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C ancer is one of the leading causes of death world-
wide, affecting millions of patients and their families 
every year. Despite incredible breakthroughs in can-

cer medicine that have led to a decline in deaths, the number 
of cancer patients is still expected to rise in the upcoming 
decades. This prediction is attributed to growth and aging of 
the population, maintaining lifestyle behaviors known to in-
crease cancer risk (e.g., poor diet, smoking, physical inactivi-
ty), as well as cancer recurrence. With the projected increase 
in cases, there is a pressing need to develop novel, effective 
therapeutics. Thoroughly understanding the mechanisms 
and features unique to each type of cancer is essential to the 
success of finding new therapies. Likewise, advancements 
in research technology have been critical to uncovering key 
findings and revolutionizing cancer research. 

One of the most powerful technologies used in basic can-
cer research is confocal microscopy. Confocal microscopy of-
fers several advantages over conventional microscopy, such 
as low background noise, the ability to control the depth of 
field, and the capability to collect optical sections from thick 
specimens. With the relative ease of obtaining high-quali-
ty images from specimens prepared for conventional flu-
orescence microscopy, the popularity and use of confocal 
microscopy for cancer and biomedical research has grown 
extensively in recent years.

In this article collection, we highlight seven recent publica-
tions that utilize confocal microscopy to elucidate important 
mechanisms of cancer. First, Klimpel et al. (2020) present a 
series of cell-permeable peptides bearing a C-terminal CaaX 
motif that was based on the sequence of Ras proteins. Confo-
cal microscopy was used to examine the cellular uptake and 
intracellular distribution of the CaaX-peptides. These pep-
tides were shown to affect downstream signaling of K-Ras and 
promote cancer cell death, showing the potential of regulat-
ing post-translational cysteine prenylation as a therapeutic 
strategy.  Next, Rainey et al. (2020) uncover perturbations in 
Src tyrosine kinase signaling that disrupt epithelial spatial 
organization in colorectal cancer (CRC) and are behind the 
transition to high-grade CRC. Confocal microscopy was uti-
lized to study cell cortex dynamics, centrosome disposition, 
mitotic spindle geometry and orientation, and multicellular 
patterns. These studies showed that Src regulation of CRC 
morphogenic growth was via ezrin–centrosome engagement.

Following these articles, Stefanello et al. (2021) examine 
whether nuclear pore complexes (NPCs) are critical for ma-
lignant transformation, motility, and survival of non-small 
cell lung cancer cells. Confocal microscopy was used to vi-
sualize NPCs in the nuclear envelopes of both cancerous and 

non-cancer cells, as well as to examine their permeability. 
The authors found that malignant transformation is accom-
panied by an increased density of NPCs, as well as a weak-
ening of the stringency of the NPC barrier. Their findings 
indicate that modulation of the NPC barrier may be a viable 
therapeutic strategy for suppressing a malignant phenotype 
or enhancing the efficacy of existing chemotherapies.

Our next two studies focus on the development of realis-
tic, 3D in vitro glioma models. Barin et al. (2022) present the 
development of a novel cell culture system to study patient-
derived glioma cells, a 3D-engineered scaffold fabricated by 
two-photon polymerization. Patient-derived glioma cells and 
established glioma cell lines successfully colonized the scaf-
folds. Additionally, compared to 2D cell cultures, the 3D scaf-
folds had a closer resemblance to the features of in vivo gli-
oma cells. These findings indicated that the 3D-engineered 
glioma scaffolds are promising tools for understanding brain 
cancer as well as for screening of drugs. Sinha et al. (2023) 
designed a 3D poly(ethylene-glycol)-based hydrogel system 
to study the role of viscoelasticity on glioblastoma (GBM) 
cell fates and drug responses. Increasing stress relaxation 
was shown to promote invasive behavior, to enhance GBM 
proliferation, and to enhance drug sensitivity. These find-
ings underscore the importance of viscoelasticity in in vitro 
models of GBM and their implications on GBM cell fates.

Our final two studies focus on breast cancer metastasis. 
Molnár et al. (2020) showed that pericytes play a critical 
role in the development of brain metastases. They found 
that brain pericytes had a chemoattractant effect on breast 
cancer cells. These pericytes secreted extracellular matrix 
proteins, which enhanced the adhesion of breast cancer 
cells, as well as insulin-like growth factor 2, which had 
a pro-proliferative effect. Together, the findings indicate 
that brain pericytes induce pro-metastatic effects in breast 
cancer. Finally, Firatligil-Yildirir et al. (2021) used two or-
gan-on-chip platforms (invasion/chemotaxis (IC-chip) and 
extravasation (EX-chip)) to quantitatively analyze invasion 
and extravasation of breast cancer cells towards different 
tissues. For both platforms, the results were consistent with 
published clinical data, highlighting the utility of these in 
vitro tools to simulate different microenvironments and 
distinguish in vivo metastatic phenotypes.

Through the studies presented in this article collection, 
we hope to illustrate the utility of confocal microscopy in 
mechanistic cancer research. For more information regard-
ing confocal microscopy, we encourage you to visit the Leica  
Microsystems STELLARIS Confocal Platform page and ex-
plore the possibilities presented there for your research.
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Cysteine prenylation is a post-translational modification that is used by

nature to control crucial biological functions of proteins, such as mem-

brane trafficking, signal transduction, and apoptosis. It mainly occurs in

eukaryotic proteins at a C-terminal CaaX box and is mediated by prenyl-

transferases. Since the discovery of prenylated proteins, various tools have

been developed to study the mechanisms of prenyltransferases, as well as

to visualize and to identify prenylated proteins. Herein, we introduce cell-

permeable peptides bearing a C-terminal CaaX motif based on Ras

sequences. We demonstrate that intracellular accumulation of those pep-

tides in different cells is controlled by the presence of their CaaX motif

and that they specifically interact with intracellular prenyltransferases. As

proof of concept, we further highlight their utilization to alter downstream

signaling of Ras proteins, particularly of K-Ras-4B, in pancreatic cancer

cells. Application of this strategy holds great promise to better understand

and regulate post-translational cysteine prenylation.

Introduction

Protein prenylation is an irreversible post-translational

modification (PTM) found in eukaryotic cells and

includes farnesylation (15-carbon body) and geranyl-

geranylation (20-carbon body) at a C-terminal CaaX

box, comprising cysteine (C) and aliphatic (a) and

variable (X) amino acids [1–3]. Attachment of these

isoprenoids to cysteine occurs by prenyltransferases

(farnesyltransferase (FTase) and geranylgeranyltrans-

ferase (GGTase)) and results in a stable thioether bond

depending on the identity of the variable amino acid X

(Fig. 1A) [4–7]. Subsequent steps include proteolysis to

release the terminal aaX tripeptide by the endopepti-

dase RAS-converting enzyme 1 (RCE1) [8,9], and

methylation of the free carboxylic function of the ter-

minal cysteine residue by isoprenylcysteine carboxyl

methyltransferase (ICMT) [10,11]. Cysteine prenylation

has been studied extensively owing to its involvement

in numerous biological processes, particularly signal

Abbreviations

CF, 5,6-carboxyfluorescein; CLSM, confocal laser scanning microscopy; CPP, cell-penetrating peptides; ER, endoplasmaic reticulum; FTase,

farnesyltransferase; FTI, farnesyltransferase inhibitor; GGTase, geranylgeranyltransferase; HVR, hypervariable region; ICMT,

isoprenylcysteine carboxyl methyltransferase; PDAC, pancreatic ductal adenocarcinoma; PTM, post-translational modification; RCE1, RAS-

converting enzyme 1; SPPS, solid-phase peptide synthesis.

The FEBS Journal 288 (2021) 2911–2929 ª 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.

Cell-permeable CaaX-peptides affect K-Ras downstream
signaling and promote cell death in cancer cells
Annika Klimpel1, Katharina Stillger1, Janica L. Wiederstein2, Marcus Kr€uger2,3 and
Ines Neundorf1

1 Institute for Biochemistry, University of Cologne, Germany

2 Institute for Genetics, Cologne Excellence Cluster on Cellular Stress Responses in Aging-Associated Diseases (CECAD), University of

Cologne, Germany

3 Center for Molecular Medicine (CMMC), University of Cologne, GermanyOpen access funding enabled and organized by ProjektDEAL.

Keywords

CaaX motif; cell-penetrating peptides;

cysteine prenylation; farnesyltransferase;

Ras proteins

Correspondence

I. Neundorf, Institute for Biochemistry,

University of Cologne, Zuelpicher Str. 47a,

50674 Cologne, Germany

Tel: +49 (0) 221 470 8847

E-mail: ines.neundorf@uni-koeln.de

[Correction added on 04 December 2020,

after first online publication: Peer review

history is not available for this article, so the

peer review history statement has been

removed.]

(Received 16 February 2020, revised 17

August 2020, accepted 26 October 2020)

doi:10.1111/febs.15612

Cysteine prenylation is a post-translational modification that is used by

nature to control crucial biological functions of proteins, such as mem-

brane trafficking, signal transduction, and apoptosis. It mainly occurs in

eukaryotic proteins at a C-terminal CaaX box and is mediated by prenyl-

transferases. Since the discovery of prenylated proteins, various tools have

been developed to study the mechanisms of prenyltransferases, as well as

to visualize and to identify prenylated proteins. Herein, we introduce cell-

permeable peptides bearing a C-terminal CaaX motif based on Ras

sequences. We demonstrate that intracellular accumulation of those pep-

tides in different cells is controlled by the presence of their CaaX motif

and that they specifically interact with intracellular prenyltransferases. As

proof of concept, we further highlight their utilization to alter downstream

signaling of Ras proteins, particularly of K-Ras-4B, in pancreatic cancer

cells. Application of this strategy holds great promise to better understand

and regulate post-translational cysteine prenylation.

Introduction

Protein prenylation is an irreversible post-translational

modification (PTM) found in eukaryotic cells and

includes farnesylation (15-carbon body) and geranyl-

geranylation (20-carbon body) at a C-terminal CaaX

box, comprising cysteine (C) and aliphatic (a) and

variable (X) amino acids [1–3]. Attachment of these

isoprenoids to cysteine occurs by prenyltransferases

(farnesyltransferase (FTase) and geranylgeranyltrans-

ferase (GGTase)) and results in a stable thioether bond

depending on the identity of the variable amino acid X

(Fig. 1A) [4–7]. Subsequent steps include proteolysis to

release the terminal aaX tripeptide by the endopepti-

dase RAS-converting enzyme 1 (RCE1) [8,9], and

methylation of the free carboxylic function of the ter-

minal cysteine residue by isoprenylcysteine carboxyl

methyltransferase (ICMT) [10,11]. Cysteine prenylation

has been studied extensively owing to its involvement

in numerous biological processes, particularly signal

Abbreviations

CF, 5,6-carboxyfluorescein; CLSM, confocal laser scanning microscopy; CPP, cell-penetrating peptides; ER, endoplasmaic reticulum; FTase,

farnesyltransferase; FTI, farnesyltransferase inhibitor; GGTase, geranylgeranyltransferase; HVR, hypervariable region; ICMT,

isoprenylcysteine carboxyl methyltransferase; PDAC, pancreatic ductal adenocarcinoma; PTM, post-translational modification; RCE1, RAS-

converting enzyme 1; SPPS, solid-phase peptide synthesis.

The FEBS Journal 288 (2021) 2911–2929 ª 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.
6



transduction pathways that regulate cell growth and

proliferation [4,12]. In this respect, the activation of

small GTP-binding Ras proteins, which induces the

cycling between an active GTP-bound and an inactive

GDP-bound state [13], is of high interest. In mam-

malian cells, the Ras subfamily consists of several iso-

forms, including HRas, N-Ras, and the splice variants

K-Ras-4A and K-Ras-4B [14]. All four family mem-

bers show high-sequence homology in their N-terminal

globular domain but differ in their C-terminal hyper-

variable region (HVR) including the secondary signal

and the CaaX box (Fig. 1 for HRas and K-Ras-4B)

[15]. Ras proteins are important nodes in many cellu-

lar processes, such as cell proliferation, growth, sur-

vival, and intracellular signaling networks, and their

dysregulation is responsible for severe malignancies [4].

In fact, RAS genes are the most commonly mutated

oncogenes in cancer and roughly 20–30% of all tumors

show enhanced RAS activity due to specific mutations

[16,17].

For example, 90% of pancreatic carcinomas show

activating K-Ras (point mutations at codon 12, 13, or

61) [20–22]. Earlier studies showed that gain-of-function

mutations result in an arrest of Ras proteins in their

active GTP-bound state, and oncogenic Ras is consid-

ered as a promising target for anticancer therapy.

But so far, active Ras mutants are undruggable due

to the lack of suitable pockets for binding small mole-

cule inhibitors [15,19]. An alternative targeting strategy

implies interference of the post-translational processing

of Ras proteins [12,23], which requires membrane asso-

ciation promoted by protein prenylation for initiation

of downstream signaling cascades [24,25]. Early studies

already highlighted that loss-of-membrane association

prevents Ras mutants to induce cell transformation [26].

Initial attempts to develop pharmacological Ras inhibi-

tors focused on FTase inhibitors (FTI) [27], but resulted

in disappointing clinical trials [28]. This was partly due

to the fact that K-Ras can also be a substrate for

GGTase, leading to geranylgeranyl cross-prenylation

and rescue of its oncogenic activity [28,29].

However, owing to its involvement in multiple bio-

chemical pathways, many studies are still ongoing to

develop tools that help to understand enzymes

involved in the prenylation process and to find novel

drug targets, particularly in terms of Ras function and

Fig. 1. Alignment of human HRas and K-Ras-4B. Protein sequences were exported from the UniPort database with the respective

accession numbers P01112-1 and P01116-2 [18]. CaaX boxes: red, secondary signals: underlined, sequence of sC18*: gray. CaaX-peptides

comprise a fusion of the colored sequences (see Table 1). (A) Model of CaaX-peptide processing: after cellular uptake, prenyltransferases

attach an isoprenoid lipid to the Cys of the CaaX motif. Then, cleavage of the aaX tripeptide by RCE1 and methylation of the free carboxylic

group by ICMT occurs. (B) Crystal structure of the FTase binding pocket with the potentially interacting CaaX-1 peptide (gray) and a farnesyl

pyrophosphate analog (pink). Generated with the PDB code 1D8D using PYMOL [19].
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inhibition. For instance, analogs of isoprenoid diphos-

phates are utilized to analyze the mechanisms of

prenylation, to identify prenylated proteins, and to val-

idate enzymatic activities of prenyltransferases [30,31].

Additionally, libraries of short peptides having free

CaaX-termini were screened against substrate speci-

ficity of prenyltransferases [32]. To temporally control

prenylation, caged substrates (either isoprenoids or

peptides) were developed that can be released upon

photolysis and were used to characterize the prenyla-

tion reaction in more details [33]. While those studies

helped to get a clearer picture about structural and

mechanistic features, as well as the enzymology of

prenyltransferases, still much has to be learned about

protein prenylation in living cells. Recently, an

approach in this direction was provided by Flynn

et al. that created a calibrated sensor for cellular

FTase activity [34]. Moreover, also cell-penetrating

prenylated peptides were generated as tools to study

enzymatic processing and intracellular trafficking

related to this PTM [35,36].

Herein, we designed cell-permeable peptides incorpo-

rating the C-terminal sequence of Ras proteins and

investigated their impact on intracellular prenylation

processes. The so-called CaaX-peptides include a cell-

penetrating peptide (CPP) sequence, namely sC18*
[37,38], and the CaaX boxes CVLS and CVIM, which

are derived from HRas and K-Ras-4B, respectively

(Fig. 1). Our results highlight that these peptides are

specifically recognized by prenyltransferases (most

probably FTase; Fig. 1B) based on their PTM motifs.

Thus, we present an intriguing example of how the

intracellular accumulation of cell-permeable peptides

can be controlled. Strikingly, these novel tools induced

notable downstream effects on the cellular level, par-

ticularly in cancer cells, what makes them a promising,

novel concept to address Ras proteins, and their sig-

naling cascades.

Results and Discussion

Design and synthesis of cell-permeable CaaX-

peptides

Three different CaaX-peptides were designed compris-

ing each a cell-penetrating peptide sequence at the N

terminus, followed by the so-called secondary signal

[25] and the CaaX motif (see Table 1 for sequences).

In case of the K-Ras-4B-derived peptide CaaX-1, we

replaced parts of the secondary signal, which is

responsible for plasma membrane association in acidic

regions (Fig. 1) [16,39]. In our opinion, this polybasic

feature was perfectly fulfilled by the sequence of

sC18*. This truncated CPP version still demonstrates

cell-penetrating abilities [38,40] and was used in order

to keep the general length of all peptide hybrids as

short as possible. Moreover, the penultimate amino

acid of the CaaX motif of HRas (CaaX-2), which is in

this case a leucine, was exchanged with a glycine

(yielding peptide CaaX-3). This amino acid substitu-

tion was previously shown to result in loss-of-mem-

brane association and increased cytosolic distribution

for an eGFP-CVGS construct [34]. All designed pep-

tides were synthesized by solid-phase peptide synthesis

(SPPS) using an optimized synthesis strategy (Fig. 2).

Subsequently, they were labeled with 5(6)-carboxyflu-

orescein (CF) or biotin, respectively, and after cleavage

from the resin and purification, the amino acid sequence

was substantiated by mass spectrometry. As controls,

peptides having the CaaX box cysteine substituted with

serine were generated (SaaX-1 and SaaX-2), since

prenylation does not take place at serine [34]. In

Table 1. Names, sequences, and analytical data of investigated peptides.

Names Descriptions Sequences MWcalc [Da] MWexp [Da] Net charge

CaaX-1 sC18*-KRas4B(181-188) GLRKRLRKFRNK-SKTK-CVIM-OH 2463.1 2463.6 +9

SaaX-1 sC18*-KRas4B(181-188), C185S GLRKRLRKFRNK-SKTK-SVIM-OH 2447.0 2447.5 +9

CaaX-2 sC18*-HRas(181-189) GLRKRLRKFRNK-GCMSCK-CVLS-OH 2584.2 2584.7 +8

CaaX-3 sC18*-HRas(181-189), L188G GLRKRLRKFRNK-GCMSCK-CVGS-OH 2528.1 2528.5 +8

SaaX-2 sC18*-HRas(181-189), C186S GLRKRLRKFRNK-GCMSCK-SVLS-OH 2568.2 2568.9 +8

sC18* – GLRKRLRKFRNK-NH2 1571.9 1571.4 +8

Control peptides

sC18*-KR sC18*-KRas4B(181-184) GLRKRLRKFRNK-SKTK-NH2 2015.5 2015.8 +10

KR-C-1 KRas4B(181-188) SKTK-CVIM-OH 909.2 909.1 +2

KR-S-1 K-Ras4B(181-188), C185S SKTK-SVIM-OH 893.1 893.2 +2

sC18*-HR sC18*-HRas(181-185) GLRKRLRKFRNK-GCMSCK-NH2 2180.7 2180.7 +9

HR-C-2 HRas(181-189) GCMSCK-CVLS-OH 1030.3 1030.9 +1

HR-C-3 HRas(181-189), L188G GCMSCK-CVGS-OH 974.2 973.8 +1

HR-S-2 HRas(181-189), C186S GCMSCK-CVLS-OH 1014.2 1014.0 +1

The FEBS Journal 288 (2021) 2911–2929 ª 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

A. Klimpel et al. CaaX-peptides induce cell death
 17424658, 2021, 9, D

ow
nloaded from

 https://febs.onlinelibrary.w
iley.com

/doi/10.1111/febs.15612 by C
ochrane G

erm
any, W

iley O
nline Library on [05/04/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

8



addition, several more control peptides were included,

lacking either the CaaX boxes or the CPP (Table 1).

Cell-permeable CaaX-peptides get intracellularly

enriched

We first assessed the cellular uptake of CaaX-peptides

in the human cancer cell lines HeLa and MCF-7, as

well as in noncancerous mouse fibroblasts (MEF),

which all express the wild-type Ras protein. Cells were

treated with 10 lM of CF-labeled peptide solutions for

0.5 h at 37 °C (Fig. 3A).

An increase in green fluorescence was recognized

when cells were incubated with CaaX-peptides, com-

pared to the control peptides containing the SaaX-mo-

tifs and compared to the CPP alone. In fact, we

noticed a 20- to 100-fold increased uptake dependent

on the CaaX-peptide used (Fig. 3A). For other hybrid

CPP-peptide conjugates with improved membrane

activity, and thus, increased internalization efficiency,

this was a result of a change in secondary structure or

amphipathicity [37,38,41–43]. However, the herein

obtained results rather suggest that enrichment of the

CaaX-peptides is triggered and enhanced after selective

intracellular recognition by their CaaX motifs. This

hypothesis is in accordance with the observed negligi-

ble uptake of the SaaX controls, in which only one

amino acid was exchanged (C ? S), and which dis-

played similar secondary structures (Fig. 3C). We fur-

ther verified this assumption by studying in detail the

impact of each motif of the peptides. For this purpose,

control peptides lacking the CaaX box, or the CPP,

Fig. 2. Optimization of peptide synthesis strategy. (A) Exemplary ion current and mass spectrum (RT = 4.39–4.80 min) of SaaX-2 showing

the [-Arg] by-product with more intensive MS signals than the desired product. The quasimolecular ions of SaaX-2 are highlighted in blue

(m/z): [M + 3]3+ = 857.17, [M + 4]4+ = 643.21, [M + 5]5+ = 514.79, [M + 6]6+ = 429.21. Quasimolecular ions belonging to [-Arg] by-

product are marked in red. Signals beside product signals in black belong to a TFA-adduct of SaaX-2. Similar problems occurred when

synthesizing the other CaaX/SaaX-peptides. (B) Fragmentation pattern of SaaX-1 obtained by LC-MS2. Y-ions for fragments resulting from

bond cleavage next to Arg residues were not detectable, but the b-ions b5 and b7 were obtained (U = detected; x = not detected). For

verification of these results and to determine whether the first or the last arginine of the sequence was missing, a further fragmented

synthesis was carried out (data not shown). Based on these data, we followed a semiautomated synthesis strategy (C) using preloaded

Wang resins and manual loading of the second amino acid, as well as of the identified Arg and Asn residues. (1): Fmoc-deprotection: 30%

piperidine/DMF, 2 9 20 min; coupling: 5 eq. aa/Oxyma/DIC, o/n. (2)/(4): 40% piperidine/DMF, 3 min; 20% piperidine/DMF, 10 min; 8 eq. aa/

Oxyma/DIC, 2 9 20 min. (3): 5 eq. aa/Oxyma/DIC, 2 9 o/n. Capping: AC2O/DIPEA/CH2Cl2 (8 : 1 : 1; v/v/v), 15 min. Fmoc-deprotection:

30% piperidine/DMF, 2 9 20 min. (C) Exemplarily LC-MS analysis of CaaX-1; MW calculated: 2463.08 g/mol. Gradient: 10–60% B in A in

15 min, 1.0 mL�min�1. A: 0.1% TFA in H2O; B: 0.1% TFA in CAN.
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respectively, were synthesized and their cellular uptake

was quantified. Notably, we detected for almost all of

these control peptides significantly decreased internal-

ization efficiencies (Fig. 4B,C), underlining again the

importance of both moieties for their intracellular

function.

Comparing the uptake of the different CaaX-pep-

tides in the studied cell lines, we found that cellular

translocation was cell line-dependent; however, the

CaaX-3 peptide indicated the highest uptake in all cell

lines tested (Fig. 3A). Interestingly, the cellular uptake

was lowest for MCF-7 cells, whereby in HeLa and

MEF cells relatively similar uptake levels were

detected. Moreover, we observed a time-dependent cel-

lular accumulation in HeLa cells, which was highest

after 2 h and decreased again after 6 h of incubation

pointing to degradation or cellular release of the pep-

tides (Fig. 3B).

To get more insights into the intracellular distribu-

tion of the CaaX-peptides, we performed confocal

laser scanning microscopy (CLSM) using the same

experimental conditions as before. Figure 5 shows the

results when cells were incubated for 0.5 and 2 h,

which confirm the internalization ability of all CaaX-

peptides tested. Again, SaaX-peptides were only hardly

detectable (shown for SaaX-1 in Fig. 5F). In addition,

CaaX-peptides exhibited a mostly vesicular distribu-

tion pattern suggesting an endocytic uptake mecha-

nism (Fig. 3A–C). Interestingly, when inspecting

CaaX-3 in HeLa cells after 2 h, the compound dis-

played also a diffuse cytosolic distribution, corroborat-

ing recent results, where it was shown that an EGFP-

CVGS mutant was diffusely expressed in HEK293T

cells [34,44].

Cell-permeable CaaX-peptides have unexpected

impacts on cell viability

To analyze the cytotoxic profile of the novel peptides,

we incubated them in several concentrations for 24 h

with the aforementioned three cell lines. No significant

effects on cellular viability were measured when cells

were treated with all of the control peptides, particu-

larly SaaX-1, SaaX-2, and the CPP sC18*, respectively

Fig. 3. (A) Cellular uptake of CaaX/SaaX-peptides as quantified by flow cytometry. Cells were incubated with 10 lM of CF-labeled peptide

solutions for 0.5 h at 37 °C. Fluorescence intensities of sC18* were set to a value of 1. (B) Time-dependent uptake (0.5–6 h) into HeLa

cells. Error bars of (A, B) indicate the standard deviations of n = 9 values, and the significances were determined by Student’s t-test

(*P < 0.05; **P < 0.005; ***P < 0.0005). (C) CD spectra of synthesized peptides measured in 10 mm phosphate buffer, pH 7.0, and

supplemented with 50% (v/v) trifluoroethanol (TFE). (D) Helical wheel projections of all synthesized peptides predicted by HeliQuest (https://

heliquest.ipmc.cnrs.fr). Hydrophobic residues are marked in yellow, while residues that possess zero hydrophobicity are marked in gray.

Hydrophilic uncharged residues are labeled in pink, whereas potentially positively charged residues are labeled in blue.
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Fig. 4. Synthesis and analysis of control peptides (Table 1). (A) Design of control peptides missing either the CaaX box or the CPP (B). (C)

Cellular uptake of synthesized control peptides into HeLa cells quantified by flow cytometry. Cells were incubated with 10 lM of CF-labeled

peptide solution for 0.5 h at 37 °C. Fluorescence intensities were normalized to the internalization of sC18*. (D) Cytotoxicity of peptides

when incubated with HeLa cells at 37 °C for 24 h with indicated concentrations. Cellular viability was related to untreated cells (100%).

Error bars of (B–D) represent the standard deviations of n = 9 values.

Fig. 5. Microscopic analysis of CaaX-

peptides using (A) HeLa, MEF, MCF-7,

PANC-1, and Capan-1 cells. (B) Images of

control peptides incubated with HeLa and

PANC-1 cells. Cells were incubated with

10 lM of CF-labeled peptide solution for 0.5

or 2 h at 37 °C. Green: CF-labeled peptide;

blue: nuclear Hoechst 33342 stain; scale bar

is 10 lm. (C) K-Ras localization assessed by

immunofluorescence staining via the K-Ras

antibody and visualized with IgGk light chain

binding protein (m-IgGk BP; red) after

treating PANC-1 cells for 24 h with 30 µM

of unlabeled CaaX-1 peptide. Cells were

fixed with 4% paraformaldehyde. Live cell

imaging (A, B) was conducted in three

replicates, while immunostaining (C) was

performed twice.
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Fig. 6. (A–E) Cytotoxicity profiles of novel peptides. Cells were incubated for 24 h with various concentrations of indicated peptides. Cellular

viability was related to untreated cells (100%); assays were performed in triplicates (n = 3), and therefore, error bars of (A–E) indicate the

standard deviations of n = 9 values. (F) Flow cytometric analysis of cell apoptosis/necrosis using the Annexin V-FITC/7-AAD kit (Beckman

Coulter). PANC-1 cells were incubated with 30 lM of peptides for 24 h. As a positive control, cells were incubated with 7 µM of staurosporine.
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(Figs 4D and 6). The latter is in agreement with previ-

ously published data [37,38]. Moreover, no significant

decrease in cellular viability was detected when MEF

cells were incubated with CaaX-peptides, although

high intracellular enrichment near to the range of

HeLa cells was observed (Fig. 3A).

Of more interest was that peptides carrying a CaaX

motif displayed cytotoxicity when applied in concen-

trations ≥ 50 µM for HeLa and MCF-7 cells, while in

the latter cell line the strongest effects were observed.

This was interesting, since MCF-7 cells, like the major-

ity of breast cancer cells, do not carry mutations in

Ras proteins. However, it was already shown that

cytokines often lead to increased levels of the GTP-

bound form of WT-Ras and are able to turn it into

tumor-promoting entities regarding breast cancer

growth and development [45]. Moreover, antitumor

activity of FTase inhibitors (FTIs) in breast cancer

was presented recently. This activity was assumedly

independent on the mutation status of Ras, but rather

dependent on many other factors accompanied by

FTase action [46]. Therefore, we speculated that the

relatively low cellular uptake in combination with the

cytotoxic effects could point to elevated levels of

FTase in combination with activated Ras proteins in

the MCF-7 cells and, thus, a higher cellular impact of

our peptides on intracellular Ras processing and inter-

action.

Evaluating the influence of CaaX-1 on K-Ras-

mutated cells

Inspired by the above-mentioned observation that

CaaX-peptides may have an impact on cells in which

Ras isoforms are dysregulated, we focused in the fol-

lowing on the K-Ras-derived peptide CaaX-1 and its

function in K-Ras-mutated cells. Indeed, K-Ras was

shown to be the most frequent mutated isoform in

Ras-driven cancers, with high frequencies of around

40% in colorectal cancers, and more than 90% in pan-

creatic ductal adenocarcinomas (PDAC) [47]. For our

following studies, we thus chose two pancreatic cancer

cell lines (PANC-1 and Capan-1), and the colorectal

cancer cell line LS174T, which all carry a K-Ras

Fig. 7. (A) Pancreatic and colon cell lines used, their origin and K-Ras mutation. (B–D) Cytotoxicity profiles of CaaX-1, SaaX-1, and sC18* in

LS174T, PANC-1, and Capan-1 cells. Cells were incubated with indicated concentrations of peptides at 37 °C for 24 h. Cellular viability was

related to untreated cells (100%). (E) Cellular uptake of 10 µM peptide solutions into LS174T, PANC-1, and Capan-1 cells after 0.5 h of

incubation at 37 °C. Error bars of (b-e) represent the standard deviations of n = 9 values. (F) Expression levels of farnesyltransferase as

quantified by western blot using 30 µg of cell lysates against the alphasubunit of farnesyltransferase (loading control: b-actin). (G)

Intracellular distribution of CaaX-1 in PANC-1 and Capan-1 cells as analyzed by CLSM. Cells were incubated for 2 h with 10 lM of CF-labeled

peptide solution. Green: CF-labeled peptide; blue: nuclear Hoechst 33342 stain; scale bar is 10 lm. Experiments of (F, G) were performed in

three replicates.

The FEBS Journal 288 (2021) 2911–2929 ª 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

CaaX-peptides induce cell death A. Klimpel et al.

 17424658, 2021, 9, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.15612 by C

ochrane G
erm

any, W
iley O

nline Library on [05/04/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

13



mutation at G12 (Fig. 7A). This oncogenic mutation is

present predominantly in human cancers (89%), and

impairs intrinsic and GAP-mediated GTP hydrolysis

[48]. Interestingly, in terms of toxicity, PANC-1 cells

were the most sensitive cell line according to the treat-

ment of the CaaX-1 peptide, followed by LS174T and

Capan-1 cells (Fig. 7B). Again, no effects on cellular

viability were observed for SaaX-1 or sC18* (Fig. 7C,

D). In addition, an apoptosis assay revealed an

increased number of PANC-1 cells undergoing apopto-

sis and necrosis after treatment with CaaX-1 (Fig. 6F).

Regarding the cellular uptake, the results point to

comparable internalization efficiencies of CaaX-1 in

these three cell lines and MCF-7 cells (Fig. 7E),

although the overall uptake was lower in comparison

with HeLa and MEF cells (Fig. 3A). To determine

whether there was any relationship between the

observed toxicity and recognition of prenylation motifs,

we validated the expression levels of farnesyltransferase

by performing western blot analysis (Fig. 7F). The

intensities of FTase expression in the analyzed cell

lines correlated well with the degree of toxicity

(PANC1>MCF-7>HeLa>LS174T>MEF). In contrast,

Capan-1 cells showed no correlation, while displaying

high expression levels of FTase, but only low sensitivity

to the CaaX-1 peptide. Although the mutation in the

K-Ras amino acid sequence of PANC-1 and Capan-1

cells is at the same position (glycine 12), it differs con-

cerning the substituted amino acid (G12V versus

G12D), which might also impact gene expression and

other factors resulting in this observed effect [48,49].

We then assessed the intracellular distribution after

0.5 and 2 h performing confocal microscopic analysis,

which revealed similar phenotypes of PANC-1 and

Capan-1 cells after treatment with CaaX-1, demon-

strating predominantly punctuate patterns (Figs 5A,B

and 7G).

FTase activity is responsible for intracellular

enrichment of CaaX-1

Given the high activity of CaaX-1 in PANC-1 cells, we

focused in the following on this cell line. First, we fur-

ther investigated the time-dependent uptake of CaaX-1

(Fig. 8A). We observed a 4.5-fold increase in internal-

ization after 2 h, and in contrast to HeLa cells

(Fig. 3B), the signal did not decrease after 6 h, which

might be due to the hyperactivated status of K-Ras. In

the next step, we explored the cellular uptake of

CaaX-1 in a three-dimensional cell model by preparing

3D-PANC-1 spheroids (Fig. 8B,C).

Here, mean fluorescence intensities were lower in

comparison with the inspected 2D cell culture models.

More interestingly, we recognized a relatively homoge-

nous internalization into all PANC-1 cell layers. Our

data were supported by a nearly Gaussian intensity

distribution (Fig. 8C). Generally, for a peptide that

internalizes only in the periphery of the spheroid the

intensity distribution is expected to be broader, than

for a peptide that passes through different layers of

the spheroid [50]. In comparison, the intensity distribu-

tion of the control peptide SaaX-1 displayed more

heterogeneity with two populations pointing to a low

peripheral uptake only into the outer layers of the

spheroids. Also, in this case, uptake efficiencies were

negligible supporting again the importance of the pres-

ence of the CaaX box for intracellular enrichment.

In order to analyze whether the CaaX-peptides were

indeed identified by farnesyltransferase, we studied the

impact of different inhibitors on the internalization

efficiencies of CaaX-1. Therefore, we used the farnesyl

analog AFCME [51], the FTI tipifarnib [52] and we

applied Mevastatin [53], which inhibits conversion of

hydroxymethylglutaryl (HMG)-CoA into mevalonate,

an upstream precursor of FPP and geranylgeranyl

pyrophosphate (GGPP) [54]. We preincubated PANC-

1 cells with the different inhibitors, respectively, before

adding CaaX-1, followed by flow cytometry analysis

of the intracellular uptake (Fig. 8D). Interestingly,

uptake of CaaX-1 was not altered after incubation

with tipifarnib and even increased after incubation

with AFCME, which was supposedly the result of

cross-prenylation by GGTase [55], a process recently

described [56,57]. Therefore, to completely inhibit

prenylation of K-Ras, both pathways need to be dis-

rupted. Accordingly, treatment of PANC-1 cells with

Mevastatin resulted in significantly decreased cellular

uptake of CaaX-1, proving a prenylation-dependent

accumulation of CaaX-1.

To further substantiate CaaX-1 interaction with

FTase, we synthesized biotinylated CaaX-1 and per-

formed pull-down assays. Indeed, when magnetic

streptavidin beads were preloaded with biotinylated

CaaX-1, specific interaction with either recombinant

rat FTase or prenyltransferases of PANC-1 cell lysate

was detected (Fig. 8E,F). Based on our obtained data

thus far, we suggest the following model for CaaX cel-

lular uptake and intracellular fate: After internaliza-

tion of CaaX-peptides, they are recognized and

processed by prenyltransferases (e.g., FTase), and

assumedly modified with an isoprenoid lipid. This

intracellular modification would then induce a removal

of the CaaX-peptides from the internalization equilib-

rium, triggering intracellular enrichment (Fig. 9).

Based on this model, we wondered whether internal-

ization of CaaX-1 would also be responsible for an
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upregulated level of FTase, sort of a consequence of

its intracellular modification. We measured the expres-

sion level of FTase in CaaX-1- and SaaX-1-treated

PANC-1 cells, in comparison with untreated cells. As

depicted in Fig. 8G, band intensities did indeed rein-

force our hypothesis. We also speculated that CaaX-1

peptides did not act as FTI’s, but more as competitors

to other proteins serving as substrates for prenyltrans-

ferases, such as K-Ras. This is supported by the find-

ing that K-Ras expression levels remained unaffected

(Fig. 8H) and we did not observe any alteration in K-

Ras localization (Fig. 3C). Therefore, we concluded

that off-target effects might have led to the observed

strong cytotoxicity in PANC-1 cells.

Proteome profiling of CaaX-1-treated PANC-1

cells reveals changes in K-Ras downstream

signaling

We further examined the proteomic changes caused by

CaaX-1 incubation in comparison with SaaX-1-treated

and untreated (control) PANC-1 cells. A label-free

quantitative proteome analysis was performed after

incubating cells for 24 h with 30 µM peptide solutions.

We quantified in total 4361 proteins, of which 186

were significantly altered between the three conditions

(based on ANOVA, P value < 0.05). Hierarchical clus-

tering revealed four different protein clusters (n = 146),

from which cluster 1 (n = 73) and cluster 4 (n = 36)

contained proteins that were exclusively upregulated or

downregulated after treatment with CaaX-1, respec-

tively (Fig. 10A). Among the upregulated proteins in

cluster 1, we found candidates involved in actin bind-

ing and actin filament organization including Thy-

mosin beta-4, Thymosin beta-10, and LIM and SH3

domain protein 1. The organization of the actin

cytoskeletal is mediated by Ras-regulated signaling

pathways, and its dysregulation assumedly is related to

a dysfunction of Ras proteins after CaaX-1 treatment

[57]. Furthermore, within both clusters (1 and 4), we

identified proteins associated with the ER, an impor-

tant organelle for protein folding, post-translational

Fig. 8. Time-dependent uptake (0.5–6 h) of CaaX-1 and SaaX-1 into PANC-1 cells (A), and quantitative uptake after 2 h of incubation with

PANC-1 spheroids (B, C). Spheroids were incubated for 2 h with 10 µM of CF-labeled CaaX-1 or SaaX-1. Error bars of (A, B, D) indicate the

standard deviations of n = 9 values. (D) Cellular uptake of CaaX-1 and SaaX-1 after preincubation of PANC-1 cells with either the farnesyl

analog N-Acetyl-S-farnesyl-l-cysteine-methyl-ester (AFCME) (for 30 min), the FTI tipifarnib, or the isoprenoid metabolism inhibitor Mevastatin

(overnight). CF-labeled peptides were incubated for 30 min in a concentration of 10 µM. Significance was determined by Student’s t-test

(*P < 0.05; **P < 0.005; ***P < 0.0005). (E, F) Pull-down assay with either recombinant rat FTase (E) or crude PANC-1 lysate (F). (G, H)

Expression level of prenyltransferases (G) or K-Ras (H) of CaaX-1- and SaaX-1-treated PANC-1 cells in comparison with control cells.

Peptides were incubated for 24 h in a concentration of 30 µM, and quantification was performed by western blotting (loading control: b-

actin). All western blot analysis (E–H) was conducted in three replicates.
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modifications, and the delivery of proteins to their cor-

rect destination [58]. In particular, we detected upregu-

lated proteins implicated in protein folding as well as

the unfolded protein response, which is usually trig-

gered by ER stress, for example, heat-shock 70 kDa

protein 5, Yip1 interacting factor homolog A, and

SEC61 translocon beta subunit. As downregulated pro-

teins, we identified subunit of the eukaryotic transla-

tion initiation factor 2, which is known to relieve the

ER workload during ER stress by attenuating protein

translation [59,60], and the calcium sensor pro-

grammed cell death protein 6 playing a key role in ER

to Golgi vesicular transport [61].

Of more interest was that we could allocate several

proteins in both clusters (1 and 4), which were directly

related to Ras signaling cascades. Cluster 1 contained

STAM-binding protein, which is involved in the nega-

tive regulation of the PI3K-AKT pathway and Ras-re-

lated signal transduction. Moreover, we found

inositol-3-phosphate synthase 1 in cluster 4, which is a

rate-limiting enzyme in the synthesis of all inositol-

containing compounds, including PIP3, which is an

important mediator in AKT signaling pathways. Also,

we found cAMP-dependent protein kinase type I-alpha

in cluster 4, which is a regulatory subunit of the pro-

tein kinase A, and, in fact, is a negative regulator of

the RAF/MEK/ERK (MAPK) pathway [62,63].

Indeed, it was shown that PRKAR1A inactivation is

associated with dysregulated PKA resulting in

increased expression and activation of the MAPK

pathway [64,65]. In line with this, we further identified

IRF-2-binding protein 2 in cluster 4, a negative regula-

tor of the NFAT1 transcription factor [66] being one

of the many downstream effectors of the RAF/MEK/

ERK pathway. We also performed a 1D annotation

enrichment analysis to identify global changes in path-

ways between CaaX-1-treated and untreated control

cells (Fig. 10B). We detected again effects in actin

polymerization (Arp2/3 complex formation) and ER

trafficking (SRP-dependent proteins). However, more

of note was that we found changes in pathways related

to the PI3K/AKT pathway, affecting PTEN and PIP3,

matching our previous observations. Notably, these

reside downstream the insulin receptor/insulin-like

growth factor receptor cascades, which were also sig-

nificantly influenced by the CaaX-peptides.

Since it was recently shown that pancreatic cancer

initiation, progression, and maintenance depend on K-

Ras-PI3K-Pdk1 signaling [67,68], we furthermore

assessed the activation state of direct downstream

effectors of K-Ras by western blot analysis, including

members of the RAF/MEK/ERK and PI3K/AKT

pathway (Fig. 10C). While protein levels of MEK1/2,

ERK1/2, and AKT were unaffected after treatment,

the phosphorylation state of all three proteins was

altered compared with untreated samples. Surprisingly,

the treatment of PANC-1 cells with CaaX-1 increased

phosphorylation of MEK and ERK kinases. In con-

trast, a decrease in phosphorylation of AKT indicated

an inhibition of the PI3K/AKT pathway, which is in

accordance with the data obtained in our proteome

profiling (Fig. 10A,B). The reason for the relatively

low levels of phosphorylated ERK1/2 and MEK1/2 in

the control cells may be correlated with the fact that

constant activation of the ERK pathway may lead to

growth arrest [68].

Fig. 9. Model of internalization and processing of the synthesized CaaX-peptides and their possible intracellular effects. Assumedly, CaaX-

peptides are taken up mainly by endocytic mechanisms, whereas also direct translocation might be possible. After internalization, they are

recognized and processed by prenyltransferases, which potentially modify them with an isoprenoid lipid, possibly leading to localization to

membranous structures. This intracellular modification would then induce a removal of the CaaX-peptides from the internalization

equilibrium, triggering intracellular enrichment, and possibly also a positive feedback regulation in terms of FTase expression levels.
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It was already shown that transient activation of

ERK was followed by sustained lower levels of ERK

activity inducing cell proliferation in many cell systems

[69–72]. This finding would also explain the differences

of control and SaaX-1-treated samples. In summary,

our results indicated once again that CaaX-1 peptides

might interfere with FTase and thus, compete with the

post-translational modification of farnesylated K-Ras,

or with other processes important for the dysregulated

K-Ras status in PANC-1 cells. For instance, it was

recently demonstrated that Ras dimerization is impor-

tant to activate effector pathways. Probably, Ras–Ras

dimer formation and following protein binding pro-

cesses were impaired by the intracellular accumulation

Fig. 10. (A) Hierarchical clustering and line-plot of Z-score-normalized protein intensities. Clusters were identified by hierarchical clustering of

significantly changed proteins (ANOVA, P value < 0.05). Representative proteins included in the clusters are listed, those related to Ras

signaling pathways are highlighted in light gray. (B) 1D annotation enrichment identified significantly changed terms (FDR < 0.02). Box plots

show relative fold change between CaaX-1 and untreated cells for proteins annotated with the indicated terms, whereby significant changes

related to Ras signaling pathways are highlighted in light gray. (C) Western blot analysis showing the activation state of the RAF/MEK/ERK

and PI3K/AKT pathways in PANC-1 cells after treatment with CaaX-1 (n = 3; loading control: ß-actin).
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of CaaX-1 peptides [73]. Moreover, it might be

assumed that downstream signaling pathways of K-

Ras were directly altered by CaaX-1, leading to a

switch from the PI3K/AKT pathway observed in K-

Ras-mutated PANC-1 cells to the physiological RAF/

MEK/ERK pathway [74].

Conclusion

Within this work, we designed and synthesized so-

called CaaX-peptides bearing the cell-penetrating pep-

tide sC18* and C-terminal sequences of Ras proteins,

which are required for protein prenylation. The pur-

pose of this study was to investigate this novel combi-

nation of such PTM motifs with a CPP and to analyze

whether these chimeras would potentially be recog-

nized and processed by the protein PTM machinery.

Our first finding was that CaaX-peptides are intracellu-

larly highly enriched dependent on their CaaX box. As

illustrated in Fig. 3, by using the C-terminal CVGS

motif, it was even possible to increase cytosolic peptide

distribution. Since one bottleneck in the use of cell-

penetrating peptides is their often only poor endoso-

mal release, our newly created peptides might offer a

really advantage in this direction. Moreover, we

showed that a cysteine to serine mutation led to signif-

icantly lower internalization efficiencies of such pep-

tides, suggesting an uptake pathway certainly

dependent on correct intracellular recognition of

CaaX-peptides. This was additionally supported by

decreased intracellular accumulation after the treat-

ment of PANC-1 cells with different control peptides

and inhibitors, for example, Mevastatin. Furthermore,

we highlighted cytotoxic effects of CaaX-peptides in

several cancerous cells, which approximately corre-

sponds with the distinct cellular expression levels of

prenyltransferases, for example, FTase. Focusing then

on PANC-1 cells, we also proofed the direct interac-

tion of CaaX-1 with farnesyltransferase by pull-down

assays and verified an upregulation in expression levels

of farnesyltransferase.

In future, we will study how these peptides interfere

and probably compete with Ras processing, since,

within this work, we highlighted significant changes in

Ras-related signaling pathways. Particularly, K-Ras

would be an intriguing target in terms of PDACs, one

of the most severe and K-Ras addicted cancers. Taken

all these results into account, our approach might also

open up a novel field for the development and study

of therapeutics targeting other prenylated proteins, for

instance such that are substrates of FTase and occur

in the genomes of bacteria and viruses.

Materials and methods

Peptide synthesis and purification

All peptides were synthesized according to the Fmoc/tBu

strategy using an automated multiple solid-phase peptide

synthesizer Syro I (multiSynTech), as previously described

[41]. As solid support, preloaded Wang resins were used

and peptides were labeled N-terminally with 5(6)-car-

boxyfluorescein (CF) to enable their intracellular detection.

Labeling of the peptides was performed on resin with fully

protected side chains by using 5 equivalents (eq.) of fluo-

rophore, Oxyma, and N,N0-diisopropylcarbodiimide (DIC)

(overnight (o/n), RT). For synthesis of biotinylated conju-

gates, biotin coupling was performed on resin using 3 eq.

of biotin, Oxyma, and DIC and (o/n, RT, N-methyl-2-

pyrrolidone (NMP)). Peptides were cleaved from the resins

using trifluoroacetic acid (TFA)/ thioanisole/ 1, 2-ethane-

dithiol (90 : 7 : 3, v/v/v) within 3 h at RT, then precipi-

tated in ice-cold diethyl ether and lyophilized. Analytical

data were obtained from RP-HPLC (Agilent with Nucleo-

dur column: 100-5; c18ec; 4.6 9 125 mm) using a gradient

from 10% to 60% of acetonitrile (ACN) in H2O with 0.1%

formic acid for sample separation, followed by electro-

spray-ionization mass spectrometry (ESI/MS, Thermo Sci-

entific LTQ-XL, Darmstadt, Germany) measurements.

Purification of peptides was achieved by preparative RP-

HPLC (Hitachi Elite LaChrom, San Jose, CA, USA) on a

15 9 250 mm Jupiter 4 µm Proteo 90 A column (Phenom-

enex, Torrance, CA, USA) using linear gradients from 15%

to 45% B in A (A = 0.1% TFA in water; B = 0.1% TFA

in ACN) over 45 min and a flow rate of 6 mL�min�1.

Peptide sequencing by tandem mass

spectrometry

For determining the position of not properly incorporated

amino acids, fractions containing side-products in high pur-

ity were analyzed by LC-MS/MS. Samples were dissolved

in H2O/MeOH/FA (50 : 50 : 0.1, v/v/v) and diluted to a

final concentration of 100 pmol�lL�1. Full scans were con-

ducted, and side product ions isolated for fragmentation

with a collision energy of 35–40%. Samples were injected

by a syringe-pump at a flow rate of 3 lL�min�1.

Secondary structure analysis

Circular dichroism (CD) spectroscopy of the CaaX-peptides

(20 µM in 10 mM phosphate buffer, pH 7.0, or 10 mM phos-

phate buffer/ 2,2,2-trifluoroethanol (TFE) (1 : 1 v/v)) was

recorded in triplicate using a Jasco Corp J-715 spectropo-

larimeter in a range from 190 to 260 nm using instrument

settings as described in Ref. [75]. The resulting signal was

converted from ellipticity (mdeg) to molar ellipticity [Q] in
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deg * cm2 * dmol�1. R-values were calculated by taking the

ratio between the molar ellipticity at 222 and 207 nm (R-

value = [Ө] 222/[Ө] 207) [76]. Helical wheel projections of

the synthesized peptides were calculated by using Heliquest

[77].

Cell culture

All cell lines used during this work were cultured as sub-

confluent monolayers in 10-cm petri dishes at 37 °C, in

humidified atmosphere containing 5% CO2. HeLa, MCF-7,

LS174T, and PANC-1 cells were maintained in RPMI 1640

medium supplemented with 10% FBS and 2–4 mM glu-

tamine. MEF and Capan-1 cells were cultured in DMEM

medium with 10% FBS and 4 mM glutamine for MEF and

Capan-1. When reaching a confluency of ~ 80–90%, cells

were splitted by using 0.5 mg�mL�1 trypsin-EDTA for cell

detachment. For cell culture experiments, cells were always

grown to a confluency of up to 80%. All experiments were

performed minimum twice in triplicates.

Cellular viability

The cellular viability was determined with a resazurin-based

cytotoxicity assay (Sigma-Aldrich), as previously reported

[41,78]. Therefore, cells were seeded (HeLa: 1.7 9 104;

MCF: 2 9 104; LS174T: 2.4 9 104; PANC-1: 1.9 9 104;

MEF: 1.7 9 104; Capan-1: 2.0 9 104 cells) in 96-well plates

and grown to subconfluency (~ 70–80%) o/n. On the next

day, cells were incubated with different peptide concentra-

tions in the appropriate serum-free medium. After 24 h,

cells were washed twice with PBS, while the positive con-

trols were treated for 10 min with 70% EtOH. Cells were

incubated with a 1 : 10 dilution of the reagent (v/v, in

serum-free medium) for 1–2 h at 37 °C. The resazurin pro-

duct was monitored at 595 nm (kex = 550 nm) on a Tecan

infinite M200 plate reader.

Annexin V-FITC/7-ADD assay

PANC-1 cells were seeded (1.2 9 105) in 24-well plates and

grown to subconfluency o/n. Medium was removed, and

cells were incubated with 30 µM of unlabeled peptides for

24 h at 37 °C. Positive controls were treated with 7 µM of

staurosporine (Sigma-Aldrich), while untreated cells served

as negative controls. After incubation, cells were washed

twice with PBS, detached with phenol red-free trypsin, and

resuspendend in phenol red-free medium. Cells were cen-

trifugated (7.5 min, 106 g, 4 °C), the supernatant was dis-

carded, and the cell pellet washed with PBS. In the

following, the cell pellet was resuspended in ice-cold bind-

ing buffer from the kit (Beckmann Coulter, Brea, CA,

USA) and incubated for 150 min in the dark with the

Annexin V-FITC/7-AAD staining solutions. Cells were

analyzed within 30 min with the guava easyCyteTM System

(Merck, Darmstadt, Germany) using the GRN-B (525/30)

and the RED-B (695/50) channel.

Cellular uptake and intracellular distribution

To study the intracellular fate of the novel peptides, flow

cytometry experiments and confocal scanning microscopy

were performed, as already described [41]. For the quantifi-

cation of the cellular uptake, cells were seeded (HeLa:

1.0 9 105; MCF: 1.2 9 105, LS174T: 1.6 9 105; PANC-1:

1.4 9 105; MEF: 1.0 9 105; Capan-1: 1.5 9 105 cells) in

24-well plates and grown to subconfluency (~ 70–80%) o/n.

On the next day, fluorophore-labeled peptides were incu-

bated for 30 min in the appropriate serum-free medium.

After incubation, cells were washed twice with PBS,

detached with phenol red-free trypsin, and resuspended in

phenol red-free medium. Cellular uptake was determined

with the guava easyCyteTM System (Merck) using the

GRN-B (525/30), counting 10 000 cells per well. For the

assays with inhibitors, we incubated 10 µM AFCME for

30 min, 5 µM tipifarnib for 24 h, and 10 µM Mevastatin for

24 h with the cells. After preincubation, cells were washed

with PBS and peptide incubation was started.

For the microscopic analysis, cells were seeded (HeLa:

4.0 9 105; MCF: 4.5 9 105, PANC-1: 5.0 9 105; MEF:

3.0 9 105, Capan-1: 5.0 9 105 cells) in a µ-slide eight-well

plate (Ibidi) and grown to subconfluency (~ 70–80%). On

the next day, cells were incubated with fluorophore-labeled

peptides in the appropriate serum-free medium. Cell nuclei

were stained for the last 10 min of the incubation time with

Hoechst 33342 nuclear dye. Medium was removed, and

external fluorescence was quenched with trypan blue

(150 µM in 0.1 M acetate buffer, pH 4.1) for 30 s. After

washing the cells once and adding fresh medium, micro-

scopic analyses were performed on a Leica TCS SP8 confo-

cal scanning microscope using a 639 immersion oil

objective and images were processed with Fiji.

For the immunostaining, PANC-1 cells were seeded as

described above. On the next day, cells were incubated for

6 h with 30 µM of CaaX-1 peptide in serum-free medium.

Afterward, cells were washed twice with PBS and fixed

using 2% paraformaldehyde (PFA) in PBS (30 min, RT).

Cells were washed 3 times with 100 mM glycine in PBS

(10 min, gentle shaking) and blocked (0.3% Triton X-100,

5% bovine serum albumin (BSA) in PBS) for 2 h at RT

under shaking. The anti-K-Ras (Santa Cruz, Dallas, TX,

USA; sc-30; 1 : 100) antibody was incubated overnight

(RT, gentle shaking). Cells were washed again 3 times with

100 mM glycine in PBS (10 min, gentle shaking), and the

secondary antibody was incubated for 2 h (anti mouse

igG2a; 1 : 500), and afterward, cell nuclei were stained for

15 min with Hoechst 33342 nuclear dye. Cells were washed

twice with PBS, once with ddH2O, mounted with Mowiol,

and analyzed on the same microscope as described above.
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Preparation of spheroids

3D spheroids of PANC-1 cells were generated with the

hanging drop method to analyze the penetration ability of

the peptides into more complex tissue. Therefore, a conflu-

ent petri dish of PANC-1 cells was washed, trypsinized,

and harvested by centrifugation (300 g, 4 °C, 5 min). Cells

were seeded in droplets containing each 1.5 9 105 cells

onto an inverted lid of a petri dish supplemented with

1.2 mg�mL�1 methylcellulose in the appropriate serum-free

medium. After 2 days, spheroids were formed and incuba-

tion of compounds was performed by addition of CF-la-

beled peptides directly into the droplets (final

concentration: 10 µM). Incubation was carried out for 2 h

at 37 °C, and afterward, spheroids were harvested by soak-

ing them carefully with a 1 mL into a tube. For quantifica-

tion of the uptake, cells were centrifuged (1000 r.p.m.,

5 min, 4 °C), the supernatant was discarded, and the pellet

was washed twice with PBS. PANC-1 spheroids were trea-

ted with phenol red-free trypsin under gentile shaking at

37 °C and after falling apart, resuspended in phenol red-

free medium. Cellular uptake was determined as described

above.

Cell lysates and western blotting

Cells were grown to confluency in 6-well plates, washed twice

with PBS, and trypsinized using 500 µL trypsin. After

detachment, cells were resuspended with ~ 6 mL of the

appropriate full medium. Cells were centrifuged (5 min,

1000 r.p.m. and 4 °C), the supernatant was discarded, and

the cell pellet washed with 1 mL PBS and centrifuged using

the same conditions. The pellet was resuspended in ~ 200 µL
lysis buffer (25 mM Tris pH 7.4, 150 mM NaCl, 1 mM TCEP,

2 mM EDTA, 1% Triton X-100, 1 : 100 HaltTM protease

inhibitor cocktail) and rotated for 40 min at 4 °C. Cell debris
was removed by centrifugation (20817 g, 30 min, and 4 °C).
Protein concentration was measured with Roti�-Nanoquant

(Promega), and the appropriate amount of lysate was dena-

tured in Laemmli buffer (10 min, 95 °C). Samples were elec-

trophoresed on a 10% polyacrylamide gel via Tricine-SDS/

PAGE, transferred onto a PVDF membrane (1.5 h,

100 mV), and blocked with 5% milk in PBS T for 1.5 h.

Incubation with primary antibodies was carried out over-

night followed by an incubation with HRP-conjugated rabbit

or mouse antibody for 1.5 h (Cell Signaling Technology

(CST), Danvers, MA, USA; 1 : 3000). The following pri-

mary antibodies were used as follows: anti-FNTA (Abnova,

Taipeh, Taiwan Cat#4326; 1 : 250), anti-ERK1/2 (CST

Cat#4695; 1 : 1000), anti-phospho-ERK1/2 (CST Cat#4370;

1 : 1000), anti-MEK1/2 (CST Cat#8727; 1 : 1000), anti-

phospho-MEK1/2 (CST Cat#9154; 1 : 1000), anti-AKT

(CST Cat#9272; 1 : 1000), anti-phospho-AKT (CST

Cat#4060; 1 : 1000), and anti-K-Ras (Santa Cruz; sc-30;

1 : 1000). Samples were visualized by using the SignalFireTM

ECL Reagent (CST). To obtain a loading control, the mem-

brane was washed 2 9 10 min with stripping buffer (0.2 M

glycine, 0.1% SDS, 1% Tween 20, pH 2.2), blocked again,

and incubated with an anti-b-actin antibody (Santa Cruz; sc-

47778 HRP; 1 : 1000) for 1.5 h. Samples were again visual-

ized using the ECL Reagent.

Pull-down analysis

The interaction between CaaX-1 and the prenyltransferases

was studied with crude lysates (a) and recombinant rat

FTase (b) (Jena Bioscience, Jena, Germany) via a pull-

down assay. Since high amounts of crude lysates were

required, PANC-1 cells were seeded in 100 9 200 mm petri

dishes and lysed as described above when reaching a con-

fluency of around 80%. Magnetic streptavidin beads (Dyn-

abeadsTM MyOneTM Streptavidin C1 (Thermo Scientific))

were washed three times with (a) lysis buffer or (b) PBS

and preloaded for 30 min at RT with 40 lg of biotinylated

CaaX-1 or SaaX-1 in (a) lysis buffer or (b) PBS. Beads

were washed once with (a) lysis buffer or (b) PBS, and

unbound streptavidin was blocked with 1 mM biotin in

PBS. After washing once with lysis buffer, beads were

rotated for 2 h at 4 °C with (a) 500 lg crude PANC-1

lysate or (b) 400 ng recombinant rat FTase which was

again followed by three times washing with lysis buffer.

Elution was carried out, by rotating the beads for 15 min

at RT in hexafluoroisopropanol (HFIP). HFIP was evapo-

rated for 20 min at 40 °C under continuous N2 flow (Xcel-

Vap, Biotage, Uppsala, Sweden). Western blotting was

performed as described above.

Quantitative proteome analysis

8.0 9 105 PANC-1 cells were seeded in 6-well plates and

grown to confluency. Cells were incubated for 24 h with

30 µM of the peptide solutions. On the next day, cells were

lysed with modified RIPA buffer (50 mM Tris pH 7.5,

150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.1% SDS, 1%

Triton, 1 : 100 HaltTM Protease Inhibitor Cocktail) as

described above. DNA was shared by sonification for

10 min at 4 °C with a Bioruptor. In the following, proteins

were precipitated with cold acetone o/n. On the next day,

sample was centrifugated (15 000 g, 10 min, 4 °C), the pel-

let was washed twice with acetone and then air-dried. For

the in-solution digest, the pellet was dissolved in 6 M urea/

2 M thiourea and incubated for 30 min at RT with 5 mM

DTT to reduce disulfide bonds. To alkylate cysteines,

40 mM iodoacetamide was added to the samples and the

mixture was incubated for 20 min in the dark (RT). Endo-

proteinase Lys-C was added (enzyme: substrate ratio of

1 : 100) for further 3 h at RT. Afterward, samples were

first diluted with 50 mM ABC to an urea concentration of

2 M and trypsin (enzyme: substrate ratio of 1 : 100) was
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added o/n. To stop the digestion, formic acid (FA) was

supplemented to a final concentration of 1%. Before MS

analysis, samples were desalted on Stage tips. Proteomic

analysis was performed as already described [79], using an

Easy nLC 1000 UHPLC coupled to a QExactive Plus mass

spectrometer (Thermo Fisher). Peptides were resuspended

in solvent A (0.1% FA), picked up with an autosampler,

and loaded onto in-house made 50-cm fused silica columns

(internal diameter (I.D.) 75 lm, C18 2.7 lm, Poroshell

beads, Agilent) at a flow rate of 0.75 µL�min�1. A 240-min

segmented gradient of 5–34% solvent B (80% ACN in

0.1% FA) over 215 min, 34–55% solvent B over 5 min,

and 55–90% solvent B over 5 min at a flow rate of

250 nL�min�1 was used to elute peptides. Eluted peptides

were sprayed into the heated transfer capillary of the mass

spectrometer using a nanoelectrospray ion source (Thermo

Fisher Scientific). The mass spectrometer was operated in a

data-dependent mode, where the Orbitrap acquired full MS

scans (300–1750 m/z) at a resolution (R) of 70 000 with an

automated gain control (AGC) target of 3 9 106 ions col-

lected within 20 ms. The dynamic exclusion time was set to

20 s. From the full MS scan, the 10 most intense peaks

(z ≥ 2) were fragmented in the high-energy collision-in-

duced dissociation (HCD) cell. The HCD normalized colli-

sion energy was set to 25%. MS/MS scans with an ion

target of 5 9 105 ions were acquired with R = 17 500, with

a maximal injection time of 60 ms and an isolation width

of 2.1 m/z. The raw files were processed using MaxQuant

software and its implemented Andromeda search engine

[80] Parameters were set to default values. ANOVA and

1D annotation enrichment analysis were performed using

Perseus [81]. Hierarchical clustering was performed using

Instant Clue [82].
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Abstract
The phenotypic spectrum of colorectal cancer (CRC) is remarkably diverse, with seemingly endless variations in cell
shape, mitotic figures and multicellular configurations. Despite this morphological complexity, histological grading
of collective phenotype patterns provides robust prognostic stratification in CRC. Although mechanistic understand-
ing is incomplete, previous studies have shown that the cortical protein ezrin controls diversification of cell shape,
mitotic figure geometry and multicellular architecture, in 3D organotypic CRC cultures. Because ezrin is a substrate
of Src tyrosine kinase that is frequently overexpressed in CRC, we investigated Src regulation of ezrin and morpho-
genic growth in 3D CRC cultures. Here we show that Src perturbations disrupt CRC epithelial spatial organisation.
Aberrant Src activity suppresses formation of the cortical ezrin cap that anchors interphase centrosomes. In CRC cells
with a normal centrosome number, these events lead to mitotic spindle misorientation, perturbation of cell cleavage,
abnormal epithelial stratification, apical membrane misalignment, multilumen formation and evolution of cribriform
multicellular morphology, a feature of low-grade cancer. In isogenic CRC cells with centrosome amplification, aber-
rant Src signalling promotes multipolar mitotic spindle formation, pleomorphism and morphological features of
high-grade cancer. Translational studies in archival human CRC revealed associations between Src intensity, multi-
polar mitotic spindle frequency and high-grade cancer morphology. Collectively, our study reveals Src regulation
of CRC morphogenic growth via ezrin–centrosome engagement and uncovers combined perturbations underlying
transition to high-grade CRC morphology.
© 2020 The Authors. The Journal of Pathology published by JohnWiley & Sons Ltd on behalf of Pathological Society of Great Britain
and Ireland.
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Introduction

For over a century, histological grading of cellular and
multicellular morphology has provided a robust readout
of cancer aggressiveness [1]. Although causal molecular
mechanisms are still unclear, fundamental and embryo-
logical studies provide important clues [2–4]. During
development, evolution of tissue-specific architecture
is coordinated by molecular interactions within the cell
cortex, at the outer shell of the cell [2–4]. The cortex
comprises the cell membrane linked to the underlying
actin cytoskeleton meshwork by ezrin, radixin or moesin
(ERM) proteins [5]. Ezrin recruitment from the cytosol
to the cortex is aided by binding between the ezrin
NH2 terminal domain and phosphatidylinositol

4,5-bisphosphate (PIP2) in the cell membrane [6]. Ezrin
and other ERM molecules are then redistributed within
the cortex to sustain mechanical stability [7,8] and to
form a polarised accumulation called the ezrin cap,
which provides a cue for centrosome anchoring [9].
These processes set bipolar symmetry for mitotic fidelity
and control of emergent tissue properties [9,10].

Previous studies have uncovered spatiotemporal con-
trol of tissue assembly by crosstalk between the cortex
and mitotic machinery [11–13]. Src family tyrosine
kinases (SFKs) integrate cell cortex remodelling [11],
alignment of the cell division axis [11], mitotic spindle
dynamics [12] and 3D lumenised multicellular assembly
[13]. Src controls these important life processes by key
signalling loops. A crucial event is Src phosphorylation
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For over a century, histological grading of cellular and
multicellular morphology has provided a robust readout
of cancer aggressiveness [1]. Although causal molecular
mechanisms are still unclear, fundamental and embryo-
logical studies provide important clues [2–4]. During
development, evolution of tissue-specific architecture
is coordinated by molecular interactions within the cell
cortex, at the outer shell of the cell [2–4]. The cortex
comprises the cell membrane linked to the underlying
actin cytoskeleton meshwork by ezrin, radixin or moesin
(ERM) proteins [5]. Ezrin recruitment from the cytosol
to the cortex is aided by binding between the ezrin
NH2 terminal domain and phosphatidylinositol

4,5-bisphosphate (PIP2) in the cell membrane [6]. Ezrin
and other ERM molecules are then redistributed within
the cortex to sustain mechanical stability [7,8] and to
form a polarised accumulation called the ezrin cap,
which provides a cue for centrosome anchoring [9].
These processes set bipolar symmetry for mitotic fidelity
and control of emergent tissue properties [9,10].

Previous studies have uncovered spatiotemporal con-
trol of tissue assembly by crosstalk between the cortex
and mitotic machinery [11–13]. Src family tyrosine
kinases (SFKs) integrate cell cortex remodelling [11],
alignment of the cell division axis [11], mitotic spindle
dynamics [12] and 3D lumenised multicellular assembly
[13]. Src controls these important life processes by key
signalling loops. A crucial event is Src phosphorylation
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of ezrin at tyrosines (Y) 145 [14] and Y477 [15]. In par-
ticular, the Src interaction with ezrin Y145 enhances Src
activity [14], which in turn, increases Akt signalling
[16]. Akt phosphorylates ezrin at threonine (T) 567
[17] to promote wide ezrin conformational opening and
binding to NHERF1 (also known as ezrin-binding pro-
tein 50; EBP50) [18], resulting in ezrin stabilisation at
the cortex [19]. Subsequent cortical flow of ezrin during
interphase leads to the formation of the polarised ezrin
cap, which provides the cue for centrosome anchoring
and establishment of mitotic symmetry [9,10]. Although
this homeostatic machinery can be challenged by centro-
some amplification induced by oncogenic polo-like
kinase 4 (PLK4) [20], the ezrin cap clusters extra centro-
somes [9,10], to conserve bipolar symmetry and evolu-
tion of regular 3D multicellular morphology [10].

To explore the molecular interplay underlying colo-
rectal cancer (CRC) morphology, we dissected Src sig-
nalling crosstalk in CRC model systems. Because Src
enhances Akt signalling by suppression of the tumour
suppressor phosphatase and tensin homologue (PTEN)
[16], we used stable isogenic PTEN-expressing and
-deficient CRC cells to explore molecular interactions.
We investigated the roles of ezrin phosphotyrosine
domains at Y145 [14] and Y477 [15], as well as SFK
specificity, in the control of ezrin cap formation. Because
Src promotes aggressive cancer evolution from cells with
extra centrosomes in aDrosophilamodel system [21], we
investigated the interplay between Src, centrosome num-
ber and the evolution of multicellular morphology. We
used isogenic Caco-2 CRC cells that predominantly have
normal centrosome number, or a subclone where forma-
tion of extra centrosomes was induced by stable overex-
pression of PLK4. Using these models, we explored Src
regulation of the morphogenic trajectory of a single
CRC cell to lumenised multicellular architecture. We
assessed sequential morphogenic processes, including
ezrin cap integrity, centrosome positioning or clustering,
mitotic spindle geometry and junctional protein dynam-
ics. To explore clinical relevance, we conducted transla-
tional studies in archival human CRC.

This study addressed the provocative question of how
subcellular processes guide evolution of grade-specific
CRC morphology. We show that Src perturbation of
ezrin cap formation in cells with a normal centrosome
number leads to misorientation of the mitotic spindle.
In turn, this process is causally implicated in the evolu-
tion of cribriform morphology [10,22], a feature of
low-grade cancer [23]. Conversely, in cells with centro-
some amplification, Src suppression of the ezrin cap
drives asymmetric dispersal of extra centrosomes and
the formation of multipolar mitotic spindles (MMS).
These phenomena promote morphological features con-
sistent with high-grade cancer [10]. Our translational
studies support experimental findings and we found cor-
relations between Src intensity, MMS frequency and
high-grade morphology in human CRC. Collectively,
the study provides a new molecular paradigm for the
evolution of grade-specific CRCmorphology by Src per-
turbation of ezrin–centrosome engagement.

Materials and methods

Reagents and antibodies
Most laboratory chemicals were purchased from Sigma-
Aldrich (Poole, UK).

Cell lines
Stable PTEN-expressing Caco-2 and HCT116 PTEN+/+

(PTEN+/+) and
PTEN-deficient Caco-2 ShPTEN (ShPTEN) and

HCT116 PTEN−/− (PTEN−/−) cells were raised or
obtained and cultured as previously described [10]. Sta-
ble PLK4 overexpressing Caco-2 (Caco-2 PLK4OE)
cells were generated as previously described [10].

Transfections
We carried out mammalian siRNA and plasmid DNA
transfections using RNAiMAX and X-tremeGENE
transfection reagents (Thermo Fisher, Dublin, Ireland),
respectively, as previously described [10].

Confocal imaging
Assays of cell cortex dynamics, centrosome disposition,
mitotic spindle orientation and geometry and multicellu-
lar patterns were conducted using a Leica SP5 confocal
microscope (Leica Biosystems, Milton Keynes, UK)
with an HCX PL APO lambda blue 63× 1.40 oil immer-
sion objective at 1× or 2× zoom, as previously
described [10].

Human tumour samples
Anonymised formalin-fixed, paraffin-embedded (FFPE)
colorectal primary tumours from previously described
study cohorts [10] were released from the Northern Ire-
land Biobank, which has ethical approval to collect, store
and distribute anonymised tissue samples to researchers
by an approved protocol. Ezrin and Src immunohisto-
chemistry (IHC) and quantification were conducted in
the AstraZeneca Molecular Pathology Laboratory
(Cambridge, UK). Full details of antibodies, siRNAoligo-
nucleotides, plasmids, transfection reagents, cell culture
methods, selection, confocal imaging, human tumour
samples, IHC, immunofluorescence, ethical approval, ref-
erence numbers and data analysis are provided in supple-
mentary material, Supplementary materials and methods.

Results

Src regulates ezrin via molecular crosstalk
To dissect molecular crosstalk underlying CRC mor-
phology, we explored Src interactions with PTEN, using
isogenic stable PTEN-expressing or -deficient Caco-2
and HCT116 CRC cells. We validated the Src kinase
inhibitor AZD0530 [24] in dose/time course studies
(see supplementary material, Figure S1A,B) and

Src controls ezrin-dependent cancer morphology
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selected the dose of 1 μM for all experiments. We con-
ducted dominant-negative (DN) or constitutively active
(CA) Src mutant transfections versus an empty vector
only control (see supplementary material, Figure S1C).
Here we found greater p-Src(Y416) expression in PTEN-
deficient Caco-2 cells (Figure 1A,B). AZD0530 treat-
ment suppressed p-Src(Y416) in Caco-2 and shPTEN cells
and inhibited PTEN phosphorylation at S380/T382/
T383 (p-PTEN(S380/T382/T383)) in Caco-2 cells
(Figure 1A–C). EGF treatment activates Src [25] and
in this study EGF treatment enhanced p-Src (Y416) in
Caco-2 and shPTEN cells and increased p-PTEN(S380/

T382/T383) in Caco-2 cells (Figure 1D–F). Results were
similar in PTEN-expressing and -deficient HCT116
(PTEN+/+ and PTEN−/−) in untreated conditions or after
AZD0530 or EGF treatment, respectively (data not
shown). Ezrin exists in multiple phosphorylation-
dependent conformational states and p-ezrin (T567)

is regarded as the active form [26]. Expression of
p-ezrin (T567) was enhanced or suppressed by CA-Src
and DN-Src transfection, respectively (Figure S1C,D).
In 3D organotypic cultures of Caco-2 clones, we found
maximal p-Src (Y416) subcellular localisation at plasma
membranes and found higher intensity in shPTEN than
in Caco-2 cultures (Figure 1G,H). AZD0530 treatment
suppressed p-Src (Y416) intensity in 3D cultures
(Figure 1G,H). Collectively, these studies uncovered
functional PTEN/Src feedback signalling that controlled
Src activity at cell membranes that in turn regulated ezrin
phosphorylation.

Src regulates cell cortex dynamics
The cell cortex is an important regulator of cell fate and
perturbations are fundamental to tumour growth and
metastasis [27]. We and others have previously uncov-
ered sequential processes of ezrin recruitment to the cell
cortex from the cytosol at 3.5 h and subsequent ezrin
cortical cap formation at 14 h, after synchronisation of
cells in G0 [9,10]. To investigate Src regulation of these
processes, we used phosphomimetic (E) and non-phos-
phorylatable (F) ezrin mutants at Src phosphorylation
domains Y145 and Y377. Furthermore, we assessed
the Src specificity of the effect by siRNA knockdown
of the related SFKs, YES and FYN. We also modulated
Src activity by transfection or treatment studies. We
found accumulation of GFP-tagged wild type
(WT) ezrin at the cortex at 3.5 h and formation of a
polarised cap at 14 h after cell synchronisation. No cor-
tical localisation or restriction of the GFP-tagged empty
vector control was observed. The phosphomimetic GFP-
tagged ezrin Y145E mutant also localised at the cortex
and formed a cap more frequently than WT ezrin but
the Y145 non-phosphorylatable mutant failed to localise
or form a cap. However, neither phosphomimetic nor
non-phosphorylatable mutations at ezrin 477 affected
cortical recruitment or cap formation (Figure 2A,B).
These results show that phosphorylation of ezrin at
Y145 is crucial for ezrin redistribution from the cytosol
to the cortex. Because ezrin is stabilised in the cortex

by binding NHERF1 [19], we investigated the effects
of AZD0530 treatment on cortical recruitment of each
protein. AZD0530 treatment suppressed ezrin cortical
recruitment at 3.5 h but did not affect cortical NHERF1
localisation (see supplementary material, Figure S2A,
B; summary data for NHERF1 not shown). Although
AZD0530 can suppress both Src family (e.g. c-Src,
YES and FYN) and Abl tyrosine kinases [28,29], it has
greater selectivity for the former, with more than
10-fold greater potency against Src than Abl [29].To
investigate SFK functional specificity, we conducted
siRNA knockdown studies (see supplementary material,
Figure S2C,D). We found that siRNA knockdown of
YES but not FYN suppressed ezrin cortical recruitment
and cap formation (see supplementary material,
Figure S2E,F). These data show SFK functional overlap
in relation to ezrin cortical dynamics. We then investi-
gated the effects of Src overactivity by transfection of
CA-Src versus DN-Src and empty vector control. In
accordance with AZD0530 suppression of ezrin cortical
recruitment (see supplementary material, Figure S2A,
B), we found that DN-Src transfection suppressed ezrin
cap formation (Figure 2C,D). Although CA-Src did not
affect ezrin cap frequency (Figure 2C), it did affect ezrin
cap phenotypes inducing multiple discrete ezrin accu-
mulations within the cortex (Figure 2D) or increased
intensity of p-ezrin(T567) localisation at the cap (see sup-
plementary material, Figure S2E,F) in approximately
30% and 32% of cells, respectively. Collectively, these
studies implicate p-ezrin Y145 in cortical recruitment,
show Src and YES functional overlap and uncover ezrin
cap phenotypes resulting from Src overactivity.

Src regulates bipolar mitotic spindle orientation and
multicellular assembly
Assembly of lumenised colorectal glandular architecture
is shaped by sequential processes of ezrin–centrosome
engagement and bipolar mitotic spindle orientation
[9,10,30]. To investigate Src regulation of spindle
dynamics and multicellular assembly we conducted
AZD0530 treatment studies in monolayer and 3D orga-
notypic Caco-2 cultures. Here we found that AZD0530
treatment had a modest inhibitory effect on bipolar spin-
dle formation (Figure 3A,B) but promoted spindle mis-
orientation (Figure 3C,D) and aberrant multicellular
assembly with the formation of multiple lumens
(Figure 3E,F) in 4-day, 3D cultures. Although core pro-
cesses of tissue assembly can be uncovered in short-term
organotypic cultures, the evolution of cancer-relevant
morphology often requires longer-term growth. At
12 days of culture, vehicle only treated control Caco-2
cultures formed regular glands comprising a uniform
columnar epithelial monolayer arranged around a single
central lumen. Conversely, AZD0530 treatment sup-
pressed p-Src(Y416) signal intensity, induced epithelial
stratification and multiple aberrant lumens consistent
with cribriform multicellular morphology (see supple-
mentary material, Figure S3A). In accordance with pre-
vious studies, we found that shPTEN cultures had
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constitutively misorientated mitotic spindles relative to
gland centres [10] (see supplementary material,
Figure S3B,C). AZD0530 treatment did not significantly
affect spindle orientation (see supplementary material,

Figure S3B,C) or single central lumen formation in 3D
shPTEN cultures (see supplementary material,
Figure S3D). Taken together, these studies showed Src
regulation of mitotic spindle orientation and

Figure 1. Src molecular interactions. (A) Effects of AZD0530 treatment on p-Src(Y416) and phospho-PTEN [p-PTEN(S380/T382/T383)] in Caco-2
and shPTEN cells. (B) p-Src(Y416) densitometry values expressed as fold-change over vehicle only control [AZD0530 (−)] treatment in
Caco-2, **p < 0.01 and shPTEN cells **p < 0.01. (C) p-PTEN(S380/T382/T383) densitometry values expressed as fold-change over vehicle only con-
trol in Caco-2 cells; p < 0.05; shPTEN; p = NS. (D) EGF treatment effects on total Src and p-Src(Y416) levels as well as total PTEN and p-
PTEN(S380/T382/T383) in Caco-2 and shPTEN cells. (E) Densitometry values for EGF effects on p-Src(Y416), expressed as fold-change over vehicle
only treated Caco-2 control; ***p < 0.001; EGF shPTEN versus vehicle only shPTEN; *p < 0.05. (F) Densitometry values for EGF treatment
effects on p-PTEN(S380/T382/T383) expressed as fold-change over vehicle only treated Caco-2 control, **p < 0.01; EGF shPTEN versus shPTEN;
p = NS. (G) Expression of p-Src(Y416) in control or AZD0530 treated Caco-2 and shPTEN organotypic cultures at 4 days. At least 10 glandular
structures were assayed in triplicate for each experimental condition. (H) Summary AZD0530 treatment effects on p-Src(Y416) membrane
intensity versus control in Caco-2; **p < 0.01 and shPTEN; **p < 0.01. GAPDH used as loading controls. Minor differences in magnification
have been used to accommodate scale bars. Analysis by one-way ANOVA with Tukey’s post hoc test or paired Student’s t-test. Staining: DAPI
for nuclear DNA (blue); anti-p-Src(Y416) (red). Scale bar = 20 μm.

Src controls ezrin-dependent cancer morphology
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multicellular assembly in PTEN-expressing cells. Con-
versely, spindle defects arising from PTEN deficiency
were unaffected by Src inhibitory treatment.

Src regulates bipolar spindle orientation via the focal
adhesion complex
During tissue assembly, bipolar spindle orientation is
controlled by focal adhesion molecules focal adhesion

kinase (FAK) and paxillin [31]. Although these proteins
are important Src substrates, their role in Src regulation
of bipolar spindle orientation and tissue morphogenesis
remains unclear. FAK Y861 and paxillin Y118 are major
Src phosphorylation sites [32,33], whereas FAK Y397 is
an autophosphorylation site, activated by extracellular
signalling [34]. Here we found that p-FAK(Y861)

(Figure 4A,B) and p-paxillin(Y118)(Figure 4A) levels
were suppressed by AZD0530 treatment. Conversely,

Figure 2. Src regulation of cell cortex dynamics. (A) Cortical recruitment (top row) and cap formation (bottom row) from WT ezrin or phos-
phomimetic (E) or non-phosphorylatable(F) ezrin mutants at Y145 (GFP-labelled; green) or Y477 (FLAG-tagged; red) versus GFP-labelled
empty vector control. Assays for ezrin cortical recruitment and cap formation were conducted at 3.5 and 14 h after synchronisation of cells
in G0. At least 30 cells were counted in triplicate at each interval. (B) Summary cap formation by WT ezrin or Y145 or Y477 mutants versus
control. WT versus control; ***p < 0.001; WT versus Y145E; p < 0.05; Y477 E or F versus WT; p = NS. (C) Summary effects of Src mutant trans-
fections on percentage of cells with an Erin cap in Caco-2 cells at 14 h after synchronisation (DN-Src versus empty vector control; p < 0.001).
(D) Ezrin cortical phenotypes after transfection by empty vector control, DN-Src or CA-Src at 14 h after synchronisation. Minor differences in
magnification accommodate scale bars. Staining DAPI (blue), NHERF1 (green), p-ezrin(T567) (red). At least 30 cells were counted in triplicate in
each experimental condition. Analysis by one-way ANOVA with Tukey’s post hoc test. Scale bar = 20 μm.
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Figure 3. Src regulation of bipolar mitotic spindle dynamics and multicellular assembly. (A) Confocal images of spindle architecture in Caco-2
cells. (B) Summary treatment effects on bipolar spindle formation in Caco-2 and shPTEN cells (Caco-2 AZD0530 versus control; *p < 0.05;
shPTEN AZD0530 versus control; p = NS). Values represent percentage of mitotic cells with bipolar spindles. At least 30 metaphase cells were
assessed in triplicate for each experiment. (C) Treatment effects on mitotic spindle orientation and lumen formation in 4-day 3D Caco-2
glands. Insets (yellow box) show high-power views of spindle planes (solid white arrows) and their orientation relative to gland centres
(GC, dashed white arrows). (D) Summary treatment effects on spindle orientation angles relative to gland centres in 3D Caco-2 cultures
[AZD0530 (−) versus AZD0530 (+), ***p < 0.001]. (E) Summary treatment effects on single lumen formation in 4 day 3D Caco-2 cultures
[AZD0530 (−) versus AZD0530 (+); **p < 0.01]. (F) Confocal images of treatment effects on lumen formation in 4-day 3D Caco-2 cultures.
Minor differences in magnification accommodate marker of gland centres. At least 10 glandular structures were assayed in triplicate for each
experimental condition. Staining: DAPI for nuclear DNA (blue); p-PKCζ for apical membrane marker (red); β-catenin for basolateral mem-
brane. White arrows denote multiple lumens in AZD0530 treated cultures. Scale bar = 20 μm.

Src controls ezrin-dependent cancer morphology
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p-FAK Y397 levels were unaffected (see supplementary
material, Figure S4A,B). Depletion of FAK by siRNA
knockdown (see supplementary material, Figure S4C,
D) led to mitotic spindle misorientation in 4-day
Caco-2 organotypic cultures (Figure 4C,D). Taken
together, these studies implicate focal adhesion complex
molecules FAK and paxillin in Src control of spindle ori-
entation and multicellular assembly.

Src regulation of supernumerary centrosome
clustering and mitotic spindle architecture
Although bipolar spindle misorientation perturbs the
plane of cell cleavage [35] and lumen formation [30],

MMS formation devastates the spatial directives for
multicellular assembly [10]. MMS frequently arises
from centrosome amplification but clustering of extra
centrosomes at the ezrin cap during interphase rescues
bipolar spindle architecture [10]. To investigate relation-
ships between Src signalling, centrosome amplification
and spindle architecture, we used Caco-2 clones trans-
fected with doxycycline-inducible PLK4 [10] and/or
FLAG-tagged CA-Src (Figure 5A,B). Centrosome
amplification was observed in 7.2 ± 1.18% (sem) paren-
tal Caco-2 cells and doxycycline induction of PLK4 in
transfectants enhanced the frequency of extra centro-
somes (Figure 5C). We observed clustering of extra cen-
trosomes at spindle poles and rescue of bipolar spindle

Figure 4. Src regulation of bipolar spindle orientation via the focal adhesion complex. (A) Effects of AZD0530 treatment on FAK and paxillin
phosphorylation in Caco-2 and shPTEN cells. (B) Summary treatment effects on p-FAK(Y861). Densitometry values AZD0530 (−) versus
AZD0530 (+) in Caco-2; *p < 0.05; AZD0530 (−) versus AZD0530 (+) in shPTEN; **p < 0.01. (C) Effects of FAK siRNA knockdown (KD) on
mitotic spindle orientation in 3D organotypic Caco-2 cultures at 4 days. Insets (yellow boxes) show high-power views of spindle planes (solid
white arrows) and their orientation relative to gland centres (GC, dashed white arrows). (D) Summary effects of FAK siRNA transfection on
spindle orientation angles in 4-day Caco-2 glands. Control versus FAK siRNA; ***p < 0.001. Student’s t-test. At least 10 glandular structures
were assayed in triplicate for each experimental condition. Staining: DAPI (blue), α-tubulin (green), pericentrin (red). Scale bar = 20 μm.
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architecture both in WT Caco-2 cells and in PLK4 trans-
fectants. CA-Src transfection suppressed centrosome
clustering and enhanced MMS formation both in paren-
tal Caco-2 cells and in PLK4 transfectants (Figure 5C,D
and see supplementary material, Figure S5A). In PLK4
transfectants, clustering of higher numbers of

centrosomes was observed but dispersal induced by
CA-Src led to more complex MMS formation, than in
parental Caco-2 cells (see supplementary material,
Figure S5A). To assess morphological consequences of
MMS formation, we compared multicellular morphol-
ogy of parental Caco-2 3D cultures that predominantly

Figure 5. Src regulation of supernumerary centrosome clustering and mitotic spindle architecture. (A) PLK4 and p-SrcY416 expression in
Caco-2 cells transfected with a lentiviral doxycycline-inducible PLK4 expression vector and FLAG-tagged CA-Src, then treated with or with-
out doxycycline. (B) Summary effects of PLK4OE alone or in combination with CA-Src on centrosome amplification; CA-Src versus untreated
control = NS. PLK4 + CA-Src versus CA-Src; **p < 0.01. At least 30 cells were assessed in triplicate for each experiment. (C) Confocal images
of MMS architecture in Caco-2 cells with or without extra centrosomes, with or without CA-Src transfection. Red circle highlights clustering
of extra centrosomes at a spindle pole and bipolar spindle architecture. (D) Summary effects of PLK4OE alone or in combination with CA-Src
on MMS formation; CA-Src versus control; **p < 0.01; CA-Src + PLK4OE versus CA-Src **p < 0.01. At least 30 metaphase cells were assessed
in triplicate for each experiment. (E) Multicellular morphology in parental 3D Caco-2 cultures and in subclones with high MMS frequency
induced by PLK4OE and suppression of ezrin cap formation. Minor differences in magnification accommodate the size differences between
regular and irregular glandular structures. At least 10 glandular structures were assessed in triplicate for each experimental condition. Insets
show bipolar and multipolar spindles. Staining: DAPI (blue), α-tubulin (green), p-PKC ζ (red). Scale bar = 20 μm.

Src controls ezrin-dependent cancer morphology
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have bipolar spindles with a subclone with high MMS
frequency. The MMS-high Caco-2 subclone was
induced by stable PLK4 transfection and suppression
of ezrin cap formation, in combination. We found that
bipolar spindle architecture in parental 3D Caco-2 cul-
tures associated with the formation of regular multicellu-
lar colorectal glandular structures with a single central
lumen surrounded by a polarised columnar epithelial
monolayer. Conversely, high MMS frequency associ-
ated with gross cytological and morphological distur-
bances including cellular and nuclear pleomorphism,
misalignment of the apical membrane and loss of lumen
formation (Figure 5E). Collectively, these results show
that Src overactivity can suppress centrosome clustering
and induce MMS formation that in turn promotes multi-
cellular morphological perturbations, evocative of high-
grade CRC.

Src association with spindle architecture in
human CRC
To explore the clinical relevance of our in vitro studies, we
investigated Src and ezrin expression using IHC on
35 human CRC and five normal colon tissue samples that
had previously been characterised for apical NHERF1
expression, mitotic spindle architecture and histopatholog-
ical prognostic features [10]. Src and ezrin IHC assayswere
optimised using normal human colon, then IHC intensities
were assessed at three levels of intensity. Semiquantitative
scoring of Src and ezrin expression was conducted using
the H-score method (Figure 6A and see supplementary
material, Supplementarymaterials andmethods). Src inten-
sity differed between distinct histological tumour grades
(Figure 6B). Src and ezrin IHC intensities correlated
(Figure 6C). Although Src intensity directly associated
with the number of lymph node metastases in CRC
(Figure 6D), ezrin intensity was unrelated to nodal metasta-
ses (see supplementary material, Figure S6A). Ezrin
expression was greater in grade 3 versus grade 1 or
2 CRC but no difference was observed between grade
1 and 2 CRC (see supplementary material, Figure S6B).
Furthermore, Src but not ezrin intensity directly associated
with multipolar spindle formation (Figure 6E and see sup-
plementarymaterial, Figure S6C). Src and ezrin IHC inten-
sities were unrelated to apical NHERF1 IHC intensity (data
not shown). Collectively, these studies show the relation-
ships between Src IHC intensity, MMS formation and
high-grade multicellular morphology in human CRC.

Discussion

The elucidation of molecular circuits that control cancer
cell growth to form distinct tumour type- or grade-
specific morphological phenotypes has fundamental
importance in pathology. Assembly of multicellular tis-
sues is coordinated by the tumour suppressor PTEN
and Src tyrosine kinase [13,36] through feedback signal-
ling [16,37,38] and interactions with other key genes
[14–17]. As the blueprint for lumenised glandular

architecture is set by ezrin cortical dynamics [9,10], a
key question is how PTEN/Src crosstalk engages these
processes. In the present study, we found inverse associ-
ations between PTEN and p-Src(Y416) expression in
accordance with previous studies in breast cancer cell
lines [38]. AZD0530 or EGF treatment or transfection
by DN- or CA-Src, respectively, suppressed or enhanced
Src kinase activity that in turn suppressed PTEN func-
tion [16]. Although not directly targeted by Src, we
found that PTEN phosphorylation at S380/T382/T383
increased in proportion to Src activity. Phosphorylation
at S380/T382/T383 promotes a more compact PTEN
conformation that suppresses PTEN membrane binding
and reduces its catalytic activity [39]. In 3D cultures,
we found p-Src(Y416) localisation at cell membranes in
accordance with previous cell monolayer studies [40]
and found higher membrane p-Src(Y416) intensity in
PTEN-deficient cells. Src is a member of a family of
membrane-bound tyrosine kinases and membrane
recruitment is enhanced by myristoylation
[41]. AZD0530 treatment suppressed cell membrane
p-Src(Y416) intensity in both PTEN-expressing and
-deficient 3D cultures. These studies show functional
PTEN/Src feedback and we investigated the role of this
molecular crosstalk in ezrin dynamics.

Upon binding to cell membrane PIP2 [6], ezrin
undergoes complex reconfigurations, including partial
conformational opening [26]. Ezrin then becomes phos-
phorylated at specific tyrosines [14] and at T567
[42]. Akt [17] and other kinases [10,43–45] promote
ezrin T567 phosphorylation that is required for binding
NHERF1 [46]. p-ezrin(T567) is widely used as a marker
of the active ezrin state [26,42]. In this study, we have
shown that p-ezrin(T567) is respectively enhanced or sup-
pressed by CA-Src or DN-Src transfection. Although
this effect could be linked to Src-enhanced Akt signal-
ling [16] that promotes p-ezrin(T567) [17], Src is a pro-
miscuous molecule and involvement of other kinases
that phosphorylate ezrin at T567 [10,43,44] cannot be
excluded.

To investigate the role of Src-driven ezrin phosphory-
lation in cortical dynamics, we transfected cells with
phosphomimetic (E) and non-phosphorylatable (F) ezrin
mutants at Src phosphorylation domains Y145 and
Y477. We followed their intracellular distribution by
confocal microscopy, focussing on ezrin cortical recruit-
ment and cap formation at intervals of 3.5 h and 14 h
after synchronisation in G0 [10]. We found that ezrin
mutations at Y145 but not Y477 affected ezrin cap for-
mation. Although the phosphomimetic ezrin Y145E
enhanced cap formation, non-phosphorylatable ezrin
Y145F abrogated ezrin cortical recruitment and genera-
tion of the cap. Here our results are in accordance with
previous localisation studies of ezrin tyrosine mutants
to the cell membrane [47]. How ezrin phosphorylation
at Y145 regulates cellular localisation is not known.
However, ezrin phosphorylation at this residue enhances
binding to Src via SH2 domain interactions [14]. As Src
is predominantly membrane-bound [41], this interaction
could enrich ezrin at the cell membrane/actin
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cytoskeleton interface. Following ezrin’s cortical
recruitment, it colocalises with and binds NHERF1,
resulting in ezrin stabilisation [19]. Src affinity for ezrin
[14] is important for ezrin subcellular distribution [47]
but cortical localisation of NHERF1 was unaffected by
Src activity. In siRNA knockdown and functional inhibi-
tion studies we found that Src and YES but not FYN reg-
ulated ezrin cortical recruitment and cap formation. The
extensive sequence homology of these SFKs does not
predict their peptide recognition preferences [48]. Src
binds via its SH2 domain to a 13 residue
(DNAMLEYLKIAQD) peptide in the ezrin FERM
domain [14,48] to phosphorylate ezrin at the critical
Y145 residue implicated in growth control [14]. In
large-scale screens of SH2 domain binding, Src was
shown to share its peptide binding preference with

YES but not with FYN [48] and may account for the
SFK differences in ezrin regulation, shown in this study.
To further investigate the role of Src in ezrin cap forma-
tion, we conducted transfection studies. In accordance
with our findings of AZD0530 suppression of ezrin cor-
tical recruitment, we found that DN-Src suppressed ezrin
cap formation. Although transfection of CA-Src did not
affect the frequency of ezrin cap formation, it had sub-
stantive effects on ezrin cap phenotypes, causing multi-
ple ectopic ezrin accumulations (‘fragmented
phenotype’) or formation of a ‘thickened’ cap with
greater ezrin intensity, each in approximately 30% of
cells. Although the functional significance of the thick-
ened cap is unknown, each ezrin cortical accumulation
within the fragmented phenotype can misposition cen-
trosomes [9].

Figure 6. Src association with spindle architecture in human CRC. (A) Weak, moderate and strong immunostaining of Src and ezrin in archival
CRC. (B) Src IHC intensity scores versus CRC grades 1–3 CRC; **p < 0.01 Wilcoxon signed rank test; grade 3 versus grade 1 or 2 **p < 0.01;
grade 2 versus grade 1 or 3; *p < 0.01; ANOVA with Tukey’s post hoc test. (C) Src and ezrin IHC scores in archival CRC; Pearson’s r = 0.63;
**p < 0.01. (D) Src IHC intensity scores versus number of lymph node metastasis. Pearson correlation = 0.379; p = 0.025. (E) Src IHC scores
and MMS frequency in archival CRC; Pearson’s r = 0.442; **p < 0.01.

Src controls ezrin-dependent cancer morphology
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In physiological conditions, the interphase centro-
some becomes anchored via astral microtubules to the
cortical ezrin cap and then replicates [9]. Actin- and
myosin II-mediated forces separate mother and daughter
centrosomes to enable bipolar mitotic spindle formation
[49]. Thus formed, the spindle is then orientated by
mutually antagonistic apical and basolateral polarity
forces [50]. Impaired cortical recruitment of ERM pro-
teins [51] or defective cortical capture of astral microtu-
bules [52] induce mitotic spindle misorientation [51,52]
that has important consequences for cell cleavage [35],
apical membrane alignment [30] and lumenised mor-
phogenesis [30]. In this study, suppression of Src
resulted in a modest reduction in bipolar spindle fre-
quency but substantive bipolar spindle misorientation.
Spindle misorientation associated with multilumen for-
mation, epithelial stratification and evolution of a multi-
cellular phenotype consistent with cribriform
morphology, in 3D organotypic cultures. Cribriform
morphology, characterised by multiple abnormal ‘back
to back’ lumens surrounded by atypical stratified epithe-
lium [53], is a feature of low-grade cancer and has a rel-
atively favourable clinical outlook [23]. Bipolar spindle
orientation is also regulated by PTEN [54] and in the pre-
sent study PTEN-deficient cells showed frequent spindle
misalignment. By phosphorylation of PTEN, Src drives
a conformational change that impedes PTEN membrane
binding but Src inhibitory treatment did not rescue mor-
phogenesis of PTEN-deficient cells in this study. Collec-
tively, our findings show that Src regulation of cortical
dynamics in cells affects spindle assembly, bipolar spin-
dle orientation and the formation of lumenised glandular
architecture in 3D cultures of CRC cells with normal
centrosome number.
Because mitotic spindle dynamics can be modulated

by focal adhesion complexes [31], maintained by Src
phosphorylation of FAK [32] and paxillin [33], we
investigated Src regulation of those proteins in our
model system. AZD0530 treatment suppressed phos-
phorylation of Src targets FAK Y861 and paxillin
Y118 [32,33], but had no effects at FAK Y397, which
is a FAK autophosphorylation domain [34]. Further-
more, siRNA knockdown of FAK promoted abnormal
bipolar spindle orientation. Hence, our findings show
that Src coordinates precise multimodal tissue assembly
by regulation of bipolar spindle orientation, mediated in
part by FAK phosphorylation.
Although Src has a central role in tissue homeostasis

[11–13], stochastic increases in Src activity [55] or Src
engagement of other oncogenes can perturb cell control
mechanisms in cancerous tissues [56]. Highly conserved
Src crosstalk with centrosomal kinases promote cancer
hallmarks of invasion and metastasis [21]. To explore
oncogenic co-dependency between Src and a centroso-
mal kinase, we conducted transfection of CA-Src and
doxycycline-inducible PLK4 in Caco-2 cells. Most
parental Caco-2 cells have a normal centrosome comple-
ment and as anticipated [20], PLK4OE induced substan-
tial centrosome amplification. Parental Caco-2 cells with
normal centrosome number formed bipolar spindles and

the minority with extra centrosomes predominantly clus-
tered them to rescue bipolar spindle formation. Transfec-
tion of Caco-2 cells with CA-Src did not affect
centrosome number but suppressed centrosome cluster-
ing and enhanced MMS formation. Although PLK4OE
induced substantive numbers of extra centrosomes,
effective centrosome clustering and rescue of bipolar
spindle formation was observed. However, the combina-
tion of PLK4OE and CA-Src induced dispersal of
greater numbers of centrosomes and increased the fre-
quency of MMSwith complex configurations. Although
bipolar spindle architecture directs the assembly of regu-
lar multicellular glandular structures, forced MMS for-
mation promoted morphological features typical of
high-grade cancer in organotypic cultures. Clinically,
high MMS frequency in histological tumour sections
associates with high grade in CRC [10] and poor outlook
in CRC [10] and pancreatic cancer [57]. Although Src
hyperactivity in combination with centrosome amplifi-
cation promotes mitotic error, defective abscission and
aberrant cytokinesis in 2D cultures [58], MMS-
associated molecular signals that perturb 3D multicellu-
lar morphology and drive tumour progression have yet
to be determined.

To investigate the clinical relevance of experimental
findings, we investigated spindle architecture in archival
human CRC.We found direct associations between high
Src IHC intensity, multipolar spindle frequency and
high-grade morphology. Furthermore, Src IHC intensity
in CRC associates with regional lymph node metastasis.
Hence, Src perturbation of basic processes of cortical
remodelling and mitotic spindle assembly may have
major prognostic significance in CRC. Collectively, the
present study uncovers Src regulation of an intercon-
nected repertoire of morphogenic processes, including
cell cortex rearrangements, mitotic spindle organisation,
cell division and multicellular patterning. As well as act-
ing as a transforming agent on its own, Src can also facil-
itate other oncogenic processes [59]. In this study, we
have identified centrosome amplification as a cooperat-
ing partner of aberrant Src in the promotion of multipolar
spindle formation and phenotypic attributes of high-
grade CRC morphology.
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Impact of the Nuclear Envelope on Malignant
Transformation, Motility, and Survival of Lung Cancer Cells
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Nuclear pore complexes (NPCs) selectively mediate all nucleocytoplasmic
transport and engage in fundamental cell-physiological processes. It is
hypothesized that NPCs are critical for malignant transformation and survival
of lung cancer cells, and test the hypothesis in lowly and highly metastatic
non-small human lung cancer cells (NSCLCs). It is shown that malignant
transformation is paralleled by an increased NPCs density, and a balanced
pathological weakening of the physiological stringency of the NPC barrier.
Pharmacological interference using barrier-breaking compounds collapses the
stringency. Concomitantly, it induces drastic overall structural changes of
NSCLCs, terminating their migration. Moreover, the degree of malignancy is
found to be paralleled by substantially decreased lamin A/C levels. The latter
provides crucial structural and mechanical stability to the nucleus, and
interacts with NPCs, cytoskeleton, and nucleoskeleton for cell maintenance,
survival, and motility. The recent study reveals the physiological importance of
the NPC barrier stringency for mechanical and structural resilience of normal
cell nuclei. Hence, reduced lamin A/C levels in conjunction with controlled
pathological weakening of the NPC barrier stringency may facilitate
deformability of NSCLCs during the metastasis steps. Modulation of the NPC
barrier presents a potential strategy for suppressing the malignant phenotype
or enhancing the effectiveness of currently existing chemotherapeutics.
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1. Introduction

Nuclear pore complexes (NPCs) span the
double-membraned nuclear envelope of eu-
karyotic cells at regular distances. Their to-
tal numbers vary from several hundreds to
tens of millions in different cell types and
can change dynamically depending on the
life cycle, physiological and pathophysio-
logical states amongst others.[1–3] The NPC
is a sophisticated supramolecular cylin-
drical structure with a rotational octago-
nal symmetry,[4] built from multiple copies
of ≈30 different proteins, termed nucleo-
porins (Nups).[5] Two thirds of the Nups
build the NPC core scaffold and anchor it
within the nuclear envelope while the re-
maining third generates the selective NPC
transport barrier amongst others.[6,7] Trans-
port through the NPC proceeds through its
central channel that is occupied by Nups
exhibiting peculiar biochemical and bio-
physical properties. They are unstructured,
flexible, and highly dynamic and are rich
in hydrophobic motifs consisting of varied
phenylalanine (F) and glycine (G) repeats
that are in turn connected with spacers

rich in polar amino acids.[8] FG-Nups provide the NPC with
transport selectivity by specific interaction with import and ex-
port receptors bearing cargos with identifiable import/export sig-
nals. Receptor-mediated transport can accommodate cargos up
to megadalton sizes or ≈39 nm, consistent with the diameter of
the NPC channel at its narrowest part.[9] At the same time FG-
Nups form a physical barrier inside the NPC channel which re-
stricts unselective transport to a sharp threshold of ≈5 nm or
≈40 kDa.[5] In addition to mediating the canonical nucleocyto-
plasmic transport function of NPCs, several FG-Nups are po-
tent gene transcription regulators which commute dynamically
between the NPC and the nucleus[10] to play key roles in devel-
opment, differentiation, maintenance, and survival of cells.[11,12]

Alteration of their physiological expression levels is linked to
cancer onset and progression,[13–18] but the underlying mecha-
nisms remain to be explored. There is overwhelming evidence
for the crucial roles of alteration of the properties of the cell nu-
cleus and nuclear envelope environment in promotingmalignant
transformation of cancer cells.[13,19–21] However, the specific in-
volvement of the NPC barrier function remains barely explored.
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The vast majority of publications involving NPCs in malignant
transformation of cancer cells deal with the roles of certain NPC
proteins as transcriptional regulators, while barely any studies
specifically address the possible alteration of the selective NPC
barrier despite its fundamental relevance for cancer cells sur-
vival and therapy.[22] Structure and organization of the nucleus,
as well as physical cues, interactions, and mechanical forces pro-
moting malignant transformation and metastasis are addressed
in comprehensive reviews and citations therein.[19,20,23,24] Chow
et al., review alterations in the nuclear envelope environment
associated with cancer.[13] Vargas et al., show transient nuclear
envelope rupturing during interphase in human cancer cells.[25]

Hatch et al., demonstrate catastrophic nuclear envelope collapse
in cancer cell micronuclei.[26] Denais et al., show nuclear enve-
lope rupture and repair during cancer cell migration.[21] Nuclear
deformation causes localized loss of nuclear envelope integrity,
which leads to uncontrolled exchange of nucleocytoplasmic con-
tent, herniation of chromatin across the nuclear envelope, and
DNA damage.[21] Mohamed et al., reveal loss of mechanical re-
silience of NPCs in colorectal cancer cells.[27] Recent study by
McCloskey et al., reports that experimental depletion of the NPC
basket protein Tpr dramatically increases the total NPC number
in various cell types.[1] They suggest the extension of their find-
ings to cancer cells and contemplate that tweaking NPC numbers
in cancer cells may usher in the design of novel cancer therapies.
Emerging evidence suggests that besides hematological cancers,
Nups act as tumor drivers of major non-hematological malignan-
cies such as carcinomas of skin, breast, lung, pancreas, prostate,
and colon. Hence, nucleoporins are emerging as novel therapeu-
tic targets in human tumors.[28] As obvious from the aforemen-
tioned publications, the specific and direct involvement of the
physiological NPC barrier function remains barely explored if at
all. Our recent study introduces novel and crucial role of the selec-
tive nucleocytoplasmic NPC barrier function in maintaining nu-
clear mechanics and eventually structure too in normal cells.[29]

With respect to the critical physiological roles of nuclear struc-
ture and mechanics in maintenance and survival of normal cells,
pathophysiological alteration in the newly revealed NPC barrier
function is most likely to be associated with transformation of
normal cells to cancer cells. In the present work, we demonstrate
thatmalignant transformation of lung cancer cells is closely asso-
ciated with transformation of the NPC barrier. In addition, phar-
macological interference with the barrier has direct implications
for the survival of cancer cells.

2. Results and Discussion

The remarkable plasticity of NPCs enables them to undergo
changes in their number, structure, function, and composition
in response to physiological cues.[2,11] The redistribution of onco-
gene products and tumor suppressors between the cytosol and
the nucleus of cancer cells[30] hints at a possible alteration of
the primary transport and/or barrier function of the NPCs. We
set out to study potential changes of NPCs in lowly metastatic
(A549_0R) and highly metastatic (A549_3R) non-small cell lung
cancer (NSCLC) cell lines,[31] in comparison to non-cancer cells.
Lung cancer is worldwide by far the most common cause of can-
cer deaths, accounting for almost 25% of all cases, resulting in
well over 1.6 million deaths each year,[32,33] and the histological

subtypes NSCLC are the most common accounting for ≈85%.[32]
In spite of significant clinical advances made in cancer research
over the past years, the 5-year relative survival rate of patients
with metastatic NSCLC remains extremely low at 5%.[33] Con-
tinued research of the pathophysiological mechanisms underly-
ing the molecularly heterogeneous NSCLC is crucial to increas-
ing the effectiveness of therapies and advancing the devastating
prognosis.[32] The cell lines we used are proper in vitromodels for
NSCLC. The lowly metastatic and commercially available A549
((ATCC CCL-185)), is human epithelial carcinoma cell line de-
rived from explanted cultures of human lung cancer tissue of
a 58 year old Caucasian patient,[34] and is widely used for basic
cancer research and drug discovery. They retain cancerous char-
acteristics associated with their original tumor.[34] In the present
work, we refer to A549 as A549_0R. A549_3R are highly aggres-
sive NSCLCS generated from the parental A549_0R cell line in an
in vivo selection approach in mice, following three rounds (R) of
selection upon injection of A549_0R into the tail vein of mice, as
described in the original publication.[31] The high metastatic po-
tential of A549_3R was demonstrated in vivo in NOD/SCIDmice
following intravenous injection.[31] Further in vitro investigations
showed that A549_3R exhibited additional features linked to their
highmetastatic potential, including enhanced clonogenic growth
and increased mutation rate.[31] Consistently, our previous pub-
lication demonstrates that migration and proliferation rate of
A549_3R cells in vitro are enhanced.[35] As control for non-cancer
cells, we utilized the human cell line EA.hy926. This cell line was
obtained by fusing the stable human cell line A549 with primary
human umbilical vein endothelial cells.[36] The resulting immor-
talized EA.hy926 cell line preserves the specific cellular physi-
ological properties of the primary cell line, for instance the re-
lease of Weibel–Palade bodies and factor VIII-related antigen. It
also exhibits tissue-specific organelles, characteristics of differen-
tiated endothelial cell functions such as angiogenesis, homeosta-
sis/thrombosis, blood pressure, and inflammation, which is why
it widely serves as valuable in vitro biomedical model for vascu-
lar endothelial cell research.[36,37] We started our investigations by
examining passive NPC permeability, which is a measure of the
NPC barrier stringency, in control versus A540_0R and A549_3R
cells, using fluorescein isothiocyanate (FITC) dextrans of differ-
ent sizes. The utilized experimental approach is based on the
well-established digitonin-permeabilized cell assay;[38] each ex-
perimental condition is repeated five times or more and the total
number of analyzed cells is at least 200 in each individual con-
dition. The choice of the molecular sizes 10, 20, and 150 kDa is
based on the stringency and functional integrity of the NPC per-
meability barrier, which was experimentally determined to have
an upper cut-off < 40 kDa for FITC-dextran;[39] NPCs should
permit passive diffusion of 10 and 20 kDa dextrans at decreas-
ing size-dependent rates, whereas 150 kDa serves as an integrity
marker for both the NPC and nuclear envelope.[38,39] The results
of the NPC barrier stringency measurements are summarized in
Figure 1.
All tested cells exhibit high passive NPC permeability for

10 kDa FITC-dextran. However, the relative permeability levels of
A549_0 and A549_3R for 10 kDa FITC-dextran at the start of the
measurement are 14.8± 1.8% and 20± 1.5%higher than control,
respectively. The differences in the levels are largely maintained
well after an equilibrium is reached. The permeability levels also
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Figure 2. NPCs density in non-cancer (EA.hy926) versus cancer cells (A549_0R and A549_3R). a) Immunofluorescence staining with mAb414 anti-
body, which recognizes at least four different FG-nups.[41,42] b) Western blots of the expression levels of Nups 62, Nup98, and Nup153. Malignant
transformation of cancer cells is associated with increased NPC density. Scale bar is 10 μm, and N = 3 in both experiments.

increase significantly from control to A549_0 to A549_3R cells
for 20 kDa FITC-dextran. However, unlike 10 kDa FITC-dextran,
the relative permeabilities of the tested cells for 20 kDa FITC-
dextran start out at almost the same levels, which then increase
from control to A549_0R to A549_3R. At the end of the measure-
ment, the relative permeability levels of A549_0R and A549_3R
are 13 ± 2.7% and 26 ± 2.4% higher than control, respectively.
All analyzed cells fully exclude 150 kDa FITC-dextran from
nuclear entry. This demonstrates the integrity of the nuclear
envelope permeability barrier[38] in all analyzed non-cancer and
cancer cells and rules out a possible presence of membrane
ruptures or NPC barrier leakiness which would arise from cell
cycle-dependent changes in the overall structure of the nuclear
envelope.[40]

The aforementioned measurements show that the NPC bar-
rier stringency in lung cancer cells is weakened compared to
control non-cancer cells, and that the transformation from lowly
metastatic to highly metastatic stage is associated with gradual
weakening of the NPC barrier stringency. The observations indi-
cate that in addition to weakened barrier stringency, an increase
in total number of NPCs in the nuclear envelope gives rise to in-
creased nuclear envelope permeability, as cancer cells progress
from lowly metastatic to highly metastatic stage. This suggestion
is supported by immunostaining and western blots experiments
shown in Figure 2.
A monoclonal anti-Nups antibody (mAb414), which recog-

nizes at least four different FG-Nups,[41,42] is utilized for the de-
tection of NPCs in nuclear envelopes of non-cancer and cancer
cells. Confocal microscopy images in Figure 2a reveal that the
brightness of the nuclear envelopes, as a function of NPC den-
sity, rises gradually from non-cancer (control), through A549_0R
to A549_3R cells (N = 3). Consistently, western blotting ex-
periments (N = 3) show progressive increase of NPC proteins
(tested for major FG-Nups 62, 98, and 153) from control, through
A549_0R to A549_3R cells (Figure 2b). We therefore conclude
that the increase of passive nuclear envelope permeability in can-
cer cells results partly from increased NPC density in nuclear en-
velopes, and reason that this might be a consequence of increas-
ing metabolic demands on transformation from non-cancerous
to cancerous types. Figure 2a also shows that nuclei of cancer
cells are substantially deformed compared to the homogenous
nuclei of non-cancer cells, which hints at increased compliance
of malignant cell nuclei. With respect to the central roles of the
nuclear lamina proteins lamins A/C in the overall biomechanical
and structural behavior of nuclei,[43,44] we wondered whether al-

teration of their physiological levels is associated with malignant
transformation of cells.
Figure 3 compares the levels of lamin A/C in non-cancer to

cancer cells, using immunofluorescence staining and western
blotting, and shows that the expression levels of lamins A/C are
substantially lowered in cancer cells.
Analogous to our observations with human lung cancer cells,

previous publications demonstrate that the expression levels of
lamins A/C are markedly reduced in diverse cancer types, which
makes lamins A/C a valuable diagnostic and risk biomarker for
breast and colorectal cancers.[45–47] Reduced levels of lamins A/C
result in softening of the cell nucleus.[43] For metastasis, can-
cer cells have to detach from the primary tumor to reach dis-
tant organs and spread, generally via narrow gaps between the
endothelial linings of the vasculature.[20] For this purpose, can-
cer cells must be able to undergo transient dramatic changes in
their overall morphology, as seen in Figure 2. The nucleus is the
largest intracellular structure and is up to ten times stiffer than
the cytoplasm.[20] Pathologically induced softening of the nuclei
in malignantly transformed cancer cells, resulting from reduc-
tion of lamin A/C levels, serves their deformability and enhances
their invasion and extravasation potential.[20] Our recent study
reveals that the physiological stringency of the NPC barrier in
non-cancer cells has a profound impact on the crucial mainte-
nance of nuclear mechanics, which is discussed later. We there-
fore assume that the parallel pathological reduction of both the
NPCbarrier stringency and laminA/C expression levels inmalig-
nantly transformed lung cancer cells act synergistically to drive
nuclear mechanopathology and enhance cancer metastasis. In-
deed, nuclearmechanopathology and resulting dramatic changes
in cancer cell morphology and pathophysiology serve as powerful
diagnostic tool for the grade of malignancy.[24]

Another observation made in Figure 3 regards the apparently
increased importin ß activity in cancer compared to non-cancer
cells, as supported by findings from immunofluorescence stain-
ing and Western blot investigations. This observation lends fur-
ther support to increased NPC density in cancer cells and may
indicate elevated nucleocytoplasmic exchange rates of material.
Receptor-mediated transport of diverse regulatory proteins and
newly synthesized ribonucleoproteins between the cytosol and
the nucleus is critical for cancer cells homeostasis and survival.
Having observed a correlation between the NPC barrier and ma-
lignant transformation of non-small human lung cancer cells, we
set out to study the potential impact of pharmacological mod-
ulation of the NPC barrier function on cancer cells migration
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Figure 3. Lamin A/C levels in non-cancer (EA.hy926) versus cancer cells (A549_0R and A549_3R). a) Immunofluorescence staining of NPCs (importin
𝛽𝛽) and lamin A/C (anti-lamin C antibody).N = 3, and n ≥ 100 cells each. b) Importin 𝛽𝛽 and lamin A/C fluorescence intensity quantification after analysis
of cells (n = 20) from each experiment (N = 3) where the averaged intensity was determined from 3 different sections of each cell. c) Western blotting of
the expression levels of lamin A/C in EA.hy926, A549_0R, and A549_3R cells. d) Western blotting of the levels of importin 𝛽𝛽 in EA.hy926, A549_0R, and
A549_3R cells. Data are shown as the mean ± SEM. Significant statistical differences (P < 0.05, one-way analysis of variance followed by Bonferroni’s
multiple comparison test) exist between A549_0R-A549_3R and EA.hy926 but none between A549_0R and A549_3R (N ≥ 3). The housekeeping protein
GAPDH is used as a loading control. Scale bars are 10 μm each.

andmotility, using NPC barrier breakers. Cancer cells master the
controlled manipulation of cell physiology. We hypothesized that
lung cancer cells may induce a weakening of the NPC barrier
stringency to a well-balanced level that is just low as absolutely re-
quired to promote their pathological transformation and ensure
their maintenance. Pharmacological exacerbation of the weaken-
ing beyond a “soft spot” may tip the balance and negatively im-
pact lung cancer cells.
At concentrations applied in the present work, the utilized

compounds do not dissociate FG-Nups from the NPC barrier but
interfere with their mutual bonds and consequently relax the bar-
rier, as reported in our recent publications.[48,49] We used time-
lapse video microscopy to observe highly metastatic A549_3R
cells over a time interval of 10 h whereby they were exposed to 2%
(m/v) of either NPC barrier breakers 1,2-trans-Cyclohexanediol
(1,2-TCHD), 1,6-Hexanediol (1,6-HD), in combination (1% each),
or their negative controls 1,4-Cyclohexanediol (1,4-CHD) and
1,2,3-Hexanetriol (1,2,3-HT), respectively.
As seen in Figure 4, the NPC barrier breakers 1,6-HD and 1,2-

TCHD immediately stop the migratory activity of A549_3R cells,
in opposite to their negative controls 1,4-CHD and 1,2,3-HT, re-
spectively (Videos S1–S6, Supporting Information). 2D cell mi-
gration experiments show that the inhibitory effects of the bar-
rier breakers on cell migration correlate with the degree to which
they compromise the stringency of the NPC barrier. A combi-
nation of 1,6-HD and 1,2-TCHD enables 50% reduction of their
individual concentrations, while achieving the highest pharma-
cological effects on both the weakening of the NPC barrier strin-
gency and the inhibition of the migratory behavior of cells. This
clearly demonstrates their synergistic behavior.

The NPC barrier breakers and their negative controls show
similar behavior in non-cancer cells (Figure S1, Supporting In-
formation).
The disruption of theNPC barrier stringency is associated with

immediate drastic overall structural changes of the cells, which
round up and appear to lose traction as shown in Figure 5 (Videos
S1–S6, Supporting Information).
Analysis of the resulting structural index of A549_3R cells, fol-

lowing 10 h of exposure to NPC barrier breakers and their nega-
tive controls is summarized in Table 1.
Table 1 Summary of the structural index analysis of highly

metastatic lung cancer cells (A549_3R) after 10 h of exposure
to the NPC barrier breakers 1,2-trans-Cyclohexanediol (1,2-
TCHD), 1,6-Hexanediol (1,6-HD), or their negative controls
1,4-Cyclohexanediol (1,4-CHD) and 1,2,3-Hexanetriol (1,2,3-
HT), respectively. N = 3, at least 100 analyzed cells in each
condition. Significant statistical differences exist between all
NPC barrier breakers and their negative controls, but none
between the barrier breakers separately or in combination (P
< 0.05, Student’s t-test).
The two compounds 1,2-TCHD and 1,6-HD seem to possess

necessary chemical and pharmacological properties to act so
strongly on the NPC barrier. Their negative controls, 1,4-CHD
and 1,2,3-HT, respectively, possess similar chemical structures,
and yet fail to alter the NPC barrier, migration, motility, or struc-
ture of cancer cells.
Figure S2, Supporting Information summarizes LD50 (me-

dian lethal dose) measurements following 1 h exposure
of non-cancer (EA.hy926) and cancer cells (A549_0R and
A549_3R) to progressively increasing concentrations of the
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 21983844, 2021, 22, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202102757 by C

ochrane G
erm

any, W
iley O

nline Library on [05/04/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

42



www.advancedsciencenews.com www.advancedscience.com

Figure 4. NPC barrier breakers compromise the migratory behavior of highly metastatic lung cancer cells (A549_3R). a) Kinetic profiles of a 70 kDa fluo-
rescent tracer influx into the nuclei of A549_3R cells following cell exposure to NPC barrier breakers 1,6-Hexanediol (1,6-HD), 1,2-trans-Cyclohexanediol
(1,2-TCHD), or their negative controls 1,4-Cyclohexanediol (1,4-CHD) and 1,2,3-Hexanetriol (1,2,3-HT), respectively (N = 5, and more than 100 cells
analyzed in each condition. Data are shown as the mean ± SEM. Statistically significant differences exist between NPC barrier breakers and their negative
controls, P < 0.05, Student’s t-test). b,c) 2D cell migration experiments show that the inhibitory effects of the barrier breakers on cell migration correlate
with their ability to disrupt the nucleocytoplasmic permeability barrier (N ≥ 3, asterisks indicate significant statistical differences, P < 0.05, Student’s
t-test).

Figure 5. NPC barrier breakers cause drastic overall structural changes of highlymetastatic lung cancer cells (A549_3R). Differential interference contrast
images collected 10 h after exposure of cells to theNPC barrier breakers 1,2-trans-Cyclohexanediol (1,2-TCHD), 1,6-Hexanediol (1,6-HD), or their negative
controls 1,4-Cyclohexanediol (1,4-CHD) and 1,2,3-Hexanetriol (1,2,3-HT), respectively.

Adv. Sci. 2021, 8, 2102757 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2102757 (6 of 12)
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Table 1. Structural index analysis of A549_3R cells 10 h after exposure to NPC barrier breakers and their negative controls.

Structural index at 10
h

Untreated A549_3R + 2% 1,2-TCHD + 2% 1,4-CHD + 2% 1,6-HD + 2% 1,2,3-HT + 1% 1,2-TCHD + 1%
1,6-HD

Mean± SEM 0.41 ± 0.08 0.95 ± 0.04 0.43 ± 0.07 0.96 ± 0.03 0.45 ± 0.06 0.95 ± 0.08

aforementioned NPC barrier breakers and their negative
controls.
Summary of the observed effects of NPC barrier breakers leads

us to conclude that the extent of migration inhibition as well
as the overall structural changes of cells correlate with the de-
gree of the individual compounds to which they compromise the
stringency of the NPC permeability. We know from our previ-
ous publications that the NPC barrier breakers utilized in the
present work at specified concentrations, do not dissociate FG-
Nups from the NPC barrier but rather disrupt their crucial in-
teraction with each other and consequently prevent their selec-
tive barrier function.[48,49] How can interference with the NPC
barrier have such profound impact on the overall structural and
dynamical properties of cells? The NPCs are turnstiles of nucle-
ocytoplasmic crosstalk. They are physically and functionally cou-
pled to diverse nucleocytoplasmic structures that span the entire
cell.[50,51] This intricate nucleocytoplasmic coupling is not only
pivotal for maintenance and survival of cells, but also for their
overall morphology, mechanics, and migratory activity amongst
others.[51,52] Hence, the following conceivable consequences may
arise from indirect interference with nucleocytoplasmic coupling
as a result of direct pharmacological manipulation of the NPC
barrier: Structural, mechanical, and functional weakening of the
nuclear envelope as a nucleocytoplasmic bridge, alteration in cy-
toskeletal tension, detachment of sensitive bonds between cells
and extracellular matrix (ECM), and disruption of mechanosens-
ing andmechanotransduction.[51,52] Given the complexity of such
interplay, which remains a subject of intense investigation,[51] we
prefer to refrain from suggesting possible mechanisms of action
as we believe that it would not be possible without relying heav-
ily on speculations. Rather, the findings obtained in the present
work, together with closely related findings from our previous
works, set the stage for follow-up studies that will specifically aim
at providing mechanistic insights.
We have previously demonstrated that apoptotic cells utilize

caspases to dissociate substantial amounts of critical FG-Nups
from the NPC barrier and target the nuclear lamina, which soft-
ens the nucleus and renders it particularly vulnerable to me-
chanical stress.[53,54] We therefore postulated the hypothesis that
doomed apoptotic cells apply a highly strategic and efficient ap-
proach to decisively destabilize nuclearmechanics and ultimately
execute the programmed cell death.[55] As highlighted in a re-
cent review by Kirby and Lammerding,[51] the evidence is emerg-
ing that the nucleus including the nuclear envelope plays a key
role as a cellular mechanosensor, which is pivotal for cell mainte-
nance and survival. Moreover, pathologically caused nuclear soft-
ening gives rise to severe diseases.[52] Our recent work reveals
that the NPC barrier breaker 1,2-TCHD, whose potency is similar
to that of the other barrier breaker 1,6-HD as demonstrated in the
present work, leads to substantial softening of the cell nucleus.[29]

We show that slight pharmacological relaxation of the barrier

stringency causes remarkable reduction of nuclear resilience to
mechanical loads. We also prove that the effects of NPC barrier
breakers result primarily from specific interference with the bar-
rier configuration.[29] Pharmacologically induced exacerbation of
the pathological weakening of the NPC barrier stringency in ma-
lignantly transformed cancer cells may compromise their sur-
vival ability. Destabilization of nuclear mechanics resulting from
NPC barrier breakers may render cancer cells highly sensitive
to severe damage during metastatic steps, which pose substan-
tial mechanical stress and require extraordinary high degree of
resilience.[20] Besides, destabilization of nuclei may impede their
critical roles as central hubs for processingmechanical ques from
the environment.[51,21]

To verify that our utilized compounds are not only effective in
2D cell culture models of cancer but also in tumor-relevant envi-
ronment, we established 3D cancer models based on our recent
publication.[56] We tested the compounds for their ability to im-
pact the survival and invasion of cancer cells in cancer spheroids
embedded in 3D desmoplastic-like extracellular matrix (ECM).
ATP is crucial for survival of cells and ATP luminescence assays
are used as highly sensitive parameter for the prediction and eval-
uation of tumor sensitivity and resistance to chemotherapeutic
drugs.[57] Accordingly, we performed ATP luminescence assays
to examine the ATP production rates in cancer spheroids embed-
ded in desmoplastic-like ECM, before and after treatment with
the compounds. In addition to A549_3R spheroids and in order
to confirm the effectiveness of the compounds in primary can-
cer cells, we generated spheroids from primary pancreatic ductal
adenocarcinoma (PDAC)-derived cells, isolated from our murine
animal model.[56] The compounds were added to themediums of
the individual experimental models and compared to compound-
free control cancer spheroids (solvent-treated), summarized in
Figure 6.
As seen in Figure 6 pharmacological treatment is effective in

both cancer spheroid models and the effectiveness of the NPC
barrier breakers is significantly higher compared to their nega-
tive controls. In PDAC spheroids, 2% 1,2,3-HT (0.61 ± 0.07, P
< 0.0001) and 2% 1,4-CHD (0.64 ± 0.05, P < 0.0001) decrease
total ATP content by around one-third compared to control (1 ±
0.07). In A549_3R spheroids, 2% 1,4-CHD is similarly effective at
decreasing ATP content (0.64 ± 0.06, P < 0.0001), in contrast to
2% 1,2,3-HT, which does not significantly alter the ATP produc-
tion (0.84± 0.06, P= 0.14). In presence of the potent NPC barrier
breakers 1,2-TCHD (2%) and 1,6-HD (2%) and their combination
(1% each), the ATP production in both PDAC (0.12 ± 0.03, P < 0.
05; 0.2 ± 0.05, P < 0.05; 0.13 ± 0.05, respectively) and A549_3R
spheroids (0.47 ± 0.04, P < 0.05; 0.52 ± 0.08, P < 0.05, 0.46 ±
0.04, P < 0.05, respectively) is dramatically decreased compared
to control treatment.
The aforementioned findings demonstrate that tumor-cell de-

rived spheroids embedded into a desmoplastic-like ECM react
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Figure 6. ATP levels in cancer spheroids generated from a) primary pancreatic ductal adenocarcinoma (PDAC)-derived cells and b) A549_3R cells after 20
h of exposure to the NPC barrier breakers 1,2-trans-Cyclohexanediol (1,2-TCHD), 1,6-Hexanediol (1,6-HD), or their negative controls 1,4-Cyclohexanediol
(1,4-CHD) and 1,2,3-Hexanetriol (1,2,3-HT), respectively. Data are shown as themean± SEMof 4 individual experiments. Asterisks represent a significant
difference compared with the untreated control group, determined using one-way analysis of variance followed by Bonferroni’s multiple comparison test,
P < 0.05.

to treatment with the compounds by markedly decreasing ATP
production. The treatment-induced strong reduction of the ATP
content in cancer spheroids results in their inability to establish
sufficient mechanical interaction with the ECM as observed in
time-lapse video microscopy tracing over 20 h (Videos S7–S9,
Supporting Information). This observation has direct implica-
tions for the survival of tumors and escaping cancer cells. Me-
chanical interactions between the tumor and its microenviron-
ment are well known to be of fundamental importance for tu-
mor survival. Besides, escape of cancer cells from the tumor and
invasion depends crucially on their ability to generate traction
forces and contract the ECM in the initial steps preceding the
invasion.[58] The highly energetic mechanical interactions rely
heavily on ATP content in cancer cells. Consequently, the sub-
stantial reduction of ATP levels in treated cancer spheroids pre-
vents them from generating sufficient traction forces, which is
why they fail to pull on the ECM, in contrast to untreated control
PDAC spheroids. The pharmacologically induced reduction of
ATP levels may thus be of significant clinical relevance as it may
result in decreased tumor spreading in vivo. Interestingly, the ap-
plied compounds are differentially effective at decreasing ATP
production in A549_3R (≈50% maximal inhibition) and PDAC
(≈90%maximal inhibition) spheroids. Here, a likely explanation
can be that the basic metabolic profile of these cancers is sub-
stantially different. The extreme inhibition of ATP production in
primary pancreatic cancer-derived spheroids is very promising
and can further be explained by the fact that these cells did not
undergo cell culture-dependent phenotypic selection.[59] The dif-
ferences in the efficacies of the compounds in the 2D culture as
compared to the 3D spheroid systems may arise from the fact
that 2D cultures are deficient of the complex tissue architecture
and cell-matrix and cell-cell interactions which are present in the
body.[60]

It is evident that in particular the NPC barrier breakers have
a profound impact on cells, which is further supported by the
fact that they give rise to substantial increase of reactive oxygen
species (ROS) in cancer cells (Figure S3, Supporting Informa-
tion). Furthermore, they promote apoptosis as detected in flow
cytometric measurements (Figure S4, Supporting Information).

Viability, apoptosis, and necrosis values in EA.hy926 cells after
treatment with 2% NPC barrier breakers either separately or in
combination, remain in the same range as untreated controls. In
contrast, in A549_3R the combination of 1,2-TCHD and 1,6-HD
promotes apoptosis and causes significant decrease in viability
while maintaining low levels of necrosis. This makes the combi-
nation an interesting approach for apoptosis-based treatment of
cancer cells, which are known for their apoptosis evasion.[61]

Currently, there is a limited number of FDA-approved drugs
for cancer therapy that target the apoptotic pathway, many of
which target BCL-2 family members specifically.[62] Further re-
search is still needed to understand how NPC barrier break-
ers affect proteins such as BCL-2 or NF-kB. NF-kB has been
shown to mediate the nuclear import of plasmids, for example
in lung cancer cells,[63] and is a limiting factor in TNF-oriented
apoptosis-based cancer therapies, due to the systemic inflam-
mation response it triggers.[62] Understanding these interactions
could help in the development of more efficient approaches for
plasmid delivery in gene therapy.
Finally, in the light of the profound impact of the introduced

compounds on highly aggressive lung and pancreatic cancers
they should be considered for intratumoral application in solid
tumor cancers that are fairly common. Their demonstrated in-
stant and substantial effectiveness in 3D scaffold-based cancer
spheroids, which mimic solid tumors, holds promise that they
may be able to overcome the harsh tumor barriers, probably ow-
ing to their small size and amphiphilic character. The direct de-
livery of the anticancer drug into the desired place of action has
decisive advantages – it achieves instant high local drug concen-
trations, is more likely to accumulate inside the tumor owing to
the prevailing conditions therein, improves drug bioavailability
and efficacy, reduces systemic drug concentration, and lowers se-
rious side effects.[64,65] The fact that the introduced compounds
maintain their effect over at least 10 h of exposure is another sig-
nificant advantage of particular clinical relevance. For example,
the anticancer drug paclitaxel is eliminated to almost 50% within
the first 24 h of intravenous administration, and eventually barely
0.5% of the drug is bioavailable at its destined place of action, the
tumor site in the lung.[65]

Adv. Sci. 2021, 8, 2102757 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2102757 (8 of 12)
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3. Conclusions

The urgently needed improvement of the devastating prognosis
ofmetastatic lung cancer, themajor cause of cancer deaths world-
wide, requires the refinement of our understanding of the cellu-
lar pathophysiological processes that are associated with malig-
nant transformation of lung cancer cells. Despite the overwhelm-
ing amount of evidence pointing toward the critical importance
of signaling across the nuclear envelope for promoting malig-
nant transformation, the actual involvement of the NPCs is far
from being adequately characterized. Our observations demon-
strate that the critical ability of the NPCs to exclude substances
from the nuclear interior is compromised in lung cancer cells.
Apparently, the severity of the defect correlates to some degree
with the aggressiveness of the malignant phenotype displayed
by the tested cell lines. We also demonstrate the critical impor-
tance of an intact selective NPC barrier function for themigration
of lung cancer cells. Pharmacological interference instantly dis-
rupts the selective barrier function, which immediately results in
prevention of cancer cell migration. The exact cellular physiologi-
cal mechanisms underlying this inextricable relationship remain
to be investigated.
We have recently revealed a profound role of the physio-

logical NPC barrier stringency in maintenance of nuclear me-
chanics and thus structure.[29] When extended to the afore-
mentioned alterations of the factors affecting nucleocytoplas-
mic transport and the barrier function in cancer, our postu-
lated “ultrafiltration model”[29] of nuclear mechanics has sev-
eral implications for the progression of the process of malig-
nant transformation. An increased expression of the nuclear ex-
port factors could shift the balance of macromolecular distri-
bution toward the cytoplasm making the nucleus less resistant
toward mechanical deformation. Coupled with the reduced lev-
els of a critical load-bearing component of the nuclear envelope
lamin A/C, this could result in a greatly increased sensitivity of
the cancer cell nuclei to physical stresses. These stresses may
further exacerbate genomic instability of premalignant cells,[66]

thus accelerating the rate of malignant transformation. In ad-
dition, altered mechanics of the nuclear envelope may inter-
fere with physiological mechanotransduction cascades leading
to biochemical signaling which causes active remodeling of
the ECM.[67]

Understanding the ways lung cancer cells exploit this particu-
lar element of cellular communication infrastructure may usher
in the design of novel anti-cancer drugs. NPCs are highly con-
served among species and so we can imagine that the observa-
tionsmade with aggressive lung and pancreatic cancer models in
the present work may be relevant to other types of cancer cells,
which should be investigated in future works.
Finally, we would like to propound the idea that NPC barrier

breakers may qualify for intratumoral application in solid tu-
mors, pending thorough examination of their drug safety.We can
also imagine that a combination of our compounds with well-
established anticancer drugs may have strong synergistic effects.
The synergy would not only enable a marked drug dosage reduc-
tion, and thus reduction of severe side effects of anticancer drugs,
but it may also decisively impact the pharmacological effective-
ness and the outcome of the treatment.

4. Experimental Section
Cell Culture: A549 lung adenocarcinoma cells were cultured at 37 °C

under 5% CO2 in modified Eagle’s medium (Invitrogen, Carlsbad, CA),
which was supplemented with 10% fetal calf serum. The approach for the
generation of highly aggressive non-small lung cancer cells (A549_3R; R
= Selection round) from parental lowly metastatic cancer cells A549_0R
was described earlier.[68] EA.hy926 endothelial cells were cultured at 37 °C,
5% CO2 minimal essential medium (MEM) supplemented with 1% non-
essential amino-acids, 1% MEM vitamins (Invitrogen), penicillin (100 ug
mL−1), streptomycin (100 ug mL−1), and 10% fetal calf serum (FCS, PAA,
Germany). For experimental use, cells were grown to confluence on glass
bottom petri dishes (WillCo Wells B. V., Amsterdam, Netherlands).

Passive Nuclear Pore Permeability Experiments: The diffusion of FITC-
dextran through nuclear pores was tested to evaluate their passive per-
meability with confocal laser-scanning microscopy. Cells were cultured on
glass bottom petri dishes (WillCo Wells B. V., Amsterdam, Netherlands).
Nuclear envelopes were specifically permeabilized following treatment of
cells for 5 min with 20 μg mL−1 digitonin in transport buffer (TB, 20mM
HEPES, 110mM K-Acetate, 5mM Na-Acetate, 2mM Mg-Acetate, 1mM
EGTA (pH 7.3), 2mM DTT) containing 200 μg mL−1 10, 20 or 150 kDa
FITC-dextran (Sigma Aldrich, Steinheim, Germany); 150 kDa FITC-dextran
served as an integrity marker of nuclear pores and nuclear envelope. Di-
rectly after permeabilization the tested compounds 1,4-Cyclohexanediol,
1,2-trans-Cyclohexanediol, 1,6-Hexanediol, and 1,2,3-Hexanetriol (Sigma
Aldrich, Steinheim, Germany) were added either separately or in specified
combinations at 1 or 2% each. For control experiments, the compounds
were replaced with their solvent (water). Confocal microscopy images (ob-
jective 63× oil) were taken in the mid-plane of the nuclei using Leica SP8
confocal laser scanning microscope equipped with hybrid detection sys-
tem for photon counting (Leica, Wetzlar, Germany) at a rate of one image
per minute for 30 min. Subsequently, FITC-dextran influx dynamics was
evaluated by determining the ratio between the intranuclear fluorescence
intensity and the extracellular background intensity.

Western Blot: The lysates of EA.hy96, the A549_0, and A540_3R cells
were obtained by adding triton-lysis buffer (1%Triton X-100, 150mmNaCl,
5 mm EDTA, 50 mm Tris-HCL) and protease inhibitor (cOmplete Mini,
Roche Diagnostics GmbH, Mannheim, Germany) to the cells. The pro-
tein concentration was detected by the BCA Pierce Protein Assay Kit
(Thermo Fisher Scientific Inc., Waltham, MA), and all samples were added
with the same amount of protein when tested by Western Blot. Lysate
was size-fractionated with 10% SDS-Page and blotted onto nitrocellu-
losemembrane (Hybond C-Extra, AmershamBioscience, Amersham,UK).
The membrane was blocked in 5% skim milk powder solved in TBS (10
mmTris/HCL, 1,5mNaCl) with 0.05%Tween 20. The proteins were labeled
by using primary and secondary antibodies. First, nitrocellulose mem-
branes were incubated in primary antibodies (Mab414, Covance, 1:1000;
Anti-Nup 98 antibody, Abcam, 1:1000; Anti-KPNB1 (for importin ß), Ab-
cam 1:5000; Lamin A/C, Cell Signaling Technology, 1:2000; Anti-𝛽𝛽-Actin,
Sigma, 1:10 000; Anti-GAPDH antibody, Abcam, 1:5000) added in block-
ing buffer overnight. Afterward, the membranes were incubated with the
secondary antibodies (Goat anti mouse, DIANOVA, 1:10 000; Anti-rabbit
IgG, Sigma, 1:3000) rarefied in milk for 1 h. By using enzyme substrates
(Super Signal West pico/femto, Thermo Scientific), protein bands were vi-
sualized by the gel documentation system (ChemiDoc XRS, Bio-Rad). For
quantification, the program ImageJ was used.

Cell Motility Analysis: EA.hy926 and A549_3R cells were separately
seeded on collagen coated culture flasks (containing 1× RPMI, 10 mmol
L−1 HEPES, 0.02 mg mL−1 laminin, 0.04 mg mL−1 fibronectin, 0.01 mg
mL−1 collagen IV, 0.01 mg mL−1 collagen III, 0.8 mg mL−1 collagen I at
pH 7.4) and were left to attach for at least 3 h. Prior to the start of image
recording with time-lapse video microscopy, cells were kept for 10 min in
epidermal growth factor (EGF) (1%)-medium containing the same com-
pounds, combination, and concentration as used in confocal microscopy.
In control experiments, the compounds were replaced with their solvent
(water). The flasks were transferred to heating chambers (37 °C) on themi-
croscopes (Zeiss Axiovert 40C). The cells were imaged in 600 s intervals
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for 10 h controlled by HiPic 32 or WASABI software (Hamamatsu). For
analysis the Amira Imaging Software and the image processing program
ImageJ were used by labeling the cell contours each frame. The cell velocity
was calculated from the movement of the cell center per time, the traveled
distance was computed by the distance from beginning to the end loca-
tion and the structure index defines cell morphology (1 = spherical cell, 0
= complex cell).

Cell Proliferation Assay and LD50 (Median Lethal Dose) Measurements:
The CCK-8 (cell counting kit-8) assay was used to determine the LD50 val-
ues in non-cancer and cancer cells. The cells were cultured in a 96-well
plate for 24 h at 37 °C, 5% CO2. Next, the cells (containing CCK-8 kit)
were exposed for 1 h to progressively increasing concentrations (0.5, 1, 2,
3, 4, 5, 6, 7 and 8%) of the NPC barrier breakers 1,2-trans-Cyclohexanediol
(1,2-TCHD), 1,6-Hexanediol (1,6-HD), or 1,2-TCHD and 1,6-HD in combi-
nation, or their negative controls 1,4-Cyclohexanediol (1,4-CHD) and 1,2,3-
Hexanetriol (1,2,3-HT), respectively. The absorbance measurement was
performed at 450 nm using the plate reader, Molecular Devices.

Viability and Apoptosis Measurements with Flow Cytometry: Cells were
exposed for 1 h to either 1,2-TCHD (2%), or 1,6-HD (2%), or combination
of 1,2-TCHD and 1,6-HD (1% each), or their negative controls 1,4-CHD
(2%) and 1,2,3-HT (2%), respectively. After removal of the compounds by
several washing steps, a double-staining was performed with Annexin-V
APCs and propidium iodide (PI) to check for apoptosis and cell viability,
respectively. PI was an intercalating dye and stains cells with a compro-
mised plasma membrane as an indicator of necrotic death, measured at
488 nm. Annexin-V APC was an indicator of apoptosis because it binds
the membrane phospholipid phosphatidylserine which was translocated
from the inner to the outer leaflet of the plasma membrane during apop-
tosis, measured at 650–660 nm. 2.5 μL of Annexin-V APC (Immunotools,
Friesoythe, Germany) stock was added to the cells and they were incubated
for 15 min in the dark. 300 μL of cell culture medium were added and the
cells were placed on ice. Propidium iodide (Merck, Darmstadt, Germany)
was added (20 ng mL−1) to the cells and the measurements were done
immediately using a BD FACS Calibur (BD Biosciences, Erembodegem,
Belgium). Data analysis was performed using FlowJo v10 10.5.3 (FlowJo,
LLC, Ashland OR) and Microsoft Excel (Microsoft Office 2016).

Measurement of Intracellular ROS: After treatment of cells for 1 h with
NPC barrier breakers and their negative controls at the same concentra-
tions as in the aforementioned experiments, the compounds were washed
out and subsequently the intracellular ROS levels were evaluated by using
the cellular ROS detection assay kit (ab113851, Abcam), utilizing 2′,7′-
dichlorofluorescin diacetate according to themanufacturer’s protocol. The
fluorescence measurements were performed using a Fluoroskan II Fluo-
rescent with excitation/emission wavelengths filter: Ex/Em= 485/535 nm.

Animal Model for Pancreatic Cancer: The animal experiments were
conducted with the approval of the local ethics committee for animal
care (Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen, permit number 81-02.04.2019.A281). KPfC mice condition-
ally express mutant K-Ras (K-RasG12D) and mutant p53 (p53R172H)
in the pancreas under physiological control from the endogenous locus
(KRaswt/LSL-G12D p53wt/LSL-R172H Pdx1-Cre+). This was achieved by
Lox-SOP-Lox (LSL) cassettes that prevent expression of the mutant pro-
teins prior to Cre recombinase-mediated recombination and consequent
excision of the stop cassette.[69–71]

Primarymurine pancreatic cancer-derived cells were isolated as follows.
KPfC mice were sacrificed at 24 weeks of age and subsequently, the pan-
creas was removed. Afterward, pancreata were digested with 1 mg mL−1

collagenase P (Sigma Aldrich, Merck KGaA, Darmstadt, Germany) in PBS
for 30 min at 37 °C. Then, tissue fragments were centrifuged at 200 g for
5 min RT and cultured in DMEM/HAM F-12 medium containing 10% FCS
and 1% Pen-Strep in a tissue-culture dish for 24 h at 37 °C. After 24 h,
non-adherent tissue was washed away 3× with medium and a heteroge-
neous population of cancer cells, stromal fibroblasts, and immune cells
remained in the dish. For the experiments involving spheroids, cells were
used from passages 0 to 1.

Cancer Spheroids Assembly, Matrix Embedding, and Time-Lapse Video Mi-
croscopy: Spheroids of A549 and primary PDAC-derived cells were cre-
ated as described previously.[56] Briefly, a hanging drop-based method

was used for inducing spheroid formation from 10 000 cells/spheroid, in
medium containing 0.25% methylcellulose.

After 48 and 72 h for A549 and PDAC-derived cells, respectively,
spheroids were harvested and embedded in a desmoplastic ECM-like in
vitro polymerized matrix, as described previously.[72] The final compo-
sition of matrix components were 40 μg mL−1 laminin (Sigma Aldrich,
Merck KGaA, Darmstadt, Germany), 40 μg mL−1 fibronectin (Sigma
Aldrich, Merck KGaA, Darmstadt, Germany), 800 μg mL−1 collagen I
(Corning, New York, NY, USA), 12 μg mL−1 collagen III (Corning, New
York, NY, USA) and 5.4 μg mL−1 collagen IV (BD Biosciences, Heidelberg,
Germany). After embedding, spheroids in matrix were further investigated
by video microscopy or luminometry.

Time-lapse video microscopy of spheroids in matrix was performed as
described previously.[56] First, spheroids in ECM were seeded in 12.5 cm2

flasks. After matrix polymerization for 2 h at 37 °C, control medium or
medium with target compounds was added to the flasks. After an equili-
bration period of another 2 h at 37 °C in a 5% CO2/air atmosphere, ma-
trix traction of spheroids in the matrix was monitored using time-lapse
video microscopy. Time-lapse acquisition was recorded in temperature-
controlled chambers (37 °C) with CMOS cameras for 20 h at 5 min inter-
vals using the MicroCamLab 3.1 software (Bresser, Rhede, Germany).

Measurement of ATP Content in Cancer Spheroids: For measurement
of ATP Production, black-walled 96-well plates (Corning, New York, NY,
USA) were first coated with 1% agarose gel to prevent cell adhesion and
spreading at the bottom of the well. Afterward, 50 μL ECM containing
one spheroid was applied to each well and left to polymerize for 2 h at
37 °C. Subsequently, control medium or medium with target compounds
was added to the wells and spheroids were incubated for 20 h at 37 °C.
ATP production of spheroids was measured using the CellTiter-Glo 3D
kit (Promega, Madison, WI, USA) according to manufacturer’s protocol.
Briefly, 100 μL reagent was added to each well, followed by mechanical dis-
ruption of the extracellular matrices containing a spheroid. After 15 min
shaking with 200 RPM at RT, total ATP content of the wells was determined
using a luminometer (Berthold Technologies, Tristar LB941). The lumines-
cence of each well was background subtracted by luminescence of wells
containing ECM without a spheroid.

Statistical Analysis: Each experimental condition was repeated at least
three times. Data are presented as mean values ± standard error of the
mean (SEM). Results were considered as statistically significant at the
probability level P< 0.05. The details regarding the number of experiments
and analyzed cells, applied statistical tests and P values were specified in
the corresponding parts. Statistical tests and graph production were per-
formed using software Origin Pro 9 and GraphPad Prism 9.0.0.
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cell genotypes compared to standard cell 
lines).[4,5] Current in vitro models for 
example, rapidly lose high copy epidermal 
growth factor receptor (EGFR) amplifica-
tion and have limited ability to monitor 
cells and (microtube-based) networks.[6,7] 
High copy EGFR amplification and micro-
tube-based networks are two important 
features that are known to promote glioma 
progression.[8–11] To further study the role of 
microtubes in glioma progression and also 
the potential of EGFR-targeting treatments 
in glioma, in-vitro cell culture models that 
can retain these features are needed.[10] 
Currently, in vitro cell culture research pre-
dominantly involves the use of 2D planar 
surfaces. Although these 2D surfaces are 
cheap, easy-to-use, and reproducible, they 
often do not mimic the 3D spatial configu-
ration of cells in real tissues. Indeed, cells 

behave differently in 3D environments[12,13] and can have dif-
ferences in terms of cellular morphology, formation of cell–cell 
junctions, cell proliferation, gene and protein expression levels, 
and even in responses to treatments.[14–17] 3D tumor spheroids, 
which are generally employed for glioma research, can overcome 
these limitations by better mimicking tissue-like features. How-
ever, they are difficult to monitor especially when analyzing sub-
cellular structures like microtubes.[6,14,16]

A major obstacle in glioma research is the lack of in vitro models that can 
retain cellular features of glioma cells in vivo. To overcome this limitation, a 
3D-engineered scaffold, fabricated by two-photon polymerization, is devel-
oped as a cell culture model system to study patient-derived glioma cells. 
Scanning electron microscopy, (live cell) confocal microscopy, and immuno-
histochemistry are employed to assess the 3D model with respect to scaf-
fold colonization, cellular morphology, and epidermal growth factor receptor 
localization. Both glioma patient-derived cells and established cell lines suc-
cessfully colonize the scaffolds. Compared to conventional 2D cell cultures, 
the 3D-engineered scaffolds more closely resemble in vivo glioma cellular fea-
tures and allow better monitoring of individual cells, cellular protrusions, and 
intracellular trafficking. Furthermore, less random cell motility and increased 
stability of cellular networks is observed for cells cultured on the scaffolds. 
The 3D-engineered glioma scaffolds therefore represent a promising tool for 
studying brain cancer mechanobiology as well as for drug screening studies.
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1. Introduction

Gliomas are the most common primary malignant tumors of 
the central nervous system with poor patient survival rates.[1] 
One contributor to the absence of novel effective therapies is the 
lack of cell culture models that can faithfully capture the native 
glioma phenotype[2,3] even despite increasing use of patient-
derived cell cultures (that more accurately capture the cancer 
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With technological advances, 3D cell culturing (growing 
cells in three dimensions) on structures created by micro- and 
nanofabrication has become an appealing alternative.[18–20] The 
most accurate additive manufacturing processes for the crea-
tion of cell scaffolds are two-photon polymerization (2PP) and 
stereolithography.[18,21,22] 2PP is a relatively recent light-assisted 
direct-writing fabrication technique based on the nonlinear 
two-photon absorption of near-infrared photons from a femto-
second pulsed laser source. Using this technique, infrared fem-
tosecond laser pulses are focused onto an organic prepolymer 
material that is absorptive in the UV radiation range but non-
absorptive in the infrared one.[20,23] This mechanism is tuned 
to photopolymerize the exposed material in extremely confined 
volumes called voxels.[23] The advantages of the 2PP technique 
include: high resolution (up to 100  nm), high reproducibility, 
precise control of intricate structural features, and freedom in 
architecture design.[20,24,25] Importantly, the recent development 
of a biocompatible and low-autofluorescent methacrylate pho-
tosensitive polymer (IP-Visio) for 2PP has facilitated the use of 
this approach for life science applications.[23,26,27]

Here, we have studied patient-derived glioma cells cultured 
on biomimetic 3D-engineered IP-Visio microscaffolds, fabri-
cated by the 2PP technique, and compared them to standard 
2D  control models. Our results show that a standard glioma 
cell line (U-87) as well as four patient-derived glioma cultures 
can efficiently adhere and colonize the structures. Compared to 
2D models, our 3D-engineered glioma microenvironment more 
closely resembled in vivo glioma cellular features including 
nucleus size, and protrusion width. A major advantage of our 
model system is that it enables more accurate detection of indi-
vidual cells, their protrusions, and intracellular trafficking. Fur-
thermore, real-time microscopy also enabled the assessment 
of cell mobility and demonstrated reduced speed of cells and 
increased stability of cellular networks in 3D versus 2D. The 
developed 3D-engineered scaffold therefore provides a new 
suitable model to study glioma cells with advantages over the 
traditional 2D models.

2. Results and Discussion

2.1. Design and Fabrication of the 3D-Engineered Scaffolds 
Inspired by Microvessel Geometries

The design of the 3D scaffolds (Figure 1a) was inspired by the 
features of blood vessels present in the in vivo glioma environ-
ment as it is known how glioma cells migrate, proliferate, and 
cluster especially at the vascular branch points.[6,28] A porous 
design was selected to allow cell migration within the struc-
tures and to facilitate the diffusion of nutrients. The pore size 
was chosen to be larger than the cell nuclei to allow for cell 
invasion but small enough to allow for cellular network forma-
tion.[29] To avoid shadowing which would hamper imaging of 
the bottom and middle layers of the scaffolds during confocal 
microscopy, highly dense structures were not considered.

The base element of the scaffolds consisted of rods con-
nected as cubic unit cells with one additional interconnecting 
diagonal rod (Figure  1b). Cylindrical rods were chosen as 
the building blocks of the unit cells to resemble the circular 

cross-section of the blood vessels. Diagonal rods were added 
to provide angles in the structure that resemble those observed 
in blood vessels.[6,28] Each scaffold consisted of multiple unit 
cells arranged to form a pyramid. The scaffolds featured a rod 
size of 10 µm and a pore size of 50 µm × 50 µm. The overall 
dimension of each scaffold was 370 µm × 370 µm × 190 µm. For 
some experiments, an alternative scaffold was used with the 
same unit cells but with an inverted unit cell arrangement that 
resulted in the presence of a cavity inside the scaffold to study 
the span of cellular protrusions (Figure S1a,b, Supporting Infor-
mation). The scaffolds were fabricated by 2PP following the 
routine procedure of the 2PP fabrication methodology, which 
is described step by step in the Experimental Section. To obtain 
accurate scaffold geometries and overcome technical issues, 
we optimized several manufacturing process steps, which are 
described hereafter.

DeScribe software (Nanoscribe proprietary software to 
define printing parameters such as laser power, writing speed, 
hatching/slicing and to simulate the 2PP fabrication steps) 
considers surfaces with gaps or sharp edges as defective and 
attempts to repair them,[30] which led to undesirable filled pores 
(Figure S2a, Supporting Information). We found that pore filling 
could be prevented via rounding the corners in our design. In 
addition, as the voxel size is larger along the Z direction than 
the X and Y directions (where Z is the direction of the laser 
beam), pores along the Z-axis were clogged in the fabricated 
scaffolds (Figure S2b, Supporting Information). To prevent this, 
we changed the cross-section of the top rods of the unit cells 
from circular to oval, making the circular structures narrower 
along the Z direction (Figure S2c, Supporting Information). An 
additional complication was the occasional delamination of the 
scaffolds after exposure to cell culture media (Figure S3a, Sup-
porting Information). To address this issue and to increase the 
stability of the 3D structures (Figure S3b, Supporting Informa-
tion), the cross-sections of the rods connected to the substrate 
were changed to a flattened bottom (semicircle on a pedestal, 
Figure S3c, Supporting Information). For 2D structures, pedes-
tals of 500 µm × 500 µm × 10 µm were chosen. Four pedestals 
were connected to each other by their corners (Figure S1c, Sup-
porting Information) to prevent delamination.

The most important printing parameters that needed 
tuning were the scan speed, laser power, hatching, and slicing. 
Hatching is the spacing distance between voxels in the X–Y 
plane, while slicing is the spacing distance between voxels 
along the Z direction.[31] Decreasing slicing and hatching 
values increased the shape accuracy and steadiness of the struc-
tures but noticeably increased the printing time. For the final 
3D  scaffolds, 10 000  µm  s−1 scan speed and 60% laser power 
(100% laser power is 50 mW) were chosen to provide a suitable 
combination of precision and stability. A 50 000  µm  s−1 scan 
speed and 80% laser power provided a suitable 2D pedestal 
quality. The slicing and hatching values for the scaffolds were 
both 0.5 µm. The corresponding values for the pedestals were 
1 and 0.5 µm, respectively.

Both 3D scaffolds and 2D pedestals exceeded the addressable 
printing range of the galvanometric mirrors of the 2PP-printer 
setup (the galvanometric mirrors scan the laser beam laterally 
while vertical movements are carried out with piezoactuators). 
Therefore, the structures needed to be split into smaller unit 

Small 2022, 18, 2204485

 16136829, 2022, 49, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202204485 by Em
ily Frieben - W

iley , W
iley O

nline Library on [30/03/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License51



www.advancedsciencenews.com www.small-journal.com

© 2022 The Authors. Small published by Wiley-VCH GmbH

blocks (block splitting) and these blocks needed to be bonded 
together during the printing process (stitching). Block splitting 
was avoided at locations where it led to the creation of over-
hanging rods (Movies S1 and S2, Supporting Information). 
In order to increase the adhesion between blocks, an angled 
interface between blocks was selected instead of an orthogonal 
interface (Figure S4, Supporting Information). The acceptable 
angle value was found by printing scaffolds and pedestals with 
varying angles. The suitable stitching angles for 2D pedestals 
and 3D scaffolds were found to be 45° and 15°, respectively. 
The stitched blocks featured some overlap in order to avoid 
disjoined blocks caused by unpolymerized resin. The suitable 
overlap between stitched blocks in the X, Y, and Z directions 
were found to be 3, 3, and 2  µm for the 2D pedestals, and 1, 
1, and 2  µm for the 3D scaffolds, respectively. Representative 
scanning electron microscopy (SEM) images of the final struc-
tures are shown in Figure 1c,d. Three replicas of the scaffold as 
well as four replicas of 2D flat pedestals were printed on each 
substrate creating one sample set (Figure  1e). The fabrication 
time for each sample set was 95 min. The structures were then 
coated with a Cultrex extracellular matrix coating (see Experi-
mental Section).

Our approach aims at resembling the geometrical features 
of the brain microvessels, however one of its limitations is 
the relatively high stiffness of the scaffolds’ material (≈1 GPa) 
compared to that of the brain (ranging from 0.1 to 1 kPa).[32] 
Developing materials for 2PP with lower Young’s modulus 
can be further investigated to overcome current challenges. 
The challenges of fabricating complex geometries with soft 
materials (such as hydrogels) include higher tendency to col-
lapse, difficulties handling the load of cells, and lower fea-
ture resolution.[33] An alternative option worth exploring is 
using structures in which cells perceive a low effective shear 

modulus[34] or encapsulating cells (bioprinting) whithin 
2PP-manufactured scaffolds. Overcoming the cytotoxic effects 
of photo initiators has been one of the major challenges of 
2PP bioprinting. Although reports of such cultures have been 
published, these materials are not yet commercially avail-
able.[35,36] In addition to mechanical cues, cells respond also to 
topographical cues,[13,37] therefore, the effects of different geo-
metrical features (e.g. pore size, surface nanotopography, rod 
size, curvature) on the behavior and morphology of glioma 
cell can be investigated.[38]

2.2. Colonization of the 3D Scaffolds by Patient-Derived 
Glioma Cells

To test the suitability of the fabricated structures for glioma 
cell culture experiments, we first cultured a standard cell line 
(U-87) on the 3D scaffolds and the 2D pedestals. As these cul-
tures readily colonized the scaffolds (Figure S5, Supporting 
Information), we subsequently cultured four patient-derived 
glioma cell cultures (GS-580, GS-827, GS-830, and GS-921) 
on the structures. All four patient-derived cultures were able 
to successfully colonize the scaffolds and the 2D pedestals as 
shown by confocal imaging (Figure 2a–c; Movie S3, Supporting 
Information). SEM micrographs showed that cells formed long 
protrusions and clearly invaded the inner regions of the scaf-
folds (Figure 2d–f). These protrusions were frequently present 
between the building blocks of the scaffolds (Figure 2e). Inter-
estingly, some of these interconnecting protrusions were sus-
pended within the 3D structure (Figure 2e,f). Such suspended 
protrusions were not observed in the alternative 3D design 
(Figure S1a, Supporting Information) with gaps exceeding 
100 µm (Figure S6, Supporting Information).

Small 2022, 18, 2204485

Figure 1. Design of the 3D and 2D microenvironments. a) Design of the 3D-engineered scaffolds. b) Scaffold unit. c) SEM micrograph of the fabri-
cated 3D-engineered scaffold. d) SEM micrograph of the fabricated 2D pedestal. e) Three scaffolds and four pedestals constituting one “sample set”.
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2.3. Cytoskeletal and Nuclear Morphological Differences between 
Glioma Cells Cultured on 3D Scaffolds and 2D Pedestals

To determine whether the scaffolds provided a suitable model 
system for glioma research, we then compared morphological 

features of GS-830, GS-827, GS-580, and U-87 cells cultured on 
3D versus 2D structures. Cellular morphology was studied in 
two independent experimental replicates (one replicate for U-87 
experiments) using confocal fluorescent images of the cells 
stained for nuclei and tubulin.

Small 2022, 18, 2204485

Figure 2. Characterization of patient-derived glioma cells cultured on 2D pedestals and 3D scaffolds. Confocal images of GS-830 patient-derived glioma 
cells on a,b) 3D scaffolds and c) 2D pedestals (Blue: nuclei; Green: tubulin). d) SEM image of GS-830 cells cultured on the 3D scaffolds. e,f) Zoomed in 
SEM image of the GS-830 cells on the 3D scaffolds showing that the cells have reached the inner units. Red arrows denote examples of glioma cell protru-
sions. g,h) Boxplots comparing morphological differences between cells cultured in 2D and 3D. g) Cell area and h) cell circularity. Boxplots display the median, 
interquartile range (IQR) with the whiskers drawn at 1.5IQR. Statistical significance is indicated by p < 0.001(***). Sample size (n) for GS580, GS287, GS830, 
and U87 are 683, 937, 890, and 294 respectively. Two independent experimental replicates (one replicate for U-87 experiments) were included.
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Interestingly, we found that cells grown on 2D pedestals had 
larger areas compared to those on the 3D scaffolds (Figure 2g). 
We did not observe consistent differences between 2D pedestals 
and 3D substrates in terms of cellular circularity (Figure 2h). In 
addition to cellular morphology, we also studied nuclear mor-
phology. For all cell cultures, nucleus area of cells cultured on 
2D pedestals were larger compared to those on the 3D scaffolds 
and were on average more circular (Figure 3a–d). Although 
the larger cell and nuclear areas on 2D pedestals most likely 
pointed to the flatter morphology of cells on 2D surfaces, 
such morphological differences, especially those related to the 
nuclei, can be important for replicating the behavior of glioma 
cells in vivo.[39,40]

The nucleus, through cytoskeleton and cell–matrix adhesions, 
is physically coupled to the extracellular matrix. In this way, 
forces can be transmitted from the cytoskeleton to the nucleus, 
and the external mechanical cues on the cell can affect the shape 
of the nuclear envelope.[41] This can affect the nuclear function 
by altering: chromatin condensation and organization (thereby 
directing cells toward differential gene expression), translo-
cation of transcriptional regulators, accessibility of histone 

modifying enzymes to the chromatin and their distribution in 
the nucleoplasm, and nuclous membrane permeability and rup-
ture.[41–47] Furthermore, nuclei morphology is frequently altered 
in cancer cells and many cancers can even be graded based on 
the nucleus size.[48] Particularly, for high-grade glioma tumor 
cells, previous studies reported how nuclear size and shape are 
significantly related to the survival time of patients.[39,49]

To compare our results to in vivo values, we studied the 
morphology of nuclei in six glioma tumor samples. Three 
grade 3 and three grade 4 formalin-fixed paraffin-embedded 
(FFPE) glioma tumor tissue sections were analyzed for nuclei 
area and circularity. The measured average nuclear area on 
tissue sections (55.72 ± 27.79 µm2) was nearly identical to pre-
viously reported (i.e., 55.22 ± 13.48 µm2)[49] and was close 
to the value observed for tumor cells cultured on 3D scaf-
folds (67.51 ± 38.19 µm2, p-value < 0.0001). Nucleus areas on 
3D scaffolds and on tissue sections were both smaller than 
the nucleus area on 2D pedestals (130.21 ± 75.72 µm2, both 
p-values < 0.0001). However, nuclei on our 3D scaffolds on
average were less circular (0.84 ± 0.11) compared to those on
2D pedestals (0.88 ± 0.09, p-value < 0.0001) and tissue sections

Small 2022, 18, 2204485

Figure 3. Characterization of patient-derived glioma cell nuclei cultured on 2D pedestals and 3D scaffolds. Confocal images of GS-830 patient-derived 
glioma cells cultured on a) 3D scaffolds and b) 2D pedestals (Blue: nuclei; Green: tubulin). c,d) Boxplots comparing morphology differences between 
cells cultured in 2D and 3D structures. c) Nuclear area and d) nuclear circularity. Boxplots display the median, IQR with the whiskers drawn at 1.5IQR. 
Statistical significance is indicated by p < 0.01 (**) and p < 0.001(***). Sample size (n) for GS580, GS287, GS830, and U87 are 970, 2059, 1395, and 
286, respectively. Two independent experimental replicates (one replicate for U-87 experiments) were included.
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(0.89 ± 0.07, p-value < 0.0001). Yet, it should be noted that 
tissue sectioning likely leads to an underestimation of nucleus 
area and overestimation of nucleus roundness compared to 
Z projection of stacks of images as used for our scaffold and 
pedestal analysis. Moreover, the increased cell circularity for 
tumor cells on tissue may be related to their more compact 
microenvironment.

2.4. Microtube Morphological Discrepancies between 
3D Scaffolds and 2D Pedestals

To further examine the relevance of our culture model, we 
characterized the presence of microtube like protrusions. 
Microtubes are long and thin cellular protrusions that allow 
formation of functional cellular networks.[8] These protrusions 
enable aggressive tumor invasion and make gliomas more 
therapy resistant.[6,8] SEM micrographs showed intercellular 
tube-like protrusions on both 3D scaffolds and 2D pedestals 
(Figure 4a–d). Protrusions longer than 50  µm were observed 
on the 3D scaffolds (Figure  4a), with multiple protrusions 
departing from a single cell (Figure 4b). These protrusions were 
easier to observe on 3D scaffolds due to their suspended nature. 
In particular, nanotubes, tube-like protrusions at the nanoscale 
(<1  µm wide), were observed only on 3D scaffolds (Figure  4c) 
and not on 2D pedestals (Figure 4d).

We then further studied these protrusions with immu-
nostaining (Figure 5a–d). Confocal fluorescent images 
with tubulin and nucleus staining confirmed the presence 
of tube-like protrusions (Figure  5a,b). These protrusions 
were observed on both 2D pedestals and 3D scaffolds for all 
patient-derived cultures and U-87 standard cell line (addi-
tional images in Figure S7, Supporting Information). In order 
to characterize the nature of microtubes, we stained GS-830 
cells for GAP-43, which is a protein reported as a molecular 
driver for microtubes and previously employed to identify 
these protrusions.[50,51] Cells cultured on 3D scaffolds and 
2D  pedestals expressed GAP-43 in membranes and protru-
sions (Figure 5c,d). GAP-43 did not seem to exclusively stain 
the tube-like protrusions in our experiments.[6,50] Instead, it 
was detected throughout the cell membranes and was more 
prominent at the end-cone of protrusions, consistent with its 
function in neurons.[9,50,52]

We then employed the confocal images to quantify the size 
of these protrusions (Figure 5e,f). Overall the geometrical char-
acteristics of the observed protrusions matched that of micro-
tubes or nanotubes.[51] In two of the cell cultures, the recorded 
average length of the microtube-like protrusions was higher in 
2D pedestals versus the 3D scaffolds (Figure  5e). All cultures 
had average protrusion lengths in the range of 38 to 60  µm. 
GS-827 showed longer protrusion lengths up to 241  µm in 
2D  pedestals and 179  µm in 3D scaffolds. However, it should 

Small 2022, 18, 2204485

Figure 4. SEM images of patient derived glioma cells cultured on 2D pedestals and 3D scaffolds showing microtube-like protrusions. a) Cells cul-
tured on the 3D scaffold showing several tube-like protrusions with widths in the b) microscale and c) in the nanoscale. d) Cell protrusions on the 
2D pedestals are harder to detect.
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be noted that the lengths of protrusions in 3D scaffolds were 
likely underestimated because the measurements were based 
on Z projections.

The width of protrusions showed differences between cells 
cultured on 2D pedestals versus 3D scaffolds for all cultures 
with significantly thinner protrusions observed for 3D scaffolds 

Small 2022, 18, 2204485

Figure 5. Characterization of microtube-like protrusions in patient derived glioma cells cultured on 2D pedestals and 3D scaffolds. a–d) Confocal 
images of patient-derived glioma cells on 2D pedestals and 3D scaffolds (Blue: nuclei; Green: tubulin; Yellow: Gap-43). Microtube-like protrusions were 
observed on GS-827 cells cultured on (a) the 3D scaffolds and (b) the 2D pedestals. Gap-43 staining was observed on cell membrane for GS-830 cells 
cultured on (c) the 3D scaffolds and (d) the 2D pedestals. e,f) Boxplots comparing microtube morphology. e) Protrusion length, and (f) protrusion 
width. Boxplots display the median, IQR with the whiskers drawn at 1.5IQR. Statistical significance is indicated by p < 0.01 (**) and p < 0.001(***). 
Sample size (n) for protrusion length in GS580, GS287, GS830, and U87 are 191, 257, 247, and 106, respectively. Sample size for protrusion width in 
GS580, GS287, GS830, and U87 are 184, 214, 336, and 68 respectively. Two independent experimental replicates (one replicate for U-87 experiments) 
were included.
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(Figure 5f). The larger width of these protrusions in 2D pedes-
tals may point to the flatter morphology of cells in 2D settings 
(similar to the observations on the cells and nuclei). Interest-
ingly, the average measured protrusion width of 2.4 ± 1.1  µm 
in the 3D scaffolds was closer to the reported in-vivo value of 
1.7 µm[51] and smaller than the 2D average value of 3.4 ± 1.7 µm. 
The morphology of the tube-like protrusions observed in 
3D scaffolds therefore seems to better mimic what is described 
as microtubes in vivo[6,50] compared to those formed in 2D ped-
estals or even in other 3D culture models such as tumor orga-
noids.[53] Moreover, these protrusions seem to be more abun-
dant in our 3D scaffolds compared to the glioma spheroids[6] 
and glioma organoids.[53] It is also possible that these protru-
sions are simply easier to visualize in our model.

To evaluate the persistence of the cellular network and the 
possibility of tracking cells on the scaffolds, we employed live 
confocal imaging over a period of 16.5 h (Figure 6a,b). Migration 
of GS-830 cells in the X–Y plane was tracked (Figure  6c) and 
compared between cells growing on 2D surfaces and 3D scaf-

folds (Figure 6d). On average, the speed of cells on 2D surfaces 
(4.2 ± 2.7 µm h−1) was double the speed of cells on 3D scaffolds 
(2.1 ± 1.8 µm h−1) (p-value < 0.0001). The speed of cells in the Z 
direction is not considered in these measurements, but manual 
tracking of 31 cells in 3D shows a Z speed of 1.1 ± 0.6 µm h−1, 
which does not compensate for the difference between 2D and 
3D. Even theoretically, with Z speeds similar to those observed 
in X and Y (1.5 µm h−1), cells grown in 3D (2.6 µm h−1) would 
still migrate slower than cells in 2D.

Cancer progression is affected by the cellular microenviron-
ment.[2,13,54] For instance, glioma cells interact with the vas-
cular niche and tend to move along the blood tracks and the 
white matter tracks.[28,55–57] Multiple studies have reported on 
the differences of cell migration between 2D and 3D environ-
ments.[58–60] GS-830 cells in our 3D model moved along the 
scaffold rods (Movie S4, Supporting Information) and occasion-
ally established protrusions between the rods (Figure S8, Movie 
S5, Supporting Information). This cell migration on the scaf-
folds was reminiscent of cells on the brain tissue,[57] whereas 

Small 2022, 18, 2204485

Figure 6. Tracking the movement of patient-derived glioma cells on 3D scaffolds and 2D surfaces. a,b) Representative frame of the live experiment 
showing GS-830 glioma cells on 3D scaffolds and on the surrounding 2D surface (Green: glioma cells stained with CellTracker Green). a) Brightfield 
and fluorescent maximum intensity projection image showing glioma cells on 3D scaffolds. (b) Fluorescent maximum intensity projection image of the 
cells. c) Movements of individual cells tracked on the 3D scaffolds and the surrounding 2D surface. d) Boxplot comparing X–Y speed of cells cultured 
on 2D and 3D structures. Boxplots display the median, IQR with the whiskers drawn at 1.5IQR. Statistical significance is indicated by p < 0.001(***). 
Sample size (n) is 47 447.
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the movement of the cells on 2D surfaces appeared to be more 
random (Movie S6, Supporting Information) and this differ-
ence was consistent with previous reports.[59]

Strikingly however, individual cellular protrusions were 
more stable in 3D, where those in 2D had a shorter half-life 
(12.8 ± 3.9 vs 7.9 ± 4.6 hours, p-value = 0.006) (Figure S9, Sup-
porting Information), suggesting a more stable network of cells 
grown on 3D scaffolds. Furthermore, compared to 2D surfaces, 
within the 3D scaffolds we observed slower cell migration and 
protrusions that last longer, therefore the presence of a more 
stable cellular network in the 3D scaffolds.

2.5. Differential Distribution of EGFR on 3D Scaffolds 
and 2D Pedestals

EGFR is one of the most commonly altered receptors in gli-
omas.[11,61,62] Therefore, we next assessed the potential of the 
model in capturing the subcellular localization of EGFR. In the 
presence of the EGFR ligand, epidermal growth factor (EGF), 
EGFR was present in spots that were distributed throughout 
the cells but concentrated close to the nuclei on both scaffolds 
and pedestals (Figure 7a; Figure S10, Supporting Information). 
These spots were also detectable on long cellular protrusions in 
cells cultured on the 3D scaffolds (Figure  7b) but were hardly 
detectable on long protrusions in cells cultured on the 2D ped-
estals (Figure S10, Supporting Information). Two independent 
EGFR antibodies (ab76153 Abcam and M3563 DAKO), stained 
on the same sample, showed a near identical staining pattern 
(Figure  7c,d). When EGF was absent from the culture media 
(for duration of three days), only a few EGFR spots remained 
and general plasma membrane staining was observed, in 
line with the ligand-induced internalization of the receptor 
(Figure 7e,f).

To evaluate our model’s ability in drug screening, we then 
tested two known EGFR tyrosine kinase inhibitors (TKIs), Erlo-
tinib, and Dacomitinib. In this experiment, GS-830 cells were 
seeded on the 2D pedestals and the 3D scaffolds under four con-
ditions: i) with EGF in the culture media (+EGF, control experi-
ment), ii) without EGF in the culture media (−EGF), iii) with 
Erlotinib added to the +EGF culture media for 2 h (+Erlotinib), 
and iv) with Dacomitinib added to the +EGF culture media for 
2 h (+Dacomitinib) (Figure 8). Interestingly, even in the pres-
ence of Erlotinib or Dacomitinib, some (perinuclear) spots were 
present in cells. Although there were fewer internalized EGFR 
spots, they did not completely disappear (Figure 9a). The peri-
nuclear EGFR spots remained even when the exposure time 
to Dacomitinib was increased from 2 to 24 h (Figure S11, Sup-
porting Information). For all conditions except for −EGF, the 
Kolmogorov–Smirnov test showed that the distance of EGFR 
spots to the cell nuclei for 2D versus 3D cultures came from 
separate distributions (+EGF: p-value < 0.0001, −EGF: p-value 
< 0.0001, +Erlotinib: p-value < 0.0001, +Dacomitinib: p-value
< 0.0001). The Kruskal–Wallis test showed that the difference
of medians of this distance between 2D and 3D  structures
were statistically significant in all conditions except for +EGF
condition (Figure  9b). Although EGFR spot localizations on
2D and 3D structures were similar, in most conditions, spots
were larger and had lower signal intensity in 2D experiments

(Figure  9c,d). Additionally, spot detection in 3D was superior 
due to higher signal-to-noise ratio, possibly because of the auto-
fluorescence signal of the material in 2D. Interestingly, in the 
+EGF condition, a negative correlation (ρ  =  −0.13, p-value <
0.0001) was observed between the distances of EGFR spots to
the nuclei and the brightness of the spots (Figure 9e). Generally,
brighter spots were not detected far from the nuclei (Figure 9e).
Same negative correlation was observed, but with lower correla-
tion coefficient, in the presence of Erlotinib (ρ = −0.10, p-value
< 0.0001) or Dacomitinib (ρ = −0.05, p-value = 0.01), but was not
significant for the −EGF condition (ρ  =  −0.04, p-value = 0.25)
(Figure S12, Supporting Information).

The EGFR spots observed in our experiments (+EGF con-
ditions) are consistent with endocytosed EGFR proteins.[63–68] 
Endocytosed EGFR can either be recycled back to the mem-
brane (either fast or slow recycling) or can be directed toward 
degradation.[69] Our data suggests that at least part of the 
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Figure 7. Characterization of EGFR expression on GS-830 cells cultured 
on 3D scaffolds. a) Zoomed in confocal image showing EGFR spots 
close to the nuclei on a 3D scaffold. b) EGFR spots observed in cellular 
protrusions. c,d) GS-830 cells stained using two different EGFR anti-
bodies, which both give similar signals. c) Anti-EGFR Abcam ab76153, 
d) anti-EGFR DAKO M3563. e,f) Fewer EGFR spots are observed in the
absence of EGF. (e) Cells cultured in the presence of EGF. (f) Cells cul-
tured in the absence of EGF (Blue: nuclei; Red: EGFR).
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EGFR is directed to the perinuclear endosomal sorting com-
partment[70] and this localization is not entirely inhibited by 
TKIs. Although the function of the subcellular localization 
is unknown, several reports have suggested the importance 
of EGFR localization near the nuclei in patient outcome and 

tumor progression.[63,64,71,72] The 3D-engineered scaffolds offer 
a platform in which the EGFR localization can be tracked and 
analyzed in vitro, in 3D and with high resolution. The use of 
these scaffolds for live imaging of the EGFR spots and tracking 
their transfer to the nuclear area may add to our understanding 
of their functions and of the resistance to EGFR inhibition in 
patients.[10,73–76]

3. Conclusions

In conclusion, we designed and engineered 3D-microscaffolds, 
fabricated by the 2PP method, and showed that they can be 
used to successfully culture and analyze patient-derived glioma 
cells. The design of the biomimetic scaffolds is inspired by the 
geometry of microvessel architecture in the brain. These struc-
tures are reproducible and biocompatible, and the low-auto-
fluorescence nature of the employed biomaterial enables an 
accurate detection of fluorescent markers. The scaffolds offer 
the opportunity to study patient-derived glioma cells with mor-
phological features more similar to those observed in glioma 
tumor cells in vivo. A major advantage of our scaffold approach 
is that it enabled the study of (EGFR in) individual cells within 
a connected cellular network, whereas in conventional 2D cul-
tures this is more error prone due to overlapping cells. These 
scaffolds could also be used to study nano- and microtube 
dynamics, cell networks, and cell migration strategies as they 
better represented the dimensionality of 3D tumor microenvi-
ronments, enable tracking of individual cells and provide more 
stable cell networks. Such features are much more difficult to 
study in conventional 2D “petri-dish” and 3D spheroid model 
systems. Therefore, the developed scaffolds offer new insights 
on glioma cell-to-cell and cell-to-environment interactions in 
three dimensions. In the future, our 3D-engineered culture 
model will be further improved by coculturing glioma cells with 
other nontumor cells, such as endothelial cells and immune 
cells, which are predicted to have roles in glioma prognosis.

4. Experimental Section
Scaffold Design and Fabrication: The 3D-engineered scaffolds and the

2D pedestals were fabricated with the 2PP method. The scaffolds and the 
pedestals were designed using a computer aided design (CAD) software, 
SolidWorks (Dassault Systèmes, France). A Standard Triangle Language 
file from the CAD software was then imported to the DeScribe software 
(Nanoscribe, Germany). The resulting General Writing Language file 
was imported to Nanowrite (printing software, Nanoscribe, Germany) 
directly from DeScribe.

For the fabrication, the Photonic Professional GT+ printer 
(Nanoscribe, Germany) was used in Dip-in Laser Lithography 
configuration with a 25× objective featuring 0.8 numerical aperture. 
IP-Visio (Nanoscribe, Germany), a methacrylate photosensitive 
polymer, was casted on indium-tin oxide (ITO)-coated glass substrates 
(dimensions of 25 mm × 25 mm × 0.7 mm, Nanoscribe, Germany).

Before printing, the ITO-coated substrates (resistance of 100 to 
400  Ω) went through a few preparatory steps. First, the substrates 
were cleaned by acetone and ISO-Propanol (IPA). Then, the ITO-coated 
side was blow-dried with a nitrogen gun. Next, for further substrate 
activation, the ITO-coated side of the substrates was exposed to oxygen 
plasma for the duration of 10 min at 80  W power with 5 sccm oxygen 
flow rate and pressure of 0.12 bar. Then, the substrates were silanized 
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Figure 8. Representative confocal images of GS-830 cells with and without 
EGF/EGFR inhibitors. Exposure time to inhibitors was 2 h. a) Image of 
the cells on the 3D scaffold and in presence of EGF. b) Image of the cells 
on the 2D pedestal and in presence of EGF. c) Image of the cells on the 
3D scaffold without EGF. d) Image of the cells on the 2D pedestal without 
EGF. e) Image of the cells on the 3D scaffold with EGF and Erlotinib. 
f) Image of the cells on the 2D pedestal with EGF and Erlotinib. g) Image 
of the cells on the 3D scaffold with EGF and Dacomitinib. h)  Image of
the cells on the 2D pedestal with EGF and Dacomitinib (Blue: nuclei;
Red: EGFR).
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to make the substrate surface hydrophobic and enable a chemical 
bond between the polymerized 2PP resin and the substrate itself. The 
silanization solution consisted of ethanol and 3-(trimethoxysilyl) propyl 
methacrylate (#440159, Sigma-Aldrich, USA). The dipping time and the 

concentration of the solution were 1 h and 2% v/v 3-(trimethoxysilyl) 
propyl methacrylate in ethanol, respectively.[77] After silanization, the 
samples were rinsed first with acetone, then with water, and finally air-
dried for ≈5 min. Immediately after drying, the resin was placed on the 

Figure 9. Characterization of EGFR spot localization on GS-830 cells cultured on 2D pedestals and 3D scaffolds. a) Boxplots of number of EGFR spots 
per number of nuclei in each image. Red asterisks show significance between conditions in 2D pedestals and blue asterisks show significance between 
conditions on 3D scaffolds. b) Boxplots of distances of EGFR spots to the nuclei in 2D and 3D conditions. Value of 0 for the distance means that in the 
Z projection of images, the spot was situated in the nucleus region. c) Boxplots of areas of EGFR spots. d) Boxplots of mean gray values of EGFR spots. 
The value shows the average signal intensity of a selected region. e) Dot plot of EGFR spot mean gray value versus EGFR spot distance to the nucleus in 
+EGF condition. Boxplots display the median, IQR with the whiskers drawn at 1.5IQR. Statistical significance is indicated by p < 0.05 (*), p < 0.01 (**), and
p < 0.001(***). Sample size (n) for (a) for +EGF, −EGF, +Erlotinib, +Dacomitinib are 22, 15, 19, and 16, respectively. Sample size for (b–d) for +EGF, −EGF,
+Erlotinib, and +Dacomitinib are 6979, 811, 5324, and 2639, respectively. Sample size for (e) is 6979. Two independent experimental replicates were included.
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substrates and the samples were placed in the Nanoscribe printer for 
fabrication. Several printing and geometrical parameters were tested to 
obtain a suitable print quality (Figure S13, Supporting Information). The 
details of these parameters are presented in Section 2.1.

After fabrication, to remove the unpolymerized resin, samples were 
immersed in propylene glycol methyl ether acetate for 30 min. They were 
then immediately rinsed in IPA for 5 min. Later, samples were left in a 
fume hood to air-dry. To fit the samples in 6-well cell culture plates (used 
for culturing and immunofluorescence staining steps), the corners of 
the ITO-coated glass were scraped by creating diagonal lines with a 
diamond pen cutter. The corners were then broken off with tweezers. To 
fit the samples in 24-well cell culture plates (used for live cell confocal 
imaging), the ITO-coated glass was cut into 4 mm × 13 mm rectangles 
with an in-house femtosecond laser cutter.

The samples were visually inspected to be free from defects such 
as breakage, deformity, delamination, and geometrical flaws. Optical 
microscopy with 10× or 20× magnification was employed for quick 
inspections and the fabrication quality was checked more extensively by 
SEM.

Glioblastoma Cell Culture: Four patient-derived glioma cell cultures, 
GS-830, GS-580, GS-827, and GS-921, alongside U87 standard cell line 
were tested. GS-830 and GS-921 are isocitrate dehydrogenase (IDH)-
wild-type glioblastoma cells, and GS-580 and GS-827 are IDH-mutant 
astrocytomas.[5,78] EGFR is expressed in both (IDH)-wild-type and (IDH)-
mutant cell cultures used in the experiments, but EGFR amplification is 
lost in culture.[78] The use of patient tissue was approved by the Medical 
Ethical Review Committee Erasmus MC, code MEC-2013-090, and all 
patients signed informed consent forms according to the guidelines of 
the Institutional review board.

The cell culture steps were adopted from a published protocol.[5,78] 
Unless otherwise specified, 20  ng mL−1 basic fibroblast growth factor, 
20  ng mL−1 EGF, and 5  µg mL−1 heparin was used in Dulbecco’s 
modified Eagle medium/Nutrient Mixture F-12 (DMEM/F-12, 11320-
033, Gibco, USA) as the cell culture media. Each sample set, containing 
three scaffolds and four pedestals fabricated on one ITO substrate, 
was placed in one well of a 6-well plate and washed with ethanol 
70% followed by two washes with phosphate buffered saline (PBS). 
Structures were coated with Cultrex Basement Membrane Extract 
Reduced Growth Factor (3500-096-01, Trevigen, USA). This coating 
is cell line derived and consists of a mixture of extracellular matrix 
proteins such as laminin and collagen IV. For this experiment, 100  µL 
coating solution (1:100 Cultrex coating diluted in culture media) was 
used to cover the surface of each substrate. In the meantime, cells were 
kept in flasks until they reached 80% confluency. At that time, 1  mL 
of cell suspension (1  000  000  cells  mL−1) was seeded on each coated 
sample set. 2 mL cell culture medium was then added to each well. For 
experiments with Dacomitinib (S2727, Selleckchem, USA) and Erlotinib 
(S1023, Selleckchem, USA), 10 µm of the inhibitors was added to the 
culture medium 2 h before cell fixation. For -EGF conditions, cell culture 
media was used without the addition of EGF.

Scanning Electron Microscopy: For SEM imaging of cells seeded on the 
fabricated structures, the cells were fixed and dehydrated. Concerning 
cell fixation, cell culture medium was removed and samples were 
washed two times with PBS. Then, 2% paraformaldehyde was added for 
30 min followed by 4% glutaraldehyde for 2 h. Scaffolds and cells within 
them were then washed two times with PBS and dehydrated sequentially 
in 50% ethanol (15′), 70% ethanol (20′), and ethanol (20′) and dried at 
room temperature.

SEM was employed to assess the fabrication quality of the structures 
and the cell–microstructure interaction. To avoid charge build-up, the 
samples were sputter-coated with a gold nanolayer. A Sputter Coater 
JEOL JFC-1300 (Tokyo, Japan) was used for this purpose. All samples 
were coated once horizontally and two times in opposing 45° tilted 
configurations in order to ensure a homogeneous metal coating also 
along sidewalls. In the horizontal configuration, the samples were 
sputter-coated using a 20 mA current for 20 s adding ≈13 nm thick gold 
layer. The duration was reduced to 10 s for each tilted configuration 
adding ≈6.5 nm thick gold layer.

For SEM imaging, secondary electron generated images were 
recorded using a JEOL JSM-6010LA scanning electron microscope 
(Tokyo, Japan). Concerning the recorded images, the accelerating voltage 
ranged from 10  to 20  kV and the spot size (diameter of the electron 
beam) ranged from 50 down to 30 nm.

Immunofluorescence Staining and Confocal Imaging Configuration: 
Primary antibodies were anti-Beta-Tubulin (ab6046, Abcam, UK, 1:200 
dilution), anti-GAP-43 (8945, Cell Signaling Company, USA, 1:200 
dilution), and anti-EGFR (M3563, DAKO, Germany, 1:500 dilution, or 
ab76153, Abcam, UK, 1:200 dilution). Secondary antibodies were Alexa 
Flour 488 anti-rabbit (A11008, Life Technologies, USA, 1:500 dilution) 
and Alexa Fluor 647 anti-mouse (A21240, Life Technologies, USA, 1:500 
dilution). The anti-EGFR made by Abcam provided stronger signals 
and therefore was preferred. All antibodies were diluted in PBS with 
1%  W/V bovine serum albumin. Samples were incubated with primary 
or secondary antibodies each for 1 h at room temperature in humidity 
chambers. Scaffolds were mounted with Vectrashield fluorescent 
mounting with DAPI (Vector Laboratories, USA) for the visualization 
of nuclei. A coverglass was placed on top of the scaffolds. In order to 
prevent damaging the scaffolds during imaging, two spacers (Imaging 
Spacers, GBL654002, Grace Bio-Labs, USA) with the thickness of 120 µm 
were used (Figure S14, Supporting Information). An oil immersion 
upright microscope Stellaris 5 (Leica Microsystems, Germany) with 
40× objective and numerical aperture 1.30 was used for confocal 
immunofluorescent imaging. To avoid cross-talk between channels, the 
imaging for individual markers was carried out sequentially.

Staining of FFPE tissue slices was performed for tumor cell marker 
IDH (DIA-H09, Dianova, USA, for IDH-mutant, low grade tissue slices) 
or Glial Fibrillary Acidic Protein (GFAP, M0761, DAKO, Germany, for IDH-
wildtype, high grade tumors) and nuclear counterstaining with DAPI. 
Staining was performed on 4 µm FFPE sections as previously described.[79] 
Staining for tumor marker was performed by antigen retrieval with 
microwave treatment in AR6 buffer (AR600250ML, Akoya Biosciences, 
USA), blocking (ARD1001EA, Akoya Biosciences, USA), primary antibody 
incubation (1:20 for IDH and 1:50 for GFAP, diluted in blocking solution), 
secondary antibody incubation (ARH1001EA, Akoya Biosciences, USA), 
and subsequent incubation with tyramide signal amplification plus 
fluorophore (OP-001006, Akoya Biosciences, 1:100, diluted in amplification 
diluent FP1498, Akoya Biosciences), with washing steps in between. 
Finally, sections were counterstained with spectral DAPI (Spectral DAPI, 
FP1490, AKOYA Biosciences, USA) and mounted with mounting medium 
(P36970, Invitrogen, USA). Following staining, whole sections were 
scanned (10× magnification) and representative sections per patient 
(three low grade and three high grade patients) were imaged in higher 
magnification (20×; area: 690 × 516  µm; resolution: 2 pixels µm−1, pixel 
size: 0.5 × 0.5 µm2) with the use of Vectra 3.0 (Akoya Biosciences, 
Menlo Park, CA, USA) as previously described.[79] Images were manually 
thresholded for identification of tumor marker positive regions, and nuclei 
in these regions were identified using the Stardist plugin.[80] These images 
were then exported to be used for downstream image analysis.

Live Confocal Imaging: Prior to cell seeding, cells were stained with 
a fluorescent dye, CellTracker Green CMFDA Dye (C2925, Invitrogen, 
USA), diluted in DMEM/F-12 medium (5 µm) and were incubated for 30 
min at 37 °C. Next, this mixture was replaced with normal medium and 
the cells were seeded on the scaffolds according to the stated cell culture 
protocol. Cells were left to grow and attach to the scaffolds in an upright 
configuration for ≈16 h. Then the samples were flipped upside down 
for imaging (Figure S15, Supporting Information). To keep samples in 
the inverted configuration, Grace Bio-Labs imaging spacers were used. 
Three scaffolds and the 2D surfaces were imaged every 1.5 h for a total 
of 16.5 h using Opera Phenix High-Content Screening System (Perkin 
Elmer, USA) with an inverted 20× objective and 0.4 numerical aperture.

Image Analysis: Concerning fluorescent images, the analysis was 
performed on maximum intensity Z projections of stacks of image 
slices. Images were analyzed using ImageJ software (National Institutes 
of Health, USA). Macrocodes were developed to extract and quantify 
the features of interest from each image (nucleus size, circularity, EGFR 
“spot” size, fluorescence intensity, and location). All codes are explained 
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in the Supporting Information. The Stardist plug-in was used for nuclei 
segmentation.[80] The cell area was defined as the combination of nuclei 
and tubulin areas. Circularity, used to quantify nuclei and cell circularity, is 
defined in ImageJ software as 4π(A P−2), where A is area and P is perimeter. 
To quantify the EGFR localization, a combination of Stardist for nuclei 
detection,[80] ComDet for EGFR spot detection,[81] and NearestNeighbour 
to find distances was used.[82] All tube-like protrusions were marked in 
ImageJ based on the tubulin staining and were quantified in terms of 
length and width. For this, fluorescent images (with 380  µm  ×  380  µm 
field of view) of the stained cells on 2D pedestals and 3D scaffolds were 
recorded and then analyzed. All experiments were independently replicated 
at different points in time using subsequent passage numbers to colonize 
the scaffolds. All conditions within one experiment (i.e., cultured ± EGF, 
+Erlotinib, +Dacomitinib) were simultaneously performed, processed, and
imaged using identical imaging parameters.

Harmony high-content imaging and analysis software (Perkin Elmer, 
USA) was used to analyze the live experiment images. Position and 
speed of the cells on 2D and 3D structures were tracked and recorded 
based on the maximum intensity Z projections of stacks of image slices. 
Analysis is explained in more detail in the Supporting Information.

Statistical Analysis: The data were analyzed with R programming using 
RStudio. The Shapiro–Wilk test was used to verify normal distribution 
of data (p  < 0.05). A one-way analysis of variance test for normal 
data and a Kruskal–Wallis test for non-normal data were used. The 
Kolmogorov–Smirnov test was used to compare the distribution of data 
sets. Spearman’s rank-order correlation test was used to find correlation 
between variables with non-normal distributions. Statistical significance 
was set at p < 0.05 (*), p < 0.01 (**), and p < 0.001(***). Sample size (n) 
for each test is displayed in the related figure legends. Boxplots display 
the median, interquartile range (IQR) with the whiskers drawn at 1.5IQR.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Dynamically Crosslinked Poly(ethylene-glycol) Hydrogels
Reveal a Critical Role of Viscoelasticity in Modulating
Glioblastoma Fates and Drug Responses in 3D

Sauradeep Sinha, Manish Ayushman, Xinming Tong, and Fan Yang*

Glioblastoma multiforme (GBM) is the most prevalent and aggressive brain
tumor in adults. Hydrogels have been employed as 3D in vitro culture models
to elucidate how matrix cues such as stiffness and degradation drive GBM
progression and drug responses. Recently, viscoelasticity has been identified
as an important niche cue in regulating stem cell differentiation and
morphogenesis in 3D. Brain is a viscoelastic tissue, yet how viscoelasticity
modulates GBM fate and drug response remains largely unknown. Using
dynamic hydrazone crosslinking chemistry, a poly(ethylene-glycol)-based
hydrogel system with brain-mimicking stiffness and tunable stress relaxation
is reported to interrogate the role of viscoelasticity on GBM fates in 3D. The
hydrogel design allows tuning stress relaxation without changing stiffness,
biochemical ligand density, or diffusion. The results reveal that increasing
stress relaxation promotes invasive GBM behavior, such as cell spreading,
migration, and GBM stem-like cell marker expression. Furthermore,
increasing stress relaxation enhances GBM proliferation and drug sensitivity.
Stress-relaxation induced changes on GBM fates and drug response are found
to be mediated through the cytoskeleton and transient receptor potential
vanilloid-type 4. These results highlight the importance of incorporating
viscoelasticity into 3D in vitro GBM models and provide novel insights into
how viscoelasticity modulates GBM cell fates.

1. Introduction

Glioblastoma multiforme (GBM) is the most prevalent and ag-
gressive primary brain cancer in adults.[1] The standard-of-care
for GBM consists of surgical resection followed by concurrent
radiotherapy and chemotherapy. Despite such aggressive treat-
ment interventions, GBM patients face a bleak 5-year survival

S. Sinha, M. Ayushman, F. Yang
Department of Bioengineering
Stanford University
Stanford, CA 94305, USA
E-mail: fanyang@stanford.edu
X. Tong, F. Yang
Department of Orthopaedic Surgery
Stanford University School of Medicine
Stanford, CA 94305, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adhm.202202147

DOI: 10.1002/adhm.202202147

rate of 7% and a median survival of less
than 2 years.[2,3] Such dismal outcomes are
largely attributed to GBM’s highly diffu-
sive invasion into surrounding brain tissue.
GBM’s diffuse nature makes complete re-
section impossible without interfering with
normal brain function, and residual mi-
grating cells outside of the tumor core are
generally unaffected by local therapies and
invariably lead to recurrence.[4,5] GBM tu-
mors contain stem-like cells (GSCs), ex-
pressing putative markers such as Nestin,
CD133, and Sox2, and have been found
to be essential in driving invasion and
disease propagation into healthy brain
parenchyma, ultimately resulting to poor
patient outcomes.[6] To improve treatment
strategies for GBM, it is critical to under-
stand key factors driving aggressive GBM
invasion and phenotype.
Toward this goal, engineered

biomaterials-based hydrogels have been
utilized to create 3D in vitro brain tumor
models to elucidate how brain extracellular
matrix (ECM) properties modulate GBM
progression and drug responses.[7] Using

synthetic and naturally derived materials like poly(ethylene-
glycol) (PEG) or collagen-I, respectively, previous studies have
demonstrated that matrix stiffness, degradability, and biochem-
ical cues are critical in driving GBM malignant phenotype and
progression in 3D.[8–11] Recently, viscoelasticity has been dis-
covered as a matrix niche cue that modulates multiple biolog-
ical processes including stem cell differentiation, morphogene-
sis, and maintenance of neural progenitor stemness.[12–15] Im-
portantly, the brain tissue is viscoelastic and exhibits stress relax-
ation, or a time-dependent decrease in storage or elastic modu-
lus when under constant strain.[13,16] Furthermore, magnetic res-
onance elastography measurements demonstrate that GBM tu-
mors are viscoelastic as well.[17,18] However, how viscoelasticity
modulates GBM fate and drug response in 3D remains largely
unknown. Previously established PEG hydrogels were covalently
crosslinked, rendering the resulting hydrogel network to be elas-
tic in their response to mechanical forces, and thereby lack stress
relaxation.[8,9] While collagen-I matrices are viscoelastic, varying
the polymer concentration to tune the stress relaxation profile
simultaneously induces changes in the stiffness and biochemi-
cal ligand density.[11,19] As a result, there remains a critical need
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to develop hydrogels with tunable stress relaxation without con-
founding factors to elucidate the unknown role of viscoelasticity
on driving GBM cell fates in 3D.
To introduce viscoelasticity in 3D hydrogels, dynamic co-

valent chemistries have been recently reported for crosslink-
ing, which allows the hydrogel network to adapt and reorga-
nize to dissipate stresses at the molecular level in response to
deformation.[20] Specifically, hydrazone crosslinking exhibits re-
versibility under physiological conditions and has shown biocom-
patibility in supporting 3D culture of myoblasts, chondrocytes,
and neurons.[21–23] Hydrazone bonds (R–HC=NH–NH–R) are
formed when a carbonyl electrophile, such as an aldehyde, at-
tacks a nucleophilic hydrazine in a condensation reaction.[24] The
resulting hydrazone bond is reversible, and the chemical equi-
libria of the bonds, which governs the rate of network reorga-
nization, can be modulated via the choice of the aldehyde end
group, either using an alkyl-aldehyde or a benzaldehyde. Conse-
quently, the stress relaxation properties of the resulting hydro-
gel network can be easily tuned by varying the molar ratios of
the resulting alkyl-hydrazone (AH) and benzyl-hydrazone (BH)
bonds.[21,22] However, this chemistry has not been used to culture
and study GBM in 3D.
Here, we report a PEG-based hydrogel system with tunable

stress relaxation to investigate the role of matrix viscoelasticity on
GBM tumor fate in 3D using the hydrazone crosslinking chem-
istry. In this work, we functionalize PEG macromers with reac-
tive components to form hydrazone hydrogels with AH and/or
BH crosslinks. To allow for cell adhesion, collagen-I is incorpo-
rated at a constant concentration to form an interpenetrating net-
work (IPN) with the PEG hydrazone-crosslinked network. We
demonstrate that increasing stress relaxation in 3D promotes in-
vasive behavior of GBM including cell spreading, migration, and
GSC marker expression. Furthermore, increasing stress relax-
ation leads to enhanced proliferation and drug sensitivity. We fur-
ther elucidate that stress relaxation-induced changes in GBM cell
responses are modulated through the cytoskeleton and transient
receptor potential vanilloid-type 4 (TRPV4). Pharmacological in-
hibition studies were also performed to validate cytoskeletal ten-
sion and TRPV4 are required to induce invasive GBM behavior
and drug sensitivity in stress relaxing hydrogels.

2. Results and Discussion

2.1. Developing Dynamically Crosslinked Poly(ethylene-glycol)
Hydrogels with Tunable Stress Relaxation and Brain-Mimicking
Stiffness

To interrogate the role of viscoelasticity on GBM tumor fate, we
first established and characterized dynamically crosslinked PEG
hydrogels with tunable stress relaxation and brain-mimicking
stiffness. To form the hydrazone-crosslinked PEG network, 3 8-
arm PEG macromers (MW ≈ 10 kDa) were synthesized with hy-
drazine, alkyl-aldehyde (AA), or benzaldehyde (BA) end groups
(Figure 1a). PEG hydrazine can react with AA or BA to form ei-
ther dynamic (alkyl-hydrazone, AH) or stable (benzyl-hydrazone,
BH) crosslinks (Figure 1b). Three hydrogel groups with tunable
stress relaxation profiles were achieved by varying themolar ratio
of AH:BH crosslinks (100:0, 70:30, 0:100) used within the PEG
network (Figure 1c). Collagen-I was incorporated at a constant

concentration to provide cell adhesive cues (Figure 1c). In GBM
tumors, collagen-I has been found to be elevated and plays an
important role in tumor progression through providing adhesion
sites and a fibrillar architecture.[25–27]

Rheological testing confirmed that varying the molar ratio of
AH:BH crosslinks led to hydrogels with tunable stress relaxation
(Figure 1d). The 𝜏𝜏1/2 (the time for modulus to be relaxed to half
its original value in shear) were ≈187 s, ≈1600 s, and ≈21,000 s
for the hydrogels, which were termed fast-, medium-, and slow-
relaxing hydrogels, respectively (Figure 1e). In particular, the fast-
relaxing hydrogels exhibited comparable stress relaxation and
𝜏𝜏1/2 to that of mouse brain (𝜏𝜏1/2 ≈ 133 s), demonstrating that
fast-relaxing hydrogels recapitulate brain-mimicking stress relax-
ation (Figure 1d,e). Consistent with the stress relaxation results,
further rheological characterization demonstrated that the loss
tangent (another viscoelastic property and a measurement of en-
ergy dissipation) in fast-relaxing hydrogels was also comparable
to that of mouse brain and diminished with decreasing stress re-
laxation (Figure 1f). To ensure that stiffness was not a confound-
ing factor, the concentration of PEG and collagen-I used was held
constant across all hydrogel groups. The results show that all
3 hydrogel formulations exhibited a Young’s Modulus around
400 Pa, similar to that of mouse brain (Figure 1g). Furthermore,
all hydrogel formulations demonstrated minimal degradation,
as verified by relative stable swelling ratio, over the course of 6
days — the duration of the longest cell culture experiment in the
present study (Figure S2a, Supporting Information). By day 6,
the fast-relaxing hydrogel group demonstrated a slight decrease
in polymer retention, which is likely attributed to the dynamic na-
ture of AH crosslinks (Figure S2b, Supporting Information). This
was accompanied by a slight increase in swelling ratio in the fast-
relaxing hydrogels (Figure S2c, Supporting Information). Using
confocal reflectance imaging, we further confirmed that tuning
stress relaxation does not change the collagen distribution or fib-
rillar architecture across the different hydrogel formulations (Fig-
ure S2d, Supporting Information). Moreover, collagen-I was sta-
bly retained within the IPN over 6 days (Figure S2d, Supporting
Information). Finally, all hydrogel formulations supported high
cell viability of GBMcells after encapsulation and throughout cul-
ture (Figure S2e, Supporting Information). Together, these data
confirm that dynamically crosslinked PEG hydrogels can serve
as a 3D niche for GBM with tunable stress relaxation and brain-
mimicking stiffness, without confounding factors of biochemical
cues.

2.2. Increasing Stress Relaxation Promotes Glioblastoma
Multiforme Cell Spreading, Motility, and Proliferation

We first investigated how tuning stress relaxation impacts GBM
invasion, a hallmark feature of GBM disease progression.[28]

Since cell spreading is a prerequisite for migration,[29,30] GBM
cellmorphologywas first assessed. A patient-derived tumor xeno-
graft (PDTX) GBM cell line (D-270MG) was used given its ability
to retain critical features of the parental tumor and inherent in-
tratumoral heterogeneity.[31] After 3 days of culture in hydrogels,
D-270 MG cells displayed distinct morphological differences in
response to tuning stress relaxation. Increasing stress relaxation
promoted robust cell spreading, whereas cells exhibited rounded

Adv. Healthcare Mater. 2023, 12, 2202147 © 2022 Wiley-VCH GmbH
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Figure 1. Dynamically crosslinked PEG hydrogels demonstrate tunable stress relaxation with brain-mimicking stiffness. a) Schematic representing 8-arm
PEG macromers functionalized with reactive groups that enable hydrazone crosslinking. b) Chemical structures of dynamic alkyl-hydrazone (blue) and
stable benzyl-hydrazone (red) crosslinks. c) Schematic depicting how varying the molar ratio of alkyl-hydrazone:benzyl-hydrazone (AH:BH) crosslinks
allows formation of 3 hydrogel groups with tunable stress relaxation. Collagen-I (green) is incorporated at a constant concentration to provide cell
adhesion. Characterizing the mechanical property of the 3 hydrogel formulations using shear rheology. Mouse brain was included as a positive control.
d) Representative stress relaxation profiles of fast-, medium-, and slow-relaxing hydrogels and mouse brain. e) Time for the normalized modulus to
reduce to half its original value, 𝜏𝜏½, from stress relaxation tests. f) Loss tangent measurements. g) Young’s modulus. One-way ANOVA with Dunnett’s
multiple comparisons test was used for analysis of the data in (e–g), comparing with mouse brain: ns, not significant; ****p < 0.0001; n = 6, 5, 5, and
5 independent samples (fast, medium, slow, and mouse brain). Data reported in (e–g) represent mean value ± s.d.

morphologies in slow-relaxing hydrogels (Figure 2a). Quantifi-
cation of cell roundness corroborated these observations, as de-
creasing stress relaxation resulted in increasing the distribution
of rounded cells (Figure 2b). A similar trend in GBMmorphology
in response to tuning stress relaxation was confirmed using U-87

MG, a well-established GBM cell line (Figure S3a,b, Supporting
Information).
We next studied the impact of matrix stress relaxation on cell

motility at the single cell and population levels using live-cell
time-lapse imaging. Single cell motility was monitored over the

Adv. Healthcare Mater. 2023, 12, 2202147 © 2022 Wiley-VCH GmbH
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Figure 2. Stress relaxation promotes GBM cell spreading, migration, and proliferation in 3D. a) Representative maximum intensity projection images
of membrane stained (R18) D-270 MG cells cultured within fast-, medium-, and slow-relaxing hydrogels on day 3. Scale bar, 100 μm. b) Roundness
quantification of D-270 MG cells in the 3 hydrogel groups on day 3. One-way ANOVA with Tukey’s multiple comparisons test was used for analysis of
the data: ****p < 0.0001; n = 498, 343, and 216 (fast, medium, and slow) cells across 3 independent biological replicates. The dashed lines in the violin
plots represent median values. c) Brightfield time-lapse imaging of a single cell within fast- and slow-relaxing hydrogels over 90 min. Times are indicated
in min:s. Scale bar, 20 μm. d) Representative 3D track reconstructions for cell migration in the 3 hydrogel groups from time-lapse imaging. 80 randomly
selected cell migration track trajectories are shown for each condition. Grid size, 10 μm. Analysis of cell migration track data from time-lapse imaging:
e) Probability of cell migration, f) mean speed, and g) migration track length of cells tracked within the 3 hydrogel groups. One-way ANOVA with Tukey’s
multiple comparisons test was used for analysis of the data: *p < 0.05, ***p < 0.001, ****p < 0.0001; n = 855, 500, and 556 (fast, medium, and slow)
cells tracked across 3 independent biological replicates. Bars indicate mean value ± s.d. The dashed lines in the violin plots represent median values. h)
Representative immunostaining images of D-270 MG cells for EdU staining (green) and nucleus (blue) on day 3. Scale bar, 50 μm. i) Fraction of EdU-
positive D-270MG cells on day 3. One-way ANOVA with Tukey’s multiple comparisons test was used for analysis of the data: **p< 0.01, ****p< 0.0001;
n = 212, 191, and 153 (fast, medium, and slow) cells across 3 independent biological replicates. Data reported represent mean value ± s.d.

Adv. Healthcare Mater. 2023, 12, 2202147 © 2022 Wiley-VCH GmbH

 21922659, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202202147 by W
iley, W

iley O
nline Library on [23/03/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

67



www.advancedsciencenews.com www.advhealthmat.de

course of 90 min within fast and slow-relaxing hydrogels. D-270
MG cells quickly spread and migrate in a protrusive manner,
whereas cells remain rounded and stationary in slow-relaxing hy-
drogels (Figure 2c). To confirm the observed motility on a popu-
lation level, image analysis software was used to track the migra-
tion of labeled D-270 MG cells in the different hydrogel groups
over 14 h (Movies S1–S3, Supporting Information). The projected
cell migration tracks indicate that cells in fast-relaxing hydrogels
were more migratory compared to those in medium and slow-
relaxing hydrogels (Figure 2d). Using analysis from the cell track
data, the probability that a cell would migrate within a partic-
ular hydrogel was further calculated. Cells within fast-relaxing
hydrogels demonstrated ≈40% likelihood of migrating, signifi-
cantly higher when compared to ≈13% and 1% in medium- and
slow-relaxing hydrogels, respectively (Figure 2e). Cells in fast-
relaxing hydrogels also demonstrate significantly higher migra-
tion speeds and track lengths, compared to cells in bothmedium-
and slow-relaxing hydrogels (Figure 2f,g). These observations
confirm that fast stress relaxation promotes robust GBM cell in-
vasive phenotype including spreading and migratory ability. In
contrast, within slow-relaxing hydrogels, GBM cells were uni-
formly confined and remained stationary.
Furthermore, we assessed the impact of stress relaxation on

cell proliferation, another hallmark feature of GBM. The pro-
liferation of D-270 MG cells, as indicated by EdU (5-ethynyl-2′-
deoxyuridine), was enhanced in fast-relaxing hydrogels but re-
duced as stress relaxation was decreased (Figure 2h,i). This find-
ing demonstrates that stress relaxation directly mediates GBM
proliferation. Our finding is consistent with a previous report
that stress relaxation promotes breast cancer cell proliferation,
which was shown using a 3D alginate hydrogel model with tun-
able viscoelasticity.[32] Together, these results demonstrate that
brain-mimicking fast stress relaxation facilitates more aggres-
sive GBM phenotypes, such as increased cell spreading, migra-
tory ability, and proliferation. These hallmark features are fun-
damental for GBM tumor invasion, recurrence, and growth —
highlighting the important role of stress relaxation on aggressive
GBM behavior.[2,33] One motivation for using a PDTX GBM cell
line is their ability to better retain intratumoral heterogeneity,
a key feature of GBM in vivo.[31,34] An ideal biomimetic hydro-
gel niche should support retention of such heterogeneity. Our
results indicate that fast-relaxing hydrogels best support reten-
tion of GBM heterogeneity, in which cells exhibit varying degrees
of spreading, migration and proliferation (Figure 2). In contrast,
such heterogeneity in cell behavior is largely lost in slow-relaxing
hydrogels, with minimal spreading, migration, or proliferation
observed across all cells. These results suggest that stress relax-
ationmay play an important role in supporting retention of GBM
heterogeneity, which is important for drug screening and predict-
ing in vivo response.

2.3. Stress Relaxation Promotes Stemness of Glioblastoma
Multiforme Cells

GBM tumors contain GSCs, which have been shown to drive ag-
gressive GBM phenotype and contribute to drug resistance and
tumor recurrence.[6,34,35] Given that regulation of GSCs is depen-
dent not only on intrinsic factors but also on microenvironmen-

tal niche cues,[6,36,37] we sought to investigate the role of matrix
stress relaxation on GSC phenotype within GBM tumors, which
has never been studied before. PDTX GBM cells were encapsu-
lated in the 3 hydrogel formulations with varying stress relax-
ation for 3 days, and immunostaining was used to characterize
the expression of 3 putative GSCmarkers — Nestin, CD133, and
Sox2. Strikingly, all GSC markers demonstrated the highest ex-
pression in fast-relaxing hydrogels, and expression diminished
with decreasing stress relaxation (Figure 3a). GSC marker ex-
pression was minimal at day 0 in all hydrogel formulations (Fig-
ure S4, Supporting Information), indicating that fast stress re-
laxation promotes GSC phenotype over the 3-day culture period.
These trends were further validated on a population level using
western blot, with significantly higher levels of GSC marker ex-
pression in hydrogels with faster stress relaxation (Figure 3b,c).
These results suggest that matrix viscoelasticity promotes GBM
cells to be in a more stem-like state, and it is important to incor-
porate viscoelasticity in 3D in vitro models for interrogating GSC
biology and drug responses.
Enhanced GSC marker expression has also been shown to

strongly correlate with enhanced GBM invasive phenotype in
vivo.[35] Together, the observed trend from this 3Dmodel recapit-
ulates the in vivo GBM phenotype, in which fast-relaxing hydro-
gels support both higher GSCmarker expressions (Figure 3) and
enhanced migratory ability of GBM cells (Figure 2d–g). Similar
to the trend with GSCmarkers, expression of GFAP, an astrocyte
marker commonly used to identify GBM cells,[38,39] was also the
highest in fast-relaxing gels (Figure S5a–c, Supporting Informa-
tion). Given GFAP expression was reduced in slow-relaxing gels
over 3 days of culture (Figure S5a,d, Supporting Information), we
found that viscoelasticity is also important in preserving GFAP
expression in GBM cells. Cumulatively, these results reveal a crit-
ical role of viscoelasticity in supporting in vivo-mimicking GBM
cell phenotype and promoting GBM stemness, which correlates
with an increased invasive GBM phenotype.

2.4. Stress Relaxation Induces Enhanced Glioblastoma
Multiforme Drug Sensitivity to Chemotherapeutics

An important criterion for assessing the physiological relevance
of a 3D cancer model is its potential for drug screening and abil-
ity to recapitulate drug responses in vivo. Having established that
viscoelasticity plays a critical role in regulating invasive GBM
phenotype, we next studied how stress relaxation impacts GBM
drug response to clinically used chemotherapeutics. Two model
drugs were tested including Temozolomide (TMZ) and Carmus-
tine (BCNU). For each drug, 2 GBM cell lines (D-270 MG and
U-87 MG) were tested. GBM cells were cultured in the different
stress relaxing hydrogel groups for 3 days followed by an addi-
tional 3 days of drug treatment. The range of drug concentra-
tions were selected based on previous reports.[9,40] At low TMZ
concentration (3–100 μM), both GBM cell lines showed minimal
response. At 300 and 600 μM, cells within fast-relaxing hydrogels
displayed enhanced drug sensitivity compared to slow-relaxing
hydrogels. At the very high drug concentration (1000 μM), cy-
totoxicity was saturated, and no significant difference was seen
across the hydrogel groups (Figure 4a). A similar trend was ob-
served in U-87 MG cells (Figure 4b). It is important to note
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Figure 3. Stress relaxation promotes glioblastoma stem-like cell (GSC) marker expression in 3D. a) Representative immunostaining images of D-270
MG cells for GSCmarker expression (Nestin, CD133, or Sox2; green), F-actin (red), and nucleus (blue) in fast-, medium-, and slow-relaxing hydrogels on
day 3. Scale bar, 10 μm. b) Western blot analysis of GSCmarker expression by GBM cells in fast-, medium-, and slow-relaxing hydrogels. c) Quantification
of western blot images by normalizing eachmarker to GAPDH. One-way ANOVA with Tukey’s multiple comparisons test was used for statistical analysis:
ns, not significant; *p < 0.05, ***p < 0.001, ****p < 0.0001; n = 3 independent biological replicates per group. Data reported represent mean value ±
s.d.

that comparable TMZ diffusion was observed across all hydrogel
groups (Figure S6a, Supporting Information), eliminating drug
diffusion as a potential contributor to the observed differences
in drug response. The effect of viscoelasticity on GBM drug re-
sponse was further verified with BCNU, another drug used for
treating GBM patients. Similar to the trend observed with TMZ,
D-270 MG, and U-87 MG displayed enhanced drug sensitivity
in fast-relaxing hydrogels compared to slow-relaxing hydrogels
(Figure 4c,d). Together, these results reveal that stress relaxation
increases GBM drug sensitivity.

Like many chemotherapeutics, TMZ and BCNU’s mechanism
of action depends on cell proliferation.[41–43] Given GBM cells
displayed enhanced proliferation in fast-relaxing hydrogels (Fig-
ure 2h,i), we speculated that the enhanced drug sensitivity in fast-
relaxing hydrogels was driven by the increased proliferation. To
test this, D-270 MG cells were treated with mitomycin C to in-
hibit cell proliferation. Indeed, viscoelasticity-induced GBMdrug
sensitivity was abolished with mitomycin C treatment, with all
groups exhibiting comparable drug response as the slow-relaxing
hydrogels (Figure S6b, Supporting Information).

Adv. Healthcare Mater. 2023, 12, 2202147 © 2022 Wiley-VCH GmbH
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Figure 4. Stress relaxation increases drug sensitivity of GBM cells in 3D. Two model chemotherapeutic drugs were used, including a,b) Temozolomide
(TMZ) and c,d) Carmustine (BCNU), to treat 2 GBM cell lines (D-270 MG and U87-MG). Relative cell viability was reported by normalizing treated to
untreated GBM cells in fast (blue), medium (purple), and slow (red) stress relaxing hydrogels. Both GBM cell lines demonstrate enhanced chemosen-
sitivity to both TMZ and BCNU as stress relaxation increases. Two-way ANOVA with Tukey’s multiple comparisons test was used for statistical analysis:
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 3 independent biological replicates per condition. Data reported represent mean value ± s.d.

Furthermore, GSCs have been postulated to be important me-
diators in GBM chemotherapy response.[6] Our data demon-
strated that increasing stress relaxation enhanced both GSC
marker expression and chemotherapy sensitivity (Figures 3
and 4). This correlation mimics previous in vivo findings, in
which tumors with enriched GSCs showed enhanced drug sensi-
tivity to TMZ.[44,45] However, there exists conflicting reports sug-
gesting GSCs can evade drug treatment, contributing to overall
GBMdrug resistance and tumor growth.[46,47] While normal neu-
ral stem cells are quiescent, GSCsmay present varying degrees of
stemnesswith distinct proliferative capacities, whichmay explain
conflicting findings on GSC susceptibility to chemotherapy.[48]

In addition, it has also been suggested that TMZ treatment can
induce a phenotypic shift in which GSCs adaptively transition
from a sensitive to a more drug resistant state.[49] Future studies
can harness this 3D model to characterize the drug resistant cell
subpopulation after initial chemotherapeutic treatment to better
understand the relationship between GSCs and chemotherapy.
It should be noted that TMZ response has also been found to be
patient cell-line specific and may depend on other factors such
as methylated O6-DNA methylguanine-methyltransferase status
in the patient’s tumor.[50] Future studies can therefore utilize this
3D viscoelastic GBM model to investigate other potential mech-
anisms GBM cells use to evade chemotherapeutic treatment.

2.5. Cytoskeletal Tension is Required for Stress
Relaxation-Induced Glioblastoma Multiforme Spreading, Motility,
and Chemosensitivity

Given that the cytoskeleton plays a major role in governing
how cells sense and transduce mechanical cues from their
environment,[51–53] we next probed how tuning stress relax-
ation impacts D-270 MG cytoskeletal organization. Immunos-
taining was performed for 2 key cytoskeletal markers, F-actin and
myosin-IIa. Increasing stress relaxation enhanced cell spreading
and promoted the formation of robust actomyosin stress fiber
bundles (Figure 5a), characteristic of a high-tensional state.[54]

Furthermore, distinct F-actin organization was observed across
the hydrogel groups. D-270 MG cells in slow-relaxing hydrogels
displayed cortical F-actin with narrow protrusions penetrating
the matrix; however, as stress relaxation was increased, F-actin
stress fibers were visibly discrete and elongated (Figure 5a).
We next assessed whether the actomyosin cytoskeleton is re-

quired for GBM cells to assume invasive phenotype in response
to stress relaxation. Two common cytoskeletal inhibitors were
used — blebbistatin (a myosin II inhibitor) and cytochalasin-D
(an actin polymerization inhibitor) — to disrupt the actomyosin
cytoskeleton. Both inhibitor treatments significantly diminished
D-270 MG cell spreading and reduced myosin-IIa staining signal
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Figure 5. Stress relaxation enhances cytoskeletal formation in GBM cells in 3D, and pharmacologically disrupting the cytoskeleton abrogates stress
relaxation-inducedGBMspreading,migration and drug sensitivity. a–c) Representative immunostaining images of D-270MG cells formyosin IIa (green),
F-actin (red), and nucleus (blue) within fast-, medium-, and slow-relaxing hydrogels on day 3: a) Vehicle-alone (control), b) a myosin inhibitor (+
Blebbistatin), or c) an inhibitor of actin polymerization (+Cytochalasin D). Scale bar, 10 μm. d) Representative 3D track reconstructions for cell migration
in fast-relaxing hydrogels with vehicle alone, Blebbistatin, or Cytochalasin D treatment from time-lapse imaging. 80 randomly selected cell migration
track trajectories are shown for each condition. Grid size, 10 μm. e–g) Analysis of cell migration track data from time-lapse imaging: e) Probability
of cell migration, f) mean speed, and g) migration track length of cells tracked within fast-relaxing hydrogels. One-way ANOVA with Tukey’s multiple
comparisons test was used for data analyses: ns, not significant; ****p < 0.0001; n = 670, 845, and 710 (control, BLEB, and CytoD) cells tracked across
3 independent biological replicates. Bars indicate mean value ± s.d. The dashed lines in the violin plots represent median values. h) Relative cell viability
of D-270 MG cells treated with Temozolomide (TMZ only), TMZ with Blebbistatin (TMZ + BLEB), or TMZ with Cytochalasin D (TMZ + CytoD). Two-way
ANOVA with Tukey’s multiple comparisons test was used for analysis of the data: **p < 0.01, ****p < 0.0001; comparison with TMZ only: #p < 0.01,
##p < 0.0001; n = 3 independent biological replicates per condition. Data reported represent mean value ± s.d.

across all hydrogel groups relative to the control. Interestingly,
subtle differences in F-actin formation and organization were
observed when treated with either blebbistatin or cytochalasin-
D. Although the F-actin stress fibers were completely disorga-
nized due to blebbistatin treatment, cells extended disjointed pro-
trusions into the matrix of all hydrogel groups. However, upon
cytochalasin-D treatment, cells were completely rounded with

F-actin displaying large puncta-like formations regardless of the
degree of stress relaxation (Figure 5a–c). These results suggest
that enhanced cell spreadingwithin fast stress-relaxing hydrogels
is mediated through the actomyosin cytoskeleton. Since GBM
cell migration has been demonstrated to depend on actomyosin-
generated contractile forces,[55] we also examined how disrupt-
ing the actomyosin cytoskeleton would impact GBM migratory
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potential within fast-relaxing hydrogels, which best recapitulated
the stress relaxation properties of brain tissues. Live-cell track-
ing analysis from time-lapse imaging confirmed both blebbis-
tatin and cytochalasin-D treatments drastically reduced GBM cell
motility (Figure 5d–g, Movies S4–S6, Supporting Information).
Together, these results indicate that the actomyosin cytoskeleton
is required for GBM cells to sense and respond to the viscoelastic
matrix cues.
Having established the importance of the cytoskeleton in me-

diating stress relaxation-induced GBM spreading and migra-
tion, we further tested if the cytoskeleton is required for cells
to respond to TMZ within viscoelastic matrices. Remarkably,
blebbistatin or cytochalasin-D treatment largely abolished stress
relaxation-induced changes in TMZ response (Figure 5h). A sim-
ilar trend was observed in U-87 MG cells within fast-relaxing
hydrogels (Figure S7, Supporting Information). These data val-
idate that stress relaxation sensitizes GBM cells to chemother-
apy through the enhanced cytoskeletal organization. Cytoskele-
tal organization and tension have been shown to impact cell
proliferation, and interfering actomyosin contractility can in-
hibit cell proliferation.[56,57] Therefore, disrupting stress relax-
ation induced actomyosin tension could potentially reduce TMZ
response by inhibiting cell proliferation.

2.6. Stress Relaxation Promotes Transient Receptor Potential
Vanilloid-Type 4 Expression, and Modulating Transient Receptor
Potential Vanilloid-Type 4 Activity Impacts Glioblastoma
Multiforme Cytoskeleton, Motility, and Drug Response

Recent studies have demonstrated that the TRPV4 calcium
ion channel is an important molecular sensor of matrix
viscoelasticity.[32,58] Interestingly, TRPV4 is upregulated in GBM,
negatively correlates with patient prognosis, and plays a sig-
nificant role in glioma motility and invasion.[59,60] Moreover,
in GBM and other cancers, TRPV4 has been found to be in-
volved in cytoskeletal regulation, specifically impacting F-actin
organization.[59,61,62] However, previous studies on TRPV4 in
GBMwere limited to 2D studies. Therefore, it remains unknown
how TRPV4 regulates GBM behavior such as spreading, migra-
tion and drug response within a 3D brain-mimicking viscoelastic
matrix.
To fill in this gap of knowledge, we first characterized TRPV4

expression in GBM cells in 3D hydrogels with tunable stress re-
laxation. Both immunostaining andwestern blot showed increas-
ing stress relaxation led to significantly higher TRPV4 expression
by GBM cells (Figure 6a–c). Minimal TRPV4 expression was de-
tected by immunostaining at day 0 (Figure S8a, Supporting In-
formation), suggesting that stress relaxation promotes TRPV4
expression over time. To further interrogate how modulating
TRPV4 level regulates GBM cell behavior in fast-relaxing hydro-
gels, TRPV4 activity was modulated using an agonist (GSK101)
and an antagonist (GSK205). For GBM cell spreading, antago-
nist treatment severely disrupted the F-actin cytoskeletal orga-
nization, resulting in a rounded cell morphology, whereas ago-
nist treatment showed no significant change in F-actin organiza-
tion or cell spreading compared to control (Figure 6d). Within
medium- and slow-relaxing hydrogels, modulating TRPV4 ac-
tivity with GSK101 and GSK205 resulted in minimal to mod-

est changes in F-actin organization compared to control groups
(Figure S8b, Supporting Information). This was expected since
TRPV4 expression diminished as stress relaxation decreased
(Figure 6a–c).
We next assessed how TRPV4 modulation impacts stress re-

laxation induced GBM migration in fast stress-relaxing hydro-
gels. Given TRPV4 antagonist treatment drastically disrupts F-
actin organization, we hypothesized that blocking TRPV4 activ-
ity would also reduce GBMmigratory ability within fast-relaxing
hydrogels, similar to the trend observed when the GBM acto-
myosin cytoskeleton was disrupted (Figure 5b–e). As expected,
inhibiting TRPV4 with GSK205 significantly reduced GBM cell
motility based on cell tracking analysis, while activating TRPV4
with GSK101 showed no difference to control group (Figure 6e–
h, Movies S4, S7, S8, Supporting Information).
Since disrupting the cytoskeleton reduced stress relaxation-

induced drug sensitivity (Figure 5f), we further hypothesized that
TRPV4 inhibition would reduce drug sensitivity due to its effect
on F-actin organization. Indeed, TRPV4 inhibition with GSK205
decreased drug sensitivity (Figure 6i). Interestingly, TRPV4 ago-
nist GSK101 significantly increased TMZ sensitivity (Figure 6i),
which correlated with significantly higher intracellular calcium
levels in D-270 MG cells treated with GSK101 (Figure 6j). This
suggests that GBM drug sensitivity to TMZ in viscoelastic hydro-
gels ismediated through TPRV4 signaling and correlates with in-
tracellular calcium level. Due to lower TRPV4 expression within
medium- and slow-relaxing hydrogels (Figure 6a–c), GSK101 and
GSK205 treatment showed modest to no effect on intracellular
calcium levels (Figure S8c,d, Supporting Information) and min-
imal effect on GBM TMZ drug response (Figure S8e, Support-
ing Information). Together, we demonstrate that TRPV4 plays a
crucial role in stress relaxation-induced GBM spreading, migra-
tion, and drug response. In other words, our findings highlight
that TRPV4 expression and activity in GBM is dependent on cells
sensing a brain-mimicking viscoelastic environment. Moreover,
these results suggest pharmacological modulation of TRPV4 ac-
tivity may offer a promising strategy to reduce GBM invasion
and improve chemosensitivity but done in a spatiotemporally
controlled manner to minimize undesirable side effects given
TRPV4’s role in various physiological processes.[63]

Consistent with our observation that TRPV4 activation en-
hances TMZ sensitivity (Figure 6i,j), previous work has demon-
strated that calcium influx triggered by activation of another
mechanosensitive ion channel, TRPV2, resulted in increased
GBM chemosensitivity. Specifically, TRPV2 triggered calcium in-
flux enhanced drug uptake and synergistically induced GBM
apoptosis.[64] Other mechanosensitive ion channels such as
TRPM7 and PIEZO1 can be further investigated as they have
been shown to be associated with brain cancer progression,[63,65]

and may also be involved in regulating GBM response to stress
relaxation.

2.7. Increasing Stress Relaxation Reduces Nascent Protein
Deposition, which Correlates with Higher Drug Sensitivity

Finally, the tumor ECM can act as barrier shielding cancer
cells from cytotoxic agents.[66] A recent study showed that local
nascent protein deposition and remodeling can directly impact
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Figure 6. Stress relaxation promotes TRPV4 expression in 3D, andmodulating TRPV4 activity impacts GBM cytoskeleton, migration, and drug response.
a) Representative immunostaining images of D-270MG cells for TRPV4 (green), F-actin (red), and nucleus (blue) within fast-, medium-, and slow-relaxing
hydrogels on day 3. Scale bar, 10 μm. b)Western blot analysis of TRPV4 for cells in fast-, medium-, and slow-relaxing hydrogels. c) Quantification of TRPV4
expression normalized to GAPDH from western blot. One-way ANOVA with Tukey’s multiple comparisons test was used for analysis of the data: ns, not
significant; **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 3 independent biological replicates per group. Data reported represent mean value ± s.d.
d) Representative immunostaining images of D-270 MG cells for TRPV4 (green), F-actin (red), and nucleus (blue) within fast-relaxing hydrogels treated
with vehicle-alone (control), a TRPV4 agonist (GSK101), or a TRPV4 antagonist (GSK205). Scale bar, 10 μm. e) Representative 3D track reconstructions
for cell migration in fast-relaxing hydrogels with vehicle-alone (control), GSK101, or GSK205 treatment from time-lapse imaging. 80 randomly selected
cell migration track trajectories are shown for each condition. Grid size, 10 μm. f–h) Analysis of cell migration track data from time-lapse imaging: e)
Probability of cell migration, f) mean speed, and g) migration track length of cells. One-way ANOVA with Tukey’s multiple comparisons test was used
for analysis of the data: ns, not significant; ****p < 0.0001; n = 670, 913, and 777 (control, GSK101, and GSK205) cells tracked across 3 independent
biological samples. Bars indicate mean value ± s.d. The dashed lines in the violin plots represent median values. i) Relative cell viability of D-270 MG
cells treated with TMZ only, TMZ + GSK101, or TMZ + GSK205. One-way ANOVA with Tukey’s multiple comparisons test was used for analysis of
the data: *p < 0.05, ***p < 0.001, ****p < 0.0001; n = 3 independent biological replicates per condition. Data reported represent mean value ± s.d.
j) Intracellular calcium level in D-270 MG cells in fast-relaxing hydrogels treated with vehicle-alone (control), GSK101, or GSK205 treatment. One-way
ANOVA with Tukey’s multiple comparisons test was used for analysis of the data: *p < 0.05, ****p < 0.0001; n = 43, 37, and 46 (control, GSK101, and
GSK205) cells across 3 independent biological samples. The dashed lines in the violin plots represent median values.

mesenchymal stem cell mechanosensing and signaling in 3D
hydrogels.[67] However, it remains unknown how stress relax-
ation impacts GBM nascent protein deposition. We next investi-
gated if stress relaxation-induced changes in GBMdrug response
is mediated through changes in nascent protein deposition. Us-

ing immunostaining, we first determined the effects of tuning
stress relaxation on nascent protein deposition by GBM cells in
our 3D hydrogel model. Common ECM components in the brain
tumor microenvironment were assessed including laminin, fi-
bronectin, and collagen-IV. GBM cells in the slow-relaxing
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Figure 7. Stress relaxation reduces nascent protein deposition by GBM cells in 3D, which correlates with higher drug sensitivity. Pharmacological
inhibition of nascent protein deposition increases GBM drug sensitivity in slow-relaxing hydrogels. a–c) Representative immunostaining images of
D-270 MG cells for ECM proteins (Laminin, Fibronectin, or Collagen-IV; green), F-actin (red), and nucleus (blue) on day 3 within fast-, medium-, and
slow-relaxing hydrogels. Samples were treated with a) vehicle-alone (control), b) an inhibitor of nascent protein deposition (+Exo-1), or c) an inhibitor for
matrix remodeling (+TIMP-3). Scale bar, 10 μm. d) Relative cell viability of D-270MG cells treated with Temozolomide (TMZ only), TMZ with Exo-1 (TMZ
+ Exo-1), or TMZ with TIMP-3 (TMZ + TIMP-3). Two-way ANOVA with Tukey’s multiple comparisons test was used for analysis of the data, comparing
with TMZ only condition: ns, not significant; **p< 0.01; n= 3 independent biological replicates per condition. Data reported represent mean value± s.d.

hydrogels demonstrated the highest amount of nascent protein
deposition for all tested ECMs, and increasing stress relaxation
significantly reduced the amount of nascent protein deposition
(Figure 7a).
To further probe the effect ofmodulating nascent protein depo-

sition on TMZ drug response, D-270 MG cells were treated with
either Exo-1 or TIMP-3, 2 inhibitors that either disrupt nascent
protein deposition or remodeling, respectively. Immunostaining
confirmed Exo-1 treatment significantly reduced nascent pro-
tein deposition in slow-relaxing hydrogels. Minimal change was
observed in cells within fast- and medium-relaxing hydrogels
given that the baseline nascent protein deposition was low (Fig-
ure 7a,b). Conversely, TIMP-3 treatment enhanced nascent pro-
tein accumulation around cells in all groups due to reduced
remodeling, especially laminin in slow-relaxing hydrogels (Fig-
ure 7c). It is important to note that use of Exo-I or TIMP-3 dis-
played minimal disruption to the cytoskeleton (Figure 7a–c). In
slow-relaxing hydrogels, where nascent protein deposition was
the highest, Exo-1 treatment significantly increased drug sen-
sitivity (Figure 7d), indicating that decreasing nascent protein
deposition may reduce the cytoprotective barrier to treatment.
TIMP-3 treatment within slow-relaxing hydrogels did not signif-
icantly impact drug response, suggesting that the baseline ECM
deposited was sufficient in providing a cytoprotective barrier. For
fast- and medium-relaxing hydrogels, where the baseline ECM
was low (Figure 7a), Exo-1 or TIMP-3 treatment had no signifi-
cant effect in drug response (Figure 7d).
Overall, we find that increasing stress relaxation reduces

nascent protein deposition by GBM cells in 3D. Given that the
tumor ECM can act as barrier shielding cancer cells from cyto-
toxic agents,[66] our results suggest fast stress relaxation-induced
drug sensitivity inGBMcells is in partmediated through reduced
nascent protein deposition around the GBM cells. Previous work
in small cell lung cancer has demonstrated that adhesion to ECM
proteins confers resistance to chemotherapeutic agents via 𝛽𝛽1-
integrin dependent survival signals.[68] Given that modulating
nascent protein deposition and remodeling minimally effected
the cytoskeleton or drug responses of GBM cells in fast-relaxing
hydrogels, these findings suggest both cytoskeletal organization

and nascent protein deposition contribute to stress relaxation-
induced changes in GBM drug response in a brain-mimicking
niche.

3. Conclusion

In summary, this study established a dynamically crosslinked
PEG hydrogel system with tunable stress relaxation and brain-
mimicking stiffness as a tool to elucidate the role of viscoelas-
ticity on GBM cell behavior and drug response in 3D. Our
findings reveal the critical role of stress relaxation in modulat-
ing key GBM features and drug responses (Figure 8). Specif-
ically, brain-mimicking, fast-relaxing hydrogels promoted inva-
sive GBM behavior such as cell spreading, migration, prolifer-
ation, and GSC marker expression. Strikingly, these hallmark
GBM features were largely lost in slow-relaxing hydrogels, indi-
cating that viscoelasticity is a critical niche cue regulating GBM
disease progression in vivo. Importantly, we demonstrate that
GBM drug sensitivity is directly impacted by stress relaxation,
highlighting the importance of incorporating viscoelasticity in
3D in vitro GBM models used for drug screening and predic-
tion of in vivo drug efficacy. Leveraging this hydrogel as a tool for
mechanistic study, we identified that the actomyosin cytoskeleton
is an essential mediator of stress relaxation in GBM cells. Linked
to the cytoskeleton and an importantmechanosensitive ion chan-
nel, TRPV4 was also found to be regulated by stress relaxation,
and modulation of TRPV4 activity impacts GBM behavior. We
further elucidated that stress relaxation impacts GBM drug re-
sponse through enhanced cytoskeletal organization, upregulated
TRPV4 activity, and reduced nascent protein deposition.We envi-
sion that this dynamically crosslinked PEG-hydrogel GBMmodel
could provide a powerful tool for discovering novel therapeutics
for GBM that would be otherwise missed using in vitro GBM
models lacking viscoelasticity.

4. Experimental Section
Synthesis of Eight-Arm Poly(ethylene-glycol) Hydrazine: Eight-arm PEG

amine (10 kDa, 2 g, Jenkem Technology) and tri-Boc-hydrazinoacetic acid
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Figure 8. A summary schematic of the key findings on the effect of stress relaxation on GBM cell fates and drug responses in 3D. Brain-mimicking,
fast-relaxing hydrogels (left panel) promote GBM drug sensitivity and enhances GBM invasive phenotype including cell spreading, migration, and
proliferation. Stress relaxation induced drug sensitivity is associated with enhanced actomyosin cytoskeletal formations, GSC marker expression, TRPV4
activity, and reduced nascent protein deposition. Conversely, slow-relaxing hydrogels (right panel) reduce GBM drug sensitivity and induces opposite
trends in corresponding cell fates.

(0.93 g, 1.5 eq per amine, Sigma-Aldrich) were dissolved dichloromethane
(DCM, 50 mL), followed by the addition of EDC. HCl (0.61 g, 2.0 eq per
amine, Sigma-Aldrich). The reaction was stirred overnight at room temper-
ature (RT). The product was precipitated in cold ether and vacuum dried.
The obtained product was then added in 50:50 DCM:TFA for 2 h. The re-
sulting solution was then precipitated in ether, vacuum dried, and then
dialyzed (MWCO 1 kDa) against DI water for 2 days. The solution was
then lyophilized to get the final product.

Synthesis of Eight-Arm Poly(ethylene-glycol) Alkyl-Aldehyde: Eight-arm
PEG-OH (10 kDa, 2 g, Jenkem Technology), TEMPO (12.5 mg, 0.1 eq
hydroxyl, Sigma-Aldrich), and diacetoxyiodo benzene (DAIB, 0.77 g, 3
eq hydroxyl, Sigma-Aldrich) were dissolved in DCM (50 mL) and stirred
overnight. The solution was then precipitated in cold ether and dialyzed
(MWCO 1 kDa) against DI water for 2 days and lyophilized.

Synthesis of Eight-Arm Poly(ethylene-glycol) Benzyl-Aldehyde: Eight-arm
PEG-OH (10 kDa, 2 g) and 4-formyl benzoic acid (0.56 g, 1.5 eq hydroxyl,
Sigma-Aldrich) were dissolved in DCM, followed by the addition of N,N’-
diisopropylcarbodiimide (0.2 g, 2.0 eq hydroxyl). The reaction was stirred
overnight at room temperature and then precipitated in ether to get the
product. The obtained product was dialyzed (MWCO 1 kDa) against DI
water for 2 days and lyophilized. As previously reported,[21,22] 1H NMR
spectroscopy was used to estimate the degree of modification on the PEG
macromers (Figure S1, Supporting Information).

Rheological Characterization: Rheological measurements were carried
out using a Discovery HR-2 hybrid rheometer (TA Instruments) equipped
with 25-mm-diameter top and bottom plates. IPN hydrogels, used for
mechanical testing, were directly deposited onto the bottom plate of the
rheometer immediately after mixing all IPN hydrogel precursor compo-
nents together (100 μL final volume). The top plate was immediately low-
ered and gently spun to spread the hydrogel solution across the plates,
forming a 25-mm disk hydrogel. Mineral oil (Sigma) was applied at the
edges to prevent sample dehydration. During the gelation period, a time
sweep was performed in which the rheometer geometry was oscillated at
an amplitude of 1% shear strain and 1 Hz frequency for 1 h at 37 °C. As
the gelation completed and the storage and loss moduli had equilibrated,
Young’s modulus (E) was calculated from the equation:

E = 2 (1 + 𝜈𝜈)G∗ (1)

where Poisson’s ratio (𝜈𝜈) is assumed to be 0.5 and G* is the complex
modulus found using the equilibrium values of storage and loss moduli

measured. G* was calculated using:

G∗ =
(
G′2 + G′′2)1∕2 (2)

Equilibrium values of storage and loss moduli were also used to calcu-
late the loss tangent, which is defined as:

Loss tangent (tan 𝛿𝛿) =
Loss modulus (G′′)
Storage modulus (G′)

(3)

Next, frequency sweep was performed from 0.1 to 100 rad s−1 at 1%
constant strain and held at 37 °C. The resulting storage and loss moduli
values weremeasured as function of oscillation frequency (𝜔𝜔). Finally, after
the frequency sweep, stress relaxation measurements were conducted at
which a constant strain of 10% was applied to the hydrogel at 37 °C. The
resulting storage modulus and stress were recorded over the course of 1
h for fast and medium IPNs and 7 h for slow IPNs.

To demonstrate physiological relevance of the IPN hydrogel system,
rheological characterization was conducted on mouse brain. Briefly, FVB
domestic mice (female, 11 weeks of age, Charles River Lab) were eutha-
nized in compliance with NIH and institutional guidelines. Brain was col-
lected immediately after euthanization, and the same rheological testing
procedure, as previously described above, was conducted except for the
following. The rheometer was equipped with 20-mm x-Hatch top and bot-
tom plates to minimize sample slippage.

Hydrogel Preparation: Functionalized PEG macromers were dissolved
in phosphate buffered saline (PBS) and neutralized to pH 7.0 (15% w/v).
IPN hydrogels were prepared by mixing stock solutions of PEG-H, recon-
stituted collagen-I (TeloCol-10, Advanced Biomatrix), and PEG-aldehyde
(PEG alkyl-aldehyde (PEG-AA) and/or PEG benzyl-aldehyde (PEG-BA)) in
this successive order. The hydrazine to aldehyde ratio was 1:1 with a final
PEG polymer concentration of 2.5% (w/v). To tune the stress relaxation
by varying the AH:BH crosslink ratio, the PEG-AA to PEG-BA ratio within
the PEG-aldehyde component was adjusted to the following: 100:0, 70:30,
or 0:100. A final collagen-I concentration of 2.5 mg mL−1 was used and
neutralized to pH 7.0 after addition into precursor solution. Finally, af-
ter addition of PEG-aldehyde, the hydrogel precursor solution was gently
mixed for 1 min before either depositing directly for rheological testing or
pipetting into a mold for cell-based studies (described further below).

Cell Culture: A patient-derived human glioblastoma xenograft (PDTX
GBM) cell line (D-270 MG) was provided by the laboratory of Dr. Gerald
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Grant at Stanford University Medical Center and derived as previously
reported.[69,70] D-270 GBM cells were cultured in improved minimal es-
sential zinc option medium (Life Technologies) with 10% fetal bovine
serum (FBS, Gibco, Life Technologies) and 0.1% gentamicin (Life Tech-
nologies). An immortalized GBM cell line (U-87 MG) was purchased from
ATCC and were expanded in cell culture medium consisting of Dulbecco’s
minimal essential medium (Life Technologies), supplemented with 10%
(v/v) FBS (Gibco, Life Technologies), 100 U mL−1 penicillin, and 100 μg
mL−1 streptomycin. Cells were cultured in standard humidified incubator
at 37 °C in a 5% (v/v) CO2 atmosphere.

3D Cell Encapsulation in Hydrogels: For cell encapsulation, GBM cells
were trypsinized using trypsin/EDTA, washed, centrifuged, and resus-
pended in media. Prior to the addition of PEG-aldehyde, trypsinized GBM
cells were homogenously mixed into the hydrogel precursor solution at a
final concentration of 1.25 mmL−1. The cell-containing hydrogel precursor
solution (55 μL) was dispensed into a cylindrical shaped mold (3 mm in
height, 5 mm in diameter). Cell-laden hydrogels were incubated at 37 °C
for 40 min and then pushed out into pre-warmed media. All experiments
were carried for 3 days in 24 well plates unless otherwise specified. To as-
sess cell viability of GBM cells within hydrogels shortly after encapsulation
and at days 3 and 6, D-270 MG cells were stained with LIVE/DEAD Viabil-
ity/Cytotoxicity Kit (Invitrogen) per manufacturer’s instructions for 20 min
in PBS. Images were taken using Leica STELLARIS 5 confocal microscope
with HC PL APO 10x/0.40 air objective.

Swelling Ratio and Polymer Retention Measurements: Acellular hydro-
gels (55 μL) were prepared as described above, transferred to a 24-well
plate with 1 mL D-270 MG media per well, and incubated at 37 °C. The
swelling ratio (Q) was calculated based on the following formula:

Q = Wwet
Wdry

(4)

whereWwet is the wet weight of the hydrogel at a specified time andWdry is
the initial dry weight of the hydrogel at the beginning of the experiment. To
measure the initialWdry for each group, separate hydrogels were collected
several hours after hydrogel formation and freeze-dried. After 6 days, hy-
drogels were freeze-dried to calculate the polymer retention

%Polymer retention =
Wdry, day0
Wdry, day6

× 100% (5)

and equilbirum mass swelling ratio

(
Q =

Wwet, day6
Wdry, day6

)
(6)

Cell Morphology Quantification: To assess the cell morphology and
quantify cell roundness, the cell membrane of D-270 MG and U87 cells
were stained with octadecyl rhodamine B chloride (R18, 1:1000 dilution,
stock 10 mg mL−1; Thermo Fisher Scientific) on day 3. Briefly, R18 dye
was added to cell culture medium and allowed to incubate with cell-laden
hydrogels for 1 h. Hydrogels were then washed 3 times with PBS. Cells
within the hydrogels were then immediately imaged using a Leica STEL-
LARIS 5 confocalmicrscopewith aHC FLUOTAR L 25x/.95 numerical aper-
ture (NA) water immersion objective. ImageJ analyze particles function
was used on maximum projections from obtained z-stacks from confocal
imaging to quantify cell roundness.

Tracking Cell Motility in 3D Using Time-Lapse Confocal Imaging: For
cell motility studies, D-270 MG cells were starved overnight in serum-free
medium and then trypsinized and encapsulated in hydrogels. For high
magnification live-cell time-lapse imaging to capture single cell motility,
cell-laden hydrogels were cast directly into wells of a chambered cover-
glass (LabTek). The hydrogels were allowed to incubate at 37 °C for 40min,
and then were incubated with normal D-270 MG growth media. After one
day, brightfield confocal microscopy was used to acquire live-cell images
at 15 min intervals for a total of 3 h using a Leica STELLARIS 5 confocal
microscope with HC PL APO 63x/1.40 NA oil immersion objective.

To track and analyze cell motility on the population level, D-270 cells
were also starved overnight in serum free medium. Prior to encapsulation,
D-270 MG cell membranes were labeled with R18 (1:1000 dilution, stock
10 mg mL−1; Thermo Fisher Scientific). Cell-laden hydrogel precursor so-
lutions were then cast into custom made PDMS molds within a 35 mm
petri dish to provide sufficient medium volume and ensure high cell via-
bility during the imaging time course. Once cast, hydrogels were allowed
to incubate at 37 °C for 40 min. After hydrogel gelation, serum-free star-
vation medium was added. For inhibitor studies against the cytoskeleton
or TRPV4, serum-free starvation medium was supplemented with vehicle-
alone or inhibitor. One day later, serum-free starvation medium was re-
moved and replaced with D-270 MG growth media 3 h prior to the start of
imaging. For inhibitor studies, serum-free starvationmediumwith vehicle-
alone or inhibitor was replaced by D-270MG growth media supplemented
with vehicle-alone or inhibitor 3 h prior to the start of imaging. Live-cell
imaging was conducted at 25 min intervals for at least 14 h using a Leica
STELLARIS 5 confocal microscope with HC PL APO 10x/0.40 air objective.
62.5 μmz-stack images were acquired for each position at each time point.
The mark-and-find feature of the Leica software was used to capture mul-
tiple fields of views across multiple samples at every time point. For all
time-lapse experiments, hydrogels were placed in an incubated chamber
(37 °C and 5% CO2). We note that control conditions were added along
with the experimental conditions in each time-lapse experiment.

Imaging Analysis: For cell migration studies, Imaris software (Bit-
plane) was used to track R18 stained D-270 MG cells from live-cell time-
lapse confocal imaging. Briefly, a surface rendering analysis in Imaris was
performed to track cell migration along the recorded time frames and z-
stacks. The parameters that were used were adapted from previously es-
tablished methods.[71] Cells that were at the edge of the field of view were
excluded from analysis. Built in drift correction in Imaris was used as nec-
essary. A custom MATLAB script was used to reconstruct 3D cell migra-
tion trajectories from cell track position output analysis. To calculate the
probability of cell migration, cells were binned into nonmotile and motile
populations, in which the threshold for a motile cell was a track displace-
ment length of at least 15 μm over the 14 h time-lapse. Finally, mean track
speed and track length were used to further assess differences among cells
cultured in different stress relaxing hydrogels.

Inhibitor Treatments Used in Live-Cell Imaging and Drug Response Studies:
The following inhibitors and their respective concentrations were used:
blebbistatin (250 μM; Abcam, ab120425), cytochalasin-D (500 nM; Sigma-
Aldrich, C8273), GSK1016790A (GSK101, 50 nM; Abcam, ab146191),
GSK205 (10 μM; Aobious, AOB1612), Exo-1 (120 nM, EMD Millipore,
341 220), TIMP-3 (5 nM; R&D Systems, 973-TM-010). DMSO was the
vehicle-alone control for blebbistatin, cytochalasin-D, GSK101, GSK205,
and Exo-1. Deionized water was used as the vehicle control for TIMP-3
treatment.

Drug Response: As previously described, GBM cells were encapsulated
and cultured within hydrogels for 3 days. At day 3, fresh medium was
added with either temozolomide (TMZ, Sigma-Aldrich, T2577) or Carmus-
tine (BCNU, Sigma-Aldrich, C0400). Concentrations used for both TMZ
and BCNU were the following: 3, 30, 100, 300, 600, and 1000 μM. Hydro-
gels were cultured in medium supplemented with drug for an additional
3 days. Based on manufacturer’s instructions, Presto Blue cell viability
reagent (Thermo Fisher Scientific) was used to measure the cell viability
at the end of the drug treatment period (day 6). For both TMZ and BCNU,
DMSOwas used as the vehicle control. Relative cell viability was calculated
by normalizing treatment groups to untreated vehicle alone control.

For drug response studies using inhibitors in combination with TMZ, a
similar procedure was used as described above with the following excep-
tions. Inhibitors targeting the actomyosin cytoskeleton (blebbistatin and
cytochalasin-D) or modulating TRPV4 activity (GSK101 and GSK205) were
added 24 h prior to TMZ administration. Inhibitors for nascent protein
deposition and remodeling (Exo-1 and TIMP3) were added shortly after
encapsulation and replenished halfway through the initial 3-day culture
period. All inhibitors were replenished in fresh medium along with TMZ
(300 μM) at day 3, the start of drug treatment.

To halt cellular proliferation, D-270 MG cells were treated with mito-
mycin C (10 μg mL−1; Abcam, ab120797) for 2 h prior to trypsinization
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and encapsulation. Similar to the procedure above, mitomycin C treated
cells were then encapsulated within hydrogels, cultured for 3 days, and
then treatedwith vehicle-alone control or TMZ (300 μM) for an additional 3
days. Relative cell viability was calculated by normalizing treatment groups
to their respective untreated vehicle alone control.

Inhibitor Treated Hydrogels for Immunofluorescence: For immunofluo-
rescence of hydrogels treated with inhibitors, a similar timeline of adminis-
tration was followed to that of the drug response studies. This was done to
assess the cytoskeleton or baseline expression of interestedmarkers at the
start of drug treatment. Briefly, actomyosin cytoskeletal inhibitors (bleb-
bistatin and cytochalasin-D) and TRPV4 agonist (GSK101) and antagonist
(GSK205) were added 24 h prior to sample fixation (or on day 2). Nascent
protein deposition and remodeling inhibitors (Exo-1 and TIMP3) were
added shortly after encapsulations and replenished halfway through the
3-day culture period before fixation on day 3. Hydrogels treated with bleb-
bistatin and cytochalasin-D were saved for whole-gel staining. All other
inhibitor treated hydrogels were sectioned for staining.

Immunofluorescence Imaging of Sectioned and Whole-Gel Samples: To
prepare samples for immunofluorescence imaging, samples were har-
vested at day 0 or 3, fixed with 4% paraformaldehyde overnight at 4 °C, and
then washed twice for 15 min at RT while gently shaking. Fixed samples
were prepared for either sectioned or whole-gel staining. For sectioned
samples, fixed samples were dehydrated in optimal cutting temperature
(OCT, Tissue-Tek) overnight at room temperature (RT). Samples were em-
bedded into molds surrounded by OCT solution and frozen at −80 °C for
at least 20 min. Sections of 30 μm were cut using a Leica CM3050 S Re-
search Cryostat. For whole-gel staining, fixed hydrogels were immediately
used for staining.

For expression of Nestin, CD133, TRPV4, laminin, fibronectin, and
collagen-IV, sectioned samples were stained using standard immunohis-
tochemistry protocols. Sectioned samples were washed with DI water for
5 min, permeabilized with 0.25% Triton X-100 (Sigma-Aldrich) in DPBS
for 5 min, and blocked with 3% bovine serum albumin, 0.1% Triton-X-
100 in PBS for 1 h at RT. The samples were then incubated overnight at
4 °C with primary antibody. The following primary antibodies were used:
Nestin (EMD Millipore, ABD69), CD133 (Abcam, ab19898), TRPV4 (Ab-
cam, ab39260), Laminin (Abcam, ab11575), Fibronectin (Abcam, ab2413),
Collagen-IV (Abcam, ab6586). All primary antibodies were used at 1:100
dilution. After washing 3 times with PBS, samples were incubated with
secondary antibody goat anti-Rabbit IgG Alexa Fluor 488 (Invitrogen,
A32731, 1:100 dilution) along with Hoechst 33 342 (Thermo Fisher Scien-
tific, H3570, 1:1500 dilution) and ActinRed 555 (Thermo Fisher Scientific,
R37112) overnight at 4 °C to stain for the nucleus and F-actin, respectively.
Samples were washed 3 times with PBS and mounted in vectashield (Vec-
tor Laboratories). Confocal microscopy was used to acquire images using
a HC PL APO 40x/1.30 oil immersion objective.

For expression of Myosin-IIa and Sox2, whole-gel staining was used.
Fixed whole-gel samples were washed 3 times with PBS, permeabilized
with 0.25% Triton X-100 (Sigma) in DPBS for 1 h, and blocked with
3% bovine serum albumin, 0.1% Triton-X-100 in PBS for 3 h at RT. The
hydrogels were then incubated overnight at 4 °C with primary antibody
while gently shaking. The following antibodies were used: Myosin-IIa (Cell
Signaling Technology, 8824S, 1:100 dilution) and Sox2 (Cell Signaling
Technology, 23064S, 1:400 dilution). After hydrogels were washed 3 times
with PBS for 30 min at RT while gently shaking, samples were incubated
with same secondary staining solution used for the sectioned samples
overnight at 4 °C while gently shaking. Samples were washed 3 times with
PBS for 30 min at RT. Images were acquired using a Leica STELLARIS
5 confocal microscope with HC PL APO 40 × /1.2 NA oil immersion
objective.

Cell Proliferation: To measure cellular proliferation, Click-&-Go Plus
EdU Cell Proliferation Kit (Click Chemistry Tools) was used. D-270 MG
cells were encapsulated in hydrogels. On day 1, EdU was added to the
culture medium (10 μM final concentration) and incubated with the hy-
drogels for 2 days. On day 3, cell-laden hydrogels were fixed and sectioned
using the same method previously described for sample preparation for
immunofluorescence. Following themanufacturer’s instructions, EdUwas
stained along with the nucleus on sectioned samples. Images were ac-

quired using a Leica STELLARIS 5 confocal microscope with HC PL APO
40 × /1.2 NA oil immersion objective. Custom script was used to quantify
the %EdU positive cells from collected imaging data set.

Temozolomide Diffusion: Hydrogels were loaded with TMZ (2000 μM)
and placed in PBS. PBS, along with the diffused TMZ, was collected at .5, 1,
2, 3, 5, 10, 24, and 32 h timepoints. At each collection timepoint, hydrogels
were placed into fresh PBS. Using UV–vis spectroscopy, absorbance of
the collected PBS samples was measured with a NanoDrop One/OneC
(Thermo Scientific) at 328 nm for active TMZ. Absorbance values were
converted into concentration based on a standard curve. The cumulative
TMZ release was then calculated.

Imaging Collagen Network Using Confocal Reflectance Imaging: The col-
lagen network within the different hydrogel formulations was imaged us-
ing the reflectance mode of the confocal microscopy. Samples prepared
were acellular hydrogels and imaged on day 0 after hydrogel gelation to
assess the initial collagen-I distribution within the matrix. Additionally, hy-
drogels were imaged on day 3 and day 6 to assess collagen-I distribution
and retention over time. Images were acquired using a 647 nm laser light
source along with Leica STELLARIS 5 confocal microscope with HC PL
APO 63x/1.40 NA oil immersion objective.

Western Blot: For western blotting analysis, D-270 MG cell-
encapsulated hydrogels were transferred to ice-cold 2X RIPA Lysis buffer
(Millipore Sigma) containing 2X HaltTM Protease and Phosphatase
inhibitor (ThermoFisher Scientific). For each group, western blot were
performed with 3 biological replicates for quantitative analysis. For each
individual replicate, 4 hydrogel samples were pooled together, with a total
of 12 samples per group to ensure data robustness. The hydrogel samples
were homogenized in the buffer and centrifuged, and the supernatant
containing the lysate was collected. The protein amount in the lysate
was quantified using PierceTM BCA Protein Assay Kit (ThermoFisher
Scientific). 10 μg of protein from the lysate was separated by SDS-PAGE
and transferred to polyvinylidene fluoride membranes. The membranes
were blocked in blocking solution (5% BSA in 1X tris-buffered saline with
Tween-20, TBST (Santa Cruz Biotechnology) at room temperature for
1 h. The membranes were then incubated in primary antibodies diluted
in SuperBlockTM blocking buffers (ThermoFisher Scientific) overnight
at 4 °C. The following primary antibodies were used at the mentioned
dilutions: Nestin (EMD Millipore, ABD69, 1:25 000), CD133 (Abcam,
ab19898, 1: 500), Sox2 (Cell Signaling Technology, 23064S, 1:1000),
GFAP (Abcam, ab7260, 1:10 000), TRPV4 (Abcam, ab39260, 1:1000),
and GAPDH (Cell Signaling Technology, 5174S, 1:50 000). Following
primary antibody incubation, the membranes were washed 3 times
with TBST for 5 min per wash and then incubated in HRP-conjugated
secondary antibodies (goat anti-rabbit, Abcam, ab6721, 1:100 000 and
donkey anti-mouse, Jackson ImmunoResearch, 715-035-151, 1:10 000)
for 1 h at room temperature. The membranes were then washed thrice
in TBST for 5 min per wash, developed with SuperSignal West Femto
Maximum Sensitivity Chemiluminescent Substrate (ThermoFisher Sci-
entific) for 5 min, and imaged using Invitrogen iBright CL1500 imaging
system. Quantifications of band intensities were performed using Im-
ageJ and band intensities were normalized to GAPDH as the loading
control.

Calcium Imaging and Analysis: For intracellular calcium imaging,
D-270 MG cells in hydrogels after day 3 of culture were incubated in D-270
MG growth media with Fura red AM (33 μM, ThermoFisher Scientific)
and Fluo-3 AM (20 μM, ThermoFisher Scientific) for 1 h. The hydrogels
were then washed 3 times with PBS. The intensities of the calcium dyes
in the cells were captured using live-cell confocal microscopy with a Leica
STELLARIS 5 confocal microscope with HC FLUOTAR L 25x/0.95 NA
water immersion objective. Fluorescent intensities of Fura red and Fluo-3
were measured with excitation at 488 nm and detection at >610 nm for
Fura red and between 515 and 580 nm for Fluo-3. Intracellular calcium
concentration level was calculated as the ratio of Fluo-3 intensity to Fura
red intensity. Custom MATLAB script was used for image processing and
analysis.

Statistical Analysis: Statistical analyses were performed using Graph-
Pad Prism Software. The statistical tests performed and corresponding p
and n values are specified in the figure legends.
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Brain metastases are life-threatening complications of triple-negative breast

cancer, melanoma, and a few other tumor types. Poor outcome of cerebral

secondary tumors largely depends on the microenvironment formed by

cells of the neurovascular unit, among which pericytes are the least charac-

terized. By using in vivo and in vitro techniques and human samples, here

we show that pericytes play crucial role in the development of metastatic

brain tumors by directly influencing key steps of the development of the

disease. Brain pericytes had a prompt chemoattractant effect on breast can-

cer cells and established direct contacts with them. By secreting high

amounts of extracellular matrix proteins, pericytes enhanced adhesion of

both melanoma and triple-negative cancer cells, which might be particu-

larly important in the exclusive perivascular growth of these tumor cells. In

addition, pericytes secreted insulin-like growth factor 2 (IGF2), which had

a very significant pro-proliferative effect on mammary carcinoma, but not

on melanoma cells. By inhibiting IGF2 signaling using silencing or picrop-

odophyllin (PPP), we could block the proliferation-increasing effect of peri-

cytes on breast cancer cells. Administration of PPP (a blood–brain barrier-

permeable substance) significantly decreased the size of brain tumors in

mice inoculated with triple-negative breast cancer cells. Taken together,

our results indicate that brain pericytes have significant pro-metastatic fea-

tures, especially in breast cancer. Our study underlines the importance of

targeting pericytes and the IGF axis as potential strategies in brain meta-

static diseases.
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BBB, blood–brain barrier; CEC, cerebral endothelial cell; CNS, central nervous system; EGFP, enhanced green fluorescent protein; EmGFP,

emerald green fluorescent protein; EMT, epithelial-to-mesenchymal transition; EV, extracellular vesicle; FAK, focal adhesion kinase; HA,

human astrocyte; HBVP, human brain vascular pericyte; IGF, insulin-like growth factor; IGF1R, type 1 insulin-like growth factor receptor;
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1. Introduction

Cerebral metastases are frequent and dismal complica-

tions of a few tumor cell types, including lung cancer,

breast cancer, and melanoma. In breast cancer, which

is the second most frequent cause of central nervous

system (CNS) metastases, brain lesions primarily occur

in triple-negative (estrogen receptor-, progesterone

receptor-, and Her2-negative) and Her2/neu-overex-

pressing subtypes. Triple-negative breast cancer

(TNBC) has a particularly poor prognosis, many

patients developing and eventually dying of brain

metastasis [1]. Melanoma, the third most common

brain metastatic tumor, represents the highest risk to

spread to the CNS, and brain metastases are a leading

cause of death from this disease [2].

Presence of the blood–brain barrier (BBB) [3], tumor

heterogeneity and plasticity [4], and unique molecular

features of brain metastatic cells [5] all contribute to

the poor outcome of cerebral secondary tumors. The

most important unique aspects of brain metastasis

development are linked to the neurovascular unit

(NVU), that is, cerebral endothelial cells (CECs), peri-

cytes, glial cells, and neurons, with whom tumor cells

form complex interactions [6]. These interactions have

been extensively studied, except for pericytes.

Brain pericytes are mural cells located in the dupli-

cation of the basement membrane of microvessels,

coming in close contact with cerebral endothelial and

glial cells. They may act as regulators of vessel forma-

tion and stabilization [7,8], BBB permeability [9,10]

and—although still debated—cerebral blood flow

[11,12]. Pericytes play a crucial role in various neuro-

logical diseases, including ischemia, traumatic injury,

neurodegenerative and neuro-immune conditions, and

also glioblastoma [13]. However, interactions of brain

pericytes with metastatic tumor cells are largely unex-

plored, although pericytes have recently emerged as

important players in creating the premetastatic niche

in peripheral organs [14]. Since microvessels of the

CNS have the highest pericyte coverage in the organ-

ism [15], we hypothesized that pericyte-metastatic cell

interactions might be particularly critical in the brain.

2. Materials and methods

2.1. Cell culture

2.1.1. Culture of human NVU cells

Human brain vascular pericytes (abbreviated as HBVP;

obtained from ScienCell Research Laboratories,

Carlsbad, CA, USA) were cultured on poly-L-lysine-

coated dishes in Pericyte Medium (PM; ScienCell

Research Laboratories) supplemented with 5% FBS

(Sigma-Aldrich, St. Louis, MO, USA) and penicillin/

streptomycin solution (P/S; ScienCell Research Labora-

tories) and used between passage numbers 2 and 6.

Human astrocytes (HA; ScienCell Research Laborato-

ries) were grown on poly-L-lysine-coated dishes in astro-

cyte medium (AM) supplemented with 5% FBS and P/S

(all from ScienCell Research Laboratories) and used

between passage numbers 2 and 4. Human microvascu-

lar cerebral endothelial cells (hCMEC/D3, shortly D3)

were cultured on rat-tail collagen-coated dishes in

endothelial cell basal medium-2 (EBM-2) with EGM-

2MV kit including supplements and 2% FBS (all from

Lonza, Basel, Switzerland) and used between passage

numbers 30 and 40.

2.1.2. Isolation and culture of mouse NVU cells

Venus-YFP-expressing primary mouse brain endothelial

cells were isolated from 6- to 8-week-old FVB/Ant:

TgCAG-yfp_sb #27 mice, as described previously [16].

Murine pericytes were collected in parallel with endothe-

lial cells after the first enzymatic digestion. Pericytes were

seeded onto rat-tail collagen-coated dishes and kept in

PM supplemented with 5% FBS (Sigma-Aldrich) and P/

S solution. Mouse pericytes were used for experiments

between passage numbers 5 and 7. Primary mouse astro-

cytes were isolated from brains of 1- to 3-day-old Balb/c

mouse pups by mechanical trituration. Astrocytes were

seeded onto poly-L-lysine-coated dishes and kept in low-

glucose Dulbecco’s modified Eagle’s medium (DMEM;

Thermo Fisher Scientific, Waltham, MA, USA) supple-

mented with 10% FBS (Sigma-Aldrich).

2.1.3. Culture of tumor cells

MDA-MB-231 human triple-negative breast cancer cells

(shortly MDA), enhanced green fluorescent protein

(EGFP)-expressing MDA-MB-231 cells (shortly MDA-

EGFP); mouse triple-negative mammary carcinoma cells

4T1, 4T1-tdTomato and 4T1-EmGFP (expressing emer-

ald GFP); A2058 human and B16/F10 (abbreviated as

B16) murine melanoma cells were cultured as described

previously [17]. A2058-EGFP cells were obtained by

transfection with the pEGFP-C1 plasmid using Turbo-

Fect reagent (Thermo Fisher Scientific) and selection

with 500 lg�mL�1 G418 (Thermo Fisher Scientific).

All cell lines were regularly tested for mycoplasma

contamination using the MycoAlert Mycoplasma

Detection Kit (Lonza). Only mycoplasma-negative cul-

tures were used for experiments.
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2.2. Preparation of conditioned media

Human and mouse cells were grown until 90% conflu-

ency in 6-cm culture dishes. Growth medium was

replaced with HBVP complete medium (PM + 5%

FBS + P/S) and left for 2 days. Nonconditioned com-

plete medium was used as negative control. All media

were filtered through 0.2-µm pore size syringe filters to

remove cells and debris.

Extracellular vesicles (EVs) were depleted from HBVP

control and conditioned media by using a serial centrifu-

gation protocol: 700 g, 5 min; 1000 g, 8 min; 10 000 g,

30 min and 150 000 g, 90 min. Media were collected and

filtered through 0.1-µm pore size syringe filters.

2.3. Experimental animal surgeries

All mice were housed and treated in accordance with

widely accepted standards, and the protocols were

approved by the institutional care and the Regional

Animal Health and Food Control Station of Csongr�ad

County (permit number: XVI./764/2018). Surgeries

were carried out on 6- to 10-week-old female FVB/

Ant:TgCAG-yfp_sb #27 mice (obtained from Institute

of Experimental Medicine, Budapest, Hungary), as

described previously [16]. For ex vivo experiments, 6-

to 10-week-old female mice received 106 4T1-tdTomato

cells in 100 µL into the right common carotid artery.

For testing the effect of picropodophyllin (PPP) on

tumor growth in vivo, animals were inoculated with

3 9 106 4T1-tdTomato cells/200 µL by intracardiac

injection. The well-being of the animals was monitored

daily during the postoperative period. No infection or

wound dehiscence was detected, neither any signs of

chronic pain. Maximum 5% of weight loss was

observed, and the operation-induced mortality rate

was 2–3%. On days 5 and 6 postinjection, mice

received 40 mg�kg�1 PPP (Alfa Aesar, Thermo Fisher

Scientific) in corn oil or vehicle only, intraperitoneally.

On day 8, mice were transcardially perfused. Coronary

brain sections were prepared from all animals from

parietal cortical regions, and the same volumes were

used for imaging with a Leica SP5 microscope (Leica

Biosystems, Wetzlar, Germany). Tumor-covered areas

in control and PPP-treated animals were measured

with FIJI software using a custom-made macro [18].

2.4. Immunofluorescence

Human triple-negative breast cancer brain metastasis

and control brain samples were acquired from the

Department of Pathology, University of Szeged.

Human samples were collected in accordance with the

permission of the Human Investigation Review Board,

University of Szeged (permit number: EMLOSEB001,

issued on January 31, 2017), in agreement with the

Declaration of Helsinki of the World Medical Associa-

tion. Surgical samples were fixed in PFA and embed-

ded into paraffin blocks. Five-micrometer-thick slices

were used for immunofluorescence staining. After

deparaffinization in xylol, samples were rehydrated

through a descending series of alcohol to water. Anti-

gen retrieval was performed by boiling in 10 mM

sodium citrate pH = 6 for 15 min.

After fixation, whole mouse brains were mounted

onto a freezing microtome (Reichert-Jung, Leica

Biosystems) and 20-µm-thick coronal brain sections

were cut, which were kept in PBS with 0.05% sodium

azide until further processing. Antigen retrieval was

performed by incubating the sections at 80 °C for

30 min in 10 mM sodium citrate pH = 6.

All sections were permeabilized in 0.5% Triton X-

100 (Sigma-Aldrich) for 20 min, then blocked with 3%

BSA (VWR International, Radnor, PA, USA) in PBS

containing 0.5% Triton X-100 for 1 h. Primary anti-

bodies (Table S1) were diluted in 1% BSA with 0.5%

Triton X-100, and sections were incubated overnight

at 4 °C on an orbital shaker. Slides were extensively

washed in PBS. Alexa Fluor 488-labeled anti-rabbit,

Alexa Fluor 594-labeled anti-mouse, Alexa Fluor 647-

labeled anti-goat IgG (Thermo Fisher Scientific), and

STAR RED-labeled anti-rabbit IgG (Abberior,

G€ottingen, Germany) were used as secondary antibod-

ies in a dilution of 1 : 300 in PBS for 60 min at room

temperature in the dark. Sections were washed, coun-

terstained with a nuclear dye (Hoechst 33342; Sigma-

Aldrich) for 10 min, washed again with PBS, rinsed in

water, and mounted in FluoroMount-G (South-

ernBiotech, Birmingham, AL, USA).

Samples were analyzed using a Leica SP5 confocal

laser scanning microscope.

2.5. Adhesion experiments

2.5.1. Adhesion in co-culture

HBVP cells were stained with CellTrackerTM Red

CMTPX Dye (Thermo Fisher Scientific), extensively

washed, and mixed with MDA-EGFP cells in a ratio of

1 : 1. Mixed culture was seeded onto poly-L-lysine-coated

dishes in complete HBVP medium and left for 3 days.

2.5.2. Cell-to-cell adhesion

D3, HBVP, or HA cells were seeded into 12-well plates

(noncoated or coated with poly-L-lysine or rat-tail
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collagen) in a density of 2 9 104 cells/well. After 24 h,

1.5 9 104 cells/well MDA-EGFP or A2058-EGFP

were seeded onto the cells and incubated for 24 h.

Phase-contrast and fluorescence images were taken

with a Nikon Eclipse TE2000U (Nikon, Tokyo, Japan)

microscope connected to a digital camera (Spot RT

KE, Diagnostic Instruments, Sterling Heights, MI,

USA). Attached fluorescent cells were counted using

FIJI software [18].

2.5.3. Cell-to-surface adhesion

5 9 105 tumor cells were seeded into 6-well plates in

pericyte-conditioned or control media in the presence

or absence of Src inhibitors (Selleck Chemicals,

Munich, Germany) and left for 20 min (A2058, 4T1

and B16) or 120 min (MDA). Floating cells were col-

lected by centrifugation, and phase-contrast images

were taken from attached cells. Efficiency of cell adhe-

sion was determined by counting the adherent cells.

For further western blot analysis, attached and float-

ing cells were mixed together in radioimmunoprecipita-

tion assay buffer (RIPA).

In another setup, 6-well plates were pretreated with

endothelial cell-, pericyte-, or astrocyte-conditioned

media for 24 h. Conditioned media were removed, and

5 9 105 tumor cells were seeded into the pretreated

wells in control medium.

2.6. Migration assays

2.6.1. Short-distance migration assay (wound healing)

3 9 104 MDA cells and 1.5 9 104 HBVP or 3 9 104

D3 cells were seeded into rat-tail collagen-coated sili-

cone 3-well culture inserts (Ibidi, Graefelfing, Ger-

many). After reaching confluency, the insert was

removed and culture medium was changed to Lei-

bovitz’s L-15 medium (Sigma-Aldrich) supplemented

with 1% FBS. Migration of cells was monitored for

24 h in phase-contrast.

2.6.2. Long-distance migration assay

3 9 104 HBVP cells and 6 9 104 MDA-EGFP and D3

cells were seeded into every second well of a rat-tail

collagen-coated silicone 12-well culture insert (Ibidi).

After reaching confluency, the insert was removed.

After 5 days, phase-contrast and fluorescence images

were taken from the whole area and an overview

image was generated.

2.7. Proliferation assays

2.7.1. Phase-contrast imaging and cell number counting

104 tumor cells/well were plated into 6-well plates, and

fresh medium was given every other day. For cell

counting, phase-contrast images were taken every day.

After 4 days, cells were collected in RIPA buffer for

western blot analysis.

2.7.2. Real-time impedance monitoring

104 4T1 or B16/F10 cells were seeded into E-plates in

control or pericyte-conditioned medium with or with-

out 100 nM PPP. Fresh medium was provided after

48 h. Electrical impedance was measured in real-time

using the xCELLigence system (ACEA Biosciences,

San Diego, CA, USA).

2.8. Methanol–chloroform precipitation and

western blot

Conditioned media were centrifuged to seed cell debris,

and an equal volume of methanol and 1/4 volume of

chloroform were added. Samples were vortexed, incu-

bated for 5 min on ice, and centrifuged at 10 000 g for

5 min at 4 °C. After phase separation, aqueous phase

was removed and protein samples were washed with

ice-cold methanol. Samples were vortexed and cen-

trifuged again, supernatants were discarded, and pro-

tein pellets were air-dried. Pellets were reconstituted in

29 Laemmli buffer and heated up to 95 °C for 5 min.

Cells were lysed in RIPA buffer. Protein concen-

tration was determined by using bicinchoninic acid

assay (Thermo Fisher Scientific). Laemmli buffer was

added to the samples and incubated at 95 °C for

5 min. Samples were electrophoresed using standard

denaturing SDS/PAGE and blotted on polyvinylidene

difluoride (0.2 lm pore size; Bio-Rad, Hercules, CA,

USA, or 0.45 lm pore size; BioTrace, Pall Corpora-

tions, Port Washington, NY, USA) or nitrocellulose

membranes (0.2 lm pore size; Bio-Rad). After block-

ing with 3% BSA or 5% nonfat milk in Tris-buf-

fered saline with 0.1% Tween-20 (TBS-T),

membranes were incubated with primary antibodies

(Table S1) overnight at 4 °C. Blots were washed in

TBS-T three times for 10 min, incubated for 1 h in

horseradish peroxidase-conjugated anti-rabbit IgG or

anti-mouse IgG secondary antibodies (Jackson

ImmunoResearch, Cambridgeshire, UK) diluted to

1 : 3000 in TBS-T, and then washed again in TBS-T.

Molecular Oncology 14 (2020) 2040–2057 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

K. Moln�ar et al. Pericytes promote brain metastasis formation
 18780261, 2020, 9, D

ow
nloaded from

 https://febs.onlinelibrary.w
iley.com

/doi/10.1002/1878-0261.12752 by C
ochrane G

erm
any, W

iley O
nline Library on [05/04/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License83



Molecular Oncology 14 (2020) 2040–2057 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Pericytes promote brain metastasis formation K. Moln�ar et al.
 18780261, 2020, 9, D

ow
nloaded from

 https://febs.onlinelibrary.w
iley.com

/doi/10.1002/1878-0261.12752 by C
ochrane G

erm
any, W

iley O
nline Library on [05/04/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License84



Immunoreaction was visualized with Clarity Chemi-

luminescence Substrate (Bio-Rad) in a ChemiDoc

MP System (Bio-Rad). Densitometry analysis was

performed with the IMAGE LAB Software, version 5.2

(Bio-Rad).

2.9. RNA isolation and real-time polymerase

chain reaction

Total RNA was isolated using TRIfast reagent (VWR

International). Maxima First Strand cDNA Synthesis

Kit (Thermo Fisher Scientific) was used to transcribe

RNA into cDNA. Amplification was performed using

iTaqTM Universal SYBR� Green Supermix (Bio-Rad)

or Luminaris Color HiGreen qPCR Master Mix kit

(Thermo Fisher Scientific) on a Bio-Rad iQ5 instru-

ment under the following conditions: 40 cycles of

95 °C for 15 s, 56–60 °C for 30 s, 72 °C for 30 s using

primers detailed in Table S2.

2.10. Enzyme-linked immunosorbent assay

After collection of conditioned media, cells were tryp-

sinized and counted in a hemocytometer. Conditioned

media were centrifuged at 1000 g for 15 min at 4 °C.
Insulin-like growth factor 1 (IGF1) and IGF2 contents

of conditioned media were measured using commercial

ELISA kits (CSB-E04580h and CSB-E04583h, respec-

tively; Cusabio, Wuhan, China) following the manu-

facturer’s instructions.

2.11. Silencing of Igf2 gene

StealthTM siRNA duplex oligoribonucleotides were

designed using Invitrogen BLOCK-iTTM RNAi designer

and purchased from Thermo Fisher Scientific. The

following sequences were used: sense, 50-UCGAUG-

CUGGUGCUUCUCACCUUCU-30 and antisense,

50-AGAAGGUGAGAAGCACCAGCAUCGA-30. Cell
transfection was performed with Lipofectamine 2000, as

previously described [19].

2.12. Statistical analysis

Student’s t-test and analysis of variance (ANOVA)

were performed using the Excel 2016 Data Analysis

plugin. For post hoc tests, we applied SIGMAPLOT ver-

sion 12.3 (Systat Software Inc., Chicago, IL, USA).

3. Results

3.1. Direct interaction of brain metastatic tumor

cells with pericytes in vivo and in vitro

We have previously shown that TNBC cells proliferate

along capillaries in the mouse brain, co-opting the

endothelium, but expelling astrocytes and astrocyte

end-feet to the surface of the tumor [16]. Since tumor

co-opted endothelial cells maintained tight junctions in

the absence of astrocyte end-foot coverage, we investi-

gated whether pericytes—another cell type involved in

the induction of barrier properties of CECs [9,10]—re-

mained in contact with the vessels, as previously

described in a different metastatic model [20]. Indeed,

we found that PDGFRb (platelet-derived growth fac-

tor receptor b)-positive pericytes were localized to cap-

illaries inside metastatic lesions in the mouse brain

(Fig. 1A). In human TNBC brain metastases,

PDGFRb-positive perivascular cells were found in the

stroma (Fig. 1B), in single or multiple layers, as previ-

ously shown [21]. In addition, we have also detected

single pericyte-like cells expressing the specific markers

PDGFRb and CD13, scattered among the tumor cells,

especially in less cell-dense areas, probably in the prox-

imity of necrotic zones (Fig. 1C).

All these data prompted us to hypothesize that

direct interactions between tumor cells and pericytes

might influence brain metastasis development. There-

fore, we first modeled contacts between metastatic cells

and pericytes using an in vitro setup, by plating the

tumor cells onto sparse cultures of brain pericytes and

other cells of the NVU. Breast cancer cells

Fig. 1. Direct interactions of pericytes with tumor cells. (A) Brain sections of FVB/Ant:TgCAG-yfp mice 11 days after injection of 4T1-

tdTomato cells showing PDGFRb-positive pericytes localized along capillaries inside the tumor mass. Scale bars = 10 µm. (B) Human triple-

negative brain metastatic tissue with PDGFRb-positive pericytes in the stroma. Scale bar = 10 µm. (C) Human triple-negative brain

metastatic tissue with PDGFRb (red) and CD13 (green) double-positive (yellow) pericyte-like cells scattered among tumor cells. Scale

bar = 10 µm. (D) Co-culture of CellTrackerTM Red-stained human pericytes (HBVP cells) and human triple-negative breast cancer (MDA-EGFP)

cells 3 days after seeding. Scale bar = 100 µm. (E) Quantification of tumor cell adhesion 24 h after seeding onto brain cells cultured in poly-

L-lysine-coated dishes. Breast cancer cells: MDA-EGFP, melanoma cells: A2058-EGFP, endothelial cells: D3, pericytes: HBVP, astrocytes:

HA. N = 5, average � SD, **P < 0.01 (ANOVA and Bonferroni’s post hoc test). (F) Comparison of human breast cancer cell (MDA-EGFP)

adhesion to D3 and HBVP cells. N = 3, average � SD, **P < 0.01 (ANOVA and Bonferroni’s post hoc test).
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preferentially gathered onto the top of pericytes,

avoiding the cell-free culture surface (Fig. 1D,E), and

this was independent of the coating of the culture dish

(Fig. 1F). In contrast, when breast cancer cells were

co-cultured with CECs, they seldom adhered onto

endothelial cells, but rather into gaps among them. In

co-culture with astrocytes, direct contacts of the tumor

cells were more frequent than with endothelial cells,

Fig. 2. Migration of breast cancer cells toward brain pericytes. (A) Representative phase-contrast images of pericyte-breast cancer cell and

brain endothelial-breast cancer cell migration (short-distance invasion assay—described in Materials and methods). Scale bar = 100 µm. (B)

Quantitative analysis of the short-distance wound assays at 24 h. N = 5, average � SD, **P < 0.01 (Student’s t-test). (C) Phase-contrast

and fluorescence (green insets) images of HBVP, D3, and MDA-EGFP cells after 5 days of migration in the long-distance invasion assay.

Scale bars = 1 mm (top panels) and 100 µm (bottom panels).
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but less preferred than interaction with pericytes

(Fig. 1E, Fig. S1). In contrast to breast cancer cells,

the highest number of melanoma cells attached to free

surfaces among the cells, independent of the cell type

they were co-cultured with (Fig. 1E, Fig. S1).

As a next step, we aimed to explore whether breast

cancer cells could actively migrate in the direction of

brain pericytes. Carcinoma cells readily migrated

toward pericytes, covering a significantly larger distance

on their way to brain pericytes than to endothelial cells

(Fig. 2A,B). When leaving a much longer distance

(more than 1 cm) between tumor cells and two different

brain cells (endothelial cells and pericytes, respectively),

breast carcinoma cells preferentially migrated in the

direction of pericytes. After a few days, several breast

cancer cells were detected in the initially cell-free area

between tumor cells and pericytes and large breast can-

cer cell colonies were formed among pericytes. On the

other hand, only a few scattered mammary carcinoma

cells were observed in the direction of and among

endothelial cells (Fig. 2C). These results indicate that

pericytes might communicate with tumor cells through

secreted factors. Therefore, we conditioned culture med-

ium on brain pericytes to characterize in details its

effects on neoplastic cells.

3.2. Effects of pericytes on tumor cell adhesion

First, we seeded breast cancer and melanoma cells in con-

trol and pericyte-conditioned media and performed an

adhesion assay. As shown in Fig. 3A–D, both human

and mouse breast cancer and also melanoma cells

attached to the culture dish surface and elongated more

rapidly in pericyte-conditioned media, than in control

conditions. The difference between cells seeded in control

and conditioned media was very high and significant

(Fig. 3C,D). Next, prior to seeding of the tumor cells, we

pretreated the culture dishes with conditioned media of

brain pericytes, endothelial cells, or astrocytes and per-

formed an adhesion assay. Pericyte-conditioned medium

enhanced attachment of both breast cancer and mela-

noma cells more effectively than endothelial-derived med-

ium, while astrocyte-secreted factors had a more

pronounced effect on breast cancer cells and were less

effective on the adhesion of melanoma cells (Fig. 3E).

Adhesive substrate for the cells is provided by extra-

cellular matrix, for example, basement membrane pro-

teins. Therefore, we tested secretion of type IV

collagen and fibronectin, two major components of the

vascular basal lamina in the brain. According to our

data, pericytes—similar to astrocytes—secreted high

amounts of collagen type IV and fibronectin (Fig. 3F,

G). These results explain the prominent adhesion

enhancing effect of pericytes and astrocytes.

Cells attach to the extracellular matrix in focal adhe-

sions, which are regulated by FAK (focal adhesion

kinase), Src, and other signaling proteins [22]. Both

FAK and Src phosphorylation increased in breast can-

cer and melanoma cells seeded in pericyte-conditioned

media (Fig. S2A,B). In addition, PP2, a specific Src

inhibitor—but not the structurally related negative

control PP3—significantly reduced the adhesion-induc-

ing effect of pericyte-conditioned media (Fig. S2C–E).

3.3. Effects of pericytes on tumor cell

proliferation

As a next step, we aimed to understand how brain peri-

cytes influence tumor growth. Therefore, we performed a

tumor cell proliferation assay in the presence and

absence of factors released by pericytes. Four days after

plating, the number of breast cancer cells was substan-

tially higher in pericyte-conditioned than in control

media (Fig. 4A,B). This was clearly observed both in the

human and in the mouse model. On the other hand, mel-

anoma cells did not respond with increased proliferation

to the presence of pericyte-secreted factors (Fig. 4A and

Fig. S3A). In parallel, there was a significant increase in

the expression of cyclin D1 in human and mouse breast

cancer cells, but not in melanoma cells cultured in peri-

cyte-conditioned media (Fig. 4C,D).

Besides soluble factors, conditioned media may con-

tain EVs, like microvesicles and exosomes. In order to

distinguish between effects of EVs and soluble factors,

we prepared EV-depleted conditioned medium and

compared it with complete conditioned medium in a

proliferation assay. EV depletion did not influence the

proliferation-increasing effect of pericyte-conditioned

medium (Fig. 4E); therefore, soluble factors released

by pericytes are responsible for the observed phe-

nomenon.

Interestingly, breast cancer cells in the conditioned

media, although higher in number, appeared to have

fewer contact points with each other and became more

dissociated (Fig. 4F). In line with this, E-cadherin

expression decreased significantly in breast cancer cells

being exposed to pericyte-secreted factors (Fig. 4G,H).

3.4. Insulin-like growth factor expression in

cerebral pericytes

In order to identify which cerebral pericyte-secreted

factors might be involved in enhancing tumor cell

Molecular Oncology 14 (2020) 2040–2057 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

K. Moln�ar et al. Pericytes promote brain metastasis formation
 18780261, 2020, 9, D

ow
nloaded from

 https://febs.onlinelibrary.w
iley.com

/doi/10.1002/1878-0261.12752 by C
ochrane G

erm
any, W

iley O
nline Library on [05/04/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License87



Molecular Oncology 14 (2020) 2040–2057 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Pericytes promote brain metastasis formation K. Moln�ar et al.
 18780261, 2020, 9, D

ow
nloaded from

 https://febs.onlinelibrary.w
iley.com

/doi/10.1002/1878-0261.12752 by C
ochrane G

erm
any, W

iley O
nline Library on [05/04/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License88



proliferation, we first performed a database search. In

the http://betsholtzlab.org/VascularSingleCells/databa

se.html collection [23], we found Igf2 mRNA having

the highest expression in pericytes among cells of the

NVU. Igf2 mRNA expression level was 487.25 times

higher in pericytes than in endothelial cells, and 86.62

times more in pericytes vs. astrocytes in the mouse

brain (Fig. S3B). In our human and mouse pericytes,

not only Igf2, but Igf1 mRNA was also expressed

(Fig. 5A,B). More Igf2 than Igf1 mRNA was found

both in human and mouse pericytes; however, the

ratio was higher in human cells. Mouse astrocytes

expressed very low amounts of Igf1 and Igf2 mRNA,

while in HAs both Igf1 and Igf2 mRNA levels were

higher than in tumor cells, but still lower than in peri-

cytes.

These data were confirmed on the protein level using

ELISA. Human pericytes secreted more than

1000 pg�mL�1 IGF2 corresponding to almost 100 pg/

100 000 cells, while in astrocytes we detected signifi-

cantly less IGF2 (< 200 pg�mL�1, < 40 pg/100 000

cells) (Fig. 5C). IGF1 levels in both pericyte- and

astrocyte-conditioned media were below the detection

limit of 1.95 ng�mL�1. By using immunofluorescence,

we found both IGF1 and IGF2 to be expressed in

CD13-positive pericytes in the human brain (Fig. S3C,

D). IGF1 was also detected in a few CD13-negative

cells, probably astrocyte end-feet, while IGF2 was

mainly expressed in pericytes. In human TNBC brain

metastatic lesions, the expression of IGF1 and IGF2

was highly restricted to perivascular cells (Fig. 5D,E).

3.5. Role of brain pericyte-secreted IGFs in

proliferation of TNBC cells

By binding to the type 1 insulin-like growth factor

receptor (IGF1R), IGFs are involved in growth and

survival of both normal and neoplastic cells [24].

Therefore, we next tested whether pericyte-secreted

IGFs are responsible for the increased proliferation

rate of breast cancer cells. For this purpose, we used a

selective inhibitor of IGF1R, PPP, which efficiently

blocks IGF1R without inhibiting the insulin receptor,

and has low toxicity in rodents [25]. Addition of PPP

to pericyte-conditioned medium reduced its prolifera-

tion-inducing effect to almost control levels both in

human and mouse breast cancer cells (Fig. 6A,B).

In addition, we silenced Igf2 gene in pericytes, col-

lected conditioned media, and performed a prolifera-

tion assay (Fig. 6C). Igf2 silencing was very efficient,

and although slightly affected Igf1 mRNA expression

as well (Fig. 6D), it can be considered specific, due to

the much higher expression of IGF2 compared to

IGF1 in brain pericytes (Fig. 5). Proliferation rate of

breast cancer cells in conditioned media of Igf2-si-

lenced pericytes was similar to control cells, or cells

cultured in pericyte-conditioned media in the presence

of PPP (Fig. 6C).

In line with secreted IGF2 levels, astrocyte-condi-

tioned media had a much less pronounced effect on

proliferation of breast cancer cells and no effect on

melanoma cell division. PPP reversed the astrocyte-

conditioned medium-induced slight increase in breast

cancer cell proliferation (Fig. S4A,B).

In contrast to breast cancer cells, proliferation of

melanoma cells was not affected by PPP (Fig. S4C). In

order to understand the discrepancy between the effect

of pericyte-derived IGFs on breast cancer and mela-

noma cells, we analyzed receptor expression level of

the two cell types. Igf1R mRNA expression level was

similar in the two cell types; however, melanoma cells

expressed almost two times more Igf2R mRNA than

breast cancer cells (Fig. 6E). This is in line with data

from the Human Protein Atlas (https://www.proteina

tlas.org/ENSG00000197081-IGF2R/pathology), which

indicates a higher average mRNA and protein expres-

sion of IGF2R in melanoma than in breast cancer.

This might partly explain the resistance of melanoma

cells to IGFs, because IGF2R directs IGF2 to lyso-

somes to attenuate signaling [26].

Since PPP can cross the BBB [27], we next designed

an in vivo setup to test the role of IGFs in breast

Fig. 3. Role of pericyte-secreted factors in tumor cell adhesion. (A) Representative phase-contrast images of human breast cancer or

melanoma cells (MDA or A2058, respectively) attached to noncoated cell culture dishes in control or pericyte-conditioned media after

120 min (MDA) or 20 min (A2058). Scale bar = 100 µm. (B) Quantification of adhesion results shown in (A). N = 5, average � SD,

**P < 0.01 (ANOVA and Bonferroni’s post hoc test). (C) Representative phase-contrast images of mouse breast cancer or melanoma cell

adhesion (4T1 and B16 cells, respectively) 20 min after plating. Scale bar = 100 µm. (D) Quantification of adhesion results shown in (C).

N = 5, average � SD, **P < 0.01 (ANOVA and Bonferroni’s post hoc test). Insets in (A) and (C) show cells having typical round and

elongated morphology (upper and bottom panels, respectively) (2.5 times of magnification compared to whole pictures). (E) Adhesion of

MDA and A2058 cells in culture dishes pretreated for 24 h with conditioned media of D3, HBVP, or HA cells. N = 3, average � SD,

**P < 0.01 (all cells), ##P < 0.01 (elongated cells). Breast cancer cells: significant difference among all groups (ANOVA and Bonferroni’s

post hoc test). (F) Secretion of collagen type IV and fibronectin into culture media of brain and tumor cells (representative western blot

images). (G) Quantification of collagen type IV and fibronectin western blots. N = 3, average � SD (statistically not analyzed).
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cancer brain metastasis development. In order to test

metastatic cell proliferation in the brain parenchyma,

PPP was administered on days 5 and 6 after inocula-

tion of tumor cells (Fig. 7A), when majority of cells

have completed extravasation from cerebral capillaries

[16]. Our results clearly showed that PPP inhibited

proliferation of breast cancer cells in the brains of

mice (Fig. 7B,C). The brain area covered by tumor

cells became significantly, more than 2.5 times smaller

in animals treated with the IGF1R inhibitor (Fig. 7D).

4. Discussion

Implicated in extravasation of malignant cells through

the BBB and influencing their ability to survive and

proliferate in the cerebral environment, cells of the

NVU have been increasingly recognized as key players

in brain metastasis formation. Although interactions

between metastatic cells and CECs, astrocytes, or

microglia are relatively well characterized [6], our

knowledge about the role of pericytes is restricted to

indirect effects on tumor cells, including regulation of

blood–tumor barrier permeability [28] and secretion of

connective tissue proteins [21]. By remodeling the

perivascular niche [29], increasing angiogenesis [29],

and acquiring an immunosuppressive function [31,32],

pericytes have undisputed roles in promoting primary

brain tumors. Therefore, we hypothesized that peri-

cytes might facilitate progression of brain metastases

as well.

By using in vivo and in vitro techniques and human

samples, here we show and characterize direct interac-

tions of brain pericytes with metastatic cells. First,

others [20] and we have observed that pericytes remain

attached to the vessels and are retained in metastatic

lesions, while astrocytes are expelled to the border of

the tumor [16]. In addition, inside the tumor mass, we

found PDGFRb and CD13 double-positive, non-

perivascular pericyte-like cells, origin of which is

unknown. Second, we proved direct interaction

between tumor cells and pericytes in vitro as well, by

showing that breast cancer cells preferentially attach to

pericytes, avoiding free culture surfaces.

Our results point to a pronounced role of pericyte-

secreted soluble factors, having chemoattractant, adhe-

sion- and proliferation-enhancing effects mainly on tri-

ple-negative mammary carcinoma cells. We observed

that pericytes secrete proteins of the extracellular

matrix to enhance formation of tumor cell focal adhe-

sions. In the brain, interaction with the vascular base-

ment membrane is critical for the survival of

metastatic cells [33,34]. Embedded in the inner,

endothelial layer of the vascular basal lamina, peri-

cytes substantially contribute to the secretion of matrix

proteins [35], which might be particularly important in

metastatic tumors, which tend to detach astrocytes—
another major source of basal membrane proteins—
from co-opted vessels. This is in line with accumula-

tion of collagen secreted by perivascular cells observed

in papillary-type human brain metastases [21].

Besides enhancing adhesion to the substrate, peri-

cytes inhibit intercellular adhesions and expression of

E-cadherin, conferring breast cancer cells a migratory,

invasive phenotype, characteristic of cells undergoing

epithelial-to-mesenchymal transition (EMT) [36]. In

line with these results, pericytes have been shown to be

Fig. 4. Role of pericyte-secreted factors in tumor cell proliferation. (A, B) Representative phase-contrast images of tumor cells grown in

control or pericyte-conditioned medium for 4 days. Scale bars = 100 µm. (C) Cyclin D1 expression in tumor cells grown in control or

pericyte-conditioned medium for 4 days. (D) Quantification of cyclin D1 western blots. N = 3, average � SD, **P < 0.01 (ANOVA and

Bonferroni’s post hoc test). (E) Quantification of cell numbers of MDA cells grown in control, pericyte-conditioned, and EV-depleted media.

N = 4, average � SD, **P < 0.01 (ANOVA and Bonferroni’s post hoc test). (F) Representative high-magnification phase-contrast images of

MDA cells grown in control or pericyte-conditioned medium for 4 days. Scale bar = 100 µm. (G) E-cadherin expression in MDA cells grown

in control or pericyte-conditioned medium for 4 days. (H) Quantification of E-cadherin western blots. N = 3, average � SD, **P < 0.01

(Student’s t-test).

Fig. 5. Insulin-like growth factor expression in pericytes. (A, B) Igf1 and Igf2 mRNA expression in human and mouse brain and tumor cells,

as assessed by qPCR with GAPDH as housekeeping gene. Results are shown as fold change in comparison with Igf1 in pericytes. Inset in

(A) shows human Igf1 expression in a lower scale range. N = 3, average � SD (statistically not analyzed). (C) IGF2 secretion in human brain

pericytes and astrocytes, as assessed by ELISA. N = 3 pericytes, N = 2 astrocytes, average � SD, *P < 0.05, **P < 0.01 (Student’s t-test).

(D) Representative immunofluorescence staining showing co-localization of IGF1 and CD13 in human TNBC brain metastatic tissue. Scale

bar = 10 µm. (E) Representative immunofluorescence staining showing co-localization of IGF2 and CD13 in human TNBC brain metastatic

tissue. Scale bar = 10 µm.
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Fig. 6. Role of IGFs in breast cancer cell proliferation in vitro. (A) Quantification of MDA cell growth in control or pericyte-conditioned media

in the presence or absence of PPP. Cells were counted in phase-contrast micrographs. N = 5, average � SD, *P < 0.05 (ANOVA and

Bonferroni’s post hoc test). (B) Growth of 4T1 cells in control or pericyte-conditioned media in the presence or absence of PPP, as

assessed by impedance measurements. N = 4, average � SD, P < 0.001 (cells cultured in pericyte-conditioned media compared to control),

P < 0.05 (cells treated with PPP compared to control; cells cultured in pericyte-conditioned media and PPP compared to cells cultured in

pericyte-conditioned media) (two-way ANOVA with repeated measures and Tukey’s post hoc test). (C) Growth of MDA cells cultured in

control or pericyte-conditioned media in the presence or absence of PPP, or in conditioned media of Lipofectamine-treated or Igf2-silenced

pericytes. N = 5, average � SD, **P < 0.01 (compared to control), ##P < 0.01 (compared to cells cultured in pericyte-conditioned media)

(ANOVA and Bonferroni’s post hoc test). (D) Effect of Igf2 silencing on Igf2 and Igf1 mRNA expression in HBVP cells, as assessed by qPCR

with GAPDH as housekeeping gene. N = 3, average � SD, P < 0.05 (ANOVA and Bonferroni’s post hoc test). (E) Igf1R and Igf2R mRNA

expression in human tumor cells. Results are shown as fold change in comparison with Igf1R in breast cancer cells. N = 3, average � SD,

*P < 0.05 (ANOVA and Bonferroni’s post hoc test).
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major sources of EMT factors in glioma [37]. We have

also found that pericytes have a prompt effect on the

proliferation of TNBC, but not of melanoma cells.

Bioinformatics analysis, followed by experimental

approaches confirmed high expression of IGFs in peri-

cytes, contributing to breast cancer cell proliferation

in vitro and in vivo. Indeed, in addition to regulating

cell division, the IGF system has also been shown to

promote induction of the EMT phenotype in epithelial

tumors [38,39] and to play an important role in the

maintenance of cancer stem cells in breast cancer [40].

Insulin-like growth factor signaling has been impli-

cated in the growth and survival of both normal and

malignant cells. IGF1R expression and activity

increase in several tumor types, including breast cancer

[41], resulting in enhanced proliferation rate, meta-

static capacity, and resistance to chemotherapy [42].

Therefore, targeting of the IGF axis has been in the

focus of therapeutic approach developments in numer-

ous malignant diseases [43]. However, since many clini-

cal trials have failed and further studies have been

discontinued due to toxicity or low efficacy of the

tested compounds, identification of predictive

biomarkers is urged to define potentially responsive

patient subgroups. Nevertheless, brain metastatic dis-

ease has not been specifically investigated in IGF1-tar-

geting clinical trials, although inhibition of IGF1R has

been shown to reduce breast cancer brain metastasis

development in experimental models [44]. Moreover, a

clinical phase I study has been completed with PPP

(AXL1717) in patients with primary brain tumors,

showing that the drug was well tolerated and no major

side effects occurred [45].

5. Conclusions

Taken together, our results show that pericytes play

crucial role in the development of brain secondary

tumors by directly influencing key steps of metastatic

colonization of the CNS. Secretion of soluble factors,

including extracellular matrix proteins and growth fac-

tors, endows brain pericytes with significant pro-meta-

static features, especially in breast cancer. Therefore,

influencing pericyte functions might represent a future

Fig. 7. Role of IGFs in breast cancer cell proliferation in vivo. (A) Experimental design of studying the role of IGFs in TNBC proliferation in

the brains of mice. (B, C) Representative confocal micrographs of parietal brain sections of control FVB/Ant:TgCAG-yfp mice and animals

treated with PPP, 8 days after inoculation of 4T1-tdTomato cells. Red channel represents tumor cells (B). In (C), the same sections are

shown as in (B) in three channels: red, green (endothelium), and blue (nuclei) channels. Scale bar = 100 µm. (D) Quantification of tumor size

in control and PPP-treated mice. Tumor area is presented as percentage of brain area, as calculated from 17 brain sections of three animals/

treatment. Average � SEM, **P < 0.01 (two-way ANOVA without replication).
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therapeutic opportunity in brain metastatic disease.

This is in line with emerging approaches, which tend

to target the more stable tumor microenvironment in

addition to the very plastic cancer cells. Moreover,

our study underlines the importance of IGF axis inhi-

bition as a potential strategy in brain metastases, espe-

cially as there exists a compound (PPP/AXL1717)

with high selectivity on IGF1R that not only has low

toxicity, but is also BBB permeable. This is a great

advantage, since the BBB represents the highest obsta-

cle in the development of drugs targeting the CNS

[46].
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Abstract

Metastasis is one of the major obstacles for breast cancer patients. Limitations of

current models demand the development of custom platforms to predict metastatic

potential and homing choices of cancer cells. Here, two organ‐on‐chip platforms,

invasion/chemotaxis (IC‐chip) and extravasation (EX‐chip) were used for the quan-

titative assessment of invasion and extravasation towards specific tissues. Lung,

liver and breast microenvironments were simulated in the chips using tissue‐specific
cells embedded in matrigel. In the IC‐chip, invasive MDA‐MB‐231, but not non-

invasive MCF‐7 breast cancer cells invaded into lung and liver microenvironments.

In the EX‐chip, MDA‐MB‐231 cells extravasated more into the lung compared to the

liver and breast microenvironments. In addition, lung‐specific MDA‐MB‐231 clone

invaded and extravasated into the lung microenvironment more efficiently than the

bone‐specific clone. Both invasion/chemotaxis and extravasation results were in

agreement with published clinical data. Collectively, our results show that IC‐chip
and EX‐chip, simulating tissue‐specific microenvironments, can distinguish different

in vivo metastatic phenotypes, in vitro. Determination of tissue‐specific metastatic

potential of breast cancer cells is expected to improve diagnosis and help select the

ideal therapy.

K E YWORD S

breast cancer, extravasation, invasion, lab‐on‐a‐chip, metastasis

1 | INTRODUCTION

Metastasis is the main cause of breast cancer mortality among wo-

men. The latest statistics revealed that the 5‐year relative survival

rate for women with metastatic breast cancer is around 26%

between 1975 and 2017 (Howlader et al., 2020). Breast cancer

frequently metastasizes to bone, lung, liver and brain. Although the

molecular and histopathological subtypes of the tumor provide in-

formation on the metastasis risk and the target organs, there is no

diagnostic tool available that can accurately predict the risk and the

organ preference for an individual patient's tumor. The target organ

for metastasis is specified by both physiological architectures of the

circulatory system and molecular determinants. It was first hy-

pothesized by Stephan Paget in the 19th century that metastasizing

tumor cells grow preferentially in specific target organs in a similar

manner that a “seed” grows only in a suitable “soil” (Paget, 1889).

Since then, experimental evidence has been supporting the “seed and

soil” hypothesis by showing that molecular determinants on primary
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tumor and microenvironment of the target tissue are involved in the

establishment of metastasis patterns (Langley & Fidler, 2011). Thus,

a platform that integrates the information coming from tumor cells

and the target organs would provide a diagnostic tool that can es-

timate the likeness of metastasis for a given tumor cell population

towards specific environments.

The metastasis cascade is a complex phenomenon that includes

in series, invasion, migration, intravasation and extravasation. The

invasion process starts when cancer cells dissociate from their pri-

mary sites after losing cell‐cell adhesion capacity and invade the

surrounding stroma, while the extravasation process involves inter-

actions between cancer cells and endothelial cells, where cancer cells

pass through the endothelial layer into the target organ (Fares et al.,

2020). Here, we focus on invasion and extravasation steps of the

cascade to predict the metastatic potential of the cells towards dif-

ferent environments.

In vivo animal models have been used for the investigation of

the metastatic process. However, they do not match the clinical

progression, are costly, require months to reach results and are

limited in throughput (Kimura et al., 2018). The Boyden chamber

and transwell systems are the most favored in vitro platforms to

study invasion and extravasation due to their simplicity. However,

they use artificial barrier membranes that do not allow detailed

visualization of cellular behavior at multiple time points. On the

other hand, organ‐on‐chip (OoC) systems have low fabrication

costs, can generate results within days, allow 3D cell culture of

human cells, are compatible with various microscopy techniques

and thus are well suited for spatial and temporal quantitative data

analysis. OoC systems that can mimic the in vivo microenvironment

present great advantages for in vitro strategies and therefore they

have a huge potential to minimize animal testing in the preclinical

research area (Rodrigues et al., 2020; Soscia et al., 2017; Wu

et al., 2020).

In vitro OoC models were developed to investigate different

factors involved in metastasis such as intravasation (Shirure et al.,

2018; Song et al., 2009; Truong et al., 2016), angiogenesis (Bi et al.,

2020; Shirure et al., 2018; Vickerman & Kamm, 2012) the interac-

tion between tumor cells and endothelial cells with stromal cells

and immune cells (Bi et al., 2020; Boussommier‐Calleja et al., 2019;

Zervantonakis et al., 2012), the interstitial flow (Polacheck et al.,

2011), matrix stiffness (Pathak & Kumar, 2012), and extravasation

(Bersini et al., 2014; Boussommier‐Calleja et al., 2019; Chen,

Whisler, et al. (2017); Jeon et al., 2015). Target tissues such as bone

(Bersini et al., 2014) and lung (Bi et al., 2020; Boussommier‐Calleja
et al., 2019; Shirure et al., 2018) were modelled in some of OoC

models. However, assessment of tissue‐specific invasion and ex-

travasation in the context of the homing choices of cancer cells has

been lacking. Here, two OoC platforms, invasion/chemotaxis

(IC‐chip) and extravasation (EX‐chip) were used for the quantitative

and comparative assessment of invasion and extravasation into

microenvironments simulating specific tissues relevant to the

breast cancer metastasis.

2 | MATERIALS AND METHODS

2.1 | Lab‐on‐a‐chip fabrication

Invasion‐chemotaxis and extravasation lab‐on‐a‐chip platforms

(IC‐chip and EX‐chip) (Figure S1, Supporting Information) were either

provided by Initio Biomedical Engineering (Turkey) or fabricated by soft

lithography as previously described (Ozdil et al., 2014). Briefly, SU‐8
polymer was spin‐coated on a silicon wafer. The design of the chip was

exposed through a mask to UV light. After removing the uncrosslinked

SU8 polymer using the developer solution, molds were ready for poly-

dimethylsiloxane (PDMS) casting. After PDMS polymerization, inlet and

outlet holes were punched with biopsy punches. The PDMS parts were

cleaned and bonded to clean microscope slides after treatment in UV/

Ozone cleaner (Bioforce Nanosciences). The chips were sterilized with

UV light in a laminar hood for 15min before use. The dimensions of IC‐
chip: the homing matrix channel (HMC) 3mm width × 12mm length ×

200 μm height and medium channels (MC1/MC2) 3mm width ×

12mm length × 200 μm height; EX‐chip: the HMC 3mm width × 15mm

length × 200 μm height, endothelial monolayer channel (EMC) 3mm

width × 20mm length × 200 μm height and medium channel (MC)

3mm width × 10mm length × 200 μm height.

2.2 | Chip surface modification

IC‐chips were used without any surface modifications. EX‐chips were

first coated with either poly‐L‐lysine (PLL, P8920; Sigma‐Aldrich) or
3‐aminopropyltriethoxysilane (APTES, A3648; Sigma‐Aldrich). EX‐
chips were incubated with PLL (0.01mgml−1) in ultra‐pure water at

37°C in a 5% CO2 incubator overnight. The following day, EX‐chips
were washed with ultra‐pure water three times and then kept at

80°C for 24 h to reduce hydrophobicity of the surface. For APTES

modification of surfaces, APTES (2%) dissolved in acetone was loa-

ded into the channels of EX‐chips and incubated for 15min in lami-

nar flow cabin. Then EX‐chips were washed with first PBS once and

then ultra‐pure autoclaved H2O three times. At this step, EX‐chips
were ready to be coated with extracellular matrix proteins: laminin

(LAM), type I collagen (COL) or FN. LAM (0.0125mgml−1, L2020;

Sigma‐Aldrich) and FN (0.0125mgml−1, F2006, Sigma‐Aldrich) were

prepared in 1X Universal Buffer (UB), while COL (0.0125mgml−1,

354249; Corning) was diluted in serum‐free DMEM (Biological In-

dustries; 01‐055‐1A). Each protein solution was loaded into EX‐chips
and they were incubated at 37°C in a 5% CO2 incubator for 1 h.

LAM‐ and FN‐coated EX‐chips were washed first with PBS once and

then with ultra‐pure autoclaved H2O three times. COL‐coated
EX‐chips were washed first with serum‐free DMEM and then ultra‐
pure autoclaved H2O for three times. Any remaining H2O was

aspirated by vacuum. EX‐chips were stored in vacuum desiccators at

least one day before use in experiments. APTES‐LAM‐coated
EX‐chips were used in all extravasation assays (Figure S1b,

Supporting Information).

FIRATLIGIL‐YILDIRIR ET AL.
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2.3 | Cell lines

Human breast cancer cell lines (MDA‐MB‐231 and MCF‐7), human

normal mammary epithelial cell line (MCF‐10A), human normal lung

fibroblast cell line (WI‐38), rat normal liver cell line (BRL‐3A), and hu-

man umbilical vein endothelial cell line (HUVEC‐C) were obtained from

ATCC. Organ‐specific metastatic clones of MDA‐MB‐231, MDA‐MB‐
231 LM2 andMDA‐MB‐231 1833‐BoMwere described previously (Bos

et al., 2009; Kang et al., 2005; Minn et al., 2005) and were gifts from the

Joan Massagué Lab in Memorial Sloan Kettering Cancer Center. MDA‐
MB‐231, its derivatives and MCF‐7 were cultured in DMEM high glu-

cose (11965092; Gibco) with fetal bovine serum (FBS, 10%)

(A3840001; Gibco) and penicillin/streptomycin (15070063; Gibco; 1%);

MCF‐10A was cultured in DMEM‐F12 high glucose (11330057; Gibco)

with Horse Serum (04‐004‐1A; Biological Industries; 5%), Insulin (I9278;

Sigma; 10 μgml−1), Cholera Toxin (C8052; Sigma; 100 ngml−1), EGF

(E9644; Sigma; 20 ngml−1), Hydrocortisone (H0888; Sigma; 0.5 μgml−1)

and penicillin/streptomycin (1%). WI‐38 and BRL‐3A were cultured in

high glucose MEM‐α (01‐042‐1A; Biological Industries) with FBS (10%)

and penicillin/streptomycin (1%). HUVEC‐C cell line was cultured in

DMEM‐F12K high glucose (01‐095‐1A, Biological Industries) with FBS

(10%), heparin (H3393; Sigma; 0.1mgml−1), endothelial cell growth

supplement (EGCS, 0.05mgml−1) (354006; Sigma) and penicillin/

streptomycin (1%). All cell lines were cultured at 37°C in a humidified

incubator with 5% CO2.

2.4 | Labelling of cell lines

MDA‐MB‐231, metastatic clones of MDA‐MB‐231 (LM2 and 1833‐
BoM) and MCF‐7 cancer cell lines were stably labelled with a red

fluorescent protein (DsRed). MSCV retroviruses expressing both

DsRed and puromycin resistance genes were used for infection. The

preparation of viruses and infection of cells were performed as de-

scribed previously (Yalcin‐Ozuysal et al., 2010; Zengin et al., 2015).

48 h after infection, the antibiotic selection was carried out with

puromycin (2 µgml−1) until all of the uninfected cells died. Transient

labelling of HUVEC‐C cells was performed by Green Cell Tracker

CMFDA (C2925; Invitrogen). The dye was dissolved in dimethyl

sulfoxide to obtain stock solution (25mM) which was then diluted

with serum‐free DMEM‐F12K media to get working concentration

(5 µM). Cells were washed with warm PBS once, and then tracker

(5 µM) was added over the cells. After 30min of incubation at 37°C,

the media was removed, cells were washed with PBS once and then

complete HUVEC‐C growth media was added. Labelling was per-

formed 30min before the experimental set‐up.

2.5 | Invasion assay

IC‐chips were used for invasion assays (Figure S1a). For cell‐free
assays, growth factor reduced matrigel (GFR‐matrigel, 8 mgml−1)

(354230; Corning) was diluted in 1:1 ratio with pre‐cooled serum‐

free media and loaded into the HMC of the chips. Then, chips were

incubated for polymerization at 37°C in a humidified incubator with

5% CO2 for 30min. After polymerization of GFR‐matrigel, either

serum‐free or serum‐containing media was loaded into the media

channels 1 and 2 (MC1, MC2) and chips were incubated overnight.

The following day, media in MC1 and MC2 were removed, channels

were washed with serum‐free media twice. Then serum‐free (0%) or

serum‐containing media (10%) was added to MC2 of the chip

for the relevant conditions. DsRed labelled MDA‐MB‐231 cells

(1 × 106 cells ml−1) resuspended in serum‐free media were added to

MC1. The chips were incubated vertically for 3 days.

To analyze the effects of serum on invasion towards liver mi-

croenvironment, BRL‐3A normal liver cells (1 × 107 cells ml−1) with

GFR‐matrigel were loaded to HMC of the IC‐chips as explained

above. Then, chips were incubated overnight with culture media with

(2% or 10%) or without (0%) serum at both MC1 and MC2 channels.

The following day, MC2 was loaded with serum‐free media after

washing the channel with serum‐free media twice. DsRed labelled

MDA‐MB‐231 cells (1 × 106 cells ml−1) in serum‐free media, were

added to the MC1 and incubated vertically for 3 days.

To analyze invasion towards specific tissues, lung, liver and

breast microenvironments were modelled by tissue‐specific normal

cell lines WI‐38, BRL‐3A and MCF‐10A, respectively. Two different

cell densities (2.5 × 106 and 5 × 106 cells ml−1 for WI38; 1 × 107 and

2 × 107 cells ml−1 for BRL3A) were tested for gene expression of

factors involved in chemoattraction (CCL5, CXCL12, and IGF1)

( Supporting Information). The cell density that provided higher cy-

tokine expression levels was used for modeling the specific homing

tissues. (Figure S2a and S2b, Supporting Information). MCF10A cells

did not express any of the cytokines and they were seeded at a

similar density to WI‐38 cells. The cells seeded at the determined cell

density organized into 3D structures in GFR‐matrigel (Figure S2c,

Supporting Information). Each cell line (BRL‐3A: 1 × 107 cells ml−1,

WI‐38: 5 × 106 cells ml−1, MCF‐10A: 4,4 × 106 cells ml−1) was mixed

with GFR‐matrigel and loaded into the HMC of the IC‐chips. The
chips were incubated overnight with serum‐free media in MC1 and

MC2. The following day, media in MC2 was changed with fresh

serum‐free media. MDA‐MB‐231 or MCF‐7 cells (1 × 106 cells ml−1)

were seeded to MC1 in serum‐free media. Chips were incubated

vertically for 3 days. The invasion was visualized every 24 h by 3D

imaging using a Leica SP8 confocal microscope.

2.6 | Analysis of invasion

Z‐stack images of post‐gaps of IC‐chips were acquired each day with

a × 10 objective and a z‐step size of 7.52 µm. The analysis of the

acquired images was performed by Python programming and R

Studio as previously explained (Ilhan et al., 2020). Briefly, the sum

projection of z‐stacks was thresholded and the distance of each

bright pixel to the starting line of the invasion was calculated. The

invasion capacity of the cells was determined through normalization

of data sets to Day 1.
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2.7 | Endothelial monolayer formation

HUVEC‐C cells labelled with Green Cell Tracker CMFDA were col-

lected from culture dishes following Trypsin EDTA Solution A (0.25%,

03‐050‐1B; Biological Industries) treatment for 5min. After cen-

trifugation, they were resuspended in 450–650 kDa dextran (8%,

31392; Sigma‐Aldrich) in HUVEC‐C media. The HUVEC‐C cells

(3.85 × 106 ml−1) were loaded to EMC of APTES‐LAM‐coated EX‐
chips. EX‐chips were incubated vertically at 37°C in a humidified

incubator with 5% CO2 overnight. Endothelial monolayer formation

was confirmed by 3D imaging using a Leica SP8 confocal microscope

with a × 10 objective and a z‐step size of 7.52 µm.

2.8 | Actin staining for endothelial monolayer

Actin staining was performed to confirm the physical integrity of the

endothelial cell monolayer. Cell‐free GFR‐matrigel (1:1 GFR‐matrigel

in serum‐free media) was loaded to the HMC of the EX‐chips. Fol-
lowing polymerization of matrigel, HUVEC‐C cells were seeded to

the EMC, culture media was loaded into the MC and chips were

incubated overnight at 37°C in a humidified incubator with 5% CO2.

The following day, media within EMC and MC was removed and

paraformaldehyde (4%) was added to fix the sample. Then, the chip

was incubated overnight at +4°C. The following day, the EMC and

MC were washed with PBS ( × 1) three times. Permeabilization so-

lution (5% BSA and 0.1% Triton‐X‐100 in PBS buffer) was loaded to

the EMC and MC and incubated at room temperature (RT) for

15min. Then, the EMC and MC were washed with PBS ( × 1) three

times. Phalloidin (1:40, Alexa Fluor™ 647) (A22287; Invitrogen) for

actin‐filament staining and 4′,6‐diamidino‐2‐phenylindole (DAPI;

1:500) for nuclei staining diluted in PBS were loaded to the EMC and

MC and the chip was incubated for one hour at RT in the dark. Finally,

the EMC and MC were washed with PBS and then filled with anti‐
fading mounting media (90% glycerol, 10% PBS × 10, 0.1M or 2%

(w/v) n‐propyl gallate). The chip was kept at +4°C. The next day, images

were acquired by a Leica SP8 confocal microscope (Figure 4c).

2.9 | Endothelial monolayer permeability assay

Fluorescently labelled 70‐kDa dextran TR (D1830, Texas Red, neu-

tral, Thermo Fisher Scientific) (final concentration 0.1mgml−1) was

used for the measurement of endothelial monolayer permeability as

described previously (van Duinen et al., 2017). 70‐kDa dextran TR in

PBS was loaded into the EMC. The chip was imaged using a Leica SP8

confocal microscope with × 10 objective. Images were captured

every 10min for up to 2 h. Images were then processed with ImageJ/

Fiji and numerical analysis was performed using Excel. Fluorescence

signal intensities were measured for the regions of interest drawn in

the EMC and the HMC along the post gaps. Permeability (P) was

calculated according to P = [d(IHMC/IEMC)/dt]*Vgel*1/A where IHMC

and IEMC are the fluorescence intensities in the HMC and EMC,

respectively; Vgel is the volume of the gel (10mm3), A is the surface

area of the post gap (0.06mm2).

2.10 | Extravasation assay

EX‐chips were used for extravasation assays (Figure S1b). The same

protocols for environment generation in the invasion assay and en-

dothelial monolayer formation were followed as explained above.

Once the monolayer was formed by HUVEC‐C cells, DsRed labelled

MDA‐MB‐231 cells (1 × 106 cells ml−1) were seeded to the EMC in

serum‐free media for each condition (lung, liver and breast micro-

environments) and the chips were incubated vertically for 3 days.

The integrity of endothelial monolayer was confirmed by confocal

microscopy immediately after addition of MDA‐MB‐231 cells. The

extravasation of MDA‐MB‐231 cells to the generated lung, liver and

breast microenvironments was visualized by 3D imaging using a

Leica SP8 confocal microscope at × 10 magnification and a z‐step
size of 7.52 µm for 3 days.

2.11 | Analysis of extravasation

Z‐stack images of post gaps of EX‐chips were acquired each day with

a 10X objective and a z‐step size of 7.52 µm. The integrity of en-

dothelial layer covering the post‐gaps was confirmed by green signal

for each time point. Cancer cells were marked as “extravasated” if

they passed through the endothelial monolayer, or “associated” if

they kept in contact with the endothelial monolayer. The efficiency

of the EX‐chips was quantified by the extravasation metric (EM),

defined as the ratio of the number of post gaps with one or more

extravasated cells to the total number of post gaps. If extravasation

is observed in all ROIs, the EM will be 1. The χ2 (Chi‐squared) test
was used for the statistical analysis of the EM.

2.12 | Statistical analysis

For each quantification, at least 3 post‐gaps were analyzed. The

number of post‐gaps were indicated as “n” in the figure legends.

Results are reported mean ± SEM unless otherwise noted. Student's

t test was used for statistical analysis unless otherwise noted.

A p‐value of <.05 was considered significant.

3 | RESULTS

3.1 | Effect of serum on the invasion/chemotaxis
of breast cancer cells in the presence and absence of
homing cells

Invasion/chemotaxis and extravasation are two crucial steps in

cancer metastasis. The factors secreted from stromal cells
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residing within target tissue microenvironments play important

roles in directing tumor cells towards specific target sites (Fares

et al., 2020; Guo & Deng, 2018; Roussos et al., 2011). To in-

vestigate tissue‐specific invasion/chemotaxis and extravasation,

two different OoC devices were used (Figure S1, Supporting

Information). The invasion/chemotaxis chip (IC‐chip) comprised

three channels: MC1, HMC, and MC2. The IC‐chip was symmetric

along the long axis of HMC so that a gradient of factors in the

MC2 can be realized across the HMC from MC2 to MC1. The

procedure for the invasion assay on the IC‐chip is shown in

Figure S1a. Here, cells loaded into the MC1 were expected to

show invasion and chemotaxis in response to the microenviron-

ment in the HMC and/or the contents of the MC2.

The extravasation‐chip (EX‐chip) also comprised three channels:

endothelial monolayer channel (EMC), HMC, MC. However, the EMC

and the MC were not mirror images of each other as was the case for

the MC1 and MC2 of the IC‐chip. The EMC was a narrow channel

designed to hold endothelial cells and intended to mimic a blood

vessel. The procedure for the extravasation assay using the EX‐chip
is shown in Figure S1b. Here, cells loaded into the EMC after the

formation of an intact endothelial monolayer were expected to show

extravasation through the endothelial cells in response to the mi-

croenvironment in the HMC. In both the IC‐chip and the EX‐chip, the
HMC was used to mimic the microenvironments of lung, liver or

breast tissue, making it possible to assess tissue‐specific invasion/

chemotaxis and extravasation.

First, IC‐chips with cell‐free growth factor reduced (GFR)‐
matrigel in the HMC were used to examine invasion/chemotaxis of

MDA‐MB‐231 cells using confocal fluorescence microscopy for

3 days (Figure 1a,b). Quantitative analysis of fluorescence images

showed that invasion/chemotaxis increased from Day 1 to Day 3 for

both 10% FBS (fetal bovine serum) and FBS‐free conditions,

F IGURE 1 Effect of serum on the invasion/chemotaxis of breast cancer cells in the presence and absence of homing cells. (a) Schematic
representation of the invasion data, where homing channel (HMC) is loaded with growth factor reduced (GFR)‐matrigel including homing cells
or not and medium channel (MC1) is loaded with MDA‐MB‐231 cells; scale bar = 5 mm. Representative Z‐stack projection images showing
invasion/chemotaxis of MDA‐MB‐231 cells (red) towards (b) cell‐free GFR‐matrigel in the absence or presence fetal bovine serum (FBS), and
(e) liver cell‐laden GFR‐matrigel in the presence of 0%, 2%, and 10% FBS; scale bar = 200 μm. (c and f) Distribution of migration distances
normalized to Day 1. (d and g) Mean and median values of normalized distance distributions. Data were normalized to Day 1 (n = 3). The dashed
lines in (b) and (e) correspond to the starting line of invasion/chemotaxis
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consistent with the invasive phenotype of triple‐negative MDA‐MB‐
231 cells (Figure 1c). However, MDA‐MB‐231 cells showed 2.7 fold

more invasion/chemotaxis towards FBS (10%) containing media than

towards FBS free medium (p < .05), as expected (Figure 1d). A sig-

nificant increase was detected in both the mean and the median

distances invaded by the cells in 10% FBS condition compared to the

FBS‐free condition (Figure 1d). These results showed that the IC‐chip
can be used to quantitatively assay the invasion/chemotaxis pheno-

type of cells.

To optimize the invasion/chemotaxis assay towards different

tissue microenvironments, the effect of serum in the presence of

homing cells was tested. BRL‐3A liver cells were resuspended in

serum‐free media, mixed with GFR‐matrigel and loaded into the

HMC. Medium (0%, 2% or 10% FBS) was added into the MC2. In-

vasion of MDA‐MB‐231 cells loaded into the MC1 towards the

HMC was examined (Figure 1e). Quantitative image analysis

showed that for all the three different FBS concentrations in the

MC2, the invasion of MDA‐MB‐231 cells increased from Day 1 to

Day 3 (Figure 1f). In addition, there were no significant differences

in the invasion of MDA‐MB‐231 cells with 0%, 2% or 10% FBS

containing medium in the MC2 when liver cells were present in the

HMC (Figure 1g).

Therefore, the presence of homing cells such as BRL‐3A was

sufficient to induce invasion/chemotaxis of MDA‐MB‐231 cells.

Consequently, serum‐free media was used in the MC2 for all invasion

experiments with cell‐laden GFR‐matrigel in the HMC. Altogether

these results demonstrated that the IC‐chip provided a robust plat-

form for invasion/chemotaxis assays in the presence or absence of

target tissue cells.

3.2 | Invasion/chemotaxis of breast cancer cells
into the lung, liver and breast microenvironments

To distinguish invasion/chemotaxis to different tissues, WI‐38, BRL‐
3A and MCF‐10A cell‐laden GFR‐matrigel was used in the HMC of

the IC‐chips to simulate the lung, liver and breast microenviron-

ments, respectively. The distance MDA‐MB‐231 cells invaded to-

wards all the three (lung, liver and breast) microenvironments

increased from Day 1 to Day 3 as expected due to the known me-

tastatic phenotype of these cells (Figures 2a,b). However, the inva-

sion of MDA‐MB‐231 cells to the lung and liver microenvironments

was significantly 2.4 and 2.1 fold higher than that to the breast mi-

croenvironment, respectively (Figure 2c and Table S1, Supporting

Information). MCF‐7 cells did not significantly invade towards lung,

liver or breast environments up to Day 3, as expected due to the

known non‐metastatic phenotype of these cells, having no pre-

ference for different homing tissues (Figures 2d–f). These data

showing that MDA‐MB‐231 cells had a higher preference of invasion

to the lung and liver microenvironments than the breast micro-

environment are in agreement with published clinical data for

homing choices of breast cancer (M.‐T. Chen, Sun, et al., 2017; Wang

et al., 2019).

3.3 | Invasion/chemotaxis of lung‐specific and
bone‐specific metastatic breast cancer cells into the
lung microenvironment

Lungs are the most common sites of breast cancer metastasis (Jin

et al., 2018). Therefore, we examined the invasion/chemotaxis of

organ‐specific metastatic clones of MDA‐MB‐231 cells for lung

(MDA‐MB‐231 LM2) and bone (MDA‐MB‐231 1833‐BoM) (Bos

et al., 2009; Kang et al., 2005; Minn et al., 2005) towards the lung

microenvironment in the IC‐chip. Parental and lung‐specific (LM2)

MDA‐MB‐231 cells invaded the lung microenvironment remarkably

well, while bone‐specific (BoM 1833) cells moved marginally to-

wards HMC (Figure 3a,b). The distance invaded by parental and

lung‐specific cells were 16‐ and 12‐fold higher than that by the

bone‐specific cells, respectively (Figure 3c and Table S1, Supporting

Information). Taken together, these data showed that the IC‐chip
simulating different tissue microenvironments can successfully and

quantitatively demonstrate invasion/chemotaxis and homing choi-

ces of breast cancer cells with different in vivo metastatic site

preferences.

3.4 | Generation of an intact endothelial
monolayer

The interior surfaces of EX‐chips were chemically and bio-

chemically modified to ensure the attachment of endothelial cells

for the generation of an intact monolayer. Here, 3‐aminopropyl

triethoxysilane (APTES) and poly‐L‐lysine solution (PLL) were

tested for their ability to promote FN coating. Both APTES and

PLL supported FN coating and thus efficient endothelial cell

monolayer formation. (Figure S3b, Supporting Information).

APTES coating was preferred due to the shorter application time.

To enhance formation of an intact endothelial monolayer, laminin

(LAM), collagen type I (COL), and FN were tested on APTES pre‐
coated interior PDMS surfaces of EX‐chips. LAM‐coated surfaces

provided the most appropriate surfaces for the attachment of

endothelial cells that covered a larger area (Figures 4a,b).

In addition, when endothelial cells were loaded into EMC, they

tend to form clusters. Thus, dextran was used in the cell re-

suspension medium to inhibit cluster formation and ensure a

homogeneous distribution of endothelial cells in the EMC

(Figure S3a, Supporting Information) (Myers et al., 2012). Intact

endothelial monolayer formation was confirmed by staining the

cytoskeleton of endothelial cells, specifically, actin filaments

(Figure 4c). Fluorescence signal coming from Green Cell Tracker

labelled HUVEC‐C cells was sparse. However, actin staining

confirmed the confluence of the endothelial monolayer. These

results suggested that the green signal obtained by transient

labelling of cells by the Green Cell Tracker might not reflect the

extent of HUVEC‐C coverage on the surface. Intact endothelial

monolayer formation was further demonstrated by measuring

diffusion of fluorescent 70‐kDa dextran from the EMC to the
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HMC in the presence and absence of endothelial cells

(Figure 4d,e). Permeability calculations showed that presence of

an endothelial monolayer significantly reduced diffusion of

fluorescent 70 kDa dextran from 3.12 ± 0.63 × 10−5 to 0.88 ± 0.1

× 10−5 cm s−1 (Figure 4f), in agreement with the previous studies

(Frost et al., 2019; Jeon et al., 2013; van Duinen et al., 2017;

Zervantonakis et al., 2012). Taken together, these results

demonstrated that an intact endothelial monolayer with low

permeability can be realized in EX‐chips.

3.5 | Extravasation of metastatic breast cancer
cells into the lung, liver and breast
microenvironments

To distinguish extravasation and homing choices of breast cancer

cells, the lung, liver and breast microenvironments were generated in

the HMC, while an intact endothelial monolayer was realized in the

EMC of the EX‐chip. Extravasation was comparatively and

quantitatively determined (Figures 5a,b,d). The efficiency of the EX‐
chips was quantified by the EM. The EM for the lung, liver and breast

microenvironments were 0.89, 1 and 0.89, respectively, with no

statistically significant differences between different microenviron-

ments, showing that extravasation events were observed in almost

all post gaps independent from the homing microenvironment.

Cancer cells that passed through the endothelial layer were con-

sidered as extravasated, while cells that were detected within the

endothelial layer were considered as associated. The number of

extravasated cells were the highest in the lung, less in the liver and

the lowest in the breast microenvironments. (Figure 5d and Table S1,

Supporting Information). Numbers of MDA‐MB‐231 cells that re-

mained associated with the endothelial monolayer were highest

when the HMC contained the breast microenvironment (Figure 5d

and Table S1, Supporting Information). Furthermore, the number of

extravasated lung‐specific MDA‐MB‐231 cells (LM2) were sig-

nificantly higher than that of bone‐specific (BoM 1833) cells towards

lung microenvironment, while associated cell numbers were similar

(Figure 5c,e and Table S1, Supporting Information). Taken together,

F IGURE 2 Invasion/chemotaxis of breast cancer cells into the lung, liver and breast microenvironments. Representative Z‐stack projection
images showing invasion/chemotaxis of (a) MDA‐MB‐231 cells (red) and (d) MCF7 cells (red) to the lung, liver and breast microenvironments.
(b and e) Distribution of migration distances normalized to Day 1. (c and f) Mean and median values of normalized distance distributions.
Data were normalized to Day 1; n = 6. The dashed lines in (a) and (b) correspond to the starting line of invasion/chemotaxis. Scale bar = 200 μm
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these results showed that the EX‐chip can demonstrate and quantify

homing choices of the extravasating breast cancer cells.

4 | DISCUSSION

Microfluidic platforms such as OoC systems are promising tools

expected to reduce and complement not only animal studies but also

clinical trials (Peck et al., 2020; van Den Berg et al., 2019). Therefore,

it is vital to develop OoC systems that can comparatively and

quantitatively assess metastatic potential and homing choices of

cancer cells. Here, we introduced two novel OoC systems that enable

the visualization and quantification of tissue‐specific breast cancer

invasion/chemotaxis and extravasation. We generated lung, liver and

breast microenvironments that simulate the well‐known homing

tissues for metastatic breast cancer cells and quantitatively dis-

tinguished the invasion/chemotaxis and extravasation phenotypes of

different breast cancer cell lines.

Several OoC platforms using normal human lung fibroblasts were

developed to model lung microenvironment and assessed intravasa-

tion, extravasation, angiogenesis, drug response and proliferation of

cancer cells (Bi et al., 2020; Boussommier‐Calleja et al., 2019; Shirure

et al., 2018). These microenvironments included microvascular net-

works formed by HUVEC or cord blood‐derived endothelial cells,

which allowed trapping of cancer cells and physiological delivery of

nutrients or drugs. Similar to a previous study that modeled bone

microenvironment to assess extravasation (Bersini et al., 2014), we

generated an endothelial monolayer separating cancer cells from the

homing cells, where physical limitations of the capillary network are

not present. The OoC platforms we used in this study reduced cost

and time while increasing reproducibility. More importantly, our ap-

proach enabled quantitative differentiation of homing choices of

breast cancer cells.

Currently, the OoC plattforms we present are limited by the

choice of normal cell lines that can represent specific tissues. Al-

though, the rat liver‐derived cell line, BRL3A, attracted human breast

cancer cells, we cannot exclude the possibility that human liver‐
derived cells might provide a more compatible environment for the

invasion and extravasation of human cancer cells. MCF10A cells

were selected to represent normal breast tissue due to their ability

to form polarized acini in 3D basement membrane cultures (Debnath

et al., 2003). It should be noted that MCF10A cells might develop a

better environment for cancer cell attraction if supported by normal

or cancer‐associated fibroblasts. However, the current choice of cell

lines provided the advantage of culturing with simple DMEM med-

ium without addition of any specific growth factors to maintain the

system. This allowed the IC‐ and EX‐Chips to assess the effects of

different homing cells independent of the medium components.

Nevertheless, including different tissue components such as epithe-

lial cells, fibroblasts, adipocytes, and immune cells should be further

investigated to improve the microenvironment model.

Triple‐negative breast cancer preferentially metastasizes to the

lung and liver (Al‐Mahmood et al., 2018; Chu et al., 2014). Consistent

with published clinical data, invasion/chemotaxis results here

showed that MDA‐MB‐231 cells, which are the triple‐negative sub-

type, preferred lung and liver microenvironments over the breast

F IGURE 3 Invasion/chemotaxis of lung‐ and bone‐specific metastatic breast cancer cells into the lung microenvironment. (a) Representative
Z‐stack projection images showing invasion/chemotaxis of parental, LM2 (lung‐specific) and BoM 1833 (bone‐specific) MDA‐MB‐231 cells (red)
to the lung microenvironment generated by WI‐38 cell line (dashed line corresponds to the starting line for invasion; scale bar = 200 μm).
(b) The distance of each bright pixel to the starting line (dashed) was calculated after thresholding of Z‐stack images. The data normalized to day
1 were plotted (n = 3). (c) Mean and median values of normalized distance distributions were plotted for Days 1 and 3 (n = 3)
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microenvironment. What is more, the lung metastatic subclone

MDA‐MB‐231 LM2, showed invasion/chemotaxis preferentially to

the lung microenvironment, consistent with previous in vivo studies

(Minn et al., 2005). Parental MDA‐MB‐231 cells also showed a si-

milar trend suggesting that the lung‐specific metastatic cells could be

more populated in the parental MDA‐MB‐231 cell line. Taken to-

gether, these results highlight the ability of the IC‐chip to quantita-

tively determine the invasion/chemotaxis potential of cancer cells

towards different target sites and to distinguish between cancer cells

with different in vivo metastatic behaviors.

The generation of an intact endothelial monolayer allows mimicking

the blood vessel interface (Shenoy & Lu, 2016). However, the hydro-

phobic nature of cured PDMS require surface modifications such as

APTES and PLL coatings (Leivo et al., 2017). To optimize the formation of

an intact endothelial monolayer, laminin, which is a component of the

basement membrane, collagen type I, which is abundant in connective

tissue and FN, a common extracellular matrix protein, were tested on the

APTES pre‐coated interior PDMS surfaces of EX‐chips. Among the three

different proteins, laminin promoted endothelial cell adhesion most. This

is probably because endothelial cells in vivo exist on a basement mem-

brane, of which laminin is a marked component.

The permeability values for in vitro networks of endothelial cells or

in vivo conditions (Dreher et al., 2006; Shirure et al., 2018; Sobrino et al.,

2016; Yuan et al., 2009) are one or two orders of magnitude lower than

those calculated for the EX‐chips in this study which are yet in agreement

with previous studies using an endothelial monolayer for the extra-

vasation interface (Frost et al., 2019; Jeon et al., 2013; van Duinen et al.,

2017; Zervantonakis et al., 2012). The difference between the nature of

F IGURE 4 Generation of an intact endothelial monolayer. (a) Schematic of 3D Ex‐chip with different views defined as Top, Side1 and Side 2.
(b) Representative 3D images showing endothelial cells (green) on fibronectin (FN), collagen type I (COL), and laminin (LAM)‐coated surfaces.
The post gaps are marked with two‐sided arrows in different views; scale bar = 200 μm. (c) Confocal images showing actin (phalloidin),
nuclei (4′,6‐diamidino‐2‐phenylindole [DAPI]), human umbilical vein endothelial cell line (HUVEC‐C) (cell tracker) in red, blue, and green,
respectively, from different views in APTES‐LAM‐coated EX‐chip; scale bar = 200 μm. (d) Representative images of post‐gap regions in 70 kDa
fluorescent dextran (red) loaded chips in the absence (top panel) and the presence (bottom panel) of an endothelial monolayer (green); scale
bar = 500 μm. (e) Normalized fluorescent intensity profiles along the dashed lines. HUVEC‐C signal (green), dextran signal in the absence
(blue) and presence (red) of HUVEC‐C. (f) Permeability for 70 kDa dextran in the absence and presence of HUVEC‐C
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the endothelial cell organization, that is, a network versus a monolayer is

probably the reason for the difference (Offeddu et al., 2019). None-

theless, the permeability of the EX‐chips would not allow cell passage.

Furthermore, since EMC contains serum‐free medium, an input from, for

example, growth factors or chemokines is not present to affect perme-

ability or molecular interactions that will facilitate passage of cancer cells.

However, release of chemokines from HMC to EMC might induce

extravasation, which in turn is an advantage of the EX‐chip set‐up in

terms of mimicking the in vivo conditions.

Finally, both the invasion/chemotaxis and extravasation assays

showed that MDA‐MB‐231 cells preferred the lung

microenvironment significantly more than the other target

microenvironments. Although the MDA‐MB‐231 cells invaded towards

the breast microenvironment on the IC‐chip, they did not extravasate

into the same microenvironment. These findings indicate that IC‐chip
would be useful to predict invasive behavior of the cancer cells in the

primary tumor site as well as their preference for different target tissues.

On the other hand, EX‐chip would be more relevant and efficient for the

determination of the overall metastatic potential and the homing choices

of breast cancer cells.

In conclusion, we developed two OoC platforms based on the

IC‐chip and EX‐chip, to comparatively and quantitatively determine the

invasion/chemotaxis and extravasation phenotypes of different breast

cancer cells to lung, liver, and breast microenvironments. Determination

F IGURE 5 Extravasation of metastatic breast cancer cells into the lung, liver and breast microenvironments. (a) Schematic of 3D Ex‐chip
with different views defined as Top, Side1, Side 2 and an annotated sample Side 2 view. (b) Representative Z‐stack projection images
showing Side 2 views of endothelial monolayers of HUVEC‐C cells (green) and extravasated (arrow head) and associated (arrow) MDA‐MB‐231
cells (red) into the lung, liver or breast microenvironments; scale bar = 200 μm. (c) Representative Z‐stack projection images showing Side 2
views of endothelial monolayers of HUVEC‐C cells (green) and extravasated (arrow head) and associated (arrow) MDA‐MB‐231 LM2 and
BoM 1833 cells (red) into the lung microenvironment; scale bar = 200 μm. The number of extravasated and associated (d) MDA‐MB‐231 cells to
lung, liver, and breast microenvironments (n = 9) and (e) MDA MB 231 LM2 and BoM 1833 to lung microenvironment (n = 6). Each black
dot represents the cell number for one post‐gap within the EX‐chip, while the red dot is the average number of cells for each condition
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of tissue‐specific metastatic potential of breast cancer cells is expected to

improve diagnosis and help select the ideal therapy.
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