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A B S T R A C T   

Interferon gamma (IFNγ) plays a context-dependent dual tumor-suppressor and pro-tumorigenic roles in cancer. 
IFNγ induces morphological changes in breast cancer (BC) cells with or without estrogen receptor alpha (ERα) 
expression. However, IFNγ-regulated genes in BC cells remain unexplored. Here, we performed a cDNA micro-
array analysis of MCF-7 (ERα+) and MDA-MB-231 (HER2-/PR-/ERα-) cells with and without IFNγ treatment. We 
identified specific IFNγ− modulated genes in each cell type, and a small group of genes regulated by IFNγ 
common in both cell types. IFNγ treatment for an extended time mainly repressed gene expression shared by both 
cell types. Nonetheless, some of these IFNγ-repressed genes were seemingly deregulated in human mammary 
tumor samples, along with decreased IFNGR1 (an IFNγ receptor) expression. Thus, IFNγ signaling-elicited anti- 
tumor activities may be mediated by the downregulation of main IFNγ target genes in BC; however, it may be 
deregulated by the tumor microenvironment in a tumor stage-dependent manner.   

1. Introduction 

Interferon gamma (IFNγ) is the unique member of the type II inter-
feron family [1,2]. The canonical signaling of IFNγ requires a specific 
heterotetrameric receptor complex and the JAK-STAT1 system. The re-
ceptor that recognizes IFNγ is a tetramer complex composed of two 
IFNGR1 and two IFNGR2 subunits. In this complex, the Janus activated 
kinases JAK1 and JAK2 are constitutively associated with IFNGR1 and 
IFNGR2. IFNγ is recognized by the ІFNGRs, which undergoes a confor-
mational change, activating and transphosphorylating JAK proteins [3]. 
STAT1 is phosphorylated by JAK1/2, forming a homodimer called 
gamma-activated factor, which is enriched in the nucleus and binds 
specific DNA sequences (TTNCNNNAA) called gamma-activated sites or 
GAS on the regulatory regions of target genes; thus, modulating IFNγ 
target gene transcription in a cell type-dependent manner [1]. One of the 
early IFNγ− induced genes is interferon regulatory factor 1 (IRF1), a 
transcription factor that induces other IFNγ target genes. In addition to 
the canonical IFNγ signaling, non-canonical pathways for IFNGRs and 
some genes are upregulated by IFNγ in a STAT1-independent manner 
[4–6]. Furthermore, the IFNγ signaling can activate NF-κB to regulate 
gene expression [7–9]. 

Breast cancer (BC) is a severe health problem worldwide. More than 
70% of BC cases are estrogen receptor-α positive (ERα+), whereas “tri-
ple-negative BC” is highly metastatic and it does not express ERα, pro-
gesterone receptor (PR), and epidermal growth receptor (HER2) [10, 
11]. In this context, an IFN-dependent gene signature has been sug-
gested as a marker for chemotherapy sensitivity in BC. However, some 
IFN-target genes have also been associated with chemotherapy resis-
tance [12,13]. Particularly, IFNγ can induce apoptosis and cell cycle 
arrest. Furthermore, IFNγ autocrine signaling has been detected in BC 
cells [14,15]. Nevertheless, a limited number of studies have focused on 
molecular mechanisms underlying IFNγ regulation of BC biology. Some 
IFNγ-target genes are induced in specific cell types after short stimula-
tion periods (0.5–2 h). However, the gene expression profile induced by 
IFNγ after extended periods of stimulation remains unexplored. In this 
study, we identified new IFNγ− regulated genes in both MCF-7 (ERα+) 
and MDA-MB-231 (triple-negative) BC cells using cDNA microarray 
analysis. We performed in silico analyses to understand the functional 
effects of the expression of genes modulated by IFNγ as part of molecular 
pathways shared by both BC cell types and the possible implications in 
mammary tumor samples. 
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2. Materials and methods 

2.1. Reagents and cell lines 

Recombinant human IFNγ (285-IF-00) was purchased from R&D 
Systems. The culture medium used for cell maintenance was obtained 
from Invitrogen. Cell staining reagents, calcein, and TRIzol were ob-
tained from Invitrogen (Thermo Fisher Scientific). The MCF-7 (ERα+) 
and MDA-MB-231 (ERα–, triple-negative) BC cell lines were maintained 
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% 
fetal bovine serum (FBS) and penicillin/streptomycin. 

2.2. Calcein staining 

A calcein-AM (green) assay was performed. Since viable cells possess 
an active metabolism, they present intracellular esterase enzymes 
capable of converting non-fluorescent calcein-AM to green fluorescent 
calcein. Hence, MCF-7 and MDA-MB-231 cells were treated with and 
without IFNγ for 24 h. Subsequently, cells were incubated with 1 μM 
calcein-AM at 37 ◦C for 30 min. After incubation, the morphology of 
calcein-stained cells was analyzed using fluorescence microscopy. The 
cell size was quantified using FIJI/ImageJ [16]. 

2.3. RNA extraction and cDNA microarray 

TRIzol was used to isolate total RNA from MCF-7 and MDA-MB-231 
BC cells treated with and without IFNγ (100 ng/mL) for 24 h. RNA 
concentration and purity were determined using a NanoDrop, ND-1000. 
RNA integrity was evaluated using agarose gel electrophoresis. Total 
RNA (2 μg) was used for cDNA synthesis for the microarray. 

The cDNA from MCF-7 control cells was marked with Alexa 555, and 
IFNγ-treated MCF-7 cells were marked with Alexa 647, mixed, and hy-
bridized at GeneChip Human Mapping 10 K Array (CHIP H10KA_07_20). 
MDA-MB-231 cells with and without IFNγ were marked similarly to 
MCF-7 cells and hybridized with another GeneChip Human Mapping 10 
K Array (CHIP H10KA_07_21). The results obtained from the quantifi-
cation of cDNA microarray images were analyzed using the GenArise 
software. Microarray service from the Instituto de Fisiología Celular 
(IFC), Unidad de Microarreglos de DNA was used, and downregulated 
genes with a Z-score > 2 were selected to study expression changes. 
cDNA microarray results were analyzed and represented using heatmaps 
generated with MATLAB. 

2.4. In silico analysis 

We used the Gene Ontology resource to define the functions of IFNγ- 
modulated genes (http://geneontology.org/) [17,18]. We also used 
Genemania to analyze the functions and predict the pathways associ-
ated with the identified IFNγ-modulated genes (https://genemania. 
org/) [19]. 

Functional interactions between the products from identified IFNγ- 
modulated genes were analyzed using STRING 10.5 (https://string-db. 
org/cgi/network.pl) [20]. Additionally, we analyzed functional nodes 
for the products of IFNγ target genes using Chemical-Protein Interaction 
Networks “STITCH” (http://stitch.embl.de/) and integrated the infor-
mation on interactions from metabolic pathways [21]. 

To identify the putative sites for transcription factors activated by 
IFNγ in the promoter regions of genes, we used Interferome v2.0 
(http://www.interferome.org/interferome/home.jspx) [22]. 

2.5. Gene expression analysis in mammary tumor samples 

We used Curtis databases from the cancer microarray database 
OncomineTM (www.oncomine.org) to analyze the gene expression in 
patient-derived mammary tumors and normal mammary tissues. The 
analysis of IFNGR1 in mammary tumor samples was performed using 

UALCAN using the Cancer Genome Atlas (TCGA) data set (http://u 
alcan.path.uab.edu/) [23]. 

2.6. Statistical analysis 

Unpaired Student’s t-tests were performed using GraphPad Prism 5 
software (GraphPad Software, Inc.); p < 0.05 (*), p < 0.01 (**), and p <
0.001 (***) were considered statistically significant vs. control condi-
tion. ### means p < 0.001 between indicated groups. 

3. Results 

3.1. IFNγ induces morphological changes in MCF-7 and MDA-MB-231 
cells, modulating a small group of genes 

Morphological changes of MCF-7 and MDA-MB-231 cells were 
observed after 24 h of IFNγ treatment without an effect on their viability 
(Fig. 1A). We detected that in response to IFNγ, the diameter of MDA- 
MB-231 cells reduced compared to control cells (Fig. 1A and B). More-
over, control MCF-7 cells showed an epithelial morphology; however, 
upon IFNγ treatment, the cellular diameter was similarly reduced 
(Fig. 1A and B). Therefore, we set to perform a cDNA microarray and 
analyze common molecular pathways triggered by IFNγ treatment for 
24 h, which may drive the morphological changes of both cell types. As a 
result, we identified 374 and 393 IFNγ− modulated genes in MCF-7 and 
MDA-MB-231 cells, respectively. In both cases, approximately 50% of 
genes were upregulated and 50% downregulated (Fig. 1C). 

Although our analysis indicated that approximately 78% of the 
identified IFNγ-regulated genes differed and were specific for each BC 
cell line (MCF-7 vs. MDA-MB-231 cells), a small group of 84 genes (22% 
of the total genes) were regulated in both cell types after IFNγ treatment 
(Fig. 1D and E). Notably, 73% of the IFNγ− regulated genes in both cell 
lines were downregulated (61 genes), whereas 27% of them (23 genes) 
were upregulated (Fig. 1D and E). In this study, we exclusively analyzed 
genes regulated in both cell types to understand the IFNγ-mediated 
molecular mechanisms shared by both cell lines independently of the 
ERα/PR/HER2 status. 

We analyzed the promoter regions (− 1500/+500 bp) of these 84 
genes regulated by IFNγ using Interferome, detecting one or more puta-
tive sites, for the transcription factors, namely STAT1, STAT3, IRF1, 
IRF7, IRF8, and NF-κB, and predicting their possible regulation by ca-
nonical and non-canonical IFNγ signaling pathways. 

Gene ontology analysis indicated that the IFNγ-upregulated genes 
are related to the modulation of subcellular localization and cellular 
processes, whereas IFNγ-downregulated genes are involved in catalytic 
activities, biological regulation, cellular and metabolic processes. Using 
the Genemania program, we found that some upregulated genes were 
involved in cell cycle checkpoints, cell cycle, and mitotic pathways, 
whereas the IFNγ-downregulated genes were related to molecular 
transport, immune system, proteolysis, and RNA metabolism. 

3.2. IFNγ downregulates genes associated mainly with transcription 
elongation, proteolysis, and vesicular transport in BC cells 

Our analysis via STITCH displayed three groups of genes with 
interaction nodes (Fig. 2). One group of genes was related to proteolysis 
(CBLC, TRIM36, BIRC3, UBA3, and PSMD8). PSMD8 was associated with 
AURKA, PELO, OAS2, RAD54B, SEC61A1, and PSMD proteasome sub-
units. Another group comprised IKBKAP and the transcription elonga-
tion factor ELP5, which was predicted to be related to other elongation 
factors such as ELP2, 3, and 4. The last group contained genes such as 
RALA, VAMP2, EXOC5, and SEC24C, associated with vesicle and mem-
brane transport and exocytosis. On the STITCH interactome, we grouped 
genes according to their reported activities. We defined eight groups of 
genes associated with 1) actin cytoskeleton and cell adhesion, 2) 
signaling pathways, 3) DNA-interaction and/or transcription regulation, 
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4) vesicle transport and exocytosis, 5) RNA-binding associated func-
tions, 6) antiviral activity, 7) metabolism, 8) oxide reduction and 
biosynthesis, and 9) function not completely known (Fig. 2). These data 
suggest that IFNγ signaling can specifically inhibit the expression of 
target genes in MCF-7 and MDA-MB-231 BC cell lines, independently of 
the ERα/PR/HER2 status. 

3.3. Decreased IFNGR1 gene expression in BC 

To explore the relevance of the expression of IFNγ-downregulated 
genes in mammary tumors, we performed an analysis using the Curtis 

data set from Oncomine™. Of the 22 IFNγ− downregulated genes, we 
selected a group of eight genes (HTR7, KIF20B, AURKA, PSMD8, BIRC3, 
RALA, EXOC5, and VAMP2), which constituted the major predicted node 
of interaction or experimentally tested according to our analysis from 
STRING (Fig. 3A). Our results revealed that the expression of these genes 
was significantly higher in mammary tumors than in normal mammary 
tissue, except for EXOC5, which did not significantly change, and 
VAMP2, which was decreased in mammary tumors (Fig. 3B–I). Since the 
IFNGR1 gene encodes one of the receptor subunits that recognizes IFNγ 
and transduces the signal into cells, we evaluated its expression in 
mammary tumors. We detected that IFNGR1 expression was lower in 

Fig. 1. IFNγ induces morphological changes in breast cancer cells and modulates their transcriptome. 
A) The morphology of MDA-MB-231 and MCF-7 cells changed after IFNγ treatment for 24 h. Cells were stained with calcein. Magnified view of a representative cell 
marked in blue, indicating the quantified diameter. B) Cell diameters were quantified to demonstrate the morphological changes in breast cancer cells in response to 
IFNγ. C) Heat maps of IFNγ-regulated genes in both breast cancer cells. D) Heat maps of the commonly regulated genes in both MCF-7 and MDA-MB-231 cells by 
IFNγ. IFNγ down- and upregulated genes are displayed in red and green color, respectively. E) Venn diagram showing the percentage of genes regulated in both breast 
cancer cell lines. 

A.C. Tecalco-Cruz et al.                                                                                                                                                                                                                       



Biochemistry and Biophysics Reports 27 (2021) 101053

4

mammary tumors than in normal mammary tissues (Fig. 3J). 
As IFNGR1 gene expression is central for modulating IFNγ-dependent 

gene expression. We used the TCGA dataset from UALCAN to analyze the 
IFNGR1 expression profile in BC. First, we observed that IFNGR1 
expression was lower in mammary tumors than in normal mammary 
tissue, corroborating the previous result from the Curtis dataset 
(Fig. 4A). Second, we detected that IFNGR1 expression was significantly 
decreased, mainly in stage 4 compared to stages 1–3 of mammary tu-
mors (Fig. 4B). Third, IFNGR1 downregulation was shared in different 
BC types (MCF-7 and MDA-MB-231). Moreover, a significant decrease in 
IFNGR1 gene expression was observed in luminal BC tumors compared 
to triple-negative tumors (Fig. 4C). Thus, IFNγ/IFNGR1 signaling path-
ways are seemingly affected in BC tumors, partly explaining why some 
identified IFNγ-downregulated genes can be de-repressed by IFNGR1 
downregulation in mammary tumors while other genes co-regulated by 
collateral signaling pathways may not be directly affected. 

4. Discussion 

IFNγ stimulation for 24 h led to morphological changes in MCF-7 and 
MD-MB-231 BC cells. Hence, we considered that: 1) IFNγ may modulate 
the gene expression patterns after prolonged treatment as compared to 
those usually reported (short exposure: 1–2 h). 2) Some of these 

IFNγ− regulated genes in both cell types may partly explain the observed 
morphological changes. 

Our study identified new upregulated and downregulated genes by 
IFNγ in BC cells. Only a small percentage of all genes (22%, 84 genes) 
were regulated in both cell types (ERα+ and triple-negative). Many of 
these genes were downregulated (73%, 61 genes). This is a novel result 
because IFNγ-dependent gene inhibition has been limitedly studied 
compared to genes modulated by IFNγ/STAT1 canonical signaling in 
cancer cells. Moreover, these results suggest that IFNγ signaling may 
promote morphological changes through a common pathway that 
mainly involves gene repression in both BC cell types in an ERα/PR/ 
HER2 status-independent manner. 

Gene induction (MAD1L1, MCM10, and DYNLL1) by IFNγ may be 
associated with cytoskeletal organization and plays a central role in 
controlling the cell cycle. For instance, DYNLL1 can regulate checkpoint 
activation [24], and MAD1L1 is a checkpoint gene whose mutations can 
affect its functions in several cancer types, including BC [25]. Our data 
also indicated that IFNγ might negatively regulate the expression of 
genes involved in transport, and vesicle pathways, which are central in 
BC pathophysiology [26]. Furthermore, IFNγ probably requires the 
modulation of several subsets of genes to promote morphological 
changes in BC cells. 

We selected IFNγ− repressed genes with functional interactions in 

Fig. 2. The genes downregulated by IFNγ in MCF-7 and MDA-MB-231 cells are related to different molecular pathways. The analysis of genes downregulated by IFNγ 
was performed using STITCH. 
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Fig. 3. The expression of some genes downregulated by IFNγ in MCF-7 and MDA-MB-231 cells is increased in mammary tumor samples. A) IFNγ-downregulated 
genes analyzed using the STRING software. B) The expression of HTR7, KIF20B, PSMD8, AURKA, BIRC3, RALA, EXOC5, VAMP2, and IFNGR1 was evaluated using the 
Curtis dataset from Oncomine (C–K). 
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the major nodes of the STRING analysis, such as HTR7, KIF20B, PSMD8, 
AURKA, BIRC3, RALA, EXOC5, and VAMP2. Interestingly, KIF20B, 
RALA, PSMD8, and AURKA upregulation is reportedly associated with 
BC progression. For example, KIF20B overexpression in BC correlates 
with poor prognoses [27]. Similarly, RALA upregulation is a marker of 
poor prognosis in BC patients [28]. Notably, our analysis suggested that 
proteasome-related pathways may be affected by IFNγ signaling, 
implying that: 1) some proteasome inhibitors could be tested as phar-
macological tools for different cancer types, including BC [29,30]; 2) 
proteasome subunit (as PSMD8) deregulation can result in cancer pro-
gression, and resistance to proteasome inhibitors [31,32]; 3) IFNγ in-
creases ISGylation, a protein modification associated with protein 
stability by competing with the ubiquitination pathway in BC [33–35]; 
and 4) the IFNγ repression of proteolysis-associated genes may be 
helpful in the development of novel strategies to treat this pathology. 

On the other hand, changes in cell morphology are reportedly 
implicated in migration and invasion and the inhibition of growth and 
reduction of invasiveness [36,37]. Although the effects of IFNγ-induced 
morphological changes in BC cells remain unclear, our results suggested 
that IFNγ may trigger secondary molecular pathways modulating gene 
expression (mainly by repression) after prolonged treatment, inhibiting 
the pro-tumorigenic characteristics of BC cells. 

Nevertheless, the mammary tumors showed a decrease in IFNGR1 
expression. These tumors developed into a microenvironment enriched 
by secreted factors from the same cancer cells, stroma, and immune 
cells. As T lymphocytes and natural killer cells secrete IFNγ, constant 
signaling of this interferon may negatively affect IFNGR1 expression in 
BC cells. Furthermore, the expression of some IFNγ-downregulated 
genes identified in this study were higher in mammary tumor samples 
than in normal mammary tissue. These results indicated that the IFNγ/ 

IFNGR1 signaling pathways are affected in mammary tumors from BC 
patients, leading to the de-repression of specific target genes such as 
HTR7, KIF20B, PSMD8, AURKA, BIRC3, and RALA. For instance, 
AURKA, a kinase-encoding gene, is associated with BC progression, and 
its inhibitors are being investigated as promising therapies for this dis-
ease [38]. The downregulation of AURKA by IFNγ suggests that the 
anti-tumor effects of this interferon may be mediated by the transcrip-
tional inhibition of genes critical in BC. However, in advanced mam-
mary tumor stage 4, IFNGR1 expression was reduced. Consequently, 
IFNγ signaling may decrease, affecting the regulation of its target genes 
and compromising its anti-tumor activity (Fig. 4D). 

Nevertheless, the mechanisms underlying the regulation of IFNγ- 
mediated repression need to be further elucidated. Moreover, in this 
study, we focused on common genes regulated by IFNγ in BC cells; 
however, it is essential to consider that approximately 78% of the total 
identified genes are specific for each BC cell type, ERα+ and triple- 
negative. It is noteworthy that the overall gene modulation by IFNγ 
may contribute to the final cellular behavior in BC. 

In summary, we identified new IFNγ− modulated genes in triple- 
negative and ERα+ BC cells, MDA-MB-231 and MCF-7, respectively. 
IFNγ modulated the transcriptome of both BC cell types, but only a small 
group of genes was commonly regulated. IFNγ-dependent repression 
appears to be a central mechanism that modulates proteolysis, vesicle 
trafficking pathways, and transcriptional regulation, which may 
decrease BC cell tumorigenicity. Some of these putative 
IFNγ− downregulated genes are important in BC, such as AURKA. The 
tumor environment may lead to a decrease in IFNGR1 expression in 
mammary tumors, stimulating the de-repression of some IFNγ-inhibited 
genes and affecting BC progression. 

Fig. 4. The expression of IFNGR1 is altered in mammary tumors from patients. The analysis of IFNGR1 expression in breast cancer with respect to normal mammary 
tissues (A), tumor stage (B), and breast cancer type (C) was evaluated using UALCAN. The proposed model based on our analysis is presented in D. 
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