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Abstract
microRNAs (miRNAs) regulate numerous physiological processes such as cell division and
differentiation in many tissue types including stem cells. To probe the role that miRNAs play in
regulating processes relevant to embryonic stem cell biology, we used RNA interference to silence
DICER and DROSHA, the two main miRNA processing enzymes. Consistent with a role for
miRNAs in maintaining normal stem cell division and renewal, we found that perturbation of
miRNA pathway function in human embryonic stem cells (hESCs) attenuates cell proliferation.
Normal cell growth can be partially restored by introduction of the mature miRNAs miR-195 and
miR-372. These miRNAs regulate two tumor suppressor genes, respectively: WEE1, which
encodes a negative G2/M kinase modulator of the CycB/CDK complex and CDKN1A, which
encodes p21, a CycE/CDK cyclin dependent kinase inhibitor that regulates the G1/S transition.
We show that in wild-type hESCs, WEE1 levels control the rate of heSC division, whereas p21
levels must be maintained at a low level for hESC division to proceed. These data support a model
for hESC cell cycle control in which miRNAs regulate negative cell cycle modulators at two
phases of the cell cycle to ensure proper replenishment of the stem cell population.
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Introduction
The formation of embryonic tissues as well as the renewal of adult tissues rely on stem cells.
Because of their ability to assume almost any cell fate if given the appropriate cues,
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embryonic stem cells are considered to be pluripotent. Unlike other cell types, most stem
cells maintain the capacity to divide throughout the life of the organism. Although stem cell
research has intensified in recent years, the mechanisms that tightly regulate stem cell
division are not fully understood.

Cell cycle progression is regulated by the sequential activation and inactivation of cyclin-
dependent kinases (CDKs) by cyclins. Built-in cell cycle checkpoints control progression
through the S and M phases of the cell cycle. One checkpoint mechanism that determines
whether cells will continue proliferating or exit the cell cycle operates mainly in G1 and
utilizes, among other regulators, the CDK inhibitor, CDKN1A/p21.1,77 Many other
regulatory checkpoints have also been discovered,2 and it has been proposed that different
cell types might be differentially sensitive to each checkpoint.

Whereas adult stem cells use the G1/S regulators p21 and p27 to control the timing of cell
division, it is likely that embryonic stem cells (ESCs) do not actively respond to DNA
damage-induced G1 checkpoints.3,4 ESCs exhibit an abbreviated cell cycle due to a short
G1/S transition, and the cell cycle control mechanisms that normally function in G1 after
DNA damage are reduced or absent.5 Accordingly, mouse ES cells (mESCs) do not show
growth arrest after irradiation.6 Furthermore, p53 and several genes known to cooperate with
p53 in the regulation of cell cycle, including p16, p19 and p21, are expressed at low levels,
whereas DNA replication and repair related genes are expressed at high levels in mESCs
and hESCs.7–9 The mechanism of dampening or regulation of the gap-phase checkpoints in
hESCs is not well understood. However, recent work has shed light on some of the
mechanisms that might be involved; the proliferation of mESCs is at least partly controlled
during the DNA synthesis phase, independent of the DNA damage checkpoint9 and Nanog,
a key stem cell transcription factor has been shown to have a positive role in the G1 to S
transition by transcriptionally regulating CDK6 and CDC25A.11

miRNAs are especially attractive candidates for regulating stem cell proliferation and self-
renewal as their ability to regulate many target genes simultaneously provides a means for
coordinated control of cellular processes. miRNAs are endogenously transcribed in the
nucleus and sequentially processed by the RNase III enzymes, DROSHA and DICER into
small 20–22 nucleotide miRNAs.12,13 The mature miRNAs are loaded into the RNA-
induced silencing complex (RISC), which facilitates interaction between miRNAs and their
targets through imperfect base-pairing to transcript sequences that most often lie within the
3' untranslated region (3'UTR). This interaction leads to negative regulation of translation
and/or destabilization of the mRNA.14

Among other processes, miRNAs have been shown to function in stem cell division,
maintenance and differentiation.15,78,79 Accordingly, some miRNAs are differentially
expressed in stem cells, suggesting a specialized role in stem cell regulation.19–21 Recent
work with mouse ESCs and Drosophila germ line stem cells (GSCs) mutant for components
of the miRNA pathway lent support to the idea that miRNAs are important regulators of
stem cell self-renewal and division.21–31 In mice, ES cells deficient in the miRNA pathway
both fail to differentiate and proliferate more slowly compared with controls.29–32 These
data suggest that the miRNA pathway is required for proper cell cycle progression in stem
cells. To define cell cycle stages that are negatively affected by defects in the miRNA
pathway, a detailed analysis in Drosophila GSCs was pursued. Tracking of cell cycle stage
markers revealed that Dicer-1 GSCs were delayed in the CDK-inhibitor p21/p27/Dacapo-
dependent G1/S transition, suggesting that miRNAs are required for GSCs to bypass the
normal G1/S checkpoint.23 Similarly, work with mouse ESCs revealed that miRNAs
function to maintain low levels of p21, which normally inhibits the G1/S transition.32
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By reducing DICER and DROSHA, two enzymes needed for the processing of mature
miRNA, we show that miRNAs are critical for hESC self-renewal. hESCs lacking the full
complement of mature miRNAs due to gene knockdown of Dicer or Drosha are defective in
stem cell proliferation. In parallel, our profiling of hESC miRNAs has revealed a candidate
group of miRNAs that are highly enriched in hESCs compared with differentiated cells. We
show that two miRNAs from that group, miR-195 and miR-372, can partially rescue the
hESC cell division defect. Furthermore, in the wild-type hESC line H1, miR-195
overexpression is sufficient to reduce WEE1 levels and increase BrdU incorporation. This
increase in BrdU incorporation is WEE1 dependent as reduction of WEE1 by RNAi
increases BrdU incorporation two-fold. Therefore, WEE1 appears to be a critical component
of hESC cell cycle regulation. miR-372 overexpression dramatically reduces p21 levels in
Dicer-knockdown hESCs and HeLa cells. Overexpression of p21 reduces phospho-RB
levels by 80% and BrdU incorporation by 40% showing that maintenance of a low level of
p21 is also critical for hESC division. On the basis of our results, we propose that these two
miRNAs cooperate in maintaining the proliferative capacity of hESCs.

Results
Dicer and Drosha can be knocked down by lentivirus-delivered shRNAs in hESCs

If miRNAs have an important function in hESC biology, then defects in the RNAi pathway
should impact hESC self-renewal and/or proliferation. To examine the effects of global
miRNA loss of function in hESCs we individually silenced the miRNA processing enzymes
DROSHA and DICER by transducing cells with lentiviruses encoding short hairpin RNAs
(shRNAs) targeting the associated gene transcripts. Along with regulating miRNA
biogenesis, each enzyme has miRNA-independent functions. Furthermore, some miRNAs,
for example mirtrons, bypass DROSHA but not DICER processing.33 Therefore, phenotypic
overlaps between cells with either enzyme silenced would suggest a role for miRNAs in
those cellular processes. To silence these genes, we first surveyed multiple commercially
available lentiviral constructs designed to target the Dicer or Drosha transcripts for efficient
gene suppression in HeLa cells by transient transfection of the corresponding plasmid DNA.
We used the best performing constructs to generate viral stocks and stably transduced two
separate hESC lines, H1 and H7. As a control, we stably transduced cells with the
corresponding empty vectors (pLKO.1 and pCMV-GIN).

Figure 1 shows the performance of the different shRNA constructs in H1 cells as determined
by real-time quantitative PCR (qPCR). We observed robust reduction of Dicer or Drosha
mRNA levels in the hESC line H1 (6.3- and 5.3-fold for Dicer and 2.3- and 3.6-fold for
Drosha). Similarly, we observed 4.5-fold reduction of Dicer in the hESC line H7 (Fig. 1C).
We verified functional impacts of Dicer and Drosha silencing in these cells by showing that
mature miRNAs were highly reduced (from ~3 to 54-fold for mir-10, miR-218 and
miR-372; Fig. 1D). Thus it appears that the shRNAs we used silenced the two genes
sufficiently to cause a phenotype relevant to miRNA processing.

Dicer- or Drosha-knockdown hESC lines retain expression of stem cell-specific markers
To identify the processes that are most sensitive to perturbations in mature miRNA levels in
hESCs, we first tested whether the Dicer- and Drosha-knockdown lines showed abnormal
colony morphology and whether they continued to express stem cell markers such as Nanog,
Oct4 and Sox2. Nanog, Oct4 and Sox2 are highly expressed in mouse and human embryonic
stem cell lines34,35 and are required for stem cell pluripotency.36–40 In hESCs,
downregulation of either Nanog, Oct4 or Sox2 leads to differentiation.41–43 Moreover,
experiments in which primary cells are reprogrammed into induced-pluripotent stem cells
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(iPSCs) revealed that OCT4 and SOX2 were essential for this reprogramming,25,44 again
supporting a critical role for these genes in maintaining stem cell properties.

Interestingly, our Dicer- and Drosha-knockdown hESCs still appeared hESC-like with
characteristic hESC colony morphology and Oct4 expression (Fig. 1F–I). Further, the levels
of Nanog, Oct4 and Sox2 were upregulated in the H1 Drosha- and Dicer-knockdown lines
and the H7 Dicer-knockdown line (Fig. 1C). We confirmed that the OCT4 protein was also
upregulated in the H1 Dicer-knockdown line (4.7-fold upregulation; Fig. 1E) and that most
early differentiation markers were not upregulated compared with levels observed in the
control line (Table S1).

Because stem cell markers are upregulated in Drosha- and Dicer-knockdown cells, it is
possible that these hESC markers may be regulated by miRNAs. Indeed, recent reports have
shown that critical stem cell markers in human and mouse ESCs are regulated by miRNAs.
45,46 In support of this hypothesis, the miRNA that was shown to act as a rheostat for stem
cell markers,45 miR-145, is significantly downregulated in these lines (3.7-fold and 8.5-fold
downregulation in Dicer and Drosha-knockdown hESCs, respectively).

Previous work has shown that overexpression of key stem cell markers in mESCs or hESCs
causes defects in stemness.11,38,47,80 NANOG overexpression in hESCs has been shown to
enable feeder-free growth while inducing aspects of primitive ectoderm,47 and to hasten S-
phase entry.11 However, our Drosha- and Dicer-knockdown hESC lines appear
morphologically similar to wild-type hESCs, the primitive ectoderm marker FGF5 is not
upregulated, the inner cell mass (ICM) markers, REX1 and GBX2 are not downregulated
(Table S2) and the cell cycle rate is attenuated, not increased (Fig. 2A).

Because OCT4, NANOG and SOX2 proteins form a transcriptional complex,48 we propose
that simultaneous changes of Oct4, Nanog and/or Sox2 levels overcome the defects observed
when each individual component is independently overexpressed. Because it has been
proposed that reciprocal inhibition between lineage-specific transcription factors might be
involved in the first events to occur during differentiation,35,49,50 the outcome of
upregulation of all three stem cell markers might be very different from Nanog or Oct4
upregulation alone.

Dicer and Drosha are required for hESC cell cycle control
Cells lacking Dicer or Drosha grew significantly slower than cells transduced with control
lentiviral vectors (Fig. 2A and B). To monitor cell growth, we counted the mean cell colony
number multiplied by the mean colony area and found that Dicer-knockdown cells grow
2.6-fold slower than control cells (Fig. 2A). Similarly, BrdU incorporation assays revealed
that Dicer- and Drosha-knockdown cells incorporate 2.6- and 2.5-fold less BrdU than
control cells, respectively (p < 0.009 or 0.0075; Fig. 2B). A similar, but less severe, defect
was observed in the H7 Dicer-knockdown line (1.5-fold reduction, p < 0.007). These data
suggest that both Dicer and Drosha knockdown affect hESC cell growth. To investigate this
further, we have focused on analyzing the Dicer-knockdown line.

To understand the cause of slow growth and in particular, to uncover the cell cycle stages
that might be delayed, we assessed Ki67 patterns in Dicer-knockdown and control hESC
lines. Ki67 antibody staining has been used to track different cell cycle stages; Ki67 shows
no staining in G0 and distinct staining patterns in early G1, late G1 + S, G2 and M phase.50

hESCs exhibit atypical cell cycle profiles compared with other cell lines showing a longer S
phase and shorter G1 phase (Fig. 2D and reference 5). As shown in Figure 2D, Ki67 analysis
revealed an increase in early G1 and G2 and a decrease in late G1/S in Dicer-knockdown
cells compared with control lines. These data suggest that reduction of miRNAs results in
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G1/S and G2/M transition delays in hESCs. We hypothesized that critical checkpoint
regulators normally controlled by miRNAs in G1 and G2 were upregulated in the Dicer-
knockdown lines and performed genome wide miRNA qPCR and mRNA microarray
profiling to identify such genes.

qPCR-based miRNA profiling identifies differentially expressed miRNAs in hESC lines H1,
H7 and HSF6

To identify the miRNAs responsible for the defects observed in Dicer- and Drosha-
knockdown lines, we first looked for miRNAs that are enriched in the hESCs used in our
studies. Recent findings suggest that a specific group of miRNAs is expressed in mESCs or
hESCs.19,20,52–55 We tested whether the same group of miRNAs is enriched in the hESC
lines used in this study: H1, H7 and HSF6. miRNAs expressed in these three hESC-lines
were measured by qPCR with probe sets for 220 human miRNAs.56 miRNA profiling in
these hESC lines revealed a set of miRNAs that was enriched in these stem cell lines
(hierarchical clustering analysis Fig. S1A, a comparison between three hESC lines and
human brain tissue). As expected, the ES-specific miRNAs in the miR-302 family were
expressed at high levels in all three hESC lines but not in the brain sample (Fig. S1B). These
analyses revealed a “Top-20” list of miRNAs expressed most abundantly in all three hESC
lines (Table S3). Nine of our top 20 hESC miRNAs had been cloned previously from
hESCs,20 15 had been identified by H1 hESC deep sequencing,55 and some had been shown
to associate with RNA Polymerase II by CHIP-microarrays.48

We also tested which of the identified miRNAs were differentially expressed during the
hESC early commitment stage by use of the four day serum forced differentiation paradigm.
57 We isolated RNA from hESC lines before and after a four-day serum-forced
differentiation to analyze the miRNAs in these two populations using qPCR. In particular,
this short serum-induced differentiation paradigm should allow us to identify miRNAs that
are altered in the earliest commitment step in hESC differentiation. To confirm that the cells
have initiated differentiation, we measured changes in Nanog and Oct4 levels by qPCR
analysis and showed that both stem cell markers are partially reduced in all three hESC lines
(Fig. S1C). We identified 19 miRNAs that are enriched in all three hESC lines and are
downregulated after four days of serum-induced differentiation (Fig. S1D). From these
miRNAs, we identified a candidate set to test for their ability to rescue Dicer-knockdown
cell division defects when introduced into the line as mature miRNA mimics.

miR-195 and miR-372 can partially rescue Dicer knockdown phenotypes
To analyze which mature miRNAs can rescue Dicer knockdown phenotypes, we set up a
rescue assay in which we introduced mature miRNA mimic duplexes into Dicer-knockdown
hESC lines by electroporation and tested the effect of the miRNAs on cell division kinetics
by BrdU-incorporation. Four miRNAs from the candidate groups (Fig. S1D) were chosen
for the Dicer-knockdown rescue-studies: miR-302c, miR-106a, miR-372 and miR-195,
based on the fact that these miRNAs have been shown previously to control cell cycle
regulators.58–60 We found that these four miRNAs were considerably downregulated in the
Dicer-knockdown line (Figs. 1D and S2). Three of these miRNAs, miR-302c, -106a and
-372 have a very similar seed sequence (5'-(a)aagugcu) whereas the miR-195 seed differs
(5'-agcagcac). We compared the effects of mimics of these miRNAs to those of a scrambled
small RNA (see Table S5). Four days after the introduction of the mature miRNA mimics,
we tested the Dicer-knockdown cells for their capacity for DNA replication by use of a
BrdU-assay and examined their stem cell character by analysis of Nanog, Oct4 and Sox2
mRNA levels. Some of the tested miRNAs, such as miR-302c, had no obvious rescue effect
on cell cycle kinetics (Fig. 2E) or stem cell character in the Dicer-knockdown lines (Fig.
S3). However, miR-195 and miR-372 partially rescued the BrdU incorporation defect (Fig.
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2E). In addition, the combination of miR-195 and miR-372 had a more potent rescue
capacity than either of these miRNAs alone (Fig. 2E). However, Nanog, Oct4 and Sox2
levels were similar or higher than the control levels, suggesting that stem cell characteristics
were not dramatically altered in the Dicer-knockdown line by overexpression of miR-195
and miR-372 (Fig. S3A).

miR-195 is sufficient to promote hESC cell cycle
We further tested whether any of the candidate miRNAs affects the cell cycle in wild-type
H1 hESCs. The same set of mature miRNAs (302c, 106a, 195 and 372) was introduced into
the wild-type H1 line, BrdU-incorporation was measured and Nanog, Oct4 and Sox2 levels
were analyzed by qPCR. When overexpressed in wild-type H1 hESCs, miR-372 had no
effect on BrdU incorporation (Fig. S3B). However miR-195 overexpression in H1 hESCs
was sufficient to increase BrdU incorporation, but had no effect on the levels of Nanog,
Oct4 and Sox2 (Fig. S3C). These results are consistent with a hypothesis that miR-372
might target a cell cycle component that is already downregulated in wild type hESCs
whereas miR-195 might regulate a cell cycle controller that is active in hESCs.

miR-195 regulates WEE1
To test which cell cycle stage is rescued by miR-195 in the Dicer-knockdown line, we
analyzed the frequency of different cell cycle stages using the Ki67 staining in control and
Dicer-knockdown cells transfected with scrambled RNA as well as in Dicer-knockdown
cells transfected with mature miR-195. We found that miR-195 rescued the G2 defect in the
Dicer-knockdown line (Fig. 3A). Therefore, taken together, our data on miR-195
overexpression suggest that miR-195 might directly or indirectly act on targets that normally
inhibit the rate of cell cycle at the G2/M transition in hESCs. Downregulation of Cyclin/
CDK complex activity either by upregulating inhibitors or downregulating ubiquitin-based
degradation of cyclin are potential mechanisms controlling this process. One such potential
miR-195 cell cycle target is WEE1 kinase, a negative regulator of the CycB/CDK complex
in the G2/M transition that contains two predicted miR-195 binding sites in its 3'UTR
(TargetScan, Fig. 3D).

We validated microarray data suggesting that WEE1 is upregulated in Dicer- and Drosha-
knockdown lines by measuring WEE1 levels using qPCR in these lines. The qPCR analysis
showed that WEE1 mRNA levels were significantly upregulated in Dicer- (2.5 fold increase;
Fig. 3A) and Drosha-knockdown lines (6.0-fold increase). We also observed elevated
WEE1 protein levels in the Dicer-knockdown line (4-fold increase; Fig. 3B). Furthermore,
the observed WEE1 upregulation in the Dicer-knockdown line could be rescued by
overexpression of mature miR-195 (Fig. 3A). These data show that WEE1 levels are
responsive to perturbations in the levels of mature miRNAs in hESCs and that at least one
miRNA, miR-195, is capable of restoring normal growth properties to cells that divide
slowly as a result of a compromised miRNA pathway.

To test whether miR-195 can regulate WEE1 directly by targeting its 3'UTR, we used a
luciferase assay in a HCT116 Dicer hypomorph line.61 Importantly, we found that
overexpression of miR-195 results in reduction of luciferase activity in the WEE1 3'UTR
reporter construct (Fig. 3D and E). Mutations of the predicted miR-195 target sites in the
WEE1 3'UTR relieve the repression of luciferase activity mediated by miR-195 (Fig. 3D and
E). Although the WEE1 3'UTR also has a predicted site for miR-372, overexpression of
miR-372 did not repress WEE1 3'UTR in the luciferase assay (Fig. 3D and E). Therefore
these data show that miR-195 is sufficient to directly regulate the WEE1 3'UTR.
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miR-195 regulates the hESC cell cycle by affecting WEE1 levels
To test whether the response of WEE1 to miR-195 is specific in hESCs with impaired
miRNA processing, we analyzed WEE1 mRNA levels in wild-type hESC H1 cells after
miR-195 overexpression. A significant downregulation of WEE1 levels was observed upon
miR-195 overexpression (Fig. 3F) in comparison to the overexpression of scrambled
oligonucleotides or a miR-195 oligonucleotide bearing seed region mismatch mutations. We
also tested whether miR-195 overexpression in the wild type hESCs affected the cell cycle
kinetics by BrdU incorporation analysis. Indeed, the reduction of WEE1 due to miR-195
overexpression correlated with an increase in BrdU incorporation (Fig. 3F, 195 OE in H1,
BrdU).

To test whether the downregulation of WEE1 is causal for the BrdU defect observed after
miR-195 overexpression in wild type H1 hESCs, we specifically downregulated WEE1 by
RNAi and analyzed potential cell cycle defects by BrdU incorporation. We show that BrdU
incorporation is elevated two-fold in the WEE1-knockdown H1 hESCs (Fig. 3F). Similar
results have been observed previously in primary fibroblasts with WEE1 silenced by RNAi.
62 These data suggest that WEE1 levels are critical for normal cell cycle progression in
hESCs. WEE1 is one of the three negative kinases that regulate G2 CycB/CDK complex
activity in mammalian cells. The other negative CycB/CDK kinases are WEE2 and MYT1.
It has been shown that MYT1 acts mainly in developing and adult cells whereas WEE1 acts
mainly at a very early stage of development in Drosophila and mouse.63–65 Accordingly,
MYT1 as well as WEE2 levels are extremely low in hESCs, whereas WEE1 is expressed to
levels similar to those of the key stem cell markers (Fig. 3C). These data suggest that the
only functional negative kinase for CycB/CDK in hESCs is WEE1. This supports the
previously observed function of WEE1 in preimplantation stages of development.63 In
summary, these data are consistent with the model that miR-195 represses WEE1 and
therefore affects hESC cell cycle (Fig. 3G).

miR-372 affects p21 levels
As discussed above, miR-372 can partially rescue Dicer-knockdown phenotypes but is not
sufficient to affect wild-type hESC cell cycle kinetics. These data could be explained by
very high levels of miR-372, very low levels of the critical target in hESCs or a combination
of both. We searched for a tumor suppressor that contains potential miR-372 binding sites
and is highly repressed in the hESCs. Importantly, previous studies have already identified
one such tumor suppressor, p21. p21 is expressed at a low level in hESCs.67 Furthermore,
Luciferase assays have revealed that the 3'UTR of p21 can be regulated by miR-106, miR-17
and miR-372.58 Accordingly, as shown in Figure 4A, overexpression of miR-372 reduced
p21 levels in HeLa cells. Furthermore, p21 protein was upregulated four-fold in Dicer-
knockdown hESC line and this upregulation could be reduced by overexpression of
miR-372 (Fig. 4A). Thus p21 shows the characteristics of a cell cycle regulator controlled
by miR-372; it is highly downregulated in wild type hESCs; it is upregulated in the Dicer-
knockdown hESC line H1; and it can be downregulated by miR-372 in HeLa cells and in
Dicer-knockdown hESCs (Fig. 4A).

The low levels of p21 in hESCs are consistent with the hypothesis that hESCs have limited
DNA damage-induced G1/S checkpoint control.68 To test whether a forced overexpression
of p21 can affect the hESC cell cycle, we overexpressed p21 from a retroviral vector69 and
analyzed effects on phosphorylated Rb levels and BrdU incorporation. Interestingly, six-fold
p21 overexpression correlated with reduction of phospho-Rb levels to 23% and BrdU
incorporation to 60% of normal (Fig. 4B and C). These data suggest that a moderate (six-
fold) increase in p21 levels in hESCs can partially affect the cell cycle kinetics. Therefore, it
is possible that p21 levels are low in hESCs partially due to the repressive effect of miR-372
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and that in the Dicer-knockdown line, reduction of miR-372 might result in an increase in
p21 that can affect the cell cycle.

Discussion
We show that knockdown (KD) of Dicer or Drosha dramatically attenuates cell division in
hESCs. By use of qPCR analysis we identified a group of miRNAs that are enriched in
hESCs compared with differentiated cells and tested whether any of these miRNAs could
restore normal cell division in cells with a compromised miRNA pathway. We discovered
that two miRNAs, miR-195 and miR-372, could partially reverse the cell division delay in
the Dicer-knockdown hESC lines. Furthermore, we show that miR-372 regulates the G1/S
checkpoint CDK inhibitor p21, whereas miR-195 regulates the G2/M checkpoint inhibitory
kinase WEE1. In wild-type hESCs, miR-195, but not miR-372, overexpression increased the
rate of stem cell division. These effects of miR-195 on cell cycle kinetics correlate with
changes in levels of WEE1. Furthermore, we show that miR-195 directly regulates the
WEE1 3'UTR, and that WEE1 knockdown in the hESC line H1 increases BrdU
incorporation. These observations suggest that WEE1 plays a regulatory role in this cell
type. In hESCs, p21 levels are normally low and phospho-RB levels are high. However,
forced overexpression of p21 can reduce hESC phospho-RB levels and BrdU incorporation.
These data suggest that miR-195 and miR-372 regulate hESC division by eliminating/
regulating the gap-phase checkpoints (Fig. 4D).

Reduction of miRNA levels in hESCs results in attenuated cell division
We show that although silencing of Dicer and Drosha results in normal stem cell
morphology, the cells are defective in stem cell division (Fig. 2A). The cells also appear to
have elevated levels of the stem cell regulators Nanog, Oct4 and Sox2, suggesting that they
have maintained a stem-cell like nature.

miRNAs targeting cell cycle checkpoint regulators modulate hESC cell division
Two miRNAs can partially rescue the Dicer-knockdown cell division defects in hESCs,
miR-372 and miR-195. miR-372 and other miRNAs in the miR-106b family have been
shown recently to regulate p21/CDKN1A.70 Furthermore, we show that miR-372 is
sufficient to downregulate p21 in HeLa cells. Because p21 levels are upregulated in the
Dicer knockdown line, and overexpression of miR-372 can rescue this effect, we propose
that miR-372 regulates p21/CDKN1A in hESCs and thereby contributes to the reduction of
p21 to a level at which it cannot act as an effective G1 checkpoint component to regulate the
activity of the CycE/CDK complex (Fig. 4D). Consistent with our hypothesis is our inability
to observe any obvious cell cycle defect when miR-372 was overexpressed in the wild type
hESCs H1-line. We hypothesize that the normal level of miR-372 is sufficient to repress p21
levels in hESCs.9 However, the 10-fold reduction of miR-372 observed in the Dicer
knockdown line (Fig. 1D) translates to a 4.5-fold increase in p21 levels (Fig. 4A) causing a
cell cycle defect that responds to re-introduction of mature miR-372. Interestingly, p21/
CDKN1A has been shown previously to be regulated by miRNAs in two other stem cell
types, Drosophila germ line stem cells and mouse embryonic stem cells.23,28,32 In mouse,
members of the miR-290 family regulate p21. Here, we show that miR-372 can regulate p21
in hESCs. This shared role for these miRNAs across species supports the hypothesis that the
members of miR-290 and miR-372 are functional orthologs.

A significant effect on cell division was observed with alterations of miR-195 levels.
Transfection of mature miR-195 duplexes partially rescued cell division defects in hESCs
line with silenced Dicer. Additionally, overexpression of miR-195 in the wild type hESC
H1-line significantly accelerated BrdU incorporation. We show further that the levels of a
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miR-195 target, WEE1, a negative regulator of G2/M phase, inversely correlate with
miR-195 levels in hESCs. These data suggest that miR-195 and its target WEE1 are critical
components in the regulation of hESC division. However, further studies are required to
address whether miR-195 also targets hESC cell cycle regulators other than WEE1. One
such candidate is CHK1, a kinase that has been shown to activate both the G1/S and G2/M
checkpoints in response to blocks in DNA replication and DNA damage.71 Similarly other
cell cycle targets for miR-372 may play a role in hESC division control.81 One such
candidate is Rbl2, whose expression is increased two-fold in Dicer-knockdown hESC lines
(Fig. S5).

The results presented here are intriguing in light of previous reports that hESCs lack a DNA
damage checkpoint and that members of the miR-16 family act as negative regulators of the
G1/S transition. We show that in hESCs, increased levels of p21 correlate with at least
partial cell cycle defects arguing that G1/S transition in hESCs can be controlled by forced
expression of p21. In the normal situation, p21 levels are very low and irradiation-induced
G1 checkpoint activation is not observed (Fig. S4).72 We propose that the low, repressed p21
levels in hESCs might, at least partially, be maintained by miRNAs. Furthermore, we show
that a member of miR-16 family, miR-195 acts mainly on G2/M, not G1/S transition in
hESCs. miR-195 downregulates WEE1, a tumor suppressor that functions in the G2/M
transition. Because miR-195 is sufficient to regulate G1/S cell cycle controllers in other cell
types,59 it is possible that hESCs primarily make use of regulatory mechanisms in the S and
G2 phases, rendering them more sensitive to the alterations in G2/M checkpoint proteins.
These data are in agreement with the hypothesis that both G1-and G2-phase checkpoints in
hESCs are at least partly regulated by miRNAs (Fig. 4D).

Other defects in Dicer KD hESCs
We have shown that Dicer-and Drosha-knockdown results in the formation of stem cells
with high levels of stem cell regulators. As shown before,31,45 high levels of stem cell
regulators correlates with delayed differentiation (Fig. S5). Furthermore, the delayed
expression of differentiation markers (Fig. S5B) could be due to the delay in downregulation
of Oct4 levels we observe in the Dicer- and Drosha-knockdown lines (Fig. S5A). Previous
studies in mESCs have shown that delay in Oct4 downregulation correlates with defective
DNA methylation resulting from upregulation of a repressor, the miR-290 family target
Rbl2.31,73,74 Similarly, we have observed upregulation of Rbl2 in hESCs with reduced
miR-372 levels in microarray data and qPCR analysis (Fig. S6). Further, human Rbl2 is a
predicted target for miR-372 and we show that miR-372 upregulation correlates with Rbl2
downregulation in HeLa cells (Fig. S6). These findings suggest that the proposed human
ortholog for the mouse miR-290 family, miR-372, might regulate human Rbl2. Further
research is required to determine whether Dicer-knockdown hESCs have defects in global
DNA-methylation.

Summary
This study defines the control of self-renewing division as a process that is sensitive to
miRNA levels in hESCs. In addition, by identifying two miRNAs and their targets in hESC
division, this work paves the way to future control of hESC activity through manipulation of
the critical miRNAs for stem cell division.

Experimental Procedures
Cell culture

The hESC lines H1, H7 and HSF6 were cultured as previously described.57 Briefly, the cells
were cultured on a feeder layer. Prior to the experiments the cultures were transferred to
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Matrigel (BD) growth conditions without feeders. When grown on feeders, hESCs were
cultured in Dulbecco's modified Eagle's medium (DMEM)/Ham's F-12 medium containing
GlutaMax supplemented with 20% serum replacer (SR), 1 mM sodium pyruvate, 0.1 mM
non-essential amino acids, 50 U/ml penicillin, 50 ug/ml streptomycin, 0.1 mM β-mercapto-
ethanol (Sigma-Aldrich, St. Louis, http://www.sigmaaldrich.com), and 2 ng/ml basic
fibroblast growth factor (Peprotech, Rocky Hill, NJ, http://www. peprotech.com) (hESC
medium). Feeders used were primary mouse embryonic fibroblasts (MEFs) from E12.5
CD-1 mice. Briefly, heads and red tissue (heart and liver) were discarded, and the rest of the
fetus was disrupted by passage through a 25-gauge needle and plated as passage 0. Passage
4 to 6 MEFs were γ-irradiated with 3,000 rads and plated at 104 cells per cm2. If the hESCs
were cultured off of feeders, Matrigel was used as the substrate matrix and the cells were
cultured in MEF conditioned medium (CM). To make conditioned medium, MEF cells were
irradiated as for feeders and seeded at 55,000 cells/cm2 in MEF medium (DMEM with
GlutaMax + 10% FBS + penicillin and streptomycin). After 24 hours, the medium was
exchanged with hESC medium (0.5 ml/cm2) and conditioned medium collected after 3 days.
MEF cells were fed with hESC medium every 3 days and used for 7 days for CM collection.
To passage, 1.2 units/ml dispase in PBS supplemented with 10% fetal bovine serum is used.
All the hESC lines used in this study were cultured in colonies and can not grow from single
cells. All reagents are from Invitrogen (Carlsbad, CA, http://www.invitrogen.com) unless
otherwise specified.

Cell growth was monitored by counting the mean cell number multiplied by the mean
colony area. Each trial was plated in triplicates. Cells were allowed to grow for 72 hours and
counted under microscope for total colony number (n) on the plate and measured the
diameter of the first 10 colonies across the mid line of each plate to calculate a mean
diameter (D). The cell colony/size index was calculated by the mean colony number (n)
multiplied by the mean colony area: n × πD2/4.

Differentiation of hESC
For serum forced, un-directed differentiation of hESCs, cultures were removed from the
plate using dispase and plated on either a Matrigel or a 0.1% gelatin (Sigma) coated plate in
differentiation media (80% DMEM with Glutamax, 20% FBS (ES qualified, Invitrogen),
penicillin and streptomycin) for 4 days.

Selection and validation of lentiviral shRNA constructs
We prescreened Dicer and Drosha lentiviral vectors purchased from Open Biosystems or
designed and constructed at Rosetta Inpharmatics/Merck by transiently transfecting midi-
prepped plasmid DNA into HeLa cells. We extracted cellular RNA 24 hours after
transfection and assayed the target gene knock-down by qPCR. We then used the best
performing vectors for each gene to prepare virus for use in hESCs (virus were packaged in
293T cells). The best KD constructs were selected from multiple constructs with different
promoters (U6, H1 or CMV). We used at least two constructs per gene and in two different
hESC l lines H1 and H7.

Lentivirus infection to hESCs
The validated lentivirus-constructs were used to infect hESCs. Drosha knockdown
constructs #1 and #2 were in pLKO.1 vector and the Dicer-knockdown constructs #3 was in
pLKO.1 vector and #5 in pCMV-GIN vector using the empty vectors as controls (#4 pLKO.
1 and #7 pCMVGIN respectively), shRNA sequences are shown in Figure 1A and B. H1 or
H7 cells were grown on 35 mm plate with 2 ml medium (105 cells), the fluid were changed
with 0.5 ml medium +0.5 ml virus and virus was incubated with the cells overnight. To get a
functional Dicer or Drosha knockdown, atypically high MOI (>500) is required. Similar
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MOIs were used for the control and knockdown viruses. The cells were passaged the next
day. The following day, infected cells were selected (1 μg/ml Puromycin or 0.5 μg/ml
Blasticidin) until discrete clusters of cells appeared. The cells were re-exposed to antibiotics
if there were questions about the stability of expression. The Dicer or Drosha knockdown
lines were stored frozen and only thawed and grown for 5–10 passages for experiments
since longer continuous culture caused modifications.

For Lenti-372 OE Dicer-knockdown hESC line, Pri-miR-372 sequence was amplified from
HeLa genomic DNA using forward primer (5'-TCA ACC TGC GGA GAA GAT AC-3') and
reverse primer (5'-CGC CCT CTG AAC CTT CTC TT-3') and then cloned between Age I
and EcoR I sites of pLKO.1 TRC vector (Open Biosystems) under human U6 promoter.
293FT cells were plated one day before transfection and pLKO.1-pri-miR-372 was co-
transfected with packaging vectors (psPAX2 and pMD2.G) using Lipofectamine 2000
(Invitrogen). Medium was changed 24 hours later and the lentiviruses were harvested 48
hours after transfection. For virus transduction, Dicer-knockdown H1 hESCs were incubated
with diluted lentivirus in the presence of hexadimethrine bromide (Polybrene) for 24 hours.

For US2-372 OE construct, the same sequence of primiR-372 was used and cloned into
EcoR1/Xba1 sites in the pUS2 plasmid.82

Transient transfection
One million hESC cells were transfected with short dsRNA duplexes (1 μM) designed and
synthesized miRNA sequences of interest for overexpression using Amaxa Nucleofector
system (mouse ES solution and program A23 were used). Cells were passaged 48 hours after
transfection: for BrdU incorporation assays, cells were passed on matrigel coated 96-well
plate; for immunostaining, cells were seeded on feeder cells; and for qPCR, cells were
grown on 10 cm Matrigel plates. All the cells were harvested and assayed 4 days after
transfection.

Short RNA oligos were ordered from IDT with the sequences of human miRNA-106a, -195,
-302c, -372 and their antisense strands. The miRNA and their antisense oligos were
annealed (100°C for 5 min, cool down to room temperature in a water bath) and the resulting
short dsRNA duplexes were used for Amaxa nucleofection assays. We also used annealed
oligo duplexes ordered from Sigma for miR-195 and 106a and saw similar results with their
counterparts from IDT as shown in Figure 2E. One million hESCs were used for each
Amaxa nucleofection reaction (single cuvette). Briefly, cells were dispersed and washed
twice with PBS. The cells were resuspended into 100 μl of the mouse ES solution (Amaxa)
with 1 μM short dsRNA duplexes and electroporated (Nucleofector I device, Amaxa,
program A23). After electroporation, the reaction was transferred into a 1.5 ml eppendorf
tube with 1 ml of pre-warmed ES cell media and incubated at 37°C for 15 min and thereafter
plated on Matrigel. Forty-eight hours or 4 days after the Amaxa electroporation, the cells
were washed twice with PBS, harvested and subjected to miRNA isolation (mirVana kit,
Ambion) or BrdU analysis.

For p21 overexpression or WEE1 knockdown, H1 cells were plated on 6-well Matrigel
plates 2 days before transfection and grown in conditioned media (CM) to attain around
50% confluency. For transfection, Gene Juice Transfection Reagent (Novagen) was used
according to manufacturer's protocol. Briefly, 3 ul of Gene Juice was added to 100 ul of
serum free media along with 2 ug of vector, for the p21 overexpression experiment, control
pLNSX75 or the p21.pLNSX overexpression construct69 plus 1 ug of GFP (US2.gfp) per
well; for WEE1 knockdown, a stem-loop structure oligonucleotide containing a WEE1-
targeting sequence (5'-CCG GCT AGA AAG AGT GCA GAA CAA TCT CGA GAT TGT
TCT GCA CTC TTT CTA GTT TTT-3') was designed and cloned under the control of the
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human U6 promoter between Sal I and Xba I sites in the pLUG plasmid and a scrambled
shRNA sequence was used as control.76 The resulting transfection mixture was added on top
of the cells with 1 ml of fresh CM. After 24 hrs, the transfection media was replaced with
fresh CM. For US2-372 OE transient transfection, HeLa cells in 35 mm plates were
transfected with pUS2-372 OE plasmid (4 μg) using Lipofectamine 2000 (Qiagen). Cells
were harvested and assayed 48 hours after transfection.

Immunostaining
hESC cells were seeded in cell chamber slides with feeder cells and grown 48 hours before
fixing with 4% PFA at room temperature for 15 min. Then fixed cells were washed three
times with PBT (1× PBS, 0.2% Triton) room temperature for 10 min and then left in
blocking buffer PBTB (1× PBS, 0.2% Triton, 5% Goat Serum, 0.2% BSA) for 1 hour. The
cells were then incubated with primary antibodies at 4°C overnight and washed 3 times with
PBT. Secondary antibodies were incubated with the cells for 1 hour at room temperature and
and the slides washed three times with PBT before mounting with Prolong Gold antifade
reagent (Invitrogen). The antibodies used were: anti-Ki67 mouse monoclonal antibody
(Vector laboratories) at 1:100, anti-phospho-Histone H3 (Ser10), rabbit polyclonal IgG
(Upstate cell signaling solutions, catalog #06-570) at 1:300, and anti-Oct4 goat antibody at 1
μg/ml (R&D systems, cat# AF1759). Goat anti-rabbit (1:6,500), rabbit anti-goat (1:5,000),
and goat anti-mouse (1:5,000) IgG (H + L)-HRP conjugated secondary antibodies from Bio-
Rad.

Western blot
Dicer-knockdown and control hESC cells were grown on Matrigel in 10 cm dishes and
harvested after two washes with PBS 3 days after passage. In general, 20 μg of protein was
resolved by 4–20% SDS-PAGE (Bio-Rad), transferred onto a nitrocellulose membrane, and
probed overnight with antibodies against OCT4 (anti-goat, R&D systems), p21 (anti-rabbit),
WEE1 (anti-rabbit), phospho-RB (anti-rabbit) and total RB (anti-mouse), all used at a
1:1,000 dilution. All antibodies were purchased from Cell Signaling unless otherwise
specified. The blot was washed and incubated with a horseradish peroxidaseconjugated
secondary antibody (Pharmacia Biotech) for 1 hour. Immunoreactive proteins were detected
by ECL (Pharmacia Biotech). The membranes were stripped for 30 min in stripping buffer
(Pierce) and re-probed with anti-β-actin antibody (anti-rabbit, Sigma Aldrich) as described
above. For quantification, Adobe Photoshop software was used.

BrdU incorporation assay
hESC colonies were cultured for two days in a 96-well plate that was coated with matrigel
the day before use. The BrdU ELISA assays were done using a BrdU labeling and detection
kit III (Roche) according to the manufacturer's protocol. Briefly, cells were labeled with 10
nM BrdU for 4 hours, washed twice with PBS containing 10% serum and fixed with 70%
Ethanol in 0.5 M HCl at −20°C for 30 min. Cells were washed three times with PBS
containing 10% serum and treated with 100 ul of nuclease working solution at 37°C for 30
min. Cells were washed three times with PBS containing 10% serum followed by incubation
with 100 ul of antibody conjugate (anti-BrdU-POD, Fab fragments) working solution at
37°C for 30 min. After removal of the antibody and three washes, 100 ul of peroxidase
substrate with substrate enhancer was added. After incubation at room temperature until
positive samples showed a green color, the extinction of the samples was measured in a
microplate reader at 405 nm with a reference wavelength at 492 nm. p-values were
calculated using a one-tailed Student's t test.

Qi et al. Page 12

Cell Cycle. Author manuscript; available in PMC 2010 August 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mRNA and miRNA qPCR analysis
miR-10a, -195, -218, -372, -106a and -302c Taqman assays (Applied Biosystems) were used
for miRNA qPCRs. In brief, total RNAs were extracted with mirVana miRNA isolation kit
(Ambion) or trizol (invitrogen) and DNase-treated with DNA-free kit (Ambion). Following
the reverse transcription reaction using Omniscript RT kit (Qiagen), Dicer and Drosha, as
well as Gapdh or β-actin (loading control) was tested by qPCR with SyberGreen master mix
(Applied Biosystems) on the ABI 7300 Real-time PCR system. The reactions were
incubated in a 96 well plate at 95°C for 10 min, followed by 40 cycles of 94°C for 15 s and
54°C for 30 s and 72°C for 60 s. All reactions were run in triplicates. Human TaqMan
miRNA assays were used for miRNA qPCR according to the manufacturer's protocol using
RNU66 snoRNA as a loading control. p-values were calculated using a one-tailed Student's t
test.

Dual luciferase assay
The 3'UTR from human WEE1 was cloned into a vector containing the Luciferase ORF
(pSGG_3UTR, SwitchGear Genomics). Seed regions were mutated to remove
complementarity to miR-195 by using the Quickchange II XL Mutagenesis Kit (Stratagene).
Specifically, two miR-195-complementary sites, TGCTG CTA, were changed to
TGCTctgA. HCT116 Dicer-ex5 cells61 or HeLa cells were co-transfected with reporter
construct and RNA duplexes for miR-149, 195 and 372 using Lipofectamine 2000
(Invitrogen). Cells were lysed 24 hrs after transfection, and ratios between firefly luciferase
and Renilla luciferase activity were measured with a dual luciferase assay (Promega). The
data for each construct are normalized to luciferase activity after cotransfection with
miR-149.

mRNA microarray for nine hESC lines
The hESC lines H1 (WA01), H7 (WA07), H9 (WA09), H13 (WA13), H14 (WA14), HSF-6,
BG01, BG02 and BG03 were used for mRNA profiling experiments. Cells were grown for
three passages in feeder-free conditions prior to RNA extraction. Total RNA for mRNA
microarray analysis was isolated using RNeasy kit (Qiagen) as per manufacturer's protocol.
Samples were amplified and labeled using a custom automated version of the RT/IVT
protocol and reagents provided by Affymetrix. Hybridization, labeling and scanning were
completed following the manufacturer's recommendations (Affymetrix). Sample
amplification, labeling and microarray processing were performed by the Rosetta
Inpharmatics Gene Expression Laboratory in Seattle, WA. Rosetta Error Modeling was used
to analyze the data.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Dicer and Drosha knockdown H1 hESCs. (A and B) two different lentiviral short hairpin
RNA (shRNA) constructs per gene were used in hESCs to knock down Dicer (A) or Drosha
(B). (C) the silencing levels for Drosha and Dicer in the H1 lines and Dicer in the H7 line
are shown as fold changes in expression compared with cells treated with the empty vector
control lines. The mean (±SD) was calculated from at least three independent experiments.
Stem cell regulators, Nanog, Oct4 and Sox2 were upregulated in these knockdown lines.
Standard deviations were calculated from 6 independent experiments for Nanog and Oct4
and two experiments for Sox2 in H1 and H7 cells. (D) the levels of mature miRNAs 10a,
218 and 372 were reduced in the Drosha- or Dicer-knockdown hESCs. The mean (±SD)
was calculated from three independent experiments. (E) OCt4 protein expression was
increased four-fold in the Dicer knockdown H1 compared with the control line. The mean
(±range) was calculated from two independent experiments. (F and G) Morphologically the
Dicer knockdown H1 hESC colonies are similar to control H1 hESC colonies. Similar
colony structures were observed for Drosha knockdown lines #1 and #2, Dicer knockdown
lines #3 and #5 and control lines #4 and #7. Immunofluorescence staining for DAPI, Ki67
and phospho-Histone 3 were examined by confocal microscopy and are represented in blue,
green and red respectively. (H and I) Dicer-knockdown H1 hESCs and the control cells both
express the stem cell marker OCT4. OCT4 is green and DAPI is blue.
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Figure 2.
Dicer and Drosha knockdown in H1 hESCs results in a cell division defect. (A) The Dicer-
knockdown hESC line H1(#3) grows significantly slower than the control line (#4) based on
a colony count assay. (B) Both Drosha- (#1) and Dicer- (#3) knockdown lines show
significant reduction in BrdU incorporation compared with the control line (#4). (C and D)
Based on Ki67 staining patterns (C), cells were categorized into different cell cycle phases.
(D) Dicer-knockdown H1 hESCs (yellow bars) show an increase in frequency of G1 and G2
stages and a decrease in S-phase frequency compared to the control lines (brown bars). (E)
miR-195 and miR-372 partially rescue the cell cycle defect in Dicer-knockdown hESCs as
determined by BrdU incorporation assay. The standard deviations or ranges are calculated
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from two independent experiments for miR-302c and 372 + 195, three experiments for
miR-106a and four for miR-195 and 372. The miRNA overexpression was verified by qPCR
analysis.

Qi et al. Page 20

Cell Cycle. Author manuscript; available in PMC 2010 August 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
miR-195 regulates normal hESC self-renewing division through the cell cycle regulator
WEE1 kinase. (A) The percentage of cells in the G2 phase (Ki67 analysis) increases and
WEE1 mRNA levels (qPCR analysis) are upregulated in the Dicer-knockdown line. Both of
these defects can be rescued by overexpression of miR-195 in Dicer-knockdown cells by use
of miR-195 duplexes. (B) Western blot analysis shows a four-fold upregulation of WEE1
protein in Dicer-knockdown H1 line #3 compared with control cell line #4. (A and B) Mean
± range was calculated from two independent experiments. (C) On the basis of microarray
analysis, WEE1 is expressed at similar levels as the stem cell markers Nanog, Oct4 and
Sox2, whereas WEE2 and MYT1 as well as differentiation markers are very low or
undetectable. Mean ± SD was calculated from nine different hESC lines. Similar results
were obtained with two different mRNA microarray platforms (Affymetrix and Agilent).
(D) Diagram of the WEE1 3'UTR luciferase reporter construct. The entire WEE1 3'UTR was
inserted after the luciferase open reading frame. Two miR-195 sites and one miR-372 site
predicted by TargetScan are present in the WEE1 3'UTR. miR-195 and its complementary
sequences in the WEE1 3'UTR as well as the mismatches (MM) made in miR-195 seed
sequences are represented. (E) Cotransfection of this construct with miR-195 into HCT116
Dicer-ex5 cells results in downregulation of luciferase activity. The data are normalized to
luciferase activity after cotransfection with miR-149, which has no predicted target site in
WEE1 3'UTR, and, therefore, serves as a negative control. Mismatches of the miR-195
site(s) in WEE1-3'UTR release the repression of luciferase activity caused by miR-195
overexpression. The control plasmid used is SGC (SwitchGear Genomics), an empty vector
with a luciferase cassette, but no inserted 3' UTR. Cotransfection of WT WEE1 3' UTR
reporter construct with miR-195 in HeLa cells shows similar downregulation of luciferase
activity whereas cotransfection with miR-372 has no effect. (F) The level of WEE1 mRNA
is reduced upon miR-195 overexpression, in comparison with the overexpression of
scrambled oligonucleotides or a miR-195 oligonucleotide bearing seed region mismatch
mutations. BrdU incorporation is increased when miR-195 is overexpressed in wild-type H1
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hESCs. WEE1 knockdown by siRNAs shows a similar effect, BrdU incorporation is
increased 2-fold. Mean ± SD or range was calculated from three independent experiments
for miR-195 OE and two independent experiments for WEE1 KD. (G) Model of miR-195
function in hESC cell cycle.
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Figure 4.
miR-372 regulates the cell cycle regulator p21 to control hESC division. (A) Western blot
analysis shows a four-fold upregulation of p21 protein in Dicer-knockdown H1 line #3
compared to control cell line #4. HeLa cells show 23-fold higher expression of p21 than the
control hESCs. Overexpression of miR-372 results in reduction of p21 protein levels in
HeLa cells (US2-372 OE transient transfection) and in Dicer-knockdown hESCs (Lenti-372
OE stable cell line). Mean ± range is shown from two independent experiments after
quantification and normalization to β-ACTIN expression level. Overexpression of p21 in
wild-type H1 hESCs (B) reduced phospho-RB levels and resulted in reduced BrdU
incorporation (C). Mean ± range is shown from two independent experiments. (D) Model for
miRNA function in hESC cell cycle regulation. The data suggest that miRNAs are important
for proper cell cycle control of both G1 and G2 checkpoints in hESCs. miR-195 is required
for proper hESC division. miR-195 inhibits the CycB/CDK1 inhibitor, WEE1, and,
therefore, indirectly controls the G2/M transition. miR-372 suppresses the CDK inhibitor
p21 and, therefore, indirectly controls the G1/S transition.
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