular models and in mouse embryos [26], and Wang
et al. have reported a similar link in pancreatic cancer cells [27].

Second, the involvement of the NOTCH pathway in the acquisition
and/or maintenance of EMT features in NSCLC is well established
[10]. NOTCH and TGFβ signalling cascades are known to cooperate
to coordinate EMT [28] and, accordingly, we found that silencing
of the ligand JAG1 mitigated the EMT-promoting effect of TGFβ in
HCC827 cells (Supplementary Fig. S4). Third, our RNAseq
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experiments followed by GSEA indicated that the NOTCH pathway
is downregulated upon PRNP silencing in H1975 cells (Fig. 3A).
Fourth, in mixed or mesenchymal tumours from the Onco-HEGP
cohort, we found significantly higher expression of JAG1, the
receptor NOTCH2, as well as the effector RBPJ [29], as compared
with epithelial tumours (Supplementary Fig. S5A–C). Moreover,
expression levels between these three genes and PRNP were
correlated (Supplementary Fig. S5D–F). Similar findings were
obtained with the Chen and Lehtiö datasets (Supplementary Fig.
S5G–R), with correlations exceeding 0.50 between PrPC and
NOTCH2 and RBPJ protein levels in the Chen study (Supplemen-
tary Fig. S5K, L).
As a validation of these observations, we showed that PrPC-

silenced H1975 cells expressed significantly lower NOTCH ligands
JAG1 and JAG2, receptors NOTCH1 and NOTCH2, and effector RBPJ
mRNA levels as compared to control H1975 cells (Fig. 3B). This was
confirmed at protein level for JAG1 (Fig. 3C) and RBPJ (Fig. 3D).
This PrPC-dependent control over NOTCH pathway effectors in
mesenchymal cancer cells seems to be a generic feature. Indeed,
the above observations were recapitulated in PC3 prostate cancer
cells after PrPC depletion, which caused both a reversal of EMT and
a reduction in the expression of Notch pathway effectors
(Supplementary Fig. S6A-I). Furthermore, in HCC827 cells, basal
mRNA and protein levels of JAG1 were reduced in PrPC-silenced
cells (Fig. 3E, F). As already shown by others [30], TGFβ induced
robust increases in JAG1 mRNA and protein levels (Fig. 3E, F), and
most importantly, these upregulations were much milder in PrPC-
depleted cells (Fig. 3E, F). In the study by Sethi et al. [30], the
induction of JAG1 by TGFβ was shown to be relayed by the
canonical SMAD pathway. If the binding of the TGFβ-dependent
SMAD effector to the JAG1 promoter was completely dependent
on PrPC expression, then we would have expected a complete
absence of response of JAG1 to TGFβ in PrPC-depleted, which was
not the case. We may instead hypothesize that PrPC induces a
second signalling cascade that cooperates with TGFβ to upregu-
late JAG1 expression. Among the transcriptional regulators known
to bind the JAG1 promoter features RPBJ itself [31]. As for H1975
lung (Fig. 3D) and PC3 prostate (Supplementary Fig. S6I) cancer
cells, RBPJ mRNA and protein levels were strongly reduced upon
PrPC silencing in HCC827 cells, both at basal levels and after TGFβ
treatment (Fig. 3E, G). Thus, the PrPC-dependent control on RBPJ
expression may possibly account for the subsequent control on
JAG1. This observation now raises the question as to the
mechanisms through which PrPC controls RBPJ. Focusing on
proximal effectors of PrPC, we hypothesized a potential contribu-
tion of the Integrin Linked Kinase ILK since we recently reported
that ILK relays the action of PrPC in mesenchymal colon cancer
cells [32]. In addition, ILK has recently been found in the
interactome of PrPC in two melanoma cell lines [33]. Directly
supporting our hypothesis, we found that PrPC and ILK protein
levels were highly correlated in two lung cancer proteogenomic
datasets (Fig. 3H, I and Supplementary Fig. S5S). We further
observed that ILK protein levels were reduced in PrPC-silenced
HCC827 cells and failed to increase in response to TGFβ (Fig. 3J).
Then, by exposing H1975 cells to QLT0267, a specific ILK inhibitor

[34], we assessed whether ILK may regulate the expression of EMT
TF and NOTCH pathway effectors. QLT0267-treated H1975 cells
exhibited significantly reduced levels of the EMT TF SNAI1, ZEB1
and ZEB2 (Fig. 3K). In addition, QLT0267 exposure promoted a
robust decrease in the expression of most actors of the Notch
pathway, most prominently JAG1 (Fig. 3L). Likewise, in MDST8
colon cancer cells where ILK acts as a key downstream effector of
PrPC [32], we confirmed that QLT0267 treatment was associated
with reduced expression of RBPJ, at both the mRNA and protein
levels (Fig. 3M, N). Of note, RBPJ was reported to directly bind the
promoter of ZEB1 [35] and silencing RBPJ was shown to reduce
both SNAIL and ZEB1 expression [36]. Altogether, our results thus
argue that PrPC mobilizes an ILK-RBPJ axis that further cooperates
with the TGFβ pathway to control the expression of EMT TF as well
as that of JAG1 (Fig. 3O).

Reciprocal functional interactions occur between PrPC and
EGFR signalling in NSCLC
Further exploring our GSEA analyses, we observed that PRNP gene
expression was consistently associated with an enrichment of a
signature associated with EGFR activation (EGFR_UP.V1_UP) across
the cell line panel and all cohorts (Fig. 4A). This may mirror an
EGFR-dependent induction of PrPC expression and/or a PrPC-
dependent activation of EGFR signalling. To shed light on this
issue, we queried the LUAD cell lines of the CCLE and found that
PRNP transcripts were increased in EGFR-mutated cell lines as
compared with EGFR-wild-type (WT) cells (Fig. 4B). This was also
true in the patients of the Onco-HEGP LUAD cohort (Fig. 4B).
Furthermore, mining the proteogenomic studies by Chen et al.
and Lehtiö et al. [20, 21] revealed a very significant increase in the
protein levels of PrPC in patients harbouring EGFR mutations vs
EGFR-WT cases (Fig. 4C). Likewise, Prnp levels are increased in
lungs of mice bearing tumours harbouring the L858R, the T790M
or both mutations, as compared with normal lung tissue
(GSE17373 dataset, [37]) (Fig. 4D). NOTCH2 and ILK expression
were also found to be significantly increased in EGFR mutated vs
WT patients in 2 out of 3 datasets (Supplementary Fig. S7).
Further supporting the notion that PrPC may be induced

upon EGFR activation, we observed an upregulation of PrPC at
the mRNA and protein levels upon exposure of H1650 cells to
EGF (25 ng/ml, 24 h) (Fig. 5A, B), which was shown to also
induce EMT [38]. Next, we probed whether PrPC may
reciprocally control the expression of EGFR. In the 4 cell lines
studied, namely, H1650, HCC827, H1975 and PC3, we found
that PrPC-silencing caused a reduction in EGFR mRNA (Fig. 5C
and Supplementary Fig. S6J). PrPC-silenced H1975 and PC3
cells also exhibited reduced EGFR protein levels (Fig. 5D and
Supplementary Fig. S6K) and PrPC-silenced HCC827 cells were
unable to upregulate EGFR mRNA or protein levels in response
to TGFβ (Fig. 5E, F), as observed with EMT TF. Finally, there was
a drastic reduction in EGFR mRNA levels in H1975 cells exposed
to the ILK inhibitor QLT0267 (Fig. 5G). Hence, we surmise that
the PrPC-ILK-RBPJ axis controls EGFR expression (Fig. 5H), which
aligns well with the NOTCH-dependent regulation of EGFR that
we [26] and others [39] previously documented.

Fig. 2 PrPC is necessary for EMT in LUAD cell lines. A qRT-PCR analysis of the expression of the EMT TF SNAI1, SNAI2, TWIST, ZEB1, ZEB2 in
PRNP-silenced versus control H1975 cells. Western blot analysis of the expression of ZEB1 (B) and SLUG (C) in PRNP-silenced versus control
H1975 cells. D GSEA analysis highlighting the EMT signature as one of the most affected pathway in H1975 cells in response to PRNP silencing.
E Immunofluorescence images showing PrPC and F-actin staining in PRNP-silenced versus control H1975 cells. Analysis with the CASY cell
counter revealing a decrease in proliferation (F) and an increase in cell volume (G) in PRNP-silenced versus control H1975 cells. Cell index
measurements of PRNP-silenced versus control H1975 cells in xCELLigence migration (H) or invasion (I) assay. qRT-PCR analysis of the
expression of the EMT TF SNAI1, SNAI2, ZEB1, ZEB2 (J) and EMT genes VIM, CDH1 and CDH2 (K) in HCC827 cells exposed to siRNA against PRNP
and recombinant TGFβ1. L Western blot analysis of the expression of SNAIL, ZEB1, ZEB2, Vimentin, E-cadherin and N-cadherin in HCC827 cells
exposed to siRNA against PRNP and recombinant TGFβ1. Results are expressed as means ± s.e.m of n= 2 independent triplicates (A–C, J) or
n= 1 triplicate (F–I, L) of cell preparations. *p < 0.05, **p < 0.01 ***p < 0.001 vs. control (siScramble), #p < 0.05, ###p < 0.001 vs. TGFβ1 treated,
siScramble cells, §p < 0.05 vs. TGFβ1 untreated, PRNP-silenced cells. Protein levels in western blots were normalized to α-tubulin (α-tub) with
quantifications summarized in Supplementary Fig. S2F.
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Having highlighted a positive regulatory loop between PrPC and
EGFR, we went on to examine whether PrPC may modulate the
activity of EGFR. We first gained evidence that PrPC co-localized
with EGFR in H1975 cells (Fig. 5I), in agreement with the report by
Atkinson et al. in HT29 colon cancer cells [40]. We next
investigated the impact of PrPC siRNA-mediated silencing on

H1650 cells treated with EGF. Through RNAseq analysis, we found
that the response of H1650 cells to EGF (25 ng/ml, 24 h) was
drastically affected in PRNP-silenced cells, as illustrated in the
heatmap displayed in Fig. 5J. Notably, while H1650 engaged an
EMT programme when exposed to EGF as already reported [38],
we found that PRNP silencing affected EGF-induced mesenchymal
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transition as shown by lower basal levels and a decrease in SNAI2
induction, as compared to control cells (Fig. 5K). PrPC-silenced
H1650 cells also failed to upregulate the expression of ILK and
JAG1 in response to EGF, and RBPJ transcript and protein levels
were decreased in PrPC-silenced versus control H1650 cells at
basal levels (Fig. 5L-N). Altogether, these data suggest that the
induction of PRNP expression (i) is enhanced by EGFR activation,
either constitutive (mutant EGFR) or in response to EGF, (ii)
potentiates the activity of EGFR itself and (iii) contributes to the
onset and/or maintenance of EMT.

PrPC is associated with resistance to EGFR-TKI in NSCLC
While PrPC has been broadly implicated in resistance to anti-
cancer therapies in various cancer types (reviewed in [15]), it
has not been assessed for EGFR-targeted therapies in lung
cancer. This question is all the more relevant since our findings

substantiate that PrPC fosters EMT, an important mechanism of
resistance to anti-EGFR therapies [41]. Mining the study by
Nilsson et al. [13], we first found that PRNP transcript levels
were robustly increased in three erlotinib-resistant HCC827
clones, as compared to parental cells (Fig. 6A). These
observations could be extended to the minimal residual cell
population obtained after combined treatment of HCC827 cells
with osimertinib and trametinib (Fig. 6B) [42]. Likewise, PRNP
mRNA levels were found to be elevated in HCC827 cells
exposed to osimertinib in two different experimental para-
digms, acute exposure or generation of drug tolerant persister
cells (Fig. 6C) [43]. Of note, ILK mRNA levels were also elevated
in all TKI-resistant conditions as compared to controls
(Supplementary Fig. S8). Next, we tested the impact of PrPC

silencing on sensitivity to osimertinib in H1975. Beyond a
reduced cell number observed under basal conditions, in line

Fig. 4 PRNP levels are associated with EGFR activation and are elevated in EGFR-mutated LUAD. A GSEA analyses showing enrichment of
the activated EGFR pathway (EGFR_up.V1_up) signature in the genes most correlated to PRNP in cell lines of the CCLE LUAD and in patients from
the TCGA LUAD, Onco-HEGP LUAD, Chen LUAD or Lehtiö LUAD studies. B Boxplots showing the distribution of PRNP mRNA levels according to
the EGFR mutational status in the CCLE and Onco-HEGP LUAD studies. C Boxplots showing the distribution of the PrPC protein levels according
to the EGFR mutational status in the Chen and Lehtiö LUAD studies. D Boxplot showing the distribution of mouse Prnp mRNA in lung tissue of
several genetically modified mouse models of LUAD bearing the EGFR L858R or T790M mutation or combining the two mutations.

Fig. 3 PrPC controls EMT in LUAD cell lines via an ILK-RBPJ axis. A GSEA analysis showing that the NOTCH signalling pathway is affected in
response to PRNP silencing in H1975 cells. B qRT-PCR analysis of the expression of JAG1, JAG2, NOTCH1, NOTCH2 and RBPJ in PRNP-silenced versus
control H1975 cells. Western blot analysis of the expression of JAGGED1 (C) and RBPJ (D) in PRNP-silenced versus control H1975 cells. qRT-PCR
analysis of the expression of JAG1, JAG2, NOTCH1, NOTCH2 and RBPJ (E) and Western blot analysis of the expression of JAGGED1 (F) and RBPJ (G) in
HCC827 cells exposed to siRNA against PRNP and recombinant TGFβ1. H Venn diagram highlighting ILK as a common protein most correlated with
PrPC levels in the Chen and Lehtiö proteogenomic studies and a PrPC partner in melanoma. Scatter plots illustrating the correlation between ILK
and PrPC levels in the Lehtiö proteogenomic study I. Western blot analysis of the expression of ILK in HCC827 cells exposed to siRNA against PRNP
and recombinant TGFβ1 (J). qRT-PCR analysis of the expression of SNAI1, ZEB1 and ZEB2 EMT TF (K) and JAG1, JAG2, NOTCH1, NOTCH2 and RBPJ (L) in
QLT0267-treated versus control H1975 cells. qRT-PCR (M) and Western blot (N) analysis of the expression of RBPJ in QLT0267-treated versus control
MDST8 cells. O Schematic diagram illustrating the proposed regulation of EMT TF downstream from PrPC. Results from qRT-PCR and western blots
are expressed as means ± s.e.m of n= 2 independent triplicates of cell preparations. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control (siScramble or
vehicle), #p < 0.05, ###p < 0.001 vs. TGFβ1 treated, siScramble cells, §p < 0.05, §§p < 0.01 vs. TGFβ1 untreated, PRNP-silenced cells. Protein levels in
western blots were normalized to α-tubulin (α-tub).
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with Fig. 2E, cell counting demonstrated that PrPC depletion
led to a significantly more potent effect of osimertinib in H1975
cells (Fig. 6D). Finally, we found in the single-cell patient
dataset by Maynard et al. that PRNP levels were enriched in
cancer cells from EGFR-mutant NSCLC patients with progres-
sive disease after EGFR-TKI treatment (Fig. 6E) [44].

Plasma PrPC level is elevated in EGFR-mutant NSCLC patients
and its evolution mirrors that of the disease
We next sought to assess whether monitoring the levels of
circulating PrPC may have potential clinical value, as in colon
cancer [16]. PrPC plasma levels were quantified in 29 patients with
EGFR-mutated NSCLC treated with first line EGFR-TKI in the
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metastatic setting. The overall characteristics of patients is
summarized in Table S3. At diagnosis (T0), plasma PrPC levels
were higher in patients with EGFR mutated NSCLC as compared
with sex- and age-matched healthy controls (Fig. 7A, B). In patients
previously treated with chemotherapy for localized disease, there
was a tendency towards higher levels of PrPC at metastatic relapse
(T0) (Supplementary Fig. S9).
Paired samples were available for 6 PLAPOU patients at T0 and

T1 corresponding to TKI treatment start (first generation) and first
progression event, respectively. Four patients had no change
(#1.3) or increased PrPC levels (#1.1, #1.2 and #1.4) (Fig. 7C) and

progression was clinically observed (Fig. 7D). There was a strong
decrease in PrPC levels between T0 and T1 in patient #1.5, whose
treatment was changed at T1 due to toxicity and a more moderate
decrease in the case of patient #1.6, whose disease was controlled
except at the cerebral level (Fig. 7E, F).
In the Onco-HEGP series, follow-up was available for 9 patients

treated in first line with osimertinib. Five had paired pre-treatment
(T0) and first progression event (T1) samples (Fig. 7G). PrPC levels
were increased in all but one patient that had a confirmed stable
disease. (Fig. 7G, H). The last series was composed of matched first
line pre-treatment (T0), first evaluation (T1) and first progression

Fig. 6 PRNP levels are associated with resistance to EGFR-TKI. Boxplots showing the distribution of PRNP mRNA in (A) erlotinib-resistant
HCC827 clones versus parental cells (B) the minimal residual cell population obtained after combined treatment of HCC827 cells with
osimertinib and trametinib (C) HCC827 cells acutely exposed to osimertinib (left) or HCC827 persister cells after long-term exposure osimertinib
(right). D Quantification of cell numbers in H1975 cells pre-treated or not with PRNP siRNA and exposed to different doses of osimertinib for
72 h, according to the schematic workflow (top). E Differential expression of PRNP is shown in violin plots for single cancer cells collected from a
patient treated with erlotinib (left) or a patient treated with osimertinib (right). TN treatment naive, RD residual disease, PD progressive disease.

Fig. 5 PrPC and EGFR are linked by reciprocal regulation of expression, physical and functional interaction. qRT-PCR (A) and Western blot
(B) analysis of the expression of PRNP / PrPC in EGF-treated versus control H1650 cells. C qRT-PCR analysis of the expression of EGFR mRNA in
H1650, HCC827 and H1975 cells after PRNP silencing as compared to control cells. D Western blot analysis of the expression of EGFR protein
levels in H1975 cells after PRNP silencing as compared to control cells. qRT-PCR (E) and western blot (F) analysis of the expression of EGFR in
HCC827 cells exposed to siRNA against PRNP and recombinant TGFβ1. G qRT-PCR analysis of the expression of EGFRmRNA in QLT0267-treated
versus control H1975 cells. H Schematic diagram illustrating the proposed regulation of EGFR downstream from the PrPC-ILK-RBPJ axis.
I Confocal microscopy images showing the staining of PrPC and EGFR in H1975 cells. White arrows indicate co-localization regions. Scale bar =
20 µm. J Heatmap showing the most differentially expressed genes in H1650 cells exposed to siRNA against PRNP and recombinant EGF. qRT-
PCR analysis of the expression of SNAI2 (K), ILK (L), JAG1 and RBPJ (M) mRNA in H1650 cells exposed to siRNA against PRNP and recombinant
EGF. N Western blot analysis of the expression of RBPJ in H1650 cells exposed to siRNA against PRNP and recombinant EGF. Results from qRT-
PCR and Western blots are expressed as means ± s.e.m of n= 2 independent triplicates of cell preparations. *p < 0.05, **p < 0.01, ***p < 0.001
vs. control (siScramble or vehicle), # p < 0.05, ###p < 0.001 vs. TGFβ1 or EGF treated, siScramble cells, §p < 0.05 vs. EGF untreated, PRNP-silenced
cells. Protein levels in Western blots were normalized to α-tubulin (α-tub).
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event (T2). Quite remarkably, PrPC levels were consistently decreased
at T1 and raised backed at T2 (Fig. 7I, J). Detailed information on
patients #2.1 and #2.6 are available as supplementary information as
examples of disease monitoring (Supplementary Fig. S10A, B). As a
whole, these data argue that monitoring circulating PrPC levels
along disease kinetics may have clinical value to objectify evolution.

DISCUSSION
The cellular and molecular mechanisms sustaining resistance to
TKI in EGFR-mutated LUAD remain imperfectly understood.
Among non-genetic processes features EMT [3], which raises the
question of how EMT is induced. The present work assessed PrPC

as a promoter of EMT in EGFR-mutated LUAD. PrPC, a ubiquitous
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protein intensely studied for its implication in neurodegenerative
diseases [45], is raising interest in the field of cancer, notably for its
pro-migratory and pro-invasive role, as well as its contribution to
chemo- and radio-resistance [15].
Our conclusion that PrPC fosters EMT is supported by a corpus

of computational and experimental data. By leveraging the CCLE
cell panel and four different patient datasets, including our own
Onco-HEGP cohort, we systematically found prominent correla-
tions between PRNP levels and EMT. In cell-based assays, we
demonstrated that PrPC is necessary for the acquisition (upon
exposure to TGFβ or EGF) or the maintenance of mesenchymal
traits. From a mechanistic point of view, our data suggest that,
rather than exerting its action through the regulation of soluble
TGFβ levels, as we showed in the context of colon cancer [16],
PrPC primes NSCLC cancer cells for TGFβ responsiveness. By
controlling an ILK-RBPJ axis, PrPC appears to put cells in a
permissive state, where they respond to TGFβ by the expression of
EMT TF such as ZEB1. Our results are fully consistent with (i) our
previous demonstration that ILK is a proximal effector of PrPC [32],
(ii) the finding that ILK features among the PrPC-interacting
partners in melanoma, (iii) the very high correlation between PrPC

and ILK levels in LUAD, as in colon cancer (our unpublished
observations) and (iv) fits in with the reported poor prognosis
associated with high ILK levels in EGFR-mutated NSCLC [46].
Regarding RBPJ, our data recall the control exerted by PrPC on the
Notch pathway in the context of neuronal development [26] or in
pancreatic cancer cells [27]. The robustness of our findings is
sustained by the converging observations gained with NSCLC cell
lines and the PC3 prostate cancer cell line. Because ZEB1 has been
reported to positively regulate the expression of NOTCH1 [47] and
JAG1 [48] through the suppression of miR-200, we may assume
that PrPC, ZEB1 and the NOTCH pathway are intricately linked
within a gene regulatory network that instigates EMT. This model
also aligns well with the higher expression of PRNPmRNA found in
Onco-HEGP patients with a low miR-200 signature (Supplementary
Fig. S1G).
A second major finding of our study is the reciprocal regulation

of PrPC and EGFR. Indeed, we first gained evidence that PrPC is a
transcriptional target of EGFR signalling, which is notably reflected
by the increased levels of PRNP mRNA in EGFR-mutated LUAD.
This observation provides some answer as to how PrPC is induced
in LUAD, although other possible mechanisms may also operate.
These may include positive feedback regulatory loops, as we
described for TGFβ [16], ILK [32], NOTCH [26] and more recently
Wnt and glucorticoid signalling [49].
We may thus envision that once induced, the expression of PrPC

is self-entertained by its own downstream effectors. This hypoth-
esis would for instance accommodate the observation that PRNP
transcripts are induced upon long-term (Supplementary Fig. S3)
but not short-term (Supplementary Fig. S2F,G) TGFβ exposure. Our
data further highlight a PrPC-dependent regulation of EGFR
expression and signalling, recalling that previously described in
neuroblastoma cells [50] and neural and dental pulp stem cells [26,
51, 52]. Because PrPC and EGFR co-localize in LUAD cells (Fig. 5I), as
well as in other cancerous and non-cancerous cells [40, 50], we
speculate that PrPC modulates the dynamics of EGFR signalling, as

already suggested over a decade ago in the study by Solis et al.
[53]. Further experiments should help further delineate the
intricate interplay between PrPC and EGFR.
Finally, our data firmly establish a link between PrPC expression

and resistance to EGFR-TKI. This conclusion is based upon (i) the
increase in PRNP mRNAs in various in vitro models of EGFR-TKI
resistance (Fig. 6A-C), (ii) the reduced cell viability of H1975 cells
exposed to osimertinib when PrPC is silenced (Fig. 6D), (iii) the
increased PRNP levels in cancer cells of EGFR-mutated LUAD
patients having acquired drug resistance (progression) as com-
pared to their corresponding stable (residual) disease state
(Fig. 6E). Most importantly, our results provide the proof of
principle that the longitudinal quantification of circulating PrPC

may have clinical value for the follow-up of EGFR-mutated LUAD
patients under TKI treatment. In line with our data obtained in
patients with metastatic colon cancer [16], we found higher levels
of plasma PrPC in two independent cohorts of EGFR-mutated
LUAD patients. Of note, the availability of serial samples for several
patients of each cohort allowed us to highlight increases in plasma
PrPC that precede clinical or biological evidence for disease
progression. Thus, although our data cannot discriminate whether
circulating PrPC originates from tumour cells themselves or other
cell types, they support the notion that an elevation of its level
reflects a worsening of the disease.
As a conclusion, our work introduces PrPC as a missing link

between EMT and EGFR-TKI resistance in LUAD and suggest that
monitoring plasma PrPC levels may represent a valuable non-
invasive strategy for patient follow-up. Given our previous proof of
concept of a beneficial effect of PrPC neutralization in cancer cells
[54], this study also argues that PrPC may represent a valuable
target for the development of new therapeutic strategies for the
management of EGFR-mutated LUAD patients.

MATERIALS AND METHODS
Reagents
References and sources of primary antibodies used for western blots are
available in Table S1. QLT0267 was provided by Dr. Shoukat Dedhar. The
appropriate QLT concentration was determined through dose-response
analyses in previous studies [32]. Human recombinant TGFβ1 was
purchased from R&D systems (Minneapolis, MN, USA) (reference 240-B)
and reconstituted following supplier instructions with HCl 4 mM, BSA at a
concentration of 1 mg/ml. HCC827 cells were exposed 24 h to TGFβ or
control (HCl, BSA) at a final concentration of 10 ng/ml. Human recombinant
EGF was purchased from R&D systems (reference 236-EG-200) and
reconstituted following supplier instructions with PBS. H1650 cells were
exposed 24 h to EGF or control (PBS) at a final concentration of 25 ng/ml.
Osimertinib (AZD-9291/mereletinib, 5 mg) was purchased from Med-

ChemExpress (Princeton, NJ, USA) and diluted in dimethylsulfoxide (DMSO).

Cell culture
The human non-small cell lung carcinomas cell lines H1650, HCC827 and
H1975 were purchased from the American Type Culture Collection. These
cell lines were grown in RPMI-1640. The human colorectal cancer MDST8
and the human prostate PC3 cell lines were purchased from Sigma. MDST8
cells were grown in DMEM and PC3 cells were grown in RPMI-1640
medium. All culture media were supplemented with 10% (v/v) fetal bovine

Fig. 7 Plasma PrPC levels are elevated in EGFR-mutant NSCLC patients and evolve according to disease history. A Boxplot showing the
mean levels of circulating PrPC in the plasma of healthy subjects or patients with EGFR-mutated NSCLC at the time of pre-treatment with first
line EGFR-TKI in the metastatic disease. B Summary of plasmatic PrPC values according to demographic information in healthy subjects or
patients. C Evolution of plasma PrPC levels in paired samples from EGFR-TKI treated patients from cohort 1 between pre-treatment (T0) and
evaluation (T1) with T1 corresponding to progression. D Table summarizing clinical data of patients from (C) at T0 and T1. E Evolution of
plasma PrPC levels in paired samples from EGFR-TKI treated patients from cohort 1 between pre-treatment (T0) and evaluation (T1) with T1
corresponding to a clinical event other than progression. F Table summarizing clinical data of patients from (E) at T0 and T1. G Evolution of
plasma PrPC levels in paired samples from EGFR-TKI patients from cohort 2 between pre-treatment (T0) and evaluation (T1). H Table
summarizing clinical data of patients from (G) at T0 and T1. I Kinetics of evolution of plasma PrPC levels in samples from EGFR-TKI patients
from cohort 2 according to disease history. J Table summarizing clinical data of patients from (I) at T0, T1 and T2.
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serum (FBS) (Gibco, France) and 1% (v/v) penicillin-streptomycin (Gibco,
France). All cell lines were grown at 37 °C and 5% CO2 in a humidified
incubator and regularly tested for mycoplasma contamination. The
mutational status of cell lines was validated by NGS (AmpliSeq custom
panel WG_IAD196383V2, that covers 119 amplicons in 23 cancer genes,
Life Technologies-Thermo Fisher Scientific). For transient siRNA-mediated
silencing, cells were transfected with siRNA sequences (50 nM) using the
Lipofectamine 2000 reagent according to the manufacturer’s instructions
(Invitrogen). Specific siRNA sequences used were 5′-CAGUACAGCAACCA-
GAACA-3′ (sense siPRNP) 5′-AACGAUGACACGAACACAC-3′ (sense scram-
ble). Cellular mRNAs or protein extract were collected 72 h after PrPC

silencing. siRNA against JAG1 were from Thermo Fischer Scientific
(Silencer® select Assay ID 146914).

Preparation of protein extracts and western blot analyses
Cells were washed in PBS and incubated for 30min at 4 °C in NaDOC lysis
buffer [50mM Tris·HCl (pH 7.4)/150mM NaCl/5mM EDTA/0.5% Triton X-
100/0.5% sodium deoxycholate] and a mixture of phosphatase (Thermo
Fischer Scientific, Waltham, MA, USA) and protease (Roche, Mannheim,
Germany) inhibitors. Extracts were centrifuged at 14,000 × g for 15 min.
Protein concentrations in the supernatant were measured by using the
bicinchonic acid method (Pierce, Rockford, IL, USA). Protein extracts (15 µg)
were resolved by 4–12% SDS-PAGE (Invitrogen) and transferred to
nitrocellulose membranes (iBlot, Invitrogen). Membranes were blocked
with SEA BLOCK blocking buffer (Thermo Fischer Scientific) for 1 h at room
temperature and then incubated 1 h at room temperature with primary
antibody. Bound antibody was revealed by infrared detection using a
secondary antibody coupled to IRDye fluorophores (Li-Cor biosciences,
Lincoln, NE, USA). Western blot read out was performed with the Odyssey
Infrared Imaging System (Li-Cor Bsiosciences).

Isolation of total RNA and RT-PCR analysis
RNA was isolated by using the RNeasy extraction kit (Qiagen, Limburg,
Netherlands), as recommended by the manufacturer’s instructions. For
reverse transcriptase-polymerase chain reaction (RT-PCR) analysis, first-
strand cDNA was synthesized with oligo(dT) primer and random 6mers,
using the SensiFAST cDNA Synthesis Kit (Meridian, Memphis, TN, USA)
according to the manufacturer’s protocol. Real-time PCR was performed
using ABsolute QPCR SYBR Green ROX Mix (Thermo-Scientific, Waltham,
MA, USA) on QuantStudio 12 K Flex (Applied Biosystems, Life Technologies
Corporation, Carlsbad, CA, USA). Real-time PCR analyses were performed
with the SDS software 2.3 (Applied biosystems). Primer sequences are
available in Table S2. Results are expressed as a relative quantification of a
target gene transcript normalized to the RPL13A housekeeping gene using
the ΔΔCt method.

Immunofluorescence and confocal microscopy
H1975 cells were cultured on glass coverslips, fixed with 4% paraformal-
dehyde in PBS, and blocked with PBS containing 1% BSA and 20mM
glycine. The cells were also permeabilized with 0.1% Triton in PBS
containing 20mM glycine for 15min. The primary antibodies anti-PrPC

(12F10, Bertin Pharma, Montigny Le Bretonneux, France) and anti-EGFR
(#4267, Cell Signaling, Danvers, MA, USA), were used at 1/20 and 1/50
respectively in PBS with 1% BSA and 0.1% Tween for 1 h. Alexa Fluor 488
and 555 secondary antibodies were incubated for 1 h alongside TRITC-
phalloidin for F-actin labelling. Nuclei were stained with DAPI. Images were
recorded using a Zeiss Axio Observer Z1 for immunofluorescence and with
a Zeiss LSM 710 for confocal microscopy. Images were processed with FIJI
software.

Cell sensitivity to osimertinib
Twenty four hours after plating, H1975 cells were serum starved (1% FBS)
and submitted to PRNP silencing after another 24 h. 24 h after siRNA
transfection, cells were exposed to different concentrations of osimertinib
or control (DMSO) for 72 h. Cell number, diameter and volume were
determined using the CASY TT cell counter (Schärfe System GmbH,
Reutlingen, Germany).

Real-time cell migration and invasion
Migration and invasion assays were performed using CIM-Plate 16 (Agilent,
Santa Clara, CA, USA) and monitored on the xCELLigence Real-Time Cell
Analyzer (RTCA) Dual Purpose instrument (Agilent) according to the

manufacturer’s instructions. H1975 cells were seeded at a density of 20,000
cells/well in 3% FBS in the upper chamber and forced to move towards the
lower chamber containing 10% FBS. For invasion, the upper chamber was
pre-coated with 30 µl of Cultrex (1:15 in medium, Biotechne, Minneapolis,
MN, USA). The impedance was recorded every 15min for up to 48 h. The
experiments were performed in triplicate.

3′RNA‑seq
PolyA-RNAseq libraries were prepared using the Quant-Seq 3′mRNA-Seq
Kit FWD for Illumina (Lexogen™) according to the manufacturer’s
instructions. Libraries were sequenced on a NovaSeq6000. Fastq RNAseq
files were analysed using a standard bioinformatical pipeline, with
adaptations related to polyA sequencing. Briefly, reads were mapped by
STAR (v2.7.9a) [55]. All genes with a HGNC symbol were kept. Analyses
were carried using the DESeq2 package version 1.38.3 with R studio 4.2.2.

Gene expression analyses
The following datasets were retrieved from public sources, exclusively on
cells and patients with lung adenocarcinoma (LUAD): Cancer Cell Line
Encyclopaedia (CCLE,) (n= 45) [18], TCGA (n= 511) [56], Onco-HEGP
cohort (n= 107) [19], the patients from the proteogenomic studies by
Chen et al. (n= 90) [20] and Lehtiö et al. (n= 90) [21]. Other datasets
include GSE49644 [25], GSE121634 [13], GSE131594 [42], GSE193258 [43],
GSE17373 [37] and PRJNA591860 [44]. GSEA (Gene Set Enrichment
Analysis) was performed using the Broad Institute platform (http://
www.broadinstitute.org/gsea/index.jsp; Version 2.0.14).

Collection of blood samples and analysis of plasma PrPC

Analyses were carried on a collection of plasmas from a set of 29 patients
with EGFR-mutated metastatic NSCLC treated by EGFR-TKI as first line
treatment. All methods were performed in accordance with the relevant
guidelines and regulations. Seventeen patients were from the cohort
“PLAPOU”, and twelve patients from Onco-HEGP. PLAPOU patients were
prospectively included between June 2013 and November 2015 at the
Hôpital Européen Georges Pompidou (HEGP) and have been previously
described [57]. Blood sample collection was approved by the Ethics
Committee for the Protection of Persons Ile-de France II (CPP Ile-de-France
II n°2013-06-21 SC), and informed written consent had been obtained from
patients. The second group of patients has been selected in a retrospective
cohort of healthcare plasmas from Onco-HEGP. Patients have given their
consent and collection of material was approved by the Ethics Committee
for the Protection of Persons Ile-de France II (CPP Ile-de-France II n°2013-
A01283-42), and informed written consent had been obtained from
patients. The biological samples have been provided by the Biological
Resources Center and Tumor Bank Platform (BB-0033-00063). Blood
samples from 71 age-matched healthy individuals without any indication
of malignancy were collected as a control group [16]. The overall
characteristics of patients are summarized in Table S3. All plasma samples
were frozen at −70 °C until analysis. The levels of PrPC were quantified in
plasmas by DELFIA as in [16]. Experiments were all carried out under
blinded conditions. ctDNA analyses in patients from Onco-HEGP cohort
were carried out as in [57].

Statistical analyses
All statistical analyses were performed in R studio (version 4.2.2) using the
stat_compare_means function from the ggpubr package. The results from
experimental data in cell lines are reported as the means ± standard errors
of the means (s.e.m.) with graphs generated using GraphPad PRISM version
9.4.1. Analyses involving two groups were carried out using the Shapiro
test followed by Student’s t-test or Mann-Whitney rank-sum test according
to normality. Results from analysis in public datasets or patient cohorts are
expressed as median and interquartile range with graphs generated with
ggplot2 in R studio. Statistical analysis was performed using the Mann-
Whitney rank-sum test for two groups or one-way ANOVA followed by
Wilcoxon rank-sum tests with Holm’s correction for multiple comparisons
for >2 groups.

DATA AVAILABILITY
Data supporting the observations of this study, including the methodology, are
available upon reasonable request from the corresponding authors.
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