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ABSTRACT

Kit is a growth factor receptor that regulates proliferation and/or survival of many embryonic
and postnatal stem cell types. When mutated, it can induce malignant transformation of the
host cells. To dissect the Kit role in the control of ESC pluripotency, we studied its expression
during early mouse embryogenesis and during the process of ESC derivation from inner cell mass
(ICM) cells. We followed the in vitro development of early mouse embryos obtained from trans-
genic mice carrying Kit promoter regions fused to EGFP (Kit-EGFP) and found that they initiate
EGFP expression at morula stage. EGFP expression is then maintained in the blastocyst, within
the ICM, and its levels increase when cultured in the presence of MAPK and GSK3f inhibitors
(2i) plus LIF compared with the LIF-only condition. Kit-EGFP ESCs showed nonhomogeneous EGFP
expression pattern when cultured in LIF condition, but they upregulated EGFP expression, as well
as that of Sox2, Nanog, Prdm14, when shifted to 2i-LIF culture. Similarly, primordial germ cells
(PGCs) in the process of embryonic germ cell (EGC) conversion showed enhanced EGFP expres-
sion in 2i-LIF. Kit expression was affected by manipulating Sox2 levels in ESCs. Chromatin immu-
noprecipitation experiments confirmed that Sox2 binds Kit regulatory regions containing Sox2
consensus sequences. Finally, Kit constitutive activation induced by the D814Y mutation
increased ESC proliferation and cloning efficiency in vitro and in teratoma assays in vivo. Our
results identify Kit as a pluripotency-responsive gene and suggest a role for Kit in the regulation
of ESC proliferation. STEM CELLS 2019;00:1-13

SIGNIFICANCE STATEMENT

By exploiting transgenic mice carrying Kit different promoter regions fused to EGFP (Kit-EGFP) it
was found that embryos initiate EGFP expression at morula stage. EGFP expression is then
maintained in the blastocyst, within the ICM, and more importantly, its levels along with those
of Kit increase in ground state culture conditions (MAPK and GSK3p inhibitors [2i] and LIF) com-
pared with standard conditions (LIF only). Indeed, it was found that ESCs upregulated EGFP
expression, as well as that of Sox2, Nanog, Prdm14 but not Oct4 in 2i-LIF, whereas they showed
a nonhomogeneous EGFP expression pattern when cultured in LIF only condition. It was found
that primordial germ cells, that share a similar transcriptional profile with ESCs, are sensitive to
ground state culture conditions during the transition to EGC state. It was also found that Sox2
controls Kit and EGFP expression in ESCs. Finally, by producing a constitutive active Kit allele, it
was found that mutant ESCs impaired early embryo development following their injection in
host blastocyst and showed increased proliferation rate in vitro and in teratoma assays in vivo.
The results show that Kit regulatory regions respond to ground state culture conditions and
suggest a role of Kit in the regulation of ESC proliferation.

INTRODUCTION

Kit, the transmembrane receptor of the cytokine
stem cell factor (SCF), is an important regulator
of proliferation/survival of several embryonic
and postnatal stem cell types such as melano-
blasts, hemopoietic stem cells and germ cells
[1,2]. Kit maps to the W locus (white spotting)
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and its deletions or loss of function mutations
affect these stem cell lineages. On the contrary,
gain of function mutations or gene duplications
have been identified in several neoplasias and
have been hypothesized to be involved in the
neoplastic transformation of hemopoietic and
germ cells [3]. In the fetal germline, Kit is
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expressed both in primordial germ cells (PGCs) and in oocytes.
After birth its expression is resumed in spermatogonia, to regu-
late the expansion of the male germ cell pool, whereas in postna-
tal oocytes, Kit mRNA is continuously expressed up to metaphase
Il stage and after fertilization it is completely degraded at 2-cell
stage. Embryonic Kit expression can be detected at the blastocyst
stage (within the pluripotent inner cell mass cells [ICMs]) [4] and
in ESCs, the pluripotent stem cells derived from ICM of preim-
plantation blastocysts [5]. Although Kit null ESCs can be gener-
ated, they show growth and differentiation defects [6]. Similarly
to some pluripotency genes such as Nanog or Prdmi4, Kit is
downregulated at implantation and then it is re-expressed at gas-
trulation only in PGCs [7, 8]. By using transgenic mice carrying dif-
ferent Kit promoter regions fused to EGFP (Kit-EGFP), we
previously showed that 6.9 kb of the promoter are sufficient to
drive EGFP expression only in germ cells (PGCs and oocytes, p13
line) [8]. Inclusion of 3 kb or 6 kb of the first Kit intron sequences
(p18 and p70 transgenic line, respectively) extends EGFP expres-
sion to hemopoietic stem cells and to other stem cell lineages,
including spermatogonia [8—11]. The regulation of Kit expression
in germ cells depends on transcription factors that are develop-
mentally regulated. We found that Sox2 promotes Kit expression
in migratory PGCs [11], whereas the bHLH factors Sohlhl and
Sohlh2 are important for its expression in postnatal spermatogo-
nia and oocytes [9]. The evidence that Kit expression pattern par-
allels that of pluripotency factors in early embryos, in PGCs and
in ESCs, suggests that the regulation of its expression might be
potentially associated to the ground state pluripotency. To test
this hypothesis, we first studied Kit expression during early
embryonic development and during ICM-ESC transition by follow-
ing the activation of Kit-EGFP transgene expression in in vitro cul-
tured 2-cell embryos obtained from the 3 transgenic lines [8].
We found that the first 6.9 kb of Kit-promoter specifically drive
Kit expression at morula stage and that ground state culture con-
ditions (2i-LIF) enhance both Kit and EGPF expression in blasto-
cysts, in ESCs and in PGCs during embryonic germ cell (EGC)
conversion. We found that when transfected into ESCs, Sox2
induced Kit expression whereas Sox2 deletion was accompanied
by Kit downregulation. Of the 4 Sox2 consensus sequences con-
tained within the promoter and first Kit intron, 3 of them were
immunoprecipitated by Sox2 antibodies in chromatin immuno-
precipitation (ChIP) assays, suggesting a direct effect of Sox2 on
Kit transcription. Finally, by introducing a gain of function muta-
tion of the Kit gene, we found that it stimulated ESCs prolifera-
tion both in vitro and in vivo.

Our results identify the Kit regulatory regions that drive Kit
expression also during early embryogenesis, and respond to
pluripotent ground state culture conditions, similarly to what
has been shown for some pluripotency genes such as Nanog,
Prdm14, Rex1, in ESCs. They also suggest a role for Kit in ESCs
proliferation and tumor growth in mouse teratoma.

MATERIALS AND METHODS

Animal Models

Generation of Kit-KO, Kit-EGFP, and Sox2'**'°® mice have
been previously described [8,37,41]. Sox2'"'® were inter-
crossed with Rosa26Cre-Ert2 mice (Jackson Laboratories, Ann
Harbor, MI) to generate Sox2'®/'*® Rosa26Cre-Ert2 mice.

Sox2'P/1°® Rosa26Cre-ERT mice were crossed to pl8 mice to
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generate Sox2'"/'%® Rosa26Cre-Ert2 Kit-EGFP (p18) mice. Kit-
KO mice were intercrossed with pl18 to generate Kit-KO, Kit-
EGFP. For embryo staging, 0.5 dpc corresponded to the day of
vaginal plug. Knockin mice carrying the KitD814Y mutation (see
below) were generated by injecting mutant ESCs into C57/B6
carrier blastocysts and transplanted the same day into foster
CD1 mothers. All experiments were performed in compliance
with the Tor Vergata University Institutional Animal Care and
National Institutes of Health Intramural Animal Care and Use
program. All procedures adhered to the standards published in
Guide for the Care and Use of Laboratory Animals. Experimental
procedures involving mice were approved by the Italian Ministry
of Health. The structure of the targeting construct used to gen-
erate KitD814Y knockin ESCs is depicted below.

Construction of KitD814Y Targeting Vector

BAC (bacterial artificial chromosome) RP23-309C11 (from UCSC
Genome Bioinformatic software), which consists of a 205 kb
insert, including 68 kb of sequence upstream and 57 kb of
sequence downstream of the Kit initiation and stop codons,
respectively, was used to generate the Kit targeting vector.
Bacteria containing BAC RP23-309C11 have been electroporated
with mini-A prophage DNA containing the essential components
for recombination [42]. The BAC mutation has been generated
using a 2-step recombination strategy for the missense muta-
tions [43]. The correct insertion of the point mutation was
checked by sequencing of mutated BAC using 2 opportune
primers (Kit For240 = TAGTCATTAGAGCCCCGATC and Kit
Rev500 = GTTACAGAAGGCTGGCACTT). Kit”®24" knockin targeting
vector was generated by homologous recombination inserting
the neomycin cassette obtained from the pLTM260 vector
flanked by loxP and frt sites (a generous gift of SK Sharan, NCI-
FCRF, Frederick, MD) and 2 homology regions (ARM1 and
ARM?2) of the Kit gene at intron 17, into the previously D814Y
mutated BAC. Kanamycin resistant positive recombinants were
used for getting the BAC sequence (from intron 14 to intron 20)
with the substitution D814Y (in exon 17) and the Neo cassette
into the retrieval pDTa8 vector (a generous gift of SK Sharan,
NCI) that contains ampicillin resistance and the DT (diphtheria
toxin) gene for negative selection of electroporated ESCs. Cor-
rectly recombined colonies were checked for antibiotic resis-
tance to both ampicillin and kanamycine.

Generation of Targeted ESCs

Eighty micrograms of the final targeting vector were linearized
by cutting with Notl, purified and electroporated into 129iTL1
embryonic stem cells by standard methods at NCI. After selec-
tion with G418 antibiotic, 300 resistant colonies were expanded.
Targeted ES cells were identified by southern blotting analysis
by genomic DNA digestion with Bgl Il and using an external
probe mapping on exon 14 of c-Kit gene (Supporting Informa-
tion Fig. S3). Three positive clones were identified. The targeted
ESCs were injected into C57/B6 blastocysts to generate chimeric
mice. Since no chimeras were obtained from the 3 positive tar-
geted ESCs clones further experiments were performed on ESCs.

Derivation and Maintenance of ESCs

Two cells embryos at 1.5 dpc obtained from Kit-EGFP, Oct4-DE
and Sox2'”"/'%P Rosa26Cre-Ert2 transgenic mice were flushed
out from the oviduct and cultured in a 33 mm dish in KSOM
medium (Embryomax Millipore) under mineral oil until the stage
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of blastocysts 3.5 dpc. To derive ESCs, individual transgenic blas-
tocyst was placed and cultured for an additional day according
to a modification of Ying et al. [13] in a 96-well plate in Knock-
out DMEM (Gibco, Grand Island, NY) supplemented with B27
(Gibco), insulin-transferrin-sodium selenite supplement (Gibco),
2% FBS (Gibco), 100 Ul Penicilline (Gibco), 100 pg/ml Streptomy-
cin (Gibco), 20 mM Glutamine (Gibco), Nonessential Amino
Acids (Gibco), 100 nM p-Mercaptoethanol (Gibco) with 2i
(PD325901, 1 pM: Axon Medchem; CHIR99021, 3 pM: Axon
Medchem, London, U.K.) and LIF (1,000 pg/ml, Immunological
Sci, Rome, Italy) on mouse embryonic fibroblasts (MEFs) feeders.
The expanded ESC colonies were passaged by dissociating with
TRypLE (Invitrogen, Milan, ltaly). Until passage 4, ESCs were
maintained on MEFs. From passage 4, ESCs, preplated to reduce
MEF contamination, were stocked and subsequent experiments
were performed using stocked ESC samples. ESCs were cultured
in LIF condition medium (Knockout DMEM [Gibco] supplemen-
ted with 15% FBS [Gibco], 100 Ul Penicilline [Gibco], 100 pg/ml
Streptomycin [Gibco], 20 mM Glutamine [Gibco], Nonessential
Amino Acids [Gibco], 100 nM B-Mercaptoethanol [Gibco] with
LIF [1,000 U/ml]) or in 2i-LIF condition medium (Knockout
DMEM [Gibco] supplemented with B27 [Gibco], insulin-transfer-
rin-sodium selenite supplement [Gibco], 2% FBS [Gibco], 100 Ul
Penicilline [Gibco], 100 pg/ml Streptomycin [Gibco], 20 mM Glu-
tamine [Gibco], Nonessential Amino Acids [Gibco], 100 nM
B-Mercaptoethanol [Gibco] with 2i [PD325901, 1 pM: Axon
Medchem; CHIR99021, 3 pM: Axon Medchem] and LIF
[1,000 U/ml]) in feeder free on a dish coated with gelatin
(0.25%; Sigma—Aldrich, Milan, ltaly).

FACS Analysis

Kit-EGFP ESCs were dissociated with trypsin EDTA and quenched
with DMEM containing 10% FBS. Fluorescence identification and
quantitation were conducted on FACS Calibur (BD Biosciences,
Milan, Italy).

PGC Culture

E9.5 and E13.5 gonads from CD-1 or Kit-EGFP (p18) mice were
separated from mesonephros and dissociated with trypsin—
EDTA working solution. Trypsin—EDTA was quenched and
pipetted several times to obtain a single suspension. Cells
were resuspended in 300 pl of MACS buffer (phosphate-
buffered saline [PBS]-bovine serum album [BSA] 0.1% [wt/vol]
and 0.2 mM EDTA). PGCs were isolated by MINI-MACS immu-
nomagnetic cell sorter (Miltenyi Biotec, Milan, Italy) using anti-
SSEA1 antibodies (GeneTex, Milan, Italy), according with the
manufacturer’s instructions. Cells were then cultured 24 hours
into transwell chambers (Falcon, Milan, Italy) [17] in Knockout
DMEM medium in LIF or 2i-LIF condition supplemented with
25 ng/ml bFGF, BMP4 100 ng/ml, 10 ng/ml SCF and 10 pM
Forskolin. PGCs were also cultured in the presence of LIF, PD
and LIF, CH, and LIF or 2i+LIF to assay the impact of each
inhibitor on Kit expression. Total RNA was extracted in Trizol
(Invitrogen, Carlsbad, CA) for qRT-PCR.

EGC Derivation

Approximately 50 9.5 dpc PGCs, isolated by MINI-MACS proce-
dure, were seeded onto mitomycin-treated SI4-m220 cells [44]
in 96 multiwell plates and cultured in 15% FCS Knockout DMEM
medium containing SCF, bFGF, BMP4, and LIF (as above). After
2 days of culture, medium was replaced with LIF or 2i-LIF
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medium. PGC colonies and EGFP intensity were assessed by
epifluorescence.

Transfection of ESCs

Sox2-pcDNA-plasmid was transfected into ESCs by lipofecta-
mine 3,000 DNA transfection reagent (Invitrogen) as previously
described [9]. After 24 hours cells were extracted in lysis
buffer solution and Western blot analysis was performed on
pools of different transfection experiments.

Cell Proliferation and Colony Assays

The 3H-thymidine incorporation assay was used to measure
cell proliferation as previously described [45]. Briefly, 1,000 ES
cells were seeded into 96-well plates in ES medium for
24 hours and then were pulsed with 1 pCi of [methyl-3H]-
thymidine for 2 hours at 37°C. Cells and media were collected
onto fiberglass filters and radioactivity retained on the dried
filters was counted by liquid scintillation spectrometry. Colony
assays were performed by seeding 20 or 200 single wt or
mutant ESCs suspensions onto gelatin-treated wells that were
cultured under appropriate conditions for 4 days. Cultures
were then fixed with 4% paraformaldehyde (PFA) and stained
for alkaline phosphatase (Fast red/Naphthol Kit, Sigma Aldrich)
for 10 minutes for colony visualization. Number of AP stained
(red/purple) pluripotent colonies were counted using a light
microscope with 10X objective.

Semiquantitative RT-PCR and gRT-PCR

Total RNA from ES cells and PGCs was treated with DNase | to
avoid potential contamination by genomic DNA. DNA-free RNA
was reverse transcribed using Bioline (BIO-65043, London,
U.K.) tetro cDNA Synthesis Kit according to the manufacturer’s
instructions. For semiquantitative RT-PCR in ESCs and PGCs,
25 cycles were performed for Actin amplification and 38 cycles
for all the other genes.

One step plus (Applied Biosystems, Monza, Italy) Real-time
PCR System and SsoAdvanced Universal SYBR Green Supermix
(BIO-RAD 172-5,271, Bio-Rad Laboratories, Hercules, CA; S.R.L,,
Segrate Milan, Italy) were used for quantitative RT-PCR (RT-
gPCR). The comparative 2(—Delta Delta C[T]) method was used
to determine the relative quantities of mRNA, using Gapdh
mMRNA as the endogenous normalizer. Sequences of oligonucleo-
tides used for RT-PCR and gRT-PCR are indicated in Table 1.

Immunoprecipitation and Western Blot

Five hundred micrograms of protein extracts from Kit D814Y
colony 1 or Kit wt ESCs were immuno-precipitated with anti
Kit antibodies (custom made by ProteoGenix, Schiltigheim,
France, based on the Kit sequence published in [46], 1:100); or
with matched isotype immunoglobulins (IgGs, Sigma—Aldrich,
Milan, Italy; 15006) overnight at 4°. Immunocomplexes were
pulled down with ProteinA-Sepharose beads (Sigma—Aldrich,
P3391), recovered by boiling beads in sample buffer and ana-
lyzed by Western blot. For Western blot analysis, ESCs, PGCs,
and spermatogonia were harvested and washed 2 times with
ice-cold PBS. Cell lysis was performed with Lysis solution
(150 mM NaCl, 50 mM Tris HCI, 1% NP-40, 0.1% SDS, 0.5%
sodium deoxycholate, 0.5 M DTT, 0.5 M NaF, 100 mM PMSF,
1 M pB-glycerophosphate, 0.5 M sodium orthovanadate and
protease inhibitors). Proteins or immunocomplexes were sepa-
rated by SDS-PAGE in 4%—-20% gradient gels (Bio-Rad, Milan,
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Italy) or in uniform gels of 10% polyacrylamide and transferred
to PVDF membrane (Amersham GE Healthcare Europe GmbH,
Milan, Italy). The membrane was blocked in TBS-5% BSA for
1 hour at room temperature. Incubation with primary anti-
bodies was carried out at 4°C o/n in TBST-5% BSA and then
with the appropriate horseradish peroxidase-conjugated sec-
ondary antibody (SantaCruz, Heidelberg, Germany). Rabbit
anti-Sox2 (Millipore, Milan, Italy; 1:1,000), rabbit anti-Actin
(A2066, Sigma—Aldrich, 1:2,000), mouse anti-Oct4 (Santacruz
sc-8,628; 1:100), rabbit anti-Nanog (Santacruz sc-376,915;
1:500), rabbit anti-Prdm14 (Abcam, ab139725, Cambridge,
U.K.; 1:500), rabbit anti-GFP rabbit (Abcam ab6556; 1:1,000),
mouse anti-tubulin (Sigma—Aldrich, T9026; 1:2,000), rabbit
anti-Stra8 (Abcam ab49405; 1:1,000), rabbit anti-Kit (1:500),
anti p-Tyr (Santacruz, PY20, SC508) anti-pSer9-GSK3p (Cell Sig-
naling #9336, Milan, Italy) The horseradish peroxidase conju-
gate was detected by chemiluminescence with an ECL Kit
(Clarity western ECL substrate Bio-Rad) and auto-fluorography.

Teratoma Assay

One million of D814Y Kit, wt (parental line 129iTL1) or
p18-ESCs were resuspended in 50 pl of matrigel matrix
(Corning, Turin, Italy) and injected into the flanks of CD1 nude
immune-compromised mice (2 for D814Y Kit ESCs, 1 for
p18/0ct4-DE). Teratomas were monitored and removed once
the tumor size reached 1 cm. Tumors were then measured
and processed for paraffin sectioning and hemaytoxylin and
eosin staining analysis. Serial sections 5 pm thick were
obtained at the microtome.

Immunofluorescence

For ICM, blastocysts from Kit-EGFP transgenic mice were
adhered onto gelatin coated glass slides and allowed to out-
grow for 24 hours in 2i condition. For whole mounts, blasto-
cysts were cultured 24 hours in LIF or 2i-LIF conditions. Cells
were then fixed for 15 minutes at room temperature in 4%
PFA, washed twice in PBS, permeabilized for 10 minutes with
PBS containing 0.1% Triton X-100 and incubated for 1 hour
with PBS containing 0.5% BSA. Cells were then incubated o/n
at 4°C with anti-Kit, anti-Sox2, anti-Nanog, or anti-Oct4 anti-
bodies (all antibodies were used at 1:200 dilution) followed by
1 hour incubation in secondary antibody (Cy3-conjugated don-
key anti-rabbit 1gGs, from Millipore,) was added for 1 hour at
room temperature. Slides were washed and mounted in 50%
glycerol in PBS. Hoechst 33342 (Sigma—Aldrich) was used to
counterstain nuclei. Deconvolution and microscopy inspections
were performed on a Leica CTR6000 microscope.

Embryoid Bodies, Cardiac, and Neuronal Differentiation

Kit wt and Kit D814Y ESCs were detached and dissociated into
single cells with 0.25% trypsin—EDTA and grown in hanging
drops (200 cells per 25 pl KO-DMEM, 15% FBS) to obtain
embryoid bodies. Day 3 embryoid bodies were plated onto
gelatinized plates and cultured for 7 days in DMEM 15% FCS
for cardiac differentiation and observed for the presence of
beating foci. For neural differentiation day3 embryoid bodies
were exposed to 10 uM all trans retinoic acid (ATRA) for fur-
ther 5 days. Immunofluorescence was performed on cultures
following 4% PFA fixation, using rabbit anti $3-Tubulin (T2200,
Sigma—Aldrich; 1:200).
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Chromatin Immunoprecipitation Assay

Pools of ESCs (1.2 X 10’ total cells) were used for chromatin
preparation as previously reported for PGCs [11]. Chromatin
from approximately 6 x 10° cells was used in each immunopre-
cipitation experiment with mouse o-Sox2 (2 pg, SantaCruz sc-
365,823) or with control 1gG (2 pg SantaCruz sc-2025) antibodies
in a total volume of 500 pl at 4°C. Semiquantitative PCR was
performed on extracted DNA using the corresponding primers
(Table 1); 35 cycles (95° 30 seconds, 58° 30 seconds, 72° 30 sec-
onds) were performed for each DNA segment amplification.

Statistical Analysis

The Student’s t test has been used to assess the significance.
All experiments were performed at least 3 times. Values are
reported as mean and SD. Asterisks indicate the level of statis-
tical significance (*, p < .05; **, p < .001).

Kit Promoter Is Active in Preimplantation Embryos and
in ESCs

To study the mechanisms that regulate Kit expression in early
embryogenesis and during the process of ESC derivation, we
took advantage of 3 transgenic mouse lines expressing EGFP
under the control of different Kit-regulatory regions (Kit-EGFP
p13, p18, and p70, Fig. 1A) that faithfully report Kit expression
in the correct cell lineages ([8] and Supporting Information
Fig. S1A). Two-cell stage embryos were obtained from wt
females mated to transgenic males, to follow EGFP embryonic
transcription, and cultured up to the blastocyst stage to gener-
ate ESCs. By fluorescence microscopy analysis we found that
2-cell embryos obtained from all the 3 transgenic lines were
EGFP negative (not shown); however, starting from the morula
stage they expressed EGFP at variable levels within the blasto-
meres (Supporting Information Fig. S1B). At the blastocyst
stage EGFP was mainly expressed within the ICM in all the
3 lines, although at different levels (Fig. 1A). We found that
the p18 line showed the brightest EGFP positivity among the
3 transgenic lines, thus we concentrated our studies on
this line. In parallel, we obtained embryos from Oct4 distal
enhancer-EGFP transgenic mice (Oct4-DE, a transgene which is
known to be a pluripotency reporter [12]), that showed EGFP
expression starting from 2/3 cell stage and variable EGFP dis-
tribution within the blastomeres at morula stage (Supporting
Information Fig. S1B), similarly to p18 embryos.

We observed that not all the cells within the ICM of the
blastocysts were EGFP positive when cultured in 15% fetal calf
serum (FCS) and LIF (LIF condition, see “Materials and Methods”
section); however, fluorescence always colocalized with Kit
expression (Fig. 1B, top panels). When blastocysts were cultured
in the presence of 2i and LIF to derive ESCs (2i-LIF condition,
modified from [13], see “Materials and Methods” section), we
found a homogeneous increase of Kit and EGFP fluorescence
within the ICM compared with LIF condition (Fig. 1A, right
panels; Fig. 1B, bottom panels). Co-localization experiments with
the core pluripotency genes showed that Oct4, Sox2, and Nanog
were all expressed in EGFP positive cells of the blastocyst out-
growths in 2i-LIF condition (Fig. 1C), indicating that Kit regula-
tory regions are active in the pluripotent cells of the ICM.
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Figure 1.

Kit regulatory regions drive EGFP expression during early embryonic development. (A): Merged images of blastocysts in bright-

field (left) and epifluorescence (right) microscopy obtained from p18 (superior panel), p70 (middle panel), and p13 (inferior panel) trans-
genic mice, following 24 hours culture in LIF or 2i-LIF condition. A scheme of the constructs used to generate transgenic animals is
represented on the right. (B): Kit immuno-localization (red) in p18 (green) blastocysts following 24 hours culture in LIF or 2i-LIF condition.
Note that EGFP signal is nuclear, due to the presence of a nuclear localization signal, whereas Kit has a membrane and cytoplasmic locali-
zation. (C): Oct4, Sox2, or Nanog immuno-localization (red) in p18 ICM (green) outgrowths.

2i Condition Upregulates Kit and Pluripotency Gene
Expression in ESCs

EGFP expression was enhanced by the 2i-LIF condition also in
ESCs from all the 3 Kit-EGFP lines as observed by epifluores-
cence and cytofluorimetric analyses (Fig. 2A, 2B), similarly to
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what has been reported in Oct4-DE ESCs (Supporting Informa-
tion Fig. S1C and [14]). By immunofluorescence we found that
Kit and EGFP expression matched within the ESCs and p18
bright cells expressed higher levels of Kit and EGFP in the 2i-
LIF condition (Fig. 2C). We confirmed that p18 and Oct4-DE
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Figure 2. 2i-LIF culture upregulate EGFP, Kit, and the pluripotency genes Sox2, Prdm14, Nanog but not Oct4 expression in ESCs. (A):
Brightfield and fluorescence images for EGFP on ESCs from different transgenic lines cultured in LIF or in 2i-LIF conditions. (B): Flow cyto-
metry analysis of p13-EGFP, p18-EGFP, and p70-EGFP ESCs cultured in LIF compared with 2i-LIF. (C): Colocalization of Kit (red) and EGFP
(green) in p18 ESCs cultured in LIF or in 2i-LIF conditions. (D): qRT-PCR and (E) Western blot analysis on extracts from p18 or OCT4-DE
ESCs cultured in LIF or in 2i-LIF conditions. (F): Western blot analysis of Kit expression in p18 ESCs cultured in LIF, 2i-only, and 2i-LIF condi-
tion, and their relative increase measured by image quant analysis is indicated below. Bars represent +SD; *, p < .05.

ESCs were bona fide pluripotent stem cells, since they were Fig. S2). Since 2i-LIF condition increased EGFP intensity and its
able to form teratomas that contained all the 3 germ layer deriv- homogeneous distribution in p18 ESCs, we evaluated the mRNA
atives in the teratoma formation assay (Supporting Information and protein levels for Kit and EGFP and for the pluripotency
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Figure 3.

PGCs and prospermatogonia are not sensitive to 2i-LIF culture conditions. (A): gRT-PCR analysis of Sox2, Oct4, Nanog, Prdm14,

and Kit mRNA levels in 9.5 dpc p18 primordial germ cells cultured in LIF, CHIR (CH)+LIF, PD+LIF, or 2i+LIF. (B): gRT-PCR analysis and (C)
Western blot analysis for Kit, pluripotency, or differentiation gene mRNA levels in 13.5 dpc p18 male and female germ cells cultured
24 hours in LIF or in 2i-LIF condition. (D): Densitometric analysis in arbitrary units of the intensity of the pluripotency gene bands reported
in (C), normalized for the intensity of actin bands. (E): Brightfield and fluorescence images of p18 9.5 dpc germ cells that were previously
cultured for 48 hours in PGC medium and then shifted to LIF (upper row) or 2i-LIF condition (lower row; left panels) and of EGCs obtained
from the corresponding cultures (arrows pointing to right panels). Bars represent £SD; **, p < .001 on at least 3 experiments.

factors Oct4, Sox2, Nanog, and Prdm14 in p18 and Oct4-DE ESC
cultured in 2i-LIF or in LIF by gPCR and Western blot analysis.
We found that mRNA and protein levels for all these genes but
Oct4 were increased in 2i-LIF compared with LIF condition in p18
as well as in Oct4-DE ESCs (Fig. 2D, 2E). We found that Kit levels
were upregulated in 2i-only condition with respect to LIF-only;
however, LIF addition to 2i further increased Kit levels, indicating
that both 2i and LIF increase Kit expression in ESCs (Fig. 2F).

Kit Upregulation Occurs in the Process of PGC/EGC
Transition

To assess if the culture conditions that upregulate Kit expres-
sion in ESCs might influence Kit levels also in fetal germ cells,

www.StemCells.com

we cultured PGCs isolated at 9.5 dpc, a developmental stage
in which they are prone to derive EGCs, for 24 hours in LIF or
2i-LIF. We also tested the 2i-only, CHIR-LIF or PD-LIF conditions
in a culture medium that could support PGC proliferation
through the addition of forskolin, an agent that increases
cAMP levels [15-17] see “Materials and Methods” section). By
gPCR we did not find any increase of Kit nor of Oct4, Sox2,
Nanog, and Prdm14 in any of the tested conditions (Fig. 3A).
Also 13.5 dpc Kit expressing gonocytes, arrested in GO of the
cell cycle, which do not proliferate, did not upregulate neither
Kit nor pluripotency gene expression in 2i-LIF condition (Fig. 3B,
3D). Similarly, 13.5 dpc oocytes, that downregulate pluripotency
gene expression upon meiotic entry [18], showed very low
levels of Nanog expression both in LIF or 2i-LIF conditions,
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Figure 4. Sox2 regulates Kit expression in ESCs. (A): gRT-PCR analysis for Sox2 expression in p18/Sox2'°>‘P/'°XP CreErt ESCs cultured in LIF
or in 2i LIF culture condition, treated or untreated with 4-HT. (B): Western blot analysis for Sox2, Oct4, Kit, and EGFP in cell extracts
obtained as in (A). (C): Brightfield and fluorescence images on p18/Sox2'°"P/'°"P CreErt ESCs treated as in (A). (D): Western blot analysis
for Kit, Sox2, EGFP, and actin in p18 (2 representative transfections) or p70 ESCs extracts mock treated or transfected with a plasmid
encoding for Sox2. (E): Densitometric analysis of the intensity of Kit and EGFP bands reported in (D; for p18 ESCs), normalized for the
intensity of actin bands (arbitrary units). (F): Schematic representation of Sox2 binding sites (rectangles) in the Kit promoter and first
intron. Arrows represent forward and reverse primer positions for each Sox2 potential binding site (numbered 1-4) or for the unrelated
sequence 5. (G): Representative semiquantitative PCR analysis after chromatin immunoprecipitation using primers shown in (F). Bars rep-
resent =SD; **, p < .001 on 3 experiments.

whereas expressing the promeiotic gene Stra8 (Fig. 3C). Kit expression during transition from PGC to EGC state, we cultured
deregulated expression has been involved in the occurrence of 9.5 dpc p18 PGCs in PGC medium on feeder layers for 2 days
teratocarcinoma [19], a tumor type originating from PGCs [20] and then they were shifted to LIF or to 2i-LIF condition to derive
that shares pluripotency gene expression with ESCs and EGCs EGCs. As shown in Figure 3E, we found that after 1 day from
[21]. To understand if 2i-LIF condition could upregulate Kit/EGFP shifting to 2i-LIF condition, EGFP fluorescence intensity was
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increased in germ cell colonies that were in the process of tran-
sition to EGCs, compared with LIF condition. Moreover, the fre-
quency of EGC colony formation was increased more than
3 times in 2i-LIF compared with LIF condition (not shown) in
agreement to what has been previously reported [14,15] and
EGFP intensity was increased and more homogeneously distrib-
uted within cells (Fig. 3E). These results show that Kit transcrip-
tional activity is upregulated in 2i-LIF condition when PGC
become susceptible to be converted to EGCs.

Sox-2 Regulates Kit Expression in ESCs

We previously demonstrated that Sox2 regulates Kit expression
in PGCs [11]. To understand if Sox2 might directly control Kit
expression also in ESCs, we treated Sox2'*/'**P/n18/Cre-ERT
ESCs with 4-hydroxytamoxifen (4-HT) to induce Sox2 deletion.
By gPCR we found that Sox2 mRNA levels strongly decreased
after 48 hours following 4-HT treatment compared with
untreated cells (Fig. 4A). Kit and EGFP expression as well as that
of Oct4 were all decreased upon Sox2 deletion (Fig. 4B, 4C).
To test if Sox2 was directly acting on Kit regulatory regions, we
transfected a plasmid encoding for Sox2 in p18 or p70 ESCs. As
shown in Figure 4D, 4E, Sox2 overexpression was able to induce
Kit and, to a lesser extent, EGFP protein upregulation in ESCs
from both genotypes. Within Kit promoter and the first intron,
4 Sox2 consensus sequences can be identified (ACAAAG; num-
bered 1-4, Fig. 4F [11]). To find out if Sox2 was able to bind
these sequences, ChIP assays were carried out on chromatin
isolated from pools of p18 ESC cultures. As shown in Figure 4G,
we found at least 3 specific binding sites (bs), 2 within the pro-
moter sequences (bs-2 and bs-3) and 1 in the first Kit intron
(bs-4), that were specifically pulled down by Sox2 antibodies.
The region containing the first Sox2 binding site (bs-1) gave
ambiguous results and was not considered specific, whereas an
unrelated sequence present within the 14th Kit exon (sequence
5) gave negative results. Altogether these results indicate that
Kit is a transcriptional target of Sox2 in ESCs, as we previously
demonstrated in PGCs [11].

Kit Constitutive Activation Induces ESC Proliferation

Kit controls cell proliferation and activating mutations in its
kinase domain have been shown to induce cell transformation
in vitro and in vivo [22,23]. The evidence that Kit is coex-
pressed with pluripotency genes and it is upregulated by
ground state culture conditions suggested that it might be
involved in the control of ESC proliferation. To test this hypoth-
esis and to overcome the influence of variably produced SCF by
ESC feeder layers, we produced a dominant active mutation of
Kit in ESCs. We generated 3 knockin ESC lines carrying the mis-
sense mutation D — Y at residue 814 (homologous to the
human residue D816) of the Kit gene (Supporting Information
Fig. S3A-S3C) that affects the tyrosine kinase domain of the
receptor inducing its constitutive activation. We found that Kit
was expressed in all the 3 Kit D814Y-ESC lines, although at dif-
ferent levels (Fig. 5A), and its constitutive activation was con-
firmed by the higher phosphorylation levels of Kit, MAPKs, and
AKT compared with wt controls (Fig. 5A, 5C). All the 3 cell lines
had normal karyotype (not shown), however, when injected
into host blastocysts none of them yielded live chimeras (clone
6115: 55 blastocysts implanted/0 live pups; clone 6181:
65 blastocysts implanted/0 live pups; clone 6208: 35 blastocysts
implanted/0 live pups). The levels of the pluripotency factors
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Sox2 and Oct4 in the 3 D814Y lines were similar to those in the
parental wt-ESCs (Fig. 5A). We focused on one of the mutant
ESC lines, line no. 6115 (colony #1, Fig. 5B), to further study
Kit D814Y ESCs. By 3H-thymidine incorporation we found that
mutant ESCs showed a higher proliferative activity compared
with wt controls, when grown in 2i-LIF condition (Fig. 5D). In
order to understand which pathway impacted on the prolifera-
tive advantage of Kit mutant cells, we assayed their ability to
form colonies in the presence of 1, 2, or 3 components of the
2i-LIF condition with respect to wt cells. As shown in Figure 5E,
we found that in all the culture conditions mutant ESCs were
able to form more colonies and of larger size compared with wt
ESCs after 4 days in culture. Moreover, while wt ESCs grew
mostly as differentiated colonies in PD alone with respect to LIF
condition, mutant ESCs gave more undifferentiated and larger
colonies in the same conditions. When injected in immuno-
deficient CD-1 mice Kit mutant ESCs formed larger teratomas
compared with parental wt ESCs; however, the histology of the
2 groups was similar and showed the presence of all the deriva-
tives from the 3 embryonic germ layers (Fig. 5F, 5G). By immu-
nohistochemistry, however, we found that mutant teratomas
contained areas of Oct4/Sox2 positive cells, whereas control
tumors contained only few scattered double positive cells
(Fig. 5H), indicating that Kit mutant teratomas harbor undifferen-
tiated teratocarcinoma cells. To further test their differentiation
potential, we tested the ability of wt and mutant ESCs to differ-
entiate along myocardial or neural lineages in vitro. Although
we did not observe any difference in the ability to give rise to
beating cells (not shown), when induced to in vitro differentiate
into the neural lineage, Kit D814Y ESCs formed neuron-like Tub)
positive cells much less efficiently and their axonal processes
were shorter compared with wt ESCs (Supporting Information
Fig. S3D).

By exploiting transgenic mice expressing EGFP under the con-
trol of different regulatory regions of the Kit gene, we traced
Kit expression during early embryogenesis and during the pro-
cess of ESC derivation in vitro. We found that the 6.9 kb of Kit
promoter, that is active in early PGCs [8], was sufficient to
drive EGFP expression in the early mouse embryo starting
from the morula stage up to blastocyst, within the ICM. EGFP
expression colocalized with Kit within the ICM of the blasto-
cyst, indicating that these regulatory regions correctly drive
the expression of the reporter. We found that EGFP as well as
Kit were continuously expressed in the ICM during the ESC
derivation process and they were strongly upregulated in cul-
ture by the presence of MAPK and GSK3p inhibitors, suggest-
ing that Kit regulatory regions are sensitive to the ground
state conditions. By targeting EGFP into loci encoding for tran-
scription factors such as Nanog [24], Esrrb (estrogen-related
receptor P) [25], Rex1 [26], Tbx3 [27], and Prdm14 [28] or for
maternal factors such as Stella [29], it has been shown that
expression of the reporter and the corresponding proteins fluc-
tuate both heterogeneously and dynamically and this is associ-
ated to pluripotency of the expressing cells. We found that
EGFP and Kit were not uniformly expressed in the blastocysts
at isolation, but they became homogeneously expressed and
upregulated by 2i-LIF in all the blastomeres of the ICM,

STEM CELLS



Todaro, Campolo, Barrios et al. 11

Table 1. List of primers used for gene expression and ChIP analyses.

Table of primers Forward 5'—3’ Reverse 5'—3’

Oct4/Pou5F1 CGAGTTGGGATAGGGCCTCTCTTGC TTGGGCTAGAGAAGGATGTGGTT
Sox2 GGAAAAGGGACTGAGTAGAGTGTGG GCACATGAACGGCTGGAGCAACG
Nanog TGAGACGGAGTCTTGCTCTG GGCTTCTATTCAATGTTGTCCTTA
Prdm14 TCTGTATGGAGCCATCGCTA AATGAGGTCTGCATGAGGCA

Kit GAGACGTGACTCCTGCCATC TCATTCCTGATGTCTCTGGC
Gapdh AACTTTGGCATTGTGGAAGG CACATTGGGGGTAGGACAC
Sox2 ChiP 1 GAAAGAGCACAGAAGGACA AGTACAGAACTGGCCCATCC
Sox2 ChIP 2 GGCAGGCGAATTTCTGAGT AGACCACAGTCGGATCGAGTT
Sox2 ChiP 3 CTCCTCTACCAACAGGAACA AAGGACCACCGATGGAGGGAGA
Sox2 ChiIP 4 GCTTTGCCTGCCATTTCTGT GTCCATCCTGTTAGAGGTTCTG
Sox2 ChIP 5 CCTGCCTACCGTACACAGCAGT CCCATGAACTGCCTGTCAACAG

similarly to Sox2, Oct4, and Nanog. In the presence of 2i-LIF,
ESCs maintain ground state pluripotency [30] and exhibit
greater pluripotent gene expression than ESCs cultured in
serum with LIF. Furthermore, 2i-LIF ESCs homogeneously
express Nanog, that potentiates pluripotent gene transcription
by creating a permissive chromatin structure [31]. Accordingly,
we found that parallel to EGFP and Kit upregulation, also
Nanog, Sox2, and PRDM14 expression were upregulated both
at the mRNA and protein levels in p18 or Oct4-DE ESCs cul-
tured in 2i-LIF. We found that Oct4 mRNA and protein levels
were not modified in 2i-LIF condition; however, we detected
an increase of EGFP brightness in Oct4-DE ESCs following 2i-LIF
stimulation, in agreement with previous findings [14], indicat-
ing that the activity of the endogenous Oct4 locus was sensi-
tive to naive conditions. We found that 2i-only condition was
able to increase Kit levels compared with LIF condition, but LIF
addition to 2i further increased Kit protein levels, confirming
that Kit expression is positively regulated by LIF in ESCs, as also
reported previously [32]. From these evidences we hypothe-
sized that Kit might share features of a pluripotency gene.
Many of the pluripotency genes, as well as Kit, are also
markers of PGCs and their expression correlates with their
capacity to give rise to EGCs [15]. Although PGC conversion to
EGCs can be obtained by direct exposure of PGCs to 2i-LIF
[14], prior PGC culture for at least 2 days in proliferation
medium leads to higher efficiency of EGC formation after shift-
ing to naive conditions [15]. We found that freshly isolated
9.5 dpc PGCs did not upregulate Kit, EGFP nor pluripotency
genes in none of the culture conditions containing LIF, 2i or
each the 2 inhibitor plus LIF. However, if we cultured PGCs
under optimal culture conditions, such as in proliferative
medium and in the presence of feeder layers, we found that
Kit/EGFP intensity was significantly increased upon shifting the
PGC cultures to 2i-LIF condition. These results indicate that
PGC conversion to EGCs is accompanied by Kit up regulation,
as we found also in ICM cells. Since we were not able to find
any stimulation of freshly isolated PGCs, it is possible that the
majority of them are not able to immediately undergo EGC
conversion upon isolation, but they need to recover from a
restrictive embryonic environment that prevents their uncon-
trolled growth. Indeed, PGCs undergo in vivo transformation,
through a process similar to EGC conversion in vitro, that leads
to the genesis of teratoma, if they do not complete correctly
their migratory pathway toward the gonads and proliferate in
ectopic sites [33]. What regulates Kit expression in ESCs? The
evidences that: (a) Sox2 overexpression strongly upregulates
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Kit mRNA levels in ESCs ([34] and our results) and in PGCs
[11]; (b) Sox2 deletion decrease both Kit and EGFP levels; and
(c) Sox2 itself is upregulated by 2i-LIF, suggest that Sox2
directly regulates Kit in ESCs. Indeed, our results show that
Sox2 specifically bound consensus sequences present within
the promoter and first Kit intron and are in line with the ChIP
profiling experiments that reported Sox2 binding within 8 kb
upstream and downstream from Kit transcriptional start site
[35]. The differences of induction levels between Kit and EGFP
in the overexpression experiments might reflect either post-
transcriptional regulation mechanisms or the involvement of
additional DNA-binding sites present in the Kit locus not
included in the p18 and p70 constructs. The latter hypothesis
is supported by the evidence that regulatory regions that pro-
mote Kit expression in PGCs and in other stem cell types are
spread over 200 kb upstream to Kit ORF [36,37], indicating a
complex level of regulation of Kit transcription. In agreement
with our results, ChIP seq data showing Sox2 occupancy has
been reported in close association to Oct4, Nanog, and Tcf3
within +8 kb from the TSS of the Kit locus [35], suggesting a
possible involvement of a pluripotency circuitry in the regula-
tion of this gene. Since we previously found that only the first
Kit intron region was occupied by Sox2 in PGC chromatin [11],
our present results suggest that ESCs and PGCs share common
transcription factors for the regulation of Kit transcription but
that other partners might be involved to confer cell-specificity
of Kit expression in the 2 cell types.

The potential involvement of Kit in pluripotency circuitries
was assessed by generating a Kit gain of function mutation in
ESCs that maintains the receptor in an active state and is able to
transform hemopoietic cells [38]. We found that ESCs carrying a
dominant active Kit allele (D814Y) show increased proliferation
in vitro and that, when injected into carrier blastocysts, they
never give rise to live births. These results suggest that their
overgrowth might affect the normal development of chimaeric
embryos. Both MAPK and PI3K pathways were constitutively
activated, but not the Wnt pathway as indicated by unchanged
levels of p-Ser9-GSK3p, that negatively regulates GSK3p enzy-
matic activity. Over-proliferation of mutant cells was observed
either in LIF or 2i-LIF, although in this latter condition the prolif-
erative effect was amplified. We observed that each component
of the 2i-LIF condition (isolated inhibition of MAPK or GSK3p, or
simple addition of LIF) significantly promoted the formation of
undifferentiated colonies of mutant ESCs. Notably, while in PD-
only condition most wt cells underwent differentiation, as previ-
ously reported [39] Kit mutant cells were able to form higher
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numbers of undifferentiated colonies. When injected into nude
mice for teratoma formation assay, mutant Kit ESCs formed
larger tumor masses compared with Kit wt ESCs and they
showed similar differentiation pattern, although a large increase
of undifferentiated teratocarcinoma foci was found in mutant
teratomas. These results suggest that concomitant MAPK and
PI3K pathway activation by Kit D814Y does not influence tumor
lineage commitment, as it has been shown in ESCs harboring
the HRas1Q61L mutation [40], but it supports the growth of
undifferentiated tumor cells. However, Kit mutant cells showed
an impaired ability to properly differentiate into neurons
in vitro, which might explain, at least in part, their inability to
give rise to live births when injected into carrier blastocysts.
Altogether our results show that, similarly to pluripotency
genes, Kit transcription fluctuates in early embryos and in
ESCs. Its expression is enhanced by 2i-LIF culture, by Sox2
overexpression and during the acquisition of the pluripotent
state either from ICM to ESC or from PGC to EGC transition.
Kit constitutive activation enhances ESC growth in vivo and
in vitro, suggesting its involvement in promoting their tumori-
genic potential. In conclusion, the role of Kit in ESCs and PGCs
might be similar in supporting both a proliferative and a plu-
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