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In vitro evidence for the potential 
of EGFR inhibitors to decrease 
the TGF‑β1‑induced dispersal 
of circulating tumour cell clusters 
mediated by EGFR overexpression
Jorian D. Hapeman  1,2, Rakshit Galwa  1,2, Caroline S. Carneiro  1,2 &  
Aurora M. Nedelcu  1*

Most cancer-related deaths are due to the spread of tumour cells throughout the body—a process 
known as metastasis. While in the vasculature, these cells are referred to as circulating tumour cells 
(CTCs) and can be found as either single cells or clusters of cells (often including platelets), with 
the latter having the highest metastatic potential. However, the biology of CTC clusters is poorly 
understood, and there are no therapies that specifically target them. We previously developed an 
in vitro model system for CTC clusters and proposed a new extravasation model that involves cluster 
dissociation, adherence, and single-cell invasion in response to TGF-β1 released by platelets. Here, 
we investigated TGF-β1-induced gene expression changes in this model, focusing on genes for which 
targeted drugs are available. In addition to the upregulation of the TGF-β1 signalling pathway, we 
found that (i) genes in the EGF/EGFR pathway, including those coding for EGFR and several EGFR 
ligands, were also induced, and (ii) Erlotinib and Osimertinib, two therapeutic EGFR/tyrosine kinase 
inhibitors, decreased the TGF-β1-induced adherence and invasion of the CTC cluster-like line despite 
the line expressing wild-type EGFR. Overall, we suggest that EGFR inhibitors have the potential to 
decrease the dispersal of CTC clusters that respond to TGF-β1 and overexpress EGFR (irrespective of its 
status) and thus could improve patient survival.
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Despite increasing research efforts and improved survival rates, cancer remains a major health concern with 
devastating consequences (e.g.,1). Most cancer-related deaths are due to the spread of tumour cells throughout 
the body (e.g.,2). During this process—known as metastasis, cancer cells break off the primary tumour, enter 
the vascular system, and disperse to new tissues that they subsequently colonize to form secondary metastatic 
tumours3. While in the vasculature, these cells are referred to as circulating tumour cells (CTCs). While CTCs 
primarily manifest as single cells4, clusters of circulating tumour cells (CTC clusters) are often detected5, and 
their presence is generally associated with poor prognosis6–8.

CTC clusters typically consist of 2–100 cells arranged in grape-like assemblages9. They are highly heteroge-
neous, being composed of both tumour cells expressing various genetic markers (e.g., epithelial, mesenchymal, 
or both)10 as well as several non-tumour cell types such as platelets, leukocytes, fibroblasts, and pericytes11,12. 
Although CTC clusters are found at a lower frequency than single CTCs, they have a significantly higher meta-
static potential4. Several factors have been proposed to account for their increased metastatic abilities. For 
instance, the cluster phenotype provides cells with resistance to several factors, such as shear stress during 
circulation13, anoikis (i.e., cell death associated with the loss of cell–cell connections)14, immune attacks15, and 
drug therapies16. Additionally, the clustering of cells has been shown to promote the activation of DNA methyla-
tion patterns17 and metabolic switches18 that may increase their metastatic efficiency.

In spite of the significant contribution of CTC clusters to cancer dissemination and disease progression, their 
biology is not well understood and there are no therapies that specifically target them (for instance, see19,20). This 
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is partly due to their low frequency in circulation4 and the challenges associated with their isolation and cultiva-
tion in the lab (e.g.,21). To circumvent these difficulties, we previously developed an in vitro  model system for 
CTC clusters22,23. Specifically, we used a metastatic non-small cell lung cancer (NSCLC) line (NCI-H2122) that 
grows as a mixture of adherent and non-adherent cells and experimentally evolved a cell line that grows exclu-
sively as clusters of cells in suspension (referred to as the “Suspension-Selected” or SS line). We showed that the SS 
line shares several characteristics with isolated CTC clusters, including similar morphology, cell–cell connections, 
cell heterogeneity (with respect to expression of epithelial and mesenchymal markers), and cell plasticity22,23.

While CTC clusters can be more successful and efficient at initiating metastatic tumours than single CTCs4, 
the cellular and molecular mechanisms involved in their ability to enter the vasculature (intravasate), exit the 
vasculature (extravasate), and disseminate in new tissues are not well understood (e.g.,20). Several studies provide 
conflicting explanations for the presence of CTC clusters in circulation. Certain lines of evidence suggest that 
CTC clusters can arise via the aggregation of single cells in or near the vasculature24, whereas other studies sug-
gest that hypoxic environments cause clusters to break off the tumour and collectively enter the bloodstream25. 
Furthermore, several conflicting mechanisms have been proposed to explain how CTC clusters exit circulation 
and colonize new tissues. For instance, clusters are thought to become trapped in capillaries and then prolifer-
ate into new tumours at the site of arrest26. Contrary to this view, it has been argued that CTC clusters can, in 
fact, travel through capillaries by rearranging into single-file chain-like structures27. Alternatively, it has been 
shown that CTC clusters can cause extensive remodelling of the vasculature wall to promote their extravasation 
as clusters into new tissues28.

More recently, based on the extensive association between platelets and CTC clusters in the blood8, we 
proposed a new mechanism for the extravasation of CTC clusters involving TGF-β1 signalling29. Specifically, 
because single CTCs have been shown to activate platelets and cause them to release TGF-β1 that can facilitate the 
extravasation of single CTCs30, we hypothesized that platelets associated with CTC clusters might also contribute 
to the extravasation of CTC clusters that express TGF-β1 receptors, via TGF-β1-mediated paracrine signalling. 
To test this possibility, we examined the effect of TGF-β1 on the dispersal abilities of our evolved CTC cluster-like 
cell line29. We found that exogenous TGF-β1 induces the adherence and dissociation of cell clusters into single 
cells with increased migration and invasion abilities. Furthermore, these TGF-β1-induced adherent cells secrete 
their own TGF-β1, allowing them to migrate even in the absence of exogenous TGF-β1.

To gain insight into the potential mechanisms involved in the TGF-β1-mediated extravasation of CTC clus-
ters, in the current study, we investigated changes in gene expression patterns in our experimentally evolved 
CTC cluster-like cell line in response to TGF-β1, focusing on pathways for which targeted drugs are available. 
TGF-β1 has been widely implicated in coordinating the development of invasive properties of tumour cells via 
the activation of the epithelial-mesenchymal transition (EMT) program31, alone or in conjunction with other 
signalling pathways, including the epidermal growth factor (EGF) pathway (e.g.,32–34). Several drugs have been 
developed and successfully used to target the mutant/overactive/overexpressed forms of the EGF receptor (EGFR) 
in tumours (e.g.,35). For instance, tyrosine kinase inhibitors (TKIs) such as Erlotinib and Osimertinib can be 
effective in reducing tumour progression (through inhibiting cell proliferation and/or inducing cell death) and 
improving the prognosis of NSCLC patients with activating (i.e., ligand-independent) EGFR mutations36,37. 
However, more recently, Erlotinib was also found to decrease the migration and invasion of several adherent 
cell lines expressing either mutant or wild-type EGFR32,38–40. Nevertheless, the mechanisms are not fully under-
stood, and the potential impact of this drug on delaying metastasis in vivo has not been addressed. To this end, 
we used transcriptomics data to (i) address whether the TGF-β1-induced adherent H2122 SS cells overexpress 
EGFR, and (ii) test the effect of Erlotinib and Osimertinib on the viability, adherence, and invasion of the H2122 
SS clusters exposed to TGF-β1. A better understanding of the pathways activated during the dispersal of CTC 
clusters can provide new therapeutic strategies to slow down the metastatic process by inhibiting their adher-
ence and invasive abilities.

Materials and methods
Cell lines and culture conditions
The cancer cell line used in this study was experimentally evolved from a non-small cell lung cancer cell line 
obtained from the American Type Culture Collection—ATCC (Manassas, VA, USA). This original cell line 
(NCI-H2122) was established from the pleural effusion of a 46-year-old female with stage-4 adenocarcinoma 
and grows as a mixture of two distinct phenotypes: clusters of cells growing in suspension and adherent cells that 
grow as a monolayer. By selectively passaging only the adherent or suspension cell populations, two cell lines 
were experimentally evolved: one that grows as cell clusters in suspension (referred to as the H2122 Suspension-
Selected or SS line) and one that grows as adherent cells (referred to as the H2122 Adherent-Selected or AS 
line)23. The SS line is an established model system for CTC clusters22,23,29. Cells were grown under 5% CO2, at 
37°C, in RPMI-1640 media (MP Biomedicals) supplemented with 10% FBS and 1% Penicillin/Streptomycin/
Amphotericin B mix (R&D Systems). The concentrations of glucose and glutamine in the media were adjusted 
to 5 mM and 0.5 mM, respectively, to mimic physiological levels29.

Reagents
Human recombinant TGF-β1 (R&D Systems; 7754-BH-005) was reconstituted in 4 mM HCl at 10 mg/ml and 
added directly to the culture medium at a final concentration of 10 ng/ml. Erlotinib hydrochloride (Sigma; 
SML2156) was dissolved (at 50°C, to increase solubility) in cell-culture-suitable DMSO to 10 mM and was added 
to the culture medium at final concentrations of 2.5, 5, 10, or 15 µM. Osimertinib mesylate (RayBiotech; 1421373-
66-1) was dissolved in DMSO to a stock concentration of 5 mM and diluted to 5 µM in the culture medium.
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Assessing the effect of Erlotinib and Osimertinib on the phenotype and population growth of 
the H2122 SS line exposed to TGF‑β1
To assess the effect of Erlotinib or Osimertinib on the growth and TGF-β1-induced adherence of the SS line, cells 
were seeded (in triplicates) at 1 × 105 cells/ml in 12-well plates in the absence (control) or presence of Erlotinib 
(2.5, 5, 10, or 15 µM) or Osimertinib (5 µM), alone or in combination with TGF-β1 (10 ng/ml). The suspension 
and adherent cell fractions were then harvested separately, stained with Syto 9 and Propidium Iodide in PBS (at 
final concentrations of 1 µM and 6 µM, respectively) and live and dead cells were counted with the Countess II 
FL Automated Cell Counter (Thermo Fisher Scientific)29.

Assessing the effect of Erlotinib on the invasion of the H2122 SS line exposed to TGF‑β1
To assess the effect of Erlotinib on the invasion potential of H2122 SS, cells (in triplicates) were treated with TGF-
β1 alone or in combination with Erlotinib (5 and 10 µM). Specifically, 1 × 105 cells were placed onto Transwell 
inserts with 8 µm pores (Corning) containing a layer of 1.5 mg/ml Matrigel (Corning), and the number of cells 
that invaded was assessed after 72 hours29. Invasive cells (i.e., attached to the underside of the insert) were fixed 
with 70% ethanol and stained with 0.2% crystal violet41. Four random fields of view from each stained insert 
were photographed using brightfield microscopy with a 20 × objective; cells were counted for each field of view 
and averaged for each triplicate29.

Statistical analyses
Statistical analyses were performed using GraphPad Prism 8 (https://​www.​graph​pad.​com/). The specific tests and 
thresholds used are indicated in figure legends. At least three independent experiments (with three replicates 
each) were performed; data were expressed as mean ± SE. Additional information and data regarding statistical 
analyses for each dataset are included in the Supplementary Material.

RNA extraction and sequencing
For RNA extraction, SS cells were seeded in triplicates in tissue-treated 12-well plates at a density of 1 × 105 cells/
ml in the absence (control cultures) or presence (treatment cultures) of human recombinant TGF-β1 (at 10 ng/
ml). After 24 h, total RNA from control and treatment cultures was extracted using the Qiagen RNeasy mini kit, 
following the manufacturer’s instructions. For the treatment cultures, unattached cells were removed before the 
adherent cells were trypsinized and harvested for RNA extraction. RNA quality control, library construction, 
and sequencing were performed by Novogene (https://​en.​novog​ene.​com/).

RNAseq and DEG analyses
Initial RNAseq analyses were performed by Novogene. Specifically, raw reads were processed with in-house perl 
scripts designed to remove reads containing adapters, reads with uncertain nucleotides that represented more 
than 10% of either read, and low-quality reads (quality control information for RNA sequence data is included 
in Table S1). An index for the human reference genome (GRCh38/hg38) was built, and paired-end clean reads 
were aligned to the reference genome using Hisat2 v2.0.542. Quantification of gene expression levels was done 
first by using featureCounts v1.5.0-p3 to count the read numbers mapped to each gene and then calculating 
FPKM (Fragments Per Kilobase of transcript per Million) mapped reads42. The threshold for gene expression 
used was FPKM > 1. Principal component analysis (PCA) on the gene expression value (FPKM) of all samples 
was performed using Galaxy43–45 to evaluate intergroup differences and intragroup sample replication.

Differential expression analysis of control vs treatment (SS vs TGF-β1-induced adherent cells) cultures 
was performed using the DESeq2 R package (1.20.0)46. First, the raw readcount was normalized to correct for 
sequencing depth; then, a statistical model (Negative Binomial Distribution) was used to calculate P-values. The 
resulting P-values were adjusted using Benjamini and Hochberg’s approach for controlling the false discovery 
rate (FDR)47. Genes with an adjusted P-value < 0.05 and Log2FoldChange greater than 1 were considered differ-
entially expressed. Gene Ontology (GO) enrichment analyses of differentially expressed genes were performed 
using ShinyGO 0.76.248 with an FDR cutoff of 0.05 and pathway size minimum of 2 and maximum of 2,000.

Results
TGF‑β1 induces widespread gene expression changes in H2122 SS adherent cells
We have previously reported that when the H2122 SS line (growing as clusters of cells in suspension) is sub-
jected to TGF-β1 (10 ng/ml) for 48 h, most clusters dissociate, and cells attach and acquire a mesenchymal-like 
phenotype29 (Fig. 1). To investigate early gene expression changes induced in the SS line in response to TGF-
β1, we treated the cells for 24 h and then extracted total RNA from the control population (i.e., cell clusters in 
suspension) and the TGF-β1-induced adherent cell fraction (i.e., adherent cells). The transcriptomic profiles of 
the two phenotypes (naïve suspension and TGF-β1-induced adherent) revealed that, compared to the suspen-
sion phenotype, the adherent phenotype involves the expression of a slightly larger number of genes (11,791 
vs 11,696); of these, 10,873 expressed genes are shared between the two groups, while 918 and 823 genes are 
uniquely expressed in the adherent and suspension phenotypes, respectively (Fig. 2a).

Overall, the comparison between the transcriptomic profiles of the suspension and adherent phenotypes 
revealed 2598 differentially expressed genes (DEGs); of these, 1390 DEGs were upregulated and 1208 DEGs 
were downregulated in the adherent phenotype relative to the suspension phenotype (Fig. 2b). The 15 most 
upregulated DEGs in the adherent cells included genes coding for a member of the Wnt pathway (Wnt7a; 
log2fold change = 11.5), three transcription factors (SNAI2, ZBED2, and MAF), two cytokines (IL32 and CCL20), 
and several factors associated with increased aggressivity in various cancers (e.g., COL8A1; STC1, ANGPTL4, 
and LAPTM5) (Supplementary Table S2). On the other hand, among the highest downregulated genes, we 

https://www.graphpad.com/
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found genes associated with DNA and cell replication (e.g., E2F2—log2fold change = − 7.5; ESCO2—log2fold 
change = − 6; and MCM10—log2fold change = − 5.9) (Supplementary Table S3).

Differentially expressed genes in TGF‑β1‑induced adherent cells are enriched in adherence, 
migration, and cell proliferation processes
As expected from the drastic differences in phenotype, with SS cell clusters dissociating, adhering (Fig. 1), and 
being able to migrate when exposed to TGF-β129, Gene Ontology enrichment analyses of DEGs showed that the 
upregulated genes in TGF-β1-induced adherent cells are primarily involved in processes associated with cell 

Fig. 1.   Micrographs of H2122 SS cells in their native state (control; clusters in suspension)—panel (a), and 
their TGF-β1-induced adherent state (treatment)—panels (b) and (c). Treated cells were subjected to TGF-
β1 (10 ng/ml) for 48 h and stained with 0.2% crystal violet41; arrows in panel c (high magnification) indicate 
mesenchymal-like extensions.

Fig. 2.   Gene expression differences between the suspension and the TGF-β1-induced adherent phenotypes of 
the H2122 SS cell line. (a) Venn diagram showing the number of expressed genes that are common/unique to 
suspension cells and TGF-β1-induced adherent cells. (b) Volcano plot highlighting the upregulated (red) and 
downregulated (green) genes in adherent cells relative to suspension cells (Log2foldChange > 1; padj < 0.05). (c,d) 
Gene Ontology (biological processes) are enrichment summaries for upregulated (c) and downregulated (d) 
genes in adherent cells (fold enrichment, number of genes for each category and the corresponding -log10(FDR) 
values are indicated).
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adhesion and migration (Fig. 2c). Similarly, consistent with the TGF-β1-inhibitory effect on the proliferation of 
adherent cells29, the downregulated gene set was enriched in DNA replication, mitotic spindle formation, and 
cell cycle processes (Fig. 2d).

Based on the phenotypic changes observed and the results of enrichment analyses, we further analyzed the 
expression patterns of genes associated with specific processes and pathways, including cell adhesion and EMT. 
Consistent with the induction of adherence in the SS cells treated with TGF-β1, many genes involved in adher-
ence to substrate were upregulated (Supplementary Table S4), including genes coding for nine integrin subunits, 
seven semaphorins, and various proteins that support integrin function such as TGM2, FERMT1, FERMT2, and 
NEDD9. Additionally, the transcription of genes coding for various ECM components was drastically upregu-
lated after TGF-β1 treatment (e.g., three laminin and six collagen subunits; Supplementary Table S4), which is 
consistent with the role of TGF-β1 in inducing ECM deposition during fibrosis49.

Because TGF-β1 is widely recognized as an EMT initiating factor, we searched for components of the EMT 
program that were transcriptionally altered. Various factors that have been reported to initiate the EMT process 
are upregulated in TGF-β1-induced adherent cells relative to suspension cells (Supplementary Table S5). These 
include members of the BMP family—BMP1, BMP2, and BMP4, Wnt ligands—Wnt7a and Wnt7b, as well as 
VEGFA and HB-EGF. Two transcription factors with roles in regulating the EMT program—SNAI2 and SOX4, 
were also found to be upregulated in SS adherent cells (Supplementary Table S6; see Discussion).

Also as expected, we found an upregulation of the expression of several TGF-β1 signalling components 
(discussed later), including the TGF-β1 ligand itself, the two TGF-β1 receptors (TGFβRI and TGFβRII), the 
TGF-β induced (TGFβI) and TGF-β1 homeobox (TGIF1) proteins as well as SMAD3, SMAD7, and two SMAD 
specific ubiquitin ligases (SMURF 1 and 2) (Table 1). To address whether the canonical pathway is activated in 
the adherent cells, we specifically looked for upregulated target genes of the TGF-β1/Smad signalling pathway. 
In addition to SMAD7 and TGF-β1, upregulated genes included SERPINE1, LTBP2, and SNAI2 (Table 2).

TGF‑β1‑induced adherent H2122 SS cells overexpress EGFR
Finally, we investigated the expression of other growth factors and receptors known to be upregulated in cancer. 
Among growth factors and receptors, genes coding for two subunits of the Platelet-Derived Growth Factor 
(PDGFB and PDGFC), a Vascular Endothelial Growth Factor (VEGFA), the Fibroblast Growth Factor Receptor 
1 (FGFR1), and several FGFR ligands (e.g., FGF1 and 2) were upregulated in the adherent cells relative to the 
control suspension cultures (Table 3). Interestingly, although we did not find an upregulation of the Epidermal 
Growth Factor (EGF), we found increased expression of the Epidermal Growth Factor Receptor (EGFR) and 
several of its other ligands, including TGF-α , a heparin-binding EGF-like growth factor, amphiregulin, epiregu-
lin, and neuregulin (50; Table 3). Consistent with their induction, we also observed the upregulation of several 
proteases from the ADAM and ADAMT families, which are known to be involved in the proteolytic cleavage of 
these ligands that are synthesized as transmembrane proteins51–53.

Both Erlotinib and Osimertinib inhibit the TGF‑β1‑induced adherence of H2122 SS cells
To address whether the TGF-β1-induced upregulation of EGFR is specifically involved in the expression of the 
adherent phenotype (and thus could be a target to reduce TGF-β1-induced adherence), we used two EGFR 

Table 1.   Upregulated genes involved in TGF-β1/BMP signalling.

Gene Description Log2Fold Change padj

TGF-β1 Transforming growth factor beta 1 2.0 6.31E−11

TGFβR2 Transforming growth factor beta receptor 2 1.5 2.90E−82

TGFβR1 Transforming growth factor beta receptor 1 1.3 4.00E−44

TGFβI Transforming growth factor beta induced protein 4.2 0

TGIF1 TGF-β induced factor homeobox 1.0 9.02E−48

SMAD3 SMAD family member 3 2.3 0

SMAD7 SMAD family member 7 3.4 3.72E−130

SMURF2 SMAD specific E3 ubiquitin protein ligase 2 1.9 3.75E−84

Table 2.   TGF-β canonical signalling target genes.

Gene Description Log2Fold Change pajd

TGF-β1 Transforming growth factor beta 1 2.0 6.31E−11

SERPINE1 Serpin family E member 1 7.6 0

SMAD7 SMAD family member 7 3.4 3.72E−130

SNAI2 Snail family transcriptional repressor 2 10.0 2.51E−16

LTBP2 Latent transforming growth factor beta binding protein 2 4.5 6.91E−82
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inhibitors—Erlotinib and Osimertinib. Both drugs act by inhibiting the tyrosine kinase portion of the EGF 
receptor, but Osimertinib is a more effective, third-generation drug that irreversibly binds the receptor and is 
more specific to both sensitizing and TKI-resistance mutations (e.g.,37,54). We evaluated their effects (at phar-
macologically relevant concentrations; see Discussion) on the proliferation, viability, and adherence of SS cells 
alone or in the presence of TGF-β1.

First, we observed that following a 72 h-treatment, both Erlotinib and Osimertinib alone had a negative 
effect on population growth (ca. 50% decrease); this was primarily due to inhibiting cell proliferation (as the 
number of dead cells was only slightly affected) (Fig. 3a). We also noted that, as previously observed29, exposure 
to 10 ng/ml TGF-β1 induced the adherence of SS cells, concomitant with a strong inhibition of cell proliferation. 

Table 3.   Upregulated genes coding for other growth factors and receptors.

Gene Description Log2Fold Change padj

PDGFB Platelet derived growth factor subunit B 5.8 1.38E−290

PDGFC Platelet derived growth factor C 2.7 8.26E−36

VEGFA Vascular endothelial growth factor A 2.3 2.47E−267

FGFR1 Fibroblast growth factor receptor 1 1.4 5.18E−106

FGF1 Fibroblast growth factor 1 3.9 0.01

FGF2 Fibroblast growth factor 2 5 0

EGFR Epidermal growth factor receptor 2.8 1.74E−198

TGF-α Transforming growth factor alpha 2.3 3.82E−180

HBEGF Heparin binding EGF-like growth factor 4.5 0

AREG Amphiregulin 3.2 1.12E−80

EREG Epiregulin 1.5 7.83E−13

NRG1 Neuregulin 4.1 3.68E−49

Fig. 3.   The effect of Erlotinib and Osimertinib on the TGF-β1-induced adherence (top row) and viability 
(bottom row) of H2122 SS cultures exposed to TGF-β1. (a) H2122 SS cultures were seeded at a density 
of 1 × 105 live cells/ml (indicated by the dotted line) in triplicates and treated with 5 µM Erlotinib, 5 µM 
Osimertinib, 10 ng/ml TGF-β1, 10 ng/ml TGF-β1 with 5 µM Erlotinib and 10 ng/ml TGF-β1 with 5 µM 
Osimertinib for 72 h. ns indicates not significant (p ≥ 0.05), while *, **, and **** denote p < 0.05, p < 0.01, 
and p < 0.0001, respectively (One-way Brown-Forsythe and Welch ANOVA tests); significance levels above 
individual graph bars are relative to controls. (b,c) Same as (a), but using 2.5 µM (b) or 15 µM (c) Erlotinib. (d) 
H2122 SS cultures were first seeded at a density of 1 × 105 live cells/ml (in triplicates) in the presence of 10 ng/
ml TGF-β1 and allowed to adhere for 72 h. Then, the old medium and unattached cells were removed and 
replaced with fresh medium without or with 10 µM Erlotinib for 72 h. ns indicates not significant (p ≥ 0.05), 
while * denotes p < 0.05 (Welch’s t-tests). Data shown are from one representative independent experiment (of at 
least 3) with three replicates; graphs showing each data point are included in Supplementary Material (to avoid 
overcrowding in stacked bars).
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Specifically, up to 88% of the cells adhered, while the overall population only reached ca. 50% of the control 
population size (Fig. 3a).

However, we found that in cultures exposed to TGF-β1 in the presence of 5 µM Erlotinib or 5 µM Osimer-
tinib, the number of adherent cells was drastically reduced (while the number of cells in suspension increased), 
resulting in a significant change (relative to TGF-β1 alone) in the proportion of adherent cells in SS cells exposed 
to TGF-β1, from 88 to 15% and 18%, respectively (Fig. 3a). Yet, the addition of Erlotinib or Osimertinib to 
TGF-β1-treated cultures did not decrease the number of live cells relative to TGF-β1-treated cultures (both 
were maintained around the initial seeding density); nevertheless, Erlotinib slightly increased the number of 
dead cells (Fig. 3a).

Next, we wanted to address whether the observed effects are dose dependent. Since H2122 is not EGFR-
mutated and Osimertinib is less effective against wild-type EGFR (see Discussion), the subsequent experiments 
were performed with Erlotinib only. We found that in the presence of TGF-β1, a lower Erlotinib concentration 
(2.5 µM) still affected the TGF-β1-induced adherence (only 32% of cells adhered) but had a smaller effect on cell 
proliferation (Fig. 3b). On the other hand, a higher Erlotinib concentration (15 µM) affected both the propor-
tion of adherent cells (down to 18%) and the total number of live cells (a ca. 30% reduction; from 1.2 × 105 to 
8.6 × 104 cells/ml) (Fig. 3c).

Because most TGF-β1-induced adherent SS cells remain adherent even in the absence of TGF-β129, we also 
addressed whether the overexpression of EGFR is implicated in the stability of the adherent phenotype. SS cul-
tures were treated with 10 ng/ml TGF-β1 and allowed to adhere for 72 h. Then, the medium and the unattached 
cells were removed and replaced with fresh medium without (control) or with 10 µM Erlotinib. After 72 h, the 
number of live and dead cells was assessed in both the adherent and suspension fractions (Fig. 3d). We found 
that in the presence of Erlotinib, there is a decreased proportion of live adherent cells relative to control cultures 
(36.5% vs. 75.5%), indicating that Erlotinib facilitates the detachment of cells that adhered in response to TGF-
β1 (note that the numbers of dead cells are similar between control and Erlotinib cultures, suggesting that the 
detachment is not associated with cell death).

Erlotinib inhibits the invasion of TGF‑β1‑induced adherent H2122 SS cells
Lastly, because we previously found that TGF-β1 also promotes the invasiveness of H2122 SS cells29, we addressed 
whether EGFR is involved in the observed TGF-β1-induced invasion and whether EGFR inhibitors can decrease 
the invasive potential of SS cells. To do this, we assessed the number of cells that were able to invade (over 72 h) in 
response to TGF-β1 in the presence or absence of 5 or 10 µM Erlotinib (Fig. 4). We observed that, as expected29, 
exposure to TGF-β1 drastically increased the invasive potential of SS cells. Furthermore, we found that the addi-
tion of Erlotinib decreased the number of invaded cells (by 23% and 40% for 5 and 10 µM Erlotinib, respectively), 
suggesting that in addition to adherence, EGFR also contributes to the TGF-β1-induced invasion of SS cells.

Discussion
Recently, based on the extensive association between platelets and CTC clusters in the blood and a series of 
in vitro experiments using the H2122 SS cell line, we proposed a new mechanism for the extravasation of 
CTC clusters that express TGF-β1 receptors29. Specifically, to mimic the association between CTC clusters and 
platelets that has been observed in vivo8, we exposed H2122 SS cells to exogenous TGF-β1 (at a physiologically 
relevant concentration) and found that TGF-β1 caused a distinct phenotypic switch from clusters of cells to single 
adherent cells with invasive capabilities. In addition, we also observed that once adherent, the H2122 SS cells 
released their own TGF-β1, which is required for their ability to migrate in the absence of exogenous TGF-β129. 
In the current study, we set out to investigate the signalling pathways involved in the observed TGF-β1-induced 
phenotypic changes with the goal of identifying druggable targets to decrease the metastatic potential of TGF-
β1-responsive CTC clusters.

TGF‑β1‑induced adherence of H2122 SS involves the TGF‑β/Smad and Wnt/β‑catenin signal‑
ling pathways
TGF-β1 is known to have various, sometimes contradictory effects highly dependent on the cellular context. 
This context-dependent response is partly due to extensive crosstalk between the pathways it activates55 as well 
as with other signalling pathways such as the Wnt, BMP, and TNF pathways56. TGF-β1 ligands act as dimers 
and initiate intracellular signals when each monomer binds to a set of receptor tyrosine kinases—TGFβRI and 
TGFβRII57. Upon receptor binding, the cytoplasmic kinase portion of the receptors triggers a set of phosphoryla-
tion cascades in the cell, activating various intracellular proteins. The canonical pathway, known as the SMAD 
signalling pathway, involves direct phosphorylation of SMAD2/3 proteins by the kinase portion of TGFβRI58. 
Phosphorylated SMAD 2 and 3 then complex with SMAD4 and collectively enter the nucleus, where they associ-
ate with various cofactors and bind the promoter region of target genes (e.g.,59) (Fig. 5a). Various non-canonical 
signalling pathways also exist in which TGF-β1 receptors activate non-SMAD proteins such as  MAPK/ERK, 
PI3K/AKT/mTOR, and JNK/p38/NF-κB (e.g.,55).

As expected, in response to TGF-β1 we found that SS cells upregulated the expression of several TGF-β1 
signalling components, including the TGF-β1 ligand itself, the two TGF-β1 receptors (TGFβRI and TGFβRII), 
the TGF-β induced (TGFβI) protein, and the TGF-β1 homeobox (TGIF1) (Table 1). TGF-β1 has been shown to 
upregulate its own transcription60 as well as that of its type II receptors61. The observed upregulation of TGF-β1 
itself (Table 1) is consistent with our previous finding that once adhered, the SS cells release their own TGF-β1 
to which they continue to respond29. Autocrine signalling (autonomy; self-sufficiency) involving growth factors 
has been recently proposed to be specifically induced in CTCs; and, consistent with their increased metastatic 
potential, this “autonomy signature” was more significant in CTC clusters than in single CTCs62. Interestingly, 
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the expression of the TGFβI protein was also reported in a highly malignant circulating tumour cell subline 
from pancreatic cancer63.

To address whether the canonical pathway is activated in the TGF-β1-induced adherent cells, we looked for 
specific components and target genes. In addition to SMAD3, SMAD7, and two SMAD-specific ubiquitin ligases 
(SMURF 1 and 2), we found that several target genes of the TGF-β1/Smad signalling pathway were upregulated, 
including SERPINE1, LTBP2, and SNAI264,65 (Table 2). Overall, these findings suggest that the SMAD2/3 path-
way plays a role in the induction of the adherent phenotype. Notably, LTBP2 is associated with poor prognosis 
and an aggressive phenotype in several cancers66. For example, in lung cancer, increased expression of LTBP2 is 
associated with increased migration67.

We also found that the most upregulated gene in response to TGF-β1 codes for the Wnt ligand Wnt7a 
(Log2FoldChange = 11.49). In the canonical Wnt signalling pathway, Wnt ligands bind the extracellular domain 
of Frizzled family receptors, which disrupts the degradation of β-catenin causing its accumulation in the 
cytoplasm68. Then, β-catenin translocates into the nucleus where it interacts with the TCF/Lef1 complex and 
induces gene transcription of target genes68. Besides Wnt7a, we also found a significant upregulation of the 
genes encoding Wnt9a and Wnt7b (Tables 3, S2, S5). Similarly, we observed an increase in the transcription of 
β-catenin and several Wnt/β-catenin target genes such as JUN, CD24, and CD4469,70. Overall, these findings 
suggest that Wnt/β-catenin signalling also plays a role alongside the Smad2/3 signalling pathway to induce the 
adherent phenotype and/or prime cells for migration. Indeed, the TGF-β and Wnt signalling pathways are known 
to overlap in a variety of cancer types71–73. In lung cancer, crosstalk between these pathways has been shown to 
promote metastasis by controlling the development of stem cell properties and promoting EMT74.

Fig. 4.   The effect of Erlotinib at 5 µM (a) and 10 µM (b) on the TGF-β1-induced invasion of SS cells. Untreated 
H2122 SS cells (control) and cells in the presence of either Erlotinib (5 µM and 10 µM), TGF-β1 (10 ng/ml), 
or TGF-β1 and Erlotinib were allowed to invade for 72 h, and the number of invaded cells was assessed. ns 
indicates not significant (p ≥ 0.05), while *, **, and *** denote p < 0.05, p < 0.01, and p < 0.001, respectively (One-
way ANOVA: Brown-Forsythe and Welch ANOVA tests). Data shown are from one representative independent 
experiment (of at least 3) with three replicates.
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TGF‑β1 and EGFR signalling pathways work cooperatively to increase the dispersal potential 
of H2122 SS clusters
In addition to activating the Smad and Wnt signalling pathways, TGF-β1 induced other genes known to be 
overexpressed in cancer (Table 3). Unexpectedly, among them, we noticed the upregulation of the EGFR gene. 
The EGF/EGFR signalling pathway regulates various cellular processes (e.g.,75) and is involved in triggering EMT 
in several cell lines (e.g.,76–78). Generally, a specific balance between the cell survival and proliferative effects of 
the EGF/EGFR pathway and the antiproliferative and anti-apoptotic effects of TGF-β signalling is necessary to 
maintain healthy tissue homeostasis. However, in advanced carcinogenesis, the two pathways can act synergisti-
cally to induce a malignant phenotype through cooperative interactions. For instance, crosstalk between TGF-
β1 and EGFR signalling has been shown to be involved in the acquisition of mesenchymal characteristics and 
increased migration/invasion in various cancer cell lines; though the exact mechanisms (including the specific 
downstream pathways activated by EGFR) remain to be fully elucidated32–34,79,80.

Interestingly, using two breast cancer lines, Zhao et al.32 showed that TGF-β1 elicited a significant increase in 
EGFR transcription and that EGFR was essential for the TGF-β1-induced increase in migration and invasion. 
Specifically, both the knockdown of EGFR and the inhibition of EGFR using Erlotinib decreased the TGF-β1-
induced cell migration and invasion32. Based on their data, the authors proposed a novel model for how TGF-β1 
and EGFR pathways act synergistically to increase the migration and invasion abilities of breast cancer cells 
through the upregulation of EGFR (via Smad3 and ERK/Sp1). Notably, although Erlotinib is generally considered 
a targeted drug against EGFR with activating mutations, the two breast cancer cell lines whose migration and 
invasion were reduced by Erlotinib express wild-type EGFR.

Consistent with these findings, we also found that TGF-β1 induced the overexpression of EGFR in the lung 
cancer H2122 SS line. Furthermore, Erlotinib also negatively affected the TGF-β1-induced cell adherence and 
invasion of SS cells, indicating that EGFR contributes to the TGF-β1-induced adherence and invasion of the SS 
cells despite the absence of an activating EGFR mutation in H212281. However, our finding that TGF-β1 also 
induces the overexpression of TGF-α and other EGFR ligands suggests that cells exposed to TGF-β1 and over-
expressing EGFR can actually become Erlotinib-sensitive due to ligand-dependent activation of EGFR.

Thus, based on our in vitro data, we propose a possible model for (i) the TGF-β1-induced adherence and 
invasion of CTCs involving the transactivation of the EGFR pathway through the TGF-β1-induced transcrip-
tion of genes coding for both EGFR and EGFR ligands (Fig. 5a) and (ii) the inhibitory effect of Erlotinib on the 
dispersal potential of CTCs (Fig. 5b). Although the exact mechanism remains to be investigated, our results 
are consistent with previous studies reporting that Erlotinib can reduce the migration and invasion of several 
adherent cell lines with wild-type EGFR genes that are overexpressed or are upregulated by TGF-β1 (e.g., breast, 
lung, colon, gastric, and ovarian32,38–40).

Fig. 5.   Our proposed model depicting (a) the crosstalk between TGF-β1 and EGFR signalling pathways 
resulting in increased adherence and invasion of CTC clusters, and (b) the effect of Erlotinib on the dispersal 
potential of CTC clusters. TGF-β1 released by platelets induces the adherence and invasion of CTCs through 
both the activation of the TGF-β1 canonical pathway and the overexpression of EGFR and EGFR ligands that 
can activate the EGF pathway. The activation of the EGF receptors by EGFR ligands can be inhibited by EGFR 
inhibitors, which can result in a decrease in the adherence and extravasation of CTC clusters.
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Notably, in addition to the upregulation of the EGF/EGFR pathway, we observed the induction of the FGF/
FGFR pathway. FGFR1 is also a tyrosine kinase receptor whose overexpression (in FGFR1-amplified lung cancer) 
was associated with EMT and metastasis through the activation of the FGFR1-ERK1/2-SOX2 axis82. Interestingly, 
FGFR1 was found to be overexpressed in CTC clusters isolated from a patient with stage IV adenocarcinoma83. 
Also, the TGF-β1-induction of FGF1 and FGF2 that we found suggests that, in addition to the involvement of 
the EGF/EGFR pathway (Fig. 5), the FGF/FGFR pathway might also contribute to the adherence and invasion 
of SS cells. This possibility is consistent with the report of FGFR1 upregulation interfering with the response to 
TKIs in EGFR-mutated NSCLC84.

Clinical significance
We have previously argued that the H2122 SS line can be used as an in vitro model system to understand the 
biology of CTC clusters and to develop strategies to decrease the metastatic potential of TGF-β1-responsive 
CTC clusters22,23. Here, we show that the TGF-β1-induced adherence in the H2122 SS line is associated with 
the upregulation of several genes that have been previously implicated in the ability of real CTC clusters to 
metastasize. For example, consistent with our findings, a study that investigated the molecular characteristics of 
breast CTC clusters coated with platelets found their transcriptome to be enriched in TGF-β and Wnt signalling 
components as well as extracellular matrix (ECM) production and ECM-related receptors (including integrin 
receptors)85. Additionally, the most abundant transcript was SERPINE1 (a target of the canonical TGF-β path-
way—known to promote invasiveness86), which was also induced by TGF-β1 in the adherent H2122 SS cells 
(Table 1). Similarly, consistent with our transcriptomic data, EGFR was often found to be expressed (and even 
phosphorylated) in CTCs and thought to contribute to their intravasation and survival87–90. In fact, one study 
used the expression of EGFR to detect CTCs in lung cancer patients with brain metastases (note that 52.3% and 
62.7% of primary tumours and brain metastases, respectively, were positive for EGFR)91.

Furthermore, autocrine signalling involving the EGFR pathway has recently been proposed to be a signature of 
CTCs and provide them with the autonomy required for maintaining their proliferative and metastatic potential 
while in circulation and at new sites62. The TGF-β1-induced expression of both TGF-β1 as well as EGFR and 
EGF ligands that we observed in our system provides such autocrine signalling and autonomy that could allow 
CTCs to extravasate in the absence of additional sources of growth factors. Furthermore, our gene expression 
analyses identified three DEGs associated with the clinically validated lung metastasis gene signature for breast 
cancer involved in vascular remodelling during intravasation and extravasation92. They code for an EGFR ligand 
(Epiregulin), the prostaglandin-synthesizing enzyme cyclooxygenase 2 (COX2/PTGS2), and a metalloproteinase 
(MMP1) (Supplementary Table 4). Overall, our data indicate that this in vitro model system could be used to 
further explore (and test in vivo) therapeutic strategies directed against CTC clusters that overexpress EGFR 
(see discussion below), either constitutively or induced by TGF-β1.

Therapeutic implications
Dysregulated EGF/EGFR signalling has been shown in many cancer types (e.g., breast, colon, lung, head and 
neck, pancreas, liver, and bladder). It involves multiple mechanisms, including EGFR gene amplifications, EGFR 
overexpression, EGFR activating mutations (resulting in constitutive/ligand-independent activation), mutations 
that specifically trigger the expression of EGFR and its ligands, as well as the EGFR transactivation by other 
receptor tyrosine kinases, including TGF-β1 (e.g.33,93–97). For instance, EGFR is amplified or overexpressed in 
most head and neck cancers98 and a significant proportion of pancreatic cancers99. Consequently, many drugs 
have been developed to inhibit proliferation or activate apoptosis of cells with specific EGFR amplifications or 
activating mutations (e.g.,96,100,101).

Erlotinib is a tyrosine kinase inhibitor that reversibly binds the ATP-binding site and affects the kinase activity 
of EGFR. Because of its greater binding affinity for mutant EGFR proteins compared to wild-type counterparts, 
Erlotinib has been used effectively against tumours with activating EGFR mutations (e.g.,100) to inhibit cell pro-
liferation and/or induce apoptosis. However, this drug has also been shown to affect tumour progression and 
overall survival in patients with wild-type EGFR102–104, though its use is not approved anymore in these cases105. 
The exact mechanisms for the efficacy of Erlotinib in such cases are not well understood but might reflect the 
presence of mutations in other pathways that result in the overexpression and/or activation/transactivation of 
EGFR (e.g.,96,106). The former suggestion is consistent with reports of Erlotinib improving outcome in NSCLC 
patients with wild-type EGFR but high levels of expression104. Since EGFR is not mutated or amplified in H212281, 
our results support the possibility that TGF-β1-induced EGFR overexpression and activation can render cancer 
cells sensitive to EGFR inhibitors in the absence of amplifying or activating EGFR mutations81.

In addition, consistent with other reports, our data argue that TKIs can be effective against cells that express 
wild-type EGFR cells not only in terms of decreasing proliferation and viability but also as far as inhibiting cell 
invasion. Furthermore, since EGFR can be overexpressed in CTC clusters or could be induced and activated in 
response to exogenous TGF-β1 released by platelets, we suggest that the use of TKIs has the potential to reduce 
the dispersal of CTCs by affecting their extravasation potential.

Notably, the lowest concentration of Erlotinib that we found to affect the adherence and invasion of the H2122 
SS cells (i.e., 2.5 µM) is in the lower range reported for plasma Erlotinib levels (i.e., between 1.3 and 9.5 µM) in 
patients taking standard doses of Erlotinib (150 mg/day)107–115. This suggests that Erlotinib might be effective 
at low doses, which could decrease its toxicity and allow for long-term use. Moreover, since Erlotinib (at con-
centrations as low as 1–5 µM) was shown to decrease the migration and invasion of several adherent cell lines 
with wild-type EGFR (e.g., breast, lung, colon, gastric, and ovarian32,38–40), its use could contribute to improving 
the prognosis of patients with advanced cancers by affecting both the potential of cells to invade nearby tissues 
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(and enter the circulatory system) along with their ability to extravasate and disseminate, irrespective of their 
EGFR status.

The fact that both Osimertinib and Erlotinib had similar outcomes indicates that the observed inhibition of 
adherence was not due to off-target effects and suggests that similar responses can be induced by other TKIs. 
However, the concentration of Osimertinib we found to be effective in reducing the TGF-β1-induced adherence 
of SS cells (5 µM) was higher than the plasma levels reported in patients with mutant EGFR taking daily doses of 
80 or 160 mg (between 0.62 and 1.26 µM116). The increased levels of Osimertinib required to inhibit adherence 
in our experiments likely reflect its much lower affinity for wild-type EGFR54; specifically, Osimertinib shows a 
ca. 200-fold greater potency against mutant EGFR117. Thus, lower doses of Osimertinib might be effective against 
the TGF-β1-induced extravasation of CTCs expressing EGFR with sensitizing or TKI-resistant mutations32,38–40. 
Notably, a novel EGFR inhibitor that targets both wild-type and mutant EGFR forms as well as an agent that 
potentiates Erlotinib to wild-type EGFR have recently been reported118,119.

Interestingly, Cetuximab—an approved drug that targets the extracellular portion of the EGFR (and is effective 
against cancer cells with amplified EGFR120), in combination with a COX2 inhibitor (Celecoxib—a non-steroidal 
anti-inflammatory drug), inhibited the formation of lung metastases by interfering with the extravasation of 
CTCs92. In addition, breast cancer cells that preferentially infiltrate the lungs and brain were found to overexpress 
EGFR ligands, and the addition of Cetuximab inhibited their in vitro migration and increased brain metastasis-
free survival in mice121. Cetuximab has also been shown to inhibit EGFR-mediated invasion in a head and neck 
squamous cell carcinoma line122, suggesting that it might affect the dispersal of CTC clusters with amplified EGFR. 
Notably, one of the differentially expressed genes during EGFR-mediated EMT in this line (whose expression 
was reduced by Cetuximab) was ITGB4 (integrin beta 4), which is a gene that was up-regulated in the SS line 
in response to TGF-β1.

Overall, we argue that the impact of EGFR inhibitors, alone or in combination with other TKIs (e.g.38,40), 
on the metastatic potential of CTC clusters should be further investigated. Furthermore, consistent with other 
reports, our findings indicate that EGFR inhibitors have the potential to be effective in improving the progno-
sis of cancer patients without EGFR mutations (which represent, for instance, ca. 85–90% of Caucasian lung 
adenocarcinoma patients and up to 60% of patients of Asian descent123) but with overexpressed and/or ligand-
activated EGFR including through non-cell-autonomous mechanisms (such as TGF-β1 released by other cells).

Conclusion
This study (i) investigated the molecular basis of our recently proposed model for the extravasation of CTC 
clusters involving TGF-β1 released by platelets, (ii) revealed potential pathways involved in the TGF-β1-induced 
adherence of CTC clusters and (iii) identified TGF-β1-induced overexpression and activation of EGFR as a 
potential therapeutic target to reduce the metastatic potential of CTC clusters that are responsive to TGF-β1 and/
or overexpress EGFR. Based on our findings, we suggest that EGFR inhibitors might be effective drugs to slow 
cancer progression by affecting the dispersal potential of CTC clusters even in the absence of specific EGFR muta-
tions. Our proof-of-principle study underscores the need for a better understanding of the molecular mechanisms 
involved in the extravasation and dissemination of CTC clusters to develop new therapeutic strategies that can 
specifically affect this important step in the metastatic cascade and improve clinical outcomes. Furthermore, 
our findings highlight an under-explored target for the development of drugs—namely, induced changes in gene 
expression associated with specific cellular states and stages during cancer progression.

Data availability
All relevant data can be found within the article and its supplementary information. Raw sequence reads were 
submitted to NCBI under Accession PRJNA1093148.
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