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Abstract. Lung cancer (LC) and pancreatic cancer (PC) are 
the first and fourth leading causes of cancer‑related deaths in 
the US. Deregulated cell cycle progression is the cornerstone 
for rapid cell proliferation, tumor development, and progres‑
sion. Here, we provide evidence that a novel combinatorial 
miR treatment inhibits cell cycle progression at two phase 
transitions, through their activity on the CDK4 and CDK1 
genes. Following transfection with miR‑143 and miR‑506, 
we analyzed the differential gene expression of CDK4 and 
CDK1, using qPCR or western blot analysis, and evaluated 
cell cycle inhibition, apoptosis and cytotoxicity. The combi‑
natorial miR‑143/506 treatment downregulated CDK4 and 
CDK1 levels, and induced apoptosis in LC cells, while sparing 
normal lung fibroblasts. Moreover, the combinatorial miR 
treatment demonstrated a comparable activity to clinically 
tested cell cycle inhibitors in inhibiting cell cycle progression, 
by presenting substantial inhibition at the G1/S and G2/M cell 
cycle transitions. More importantly, the miR‑143/506 treatment 
presented a broader application, effectively downregulating 
CDK1 and CDK4 levels, and reducing cell growth in PC cells. 
These findings suggest that the miR‑143/506 combination acts 
as a promising approach to inhibit cell cycle progression for 
cancer treatment with minimal toxicity to normal cells.

Introduction

Despite the recent developments in novel therapeutics and 
improvements in early detection, the 5‑year survival rates for 
lung cancer (LC) and pancreatic cancer (PC) patients remain 

at 19 and 9%, respectively. To date, these two diseases are 
the first and fourth most common cancer‑related deaths in 
the US (1). These data establish the magnitude of the clinical 
problem, underlying the need for identifying novel therapeutic 
approaches.

Dysregulated cell cycle progression and rapid cell prolif‑
eration is a common attribute of cancer cells (2,3). In normal 
cells, the sequential progression through the stages of the cell 
cycle is regulated by the differential expression and activation 
of proteins, with cyclins and cyclin‑dependent kinases (CDKs) 
playing a central role  (4). The activity of the cyclin/CDK 
complexes prevents the premature entry of cells into the cell 
cycle and ensure its appropriate progression. In cancer cells, 
these highly conserved pathways are believed to enable the 
viability of cancer cells in the face of deregulated cellular 
proliferation (5) and consequently have been identified as ther‑
apeutic targets for cancer treatment (4). For example, numerous 
clinical trials have taken place using molecules that inhibit the 
activity of CDKs and block cell cycle progression. Recently, 
three such molecules (ribociclib, palbociclib and abemaciclib) 
were approved for the treatment of hormone receptor‑positive, 
epidermal growth factor receptor 2 (EGFR2)‑negative meta‑
static breast cancer (6‑12).

G1/S transition of the cell cycle is associated with the 
activity of CDK4/6. In LC, CDK4 has an elevated expression, 
which negatively correlates to prognosis (13), while CDK6 
has been reported to be either upregulated or downregulated 
in different subtypes of LC (14). Early research on halting 
G1/S cell cycle transition using CDK4 inhibition has been 
promising, with induced apoptotic activity and tumor growth 
inhibition (15,16). Unfortunately, clinical trials have indicated 
that CDK4/6 monotherapy is unlikely to exert sufficient thera‑
peutic outcomes, even in cases with CDK4/6 activation (17).

Similar to LC, PC displays a broad spectrum of genetic 
alterations that drive the cancer phenotype and supports uncon‑
trolled proliferation. For example, activating KRAS, observed 
in >90% of cases  (18,19), drives deregulated proliferation 
and activates survival signals, but can also elicit replication 
stress, induction of reactive oxygen species, and promote 
oncogene‑induced senescence (20,21). Rapid proliferation and 
deregulated cell cycle progression are also observed in PC, 
which is associated with the activation of the CDKs (22). CDKs 
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are upregulated in PC, and their expression is also negatively 
correlated with chemoresistance and prognosis (23). Efforts to 
regulate the cell cycle in PC through CDK inhibitors, focusing 
primarily on halting the G1/S transition have taken place (22). 
Still, PC exhibits intrinsic resistance to CDK4/6 inhibition 
mediated through a KRAS‑dependent response and blocking 
of the Rb tumor suppressor activity (23,24), which can also 
lead to increased metastatic potential (25).

Thus, although inducing a G1/S transition halt can be a 
promising approach for cancer treatment, combination thera‑
pies targeting complementary modulators of the cell cycle are 
required to overcome these limitations in LC and PC (26). 
During cell cycle progression, transitioning from G2 to M phase 
is a crucial step for the successful mitosis process. CDK1 is a 
critical protein for that transition and the completion of cell 
cycle progression (8,27,28). Furthermore, CDK1 expression is 
increased in LC and PC samples, with a negative correlation to 
survival rates (29‑31), also classifying this protein as a predic‑
tive biomarker and potential target for treatment in these two 
cancers (29,32). Targeting two cell cycle transitions, at the G1/S 
and G2/M represents a highly significant strategy for LC and 
PC therapy.

miR‑based therapeutics have emerged as promising mRNA 
regulators for cancer treatment, capable to control multiple cell 
functions (33). In particular, the miR combination of miR‑143 
and miR‑506 inhibits the cell cycle progression in two phase 
transitions, through downregulation of CDK1, CDK4 and 
CDK6, and causes strong apoptotic activity, as we recently 
reported (34,35). Here, we report on the combinatorial treat‑
ment effect of these two miRs downregulating CDK1, CDK4 
and CDK6, and inhibiting cell growth in LC and PC cells. Our 
analysis reveals the efficacy and activity of the combinatorial 
miR‑143/506 treatment with broader implications in LC and PC.

Materials and methods

Materials. Cell culture reagents were obtained from GibcoTM 
(Thermo Fisher Scientific, Inc.) and VWR International, 
LLC. miR‑143‑3p and miR‑506‑3p mimics were purchased 
from ABM. Negative control scramble‑siRNA was purchased 
from Ambion. Opti‑MEM and Lipofectamine 2000 reagent 
were obtained from Thermo Fisher Scientific, Inc., and the 
Quick‑RNA miniprep kit was obtained from Zymo Research. 
Rabbit polyclonal anti‑human CDK1 (dilution: 1:10,000; 
product #ab140847), rabbit monoclonal anti‑human CDK4 
(dilution: 1:2,000; product #ab108357), rabbit polyclonal 
anti‑human β‑tubulin (dilution: 1:500; product #ab6046), and 
goat anti‑rabbit IgG H&L (HRP) secondary (dilution: 1:10,000; 
product #ab97051) antibodies were purchased from Abcam. 
Other chemicals and kits were purchased from Thermo 
Fisher Scientific, Inc., VWR, or Sigma‑Aldrich/Merck KGaA. 
H69‑AR, Calu3, H358, and H1975 LC cell lines, normal 
fibroblast cell line HFL‑1, MIA‑Paca‑2, and Panc‑1 PC cell 
lines were obtained from and cultured according to ATCC. 
Cells were accordingly cultured with DMEM, F12K media, or 
RPMI‑1640 media supplemented with 10% fetal bovine serum 
(FBS) and 1% penicillin/streptomycin, at 37˚C with 5% CO2.

Cell culture and transfection. We transfected the respec‑
tive cells with miR‑143(‑3p), and miR‑506(‑3p) mimics or 

scrambled siRNA, using Lipofectamine 2000, following the 
manufacturer's protocol and as previously described (34,35). 
Briefly, H358 and H1975 LC cells were cultured in RPMI 
medium. MIA‑Paca‑2 and Panc‑1 PC cells were cultured in 
DMEM supplemented with 10% fetal serum and 1% peni‑
cillin/streptomycin. Although these cells lines were not 
authenticated in our laboratory they were characterized by 
cell morphology and growth rate, and cultured in our labora‑
tory less than six months after being received. For different 
experiments, the cells were seeded overnight in T25  cm2 
flask/6well/96‑well plates, accordingly, and we transfected 
them with the respective miR mimics or scramble at 100 nM 
using Lipofectamine 2000, for 6 h, and the media were subse‑
quently replaced with fresh media for incubation of up to 48 h.

Quantitative real‑time qPCR (qPCR) analysis. We isolated total 
RNA using the Quick‑RNA Miniprep kit and used Verso cDNA 
Synthesis Kit to develop complementary DNA to performed 
quantitative RT‑qPCR using PowerUP SYBR‑Green Master 
Mix (Applied Biosystems/Thermo Fisher Scientific, Inc.), as 
previously described (34,35). In Table SI, we present the primer 
sequences used for the detection of CDK1, CDK4, CDK6, and 
CYPA. We normalized all of the results to the untreated cells 
and calculated differential gene expression using the ‑ΔΔCq 
method  (36). Scrambled siRNA with Lipofectamine were 
used as a negative control. All P‑values are in comparison to 
untreated (control) samples unless stated otherwise.

Western blot analysis. We performed western blot (WB) 
analysis on protein extracts from H358, H1975, MIA‑Paca‑2, 
and Panc‑1 cells, following previously established proto‑
cols (34,35). Briefly, protein extracts from the cells transfected 
with miR‑143 and/or miR‑506 for 24 and/or 48  h were 
aliquoted. We used 10‑12% (w/v) polyacrylamide gel elec‑
trophoresis to separate proteins according to their size and 
transferred them to PVFD membranes, followed by incuba‑
tion with the respective antibodies to detect CDK1, CDK4 
or β‑tubulin. After incubation at room temperature with the 
secondary antibody, we identified the protein bands using 
chemiluminescent substrate, visualized under a Chemidoc 
imaging system (Bio‑Rad Laboratories, Inc.). We performed 
the histogram analysis using BioRad Image Lab V‑6.0 soft‑
ware (Bio‑Rad Laboratories, Inc.).

Cell cycle assay. We performed the cell cycle analysis using 
a flow cytometric technique, as previously described (34,35). 
Brief ly, we stained cells with propidium iodide (PI) 
(MP  Biomedicals, LLC) and analyzed the cells using a 
BD FACSCalibur Flow Cytometer, with Cellquest Pro soft‑
ware (BD Biosciences). We measured 10,000 events of the 
gated population. We identified the percentage of cell distri‑
butions in the various cell cycle phases using ModFit LT 5.0 
(Verity Software House).

Apoptosis assay. We harvested H358, H1975, and HFL‑1 
cells 24 or 48 h after transfection with miR‑143 and miR‑506, 
at  100  nM, as described above, and stained them with 
FITC‑Annexin V and PI, as previously described  (34,35). 
Subsequently, we analyzed the samples using a BD 
FACSCalibur Flow Cytometer to determine apoptotic behavior 
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due to treatment. We measured 10,000 events of the gated 
population. Untreated cells and cells treated with scrambled 
siRNA (at 200 nM) with Lipofectamine were used as negative 
controls.

Cell proliferation. Twenty‑four hours after transfection, the 
cells were seeded in 96‑well plates at a density of 2,000 cells 
per well. Cell proliferation was determined after 48 h, using 
the reduction of 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltet‑
razolium bromide dye (MTT), according to the manufacture's 
protocol (Millipore Sigma).

Statistical analysis and database sources. We performed 
one way analysis of variance (ANOVA) followed by post 
hoc Tukey's test to determine the significance of differences 
among groups, unless otherwise specified. We present the 
mean values ± standard errors; P‑values <0.05 were consid‑
ered statistically significant. We used two database sources 
to acquire gene expression relevant information in human 
patients. Data from the Pan‑Cancer Analysis, utilizing the 
ENCORI Platform (http://starbase.sysu.edu.cn/panCancer.
php) were used to determine gene expression in human cancer 
and normal tissues (37,38). Data from Protein Atlas were used 
to determine survival probability vs. gene expression in patients 
(http://www.proteinatlas.org; v19.proteinatlas.org) (39,40).

Results

CDK1 and CDK4 are upregulated while miR‑143 and miR‑506 
are downregulated in LC cell lines compared to normal 
human fetal lung fibroblasts. We quantified the relative gene 
expression levels of CDK1 and CDK4, using qPCR, in a panel 
of LC cell lines and compared them to a normal human fetal 
lung fibroblast cell line, HFL‑1. As shown in Fig. 1A and B, 
both CDK1 and CDK4 expression were significantly higher in 
all of the tested LC cell lines (P<0.05), compared to HFL‑1, 
except in the case of CDK1 and CDK4 expression in A549 
cells and CDK1 expression in H358 cells, which did not 
achieve significant difference compared to the normal cell 
line. Specifically, the highest upregulation of CDK1 was in 
the H69‑AR cell line (4.1‑fold increase vs. HFL‑1; P<0.001), 
while A549 cells had the lowest levels among the different LC 
cell lines (1.8‑fold increase). In contrast, H358 had the highest 
levels of CDK4 (4.8‑fold increase vs. HFL‑1; P<0.05), while 
A549 also had the lowest levels of CDK4 among the tested 
cancer cell lines, without achieving significant difference to 
HFL‑1.

Similarly, we quantified the expression of miR‑143‑3p and 
miR‑506‑3p in the LC cell lines, using qPCR, and compared 
their expression to the normal cell line HFL‑1 (Fig. 1C and D). 
Our analysis indicated a strong and consistent downregulation 
of miR‑143 in the LC cell lines (all P<0.001) compared to 
HFL‑1, which aligns with previous reports (41). In contrast, 
miR‑506 had a variable expression among the different LC 
cell lines, being significantly lower in A549 (71% downregu‑
lation; P<0.001), H69‑AR (77% downregulation, P<0.001), 
H1975 (81% downregulation; P<0.001) and Calu‑3 (45% 
downregulation, P<0.01) compared to the HFL‑1 cell line. 
H358 had approximately similar levels of the gene to HFL‑1. 
Processing data from the Pan‑Cancer Analysis, utilizing 

the ENCORI Platform, we determined the relative expres‑
sion of CDK1, CDK4, miR‑143, and miR‑506 genes in lung 
adenocarcinomas (LUAD) vs. normal tissues (37,38). Briefly, 
to acquire the relative expression between the LUAD and 
normal tissue, we used the Starbase website (http://starbase.
sysu.edu.cn/panCancer.php) and looked for the relative gene 
expression by selecting the mRNA or miRNA expression. 
miR‑143‑3p was found to be relatively lower in the cancer 
samples (median: 15.4) compared to the normal samples 
(median: 18.6; Fig. 1E), while miR‑506‑3p had low expression 
but similar levels between cancer (median: ‑6.6) and normal 
samples (median: ‑6.6; Fig. 1F). The expression of CDK1 
was higher in the cancer samples (median: 2.7) compared to 
the normal samples (median: 0.4; Fig. 1G), as well as CDK4 
was elevated in the cancer samples (median: 4.4) compared to 
the normal samples (median: 3.6; Fig. 1H). These data align 
with our presented analysis of the expression of these genes. 
Moreover, using the Protein atlas database, we identified a 
negative correlation between the protein expression for CDK1 
and CDK4 vs. median survival in patients with lung adenocar‑
cinomas (Fig. 1I and J).

Combinatorial treatment with miR‑143 and miR‑506 down‑
regulates the CDK1, CDK4, and CDK6 mRNA and protein 
expression in cancer cell lines. We transfected the H358 and 
H1975 cells with the combinatorial treatment of miR‑143/506 
at 100 nM using Lipofectamine, and analyzed the CDK1, CDK4, 
and CDK6 gene expression, using qPCR at 24 and 48 h post‑trans‑
fection. The chosen two cell lines carry driver mutations that can 
complement and correlate with our previously published work 
on A549 cells (34,35). The treatment downregulated these three 
genes compared to the untreated or scramble‑treated (negative 
control) groups in both of the cell lines (Fig. 2). In H1975 cells, 
the combinatorial treatment downregulated the CDK1, CDK4 
and CDK6 genes by 38% (no significance), 68% (P<0.05) and 
63% (P<0.05) at 24 h, respectively, and by 54% (P<0.05), 61% 
(P<0.05) and 35% (P<0.05) at 48 h, respectively, compared to 
the untreated control. In H358 cells, the combinatorial treatment 
downregulated the CDK1, CDK4 and CDK6 genes by 36% (no 
significance), 54% (P<0.01) and 27% (no significance) at 24 h, 
respectively, and by 73% (no significance), 85% (P<0.01), 85% 
(P<0.01) at 48 h, respectively, compared to the untreated control. 
Interestingly, in H358 cells, CDK1 was only significantly 
downregulated when compared to the scramble control at 24 h. 
Fig. 2 also shows detailed analysis on comparison against the 
scramble controls.

WB analysis confirmed the downregulation of CDK1 and 
CDK4 by miR‑143/506 transfection. Briefly, the combinatorial 
treatment significantly reduced the expression levels of both 
CDK1 and CDK4 proteins after 48 h in both H358 and H1975 
cell lines (Fig. 3). Compared to the untreated control at 48 h, 
we observed a 60% (no significance) and 46% (P<0.05) down‑
regulation of CDK1 and CDK4 genes, respectively, in H358 
cells, and a 58% (P<0.01) and 68% (P<0.01) downregulation 
of CDK1 and CDK4, respectively, in H1975 cells. Compared 
to scramble treatment at 48 h, we observed a 66% (P<0.05) 
and 49% (P<0.05) downregulation of CDK1 and CDK4 genes, 
respectively, in H358 cells, and a 51% (P<0.01) and 77% 
(P<0.001) downregulation of CDK1 and CDK4, respectively, 
in H1975 cells. Of note, treatment with scrambled siRNA at 
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Figure 1. CDK1, CDK4, miR‑143, and miR‑506 expression in LC cells and LC tissue samples. Higher CDK1 and CDK4 expression levels are associated 
with poor prognosis in patients with LC adenocarcinomas. We detected the (A) CDK1, (B) CDK4, (C) miR‑143, and (D) miR‑506, levels in a panel of LC 
cell lines and compared them to the normal human fetal lung fibroblasts HFL‑1, through qPCR. U6 RNA and GAPDH were used as reference genes, where 
applicable. (E‑H) We assessed the relative expression of the same genes in tumor and normal tissues using the ENCORI Pan‑Cancer Analysis Platform. 
(I and J) Kaplan‑Meier plots were generated from patient survival using data from the Proteinatlas database (v19.proteinatlas.org/humancell). ***P<0.001; 
**P<0.01; *P<0.05 compared to HFL‑1 cell line. CDK, cyclin‑dependent kinase; LC, lung cancer.
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equimolar concentrations did not significantly alter the expres‑
sion of the studied genes.

We next evaluated the effect of the individual miRs, as 
well as their combinatorial treatment in human PC cells 
(Fig. 4A and B). Forty‑eight hours post‑transfection with 
100 nM miR‑143, CDK1 levels were significantly reduced by 
66% (P<0.001) in Panc‑1 and 44% (P<0.01) in MIA‑PaCa‑2 
cells. miR‑143 did not affect CDK4 levels in both of the 
pancreatic cell lines. Following treatment with equimolar 
miR‑506, CDK4 levels were significantly reduced by 52% 
(P<0.05) in Panc‑1 cells and 57% (P<0.001) in MIA‑PaCa‑2 
cells. Interestingly, miR‑506 reduced CDK1 levels by 43% 
(P<0.001) in Panc‑1 cells and 23% (P<0.05) in MIA‑PaCa‑2 
cells. The combination of miR‑143 and miR‑506 reduced 
CDK1 levels by 70 and 88% (P<0.001 for both) in Panc‑1 
and MIA‑PaCa‑2 cells, respectively. Moreover, the combina‑
torial miR treatment reduced CDK4 levels by 58% (P<0.05) 
and 56% (P<0.001) in Panc‑1 and MIA‑PaCa‑2 cells, respec‑
tively.

miR‑143 and miR‑506 combinatorial treatment increased 
the G0/G1 and G2 cell populations. We evaluated the cell 
cycle regulatory effect of miR‑143/506 combination using 
flow cytometry in H1975 and H358 cell lines. We transfected 
the cells, as described above, and performed the PI staining 
method to analyze the cell cycle phase of the cells. For 
comparison, we utilized two cell cycle inhibitors, ribociclib 
at 3 µM (42,43) and flavopiridol at 100 nM (44,45). Ribociclib 
is an FDA‑approved, clinically used CDK4/6 inhibitor, and 
flavopiridol is a clinically tested CDK1, CDK2, CDK4, and 
CDK7 inhibitor (43,44,46).

Our analysis on H358 cells indicated that the combinato‑
rial treatment significantly increased the G0/G1 cell population 
(53.5 and 63%; all values in parenthesis indicate the percent of 
the specific population to the total) compared to the untreated 
(46 and 44%; P<0.001) and scramble (49.5 and 45.5%; P<0.001) 
control groups, at both 24 and 48 h, respectively. Interestingly, 
ribociclib more robustly increased the G0/G1 cell population 
(70.5%; P<0.001) at 24 h compared to the miR treatment. In 
contrast, ribociclib had significantly lower G0/G1 cell popula‑
tion (52%; P<0.01) at 48 h compared to the miR treatment, 
which indicates a potentially prolonged inhibition of the 
cell cycle progression due to the miR treatment compared to 
ribociclib. Flavopiridol decreased the G0/G1 phase population 
(42.5%; P<0.05) at 24 h, while it increased the G0/G1 popu‑
lation (52%; P<0.05) at 48 h, compared to untreated control. 
However, in both time points, the combinatorial treatment 
more potently increased the G0/G1 populations compared to 
flavopiridol (P<0.01). The combinatorial treatment did not 
alter the cell population at the S phase (26%), compared to 
the control (29.5%; no significance) at 24 h, but decreased the 
S phase population (13%) compared to the control (39.5%; 
P<0.01) at 48 h. Ribociclib treatment decreased the cell popu‑
lation in the S phase (14%; P<0.01), compared to the untreated 
control at 24 h, while the decrease in the S phase population 
was less potent (28%; P<0.01) at 48 h. In contrast, flavopiridol 
modestly increased the S phase population (38%) compared to 
the untreated (no significance) at 24 h, and lowered the S phase 
population (25.5%; P<0.05) compared to the untreated control 
group at 48 h. No significant changes were observed for any 
treatment for both time points at the G2 cell populations, 
with the exception of ribociclib reducing the G2 population 
(15.5%) compared to the untreated control (24.5%, P<0.05) at 
24 h (Fig. 5).

Our analysis on H1975 indicated that the combinatorial 
miR treatment increased the G0/G1 phase cell population 
(60 and 57%) compared to the untreated control (46 and 
54%) at 24 (P<0.001) and 48 h (no significance), respectively. 
In comparison to the scramble control though, a significant 
increase in the G0/G1 was observed for the combinatorial miR 
treatment for both time points (P<0.001). Unlike H358 cells, 
we did not observe any significant increase in the G0/G1 phase 
population due to ribociclib treatment (61%; no significance) 
compared to the combinatorial treatment at 24 h, though this 
was higher (64%; P<0.05) at 48 h. In both time points, riboci‑
clib increased the G0/G1 cell population compared to untreated 
control (P<0.01). Flavopiridol did not produce a significant 
difference compared to the combinatorial miR treatment at 
the G0/G1 phase cell populations (60 and 59% at 24 and 48 h, 
respectively). However, it was higher compared to the untreated 
controls (P<0.05), at both 24 and 48 h. The combinatorial treat‑
ment reduced the S phase population at 24 h (21%) compared 
to the untreated (42%; P<0.001) and scramble controls (38%; 
P<0.01). In contrast, the combinatorial treatment did not alter 
the S phase population (28%) compared to the untreated 
control (33%; no significance) at 48 h, but lowered the S phase 
population compared to the scramble control (40%; P<0.01). 
The combinatorial miR treatment more potently reduced the 
S phase population compared to ribocliclib (29%; P<0.05) at 
24 h, but ribociclib more potently reduced the S phase popu‑
lation (17%) compared to the combinatorial miR treatment 

Figure 2. Relative CDK1, CDK4, and CDK6 downregulation following 
miR‑143/506 combinatorial treatment. The analysis of H1975 and H358 LC 
cells treated with 100 nM miR‑143/506 combination using qPCR, for the 
expression of the 3 CDKs, indicated strong downregulation of the three genes. 
**P<0.01; *P<0.05 compared to the control; ##P<0.01; #P<0.05 compared to the 
scramble. CDK, cyclin‑dependent kinase; LC, lung cancer.
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(28%; P<0.01) at 48 h. For both time points, flavopiridol did not 
demonstrate significant differences compared to the combina‑
torial treatment. Both CDK‑inhibitors decreased the S phase 
populations significantly compared to the respective untreated 
controls for both time points. Finally, at 24 h, the combinato‑
rial miR treatment increased the G2 phase population (18.5%) 
compared to the untreated control (13%; P<0.05), scramble 
control (12%; P<0.05), which was similar to flavopiridol 
(21%; no significance compared to combinatorial treatment) 
and significantly higher compared to ribociclib (10%; P<0.05 
compared to combinatorial miR treatment; Fig. 5). At 48 h, 

no significant differences were observed among any of the 
groups. Detailed data on the cell cycle cell distributions are 
presented in Table I.

The miR‑143/506 combination induces apoptotic activity in 
LC cells, but has a lesser effect on normal lung fibroblasts, 
and reduces PC cell growth. We investigated the capacity of 
the combinatorial miR‑143 and miR‑506 treatment to induce 
apoptosis in H358 and H1975 LC cell lines, as well as in the 
normal human fetal lung fibroblast HFL‑1 cells, using flow 
cytometry and Annexin V/PI (Fig. 6). Our analysis indicated 
that the combinatorial miR‑143/506 treatment strongly induced 
apoptosis in both LC cell lines. In contrast, the apoptotic 
activity in the normal cell line was more modest and peaked 
at 24 h. Detailed information for all cell populations is docu‑
mented in Table SII, as here we focus on the late apoptotic and 
necrotic populations.

Briefly, in the H358 cells and at 24 h, the combinatorial miR 
treatment increased (33%) the late apoptotic and necrotic cell 
populations compared to the untreated (11%, P<0.001) and the 
scramble controls (14.63%, P<0.01). At 48 h, the miR‑143/506 
treatment induced more potent apoptotic activity, where the 
majority of the cells were in the late apoptotic and necrotic 
populations (50%) compared to the untreated control (10%; 
P<0.01) and the scramble control (24%; P<0.05).

Comparably, in the H1975 cells and at 24 h, our analysis 
indicated that the combinatorial treatment induced an 
increase in the late apoptotic and necrotic populations 
(69%) compared to the untreated control (17%; P<0.001) and 
scramble control (18%; P<0.001). At 48 h, the observed apop‑
totic activity of the combinatorial treatment was maintained, 
as the combinatorial treatment significantly increased the 
late apoptosis and necrotic cell populations (57%) compared 
to the untreated control (9%; P<0.001) and scramble treated 
control (18%; P<0.01).

Figure 3. Western blot (WB) analysis of CDK1 and CDK4 protein downregulation following transfection with the combinatorial miR‑143/506 treatment. Upper 
panel: WB analysis confirmed the downregulation of the CDK1 and CDK4 genes due to the combinatorial miR treatment at 100 nM at the post‑transcriptional 
level. Negative controls include untreated cells and cells treated with equimolar scramble siRNA. Lower panel: Semi‑quantitative histogram analysis of the 
WBs. ***P<0.001; **P<0.01; *P<0.05 compared to the control. CDK, cyclin‑dependent kinase.

Figure 4. miR‑143 and miR‑506 transfection downregulates CDK expres‑
sion. The combinatorial miR treatment at 100 nM downregulated CDK1 and 
CDK4 protein expressions at 48 h in (A) PC Panc‑1 and (B) MIA‑Paca‑2 cells. 
***P<0.001; **P<0.01; *P<0.05 compared to the control. CDK, cyclin‑depen‑
dent kinase; PC, pancreatic cancer.
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In the normal HFL‑1 cell line and at 24 h, we detected 
an increase in late apoptotic and necrotic populations due to 
the combinatorial treatment (28%) compared to the untreated 
control (9%; P<0.05) and compared to the scramble control 
(9%; P<0.05). At 48 h, we observed an increase in late apoptotic 
and necrotic populations due to the combinatorial miR treat‑
ment (16%) compared to the untreated control (1%; P<0.05) 
and to scramble treatment (1%; P<0.05).

Finally, we performed a cytotoxicity analysis of miR‑143 
and miR‑506 treatment, individually and in combination in 
Panc‑1 and MIA‑PaCa‑2 cells, for 48 h (Fig. 7). We observed 
a significant (P<0.001) reduction of viable Panc‑1 (85%) and 
MIA‑PaCa‑2 (72%) cells, due to the combinatorial miR treat‑
ment. The cytotoxic effect of the combinatorial miR treatment 
was also significantly stronger (P<0.001) when compared to 
the individual miR‑143 or miR‑506 in Panc‑1 cells. Briefly, we 
observed a significant reduction in viable cells in both PC cell 
lines due to treatment with the individual miRs compared to 
the untreated (P<0.01) and scramble (P<0.05) controls. At 48 h 
post‑transfection, miR‑143 reduced by 60 and 50% the viable 
cell population in Panc‑1 and MIA‑PaCa‑2 cells, respectively, 
whereas miR‑506 reduced by 58 and 49% the cell population 
in Panc‑1 and MIA‑PaCa‑2 cell lines, respectively (all values 
had at least P<0.05).

Discussion

MicroRNAs (miRNAs/miRs) are critical regulators of 
mRNA expression, and various diseases, including cancer, 
have been associated with miR dysregulation  (47,48). We 
recently reported on two miRs, miR‑143 and miR‑506, previ‑
ously recognized with essential functions in cancer and other 

diseases (34,35,49,50). miR‑143 has base‑pair complementarity 
with the 3'‑UTR region of cyclin‑dependent kinase 1 (CDK1), 
and miR‑506 has base‑pair complementarity with the 3'‑UTR 
regions of CDK4 and CDK6 (35,51,52). The data presented 
here support the notion that the combinatorial miR treatment 
has a potent cell cycle inhibiting capacity in two cell cycle 
phase transitions, through the downregulation of CDKs. This 
represents a promising therapeutic option for cancers in which 
CDK4/6 monotherapy is unlikely to exert sufficient thera‑
peutic outcomes, such as in lung cancer (LC) and pancreatic 
cancer (PC).

Initially, we determined the expression of miR‑143 and 
miR‑506 in LC cells. Expression of the two miRs were found 
to be lower in LC cell lines compared to a normal human 
fetal lung fibroblast cell line (HFL‑1). Although not all cancer 
cell lines showed a significant miR‑506 expression difference 
compared to normal cell lines, our data align with previously 
reported analyses showing a dysregulation of miR‑143/506 
in LC cells vs. normal cells (41,53). Interestingly, CDK1 and 
CDK4 gene expression levels were significantly higher in all of 
the LC cell lines tested compared to HLF‑1, with the exception 
of A549 for CDK1 and CDK4 and H358 for CDK1. Of interest, 
H358 showed increased CDK4 expression, without a signifi‑
cant miR‑506 downregulation. This indicates potentially that 
even though miR‑506 can regulate CDK4 expression, it is not 
its sole regulator. Furthermore, as the miR‑506 expression 
levels in normal or cancer cells were found to be very low 
(as presented by the tissue samples and Pan‑Cancer analysis), 
exogenous overexpression of miR‑506 could potentially 
have more potent effect than its basal expression changes on 
CDK4 expression. Briefly, we used data from the Pan‑Cancer 
Analysis to determine the differential expression of the above 

Figure 5. Cell cycle analysis of LC cells treated with miR‑143/506 combination indicates a behavior comparable to clinically used cell cycle inhibitors, riboci‑
clib, and flavopiridol. Upper panel: Cell cycle analysis of H358 and H1975 cells to identify cell populations according to their observed cell cycle progression, 
following treatment with miR‑143/506 at 100 nM using lipofectamine (Combo), ribociclib at 3 µM and flavopiridol at 100 nM. Untreated cells (Control) and 
cells treated with equimolar scramble siRNA in Lipofectamine (Scramble) were used as negative controls. Lower panel: Representative histograms from flow 
cytometric analysis. ***P<0.001; **P<0.01; *P<0.05. LC, lung cancer.
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genes in tumor tissues from patients with lung adenocar‑
cinomas compared to normal tissues. Consistent with our 
findings, miR‑143‑3p was lower in cancer vs. normal samples. 
Interestingly, miR‑506‑3p was expressed relatively low in 
tumor and normal tissue samples, without a difference between 
the two sample groups. Finally, both CDK1 and CDK4 were 
higher in cancer samples compared to normal samples, and 
more importantly, protein expression for CDK1 and CDK4 
vs. survival in patients with LC adenocarcinomas indicated a 
negative correlation between CDK1 and CDK4 expression and 
survival. We recently reported that miR‑143 and miR‑506 have 
CDK1 and CDK4 mRNAs as their predicted targets, respec‑
tively (34,35). These data align with previously reported work 
on these genes (13,32). Here, our analysis of the miR‑143/506 
combination on H358, and H1975 LC cell lines, confirmed our 
previous findings on CDK1, CDK4 and CDK6 downregula‑
tion (34,35). The downregulation of these genes took place 

at both the post‑transcriptional and translational level. We 
selected the two cell lines for analysis, as they carry driver 
mutations that complement or correlate with our previously 
published work on A549 cells, as we further analyze below. 
This analysis correlates also with the reported activity of 
miR‑143 or miR‑506 alone (35,51,54). Interestingly, although 
the combinatorial miR treatment downregulated CDK1 in 
H358 cells, the downregulation achieved statistical signifi‑
cance only for the 24 h time point, compared to the scramble 
control. An important feature of our study is that the combi‑
natorial treatment inhibited the cell cycle progression in the 
H358 and H1975 cells, comparably to clinically used cell cycle 
inhibitors. Specifically, we used as positive controls two cell 
cycle inhibitors, ribociclib and flavopiridol, which the former 
is currently clinically used for breast cancer treatment, and the 
latter has been evaluated in clinical trials. Flavopiridol inhibits 
the activity of the CDK1/2/4/7, and causes cell cycle halt at the 

Table I. Detailed data of cell cycle distribution depending on cell cycle phases for H358 and H1975 cells following treatment 
with miR‑143/506, ribociclib or flavopiridol.

	 H358 cell line
	------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
	 G0/G1	 S	 G2

Avg ± SEM	 24 h	 48 h	 24 h	 48 h	 24 h	 48 h
Control	 46±0	 44±1	 29.5±2.5	 39.5±0.5	 24.5±2.5	 17±1
Scramble	 49.5±0.5	 45.5±2	 27.5±1	 30.5±1	 23±0.5	 24±1
Combo	 53.5±0.5	 63±0.5	 26±1.5	 13±2.5	 20.5±2	 24±2
Ribociclib	 70.5±0.5	 52±1	 14±1	 28±1	 15.5±0.5	 20±0
Flavopiridol	 42.5±0.5	 52±0	 38.5±1.5	 25.5±1.5	 18.5±0.5	 21.5±1.5
	 G0/G1	 S	 G2

Tukey's test vs. control group	 24 h	 48 h	 24 h	 48 h	 24 h	 48 h
Scramble	 <0.05	 >0.05	 >0.05	 <0.05	 >0.05	 >0.05
Combo	 <0.001	 <0.001	 >0.05	 <0.001	 >0.05	 >0.05
Ribociclib	 <0.001	 <0.05	 <0.01	 <0.05	 <0.05	 >0.05
Flavopiridol	 <0.05	 <0.05	 >0.05	 <0.05	 >0.05	 >0.05

	 H1975 cell line
	------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
	 G0/G1	 S	 G2

Avg ± SEM	 24 h	 48 h	 24 h	 48 h	 24 h	 48 h
Control	 45.5±0.5	 53.5±0.5	 41.5±1.5	 33±0	 13±1	 13.5±0.5
Scramble	 50.5±0	 44±0	 38±1	 39.5±2	 11.5±0.5	 16±2
Combo	 60±0.5	 57±1	 21±0	 28±1.5	 18.5±0.5	 15±1
Ribociclib	 60.5±0.5	 63.5±1.5	 29±1	 16.5±0.5	 10±0	 20±2
Flavopiridol	 59.5±0.5	 58.5±0.5	 19±2	 21.5±1.5	 21±2	 20±2
	 G0/G1	 S	 G2

Tukey's test vs. control group	 24 h	 48 h	 24 h	 48 h	 24 h	 48 h
Scramble	 <0.01	 <0.01	 >0.05	 >0.05	 >0.05	 >0.05
Combo	 <0.001	 >0.05	 <0.001	 >0.05	 >0.05	 >0.05
Ribociclib	 <0.001	 <0.01	 <0.01	 <0.01	 >0.05	 >0.05
Flavopiridol	 <0.001	 <0.05	 <0.001	 <0.01	 <0.05	 >0.05

All statistical analyses were conducted using one‑way ANOVA followed by Tukey's test.
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G1/S and G2/M transitions (55,56) and ribociclib (LEE011) is 
a selective CDK4/6 inhibitor, halting cell cycle progression at 
the G1/S transition (3,12). Flow‑cytometric analysis indicated 
a significant increase in the G0/G1 cell populations due to the 

combinatorial miR treatment in both cell lines at either 24 
or 48 h post‑transfection. The combinatorial miR treatment's 
increase of the G0/G1 population was comparable to, and, 
in some cases, higher than either ribociclib or flavopiridol. 
In contrast, the combinatorial miR treatment significantly 
decreased the cell population in the S phase compared to the 
untreated and scramble controls, comparably to the two cell 
cycle inhibitors, albeit at different time points in some cases. 
These results suggest that the miR‑143/506 treatment poten‑
tiates an inhibition of the G1/S transition progression, and is 
comparable to the activity of the G1/S cell cycle inhibitors.

The combinatorial miR treatment increased the G2 cell 
population in both cell lines compared to the untreated cells, 
though the increase was significant only in the H1975 when 
compared to the untreated and scramble group. The increase 
in the G2 cell population due to miR treatment was similar to 
the effect of flavopiridol in the same cell population for both 
cell lines, which is considered a G2/M inhibitor. In contrast, 
ribociclib, which does not inhibit G2/M transition, did not 
increase the G2 population. This indicates that the miR‑143/506 
treatment can induce a two phase transition inhibition, i.e., at 
both G1/S and a G2/M transitions, in LC cells. Interestingly, 

Figure 7. miR‑143 and miR‑506 transfection is cytotoxic in human PC cells. 
Cell growth determined by MTT assay in Panc‑1 and MIA PaCa‑2 cells 
treated with miR143, miR506, or both for 48 h. ***P<0.001 and **P<0.01 vs. the 
control group; ###P<0.001, ##P<0.01 and #P<0.05 vs. the scramble; 
aP<0.001 vs. miR‑506; bP<0.001 vs. miR‑143. PC, pancreatic cancer.

Figure 6. Apoptosis analysis of LC cells compared to normal lung fibroblasts indicates a stronger effect in the tumor cells. Annexin V/PI apoptosis analysis of 
HFL‑1, H358, and H1975 cell populations, as determined by flow cytometric quantification, at 24 and 48 h post‑transfection, and representative scatter graphs. 
LC, lung cancer.
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the G2/M inhibition activity for both miR‑143/506 combina‑
tion and flavopiridol was more potent in the H1975 cells, 
while modest in H358. This potentially could be attributed 
to a potential different molecular mechanism, as the two cell 
lines carry different driver mutations. There is a correlation 
between the activities of the combinatorial miR treatment and 
flavopiridol, the G1/S and G2/M inhibitor. Though both treat‑
ments induced a significant increase of the G2 cell populations 
in H1975, this was not observed in H358. In fact, this observa‑
tion also correlates with the inability of the combinatorial miR 
treatment to significantly downregulate the CDK1 expression 
in the H358 cells. These results reinforce the notion that the 
miR‑treatment correlates with a G1/S and G2/M inhibitor, 
albeit the mutational background of each cell line needs to be 
taken into consideration. Briefly, H358 cells carry a mutated 
KRAS and have an inactive (deleted) TP53 gene, while H1975 
have a wt‑KRAS, and mutated CDKN2A, PIK3CA, TP53 and 
EGFR genes (57‑59). Our work compares and expands to our 
previously presented data on A549 cells, which carry wt‑p53, 
mutated KRAS and mutated CDKN2A. Our results merit 
future analyses based on the different driver mutations, as they 
will assist in identifying the mechanistic background on the 
activity of the combinatorial miR treatment.

Subsequently, we evaluated the apoptotic activity of the 
combinatorial miR treatment in LC cell lines and compared 
them to HFL‑1 normal human fetal lung fibroblasts. We 
observed a significant apoptotic activity in the LC cells, due 
to the combinatorial miR treatment, at 24 and 48 h post‑trans‑
fection. Interestingly, the combinatorial miR treatment had 
a modest apoptotic effect in the HFL‑1 cell line. Briefly, the 
combinatorial miR treatment induced apoptotic activity in 
HFL‑1 cells that was less potent when compared to the H358 
and H1975 cells (P<0.05 for both cell lines) at 24 h, and was 
practically normalized at 48  h. In contrast, the apoptotic 
activity of the miR treatment remained potent in the H1975 
cell at both 24 and 48 h, while in H358 cells, the miR treat‑
ment induced a modest apoptotic activity at 24 h, but became 
more robust and comparable to H1975 cells at 48 h. This 
behavior difference between the two LC cell lines correlates 
to the observed activity of the miR treatment on the cell cycle 
analysis, where the strongest decrease in the S population and 
strongest increase of the G2 population was observed at 24 h 
for the H1975 and 48 h for the H358. The modest apoptotic 
activity of the combinatorial treatment in the HFL‑1 cells 
could potentially be justified by the relative higher expression 
of these miRs in this normal cell line compared to the cancer 
cells, and can potentially indicate a preferential activity against 
tumor cells vs. normal cells. This could potentially translate 
to decreased side effects (i.e., toxicity to normal cells) if the 
combination miR therapy is clinically translated.

Having established the capacity of the two miRs to 
downregulate the CDKs in LC cells and induce apoptosis, 
we determined whether the effects were cancer‑type specific. 
Though significant differences exist between PC and LC 
cells, mutations in similar genes have been detected in the 
both cancer types  (60,61). For example, both Panc‑1 and 
MIA‑PacCa‑2 cell lines carry mutated or deleted TP53, 
CDKN2A, and KRAS genes, partially similar to either H358 
or H1975. Thus, the genetic background similarities prompted 
us to expand to the PC cells and use Panc‑1 and MIA‑PaCa‑2 

cell lines as proof‑of‑concept. We confirmed our findings 
in these two PC cell lines that the two miRs downregulated 
CDK1 and CDK4 expression and induced cytotoxicity (62). 
Similar to the LC cells, the miR‑143/506 treatment strongly 
downregulated both CDK1 and CDK4 protein expression. 
Furthermore, the individual miR treatment specifically down‑
regulated their respective target, i.e., miR‑143 downregulated 
CDK1 and miR‑506 downregulated mostly CDK4. This led to 
a significant reduction in PC cell growth, with the combination 
treatment being substantially more potent that the individual 
miR treatments. These results are in agreement with our 
previous analysis of the individual miRs on the A549 LC 
cells (35), and indicate that the two miRs have an activity that 
spans outside a specific cancer type.

Our data presented here, as well as in our previous studies, 
reaffirm that the combinatorial miR treatment have a potent 
cell cycle inhibiting capacity in two phase transitions, through 
the downregulation of CDKs, comparable to respective CDK 
inhibitors. This represents a promising therapeutic option for 
cancers that CDK4/6 monotherapy is unlikely to exert suffi‑
cient therapeutic outcomes. The combinatorial miR treatment 
acts in both LC and PC, which presents a non‑cancer‑type 
specific therapeutic benefit for potential cancer treatment.

In conclusion, the combinatorial miR‑143 and miR‑506 
therapy, through the downregulation of CDK1, CDK4 and 
CDK6, strongly inhibits the cell cycle progression to a compa‑
rable degree as the clinically used CDK‑inhibitor ribociclib 
and the clinically evaluated CDK‑inhibitor flavopiridol. In 
addition, the miR‑143/506 combinatorial treatment selectively 
induces apoptotic activity in the LC cells, with comparably 
diminished effect on normal fibroblast cells. Finally, this 
combination of miR treatment is effective in PC cells, 
suggesting a broader application for the miR‑143/506 combi‑
natorial treatment. Overall, these data support the notion 
that the miR‑143/506 combinatorial treatment is a promising 
approach for regulating the cell cycle progression that merits 
further evaluation.
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