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LETTER TO THE EDITOR
Generation of an LncRNA Gtl2-GFP Reporter for Rapid Assessment of
Pluripotency in Mouse Induced Pluripotent Stem Cells
Epigenetic reprogramming of somatic cells into induced
pluripotent stem cells (iPSCs) by overexpression of defined
factors holds great promise for disease modeling and regen-
erative medicine (Takahashi and Yamanaka, 2006; Robinton
and Daley, 2012). However, the stochastic reprogramming
process often results in variable pluripotency levels of iPSC
lines as measured by their in vivo developmental potential,
which poses a huge challenge to the applications of high
quality iPSCs (Hanna et al., 2010). The activation status of an
imprinted Dlk1-Dio3 region has been identified as a molecular
marker for pluripotency (Liu et al., 2010; Stadtfeld et al.,
2010). The Dlk1-Dio3 region is normally expressed in
mouse iPSC clones that can produce the entirely iPSC-derived
mice (“all-iPSC” mice) by tetraploid complementation, the
most stringent test for pluripotency; but it is aberrantly
silenced in those iPSC clones that fail to support the embry-
onic development of “all-iPSC” mice. Therefore, we sought to
label the expression of the Dlk1-Dio3 region by knocking in a
green fluorescence protein (GFP) reporter gene. However, the
activated Dlk1-Dio3 region mainly expresses three long non-
coding RNA (lncRNA) genes Gtl2, Rian, and Mirg, and a
cluster of microRNAs; whether it is feasible to generate
lncRNA- or microRNA-reporters has not been tested yet.

The expression level of the three lncRNA genes Gtl2, Rian,
and Mirg are positively correlated with the iPSC pluripotency
level (Liu et al., 2010; Stadtfeld et al., 2010). However, the
genomic loci of Rian and Mirg largely overlap the microRNA
coding regions, so genetic modifications in these genes may
disrupt the coding sequences and compromise the iPSC plu-
ripotency. Hence, we chose to label the Gtl2 expression to
reveal the activation status of the Dlk1-Dio3 region. We
designed a gene targeting strategy to generate an lncRNAGtl2-
GFP reporter by inserting an internal ribosome entry site
(IRES) cassette and a green fluorescence protein (GFP) gene
after the transcription termination site of Gtl2, which made the
GFP andGtl2 sharing the same transcription promoter and thus
being synchronously expressed (Fig. 1A). After electroporation
of the knock-in vector into an embryonic stem cell (ESC) line
(ESC1-1), four independently targeted ESC clones were
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identified by PCR screening (Fig. S1A and B). Southern blot
analysis further confirmed the integration of the GFP cassette
into the targeting locus (Fig. S1C). Of the four clones, two had
the expression of both GFP and Gtl2 (Fig. 1B and
Fig. S1DeE), suggesting the targeting of the GFP cassette into
Gtl2 maternal-expressed allele (ESCGtl2-GFP-1, ESCGtl2-GFP-2),
and the other two were GFP-negative, suggesting the integra-
tion of GFP into Gtl2 paternal-silenced allele.

Gtl2 plays an important role in embryonic development,
and its sequence disruption can lead to lethal phenotypes in
mice (Takahashi et al., 2009). To test whether the Gtl2
expression was disturbed by gene targeting, we performed
real-time PCR assay. In IP20D-19, a previously reported iPSC
line, the expression level of Gtl2 was very low, which was
unable to produce “all-iPSC” mice. But in ESCGtl2-GFP-1, the
Gtl2 expression level was comparable to that in parental ESC
lines, demonstrating that the Gtl2 expression was not affected
by the GFP targeting (Fig. 1C). The lncRNA Gtl2-GFP re-
porter ESC lines also expressed typical pluripotent marker
genes, including Oct4, SSEA-1, Nanog and Sox2 (Fig. 1D). We
further examined the developmental potential of the reporter
cell lines by tetraploid complementation. Notably, these
lncRNA Gtl2-GFP reporter cells could produce “all-iPSC”
mice with similar efficiency to the parental non-modified
ESCs (Fig. 1E and Table S1), suggesting that the targeted
integration of the GFP reporter did not affect the Gtl2 func-
tion. Collectively, these results showed that the lncRNA Gtl2-
GFP reporter could be generated by conventional knock-in
method without compromising the expression and function
of the targeted lncRNA.

Next, we conducted a proof-of-principle experiment to test
the application of the lncRNA Gtl2-GFP reporter in reprog-
ramming studies. Previous reports have shown that using fetal
bovine serum (FBS) in iPSC-induction medium can result in
aberrant silence of the Dlk1-Dio3 region of most of generated
iPSC lines, while using knockout serum replacement (KSR)
greatly preserves the activation status of Dlk1-Dio3 region and
promotes the full pluripotency of iPSCs (Zhao et al., 2009;
Stadtfeld et al., 2012). Hence, we used KSR system to test
ese Academy of Sciences, and Genetics Society of China. Published by Elsevier
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Fig. 1. Generation, characterization and application of an lncRNA Gtl2-GFP reporter for pluripotency assessment in mouse iPSCs.

A: Schematic diagram showing the targeting strategy to knock the GFP reporter into the endogenous Gtl2 locus. B: The correctly targeted ESC line (ESCGtl2-GFP-

1) shows typical ESC morphology and is GFP-positive. Scale bar, 50 mm. C: Analysis for Gtl2 expression in the original ESC line and reporter line ESCGtl2-GFP-1

by real-time PCR. The iPSC line IP20D-19 with low expression of Gtl2 was used as a negative control. D: Immunostaining of ESC1-1 and ESCGtl2-GFP-1 using

anti-Oct4, Nanog, SSEA-1, Sox2 and GFP antibodies. E: Live pups (left) and adult mouse (right) produced from ESCGtl2�GFP-1 through tetraploid
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the feasibility of using the lncRNA Gtl2-GFP reporter to
discriminate between the “good” or “bad” reprogramming
induction medium and iPSC clones. We used ESC clone
ESCGtl2�GFP-1 to produce E13.5 fetuses by tetraploid
complementation, and subsequently isolated mouse embry-
onic fibroblast (MEF) cells from these fetuses for following
iPSC induction. Three days after infection with the reprog-
ramming factors Oct4, Sox2, Klf4 and cMyc, the MEF cells
were plated in induction medium containing 15% FBS (FBS-
medium) and 20% KSR (KSR-medium), respectively.
Seventeen days after infection, we could observe typical iPSC
clones in both media. However, most iPSC clones in KSR-
medium were GFP-positive, while nearly all iPSC clones in
FBS-medium were GFP-negative (Fig. 1F). Consistently,
fluorescence-activated cell sorting (FACS) analysis showed
that more than 25% of cells in KSR-medium were GFP-
positive, compared to 0.5% in FBS-medium (Fig. 1G). We
randomly picked and expanded 4 GFP-positive clones from
KSR group (KiPS-1, KiPS-2, KiPS-3 and KiPS-4), and 4
GFP-negative iPSC clones from FBS group (FiPS-1, FiPS-2,
FiPS-3 and FiPS-4) for further analysis. All the 8 iPSC
clones expressed the typical pluripotent marker genes with
similar pattern by PCR analysis with specific primers (Fig. 1H
and Table S2), indicating that they were all reprogrammed
into pluripotent state. Only the GFP-positive clones expressed
Gtl2 as ESCs, while the GFP-negative clones had very low
Gtl2 expression as IP20D-19 (Fig. 1I), a low-quality iPSC
line, confirming that the GFP expression can reflect the Gtl2
expression status in reprogrammed iPSCs. Moreover, the
methylation status of the IG-DMR, a differentially methylated
region (DMR) controlling the imprinting status of the Gtl2,
was hypermethylated in GFP-negative iPSC clones (Fig. 1J),
indicating the aberrant silence of the Dlk1-Dio3 region in
these clones during reprogramming. Next, we examined the
pluripotency levels of both GFP-positive and GFP-negative
iPSC clones by tetraploid complementation assay. Both two
GFP-positive iPSC clones can produce “all-iPSC” mice, but
the two GFP-negative iPSC clones failed to support the full-
term development of “all-iPSC” mice (Fig. 1K and Table
S3). Taken together, our results demonstrated that the
lncRNA Gtl2-GFP reporter can reliably indicate the Gtl2
expression and activation status of Dlk1-Dio3 region during
reprogramming, and be used for assessment of the quality of
reprogramming induction components and the generated iPSC
clones.

To our knowledge, this is the first demonstration of the
feasibility to generate lncRNA gene reporters via conventional
knock-in method. Moreover, in a proof-of-principle
complementation. F: GFP expression in iPSC clones induced in FBS-medium and
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tetraploid complementation.
experiment, we have shown that with the lncRNA Gtl2-GFP
reporter, we can rapidly and non-invasively distinguish the
good iPSC clones with highest pluripotency levels from those
bad clones. Given the complex reprogramming process and the
high variability in pluripotency levels of generated iPSC
clones, our study will provide a useful and convenient tool for
reprogramming studies, such as screening for good reprog-
ramming components that promote iPSC pluripotency, and
choosing the high-quality iPSC clones for further applications.

ACKNOWLEDGMENTS

This work was supported by the grants from the “Strategic
Priority Research Program” of the Chinese Academy of Sci-
ences (No. XDA01020100 to Q.Z.), the China National Basic
Research Program (No. 2012CBA01300 to Q.Z.), and the
National Science Foundation of China (No. 91319308 to Q.Z.,
31201105 to L.L. and 31371516 to W.L.).

SUPPLEMENTARY DATA

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.jgg.2015.02.004.

Zhikun Lia,b,1, Libin Wanga,b,1, Yukai Wanga,1, Lei Liua,
Liu Wanga, Wei Lia, Qi Zhoua,*

aState Key Laboratory of Reproductive Biology, Institute of Zoology,

Chinese Academy of Sciences, Beijing 100101, China

bUniversity of Chinese Academy of Sciences, Beijing 100049, China

*Corresponding author. Tel: þ86 10 6480 7299, fax: þ86 10 6480 7306.

E-mail address: qzhou@ioz.ac.cn (Q. Zhou)
1These authors contributed equally to this work.

Received 29 October 2014

Revised 9 February 2015

Accepted 10 February 2015

Available online 17 February 2015
REFERENCES

Hanna, J.H., Saha, K., Jaenisch, R., 2010. Pluripotency and cellular reprog-

ramming: facts, hypotheses, unresolved issues. Cell 143, 508e525.

Liu, L., Luo, G.Z., Yang, W., Zhao, X., Zheng, Q., Lv, Z., Li, W., Wu, H.J.,

Wang, L., Wang, X.J., Zhou, Q., 2010. Activation of the imprinted Dlk1-

Dio3 region correlates with pluripotency levels of mouse stem cells. J.

Biol. Chem. 285, 19483e19490.
KSR-medium. Scale bar, 50 mm. G: FACS analysis of GFP positive ratios of

on was used as negative control. H: Detection of pluripotent gene expression in

cells were used as positive and negative control, respectively. GFP� indicates

ve with GFP expression I: Analysis of relative expression of Gtl2 and GFP by

ee iPSC clones induced in KSR-medium (KiPS-1, -2, -3). J: DNA methylation

, one iPSC clone induced in KSR-medium (KiPS-1) and one ESC line. White

hylated CpG dinucleotides. K: One live pup produced from the KiPS-1 through

http://dx.doi.org/10.1016/j.jgg.2015.02.004
mailto:qzhou@ioz.ac.cn


128 Letter to the Editor / Journal of Genetics and Genomics 42 (2015) 125e128
Robinton, D.A., Daley, G.Q., 2012. The promise of induced pluripotent stem

cells in research and therapy. Nature 481, 295e305.

Stadtfeld, M., Apostolou, E., Akutsu, H., Fukuda, A., Follett, P., Natesan, S.,

Kono, T., Shioda, T., Hochedlinger, K., 2010. Aberrant silencing of

imprinted genes on chromosome 12qF1 in mouse induced pluripotent stem

cells. Nature 465, 175e181.

Stadtfeld, M., Apostolou, E., Ferrari, F., Choi, J., Walsh, R.M., Chen, T.,

Ooi, S.S., Kim, S.Y., Bestor, T.H., Shioda, T., Park, P.J., Hochedlinger, K.,

2012. Ascorbic acid prevents loss of Dlk1-Dio3 imprinting and facilitates

generation of all-iPS cell mice from terminally differentiated B cells. Nat.

Genet. 44, 398e405. S391-392.
Takahashi, K., Yamanaka, S., 2006. Induction of pluripotent stem cells from

mouse embryonic and adult fibroblast cultures by defined factors. Cell 126,

663e676.

Takahashi, N., Okamoto, A., Kobayashi, R., Shirai, M., Obata, Y.,

Ogawa, H., Sotomaru, Y., Kono, T., 2009. Deletion of Gtl2, imprinted

non-coding RNA, with its differentially methylated region induces le-

thal parent-origin-dependent defects in mice. Hum. Mol. Genet. 18,

1879e1888.
Zhao, X.Y., Li, W., Lv, Z., Liu, L., Tong, M., Hai, T., Hao, J., Guo, C.L.,

Ma, Q.W., Wang, L., Zeng, F., Zhou, Q., 2009. iPS cells produce viable

mice through tetraploid complementation. Nature 461, 86e90.


	Generation of an LncRNA Gtl2-GFP Reporter for Rapid Assessment of Pluripotency in Mouse Induced Pluripotent Stem Cells
	Acknowledgments
	Supplementary data
	References


