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A B S T R A C T

The tumor suppressor fragile histidine triad (FHIT) is frequently lost in non-small cell lung cancer (NSCLC). We
previously showed that a down-regulation of FHIT causes an up-regulation of the activity of HER2 associated to
an epithelial-mesenchymal transition (EMT) and that lung tumor cells harboring a FHITlow/pHER2high phenotype
are sensitive to anti-HER2 drugs. Here, we sought to decipher the FHIT-regulated HER2 signaling pathway in
NSCLC. Transcriptomic analysis of tumor cells isolated from NSCLC revealed the endocytic receptor low density
lipoprotein receptor-related protein 1 (LRP1), a central regulator of membrane trafficking and cell signaling, as a
potential player of this signaling. In a cohort of 80 NSCLC assessed by immunohistochemistry, we found a sig-
nificant association between a low FHIT expression and a high pHER2 and LRP1 expression by tumor cells.
Experiments of FHIT silencing showed that FHIT regulated LRP1 expression both at the mRNA and protein levels
in lung cell lines. Analyzing the relationship between LRP1 and HER2, we observed that an anti-HER2 targeted
therapy reversed LRP1 overexpression induced by FHIT silencing whereas LRP1 silencing did not affect HER2
activity. Studying the functional role of LRP1, we showed that cell proliferation and invasion induced by FHIT
silencing were LRP1-dependent. In addition, we found that the induction of vimentin upon FHIT inactivation was
counteracted by LRP1 silencing. These results suggest that LRP1 acts downstream of HER2 to induce EMT and
tumor progression following FHIT loss. Dual targeting of HER2 and LRP1 might represent a therapeutic strategy
to more efficiently inhibit HER2 signaling in FHIT-negative NSCLC.

1. Introduction

Despite a significant improvement of patient outcome thanks to
targeted therapy and immunotherapy development in the last two de-
cades, lung cancer, mainly consisting in the non-small cell lung cancer
(NSCLC) type, remains a leading cause of cancer-related death world-
wide (Sung et al., 2021; Thai et al., 2021). A better knowledge of lung
tumor cell biology to find new therapeutic perspectives is therefore a

major concern.
Fragile histidine triad (FHIT) is a diadenosine triphosphate (AP3A)

hydrolase belonging to the histidine triad (HIT) family (Ohta et al.,
1996). FHIT loss is a common event in many cancers including NSCLC
(Pekarsky et al., 2002; Sozzi et al., 1996). FHIT is considered as a tumor
suppressor notably through its ability to promote genome stability,
inhibit cell proliferation and induce apoptosis (Niu et al., 2023; Pekarsky
et al., 2002; Roz et al., 2002; Saldivar et al., 2012). Furthermore, we and
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others have also reported that FHIT prevents tumor invasion and
metastasis by negatively regulating epithelial-mesenchymal transition
(EMT), a phenotypic conversion characterized by a progressive decrease
of epithelial characteristics and a gain of mesenchymal traits in tumor
cells enhancing their aggressiveness (Joannes et al., 2014, 2010; Niu
et al., 2023; Suh et al., 2014). More recently, we showed that FHIT
regulates the activity of HER2 in lung tumor cells. Indeed, FHIT loss
induces an increase of phospho-HER2 (pHER2) level, a sign of HER2
hyperactivation (Da Silva et al., 2020). As a consequence, tumor cells
harboring a FHITlow/pHER2high phenotype are sensitive to an anti-HER2
therapy. Anti-HER2 drugs restore a more epithelial phenotype, in
particular by decreasing the expression of the mesenchymal marker
vimentin, and counteract cell invasiveness and growth of FHIT-silenced
lung tumor cells (Da Silva et al., 2020). Thus, besides the three
well-known molecular alterations of HER2, namely gene mutation, gene
amplification and protein overexpression, we described a new type of
NSCLC HER2 alteration that is phenotypic and potentially druggable
(Loeffler et al., 2023). However, the molecular actors of this
FHIT-dependent HER2 signaling pathway remain unknown.

Low-density lipoprotein receptor-related protein 1 (LRP1) is a high
molecular weight transmembrane receptor belonging to the low-density
lipoprotein receptor (LDLR) family (Herz et al., 1988). As a multifunc-
tional endocytic receptor, LRP1 is distinguished by its ability to bind
over fifty different ligands and is known to modulate many cellular
processes including lipid homeostasis, cell apoptosis, differentiation,
growth and migration (Sizova et al., 2023; Strickland et al., 1990). As
LRP1 orchestrates the interplay of membrane trafficking and cell
signaling (Van Gool et al., 2015), it emerges as a promising candidate
participating in the FHIT-HER2 signaling axis.

Here, we sought to decipher the HER2 signaling pathway upon FHIT
loss in lung tumor cells by investigating the functional involvement of
LRP1. For that purpose, we analyzed the expression of FHIT, pHER2 and
LRP1 in NSCLC samples and used in vitro strategies of FHIT and LRP1
silencing as well as HER2 inhibition.

2. Materials and methods

2.1. Study approval

Human study was conducted in accordance with the ethical guide-
line of the Declaration of Helsinki. Human tumors were obtained from
the Tumor Bank of the Reims University Hospital Biological Resource
Collection No. AC-2019–340 declared at the Ministry of Health ac-
cording to the French Law, for use of tissue samples for research. Sur-
gically resected tumors were collected after obtaining informed consent
from patients with NSCLC. Access to patient data for this non-
interventional study was approved by the French national commission
CNIL (Comité National de l’Informatique et des Libertés) (No.2049775 v
0).

2.2. Human tumor samples

The paraffin-embedded tumor pieces for immunohistochemistry
were obtained from a cohort of 80 patients with NSCLC including 48
adenocarcinomas and 32 squamous cell carcinomas (Supplementary
Table S1).

2.3. Cell lines

Human lung cell lines HBE4-E6/E7, A549, BZR, Calu-1, NCI-H441,
NCI-H1838, NCI-H2228 and SK-LU-1 were obtained from the American
Type Culture Collection (Rockville, MD, USA), HCC78 from the German
Collection of Microorganisms and Cell Cultures DSMZ (Braunschweig,
Germany). All culture media and reagents were from Gibco (Invitrogen,
Carlsbad, CA, USA). Cells used for experiments were tested for absence
of Mycoplasma by MycoGenie Rapid Mycoplasma Detection Kit (Dublin,

Ireland) and passaged for fewer than four months after resuscitation.
A549 and BZR were cultured in DMEM containing 10% fetal calf serum
(FCS), NCI-H441, NCI-H1838, NCI-H2228 and HCC78 in RPMI con-
taining 10% FCS, Calu-1 and SK-LU-1 in MEM containing 10% FCS and
supplemented with 1x MEM non-essential amino acids and 1mM so-
dium pyruvate, and HBE4-E6/E7 in Keratinocyte-SFM supplemented
with 0.2 ng/ml EGF and 25 µg/ml bovine pituitary extract. A549 KO
FHIT and their control were obtained by CRISPR/Cas9 technology as
previously described and cultured like parental A549 cells (Da Silva
et al., 2020).

2.4. Anti-HER2 drugs

The HER2 tyrosine kinase inhibitor (TKI) tucatinib (HY-16069) and
the humanized monoclonal antibody anti-HER2 trastuzumab (HY-
P9907) were purchased from MedChemtronica (Sollentuna, Sweden). A
24h-treatment of cells with both drugs was performed as previously
described (Da Silva et al., 2020).

2.5. Antibodies

Antibodies used for immunohistochemistry (IHC), proximity ligation
assay (PLA), immunofluorescence (IF), western blotting (WB) and
immunoprecipitation (IP) were as follows: rabbit polyclonal antibodies
to FHIT (WB: 1:500; ab170888, Abcam, Cambridge, UK), total HER2
(WB after IP: 1:500; PLA:1:100; cat n◦ 06–562, Millipore, Merck KGaA,
Darmstadt, Germany), phospho-HER2 (pHER2) (Tyr1248) (IHC: 1:400
and WB: 1:1000; cat n◦ 06–229, Millipore) and LRP1 β chain (WB:
1:10000; ab92544, Abcam); rabbit monoclonal antibody to FHIT (IHC:
1:3000; cat n◦ 14434-R104, Sino Biological, Beijing, China) and total
EGFR (WB: 1:10000; clone E235, cat n◦ 04–338, Millipore); goat poly-
clonal antibody to TGFβRII (WB: 1:100; AF-241-NA, R&D systems, Bio-
Techne, Mineapolis, MN); mouse monoclonal antibodies to total HER2
(WB: 1:500; NCL-L-CB11, Leica Biosystems, Newcastle, UK and IP: 2 µg /
500 µg protein extract; Ab5 clone TA-1, cat n◦ MABE320, Millipore),
LRP1 α chain (IHC: 1:150; PLA: 1:1000; IP: 2 µg / 500 µg protein extract;
clone 8G1, cat n◦ 438190, Millipore), vimentin (IF: 1:200; WB: 1:10000,
clone V9, Dako, Glostrup, Denmark) and GAPDH (WB: 1:75000; clone
6C5, Chemicon, Millipore, Billerica, MA, USA).

2.6. Immunohistochemistry

Immunohistochemistry for FHIT, pHER2 and LRP1 was done on se-
rial paraffin tissue sections. After antigen retrieval in Target Retrieval
Solution, pH9 (Dako) and endogenous peroxidase inhibition in Bloxall
Blocking Solution (Vector laboratories, Burlingame, CA), subsequent
steps were performed with the ImmPress HRP Reagent kit peroxidase
anti-Rabbit IgG or anti-Mouse IgG (Vector laboratories), and HRP ac-
tivity was revealed with Immpact NovaRed peroxidase substrate kit
(Vector laboratories). The extent of staining was graded on a scale of
0 − 4 (0, no staining; 1, ≤ 10%; 2, 11 − 25%; 3, 26 − 50% and 4,> 50%
of positive tumor cells) and the staining intensity was graded on a scale
of 0 − 3 (0, no staining; 1, low; 2, medium; 3, high). The extent score was
multiplied by the intensity score to obtain the immunostaining score
(0 − 12). A cut-off at the median score was used to discriminate between
low and high expression of each protein.

2.7. Transfection of FHIT and LRP1 small interfering RNA

Cells were transfected with amix of three siRNA duplexes (20 nM) by
calcium phosphate-precipitation method. The sequences were as follow:
FHIT si1 5’-CAUCUCAUCAAGCCCUCUG-3’, FHIT si2 5’-GGAAGG-
CUGGAGACUUUCA-3’ and FHIT si3 5’-GGAGGACUUUCCUGCCUCU-
3’; LRP1 si1 5’-GCUCGUCGACAGCAAGAUU-3’, LRP1 si2 5’-GACGAG-
GAACCGUUUCUGA-3’ and LRP1 si3 5’-GCCCUUCCGUUGCAAGAAU-3’
(Eurogentec, Seraing, Belgium). Three corresponding scrambled
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duplexes which do not recognize any sequence in the human genome
were used as controls.

2.8. Western blotting

Protein extracts were obtained by cell lysis in RIPA buffer containing
proteases and phosphatases inhibitors. Western blot analyses were done
with Mini-Protean TGX 4–20% precast gels (Bio-Rad Laboratories,
Hercules, CA) and the Trans-Blot Turbo Transfer system (Bio-Rad).
Detection steps were performed with HRP-conjugated secondary anti-
mouse or anti-rabbit antibody (Dako, Glostrup, Denmark) and Amer-
sham ECL Prime kit (GE Healthcare, Little Chalfont, Buckinghamshire,
UK). Chemiluminescent signals were acquired with the LAS-4000
imager (Fujifilm, Minato-Ku, Tokyo, Japan).

2.9. RT-qPCR

Total RNA was isolated using the High Pure RNA isolation kit (Roche
Diagnostics GmbH, Mannheim, Germany). Total RNA was reverse-
transcribed into cDNA with the Transcriptor First Strand cDNA Syn-
thesis kit (Roche Diagnostics). qPCR reactions were performed using the
“Fast Start Universal Probe Master” kit and the UPL-probe system as
recommended by the manufacturer (Roche Diagnostics), in a Light-
Cycler 480 Instrument (Roche Diagnostics). Forward and reverse
primers (Eurogentec) for LRP1 and GAPDH were as follow: LRP1 for-
ward 5’-TCAACAACGGTGACTGCTCC-3’ and LRP1 reverse 5’-GGA-
GAAAGGAACCTACGCCC-3’; GAPDH forward 5’-ACCAGGTGGTC
TCCTCTGAC-3’ and GAPDH reverse 5’- TGCTGTAGCCAAATTCGTTG-
3’.

2.10. Proximity ligation assay

Cells cultured on glass coverslips were fixed with 4% para-
formaldehyde, permeabilized with 0.1 % Triton X-100 before analysis of
HER2/LRP1 interaction with the Duolink In Situ Red Starter Kit Mouse/
Rabbit according to the manufacturer’s instructions (Sigma-Aldrich, St
Louis, MO). Negative controls were obtained by omitting one or both
primary antibodies. PLA signals were quantified using ImageJ software
(http://imageJ.nih.gov/ij/index.html).

2.11. Immunoprecipitation

Protein extracts were obtained by cell lysis in RIPA buffer containing
proteases and phosphatases inhibitors. Five-hundred µg of total proteins
were incubated with 2 µg of HER2 or LRP1 antibody. Nonimmune IgGs
were used for negative controls. Immunoprecipitation was performed
with protein G Sepharose Fast Flow (Sigma, St Louis, MO). After solu-
bilization under reducing conditions protein complexes were subjected
to Western blotting.

2.12. MTT assay

Cells were seeded in 12-well plates at a concentration of 30,000 cells
per well. The number of viable cells was evaluated by MTT assay 48 h
after plating. Briefly, cells were incubated with 1mg/ml MTT reagent
(Sigma-Aldrich, Saint Louis, MO) during 2 h. Cells were then lysed with
propan-2-ol and absorbance of each well was measured at 560 nm using
a microplate reader. Experiments were performed with three replicates
for each group.

2.13. Invasion assay

The in vitro invasive properties of cells were assessed using a modi-
fied Boyden chamber assay. An aliquot of 105 cells in serum-free me-
dium was placed in the upper compartment of the invasion chamber (BD
BioCoat Matrigel Invasion Chamber, BD Biosciences, Bedford, MA,

USA). The lower compartment was filled with medium containing 10%
FCS. The chambers were incubated for 17–24 h at 37 ◦C. The filters were
then fixed in methanol and stained with hematoxylin. Quantification of
the invasion assay was performed by counting the number of cells at the
lower surface of the filters (23 fields at 400-fold magnification).

2.14. Cell circularity analysis

Cellular circularity was measured with ImageJ software (http://i
magej.nih.gov/ij/index.html) according to the following formula:
circularity = 4π(area/perimeter2).

2.15. Immunofluorescence

Cells cultured on glass coverslips were fixed with methanol before
blocking in a 3% BSA solution and incubation with vimentin primary
antibody followed by Alexa Fluor 594-coupled secondary anti-mouse
antibody (Invitrogen, Eugene, OR). Nuclei were counterstained with
DAPI. Mean fluorescence intensity per cell was quantified with ImageJ
software (http://imagej.nih.gov/ij/index.html).

2.16. RNA databases analysis

Gene expression data for 106 NSCLC cell lines including 79 adeno-
carcinoma and 27 squamous cell carcinoma cell lines belonging to the
Cancer Cell line Encyclopedia (Ghandi et al., 2019) and for 169 lung
adenocarcinoma samples of the LUAD OncoSG dataset (Chen et al.,
2020) were acquired through cBioPortal (https://portal.gdc.cancer.
gov/) (Cerami et al., 2012; de Bruijn et al., 2023; Gao et al., 2013).
The mRNA expression profiles were extracted and processed in the log
RNA Seq V2 RSEM format. FHIT and LRP1 statuses were considered as
low or high, with expression level below or above the median,
respectively.

Aiming to create an EMT signature, we combined three existing EMT
signatures and compared mesenchymal with epithelial NSCLC cell lines
(Byers et al., 2013; Chae et al., 2018; Mak et al., 2016). Sixty-two genes
showed significant differences between these groups. We then used
these genes to calculate a log2 unweighted EMT score for each group
based on mRNA expression counts, reflecting the balance between
mesenchymal and epithelial genes (Supplementary Figure S1 and sup-
plementary Table S2). It should be noted that 2 genes, namely LIX1L and
EPPK1, belonging respectively to the mesenchymal and epithelial clus-
ters, were not exploitable in the LUAD-OncoSG database. Consequently,
the EMT score was reduced to 60 genes for this database. For each
cohort, we defined epithelial, intermediate epithelial/mesenchymal and
mesenchymal samples based on tertiles.

2.17. Statistics

Two-tailed Spearman and Pearson tests were used to analyze the
correlation between two measured variables. Two-sided Fisher’s exact
test or Chi-square test were used to analyze the association between two
or more categorical variables. In vitro data expressed as fold induction
were analyzed with a two-tailed one-sample Student’s t-test. Other data
were analyzed with a two-tailed Mann Whitney test or a Kruskal-Wallis
test with Dunn’s post-hoc test. P< 0.05 was considered significant. All
analyses were performed using Prism version 9.0 software (GraphPad
Software, La Jolla, CA) and XLSTAT version 2022.4.1 software
(Addinsoft company, Paris, France). Alluvial plots were produced with
the ggalluvial extension of ggplot2 R package (http://ggplot2.tidyverse.
org).
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3. Results

3.1. LRP1 high expression is correlated to a FHITlow/pHER2high

phenotype

First, searching for potential players of the FHIT-HER2 signaling axis,
we examined our previously published RNA-seq dataset (GEO accession
number GSE208544) comparing differentially expressed transcripts
between primary tumor cells isolated from NSCLC with a FHITlow/
pHER2high phenotype and those displaying other phenotypes (Brisebarre
et al., 2022). As a central regulator of membrane trafficking and cell
signaling, LRP1 caught our particular attention. LRP1 expression ap-
pears either positively or negatively correlated with tumor aggressive-
ness and prognosis, depending on the tumor type, with limited data
available for lung cancer (Boulagnon-Rombi et al., 2018; Feng et al.,
2018). In our study, LRP1 mRNA was significantly upregulated in FHI-
Tlow/pHER2high tumor cells (17611 versus 9088 normalized read counts,
p= 0.022) (Fig. 1A). These data were reinforced by the observation of a

negative correlation between FHIT and LRP1 transcripts in the OncoSG
lung adenocarcinomas (LUAD) dataset selected from cBioportal
(Fig. 1B).

Then, to further investigate the relationship between LRP1, FHIT and
pHER2, we analyzed their expression by immunohistochemistry in a
cohort of 80 human NSCLC samples including 42 adenocarcinomas
(ADC) and 38 squamous cell carcinomas (SCC) (Fig. 1C, Supplementary
Table S1). We focused on LRP1, FHIT and pHER2 detection in tumor
cells. LRP1 was detected in tumor cells of 79 out of 80 NSCLC samples. It
was predominantly localized in the cytoplasm and, to a lesser extent, at
the cell membrane. We observed a significant association between a
high expression of LRP1, a low expression of FHIT and a high activation
of HER2 (Fig. 1D, Supplementary Figure S2A). Seventy-five percent of
FHITlow/pHER2high tumors were LRP1high against only 46.4 % of other
tumors (Fig. 1E). While LRP1high tumors were not significantly catego-
rized as pHER2high regardless of FHIT expression (Supplementary
Figure S2B), pHER2high/LRP1high tumors were significantly associated
with a FHITlow status (82 % vs 45 % for other tumors) (Supplementary

Fig. 1. Association between a high expression of LRP1 and a FHITlow/pHER2high phenotype in NSCLC. A. Comparison of LRP1 transcripts levels by Mann-Whitney
test between FHITlow/pHER2high tumor cells (red square) and other ones (blue circles) in our transcriptomic dataset of primary tumor cells isolated from NSCLC (GEO
accession number GSE208544) (bars and error bars = median with range) (n = 6 per group). * *p < 0.01 B. Negative correlation between FHIT and LRP1 mRNA
expression in public database of LUAD OncoSG (n = 169). Regression line is represented. C. Immunohistochemistry analysis showing FHIT, pHER2 and LRP1
stainings on serial sections of two ADC cases (top) and two SCC cases (bottom) (scale bar = 23 µm). D. Alluvial plot showing the relationship between FHIT, pHER2
and LRP1 statuses in the 80 NSCLC. E. Fisher’ exact test showing association between a high expression of LRP1 and a FHITlow/pHER2high phenotype in the entire
series of NSCLC (n = 80). F. Distribution of the differentiation status of FHITlow/pHER2high/LRP1high (in red) and other tumors (in blue) in the series of 80 NSCLC
(Fisher’s exact p-value). Abbreviations: pHER2, phospho-HER2; LUAD, lung adenocarcinoma; ADC, adenocarcinoma; SCC, squamous cell carcinoma.
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Figure S2C). These data highlight a filiation between FHIT loss and the
correlation between a high LRP1 expression and a HER2 hyper-
activation. Interestingly, FHITlow/pHER2high/LRP1high tumors were
more frequently associated with a poor differentiation degree (OR =

5.460; p = 0.0054) (Fig. 1F). No association between the FHITlow/
pHER2high/LRP1high pattern and any other clinical parameters were
found.

3.2. LRP1 expression is regulated by FHIT

To study the functional link between LRP1, FHIT and HER2, we used
strategies of FHIT transient silencing or knockout in HBE4-E6/E7 and
A549 lung cell lines in order to mimic FHIT loss. By Western blot
analysis, we showed that transient FHIT silencing in HBE4-E6/E7 cells
and transient FHIT silencing or FHIT knockout in A549 cells induced a
significant increase of LRP1 level correlated with an increase of HER2
activity (Fig. 2A). This LRP1 increase was confirmed by RT-qPCR
(Fig. 2B), thus demonstrating that FHIT regulated LRP1 expression

Fig. 2. Regulation of LRP1 expression by FHIT. A. Left, Western blot analysis of FHIT, pHER2, tHER2 and LRP1 levels in HBE4-E6/E7 and A549 cell lines transiently
transfected by FHIT siRNA or the scrambled control, and in A549 cell line stably transfected by CRISPR/Cas9 KO FHIT plasmid or the control plasmid. GAPDH served
as loading control. Right, Quantification graphs: values represent means and SD (n = 3). One sample t-test: *p < 0.05. B. RT-qPCR analysis of LRP1 mRNA level in
HBE4-E6/E7 and A549 cell lines transiently transfected by FHIT siRNA (red) or the scrambled control (blue) and in A549 cell line stably transfected by CRISPR/Cas9
KO FHIT plasmid (red) or the control plasmid (blue). Values represent means and SD (n = 3). One sample t-test: *p < 0.05; * *p < 0.01. C. Analysis by the proximity
ligation assay of the link between HER2 and LRP1 in HBE4-E6/E7 and A549 cells silenced or not for FHIT by siRNA or by CRISPR/Cas9 (scale bar = 57 µm).
Quantification of the number of interactions (red dots) per cell. Nuclei were counterstained with DAPI (blue). (n = 5). Values represent medians and IQR. Two-tailed
Mann-Whitney test: * *p < 0.01. D. Immunoprecipitation analysis using anti-HER2 and anti-LRP1 α antibodies in HBE4-E6/E7 and A549 cells silenced or not for
FHIT by siRNA or by CRISPR/Cas9. Non-immune IgG served as negative control. tEGFR and TGFβRII detection served as positive control for respectively HER2 IP and
LRP1α IP. Abbreviations: pHER2, phospho-HER2; tHER2, total HER2; tEGFR, total EGFR, IP, immunoprecipitation.
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both at the mRNA and protein levels concomitantly with HER2 activa-
tion in lung cell lines. Considering that LRP1 interacts with a wide range
of cell surface receptors, either directly or via molecular complexes,
including growth factor receptors, and that previous data demonstrated
that EGFR could be recruited to LRP1-rich regions (Cruz Da Silva et al.,
2021), we proposed to investigate the spatial proximity of LRP1 and
HER2 by proximity ligation assay (PLA) in our tumor context. Interest-
ingly, results presented in Fig. 2C showed a closed proximity between
both receptors that was significantly enhanced by FHIT silencing in
HBE4-E6/E7 and A549 cells. However, immunoprecipitation experi-
ments failed to observe co-immunoprecipitation between LRP1 and
HER2 in HBE4-E6/E7 and A549 cells (Fig. 2D). This observation could
imply either a transient interaction or one occurring within a complex
molecular network.

3.3. LRP1 acts downstream of HER2 upon FHIT loss

Subsequently, to elucidate the association between LRP1 and HER2
in FHIT-downregulated cells, we explored their reciprocal influence.
The influence of HER2 on LRP1 was studied using two anti-HER2 drugs,
the TKI tucatinib and the humanized monoclonal antibody trastuzumab.
We observed byWestern blotting that tucatinib was able to reverse LRP1

overexpression induced by FHIT silencing by 41.22 % (p = 0.008) and
22.16 % (p = 0.005) in HBE4-E6/E7 and A549 cells, respectively.
Trastuzumab exhibited a similar effect than tucatinib (reduction of
28.46 % and 34.87 % in HBE4-E6/E7 and A549 cells, respectively;
p = 0.011 and p = 0.030) (Fig. 3A).

On the other hand, the influence of LRP1 on HER2 was investigated
using LRP1 siRNA. We found that LRP1 silencing did not affect HER2
activity. Indeed, as shown by Western blot analysis, the increase of
HER2 activation rate induced by FHIT knockdown was not reduced
neither in HBE4-E6/E7 cells nor in A549 cells transfected by LRP1 siRNA
transfection (Fig. 3B).

Taken together, these data suggest that LRP1 acts downstream of
HER2 in the signaling regulated by FHIT.

3.4. LRP1 is involved in tumor aggressiveness induced by FHIT loss

We therefore studied the functional involvement of LRP1 in the
aggressiveness of lung tumor cells induced by the FHIT-HER2 signaling
axis. More specifically, we explored the role of LRP1 in cell proliferation
and cell invasion, two processes known to be influenced by LRP1 in
different tumor contexts (Langlois et al., 2010; Le et al., 2020), and
controlled by FHIT and involving HER2 in NSCLC (Da Silva et al., 2020).

Fig. 3. Involvement of HER2 in LRP1 regulation by FHIT. A. Western blot analysis of LRP1 levels in HBE4-E6/E7 (top) and A549 (bottom) knockdown or not for
FHIT and treated or not with the anti-HER2 inhibitors tucatinib (10 nM) (left) or trastuzumab (2 µg/ml) (right) during 24 h. GAPDH serves as a loading control.
Quantification graphs: values represent means and SD (n = 3); One sample t-test: *p < 0.05; * *p < 0.01; * **p < 0.001. B.Western blot analysis of HER2 activation
rate (pHER2/tHER2) in HBE4-E6/E7 (left) and A549 (right) transiently co-invalidated or not for FHIT and LRP1. GAPDH serves as a loading control. Quantification
graphs: values represent means and SD (n = 4); One sample t-test: *p < 0.05. Abbreviations: pHER2, phospho-HER2; tHER2, total HER2; NS, non-significant.
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Cell proliferation analysis assay was performed on HBE4-E6/E7 and
A549 cells transiently co-transfected by FHIT and LRP1 siRNA, along
with their respective controls. We observed that LRP1 silencing specif-
ically inhibited cell proliferation of FHIT knockdown cells whereas it
had no significant effect on control cells. The increase of cell prolifera-
tion induced by FHIT siRNA was reduced respectively by 26.73 % and
20.23 % in the presence of LRP1 siRNA in HBE4-E6/E7 and A549 cells
(p = 0.002 and p = 0.004, respectively) (Fig. 4A).

Using Boyden assay, we found that cell invasion induced by FHIT
silencing was LRP1-dependent. Indeed, the invasive capacities of HBE4-
E6/E7 and A549 transfected by FHIT siRNA were respectively decreased
by 67.79 % (p = 0.011) and 76.03 % (p < 0.001) using LRP1 siRNA
(Fig. 4B).

As LRP1 is involved in FHIT-dependent cell invasion, we examined
the phenotype of HBE4-E6/E7 and A549 cells after FHIT/LRP1 co-
silencing. We observed that FHIT-silenced HBE4-E6/E7 and A549 cells
exhibited a more elongated morphology and greater dispersal compared
to FHIT-positive control cells. In contrast, cells with co-silencing of FHIT
and LRP1 displayed a more rounded morphology and increased cohe-
sion, resembling control cells (Fig. 4C, top). Accordingly, the decrease of
circularity index induced by FHIT silencing was reversed by LRP1 co-
silencing in both HBE4-E6/E7 and A549 cell lines (p = 0.0022 and
p = 0.0022, respectively) (Fig. 4C, bottom). Therefore, LRP1 silencing
might restore a more epithelial phenotype in cells subjected to FHIT loss.

Altogether, these results suggest that LRP1 silencing replicates the
previously described effect of HER2 inhibition on the behavior of FHIT-
downregulated lung tumor cells.

3.5. LRP1 is involved in acquisition of EMT in FHIT-downregulated tumor
cells

Following the above data, we investigated the role of LRP1 in EMT
regulation. We focused on vimentin, a well-known mesenchymal
marker. Western blot analysis allowed to demonstrate that the increase
of vimentin level induced by FHIT silencing was counteracted by LRP1
siRNA in both HBE4-E6/E7 and A549 cells (decrease of 27.46 % and
40.42 %, respectively; p = 0.010 and p = 0.042) (Fig. 5A). Similar re-
sults were obtained by immunofluorescence analysis (Fig. 5B). More-
over, through Western blotting analysis conducted on a series of 9 lung
tumor cell lines, we noted a negative correlation between FHIT levels
and those of LRP1 and vimentin. Conversely, a positive correlation was
observed between LRP1 and vimentin levels (Fig. 5C and D). These
correlations were corroborated in a transcriptomic dataset from a larger
collection of NSCLC cell lines selected from cBioportal (Fig. 5E). As
vimentin expression by tumor cells is a hallmark of EMT, we explored
the association between FHIT/LRP1 status and a transcriptomic signa-
ture of EMT. In the same transcriptomic dataset of NSCLC cell lines, we
globally observed that the EMT score significantly varied with the level
of FHIT and LRP1 (p = 0.0075). Subgroup analysis highlighted that
FHITlow/LRP1high cell lines exhibited a significantly higher EMT score
than FHIThigh/LRP1low ones (p = 0.001) (Fig. 5F, left). Distribution
analysis of epithelial, epithelial/mesenchymal and mesenchymal phe-
notypes showed significant differences with the highest proportion of
mesenchymal phenotype and the lowest proportion of epithelial
phenotype in FHITlow/LRP1high cell lines compared to other ones
(p = 0.0016) (Fig. 5F, right). Results were even clearer in the LUAD
OncoSG dataset. A significant global association between EMT score and
FHIT/LRP1 status was observed in adenocarcinomas (p < 0.0001).

Comparing subgroups, FHITlow/LRP1high adenocarcinomas had a
significantly higher EMT score than FHIThigh/LRP1high (p = 0.044),
FHITlow/LRP1low (p < 0.0001) and FHIThigh/LRP1low ones (p < 0.0001)
(Fig. 5G, left). The lowest proportion of epithelial phenotype and the
highest proportion of mesenchymal phenotype were found in FHITlow/
LRP1high adenocarcinomas (p < 0.0001) (Fig. 5G, right).

These results highlight that FHIT-mediated regulation of EMT in lung
tumor cells is intricately linked to LRP1.

4. Discussion

This study demonstrates that LRP1 acts downstream of HER2 to
induce EMT and tumor progression following FHIT loss in lung tumor
cells.

First, we observed that a high expression of LRP1 by tumor cells was
associated with a low FHIT expression and a high activity of HER2 in
NSCLC patients. To date, the role of LRP1 in cancer remains ambiguous.
It is sometimes described as providing anti-tumor effect, while in other
cases it is a pro-tumor effect, depending strongly on the tissue origin and
cell origin. Indeed, a low expression of LRP1 was related to high grade
tumors and poor survival in hepatocellular carcinoma, melanoma or
colon carcinoma (Boulagnon-Rombi et al., 2018; de Vries et al., 1996;
Huang et al., 2012). On the contrary, a higher expression of LRP1 was
reported in advanced stages of endometrial, breast or renal cancers
(Catasús et al., 2011a,b; Feng et al., 2018). Here, the relationship be-
tween a high level of LRP1 and the FHITlow/pHER2high phenotype pre-
viously described as predictive of a late stage and a poor outcome in
NSCLC thus suggests a role of LRP1 in promoting tumor progression of
lung cancer (Brisebarre et al., 2022). Even though little is known about
LRP1 in lung, Meng et al. were interested in its expression in the tumor
microenvironment and reported a lower level of LRP1 mRNA in fibro-
blasts of lung tumors relative to those of non-tumoral lung tissue (Meng
et al., 2011). This highlights a complex regulation of LRP1 expression in
the different cell populations of lung tumor.

Then, we showed that FHIT regulates LRP1 expression in a HER2-
dependent manner. A link between LRP1 and ErbB family, especially
with EGFR, was previously reported. It was demonstrated that LRP1
contributes to gefitinib-mediated EGFR endocytosis in glioma cells (Cruz
Da Silva et al., 2021). It was also shown that LRP1 stabilizes activated
EGFR at cell surface to sustain breast cancer cell motility in ischemic
conditions (Chang et al., 2022). These studies highlight the role of LRP1
in endocytosis/membrane trafficking to regulate EGFR signaling. Our
own results are instead in favor of a signaling function for LRP1 under
the control of HER2 in conditions of FHIT loss. This hypothesis is also
supported by our data showing that, although in close proximity, LRP1
and HER2 did not co-immunoprecipitate in the context of FHIT
silencing.

We also provided evidence of LRP1 involvement, at least in part, in
cell proliferation and, more obviously, in cell invasion induced by FHIT
knockdown. In accordance with these results, it was shown that breast
cancer cell growth is facilitated by a mechanism involving LRP1 under
hypoxic conditions (Dong et al., 2016). Le et al. demonstrated that LRP1
promotes colon cancer cell proliferation in 3D collagen matrices through
a DDR1-dependent mechanism (Le et al., 2020). Salama et al. also
showed that LRP1 controls melanoma growth (Salama et al., 2019). On
the other hand, it was described that LRP1 supports breast cancer cell
migration, invasion and metastasis development (Berquand et al., 2019;
Fayard et al., 2009; Sahu et al., 2012). The role of LRP1 in promoting

Fig. 4. LRP1-dependent cell proliferation and invasion induced by FHIT loss. A. Cell proliferation analysis by MTT assay of HBE4-E6/E7 (left) and A549 (right)
transiently co-silenced or not for FHIT and LRP1. Quantification graphs: values represent means and SD (n = 3); One sample t-test: *p < 0.05; * *p < 0.01. B.
Analysis of cell invasion capacities in a matrigel modified Boyden chamber assay of HBE4-E6/E7 (left) and A549 (right) transiently co-silenced or not for FHIT and
LRP1. Top, representative fields of invading cells (scale bar = 65 µm). Bottom, quantification graphs: values represent means and SD (n = 3); One sample t-test:
*p < 0.05; * **p < 0.001. C. Top, Representative phase-contrast images of cell morphology of HBE4-E6/E7 (left) and A549 (right) transiently co-silenced or not for
FHIT and LRP1 (scale bar = 10 µm). Bottom, Measurement of cell circularity index (n = 6). Values represent medians and IQR. Two-tailed Mann-Whitney test:
* *p < 0.01. Abbreviation: NS, non-significant.
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tumor cell motility was also reported in other cancer cell types such as
glioblastoma, thyroid cancer, pancreatic cancer and melanoma
(Langlois et al., 2010; Salama et al., 2019; Song et al., 2009; Xue et al.,
2022).

Finally, we showed that regulation of EMT, especially vimentin, by
FHIT engages LRP1. This result is strengthened by our finding on the
association of FHITlow/pHER2high/LRP1high profile with a poor differ-
entiation of NSCLC and also our observation of a link between EMT and
FHIT/LRP1 status in public datasets of NSCLC cell lines and LUAD.
Consistent with these data, LRP1 was demonstrated to sustain tumor cell
aggressiveness through its ability to induce EMT in cooperation with
eHSP90α in pancreatic and breast cancers (Tian et al., 2019; Xue et al.,
2022).

While our data establishes a clear functional link between LRP1 and
HER2, the underlying molecular mechanism remains unclear. The
ability of LRP1 to integrate deleterious signals from the tumor micro-
environment to drive signaling processes, must be considered. It is
conceivable that LRP1 may cooperate with HER2 by modulating the
trafficking or signaling of downstream effectors such as PI3K/AKT,
ERK1/2, or STAT3, which are established mediators of proliferation and
survival in NSCLC cells. Furthermore, LRP1 is reported to regulate
cytoskeletal dynamics and adhesion molecules and was involved in
promoting mesenchymal markers such as Snail and vimentin, hallmarks
of EMT (Xue et al., 2022). It is also conceivable that LRP1 may promote
EMT by stabilizing HER2-induced signaling complexes responsible for a
mesenchymal phenotype. Future investigations should focus on identi-
fying specific intermediates downstream of LRP1 that mediate its effects
on proliferation, invasion, and EMT.

In conclusion, our data highlight a new role for LRP1 in tumor pro-
gression of NSCLC and bring new insights into the FHIT-HER2 signaling
axis. Dual targeting of HER2 and LRP1 might represent a therapeutic
strategy to more efficiently inhibit HER2 signaling in FHIT-negative
NSCLC.
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Dedieu, S., Lehmann, M., 2021. Role of endocytosis proteins in gefitinib-mediated
EGFR internalisation in glioma cells. Cells 10, 3258. https://doi.org/10.3390/
cells10113258.

Da Silva, J., Jouida, A., Ancel, J., Dalstein, V., Routhier, J., Delepine, G., Cutrona, J.,
Jonquet, A., Dewolf, M., Birembaut, P., Deslée, G., Polette, M., Nawrocki-Raby, B.,
2020. FHITlow/pHER2high signature in non-small cell lung cancer is predictive of
anti-HER2 molecule efficacy. J. Pathol. 251, 187–199. https://doi.org/10.1002/
path.5439.

Dong, H., Zou, M., Bhatia, A., Jayaprakash, P., Hofman, F., Ying, Q., Chen, M.,
Woodley, D.T., Li, W., 2016. Breast cancer MDA-MB-231 cells use secreted heat
shock protein-90alpha (Hsp90α) to survive a hostile hypoxic environment. Sci. Rep.
6, 20605. https://doi.org/10.1038/srep20605.

Fayard, B., Bianchi, F., Dey, J., Moreno, E., Djaffer, S., Hynes, N.E., Monard, D., 2009.
The serine protease inhibitor protease nexin-1 controls mammary cancer metastasis
through LRP-1-mediated MMP-9 expression. Cancer Res. 69, 5690–5698. https://
doi.org/10.1158/0008-5472.CAN-08-4573.

Feng, C., Ding, G., Ding, Q., Wen, H., 2018. Overexpression of low density lipoprotein
receptor-related protein 1 (LRP1) is associated with worsened prognosis and
decreased cancer immunity in clear-cell renal cell carcinoma. Biochem. Biophys.
Res. Commun. 503, 1537–1543. https://doi.org/10.1016/j.bbrc.2018.07.076.

Gao, J., Aksoy, B.A., Dogrusoz, U., Dresdner, G., Gross, B., Sumer, S.O., Sun, Y.,
Jacobsen, A., Sinha, R., Larsson, E., Cerami, E., Sander, C., Schultz, N., 2013.
Integrative analysis of complex cancer genomics and clinical profiles using the
cBioPortal. Sci. Signal. 6. https://doi.org/10.1126/scisignal.2004088.
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