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Background: HEAT repeat-containing protein 1 (HEATR1) has been reported to play key roles in tumor progression, but its
expression patterns and functional significance in glioblastoma (GBM), particularly in relation to the nuclear factor erythroid
2-related factor 2 (Nrf2) regulatory pathway, remain poorly understood. Therefore, this study aimed to investigate the expression
profile of HEATR1 in GBM and to elucidate its functional role and underlying molecular mechanisms, with a specific focus on
its regulatory relationship with Nrf2.
Methods: Bioinformatics analyses using GEPIA2, cBioPortal, and the Human Protein Atlas were employed to evaluate HEATR1
expression and its correlation with Nrf2 in GBM. Functional assays, including shRNA-mediated gene silencing, Nrf2 overexpres-
sion, Cell Counting Kit-8 (CCK-8), 5-ethynyl-2’-deoxyuridine (EdU), wound healing, and Transwell invasion, were performed in
U87 and U251 cell lines. Quantitative real-time PCR (qRT-PCR) was employed to assess mRNA levels, and protein abundance
was determined using Western blot analysis.
Results: Knockdown-mediated silencing ofHEATR1 expression led to a pronounced reduction in the proliferative, migratory, and
invasive abilities of GBM cells. From a mechanistic perspective, HEATR1 functioned as a positive regulator of Nrf2, enhancing
its expression at both transcriptional and translational levels; however, the regulatory relationship appeared to be unidirectional,
since alterations in Nrf2 expression did not exert feedback effects on HEATR1 expression. Experimental rescue analysis revealed
that elevating Nrf2 expression could partially mitigate the inhibitory consequences of HEATR1 depletion on the proliferative,
migratory, and invasive properties of GBM cells.
Conclusion: HEATR1 promotes glioblastoma progression by upregulating Nrf2, thereby enhancing cellular proliferation, mi-
gration, and invasion. The HEATR1–Nrf2 axis may represent a promising therapeutic target in GBM.
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Introduction

Glioblastoma multiforme (GBM) is the most lethal
central nervous system (CNS) tumor. In 2020, approxi-
mately 300,000 new cases of brain and central nervous sys-
tem cancers were diagnosed globally, contributing to an
estimated 250,000 deaths [1]. Notably, GBM constitutes
nearly half of all CNS malignancies, underscoring its sig-
nificant clinical burden.

HEAT repeat-containing protein 1 (HEATR1) is a
high-molecular-weight protein composed of a polypeptide
chain containing 2144 amino acid residues, and its most
notable structural hallmark lies in the HEAT repeat motif
located within the C-terminal region. This structural do-
main exhibits evolutionary conservation and can be identi-
fied in a variety of important proteins, such as protein phos-
phatase 2A (PP2A), the elongation factor-3, as well as the
huntingtin protein [2], which has been associated with es-
sential cellular functions. Accumulating research has indi-
cated that HEATR1 exerts diverse and complex regulatory

functions in the biological behavior of gliomas. On the one
hand, HEATR1 has been recognized as an antigen closely
linked to glioma, which has the ability to stimulate the gen-
eration of functional cytotoxic T lymphocytes in patients
suffering from this tumor, indicating its potential involve-
ment in tumor immunogenicity [3]. On the other hand,
it has been shown that HEATR1 cooperates with MYC to
drive ribosome biogenesis, thereby promoting glioma cell
proliferation and tumor progression [4]. These findings
suggest that HEATR1 may exert context-dependent func-
tions in glioma, potentially participating in both immune
surveillance and oncogenesis. Given the complexity of its
biological activities, clarifying the underlying molecular
pathways through which HEATR1 influences the progres-
sion of glioma, particularly its interaction with oncogenic
signaling pathways, is of considerable research interest and
may provide novel insights into glioma pathogenesis.

Previous research has documented that HEATR1 reg-
ulates the signaling pathway of nuclear factor erythroid 2-
related factor 2 (Nrf2), thereby influencing both tumor cell
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proliferation and chemoresistance in pancreatic cancer, par-
ticularly under gemcitabine treatment [5]. Nrf2 functions
as a pivotal transcription factor that maintains cellular re-
dox balance, primarily by regulating a wide array of genes
responsible for the production of antioxidant enzymes and
cytoprotective proteins, thereby safeguarding cells from ox-
idative or electrophilic stress [6,7]. Dysregulated activation
of the Nrf2 signaling cascade has been documented across
multiple solid malignancies, such as gliomas, where it is
strongly correlated with increased cellular proliferation, in-
vasive capacity, and reduced sensitivity to chemotherapeu-
tic agents [8–10]. Considering the documented association
between HEATR1 and the Nrf2 signaling pathway, together
with the well-established role of Nrf2 in glioma develop-
ment and progression, this relationship warrants further in-
depth investigation. It is of considerable interest to inves-
tigate whether HEATR1 contributes to glioma progression
through modulation of the Nrf2 axis. Therefore, exploring
howHEATR1 functionally interacts with the Nrf2 signaling
cascade in glioma may reveal novel molecular mechanisms
underlying tumor progression and provide new opportuni-
ties for the development of more precise therapeutic strate-
gies.

Materials and Methods

Bioinformatics Analysis
HEATR1 and Nrf2 expression in GBM tissues, as

well as in normal brain samples, was analyzed using the
GEPIA database (http://gepia.cancer-pku.cn/), which inte-
grates data from both the TCGA and GTEx projects. Dif-
ferences in transcript levels were visualized using the Ex-
pression module, with significance set at p < 0.05.

HEATR1 protein expression in glioma and normal
brain tissues was assessed using immunohistochemical im-
ages retrieved from the Human Protein Atlas (HPA, https:
//www.proteinatlas.org/). Differences in staining intensity
and spatial distribution were analyzed to evaluate variations
in protein-level expression.

In addition, to explore the potential regulatory rela-
tionship between HEATR1 and Nrf2, correlation analysis
was performed using the cBioPortal for Cancer Genomics
(https://www.cbioportal.org/), based on the TCGA-GBM
cohort. The co-expression patterns of HEATR1 and Nrf2
in GBM samples were assessed using the “Co-expression”
module.

Cell Culture
Normal human astrocytes (NHA, #CP-H122), along

with GBM cell lines A172 (#CL-0012), U87 (#CL-0238),
andU251 (#CL-0237), were acquired fromProcell Life Sci-
ence & Technology Co., Ltd. (Wuhan, China). The iden-
tity of every cell line was validated by short tandem re-
peat (STR) profiling, and subsequent testing confirmed that
none were contaminated with mycoplasma.

NHA cells were cultured in Astrocyte Medium (#CM-
H122, Procell, Wuhan, China) enriched with 2% fetal
bovine serum (FBS), 1% astrocyte growth supplement,
and 1% penicillin-streptomycin solution. Meanwhile,
A172, U87, and U251 cell lines were maintained in high-
glucose Dulbecco’s Modified Eagle Medium (DMEM,
#C11995500BT, Gibco, Grand Island, NY, USA), supple-
mented with 10% FBS (#10099141C, Gibco, Grand Island,
NY, USA) and 1% penicillin-streptomycin (#15140122,
Gibco, Grand Island, NY, USA). All cultures were incu-
bated at 37 °C in a humidified atmosphere containing 5%
CO2.

Cell Transfection
Lentiviral shRNAs targeting HEATR1 (shH)

and Nrf2 (shN), along with a non-targeting control
(shCtrl), were obtained from GenePharma (Shang-
hai, China). The targeting sequences as follows:
shH1: 5′-TGAACAAGTCCGAATAGAA-3′, shH2:
5′-GCTGAACAAGTCCGAATAGAA-3′; shN1: 5′-
GCAGTTCAATGAAGCTCAACT-3′, shN2: 5′-
GATGAAGAGACAGGTGAATTT-3′; shCtrl: 5′-
TTCTCCGAACGTGTCACGT-3′. These provided
sequences represent the targeting regions. Nrf2 over-
expression was achieved by transfecting cells with
pcDNA3.1(+) (#V79020, Invitrogen, Carlsbad, CA,
USA) carrying full-length Nrf2 cDNA (#puno1-hnfe2l2,
Invivogen, Carlsbad, CA, USA), with empty vector as
control.

U87 and U251 cells at 80% confluency were infected
with lentiviral particles (MOI = 20) in the presence of
8 µg/mL polybrene (#H9268, Sigma-Aldrich, St. Louis,
MO, USA) and cultured for 24 h. After infection, the
medium was replaced with fresh complete medium, and
cells were further cultured for an additional 48 h before
selection. Stable cell lines were selected with puromycin
(2 µg/mL, #P8833, Sigma-Aldrich, St. Louis, MO, USA)
for 3 days. Knockdown efficiency was confirmed using
qRT-PCR and Western blot analyses. For transient Nrf2
overexpression, cells were transfected with 2 µg plasmid
per well (#V79020, Invitrogen, Carlsbad, CA, USA) using
Lipofectamine™ 3000 (#L3000008, Thermo Fisher Scien-
tific, Waltham, MA, USA), followed by medium replace-
ment with high-glucose DMEM (#C11995500BT, Gibco,
Grand Island, NY, USA) after 6 h. Transfection efficiency
was evaluated by qRT-PCR and Western blot analyses 48 h
post-transfection.

Cell Viability Assay
U87 and U251 cell proliferation was assessed with

the Cell Counting Kit-8 (CCK-8, #CK04, Dojindo, Ku-
mamoto, Japan). Cells were seeded in 96-well plates at 3
× 103 cells/well in 100 µL complete DMEM and incubated
overnight. Cells were then subjected to the indicated treat-
ments for 0, 12, 24, and 48 h prior to the CCK-8 assay.
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After treatment, 10 µL CCK-8 reagent was added per well,
followed by 2 h incubation at 37 °C. Absorbance at 450 nm
was read using a Synergy HTX microplate reader (BioTek,
Winooski, VT, USA).

EdU Assay
Cell proliferation was evaluated using the 5-ethynyl-

2’-deoxyuridine (EdU) assay kit (#C0071S, Beyotime,
Shanghai, China). U87 and U251 cells were seeded in 24-
well plates at 5 × 104 cells/well and incubated overnight.
After treatments or transfections, cells were labeled with
50 µM EdU for 2 h at 37 °C. Cells were then fixed with
4% paraformaldehyde for 30 min, permeabilized with 0.5%
Triton X-100 for 10 min, and EdU incorporation was vi-
sualized using the EdU detection reagent. Nuclei were
counterstained with 4′,6-diamidino-2-phenylindole (DAPI)
(#C1005, Beyotime, Shanghai, China) for 10 min. Flu-
orescence microscopy (Olympus IX73, Olympus, Tokyo,
Japan) was used to image cells, and the percentage of EdU-
positive cells was calculated from five randomly selected
fields per well.

Wound Healing Assay
U87 and U251 cells were grown to near confluence in

6-well plates, scratched with a sterile pipette tip, washed
with phosphate-buffered saline (PBS), and maintained in
serum-free DMEM to limit proliferation effects.

Wound images were captured at 0 and 24 h using an
inverted microscope (Olympus IX73), and wound width
was measured with ImageJ software (NIH, Bethesda, MD,
USA). The migration rate was calculated as follows:

Wound gap (%) = (wound width at indicated time
point / initial wound width) × 100%.

Transwell Invasion Assay
Cell invasion was assessed using Matrigel-coated

Transwell chambers with 8-µm pores (#354480, Corning,
NY, USA). U87 and U251 cells (1 × 105/200 µL serum-
free DMEM) were seeded in the upper chambers (50 µL
Matrigel, 1:8, #356234, Corning, NY, USA), with the
lower chambers containing 600 µL DMEM plus 10% FBS
(#10099141C, Gibco, Grand Island, NY, USA). After 24 h
at 37 °C, invading cells were fixed with 4% paraformalde-
hyde (#P0099, Beyotime, Shanghai, China) and stained
with 0.1% crystal violet (#C0121, Beyotime, Shanghai,
China). Cells in five random fields were imaged using
Olympus IX73 (Tokyo, Japan) and quantified using ImageJ
software (v1.53t, National Institutes of Health, Bethesda,
MD, USA).

Quantitative Real-Time PCR (qRT-PCR)
Total RNA from U87 and U251 cells was isolated

using TRIzol reagent (#15596018, Invitrogen, Carlsbad,
CA, USA). RNA was reverse-transcribed into cDNA us-
ing the PrimeScript RT reagent kit (#RR037A, Takara,

Dalian, China). Quantitative PCR was performed with
SYBR Green PCR Master Mix (#Q111-02, Vazyme, Nan-
jing, China) on a QuantStudio 5 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) using 40 cy-
cles of 95 °C for 5 s and 60 °C for 30 s after initial denatu-
ration at 95 °C for 30 s. Relative expression was calculated
by the 2−∆∆Ct method with GAPDH as reference. Primer
sequences are listed in Table 1.

Western Blot Analysis
Proteins fromU87 and U251 cells were extracted with

RIPA buffer (#P0013B, Beyotime, Shanghai, China), quan-
tified by BCA (#23225, Thermo Fisher Scientific), sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), and transferred onto polyvinyli-
dene fluoride (PVDF) membranes (#IPVH00010, Mil-
lipore, Burlington, MA, USA). After blocking, mem-
branes were incubated with antibodies against HEATR1
(#ab241610, Abcam, Cambridge, UK), Nrf2 (#ab62352,
Abcam, Cambridge, UK), and GAPDH (#ab8245, Ab-
cam, Cambridge, UK), followed by horseradish peroxidase
(HRP)-conjugated secondaries (#ab205718, #ab205719,
Abcam, Cambridge, UK). Bands were visualized by
enhanced chemiluminescence (#WBKLS0100, Millipore,
Burlington, MA, USA) and analyzed with ImageJ (NIH,
Bethesda, MD, USA). For quantitative analysis, band
intensities were measured using ImageJ software (NIH,
Bethesda, MD, USA), normalized to the corresponding in-
ternal control (GAPDH), and expressed as relative protein
levels.

Statistical Analysis
All data are presented as the mean ± standard devi-

ation (SD) from a minimum of three independent experi-
ments. Statistical analyses were carried out using Graph-
Pad Prism 9.0 software (GraphPad Software, San Diego,
CA, USA). Data distribution was assessed for normality
using the Shapiro–Wilk test, and homogeneity of variance
was evaluated using Levene’s test. Comparisons between
two groups were performed using an unpaired two-tailed
Student’s t-test, whereas differences among three or more
groups were evaluated by one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. A p-value
below 0.05 was considered statistically significant.

Results

HEATR1 Is Upregulated in GBM and Efficiently
Silenced by shRNA In Vitro

Using the GEPIA2 database, HEATR1 expression was
analyzed across various cancers, revealing significantly
higher expression in tumor tissues compared with corre-
sponding normal tissues (p < 0.05, Fig. 1a). Specifically,
HEATR1 was substantially overexpressed in glioblastoma
samples (p < 0.05, Fig. 1b). Immunohistochemical im-
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Table 1. Primer sequence.
Gene Accession Number Sequence (5′-3′)

HEATR1 NM_018072
F: GTCCGAATAGAACTGGAGCCAC
R: GCCAGTAAGAACCTCCAACTTCC

Nrf2 NM_006164
F: CACATCCAGTCAGAAACCAGTGG
R: GGAATGTCTGCGCCAAAAGCTG

GAPDH NM_002046
F: GTCTCCTCTGACTTCAACAGCG
R: ACCACCCTGTTGCTGTAGCCAA

HEATR1, HEAT repeat-containing protein 1; Nrf2, nuclear factor erythroid 2-
related factor 2; GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase.

ages from the HPA revealed that HEATR1 staining was
minimal or undetectable in brain tissue from individuals
without neurological disease (Fig. 1c), while GBM speci-
mens exhibited pronounced cytoplasmic immunoreactivity
(Fig. 1d).

To validate these observations in vitro, HEATR1 ex-
pression was examined in normal human astrocytes (NHA)
and GBM cell lines A172, U87, and U251. Western
blot analysis demonstrated a pronounced upregulation of
HEATR1 protein in all glioblastoma cell lines compared to
NHA (p < 0.001, Fig. 1e,f), and qRT-PCR confirmed el-
evated HEATR1 mRNA levels in these cells (p < 0.001,
Fig. 1g). Notably, U87 and U251 displayed the highest ex-
pression and were therefore selected for subsequent exper-
iments.

To assess knockdown efficiency, U87 and U251
cells were transduced with shRNAs targeting HEATR1.
HEATR1 protein levels in U87 cells were significantly
diminished following shHEATR1 transduction compared
with control cells, accompanied by a corresponding de-
crease in mRNA expression (p < 0.01, Fig. 1h–j). Like-
wise, shRNA-mediated knockdown in U251 cells led to
significant reductions in both HEATR1 protein and mRNA
levels (p < 0.01, Fig. 1k–m).

These results indicate that HEATR1 is aberrantly over-
expressed in GBM and can be effectively silenced by
shRNA in vitro.

Knockdown of HEATR1 Inhibits the Proliferation of
GBM Cells

To determine the consequences of HEATR1 knock-
down on the proliferative capacity of GBM cells, CCK-8
assays were conducted on U87 and U251 cells at 12, 24,
and 48 hours following the knockdown treatment. Com-
pared with the shCtrl group, U87 cells transduced with
shHEATR1-1 and shHEATR1-2 exhibited significantly de-
creased cell viability at 48 h (p < 0.001, Fig. 2a). A com-
parable suppressive effect on cell proliferation was also ob-
served in U251 cells (p < 0.001, Fig. 2b).

To further confirm these findings, EdU incorporation
assays were performed. In U87 cells, the fraction of EdU-
positive cells was markedly decreased in the shHEATR1
group relative to the shCtrl group (p < 0.01, Fig. 2c,d).

Comparable reductions were detected in U251 cells, where
silencing of HEATR1 led to a significant reduction in EdU
incorporation (p < 0.01, Fig. 2e,f).

These results suggest that silencing HEATR1 signif-
icantly inhibits the proliferative potential of GBM cells in
vitro.

Silencing HEATR1 Inhibits the Migratory and
Invasive Abilities of GBM Cells

To explore how silencing HEATR1 influences the
migratory behavior of GBM cells, wound healing assays
were performed in U87 and U251 lines, with images cap-
tured at baseline and 24 hours following scratch creation.
Compared with the shCtrl group, U87 cells transduced
with shHEATR1 exhibited a significantly higher remaining
wound area at 24 hours, indicating impaired migratory abil-
ity (p < 0.01, Fig. 3a,b). Similarly, HEATR1 silencing in
U251 cells increased the proportion of unhealedwound area
at 24 hours (p < 0.01, Fig. 3c,d).

Furthermore, Transwell invasion assays demonstrated
that the invasive ability of U87 cells was substantially de-
creased following HEATR1 silencing compared to the con-
trol group (p < 0.001, Fig. 3e,f). Parallel results were
observed in U251 cells, in which the invasive ability was
markedly reduced following HEATR1 silencing (p < 0.01,
Fig. 3g,h).

Overall, the experimental evidence indicates that
knockdown of HEATR1 significantly compromises both
the migratory and invasive potential of GBM cells in cul-
ture.

HEATR1 Knockdown Is Associated With Reduced
Nrf2 Expression in GBM

Based on preliminary experiments, shHEATR1-1 was
selected for subsequent studies due to its superior knock-
down efficiency and its more pronounced inhibitory effect
on the malignant progression of GBM cells.

To explore the potential relationship between
HEATR1 and Nrf2, correlation analysis was performed
using data obtained from the cBioPortal database. Analysis
indicated a positive association between the expression
of HEATR1 and Nrf2 in GBM (Fig. 4a). Furthermore,
evaluation using GEPIA demonstrated that Nrf2 was sig-
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Fig. 1. HEATR1 expression and shRNA knockdown in GBM. (a) HEATR1 expression levels in various tumor types and normal
tissues, analyzed using the GEPIA2 online tool. (b) Comparison of HEATR1 expression in GBM and normal brain tissues (GEPIA2), T:
tumor, N: normal. (c,d) Representative immunohistochemical staining of HEATR1 in normal brain tissue (c) and GBM tissue (d) from
the HPA database. (e,f) Western blot analysis of HEATR1 protein expression in NHA, A172, U87, and U251 cell lines. (g) Quantitative
real-time PCR analysis of HEATR1 mRNA levels in NHA and GBM cell lines. U87 and U251 cells were transduced with either shCtrl
or shHEATR1 and shHEATR1-2. (h,i) Western blot analysis of HEATR1 expression in U87 cells. (j) qRT-PCR analysis of HEATR1
mRNA levels in U87 cells. (k,l) Western blot analysis of HEATR1 expression in U251 cells. (m) qRT-PCR analysis of HEATR1 mRNA
levels in U251 cells. Data are presented as mean ± SD (n = 3). ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. HEATR1, HEAT
repeat-containing protein 1; GBM, Glioblastoma multiforme; GEPIA2, Gene Expression Profiling Interactive Analysis 2; HPA, Human
Protein Atlas; NHA, Normal human astrocytes; SD, standard deviation.
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Fig. 2. HEATR1 knockdown inhibits the proliferation of GBM cells. (a) CCK-8 assay of U87 cells at 12, 24, and 48 hours. (b)
CCK-8 assay of U251 cells at 12, 24, and 48 hours. (c,d) EdU staining of U87 cells. (e,f) EdU staining of U251 cells. Data are presented
as mean ± SD (n = 3). **p < 0.01, ***p < 0.001. CCK-8, Cell Counting Kit-8; EdU, 5-ethynyl-2’-deoxyuridine.
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Fig. 3. HEATR1 knockdown impairs the migration and invasion of GBM cells. U87 and U251 cells were transduced with shCtrl or
shHEATR1-1 and shHEATR1-2. (a,b) Wound healing assay of U87 cells at 0 and 24 hours. (c,d) Wound healing assay of U251 cells at
0 and 24 hours. (e,f) Transwell invasion assay of U87 cells. (g,h) Transwell invasion assay of U251 cells. Data are presented as mean±
SD (n = 3). **p < 0.01, ***p < 0.001.
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nificantly overexpressed in glioblastoma tissues compared
with normal brain regions (p < 0.05, Fig. 4b).

To examine the potential modulatory effect of
HEATR1 on Nrf2, Nrf2 expression levels were assessed
in GBM cells after silencing HEATR1. Western blotting
revealed that Nrf2 expression in U87 cells was substan-
tially diminished after HEATR1 knockdown (p < 0.001,
Fig. 4c,d) and U251 cells (p < 0.01, Fig. 4f,g). Similarly,
qRT-PCR analysis confirmed that Nrf2 mRNA expression
was substantially decreased in U87 (p < 0.05, Fig. 4e) and
U251 cells (p< 0.001, Fig. 4h) upon HEATR1 knockdown.

These data suggest that HEATR1 knockdown is asso-
ciated with decreased Nrf2 expression at both the mRNA
and protein levels in GBM cells.

HEATR1 Modulates Nrf2 Expression but Is Not
Affected by Nrf2

To verify the efficiency of Nrf2 modulation, U87 and
U251 cells were transduced with Nrf2-targeting shRNA
(shN1 and shN2). Western blot and qRT-PCR analyses re-
vealed that Nrf2 protein and mRNA were significantly di-
minished in shN1 and shN2 cells (p < 0.01, Fig. 5a–f).
Among them, shN2 exhibited a stronger knockdown effi-
ciency and was therefore selected for subsequent experi-
ments.

Nrf2 overexpression efficiency was validated by both
qRT-PCR and Western blot analyses, which demonstrated
that Nrf2mRNA and Nrf2 protein levels were significantly
elevated in oeN cells compared with control and shCtrl
groups (p < 0.001, Fig. 5g–i), confirming the successful
establishment of the Nrf2 overexpression model.

To elucidate the interaction between HEATR1 and
Nrf2, the levels of both proteins were analyzed in U87 and
U251 cells under distinct experimental conditions, includ-
ing HEATR1 knockdown (shH), Nrf2 knockdown (shN),
Nrf2 overexpression (oeN), and combined treatments (shH
+ shN, shH + oeN). This experimental setup enabled the
assessment of both the individual and combined effects of
HEATR1 and Nrf2 modulation.

Western blot analysis revealed that Nrf2 knock-
down or overexpression alone did not significantly affect
HEATR1 protein levels (p > 0.05), indicating that Nrf2
is not a regulator of HEATR1. In contrast, knockdown of
HEATR1 resulted in a significant reduction in Nrf2 expres-
sion in both U87 and U251 cell lines (p < 0.05). Notably,
simultaneous overexpression of Nrf2 in cells with HEATR1
knockdown (shH + oeN) partially restored Nrf2 protein lev-
els compared to cells treated with shH alone. indicating
that Nrf2 overexpression partially rescued the suppression
induced by HEATR1 knockdown (p < 0.001, Fig. 5j–s).

In summary, the findings reveal that HEATR1 upreg-
ulates Nrf2 expression in GBM cells, while Nrf2 does not
appear to exert any feedback regulation on HEATR1.

Nrf2 Reverses HEATR1 Knockdown–Mediated
Proliferation Suppression

To assess whether overexpression of Nrf2 canmitigate
the inhibitory impact of HEATR1 knockdown on the pro-
liferative capacity of GBM cells, U87 and U251 cells were
treated with shCtrl, HEATR1 knockdown (shH), combined
HEATR1 and Nrf2 knockdown (shH + shN), or HEATR1
knockdown plus Nrf2 overexpression (shH + oeN).

CCK-8 assays demonstrated that silencing HEATR1
markedly decreased cell viability at 48 hours in both U87 (p
< 0.05, Fig. 6a) and U251 cells (p < 0.001, Fig. 6b) rela-
tive to the shCtrl group. Combined knockdown of HEATR1
and Nrf2 (shH + shN) further decreased proliferation com-
pared to shH alone (p< 0.05). In contrast, Nrf2 overexpres-
sion partially reversed the proliferation inhibition induced
by HEATR1 knockdown (shH + oeN) in both cell lines (p
< 0.01).

EdU incorporation assays confirmed these findings,
showing a decreased proportion of EdU-positive cells in the
shH groups in U87 (p< 0.001, Fig. 6c,d) and U251 cells (p
< 0.001, Fig. 6e,f). Nrf2 overexpression partially restored
DNA synthesis in HEATR1-silenced cells (p < 0.05).

These findings indicate that Nrf2 can partially coun-
teract the inhibitory effect of HEATR1 knockdown onGBM
cell proliferation.

Nrf2 Reverses HEATR1 Knockdown–Mediated
Migration and Invasion Suppression

To determine whether forced Nrf2 expression can
counteract the suppressive effects of HEATR1 knockdown
on GBM cell migration and invasion, U87 and U251
cells received treatment with shCtrl, HEATR1 knockdown
(shH), combined HEATR1 and Nrf2 knockdown (shH +
shN), or HEATR1 knockdown plus Nrf2 overexpression
(shH + oeN).

Wound healing assays showed that HEATR1 deple-
tion considerably reduced U87 cell migration at 24 hours
compared to cells treated with shCtrl (p < 0.01, Fig. 7a,b).
A similar inhibitory effect was observed in U251 cells un-
der the same conditions (p < 0.01, Fig. 7c,d). Combined
knockdown of HEATR1 and Nrf2 (shH + shN) further in-
hibited migration compared to shH alone (p < 0.01). Con-
versely, Nrf2 overexpression partially reversed the migra-
tion defect induced by HEATR1 knockdown (shH + oeN)
in both cell lines (p < 0.05).

Transwell invasion experiments further validated
these findings, demonstrating that HEATR1 knockdown
significantly decreased the invasive capacity of U87 cells
(p < 0.001, Fig. 7e,f). A comparable reduction in invasion
was observed in U251 cells (p < 0.001, Fig. 7g,h). Com-
bined knockdown of HEATR1 and Nrf2 further suppressed
invasion (p< 0.05), while Nrf2 overexpression partially re-
stored the invasive capacity in HEATR1 knockdown cells
(p < 0.05).
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Fig. 4. HEATR1 knockdown reduces Nrf2 expression in GBM cells. (a) Correlation analysis between HEATR1 and Nrf2 expression
in GBM (cBioPortal). (b) Nrf2 expression in GBM and normal brain tissues (GEPIA), T: tumor, N: normal. (c,d) Western blot analysis
of Nrf2 protein levels in U87 cells. (e) qRT-PCR analysis of Nrf2 mRNA levels in U87 cells. (f,g) Western blot analysis of Nrf2 protein
levels in U251 cells. (h) qRT-PCR analysis of Nrf2 mRNA levels in U251 cells. Data are presented as mean ± SD (n = 3). *p < 0.05,
**p < 0.01, ***p < 0.001. Nrf2, nuclear factor erythroid 2-related factor 2.

These findings indicate that Nrf2 partially rescues the
suppressive effects of HEATR1 knockdown on GBM cell
migration and invasion.

Discussion

GBM is the most aggressive subtype of primary brain
tumors, and patients diagnosed with this tumor type usu-
ally exhibit extremely poor clinical outcomes and short-

ened survival expectations. The pronounced invasiveness
of GBM, combined with its marked resistance to stan-
dard treatments, underscores the urgent need to identify
new molecular drivers and potential therapeutic targets.
HEATR1, a protein characterized by HEAT repeat domains
involved in intracellular transport and signal transduction,
has been documented in the literature to exert oncogenic ca-
pacities across multiple cancers, contributing to both tumor
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Fig. 5. Nrf2 modulation efficiency and interaction with HEATR1 in GBM cells. (a,b) Nrf2 protein levels in U87 cells with Ctrl,
shCtrl, shN1, or shN2. (c) Nrf2 mRNA levels in U87 cells. (d,e) Nrf2 protein levels in U251 cells with the same treatments. (f) Nrf2
mRNA levels in U251 cells. (g–i) U87 and U251 cells were transduced with Ctrl or oeNC and oeN. (j–n) HEATR1 and Nrf2 protein
levels in U87 cells with shCtrl, shH, shN, shH + shN, oeN, or shH + oeN. (o–s) HEATR1 and Nrf2 protein levels in U251 cells with the
same treatments. Data are presented as mean ± SD (n = 3). ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 6. Nrf2 reverses HEATR1 knockdown–mediated proliferation suppression. U87 and U251 cells were transduced with shCtrl,
shH, shH + shN, or shH + oeN. (a) CCK-8 assay of U87 cells at 12, 24, and 48 hours. (b) CCK-8 assay of U251 cells at 12, 24, and 48
hours. (c,d) EdU staining of U87 cells. (e,f) EdU staining of U251 cells. Data are presented as mean ± SD (n = 3). *p < 0.05, **p <

0.01, ***p < 0.001.
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Fig. 7. Nrf2 reverses HEATR1 knockdown–mediated migration and invasion suppression. U87 and U251 cells were transduced
with shCtrl, shH, shH + shN, or shH + oeN. (a,b) Scratch wound healing assay of U87 cells at 0 and 24 hours. (c,d) Scratch wound
healing assay of U251 cells at 0 and 24 hours. (e,f) Transwell invasion assay of U87 cells. (g,h) Transwell invasion assay of U251 cells.
Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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development and metastatic progression [4,11,12]. Given
these findings, exploring the role of HEATR1 in GBM is
of significant value to understand its contribution to tumor
progression and identify potential therapeutic targets. Our
investigation assessed HEATR1 expression and its biologi-
cal implications in glioblastoma, uncovering its pivotal role
in orchestrating malignant cell proliferation, migration, and
invasion.

Our bioinformatics analysis from GEPIA2 and cBio-
Portal, combinedwith experimental validation, confirms el-
evated HEATR1 expression in GBM, consistent with find-
ings in other malignancies [4]. Previous studies have linked
HEATR1 to cancer progression by regulating cellular stress
responses and protein homeostasis, yet its molecular mech-
anisms remain largely unclear. The observed suppres-
sion of GBM cell proliferation and DNA synthesis upon
HEATR1 knockdown aligns with these reports and under-
scores its critical role in maintaining aggressive tumor phe-
notypes [13].

A major and novel finding from our work is that
HEATR1 positively regulates Nrf2, a pivotal transcription
factor that orchestrates cellular antioxidant responses and
ensures themaintenance of redox balance within cells. Nrf2
exerts a dual function in cancer biology. Under physio-
logical homeostasis, the transcription factor Nrf2 acts as
a critical cytoprotective mediator, mitigating oxidative in-
sults and cellular stress through the upregulation of diverse
genes responsible for antioxidant defense and detoxifying
processes. In contrast, in various malignancies, includ-
ing glioblastoma, persistent or dysregulated activation of
Nrf2 has been reported to facilitate tumor-promoting pro-
cesses, such as increased cell survival, accelerated prolif-
eration, enhanced metastatic potential, and elevated resis-
tance to chemotherapeutic and radiotherapeutic interven-
tions [14–16]. For example, recent research has shown that
increased Nrf2 activity supports the maintenance of GBM
stem-like cell populations and enhances resistance to thera-
pies, thereby contributing to tumor aggressiveness and un-
favorable clinical outcomes [17,18].

In this study, depletion of HEATR1 in GBM cells
resulted in significantly diminished Nrf2 expression, re-
flected by reduced mRNA and protein levels, suggesting
a regulatory role of HEATR1 in sustaining Nrf2 activity.
This suggests that HEATR1may influenceNrf2 either at the
transcriptional level or through post-transcriptional mech-
anisms affecting mRNA stability or protein turnover. In-
terestingly, altering Nrf2 expression alone—through either
knockdown or overexpression—did not affect HEATR1
levels, indicating a unidirectional regulatory axis in which
HEATR1 acts upstream of Nrf2. Such a relationship reveals
a previously unrecognized layer of Nrf2 regulation inGBM.

Furthermore, functional rescue assays demonstrated
that Nrf2 overexpression partially restored the proliferation,
migration, and invasion of glioblastoma cells suppressed by
HEATR1 knockdown. This finding firmly positions Nrf2

as a critical downstream effector mediating the oncogenic
functions of HEATR1 in GBM cells. It also highlights the
HEATR1-Nrf2 axis as a potential vulnerability in GBM that
could be therapeutically targeted.

Mechanistically, the HEATR1-Nrf2 axis likely facili-
tates GBM progression by enhancing cellular antioxidant
capacity, protecting cells from oxidative stress-induced
apoptosis, and promoting invasive behaviors. This is sup-
ported by previous studies linking Nrf2 activation to in-
creased matrix metalloproteinase expression and epithelial-
mesenchymal transition in GBM [19,20]. Nevertheless, the
precise molecular interactions between HEATR1 and Nrf2
remain to be defined. HEATR1 may modulate upstream
signaling pathways, transcriptional coactivators, or RNA-
binding proteins that control Nrf2 expression. Techniques
such as chromatin immunoprecipitation sequencing (ChIP-
seq), RNA immunoprecipitation, and proteomic profiling
will be instrumental to elucidate this regulatorymechanism.

Overall, the present research uncovers a novel tumor-
promoting role of HEATR1 in glioblastoma, showing that it
enhances cell proliferation, migration, and invasion via the
upregulation of Nrf2. Overall, these observations advance
our understanding of GBM and position the HEATR1-Nrf2
pathway as a candidate for future therapeutic development.
Future work should validate these findings in vivo, explore
clinical correlations with patient prognosis, and dissect the
detailed molecular interplay between HEATR1 and Nrf2,
with the aim of facilitating translation into clinical utility.

Conclusion

In summary, this study identifies HEATR1 as an onco-
genic factor in the proliferation, migration, and invasion of
GBM cells. Mechanistically, HEATR1 functions upstream
of Nrf2, sustaining its expression and activity, and thereby
enhancing cellular antioxidant defenses and malignant be-
haviors. Functional rescue experiments confirm that Nrf2
mediates the tumor-promoting effects of HEATR1, high-
lighting a unidirectional HEATR1–Nrf2 regulatory axis.
These findings advance our understanding of GBM patho-
biology and suggest that targeting the HEATR1–Nrf2 path-
way may represent a promising therapeutic strategy. Future
studies should validate this axis in vivo, exploring its clin-
ical relevance and elucidating the molecular mechanisms
linking HEATR1 to Nrf2 regulation.
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