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Introduction

p53 is a versatile transcription factor, which integrates infor-
mation from unbalanced mitotic, oncogenic, or metabolic stress 
into graded cellular responses such as cell cycle arrest, senescence, 

DNA repair, block of angiogenesis, or apoptosis. Because of this 
cell fate determining position within the cell’s signalosome, p53 is 
lost, mutated, or functionally inactivated in most human tumor 
cells. miRNAs are a recently discovered class of small, evolution-
ary highly conserved non-coding RNAs of 18–25 nucleotides 
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CDK, cyclin-dependent kinase; c-JUN/JNK, N-terminal kinase; CREB1, cyclic AMP-response element binding protein; EGF, 

epidermal growth factor; Elk1, ETS domain-containing protein Elk-1; FACS, fluorescence-activated cell sorting; FBS, fetal bovine 
serum; FER, Fer (fps/fes related) tyrosine kinase; FITC/PI, fluorescein/propidium iodide; 5-FU, 5-Fluorouracil; GSK-3β, glycogen 
synthase kinase-3 beta; HACAT, human immortalized keratinocyte; HDAC, histone deacetylase; IGF, insulin-like growth factor; 
IKB, inhibitors of κB; IKKα, inhibitor of kappa light polypeptide gene enhancer in B-cells; IL-6, Interleukin-6; JAK-STAT, Janus 
kinase/Signal transducer and activator of transcription; MAPK, mitogen-activated protein kinase; MAP2K2 (MEK-2), mitogen-

activated protein kinase kinase 2; MAP3K5, mitogen-activated protein kinase kinase kinase 5; MCL1, myeloid cell leukemia 
sequence 1; miRNAs, microRNAs; Myc, v-myc avian myelocytomatosis viral oncogene homolog; Myt1, myelin transcription 
factor 1; NFAT, nuclear factor of activated T-cells; NFκB, nuclear factor kappa B; NIK, NF-κB-inducing kinase; PAK2, p21 
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signal transducer and activator of transcription; TGF, transforming growth factor; TS, thymidylate synthase; Wee1, WEE1 

homolog (S. pombe); WNT, wingless-type MMTV integration site family, member 3

miRNAs are critically implicated in the initiation process of and progression through cancerogenesis. the mecha-
nisms, however, by which miRNAs interfere with the signalosomes of human cancer cells, are still obscure. We utilized 
the p53-mutated human keratinocyte cell line HACAt to investigate the biological significance and extent to which miR-
NAs regulate proliferation, cell growth, and apoptosis in transformed phenotypes. Silencing of the miRNA-processing 
enzyme Dicer1 resulted in cell cycle arrest at the G1/S border, along with restoration of CDK inhibitor p21CIpexpression. 
employing a cell cycle-wide phospho-proteomic approach, we detected neglectable changes in abundance and sched-
ule of overall and cell cycle periodic protein expression despite cell cycle arrest of Dicer1-depleted cells. Instead, we 
found substantially delayed post-translational modifications of some, but not all, signaling nodes. phospho-site-specific 
analyses revealed that pro-apoptotic information elicited by Myc, β-catenin, and other mitotic pathways early in G1 are 
absorbed and balanced by anti-apoptotic signaling from AKt and NFκB in Dicer1-competent cells. the absence of regu-
latory miRNAs, however, led to a substantial delay of anti-apoptotic signaling, leaving pro-apoptotic stress unbalanced 
in Dicer1-deprived cells. We here show that this temporal separation of pro- and anti-apoptotic signaling induced by 
inhibition of Dicer1 is synergistic and synthetic lethal to low-dose 5-FU chemotherapy in p53-mutated HACAt cells. the 
findings reported here contribute to the understanding of the complex interactions of miRNAs with the signalosom of 
transformed phenotypes and may help to design novel strategies to fight cancer.
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length, which are generated by sequential processing of primary 
and precursor miRNA by the ribonucleases Drosha and Dicer1. 
They regulate 60% of all known human mRNAs and play key 
roles in cell physiology, differentiation, and carcinogenesis. The 
mechanisms, however, by which miRNAs interfere with cell sur-
vival and programmed cell death in transformed cells are still 
obscure.

Results and Discussion

To study the impact and extent to which miRNA contrib-
utes to cell cycle progression in transformed phenotypes, we 
here employed the p53-mutated human keratinocyte cell line 
(HACAT) and RNA interference (siRNA) techniques. We syn-
chronized HACAT cells in G

0
 by serum starvation for 48 h and 

monitored the dynamics of cell cycle transition at various time 
points after G

1
 release. In line with previous reports from other 

cellular systems, we observed a profound G
1
/S arrest in Dicer1 

deficient HACAT cells, as compared with wild-type (wt) cells 
treated with non-target siRNA (Fig. 1A). These observations cor-
roborate and extend published data indicating that miRNAs are 
required for stem cells to bypass the G

1
/S checkpoint.1

Both, p53 and miRNAs feed into the cyclin/CDK-driven 
cell cycle clock. p53 arrests cells during G

1
 progression and 

G
1
/S transit by inducing the CDK-inhibitory protein p21CIP1 

and microRNA cluster miR-34a. miR-34a inhibits CDK2, 
CDK4, and CDK6 as well as E2F, a transcription factor that, 
after release from the retinoblastoma tumor suppressor Rb, ini-
tiates S-phase entry. In addition, miRNA clusters miR-17–92, 
miR-106b, miR-181, and miR-221/222 promote the induction 
of the CDK inhibitors p21CIP1, p27KIP1, and p57KIP2, thus enhanc-
ing the p53-mediated anti-proliferative effect. Consequently, we 
screened for expression of CDK inhibitors and found substan-
tial upregulation of p21CIP1 in Dicer1-disrupted cells but not in 
Dicer1-competent (non-target siRNA) controls (Fig. 1B). This 
finding is of utmost importance, since p53 is known to be key for 
p21 expression.2 The results reported here suggest that depletion 
of Dicer1 restores p21 expression in p53-mutated cells, and that 
miRNA critically contributes to cell cycle regulation at least in 
part through intervening with the cyclin/CDK system and its 
inhibitors.

To investigate whether the delayed cell cycle progression 
observed in Dicer1-depleted cells can be attributed to restored 
p21CIP1 function, we employed a phospho-protein array (Signaling 
Phospho Antibody Array; Fullmoon Biosystems). Since miRNAs 
inhibit translation or tag mRNA for degradation, we first ana-
lyzed the overall abundance of 248 proteins and phospho-proteins 
but found no significant difference between Dicer1-deficient 
and -competent HACAT cells at 6 time points ranging from 0 
to 36 h after G

1
 release. Next, we identified 88 periodic total 

and phospho-proteins whose expression levels are dynamically 
regulated within the cell division cycle (Fig. 2A). Irrespective 
of the delayed cell cycle progression observed, 61 out of these 
88 signaling molecules occurred on schedule in Dicer1 knock-
out cells, a finding that was not expected in light of high p21CIP1 

expression as reported earlier. These observations, however, are 
in line with previous reports suggesting that a periodic transcrip-
tion factor network constitutes a cell cycle oscillator independent 
of, and in tandem with, the CDK system.3 The most intriguing 
observation, however, was a profound delay of post-translational 
regulatory modifications by phosphorylation in some, but not all, 
interrogated signaling nodules, which dissociate proliferative sig-
nals and mitotic stress from balancing anti-apoptotic responses. 
Precisely, we detected mitotic signals communicated by Myc pro-
teins and others on schedule, but found activation of the AKT 
and NFkB pathways substantially delayed in Dicer1-disrupted 
cells. Both, AKT and NFκB confer cell survival and are critically 
engaged in balancing apoptotic signals (Fig. 2B).

Myc is a transcription factor closely linked to the TGF/SMAD 
and WNT signaling pathway. Through binding to Enhancer Box 
(E-box) sequences and by recruiting histone acetyl-transferases, 
Myc modulates the expression and activity of roughly 15% of all 
known human genes.4 We found expression and early activation 
of Myc by phosphorylation on position Ser-62 on schedule in 
Dicer1-depleted and -competent cells. Phosphorylation at posi-
tion Ser-62 occurs after mitotic signaling of the Ras/Raf/MAPK 
module and stabilizes Myc protein.5 Interestingly, however, we 
detected phosphorylation on positions Thr-58, Thr-358, and Ser-
373 early in Dicer1-competent and late in Dicer1-deprived cells. 
Phosphorylation on Thr-58 is mediated by GSK-3β and leads to 
Myc degradation.5 Ser-373 is phosphorylated by PAK2 and other 
kinases and impedes Myc binding to DNA by blocking the requi-
site Max dimerization site.6 These findings suggest that Myc acti-
vation is short lived in Dicer1-competent cells, peaking early after 
G

1
 release. In stark contrast, Myc was found activated throughout 

G
1
, S, and G

2
/M in Dicer1-depleted HACAT.

The JAK–STAT (Janus kinase/Signal transducer and acti-
vator of transcription) system communicates information from 
a wide array of cytokines, growth factors, and its receptors to 
regulate proliferation, differentiation, cell migration, apoptosis, 
and the epigenetic switch that links inflammation to cancer.7 
While STAT1 and STAT6 expression and activation was found 
unaltered, we detected a substantial delay of STAT3-activating 
events in Dicer 1-disrupted cells. Upon growth factor-mediated 
G

1
 release, STAT3 is phosphorylated on position Ser-727 by 

RPS6KA5 and at position Tyr-705 by PTK6 or FER-kinases, 
both regulatory events leading to improved transcriptional activ-
ity of STAT3 homo- or STAT1/STAT3 hetero-dimers at inter-
leukin-6 (IL-6)-responsive elements.8 Activated STAT3 induces 
miR-181b and miR-21 expression in various tumor cells. In turn, 
miR-21 reduces expression of tumor suppressor genes such as 
PTEN and others, which ultimately promote activation of AKT 
and NFκB signaling.9

Mitotic signals leading to apoptosis are fine-tuned and bal-
anced predominantly by p53, AKT, and glycogen synthase 
kinase-3 (GSK-3) α and β. The substrates of GSK-3β are cell 
cycle -related molecules, signaling proteins, and transcription 
factors like D type cyclin, Myc, p53, and others that critically 
regulate proliferation, cell growth, and cell survival.10,11 GSK-3β 
is active when phosphorylated at Tyr-216. However, its activity 
is markedly inhibited following phosphorylation of Ser-21 of 
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GSK-3α and Ser-9 of GSK-3β by AKT and RPS6KA3.12,13 We 
found GSK-3β and GSK-3α downregulated by phosphorylated 
Ser-9 and Ser-21 early in Dicer-competent and late in Dicer1-
disrupted cells. Upon phosphorylation by GSK-3, the affinity of 
transcription factor JUN to DNA as well as the gene-regulatory 
activity of the calcineurin/NFAT system is severely impeded.14 
In WNT signaling, GSK-3β complexes with APC, AXIN1, and 
β-catenin, which leads to phosphorylation at position Thr-41 of 
β-catenin and its consecutive degradation by the proteasome.15 
This is in line with our data, showing delayed phosphorylation of 
β-catenin at position Thr-41, indicating prolonged mitotic Wnt 
signaling in Dicer1-disrupted cells. Moreover, GSK-3 is engaged 
in the anti-apoptotic response of NFκB to TNF-α, leaving 
mitotic, and thus pro-apoptotic, signals by Myc and other path-
ways unbalanced in Dicer1-deprived cells early after G

1
 release.

AKT critically orchestrates metabolism, proliferation, cell sur-
vival, cell growth, and angiogenesis in response to signals com-
municated via insulin-like growth factor (IGF), platelet-derived 
growth factor (PDGF), epidermal growth factor (EGF), and many 

other molecules including the phosphatidyl- inositol 3-kinase 
(PI3K).16 So far, more than 100 substrates of AKT have been 
identified. We detected activation of AKT2 through phosphory-
lation on position Ser-474 by mammalian target of rapamycin 
(mTOR) immediately after G

1
 release in wild-type (non-target) 

and late in Dicer1-deprived cells. AKT regulates cell cycle timing 
by preventing GSK-3β-mediated degradation of cyclin D117 and 
by negatively regulating CDK inhibitors p21Cip1, p27Kip1 Wee1 
and Myt1.18-20 In addition to the inhibitory effects on GSK-3 
signaling, AKT2 decreases MAP3K5 (apoptosis signal-related 
kinase) activity induced by oxidative stress, thus supporting cell 
survival. AKT2 is involved in NFκB- and CREB1 (cyclic AMP-
response element binding protein)-dependent gene transcription 
of pro-survival genes such as BCL2 and MCL1 and inhibition 
of the pro-apoptotic elements BIM and BAX.16 Moreover, AKT 
phosphorylates BCL2 family member BAD, causing its dissocia-
tion from the BCL-2/BCL-X complex and its subsequent loss of 
pro-apoptotic function.21

In line with these findings, we observed early activation of 
NFκB in Dicer1-competent cells and a profound delay 
after Dicer1 knockdown. The family of nuclear factor κB 
(NFκB)/Rel transcription factor comprise RelA (p65), 
c-Rel, RelB, NFκB1 (p105/p50), and NFκB2 (p100/p52). 
p105 and p100 are proteolytically processed by the protea-
some after phosphorylation by NIK and IKKα at Ser-893/
Ser-932 or Ser-865/Ser-869 to produce functional p50 and 
p52 fragments, respectively.22-25 We detected activating phos-
phorylation events of NFκB p105/50 at position Ser-893, 
of NFκB p65 at position Thr-254, and of NFκB p100/52 
at position Ser-865/Ser-869 immediately after G

1
 release in 

Dicer1-competent but very late in Dicer1 knockout HACAT 
cells. RelA p65 forms homo- or hetero-dimers with p50, p52, 
and c-Rel and interacts with TP53BP2, GSK-3β, HDAC, 
and many other key regulatory elements. Complexed with 
IKB (inhibitors of κB), NFκB/Rel dimers are retained in 
the cytoplasm in a functionally inactive state and released 
upon a variety of stimulatory signals to exert pivotal roles 
in inflammation, immunity, differentiation, cell growth, 
tumorigenesis, and the inhibition of apoptosis.25 These data, 
together with the findings reported for GSK-3 and AKT 
kinase activities, indicate that pro-apoptotic stresses, initi-
ated shortly after G

1
 release by Myc and other mitotic/pro-

apoptotic molecules, might not be sufficiently absorbed by 
balancing anti-apoptotic mechanisms in Dicer1-deprived 
HACAT cells (Fig. 2C).

Having obtained this information, we next set out to 
exploit the temporal dissociation of pro- and anti-apoptotic 
signals after Dicer1 depletion in order to amplify the sensi-
tivity to chemotherapy in p53-mutated tumor cells. To this 
end, Dicer1-silenced and Dicer1-competent (non-target) 
HACAT cells were subjected to increasing doses of fluoro-
uracil (5-FU), an anti-nucleoside cytotoxic drug routinely 
used in the treatment of epithelial cancers. The main target 
of 5-FU is thymidylate synthase, an enzyme that is essential 
for DNA synthesis and DNA repair. However, 5-FU also 
impairs mRNA and consequently protein synthesis, leading 

Figure 1. Dicer1 depletion causes cell cycle arrest and restoration of p21CIp in 
HACAt cells. (A) HACAt cells were transiently transfected with Dicer1 siRNA 
(50 nM) or non-target control siRNA, synchronized in serum-free medium for 
48 h, and harvested at the indicated time points after release from starva-
tion. Distribution of cells in different phases of the cell cycle was analyzed by 
propidium iodide staining using flow cytometry techniques. Histogram plots 
are representative of 3 experiments. (B) Kinetics of induction of p21 in Dicer1-
depleted HACAt cells. effects of Dicer1 knockdown on p21 levels following 
serum stimulation were analyzed by western blot. tubulin was used as load-
ing control. the image shows a representative of 3 experiments.
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Figure 2. For figure legend, see page 2196.
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to S-phase arrest of exposed cells.26 As shown in Figure 3, silenc-
ing of Dicer1 alone and in the absence of 5-FU had no apoptotic 
effect. However, we observed a significant higher rate of apopto-
sis occurring in Dicer1-depleted cells as compared with HACAT 
controls in a dose-dependent manner. Importantly, we docu-
mented synthetic lethality of Dicer1 and low-dose 5-FU against 
the background of p53 deficiency.

Recently, a series of landmark reports indicate that p53 
deficiency can be exploited for targeted tumor therapy.27-29 
Cyclotherapy is a strategy that uses activators of p53 to arrest 
normal cells in the G

1
/S phase of the cell cycle.30-32 Tumor cells 

with defective p53 signaling continue to replicate and remain 
sensitive for subsequent conventional chemotherapy. This thera-
peutic effect can be further enhanced by rapamycin, an inhibi-
tor of the nutrition-sensing mTOR pathway, and metformin, an 
anti-diabetic drug. The 2 substances arrest normal cells in G

1
 

and G
2
, thus protecting them from subsequent cell cycle-specific 

chemotherapy.33 We have demonstrated that silencing of Dicer1 
by siRNA techniques temporally separates pro- and anti-apop-
totic signals. The combination of the 2 strategies, sensitizing 
p53-defective cells by inhibiting Dicer1 function and simultane-
ously protecting normal cells with p53 activators, may synergisti-
cally improve the therapeutic effort to efficiently and selectively 
target p53-defective tumor cells.

Materials and Methods

Cells and cell culture
The p53-mutated human keratinocyte cell line HACAT 

was purchased from CLS and maintained in DMEM (PAA 
Laboratories), supplemented with 10% heat-inactivated FBS 
(PAN-biotech).

Reagents and Abs
Abs used were polyclonal rabbit anti-Dicer1 (Cell Signaling 

Technology), monoclonal mouse anti-tubulin Ab-2 (Thermo 
Scientific), and monoclonal mouse anti-cip1/p21 (BD 
Transduction Laboratories™). HRP-conjugated secondary Abs 
used were polyclonal Goat Anti-Rabbit Immunoglobulins/
HRP and Polyclonal Rabbit Anti-Mouse Immunoglobulins/
HRP, both Dako (Glostrup, Denmark). 5-Fluorouracil (5-FU) 
was purchased from Sigma-Aldrich, dissolved in DMSO, and 
stored at −20 °C. For the experiments, the drug was diluted to 
the appropriate concentrations, and the final concentration of 
DMSO was max 0.01% in medium.

Transient transfection of siRNA
HACAT cells were transiently transfected with Dicer1 siRNA 

(Cell Signaling Technology) using the TransIT-siQUEST trans-
fection reagent (Mirus Bio) according to the manufacturer’s 

instructions. Non-target smart pool siRNA (Dharmacon) was 
used as control. Briefly, 2.105 HACAT cell were transfected with 
a solution containing 250 µl Opti-MEM medium (Invitrogen), 
3.5 µl TransIT-siQUEST transfection reagent, and 50 nM 
Dicer1 siRNA or non-target siRNA. Transfected cells were syn-
chronyzed in serum-free medium for 48 h and released into G

1
 

by serum supplemented medium. Transfection efficiency was 
assessed by western blot.

Cell viability: Annexin-V apoptosis assay
After exposure to 5-FU for 48 h in the presence or absence of 

Dicer1 siRNA, apoptotis was assessed using the Annexin-FITC/
PI apoptosis detection kit (Invitrogen). Briefly, HACAT cells 
were harvested and washed twice with PBS. 1.106 cells/ml were 
stained with 100 µg/ml propidium iodide in 50 µl of annexin-
binding buffer. Cells were incubated at room temperature for 
15 min, resuspended in 400 µL of binding buffer, and imme-
diately analyzed using a FACScalibur flow cytometer (Becton 
Dickinson); 10 000 events were analyzed using CellQuest soft-
ware (BD Biosciences).

Cell cycle analysis
The effect of Dicer knockdown on cell cycle progression 

was determined by propidium iodide staining. In brief, 2.105 
HACAT cells were synchronized in G

1
 by serum starvation 

for 48 h. DNA content for each time point after G
1
 release in 

serum supplemented medium was determined by FACS analysis. 
Knockdown experiments were performed using Dicer1 siRNA 
and non-target siRNA (50 nM) according to the manufacturer’s 
instructions. Cells were washed in PBS, fixed in 70% ethanol 

Figure 2 (See previous page). Dynamics of periodic proteins in Dicer1 competent (non-target siRNA) and Dicer1 depleted (Dicer1 siRNA) HACAt cells. 
(A) Heat maps depicting total protein (left) or phospho-protein levels (right) of 88 periodic genes. each row represents data for the same protein. (B) 
Cluster of proteins that exhibited altered expression pattern in Dicer1-deficient cells. expression levels are depicted as log2-fold change vs. mean 
expression. Low intensities are colored in green; high intensities are colored in red. expression levels at each point in the time series were mapped onto 
a cell cycle timeline. the S and G2/M phases of the Dicer1 knockout timeline are given in green, indicating that Dicer1-depleted cells arrest at the G1/S-
phase transition. (C) Network display: nodes are either colored in red, activators unresponsive to Dicer1 silencing; green, Dicer1 responsive repressors; 
or gray, constitutively associated proteins.

Figure  3. Synergistic effect of Dicer1 knockdown and 5-FU on p53-
mutated HACAt cells. HACAt cells were transiently transfected with 
Dicer1 siRNA (50 nM) or non-target control siRNA, synchronized for 48 
h, and treated with increasing doses of 5-FU (10–500 µM) or vehicle for 
additional 48 h after cell cycle release. Results show the percentage of 
Annexin-FItC/pI-positive cells by flow cytometry. the data presented 
are means ± SD of 3 experiments.
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overnight, resuspended in 500 µl of PI/RNASE staining solution 
(BD PharMingen), and incubated for 15 min at room tempera-
ture in the dark. Samples were analyzed by FACSCalibur flow 
cytometry (Becton Dickinson); 10 000 events were analyzed 
with CellQuest software (BD Biosciences).

Western blot analysis
Whole-cell lysates were collected in RIPA buffer (Sigma-

Aldrich), containing Protease- and Phosphatase Inhibitor 
Cocktail (Roche). Samples were denatured at 95 °C for 5 min. 
Equal amounts of total protein were loaded in each well for elec-
trophoresis in NuPAGER SDS-PAGE Gel system and transferred 
to nitrocellulose membranes (Whatman). Membranes were incu-
bated with primary antibody followed by incubation with HRP-
linked secondary antibodies. Chemiluminiscence was detected 
using the Amersham ECL Plus™ Western Blotting Detection 
Reagent (GE Healthcare). Densitometric analyses were per-
formed using Quantity One software (Bio-Rad).

Phosphorylation antibody array analysis
Phosphorylation-specific antibody microarrays (Fullmoon 

Biosystems) were used to monitor up- and downregulated pro-
teins in HACAT cells. Two hundred forty-eight (248) antibodies 
related to proteins involved in cell cycle, signal transduction, and 
cancer were investigated. The array layout consisted of antibod-
ies against phosphorylated and total proteins using actin and 
GAPDH as controls. Microarrays were hybridized with biotinyl-
ated proteins from HACAT cell lysates transiently transfected 
with Dicer1 siRNA or non-target siRNA and harvested at the 
indicated time points after release from starvation. Following 
protein conjugation to an antibody, Cy3-streptavidin was added, 
and slides were processed following manufacturer’s instructions 

(Biosystems FM. Antibody Microarray User’s Guide; http://www.
fullmoonbiosystems.com/ protocols/AntibodyArrayUserGuide.
pdf) and scanned using an Axon GenePix 4000B microarray 
scanner (Molecular Devices). Averaged and normalized intensity 
data were Log

2
 transformed and filtered to identify proteins that 

show periodicity and Dicer-dependent changes during cell cycle 
progression. The analysis was performed by using R software 
(available from: http://www.r-project.org) and R packages devel-
oped by the BioConductor project (available from: http://www.
bioconductor.org).

Statistical analysis
All data presented are derived from at least 3 independent 

determinations unless otherwise noted. Statistical analysis was 
done using Graph Pad Prism 5.0 software. Mean of ± SD is dis-
played in the figures.
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