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MicroRNAs (miRNA) are central regulators of diverse biological processes and are important in the regulation of
stem cell self-renewal. One of the widely studied miRNA-protein regulators is the Lin28-Let-7 pair. In this study,
we demonstrate that contrary to the well-established models of mouse ES cells (mESC) and transformed human
cancer cells, the pluripotent state of human ES cells (hESC) involves expression of mature Let-7 family miRNAs
with concurrent expression of all LIN28 proteins. We show that mature Let-7 miRNAs are regulated during
hESC differentiation and have opposite expression profile with LIN28B. Moreover, mature Let-7 miRNAs fine
tune the expression levels of LIN28B protein in pluripotent hESCs, whereas silencing of LIN28 proteins have no
effect on mature Let-7 levels. These results bring novel information to the highly complex network of human
pluripotency and suggest that maintenance of hESC pluripotency differs greatly from the mESCs in regard to
LIN28-Let-7 regulation.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The stem cells extracted from the inner cell mass of an embryo are
pluripotent, i.e. they have unique ability of long-term self-renewal and
the potential to develop into all specialized cell types (Evans and
Kaufman, 1981; Martin, 1981). However, embryonic stem cells with
different origins have different characteristics. Mouse and human em-
bryonic stem cells (mESCs and hESCs, respectively) are distinguished
for example, by their morphology, marker gene expression, and culture
requirements (Xue et al., 2011). Also, different pluripotent states of em-
bryonic cells have been identified in both species at different stages of
pre- and postimplantation embryos. Epiblast stem cells (EpiSC) (Brons
et al., 2007) from mouse postimplantation embryo are considered plu-
ripotent, however, but exhibit limited differentiation potential and the
characteristics more resemble hESCs than mESCs (Nichols and Smith,
2009; Tesar et al., 2007). It has been proposed that mESCs represent
the naïve, ground state pluripotency, whereas EpiSCs and hESCs are
primed pluripotent cells. Recent studies have also succeeded in estab-
lishing naïve human stem cell cultures that differ from hESCs and
have mESC characteristics (Chan et al., 2013; Gafni et al., 2013; Hanna
et al., 2010; Takashima et al., 2014; Theunissen et al., 2014; Ware et

al., 2014), butmore closely resemble human preimplantation blastocyst
(Huang et al., 2014).

Micro RNAs (miRNA) are small non-coding RNA molecules acting
primarily in translational repression. Interestingly, different pluripotent
states can be discriminated by their miRNA profiles (Jouneau et al.,
2012; Neveu et al., 2010). The family of Let-7 miRNAs is highly
expressed in somatic cells, and repression of Let-7 is thought to be im-
portant in establishing the pluripotent state (Melton et al., 2010;
Viswanathan and Daley, 2010). Let-7 together with Lin28 has been re-
ported to form a bistable switch in mice and nematodes. This double
negative feedback loop is thought to stabilize and determine different
cellular fates, Lin28 in establishing the undifferentiated and Let-7 the
differentiated cell state (Shyh-Chang and Daley, 2013; Viswanathan
and Daley, 2010). Human LIN28 protein has two paralogs, LIN28A
(also LIN28) and LIN28B, and both have been shown to have a role in
pluripotency and cell reprogramming (Qiu et al., 2010; Yu et al., 2007;
Zhang et al., 2016). LIN28 proteins have also been shown to be impor-
tant in cancers and to inhibit Let-7 biogenesis. However, there is in-
creasing evidence that LIN28 proteins have also Let-7 independent
functions (Mayr and Heinemann, 2013; Shyh-Chang and Daley, 2013).

Here, we provide evidence that challenges the LIN28-Let-7 double
negative feedback-loop mechanism in human ES cells. We show that
mature Let-7 miRNAs are present and have a function in pluripotent
hESCs in finetuning the expression of LIN28B, and that silencing LIN28
proteins has no effect on mature Let-7 miRNAs.
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2. Materials and methods

2.1. Cell culture and differentiation series

H7, H9 (WiCell Research Institute, Madison, WI) and HS360 (Outi
Hovatta, Karolinska Institutet, Sweden) were used for experiments in
feeder free conditions on Matrigel (BD Biosciences) in mTeSR1 (Stem
Cell Technologies). Cells were passaged by using type IV collagenase
(Gibco) or Dispase (Stem Cell Technologies). Embryonal carcinoma
cell line NT2D1 (from Peter W. Andrews, University of Sheffield, UK)
was grown in DMEM (Sigma) supplemented with 10% fetal calf serum
(FCS) (PromoCell) and 2 mM L-glutamine (Sigma). Spontaneous EB dif-
ferentiation series weremade by scraping the cells fromMatrigel plates
and transferring to non-coated cell culture plates. The cells were grown
in normal ES culture medium for 2–3 days, after which ES medium
without bFGF was added. Medium was changed every 2–3 days.

2.2. Flow cytometry and cell sorting

Pluripotent cell population was sorted using antibody against SSEA3
cell surface marker, details of the antibodies are given in Supplemental
information. Cells were harvested with trypsin. Sorting was performed
with BD FACSAria IIu cell sorter (BD) and FACSDiva Software.

2.3. RT-qPCR analysis

Total RNA was extracted using TRI Reagent (Molecular Research
Center Inc) and chloroform (Sigma-Aldrich). MaturemiRNAswere ana-
lyzed with Taqman MicroRNA Assays (listed in Supplemental informa-
tion), Taqman MicroRNA Reverse Transcription Kit (PA4366597) and
Taqman universalmastermix No AmpErase UNG (PN 4324018) accord-
ing to manufacturer's protocols (all from Applied Biosystems). For
mRNA analysis 1 μg of total RNAwas DNase treated twice [DNase I Am-
plification Grade (Invitrogen)] and analyzed with reference gene EF1α
to confirm no DNA was left in the sample. For cDNA synthesis Super-
script II (Invitrogen) was used. The primer and probe sequences were
designed using Universal ProbeLibrary Assay Design Center and are
listed in Supplemental information. MicroRNA and mRNA gene expres-
sion levelsweremeasured using the7900HT Fast Real-TimePCR System
(Applied Biosystems). Expression levels were normalized using house-
keeping genes. Change in threshold cycles (Ct) for each genewas calcu-
lated ΔCt = Ct(gene)− Ct(housekeeping gene). Relative expression to
control sample was calculated as fold change FC = (2−ΔCt).

2.4. Protein analyses

Protein analysiswas carried out as previously described (Narva et al.,
2011). The details of the antibodies are given in Supplemental
information.

2.5. Transfections, silencing and gain of function studies

Transfections were performed according to the manufacturer's pro-
tocols using Lipofectamine RNAiMax reagent (Invitrogen). Silencing of
miRNAs was performed with miRCURY LNA™ microRNA Inhibitors
(Exiqon). For gain of function studies Pre-miR miRNA Precursors
(Ambion, Life Technologies) were used according to manufacturer's
protocol. Oligonucleotides used in this study are listed in Supplemental
information.

2.6. Sequencing data analysis

Sequencing of samples was carried out at Fasteris (Switzerland). Se-
quences were mapped to the hg19 genome reference using bowtie
allowing for a maximum of two mismatches in the seed region (length
of 17 nt) and discarding reads that map to more than five genomic

locations. The alignments were then used as input to miRDeep2 to gen-
erate the coverage for mature microRNAs. Default parameter values
were used. In cases where a mature microRNA corresponded withmul-
tiple precursor microRNAs, only the counts from the precursor
microRNA with the highest number of mapped reads were included.
Reads per million microRNAs mapped (rpm) were obtained and aver-
aged for the three replicates. GEO accession number GSE55757.

3. Results and discussion

3.1. Mature Let-7 miRNAs are expressed in the pluripotent hESCs

Contrary to the studies of mESCs, we detected expression of all ma-
ture Let-7 miRNA family members in pluripotent hESCs in our genome
wide deep sequencing data (Supplementary material Table 1). The
pluripotency and differentiation associatedmiRNAs showed the expect-
ed expression profiles in the dataset (Morin et al., 2008; Suh et al.,
2004). We further validated the sequencing results in two different
hESC lines (HS360, H9) by using RT-qPCR designed to specifically detect
the mature miRNAs. Somatic fibroblasts were used as a positive control
for Let-7 expression, andNT2D1 embryonal carcinoma cells (EC),malig-
nant counterparts of hESCs, as positive control for themiRNAs reported
to be expressed in pluripotent cells (Suh et al., 2004) (miR-302-367,
miR-21) (Fig. 1A). The RT-qPCR results confirmed Let-7a, -b, -g and
pluripotency miRNAs were expressed in hESCs. The expressions of dif-
ferentiation induced miRNAs, miR-122 and miR-199a (Morin et al.,
2008), were low or undetectable as expected (Fig. 1A). Recent deep se-
quencing and microarray studies in fact supports our findings on ma-
ture Let-7 expression in pluripotent hESCs (Arefian et al., 2011;
Lakshmipathy et al., 2007; Letzen et al., 2010; Morin et al., 2008; Ren
et al., 2009; Stadler et al., 2010). Interestingly, we detected Let-7s to
be simultaneously expressed with hESC specific cell cycle regulating
(ESCC) miRNAs; miR-302b and -367 (Card et al., 2008; Lipchina et al.,
2011) whereas in mouse ES cells, ESCC orthologues and Let-7 miRNAs
are never co-expressed at high levels (Melton et al., 2010).

Pluripotent hES cells are relatively laborious to maintain in culture
and typically a proportion of spontaneously differentiating cells exist
in the cell population. As expression of mature Let-7 miRNAs has been
reported to increase during cell differentiation (Patterson et al., 2012;
Viswanathan et al., 2008) we wanted to exclude the possibility that
the expression ofmature Let-7 is coming from the spontaneously differ-
entiated cells existing in the cell population. Thereby, we sorted the
hESCs into pluripotent SSEA3+ (Draper et al., 2004) and spontaneously
differentiated SSEA3− cell populations (Fig. 1B). RT-qPCR analysis of
sorted cells revealed expression of mature Let-7 miRNAs in both
SSEA3+ and SSEA3− cells (Fig. 1C). Importantly, mature Let-7miRNAs
were co-expressed in SSEA3+ cells with both LIN28 proteins along
with pluripotency markers OCT4 and L1TD1 (Narva et al., 2011) (Fig.
1D,E). This was unexpected, since the Lin28 proteins have been shown
to inhibit the biogenesis of Let-7 miRNAs in mouse ES and EC cells and
in transformed human cell lines (Newman et al., 2008; Piskounova et
al., 2011; Viswanathan et al., 2008). In addition, the expressions of
LIN28A and LIN28B have been suggested to be mutually exclusive
(Piskounova et al., 2011) and the proteins are not co-expressed in sev-
eral human cancer cell lines (Viswanathan et al., 2009). Taken together,
our results demonstrate that mature Let-7 miRNAs are expressed and
co-exist with both LIN28 proteins in the pluripotent hESCs.

It has been demonstrated that hESCs resemble more EpiSCs than
mESCs (Brons et al., 2007; Tesar et al., 2007). Further, mESC and EpiSCs
express different sets of miRNAs and these cell types can be distin-
guished based on their miRNA profiles. Notably, higher levels of mature
Let-7, miR-302d and miR-367 expressions have been observed in EpiSC
than in mESCs (Jouneau et al., 2012). We examined the Let-7 levels in
the novel miRNA data on naïve and primed human ES cells (Sperber
et al., 2015). Remarkably, all Let-7 family members were expressed
both in naïve and primed human ES cells in the data of Sperber et al.
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Interestingly, Let-7a expression is significantly higher in primed hESCs
than in naïve hESCs, whereas all the other family members have an op-
posite expression pattern. This data suggests that the difference in Let-7
expression between mouse and human pluripotent cells might be due
to species-specific differences rather than the difference in the develop-
mental state of pluripotent cells.

3.2. Mature Let-7 miRNAs are regulated and have opposite expression
profiles with LIN28B during hESC differentiation

After detecting the mature Let-7 miRNAs in pluripotent hESCs we
studied their expression in response to cell differentiation. In spontane-
ously differentiated hESCs the expressions of pluripotency markers

Fig. 1. Mature Let-7 miRNAs are expressed in pluripotent human embryonic stem cells. (a) Validation of the sequencing results using RT-qPCR. Representative averaged data of two
biological replicates of each cell line. Mean ± SD. Threshold cycle Ct, ΔCt = Ct(gene) − Ct(housekeeping gene) ND: not detected. Fib: fibroblast cells. (b) Representative flow
cytometric analysis of cell sorting based on SSEA3 surface marker. In the figure is the secondary antibody staining alone, staining of hESCs (HS360) with SSEA3 before and after
sorting. (c) RT-qPCR analysis of selected miRNAs in the SSEA3+ and SSEA3− populations. Averaged data is from three biological replicates (HS360). Mean ± SD. (d) Representative
protein expression analysis of the pluripotency factors in the sorted cell populations (e) RT-qPCR analysis of selected mRNAs in the SSEA3+ and SSEA3− hESC populations. Averaged
data is from two biological replicates (HS360). Mean ± SD.
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were significantly lower (Fig. 2A, B, C). Analysis of Let-7 levels from the
same samples revealed the downregulation of Let-7a, -b, and -g, in the
first stages of the embryonic body (EB) differentiation (until day 15),
followed by an increase in the expression in later time points (Fig.
2D). All analyzed family members had similar expression pattern.
Supporting our data, similar expression pattern of Let-7b and -i were
observed also in a study from Ren et al. (Ren et al., 2009). Interestingly,
during differentiation the expression of Let-7 miRNAs had the opposite
profile of the LIN28B (Fig. 2A) that were first upregulated until day 15,
followed by reduction after day 20when themiRNA levels started to in-
crease. Moreover, LIN28B isoforms 1 and 2 were regulated with differ-
ent kinetics. The mRNA level analysis of the same samples revealed
that the kinetics of LIN28B downregulation was slower than the reduc-
tions in OCT4 and LIN28A levels. LIN28B levels started to slowly decay
after day 10 and reduced 57% by day 25, whereasOCT4was significantly
downregulated already on day 10 and was reduced 97% by day 25 (Fig.
2B). Importantly, LIN28Bwasnot significantly induced atmRNA level al-
though upregulation was detected at the protein levels with both iso-
forms until day 15 and with LIN28B1 until day 25 of differentiation.
This indicates post-transcriptional regulation of the LIN28B protein ex-
pression, possibly by Let-7 miRNAs.

3.3. Let-7 miRNAs fine tune the expression levels of LIN28B in pluripotent
hESCs

Next, we studied whether mature Let-7 miRNAs are functional in
hESCs and performed a series of loss- and gain of function studies. We
used LNA microRNA inhibitors for silencing (Let-7a independently, or
targeting the Let-7 family with 3 oligonucleotides) and Pre-miR
miRNA precursors (Let-7a) for induction. The effects were studied by
analysing expression levels of known or predicted targets of Let-7
miRNAs.

Silencing of Let-7 resulted in a clear increase in LIN28B protein
levels, while the effect on LIN28A was only moderate (Fig. 3A, B, C).
The effect on LIN28B expression was detected with all LNA

oligonucleotides targeting the whole family of Let-7miRNAs. Consis-
tent with these results in public databases, (http://www.targetscan.
org/, http://www.microrna.org/) human LIN28B has four predicted
target sites for Let-7 miRNAs in its 3'UTR, while LIN28A has only
one. This suggests that in human cells, LIN28B is a stronger target
for Let-7 than LIN28A. The protein levels of pluripotency factors
OCT4 or L1TD1 were not consistently affected in response to Let-7 si-
lencing. Also, the analysis of mRNA levels from the samples did not
show significant changes in the expression levels (data not shown).
Whereas silencing of Let-7 led to an increase in LIN28B protein
levels, induction of precursor Let-7a into the cells led to a decrease
in LIN28B protein expression as expected (Fig. 3F).

These results show Let-7 to have a function in hESCs in fine tuning
the expression of at least LIN28B protein levels. Most likely Let-7
miRNAs have also several other targets in hESCs that remain to be
identified. Our results also show evidence that LIN28 proteins re-
spond differentially to the silencing and induction of Let-7 indicating
independent functions and differential roles for LIN28A and LIN28B
in hESCs. Moreover, these results suggest that the level of Let-7 in
hESCs needs to be tightly regulated to sustain the balance between
these factors.

3.4. Silencing of LIN28 proteins has no effect on mature Let-7 levels

Finally, we examined whether silencing of LIN28A or LIN28B, inde-
pendently or together, has an effect on mature Let-7 levels in hESCs.
The fact that LIN28 proteins and mature Let-7 miRNAs co-express in
these cells, suggests Let-7 independent functions. Supporting our previ-
ous observations and contrary to published results in mES cells
(Viswanathan et al., 2008; Viswanathan et al., 2009) we did not see
any effect on expression of mature Let-7a and Let-7g miRNAs in re-
sponse to LIN28 knockdowns (Fig. 3D, E). These results are in concor-
dance with several recent studies that have suggested Let-7
independent functions for LIN28 proteins in embryonic stem cells
(Cho et al., 2012; Peng et al., 2011; Shyh-Chang and Daley, 2013;

Fig. 2.Mature Let-7miRNAs are regulated and have opposite expression profiles with LIN28B proteins during human embryonic stem cell differentiation. (a) Representative protein level
analysis of the pluripotency factors in spontaneous embryoid body (EB) differentiation. LIN28B has two isoforms, longer LIN28B1 28 kDa and shorter LIN28B2 20 kDa. Numbers below
represent the quantitated protein expression compared to day 0 time point and balanced with β-actin (b) RT-qPCR analysis of OCT4, LIN28A, and LIN28B mRNAs in response to
differentiation. Averaged data from three replicate cultures (H9, HS360) Mean ± SD. **p b 0.01, ***p b 0.001. (c, d) RT-qPCR analysis of the levels of indicated miRNAs in response to
cell differentiation. Averaged data from two biological replicates (H9) Mean ± SD.
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Wilbert et al., 2012). The alternative role for LIN28 proteins has been
shown to be in translational regulation of messenger RNAs (Hafner et
al., 2013; Peng et al., 2011; Wilbert et al., 2012). Interestingly however,
a recent study (Triboulet et al., 2015) reported a single Let-7 to bypass
LIN28 mediated repression in human cancer cells. This observation
brings further intricacy to LIN28-Let7 axis in development and disease,
and underlines the complexity of these interactions and regulation.
Moreover, even though our transient silencing with siRNA is efficient
and we do not see an effect on mature Let-7 levels even after double
knockdown of LIN28, there is still a possibility that the residual LIN28
protein is sufficient to regulate Let-7 biogenesis.

3.5. Conclusions

In summary, our data shows that the pluripotent state of hESCs in-
volves concurrent expression of LIN28 proteins and Let-7 miRNAs. Fur-
ther, Let-7 miRNAs have a function in hESCs in fine tuning LIN28B
protein levels. We suggest that maintenance of hESC pluripotency differ
greatly from themESCs in regard to LIN28-Let-7 expression profiles and
interactions and that hESCs lack the double negative feedback loop
formed by LIN28-Let-7. How this LIN-Let-7 pair function in naïve
hESCs or EpiSCs remains to be studied. Analysing all the stem cell
types would be needed to shed light if the results reported here are
due to a difference in the developmental state of the cells or due to spe-
cies-specific difference. Nonetheless, these results bring novel aspects to
the complex network of pluripotency.

Funding

The work was supported by Turku Doctoral Programme of Biomed-
ical Sciences, The Finnish Cancer Organization, The Hospital District of
Southwest Finland, Finnish Cultural Foundation, Emil Aaltonen Founda-
tion, IdaMontin Foundation,Waldemar von Frenckell Foundation, Finn-
ish-Norwegian medical Foundation, the Sigrid Jusélius Foundation and
Paulo Foundation, and the Academy of Finland Centre of Excellence in
Molecular Systems Immunology and Physiology Research, 2012–2017
and the Academy of Finland (grants 123322, 116713, and 250114).

Author contributions

N.R. performed majority of the experiments with the assistance of
S.E. and M.R.E. A.S. performed part of siRNA cultures and protein quan-
tifications. N.R. designed and interpreted the experiments with input
from S.E., E.N., M.R.E., and R.L. M.M. and H.L. performed the analysis of
sequencing dataset. H.R-B provided early access to miRNA dataset on
naïve and primed hESCs. N.R. wrote the manuscript with final approval
from all authors. R.L., H.L guided the research.

Acknowledgements

Marjo Hakkarainen, Sarita Heinonen, and Päivi Junni are acknowl-
edged for the technical assistance. We thank the Finnish Microarray
and Sequencing Centre (University of Turku, Åbo Akademi University

Fig. 3. Let-7miRNAs fine tune LIN28B levels in pluripotent human embryonic stem cells but silencing of LIN28 proteins does not have an effect onmature Let-7 levels. (a) Representative
western blot analysis of LNA silencing of Let-7a and control (H7). Numbers represent the relative protein expression levels compared to the control sample and balancedwith β-actin. Day
1 timepoint. (b) Representativewestern blot analysis of indicatedproteins in response to silencing of Let-7 familywith three different LNAoligonucleotides (H9). (c) Averaged quantitated
differences in the protein level expression of indicatedproteins in response to Let-7a silencingwith LNA oligonucleotide from two biological replicates (H7,H9). (d) Representative protein
level analysis of LIN28A and LIN28B in response to silencing of LIN28A, B or both (H9). Numbers below represent the quantitated protein expression compared to non-targeted (NT) siRNA
sample balancedwith KU70. (e) RT-qPCR analysis of Let-7a and Let-7 g levels in response to silencing of LIN28A, B, or both in hESCs. Averaged data is from three biological replicates (H7,
H9, HS360). Mean ± SD. (f) Representative protein level analysis of indicated proteins in response to introduction of Precursor Let-7a into hESCs (H9) on day 2 time point. Numbers
represent the relative protein expression compared to the control sample and balanced with β-actin.

502 N. Rahkonen et al. / Stem Cell Research 17 (2016) 498–503



and Biocenter Finland) at Turku Centre for Biotechnology for their con-
tribution. Kristine Bylund is acknowledged for the language revision.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scr.2016.09.025.

References

Arefian, E., Kiani, J., Soleimani, M., Shariati, S.A., Aghaee-Bakhtiari, S.H., Atashi, A., Gheisari,
Y., Ahmadbeigi, N., Banaei-Moghaddam, A.M., Naderi, M., et al., 2011. Analysis of
microRNA signatures using size-coded ligation-mediated PCR. Nucleic Acids Res. 39,
e80.

Brons, I.G., Smithers, L.E., Trotter, M.W., Rugg-Gunn, P., Sun, B., Chuva de Sousa Lopes,
S.M., Howlett, S.K., Clarkson, A., Ahrlund-Richter, L., Pedersen, R.A., Vallier, L., 2007.
Derivation of pluripotent epiblast stem cells from mammalian embryos. Nature
448, 191–195.

Card, D.A., Hebbar, P.B., Li, L., Trotter, K.W., Komatsu, Y., Mishina, Y., Archer, T.K., 2008.
Oct4/Sox2-regulated miR-302 targets cyclin D1 in human embryonic stem cells.
Mol. Cell. Biol. 28, 6426–6438.

Chan, Y.S., Goke, J., Ng, J.H., Lu, X., Gonzales, K.A., Tan, C.P., Tng, W.Q., Hong, Z.Z., Lim, Y.S.,
Ng, H.H., 2013. Induction of a human pluripotent state with distinct regulatory cir-
cuitry that resembles preimplantation epiblast. Cell Stem Cell 13, 663–675.

Cho, J., Chang, H., Kwon, S.C., Kim, B., Kim, Y., Choe, J., Ha, M., Kim, Y.K., Kim, V.N., 2012.
LIN28A is a suppressor of ER-associated translation in embryonic stem cells. Cell
151, 765–777.

Draper, J.S., Moore, H.D., Ruban, L.N., Gokhale, P.J., Andrews, P.W., 2004. Culture and char-
acterization of human embryonic stem cells. Stem Cells Dev. 13, 325–336.

Evans, M.J., Kaufman, M.H., 1981. Establishment in culture of pluripotential cells from
mouse embryos. Nature 292, 154–156.

Gafni, O., Weinberger, L., Mansour, A.A., Manor, Y.S., Chomsky, E., Ben-Yosef, D., Kalma, Y.,
Viukov, S., Maza, I., Zviran, A., et al., 2013. Derivation of novel human ground state
naive pluripotent stem cells. Nature 504, 282–286.

Hafner, M., Max, K.E., Bandaru, P., Morozov, P., Gerstberger, S., Brown, M., Molina, H.,
Tuschl, T., 2013. Identification of mRNAs bound and regulated by human LIN28 pro-
teins and molecular requirements for RNA recognition. RNA 19, 613–626.

Hanna, J., Cheng, A.W., Saha, K., Kim, J., Lengner, C.J., Soldner, F., Cassady, J.P., Muffat, J.,
Carey, B.W., Jaenisch, R., 2010. Human embryonic stem cells with biological and epi-
genetic characteristics similar to those of mouse ESCs. Proc. Natl. Acad. Sci. U. S. A.
107, 9222–9227.

Huang, K., Maruyama, T., Fan, G., 2014. The Naïve state of human pluripotent stem cells: a
synthesis of stem cell and preimplantation embryo transcriptome analyses. Cell Stem
Cell 15, 410–415.

Jouneau, A., Ciaudo, C., Sismeiro, O., Brochard, V., Jouneau, L., Vandormael-Pournin, S.,
Coppee, J.Y., Zhou, Q., Heard, E., Antoniewski, C., Cohen-Tannoudji, M., 2012. Naive
and primed murine pluripotent stem cells have distinct miRNA expression profiles.
RNA 18, 253–264.

Lakshmipathy, U., Love, B., Goff, L.A., Jornsten, R., Graichen, R., Hart, R.P., Chesnut, J.D.,
2007. MicroRNA expression pattern of undifferentiated and differentiated human
embryonic stem cells. Stem Cells Dev. 16, 1003–1016.

Letzen, B.S., Liu, C., Thakor, N.V., Gearhart, J.D., All, A.H., Kerr, C.L., 2010. MicroRNA expres-
sion profiling of oligodendrocyte differentiation from human embryonic stem cells.
PLoS One 5, e10480.

Lipchina, I., Elkabetz, Y., Hafner, M., Sheridan, R., Mihailovic, A., Tuschl, T., Sander, C.,
Studer, L., Betel, D., 2011. Genome-wide identification of microRNA targets in
human ES cells reveals a role for miR-302 in modulating BMP response. Genes Dev.
25, 2173–2186.

Martin, G.R., 1981. Isolation of a pluripotent cell line from early mouse embryos cultured
inmedium conditioned by teratocarcinoma stem cells. Proc. Natl. Acad. Sci. U. S. A. 78,
7634–7638.

Mayr, F., Heinemann, U., 2013. Mechanisms of Lin28-mediated miRNA andmRNA regula-
tion–a structural and functional perspective. Int. J. Mol. Sci. 14, 16532–16553.

Melton, C., Judson, R.L., Blelloch, R., 2010. Opposing microRNA families regulate self-re-
newal in mouse embryonic stem cells. Nature 463, 621–626.

Morin, R.D., O'Connor, M.D., Griffith, M., Kuchenbauer, F., Delaney, A., Prabhu, A.L., Zhao,
Y., McDonald, H., Zeng, T., Hirst, M., Eaves, C.J., Marra, M.A., 2008. Application of mas-
sively parallel sequencing to microRNA profiling and discovery in human embryonic
stem cells. Genome Res. 18, 610–621.

Narva, E., Rahkonen, N., Emani, M.R., Lund, R., Pursiheimo, J.P., Nasti, J., Autio, R., Rasool, O.,
Denessiouk, K., Lahdesmaki, H., Rao, A., Lahesmaa, R., 2011. RNA binding protein
L1TD1 interacts with LIN28 via RNA and is required for human embryonic stem cell
self-renewal and cancer cell proliferation. Stem Cells.

Neveu, P., Kye, M.J., Qi, S., Buchholz, D.E., Clegg, D.O., Sahin, M., Park, I.H., Kim, K.S., Daley,
G.Q., Kornblum, H.I., Shraiman, B.I., Kosik, K.S., 2010. MicroRNA profiling reveals two
distinct p53-related human pluripotent stem cell states. Cell Stem Cell 7, 671–681.

Newman, M.A., Thomson, J.M., Hammond, S.M., 2008. Lin-28 interaction with the Let-7
precursor loop mediates regulated microRNA processing. RNA 14, 1539–1549.

Nichols, J., Smith, A., 2009. Naive and primed pluripotent states. Cell Stem Cell 4, 487–492.
Patterson, M., Chan, D.N., Ha, I., Case, D., Cui, Y., Van Handel, B., Mikkola, H.K., Lowry, W.E.,

2012. Defining the nature of human pluripotent stem cell progeny. Cell Res. 22,
178–193.

Peng, S., Chen, L.L., Lei, X.X., Yang, L., Lin, H., Carmichael, G.G., Huang, Y., 2011. Genome-
wide studies reveal that Lin28 enhances the translation of genes important for
growth and survival of human embryonic stem cells. Stem Cells 29, 496–504.

Piskounova, E., Polytarchou, C., Thornton, J.E., LaPierre, R.J., Pothoulakis, C., Hagan, J.P.,
Iliopoulos, D., Gregory, R.I., 2011. Lin28A and Lin28B inhibit let-7 microRNA biogene-
sis by distinct mechanisms. Cell 147, 1066–1079.

Qiu, C., Ma, Y.,Wang, J., Peng, S., Huang, Y., 2010. Lin28-mediated post-transcriptional reg-
ulation of Oct4 expression in human embryonic stem cells. Nucleic Acids Res. 38,
1240–1248.

Ren, J., Jin, P., Wang, E., Marincola, F.M., Stroncek, D.F., 2009. MicroRNA and gene expres-
sion patterns in the differentiation of human embryonic stem cells. J. Transl. Med. 7,
20.

Shyh-Chang, N., Daley, G.Q., 2013. Lin28: primal regulator of growth and metabolism in
stem cells. Cell Stem Cell 12, 395–406.

Sperber, H., Mathieu, J., Wang, Y., Ferreccio, A., Hesson, J., Xu, Z., Fisher, K., Devi, A.,
Detraux, D., Gu, H., et al., 2015. The metabolome regulates the epigenetic landscape
during naïve-to-primed human embryonic stem cell transition. Nat. Cell Biol. 17,
1523–1535.

Stadler, B., Ivanovska, I., Mehta, K., Song, S., Nelson, A., Tan, Y., Mathieu, J., Darby, C., Blau,
C.A., Ware, C., et al., 2010. Characterization of microRNAs involved in embryonic stem
cell states. Stem Cells Dev. 19, 935–950.

Suh,M.R., Lee, Y., Kim, J.Y., Kim, S.K., Moon, S.H., Lee, J.Y., Cha, K.Y., Chung, H.M., Yoon, H.S.,
Moon, S.Y., Kim, V.N., Kim, K.S., 2004. Human embryonic stem cells express a unique
set of microRNAs. Dev. Biol. 270, 488–498.

Takashima, Y., Guo, G., Loos, R., Nichols, J., Ficz, G., Krueger, F., Oxley, D., Santos, F., Clarke,
J., Mansfield, W., et al., 2014. Resetting transcription factor control circuitry toward
ground-state pluripotency in human. Cell 158, 1254–1269.

Tesar, P.J., Chenoweth, J.G., Brook, F.A., Davies, T.J., Evans, E.P., Mack, D.L., Gardner, R.L.,
McKay, R.D., 2007. New cell lines from mouse epiblast share defining features with
human embryonic stem cells. Nature 448, 196–199.

Theunissen, T.W., Powell, B.E., Wang, H., Mitalipova, M., Faddah, D.A., Reddy, J., Fan, Z.P.,
Maetzel, D., Ganz, K., Shi, L., et al., 2014. Systematic identification of culture conditions
for induction and maintenance of naive human pluripotency. Cell Stem Cell 15,
471–487.

Triboulet, R., Pirouz, M., Gregory, R., 2015. A single Let-7 microRNA bypasses LIN28-medi-
ated repression. Cell Rep. 13, 260–266.

Viswanathan, S.R., Daley, G.Q., 2010. Lin28: a microRNA regulator with a macro role. Cell
140, 445–449.

Viswanathan, S.R., Daley, G.Q., Gregory, R.I., 2008. Selective blockade of microRNA pro-
cessing by Lin28. Science 320, 97–100.

Viswanathan, S.R., Powers, J.T., Einhorn, W., Hoshida, Y., Ng, T.L., Toffanin, S., O'Sullivan,
M., Lu, J., Phillips, L.A., Lockhart, V.L., et al., 2009. Lin28 promotes transformation
and is associated with advanced human malignancies. Nat. Genet. 41, 843–848.

Ware, C.B., Nelson, A.M., Mecham, B., Hesson, J., Zhou,W., Jonlin, E.C., Jimenez-Caliani, A.J.,
Deng, X., Cavanaugh, C., Cook, S., et al., 2014. Derivation of naive human embryonic
stem cells. Proc. Natl. Acad. Sci. U. S. A. 111, 4484–4489.

Wilbert, M.L., Huelga, S.C., Kapeli, K., Stark, T.J., Liang, T.Y., Chen, S.X., Yan, B.Y., Nathanson,
J.L., Hutt, K.R., Lovci, M.T., et al., 2012. LIN28 binds messenger RNAs at GGAGA motifs
and regulates splicing factor abundance. Mol. Cell 48, 195–206.

Xue, K., Ng, J.H., Ng, H.H., 2011. Mapping the networks for pluripotency. Philos. Trans. R.
Soc. Lond. Ser. B Biol. Sci. 366, 2238–2246.

Yu, J., Vodyanik, M.A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J.L., Tian, S., Nie, J.,
Jonsdottir, G.A., Ruotti, V., Stewart, R., Slukvin, I.I., Thomson, J.A., 2007. Induced plu-
ripotent stem cell lines derived from human somatic cells. Science 318, 1917–1920.

Zhang, J., Ratanasirintrawoot, S., Chandrasekaran, S., Wu, Z., Ficarro, S., Yu, C., Ross, C.,
Cacchiarelli, D., Xia, Q., Seligson, M., et al., 2016. LIN28 regulates stem cell metabolism
and conversion to primed pluripotency. Cell Stem Cell 19, 66–80.

503N. Rahkonen et al. / Stem Cell Research 17 (2016) 498–503

doi:10.1016/j.scr.2016.09.025
doi:10.1016/j.scr.2016.09.025
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0005
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0005
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0005
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0010
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0010
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0015
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0015
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0020
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0020
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0025
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0025
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0030
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0030
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0035
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0035
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0040
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0040
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0045
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0045
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0050
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0050
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0050
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0055
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0055
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0055
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0060
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0060
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0060
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0065
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0065
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0070
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0070
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0070
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0075
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0075
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0075
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0080
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0080
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0080
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0085
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0085
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0090
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0090
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0095
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0095
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0095
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0100
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0100
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0100
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0105
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0105
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0110
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0110
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0115
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0120
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0120
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0125
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0125
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0125
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0130
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0130
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0135
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0135
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0135
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0140
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0140
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0140
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0145
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0145
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0150
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0150
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0150
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0155
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0155
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0160
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0160
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0165
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0165
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0170
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0170
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0175
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0175
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0175
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0180
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0180
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0185
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0185
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0190
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0190
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0195
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0195
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0200
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0200
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0205
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0205
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0210
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0210
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0215
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0215
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0220
http://refhub.elsevier.com/S1873-5061(16)30140-4/rf0220

