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Abstract: Activated KRAS is frequently observed and paralleled by inactivating of tumor suppressors in lung cancer,
while the mechanisms remained elusive. Here, our study revealed a microRNA was involved in KRAS overexpres-
sion, activation of KRAS signaling and its synergy with inactivating of tumor suppressor genes. miR-1205 was se-
lected by its sequence-dependent inhibition on KRAS and negative clinical correlation with KRAS. A549 and H460
cells carrying mutant KRAS, were sensitive to the growth inhibition and G1/S arrest induced by miR-1205. Target
analysis revealed that miR-1205 could simultaneously downregulate the expression levels of MDM4 and E2F1,
which were downstream of KRAS and synergistic with KRAS. Silencing of MDM4 or E2F1 inhibited cellular prolif-
eration. MiR-1205 decreased the protein levels of MDM4 and E2F1 via directly binding to the coding sequence of
E2F1 and 3’UTR of MDM4. Meanwhile, blocking RAS-MAPK signaling using KRAS siRNA or ERK1/2 inhibitor exerted
similar inhibitory effects on MDM4 and E2F1. Forced expression of KRAS partially restored the inhibition of miR-
1205 on MDM4 and E2F1. Overexpression of KRAS, MDM4 or E2F1 could partially rescued the growth inhibition of
miR-1205 in vitro. More importantly, miR-1205 strongly inhibited the tumor growth of A549 xenografts in nude mice
and decreased the protein levels of KRAS, MDM4 and E2F1 in tumor tissues. Together, our study firstly confirmed
a potential synergy between KRAS and MDM4/E2F1 which are p53/RB inactivators in non-small cell lung cancer,
and identified miR-1205 as a potent destructor of this synergy, making miR-1205 function as a tumor suppressor
in vitro and in vivo.
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Introduction ed in different patient population, diagnosed by

mutation, amplification or gene fusion [3].
Lung cancer, the most commonly diagnosed
cancer, is responsible for nearly one cancer
death in five (1.59 million deaths, 19.4% of the

TP53 is considered to be the most important
tumor suppressor gene. However, it is com-

total) globally [1]. Non-small cell lung cancer
(NSCLC) accounts for at least 80% of lung can-
cers [1], and the overall five-year survival rate
remains as low as about 15% and has not
yet been improved in the past 30 years [2].
Generally, the occurrence of cancer is greatly
contributed by the inactivation of tumor sup-
pressor genes and activation of oncogenes.
In lung cancer, p53, CDKN2A and RB are the
main inactivated tumor suppressor genes.
KRAS, EGFR and EML4-ALK are always activat-

mon to see the inactivation of p53 in various
cancers including lung cancer. The occurrence
of p53 loss-of-function mutation is more than
40% in lung cancer [3]. Synergistic effect
between p53 and RAS during the multistep pro-
cess of tumorigenesis was observed in many
studies [4-6]. In some specific subsets (9%
in patients with EML4-ALK fusion) [7], p53 inac-
tivation often results from the overexpression
of its endogenous inhibitors MDM4 or MDM2
[8, 9]. MDM2 is an E3 ubiquitin ligase that inhib-
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its p53 by promoting its degradation, whereas
MDM4 inhibits p53 transactivation activity by
binding to its N-terminal domain [8, 9]. It
was recently reported that overexpressed
MDM4 could promote the progression of NS-
CLC, additionally, high levels of MDM4 cooper-
ated with oncogenic KRAS to drive lung tu-
morigenesis [9, 10]. Recent advances in bio-
medical research have shown that targeting
MDM4 was a viable strategy for cancer the-
rapy [11]. The retinoblastoma (RB) protein con-
trol of E2F transcription factors is crucial for
regulating cell cycle, tumorigenesis, tumor inva-
sion and metastasis in NSCLC [12]. Cyclin
D-cyclin-dependent kinase 4 (CDK4) or CDK6
act to hyperphosphorylate RB, then E2F1, E2F2
and E2F3 are released from RB protein, which
can be blocked by CDK inhibitor 2A (CDKN2A).
In lung cancer, mutations or copy number
changes of CDKN2A, CDK4/CDK6 and RB that
are very common. Hyperphosphorylation of RB
by CDKs when CDKN2A is loss or mutated,
relieves the combination of RB with E2F1, pro-
moting the initiation and progression of NSCLC
[13, 14].

30% patients with lung cancer carried muta-
tions in codon 12 or 13 of KRAS, which could
transform normal cells into malignant cells [15,
16]. Besides mutation, overexpression, allelic
imbalance, gene fusion could also activate KR-
AS [17, 18], whereas the mechanisms for the
overexpression of KRAS are still ill-defined. In
the progression of cancer, the co-occurrence
of oncogenic activation of KRAS and inactiva-
tion of tumor suppressor genes is common
and exerts obvious synergistic effect to initiate
and promote tumor growth [3]. Besides the co-
occurrence of genetic alterations, activated
KRAS also plays a critical role in tumor suppres-
sors inactivation and oncogenes activation
through its downstream MAPK signaling. KRAS
upregulated MDM4 via ¢c-ETS-1, a transcription
factor phosphorylated by ERK2, and inhibited
the activity of p53 [19]. Oncogenic KRAS could
enhance the transcription of E2F1 through
MAPK pathway, and synergize with FADD to
increase the phosphorylation of RB leading to
the release of E2F1 [20, 21], both of which
result in promoting tumor cell proliferation.
These types of synergy between KRAS signal-
ing and inactivation of tumor suppressor genes
greatly contributed to the poor diagnosis of
lung cancer [22, 23].

313

MiRNAs are a class of endogenous and single-
stranded small noncoding RNAs that are
approximately 22 nucleotides in length [24,
25]. They post-transcriptionally silence the
expression of target gene via complementary
binding to its 3’-untranslated regions (3'UTR)
[26, 27]. Accumulating studies have clarified
vital roles of miRNAs in the development and
drug resistance of lung cancer driven by KRAS
activation [28-31].

This study aimed to activated KRAS and poten-
tial inactivators of tumor suppressor genes
synergistic with KRAS in NSCLC, and hypothe-
sized that the post-transcriptional regulation of
microRNAs (miRNAs) may have a critical role in
regulating the expression of KRAS and inactiva-
tors of tumor suppressor genes and playing an
important role in tumor inhibition. Here, through
target prediction via bioinformatic tools and in-
vitro screening by using luciferase reporter,
miR-1205 was selected by its negative correla-
tion with KRAS in clinical samples. MiR-1205
suppressed the expression of KRAS, and its
downstream MDM4 (an inactivator of p53) and
E2F1 (outcome of RB inactivation). MiR-1205
reduced the expression of MDM4 and E2F1 via
direct binding and indirect KRAS signaling inhi-
bition. Totally, our study confirmed the potential
synergy of oncogenic KRAS and inactivators of
tumor suppressors in lung cancer and dis-
closed miR-1205 as a suppressor of this syn-
ergy in vitro and in vivo.

Materials and methods
Cell lines and lung cancer tissue samples

Human non-small cell lung cancer cell lines
(A549, H1299, NCI-H1975, H1650, H358,
HCC827, H460), immortalized normal human
lung bronchial epithelial cell line (16HBE), and
human squamous carcinoma cell line (SK-
MES-1) were purchased from the Cell Resour-
ce Center, Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences. A549,
H1299, NCI-H1975, H1650, H358, H460 and
HCC827 cells were cultured in RPMI-1640
medium (Gibco, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (FBS)
(Sigma, St Louis, MO, USA). 16HBE cells were
cultured in DMEM medium (Hyclone, Logan, UT,
USA) supplemented with 10% FBS. SK-MES-1
cells were cultured in MEM medium (Gibco)
supplemented with 10% FBS. All cells were cul-
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Table 1. List of miRNAs predicted to target KRAS
3'UTR by all three algorithms (TargetScan 7.1, MicroR-
NA.org, RNA22)

for Neuro-Psycho-Diseases and College
of Pharmaceutical Sciences. Cells were
transfected with vectors using Lipofecta-

hsa-miR-1205 hsa-miR-497-5p hsa-miR-378a-5p
hsa-mir-944 hsa-miR-616-3p hsa-miR-3162-5p
hsa-mir-142-3P hsa-miR-129-5p hsa-miR-2110

hsa-miR-2861 hsa-miR-2355-3p  hsa-miR-642a-5p

hsa-miR-3120-5p
hsa-miR-574-5p

hsa-miR-23a-3p
hsa-miR-26a-2-3p

hsa-miR-1228-3p
hsa-miR-607

hsa-miR-622 hsa-miR-296-3p hsa-miR-133a-5p
hsa-miR-802 hsa-miR-29b-1-5p  hsa-miR-652-3p
hsa-miR-3154 hsa-miR-3150a-3p  hsa-mir-625-3p

hsa-miR-23a-5p hsa-miR-199b-5p hsa-miR-411-3p

hsa-miR-605-5p
hsa-miR-328-5p
hsa-miR-490-5p

hsa-miR-218-1-3p

hsa-miR-935

hsa-miR-379-3p
hsa-mir-199a-5p
hsa-mir-212-3p
hsa-mir-629-3p
hsa-miR-377-3p

hsa-miR-335-3p
hsa-miR-892a
hsa-mir-141-5p
hsa-mir-628-5p
hsa-mir-380-3p

hsa-miR-3192-5p hsa-mir-188-3p hsa-miR-501-5p

mine 2000 reagent (Invitrogen) according
to the manufacturer’s instructions.

3-(4, 5-dimethylthiazoly-2-yl)-2-5 diphenyl!
tetrazolium bromide (MTT) assay

Cell viability was determined using MTT
assay. The cells seeded in 96-well plates,
were incubated for specific time points,
then 20 pl of 5 mg/ml MTT regent was
added into each well and incubated in the
dark at 37°C for 4 h. Next, 100 pl of dis-
solution buffer (10% SDS, 5% isobutanol,
0.012 M HCL) was added and the absor-
bance at 570 nm was measured using a
SYNFRGY4 microplate reader (BioTek,
Winooski, VT, USA).

tured in a humidified incubator at 37°C with 5%
CO,. Twenty samples of human lung tumor and
adjacent tumor tissues were collected from
Shanghai Pulmonary Hospital. This study com-
plied with the principles of the Declaration of
Helsinki, and was approved by the human eth-
ics and research ethics committees of the
Shanghai Pulmonary Hospital.

MicroRNA mimics/siRNAs and cell transfec-
tion

MiR-1205 mimics (5-UCUGCAGGGUUUGCUU-
UGAG-3’), miR-1205 mutant (5-UGACGUCGG-
UUUGCUUUGAG-3’), KRAS siRNA duplexes (5™-
CCUUGACGAUACAGCUAAUTT-3’), E2F1 siRNA
duplexes (5-GUCACGCUAUGAGACCUCATT-3’),
and MDM4 siRNA duplexes (5-GCUCCUG-
UCGUUAGACCUATT-3’) were purchased from
GenePharma (Shanghai, China). Reverse trans-
fection of miRNA/siRNA was conducted using
RNAIMAX (Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer’s instructions.

Plasmids and cell transfection

Plasmids of flag-KRAS, flag-MDM4 were pur-
chased from Obio Technology (Shanghai,
China), and plasmids of GFP-E2F1 was kindly
gifted from Guang-hui WANG’ lab, Laboratory
of Molecular Neuropathology, Jiangsu Key La-
boratory of Translational Research and Therapy
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RNA extraction and gRT-PCR

Total RNAs were harvested from cells using
Trizol reagent (Invitrogen) and isolated using
a UNIQ-10/Trizol total RNA extraction kit
(Sangon, Shanghai, China). Reverse transcrip-
tion was performed with PrimeScript RT Ma-
ster Mix (TaKaRa, Otus, Shiga, Japan). Qu-
antitative real-time RT-PCR (gRT-PCR) analysis
was performed using SYBR Premix Ex Taq
(TaKaRa). The primers sets used are listed in
Table 1.

MiRNAs were isolated using the mirVana miRNA
Isolation Kit (Ambion, Austin, TX), reversely
transcribed and amplified using TagMan Mi-
croRNA assay kit (Invitrogen) according to the
manufacturer’s instructions. RNU6-2 was used
as an internal loading control.

Western blot analysis

Cells were lysed in RIPA lysis buffer (Beyotime,
Shanghai, China) containing protein inhibitor
phenylmethanesulfonyl fluoride (PMSF). After
separation on 8% SDS-polyacrylamide gels
(SDS-PAGE) and transferring onto a polyvinyli-
dene difluoride (PVDF) membranes (Millipore,
Billerica, MA, USA), the proteins were incubat-
ed with the primary antibody against KRAS
(1:200, sc-30, Santa Cruz Biotechnologies,
CA, USA), E2F1 (1:1000, 3742, Cell Signaling
Technology, Danvers, USA), MDM4 (1:500,
17914-1-ap, proteintech, Chicago, USA). GAPDH
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Table 2. Oligonucleotides used for the construction of plasmids or for quantitative polymerase chain

reaction

KRAS realtime PCR primer-F

KRAS realtime PCR primer-R

E2F1 realtime PCR primer-F

E2F1 realtime PCR primer-R

MDM4 realtime PCR primer-F

MDM4 realtime PCR primer-R

TAK1 realtime PCR primer-F

TAK1 realtime PCR primer-R

NOTCH2 realtime PCR primer-F

NOTCH2 realtime PCR primer-R

SP1 realtime PCR primer-F

SP1 realtime PCR primer-R

GAPDH realtime PCR primer-F

GAPDH realtime PCR primer-R

MiR-1205 Tagman primer

U6 snRNA realtime PCR primer-F

U6 snRNA realtime PCR primer-R
psiCHECK-KRAS-3’UTR cloning primer-F
psiCHECK-KRAS-3'UTR cloning primer-R
psiCHECK-KRAS-3'UTR mutant cloning primer-F
psiCHECK-KRAS-3'UTR mutant cloning primer-R
psiCHECK-MDM4-3’UTR cloning primer-F
psiCHECK-MDM4-3’UTR cloning primer-R
psiCHECK-MDM4-3’UTR mutant A cloning primer-F
psiCHECK-MDM4-3’UTR mutant A cloning primer-R
psiCHECK-MDM4-3’UTR mutant B cloning primer-F
psiCHECK-MDM4-3’UTR mutant B cloning primer-R
psiCHECK-E2F1-3’UTR cloning primer-F
psiCHECK-E2F1-3’UTR cloning primer-R
psiCHECK-E2F1-CDS cloning primer-F
psiCHECK-E2F1-CDS cloning primer-R
psiCHECK-E2F1-CDS mutant A cloning primer-F
psiCHECK-E2F1-CDS mutant A cloning primer-R
psiCHECK-E2F1-CDS mutant B cloning primer-F
psiCHECK-E2F1-CDS mutant B cloning primer-R

GAGGCCTGCTGAAAATGACTG
ATTACTACTTGCTTCCTGTAGG
GGACCTGGAAACTGACCATCAG
GGACGTTGGTGATGTCATAGATGCG
TCTCGCTCTCGCACAGGATCACA
AACCACCAAGGCAGGCCAGCTA
TGCCCAAACTCCAAAGAATC
TTTGCTGGTCCTTTTCATCC
GGGACCCTGTCATACCCTCT
GAGCCATGCTTACGCTTTCG
GGCTGTGGGAAAGTGTATGG
GGCAAATTTCTTCTCACCTGTG
GGTGGTCTCCTCTGACTTCAACA
GTTGCTGTAGCCAAATTCGTTGT
TCTGCAGGGTTTGCTTTGAG
GCTTCGGCAGCACATATACTAAAAT
CGCTTCACGAATTTGCGTGTCAT
TTTTCCTTTTGCGGCCGCGGAGTCATTACTTCTGACCTTGAAATAG
CCGCTCGAGGGCATACTAGTACAAGTGGTAATTTTTG
GACGTCTTATGTTGAGGGCCCATCTCT
AGACGTCATAACTTTTTTTTCCCCTAAATTCA
CCTCGAGCTCCCTTTATAGGAGCCATTGG
TTGCGGCCGCTATAGTCCCAGCTACTAGGGAGGC
GACGTCTAAGAGATAGCTAATATTTTTTGGTAC
AGACGTCACATGCCTCTTTCTCTGTTAACAC
GGACGTCGTTGTTTTCCTTCTTACGATCCTCAT
GACGTCCGGAAGCAGCATCTTGGATTTCAGAT
CCTCGAGGATTTCTGACAGGGCTTGGA
TTGCGGCCGCCTGGATCTGCTTTTGAGTTAGG
CCTCGAGTTGCCAAGAAGTCCAAGAACC
TTGCGGCCGCAGAAGTCCTCCCGCACATG
GACGTCCAGAGCGAGCAGCAGCTGGAC
GGACGTCCTGTCGGAGGTCCTGGGTCAAC
GACGTCTGCAGATGGTTATGGTGATCAAAGCC
AGACGTCGGTCTGCAATGCTACGAAGGTC

(1:20000, 2118S, Cell Signaling Technology,
Danvers, USA), a-tubulin (1:20000, 0M239217,
OmnimAbs, CA, USA) were used as internal
control.

Construction of luciferase reporters

The 3'UTR of human KRAS (NM_004985,
GenBank) was amplified via PCR from MCF-7
genomic DNA, the 3’UTR of human MDM4
(NM_002393) and CDS of human E2F1
(NM_005225) were amplified via PCR from
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A549 cDNA, and they were separately cloned
into the psiCHECK-2 vector (Promega, Madison,
WI, USA) using the In-fusion Advantage PCR
Cloning Kit (Clontech, Mountain View, CA, USA).
The primers used are listed in Table 2. KRAS
and MDM4 3’UTR mutant reporter, and E2F1
CDS mutant reporter were generated using the
site-directed mutation strategy by the KOD-
Plus-Mutagenesis Kit (Toyobo, Osaka, Japan).
The primers sets were designed according to
the manufacturer’s instructions and listed in
Table 2.
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Luciferase assays

Cells were seeded in 6-well plates, and reporter
plasmids were separately co-transfected with
miRNA or NC mimics into HEK293 cells using
Lipofectamine 2000 (Invitrogen). Cell extracts
were harvested 48 h later, and the luciferase
activity was determined by the Dual-Luciferase
Reporter Assay System (Promega).

CRISPR/Cas9-mediated miR-1205 knockout

The process of CRISPR/Cas9-mediated nucleo-
tides knockout was performed as previously
described [32]. Two sgRNAs (5’-CACCGTTATCA-
CTGAAGGCCTCTGC-3’; 5-CACCGCCTTCCTGTC-
AACCCTGTTC-3’) were designed [33], and
cloned into px330-mCherry and px330-GFP
vectors respectively. The two plasmids con-
structed were co-transfected into A549 cells.
48 hours later, the mCherry- and GFP-double
positive cells were sorted by a flow cytometry
(BD Biosciences, San Jose, CA, USA) and seed-
ed into a 96-well-plate as a single cell/well.
After two weeks, clones derived from single
cells were selected for genomic DNA sequenc-
ing to confirm the knockout of miR-1205.

In vivo experiment

BALB/c athymic nude mice (female, 4-6 weeks
old) were purchased from Animal Core Facility
of Nanjing Medical University (Nanjing, China).
All animal experiments were performed accord-
ing to Guides for the Care and Use of Labora-
tory Animals and approved by Institutional
Animal Care and Use Committee of Shanghai
Institute of Materia Medica, Chinese Acade-
my of Sciences. All nude mice were maintained
in special pathogen-free (SPF) conditions.
Approximately 5 x 10° A549 cells resuspended
in Matrigel (Corning, corning, NY, USA): RPMI
1640 medium (1:1) were subcutaneously in-
jected into the nude mice. All nude mice were
randomly divided into two groups (n = 6 mice
per group). As peritumoral injection was feasi-
ble and effective in multiple studies [34-36],
and in consideration of the possible puncture
and bleeding by intratumoral injection in our
highly vascularized xenografted tumors, peritu-
moral injection was chosen. Two weeks later,
while the average volume of tumors reached
about 100 mm3, miR-1205 or NC mimics
encapsulated in linear polyethylenimine (Poly-
plus, NY, USA) were injected via peritumoral
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injection (0.5 mg/kg, three times a week).
Tumor size was monitored three times a week,
and tumor volume was calculated according
to the following formula: volume = (length x
width x width)/2. Mice were sacrificed 18 days
after inoculation, and the tumor tissues were
stripped, weighted, frozen in liquid nitrogen for
further analysis.

Statistical analysis

Data were presented as mean + SEM from at
least three times of independent experiments.
P<0.05 was defined as statistical significant.
Difference between two groups was analyzed
using Student’s t-test (GraphPad Prism soft-
ware), and differences among more than two
groups were decided by two-way ANOVA
(GraphPad Prism software).

Results

MiR-1205 down-regulated KRAS expression by
directly binding KRAS 3’UTR

KRAS mRNA was upregulated in lung adeno
carcinoma tissues comparing to the adjacent
normal tissues from TCGA database (n = 57,
P<0.01; Figure 1A), which was verified in our
cohort with 20 pairs of lung tumor and adja-
cent tumor tissues from Shanghai Pulmonary
Hospital (Figure 1B). 48 miRNAs with predict-
ed binding sites on the 3'UTR of KRAS were
selected from the intersection of three algo-
rithms: TargetScan 7.1, MicroRNA.org and
RNA22 (Table 1), then their inhibitory effects
on the luciferase activity of KRAS 3'UTR report-
er were examined and plotted against their con-
text++ scores from TargetScan. Here, miRNAs
with scores less than -0.01 were selected
(Figure 1C). In these miRNAs, expression level
of miR-1205 was significantly lower in lung can-
cer tissues (Figure 1D). Notably, the inverse
correlation between miR-1205 and KRAS
MRNA expression levels was observed in our
cohort by Pearson correlation analysis (r =
-0.3380, P<0.05; Figure 1E). MiR-1205 (50 nM
for 72 h) decreased the mRNA and protein lev-
els of mutant KRAS in A549 and wildtype KRAS
in H1975 (Figure 1F and 1G). To confirm the
sequence-dependent interaction between miR-
1205 and KRAS mRNA, we mutated the pre-
dicted binding site of miR-1205 on KRAS 3’'UTR
reporter plasmid (Figure 1H). MiR-1205 signifi-
cantly inhibited the luciferase activity of the
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Figure 1. MiR-1205 down-regulated KRAS expression by directly binding to KRAS 3’UTR. A. Statistical analysis of
the data from TCGA database for the KRAS expression in lung cancer tissues. The KRAS mRNA expression level was
compared between tumor and adjacent tumor tissue samples (n = 57). B. QRT-PCR was used to measure the KRAS
expression in clinical lung cancer tissue pairs (n = 20). GAPDH was used as an internal control. C. Luciferase assay
of the extracts from HEK293 cells transfected with the candidate miRNA mimics, for screening the miRNAs target-
ing KRAS 3’UTR. Data are presented as the mean + SEM of three independent experiments. D. QRT-PCR analysis
of miR-1205 expression in clinical lung cancer tissue pairs (n = 20). U6 snRNA was used as an internal control. E.
Spearman’s correlation analysis of the correlation between the miR-1205 and KRAS mRNA expression level in lung
cancer tissues. F and G. KRAS mRNA and protein levels in A549 and H1975 cells after transfected with indicated
doses of miR-1205 for 72 h. H. Predicted binding between miR-1205 and matched sequence in the 3’'UTR of KRAS.
Mutant sequence of miR-1205 (mut miR-1205) and KRAS 3’UTR (mut KRAS 3'UTR) were shown. I. Luciferase activ-
ity in cells transfected with miR-1205 and reporter plasmids containing wt or mut KRAS 3’UTR. J. Luciferase activity
in cells transfected with miR-1205 or mut miR-1205 and reporter plasmids containing wt KRAS 3'UTR. K and L.
Western blot and qRT-PCR were used to measure the KRAS protein and mRNA expression level both in A549 and
H1975 cells after transfected with miR-1205 and miR-1205 mutant separately for 72 h. M. Schematic representa-
tion of the CRISPR/Cas9 mediated deletion of pri-miR-1205. The underlined is the sequence of mature miR-1205.
N. The expression level of mature miR-1205 and KRAS protein in miR-1205 deleted A549 cells by CRISPR/CAS9.
Data are presented as the mean + SEM of three independent experiments (* or #P<0.05, ** or ##P<0.01, *** or

###P<0.001).

wild-type 3’UTR of KRAS (wt 3’UTR), but had no
effect on the mutated KRAS 3’UTR reporter
(mut 3'UTR) (Figure 1l). In parallel, we synthe-
sized a mutant form of miR-1205 (mut miR-
1205) with a 6bp transition in the seed region
of miR-1205 (from ‘CUGCAG’ to ‘GACGUC’)
(Figure 1H), and found this mutant form had no
inhibitory effect on the luciferase activity of the
wild-type KRAS 3'UTR, as well as the mRNA and
protein levels of KRAS (Figure 1I-L). Finally,
genomic deletion of miR-1205 via CRISPR/
CAS9 markedly decreased the level of mature
miR-1205, and increased KRAS mRNA and pro-
tein expression levels in A549 cells (Figure 1M
and 1N).

Target analysis of miR-1205 in lung cancer
cell lines with mutant KRAS

The analysis of KRAS protein and miR-1205
expression levels in 8 lung cancer cell lines
showed the same inverse correlation pattern
as that in lung cancer patients (r = -0.9762,
P<0.01; Supplementary Figure 1). Six NSCLC
cell lines with different KRAS status were then
used to examine their sensitivity to miR-1205
and KRAS siRNA (ranging from 0.001-10 nM).
Due to the short period of treatment (72 h),
growth inhibition of 30% (Gl,,, Figure 2A) and
cellular viability after high-dose shock (10 nM,
107 folds of endogenous miRNA concentration,
Figure 2B) were used to compare the sensitivi-
ty. A549 and H460, harboring KRAS G12S and
Q61H mutation individually, were more sensi-
tive to miR-1205 and KRAS siRNA (Cell viability
was less than 50%) (Figure 2B). Subsequent
cell cycle analysis found miR-1205 and siKRAS
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resulted in GO/G1 phase arrest, respectively,
and A549 cells seemed to be a bit more sensi-
tive (Figure 2C). Additionally, cellular apoptosis
was not found after treatment of miR-1205 and
KRAS siRNA (data not shown). Based on the
above cellular functional analysis, 2835 tar-
gets of miR-1205 predicted by TargetScan were
input into DAVID algorithm for gene annotation
enrichment, KEGG pathway and gene-disease
association analysis. Gene annotation enrich-
ment and KEGG pathway analysis found a
significant enrichment of miR-1205 targets in
the pathway of cancer, RAS signaling, etc

(Supplementary Figures 2 and 3).

In the non-small cell lung cancer related path-
way from KEGG (Figure 2D, modified to remove
the irrelevant genes), miR-1205 predictably tar-
geted multiple cascades of RAS signaling:
KRAS, NRAS, PI3K, PKB/AKT, forkhead, etc.
Interestingly, MDM4, the endogenous inhibi-
tor of p53, and E2Fs, activated by loss of
pl6INK4A (CDKN2A) in lung cancer [14, 15, 37,
38], were both targeted by miR-1205 (Figure
2E). Therefore, we performed a screening using
gRT-PCR and western blotting in A549 cells.
MiR-1205 and KRAS siRNA literally downre-
gulated KRAS signaling: KRAS, phosphorylat-
ed c-Raf (p-c-Raf), phosphorylated ERK1/2
(p-ERK1/2), and slightly influenced phosphory-
lated AKT (p-AKT) (Figure 2F). In p53-related
signaling, miR-1205 and KRAS siRNA obviously
decreased the protein level of MDM4 and
increased phosphorylated p53 levels (Figure
2F). In RB/E2Fs signaling, miR-1205 and KRAS
siRNA reduced the protein levels of E2F1 and
SP1, a known downstream factor of E2F1 [39,

Am J Cancer Res 2019;9(2):312-329
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Figure 2. Targeting analysis of miR-1205 in lung cancer cell lines with mutant KRAS. A. Growth inhibition of 30%
(Gl,,) analysis of lung cancer cell lines via MTT assay after transfected with indicated doses of miR-1205 or KRAS
siRNA (0.001, 0.01, 0.1, 1, 10 nM) for 72 h, each group data was normalized to the negative control group. B. Cel-
lular viability of lung cancer cell lines via MTT assay after transfected with 10 nM miR-1205 or KRAS siRNA for 72 h,
each group data was normalized to the negative control group. C. Flow cytometry analysis of cell cycle in A549 and
H1975 cells after transfected with miR-1205 mimics or siKRAS or NC for 48 h. D. KEGG pathway analysis of 2835
predicted targets of miR-1205 from TargetScan by using DAVID algorithm, the non-small cell lung cancer related
pathway was shown, which was modified to remove the irrelevant genes. E and F. QRT-PCR and WB analysis of genes
which both were predicted to be targeted by miR-1205 in the KRAS signaling pathway. Data are presented as the
mean + SEM of three independent experiments (* or #P<0.05, ** or ##P<0.01, *** or ###P<0.001).

40]. Additionally, miR-1205 and KRAS siRNA
also downregulated the mRNA of MDM4 and
E2F1 (Figure 2E), indicating the potential tran-
scriptional regulation from KRAS signaling.

MiR-1205 regulated the expression of MDM4
and E2F1 via direct binding and indirect KRAS
signaling inhibition

After screening, we firstly investigated the
effects of MDM4 and E2F1 siRNAs on cellular
viability of A549 and H460 cells. These two
siRNAs knocked down the protein expression
levels of MDM4 and E2F1 well (Figures 3A,
4A), and significantly reduced the cellular via-
bility of A549 and H460 cells (Figures 3B, 4B).
Similarly, miR-1205 dramatically downregulat-
ed the mRNA and protein levels of MDM4
and E2F1 in these two cell lines (Figures 3C
and 3D, 4C and 4D). To confirm the sequen-
ce-dependent interaction between miR-1205
and MDM4, E2F1 mRNA, we constructed psi-
CHECK-2 vectors containing the 3'UTR of
MDM4 and E2F1. As expected, miR-1205 inhib-
ited the luciferase activity of the wild-type
3'UTR of MDM4 (wt 3’UTR, two binding sites),
mutating the two predicted sites of miR-1205
rescued the inhibitory effect of miR-1205 (mut
3'UTR) (Figure 3E and 3F). Surprisingly, miR-
1205 did not change the luciferase activity of
E2F1 3'UTR (Supplementary Figure 4), while
inhibited the luciferase activity of E2F1 coding
sequence in psiCHECK2 vector (E2F1 CDS).
Mutating the B binding site on E2F1 CDS could
rescue the inhibitory effect of miR-1205 (mut B
CDS, Figure 4E and 4F). Similar to KRAS, the
mutant form (mut miR-1205) had no inhibitory
effects on the luciferase activity of the MDM4
3'UTR and E2F1 CDS, genomic deletion of miR-
1205 via CRISPR/CAS9 also increased the pro-
tein levels of MDM4 and E2F1 (Figures 3H, 4H).

To confirm the role of KRAS signaling in the
expression of MDM4 and E2F1, KRAS siRNA
and a p-ERK1/2 specific inhibitor (SCH772984)
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were used and found that knockdown of the
upstream key protein, KRAS, or inhibited the
downstream effector, p-ERK1/2, both marked-
ly and dose-dependently reduced the expres-
sion of MDM4 and E2F1 (Figures 3l and 3J, 4l
and 4J). Forced expression of KRAS apparently
restored the inhibitory effects of miR-1205 on
MDM4 and E2F1 in A549 and H460 cell lines
(Figure 5A). Functionally, overexpressing of
KRAS and MDM4 could rescue the growth inhi-
bition of miR-1205, and overexpressing of E2F1
only had a partial rescuing (Figure 5B-D).

MIiR-1205 suppressed tumor growth in vivo
and negatively correlated with MDM4 and
E2F1 clinically

The in-vivo effect of miR-1205 was evaluated in
nude mice xenografted human lung tumors
derived from A549 cells. The mimics of miR-
1205 and negative control (NC) were separate-
ly packaged into liposomes and were peritu-
morally injected for three times a week.
MiR-1205 markedly reduced the tumor volume
(Figure 6A), and decreased tumor weight
(Figure 6B). 72 h post the final injection, miR-
1205 level was still detectable in the tumor tis-
sue (Figure 6C). The protein levels of KRAS,
ERK2, E2F1 and MDM4 in tumor tissues were
obviously reduced (Figure 6D and 6E). The
expression of MDM4 and E2F1 in paired peri-
tumor and tumor tissues of lung adenocarcino-
ma were compared using TCGA data and clini-
cal samples in our cohort. MDM4 did not show
a higher level in tumor tissues of TCGA, while
significantly increased in the tumor tissues
from our cohort (Figure 6F and 6H). E2F1
showed a marked augment in the tumor tissue
both in TCGA data and our cohort (Figure 6F
and 6H). Correlation analysis found an appar-
ent positive correlation between KRAS and
E2F1, but not MDM4 (Figure 6G), and negative
correlations between miR-1205 and MDM4 (P
=0.4007), E2F1 (P = 0.0275) (Figure 6l).
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Figure 3. MDM4 expression was regulated by miR-1205 via direct 3’'UTR binding and indirect KRAS signaling inhibition. A. MDM4 protein levels in A549 and H460
cells after transfected with siMDM4 or NC for 72 h, 10 nM. B. MTT analysis of A549 and H460 cells transfected with miR-1205 mimics or siMDM4 or NC for 72 h, 10
nM. C and D. QRT-PCR and WB analysis of MDM4 mRNA and protein levels in A549 and H460 cells after transfected with miR-1205. E. Predicted binding between
miR-1205 and matched sequence in the 3'UTR of MDM4. Mutant sequence of miR-1205 (mut miR-1205) and MDM4 3'UTR (mut MDM4 3’UTR with mut A and
mut B) were shown. F. Luciferase activity in cells transfected with miR-1205 and reporter plasmids containing wt or mut MDM4 3’UTR. G. Luciferase activity in cells
transfected with miR-1205 or mut miR-1205 and reporter plasmids containing wt MDM4 3’UTR. H. MDM4 protein level in miR-1205 deleted A549 cells by CRISPR/
CASO. |. A549 or H460 cells were transfected with different dose of siKRAS (5, 10 nM) or NC for 72 h, p-ERK1/2, ERK1/2 and MDM4 protein levels were detected.
J. A549 or H460 cells were treated with SCH772984 (0, 0.1, 1, 10 uM) for 24 h, and analyzed for the expression of p-ERK1/2 and MDM4. Data are presented as
the mean = SEM of three independent experiments (* or #P<0.05, ** or ##P<0.01, *** or ###P<0.001).
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Figure 4. E2F1 expression was regulated by miR-1205 via direct CDS binding and indirect KRAS signaling inhibition. A. E2F1 protein levels in A549 and H460 cells
after transfected with siE2F1 or NC for 72 h, 10 nM. B. MTT analysis of A549 and H460 cells transfected with miR-1205 mimics or siE2F1 or NC for 72 h, 10 nM. C
and D. QRT-PCR and WB analysis of E2F1 mRNA and protein levels in A549 and H460 cells after transfected with miR-1205. E. Predicted binding between miR-1205
and matched sequence in the CDS of E2F1. Mutant sequence of miR-1205 (mut miR-1205) and E2F1 CDS (mut E2F1 CDS with mut A and mut B) were shown. F.
Luciferase activity in cells transfected with miR-1205 and reporter plasmids containing wt or mut E2F1 CDS. G. Luciferase activity in cells transfected with miR-1205
or mut miR-1205 and reporter plasmids containing wt E2F1 CDS. H. E2F1 protein level in miR-1205 deleted A549 cells by CRISPR/CAS9. I. A549 or H460 cells
were transfected with different dose of siKRAS (5, 10 nM) or NC for 72 h, KRAS signaling and E2F1 protein level were analyzed. J. A549 or H460 cells were treated
with SCH772984 (0, 0.1, 1, 10 uM) for 24 h, and analyzed for the expression of p-ERK1/2 and E2F1. Data are presented as the mean + SEM of three independent
experiments (* or #P<0.05, ** or ##P<0.01, *** or ###P<0.001).
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Figure 5. Overexpression of KRAS or E2F1 or MDM4 reverses the function of miR-1205. A. p-ERK1/2, ERK1/2,
MDM4 and E2F1 protein levels were measured by western blot in A549 and H460 cells after transfected with in-
dicated miRNA mimics or plasmids. B and C. MDM4 and E2F1 protein levels were detected after transfected with
indicated miRNA mimics or plasmids. D. MTT analysis of A549 and H460 cells after transfected with indicated
miRNA mimics or plasmids at indicated time points. Data are presented as the mean + SEM of three independent

experiments (*P<0.05, **P<0.01, ***P<0.001).

Discussion

Activation of oncogenes and inactivation of
tumor suppressor genes are the critical factors
in tumor initiation and progression, which
always step-by-step or simultaneously happen
and contribute great synergistic effects on the
advancing of cancer [41, 42]. KRAS is the most
frequently mutated protein in human cancer.
The synergy of oncogenic KRAS and the muta-
tion or loss of tumor suppressor genes such as
p53, EZH2, CDKN2A. etc, drives the occur-
rence, invasion and metastasis of tumor [43-
45]. Besides the cooperation of genomic alter-
ation, oncogenic KRAS also can inactivate
various tumor suppressor genes through its
downstream signaling: transcriptionally upregu-
lating MDM4 via c-ETS-1 [19]; enhancing the
phosphorylation of RB and promoting the
expression of E2Fs [20, 21, 46], while in non-
small cell lung cancer, this synergy has not
been clearly clarified. The present study firstly
confirmed the role of oncogenic KRAS and its
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signaling in MDM4 and E2F1 overexpression in
lung cancer cell lines, and found miR-1205
dually inhibited this synergy and functioned as
a tumor suppressor in vitro and in vivo: miR-
1205 directly bound to the mRNAs of MDM4
and E2F1 and post-transcriptionally repressed
their expression, meanwhile, miR-1205 indi-
rectly suppressed their expression through
inhibiting KRAS signaling.

In our study, KRAS siRNA obviously decreased
the mRNA levels of MDM4 and E2F1, implying
the potential transcriptional regulation by KRAS
signaling on MDM4 and E2F1. In the study of
Daniele and etc., ChIP and luciferase assay
clearly demonstrated that the downstream
transcription factors of ERK2, c-ETS-1 and
ELK-1 bound to the promoter of MDM4 in KRAS
signaling-dependent manner and transcription-
ally regulated the expression of MDM4 [19]. In
addition, miR-1205 and siKRAS reduced MDM4
protein to a similar level, while miR-1205
induced higher phosphorylation of p53 (Figure
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Figure 6. MiR-1205 suppresses tumor growth in vivo and negatively correlated with MDM4 and E2F1 clinically. A.
Tumor growth curves of subcutaneously implanted tumor model in nude mice are shown (n = 6). Tumor volumes
were monitored three times a week and calculated as length x width x width/2. B. Tumor weight was recorded at
the day of experiment termination. C. MiR-1205 level was detected by qRT-PCT using TagMan MicroRNA assay kit.
D and E. KRAS signaling, MDM4 and E2F1 protein levels of NC group and miR-1205 group were detected and ana-
lyzed. F. Statistical analysis of the data from TCGA database for MDM4 and E2F1 expression in lung cancer tissues.
The MDM4 and E2F1 mRNA expression level was compared between tumor and adjacent tumor tissue samples
(n = 57). G. Spearman’s correlation analysis of the correlation between KRAS mRNA and MDM4 or E2F1 mRNA
expression level. H. QRT-PCR was used to measure the MDM4 and E2F1 mRNA expression in clinical lung cancer
tissue pairs (n = 20). I. Spearman’s correlation analysis of the correlation between the miR-1205 and MDM4 or
E2F1 mRNA expression level in lung cancer tissues. Data are presented as the mean + SEM of three independent
experiments (*P<0.05, **P<0.01, ***P<0.001).

2F), which might be due to the multi-target
characteristic of microRNA and multiple signal-

ing ways tightly regulating p53 such as ATM/
ATR, PHF1, etc. [47, 48].
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The influence of RAS signaling on E2F1 mRNA
has been reported multiple times [40, 49].
Knockdown KRAS by siRNA or inactivating RAS
by farnesyl thiosalicylic acid downregulated the
mMRNA level of E2F1 [20, 49]. Overexpression of
KRAS upregulated E2F1 mRNA [40]. MAPK sig-
naling inhibitors including U0126 (ERK2 inhibi-
tor) and cobimetinib (MEKs inhibitor) could
decrease the transcript of E2F1 [49, 50]. The
previous work strongly indicated the potential
that the expression of E2F1 is dependent on
the RAS-ERK1/2 activity; however, the interme-
diates between ERK1/2 and E2F1 are still
unknown, the precise regulation mechanisms
of ERK1/2 on E2F1 need more work.

Both our and Daniele’s work strongly demon-
strated the role of RAS signaling in MDM4 tran-
scription in cancer cell lines [19]. While this
study did not find a distinct correlation between
the expression levels of MDM4 mRNA and
KRAS mRNA or miR-1205. MDM4 gene gener-
ates two alternative transcripts through includ-
ing or skipping of exon 6. One containing exon 6
encodes a full-length MDM4 protein (MDM4-
FL), whereas the second alternative transcript
with the skipping of exon 6, encodes a short
carboxy-truncated MDM4 protein (MDM4-S)
[51]. Mice engineered for an Mdm4 exon 6
skipping exhibited increased p53 activity and
Mdm4-FL decrease [52]. In the heterozygous
mice, the mRNA levels of Mdm4-S were higher
than Mdm4-FL, but Mdm4-FL protein was much
more abundant than Mdm4-S, implying the
potential post-transcriptional negative regula-
tion of Mdm4-S, and the skipping of MDM4
exon 6 may be a post-transcriptional mecha-
nism to decrease the protein level of MDM4-FL.
Consistently, in melanoma cells where MDM4
protein is often overexpressed, there is no cor-
relation between MDM4 protein levels and total
MDM4 mRNA levels [53]. The mechanism that
underlies MDM4 upregulation in different can-
cer cells depends on a specific alternative splic-
ing switch promoting exon 6 inclusion [54], and
this mechanism may influence the outcome of
correlation analysis using mRNA level of MDM4
in this study.

In conclusion, our study identified that miR-
1205 was down-regulated in NSCLC and sup-
pressed tumor growth by targeting KRAS,
MDM4 and E2F1 in a dual inhibition way, which
provide a rationale for the development of hsa-
miR-1205 as a potential therapeutic target
against NSCLC.
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Supplementary Figure 1. MiR-1205 expression level is negatively correlated with KRAS expression in lung cancer
cell lines. A. KRAS protein expression in 8 kinds of lung cell lines was detected by western blot assay. B. MiR-1205
expression in these 8 kinds of lung cell lines was detected by qRT-PCR. C. Spearman’s correlation analysis of the
correlation between the miR-1205 and KRAS protein expression level in these 8 kinds of lung cell lines.
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Category  # Term 4 RT | Genes | Counts| % ¢ P-Value Benjamini &
KEGG_PATHWAY Signaling pathways regulating_pluripotency of stem cells RT & 34 1.2 7.6E-4 2.0E-1
KEGG_PATHWAY wnt signaling pathway RT & 32 1.1 2.56-3  3.0E-1
KEGG_PATHWAY Melanogenesis RT & 25 0.9 3.0E-3 2.5E-1
KEGG_PATHWAY Chemical carcinogenesis RT & 21 0.7 3.9E-3  2.5E-1
KEGG_PATHWAY Hippo signaling pathway RT & 33 1.2 5.56-3  2.7E-1
KEGG_PATHWAY Estrogen signaling pathway, RT & 24 0.8 S5.56-3  2.3E-1
KEGG_PATHWAY Ras signaling_pathway —eg— RT & 45 16 6.7E-3  2.4E-1
KEGG_PATHWAY Glycerophospholipid metabolism RT & 23 0.8 6.8E-3  2.2E-1
KEGG_PATHWAY Endocytosis RT & 50 1.8 7.26-3  2.1E-1
KEGG_PATHWAY ntral n m lism in cancer RT & 17 0.6 9.3E-3 2.4E-1
KEGG_PATHWAY Aldosterone synthesis and secretion RT & 20 0.7 1.0E-2 2.3E-1
KEGG_PATHWAY Proteoglycans in cancer RT = 40 14 1.0E-2  2.2E-1
KEGG_PATHWAY Basal cell carcinoma —~eal— RT & 15 0.5 1.26-2 2.4E-1
KEGG_PATHWAY TNF signaling_pathway, RT & 24 0.8 1.3E-2  2.3E-1
KEGG_PATHWAY Rap1 signaling_pathway RT & 41 1.4 14E-2  2.3E-1
KEGG_PATHWAY holine m lism in cancer RT & 23 0.8 1.4E-2 2.3E-1
KEGG_PATHWAY HTLV-I infection RT & 48 1.7 1.56-2  2.3E-1
KEGG_PATHWAY Pathways in cancer —ei— RT = 69 2.4 1.6E-2  2.2E-1
KEGG_PATHWAY Axon guidance RT & 27 1.0 1.8E-2 2.4E-1
KEGG_PATHWAY FoxO signaling pathway RT & 28 10 2.0E-2  2.5E-1
KEGG_PATHWAY Renal cell carcinoma ~ag— RT & 16 0.6 2.4E-2  2.8E-1
KEGG_PATHWAY Glioma —eg— RT & 16 0.6 2.4E-2  2.8E-1
KEGG_PATHWAY Oxytocin signaling_pathway RT & 31 1.1 3.1E-2  3.4E-1
KEGG_PATHWAY Glycosphingolipid biosynthesis - globo series RT & 6 0.2 3.1E-2  3.3E-1
KEGG_PATHWAY Regulation of lipolysis in adipocytes RT & 14 0.5 3.26-2  3.3E-1
KEGG_PATHWAY GnRH signaling_pathway. RT & 20 0.7 3.3E-2  3.2E-1
KEGG_PATHWAY Ec epsilon RI signaling pathway RT & 16 0.6 3.56-2  3.2E-1
KEGG_PATHWAY Drug_metabolism - cytechrome P450 RT & 16 0.6 3.56-2  3.2E-1
KEGG_PATHWAY CGMP-PKG signaling_pathway, RT & 32 1.1 3.56-2  3.2E-1
KEGG_PATHWAY Metabolism of xenobiotics by cytochrome P450 RT & 17 0.6 3.56-2  3.1E-1
KEGG_PATHWAY Calcium signaling_pathway RT & 34 1.2 3.6E-2 3.0E-1
KEGG_PATHWAY Glucagon signaling pathway RT & 21 0.7 3.9E-2  3.2E-1
KEGG_PATHWAY ErbB signaling pathway RT & 19 0.7 4.0E-2  3.1E-1
KEGG_PATHWAY Amphetamine addiction RT & 15 0.5 S5.4E-2  3.9E-1
KEGG_PATHWAY Dopaminergic synapse RT & 25 0.0 5.6E-2  4.0E-1
KEGG_PATHWAY VEGE signaling_ pathway, RT & 14 0.5 6.0E-2  4.1E-1
KEGG_PATHWAY Gastric acid secretion RT & 16 0.6 6.0E-2  4.0E-1
KEGG_PATHWAY Cholinergic synapse T & 22 0.8 6.5E-2 4.2E-1
KEGG_PATHWAY Acute myeloid leukemia RT & 13 0.5 6.7E-2  4.2E-1
KEGG_PATHWAY Non-small cell lung cancer —eg— RT & 13 0.5 6.76-2  4.2E-1
KEGG_PATHWAY Osteoclast differentiation T & 25 0.9 7.0E-2  4.2E-1
KEGG_PATHWAY Insulin signaling_pathway, RT & 26 0.9 7.3E-2  4.3E-1
KEGG_PATHWAY Hepatitis B RT & 27 1.0 7.6E-2  4.3E-1
KEGG_PATHWAY Regulation of actin cytoskeleton RT & 37 1.3 7.86-2  4.3E-1
KEGG_PATHWAY Sphingplipid signaling_pathway RT & 23 0.8 8.0E-2 4.4E-1
KEGG_PATHWAY Adrenergic signaling_in cardiomyocytes RT & 27 1.0 8.1E-2  4.3E-1
KEGG_PATHWAY Thyroid hormone synthesis RT & 15 0.5 8.2E-2 4.3E-1
KEGG_PATHWAY Steroid hormone biosynthesis RT & 13 0.5 8.3E-2  4.3E-1
KEGG_PATHWAY mTOR signaling_pathway. RT & 13 0.5 8.36-2 4.3E-1
KEGG_PATHWAY Melanoms ~al— RT & 15 0.5 9.0E-2  4.4E-1
KEGG_PATHWAY D-Glutamine and D-glutamate metabolism RT & 3 0.1 9.0E-2 4.4E-1
KEGG_PATHWAY Pancreatic cancer —al— RT & 14 0.5 9.1E-2  4.4E-1
KEGG_PATHWAY TGE-beta signaling_pathway RT & 17 0.6 9.4E-2  4.4E-1
KEGG_PATHWAY Bacterial invasion of epithelial cells RT & 16 0.6 9.6E-2  4.4E-1

Supplementary Figure 2. KEGG pathway analysis of predicted targets of miR-1205 from TargetScan by DAVID al-
gorithm.

2



Tumor suppressor role of miR-1205 via multiple targets

| Ras sIGNALING paTHwaY |

(Effectors)
aDP WSt |+ Matt ]
___________________ A togis,
(imactive) 5 [t ) s Cflrgy:s:mrﬂ
&l v
Regulation of
B \\ ™ (GAPs) actin cytoskeleton
NN L we— ) AR """ T e g Cytoskelston organization
EF5 \\\\ Gl modity
R S\ .
[Csc_ ] ¥ewra ] NN |
- . \\\\ | Gellurvil
Py cf N FrEGi |0 :—-bgiﬁﬁfg&'.m
3 ell ¢ SN
————— »[EEr o+ Wagmml— — [

MHC/Antigre—®
. ~ &/ e -—————————————— - = * Cell-csll junctions
SN N
: _ e RN MAPK signnlirg L |
J\\\\\ ~ \\ pathway
N - "»

N % (R -»-4 g

: oo P |

)
o P

(Effectors)

Supplementary Figure 3. Gene annotation enrichment of miR-1205 targets in RAS signaling pathway.
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Supplementary Figure 4. MiR-1205 had no inhibitory effect on the reporter plasmids containing wt E2F1 3’UTR.



