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Aim: To determine the mechanisms of HEATR1 on cell survival in non-small cell lung
cancer (NSCLC).

Methods: HEATR1 mRNA expression levels in 57 pairs of NSCLC tumor and adjacent
normal lung tissues were analyzed using the TCGA database. The effect of HEATRI1
inhibition on cell proliferation, apoptosis, and colony formation was measured in A549
and NCI-H460 cells lines. In addition, the effect of HEATRI inhibition on tumor growth
was measured using in vivo xenograft nude mouse models. Additionally, downstream
signaling pathways affected by HEATR1 inhibition were analyzed using microarrays and
bioinformatics analysis, and were validated using quantitative real-time polymerase chain
reaction and Western blot analysis.

Results: HEATR1 levels were significantly higher in NSCLC tumor tissues compared to
normal adjacent lung tissues (P<0.001). In vitro, cell proliferation was significantly reduced
in both A549 and NCI-H1299 cells transduced with shHEATR1 compared to shCtrl
(P<0.001). Colony formation was also significantly reduced after HEATR1 interference
(P<0.01). Additionally, the percentage of apoptosis was significantly increased in cells
transduced with shHEATR1 (P<0.001). In vivo, HEATRI inhibition significantly reduced
xenograft tumor growth in nude mice. HEATRI inhibition drastically affected the p53-
signaling pathway, significantly up-regulating PUMA and BAX both at the mRNA and
protein levels (P<0.001), while BCL2 levels were significantly down-regulated (P<0.01).
The cell proliferation and apoptosis were recovered in cell transduced with ssHEATR1 and
shp53 compared to shHEATR1 (P<0.05).

Conclusion: HEATR1 inhibition activated p53 by reducing ribosome biogenesis, which
subsequently led to NSCLC cell apoptosis and reduced cell survival through the p53-PUMA-
BAX/BCL2 axis. Our results provide a mechanism by which therapeutic modulation of
HEATRI1 could be a treatment strategy for NSCLC. In addition, HEATR1 could be used as a
potential biomarker for the prognosis or therapeutic evaluation of NSCLC.
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Introduction

Lung cancer is one of the most frequently diagnosed cancers and is the leading
cause of cancer deaths worldwide.' Lung cancer is classified into two histological
subtypes: small-cell lung cancer and non-small-cell lung cancer (NSCLC).”> NSCLC
is the major histological type and comprises about 85% of all lung cancer. It mainly
includes adenocarcinomas (AD) and squamous cell carcinomas .*> Despite the latest
advancements in NSCLC diagnosis and treatment strategies, the 5-year survival rate
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of NSCLC patients is approximately 10—15%.% It is cri-
tical to identify novel biomarkers and key signaling path-
ways to develop effective therapeutic, diagnostic, and
prognostic strategies for NSCLC.

HEAT repeat-containing protein 1 (HEATR1) is com-
posed of conserved HEAT repeats, that were initially
found in a diverse family of proteins that includes elonga-
tion factor-3, huntingtin, and the PR65/A subunit of pro-
tein phosphatase 2A. HEAT repeats are thought to be
involved in protein—protein interactions.® The human
HEATR1 gene is located on chromosome 1q43 and
encodes a large (236 kDa) protein consisting of 2,144
amino acids. The protein contains one HEAT repeat on
its c-terminal end.” Several reports have implicated
HEATRI1 in regulating cell response by activating cyto-
toxic T lymphocyte response in gliomas.® In addition,
HEATRI1 is thought to be involved in the mTOR signaling
pathway to dephosphorylate AKT in pancreatic ductal
adenocarcinomas.” However, the cellular function of
HEATRI remains to be deciphered.

In this study, the effects of HEATR1 inhibition on cell
proliferation, apoptosis, and tumor growth in nude mice
were evaluated. Using microarray and bioinformatics ana-
lysis, the mechanism by which HEATR1 influence NSCLC
cell survival was all investigated. The results may help
evaluate HEATRI1 as a therapeutic target, or a potential
biomarker for the prognosis or therapeutic evaluation of
NSCLC.

Materials and methods

Cell culture

The NSCLC cell lines, A549 cells, and NCI-H460 cells
were obtained from the Type Culture Collection of the
Chinese Academy of Sciences, Shanghai, China. A549
cells were cultured in F-12K media (Invitrogen,
Carlsbad, CA, USA) and NCI-H460 cells in 1,640 medium
(Gibco, Gaithersburg, MD, USA), supplemented with 10%
fetal bovine serum (Gibco, Gaithersburg, MD, USA), 100
U/mL penicillin and 0.1 mg/mL streptomycin (Gibco,
Gaithersburg, MD, USA) at 37°C in 100% air.

RNA interference

NSCLC cells were seeded in six-well plates at a density of
2*10°/well for RNA interference studies. NSCLC cells were
transduced with either control lentivirus (shCtrl group, 5'-
TTCTCCGAACGTGTCACGT-3') or shHEATRI1 lentivirus
(shHEATRI1-1 group, 5-AGAGTTGATGGAAGATGAA-

3'; shHEATR1-2 group, 5-TGAACAAGTCCG AATAG
AA-3'; shHEATRI1-3 group, 5-GATGTTGTTTTGTCG
GCTA-3'), all of which also expressed GFP. 72 hrs post-
infection, the expression of GFP was analyzed using a fluor-
escent microscope. The percentage of fluorescence indicated
the number of cells that were infected. If greater than 70% of
the cells were infected, experimental studies were performed.

Quantitative real-time polymerase chain

reaction (qRT-PCR)

Total RNA was extracted from NSCLC cells using the
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). RNA
concentration was determined using the NanoDrop 2,000
spectrophotometer (Thermo Fisher Scientific, Rockford,
IL, USA). A total of 1 pL RNA was reverse-transcribed
using the First-Strand ¢cDNA Synthesis kits (Invitrogen,
Carlsbad, CA, USA) based on the manufacturer's instruc-
tions. qRT-PCR was then performed on the ABI 7500
System (Applied Biosystems, Foster City, CA, USA) and
was used to analyze the expression levels of the target
mRNAs. Relative mRNA expression levels were calcu-
lated using GAPDH as the internal control. Each sample
was run in triplicate. The primer pairs used in this study
are listed as follows. HEATR1 forward: 5'-
TTCACTTGTCGCCTTACTTCC-3'; reverse: 5'-CCAG
AACCATCTGTGCTTTGA —3'; PUMA forward: 5'- TGA
AGAGCAAATGAGCCAAACG-3’; reverse: 5'- CAGAG
CACAGGATTCACAGTCT-3'; BAX forward: 5'-CCCG
AGAGGTCTTTT TCCGAG-3'; reverse: 5'- CCAGCCC
ATGATGGTTCTGAT-3"; BCL2 forward:5'- ATGTGTGT
GGAGAGCGTCAA-3'; reverse: 5'-TTCAGAGACAGCC
AGGAGAAA-3'; GAPDH forward: 5'-TGACTTCAACA
GCGACACCCA-3"; reverse: 5'- CACCCTGTTGCTGT
AGCCAAA-3'".

Western blot analysis

Cell lysates were collected, and protein concentrations
were determined using the bicinchoninic acidprotein
assay kit (Boster, Wuhan, China). Equal amounts of pro-
teins were separated using 10% SDS-polyacrylamide gels
and then transferred to polyvinylidene difluoride mem-
branes. The membranes were then incubated with primary
antibodies against HEATR1 (Abcam, UK), PUMA (Cell
Signaling Technology, Danvers, MA, USA), BAX (Cell
Signaling Technology, Danvers, MA, USA), BCL-2 (Cell
Signaling Technology, Danvers, MA, USA) and GAPDH

(Santa Cruz, Dallas, TX, USA) overnight at 4°C.
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Afterwards, the appropriate secondary antibodies (Santa
Cruz, Dallas, TX, USA) were incubated for 1 hr at room
temperature. Signals were detected using the gel imaging
system (ProteinSimple, San Jose, CA, USA). The ratio of
target proteins to GAPDH was analyzed using the
FluorChem FC3 software. All experiments were in per-
formed in triplicate.

Cell proliferation assays

NSCLC cells transduced with control or ssHEATR1 lenti-
virus were seeded in 96-well plates at a density of approxi-
mately 2-5%*10%/well in quintuplicate. Cell proliferation
was measured after one, two, three, four, and five days
after seeding. Fluorescent intensity was used to measure
cell proliferation using Celigo Imaging Cytometer
(Nexcelom Bioscience, Lawrence, MA, USA). In addition,
MTT assays were performed to measure end-point prolif-
eration rates. Briefly, 20 uL. of MTT solution was added to
each well and after 4 hrs of incubation at 37°C, the solu-
tion was removed and DMSO was added to dissolve the
formazan crystals formed. The absorbance at 490 nm was
measured using the Glomax-Multi + Detection System
(Promega, Madison, WI, USA). All experiments were
performed using three biological replicates.

Colony formation assay

Cells were seeded in six-well plates at a density of 400—
1,000 cells per well. Culture media were changed every 72
hrs. Colonies were fixed using 4% paraformaldehyde and
stained using GIEMSA solution (Dingguo, Shanghai,
China) after 14 days. Cell colonies were visualized using
fluorescence microscopy and then quantitated. Three inde-
pendent biological experiments were performed.

Cell apoptosis assays

Apoptosis was measured using the eBioscience Annexin V
Apoptosis Detection Kit APC (Thermo Fisher Scientific,
Rockford, IL, USA) according to the manufacturer's
instruction. Briefly, cells were harvested with trypsin,
washed twice with ice-cold PBS and resuspended in
1*binding buffer. Then, 10 pL of annexin V-APC was
added into 200 pL of cell suspensions. After incubation
for 15 mins, the samples were analyzed using the
Beckman Counter flow cytometer.

Xenograft mouse models for tumor growth
A total of 20 female BALB/C nude mice (4-6 weeks, 18-

22 g) were purchased from Shanghai Lingchang

Biotechnology (SCXK2013-0018). Mice were randomly
divided into two groups, consisting of the NC group
(n=10) and KD group (n=10). Mice were then subcuta-
neously inoculated with A549 cells (5*10°) stably expres-
sing either the control or sShHEATRI lentivirus. When the
diameter of the tumor was larger than 5 mm, tumor
volume was determined twice per week. Tumor volumes
were calculated using the formulae, V=(width? * length)/2.
After euthanasia, tumors were harvested and weighed. The
Ethics Committee of Shanghai Seventh People’s Hospital
approved all animal studies and conformed to the ethics
guidelines of the National Institutes of Health guide for the
care and use of Laboratory animals (NIH Publications No.
8,023, revised 1,978).

Microarray and bioinformatics analysis
Total RNA was extracted from A549 cells (transfected
with either the control or shHEATR1 lentivirus) using
the Trizol reagent (n=3 for each group). After QC, RNA
samples were analyzed using the Affymetrix GeneChip
primeview human gene expression array. Differentially
expressed genes were selected using a cut-off P-value of
less than 0.05 based on statistical analysis and a twofold
change cut-off value. Differentially expressed genes from
microarray analyses were uploaded to Ingenuity Pathway
Analysis (IPA, Ingenuity Systems) for pathway analysis
and molecular pathway identification.

Statistical analysis

Statistical analysis was performed using SPSS 16.0
(Chicago, IL, USA). Data were expressed as mean + standard
deviation and analyzed using Mann—Whitney test due to non-
normal distribution or heterogeneity of variance. P<0.05 was
considered statistically significant. All results were con-

firmed using at least three independent experiments.

Results
Increased HEATRI expression levels in

NSCLC tumor tissues

To determine whether HEATR1 was dysregulated in
NSCLC tumor samples, we analyzed the mRNA expres-
sion levels of HEATR1 in 57 pairs of NSCLC tumor vs
anormal adjacent lung tissues obtained from the TCGA
database. As shown in Figure 1A, HEATRI1 levels were
significantly up-regulated in tumor tissues (P<0.001), sug-
gesting that increased HEATR1 expression levels may be
associated with the occurrence and development of
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Figure | The expression level of HEATRI in NSCLC and the knockdown efficiency of HEATRI in A549 and NCI-H460 cells. (A) The expression levels of HEATRI in 57
pairs of NSCLC tumor and normal adjacent lung tissues were obtained from the TCGA database. HEATR levels were significantly up-regulated in tumor tissues (P<0.001).
N=57. (B and C) The knockdown efficiency of HEATRI was determined using qRT-PCR (B) and Western blots (C). In the mRNA level, the knockdown efficiency of
shHEATRI-1 was 85.1% in A549 cells and 85.6% in NCI-H460 cells, which was the highest among three shRNAs. In protein level, HEATRI| was also significantly knocked
down in both A549 and NCI-H460 cells. N=3. Values were expressed as mean * standard deviation.

NSCLC. Furthermore, we analyzed the relationship
between HEATR1 expression and survival time. NSCLC
patients with higher HEATR1 expression had longer sur-
vival time, but it did not show a significant difference
(Figure S1).

HEATRI is required for cell proliferation
and apoptosis inhibition

To determine whether HEATR1 affected NSCLC tumori-
genesis, we transduced A549 and NCI-H460 cells with
shCtrl or shHEATR1 lentivirus and determined cell pro-
liferation and apoptosis. HEATR1 knockdown efficiency
was determined using gRT-PCR and Western blots.
Compared to cells transduced with control lentivirus,
cells transduced with shHEATRI lentivirus had reduced
HEATRI1 expression levels both at the mRNA and protein
levels (Figure 1B and C). In the mRNA level, the knock-
down efficiency of sShHEATRI1-1 was 85.1% in A549 cells
and 85.6% in NCI-H460 cells, which was the highest
among three shRNAs. Thus, shHEATR1-1 was chosen
for further study and termed as shHEATRI.

Celigo and MTT assays demonstrated that cell prolif-
eration was reduced in shHEATRI1 transduced cells after
five days post-transduction (Figure 2A and B). On 2nd,
3rd, 4th, and 5th day, the cell proliferation was signifi-
cantly reduced in shHEATR1 transduced cells compared to

cells transduced with shCtrl lentivirus (P<0.05). Similarly,
colony formation was significantly reduced after HEATR1
inhibition in both A549 and NCI-H460 cell lines (P<0.01,
Figure 2C). Additionally, the percentage of apoptotic cells
was significantly increased in cells transduced with
shHEATR1 compared to cells transduced with shCtrl len-
tivirus (P<0.001, Figure 2D). These results indicated that
HEATR1 inhibition could reduce cell proliferation and
promote apoptosis in vitro.

HEATRI inhibition suppressed in vivo

tumor growth

To further validate the effect of HEATR1 inhibition, we
performed in vivo assays using tumor xenograft mouse
models with A549 cell lines (Figure 3) and NCI-460 cell
lines (Figure S2). Tumor volume significantly increased
in mice transplanted with cells transduced with control
lentivirus, while tumors rarely formed in mice trans-
planted with cells transduced with shHEATR1 lentivirus
(Figure 3A). Upon euthanasia, the tumors were har-
vested, weighed, and compared (Figure 3B and C).
Noticeable tumors were formed in mice from the NC
group while no tumors were observed in mice from the
HEATR1 KD group. These results suggested that
HEATRI1 inhibition could dramatically inhibit in vivo
tumor growth.
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Figure 2 The cell proliferation and cell apoptosis influenced by HEATRI inhibition in A549 and HCI-H460 cells. (A) Celigo detection. Cell proliferation was reduced in
shHEATRI transduced cells after five days post-transduction. On 2nd, 3rd, 4th, and 5th day, the cell count was significantly smaller in shHEATRI transduced cells compared
to cells transduced with shCtrl lentivirus in both A549 and NCI-H460 cell lines (P<0.05). (B) MTT assay. HEATRI inhibition significantly reduced cell proliferation in both
A549 and NCI-H460 cells (P<0.05). (C) Colony formation assay. HEATRI inhibition significantly decreased the colony number in A549 cells (P<0.01) and NCI-H460 cells
(P<0.001). (D) Apoptosis assay. Y-axis represents whether the cells are infected with lentivirus which are carried with green fluorescence, and x-axis represents whether the
cells are apoptosis which are dyed with red fluorescence. First quartile represents apoptosis cells infected with lentivirus. HEATRI inhibition significantly increased the
percentage of apoptosis cells in both A549 and NCI-H460 cells (P<0.001). N=3. Values were expressed as mean * standard deviation. ¥P<0.05, **P<0.01, ***P<0.001,
compared to shCtrl group.
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Figure 3 The effect of HEATRI inhibition in vivo. (A) Tumor volume significantly increased in mice transplanted with cells transduced with control lentivirus, while tumors
rarely formed in mice transplanted with cells transduced with shHEATR lentivirus. (B) The pictures of animals and tumors were taken and compared in NC group and KD
group. (C) Tumor weight was significantly increased in the NC group, while tumors rarely formed in the KD group N=10. Values were expressed as mean * standard

deviation.

HEATRI inhibition affects the p53/puma
signaling pathway

To determine the mechanism of HEATRI1 inhibition on
NSCLC cell survival, we performed gene expression
profiling of A549 cells transduced with either control
or shHEATRI1 lentivirus. Six hundred and fifty-six genes
were up-regulated and 524 genes down-regulated in
cells transduced with shHEATRI1 lentivirus compared
to cells transduced with control lentivirus (Figure 4A,
red denotes up-regulated genes, and green denotes
down-regulated genes). Canonical pathways enriched
were analyzed using IPA. The p53 signaling pathway
was significantly enriched, specifically the p53/PUMA
signaling pathway (Figure 4B). Subsequently, we vali-
dated our microarray data by qRT-PCR and Western blot
analysis. As shown in Figure 4C, the expression levels
determined by qRT-PCR and Western blots for PUMA,
BAX, and BCL2 were consistent with our gene expres-
sion profiling data. PUMA and BAX expression levels
were significantly up-regulated in cells transduced with
shHEATR1 lentivirus both at the mRNA and protein
levels (P<0.001), and BCL2 was significantly down-
regulated (P<0.01).

Furthermore, in order to clarify whether the suppres-
sion of HEATR1 induced cell growth suppression or cell
death via p53, we also analyzed cells HEATR1 and p53
knocked down simultaneously. MTT assays demon-
strated that cell proliferation was recovered in the
shHEATR 1+ shp53 group after five days post-transduc-
tion in both A549 and NCI-H460 cell lines (Figure 5A).

On 3rd, 4th, and 5th day, the cell proliferation was
significantly increased in cells transduced with both
shHEATR1 and shp53 compared to cells transduced
with shHEATRI lentivirus (P<0.05). Additionally, the
percentage of apoptotic cells was significantly reduced
in A549 and NCI-H460 cell lines transduced with
shHEATR1 and shp53 compared to cells transduced
with shHEATR1 lentivirus (P<0.001, Figure 5B). This
suggests that HEATR1 may influence NSCLC cells sur-
vival by regulating the p53 pathway.

Discussion

In this study, we investigated the role of human
HEATRI as it was a poorly characterized protein but
was thought to play a role in tumorigenesis. We are the
first to report that HEATR1 is overexpressed in NSCLC
and plays a role in NSCLC tumor survival and progres-
sion. HEATR1 gene is a multiply spliced 7-kb gene that
encodes bap28, a protein involved in nucleolar proces-
RNA
biosynthesis.® We analyzed clinical data from the
TCGA database and found that HEATR1 levels were
significantly up-regulated in NSCLC tumor tissues com-

sing of pre-18S ribosomal and ribosome

8

pared to normal adjacent lung tissues (Figure 1A). In
vitro, after HEATR1 inhibition, cell growth was signifi-
cantly reduced as determined by Celigo and MTT
assays. In addition, colony formation was significantly
reduced while apoptosis was significantly increased
(Figure 2). In vivo, HEATRI inhibition significantly
suppressed tumor growth in xenograft nude mouse
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models (Figure 3). These results indicate that HEATR1
inhibition may influence the occurrence and develop-
ment of NSCLC.

A few previous studies demonstrated that down-
regulation of HEATRI1 led to cell arrest in a p53-

7 This was consistent with our

dependent manner.
results demonstrating that the p53 signaling pathway
was significantly altered after HEATRI

through microarray analysis (Figure 4B). The p53 sig-

inhibition

naling pathway has being closely associated with
NSCLC.'""'"" It has been reported that activation of

p53 upon HEATRI interference was mediated by

ribosomal protein uL18 (RPLS5), which is a component
of the ribosomal precursor complex that consists of the
nascent ribosomal protein ulL5 (RPL11) and 5S
rRNA.'*!? Upon ribosome biogenesis impairment, the
ribosomal complex gets redirected from being
assembled into ribosomes to binding to MDM2. This
leads to the stabilization and activation of p53.'*'*
This is consistent with our findings that MDM2 levels
were significantly altered after HEATRI1 inhibition
(Figure 4B). Additionally, HEATRI1 inhibition resulted
in ribosome biogenesis stress.” This specific signaling
pathway was recently named the Impaired Ribosome
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Figure 5 The cell proliferation and cell apoptosis influenced by HEATRI| and p53 inhibition in A549 and HCI-H460 cells. (A) MTT assay. Cell proliferation was significantly
increased in cells transduced with both shHEATRI and shp53 compared to cells transduced with shHEATRI lentivirus (P<0.05). (B) Apoptosis assay. The percentage of
apoptosis was significantly reduced in cells transduced with both shHEATR| and shp53 compared to cells transduced with shHEATRI lentivirus (P<0.001). N=3. Values were
expressed as mean * standard deviation. * P<0.05, ** P<0.01, *** P<0.001, compared to shHEATRI group.

Biogenesis Checkpoint pathway, to distinguish it from
other p53-activating stress signaling pathways.'>'¢
Due to the intimate association between ribosome
biogenesis, cell growth, and cell cycle regulation,
enhanced ribosome biogenesis could inhibit differentia-
tion and promote tumorigenesis.'’'® Conversely, aber-
rant low levels of ribosome biogenesis represent the
hallmark of ribosomopathies. This is a disease charac-
terized by hyperactivation of p53 and reduced cell

20,21 .
021 Qeveral studies have

growth and protein synthesis.
that

abnormalities of ribosome biogenesis were closely asso-

clearly demonstrated inherited and acquired
ciated with the increased risk of cancer.'*?? Increased
HEATRI level in NSCLC tumor tissues found in this
study are consistent with the concept of global dereg-
ulation of ribosome biogenesis in cancer.

In addition, we found that PUMA, BAX, and BCL2
levels were significantly altered after HEATR1 inhibi-
tion (Figure 4). PUMA, a well-known BH3-only pro-
tein, is positively regulated by p53 and plays a role in
promoting apoptosis in tumor cells.”*** PUMA is
expressed at very low levels under normal physiologi-
cal conditions; however, its expression levels dramati-
cally increase in response to stress.””?® PUMA can
induce BAX-mediated mitochondrial apoptotic path-
ways by interacting with p53 and members of the
BCL2 family.?’ 2 This was consistent with our results
that BAX levels significantly increased and BCL2 level
decreased after HEATR1 inhibition (Figure 4B).

In summary, we demonstrated that HEATR1 inhibi-
tion could activate p53 via impaired ribosome biogen-
esis. This subsequently leads to NSCLC cell apoptosis
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Figure 6 Proposed model of HEATRI-induced NSCLC cell apoptosis. HEATRI
inhibition could activate p53 signaling pathway via ribosome biogenesis stress, which
subsequently leads to cell apoptosis and reduces cell survival through the activation
of p53-PUMA-BAX/BCL2 axis.

and reduces cell survival through the activation of the
p53-PUMA-BAX/BCL2 axis (Figure 6). Our study pro-
vides insights into the crucial role of HEATRI in reg-
ulating ribosome biogenesis and p53-induced cell
apoptosis in NSCLC. Further studies are needed to
determine the therapeutic value of inhibiting HEATR1
for NSCLC therapy, and whether it has value as a
potential biomarker for diagnosis or prognosis.
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Figure S| Kaplan—Meier analysis of NSCLC patients survival rate in relation to tumoral HEATR| expression. HEATR| below median, tumoral HEATR| >2-fold of adjacent
normal tissue; HEATR| above median, tumoral HEATR| <2-fold of adjacent normal tissue. NSCLC patients with higher HEATRI expression had longer survival time, but it

did not show a significant difference (P=0.162).
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Figure S2 The effect of HEATRI inhibition in vivo. (A) Tumor volume significantly increased in mice transplanted with cells transduced with control lentivirus compared to

cells transduced with shHEATR lentivirus. (B) Tumor weight was significantly increased
+ standard deviation.
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