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A B S T R A C T

The human HEAT repeat-containing protein 1 (HEATR1), consisting of 2144 amino acids, is a member of the
UTP10 family and contains one HEAT repeat at its C-terminal. HEATR1 has been reported to regulate cytotoxic T
lymphocytes and rRNA synthesis, while its functions in tumors are poorly understood. Here, we found that
HEATR1 competed with Keap1 for binding to p62/sequestosome 1 (SQSTM1), resulted in up-regulation of
Keap1, which then inhibited Nrf2 signaling in pancreatic cancer cells. HEATR1 knockdown enhanced pro-
liferation and gemcitabine resistance of pancreatic cancer cells. Moreover, HEATR1 deficiency significantly
improved xenografts growth and led to gemcitabine resistance in pancreatic cancer cell-derived xenografts
through up-regulating Nrf2 signaling. By analyzing tumor tissue samples from pancreatic cancer patients, we
found that low expression of HEATR1 was closely correlated with poor prognosis and clinicopathological fea-
tures. Collectively, we suggest that HEATR1 deficiency promotes proliferation and gemcitabine resistance of
pancreatic cancer through up-regulating Nrf2 signaling, indicating that HEATR1 may be a promising therapeutic
target for pancreatic cancer.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading
cause of cancer death worldwide. The prognosis of PDAC patients is
poor with a 5-year survival rate of less than 5% [1,2]. While most
chemotherapy regimens utilize gemcitabine as the first-line treatment
for pancreatic cancer, frequently occurrence of drug resistance limit its
use [3]. Thus, exploring the molecular mechanisms contributing to
gemcitabine resistance may develop more effective therapeutic strate-
gies.

The human HEAT repeat-containing protein 1 (HEATR1) protein,
consisting of 2144 amino acids, has one HEAT repeat which is also
found in other proteins such as PP2A, elongation factor-3 and hun-
tingtin at its C-terminal end [4]. Previous studies suggest that HEATR1
regulate cytotoxic T lymphocytes and rRNA synthesis [5,6]. Currently,
the functions of HEATR1 protein in tumors are rarely reported. One
study showed that pancreatic cancer tissue exhibited lower HEATR1
protein level when compared with normal pancreatic tissues and

HEATR1 deficiency led to chemoresistance to anticancer drugs through
enhancing the activity of AKT in pancreatic cancer cells [7], indicating
that HEATR1 had tumor suppressive effects. However, another study
showed that HEATR1 depletion led to cell-cycle arrest of U2OS cells by
disruption of nucleolar structure and activation of p53-dependent cell
cycle checkpoint pathway [8], indicating that HEATR1 had tumor
promoting effects. Therefore, the roles of HEATR1 in tumors are con-
troversial and further studies are needed.

Nuclear factor erythroid-2-related factor 2 (Nrf2), a transcription
factor, participates in protecting cells from electrophilic or oxidative
stresses through regulating expression of cytoprotective and anti-
oxidant genes [9]. Under normal conditions, Nrf2 is bound to Kelch-like
ECH-associated protein 1 (Keap1) in the cytoplasm, and degraded by E3
ubiquitin-proteasome. Therefore, intracellular Nrf2 protein levels are
maintained at a low level. Under stressed conditions, Keap1 goes
through a conformational change and Nrf2 dissociates from it. As a
consequence, the degradation of Nrf2 is reduced, leading to accumu-
lation of Nrf2 in the nucleus, promoting the transcription of its
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downstream antioxidant and cytoprotective genes [10]. Recently,
emerging evidences show that overexpression of Nrf2 is involved in cell
proliferation and chemoresistance in various cancers [11–14]. Here, we
reported a novel mechanism of HEATR1 on the regulation of Nrf2

signaling pathway. We found that HEATR1 inhibited the activity of
Nrf2 via competing with Keap1 for p62 binding. Moreover, HEATR1
deficiency could promote pancreatic cancer proliferation and gemcita-
bine resistance. In addition, we also demonstrated that low expression

Fig. 1. HEATR1 inhibited Nrf2 protein levels in pancreatic cancer cells. (A–B) Western blot analysis of HEATR1, Keap1 and Nrf2 protein levels in Panc-1 and
MiaPaCa-2 cells stably expressing control shRNA or two specific HEATR1 shRNA. ***P < 0.001 compared with shControl group. (C–D) Western blot analysis of
HEATR1, Keap1 and Nrf2 protein levels in Panc-1 and MiaPaCa-2 cells stably expressing vector or HEATR1. ***P < 0.001 compared with vector group. (E–H) The
distribution of HEATR1 and Nrf2 in Panc-1 and MiaPaCa-2 cells with HEATR1 knockdown or overexpression. ***P < 0.001 compared with shControl group or
vector group. Data were expressed as mean ± SD, and the results were representative of three independent experiments.
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of HEATR1 was closely related to poor prognosis and clinicopathology
features of pancreatic cancer patients. These finding indicate that
HEATR1 may be a promising therapeutic target for pancreatic cancer.

2. Materials and methods

2.1. Materials

MTT (purity> 98%), cycloheximide (purity> 93%), gemcitabine
(purity> 98%) and primary antibody for lamin A were purchased from
Sigma-Aldrich (St. Louis, USA). MG132 (purity> 97%) was purchased
from Selleck Chemicals (Houston, USA). KI696 was obtained from
MedChemExpress (NJ, USA). Primary antibodies for HEATR1, NQO1,
HO-1 and Kras were obtained from Santa Cruz Biotechnology (Texas,

USA). Primary antibody for p62 (SQSTM1) was obtained from ABclonal
(Wuhan, China). Primary antibodies for Keap1, Nrf2 and cleaved cas-
pase-3 were purchased from Cell Signaling Technology (Danvers, USA).
Primary antibodies for ubiquitin, β-actin, and Ki67 were purchased
from Bioworld (Minnesota, USA). Primary antibodies for HA and FLAG
were purchased from proteintech group (IL, USA).

2.2. Cell culture and RNA interference

Panc-1, MiaPaCa-2, A549, H460 and HEK293T cells were obtained
from Cell Bank of the Chinese Academic of Sciences (Shanghai, China).
Panc-1, MiaPaCa-2, A549 and HEK293T cells were cultured in com-
pleted DMEM medium (Gibco). H460 cells were cultured in completed
RPMI-1640 medium (Gibco). All cells were cultured under a humidified

Fig. 2. HEATR1 inhibited the expression of Nrf2 target genes in pancreatic cancer cells. (A–B) Effects of HEATR1 on the expression of Nrf2 target genes in Panc-1 and
MiaPaCa-2 cells. The colors of the heatmap reflect log2 (expression levels of Nrf2 target genes) in Panc-1 and MiaPaCa-2 cells. (C–D) Western blot analysis of cell
extracts from Panc-1 and MiaPaCa-2 cells stably expressing indicated shRNAs. ***P < 0.001 compared with control group. ###P < 0.001 compared with
shHEATR1 group. Data were expressed as mean ± SD, and the results were representative of three independent experiments. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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5% CO2 environment at 37 °C. The lentiviral particles encoding non-
targeting, HEATR1-targeting, Nrf2-targeting, Keap1-targeting and p62-
targeting shRNAs (Sigma-Aldrich, St. Louis, USA) were incubated with
cells for 72 h and cells infected with lentiviral particles were selected by
using puromycin. The HEATR1, Nrf2, Keap1 and p62 protein levels
were detected by using western blot.

2.3. Construction of recombinant DNA molecules

HEATR1, p62, KrasG12C and KrasG12D plasmids were obtained from
Sangon Biotech (Shanghai, China). Wild-type and truncated mutants of
HEATR1 were subcloned into pCMV-FLAG plasmids (Beyotime,
Shanghai, China). Wild-type and truncated mutants of p62 were sub-
cloned into pCMV-HA plasmids (Beyotime, Shanghai, China). All plas-
mids transfection experiments were performed by using ExFect ®

transfection reagent (Vazyme, Nanjing, China) according to manufac-
turer's protocol.

2.4. Real-time quantitative PCR

RNA samples were reverse-transcribed to cDNA and then Real-time
PCR was performed with the Light-Cycler1 96 Real-Time PCR System
(Roche) using AceQ qPCR SYBR Green Master Mix (Vazyme). The
primer sequences used in this study were shown in Supplementary
Table S1.

2.5. Western blot and immunoprecipitation

Whole-cell and nuclear protein samples were extracted. Western
blot was performed according to a standard protocol. For im-
munoprecipitation, the protein samples were incubated with indicated
antibodies overnight at 4 °C, and then incubated with protein A + G
agarose beads (Beyotime, Shanghai, China) for another 4 h at 4 °C.
Immunoprecipitation mixtures were detected by using western blot
with indicated primary antibodies.

2.6. CHX-chase analysis

Firstly, 25 μM of cycloheximide were incubated with cells to inhibit
protein synthesis. Then, cell protein samples at indicated time points
were extracted and detected by using western blot with specific primary
antibodies for Nrf2 and β-actin.

2.7. MTT assay

Cells stably expressing the indicated shRNA were seeded into 96-
well plates (5000 cells/well), then treated with various concentrations
of gemcitabine for 24 h. MTT assay was performed following the
manufacturer's protocol. The absorbance was measured by using a
microplate reader at 570 nm.

2.8. Cell growth assay

Cells stably expressing the indicated shRNA were seeded into 6-well
plates (10000 cells/well). The number of viable cells per well were
measured daily.

2.9. Colony formation assay

About 500 cells stably expressing the indicated shRNA were seeded
into 35 mm culture dishes and incubated for 14 days. 4% formaldehyde
was used to fixate Cells for 20 min. Then, 0.5% crystal violet was used
to stain cells.

2.10. Immunofluorescence staining

Immunofluorescence staining was performed as described pre-
viously [15]. Images were acquired by inverted fluorescence micro-
scope (Nikon, Japan).

2.11. Measurement of intracellular ROS level

Intracellular ROS level was detected by using ROS assay kit
(Beyotime, Shanghai, China) according to the manufacturer's instruc-
tions. The fluorescence intensity was measured by using microplate
reader at Ex./Em. = 488/525 nm.

2.12. Tumor xenograft experiment

Female BALB/c nude mice (6 weeks old) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd (Beijing,
China). All protocols for mice were approved by the Animal Ethics
Committee of China Pharmaceutical University. Mice were injected
with the non-targeting shRNA (shControl)-, Nrf2-targeting shRNA
(shNrf2)-, HEATR1-targeting shRNA (shHEATR1)-, or HEATR1/Nrf2-
targeting shRNA (shHEATR1/Nrf2)-transfected Panc-1 cells (200 μl,
2 × 106 cells) in the subdermal space. Body weight and tumor volume
were measured every week (n = 5/each group). Tumor volume =
(m × m × n)/2 (m, the smallest diameter; n, the largest diameter). For
the gemcitabine treatment, Mice were injected with the shControl-,
shNrf2-, shHEATR1-, or shHEATR1/Nrf2-transfected Panc-1 cells
(200 μl, 2 × 106 cells) in the subdermal space. Once the tumors reached
80–100 mm3, the mice were treated with PBS or gemcitabine (50 mg/
kg, Once every four days, intraperitoneally) for 24 days (n = 5/each
group). Body weight and tumor volume were measured every four days.

2.13. Immunohistochemistry staining

Immunohistochemical staining assay was performed by using im-
munohistochemistry kit (Maixin Biotech, Fuzhou, China) according to
the manufacturer's protocol. All sections were photographed by using
inverted fluorescence microscope (Nikon, Japan).

2.14. Human pancreatic cancer tissue microarray

A human pancreatic adenocarcinoma tissues microarray was pur-
chased from Shanghai Outdo Biotech (Shanghai, China), which con-
tained pancreatic adenocarcinoma and paired adjacent pancreatic tis-
sues. All patients had been pathologically diagnosed with pancreatic
cancer. Immunohistochemistry staining was used to analyze HEATR1
protein levels in human pancreatic adenocarcinoma tissues and paired
adjacent pancreatic tissues. The staining of tumor tissues was observed
under microscope, and the staining intensity was evaluated (score
0 = none staining; score 1 = Weak/light yellow staining; score
2 = Moderate/light brown staining; score 3 = Strong/dark brown
staining). The intensity of HEATR1 staining was scored from 0 to 3 and

Fig. 3. HEATR1 inhibited Nrf2 protein level through enhancing ubiquitin-proteasome degradation of Nrf2. (A–D) qRT-PCR. (E–F) Panc-1 and MiaPaCa-2 cells stably
expressing vector or HEATR1 were treated with or without MG132 (20 μM) for 4 h, western blot was used to detect Nrf2 protein level. ***P < 0.001 compared with
control group. (G–H) CHX-chase analysis. (I–N) Ubiqutin-Nrf2 was determined by immunoprecipitation of Nrf2 with a subsequent western blot analysis with anti-
ubiquitin antibody in Panc-1 and MiaPaCa-2 cells with HEATR1 knockdown or overexpression. ***P < 0.001 compared with shControl group or vector group. Data
were expressed as mean ± SD, and the results were representative of three independent experiments. N.S., no significant.
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Fig. 4. HEATR1 inhibited Nrf2 signaling in a p62/Keap1-dependent manner. (A–B) Cell lysates of Panc-1 and MiaPaCa-2 cells stably expressing indicated shRNAs
were detected by western blot analysis. ***P < 0.001 compared with control group. (C–D) Panc-1 and MiaPaCa-2 cells with Keap1 knockdown were transfected
with empty plasmid vector and HEATR1 overexpression plasmid vector, cell lysates were detected by western blot analysis. ***P < 0.001 compared with control
group. (E) A549 and H460 cells were transfected with control shRNA or HEATR1 shRNA, cell lysates were detected by western blot analysis. ***P < 0.001
compared with shControl group. (F) A549 and H460 cells were transfected with empty plasmid vector and HEATR1 overexpression plasmid vector, cell lysates were
detected by western blot analysis. ***P < 0.001 compared with vector group. (G–H) Panc-1 and MiaPaCa-2 cells stably expressing the indicated shRNAs, cell lysates
were detected by western blot analysis. ***P < 0.001 compared with control group. (I–J) Panc-1 and MiaPaCa-2 cells with p62 knockdown were transfected with
empty plasmid vector and HEATR1 overexpression plasmid vector, cell lysates were detected by western blot analysis. ***P < 0.001 compared with control group.
Data were expressed as mean ± SD, and the results were representative of three independent experiments. N.S., no significant.
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Fig. 5. HEATR1 inhibited Nrf2 signaling through competing with Keap1 for p62 binding. (A–B) Endogenous interaction between HEATR1 and p62.
Immunoprecipitations were performed using IgG, anti-HEATR1 antibodies, and analyzed by western blotting using the indicated antibodies. (C) Immunofluorescence
assay. Scale bars, 20 μm. (D–E) Cell lysates of Panc-1 and MiaPaCa-2 cells stably expressing control shRNA or HEATR1 shRNA were co-immunoprecipitated with IgG
or anti-p62 antibody and then analyzed by western blotting. ***P < 0.001 compared with shControl group. (F–G) Cell lysates of Panc-1 and MiaPaCa-2 cells stably
expressing vector or HEATR1 were immunoprecipitated with IgG or anti-p62 antibody and then analyzed by western blotting. ***P < 0.001 compared with vector
group. (H) FLAG-tagged HEATR1 and HA-tagged p62 plasmids were transfected into HEK293T cells. Immunoprecipitations were performed using anti-FLAG anti-
body, and analyzed by western blot using the indicated antibodies. Data were expressed as mean ± SD, and the results were representative of three independent
experiments.
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Fig. 6. HEATR1 interacted with the KIR domain of p62 via its middle region. (A) Schematic description of WT (wild-type) and truncated mutants p62. PB1, Phox and
Bem1p; Zinc, zinc finger; LRS, LC3-recognition sequence; KIR, Keap1-interacting region; UBA, ubiquitin-associated domain. (B) The interaction between HEATR1 and
the WT and truncated mutants of p62 were determined by co-immunoprecipitation assay in HEK293T cells. (C) Schematic description of WT (wild-type) and
truncated mutants HEATR1. NTR, N-terminal region; MR, Middle region; CTR, C-terminal region. (D) The interaction between p62 and the WT and truncated mutants
of HEATR1 were determined by co-immunoprecipitation assay in HEK293T cells. (E–F) Panc-1 cells were transfected with WT and truncated mutants of HEATR1,
ubiqutin-Nrf2 was determined by immunoprecipitation of Nrf2 with a subsequent western blot analysis. ***P < 0.001 compared with vector group. (G–H) Panc-
1 cells were transfected with WT and truncated mutants of HEATR1, cell lysates were detected by western blot analysis. ***P < 0.001 compared with vector group.
Data were expressed as mean ± SD, and the results were representative of three independent experiments.
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Fig. 7. HEATR1 deficiency promoted proliferation of pancreatic cancer through up-regulating Nrf2 signaling. (A–B) Cell growth curves. ***P < 0.001 compared
with shHEATR1 group. Data were expressed as mean ± SD, and the results were representative of three independent experiments. (C–D) Colony formation assay.
***P < 0.001 compared with shHEATR1 group. ###P < 0.001 compared with shControl group. Data were expressed as mean ± SD, and the results were
representative of three independent experiments. (E–H) Panc-1 cells stably expressing indicated shRNA were injected into the subdermal space of nude mice. Tumor
volume (n = 5) and body weight (n = 5) were recorded every week. The tumors were photographed and weighed after removing from nude mice (n = 5).
***P < 0.001 compared with shHEATR1 group. ###P < 0.001 compared with shControl group. (I) Immunohistochemistry staining. Scale bar, 50 μm.
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grouped into low expression (score = 0, 1) and high expression
(score = 2, 3). Scoring was evaluated by investigators who were
blinded to the clinical information.

2.15. Statistical analysis

For patient results, the χ2 test was used to analyze the correlation
between HEATR1 expression and clinicopathologic variables. Kaplan-
Meier analysis was performed for overall survival analyses. Overall
survival curve was calculated according to Kaplan-Meier analysis.
Multivariable Cox proportional hazards regression model was per-
formed to analyze the relative risk for patient poor outcome. The other
results were expressed as mean ± SD and were representative of three
independent experiments. Statistical analysis was performed with the t-
test for two groups or one-way ANOVA for multiple groups by using
SPSS statistical software. P < 0.05 was considered significant.

3. Results

3.1. HEATR1 inhibited Nrf2 protein levels in pancreatic cancer cells

To identify whether HEATR1 was involved in regulating Nrf2 sig-
naling, the Nrf2 and Keap1 protein levels in pancreatic cancer cells
were detected after HEATR1 knockdown or overexpression. As shown
in Fig. 1A–B and Supplementary Figs. S1A–B, HEATR1 protein levels in
Panc-1 and MiaPaCa-2 cells with shHEATR1 transfection were

significantly decreased. Moreover, the silence efficiency of shHEATR1
#2 was stronger than that of shHEATR1 #1 (Fig. 1A–B). Therefore,
shHEATR1 #2 was used to silence HEATR1 in the following experi-
ments. In addition, HEATR1 knockdown markedly reduced Keap1
protein levels and increased Nrf2 protein levels in Panc-1 and MiaPaCa-
2 cells, while Keap1 protein levels were significantly up-regulated and
Nrf2 protein levels were down-regulated in cells with overexpression of
HEATR1 (Fig. 1A–D). Notably, cytoplasmic and nuclear Nrf2 protein
levels were markedly up-regulated in cells with HEATR1 knockdown
and down-regulated in cells with overexpression of HEATR1
(Fig. 1E–H). These data demonstrated that HEATR1 inhibited Nrf2
protein levels in pancreatic cancer cells.

3.2. HEATR1 inhibited the expression of Nrf2 target genes in pancreatic
cancer cells

We next investigated whether HEATR1 could inhibit Nrf2 target
genes levels in pancreatic cancer cells. Indeed, qRT-PCR results de-
monstrated that HEATR1 knockdown significantly promoted the mRNA
levels of Nrf2 target genes in Panc-1 and MiaPaCa-2 cells, while Nrf2
knockdown markedly inhibited HEATR1 depletion-induced up-regula-
tion of these genes (Fig. 2A–B). In addition, HEATR1 knockdown
markedly increased NQO1 and HO-1 protein levels and Nrf2 knock-
down markedly inhibited HEATR1 depletion-induced up-regulation of
NQO1 and HO-1 protein levels in cells (Fig. 2C–D). These data sug-
gested that HEATR1 inhibited the expression of Nrf2 target genes in

Fig. 8. HEATR1 deficiency promoted gemcitabine resistance of pancreatic cancer through up-regulating Nrf2 signaling. (A–B) MTT assay. ***P < 0.001 compared
with shHEATR1 group. Data were expressed as mean ± SD, and the results were representative of three independent experiments. (C–F) Panc-1 cells-derived
xenografts expressing indicated shRNA were treated with PBS or gemcitabine. Tumor volume (n = 5) and body weigh (n = 5) were recorded every four days. The
tumors were photographed and weighed after removing from nude mice (n = 5). ***P < 0.001 compared with PBS group. (G) Immunohistochemistry staining.
Scale bar, 50 μm. N.S., no significant.
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pancreatic cancer cells.

3.3. HEATR1 inhibited Nrf2 protein level through enhancing ubiquitin-
proteasome degradation of Nrf2

As shown in Fig. 3A–D, knockdown or overexpression of HEATR1
did not significantly alter the mRNA levels of Nrf2 and Keap1, sug-
gesting that HEATR1 inhibited Nrf2 protein level not through a tran-
scriptional mechanism. Therefore, we postulated that HEATR1 might
inhibit Nrf2 through enhancing ubiquitin-proteasome degradation of
Nrf2. We noted that MG132 (a proteasomal inhibitor) could completely
restore HEATR1 overexpression-induced Nrf2 reduction (Fig. 3E–F).
Moreover, HEATR1 deficiency and overexpression could significantly
prolong and shorten degradation half-life of Nrf2, respectively
(Fig. 3G–H), indicating that HEATR1 inhibited Nrf2 through promoting
its proteasome-mediated degradation. In the meanwhile, the level of
ubiquitin-Nrf2 was decreased in cells with HEATR1 knockdown (Fig. 3I,
J, M), indicating that HEATR1 knockdown inhibited ubiquitination of
Nrf2. Conversely, the level of ubiquitin-Nrf2 was increased in cells
overexpressing HEATR1 (Fig. 3K, L, N), suggesting that HEATR1
overexpression facilitated the ubiquitination of Nrf2. These data de-
monstrated that HEATR1 inhibited Nrf2 protein level through enhan-
cing ubiquitin-proteasome degradation of Nrf2.

3.4. HEATR1 inhibited Nrf2 signaling in a p62/Keap1-dependent manner

To investigate whether HEATR1-mediated inhibition of Nrf2 was
Keap1-dependent, we performed knockdown and overexpression of
HEATR1 in Keap1 knockdown cells. As shown in Fig. 4A–D, neither
HEATR1 deficiency nor HEATR1 overexpression could significantly

alter the Keap1 knockdown-induced up-regulation of Nrf2. Moreover,
we found that HEATR1 deficiency did not further promote KI696 (an
inhibitor of the Keap1/Nrf2 interaction)-induced up-regulation of Nrf2
in cells (Supplementary Figs. S1C–D). We then tested the effect of
HEATR1 on the activation of Nrf2 in two Keap1 mutant A549 and H460
lung cancer cell lines. It was noted that HEATR1 deficiency and over-
expression significantly inhibited and promoted mutant Keap1 protein
levels in A549 and H460 cells, respectively, while Nrf2 protein levels
were not affected (Fig. 4E–F), further demonstrating that HEATR1 ne-
gatively regulated Nrf2 in a Keap1-dependent manner. In order to
elucidate if p62 played an essential role in HEATR1-mediated regula-
tion of Nrf2 signaling, we performed knockdown and overexpression of
HEATR1 in p62 knockdown cells. It was found that Keap1 and Nrf2
protein levels in cells with both HEATR1 and p62 knockdown did not
significantly change when compared with cells with only p62 knock-
down (Fig. 4G–H). Meanwhile, the overexpression of HEATR1 had no
effect on p62 knockdown-induced up-regulation of Keap1 and down-
regulation of Nrf2 in these cells (Fig. 4I–J). In addition, we detected the
ROS levels in pancreatic cancer cells with or without HEATR1 knock-
down, and it was found that HEATR1 knockdown significantly inhibited
ROS levels in cells, indicating that HEATR1 deficiency did not up-reg-
ulate Nrf2 signaling through increasing ROS levels in cells
(Supplementary Figs. S1E–F). Collectively, HEATR1 regulated Nrf2
signaling in a p62/Keap1-dependent manner.

3.5. HEATR1 inhibited Nrf2 signaling through competing with Keap1 for
p62 binding

It has been shown that p62 regulates Nrf2 pathway through binding
with Keap1. In our study, we found that HEATR1 could not significantly

Fig. 9. HEATR1 was frequently down-regulated in pancreatic cancer. (A) The protein expression of HEATR1 in tumor and adjacent nontumor tissues. Scale bars,
50 μm. (B) The proportion of patients with down-regulation and up-regulation and no change of HEATR1. (C) Representative IHC images showing assigned intensity
scores (0 = none staining; 1 = Weak/light yellow staining; 2 = Moderate/light brown staining; 3 = Strong/dark brown staining) of HEATR1 staining. Scale bars,
50 μm. (D) Correlation between histological type and HEATR1 protein expression. (E) Kaplan–Meier survival analysis of 99 patients based on low (score = 0, 1) or
high (score = 2, 3) HEATR1 expression in tumor tissues. (F) Correlation between clinicopathologic variables of pancreatic cancer patients and HEATR1 protein
expression. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Proposed model of regulation of Nrf2 signaling by HEATR1 in pancreatic cancer cells.
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change the protein levels of p62 in Panc-1 and MiaPaCa-2 cells
(Fig. 4G–J). However, immunoprecipitation assay revealed that en-
dogenous HEATR1 was able to interact with p62 in Panc-1 and Mia-
PaCa-2 cells (Fig. 5A–B). Moreover, immunofluorescence assay sug-
gested that endogenous HEATR1 and p62 colocalized in the cytoplasm
(Fig. 5C). Interestingly, HEATR1 knockdown increased whereas
HEATR1 overexpression decreased the interaction between p62 and
Keap1, indicating that HEATR1 competed with Keap1 for binding with
p62 (Fig. 5D–G). Moreover, when FLAG-tagged HEATR1 and HA-tagged
p62 plasmids were transfected into HEK293T cells, it was found that
FLAG-tagged HEATR1 was able to interact with HA-tagged p62
(Fig. 5H). In order to further investigate how HEATR1 disrupted the
p62-Keap1 interaction, we constructed truncated mutants of FLAG-
tagged HEATR1 and HA-tagged p62 and transfected them into
HEK293T cells. As shown in Fig. 6A–B, FLAG-tagged HEATR1 only
interacted with the wild type (WT) and truncated mutants containing
KIR domain of HA-tagged p62 in HEK293T cells, but not other trun-
cated mutants, suggesting that KIR domain in p62, which is the binding
site for Keap1, bound with HEATR1 as well, confirming the competitive
binding of Keap1 and HEATR1 with p62. Moreover, HA-tagged p62
only interacted with the WT and truncated mutants containing middle
region (aa 420–1420) of FLAG-tagged HEATR1 in HEK293T cells
(Fig. 6C–D), suggesting that middle region (aa 420–1420) of HEATR1
played an important role in interacting with p62. In addition, WT
FLAG-tagged HEATR1 could significantly increase ubiquitination of
Nrf2 and decrease Nrf2 protein level in Panc-1 cells, while ubiquiti-
nation of Nrf2 and Nrf2 protein level did not significantly change in
Panc-1 cells with overexpression of M3, the FLAG-tagged HEATR1
truncated mutants not containing middle region (aa 420–1420)
(Fig. 6E–H). Collectively, our results demonstrated that HEATR1 in-
hibited Nrf2 signaling through competing with Keap1 for p62 binding.

3.6. HEATR1 deficiency promoted proliferation of pancreatic cancer
through up-regulating Nrf2 signaling

We next investigated if HEATR1 deficiency promoted proliferation
of pancreatic cancer through up-regulating Nrf2 signaling. As shown in
Fig. 7A–D, HEATR1 depletion dramatically improved cell growth and
colony formation of pancreatic cancer cells, which could be blocked by
knockdown of Nrf2. Moreover, HEATR1 depletion did not further
promote Keap1 knockdown-induced cell growth and colony formation
of pancreatic cancer cells (Supplementary Figs. S1G–J). In in vivo
study, Panc-1-shHEATR1 cells-derived xenografts grew more rapidly
than Panc-1-shControl cells-derived xenografts (Fig. 7E, F, H). How-
ever, knockdown of Nrf2 significantly reduced HEATR1 depletion-in-
duced increase of tumor volume and tumor weight (Fig. 7E, F, H), with
no markedly change of body weight observed (Fig. 7G). In addition,
Panc-1-shHEATR1 cells-derived xenografts exhibited higher Nrf2 and
Ki67 protein levels, and Nrf2 depletion significantly reduced Nrf2 and
Ki67 protein levels in Panc-1-shHEATR1 cells-derived xenografts
(Fig. 7I). These data suggested that HEATR1 deficiency promoted
proliferation of pancreatic cancer through up-regulating Nrf2 signaling.

3.7. HEATR1 deficiency promoted gemcitabine resistance of pancreatic
cancer through up-regulating Nrf2 signaling

We then investigated if HEATR1 deficiency enhanced gemcitabine
resistance in pancreatic cancer. As shown in Fig. 8A–B, Panc-1 and
MiaPaCa-2 cells with HEATR1 knockdown exhibited resistance to
gemcitabine. To see if HEATR1 deficiency-induced gemcitabine re-
sistance was depended on Nrf2, we depleted Nrf2 with shRNA and
found that Nrf2 depletion completely reversed HEATR1 deficiency-in-
duced gemcitabine resistance (Fig. 8A–B). Moreover, HEATR1 deple-
tion did not further promote Keap1 knockdown-induced gemcitabine
resistance in cells (Supplementary Fig. S1K-L). In in vivo study, gem-
citabine treatment significantly inhibited Panc-1-shControl or -shNrf2

cells-derived xenografts growth (Fig. 8C, D, F). However, Panc-1-
shHEATR1 cells-derived xenografts exhibited marginal response to
gemcitabine (Fig. 8C, D, F), and Nrf2 knockdown significantly en-
hanced the sensitivity of Panc-1-shHEATR1 cells-derived xenografts to
gemcitabine (Fig. 8C, D, F). Meanwhile, body weight of mice did not
markedly change during these experiments (Fig. 8E). Moreover, we
found that gemcitabine treatment could not markedly inhibit Ki67
protein level in Panc-1-shHEATR1 cells-derived xenografts (Fig. 8G),
which was significantly decreased in Panc-1-shHEATR1/Nrf2 cells-de-
rived xenografts treated with gemcitabine when compared with PBS
control (Fig. 8G). In addition, we found that gemcitabine treatment did
not significantly increase cleaved caspase-3 protein level in Panc-1-
shHEATR1 cells-derived xenografts (Supplementary Fig. S1M). Collec-
tively, HEATR1 deficiency promoted gemcitabine resistance of pan-
creatic cancer through up-regulating Nrf2 signaling.

3.8. 8. HEATR1 was down-regulated in primary pancreatic cancer samples
and associated with poor prognosis

To investigate if HEATR1 was down-regulated in human pancreatic
cancer tissues, we determined the protein level of HEATR1 in tissue
microarrays which contained pancreatic cancer tissues and paired ad-
jacent pancreatic tissues by using immunohistochemical analysis. We
found that HEATR1 protein level was markedly higher in adjacent
pancreatic tissues than pancreatic cancer tissues (Fig. 9A). Moreover,
about 83.1% of pancreatic cancer patients had lower HEATR1 protein
level in tumor tissues than in adjacent tissues (Fig. 9B). In all pancreatic
cancer tissues, 60.6% had low HEATR1 expression (IHC score 0 or 1,
Fig. 9D), while in all adjacent tissues, 9.9% had low HEATR1 expression
(IHC score 0 or 1, Fig. 9D). By analyzing Kaplan–Meier survival curve, it
was found that there was a significant correlation between HEATR1
protein expression (tumor tissues or adjacent tissues) and pancreatic
cancer patient survival, with low expression of HEATR1 (IHC score 0 or
1) associated with poor prognosis (Fig. 9E and Supplementary Fig. S2).
Importantly, Multivariate analysis indicated that low HEATR1 protein
expression (IHC score 0 or 1) was an independent poor prognostic
factor (Supplementary Table S2). As shown in Fig. 9F, HEATR1 protein
expression had significant correlation with clinicopathological features
including tumor size (P = 0.004), clinical stage (P < 0.001), T status
(P = 0.002) and N status (P = 0.001).

4. Discussion

Chemoresistance remains a major obstacle in cancer chemotherapy.
Activation of Nrf2 signaling is associated with chemoresistance in dif-
ferent types of cancers. It has been reported that Nrf2 protects cancer
cells from electrophiles and oxidants through promoting the expression
of its target genes [16], and activation of Nrf2 promotes proliferation
and chemoresistance of malignant pancreatic cancer cells [17]. How-
ever, the upstream regulatory mechanism of Nrf2 in pancreatic cancer
is unclear. In this study, we found that HEATR1 negatively regulated
Nrf2 in pancreatic cancer cells.

It has been shown that p62 is involved in regulating innate immune
signaling complexes [18], and its physiological function is clarified
through an important finding that Paget disease is caused by mutations
within the ubiquitin-binding region of p62 gene [19]. The previous
studies have shown that the stability of Nrf2 is regulated by p62 which
binds to and recruits Keap1 into autophagosomes, leading to down-
regulation of Keap1 protein level and activation of Nrf2 signaling
[20–23]. Moreover, these studies suggest that p62 binds to Keap1
through its KIR domain [21–23]. Interestingly, in this study, HEATR1
protein was also found to combine with the KIR domain of p62 protein.
Therefore, we asked if HEATR1 competed with Keap1 for p62 binding.
Indeed, we found that HEATR1 depletion or overexpression could in-
crease or decrease the interaction between p62 and Keap1, respectively.
Therefore, we suggest that HEATR1 negatively regulate the Nrf2
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signaling through competing with Keap1 for binding to p62 in pan-
creatic cancer cells.

Recently, more and more attention is focused on finding diagnostic
and prognostic biomarkers for pancreatic cancer patients [24]. How-
ever, existing biomarkers, including CA19-9, are not adequate as early
diagnostic markers of pancreatic cancer patients because of low speci-
ficity and sensitivity [25]. Liu et al. demonstrated that poor prognosis of
pancreatic cancer patients was correlated with down-regulation of
HEATR1 protein level and pancreatic cancer cells with depletion of
HEATR1 exhibited drug resistance, indicating that HEATR1 might be a
potential diagnostic and prognostic biomarker for pancreatic cancer
patients [7]. In consistent with previous study, we also demonstrated
that HEATR1 was down-regulated in primary pancreatic cancer tissues
and predicted poor prognosis, while HEATR1 depletion promoted
proliferation and gemcitabine resistance of pancreatic cancer cells. Liu
et al. also found that HEATR1 facilitated the interaction between AKT
and its inactivating protein PP2A and inhibited the activity of AKT [7].
Except for regulating AKT pathway, we found that HEATR1 could also
regulate Nrf2 signaling in pancreatic cancer cells. Moreover, we found
that HEATR1 lost its ability to regulate Nrf2 signaling in pancreatic
cancer cells with Keap1 or p62 knockdown and HEATR1 was unable to
negatively regulate Nrf2 signaling pathway in Keap1 mutant human
NSCLC cells (A549 and H460), indicating that HEATR1 regulated Nrf2
signaling pathway through p62-Keap1 axis. Previous studies have re-
ported that β-TrCP and Hrd1 are involved in regulating the activity of
Nrf2 in a Keap1-independent manner under certain circumstances
[26–28]. It remains to be elucidated whether β-TrCP and Hrd1 were
involved in the HEATR1-mediated regulation of Nrf2 signaling
pathway. In present, the mechanism of HEATR1 down-regulation in
pancreatic cancer is unclear. It has been reported that oncogene Kras is
able to regulate the expression of Nrf2 in pancreatic cancer [29]. We
asked whether oncogene Kras could regulate HEATR1 protein expres-
sion or intracellular localization, and it was found that overexpression
of KrasG12C and KrasG12D did not alter the protein expression or in-
tracellular localization of HEATR1 (Supplementary Fig. S3). Therefore,
more research is needed to investigate the mechanism of HEATR1
down-regulation in pancreatic cancer.

Interestingly, one recent study found that HEATR1 knockdown in-
hibited proliferation of U2OS cells and induced p53-dependent cell
cycle arrest [8], indicating that HEATR1 had tumor promoting effect.
Unlike our finding presented here, they demonstrated that HEATR1
depletion disrupted ribosome biogenesis and activated the p53-p21
checkpoint response through the RPL5/RPL11-MDM2 axis. Here, we
found that HEATR1 showed tumor suppressive effect in pancreatic
cancer through down-regulating Nrf2 signaling. We speculated that the
roles of HEATR1 might be related to tumor types. However, here we did
not investigate the effect of HEATR1 on ribosome biogenesis and the
p53-p21 checkpoint in pancreatic cancer cells. Thus, it is unclear
whether HEATR1 could promote ribosome biogenesis and inhibit p53-
p21 checkpoint in pancreatic cancer cells.

In conclusion, HEATR1 inhibits Nrf2 signaling via competing with
Keap1 for p62 binding in pancreatic cancer and HEATR1 deficiency
promotes proliferation and gemcitabine resistance of pancreatic cancer
through regulating Nrf2 signaling (Fig. 10). As an alternative strategy,
Nrf2 inhibitors (such as brusatol [30] and digoxin [15]) may be used in
combination with gemcitabine for the treatment of pancreatic cancer
patients with low HEATR1 protein levels.
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