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Abstract
Breast cancer (BRCA) cells typically exist in nutrient-deficient microenvironments 
and quickly adapt to states with fluctuating nutrient levels. The tumor microenviron-
ment of starvation is intensely related to metabolism and the malignant progression 
of BRCA. However, the potential molecular mechanism has not been thoroughly scru-
tinized. As a result, this study aimed to dissect the prognostic implications of mRNAs 
involved in the starvation response and construct a signature for forecasting the out-
comes of BRCA. In this research, we investigated how starvation could affect BRCA 
cells’ propensities for invasion and migration. The effects of autophagy and glucose 
metabolism mediated by starved stimulation were examined through transwell as-
says, western blot, and the detection of glucose concentration. A starvation response-
related gene (SRRG) signature was ultimately generated by integrated analysis. The 
risk score was recognized as an independent risk indicator. The nomogram and cali-
bration curves revealed that the model had excellent prediction accuracy. Functional 
enrichment analysis indicated this signature was significantly enriched in metabolic-
related pathways and energy stress-related biological processes. Furthermore, phos-
phorylated protein expression of the model core gene EIF2AK3 increased after the 
stimulus of starvation, and EIF2AK3 may play an essential role in the progression of 
BRCA in the starved microenvironment. To sum up, we constructed and validated a 
novel SRRG signature that could accurately predict outcomes and may be developed 
as a therapeutic target for the precise treatment of BRCA.
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1  |  INTRODUC TION

Breast cancer (BRCA) is a considerably common malignancy in 
women worldwide.1 It is critical to gain better insight into the novel 
and cost-effective prognostic biomarkers to prognosticate and 
screen the high-risk population with a worse prognosis, advance 
new therapeutic approaches, and provide timely targeted interven-
tion for BRCA.

The rapidly dividing tumor always exceeds the nutrition reserve, 
resulting in an adverse tumor microenvironment (TME) character-
ized by glucose deprivation and amino acid deficiency. The ability 
to adapt to the harsh TME is critical for cancer cells’ survival. Most 
malignancies, including BRCA, could maximize resource usage to 
withstand the TME of the nutrient shortage.2,3 Interfering with the 
adaptive response may become a novel and practical therapeutic ap-
proach since BRCA cells are constantly exposed to and adapted to 
fluctuating resource supplies.4

Energy deficiency may boost autophagy and alter the metabolic 
pattern of neoplastic cells.5 Tumor cells adaptively upregulate vital 
metabolic enzymes of the glycolytic pathway to ensure energy sup-
ply during nutrient deprivation.6 However, research into the molecular 
mechanisms of BRCA cell survival and progression in starved TME re-
mains limited. Therefore, this study aimed to determine the starvation 
response-related genes (SRRGs) in BRCA, which could provide valu-
able insight into the molecular and signaling pathways of energy stress 
as well as function as biomarkers to predict the survival of BRCA.

In this study, we constructed a starvation response-related 
gene (SRRG) signature by combining autophagy-related SRRGs 
and glycolysis-associated SRRGs. This model presents satisfactory 
predictive accuracy for the predicted outcome and may provide a 
molecular mechanism for the starved TME involved in BRCA pro-
gression. We realized that the stimulus of starvation could provoke 
autophagy and glucose metabolism reprogramming, which, in turn, 
increased the epithelial-mesenchymal transition (EMT) in BRCA 
cells, and the core gene of this model, EIF2AK3, may play a crucial 
part in its mechanism.

2  |  MATERIAL S AND METHODS

2.1  |  Data acquisition

RNA sequences and clinicopathological information from BRCA 
were retrieved from the Cancer Genome Atlas (TCGA) database. The 
study complies with the TCGA data access policy and publication 
guidelines. Figure 1 presents the flow diagram of the study.

2.2  |  Identification of starvation response-
related genes

First, SRRGs were obtained from gene set enrichment analysis 
(GSEA) “GOBP RESPONSE TO STARVATION” in the Molecular 
Signatures Database (mSigDB).

Second, 232 autophagy-related genes (ARGs) were obtained 
from the Human Autophagy Database (HADb). Pearson's correlation 
coefficients were computed to define the correlation between the 
expression of ARGs and SRRGs. SRRGs linked to autophagy were 
screened by the standards of p < 0.001 and |r| > 0.3.

Third, 326 glycolysis-related genes (GRGs) were obtained from 
the gene sets of mSigDB. Pearson correlation analysis was also used 
to filter out the SRRGs that are associated with glycolysis based on 
the criterion of p < 0.001 and |r| > 0.3.

Finally, we took the intersection between the SRRGs linked to au-
tophagy and the SRRGs associated with glycolysis. The genes at the 
intersection were designated as candidate SRRGs for further study.

2.3  |  Construction and validation of the starvation 
response-related gene signature

The R “limma” package was employed to screen the differentially 
expressed genes (DEGs) among tumor and malignant samples 
from the candidate SRRGs with a false discovery rate <0.05 and a 
|log2FC| > 1.0. Through univariate regression analysis, the candi-
date differentially expressed SRRGs (DE-SRRGs) that correlated 
with overall survival (OS) in the training cohort were identified. 
Subsequently, the candidate genes were subjected to lasso and step-
wise multivariate Cox regression analysis to determine their contri-
bution as independent prognostic elements for OS. Finally, these 
prognostically DE-SRRGs constituted the prognostic signature.

Based on the expression of SRRGs in the signature and the ac-
companying regression coefficients, the risk score of each sample 
was computed utilizing the following formula:

Samples were allocated to either the lower-risk or higher-risk 
clusters based on the median value of the risk score. Principal com-
ponent analysis (PCA) was employed to bunch the samples based on 
the risk score. OS rates were evaluated by Kaplan–Meier (KM) analy-
sis and compared using the log-rank test. Time-dependent receiver-
operating characteristic (ROC) curve analysis was conducted to 
estimate the prognostic precision of the SRRG signature.

2.4  |  Establishment of the nomogram

The nomogram was made to visualize the 3- and 5-year OS in BRCA. 
The accuracy of the prediction of the SRRG signature was tested by 
calibration curves.

2.5  |  Establishment of the coexpression networks

To visualize the relationship between SRRGs and their associ-
ated ARGs or GRGs, coexpression networks were depicted using 
Cytoscape (3.9.0).

Risk score =
∑n

i=1
Coef(i) × (expression of mRNA(i)).
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2.6  |  Gene set enrichment analysis

The molecular and biological disparities among the higher-and lower-
risk groups were investigated employing GSEA (4.3.0).

2.7  |  Functional enrichment analysis

Gene ontology (GO) enrichment analysis7 was carried out to discover 
the biological processes, molecular functions, and cellular compo-
nents associated with the SRRG signature. Meanwhile, the signaling 
pathways considerably enriched by this signature were specified by 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment 
analysis.8

2.8  |  Cell culture

MDA-MB-231 cell lines were cultured in DMEM supplemented with 
10% fetal bovine serum (FBS). BT549 cell lines were cultivated in 

RPMI 1640 supplemented with 10% FBS. The cells were exposed 
to Earle's balanced salt solution (EBSS, Solarbio) for 6 h to simulate 
the starved microenvironment. Cells were all incubated in a 5% CO2 
atmosphere at 37°C.

2.9  |  Patients and samples

Paired human clinical specimens originated from BRCA patients at 
the First Affiliated Hospital of Chongqing Medical University. The 
study was approved by the Ethics Committee of Chongqing Medical 
University, and all patients signed informed consent forms.

2.10  |  Quantitative polymerase chain reaction

Total RNA was isolated with the Cell Total RNA Isolation Kit 
(Foregene). RNA was reverse transcribed to cDNA utilizing the RT 
Master Mix for qPCR II (MedChemExpress). Quantitative polymer-
ase chain reaction (qPCR) was performed with SYBR Green qPCR 

F I G U R E  1  Flow chart of the study.
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Master Mix (MedChemExpress) on a Bio-Rad CFX96 real-time fluo-
rescent quantitative PCR system. The data were standardized to β-
actin using the 2−ΔΔCt method. Table S1 lists the primer sequences 
in detail.

2.11  |  Western blot

Total protein was extracted with RIPA lysis buffer (Beyotime), which 
added protease and phosphatase inhibitors. The protein concentra-
tion was detected using the BCA protein detection kit (Beyotime). 
Equivalent proteins were isolated on 8% or 12% SDS-PAGE gels and 
then transferred to polyvinylidene fluoride membranes (Millipore). 
After blocking with 5% bovine serum albumin for 1 h, the membranes 
were subsequently incubated using primary antibodies overnight at 
4°C. The membranes were then incubated with the secondary an-
tibody at 37°C for 1 h and developed with ECL luminescent agent. 
Antibody names and catalog numbers are described in Table S2.

2.12  |  Small interfering RNA transfection

The small interfering RNA (siRNA) was purchased from Tsingke 
Biotechnology. Cells were transfected with EIF2AK3 siRNAs at a 
concentration of 50 nM for 6 h. After 48 h, the treated cells were 
collected for subsequent functional experiments. The sequences of 
EIF2AK3 siRNAs are detailed in Table S1.

2.13  |  Transwell migration and invasion assays

In the upper cavity of 24 well plates, cells were re-suspended in 
EBSS at a density of 5 × 104 cells per well. Chloroquine (CQ, 20 mM; 
MedChemExpress) or 2-deoxy-d-glucose (2DG, 5 mM; Selleck 
Chemicals) was added to the upper chamber as needed for the ex-
periment. The complete medium (CM) was placed in the lower cham-
ber. As controls, cells were seeded in the upper chamber with CM. 
Chambers were incubated for 12 h. The migration and invasion abil-
ity was considered by computing the quantity of migrated cells.

2.14  |  Glucose consumption analysis

Glucose consumption was determined after 6 h of cultivation by 
gauging the concentrations with the commercial kits (Nanjing 
Jiancheng Biotech) and following the protocols.

2.15  |  Immunofluorescence assay

Cells were fixed for 30 min. After permeabilizing with 1% Triton 
X-100, a primary antibody, rabbit anti-phospho-EIF2AK3 (Thr982) 

(Abmart), was added. The secondary antibody, Dylight 488, goat 
anti-rabbit IgG (Abbkine), was then added. After counterstain-
ing with DAPI (Beyotime), cells were observed under a confocal 
microscope.

2.16  |  Statistical analysis

Data were processed using Perl (5.30.0). Statistical analyses were 
performed utilizing R (4.1.1), SPSS (25.0), and GraphPad Prism (8.0). 
Pearson correlation coefficients were applied to analyze the corre-
lation between the expression of SRRGs and ARGs or GRGs. The 
χ2-test or Mann–Whitney U-test was used to examine differences in 
the proportions of clinicopathological characteristics. Unpaired stu-
dent t-tests were utilized to examine the differences between the 
two groups. All experiments were conducted at least three times. 
p < 0.05 was considered statistically significant (*p < 0.05, **p < 0.01, 
and ***p < 0.001).

3  |  RESULTS

3.1  |  Autophagy and glucose metabolism induced 
by starvation stimulation promote the invasion and 
migration of breast cancer cells

The BT549 and MDA-MB-231 cells were starved with EBSS for 6 h 
to simulate the starved microenvironment. Figure 2A,B indicates the 
capacity for migration and invasion was significantly promoted com-
pared to the culture of the CM.

To ascertain the impact of EBSS on autophagy in BRCA cells, 
we scrutinized the degree of autophagy by detecting the accumu-
lation of LC3B-II and the degradation of P62. Figure 2C,D indicated 
that EBSS enhances autophagic flux in BRCA cells. Then, we con-
ducted transwell assays to probe the impact of autophagy induced 
by starvation stimulation on the invasiveness and metastasis of 
BRCA cells. In comparison to the standard group or cells additionally 
processed with CQ, the invasion and migration capacities of BRCA 
cells were significantly enhanced following only EBSS (Figure 3A and 
Figure  S1A). The above results demonstrated that the autophagy 
caused by starvation stimulation could encourage the invasion and 
migration of BRCA cells.

In addition, it has been found that tumor cells respond to the 
lack of resources by altering glucose uptake and metabolism to 
maintain energy supply.6 Therefore, we measured the glucose up-
take rate to reflect the extent of glucose metabolism. As illustrated 
in Figure 2E,F, after the starvation stimulus, both BT549 and MDA-
MB-231 cells revealed more elevated levels of glucose uptake, and 
the co-treatment of EBSS with 2DG could inhibit glucose uptake to 
some extent. Then, EBSS treated alone most significantly improved 
the invasive and migratory capacity of BRCA cells when compared 
to CM or EBSS plus 2DG (Figure  3B and Figure  S1B). The above 
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F I G U R E  2  Starvation of the microenvironment enhances the progression of breast cancer (BRCA) cells. (A, B) Transwell assays showed 
the migration and invasion of BRCA cells. Cells were cultured under normal or Earle's balanced salt solution (EBSS) for 6 h before being 
harvested for transwell assays. The scale bar represents 100 μm. (C, D) Western blot showed the effect of EBSS on autophagy in BRCA cells. 
(E, F) Glucose consumption ratios were measured.
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results recommended that the upregulated glucose metabolism in-
duced by starvation stimulation could enhance BRCA's invasive and 
metastatic potential.

3.2  |  Identification of starvation response-related 
genes in breast cancer

The SRRGs set was obtained from GSEA “GOBP RESPONSE TO 
STARVATION” in the mSigDB. It incorporated 196 mRNAs responsi-
ble for the changes in the behavior of the cell or organism due to the 
starvation trigger (Table S3).

To begin with, given the fact that starvation stimuli could 
augment autophagy in BRCA cells, we explored the SRRGs that 
are associated with autophagy. A total of 232 human ARGs were 
extracted from HADb (Table  S4). According to the coexpression 
relationship between the expression profile of ARGs and the 196 
SRRGs, 152 genes were recognized as the SRRGs associated with 
autophagy (Table  S5). Then, since the above fact indicates that 
starvation enhanced the glucose consumption of BRCA cells, which 
mainly tend to operate the glycolytic pathway for fuel generation, 
we also probed the SRRGs that are associated with glycolysis in 

BRCA. A total of 326 GRGs were identified in this study (Table S6). 
According to the coexpression relationship between the expres-
sion of GRGs and the 196 SRRGs, 148 genes were determined to 
be the SRRGs associated with glycolysis (Table S7). Finally, we took 
the intersection of the 152 SRRGs associated with autophagy and 
the 148 SRRGs linked with glycolysis. The intersection resulted in 
136 genes, which were identified as candidate SRRGs for further 
study (Figure 4A and Table S8).

Among the 136 candidate SRRGs, 96 were DEGs between nor-
mal and malignant samples (Figure  4B). Taken together, these 96 
genes were DE-SRRGs of BRCA (Table S9). We then performed GO 
and KEGG enrichment analysis on these 96 DE-SRRGs.

Gene ontology enrichment analysis indicated that 96 DE-SRRGs 
were remarkably enriched in the biological process of reactions in 
the condition of the cell due to the starvation stimulus, such as re-
sponse to starvation, response to nutrient levels, cellular response 
to starvation, cellular response to nutrient levels, cellular response 
to glucose starvation, response to amino acid starvation, and cel-
lular response to amino acid starvation. They were significantly 
enriched in autophagy-associated cellular components, such as au-
tophagosome and autophagosome membrane. They were also en-
riched in metabolism-related molecular functions, such as protein 

F I G U R E  3  Autophagy and glucose metabolism induced by starvation stimulation promote the invasion and migration of MDA-MB-231 
cells. (A) Transwell assays showed the effects of autophagy induced by starvation on the migration and invasion of MDA-MB-231 cells. The 
scale bar represents 100 μm. (B) Transwell assays showed the impact of glycolytic metabolism induced by starvation on the migration and 
invasion of MDA-MB-231 cells. The scale bar represents 100 μm.
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serine/threonine kinase activity, protein serine kinase activity, and 
DNA-binding transcription factor binding (Figure 4C and Table S10). 
The KEGG pathway analysis revealed that these 96 DE-SRRGs were 
enriched in energy pressure-related metabolism pathways, includ-
ing autophagy, mTOR, and AMPK signaling pathways (Figure 4D and 
Table S11). In short, functional enrichment analyses ascertained that 
these 96 DE-SRRGs were closely related to starvation response-
related metabolism.

3.3  |  Construction of the starvation response-
related gene signature

A total of 1090 BRCA patients were enrolled in the study. They were 
randomly assigned to either the training group (n = 546) or the vali-
dation group (n = 544) (Tables S12 and S13). Table 1 illustrates that 
the proportions of clinicopathological features of patients in the 
training and validation groups do not differ statistically significantly.

F I G U R E  4  Identification of starvation response-related genes (SRRGs) in breast cancer (BRCA). (A) Venn diagram shows the intersection 
containing 136 candidate SRRGs. (B) Heatmap of the 96 DE-SRRGs. GO (C) and KEGG (D) analysis of the 96 DE-SRRGs. BRCA, breast cancer; 
DE-SRRGs, differentially expressed SRRGs; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; SRRG, starvation 
response-related gene.
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Then we identified the prognostic genes from these 96 DE-
SRRGs. In the training cohort, univariate Cox regression analysis 
revealed that six genes were associated with OS (Figure 5A,B). The 
expressions of EIF2AK3, EIF4EBP1, and HSPA8 were significantly 
higher in tumor samples than in normal tissues, while ADM, JUN, 
and SLC38A2 were relatively lower in tumor samples (Figure 5C).

Next, lasso followed by multivariate Cox regression analysis was 
conducted to construct a prognostic model (Figure 5D). Eventually, 
an optimal three-gene signature (EIF2AK3, EIF4EBP1, and HSPA8) 
was identified based on both stepwise strategy. Based on these 

three genes, we developed the SRRG prognostic signature and 
computed the risk score for each sample. Patients were classified 
into higher-risk (n = 273) or lower-risk (n = 273) groups (Table S14).

In the training cohort, the PCA revealed that the model could 
separate the higher-risk and lower-risk categories into different 
groups (Figure 5E). Patients in the higher-risk category had a higher 
number of deaths (Figure  6A,B). Individuals within the lower-risk 
category had a better median OS (Figure 6C). In addition, the AUC 
of the ROC curve reached 0.706 in 1 year and 0.679 in 3 years 
(Figure 6D). Then, the risk score and other clinicopathological indi-
cators were combined to build a nomogram (Figure 7A). The calibra-
tion curve revealed that the signature of SRRG had a high degree of 
consistency with the actual 3- and 5-year OS (Figure 7B).

3.4  |  Validation of the starvation response-related 
gene signature

Based on the cut-off value identical to that of the training cohort, 
the individuals in the validation cohort were split into higher-risk 
(n = 260) and lower-risk (n = 284) categories (Table S15). Similarly, PCA 
indicated that the model could divide the higher-risk and lower-risk 
categories into different groups (Figure 5F). The death rate of sam-
ples in the higher-risk class was much higher in the validation cohort 
(Figure 6E,F). Patients in the lower-risk category presented better OS 
(Figure 6G), and the ROC curve indicated that the signature had a good 
prognostic value (Figure 6H), which implied that this SRRG signature 
was efficacious. According to the calibration curve, this prognostic 
signature exhibited sound agreement between the estimate of the 
nomogram and the real statement to forecast the periods of OS at 3 
and 5 years in the validation cohort (Figure 7C). In the same way, all 
findings were presented similarly in the whole cohort (Figure S2A–F).

3.5  |  The independent prognostic 
significance of the starvation response-related 
gene signature

Univariate Cox regression analysis revealed that the risk score was 
significantly correlated with OS in training (Figure  8A), validation 
(Figure 8B), and entire (Figure S3A) cohorts. In multivariate Cox re-
gression analysis, the risk score is still an independent factor of OS 
after adjusting for additional variables (Figure 8C,D and Figure S3B). In 
conclusion, the risk score of the prognostic signature we constructed 
could function as an independent prognostic indicator for BRCA.

3.6  |  Establishment of the coexpression networks

The SRRG–ARG coexpression network was created to demonstrate 
the SRRGs and their connections to ARGs. The network comprised 
42 gene pairs (Figure 9A). Further, the SRRG–GRG coexpression net-
work comprised 40 gene pairs (Figure 9B). It is obvious that EIF2AK3 
is always located at the core of Figure 9A,B.

TA B L E  1  Clinical characteristics of patients in training and 
validation cohorts.

Characteristic

Training 
cohorts 
(N = 546, %)

Validation 
cohorts 
(N = 544, %) p-value

Age

<60 283 (51.8) 296 (54.4) 0.777

≥60 263 (48.2) 248 (45.6)

AJCC stage

Stage I 78 (14.3) 103 (18.9) 0.827

Stage II 324 (59.3) 298 (54.8)

Stage III 123 (22.5) 127 (23.3)

Stage IV 12 (2.2) 10 (1.8)

T stage

T1 127 (23.3) 152 (27.9) 0.881

T2 326 (59.7) 305 (56.1)

T3 70 (12.8) 67 (12.3)

T4 20 (3.7) 20 (3.7)

N stage

N0 256 (46.9) 258 (47.4) 0.721

N1 178 (32.6) 182 (33.5)

N2 53 (9.7) 67 (12.3)

N3 47 (8.6) 29 (5.3)

M stage

M0 527 (96.5) 538 (98.9) 0.155

M1 12 (2.2) 1 (0.2)

ER

Negative 120 (22.0) 117 (21.5) 0.968

Positive 399 (73.1) 404 (74.3)

PR

Negative 168 (30.8) 175 (32.2) 0.878

Positive 349 (63.9) 345 (63.4)

HER2

Negative 277 (50.7) 282 (51.8) 0.784

Positive 78 (14.3) 86 (15.8)

IHC subtype

Luminal-type 409 (74.9) 411 (75.6) 0.909

HER2-type 17 (3.1) 20 (3.7)

Basal-type 59 (10.8) 56 (10.3)

Abbreviations: AJCC, American joint committee on cancer; ER, 
estrogen receptor; HER2, human epidermal growth factor receptor 2; 
IHC, immunohistochemistry; PR, progesterone receptor.
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3.7  |  Discovery of important hallmarks and 
functional analysis

Gene set enrichment analysis demonstrated that metabolic-related 
hallmarks, such as glycolysis, and mTORC1 signaling related to the 

cancer were upregulated in the higher-risk patients (Figure  10A). 
In addition, several typical pathways from the KEGG, including 
the citrate cycle TCA cycle, alanine aspartate, and glutamate me-
tabolism, were highly enriched in high-risk phenotypes (Figure 10B). 
GO enrichment analysis indicated that genes were remarkably 

F I G U R E  5  The construction of the starvation response-related gene (SRRG) signature. (A) The heatmap revealed six differentially expressed 
SRRGs associated with overall survival. Forest plot (B) and boxplot (C) of six genes. (D) The SRRG signature was then constructed by lasso 
regression analysis. Principal component analysis showed the scattered distribution of patients in the training (E) and validation (F) cohorts.
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F I G U R E  6  Prognostic analysis of the starvation response-related gene signature in the training and validation cohorts. (A, E) The 
distribution of the overall survival status and the risk score. (B, F) The heatmap depicted the three-gene expression level of each patient. (C, 
G) Kaplan-Meier curves for the overall survival of patients. (D, H) Area under the curve of time-dependent receiver-operating characteristic 
curves verified the prognostic accuracy of the signature.



3154  |    WANG et al.

enriched in metabolic-related cellular components, such as mito-
chondrial matrix, mitochondrial inner membrane, mitochondrial 
protein-containing complex, and endoplasmic reticulum lumen. 
Energy stress-related biological processes were also considerably 
enhanced, such as the response to nutrient levels, and regulation of 
autophagy (Figure 10C).

3.8  |  Inhibition of EIF2AK3 signaling attenuates 
breast cancer cell invasion and migration in the 
starved microenvironment

Since EIF2AK3 is always located at the core of Figure 9A,B, we fo-
cused on the gene EIF2AK3 for further exploration. As illustrated in 

F I G U R E  7  Establishment of the nomogram. (A) A nomogram was established by integrating traditional clinicopathological indicators and 
the risk score. Calibration plots for 3- and 5-year overall survival in training (B) and validation (C) cohorts.
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Figure 11A, the mRNA expression level of EIF2AK3 was relatively 
higher in breast cancerous tissues.

We then also detected changes in phosphorylated EIF2AK3 
protein in the starved environment since EIF2AK3 is activated in 
BRCA by phosphorylation.9 The protein of the p-EIF2AK3 levels 
particularly increased in a time-dependent manner in response to 
starvation stimuli in BRCA cells (Figure 11B,C). In addition, immuno-
fluorescence also showed more elevated levels of p-EIF2AK3 when 
BRCA cells were in the starved state (Figure 11D,E).

We knocked down EIF2AK3 in MDA-MB-231 and BT549 cells to 
inhibit EIF2AK3 signaling (Figure 12A,B). The metastatic ability of 
BRCA cells was lessened after EIF2AK3 was knocked down in the 
starved environment (Figure 12C,D and Figure S4A,B). Furthermore, 
inhibition of EIF2AK3 signaling enhanced E-cadherin protein expres-
sion while decreasing vimentin and N-cadherin protein expression, 
implying that EIF2AK3 signaling may participate in the invasive and 
metastatic potential of BRCA cells in the starved microenvironment 
through EMT (Figure 12E–H).

4  |  DISCUSSION

Fastly expanding tumors frequently suffer from nutritional short-
ages, and glucose concentrations in tumors are much lower than 
in the matching normal tissues.10–13 Solid tumors often develop in 
nutrient-deficient TME, and energy shortage is especially prevalent 
due to the high rate of glucose consumption.4 Neoplastic cells reply 
to the cytotoxic effects of such metabolic pressures by generating 
molecular adaptations that enable the clonal selection of a more ma-
lignant tumor-initiating cell phenotype.14,15 The mechanisms under-
lying cancer cells’ adaptation to such fluctuating resource scarcity 
are the subject of intense research since interfering with adaptive 
responses might be a practical therapeutic approach.

Cells in solid tumors are subject to severe microenvironmen-
tal stresses and must adapt their metabolic processes to overcome 
multiple unfavorable growth conditions.16 Increasing evidence 
indicates that nutrient-deficient microenvironments relate to the 
development of cancer.17 For example, it has been shown that 

F I G U R E  8  The independent prognostic value of the starvation response-related gene signature. Results of univariate and multivariate 
Cox regression analyses in training (A, C) and validation (B, D) cohorts.
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glucose-starved tumors are more aggressive.18 Glucose starva-
tion conditions foster the LKB1 pathway to maintain energy ho-
meostasis and upregulate MMP9 expression, which promotes the 
metastasis of cancer cells.19 Loong et al.14 discovered a regulatory 
mechanism involving fucosylation through which starvation facili-
tates cancer stemness, resulting in drug resistance and tumor recur-
rence. During serum starvation, HCT-8 cells secrete HSP90alpha, 
which promotes the aggressiveness of colon cancer.20 Therefore, 
starvation stimulation is associated with the progression of tumors. 
However, the biological pertinence and mechanisms of this physi-
ological state in cancer advancement remain evasive and deserve 
in-depth research.

Starvation induces the autophagic process, which enables the 
cancer cell to survive by capturing intracellular proteins and re-
claiming intracellular elements.21–23 Starvation induces autophagy in 
hepatocellular carcinoma cells, which promotes metastasis by acti-
vating the Wnt signaling pathway.5 Autophagy mediated by starva-
tion boosts EMT and the progression of bladder carcinoma through 
the TGF-signaling pathway.24 Neoplastic cells trigger autophagy to 
improve tolerance to nutrient restriction and aid in survival in a de-
prived microenvironment.25

The reprogrammed energy metabolic pattern contributes to 
the unbounded expansion of neoplastic cells.26,27 This metabolic 
phenotype is marked by a prioritized reliance on energy production 

F I G U R E  9  Construction of the coexpression networks. The diagrams show the starvation response-related genes (SRRG)–autophagy-
related genes (ARG) (A) and starvation response-related gene (SRRG)–glycolysis-related gene (GRG) (B) coexpression network.
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through glycolysis. Our study observed that starved stimulation 
enhanced the glucose uptake of BRCA cells. Given that protec-
tive autophagy of tumor cells could provide substrate for glyco-
lytic pathways and promote glycolysis, we suggest that starvation 
promotes the glycolytic metabolism in BRCA cells and may be at 
least partially mediated by protective autophagy. In addition, stud-
ies have reported that aerobic glycolysis is triggered when cancer 
cells are faced with starvation.16,28–32 Glucose starvation increases 
the expression levels of key enzymes of glycolysis and accelerates 
glycolysis, thus maintaining the survival and development of tumor 
cells in starved environments.6 Serum starvation upregulates cir-
cACC1 to increase glycolysis and promote metabolic adaptation 
and tumor progression.33 Amino acid starvation could regulate the 
production of VEGF, accelerate glucose uptake, and promote gly-
colysis.34 Our results show that starvation induces autophagy and 
glycolytic metabolism, which promotes tumor cell progression.

Massive efforts have been made to exploit noninvasive indicators 
to forecast early cancer and remind individuals of their cancer risk, 
which is crucial to reducing BRCA mortality. Since the pathological 
mechanisms of BRCA advancement are not comprehensively under-
stood, additional investigation is required to recognize and discover 

practical indicators and targets for BRCA diagnosis and therapy. 
Recent studies have indicated that mRNA-constructed signatures 
can anticipate outcomes more precisely.35–38 So far, limited studies 
have focused on SRRGs in BRCA. It has not been widely reported in 
BRCA because the research is still in its early stages. Therefore, we 
focused on the relationship between SRRGs and BRCA. Our study 
simulated the starved microenvironment using EBSS and found that 
starvation stimulation promotes BRCA cell invasion and migration 
levels. Then, our data indicated that starvation-induced stimulation 
encourages BRCA cell progression by enhancing autophagy and 
glucose metabolism. Therefore, using bioinformatics and statistical 
techniques, we constructed a novel SRRG signature by combining 
autophagy-related SRRGs and glycolysis-related SRRGs, and we 
comprehensively examined the precision of the model. The func-
tional enrichment analyses suggested that the SRRGs are closely 
associated with autophagy and metabolic reprogramming, which 
promote tumor progression.

Therefore, determining the regulatory molecule in the starved 
microenvironment of BRCA cells is essential for investigating the 
specific mechanisms involved. We further analyzed the model 
core gene EIF2AK3. Interestingly, our experiments revealed that 

F I G U R E  1 0  Functional enrichment analysis based on the starvation response-related gene signature. (A) Gene set enrichment analysis 
shows pathways enriched in higher-risk breast cancer patients. (B) Kyoto Encyclopedia of Genes and Genomes shows pathways enriched in 
the higher-risk group. (C) Gene ontology analysis of differentially expressed genes between high-risk and low-risk groups.
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the expression of phosphorylated EIF2AK3 significantly increased 
after starved stimulation. The invasion and migration capabilities 
of BRCA cells in starved conditions declined when EIF2AK3 sig-
naling was inhibited. According to research, EIF2AK3 operates 
during tumor onset and expansion to sustain redox homeostasis 
and, thus, encourage tumor development.39 Recent studies sug-
gest EIF2AK3 may drive EMT involvement in triple-negative BRCA 
(TNBC) metastases.9,40 These findings indicated that EIF2AK3 is 
associated with tumor progression, which may be consistent with 
our speculation that the starved microenvironment promotes 
BRCA progression via EIF2AK3. Therefore, EIF2AK3 may play a 
crucial role in the function of the microenvironment of starvation 
in BRCA.

In conclusion, we identified the SRRGs associated with the prog-
nosis of BRCA and developed a prognostic model. In addition, the 
starvation response risk score is linked to metabolic-related path-
ways and biological functions associated with nutritional pressure. 
As a result, the SRRG signature may have potential prognostic signif-
icance and function as a treatment target point for BRCA. Although 
our analysis utilizes representative and robust data derived from the 
TCGA public databases, there are still some limitations. First, multi-
center studies and additional prospective or retrospective analyses 
are necessary to verify the role of the SRRG signature that we have 
proposed. Second, because MDA-MB-231 and BT549 cell lines have 
a higher invasive migration capacity than other BRCA cell lines and 
the microenvironment of starvation is an indicator of pro-invasive 

F I G U R E  11  EIFA2K3 signaling could be activated by starved stimulation. (A) Quantitative polymerase chain reaction shows the mRNA 
expression of EIF2AK3 in tissues. (B, C) Western blot showed the p-EIF2AK3 levels in BRCA cells under the starvation environment. (D, 
E) Immunofluorescence showed the levels of p-EIF2AK3 in BRCA cells under the starvation environment (200× magnification, scale bar 
represents 50 μm; 400× magnification, scale bar represents 20 μm).
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migration, we mainly selected these two types of cells for our study. 
However, both cell types are TNBC cell lines. Whether EIF2AK3 
plays a role in other types of BRCA cells needs to be clarified in fu-
ture work. Third, since our study preliminarily identified the asso-
ciation between EIF2AK3 and the microenvironment of starvation 
in BRCA, underlying and potential mechanisms need to be further 
investigated through experimentation in the future.
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F I G U R E  1 2  Inhibition of EIF2AK3 signaling attenuates breast cancer (BRCA) cell invasion and migration in the starved 
microenvironment. Quantitative polymerase chain reaction (A) and western blot (B) showed the expression of EIF2AK3 in siRNA-transfected 
BRCA cells. Transwell assay showed the migration and invasion of MDA-MB-231 (C) and BT549 (D) cells after si-EIF2AK3-1 transfection. 
The scale bar represents 100 μm. (E–H) Western blot shows the protein expressions of EIF2AK3, p-EIF2AK3, E-cadherin, N-cadherin, and 
vimentin.
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