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FOXO3A-induced LINC00926 suppresses
breast tumor growth and metastasis through
inhibition of PGK1-mediated Warburg effect
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Phosphoglycerate kinase 1 (PGK1), a critical component of the
glycolytic pathway, relates to the development of various can-
cers. However, the mechanisms of PGK1 inhibition and physi-
ological significance of PGK1 inhibitors in cancer cells are
unclear. Long non-coding RNAs (lncRNAs) play a vital role in
tumor growth and progression. Here, we identify a lncRNA
LINC00926 that negatively regulates PGK1 expression and pre-
dicts good clinical outcome of breast cancer. LINC00926 down-
regulates PGK1 expression through the enhancement of PGK1
ubiquitinationmediated by E3 ligase STUB1.Moreover, hypox-
ia inhibits LINC00926 expression and activates PGK1 expres-
sion largely through FOXO3A. FOXO3A/LINC00926/PGK1
axis regulates breast cancer glycolysis, tumor growth, and
lung metastasis both in vitro and in vivo. In breast cancer pa-
tients, LINC00926 expression is negatively correlated with
PGK1 and positively correlated with FOXO3A expression.
Our work established FOXO3A/LINC00926/PGK1 as a critical
axis to regulate breast cancer growth and progression. Target-
ing PGK1 or supplement of LINC00926 or FOXO3A could be
potential therapeutic strategies in breast cancer.
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INTRODUCTION
Although great progress has been made in breast cancer research and
therapy in recent years, the morbidity and mortality of breast cancer
are still rising, making it a major threat to women’s health. Energy
metabolism reprogramming is featured by a state termed “Warburg
effect,” widely acknowledged as an emerging hallmark in cancers, ex-
hibits aberrant metabolism characterized by high glycolysis regardless
of the presence of abundant oxygen.1 This glycolytic process is usually
accompanied by glucose uptake and lactate production, as well as
ATP generation, facilitating tumor growth and progression. Thus,
glycolytic enzymes, which affect the critical stage of the process,
play key roles in cancer cell growth and progression and become po-
tential targets for cancer treatment.2

Phosphoglycerate kinase 1 (PGK1), a critical component of the glyco-
lytic pathway, is a rate-limiting enzyme that catalyzes the conversion
Molecular Therapy Vol. 29 No 9 September
of 1, 3-bisphospholgycerate (1, 3-BPG) and ADP into 3-phosphoglyc-
erate (3-PG) and ATP. This PGK1-catalyzed reaction is the first ATP-
yielding step of glycolysis and is essential for energy production in
most living cells. PGK1mediates glycolysis that generates ATP for tu-
mor cells especially under hypoxic conditions, which is related to the
development of various cancers.3 High PGK1 predicts poor survival
in breast cancer, head and neck cancer, cervical cancer, liver cancer,
and pancreatic cancer.4–6 Therefore, PGK1 has gradually become a
focused target in cancer research. Expression of PGK1 is stimulated
by several known oncogenes or transcription factors, such as MYC
and hypoxia inducible factor 1 a (HIF-1a).7,8 However, the mecha-
nisms of PGK1 inhibition and the physiological significance of the
PGK1 inhibitors in cancer cells are unclear.

Long non-coding RNAs (lncRNAs) are a recently discovered major
class of non-coding RNAs with a length of more than 200 nt.9

Mechanistically, lncRNAs exert their function by regulating gene
expression in different levels, including epigenetic modulation, tran-
scriptional (or post transcriptional), and translational regulation. It
has been demonstrated that lncRNAs are involved in a variety of
cellular biological functions, such as chromatin imprinting, cell differ-
entiation, and tumor glycolysis, etc.10 As for the regulation of PGK1
by lncRNA in tumorigenesis, Yu et al.11 reported that MetaLnc9 in-
teracts with PGK1 and upregulates PGK1 expression in non-small
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Figure 1. Identification of LINC00926 as a lncRNA downregulated in breast cancer and negatively correlated with PGK1

(A) Schematic diagram of screening strategy to identify lncRNAs downregulated in breast cancer (BC) and negatively correlated with PGK1. (B) Pearson’s correlation analysis

of LINC00926 and PGK1 expression in breast cancer tissues (https://www.cbioportal.org/). (C) LINC00926 expression in breast cancer patients and normal controls re-

vealed by the TCGA database. (D) Kaplan-Meier plotter analysis of the correlation of LINC00926 expression level with relapse free survival (p = 1.2� 10–16) or overall survival

(legend continued on next page)
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cell lung cancer (NSCLC) cells, leading to promotions of NSCLC cell
migration and invasion. Cai et al.12 reported that GBCDRlnc1 inter-
acts with PGK1 and activates autophagy at the initial stage, thus
reducing the sensitivity of Dox-resistant gallbladder cancer cells.
lncRNAMSC-AS1 promoted hepatocellular carcinoma (HCC) onco-
genesis via inducing the expression of PGK113 and LINC01559 accel-
erated gastric cancer progression via upregulation of PGK1.14 Collec-
tively, currently reported lncRNAs that target PGK1 are positive
regulators, however, negatively regulated lncRNAs still remain un-
known. Therefore, exploring lncRNAs that negatively regulate
PGK1 expression is of great importance and have more clinical ther-
apeutic value. In addition, the detailed mechanistical and functional
study, the clinical significance, and the upstream lncRNAs that regu-
late PGK1 in breast cancer remain unknown.

Homo sapiens long intergenic non-protein coding RNA 00926
(LINC00926) is a lncRNA that produces a 2.53 kb transcript, the bio-
logical role of which is unknown. In the current study, we identify a
lncRNA LINC00926 that negatively regulates PGK1 expression and
predicts good clinical outcome of breast cancer. Mechanistically,
LINC00926 downregulates PGK1 expression by enhancing the ubiq-
uitination of PGK1mediated by the E3 ligase STUB1. Moreover, hyp-
oxia inhibits LINC00926 expression and activates PGK1 expression
largely through transcription factor FOXO3A. FOXO3A/LINC
00926/PGK1 axis regulates breast cancer glycolysis, tumor growth,
and lung metastasis both in vitro and in vivo. Our work established
FOXO3A/LINC00926/PGK1 as a critical axis to regulate breast can-
cer growth and progression.

RESULTS
LINC00926 is screened out as PGK1 negatively regulated

lncRNA and associated with breast cancer clinical outcome

The coding potential of LINC00926 transcript was determined using
the Coding Potential Assessment Tool (CPAT), the Coding Potential
Calculator (CPC), and PhyloCSF codon substitution frequency anal-
ysis. These data strongly suggested that LINC00926 is a non-coding
RNA (Figures S1A–S1C). To explore lncRNAs negatively regulating
PGK1, we analyzed the three databases of breast cancer according
to the screening strategy shown in Figure 1A. Briefly, we screened
the negatively correlated-PGK1 lncRNAs in TANRIC database,
compared the expression of lncRNAs in normal and cancer tissues,
and analyzed the survival of lncRNAs in Starbase and TCGA data-
base. We identified three lncRNAs, LINC00926, LINC01089, and
LINC00324 negatively correlated with PGK1 and exhibiting good
clinical outcome (Figures 1B–1D; Figures S1A–S1H). To investigate
whether the identified lncRNAs actually downregulate PGK1 expres-
(p = 0.0011) of breast cancer patients by the KMplotter (log-rank test, two-sided; http://k

transfected with empty vector, LINC01089, LINC000926, and LINC00324 expression v

of PGK1 in cancerous breast tissues and adjacent normal breast tissues. LINC000926

was plotted using real-time RT-PCR. Correlation of relative LINC00926 and PGK1 level i

cell lines were performed by quantitative real-time PCR or western blot. (H) Left panel sh

scrambled or LINC00926 siRNA. Right panel shows expression levels of PGK1 and

expression vector. The data are presented as the mean ± SD.
sion, we transfected breast cancer cells with each of the three
lncRNAs, respectively. Our result demonstrated that only
LINC00926 led to a significant decrease in PGK1 protein level in
both MCF-7 and MDA-MB-231 cells with the mRNA levels un-
changed (Figure 1E; Figure S2I), suggesting that LINC00926 downre-
gulates PGK1 expression in breast cancer cells.

To confirm the role of LINC00926 in breast cancer, we assessed the
expression levels of PGK1 and LINC00926 in 14 pairs of breast cancer
and their corresponding nontumorous tissues by western blot and
real-time RT-PCR. Compared with their corresponding nontumo-
rous counterparts, 13/14 (92.9%) of breast cancer cases had reduced
LINC00926 expression while 12/14 (85.7%) had upregulated PGK1
expression. In agreement with LINC00926 inhibition of PGK1 in
cultured cells, expression of LINC00926 was negatively correlated
with PGK1 expression in breast cancer samples (p = 0.001, r =
�0.579; Figure 1F). Interestingly, we found that endogenous PGK1
protein level and LINC00926 level were negatively expressed in five
breast cancer cell lines (MCF-7, T47D, ZR75-1, MDA-MB-453,
MDA-MB-231). The relatively metastatic cell line MDA-MB-231,
which expressed PGK1 at the highest level, expressed LINC00926 at
the lowest level while the less malignant cell line MCF-7, which ex-
pressed PGK1 at a relatively low level, expressed LINC00926 at a rela-
tively high level (Figure 1G). Our result demonstrated that knock-
down of LINC00926 with the specific smart silencers led to a
marked increase in PGK1 expression in MCF-7 cells while overex-
pression of LINC00926 decreased that of PGK1 expression in
MDA-MB-231 cells (Figure 1H). These results suggest that
LINC00926 downregulates PGK1 expression and may be negatively
involved in PGK1-mediated breast cancer development.

LINC00926 suppresses proliferation, migration, and invasion

through inhibition of PGK1 expression in breast cancer cells

To investigate the biological functions of LINC00926 in breast cancer
cells, we infected cells with LINC00926 and then subjected them to
cell growth, migration, and invasion analysis. Cell proliferation and
colony formation assays revealed that overexpression of LINC00926
reduced the proliferation of MDA-MB-231 and MCF-7 cells (Figures
2A and 2B; Figures S3A and S3B). These effects could be reversed by
PGK1 reexpression in the LINC00926-transfected cell lines.
LINC00926 overexpression also displayed decreased migration and
invasion ability (Figures 2C and 2D; Figures S3C and S3D). Again,
PGK1 reexpression in the LINC00926-transfected cells reversed these
effects. Moreover, PGK1 knockdown abolished the ability of
LINC00926 to regulate breast cancer cell proliferation, migration,
and invasion (Figures 2E–2H; Figure S3E–S3H), indicating that
mplot.com/analysis/). (E) The protein levels andmRNA levels of PGK1 inMCF-7 cells

ector. (F) Upper panels show the representative immunohistochemical (IHC) staining

expression in human cancerous breast tissues and adjacent normal breast tissues

s on the right side. (G) Expression of LINC00926 and PGK1 in different breast cancer

ows the expression levels of PGK1 and LINC00926 in MCF-7 cells transfected with

LINC00926 in MDA-MB-231 cells transfected with empty vector and LINC00926
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LINC00926 suppresses breast cancer cell proliferation, migration, and
invasion through inhibition of PGK1 expression.

LINC00926 dampens glycolysis via inhibition of PGK1

expression in breast cancer cells

Since PGK1 is a critical glycolytic enzyme and LINC00926 is identified
as a negatively PGK1-regulated lncRNA, wewonderedwhether aerobic
glycolysis plays a role in LINC00926-mediated inhibition of breast can-
cer cell proliferation. Indeed, the glycolytic inhibitor 2-deoxy-D-glucose
(2-DG) dampened the ability of LINC00926 to inhibit proliferation in
MCF-7 and MDA-MB-231 cells, indicating that LINC00926 may
participate in glycolysis of breast cancer cells (Figures S4A and S4B).
Therefore, we tested the effect of LINC00926 on regulation of glucose
uptake, lactate production, and ATP generation. As expected,
LINC00926 decreased glucose uptake, lactate production, and ATP
generation (Figure 3A; Figure S5A). These effects were reversed by
PGK1 reexpression in the LINC00926-transfected cells. LINC00926
also displayed decreased extracellular acidification rate (ECAR), which
reflects overall glycolytic flux, and increased oxygen consumption rate
(OCR), an indicator of mitochondrial respiration (Figures 3B and 3C;
Figures S5B and S5C). Again, PGK1 reexpression in the LINC00926-
transfected cells rescued these effects. LINC00926 knockdown in the
PGK1 knockdown MDA-MB-231 or MCF-7 cells had no effects on
the glycolytic phenotype (Figures 3D–3F; Figures S5D–S5F), indicating
that LINC00926 represses the glycolytic phenotype via PGK1. Taken
together, these data collectively suggest that LINC00926 dampens
glycolysis via inhibition of PGK1 expression in breast cancer cells.

LINC00926 regulates PGK1 protein stability through enhancing

the STUB1-mediated ubiquitin-proteasome pathway

Subcellular localization results showed that LINC00926 was localized
predominantly in the cytoplasm, which was further verified by RNA
fluorescence in situ hybridization (FISH) assays (Figures 4A and 4B).
Combined with the fact that LINC00926 did not alter PGK1 mRNA
level, we speculated that LINC00926 downregulated PGK1 expression
at the posttranscriptional level. Indeed, addition of the proteasome in-
hibitor MG132 blocked LINC00926 overexpression-mediated PGK1
degradation, suggesting that the ubiquitin-proteasome pathway is
involved in LINC00926 modulation of PGK1 protein stability (Fig-
ure 4C). LINC00926 overexpression increased PGK1 ubiquitination
(Figure 4D). LINC00926 knockdown, which increased PGK1 protein
levels, decreased PGK1 ubiquitination (Figure 4E).

To search for the E3 ubiquitin ligase STUB1 responsible for
LINC00926 modulation of PGK1 protein stability, we next identi-
Figure 2. LINC00926 suppresses proliferation, migration, and invasion through

(A) MCF-7 cells were transfected with LINC00926 or LINC00926 plus PGK1 expressi

sentative immunoblot shows PGK1 expression. Histograms show LINC00926 expressi

cells transfected as in (A). Representative images show colonies in plates (upper panel

assays of MCF-7 cells transfected as in (A). Right histograms show relative cell migratio

control MCF-7 cells were transfected with Scramble or LINC00926 siRNA and analyzed

mediated PGK1 knockdown (PGK1 shRNA) or control MCF-7 cells were transfected

measurements and have been repeated 4 times with similar results (*p < 0.05, **p < 0
fied protein partners of LINC00926 in breast cancer cells through
RNA pull-down assays. The result demonstrated specific differen-
tially expressed bands that were subjected to mass spectrometry.
There were several potential LINC00926-interacting proteins identi-
fied based on unique peptides with repeated appearances, including
two E3 ligases, STUB1 and E6AP (Figure 4F). Immunoblotting
further confirmed that only STUB1 interacted with LINC00926,
whereas E6AP didn’t (Figure 4G). Moreover, RNA immunoprecip-
itation (RIP) assays also demonstrated that LINC00926 was mark-
edly enriched in PGK1 and STUB1 immunoprecipitates (Figure 4H).
PGK1 (1–369 nt), the substrate binding region, and STUB1 (220–
304 nt), the U-BOX region, as determined by measuring coprecipi-
tated RNA by qPCR, interacted with LINC00926 (Figure S6A). On
the other hand, coimmunoprecipitation (coIP) assays demonstrated
that LINC00926 (401–800 nt) interacted with PGK1 and
LINC00926 (2,001–2,534 nt) interacted with STUB1 (Figure S6B).
These results indicated that PGK1 and E3 ubiquitin ligase STUB1
specifically interact with LINC00926 in breast cancer cells. Intrigu-
ingly, LINC00926 enhanced STUB1-mediated PGK1 ubiquitination
(Figure 4I). STUB1 knockdown greatly attenuated the effects of
LINC00926 on PGK1 ubiquitination (Figure 4J). These data suggest
that STUB1 plays a critical role in the regulation of PGK1 ubiquiti-
nation by LINC00926. Consistent with the effects of LINC00926 on
STUB1-mediated PGK1 ubiquitination, LINC00926 increased the
interaction between STUB1 and PGK1 (Figure 4K). These effects
seem to be specific for STUB1, because LINC00926 did not alter
the association of PGK1 with E6AP, another E3 ubiquitin ligase
screened out for PGK1 (Figure S6C). Consistent with the ubiquiti-
nation results, STUB1 knockdown greatly attenuated the effects of
LINC00926 on PGK1 degradation (Figure 4L).

Hypoxia inhibits LINC00926 expression and activates PGK1

expression largely through FOXO3A transcription

Since hypoxia is a key phenomenon in cancers, we determined
whether the LINC00926/PGK1 axis plays a role in regulation of
glycolysis under hypoxia. Interestingly, hypoxia stimulated PGK1
expression at both mRNA and protein levels and decreased
LINC00926 expression (Figure 5A). To determine how hypoxia re-
presses LINC00926 expression in breast cancer cells, we investigated
repression of the LINC00926 promoter after hypoxia. Analysis of
various LINC00926 promoter deletion reporter constructs showed
that the promoter region from �300 to �200 bp contained a hypox-
ia-repressive element (Figure 5B). Mutation of a putative FOXO3A-
binding site in this region predicted by a bioinformatics method
(http://tfbind.hgc.jp) resulted in loss of the repression.
inhibition of PGK1 expression in breast cancer cells

on vector. The proliferation of the cells was detected by CCK-8 assay. The repre-

on determined by quantitative real-time PCR. (B) Colony-formation assay of MCF-7

s). Histograms show colony number. (C and D) Wound healing (C) and invasion (D)

n and invasion. (E and F) Lentivirus-mediated PGK1 knockdown (PGK1 shRNA) or

as in (A) and (B). (G and H) Wound healing (G) and invasion (H) assays of lentivirus-

as in (E) and (F). Scale bar, 50 mm. All values shown are mean ± SD of triplicate

.01 versus corresponding control).
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Indeed, under normoxia or hypoxia condition, FOXO3A instead of
other FOXO familymembers affects LINC00926 andPGK1expression,
indicating that FOXO3A is the specific transcription factor for
LINC00926 regulation (Figures 5C and 5D; Figure S7A). Chromatin
immunoprecipitation (ChIP) assay demonstrated that, under nor-
moxia, FOXO3A was recruited to the region containing the putative
FOXO3A-binding sitewithin the LINC00926 promoter, but not to a re-
gion upstream of the LINC00926 promoter, and the recruitment was
decreased under hypoxia (Figure 5E). FOXO3A increased
LINC00926 level and decreased PGK1 level, and importantly,
LINC00926 knockdown greatly impaired the ability of FOXO3A to
regulate LINC00926 and PGK1 expression under both normoxia or
hypoxia condition (Figure 5F; Figure S7B). In addition, knockdown
of LINC00926 greatly impaired the effect of hypoxia on PGK1 upregu-
lation. These data suggest that hypoxia inhibits LINC00926 expression
and activates PGK1 expression largely through FOXO3A transcription.

FOXO3A suppresses proliferation, migration, and invasion and

dampens glycolysis via regulation of LINC00926 expression in

breast cancer cells

We investigated whether FOXO3A regulates these effects through the
LINC00926. Cell proliferation and colony-formation assays revealed
that FOXO3A overexpression inhibited breast cancer cell growth
while LINC00926 knockdown increased cell growth (Figures 6A
and 6B; Figure S8A). Importantly, LINC00926 knockdown greatly
attenuated the ability of FOXO3A to regulate cell proliferation, sug-
gesting that FOXO3A decreased breast cancer cell proliferation
largely through the LINC00926 expression.

Next, we determined whether FOXO3A inhibits cell migration, inva-
sion, and glycolysis via LINC00926. As expected, FOXO3A reduced
breast cancer cell migration and invasion (Figures 6C and 6D; Figures
S8B and S8C). LINC00926 knockdown greatly attenuated the ability
of FOXO3A to suppress cell migration and invasion. FOXO3A over-
expression inhibited glucose uptake, lactate production, and ATP
generation and displayed decreased ECAR and increased OCR.
Importantly, LINC00926 knockdown greatly attenuated the ability
of FOXO3A to regulate cell migration, invasion, and glycolysis (Fig-
ures 6C–6G; Figures S8D–S8F). Taken together, these results suggest
that FOXO3A suppresses breast cancer cell migration and invasion,
as well as glycolysis largely dependent on LINC00926.

FOXO3A/LINC00926/PGK1 axis regulates breast cancer tumor

growth and lung metastasis

To confirm the in vivo phenotype of the FOXO3A/LINC00926/PGK1
pathway, we first investigated the effect of LINC00926/PGK1 axis on
Figure 3. LINC00926 dampens glycolysis via inhibition of PGK1 expression in b

(A) MCF-7 cells were transfected with LINC00926 or LINC00926 plus PGK1 expressio

Representative immunoblot reveals the expression of PGK1. Quantitative real-time PCR

in (A), and extracellular acidification rate (ECAR) (B) and oxygen consumption rate (OCR) (

Scramble or LINC00926 siRNAs. (D) Glucose uptake and lactate production and ATP

Quantitative real-time PCR analysis shows LINC00926 expression. (E and F) ECAR (E) an

All values shown are mean ± SD of triplicate measurements and have been repeated 4
breast cancer growth by injecting MDA-MB-231 cells harboring the
indicated constructs into themammary fat pads of BALB/cmice. As ex-
pected, LINC00926 knockdown markedly increased breast tumor
growth. On the contrary, tumor growth was suppressed when PGK1
was knocked down.More importantly, the effect of LINC00926 knock-
down on tumor growth was dramatically attenuated when PGK1 was
knocked down (Figures 7A–7C). Next, we investigated the FOXO3A/
LINC00926 axis on breast cancer growth. The result showed that
FOXO3A overexpression significantly decreased breast cancer growth.
Tumor growth was increased when LINC00926 was knocked down.
The effect of FOXO3A overexpression on tumor growth was dramati-
cally attenuatedwhenLINC00926was knocked down (Figures 7D–7F).

Next, we examined the effect of the pathway on breast cancer metas-
tasis. The number of the nodules spread throughout the pulmonary
region was markedly increased in the LINC00926 knockdown group
compared with that in control group (Figure 7G). In contrast, PGK1
knockdown led to a decrease in the metastatic spread of breast cancer
cells to the lung. Importantly, PGK1 knockdown greatly attenuated
the ability of LINC00926 knockdown to regulate lungmetastasis (Fig-
ure 7G). Histologic analysis on the lungs confirmed the metastasis
foci. Consistent with the results of the tumor growth experiments,
LINC00926 knockdown markedly attenuated the ability of FOXO3A
to regulate the lung metastasis (Figure 7H).

Correlation between LINC00926 and PGK1 expression and

association of LINC00926 with glucose uptake in human breast

cancer patients

We assessed PGK1 expression by immunohistochemical (IHC) stain-
ing and LINC00926 expression by FISH in 109 human breast cancer
samples. In agreement with the LINC00926 inhibition of PGK1 in
cultured cells, the expression of LINC00926 negatively correlated
with PGK1 expression and positively related to FOXO3A (Figure 8A).
Moreover, LINC00926 expression associated with tumor size, stage,
ERa, PR, HER2, and event (Table S4). Importantly, patients with
breast tumors who had increased glucose uptake assessed by 18FDG
PET scans showed decreased LINC00926 and FOXO3A expression
and increased expression of PGK1 (Figure 8B). The specificity of
LINC00926 was confirmed by FISH and the specificity of the PGK1
antibody was confirmed by IHC or immunoblot with cell lysates (Fig-
ure S9). Taken together, these data suggest important pathological
roles of the LINC00926/PGK1 axis in breast cancer.

DISCUSSION
Cancer cells are characterized by an increase in glucose uptake and
glycolysis.1 Enzymes and products involved in this process have
reast cancer cells

n vector. Glucose uptake and the production of lactate and ATP were determined.

analysis indicates LINC00926 expression. (B and C) MCF-7 cells were transfected as

C) were then determined. PGK1 shRNA or control MCF-7 cells were transfected with

production were measured. Typical immunoblot reveals the expression of PGK1.

d OCR (F) assays of PGK1 shRNA or control MCF-7 cells were transfected as in (D).

times with similar results (A–F). *p < 0.05, **p < 0.01 versus corresponding control.
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Figure 4. LINC00926 regulates PGK1 protein stability through enhancing the STUB1-mediated ubiquitin-proteasome pathway

(A) Expression of LINC00926 in MCF-7 and MDA-MB-231 cells was detected by quantitative real-time PCR. The separation of nucleus and cytoplasm was estimated by

western blot. Lamin A/C was used as the nucleus marker and tubulin as the cytoplasm marker. (B) Subcellular localization of LINC00926 (red) in MCF-7 and MDA-MB-231

(legend continued on next page)
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been proved to promote cancer aggressiveness.15 Therefore, searching
for new agents that target metabolic enzymes to block glucose meta-
bolism or induce a switch from glycolysis to mitochondrial respira-
tion is of great significance.

PGK1 plays a critical role in the glycolytic pathway, which is the first
ATP-yielding step of glycolysis and is essential for energy production
in cells. PGK1 is expressed in many solid cancer cells including breast
cancer, and high PGK1 expression predicts poorer relapse-free and
overall survival in breast cancer patients.16,17 In addition, overexpres-
sion of PGK1 promotes cancer cell proliferation, invasion, and metas-
tasis, which relates to the development and progress of breast
cancers.3,16 However, the upstream factors of PGK1 and how they
control PGK1 expression remain largely unknown. Our study identi-
fied a FOXO3A/LINC00926/PGK1 axis to control breast cancer
glycolysis, growth, and metastasis. FOXO3A and LINC00926 are up-
stream regulators of PGK1. In breast cancer cells, LINC00926 inhibits
glucose uptake and lactate production, and induces a switch from
glycolysis to mitochondrial respiration through inhibition of PGK1
expression. LINC00926 suppresses breast tumor growth and metas-
tasis through inhibition of PGK1-mediated Warburg effect. We
further showed that LINC00926 is a transcriptional target of
FOXO3A. Moreover, in breast cancer samples, FOXO3A or
LINC00926 expression is negatively correlated with PGK1 expres-
sion, as well as increased tumor FDG uptake. Thus, our data establish
the physiological and pathological significance of FOXO3A or
LINC00926 in regulating PGK1-mediated Warburg effect.
LINC00926 or FOXO3A activation may be useful for treatment of
breast cancer with PGK1 overexpression.

In recent years, lncRNAs have been identified as a new understanding
of disease pathogenesis, involved in a variety of cellular biological
functions, such as chromatin imprinting, cell differentiation and
tumorigenesis, etc. lncRNAs are a major class of non-coding RNAs
with a length of more than 200 nt. Mechanistically, lncRNAs exert
their functions by regulating gene expression in different levels,
including epigenetic modulation, transcription, post transcription,
and translation regulation. Yu et al.11 showed that LINC00963 post-
translationally regulated PGK1 in NSCLC cells and enhanced the
lungmetastasis. Cai et al.12 revealed that lncRNAGBCDRlnc1 directly
interacts with PGK1 and regulates its stability, eventually leading to
the increased the expression of ATG5-ATG12 conjugate. Wang
cells by combination of RNA FISH and immunofluorescence. Nuclei were stained with

Immunoblot analysis of MCF7 and MDA-MB-231 cells stably transfected with LINC0

Histograms show corresponding expression levels of LINC00926 by quantitative real-ti

coIP with treatment of MG132 and Myc-Ubi. (E) Ubiquitination of endogenous PGK

immunoblotting with the indicated antibodies. Ub, ubiquitin; Scr, Scramble. The levels

Silver-stained SDS-PAGE gel of proteins immunoprecipitated by the sense and antisens

Immunoblotting for specific associations of STUB1 or E6AP with LINC00926 from two in

against PGK1 or STUB1. The mean ± SD of triplicate experiments was plotted, **p <

performed in MCF-7 cells transfected with the indicated constructs and treated with 10 m

STUB1 siRNA, LINC00926, and FLAG-PGK1 were immunoprecipitated with anti-FLAG

using lysates of MCF-7 cells expressing Myc-STUB1 and FLAG-PGK1 with expression o

231 cells stably infected with EV or LINC00926 and transfected with Control siRNA or
et al.14 reported that LINC01559 upregulates PGK1 by sponging
miR-1343-3p, therefore promoting gastric cancer progression. How-
ever, the lncRNAs regulating PGK1 in breast cancer remain unknown.
We found out a lncRNA LINC00926 in regulating breast cancer
growth and progression. LINC00926 not only inhibits theWarburg ef-
fect but also suppresses breast tumor growth and metastasis through
inhibition of PGK1-mediated Warburg effect. To our knowledge,
this is the first study referring the biological function of LINC00926.

PGK1 is overexpressed in multiple types of cancers and indicates a
poor prognostic marker in breast cancer, head and neck cancer, cer-
vical cancer, liver cancer, lung cancer, colon cancers, and pancreatic
cancer based on database analysis and previous findings.4–6 Expres-
sion of PGK1 is stimulated by several known oncogenes or transcrip-
tion factors, such as HIF-1a, MYC, and SIX1. Besides that, post-trans-
lational modification (PTM) for PGK1, including acetylation,
phosphorylation, ubiquitination, and succinylation, is also a critical
way to modulate its protein enzymatic activity. Ubiquitination, which
generally promotes protein degradation, plays a critical role in both
physiological and pathological processes, such as reproduction,
growth and development, signal transduction, and tumorigen-
esis.18–21 The conjugation of ubiquitin to cellular proteins regulates
a broad range of eukaryotic cell functions. The high efficiency and
exquisite selectivity of ubiquitination reactions depend on the prop-
erties of enzymes known as ubiquitin-protein ligases or E3 ligase.
Dong et al.22 performed mechanistic investigations showing that
Rab11-FIP2 interacted with PGK1 and promoted its ubiquitination
in NSCLC cells, leading to inactivation of the oncogenic AKT/
mTOR signaling pathway. Yu et al.11 showed that LINC00963 regu-
lated PGK1 by blocking its ubiquitin-mediated degradation in
NSCLC cells and that GBCDRlnc1 regulated PGK1 expression
through inhibiting its ubiquitination.12 However, the exact E3 ligase
remains unknown. In our study, we demonstrated that LINC00926
interacts with PGK1 and promotes its ubiquitination and degradation
through combining with the E3 ligase STUB1. To our knowledge, this
is the first E3 ligase responsible for PGK1 degradation and may be a
potential therapeutic target for breast cancer.

Another upstream factor of PGK1 in breast cancer is FOXO3A.
FOXO3A is a nuclear RNA-binding protein that is involved in
many cellular events. Emerging evidence indicates that FOXO3A
acts as a tumor suppressor in cancer and regulate tumorigenesis
4’,6-Diamidine-2’-phenylindole dihydrochloride (DAPI) (blue). Scale bar, 25 mm. (C)

0926 or empty vector and treated with the proteasome inhibitor MG132 (10 mM).

me PCR. (D) The ubiquitination of PGK1 upon LINC00926 or not were analyzed by

1. Cell lysates from MCF-7 cells transfected with LINC00926 siRNA followed by

of ubiquitination were analyzed by western blot. Bottom, input from cell lysates. (F)

e of LINC00926. The differentially exhibited lanes were used for mass spectrum. (G)

dependent RNA pull-down assays. (H) RIP assays were performed using antibodies

0.01. (I) Effects of LINC00926 on STUB1-mediated PGK1 ubiquitination. coIP was

MMG132. (J) MCF-7 cells treated with 10 mMMG132 and transfected with HA-Ubi,

, followed by immunoblotting with the indicated antibodies. (K) coIP was performed

f LINC00926. (L) Immunoblot analysis of PGK1 and STUB1 in MCF-7 andMDA-MB-

STUB1 siRNA.
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Figure 5. Hypoxia inhibits LINC00926 expression and activates PGK1 expression largely through FOXO3A transcription

(A) Quantitative real-time PCR and immunoblot analysis of ZR-751, MDA-MB-231, and MCF-7 cells exposed to normoxic (0 h) or hypoxic (0.5 h, 2 h, 6 h) conditions.

Representative immunoblot shows the expression of PGK1 and HIF-1a. b-actin was used as a loading control. LINC00926 expression levels were determined by quantitative

real-time PCR. (B) A conserved FOXO3A-binding element at the LINC00926 promoter was predicted by JASPAR (http://jaspar.genereg.net/). Luciferase activity of different

LINC00926 promoter reporters in MCF-7 cells transfected with FOXO3A or empty vector and exposed to either normoxic or hypoxic condition. Filled circles show the position

of the putative FOXO3A-binding site, and the “X” shows the mutated FOXO3A-binding site. The red letters of each binding region indicate the putative FOXO3A-binding

sequences or the mutated FOXO3A-binding sequences. (C) Quantitative real-time PCR analysis of LINC00926 expression in MCF-7 cells transfected with EV, FOXO1,

FOXO3A, and FOXO4 and exposed to either normoxic or hypoxic condition. Representative immunoblot shows the expression of FOXOs, PGK1, and HIF-1a. b-actin was

used as an internal control. (D) Quantitative real-time PCR and immunoblot analysis of MCF-7 cells transfected with FOXO3A shRNA or FOXO3A-R under hypoxia condition

or not as indicated. (E) ChIP analysis of FOXO3A occupancy on the LINC00926 promoter or upstream of the promoter in MCF-7 cells under normoxic or hypoxic condition. (F)

(legend continued on next page)
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and energy metabolism in many tissues. FOXO3A plays a crucial role
in apoptosis,23 survival,24 cell proliferation,25 cell-cycle progression,26

DNA damage,27 and resistance to oxidative stress. Dysregulation of
FOXO3A is highly associated with a series of malignancies.28–31 As
for breast cancer, FOXO3A is a tumor suppressor in regulating breast
cancer growth and progression through multiple mechanisms. For
example, Liu et al.32 investigated that FOXO3A suppresses migration,
invasion, EMT, and in vivometastasis of breast cancer cells by directly
inducing miR-29b-2 and miR-338 expression. He et al.33 confirmed a
suppressive role of FOXO3A in breast cancer stem cell properties and
tumorigenicity. Here we explored a mechanism of FOXO3A in con-
trolling breast cancer cell growth and progression through upregula-
tion of LINC00926 expression; however, we couldn’t deny the exis-
tence of other mechanisms. Interestingly, expression of FOXO3A
was colocalized with HIF-1a expression. FOXO3A was upregulated
in hypoxia, and translocation of FOXO3A from the cytoplasm to
the nucleus was induced by hypoxia.34 Some researchers demon-
strated that FOXO3A was upregulated in hypoxia and translocation
of FOXO3A from the cytoplasm to the nucleus was induced by hyp-
oxia.34,35 Others also found that hypoxia significantly downregulated
the phosphorylation level of FOXO3A compared to that of normoxia,
however, the total FOXO3A expression level didn’t change.36 Hence,
it can be seen that the expression of FOXO3A under hypoxia condi-
tion depends on the context, which might be due to different cell lines
or different ways of hypoxia (physical or chemical hypoxia manner),
or different exposure time or hypoxic concentration. In our current
study, we found that the expression of FOXO3A didn’t change in
two breast cancer cell lines, however, the recruitment of FOXO3A
to LINC00926 promoter significantly decreased under hypoxia. As
a consequence, the transcription of LINC00926 was inhibited and
thus increased the expression of PGK1. Given the regulatory effect
of LINC00926 on PGK1 and the distribution of LINC00926 (both
cytoplasmic and nuclear), PGK1 (cytoplasmic), and FOXO3A (nu-
clear), we speculate that PGK1 is a functional downstream target of
LINC00926 in the cytosol, whereas FOXO3A may function as an up-
stream regulator of this lincRNA in the nucleus. Our data strongly
support a critical role for FOXO3A in the transcriptional activation
of LINC00926.

In conclusion, our study is the first report demonstrating that
LINC00926 inhibits breast cancer cell proliferation, invasion, and
metastasis both in vitro and in vivo by dampening glycolysis via inhi-
bition of PGK1 expression, a key glycolysis enzyme. LINC00926
increased by FOXO3A is negatively correlated with PGK1 expression
in breast cancer patients. These findings outline the importance of the
FOXO3A/LINC00926/PGK1 axis in Warburg effect and breast
tumorigenesis and progression (Figure 8C). Therefore, upregulation
of LINC00926 may be a promising way to treat PGK1 overexpression
breast cancer patients.
Quantitative real-time PCR analysis of LINC00926 expression in MCF-7 cells transfected

or hypoxic condition. Representative immunoblots show the expression of PGK1 andHIF

measurements that have been repeated 3 times with similar results. *p < 0.05, **p < 0.0

empty vector under hypoxia.
MATERIALS AND METHODS
Cell lines, plasmids, lentivirus, RNA oligonucleotides, and

regents

Human breast cancer cell lines MCF-7, T47D, ZR75-1, MDA-MB-
453, and MDA-MB-231 cells were obtained from the American
Type Culture Collection (Manassas, VA, USA). All cell lines were
incubated in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) at 37�C in a humidified
atmosphere of 5% CO2. The eukaryotic expression vectors were
generated by inserting PCR-amplified fragments into pcDNA3.0
(Invitrogen). The LINC00926 promoter and its mutant luciferase re-
porters were made by inserting PCR-amplified promoter fragments
from genomic DNA into the pGL3-Basic vector (Promega, Madison,
WI, USA). Wild-type and mutated FOXO3A putative targets on
LINC00926 were cloned into pGL3-Basic vector (Promega). The
cDNA target sequences of small interfering RNAs (siRNAs) and/or
short hairpin RNAs (shRNAs) for FOXO3A, LINC00926, and
PGK1 are listed in Table S1. Lentiviral vector expressing FOXO3A,
PGK1 shRNA, or LINC00926 shRNA was constructed by cloning
FOXO3A, PGK1 shRNA, or LINC00926 shRNA fragments into
pCDH and pSIH-H1-Puro (System Biosciences), respectively. Stable
cell lines overexpressing FOXO3A plus LINC00926 shRNA were
generated by infection with the lentiviruses carrying FOXO3A and
LINC00926 shRNA. Stable cell lines with LINC00926 shRNA plus
PGK1 shRNA were generated by infection with the lentiviruses car-
rying LINC00926 shRNA and PGK1 shRNA. Stable cells were
selected using puromycin. Lipofectamine 2000 (Life Technologies)
and Lipofectamine RNAiMAX (Life Technologies) were used for
transfections of plasmids and siRNAs according to the manufac-
turer’s instructions (Invitrogen). Anti-PGK1 was purchased from
Proteintech and anti-b-actin antibodies were purchased from Santa
Cruz Biotechnology.
Luciferase reporter assay

LINC00926 promoter and serial truncations were cloned into
pGL3.0-basic vector/plasmid. Cells were plated at a density of 1 �
105 cells per well. Cells were co-transfected with luciferase reporters,
either LINC00926 or its truncations luciferase reporter constructs
containing either wild-type or mutant FOXO3A using Lipofectamine
2000. After 48 h, cells were harvested and analyzed for luciferase and
b-galactosidase activities according to the manufacturer’s instruc-
tions (Promega).37 Experiments were performed in triplicate and
repeated 3 times.
RNA isolation and quantitative real-time PCR

Total RNAs fromcultured cellswere extractedwithTRIzol reagent (In-
vitrogen, USA) according to the manufacturer’s protocol. Real-time
PCRwas performed using SYBRGreen (BioRad) on the CFX96 system
with FOXO3A or FOXO3A plus LINC00926 siRNAs and exposed to either normoxic

-1a. b-actin was used as a loading control. Values shown aremean ± SD of triplicate

1 versus corresponding empty vector. #p < 0.05, ##p < 0.01 versus corresponding
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(BioRad Laboratories, Hercules, CA, USA). The relative expression of
different sets of genes was normalized to b-actin. The relative fold
expression of the target, normalized to the corresponding control,
was calculated by the comparative Ct methods. Primer sequences for
quantitative real-time PCR used were listed in Table S2.

Cell growth, migration, and invasion assays

Forproliferation assay, cellswere seeded in 96-wellflat-bottomedplates
with eachwell containing 3,000 cells and assessed by a cell counting kit-
8 (CCK-8) kit according to the manufacturer’s instructions (Dojindo).
Colony formationwas assessedwith crystal violet stainingafter 2weeks.
The number of colonies with diameters of more than 1.5 mm was
counted.Wound-healing assay was performed to detect the cell migra-
tion. Briefly, transfected cells grown to 90% confluence in 6-well plates
were scratched via a 200 mL sterile pipette tip. Cells were washed with
serum-free medium to remove the debris and cultured for 24 h, after
which images were captured under an inverted microscope (TE2000,
Nikon,China). Thewound-healing rateswere calculated and compared
to thewidth at 0 h. Transwell assaywas conducted to determine the cell
invasion with Matrigel Invasion Chambers following the manufac-
turer’s instructions (BD Biosciences). Briefly, cells were placed on the
upper surface of the Transwell insert. After 24 h, the invasive cells
were fixed with 4% paraformaldehyde and stained with 0.5% crystal vi-
olet. The number of invasive cells were counted in five randomly
selected microscope visions and photographed.

Glucose uptake, lactate, and ATP assay

Glucose Uptake Colorimetric Assay kit, Lactate Assay Kit II, and ATP
Colorimetric Assay kit were used to determine glucose uptake, lactate,
and ATP production, respectively, according to the manufacturer’s
protocols (Biovision). For glucose uptake colorimetric assay, cells
were seeded at a density of 1 � 106 cells per well in a 96-well plate.
The cells were starved for glucose by preincubating with 100 mL
Krebs-Ringer-Phosphate-HEPES (KRPH) buffer containing 2%
BSA for 40 min. 10 mL of 10 mM 2-DG were added and the cells
were incubated for 20 min. For lactate and ATP assays, 1 � 106 cells
were homogenized in 100 mL corresponding assay buffer provided by
the kits. Samples were centrifuged, and the soluble fraction was as-
sayed. For lactate dehydrogenase activity analysis, 1 � 106 cells
were lysed in 100 mL assay buffer in the kit and centrifuged at
10,000 � g for 15 min at 4�C.38 30 mL of supernatants were added
to a 96-well plate.

Extracellular acidification and OCR assays

The ECAR and cellular OCR were determined using the Seahorse XFe
96 Extracellular Flux Analyzer (Seahorse Bioscience). Experiments
Figure 6. FOXO3A suppresses proliferation, migration, and invasion and damp

(A) MCF-7 cells were transfected with myc-FOXO3A or myc-FOXO3A plus LINC siRNA

immunoblot shows myc-FOXO3A expression. Histograms show LINC00926 expressio

cells transfected as in (A). Representative images show colonies in plates (upper panel

assays of MCF-7 cells transfected as in (A). Right histograms show relative cell migra

determined. Representative immunoblot reveals the expression of myc-FOXO3A. Qua

cells were transfected as in (A), and ECAR (F) and OCR (G) were then determined.
were performed according to the manufacturer’s protocols. ECAR
and OCR were examined using Seahorse XF Glycolysis Stress Test
Kit and Seahorse XF Cell Mito Stress Test Kit, respectively. Briefly,
1 � 104 cells per well were seeded into a Seahorse XF 96-cell culture
microplate. After baseline measurements, for ECAR, glucose, the
oxidative phosphorylation inhibitor oligomycin, and the glycolytic in-
hibitor 2-DGwere sequentially injected into eachwell at indicated time
points; and for OCR, oligomycin, the reversible inhibitor of oxidative
phosphorylation FCCP (p-trifluoromethoxy carbonyl cyanide phenyl-
hydrazone), and the mitochondrial complex I inhibitor rotenone plus
the mitochondrial complex III inhibitor antimycin A (Rote/AA) were
sequentially injected.Datawere assessed by SeahorseXF-96Wave soft-
ware. OCR is shown in pmols/min and ECAR in mpH/min.39

ChIP assay

ChIP assay was performed using the Magna ChIP G Assay Kit (Milli-
pore) according to the manufacturer’s instructions. Briefly,
complexes were eluted from the primary immunoprecipitation by in-
cubation with 10 mM DTT at 37�C for 30 min and diluted 1:50 in
ChIP buffer (150 mM NaCl, 1% Triton X-100, 2 mM EDTA,
20 mMTris-HCl, pH 8.1). The immunoprecipitated DNA was ampli-
fied with a promoter pair specific for the LINC00926-promoter. The
resulting values were normalized to those of the immunoglobulin G
(IgG) or empty vector-infected control.40 Primer sequences for quan-
titative real-time PCR used were listed in Table S3.

Cytosolic and nuclear fractionation

MCF-7 and MDA-MB-231 cells were washed with PBS twice and
incubated with lysis buffer (25 mM Tris-HCl, pH 7.4, 1 mM
MgCl2, 5 mMKCl, and 1%NP-40) on ice for 10min. The supernatant
of the cell lysates was collected as the cytoplasmic fraction at 2,000 �
rpm for 10 min. Then the pellets were resuspended in nucleus resus-
pension buffer (20 mMHEPES, pH 7.9, 400 mMNaCl, 1 mM EDTA,
1 mM EGTA, 1 mM DTT, 1 mM PMSF) for 30 min. After centrifu-
gation at 12,000 � rpm for 10 min, the supernatant was collected as
the nuclear fraction. Cytoplasmic and nuclear fractions were divided
for RNA extraction. 18S and U6 were used as quantitative real-time
PCR markers of cytoplasmic and nuclear RNAs, respectively.

RNA pull-down and mass spectrometry analysis

Biotin-labeled LINC00926 was synthesized using the Biotin RNA La-
beling Mix by T7 RNA polymerase and then incubated with the cell
lysates for 4 h and was pulled down with streptavidin magnetic beads
(MCE) after incubation overnight. The samples were separated using
electrophoresis, and the specific bands were identified using mass
spectrometry and retrieved in human proteomic library.41
ens glycolysis via LINC00926 expression in breast cancer cells

s. The proliferation of the cells was detected by CCK-8 assay. The representative

n determined by quantitative real-time PCR. (B) Colony-formation assay of MCF-7

s). Histograms show colony number. (C and D) Wound healing (C) and invasion (D)

tion and invasion. (E) Glucose uptake and the production of lactate and ATP were

ntitative real-time PCR analysis indicates LINC00926 expression. (F and G) MCF-7
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Figure 7. FOXO3A/LINC00926/PGK1 axis regulates breast cancer tumor growth and lung metastasis

(A and B) MDA-MB-231 cells stably infected with lentivirus carrying the indicated constructs were injected into subcutaneous of nude mice (n = 7 per group). At the indicated

times, tumors were measured and the growth curve was plotted (B). (C) Representative IHC staining for PGK1, Ki67, and H&E images of excised tumors from (A) are shown.

Scale bar, 100 mm. Histograms show LINC00926 expression determined by quantitative real-time PCR. (D–F) MDA-MB-231 cells stably infected with lentivirus carrying the

indicated constructs were injected into subcutaneous of nude mice (n = 8 per group) and analyzed as in (A)–(C). (G and H) Breast cancer cell metastatic model was es-

tablished in nude mice (n = 6) by tail vein injection of MDA-MB-231 cells stably expressing of indicated constructs. Lung CT scan of groups were performed and repre-

sentative metastatic foci of lungs were subjected to anatomical and histological analyses. The number of tumor nodules was examined under an anatomical microscope.

Symbols represent individual mice; horizontal bars indicate the mean ± SD. Scale bar, 100 mm. *p < 0.05 versus corresponding control.
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Figure 8. Correlation between LINC00926 and PGK1

expression and association of LINC00926 with

glucose uptake in human breast cancer patients

(A) Representative IHC staining for FOXO3A and PGK1

and FISH staining for LINC00926 in breast cancer pa-

tients. Scale bar, 50 mm. Right panel showing the per-

centage of specimens with low or high PGK1 and

FOXO3A expressions in the low or high LINC00926

expression groups, or low or high PGK1 in the low or high

FOXO3A expression groups. CASE 1 and CASE 2 refer to

two representative samples categorized by high and low

LINC00926 expression. (B) The correlation of glucose

uptake in breast cancer patients with FOXO3A and

LINC00926 was determined using the Mann Whitney U

test. CASE 1 and CASE 2 refer to two representative

samples categorized by high and low FDG uptake. (C)

Graphical abstract underlying the role of the FOXO3A/

LINC00926/PGK1 in regulating breast cancer growth and

lung metastasis.
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Analysis of tumor growth and metastasis in vivo

Animal studies were approved by the Institutional Animal Care Com-
mittee of Beijing Institute of Biotechnology. For tumor growth study,
a total of 1 � 107 MDA-MB-231 cells carrying different constructs
were subcutaneously inoculated into the second mammary fat pad
on the right side of nude mice (seven in each group). Tumor size
was measured at the indicated times using calipers. Tumor volume
was estimated according to the following formula: volume = (longest
diameter � shortest diameter2)/2.42 The mice were sacrificed at the
indicated time. Excised tumors were frozen in liquid nitrogen for
further study.

For lung metastasis study, 1 � 106 MDA-MB-231 cells carrying indi-
cated constructs were injected into the lateral tail vein of BALB/c
Molecula
female mice. To investigate the lung metastasis,
we maintained all mice for about 40 days until
analysis by computed tomography (CT) scan.
After sacrifice, all the lungs were excised for
metastatic foci analysis.

Tissue samples and IHC

109 human breast cancer samples were ob-
tained from Harbin Medical University Cancer
Hospital and Affiliated Cancer Hospital & Insti-
tute of Guangzhou Medical University, with the
informed consent of patients and with approval
for experiments from the hospital. None of the
patients had received any chemotherapy prior
to surgery. All patients were female with 30–
75 years of age (mean age: 51.9 years). Tumor
tissue was obtained from patients undergoing
surgery and immediately stored at �80�C. Tis-
sue samples were used for IHC analysis. All IHC
staining was assessed by two independent pa-
thologists with no prior knowledge of patient characteristics. The
widely accepted H-score system was used in considering the staining
intensity and extent of staining area. Briefly, H-score was generated
by adding the percentage of strongly stained cells (times 3), the per-
centage of moderately stained cells (times 2), and the percentage of
weakly stained cells (times 1).

Formalin fixed and paraffin embedded tissue sectionswere subjected to
IHC as previously described.43 (Tissue sections were deparaffinized, re-
hydrated, and treated with 3% H2O2 for 15 min to inhibit endogenous
peroxidase activity. Following heat-induced epitope retrieval in 10mM
citrate buffer [pH 6.0] in a microwave for 30 min, the slides were incu-
bated at 4�C overnight with a prediluted primary antibody [Anti-Ki67
Servicebio (GB13030-2, China), anti-PGK1 (1:1,000, Proteintech,
r Therapy Vol. 29 No 9 September 2021 2751
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17811-1-AP), anti-FOXO3A (1:5,000, Proteintech, Cat No. 66428-1-
Ig)]. After incubation with a secondary antibody, the signal was devel-
oped with 3, 30-diaminobenzidine tetrachloride.)

FISH

MCF-7 and MDA-MB-231 were rinsed briefly in 1 � PBS and then
fixed in 4% paraformaldehyde for 10 min at room temperature. Cells
were permeabilized in 1 � PBS containing 0.5% Triton X-100 for
5 min at 4�C, then washed in 1� PBS for 5 min. 200 mL of pre-hybrid-
ization buffer was added at 37�C for 30min. Hybridization was carried
out with a FISH probe in a moist chamber at 37�C in the dark over-
night using Ribo FISH Kit (C10910, RiboBio). The slides were washed
three times with wash buffer I (4 � SSC with 0.1% Tween 20), once
each with wash buffer II (2 � SSC), wash buffer III (1 � SSC) at
42�C in the dark for 5 min, and once with 1 � PBS at room tempera-
ture. Then the cells were stained with DAPI in the dark for 10 min.
LINC00926 FISH probes were designed and synthesized by RiboBio
Company. Human U6 FISH probes and 18S FISH probes were used
as the nuclear and cytoplasmic internal controls, respectively. For
breast cancer tissues, lncRNA FISH on paraffin tissue sections with
probes specific for human LINC00926 was performed according to
the manufacturer’s instructions (RiboBio, Guangzhou, China). All im-
ages were observed by fluorescence or confocal microscope (Nikon).

Statistical analysis

Statistical analyses were performed using SPSS v.23.0 (SPSS) or Prism
GraphPad 8.0. All the experiments in vitro were performed in tripli-
cate and repeated 3 or 4 times. Statistical significance in cell prolifer-
ation, migration, and invasion assays, as well as luciferase reporter
assays, was determined by two-tailed Student’s t test. Spearman cor-
relation analysis was performed to assess the relationship between
different factors using GraphPad Prism 8.0. Differences were consid-
ered to be statistically significant at p < 0.05.
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