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Abstract
Previously, we showed that transient transfection with OCT4 not only produced high expression
of Oct4 in skin keratinocytes, but also caused a generalized demethylation of keratinocyte DNA.
We hypothesized that DNA demethylation alone might allow expression of endogenous OCT4.
Here, we report that treatment with the cancer drug decitabine results in generalized DNA
demethylation in skin keratinocytes, and by 48 hours after treatment, 96% of keratinocytes show
expression of the endogenous Oct4 protein and the OCT4 repressor mir-145. This is true for
keratinocytes only, as skin fibroblasts treated similarly show no OCT4 or mir-145 expression.
Decitabine-treated keratinocytes also show increased mir-302c and proliferation similar to other
Oct4+ cells. Treatment with doxorubicin, another cancer drug, induces expression of mir-145 only
in cells that already express OCT4, suggesting that Oct4 regulates its own repressor. Co-treatment
with decitabine and doxorubicin results first in increased OCT4 and mir-145, then a decrease in
both, suggesting that OCT4 and mir-145 regulate each other. The novel strategy presented here
provides a regulatable system to produce Oct4+ cells for transformation studies and provides a
unique method to study the effects of endogenous Oct4 in cancer cells and the surrounding
somatic cells.
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INTRODUCTION
In the last several years, substantial importance has been placed on using cells from patients
to make induced pluripotent stem (iPS) cells that could be used to repair their own damaged
tissues. Several current studies report various technologies that differ from those used in the
original iPS cell papers.1,2,3,4 However, these strategies remain problematic for human use
because they are inefficient and expensive, or they use viral vectors to introduce exogenous
DNA into the cells. Thus, development of a safe, efficient, and inexpensive strategy to
reprogram cells for use in human therapy is of high importance. Previously, we developed a
temporary, non-integrating reprogramming approach, which introduced OCT4 into human
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skin keratinocytes (HSKs) using a simple plasmid technology. It was temporary in that the
transfected HSKs expressed Oct4 and reactivated other endogenous reprogramming factors
for only three to four days. This was long enough to allow the HSKs to be transformed into
neuronal or mesenchymal cells.5 It was relatively safe because the transfected HSKs only
transformed if placed in neuronal or mesenchymal transformation medium. If they were kept
in keratinocyte medium, they remained as normal HSKs. Thus, this method only temporarily
reprogrammed the HSKs into cells that could be induced to change their differentiation
lineage. Although this sounds ideal, it still involved insertion of exogenous DNA into human
cells, thereby making the method problematic for human therapy.

During this previous work, we noted that transient expression of Oct4 in HSKs resulted in
global demethylation in HSK DNA and expression of the endogenous Oct4, Sox2 and
Nanog.5 This raised the question whether DNA demethylation alone might be sufficient to
reactivate endogenous expression of reprogramming factors, such as Oct4, in HSKs, thereby
avoiding the addition of exogenous DNA. Although such a possibility sounds unlikely, in
2004 Hattori reported that the demethylation drug decitabine (also know as 5-aza-2′-
deoxycytidine) caused reactivation of the OCT4 gene in cultured trophoblast cells.6 A more
recent report demonstrated that when the maintenance of DNA methylation was inhibited,
progenitor cell fate could be manipulated.7 The drug of choice to produce DNA
demethylation is decitabine, which works by incorporating into DNA CpG sites and
sequestering the local DNA methyltransferase, resulting in loss of DNA methylation over
time.8

Here, we report for the first time that the cancer treatment drug decitabine reactivates
endogenous Oct4 and its regulator mir-145,9,10,11 in HSKs. We also show for the first time
that another cancer treatment drug, doxorubicin, induces expression of endogenous mir-145
only in cells that already express OCT4. Moreover, expression of Oct4 and mir-145 did not
require viral vectors, plasmids, reprogramming factors or extraneous DNA.

MATERIALS AND METHODS
Cell isolation and culture

Primary adult human skin keratinocytes (HSKs) and fibroblasts were isolated from normal
skin, obtained from the Surgical Pathology Department at The University of Iowa Hospitals
and Clinics with approval of The University of Iowa’s IRB. The skin specimens were not
diseased or pathological; they were from amputations after accidents, mammary reductions,
or from surgical reductions for obesity. To ensure sterility, strips of skin were soaked for 1
hour in medium containing 10% Antibiotic-antimycotic (Invitrogen, Carlsbad, CA).
Epidermal sheets were mechanically separated from the dermal tissue after overnight
incubation of the skin in Dispase II (24.0 U/ml, Roche, Indianapolis, IN) at 4°C. HSKs were
isolated from the epidermal sheets by treatment in 0.25% trypsin (Invitrogen) for 30 mins. at
37°C. Cells were plated at a concentration of 8×105 cells/ml in keratinocyte serum free
medium (KSFM, Invitrogen) + 1.5% Antibiotic-antimycotic on culture dishes coated with
0.25 μg/cm2 collagen type IV (BD Biosciences, Bedford, MA). Fibroblasts were isolated
from the dermal sheets by treatment in 3.5% collagenase (Invitrogen). Cells were plated at a
concentration of 2×105 cells/ml in DMEM + 10% FBS, 1.5% Antibiotic-antimycotic (all
from Invitrogen) on culture dishes.

NTERA-2 cells (ATCC, Manassas, VA) were grown in DMEM + 10% FIBS + 1.5%
Antibiotic-antimycotic. NTERA-2 is a pluripotent human testicular embryonal carcinoma
cell line with the characteristics of human embryonic stem cells, including continual
expression of OCT4.
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Cell treatments
For transfection, HSKs were grown at 37°C in a 5% CO2 humidified incubator until 60–
70% confluent, then transiently transfected with pMSCV-OCT4 using Turbofectin (Origene,
Rockville, MD) at a concentration of 1 μg of plasmid to 2 μl of Turbofectin per cm2 for 48
hours.

For decitabine (Sigma, St. Louis, MO) treatment, Cells were grown at 37°C in a 5% CO2
humidified incubator for 8–24 hours until 80% confluent, then treated with 25 μM
decitabine for the indicated amount of time.

For the doxorubicin treatments, NTERA-2 cells and HSKs were grown at 37°C in a 5% CO2
humidified incubator for 8 hours, then treated with doxorubicin for 16 hours. NTERA-2
cells were treated with 0.25 μg/ml doxorubicin. HSKs were treated with 15 μg/ml
doxorubicin. Doses for each cell type were determined by a standard dosage curve. The
highest dose of doxorubicin that did not kill the cells was used. The HSKs were highly
resistant to the doxorubicin treatment as compared to the NTERA-2 cell line, and required a
much higher dose to elicit a response.

For the double treatment, HSKs were grown at 37°C in a 5% CO2 humidified incubator
overnight. The following morning they were treated with 25 μM decitabine for 31 hours.
The next afternoon, the cultures were thoroughly rinsed to remove the decitabine, then
treated with 15μg/ml doxorubicin for 16 hours. This resulted in a total treatment time of 47
hours.

Oct4 immunostaining
Cells were rinsed in PBS, then fixed with 4% paraformaldehyde for 20 min. After rinsing
cells were permeabilized for 25 min. with 0.2% Triton-X in PBS, then blocked with 4%
normal rabbit serum. Cells were then incubated for 2 hours at room temperature with the
Oct4 antibody (Santa Cruz, CA, ms anti-OCT3/4 diluted 1:750 in 12% BSA). Cells were
rinsed in high salt PBS, followed by rinse in normal PBS, then the secondary anti-mouse
Alexa 594 antibody (Invitrogen) was added at a dilution 1:1000 in 12% BSA. After rinsing,
the nuclei were stained in DAPI and cover slips mounted with vectashield (Invitrogen).
Slides were stored at 4°C until photographed.

OCT4, mir-145, mir-302c expression
For analysis of microRNA expression, approximately 106 HSKs were plated on 100 mm
culture dishes and allowed to grow overnight. The next morning cells were transfected or
treated with decitabine and/or doxorubicin as described above. Control cells were untreated
HSKs and in some cases also GFP-transfected HSKs. After 48 hrs, total RNA was isolated
using TRIzol (Invitrogen) as per the manufacturer’s instructions. MicroRNA was collected
following the manufacturer’s spin-column protocol (miRNeasy kit, Qiagen, Valencia, CA).
cDNA was synthesized using the NCode VILO miRNA cDNA synthesis kit (#A11193-050
Invitrogen) as per manufacturers instructions.

miRNA was labeled and hybridized to the microarray using the GeneExplorer miRNA kit
(#1101C-1199C, GenoSensor Corporation, Tempe, AZ) following the manufacturer’s
instructions. After hybridization, the chip was dried and stained with 1:250 diluted SA-S
dye. After washing and air drying the chip was scanned at the 635 nm Cy5 channel using the
GenePix 4000B scanner from Axon. Expression data were analyzed using the GenePix Pro
software. Three experiments using different HSKs and different microRNA isolates were
performed.
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Levels of expression of mir-145, mir-302c, and OCT4 were confirmed via qPCR. For
OCT4, the forward and reverse primers, along with the probe, were from Applied
BioSystems (Hs01895061_ul). Expression was quantified using the Express SYBR
GreenER miRNA qRT-PCR kit (#A11193-051) according to manufacturer’s instructions.
The forward primers for mir-145 and mir-302c were from Invitrogen (NCode miRNA
Database, #3111 for has-mir-145, #3124 for has-mir-302c). They were used with the
universal qPCR reverse primer and the Express SYBR GreenER universal qPCR super mix.
18S was the internal control. qPCR was performed in the BIO-RAD CFX96 Real-Time
system C1000 thermal cycler.

Analysis of DNA methylation
To measure DNA methylation, cells were lysed and genomic DNA collected following the
spin-column protocol (DNeasy Blood and Tissue kit, Qiagen). Global DNA methylation was
measured with a modified enzyme-linked immunosorbent assay using the Methylamp
Global DNA Methylation kit (Epigentek, Brooklyn, NY, USA) according to the
manufacturer’s protocol. Triplicate samples of genomic DNA were bound in 96-well strip
wells. Samples were blocked, and then labeled using an anti-methyl-cytosine primary
antibody and an enzyme-conjugated secondary antibody. Following addition of the substrate
solution for 2 to 5 min, the reaction was halted with 1N HCl and absorbance at 450 nm was
measured. To quantify DNA methylation, samples were background subtracted and
normalized to the 100% methylated DNA control samples.

Cell cycle analysis
HSKs were transiently transfected with pMSCV-OCT4-IRES-GFP or treated with
decitabine alone. Controls were pMSCV-GFP-transfected HSKs for the OCT4-transfected
cells or untreated HSKss for decitabine-treated cells. After 48 hours of treatment, cells were
removed from the culture dishes using 0.05% Trypsin/EDTA (Invitrogen), centrifuged, and
resuspended at a concentration of 2×106 cells per ml in PBS containing 0.1 mg/ml of
propidium iodide. Analysis of DNA content was performed in The University of Iowa’s
Flow Cytometry Core Facility using the Becton Dickenson LSR II. Since transfection
efficiency was only around 10–20%, transfected cells were sorted for GFP to ensure that
only OCT4+ cells or control GFP-transfected cells were analyzed. Decitabine-treated HSKs
did not need to be sorted as 96% of these cells expressed Oct4. Experiments were performed
three times. Percentage of cells in G1, S, and G2/M phases of the cell cycle was determined.
Statistical significance was determined by paired t-test with controls.

RESULTS
Global DNA demethylation by decitabine treatment is sufficient to induce endogenous
Oct4 expression in HSKs

We have previously shown that transient expression of Oct4 in human skin keratinocytes
(HSKs) induces the expression of endogenous Oct4 and decreases the global DNA
methylation state in the treated cells to the level found in the pluripotent human testicular
embryonal carcinoma cell line, NTERA-2.5 These findings along with the fact that the
NTERA-2 cells show a continual expression of Oct4 suggested to us that Oct4 itself might
directly affect the DNA methylation state of the HSKs. In the previous study, we transfected
HSKs with a plasmid that expressed OCT4 under a CMV promoter. This resulted in
extremely high levels of Oct4 expression in 10–20% of HSKs and required that we sort the
cells to eliminate HSKs that did not express Oct4 before determining DNA methylation
levels. For the experiments reported here, we wanted to avoid both of these problems and
examine the effect of an endogenous level of Oct4 on DNA demethylation. Since it was
reported that a short treatment with decitabine inhibits DNA methylation in various cell
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types,8 we tested this drug’s effect in the HSK cultures. We first treated cultured HSKs with
various doses of decitabine and determined that a single dose of 25μM decitabine resulted in
DNA demethylation with no cell death. To determine the best time frame, we treated HSKs
for one to four days with 25 μM decitabine. Controls were untreated HSKs grown for the
same number of days. The decitabine-treated HSKs showed less DNA methylation than their
untreated controls, with the 24 hour treatment showing the least amount of DNA
methylation (Fig. 1). No cell death was observed in the treated cultures. Next, we
determined whether DNA demethylation was sufficient to induce expression of endogenous
Oct4 in HSKs. Using immunocytochemical analysis, we examined HSKs treated with 25
μM decitabine for one to four days for expression of the Oct4 protein. Untreated HSKs did
not express Oct4. Decitabine-treated HSKs showed nuclear expression of endogenous Oct4
at a much lower level than that seen in OCT4-transfected HSKs (Fig. 2 shows 48 hour
samples). Counts of the numbers of Oct4+ cells revealed that at 24 hours of decitabine
treatment, 62% of HSKs were Oct4+, and by 48 hours 96% of the HSKs were Oct4+. The
percentages dropped to 4% and 2.5% at 3 and 4 days of decitabine treatment, respectively.
Three independent experiments were performed with the same results. These combined
results confirm that a single 48 hour treatment with 25 μM decitabine results in global
demethylation of DNA and a concomitant temporary up-regulation of endogenous Oct4
protein in the HSKs. We also saw that the SOX2 and NANOG mRNAs were upregulated
(data not shown). However, in these studies we do not know if this was a direct effect of the
DNA demethylation or due to the Oct4 protein since we previously showed that the presence
of Oct4 activated both SOX2 and NANOG.5

Treatment with decitabine increases mir-302c levels and induces cells to enter the
proliferative phases of the cell cycle

To better understand the regulation of OCT4 in the decitabine-treated cells, we probed for
microRNA expression in Oct4+ cells using the GeneExplorer miRNA array from
GenoSensor. In three independent experiments, we found twenty-four microRNAs that were
changed ten-fold or more in the Oct4-expressing HSKs. One microRNA that showed a
change on the miRNA array was mir-302c. In human embryonic stem cells, members of the
mir-302 cluster were shown to be regulated by direct binding of Oct4 and to regulate the cell
cycle.12,13 Using qPCR, we found that a single 48-hour treatment with 25 μM decitabine
increased mir-302c levels in HSKs only 1.9-fold over untreated controls (Fig. 3). Even so,
FACS analysis for the amount of DNA content revealed that the HSKs were induced to
proceed into the proliferative phases of the cell cycle. The percent of cells in the G1 phase of
the cell cycle decreased significantly (p<0.01) from 82% in untreated control HSKs to 72%
in the decitabine-treated cells, with a concomitant increase from 17% to 28% of cells in the
S/G2/M phases of the cell cycle (Table 1). As a positive control, transfection with pMSCV-
OCT4 showed a 6% increase in S/G2/M cells. However, some of this in was due to the
transfection itself as the GFP transfection control showed an increase in S/G2/M cells of 3%.
These data confirm our anecdotal observation that expression of Oct4 increases cell
proliferation. Thus, in decitabine-treated HSKs Oct4 regulates mir-302c as reported for other
cells.12

A single treatment with decitabine increases expression of endogenous OCT4 and mir-145
Another microRNAs that changed in the GeneExplorer miRNA array was mir-145, which
has been reported to be part of a double-negative feedback loop with OCT4.9 Moreover, in
human embryonic stem (ES) cells not only was OCT4 shown to be a direct target of
mir-145, but it was reported that the mir-145 promoter was directly repressed by OCT4.9

Using qPCR, we examined relative levels of OCT4 and mir-145 in the decitabine-treated
HSKs. This treatment yielded a 4.7-fold increase in OCT4 expression. However, in contrast
to what was reported for human ES cells, the decitabine-treated HSKs showed a 3.9-fold
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increase in mir-145 over untreated controls (Fig. 3). This appeared to be specific to the
HSKs, as human skin fibroblasts treated similarly resulted in no increase in OCT4 and only
a slight but non significant increase in mir-145 (data not shown).

mir-145 regulates OCT4 expression in decitabine-treated HSKs
It has been shown that increasing mir-145 expression in human ES cells increases
differentiation and represses pluripotency genes, including OCT4.9 In order to determine
whether OCT4 in the decitabine-treated HSKs is also regulated by mir-145, we induced
expression of mir-145 using doxorubicin, a known cancer drug previously used to induce
cells to express mir-145.14 To confirm that mir-145 would decrease OCT4 expression in our
system, we first tested doxorubicin for its ability to induce mir-145 expression and to
decrease OCT4 expression in the NTERA-2 testicular carcinoma cell line, which continually
expresses OCT4. Cells were treated for 16 hours with varying doses of doxorubicin, then
examined for expression of OCT4 and mir-145 by qPCR. Expression levels were normalized
to untreated NTERA-2 cells. We found mir-145 expression increased in a dose dependent
manner with a dose of 0.25 μg/ml showing the greatest increase in mir-145 and a
concomitant decrease in OCT4 expression (Fig. 4). This dose was the highest dose that did
not produce death in these cancer cells. Thus, in the NTERA-2 cancer cell line which
already has OCT4 highly expressed, doxorubicin increases expression of mir-145, which
then decreases OCT4 levels in the NTERA-2 cancer cells.

Our next step was to test doxorubicin’s effect on HSKs. We performed a standard dosage
curve and determined that the highest dose of doxorubicin that did not kill the HSKs was 15
μg/ml. Of note, the dose used for the NTERA-2 cells (0.25 μg/ml) had no effect on the
HSKs. Thus, primary HSKs are much more resistant to the doxorubicin treatment as
compared to the NTERA-2 cancer cell line. When we treated HSKs with 15 μg/ml
doxorubicin for 16 hours, we found no change in expression levels of mir-145 or OCT4
(Fig. 5). This differed completely from the response we saw using the NTERA-2 cells. Since
the NTERA-2 cells continually express OCT4, and the HSKs do not express OCT4, we
hypothesized that OCT4 might need to be expressed in cells before mir-145 can be
expressed, suggesting a regulatory loop. Since a single 48-hour treatment with decitabine
increases expression of both OCT4 and mir-145 in the HSKs (Figs. 3 & 5), to test our
hypothesis, we treated HSKs with decitabine for 31 hours to up-regulate both OCT4 and
mir-145. We followed this with a 16-hour doxorubicin treatment to further increase mir-145
in OCT4+ HSKs, then examined cells by qPCR for expression levels of mir-145 and OCT4.
This co-treatment regimen reduced the decitabine-induced increase in OCT4 by 13-fold and
the mir-145 levels by 9-fold (Fig. 5), indicating that the repressive effect of mir-145 on
OCT4 is more successful in cells that already express OCT4.

DISCUSSION
In the studies presented here, we show that a single dose of decitabine not only demethylates
HSK DNA, but also induces expression of Oct4 in these cells. Furthermore, the induced
OCT4 mRNA is down-regulated by microRNA mir-145. This agrees with published
findings that mir-145 suppresses growth of cancer cells by targeting OCT4.10,11 There is
still some controversy about how the decitabine treatment works to inhibit cancer cells. One
possibility is that the decitabine works through a combination of several mechanisms,
including DNA methyltransferase (Dnmt) inhibition, mutations, and toxic effects in the
cells.15 In this scenario, the decitabine treatment up-regulates both double-stranded DNA
repair genes and p53 via a DNA-enzyme complex, which is formed when decitabine
covalently binds Dnmt. Any degradation compounds that are produced during this action
could be incorporated into DNA by polymerases, and could be toxic to the cells.15 Another
possibility is that decitabine works by directly incorporating into DNA CpG sites opposite
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methylated CpG sites and binds the DNA methyltransferase (Dnmt) enzyme, thereby
sequestering its activity. This causes loss of DNA methylation in one daughter DNA strand
because Dnmt is not available to remethylate the hemi-methylated sites created during the
first round of DNA replication.8 However, the demethylation effect is reversible as removal
of the decitabine releases the Dnmt and cells become remethylated. Thus, the cells are not
permanently altered by decitabine treatment. This latter mechanism is the likely explanation
for the decitabine effect that we see in the HSKs as the cells survive when the decitabine
treatment is discontinued. Moreover, since the methyltransferase inhibitory effect of
decitabine results in a loosening of the chromatin and transcription of genes that are silenced
by cytosine methylation,16 the fact that we see transcription of the normally silenced
endogenous OCT4 gene further supports the latter mechanism.

We hypothesized that HSKs would be susceptible to a decitabine pre-treatment because we
had already discovered that transient expression of Oct4 alone partially and temporarily
reprogrammed HSKs.5 Moreover, this was unique for the primary HSKs, as we were
unsuccessful in reprogramming primary skin fibroblasts using transient expression of Oct4
alone. In the studies presented here, we find that the HSKs greatly increase both OCT4 and
mir-145 in response to the decitabine treatment. The HSKs may be unique in this response
because when we treat primary skin fibroblasts with decitabine, they show no changes in
OCT4 or mir-145 expression. In our previous studies, transfected HSKs expressed Oct4 for
only three to four days, just long enough to allow them to be transformed into alternative
cell lineages.5 Once the HSKs began their transformation, they turned off Oct4. Notably,
when Oct4 was transiently expressed in HSKs via a plasmid for forty-eight hours, a
temporary global demethylation occurred in the HSK DNA,5 suggesting that DNA
demethylation and reactivation of endogenous Oct4 expression in HSKs might be linked.
This hypothesis was supported by published reports that decitabine could reactivate Oct4 in
cultured trophoblast cells.6 Furthermore, several reports demonstrated that inhibiting Dnmt1
resulted in changes in cell fate: adult pancreatic beta cells were converted into alpha cells;7

human umbilical cord mesenchymal stem cells were differentiated into cardiac cells;17 and
conversion of human embryonic stem cells into cardiomyocytes was enhanced by
decitabine;18

At this time, we do not know what other genes are directly activated by the decitabine
demetheylation treatment. We do know that both the Oct4 target genes, SOX2 and NANOG
are activated; however, we do not know if they were directly affected by the demethylation
or by the presence of the Oct4 protein, which we have previously shown could activate these
two genes.5 We also know that several miRNA are expressed. Despite these unknowns, we
have found that the effects of a non-lethal dose of decitabine are reversible. Moreover, we
saw no adverse effects on the keratinocytes after 48 hours of treatment with a non-lethal
dose. Additionally, the normal keratinocytes are highly resistant to the doxorubicin
treatment as compared to the NTERA-2 cancer cells, which suggests that choosing the
appropriate dose may have only slight and reversible effects on the surrounding normal
cells. Both of these cancer treatment drugs are used for several types of cancers. Since they
are given systemically, their effect will be in all tissues, both cancerous and normal. Our
data suggest that if the drugs are given in too high a dose, they could activate Oct4 in normal
keratinocytes, which could induce the keratinocytes to aberrantly proliferate. However, such
effects on keratinocytes are reversible, and thus may result in no permanent damage to the
skin.

Although it is likely that the decitabine demethylation treatment induces expression of
several genes, some of which may have interactions with Oct4, the fact that we found
changes in two microRNAs (mir-302c and mir-145) that are specifically regulated by Oct4
lends credence to our hypothesis that endogenous OCT4 is reactivated when DNA is
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demethylated. Most microRNAs regulate their target mRNAs via post-transcriptional
binding to a region in the mRNA’s 3′ UTR (untranslated region). The binding destabilizes
the single-stranded mRNA and prevents its translation into protein. In embryonic stem (ES)
cells, which continuously proliferate, several microRNAs have been identified. Of these,
eight (mir-302 a*-a-b*-b-c*-c-d and 367) specifically regulate the cell cycle in human ES
cells,13 and three (mir-291-3p, mir-294, and mir-295) directly inhibit known cell cycle
inhibitors.19,20 It is generally known that ES cells continually proliferate because they have
a shortened G1-phase of the cell cycle because they are able to bypass the normal G1/S
checkpoint, and that this is due to expression of several microRNAs.12,21 In human ES cells,
mir-302a regulates the cell’s transition from G1-phase to S-phase by directly repressing the
cyclin D1 mRNA, resulting in low levels of cyclin D1 protein and loss of the G1/S
checkpoint.12,22 When the mir-302 cluster was inhibited, the number of ES cells in G1
increased.12 Anecdotally, we observe that the Oct4-expressing HSKs appear to proliferate
much faster than untreated HSKs, suggesting that Oct4 is somehow inducing the cells to
proceed through the cell cycle. Since the mir-302 cluster is regulated by direct binding of
Oct4,12 our data suggest that Oct4 expression in the HSKs induce the cells to proliferate,
while also up-regulating the cyclin D1 regulator mir-302c. In support of this, we find
significantly fewer decitabine HSKs in the G1-phase of the cell cycle and more cells in S/
G2/M-phases. This correlates with other published data in which exogenous expression of
mir-302 in HeLa cells, fibroblasts, or skin cancer cells induce rapid proliferation and
increase the number of cells in S-phase, while decreasing the number of cells in G1-
phase.12,23

Our data suggest that a balance exists between OCT4 and mir-145 similar to what is found
in ES cells. In human ES cells OCT4 is highly expressed, while mir-145 is low. It was
reported that when mir-145 is increased in human ES cells, it represses untranslated regions
of the pluripotency reprogramming factors OCT4, SOX2, and KLF4.9 Furthermore, the Oct4
binds and represses the mir-145 promoter. 9 Thus, OCT4 and mir-145 regulate each other.
We show that DNA demethylation can induce expression of both OCT4 and mir-145 in
HSKs. Moreover, once OCT4 is expressed in HSKs, increasing mir-145 levels cause a
decrease in the levels of both OCT4 and mir-145. This is suggestive of a double negative/
positive regulatory loop, with the Oct4 protein increasing the level of mir-145, which in turn
represses the OCT4 mRNA. The loss of OCT4 mRNA, results in less Oct4 protein to bind
and induce mir-145, resulting in a decrease of mir-145.

We have not used extraneous gene transfection to increase OCT4 and mir-145 levels, rather
we produce our results using approved cancer treatment drugs. Decitabine and doxorubicin
are often used together to treat a variety of cancers in humans. It is thought that
demethylation via decitabine helps the doxorubicin and other cancer drugs be more effective
at killing the cells.24,25 In our studies, doxorubicin alone had little effect on the HSKs, but it
did up-regulate mir-145 in the NTERA-2 cancer cell line, which resulted in a decrease in
OCT4 in these cells. The decitabine treatment alone resulted in an increase in both OCT4
and mir-145 in HSKs. Notably, the combination of decitabine, followed by doxorubicin
decreased expression of both mir-145 and OCT4 in the HSKs. It is not known whether
malignant skin cancers, such as squamous cell carcinomas, express the microRNAs, mir-145
or mir-302. As for OCT4, there is still some controversy about its expression in cutaneous
carcinoma cells. An analysis of a variety of 115 benign and cancerous specimens found no
expression of OCT4 mRNA in any cancerous or normal specimen.26 This differed from an
earlier study, which found Oct4 mRNA expression in immortalized cells, tumor cells, and
cell lines, but not in differentiated normal cells.27 Oct4 and Nanog expression has also been
found in oral squamous cell carcinomas from patients who became resistant to the
chemotherapeutic agent cisplatin.28 It is not known whether DNA demethylation directly
activates Oct4 expression in skin melanocytes or in melanoma skin cancer cells. However,
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when such cells were treated with decitabine, they seemed to activate melanocyte
differentiation genes, such as SOX9 or genes that encode the antigen MAGE-1 on a
melanoma cell line that is recognized by cytolytic T-cells,29,30 suggesting that decitabine
affects non-keratinocyte cells differently than keratinocytes. It was reported that treatment
with decitabine changed expression of only 0.67% of genes in melanoma skin cancer cells.31

Moreover, the genes that did change expression were conserved in tumor and normal cells.
They concluded that decitabine-mediated gene activation requires either DNA promoter
demethylation or activators that induce transcription of hypomethylated promoters, and that
this accounted for the low number and specificity of genes that were activated. Our data
support this conclusion and suggest that even if human cancers express OCT4, the current
decitabine/doxorubicin treatment regimen may cause little permanent damage to the
surrounding normal cells.

In this paper we present two novel findings. First, the cancer drug decitabine reactivates
endogenous Oct4 and the OCT4 repressor mir-145 in human skin keratinocytes. Second,
contrary to the mechanism reported for ES cells, Oct4 induces expression of mir-145 in the
keratinocytes. Moreover, it is the loss of Oct4 that cause down-regulation of mir-145 in the
keratinocytes. Additionally, we show that the cancer drug doxorubicin induces expression of
mir-145 only in cells that already express OCT4. This latter result may demonstrate a benefit
for normal tissues in cancer patients who are treated with the combination of decitabine and
doxorubicin. Thus, the novel strategy that we present here provides a regulatable system to
produce cells expressing Oct4 for transformation studies and provides a unique method to
study the effects of endogenous Oct4 in cancer cells and the surrounding somatic cells.
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domain, class 5, transcription factor 1)
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Figure 1. Treatment with decitabtine demethylates human skin keratinocyte (HSK) DNA
HSKs were cultured with 25 μM decitiabine for the noted number of days. Treated HSK
cultures were normalized to untreated HSKs cultured for the same day. Note, HSKs treated
for 24 hours show the least amount of methylation (the highest level of demethylation). n =
3 for each time point.
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Figure 2. A single treatment with decitabine is sufficient to allow expression of the endogenous
Oct4 protein in HSKs
A) Immunofluorescent image of Oct4 expression in HSKs treated with one dose of 25 μM
Decitabine for 48 hours. B) Immunofluorescent image of Oct4 expression in HSKs
transfected with pMSCV-OCT4 for 48 hours. Note, transfection hits only ~10% of HSKs,
and these cells have extremely high expression of nuclear Oct4. Decitabine treatment affects
96% of HSKs, and these cells show a low expression of Oct4. Blue = DAPI. Red/pink =
antibody to Oct4.
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Figure 3. A single treatment with decitabine induces expression of endogenous OCT4, mir-145,
and mir-302c in HSKs
qPCR data from decitabine-treated HSKs were normalized to untreated HSK controls, which
were arbitrarily set at 1.00. Decitabine treatment yields ~4.5-fold increase in OCT4, ~3-fold
increase in mir-145, and ~2-fold increase in mir-302c expression over untreated control. n =
3 for each group.

Chinnathambi et al. Page 14

J Dermatol. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Doxorubicin treatment increases expression of mir-145 and decreases expression of
OCT4 in NTERA-2 cells
NTERA-2 cells, which continually express OCT4, were treated for 16 hours with the
indicated doses of doxorubicin, then examined for expression of mir-145 and OCT4 mRNA
by qPCR. Expression levels were normalized to untreated NTERA-2 cells, which were
arbitrarily set at 1.0. Note, with increasing doses of doxorubicin, mir-145 expression levels
increase with a concomitant decrease in OCT4 expression levels. n = 3 for each group.
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Figure 5. HSKs treated with decitabine followed by doxorubicin show reduced expression of
mir-145 and OCT4
HSKs were treated with doxorubicin alone, decitabine alone, or decitabine for 31 hours
followed by doxorubicin for 6 hours. Note, co-treatment reduces the decitabine-induced
increase in OCT4 and mir-145 13-fold and 9-fold, respectively. n = 3 for each group.
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Table 1

Expression of Oct4 induces cells to enter S-phase of the cell cycle

% G1-phase % S-phase % G2/M-phases

Untreated HSKs 82.0 ± 9.0 7.4 ± 0.9 9.9 ± 1.6

GFP tf control 79.0 ± 5.6 9.3 ± 1.7 11.1 ± 2.0

OCT4 tf 78.1 ± 0.8 9.0 ± 0.7 14.2 ± 3.1

Decitabine *72.0 ± 2.1 *13.1 ± 1.3 15.0 ± 2.2

GFP tf = pMSCV-GFP transfection

OCT4 tf = pMSCV-OCT4 transfection

n = 3 for each group

*
p<0.01
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