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Inhibition of protein translation 
under matrix-deprivation stress in 
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Matrix-deprivation stress leads to cell-death by anoikis, whereas overcoming 
anoikis is critical for cancer metastasis. Work from our lab and others has identified a 
crucial role for the cellular energy sensor AMPK in anoikis-resistance, highlighting 
a key role for metabolic reprogramming in stress survival. Protein synthesis is a 
major energy-consuming process that is tightly regulated under stress. Although 
an increase in protein synthesis in AMPK-depleted experimentally-transformed 
MEFs has been associated with anoikis, the status and regulation of protein 
translation in epithelial-origin cancer cells facing matrix-detachment remains 
largely unknown. Our study shows that protein translation is mechanistically 
abrogated at both initiation and elongation stages by the activation of the 
unfolded protein response (UPR) pathway and inactivation of elongation factor 
eEF2, respectively. Additionally, we  show inhibition of the mTORC1 pathway 
known for regulation of canonical protein synthesis. We further functionally assay 
this inhibition using SUnSET assay, which demonstrates repression of global 
protein synthesis in MDA-MB-231 and MCF7 breast cancer cells when subjected 
to matrix-deprivation. In order to gauge the translational status of matrix-deprived 
cancer cells, we undertook polysome profiling. Our data revealed reduced but 
continuous mRNA translation under matrix-deprivation stress. An integrated 
analysis of transcriptomic and proteomic data further identifies novel targets that 
may aid cellular adaptations to matrix-deprivation stress and can be explored for 
therapeutic intervention.
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1. Introduction

Breast cancer poses a severe challenge to global health as the leading cause of mortality in 
women (1). Breast cancer cells traverse the blood and lymphatic system and colonise distant 
organs like the lung, liver or bones and seed metastases, the major cause of cancer mortality (2). 
Metastatic cancer cells confront multiple stresses like hypoxia, nutrient deprivation, and 
oxidative stress. They additionally encounter matrix-deprivation, mechanical, and hemodynamic 
shear stresses in circulation (3). Therefore, stress-adaptation and survival are fundamental for 
cancer progression; deciphering these mechanisms holds promise for novel anti-cancer therapies.

Cell-matrix attachment provides crucial signals for growth, survival and maintenance of 
cellular homeostasis (4). Consequently, matrix-detachment triggers anoikis, a form of apoptosis 
(5). However, cancer cells attain anoikis-resistance via several mechanisms, including activating 
pro-survival signalling pathways and energy-conserving processes like autophagy and entosis 
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(6–8). Recent studies have reported that dysregulation of metabolism 
during cellular acidosis, activation of autophagy and ROS generation 
in detached carcinoma cells promote anoikis-resistance (9–11). 
AMP-activated protein kinase (AMPK) is a metabolic energy sensor 
activated in response to multiple stresses (12). Pioneering work from 
our lab, as well as others, reported the activation of AMPK as a 
compensatory mechanism in detached cells to maintain energy 
homeostasis (8, 13–23).

Protein synthesis, which consumes nearly 30% of the total cellular 
energy (24), is one of the first processes to be inhibited as an adaptive 
stress-response (25). The shutdown of global mRNA translation under 
diverse stresses (glucose starvation, amino acid deprivation, hypoxia, and 
oxidative stress) happens through three major pathways involving the 
Integrated Stress Response (ISR)/Unfolded Protein Response (UPR) and 
mammalian Target of Rapamycin Complex 1 (mTORC1) pathway that 
inhibit initiation, and the AMPK-eEF2K axis that inhibits elongation 
(26). One study reported that in Ras-transformed mouse embryonic 
fibroblasts (MEFs), matrix-deprivation results in AMPK-mediated 
inhibition of the mTORC1 pathway, which conserves energy by 
suppressing protein synthesis (17). In yet another study, PERK-activation 
in matrix-detached cells was associated with autophagy and cell survival 
(27, 28). Additionally, another study on matrix-detached fibrosarcoma 
cells reported the activation of ISR, leading to cytoprotective autophagy 
(29). Yet, the cellular response of epithelial-origin cancer cells to matrix-
detachment stress remains poorly understood.

In this study, we provide conclusive evidence that breast cancer 
cells respond to matrix-deprivation by activating multiple stress-
response pathways and display a global reduction in protein synthesis. 
Additionally, we propose a putative alternate translatome that these 
cells could employ for resisting anoikis. These data begin to visualise 
matrix-deprivation as a legitimate stress-response and reprogramming 
of protein synthesis as an adaptive strategy for stress survival 
during metastasis.

2. Materials and methods

2.1. Cell lines and cell culture conditions

Breast cancer cell lines MDA-MB-231 and MCF7 (ATCC) were 
cultured in DMEM (Sigma-Aldrich) supplemented with 10% FBS 
(Invitrogen), penicillin (0.1 Ku/ml, Sigma), streptomycin (0.1 mg/mL, 
HiMedia) and incubated in a 5% CO2 incubator at 37°C. Primary murine 
mammary epithelial cells from littermate control and AMPKα1,α2 homo 
conditional Double Knockout (cDKO) mice were obtained as described 
previously (30) and used for SUnSET assay. To mimic matrix-deprivation 
(suspension cultures), cells were cultured on TCPS (35, 60, or 90 mm) 
dishes coated with a layer of 2% Noble agar to prevent deposition of 
ECM. Adherent cells were trypsinised, seeded onto the noble agar-coated 
dishes, and incubated for required periods.

2.2. Immunoblotting

Cells cultured in attachment or suspension conditions for 24 h 
were harvested using RIPA lysis buffer as described before (13). 
Adherent cells were lysed on petri dish while suspension cells were 
collected into microcentrifuge tubes, spun down to remove media and 

then lysed with lysis buffer. Equal amounts of proteins (30–50 μg), as 
measured by Bradford’s method, were resolved on SDS-PAGE gel and 
transferred to PVDF membrane. The membrane was blocked with 5% 
skimmed milk and probed overnight with primary antibodies (1:1000 
dilution), followed by incubation with HRP-conjugated secondary 
antibodies (1:3000 dilution) and visualised with ECL substrate 
(Biorad). Densitometric analysis was done via ImageJ software.

Primary breast tissues were procured from Ramaiah Medical 
College (RMC) and Kidwai Memorial Institute of Oncology (KMIO), 
Bengaluru, India, in accordance with the institutional review board 
(IRB) of RMC and KMIO and in compliance with the Institutional 
Human Ethics Committee of IISc. Patient consent was acquired in 
writing before surgery. For tissue lysates, the ‘tumour tissues’ and ‘far 
away normal tissues’ (approximately 5 cm away from tumour 
boundary) were washed with 1X PBS. RIPA lysis buffer (80 μL for 
every 10 mg tissue) was added, and tissues were minced using 
homogeniser on ice within microcentrifuge tubes, and once separated 
from the debris, the lysates were quantified and taken for 
immunoblotting as described above. For patient-derived cell lysates, 
surgically resected breast tumour samples were enzymatically digested 
and cultured in monolayer condition. Once confluent, cells were 
trypsinised and further seeded in attachment and matrix-detached 
conditions for 24–48 h before being lysed for immunoblotting.

Several proteins were probed together in one run, but grouped 
separately for ease of understanding. Such blots share a common 
loading control (α-Tubulin) blot; this has been identified in figures.

2.3. Antibodies used in this study

Primary antibodies used in this study are p-mTORS2448, 
p-RaptorS792, p-p70S6KT389, p-rpS6S235/236, p-4E-BP1T37/46, p-eIF2αS51, 
p-eEF2T56, mTOR, Raptor, p70S6K, rpS6, 4E-BP1, eIF2α, eEF2 (all 
from CST), CNBP (Abclonal), ATF4 (Abclonal), α-Tubulin 
(Calbiochem), β-actin (ThermoFisher Scientific), anti-Puromycin 
(DSHB). Secondary HRP-conjugated anti-rabbit and anti-mouse 
antibodies were obtained from Jackson ImmunoResearch Laboratories.

2.4. SUnSET assay

Cells cultured in attachment or suspension conditions for 24 h 
were treated with 1 μM puromycin (Puro, stock: 10 mM, Cayman 
Chemical) or vehicle control (H2O, ethanol) for 30 min. In the 
required control dishes, 100 μg/mL cycloheximide (CHX, stock: 
100 mg/mL, Amresco) pre-treatment was given for 15 min, post which 
1 μM puromycin was added for 30 min. Further, cells were lysed with 
RIPA lysis buffer and resolved in a gel. Immunoblotting protocol was 
followed as above with an added step of Ponceau S staining that served 
as the loading control.

2.5. Polysome profiling

Cells were cultured for 8 or 24 h in attachment or suspension 
cultures. Before harvesting, cells were pre-treated with 100 μg/mL CHX 
for 15 min. Lysates were prepared using Polysome Lysis buffer (PLB – 
20 mM Tris-Cl, 200 mM KCl, 5 mM MgCl2, 1% NP-40, 1X protease 
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inhibitor, 1 μL RNase Inhibitor and 100 μg/mL CHX). Equal RNA 
amounts (based on Nanodrop Lite) was layered onto 15–45% sucrose 
gradients and subjected to ultracentrifugation (40,000 rpm, 1:45 h, 4°C; 
Beckman LE-70) in SW-Ti 41 rotor (Beckman Coulter). Profiling was 
done in polysome fractionator (Biocomp Gradient Station ip), which 
provided the values for absorbance at 260 nm. The absorbance values 
were filtered at 0.6 or 1 Absorbance Unit to generate the required 
profiles using Graphpad Prism. For protocols involving puromycin, 
CHX was replaced with puromycin (100 μg/mL) in washing solution, 
PLB and also added to cells 10 min prior to treatment with CHX. For 
protocols involving EDTA, it was directly added into the lysate after 
centrifugation at the concentration of 100 mM.

2.6. Integrated analysis of transcriptomics 
and proteomics data on MDA-MB-231 cells

MDA-MB-231 cells harbouring pTRIPZ vector, where shRNA is 
induced only upon doxycycline treatment, were generated previously 
(31). These cells without doxycycline induction were used in the current 
study for integrated omics analyses. Their transcriptomes and proteomes 
were obtained by subjecting them to RNA Sequencing (Genotypic 
Technology Pvt. Ltd., Bengaluru) and LC-MS/MS (Institute of 
Bioinformatics (IOB), Bengaluru) analysis, respectively. Only genes with 
RNA-matched proteins were considered for this analysis. Z-score 
normalisation was performed separately on the Log2 (Fold change 
values) for transcripts and proteins. Z-score value of ±2 was taken as the 
threshold to determine differentially expressed transcripts and proteins. 
To obtain an enriched translatome (candidates that were differentially 
translated at protein level yet remained unchanged at transcript level), 
we considered the genes belonging to the proteome and transcriptome 
with differential protein expression (|Z-score| ≥ 2) and having 
non-differential transcript expression (|Z-score| < 2). Morpheus-Broad 
Institute software was used to represent the data as heatmaps.1

2.7. Statistical analysis

Statistical analysis of western blots was done by performing 
Student’s paired t-test using the Graphpad Prism v8.0.2 software. All 
data are represented as mean ± S.E.M of three biologically independent 
experiments unless stated otherwise. p-values <0.05 were considered 
significant. * represents value of p <0.05, ** represents value of p 
<0.01, *** represents value of p <0.001, and **** represents value of 
p <0.0001.

3. Results

3.1. Matrix-deprivation stress inhibits core 
components of the translation machinery

Translation, the cellular synthesis of proteins, is a high energy-
demanding process that is stalled during stress to restore energy 

1 https://software.broadinstitute.org/morpheus

homeostasis and aid cell survival (24, 32). AMPK is a stress-sensor 
kinase that attenuates bioenergetic stress by activating multiple stress-
response pathways (33). In our current study, in matrix-deprived 
MDA-MB-231 breast cancer cells, we observed the activation of AMPK 
via phosphorylation of Thr172 residue and also functionally by the 
phosphorylation of its bona fide substrate ACC (Acetyl-CoA 
carboxylase) at Ser79 residue (Supplementary Figure S1A). Cells 
mediate stress response via multiple pathways, among which Unfolded 
Protein Response (UPR) converging at eIF2α, and mTORC1 pathway 
are involved in the regulation of translation initiation, while the AMPK-
eEF2K axis mediates regulation of translation elongation (26). To study 
which of these stress-response pathways are activated during matrix-
deprivation, we cultured MDA-MB-231 and MCF7 breast cancer cells 
on Noble agar-coated tissue culture plates (henceforth referred to as 
‘suspension’ condition) that prevent deposition of ECM proteins and 
thus prevent cell adhesion.

In response to stresses like hypoxia and nutrient deprivation, 
distinct stress-responsive kinases catalyse the phosphorylation of 
eukaryotic initiation factor 2α (eIF2α) at residue Ser51 and inhibit 
translation initiation by impacting ribosome recruitment (34, 35). 
Additionally, translation elongation is also compromised through the 
inactivating phosphorylation of eukaryotic elongation factor 2 (eEF2) 
at Thr56 by the AMPK-eEF2K axis (36). Thus, we  measured the 
phosphorylation of eIF2α and eEF2 at these specified residues in 
matrix-detached cells compared to their adherent counterparts. In 
suspension condition, we observed remarkable hyperphosphorylation 
of eIF2α and eEF2  in MDA-MB-231 (Figure  1A) and MCF7 
(Figure  1B) cells. The total levels of these proteins remained 
unchanged in both conditions (Figures 1A,B). These data suggest that 
protein translation initiation and elongation are both inhibited in 
matrix-deprived breast cancer cells.

Signalling through the mTORC1 pathway positively regulates 
translation initiation and elongation by controlling various components 
of the translational machinery (37). Thus, we systematically examined 
the mTORC1 pathway in attached and matrix-detached breast cancer 
cells. Phosphorylation of mTOR at Ser2448 is required for its kinase 
activity (38). Under conditions of stress, there is a reduction in the 
Ser2448 phosphorylation due to AMPK-mediated activation of TSC2 
(39, 40). Similarly, Raptor, a constituent of the mTORC1 complex, is 
directly phosphorylated at Ser792 by AMPK. This renders it incapable 
of binding to form the active complex, and thus the activity of mTORC1 
is inhibited (41). Hence, we measured the phosphorylation of both these 
proteins in matrix-detached cells. In suspension conditions, we observed 
a significant decrease in the phosphorylated levels of mTOR and an 
increase in the phosphorylated levels of Raptor compared to attached 
cells (Figures  1C,D; 1st panel and 2nd panel, respectively) in both 
cell types.

Inactivation of mTORC1 leads to the inhibition of its downstream 
effectors—p70S6K and 4E-BP1. Inactive mTORC1 fails to 
phosphorylate its downstream target p70S6K at Thr389, leading to its 
inhibition (42). Inhibited p70S6K, in turn, fails to phosphorylate rpS6 
at Ser235/236, compromising its involvement in ribosome biogenesis 
(43, 44). In line with our above observation of mTORC1 complex 
inhibition, we observed a reduction in the phosphorylated levels of 
p70S6K and rpS6 in matrix-detached cells (Figures 1C,D; 3rd and 4th 
panel). Another direct substrate of mTORC1 is 4E-BP1, which 
sequesters 5’ mRNA cap-binding eukaryotic initiation factor 4E (eIF4E) 
and inhibits translation initiation (45, 46). Inactivation of mTORC1 
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FIGURE 1

Matrix-deprivation stress regulates multiple translation factors to inhibit protein synthesis. Representative immunoblots of the following cell lysates 
were probed for the specified proteins. (A) and (B) MDA-MB-231 (A) and MCF7 (B) cells cultured in attachment (Att) and suspension (Sus) for 24 h were 
harvested for immunoblotting. Representative immunoblots show p-eIF2α and p-eEF2 levels along with their total protein levels. (C) and (D) MDA-
MB-231 (C) and MCF7 (D) cells cultured in attachment (Att) and suspension (Sus) for 24 h were harvested for immunoblotting. Representative 
immunoblots show p-mTORC1, p-Raptor, p-p70S6K, p-rpS6, and p-4E-BP1 levels along with their total protein levels. Multi-panel blots for phospho 
(p) and total proteins were assembled by running the same lysates in duplicates in the same run, with α-tubulin as a loading control for each duplicate. 
After densitometric analysis of blots, relative phospho-protein levels were obtained by normalisation to individual loading control (α-Tubulin) and then 
respective total protein levels. Graphs represent densitometric quantification of the immunoblots. Error bars represent mean ± S.E.M; n = 3 (MCF7 
immunoblot of 4E-BP1; n = 2). The asterisks indicate statistical significance as determined by Student’s paired t-test (* = p < 0.05, ** = p < 0.01, and 
*** = p < 0.001). *The blots for p-eIF2α/eIF2α in Figure 1A and p-Raptor/Raptor in Figure 1C share the same loading control (α-Tubulin) as they were 
probed together but grouped independently for ease of understanding. #The blots for p-p70S6K/p70S6K and p-rpS6/rpS6 in Figure 1C share the same 
loading control (α-Tubulin) as they were probed together but grouped independently for ease of understanding.
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complex reduces the phosphorylation of 4E-BP1 (47). Consistent with 
this, we observed a reduction in the phosphorylated levels of 4E-BP1 in 
suspension conditions (Figures 1C,D; 5th panel). The total protein levels 
for all these proteins remained unchanged.

Thus, immunoblotting of multiple mTORC1 core proteins and its 
downstream targets (mTOR, Raptor, p70S6K, rpS6 and 4E-BP1) 
revealed that the mTORC1 pathway is inhibited in matrix-deprived 
breast cancer cells (Figures 1C,D) which is suggestive of inhibition of 
global protein translation under matrix-detached stress.

To understand the translational relevance of this result in clinical 
settings, analysis of stress-response pathways in circulating tumour 
cells (CTCs)—the proponent of metastasis—would be ideal. To mimic 
the same, we  performed an ex-vivo approach to study the stress-
response pathways activated by matrix-deprivation in human breast 
cancer patient-derived cells. Consistent with established cell lines, 
we observed the inhibition of translation initiation in matrix-deprived 
cells by the activation of ISR pathway (p-eIF2αSer51) and the repression 
of the mTOR pathway (p-RaptorSer792, p-rpS6Ser235/236). We also obtained 
similar results for inhibition of translation elongation via the AMPK-
eEF2 pathway (p-eEF2Thr56) (Supplementary Figure S1B). Altogether, 
the results from patient-derived cells further substantiate our 
observations from breast cancer cell lines.

Taken together, our results suggest that protein synthesis is 
abrogated through multiple stress-response pathways in matrix-
deprived breast cancer cells.

3.2. Residual translation retained in matrix 
detachment despite inhibition of global 
protein synthesis

Our results above revealed a concurrent inhibition of translation 
initiation (eIF2α) and elongation (eEF2) factors, as well as the mTORC1 
pathway in response to matrix-deprivation. Inhibition of these pathways 
is expected to repress global protein synthesis (48, 49). Thus, to 
functionally characterise the extent of this inhibition, we employed the 
SUnSET (SUrface SEnsing of Translation) assay to assess the relative 
translational output of matrix-deprived MDA-MB-231 and MCF7 cells 
compared to their adherent counterparts (schematic in Figure 2A). 
Incorporation of puromycin into elongating peptides, followed by 
immunodetection, directly measures the rate of global protein synthesis 
(50). As expected, in adherent cells, pre-treatment with cycloheximide 
(translation inhibitor) completely abolished puromycin incorporation 
into nascent peptides (Figures 2B,C). Furthermore, cells treated with the 
vehicle control alone displayed no puromycin signal, confirming the 
specificity of the antibody. Interestingly, in cells subjected to matrix-
detachment for 24 h, we observed a significant reduction in puromycin 
incorporation in MDA-MB-231 (Figure 2B) and MCF7 (Figure 2C) 
cells. Since suppression of global protein synthesis is a critical readout 
of cellular stress response (48), our results corroborate that, as with 
other stresses (26, 51–53), the stress of matrix-deprivation also 
suppresses global protein translation. Further, although multiple 
components of the translational machinery of protein synthesis are 
inhibited (as indicated in Figure  1), we  observed depleted 
puromycylation signals in the suspension lanes (Figures 2B,C, last lane), 
indicating that minimal translation was still sustained.

Additionally, it is known that activation of AMPK under cellular 
stresses leads to inhibition of anabolic processes like protein 

translation for conservation of energy (26). To check if the inactivation 
of AMPK perturbs protein translation, we performed SUnSET assay 
on AMPKα1,α2 homo cDKO and AMPKα1,α2 double-floxed 
littermate control murine mammary epithelial cells. We  observed 
increased puromycylation of peptides in AMPK cDKO cells in 24 h 
(Supplementary Figure S2A). This shows that the regulation of global 
protein translation is abrogated in the absence of AMPK, highlighting 
the importance of AMPK in maintaining cellular energy homeostasis.

Another method to assay global protein translation is to 
functionally measure the bulk translational activity by polysome 
profiling (54). Rapid protein synthesis relies upon formation of 
polysomes—actively translating ribosomes bound to an mRNA (55). 
A schematic of the major steps in the protocol of polysome profiling 
is depicted in Figure 2D. Polysome profile of MDA-MB-231 attached 
cells showed well-segregated peaks for 40S, 60S, 80S ribosomes 
(monosomes) and polysome peaks (Supplementary Figure S2B, top 
panel). To confirm the integrity of these peaks, we also treated the 
attached MDA-MB-231 cells with EDTA and puromycin, two different 
types of translation inhibitors. As expected, we  observed that the 
peaks of monosomes and polysomes disappear in the presence of 
EDTA, and the peaks of polysomes disappear upon puromycin 
treatment (Supplementary Figure S2B, middle and bottom panels). 
While capturing early translational changes upon 8 h of matrix-
deprivation in MDA-MB-231 cells, we observed an increase in the 60S 
peak suggesting a disassembly of ribosomal subunits (Figure 2E). 
We  also observed a reduction in polysome peaks upon matrix-
deprivation with a concomitant shift of ribosomes into the monosomal 
fraction (80S peak) suggestive of an initiation block on translation 
(Figure 2E). Similar results were also seen in the polysome profile 
upon 24 h of matrix-deprivation with the difference in 
translational  activity more pronounced by this time-point 
(Supplementary Figure S2C). This result corroborates our previous 
observation of the SUnSET assay, both of which indicate a reduction 
in global translation in suspension conditions. Interestingly, it is 
important to note that the polysome peaks did not completely 
disappear upon encountering matrix-detachment stress (Figure 2E; 
Supplementary Figure S2C). These results together suggest that 
non-canonical translation mechanisms might be  operating as an 
adaptive stress-response strategy to ensure cell survival.

This prompted us to check the levels of Activating Transcription 
Factor 4 (ATF4), which is preferentially translated by the activation 
of ISR pathway (56). ATF4 promotes stress endurance in cancer 
cells by regulating the expression of multiple stress response genes 
(57). We  observed an increased level of ATF4 under matrix-
deprived conditions in both breast cancer cell lines 
(Supplementary Figure S2D).

Taken together, these results confirm that matrix-deprivation 
inhibits global protein translation by the induction of multiple stress-
response pathways.

3.3. Identification of differential 
translatome in matrix-deprived breast 
cancer cells

Despite suppression of protein synthesis, reprogramming of 
translational machinery to synthesise stress-adaptive translatomes is 
well-known (58). Usually, alternate translation profiles are generated 
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FIGURE 2

Residual translation retained in matrix detachment despite inhibition of global protein synthesis. (A) Schematic representing the basic steps used in the 
SunSET assay. (B) and (C) SunSET Assay to determine translational activity in MDA-MB-231 (B) and MCF7 (C) cells cultured in attachment (Att) and 
suspension (Sus) for 24 h. Cells were pre-treated with vehicle control (Veh), cycloheximide (CHX), and puromycin (Puro) for the specified time points, 
then harvested for immunoblotting. Representative immunoblot probed for anti-puromycin, quantified and normalised to respective Ponceau S levels. 
Graphs represent densitometric quantification of the immunoblots. Error bars represent mean ± S.E.M; n = 3. The asterisks indicate statistical significance 
as determined by Student’s t-test (* = p < 0.05). (D) Schematic representing the basic steps used in Polysome Profiling. (E) Polysome profiling for 
measuring translational distribution of ribosomes in MDA-MB-231 cells cultured in attachment (Att) and suspension (Sus) for 8 h. Cells were pre-treated 
with cycloheximide (CHX) for 15 min, then harvested for loading on 15–45% sucrose gradients. Following ultracentrifugation, polysome profiles for Att 
(Blue) and Sus (Pink) conditions are superimposed using the Graphpad Prism software to display combined profiles of attachment and suspension 
(n = 3). The peaks containing the small ribosomal subunit (40S), the large ribosomal subunit (60S), the monosome (80S), and polysome peaks are 
indicated on the profile.
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when translational efficiency of mRNAs is prioritised over mRNA 
copy number variations (59). Our previous result (Figure 2) indicated 
residual translation despite global repression of protein synthesis 
under matrix-deprivation. This prompted us to investigate the altered 
translatome of matrix-detached breast cancer cells. For the same, 
we compared the transcriptomics and proteomics data of MDA-MB-
231 cells in attached and suspension culture conditions for 24 h. 
Preliminary data analysis identified a few proteins that are upregulated 
or downregulated in suspension condition with no significant change 
in their mRNA levels, which are listed in Figures 3A,B, respectively. 
Some of these proteins and their biological functions are also detailed 
in Supplementary Tables S1, S2. Similar evidence on altered 
translatomes has also been listed in multiple other stress-related 
studies (51–53, 60).

One protein that showed upregulation at the protein level with no 
corresponding change in transcripts is CCHC-type Zinc finger 
Nucleic acid Binding Protein (CNBP), known to promote proliferation 
and chemoresistance in cancer (61–65). CNBP has both transcriptional 
and translational roles, notably acting as an ITAF (IRES Trans-
Activating Factor) in medulloblastoma (62, 66). It has also been 
suggested to be involved in mRNA metabolism during stress (67). 
We observed a significant increase in the levels of CNBP in both 
matrix-deprived MDA-MB-231 (Figure 3C) and MCF7 (Figure 3D) 
cells. Additionally, immunoblotting of primary tumours from breast 
cancer patient samples showed increased levels of CNBP as compared 
to far away normal tissues (Figure 3E). Furthermore, increased levels 
of CNBP were also obtained in matrix-deprived patient-derived breast 
cancer cells (Figure 3F). Together, these results suggest that CNBP 
may play an essential role in stress adaptation and cancer progression.

Altogether, our results warrant matrix-deprivation as a stress 
experienced by cancer cells that leads to suppression of protein 
synthesis via several stress-response pathways. We  also present 
evidence for the existence of an altered translatome aiding cancer cell 
survival in matrix-detached condition.

4. Discussion

Metastasis leads to 90% of cancer deaths (68). In order to 
metastasise, cancer cells must survive detachment and adapt to 
matrix-deprivation stress. Cells are known to modulate translation as 
an effective adaptation for energy conservation in response to stresses 
(32). However, translational reprogramming of cancer cells under the 
stress of matrix-deprivation is poorly explored. Here, we have shown 
that matrix-deprived breast cancer cells repress protein synthesis at 
initiation and elongation, significantly inhibiting global protein 
synthesis (Figure 4A). Yet, we observed minimal translation being 
sustained, suggesting the possibility of selective translation as an 
adaptive stress response (Figure  4B). Integrated omics analysis 
revealed the enrichment of putative candidate proteins with roles in 
cancer progression and/or stress response. These results broaden our 
understanding of matrix-deprivation as a stress encountered by cancer 
cells to facilitate metastasis.

Translation initiation is the rate-limiting step of protein synthesis 
and, thus, is targeted for regulation (26). It is regulated by both UPR 
and mTORC1 pathways in response to various stresses. Here, 
we report a novel observation of the phosphorylation of eIF2α under 
matrix-deprivation stress in breast cancer cells. Activation of the 

PERK-eIF2α axis increases stress tolerance, thus aiding survival in 
dormant disseminated tumour cells (69, 70), while its inhibition 
induces apoptosis in pancreatic cancer cells (71, 72), highlighting its 
importance in cellular homeostasis. We  also demonstrate the 
inhibition of mTORC1 pathway during matrix-deprivation, thus, 
substantiating a previously reported observation (17). Its inhibition 
leads to global attenuation of cap-dependent translation (73, 74). 
Under several stresses, a pro-survival role for AMPK activation and 
subsequent mTORC1 inhibition is well known (47, 75). We  have 
previously reported AMPK activation in breast cancer cells under 
matrix-deprivation (13, 20, 21), also corroborated in the present study. 
With our current data on mTORC1 inhibition, the AMPK-mTORC1 
axis is implicated as a stress-response pathway in matrix-deprived 
breast cancer cells.

Phosphorylation of eEF2, a key translational regulator, by its 
upstream kinase eEF2K leads to its inactivation and stalling of 
translation elongation (76). Here, we  demonstrate another novel 
observation of an increased phosphorylation of eEF2 under matrix-
deprivation stress. AMPK is known to phosphorylate and activate 
eEF2K during multiple stresses (26, 77), and we have demonstrated 
AMPK activation in response to matrix detachment. Intriguingly, 
p70S6K directly phosphorylates and negatively regulates the activity 
of eEF2K (78). However, independent of both AMPK and mTORC1, 
eEF2K activation was also shown to lead to decreased protein 
synthesis and subsequent cancer cell death (79). Thus, tight control of 
translation elongation might be  crucial in mediating adaptive 
stress-response.

Literature shows that global reduction of translation mediated by 
the activation of the ISR pathway is critical for the maintenance of 
tumour dormancy in the disseminated tumour cells (48). Additionally, 
deregulation of protein synthesis confers survival advantage in 
patient-derived breast CTCs, resulting in metastasis and poor clinical 
outcome (80). In our study, we present for the first time, the activation 
of aforementioned stress-response pathways in matrix-deprived 
patient-derived breast cancer cells. Discerning the stress responses 
under matrix-deprivation would help to further elucidate metastasis.

Activation of these canonical stress-response pathways culminates 
with the inhibition of translation. Our study offers one of the first 
comprehensive evaluations into translational repression under matrix-
deprivation. Dramatic reduction in puromycylated nascent proteins 
in matrix-detached cells was also corroborated with the decline of 
polysome peaks and the concomitant increase in the monosome 
peaks. Such translational attenuation is also reported during other 
cellular stresses (51–53, 60). We also observed minimal translation 
being sustained under stress, which indicated the possibility of 
alternate translational mechanisms in matrix-deprived cells.

During energy stress, protein synthesis is streamlined towards the 
translation of selective mRNAs through alternate modes, which may 
be involved in stress survival (58, 81, 82). Selective mRNA translation is 
yet another uninvestigated concept in the field of matrix-deprivation 
stress. ATF4, translated under stress via the upstream ORF mechanism, 
is a major example of preferential mRNA translation (56). With respect 
to matrix-deprivation, an ATF4-mediated pro-survival role against 
anoikis is also reported in multiple cancer types (29, 83–85). We also 
demonstrate an upregulation of ATF4 in matrix-deprived breast cancer 
cells, thus indicating both the activation of ISR pathway as well as 
existence of altered translation. To obtain preferential mRNA translation 
dynamics under matrix-deprivation, our preliminary integrated omics 
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FIGURE 3

Identification of a differential translatome in matrix-deprived breast cancer cells. Comparison of transcriptomics and proteomics data of MDA-MB-231 
cells, cultured under attached and suspension culture conditions for 24 h. (A) and (B) Heat map depicting protein and mRNA expression profiles from 
top 10 upregulated and downregulated proteins in MDA-MB-231 cells cultured in adherent and suspension condition for 24 h. Heat map also depicts 
their non-significant changes in mRNA expression levels. Upregulated proteins in (A) are shown in ‘pink’ and downregulated proteins (B) are shown in 
‘blue’ for suspension condition as compared to the attached condition. (C) Representative immunoblot for CNBP expression levels in MDA-MB-231 
cells cultured in attachment and suspension conditions for 24 h (n = 3). (D) Representative immunoblot for CNBP expression levels in MCF7 cells 
cultured in attachment and suspension conditions for 24 h (n = 3). After densitometric analysis of blots, relative protein levels were obtained by 
normalisation to individual loading control (α-Tubulin). Graphs represent densitometric quantification of the immunoblots. Error bars represent 
mean ± S.E.M. The asterisks indicate statistical significance as determined by Student’s t-test (* = p < 0.05, **** = p < 0.0001). (E) Representative 
immunoblots for CNBP expression levels in breast cancer patient far away normal and tumour tissues (N = 2). After densitometric analysis of blots, 
relative protein levels were obtained by normalisation to individual loading control (β-Actin) and then respective far away normal tissue protein levels. 
(F) Representative immunoblots for CNBP expression levels in patient-derived breast cancer cells cultured in attachment (Att) and suspension (Sus) for 
24–48 h (N = 3). After densitometric analysis of blots, relative protein levels were obtained by normalisation to individual loading control (α-Tubulin). 
*The blots of CNBP in Figure 3F, 1st panel and p-Raptor/p-rpS6 in Supplementary Figure S1B, 3rd panel share the same loading control (α-Tubulin) as 
they were probed together but grouped independently for ease of understanding.
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analysis revealed putative candidate proteins that are altered at the 
protein level, whose mRNA levels remain unchanged. Based on this 
analysis, we report a novel observation of a significant increase in CNBP 
protein expression in matrix-deprived breast cancer cells. The same was 
also observed in patient tumour samples and patient-derived matrix-
deprived cells. However, it is unknown whether the observed changes 
in protein levels are a reflection of their stability or translational 
reprogramming under matrix-deprivation stress. Further research into 
mRNAs that are translationally enriched in polysomes under matrix-
deprivation and their integration with omics analysis would allow the 
identification of definite translational upregulation.

In summary, when breast cancer cells are subjected to matrix-
deprivation, they display canonical hallmarks of stress response, 
notably inhibition of translation factors and mTORC1 pathway, 

resulting in global translational repression. We  also suggest that 
detached breast cancer cells might potentially use an altered 
translatome to aid their survival. A deeper exploration of the residual 
translation occurring within matrix-deprived cancer cells would 
illuminate the mechanisms of stress adaptation during metastasis and 
identify novel targets to prevent cancer spread.
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FIGURE 4

A model to show translational reprogramming in matrix-deprived breast cancer cell. (A) We show the suppression of global protein synthesis in matrix-
detached cells by the inhibition of both translational initiation and elongation processes via activation of several stress-response pathways. (B) We also 
depict alteration of the translatome between adherent and matrix-deprived cells which may serve as a stress adaptation response.
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