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Abstract
Background: Cancer-associated fibroblasts (CAFs) play an important role in the initiation and progression 
of tumor cells. These cells can trigger signaling pathways involved in tumor progression. HOTAIR, an in-
creased long non-coding RNA (lncRNA) in breast cancer, has a vital role in the tumorigenesis and develop-
ment of breast cancer cells. 
Methods: In this study, a fibroblast cell culture medium was used to investigate its possible role in inducing 
the HOTAIR expression and PI3K/Akt/mTOR pathway in breast cancer cells. CAFs and normal fibroblasts 
(NFs) were isolated from tumors of 6 patients with breast cancer and subjects with healthy breasts, respec-
tively. The MCF-7 cells were cultured in a medium obtained from CAFs (CAF-CM) or NFs (NF-CM), and 
then the expression of HOTAIR and PI3K/Akt/mTOR in MCF-7 cells was assessed using Real-Time PCR. 
HOTAIR was silenced in MCF-7 cells using siRNAs and then cultured in CAF-CM or NF-CM. Subsequent-
ly, the phosphorylation status of PI3K/Akt/mTOR proteins was analyzed by western blotting. 
Results: Fibroblast culture medium enhanced the expression of HOTAIR and activation of the PI3K/Akt/
mTOR pathway in breast cancer cells. By HOTAIR silencing, reduced activity of the PI3K/Akt/mTOR path-
way, as well as the lower effect of fibroblast culture medium in the induction of PI3K/Akt/mTOR pathway, 
was seen. 
Conclusion: HOTAIR can play a role as a mediator in inducing the PI3K/Akt/mTOR pathway in breast 
cancer cells by the effect of cancer-associated fibroblast cells.
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Introduction
Breast cancer is one of the most common hu-

man cancers, accounting for 25% of all cancers 
in women and 12% of all cancers in the world 
(1). Despite the many studies conducted on the 
characteristics of cancer cells, the mechanisms in-
volved in the ability of tumor cells to invade and 
survive remain largely unknown (2).

Cancer-associated fibroblasts (CAFs) are 
among the largest populations of cells in the tu-
mor microenvironment (TME) involved in the 
initiation, growth, progression, metastasis, angio-
genesis, and inhibition of tumor cell apoptosis (3-
5). CAFs mediate their effects mainly by secret-
ing growth factors such as tumor growth factor 
β (TGF-β), vascular endothelial growth factor 
(VEGF). (6, 7). These mediators promote tumor 
cell growth and metastasis by activating sever-
al signaling pathways in tumor cells including 
PI3K/Akt/mTOR (8-12).

The PI3K/Akt/mTOR signaling pathway reg-
ulates many important cellular processes in cell 
growth through increased protein synthesis and 
glucose and lipid metabolism (12, 13). This sig-
naling pathway is involved in regulating process-
es including apoptosis, cell cycle and metastasis 
in many types of cancers and can be regulated by 
several mediators including non-coding RNAs 
(12). Recently, the role of long non-coding RNAs 
(lncRNAs), a major class of non-coding tran-
scripts, has been given great importance in the 
pathogenesis of several cancers, including breast 
cancer (14-18). These molecules can regulate a va-
riety of cellular processes by influencing or inter-
acting with different elements, including proteins, 
DNA, RNA molecules, and transcription factors 
(19- 29). HOTAIR (HOX transcript antisense in-
tergenic RNA) is an lncRNA involved in the pro-
liferation, progression, survival, and metastasis 
of various types of tumors including breast, liver, 
pancreas, and lung cancer (16, 30-33). Increased 
expression of HOTAIR is associated with the mi-
gration and invasion of breast tumor cells, and 
might worsen the prognosis and severity of the 
disease (34-36). Recent studies have shown a rela-
tionship between the activation of the PI3K/Akt/
mTOR  pathway  and  HOTAIR  lncRNA  in  can-
cers  such  as  melanoma  and osteosarcoma. It has 
been demonstrated that the increase in HOTAIR 
expression leads to an activation of mTOR path-

way and, as a result, an increase in metastasis and 
tumor progression (37, 38). In the current study, 
to investigate the paracrine effects of fibroblasts 
on breast cancer cells, the effect of fibroblast cul-
ture medium on the induction of the PI3K/Akt/
mTOR signaling pathway in breast cancer cells 
was studied in vitro. Moreover, the expression of 
HOTAIR was investigated as a probable mediator 
in the activation of the PI3K/Akt/mTOR pathway 
by fibroblasts. 

Materials and methods
Study design and subjects 

The study was in accordance with the Decla-
ration of Helsinki and conducted with approval 
from the Tehran University of Medical Scienc-
es (TUMS) Ethics Committee with the number 
of IR.TUMS.MEDICINE.REC.1398.386.  Two 
groups including patients with breast cancer 
and healthy people, were studied after obtaining 
a consent form. Fresh human mammary tumor 
samples (0.7 -1cm in diameter) were isolated 
from six cases of invasive ductal breast carcino-
mas (IDC, Luminal A) at the time of surgical ex-
cision. The patients with newly diagnosed IDC 
without any background of receiving chemother-
apy or anti-cancer therapies were included, and 
the patients with benign tumors and non-inva-
sive cancers were excluded from the study. Nor-
mal breast tissue was obtained from six healthy 
age-matched subjects without any background 
in breast cancer or receiving hormone therapies 
who were under reduction mammoplasty. After 
pathological examination, the tissues were classi-
fied as cancerous and healthy. 

Isolation of human breast fibroblasts
Fresh tissues obtained from the patients with 

cancer or the healthy individuals were transport-
ed to the laboratory in sterile normal saline on 
ice. Tissues were washed twice with sterile nor-
mal saline and then minced in a sterile glass petri 
dish using sterile scalpels and scissors and then 
transferred to a sterile tube. Dulbecco's modi-
fied Eagle's medium (DMEM) containing colla-
genase I (1 mg/mL) (Sigma), fetal bovine serum 
10% (FBS; Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA), 100 U/ml penicillin, and 
100 µg/ml streptomycin (Gibco, Grand Island, 
NY) was filtered through a 0.2 µm filter and add-
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ed to the minced tissue. The tubes incubated for 
5 hours at 37  °C in a shaker at 230 rpm (approx-
imate angle position of 45°). Then, the tubes were 
centrifuged at 2000 xg for 3 min. The superna-
tant was discarded, and the obtained pellet was 
washed with DMEM. The pellet was cultured in 
25 cm2 tissue culture flasks containing FBS 15%, 
100 U/ml penicillin, and 100 µg/ml streptomycin, 
and maintained in a humidified incubator at 37 
°C with 5% CO2. The medium was changed after 
6 days when fibroblasts sprouted from the tissue 
to remove debris. Finally, fibroblast cells were 
confirmed using light microscopy and immuno-
cytochemistry (ICC).

Cell culture
Fibroblast cells were cultured in the complete 

medium (supplemented with 10% heat-inacti-
vated FBS and 100 U/ml penicillin/100 µg/ml 
streptomycin). After 48 hours, the medium was 
replaced with a serum-free medium and cultured 
for the subsequent 48 hours. Thereafter, the cul-
ture medium (CM) was collected, centrifuged at 
2500 xg for 10 minutes, filtered through a 0.2 µm 
filter, and kept at -80°C until use. The breast can-
cer cell line MCF-7 was purchased from the Na-
tional Cell Bank, Pasteur Institute (Tehran, Iran). 
Cells were cultured in complete DMEM and were 
maintained in a humidified incubator at 37 °C 
with 5% CO2.

Cytokine assay
The level of IL-6 and IL-10 cytokines in the fi-

broblast cells’ culture medium was measured by 
the standard enzyme‐linked immunosorbent as-
say method (R & D).

Immunocytochemistry (ICC)
Both NFs and CAFs were plated in 6-well plates. 

After confluency of about 70%, cells were washed 
with PBS, twice for 5 minutes each time and ana-
lyzed for α-smooth muscle cell actin (α-SMA), vi-
mentin, cytokeratin, CD31, and CD34 (DAKO). 
Briefly, cell fixation was performed using para-
formaldehyde 4% in PBS for 20 min at room 
temperature (RT). After washing, peroxidase 
blocking solution was added and incubated for 
10 minutes RT in a dark place. A permeabilizing 
solution, PBS containing Triton X-100 0.1%, was 
added for the detection of α-SMA and cytoker-

atin (intracellular markers). Cells were washed 
using PBS containing Tween 0.05%. Blocking was 
performed using BSA 1% in PBS for 1 hour at RT. 
After washing, primary antibodies were added, 
and the cells were incubated for 2 hours at RT. 
HRP-Conjugated secondary antibody (Razi Bio-
tech, Iran) was added and incubated for 1 hour 
at RT. Then 3, 3'-Diaminobenzidine (DAB, Razi 
Biotech, Iran) was added as a substrate and the 
plate was incubated for 5 minutes. Hematoxylin 
was added after washing, and the cells were ana-
lyzed using light microscopy.

RNA interference and transfection
Smart pool siRNA-HOTAIR and scramble se-

quences (negative control siRNA) were purchased 
from Dharmacon. Smart pool siRNA-HOTAIR 
consisted of a mixture of 4 siRNAs targeting 
HOTAIR. Target sequences for siRNA-HOTAIR 
were as follows: 5’AGACGAAGGUGAAAGC-
GAA-3’, 5’-CAAUAUAUCUGUUGGGCGU-3’, 
5’G GACUGGGAGGCGCUAAU-3’, 5’CAGU 
GAAUGGAACGGAUU-3’.

MCF-7 cells were cultured in separate groups 
for transfection with siRNA-HOTAIR (siR-HO-
TAIR) or siRNA-scramble (siR-NC), an un-trans-
fected cells. MCF-7 cells were transfected with 
siRNA-HOTAIR or scrambled sequences using 
Attractene transfection reagent (Qiagen) accord-
ing to the manufacturer's instructions. Briefly, 
3×104 MCF-7 cells/well were seeded into 24-well 
plates. The transfection medium was prepared by 
adding 1.5 μl of Attractene transfection reagent to 
100 μl of serum-free DMEM medium containing 
siR-HOTAIR or siR-NC at a final concentration 
of 100 nM. The tube was incubated at room tem-
perature for 20 minutes. The mixture was then 
added drop wise to cells maintained in 100 μl se-
rum free media in 24-well plates. After 5 hours, 
the medium in each group of MCF-7 cells was re-
placed with DMEM (control group), CAF-CM, or 
NF-CM. Cells were maintained in a humidified 
incubator at 37°C with 5% CO2 and were evaluat-
ed 72h after transfection.

RNA extraction and cDNA synthesis
RNA was extracted from MCF-7 cells transfect-

ed with siR-HOTAIR, siR-NC, and untransfected 
cells according to the manufacturer’s instructions 
(RNX plus isolation kit, Sinaclon, Iran). The RNA 
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purity was assessed by 1% agarose gel electropho-
resis, and its concentration was measured using 
a NanoDrop 2000 UV–Vis Spectrophotometer 
(Thermo Scientific, USA). The extracted RNA 
was kept at −70°C until use. The cDNA synthesis 
was performed using the Prime Script RT reagent 
kit (Takara Bio, Inc., Otsu, Japan) according to 
the manufacturer’s instructions. Briefly, 50–100 
ng of total RNA in a 10-μl sample volume was 
reverse transcribed using both oligo-dT/random 
hexamer primers. cDNA was kept at −20°C until 
analysis of gene expression.

Quantitative real‐time polymerase chain reac-
tion

Real-time reverse transcription PCR was per-
formed in order to investigate the efficiency of 
HOTAIR downregulation by siRNAs and also the 
expression of PI3K, Akt, and mTOR mRNAs. The 
reaction was performed in a total volume of 20 
μl including 1 μl of cDNA, 0.5 μM of each for-
ward and reverse primer, 10 μl of SYBR® Premix 
Ex Taq™ II (Takara Bio, Inc., Otsu, Japan), and 8 
μl of H2O. The qPCR reactions were performed 
on the Rotor-Gene 6000 machine (Corbett Re-
search, Australia) using the universal thermal 
cycling parameters, including an initial denatur-
ation at 95°C for 30 sec, and 40 cycles, including 
a denaturation at 95°C for 5 sec, an annealing at 
60°C (for HOTAIR, PI3K, and mTOR), and 57°C 
for 20 sec (for AKT), and an extension at 72°C 
for 30 sec. Finally, a melting curve analysis was 
performed at 60-95°C. The primer sequences 
were indicated in Table 1. The relative expression 
levels were normalized to the endogenous control 
β-actin and were expressed as 2‐ΔΔCt (39). Data 
were expressed as fold changes in the amount of 
mRNA.

Immunoblotting Assay
The immunoblotting assay was performed ac-

cording to a previously described method (40). 
To analyze the expression of PI3K, phospho-PI3K 
(p-PI3K, p85 alpha + gamma (Tyr467 + Tyr199), 
Akt, p-Akt (Ser473), mTOR, p-mTOR (Ser2448), 
and β-actin. The MCF-7 cells (transfected with 
siR-HOTAIR, siR-NC, and non-transfected) were 
treated with the NF-CM, CAF-CM, and DMEM 
for 72 hours. Cells were washed twice with phos-
phate buffer saline (PBS) and the proteins were 

extracted using 0.5 ml of lysis buffer (20 mM Tris-
HCl pH 7.4, 50 mM NaCl), containing a protease 
inhibitor cocktail (Roche). Cell lysates were col-
lected by centrifugation (14,000 xg for 15 min at 
4 °C) and kept in -20 °C until use. The Bradford 
assay was used to determine the protein concen-
tration. The cell lysate was mixed in SDS-PAGE 
sample buffer containing 10% SDS and then in-
cubated for 10 minutes and resolved in 10% poly-
acrylamide separating gels at 150 V. The resolved 
proteins were transferred to a polyvinylidene di-
fluoride (PVDF) membrane using tank blotting. 
The membranes were rinsed 3 times in TBS con-
taining 0.05% (v/v) Tween 20 (TBS-Tween 20), 
and then blocked in PBS-BSA 2% (w/v) for 2 h. 
The membranes were incubated at 4˚C overnight 
in primary anti-human PI3K (Biolegend), phos-
pho-PI3K (p-PI3K, p85 alpha + gamma (Tyr467 
+ Tyr199) (Bioss Inc)), Akt (Biolegend), p-Akt 
(Ser473, R&D), mTOR (Biolegend), p-mTOR 
(Ser2448, Biolegend), and β-actin (Biolegend). 
After washing three times in TBS-Tween 20, 
the membranes were incubated for 90 minutes 
in corresponding secondary antibodies (human 
anti-mouse IgG, or human anti-rabbit IgG HRP 
conjugated, Razi Biotech, Iran). Finally, the target 
protein bands were detected by chemilumines-
cence assay.

Cell proliferation Assay
Cell growth was evaluated by 3-(4,5-dimeth-

ylthiazol- 2-yl)-2,5-diphenyl-tetrazolium bro-
mide) (MTT) assay 72h post transfection. Briefly, 
2 × 103 cells/well were seeded in 96-well plates. 
MTT solution with a concentration of 5 mg/ml 
in PBS was added to each well, and plates were 
incubated at 37°C for 3h. Thereafter, the superna-
tants were discarded, and the formazan crystals 
were solubilized by dimethyl sulfoxide (DMSO). 
The absorbance was measured using a microplate 
reader (Awareness Stat Fax 2100) at 570 nm.

Statistical analysis
One-way ANOVA and independent sample 

t-test were used to detect significant differences 
between groups. Data analysis was performed 
by SPSS software version 21 (SPSS, Chicago, IL, 
USA) and GraphPad Prism version 6 (GraphPad 
Software, La Jolla, California, USA). P < 0.05 was 
considered statistically significant.
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Results
Fibroblast isolation and characterization

Isolated fibroblasts had spindle-shaped or stel-
late-like morphology and progressively formed 
the structure of a network. Both CAFs and NFs 
were positive for α-SMA and vimentin using im-
munocytochemistry (Figure 1). Whereas CD31 
and CD34 are endothelial cell markers and cyto-
keratin is an epithelial marker, they were negative 
for both CAFs and NFs (Figure 1). IL-6 and IL-10 
cytokines were higher in the CAFs-CM compared 
to NFs-CM The results of evaluating the level 
of cytokines IL-6 and IL-10 in fibroblasts’ cul-
ture medium showed that the levels of both IL-6 
and IL-10 in CAF-CM were significantly higher 
than NF-CM (IL-6: p <0.01, IL-10: p <0.05). In 
addition, the level of IL-6 in both CAF-CM and 
NF-CM was significantly higher than the level 
of IL-10 in these mediums (p <0.01) (Figure 2). 
The fibroblasts’ culture medium upregulates the 
expression of HOTAIR and PI3K/Akt/mTOR sig-
naling pathway in MCF-7 cells. The expression 
of HOTAIR, PI3K, Akt, and mTOR mRNAs was 
assessed in MCF-7 cells treated with CAF-CM, 
NF-CM, and DMEM (control group). Results 
showed that the expression of HOTAIR was in-
creased in MCF-7 cells treated with CAF-CM and 
NF-CM compared to the control group (p<0.01). 
The effect of CAF-CM on HOTAIR expression 
was significantly higher than the effect of NF-CM 
(p<0.01) (Figure 3). Treatment with CAF-CM 
and NF-CM compared to the control group led 
to a significant increase in expression of HOTAIR 
(p<0.01), PI3K, Akt, and mTOR (NF-CM: p<0.05, 
CAF-CM: p<0.01). Also, treatment with CAF-
CM led to a significant increase in PI3K, Akt, and 
mTOR expression compared to treatment with 
NF-CM (p<0.01) (Figure 3). The fibroblasts’ cul-
ture medium enhanced the phosphorylation of 
PI3K, Akt, and mTOR in MCF-7 cells. To inves-
tigate the effect of fibroblasts’ culture medium on 
the activation of the PI3K/Akt/mTOR signaling 
pathway in MCF-7 breast cancer cells, the ratio of 
phosphorylated to total form (p/t) of PI3K, Akt, 
and m-TOR proteins was analyzed in untreated 
and treated MCF-7 cells (Figure 4). The results 
showed that both NF-CM and CAF-CM treat-
ment led to an increase in the p/t ratio of PI3K, 
Akt, and mTOR proteins compared to the control 
group treated with DMEM. On the other hand, 

the p/t ratio of these proteins was significant-
ly higher in MCF-7 cells treated with CAF-CM 
compared to the cells treated with NF-CM and 
the control group (Figure 4). These results sug-
gest the effect of fibroblasts’ culture medium on 
the activation of the PI3K/Akt/mTOR signaling 
pathway in breast cancer cells.

HOTAIR downregulation
To analyze the role of lncRNA HOTAIR on the 

activation of the PI3K/Akt/mTOR signaling path-
way, HOTAIR was downregulated in MCF-7 cells 
using siRNAs. The efficiency of HOTAIR down-
regulation was investigated by Real-Time PCR. 
The expression of HOTAIR showed a significant 
decrease (p<0.01) after transfection with specific 
siRNAs (siR-HOTAIR) compared to the group of 
cells transfected with siRNA-Scramble (siR-NC) 
and non-transfected cells (Figure 5A). The MTT 
assay result showed that HOTAIR silencing re-
sulted in a significant decrease in the transfected 
MCF-7 cells compared with the cells transfected 
with scrambled sequences or cells without trans-
fection (p < 0.01) (Figure 5B). This finding may 
confirm that the knockdown of lncRNA-HO-
TAIR could result in the suppression of the prolif-
eration of MCF-7 cells.HOTAIR downregulation 
resulted in less activation of the PI3K/Akt/mTOR 
signaling pathway in MCF-7 cells. The p/t ratio 
of PI3K, Akt, and mTOR proteins after HOTAIR 
downregulation was assessed by western blotting. 
The results indicated that with HOTAIR down-
regulation, the p/t ratio of PI3K, Akt, and mTOR 
proteins was significantly decreased in MCF-
7 cells compared to the untransfected control 
(mock) or siR-NC group (Figure 6). This result 
could indicate a possible role of HOTAIR in the 
activation of the PI3K/Akt/mTOR signaling path-
way in MCF-7 breast cancer cells. In addition, the 
p/t ratio of PI3K, Akt, and mTOR proteins was 
significantly decreased in the cells whose HO-
TAIR was knocked down and then were treated 
with CAF-CM or NF-CM, compared to the mock 
or siR-NC groups (Figure 6). These results show 
that HOTAIR probably plays a role as a mediator 
in the induction of the PI3K/Akt/mTOR signal-
ing pathway by fibroblasts.

Discussion
In this study, a fibroblast cell culture medium 
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Table 1. The primer sequences used in the gene expression analysis.

Figure 1. Characterization of isolated fibroblasts with light microscopy. The expression of α-SMA, vimentin, CD31, 
CD34, and cytokeratin in the fibroblasts isolated from patients with invasive ductal breast carcinoma (CAFs) and healthy 
individuals (NFs).

Figure 2. The level of IL-6 and IL-10 in cancer-associated fibroblasts’ culture medium (CAF-CM) and normal fibro-
blasts’ culture medium (NF-CM). N=6 in each group, *p < .05, **p < .01.
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Figure 3. The expression level of HOTAIR, mTOR, PI3K, and AKT in MCF-7 cells after treatment with cancer-associat-
ed fibroblasts’ culture medium (CAF-CM) and normal fibroblasts’ culture medium (NF-CM). Data presented as relative 
gene expression changes in the treated cells compared to the controls (*p < 0.05, **p < 0.01). 
Abbreviations: HOX transcript antisense RNA; mTOR, Mammalian target of rapamycin; PI3K, Phosphoinositide 3-ki-
nases; AKT, protein kinase AKT. 

Figure 4. The phosphorylated/total (p/t) ratio of PI3K, Akt, and mTOR proteins in MCF7 cells treated with DMEM (neg-
ative control), cancer-associated fibroblast culture medium (CAF-CM), and normal fibroblast culture medium (NF-CM). 
Data presented as changes in the treated cells compared to the controls (*p < 0.05, ** p < 0.01). Density determination of 
bands was carried out by Image J software.

Figure 5. (A) The expression level of HOTAIR and (B) MTT assay in MCF-7 cells without transfection (non-transfected), 
and MCF-7 cells transfected with siRNA-scramble (siR-NC) or siRNA-HOTAIR (siR-HOTAIR). Data in Figure 5A are 
presented as relative gene expression changes in the treated cells compared to the controls (*p < 0.05, ** p < 0.01). Values 
are expressed as the mean ± standard deviation (n=3). HOTAIR, HOX transcript antisense RNA.



Sadeghalvad et al.: The PI3K/Akt/mTOR Signaling Pathway  in Breast Cancer

118 Immunol Genet J, Vol. 8, No. 1, 2025, pp.111-123http://igj.tums.ac.ir

was used to investigate its possible role in induc-
ing the PI3K/Akt/mTOR pathway in breast tumor 
cells by downstream lncRNA HOTAIR. The result 
of this study showed that breast tumor-associated 
fibroblasts, as a part of the TME, can induce the 
activation of the PI3K/Akt/mTOR signaling path-
way and also the expression of lncRNA HOTAIR 
in MCF-7 breast tumor cells. The role of TME in 
increasing the progression and invasion of tumor 
cells has been studied for years (41, 42). Fibroblast 
cells are an important part of the TME, and many 
studies have shown their importance in the pro-
gression, invasion, and survival of cancer cells (3, 
5-7). Studies have shown that HOTAIR is one of 
the increased lncRNAs in breast cancer that plays 
a vital role in the proliferation, invasion, and me-
tastasis of breast cancer cells. Besides, increased 
expression of HOTAIR is associated with poor 
prognosis in patients with breast cancer (43-45). 

The results of this study showed that the ex-
pression of HOTAIR increased about 4.7 and 2.6 
times in the MCF-7 group treated with CAF-CM 
or NF-CM compared to the control group. In line 
with the present study, Ren Y et al. found that 
treatment of breast cancer cells with CAF-CM led 
to the up-regulation of HOTAIR and increased 
epithelial-mesenchymal transition (EMT) in can-
cer cells. They showed that TGF-β1 produced by 
CAFs is an important mediator to induce HO-
TAIR in breast cancer cells (46). On the other 
hand, the downregulation of HOTAIR inhibits 
tumor growth caused by CAFs and reduces lung 
metastasis in the MDA-MB-231 orthotopic ani-
mal model (46). Regarding the role of CAF in in-
ducing the HOTAIR in other types of cancers, Sun 
and colleagues have recently shown that isolated 
CAFs from NSCLC patients secrete high levels of 
CCL5, which has been implicated in the induc-
tion of HOTAIR expression, which subsequently 
leads to the reduction of cisplatin (DDP)-induced 
apoptosis in tumor cells (47). Therefore, the re-
sults of this study and previous studies further 
indicate that CAFs may play a role in the growth 
and progression of cancer cells by inducing HO-
TAIR expression. In the present study, downreg-
ulation of HOTAIR using siRNAs led to a signif-
icant decrease in the ratio of phosphorylated to 
total (p/t) form of PI3K, Akt, and mTOR proteins 
in MCF-7 cells, suggesting a lower activation of 
this pathway following HOTAIR silencing. In line 

with the present study, previous studies have also 
reported the relationship between HOTAIR and 
the PI3K/Akt/mTOR signaling pathway in dif-
ferent types of cancers, including osteosarcoma, 
melanoma, gastric, and breast cancers (37, 38, 
48, 49). Of course, the exact mechanism of this 
connection is still unknown. Recently, we showed 
that HOTAIR downregulation could decrease the 
expression of PI3K, Akt, and mTOR in MCF-7 
cells (50). Another study showed that HOTAIR 
knockdown significantly reduced the phosphory-
lation of PI3K, Akt and mTOR in doxorubicin-re-
sistant MCF-7 cells and inhibited this signaling 
pathway, which resulted in a decrease in the re-
sistance of breast cancer cells to doxorubicin. In 
addition, the reduction of HOTAIR expression 
led to decreased cell proliferation and increased 
apoptosis in doxorubicin-resistant MCF-7 cells 
(48). The role of HOTAIR in inducing the PI3K/
Akt/mTOR signaling pathway is also shown in 
other types of cancers that are summarized in Ta-
ble 2. Therefore, the results of the present study 
and previous studies show that HOTAIR can be 
considered as a mediator in inducing the PI3K/
Akt/mTOR signaling pathway in cancer cells. Al-
though the exact mechanism and relationship of 
this lncRNA with this signaling pathway are not 
fully known, it can be postulated that HOTAIR or 
other lncRNAs can exert their regulatory activities 
at the level of transcription, post-transcription, 
and also at the post-translational level (19, 51). 
Figure 7 summarizes the possible mechanisms 
through which fibroblasts may be involved in the 
induction of lncRNA HOTAIR and, subsequent-
ly, in the induction of the PI3K/Akt/mTOR sig-
naling pathway. Among the mechanisms that jus-
tify the effect of HOTAIR knockdown on PI3K/
Akt/mTOR pathway activity, HOTAIR's role in 
inhibiting the HOXD gene can be mentioned. By 
interacting with two protein complexes named 
PRC2 and LSD1, HOTAIR leads to H3K27me3 
methylation of the target regions in the HOXD 
gene and, as a result, decreases the expression of 
its target molecules (43, 52). It has been shown 
that increased expression of HOTAIR can lead to 
increased invasion of breast cancer cells by de-
creasing HOXD10 expression (53). 

On the other hand, it has been shown that the 
reduction of HOXD10 expression under the effect 
of HOTAIR leads to the induction of the PI3K/
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Figure 6. The ratio of phosphorylated to total expression (p/t) of (A) PI3K, (B) Akt, (C) mTOR protein in non-transfected 
(mock), transfected with siRNA-Scramble (siR-NC), and transfected with siRNA-HOTAIR (siR-HOTAIR) groups. CAF-
CM: treated with supernatant culture of cancer-associated fibroblasts. NF-CM: treated with culture medium of normal 
fibroblasts. Control: treatment with DMEM medium. The number of samples in each group is n=5, data are displayed as 
Mean±SEM (NS: not significant, * p<0.01, ** p<0.05). (Density determination of bands with Image J software).

Table 2. The role of HOTAIR in inducing the PI3K/AKT/mTOR signaling pathway in some cancers.
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Figure 7. The proposed pathway for the role of fibroblast cells in the tumor microenvironment in the induction of lncRNA 
HOTAIR and subsequently in the induction of the PI3K/Akt/mTOR signaling pathway. HOTAIR has the ability to create a 
sponge with miR7 and can inhibit its function in breast cancer cells. miR7 is a tumor suppressor and is itself an inhibitor of 
the mTOR pathway (55). Therefore, by forming a sponge with miR7 and inhibiting it in breast cancer cells, HOTAIR can 
lead to an increase in the expression of the PI3K/Akt/mTOR pathway and an increase in tumor invasion. In addition, the 
reduction of HOXD10 expression under the effect of HOTAIR has led to the reduction of miR7 expression and increased 
invasion and induction of EMT in cancer cells (55). 
Abbreviations: HOTAIR, HOX antisense intergenic RNA; mTOR, Mammalian target of rapamycin; PI3K, Phosphoinos-
itide 3-kinases; PIP2, Phosphatidylinositol 4,5-bisphosphate; PIP3, Phosphatidylinositol-3,4,5-trisphosphate; Ser, Serine 
amino acid; Tyr, Tyrosine amino acid; IL-10R, interleukin 10 receptor; IL-6 R, interleukin-6 receptor; miR, micro RNA; 
TGF-β, Tumor growth factor beta; LSD1, lysine-specific demethylase 1A; PRC2, Polycomb repressive complex 2; STAT, 
Signal transducer and activator of transcription; JAK, Janus kinase.

Akt/mTOR pathway and increases the invasion 
and metastasis of tumor cells (54). Therefore, it 
may be possible that HOTAIR, by methylation of 
the HOXD10 region and reducing its expression, 
indirectly plays a role in inducing the expres-
sion of the PI3K/Akt/mTOR pathway so that the 
downregulation of HOTAIR in this study leads to 
a decrease in the expression and activity of this 
pathway. The results of this study show that by re-
ducing the expression of HOTAIR using siRNAs, 
the CAF-CM and NF-CM’s effects on the activa-
tion of PI3K/Akt/mTOR pathway is significantly 
reduced compared to the time that the expres-
sion of HOTAIR is not manipulated. This result 
can indicate the role of HOTAIR as a mediator in 
inducing this signaling pathway under the effect 
of fibroblast cells. This is the first study regard-
ing the role of CAFs in the induction of the PI3K/
Akt/mTOR pathway by HOTAIR in breast cancer 
cells. The precise relationship between CAF cells 

and the HOTAIR-mediated induction of PI3K/
Akt/mTOR pathway in cancer cells is still not fully 
understood. A study by Li and colleagues in 2019 
showed that the level of the cytokine IL-22 was 
greatly increased in the lung CAF-CM compared 
to normal fibroblasts. Treatment with lung CAF-
CM significantly increased the proliferation, mi-
gration, and invasion of lung cancer cells and also 
reduced the apoptosis of cancer cells through the 
activation of PI3K/Akt/mTOR (55). Considering 
the role of fibroblasts in the induction of HO-
TAIR and PI3K/Akt/mTOR signaling pathway in 
this study, the molecular mechanism of this re-
lationship and finding the mediators that have a 
role in this pathway need more investigation.

Conclusion
It has been found that many invasive behaviors 

of tumor cells are strongly influenced by the envi-
ronment around the tumor. Fibroblast cells as an 
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important part of the TME that have an import-
ant role in the progression, invasion, and survival 
of cancer cells by producing several mediators. 
As shown in this study, fibroblasts are able to in-
duce HOTAIR expression in MCF-7 breast tumor 
cells. By downregulation of HOTAIR, we found 
that the activity of the PI3K/Akt/mTOR signaling 
pathway was reduced, which could indicate the 
possible role of HOTAIR in the induction of this 
signaling pathway. On the other hand, with HO-
TAIR downregulation, the effect of fibroblasts in 
inducing the activity of PI3K/Akt/mTOR was re-
duced. These results can indicate the role of HO-
TAIR as a mediator in inducing the PI3K/Akt/
mTOR pathway by the effect of fibroblast cells.
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