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Abstract

Background: Heterogeneous nuclear ribonucleoprotein K (hnRNPK) is a nucleic
acid-binding protein. Reportedly, hnRNPK is overexpressed in many human tumors,
and such overexpression is associated with poor prognosis, implicating the role of
hnRNPK as an oncogene during tumorigenesis. In this study, hnRNPK expression in
lung cancer tissues was investigated.

Methods: Briefly, hnRNPK was knocked down in lung cancer cell lines, and effects of
knockdown on the cell proliferation, migration, and cell cycle were assessed using a
cell counting kit-8 (CCK-8) assay, colony formation assay, transwell assay and flow
cytometry. The effects of hnRNPK knockdown on the p53-dependent signaling path-
way were examined using western blotting. Finally, the effect of hnRNPK knockdown
on tumor growth was verified in vivo using a lung cancer xenograft mouse model.
Results: hnRNPK knockdown inhibited the cell proliferation, migration and cell cycle.
In addition to phenotypic changes, hnRNPK knockdown upregulated expressions of
pCHKI, pCHK2, and p53 ’ p21 » cyclin DI, thereby mediating the DNA damage
response (DDR). The regulatory function of hnRNPK during p53/p21/cyclin D1 sig-
naling in hnRNPK-knockdown A549 cells was confirmed by suppressed the protein
expression of associated signaling pathways, which inhibited DDR.

Conclusion: hnRNPK plays a crucial role in the progression of lung cancer, ultimately
affecting survival rate. Inhibition of progression of lung cancer cells induced by
hnRNPK-knockdown is dependent on activation of p53 by the p53/p21/cyclin D1
pathway.
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regulate tumorigenesis and tumor suppressor pathways,
overexpression, and knockdown expression. Moreover, it

Heterogeneous nuclear ribonucleoprotein K (hnRNPK) was
discovered as a component of the hnRNP complex.
hnRNPK preferentially binds to poly(C) and regulates tran-
scription, translation, precursor mRNA splicing, RNA sta-
bility, chromatin remodeling, and signal transduction.
Several studies have demonstrated that hnRNPK can
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may play roles in cell proliferation and migration inhibition.
However, based on clinical data, opinions regarding func-
tions of hnRNPK vary across reports. Reportedly hnRNPK
serves as an oncogene in colorectal cancer, nasopharyngeal
carcinoma, prostate cancer, melanoma, oral squamous cell
carcinoma, and gastric cancer, such that its overexpression
is negatively correlated with tumorigenesis and prognosis.' ™
On the contrary, hnRNPK serves as a tumor suppressor
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gene in acute myeloid leukemia (AML), as evidenced by the
susceptibility of hnRNPK heterozygous mice to AML and
lymphoma.* Taken together, although hnRNPK evidently
plays an important role in cancer development, its function
as an oncogene Or a tumor suppressor gene remains
debatable.

Mediation of eukaryotic DNA damage response (DDR)
can lead to increased cell survival following genomic dam-
age. Ataxia telangiectasia mutated (ATM), ATM- and
Rad3-related (ATR), and DNA-dependent protein kinase
catalytic subunit (DNA-PKcs) are the key DDR regulators,
which are activated following DNA damage and phosphory-
late downstream targets.” p53 is an important target of
ATM and ATR, and it is the most common mutein in
human cancers. Loss of p53 function leads to genomic insta-
bility and oncogenic mutations that contribute to tumori-
genesis.” DNA damage and various other cellular stressors
induce significantly increased p53 protein expression. Under
normal conditions, p53 activity is low. hDM2 acts as a
ubiquitin E3 ligase that binds to and masks the N-terminal
transactivation domain of p53, thereby promoting its degra-
dation via the ubiquitin proteasome pathway.”

In the present study, we focused on hnRNPK expression
in lung cancer and explored the hypothesis that hnRNPK
promotes tumor progression. hnRNPK was generally high
in lung cancer tissues, suggesting its oncogenic role.
hnRNPK was knocked down in lung cancer cell lines, which
resulted in the inhibition of tumor cell proliferation and
migration in a p53-dependent manner. Moreover, further
research into the molecular mechanisms underlying this
inhibition revealed that hnRNPK knockdown in lung cancer
induced DNA damage and activated DDR, which in turn
activated p53-dependent inhibition of the progression of
lung cancer.

METHODS
Cell lines and cultures

Lung cancer cell lines A549 and H1299 were obtained from
the Institute of Basic Medical Sciences, Chinese Academy of
Medical Sciences, and cultured in RPMI-1640 medium (Gibco)
containing 10% fetal bovine serum (Gibco), 100 U/ml penicil-
lin, and 100 mg/ml streptomycin (Invitrogen) in a humidified
atmosphere of 5% CO, at 37°C.

Cell transfection

Small interfering RNA (siRNA) against hnRNPK (si-
hnRNPK) and nonspecific control siRNA (si-NC) were pur-
chased from Ribo (Guangzhou, China). The target sequence of
siRNA-hnRNPK was 5'-GAGCUUCGAUCAAAAUUGATT
and si-NC was 5-UUCUCCGAACGUGUCACGUTT. All
cells were transfected with lipofectamine 3000 (Invitrogen) and
harvested after 48 h for further analysis.

Western blotting

Forty-eight hours after transfection, cells were induced by
500 pM H,O, for 24 h. Then, all cells were homogenized in
RIPA lysis buffer (Promega) on ice for 30 min. Protein con-
centrations were estimated using the BCA protein assay
(Thermo). Equal amounts of cell lysates were loaded and
separated on 12% SDS-PAGE gels, and proteins were elec-
trotransferred to nitrocellulose membranes, as previously
described. The membranes were incubated with a 1:1000
dilution of anti-hnRNPK, anti-p53, anti-p21, anti-yH2A X,
anti-pCHK]1, anti-pCHK2, anti-cyclin D1(Cell Signal Tech-
nology), and anti-p-actin (1:10000 dilution, Santa Cruz, CA)
antibodies overnight at 4°C in 5% nonfat milk, followed by
washing three times with TBS-T buffer and incubation with
horseradish peroxidase-conjugated goat anti-rabbit IgG
(1:10000 dilution with 5% nonfat milk) for 45 min at room
temperature. After washing three times with TBS-T buffer,
membranes were visualized using the ECL detection system
(Thermo Fisher Scientific).

Microarray analysis and quantitative real-time
PCR assay

Total RNA was extracted from cultured cells using Trizol
reagent (Invitrogen) following the manufacturer’s protocol.
Gene expression profiles were examined by ShangHai OE Bio-
technology Corporation using Agilent SurePrint G3 Human
Gene Expression v2 (8 x 60 K, Design ID: 039494) micro-
arrays. After robust multiarray average normalization, fold
change thresholds >2 and p-values <0.05 were considered to
indicate statistically significant alterations. Hierarchical clus-
tering and heat map generation were performed using
GeneSpring GX software (Agilent Technologies). Signaling
pathways enriched in downstream target genes were generated
using the KEGG pathways program (http://www.kegg.jp/).

Complementary DNA (cDNA) was synthesized from
1 pg RNA using ImProm-II Reverse Transcription System
(Promega). Quantitative PCR was performed using the ABI
StepOne Real-Time PCR system (Applied Biosystems) and
SYBR Green Real-Time PCR Master Mix (Toyobo). Primers
used for quantitative real-time PCR are listed in Table S1.
All reactions were carried out in triplicates, and relative gene
expression was calculated using the comparative cycle
threshold (2722°Y) method following the manufacturer’s
instructions. The house-keeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as an
endogenous control to normalize the data. Primers were
synthesized by Sangon Biotech.

Cell proliferation assay
CCK-8 (Dojindo) was used to evaluate cell proliferation.

Cells were seeded into 96-well plates at a density of 2 x 10
cells per well, followed by the addition of CCK-8 reagents at
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different time points and incubation for 3 h at 37°C. Each
concentration was set in triplicate. Absorbance was mea-
sured using a microplate reader (Bio-Rad) at a wavelength
of 450 nm (ODysonm) after slight oscillation for 10 s.

Colony formation assay

A549 and H1299 cells were seeded into 6-well culture plates
(Corning Inc.) at a density of 1000 cells/well, with each con-
dition set up in triplicate wells. The cells were cultured for
10 days at 37°C constant temperature CO, incubator to
induce colony formation (>50 cells per colony). Following
the incubation, the cells were fixed with 4% paraformalde-
hyde at room temperature for 30 min, and then stained with
1% crystal violet at room temperature for 30 min. The colo-
nies were counted and images were captured using a Zeiss
Axio Imager Z2 light microscope.

Transwell assay

A549 and H1299 cells were transfected with si-hnRNPK and
si-NC as described above. A total of 5 x 10* cells/well were
resuspended in 200 pl 1640 without FBS and seeded into the
upper compartments of Boyden chambers (Falcon; Corning
Inc.) The lower chamber was filled with 600 pl 1640 containing
10% FBS. Following 12 h of incubation at 37°C, the non-
migratory cells remaining in the upper chamber were removed
with cotton swabs and the migratory cells in the lower cham-
ber were washed with PBS three times, fixed with 4% parafor-
maldehyde at room temperature for 30 min and stained with
1% crystal violet for 30 min at room temperature. The stained
cells were visualized in five randomly selected fields using a
Zeiss Axio Imager Z2 light microscope (magnification, x 100).

Flow cytometry

Cells were seeded in six-well plates at a proper density and
grown to approximately 80% confluence. Next, cells were
harvested using trypsin without EDTA to produce a single-
cell suspension. For cell cycle analysis, suspended cells
(1 x 10° cells/ml) were fixed in ice-cold 70% ethanol for
12 h, washed, and incubated in the dark with 500 ml
PI/RNase staining buffer (BD Pharmingen) for 15 min at
room temperature. Samples were analyzed using a BD
LSRFortessa and Cell Quest Software (Becton Dickinson). All
experiments were carried out at least three times in duplicate.

Immunohistochemistry

Tissue chip analysis service was purchased from Outdo Bio-
tech (Shanghai, China). The surgical specimens were obtained
from 94 patients diagnosed with lung cancer who underwent
surgery at the Department of Surgery, Peking University First

Hospital, between July 2004 and June 2009. All patients were
followed up until August 2014. All patients provided
informed consent and confirmed that they had not received
chemotherapy prior to surgery. This study was approved by
the Ethics Committees of Peking University First Hospital.

Patient tumor tissues were collected, fixed in 4% para-
form, embedded in paraffin, and sectioned. Sections were
deparaffinized in xylene, rehydrated in graded ethanol,
boiled in antigen retrieval solution for 20 min, and incu-
bated with fresh 3% hydrogen peroxide in methanol to
quench endogenous peroxidase. Next, the sections were
blocked, incubated with hnRNPK monoclonal antibody
(diluted to 1:100, Abcam) overnight at 4°C in a humidified
chamber, and then incubated with HRP conjugated second-
ary antibody for 1 h. Freshly prepared diaminobenzidine
(DAB) was added to the sections, and nuclei were counter-
stained with Mayer’s hematoxylin after gentle rinsing with
running water. Finally, the sections were dehydrated, cov-
ered with a coverslip, and observed under a microscope.

For the negative control, PBS was used instead of the
primary antibody. Patient samples were independently
scored by two pathologists who were blinded to the clinico-
pathological characteristics. Cases were then classified into
hnRNPK high or low expression groups according to the
staining intensity of hnRNPK and percentage of positive
cells. Briefly, the intensity of positive cells was graded as fol-
lows: 0, negative; 1, light yellow, weak; 2, yellow brown,
moderate; or 3, brown, strong. Percentage of positive cells
was graded as follows: 0, no staining; 1> <10% positive
cells; 2, 10%-24% positive cells; 3, 25%-49% of positive cells;
4, 50%-74% of positive cells; or 5, 275% of positive cells.
The sum of these two individual parameters resulted in a
total score ranging from 0 to 8. BRM expression level was
categorized as low or high according to the mean of total
score. All section slides was scanned under a microscope
and photographed (magnifications: 100x and 200x).
Tumor cells in five randomly selected fields were counted to
determine the percentage of hnRNPK-positive cells.

Tumor xenograft model

Animal experiments were approved by the Biomedical Ethi-
cal Committee of the Chinese Academy of Medical Sciences
(GR16002). Female BALB/c nude mice aged 6-8 weeks
(Beijing Huafukang Biotechnology) were housed under spe-
cific pathogen-free conditions. A549 cells were subcutane-
ously injected into each mouse (2.5 x 10° suspended in
200 pl of PBS). Tumor length (L) and width (W) were mea-
sured every 3 days. Tumor volume was calculated as (W>L)
/ 2. When the tumor volume reached 50 mm?®, hnRNPK (si-
hnRNPK) and control (si-NC) siRNA were intratumorally
injected by 3.5 nmol/40 pl of each tumor every 3 days. At
38th day, all mice were sacrificed, and solid tumors were
harvested, weighed, and imaged.

Mice in another group were injected into antibody to
hnRNPK (iAb-hnRNPK) vector. The expression vector
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encoding intracellular iAb-hnRNPK was generated as previ-
ous studies.® When the tumor volume reached 50 mm’,
iAb-hnRNPK vector was intratumorally injected by
1 pg/40 pl of each tumor every 2 days. Control mice were
injected with saline in the same way. On the 24th day, all
mice were sacrificed, and solid tumors were harvested.

Statistical analysis

Statistical analysis was performed using SPSS version 19.0
software (SPSS). All results are presented as mean and stan-
dard deviation (SD), unless otherwise stated. Comparisons of
two groups were performed by paired or unpaired two-tailed
Student’s t-test. Comparisons of more than two groups were
performed by one-way ANOVA. Correlations between
hnRNPK level and clinicopathological characteristics were
analyzed using Chi-square test. Kaplan-Meier method and
corresponding log-rank test were performed to assess

a Para-carcinoma

1
100x

hnRNPK

200x

differences in postoperative survival rates. Statistical signifi-
cance is reported as *p < 0.05, **p < 0.01 or ***p < 0.001.

RESULTS

Expression patterns of hnRNPK differed in lung
cancer tissues

To assess the clinical significance of hnRNPK, we assessed
hnRNPK expression patterns in lung cancer tissues of
94 patients who had not received chemotherapy before sur-
gery. HnRNPK levels varied greatly in lung cancer cells
(Figures la-b). Patients were divided into hnRNPK-high
(65/94) or hnRNPK-low groups (29/94) according to semi-
quantitative assessment of hnRNPK staining. Notably,
hnRNPK expression was significantly correlated with tumor
TNM stage (Table 1). Furthermore, the overall survival rate
of the hnRNPK-high group was significantly lower than that
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FIGURE 1 Expression patterns of hnRNPK in lung cancer tissues. (a) Immunohistochemical analysis of hnRNPK expression in 94 lung cancer samples
and (b) the score of hnRNPK expression. (c) Survival curves were compared using the Kaplan-Maier method according to hnRNPK expression levels. The
log-rank test was performed to evaluate statistical significance.**p < 0.01, ***p < 0.001
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TABLE 1 Comparison of patient and tumor characteristics between
tumor specimens negative or positive for hnRNPK expression (N = 94)
Features Negative Positive p-value
Age <50 3 8 0.7047
>50 18 65
TNM stage 1I 17 40 0.0420*
III 4 33
Lympbhatic invasion Yes 1 11 0.2879
No 20 62
Tumor size <4 cm 6 33 0.2138
>4 cm 15 40
Malignancy grade 1l 11 34 0.8048
I 10 39
Gender Male 10 43 0.4554
Female 11 30
Distant metastasis Yes 3 7 0.6878
No 18 66

Note: Italic value in Table 1 indicates p < 0.05 and hnRNPK expression was
significantly correlated with tumor TNM stage.

of the hnRNPK-low group (Figure 1c). Collectively, these
results suggest that hnRNPK expression is dynamic and that
hnRNPK plays an important role in the development of
lung cancer.

hnRNPK knockdown inhibited lung cancer cell
proliferation and migration in vitro

Considering high hnRNPK expression in lung cancer tis-
sues, we transfected siRNA with a specific hnRNPK knock-
down into the human lung cancer cell lines A549 and
H1299. hnRNPK expression was confirmed by western blot-
ting (Figure 2a) and fluorescent real-time quantitative PCR
(Figure 2b). CCK-8 assay and colony forming assay revealed
that the cell proliferation rate of hnRNPK knockdown was
significantly lower than that of control cells (Figures 2c-h).
These results suggest that hnRNPK promotes lung cancer
cell proliferation. In addition, the hnRNPK knockdown sig-
nificantly inhibited the migratory ability of A549 and H1299
cells (Figure 2i-j). Importantly, following simultaneous
results revealed, hnRNPK-knockdown A549 cells were
arrested at the G;/S phase (Figure 2k-1). The H1299 cells,
however, were slightly differently (Figure 2m-n). Together,
these observations suggest that hnRNPK acts as a promoting
factor in lung cancer cells by regulating cell cycle.

hnRNPK knockdown effectively inhibited the
progression of lung cancer in vivo

Next, we established a xenograft mouse model by subcuta-
neously injection with A549 cells. The mice were divided
into two groups. In the first group, when the tumor volume

reached 50mm’, siRNA-hnRNPK and siRNA-NC were
intratumorally injected, respectively every three days
(Figure 3a). In the second group, when the tumor volume
reached 50mm”, iAb-hnRNPK vector and saline were intra-
tumorally injected respectively every two days (Figure 4a). At
the end of the experiment, the mean tumor volume and
weight of the hnRNPK-knockdown group was significantly
smaller than that of the control group. The overall effect of
hnRNPK knockdown on tumor growth was statistically sig-
nificant (Figures 3b-d and Figures 4b-d). While there were
no significant differences recorded in bodyweight of mice
between the two groups((Figure 3e and Figure 4e). These
results of in vivo experiments support our hypothesis that
hnRNPK is critical for the proliferation and survival of lung
cancer cells.

hnRNPK inhibited the p53-dependent signaling
pathway in lung cancer

To determine the molecular mechanisms underlying the
phenotypic changes in hnRNPK-knockdown A549 cells,
mRNA microarray analysis was performed. GO functional
term enrichment analysis of the significantly differentially
expressed genes of hnRNPK knockdown cells compared
with the negative control cells was used to identify the role
of differentially expressed hnRNPK in Figure 5a. KEGG sig-
naling pathway enrichment analysis of the significantly dif-
ferentially expressed genes was used to elucidate the
pathways and molecular interactions of hnRNPK in A549.
The top 30 pathways associated with the downregulated
mRNAs are listed in Figure 5b. Among these 30 pathways
by hnRNPK-knockdown, “DNA damage response ’ signal
transduction by p53”,“damage DNA binding” and “mitotic
G1 DNA damage checkpoint” were similar to some signal-
ing pathways in Figure 5a. These signaling pathways were
identified and which implied that the p53 signaling pathway
may be a target for hnRNPK as shown in our previous stud-
ies.” Chen et al.® have reported the antiapoptotic activity of
hnRNPK through regulation of downstream antiapoptotic
genes in nasopharyngeal carcinoma, indicating that hnRNPK
binds to the promoter of the antiapoptotic gene FLIP to
induce its transcription. HnRNPK deletion can result in tran-
scriptional inactivation of the p53 target gene, leading to
defects in cell cycle due to DNA damage in human colon car-
cinoma cell line HCT-116. DNA damage induces hnRNPK
modification via small ubiquitin-like modifier proteins, which
regulate the transcriptional activation of p53.'” Therefore, we
hypothesized that the carcinogenesis-promoting effects of
hnRNPK in lung cancer are regulated by the inhibition of the
p53-dependent signaling pathway.

In flow cytometry and cell cycle accumulation mapping,
the G; phase was significantly prolonged (Figures 2k-1). The
inhibition of cell proliferation was most likely mediated by
cell cycle arrest. The results of p53 activation indicated cell
cycle arrest following hnRNPK knockdown. DNA integrity
is assessed at the G;/S checkpoint, and the cell cycle can
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downstream signaling pathways through its methylation,
lysine ubiquitination, and silk/threonine phosphorylation.'?
Thus, we hypothesized that, in A549 cells with stable
hnRNPK knockdown, p53 was activated through DDR
induction.
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To confirm this hypothesis, we induced DNA damage of
hnRNPK-knockdown A549 cells by H,O, and examined
related signaling pathways expression (Figures 5c-d). We

examined the expression of YH2A.X of DNA damage using
western blotting. The expression level of YH2A.X in A549
cells with stable hnRNPK knockdown was significantly



s | WILEY.

LIET AL

a

Statistics of GO Enrichment

2.00

175
. molecular_function

m cellular_component
= biological_process
pValue=0.05

1.50

125000

-10g10(P_value}
2
8
!

b Top 30 of Enrichment
regulation of MRNA processing °
BLOC-1 complex ' pValue
semaphorin receptor activity A
regulation of dopamine secretion L ] 0.014
FMN binding A 0.013
regulation of DNA-templated transcription, elon. 0.012

sarcoplasm 0011
regulation of small GTPase mediated signal tran.

protein desumoylation 0.010

DNA damage response, signal transduction by pS3... 0.009

semaphorin receptor complex § 0.008

response to drug
negative regulation of cardiac muscle cell prol.

phospholipase C-activating dopamine receptor si.. ListHit
branchiomotor neuron axon guidance
negative regulation of protein serine/threonine. X

long-chain fatty acid transport
response to organonitrogen compound
response to gamma radiation o1
protein maturation by protein folding
I-kappaB phosphorylation
damaged DNA binding

choline transmembrane transporter activity ;) Category
sodium channel complex
regulation o‘meNl'x elxpaln from nucleus : A molecular_function
negative regulation of platelet aggregation
dichotomous subdivision of terminal units invol. L d @ biological_process
mitotic G1 DNA d: heckpoint L ]
reguiation of axon extension invotved it on . o | m celliar_component
mismatch repair °
R 0 25 50 75 100 125
«° Enrichment_score
C o, - <+ . s d
si-NC  + + - -
s-hRNPK - -+ o+ p-CHK2
94 Fhk
1mRNPK| -—— | o 1
= .
] :
YHZA-X|- _— --| 2 74 .
< :
£ 61 :
p-CHK1 - z 3
= 5+ ] p21
z ] Hokk
p-CHK?2 . e S 4 YH2AX 3 053
2 * : ) ** :
- ¢ 34 uRNPK o p-CHK1 : _ Cyclin D1
p33 = Fkk . Fkk ns
- ~ .” s ok 3 — Ak
= 21 ns ns | *dk
210 ¢ wmm o v e—e aalal —_— .
p2 g | == m
M i :
0. Qs (E 0§
CyclmD1|~—~ — — | 0- Y Y
H0, -+ -+ St -+ S+ -+ -+ -t -+ -+ S+ -+ S+ -+
B-actin si-NC + + - - + 4 - - +H - + 4 - + 4+ - - - + -
e — e si-hnRNPK - - + + -+ 4+ --++ -+ 4+ -+t s -+ +
FIGURE 5 GO functional term and KEGG signaling pathway enrichment analyses showed that hnRNPK knockdown activated the p53-dependent

signaling pathway. (a) GO annotation of downregulated mRNAs with the top 10 enrichment scores in the categories of molecular functions, cellular
components and biological process. (b) KEGG signaling pathway enrichment analysis of downregulated mRNAs with the top 30 enrichment scores. (c-d)
Western blotting detected the protein expression of associated signaling pathway after DNA damage and hnRNPK knockdown in A549 cells. *p < 0.05,

**p < 0.01, **p < 0.001

higher than that in control cells. yYH2A.X at serine 139 is an
early landmark event following the induction of DNA
double-strand breaks (DSBs)."> yH2A X recruits repair fac-
tors to the nucleus following DNA damage.'* When DNA
DSBs are induced, ATM and ATR are activated and phos-
phorylates a range of target molecules, specifically CHK1/2
and p53."°> ATM and ATR are important protein kinase and
can respond to DNA damage and arrest cell cycle at the
G,/S stage. CHK1 is another protein kinase with a function
similar to that of CHK2 and has stringent signal transduc-
tion functions in cell cycle regulation and response detection
sites.'® In mammalian cells, DSB signals detected by ATM
are transduced by CHK2, and UV damage signals detected
by ATR are transduced by CHK1.'” However, functions of
proteins in these two pathways may overlap to some extent.
In A549 cells with stable hnRNPK knockdown, altered
phosphorylation levels of CHK1/2 were observed, while p53,
p21 and Cyclin D1 were significantly activated. These results

clearly indicate when DNA damage occurs, low hnRNPK
expression can initiate DDR via the ATM/ATR/CHK1/2
pathway, thereby activating p53 and associated downstream
signaling pathway (Figure 6) .

We simultaneously detected a difference in protein
expression between the normal H1299 cell line and the
H1299 cell line with stable hnRNPK knockdown using west-
ern blotting (Figures Sla-b). The results showed that there
was no p53 expression in H1299 cells. Futhermore, there
was a significant difference in other proteins expression
between H1299 and A549 cells with hnRNPK-knockdown.
H1299 is the cell line lacking p53. It can be hypothesized
that hnRNPK knockdown may inhibit H1299 cells prolifera-
tion and migration via other signaling pathways. Thus
hnRNPK-knockdown H1299 cells could not be arrested at
the G1/S phase (Figures 2m-n). To what extent hnRNPK is
able to interact with p53-lost cell lines are not fully under-
stood, and remains to be confirmed in further experiments.
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FIGURE 6 Inhibition of progression of lung cancer cells induced by
hnRNPK-knockdown is dependent on activation of p53 by the p53/p21/
cyclin D1 pathway. In response to DNA damage, ATM and ATR are
activated and then phosphorylate H2A.X. The signaling transducers CHK1
and CHK?2 are also phosphorylated subsequently leading to the
phosphorylation and stabilization of hnRNPK and p53. This can
transcriptionally activate the downstream signals such as p21 and other
DNA damage repair associated genes. Therefore, p21 interacts with cyclin
D1 finally resulting in cell cycle arrest

DISCUSSION

hnRNPK is a member of the hnRNP family, exhibits RNA
and DNA linkage sites and is involved in several cellular
processes, including gene regulation and signal transduction.
The development and progression of various human tumors
are associated with the action of hnRNPs."**° However,
research on this family is still in its infancy, and many key
mechanisms remain unclear. Therefore, molecular mecha-
nisms underlying the effects of hnRNPK warrant further
elucidation.

Recent studies have shown that hnRNPK is highly
expressed in many human tumor cells, which is consistent
with our previous findings that it plays an important role in
tumorigenesis. Moreover, in our previous studies, we dem-
onstrated that hnRNPK expression is strongly correlated
with biological processes such as cell migration and invasion
and that it is an important factor for lung cancer metasta-
sis.”’  hnRNPK overexpression in mouse fibroblasts
(NIH3T3) resulted in increased malignancy, cell migration
and infiltration, and tumorigenicity of NIH3T3 cells.® Simi-
larly, other studies have revealed that hnRNPK was highly
expressed in primary lung cancer tissues and the positive
rate of hnRNPK expression was higher in cancer tissue that
in normal tissues and inflammatory controls. These findings
suggest that hnRNPK plays an important role in the devel-
opment of lung cancer. However, the molecular mechanism
underlying its role in the development and progression of
lung cancer remains unclear.**

hnRNPK plays roles in the regulation of expression of
various oncogenes and tumor suppressor genes, promotion
of cell proliferation and division, and development of vari-
ous tumors. Ostareck-Lederer et al. have demonstrated that

hnRNPK activates c-Src, which in turn phosphorylates the
tyrosine at the position 458 of the KH3 domain of hnRNPK,
thereby inactivating and inhibiting cytosolic hnRNPK pro-
tein components. Subsequently, it forms a complex with
DICE to initiate translation.”> Furthermore, hnRNPK affects
c-Myc activity at both transcriptional and translational
levels and promotes c-Myc transcription by binding to the
pyrimidine-rich region (CT element) of the c-Myc promoter
both in vivo and in vitro.”* High hnRNPK expression in
breast cancer cells, prostate cancer cells, and melanoma
tissues is reportedly accompanied by elevated c-Myc
levels.>*>? In hepatocarcinoma tissues and cells, Tcll acti-
vates G6PD in an hnRNPK-dependent manner and pro-
motes the processing of G6PD precursor RNA and its
protein expression. Conversely, the tumor suppressor gene
encoding protein PTEN forms a complex with hnRNPK to
inhibit its activity, and shearing of G6PD precursor RNA
inhibits liver cancer. As a transcription factor, hnRNPK
binds to the eIF4E promoter region and 3’ untranslated
region of p21 mRNA, inhibiting p21 translation and increas-
ing translation initiation, cell division, and tumor forma-
tion.””* Liu et al.”’have demonstrated that hnRNPK may
serve as a candidate diagnostic biomarker and a promising
therapeutic target for head and neck squamous cell carci-
noma (HNSCC). The Wnt/B-catenin signaling pathway may
be a possible downstream signaling pathway of hnRNPK for
HNSCC. Knockdown of hnRNPK significantly decreased
HNSCC proliferation and migration, and downregulated the
expression levels of Wnt/p-catenin signaling pathway-
related proteins. Thus, alterations in hnRNPK levels or its
post-transcriptional modifications can modulate several key
pathways in tumorigenesis. Despite these findings, it is chal-
lenging to determine whether hnRNPK can be used as a
driving gene of tumorigenesis. The role of hnRNPK in
tumor development likely depends on tissue type and
microenvironment, including recruitment of bound RNA,
DNA, and proteins. hnRNPK is highly expressed in most
tumors, and its expression is negatively correlated with
prognosis; however, this lack of tissue specificity has limited
potential applications of hnRNPK as a diagnostic marker for
tumors. A hnRNPK knockout mouse model demonstrated
that hnRNPK deletion was associated with mouse growth
and development, whereas complete deletion led to embry-
onic lethality. Moreover, hnRNPK induced defects in growth
and development of mice, resulting in their increased sus-
ceptibility to hematological malignancies and lymphoma.
These findings indicate that hnRNPK may function as a
tumor suppressor gene in hematological malignancies and
lymphomas. Development of a transgenic mouse model
expressing wild-type hnRNPK is warranted for exploring
the effects of hnRNPK overexpression on tumorigenesis and
development, which can further aid the development of
hnRNPK overexpression-dependent targeted drugs.

Lung cancer is divided into small cell lung cancer and
non-small cell lung cancer (adenocarcinoma, squamous cell
carcinoma and large cell lung cancer) according to the path-
ological type. Non-small cell lung cancer (NSCLC) accounts
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for 80%-85% of lung cancer, and the 5-year survival rate is
very low.”®*! A549 and H1299 cells are epithelial cells and
belong to human NSCLC cell line. Both cells proliferate
quickly under normal conditions (Figures 2c-h). The differ-
ence is that A549 cell line is directly derived from the
patient’s lung carcinomatous tissue, whereas the H1299 cell
line is derived from the patient’s lymph node metastasis of
the lung. The H1299 cell line has a homozygous partial dele-
tion of the p53 protein, and lacks expression of p53 pro-
tein.’® In this study, A549 and H1299 cells were used as
materials to study the functions of hnRNKP in the progres-
sion of NSCLC. Our previous studies have shown that
hnRNPK involves in the progression of gastric cancer via
p53/p21/CCNDI1 pathway.” It is hypothesized that hrnRNPK
also plays a role via the similar signaling pathway in lung
cancer. In order to study whether hnRNPK plays a role
through the same mechanism in the absence of p53, we used
H1299 cells as a control. Our study confirmed that
hnRNPK knockdown inhibited proliferation and migration
of A549 and H1299 cells in vitro. Moreover, hnRNPK-
knockdown A549 cells were arrested at the G1/S phase
(Figures 2k-1) and the p53-dependent signaling pathway
was inhibited in A549 cells (Figures 5c-d). However, the
protein expression changes of related signaling pathway
were different in hnRNPK-knockdown HI1299 cells
(Figure S1). It can be hypothesized that hnRNPK knock-
down may inhibit H1299 cells proliferation and migration
via other signaling pathways.

In summary, we found that hnRNPK knockdown signif-
icantly inhibited the proliferation and migration of lung
cancer cells. In addition, hnRNPK knockdown elevated
DNA damage levels and led to the upregulation of the pro-
tein expression levels of pCHKI1, pCHK2, p53, p21 and
cyclin D1 in A549 cells. These results confirmed that
hnRNPK may promote the progression of lung cancer by
inhibiting the p53-dependent signaling pathway. HnRNPK
could therefore be a potential therapeutic target for the
treatment of lung cancer.
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