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Role and Regulation of Lin28
in Progenitor Cells During Central
Nervous System Development

Fernando Faunes

Abstract

Lin28 is a highly conserved RNA binding
protein that regulates stemness whose molecu-
lar role has been widely studied in vitro. How-
ever, the regulation and the molecular role of
Lin28 during the development of the verte-
brate central nervous system (CNS) in vivo
are not completely understood. Here, the
expression and the putative role of Lin28 in
the development of the mammalian CNS are
reviewed in the context of recent results
showing the progressive cellular and molecu-
lar changes in neural progenitor cells. Down-
stream genes that may play a role during CNS
development and the effect of misregulated
expression of Lin28 are discussed. Evidence
suggests that Lin28 promotes symmetric
divisions over asymmetric divisions, increas-
ing the number of progenitors during early
neurogenesis. Future quantitative analysis of
Lin28 isoforms levels and stabilities together
with single cell transcriptomics data, cell cycle
dynamics and cell fate analysis in Lin28 gain-
and loss-of-function experiments will provide
a better understanding of the molecular role of
Lin28 during development.
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Abbreviations

AP Apical progenitor
CNS Central nervous system
CP Cortical plate
ESC Embryonic stem cell
IPC Intermediate progenitor cell
IZ Intermediate zone
MZ Marginal zone
NEC Neuroepithelium cell
NS Nervous system
SVZ Subventricular zone
VZ Ventricular zone

1 Introduction

Lin28 was one the heterochronic genes identified
in analyses of mutants in the nematode
Caenorhabditis elegans (Ambros and Horvitz
1984). The term “heterochrony” refers to any
difference in the timing or duration of a develop-
mental process in an organism relative to other
organism (for example, in a mutant relative to the
wildtype or in an animal relative to its ancestors).
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Heterochronic genes in C. elegans control the
timing and pattern of cell divisions during larval
development (Rougvie 2001). Mutants for these
genes show defects in proliferation and differen-
tiation in several tissues because progenitor cells
skip, repeat, or delay specific division patterns.
For example, lin28 loss-of-function mutants show
precocious differentiation in some lineages
because symmetric divisions of progenitor cells
do not occur in one of the specific larval stages
(Ambros and Horvitz 1984). In contrast, lin28
gain-of-function induce excess of proliferation
due to repetitions of symmetric divisions of pro-
genitor cells (Moss et al. 1997).

Lin28 is highly conserved in animals and two
Lin28 orthologues have been identified in
vertebrates, Lin28a and Lin28b. Lin28a and
Lin28b promote proliferation of stem cells by
regulating the expression of genes related to
metabolism and cell cycle (Shyh-Chang and
Daley 2013; Tsialikas and Romer-Seibert 2015).
Accordingly, Lin28a and Lin28b are aberrantly
expressed in several tumors (Viswanathan et al.
2009) and enhance the reprogramming of
differentiated cells to generate induced pluripo-
tent stem cells (iPSCs) (Yu et al. 2007; Zhang
et al. 2016).

Lin28a and Lin28b expression in vivo has been
studied in different tissues of several vertebrates
(Faas et al. 2013; Faunes et al. 2017;
Gundermann et al. 2019; La Torre et al. 2013;
Moss and Tang 2003; Ouchi et al. 2014; Yang
et al. 2015). The general trend is that Lin28a and
Lin28b are expressed at higher levels during early
stages of embryogenesis or larval development
compared to adults, with the highest expression
in undifferentiated cells (Moss and Tang 2003;
Shyh-Chang and Daley 2013; Yang and Moss
2003). Consistent with the role of Lin28 in mam-
mal progenitor cells and developmental timing in
C. elegans, gain- and loss-of-function
experiments in vertebrates show that Lin28 is
involved in growth (Shinoda et al. 2013; Zhu
et al. 2010), metabolism (Zhu et al. 2011), regen-
eration (Shyh-Chang et al. 2013), puberty (Zhu
et al. 2010) and metamorphosis (Faunes et al.
2017; Gonzalez-Itier et al. 2018).

Lin28a and Lin28b are RNA binding proteins
that regulate the translation of several mRNAs
and the biogenesis of specific microRNAs
(Shyh-Chang and Daley 2013; Tsialikas and
Romer-Seibert 2015). Lin28a and Lin28b regu-
late the levels of proteins involved in cell cycle,
cell growth, protein synthesis and metabolism by
direct binding to mRNAs or indirectly through
inhibition of the biogenesis of the micro-RNA
let-7. In addition, Lin28a controls transcription
by binding to promoters (Zeng et al. 2016).
Therefore, Lin28a and Lin28b are master
regulators of gene expression. Although several
target genes have been identified in stem cells
in vitro, the repertoire of genes controlled by
Lin28a and Lin28b during embryogenesis is still
incomplete.

In this work, recent evidence about the role of
Lin28a and Lin28b in vivo is reviewed, specifi-
cally, in the development of the vertebrate central
nervous system (CNS). The focus is on the cere-
bral cortex of mice because several studies have
characterized the types of cell divisions (symmet-
ric versus asymmetric divisions), the cell cycle
length, and the cell fate of the progeny of neural
progenitors during embryogenesis. In addition,
single cells analyses of neural progenitors have
revealed how gene expression changes during
neurogenesis. These works are reviewed to dis-
cuss the expression of Lin28 and the effect of
gain- and loss-of-function experiments on
the CNS.

2 Overview of the CNS
Development in Mice

Nervous system (NS) originates from the defini-
tive ectoderm, which is committed into
neuroectoderm around embryonic day 7.5 (E7.5)
by the underlying notochord. Rapid cell divisions
thicken the neuroectoderm (neural plate), which
then begins to fold to form the neural tube. The
neural tube is closed around E9/E10. The most
anterior (rostral) part of the neural tube -the fore-
brain- is divided into telencephalon (from which
the cerebral cortex is derived) and diencephalon.
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Neurogenesis in vertebrates has been exten-
sively reviewed (Cardenas and Borrell 2020;
Florio and Huttner 2014; Paridaen and Huttner
2014). Here, only some of the processes that
occur in mice with a focus on the cerebral cortex
development are summarized. Neuroepithelium
cells (NECs) expressing Sox1, Sox2, Sox3, and
Lin28 undergo symmetric amplifying divisions
that expand the number of NECs (Fig. 1a).
Around E10, some of these NECs are converted
into radial glia cells (RGCs) and express Pax6,
Nestin and Vimentin. This population of NECs
and RGCs is heterogenous and contains cells with
different potential. Some of these NECs and
RGCs self-renew (i.e. one daughter cell is a new
NEC or RGC and the other daughter cell is a
different cell type) and can generate neurons,
astrocytes, and oligodendrocytes and, therefore,
they are neural stem cells. However, other cells
can generate only neurons and, therefore, they are
neural progenitors and have a more limited pro-
liferation capacity. At present, there are no
expression markers to clearly distinguish between
neural stem cells (that can generate all the cell
types in the NS) and neural progenitor cells (that
can generate only one cell type). In this review,
the term “neural progenitor cells” is used, but it is
important to consider that some of these cells may
have a greater potential. NECs and RGCs are also
known as apical progenitors (APs) and have api-
cal and basal processes in contact with the ventri-
cle (apical side) and the pia (basal side) of the
neuroepithelium, respectively (Fig. 1a).

After the expansion of progenitors through
symmetric divisions at the beginning of
neurogenesis, RGCs switch from symmetric to
asymmetric divisions. Studies using 3H and
BrdU incorporation have estimated that 11 cell
cycles occur between E11 and E17 with an
increase in the cell cycle length from 8 h at E11
to 18 h at E16-17 and an increase in the propor-
tion of asymmetric divisions in the
neuroepithelium (Takahashi et al. 1995, 1996)
(Fig. 1a, b).

Different types of asymmetric divisions have
been described: (1) RGCs can self-renew into one
RGC daughter cell and one neuron (direct
neurogenesis); (2) RGCs can self-renew into one

RGC daughter cell and one intermediate progeni-
tor cell (IPC) that later divides into two neurons
(indirect neurogenesis); and (3) RGCs can divide
into two neurons (Florio and Huttner 2014). The
contribution of these types of divisions to the final
set of cells of the NS is not completely clear and
may vary in time and regions, but it is thought that
direct neurogenesis occurs early, and indirect
neurogenesis predominates at later stages. During
indirect neurogenesis, IPCs switch from Pax6 to
Tbr2/Eomes expression and migrate to the basal
side of the VZ, forming the sub-ventricular zone
(SVZ). IPCs are considered one of the two types
of basal progenitors (the other type, the basal glia
radial bRG is highly abundant in primates and is
not further discussed here (Cardenas and Borrell
2020; Florio and Huttner 2014)). In the SVZ,
IPCs lose the expression of markers of RGCs
and most of the IPCs divide once, generating
two neurons.

Recent in vivo single cell analysis using a
pulse-label method in VZ-born cells at different
times show that APs change their identity from
E12 to E15 (Telley et al. 2019). Gene expression
in APs change from “internally driven” at E12 to
a more “environmentally driven” at E15 as
revealed for transcriptomic analyses. Intrinsic
genetic programs -including cell cycle regulation-
are predominant in early APs and environment
sensing programs -including ion transport-related
processes- predominate at later stages. This tem-
poral change in APs is correlated with an increase
in the duration of the cell cycle, consistent with a
previous work (Takahashi et al. 1995). Cell cycle
length has been proposed to be important for
differentiation and this aspect is later discussed
considering the role of Lin28 on proliferation.
Importantly, the transcriptional program underly-
ing differentiation is conserved among temporally
different APs, suggesting that the diversity of cell
types of the progeny is mainly generated from the
temporal progression of molecular programs in
APs. Interestingly, the transcriptional changes
from early APs to late APs occur independently
of cell division, as observed after simultaneous
blocking of cell division and differentiation of
E11–12 APs by overexpressing the cell cycle
inhibitor p18 and the Notch-intracellular domain
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(NICD), respectively (Okamoto et al. 2016).
These results show that the cell division program
can be decoupled from the genetic network that
regulates AP identity.

These gene expression transitions in APs are
also linked to membrane properties. Membrane
potential increases from E12.5 (around �40 mV)
to E15.5 (around �80 mV), as measured in corti-
cal slices using patch clamp (Vitali et al. 2018).
Strikingly, by modifying the membrane potential

specifically in APs through in utero electropora-
tion of a potassium channel to hyperpolarize and
electroporation of a DREADD (Designer Recep-
tor Exclusively Activated by Designer Drug) to
restrict hyperpolarization, the fate of the progeny
is altered. At E12.5, low membrane potential
(�40 mV) promotes direct neurogenesis and the
generation of early fate neurons. Progressive
hyperpolarization represses Wnt/β-catenin signal-
ing and promotes indirect neurogenesis and the

Fig. 1 Overview of cerebral cortex development. (a)
Scheme of neurogenesis in mice showing the types of
divisions of neural progenitors and the progeny during
embryogenesis (E8 to E21, embryonic days are approxi-
mate). Neuroepithelial cell (NECs) and radial glial cells
(RGCs) undergo symmetric divisions that expand the pool
of progenitors at the beginning of neurogenesis (dark
green). Asymmetric divisions of RGCs (light green) can
generate a neuron (direct neurogenesis) or an intermediate
progenitor cell (IPC), which divides into two neurons
(indirect neurogenesis). Glial progenitors (blue) are not

shown as generated from neurogenic RGCs to indicate
that the population of progenitors is heterogenous. Differ-
ent layers of the epithelium are shown at approximate
times of generation. VZ, ventricular zone; SVZ,
subventricular zone; IZ, intermediate zone; CP, cortical
plate; MZ, marginal zone. (b) Cellular changes during
neurogenesis. Lin28 levels and Wnt/β-catenin signaling
decreases in progenitor cells during neurogenesis. Mem-
brane potential and cell cycle length are only shown in the
temporal window described in the text
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birth of late fate neurons. Hyperpolarization may
also regulate the ability of APs to respond to
extracellular signals, consistent with the evidence
of the predominant extracellular control at later
stages (Telley et al. 2019). How hyperpolariza-
tion, Wnt/β-catenin signaling, and AP identity are
linked at the molecular levels requires further
investigation.

After E15, RGCs produce GFAP+ astrocytes
and O4+ oligodendrocytes (gliogenesis). As
Lin28 is not expressed in neural progenitors at
these later stages, gliogenesis is not described
here. In conclusion, cell proliferation, expression
of self-renewal and differentiation factors, signal-
ing pathways and membrane potential must be
tightly coordinated in time to generate the high
cell diversity during CNS development.

3 Expression of Lin28a
and Lin28b during CNS
Development in Mice

3.1 Endogenous Expression During
Embryogenesis and Post-natal
Development

To understand the role of Lin28 in the CNS, the
endogenous expression of Lin28a and Lin28b
during neurogenesis is first described. The focus
is on Lin28a and Lin28b expression during mice
development. Different splice isoforms, post-
transcriptional and post-translational mechanisms
described for Lin28 in other biological contexts
are discussed.

During mice embryogenesis, Lin28a protein is
detected in embryonic and extraembryonic ecto-
derm and endoderm at E6.5 (Yang and Moss
2003). Lin28a is expressed in several tissues
derived from the three germ layers at E8.5 but
then the expression is mainly restricted to some
epithelia, including neuroepithelia (Yang and
Moss 2003). Between E9.5 and E12, in situ
hybridization and immunofluorescence show
that Lin28a is detected in the neural tube (Balzer
et al. 2010), mainly in the ventricular zone
(VZ) of the developing cerebral cortex (Yang
et al. 2015). During these stages, Lin28a

colocalizes with Sox2+ and Nestin+ cells and
with the most apical subset of Pax6+ cells,
indicating that Lin28 is mainly expressed in APs
(Balzer et al. 2010; Herrlinger et al. 2019; Yang
et al. 2015). Interestingly, at E11.5, Lin28a
expression is higher in the forebrain compared
to midbrain and hindbrain, indicating that expres-
sion may be spatially controlled (Herrlinger et al.
2019). In contrast to Lin28a, spatial expression of
Lin28b has not been characterized in detail.

Western blots in developing cerebral cortex
extracts show that Lin28a and Lin28b protein
levels decrease from E10.5 to birth (Yang et al.
2015). High levels of Lin28a protein are observed
at E9.5 compared to E12.5 and no Lin28a expres-
sion is detected after E16.5. Similarly, Lin28b
levels are higher at E9.5 compared to E18.5.
These results are consistent with the progressive
increase of differentiated cells compared to undif-
ferentiated cells. Interestingly, Lin28a has been
detected by western blot in the cerebral cortex at
post-natal day 1 and 3 (P1 and P3) and not
detected at later stages P7 to P42 (Nathan et al.
2020). Different antibodies and procedures used
by these studies can explain this post-natal detec-
tion, but it is also probable that different regions
of the cortex may have different levels of Lin28a.
Notably, Lin28a expression colocalizes at P1 and
P3 with the terminal differentiation marker Neu
by immunofluorescence, indicating that Lin28a
expression is compatible with the expression of
neuronal markers (Nathan et al. 2020).

Different protein isoforms have been
described for Lin28a in mouse hippocampal
cells (Amen et al. 2017) and for Lin28b in
human hepatocarcinoma cells (Guo et al. 2006)
and brain tadpoles in Xenopus (Faunes et al.
2017) (Fig. 2a, b). Importantly, the expression
of the isoforms correlates with the differentiation
of cells. The most characterized Lin28a isoform
(25 kDa) is typically detected in undifferentiated
cells but a different specific band around 37 kDa
is observed in differentiated cells (Amen et al.
2017). Similarly, full length Lin28b (around
35 kDa), which is associated with undifferenti-
ated cells, promotes proliferation and inhibits the
biogenesis of let-7 (Guo et al. 2006; Mizuno et al.
2018). In contrast, a short form of Lin28b
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(Lin28b-S, around 22 kDa), which is detected in
differentiated cells, is not able to promote prolif-
eration or to regulate let-7 biogenesis (Guo et al.
2006; Mizuno et al. 2018). Lin28b-S is generated
by alternative splicing and starts with an open
reading frame with a different start codon keeping
the same downstream protein sequence (Fig. 2b,
black “ATG” and blue “ATG”). These results
indicate that alternative splicing controls the bal-
ance of isoforms during differentiation and that
these isoforms may play different roles in progen-
itor and differentiated cells. In addition to alterna-
tive splicing, different lin28b transcripts can be
generated from alternative promoter usage in
hepatocarcinoma and medulloblastoma cells
(Guo et al. 2018; Hovestadt et al. 2014). How
different promoters of Lin28 are used and how
splicing is regulated during embryogenesis has
not been studied. These works suggest that proper
levels of Lin28 isoforms may be crucial to control
proliferation and differentiation. Thus, if Lin28a
detected by immunofluorescence at post-natal

stages corresponds to the 25 kDa or the 37 KDa
isoform or both is unknown. The use of
antibodies to detect specific segments of each
isoform by immunofluorescence would comple-
ment the study of the differential expression of
isoforms. In addition, it would be interesting to
determine the stability and the molecular targets
of each isoform of Lin28a and Lin28b in neural
progenitor cells and neurons.

In the retina, another structure of the CNS,
both Lin28a and Lin28b RNAs decrease from
E12 to P3 (Xia et al. 2018). However, Lin28a
shows a small but significant increase in adults
compared to E18. A similar pattern is observed
for Lin28b protein and no expression is detected
at P1 and P3 (La Torre et al. 2013). Interestingly,
Lin28a is also detected in neurons Neu+, similar
to the cerebral cortex (Nathan et al. 2020). In
summary, Lin28a and Lin28b are highly
expressed in neural progenitors at early stages of
embryogenesis, their expression decreases during
development of the CNS, low levels are detected

Fig. 2 Control of Lin28 expression and activity. Regula-
tion of Lin28a (a) and Lin28b (b) at the transcriptional,
post-transcriptional and post-translational levels. In the

case of Lin28b, splicing generates two RNAs which are
translated from different start codons
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after birth (including expression in neurons) and
no expression is observed after P7.

3.2 Regulation of Lin28a and Lin28b
in Neural Stem and Progenitor
Cells

The decrease of Lin28a and Lin28b levels during
development has been described in several tissues.
However, the specific transcription factors and
signaling pathways that regulate their expression
in vivo have not been characterized.

Some factors that directly regulate Lin28
expression in vitro have been identified and are
described here to compare with the expression
and role of Lin28 in vivo. In mouse embryonic
stem cells (ESCs), Lin28 expression is controlled
by the core pluripotency network, including the
transcription factors Oct4 and Nanog, which
directly bind to Lin28 promoter (Marson et al.
2008). ESCs exist in functionally distinct states:
ground, naïve and primed pluripotency, which are
maintained in specific culture conditions, exhibit
distinct properties, and represent different stages
of their counterparts in vivo (Nichols and Smith
2009; Ying et al. 2008). Lin28 increases in the
presence of serum (naïve state) and in the pres-
ence of FGF/activin (primed state) compared to
ground state (Ghimire et al. 2018; Kalkan et al.
2017; Kumar et al. 2014; Marks et al. 2012; Parisi
et al. 2017). This increase has been interpreted as
a reinforcement of self-renewal under differentia-
tion stimuli (serum or FGF/activin). However, it
is also probable that this increase in Lin28 expres-
sion is required to change cell cycle parameters
and accelerate proliferation as a first step in the
differentiation program. Accordingly, Lin28a and
Lin28b double KO (lin28a�/�;lin28b�/�) cells
maintain a ground state morphology in the pres-
ence of FGF/Activin (Zhang et al. 2016) and high
expression of nanog (Li et al. 2017), suggesting
that the increase of Lin28 may be involved in the
exit of ground pluripotency of ESCs in vitro.
Consistent with this idea, Lin28 is expressed in
proliferating cells and not in the basal stem cells
in the adult intestine (Yang and Moss 2003).
Furthermore, Lin28a expression is undetectable

in muscle satellite stem cells, but it is expressed
during myoblast differentiation in vitro
(Polesskaya et al. 2007). Finally, Lin28a and
Lin28b increase during reprogramming of
fibroblasts to transit to a state similar to primed
and naive states and then decrease at the ground
state (Zhang et al. 2016). Altogether, these results
indicate that Lin28a and Lin28b promote cell
proliferation during commitment of ESCs, regen-
eration in adult tissues and reprogramming
in vitro. Similarly, Lin28 may accelerate cell
division in vivo to increase the number of neural
progenitor cells, as discussed below.

The transcription factors Otx2 and HMGA2
also bind to promoters and increase the expres-
sion of Lin28a and Lin28b during the transition to
the primed state (Parisi et al. 2017). In human
neural stem cells, Sox2 binds to and controls the
activation of the lin28a promoter (Cimadamore
et al. 2013). In neuroblastoma cell lines and other
human and mouse tumors, cMyc directly
regulates Lin28b expression (Beckers et al.
2015; Chang et al. 2009). Otx2, HMGA2, Sox2
and cMyc are expressed during CNS develop-
ment and, therefore, they may control the expres-
sion of Lin28a and Lin28b in vivo (Fig. 2).

The interplay of these transcription factors
with signaling pathways in the control of Lin28
in vivo has not been studied. In adult mammalian
retina, Wnt/β-catenin pathway regulates Lin28a
and Lin28b expression after injury (Yao et al.
2016). In Xenopus, Lin28a and Lin28b are
downregulated after FGF inhibition during early
development (Faas et al. 2013). During Xenopus
metamorphosis, Lin28b decreases in the brain
while thyroid hormones (THs) increase (Faunes
et al. 2017). However, if THs directly inhibit
Lin28b expression has not been studied. Consid-
ering the important role of THs in nervous system
development and the increase of THs that occur
during late embryogenesis and the peri-natal
period in mice (Barez-Lopez and Guadano-Ferraz
2017), it would be interesting to determine if THs
regulate the expression of Lin28. THs directly
inhibit the transcription of cMyc in neuroblas-
toma cells (Perez-Juste et al. 2000) and, therefore,
THs may indirectly decrease the levels of Lin28
through downregulation of cMyc. In summary,
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Wnt/β-catenin, FGF and THs may control the
transcription of Lin28 genes, but further research
is required to determine if these signaling
pathways directly regulate Lin28 expression dur-
ing neurogenesis.

Lin28 translation is repressed by the miRNA
let-7 in hepatocellular carcinoma and P19 cells
(Guo et al. 2006; Wu and Belasco 2005). Consis-
tent with this mutual inhibition between Lin28
and let-7 in cell lines, let-7 expression is detected
in APs and increases during the development of
the CNS in mice (Fairchild et al. 2019; Zhao et al.
2010) and in the brain and spinal cord during
Xenopus metamorphosis (Faunes et al. 2017).
Interestingly, in the neuroblast Ad12 HER10
cell line, the levels of let-7 oscillate during the
cell cycle with higher levels in G2/M compared to
G1 (Fairchild et al. 2019). At E13.5, let-7 expres-
sion is mainly detected at the basal side of the VZ
and lower expression is detected at the apical side,
indicating that let-7 levels are dynamically con-
trolled during the cell cycle, consistent with the
interkinetic nuclear migration of neural
progenitors in the VZ. However, this dynamic
expression in the VZ is no longer observed at
later stages and let-7 is expressed at higher levels
(Fairchild et al. 2019).

In addition to transcriptional and post-
transcriptional regulation, Lin28 is regulated at
the post-translational level (Fig. 2a). The brain-
derived neurotrophic factor (BDNF) increases
Lin28a expression through protein stabilization
in primary murine hippocampal neurons prepared
from P0 mice (Amen et al. 2017). This work
suggests that Lin28a half-life is low or that
Lin28a is synthesized at low levels at post-natal
stages but that Lin28 levels can be modulated by
extracellular signals. In P19 cells, Lin28a is
phosphorylated at the serine 200 and cells
expressing a Lin28a-S200A mutant form
(phospho-deficient) show higher proliferation
and reduced differentiation upon retinoic acid
treatment, indicating that phosphorylation of
Lin28a promotes differentiation (Liu et al.
2017). Furthermore, the cellular localization of
Lin28 may also be modulated by other proteins
such as Musashi1 in differentiation of ESCs
(Kawahara et al. 2011). Interestingly, before

E13.5, Lin28 localizes to the nucleolus and cyto-
plasm in the cerebral cortex and, after E13.5, the
nucleolar localization is not detected (Herrlinger
et al. 2019). These results indicate that Lin28a
level and function are modulated by several post-
translational mechanisms. It would be interesting
to study how phosphorylation and subcellular
localization together with transcriptional and
splicing regulation are coordinated during
neurogenesis in vivo. Detailed immunofluores-
cence analysis of Lin28 isoforms with specific
antibodies and gene expression studies in specific
cell populations isolated at different time points
would give us insights into these mechanisms.

In summary, the complex regulation of splicing,
translation, and post-translational modifications of
Lin28 suggests that the balance of Lin28 (com-
pared to other regulators such as let-7) is crucial
for normal development. This balance may regu-
late the dynamics and type of cell division and the
levels of regulators of cell cycle and factors that
control commitment and differentiation.

4 Role of Lin28 in Proliferation
and Cell Fate Decisions
in the CNS

Several approaches have been used to study the
role of Lin28a and Lin28b during CNS develop-
ment. In this section, gain- and loss-of-function
experiments are reviewed with emphasis on the
developmental time when Lin28a or Lin28b are
affected, the strategy used, and the read-out
analyzed.

By using the Cre-lox system activated under
the control of nestin promoter (i.e. active in AP
cells), Lin28a was continuously expressed in the
progeny of Nestin+ cells (Yang et al. 2015). In
these lin28a Tg; Nestin-Cre animals, brain size
and the cerebral cortex thickness increase at
E18.5 compared to controls, consistent with an
increase of proliferation detected at E15.5. This
overexpression of Lin28a increases the number of
Pax6+ cells and decreases the number of Tbr2+
cells compared to controls, indicating an imbal-
ance between APs (Pax6+) and IPCs (Tbr2+).
Interestingly, this phenotype is identical to the
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obtained after the overexpression of a stabilized
form of β-catenin under the control of an
enhancer of nestin (Wrobel et al. 2007),
suggesting that Lin28a may be one the down-
stream genes of Wnt/β-catenin in APs, similar to
the control in the mammalian adult retina, as
mentioned above (Yao et al. 2016).

Overexpression of Lin28a has also been done
by in utero electroporation at E14.5. In this case,
plasmids carrying Lin28a-GFP under the control
of the constitutive promoter CAG were injected in
the right ventricle and cortical cells were
harvested 2 days after electroporation (at E16.5)
and cultured in vitro (Bhuiyan et al. 2013). At day
in vitro (DIV) 0, the number of proliferating cells
(Ki67+) is higher in Lin28a overexpressing cells
compared to controls. In addition, Lin28a
overexpression prevents apoptosis after 13 DIV.
It is important to mention that in these conditions,
Lin28a-GFP colocalizes with the neuronal marker
Neu+, indicating that Lin28a overexpression is
also compatible with the expression of neuronal
markers in vitro. Consistent with this effect,
overexpression of Lin28a in Sox2-knockdown
neural stem cells rescues the defects in prolifera-
tion and the expression of the neuronal differenti-
ation, Tuj1 (Cimadamore et al. 2013).
Interestingly, Lin28 overexpression does not res-
cue the expression of the neuronal marker MAP2,
suggesting that some functions of Sox2 are
independent of Lin28a or, alternatively,
overexpression of Lin28a prevents full terminal
differentiation. Accordingly, morphology and
action potential analysis of neurons of post-natal
animals that overexpress Lin28a from E14.5 are
altered compared to controls, indicating that con-
tinuous presence of Lin28a affects terminal dif-
ferentiation (Jang et al. 2019). Considering the
changes in membrane potential during develop-
ment, it would be interesting to study the molecu-
lar link between Lin28 and its targets and
membrane potential in progenitors. Furthermore,
Lin28a overexpressing animals show memory
deficits determined in water maze tests (Jang
et al. 2019). These results indicate that it is impor-
tant to consider functional analyses in addition to
the study of expression of progenitor and neuro-
nal markers.

Altogether these experiments show that Lin28
induces neurogenesis in vivo probably by expan-
sion of early APs when Lin28a and Lin28b are
expressed at higher levels. In P19 cells that stably
overexpress Lin28a or Lin28b, RA-induced dif-
ferentiation towards neurons is preferred over
glia, based on Tuj1 and GFAP expression, respec-
tively (Balzer et al. 2010). Although a direct
neurogenesis-inducer role of Lin28a or Lin28b
cannot be ruled-out, another possibility is that
Lin28a and Lin28b control cell cycle parameters
to favor rapid divisions like those seen in early
APs that produce neurons (see below).

In contrast to the effect on proliferation induced
by overexpression of Lin28a during embryonic
neurogenesis, Lin28a overexpression during post-
natal stages by electroporation of plasmids into the
lateral ventricle at day P0 reduced the number of
neurons in the olfactory bulb and has no effect on
proliferation studied by the Ki67 marker 3 days
after electroporation (Romer-Seibert et al. 2019).
In this experimental setup, Lin28a overexpression
decreases the number of Sox2+ cells in the SVZ
and increases the number of Doublecortin
(DCX) + cells, suggesting that Lin28a is
converting APs into neuroblasts and decreasing
the pool of progenitors. The reason why Lin28a
in these conditions has no effect on proliferation is
not clear. One possibility is that APs at postnatal
stages are intrinsically different to APs present at
early stages of embryogenesis. In addition, the
extracellular environment is different and antiproli-
ferative signals present at post-natal stages proba-
bly prevent amplifying divisions of APs.
Interestingly, despite the increase of DCX+ cells,
the final number of neurons and astrocytes in the
olfactory bulb in Lin28a-overexpressing animals is
reduced compared to controls and the proportion of
neuronal subtypes is altered. If this fate depends on
cell cycle length and if Lin28a plays a role in this
parameter is unknown. Lin28a overexpressionmay
also affect migration, similar to the effect of gain-
of-function of Wnt3 (Wrobel et al. 2007).

The absence of effect of Lin28 overexpression
on proliferation in post-natal or adult stages has
also been described in other biological contexts.
In the retina, transfection of Lin28 at E16
increases the number of Brn3+ cells (early fate)
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compared to controls but the transfection of
Lin28 at P1 has no effect on the number of Brn3
+ cells. Similarly, Lin28b upregulation has no
effect in proliferation, ganglion size, and let-7
expression during early postnatal development
(Hennchen et al. 2015). Consistent with a possi-
ble anti-proliferative environment at post-natal
and adult stages, damage in the nervous system
induces the expression of Lin28 to promote
regeneration or repair in some contexts (see
below). These experiments suggest that Lin28
accelerates proliferation when extracellular
proliferative signals are present (or anti-
proliferative signals are reduced), but Lin28 is
not sufficient to induce proliferation. This ability
of Lin28 to promote rapid cell divisions is
thought to be important for reprogramming of
fibroblast to iPSCs (Hanna et al. 2009; Zhang
et al. 2016). Altogether, these results indicate
that the role of Lin28 in vivo is incompletely
understood and future studies on the differences
among embryonic and post-natal progenitors, the
effect on proliferation, cell fate decision, migra-
tion, maturation and neuronal function may reveal
new aspects of the function of Lin28.

Consistent with the effect of gain-of-function
of Lin28 on early neurogenesis, Lin28a/b double
knockout (dKO) mice show reduced proliferation
in the neuroepithelium at E9.5 and in the VZ of
the cerebral cortex at E11.5 compared to wild-
type animals (Herrlinger et al. 2019). Importantly,
the number of Tuj1+ cells is higher in dKO
animals compared to controls, suggesting preco-
cious differentiation, and indicating that Lin28a
or Lin28b are not required to initiate the neuronal
differentiation program. dKO animals present
neural tube closure defects and die before birth.
In contrast to dKO animals, no defects are
observed in single Lin28b KO mutants. In
Lin28a KO mutants, brain and other organs are
smaller compared to controls at P1 (Yang et al.
2015). In Lin28a KO animals, proliferation in the
cerebral cortex is reduced compared to controls at
E15.5. Interestingly, the number of Pax6+ cells
and Tbr2+ cells is significantly lower in Lin28a
KO animals compared to controls at E17.5 and P1
in the cerebral cortex but no difference is detected
at E15.5. These defects are more severe when one

allele of Lin28b is lost in Lin28a KO mutants
(lin28a�/�; lin28b+/�), suggesting that Lin28a
and Lin28b play overlapping roles in CNS devel-
opment. Thus, Lin28a and Lin28b are required
for the maintenance and expansion of APs during
the development of the CNS (Herrlinger et al.
2019; Yang et al. 2015).

In summary, Lin28a overexpression during
embryogenesis increases the proliferation of APs
but does not prevent the expression of neuronal
markers. However, terminal differentiation seems
to be affected by the continuous presence of
Lin28a. Considering the normal morphology of
animals that overexpress Lin28a, these results
show that the differentiation program starts nor-
mally and overcomes the ectopic expression of
Lin28a, probably due to post-translational
modifications that inhibit the function of Lin28a.
Consistently, Lin28a and Lin28b are required for
normal proliferation during development, as shown
by single Lin28a KO and dKO mutants. In the
absence of Lin28a and Lin28b, neuronal differen-
tiation occurs preciously but the neural tube is not
closed, and animals die during embryogenesis
probably due to defects in several tissues.

5 Molecular Mechanisms
Underlying the Role of Lin28
in the CNS

Lin28a and Lin28b regulate the translation of
mRNAs in the cytosol and inhibit the processing
of the let-7 precursor in the nucleus and cytosol
(Tsialikas and Romer-Seibert 2015). Several
genes are known to be directly regulated by
Lin28 in stem cells, tumors and cell lines
in vitro, including cyclins, cyclin-dependent
kinases (cdks), insulin growth factor 2 (igf2),
ribosomal proteins, glycolytic enzymes and mito-
chondrial enzymes (Balzeau et al. 2017; Hafner
et al. 2013; Peng et al. 2011; Polesskaya et al.
2007; Shyh-Chang et al. 2013; Xu et al. 2009;
Zhu et al. 2011). In addition, by inhibiting the
biogenesis of let-7, Lin28 indirectly controls the
levels of the let-7 target genes Myc, Ras, Cyclin
D1, cyclin D2, Hmga2, among others (Shyh-
Chang and Daley 2013). Therefore, the module
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Lin28/let-7 is a global regulator of genes related
to metabolism, protein synthesis and cell cycle
and the balance between Lin28 and let-7 is crucial
for proliferation and differentiation in progenitor
cells. In this section, genes and processes
regulated by Lin28 in the CNS and neural stem
cell lines are briefly described.

In the neural stem cell line NE-4C (established
from cerebral vesicle of E9 mice), Lin28a binds
mRNAs of Imp1 (IGF2 mRNA-binding protein 1,
also known as Igf2bp1), IGF2 and Hmga2 (high-
mobility group AT-hook 2) (Yang et al. 2015).
Accordingly, Lin28a overexpression up-regulates
IGF2 and HMGA2 in culture neurons after in utero
electroporation (Bhuiyan et al. 2013; Jang et al.
2019) and knockdown using RNAi for Lin28
decrease the levels of the receptor of IGF1
(IGF1R) and HMGA2 (Jang et al. 2019). In vivo,
IGF1R and HMGA2 protein levels decrease in
progenitor cells isolated from cerebral cortex of
lin28a�/�;lin28b+/� animals compared to wild-
type animals (Yang et al. 2015). This effect of
Lin28 on Imp1, IGF2, IGF1R indicates that Lin28
regulates IGF2-mTOR signaling. Consistently, the
activation of this pathway induced by IGF2 is
decreased in cerebral cortex dissected at E12.5 of
Lin28a mutant animals compared to wild-type
animals (Yang et al. 2015). In addition, phosphor-
ylation of the S6 ribosome protein, a readout of
Igf2-mTOR signaling, is reduced in progenitor
cells of Lin28a KO animals compared to controls
at P1. This reduction in Igf2-mTOR signaling is
also observed in the brain of lin28a�/�b+/� animals
at E14.5 (Yang et al. 2015). These results confirm
that mTOR signaling is directly regulated by Lin28
in the CNS.

HMGA2 is also directly regulated by Lin28.
HMGA2 is a chromatin-associated protein that
controls transcription and is widely expressed in
undifferentiated cells. HMGA2 is enriched in
early neural progenitors (Telley et al. 2019) and
promotes self-renewal by decreasing the levels of
the tumor suppressors p16Ink4a and p19Arf

(Nishino et al. 2008). Therefore, in addition to
directly promote cell proliferation through regu-
lation of cyclins, Lin28 favors proliferation
through regulation of HMGA2 and the levels of
tumor suppressors. However, it has also been

described that Lin28a represses the translation of
HMGA2 in primed ESCs and HMGA2
cooperates with Otx2 to increase the expression
of Lin28 (Parisi et al. 2017). Considering that
both Lin28 and HMGA2 are targets of let-7, this
evidence indicates that the levels of Lin28,
HMGA2 and let-7 are tightly balanced during
proliferation and differentiation in the CNS.

Consistent with the proliferation induced by
Lin28 overexpression, mis-expression of let-7
reduces proliferation of neural stem cells in vitro
(Cimadamore et al. 2013). Overexpression of let-
7 decreases the number of cells in the S phase in
Ad12 HER10 cells, in cortical stem cells isolated
from E14.5 brain and in primary cultures of E11.5
cortex and lengthens the cell cycle in Ad12
HER10 cells (Fairchild et al. 2019). Accordingly,
knockdown of let-7 with antagomirR shortens the
cell cycle in these cultures, indicating that let-7
controls proliferation and cell cycle exit in neural
progenitors. These results indicate that Lin28 and
let-7 form a regulatory loop that mutually controls
their levels and the levels of their target genes
and, consequently, the dynamic of the cell cycle.
It would be interesting to determine if the levels
of Lin28 and HMGA2 change during the cell
cycle.

Lin28a modulates translation both positively and
negatively (Cho et al. 2012). To determine which of
these activities is predominant during the develop-
ment of the CNS, a genetic analysis using a mouse
containing a hypomorphic allele of the ribosomal
protein L24 (Rpl24Bst/+) was performed. Rpl24Bst/+

mice show reduced global protein synthesis.
Whereas Lin28a�/� and Rpl24Bst/+ animals do not
show neural closure defects at E11.5, lin28a�/�;
Rpl24Bst/+ animals present open neural tubes, similar
to Lin28 dKO embryos (Herrlinger et al. 2019),
suggesting that the predominant activity of Lin28
during CNS development is to promote translation.
Consistent with this role, Rpl24Bst/+ rescues the
increase in brain size and the defect in the ratio of
Pax6+/Tbr2+ cells observed in animals that
overexpress Lin28a. Altogether, these results indi-
cate that Lin28a mainly promotes translation in neu-
ral progenitors.

Transcriptome analysis between E11.5
neuroepithelium from wild-type and Lin28 dKO
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animals show that only 15 genes decrease and
only 19 increase in mutants. In contrast, the anal-
ysis of mRNAs associated with polysomes show
that 368 genes decrease, and 187 genes increase
in the mutants compared to wild-type animals
(Herrlinger et al. 2019). Gene Ontology
(GO) analysis indicated that categories related to
ribosome biogenesis and protein synthesis
decreased and categories related to neurotransmit-
ter complexes and the post-synapse increased in
mutants. All these results are consistent with the
role of Lin28 in promoting translation of genes
associated to protein synthesis and a role in
blocking translation of some genes associated to
differentiation during CNS development.

The cellular and molecular effects of gain- and
loss-of-functions experiments described here
indicate that the role of Lin28 in CNS is directly
linked to cell division and global protein synthe-
sis (Fig. 3a). Lin28 may contribute to the control
the dynamics of the cell cycle of early APs (when
is highly expressed during neurogenesis), pro-
moting symmetric over asymmetric cell divisions.
Consequently, overexpression of Lin28 alters the
timing of differentiation without preventing the
continuous activation of commitment and differ-
entiation factors (Fig. 3b). This alteration in
timing has also been observed for overexpression
of cdk4/cyclin D1 (Lange et al. 2009) and loss of
p27 (Durand et al. 1998).

Based on estimations of cell cycle length and
type of divisions (Takahashi et al. 1995, 1996), it
can be proposed that Lin28 is part of a module
that determines a threshold, which must be
reached to trigger the transition to symmetric to
asymmetric divisions (Fig. 3b). This threshold
probably decreases during neurogenesis as
Lin28 levels- or activity- decreases. Increasing
the levels of Lin28 in APs (for example, using
the Nestin promoter) would increase the threshold
and may induce a couple of one or two rounds of
symmetric divisions instead of asymmetric
divisions between E11 and E14 increasing the
number of progenitor cells. If commitment and
differentiation factors levels or activity continu-
ously increase, consistent with the idea that tran-
scriptional programs are independent of cell cycle
(Okamoto et al. 2016), this threshold is reached,

but a couple of divisions after the normal timing
(Fig. 3b). After this threshold is reached, an asym-
metric division is produced (to generate a neuron
in direct neurogenesis or an IPC in indirect
neurogenesis) and the excess of Lin28 would
not affect the program of expression of neuronal
markers, consistent with increase in brain size and
the higher proportion of Pax6+ cells over Tbr2+
cells observed in animals that overexpress Lin28
(Yang et al. 2015). This proposal is consistent
with the delay observed in other biological
contexts after Lin28 overexpression, probably
due to the effect on crucial tissues (Faunes et al.
2017; Moss et al. 1997; Zhu et al. 2010).

This idea of Lin28 being part of a module that
determines a threshold for asymmetric divisions
in APs is consistent with the “cell cycle length
hypothesis”, which proposes that a certain period
of time is required for the neurogenic factors to
trigger differentiation (Calegari and Huttner
2003; Götz and Huttner 2005). In this cell cycle
length hypothesis, lengthening the cell cycle,
mainly in G1, favors the exit of the cell cycle
because there is enough time for differentiation
factors to act and the threshold can be reached.
Shorter cell cycles prevent that the threshold is
reached causing progenitor cells to proliferate.
Under this scenario, Lin28 overexpression may
favor short cell cycles, preventing reaching of the
threshold at the normal timing (consistent with
the opposite effect of let-7 overexpression). How-
ever, in this case, it is also necessary that commit-
ment or differentiation factors continuously
increase even after cell divisions, so the threshold
be reached, but at later divisions compared to the
normal development. This idea is also consistent
with the decreased proliferation and precocious
differentiation observed in Lin28 KO animals. In
this case, the threshold to trigger asymmetric
division is set below the normal level and the
number of progenitor cells is low to allow the
normal closure of the neural tube and differentia-
tion begins earlier. How this threshold works at
the molecular level, how is linked to cell cycle
dynamics, signaling and metabolic pathways and
how the rate of these processes is affected in the
absence or excess of Lin28 is unknown. Future
quantitative measurements of Lin28 levels in
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Fig. 3 Model of action of Lin28 in neural progenitors. (a)
Lin28 regulates the levels of metabolic enzymes, proteins
involved in translation and regulators of the cell cycle that
must be are coordinated with other factors to set a threshold
that switch from symmetric to asymmetric division in a
single progenitor cell. (b) The genetic network that controls
the expression of commitment and neurogenic factorsworks
independently of cell cycle and Lin28, and the level of these
factors continuously increases. When the threshold is
reached, the progenitor cell will divide asymmetrically to
generate a neuron or an intermediate progenitor. In this

scheme, the wild type threshold is proposed to decrease
during development as Lin28 decreases. However, it is
also possible that other levels keep the threshold at the
same level during embryogenesis. In gain-of-function of
Lin28 (GOF Lin28, green), the threshold is higher than the
normal level, so the switch occurs later. In loss-of-function
of Lin28 (LOF Lin28, blue), the threshold is lower than the
normal level, so the switch occurs earlier. (c) The conse-
quence of these changes is an excess of progenitor cells in
GOF Lin28 and precocious differentiation with lower num-
ber of progenitor cells in LOFLin28 relative to the wild type
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single cells and during cell cycle together with
studies on cell cycle length, division patterns and
the fate of the progeny after Lin28 overexpression
with different promoters or during specific tem-
poral windows would be useful to address these
questions.

6 Reactivation of Lin28 in NS
Regeneration
and Misregulation in Diseases

Lin28 expression is not detected in most adult
tissues (Yang and Moss 2003). As mentioned
above, Lin28a is not expressed in intestinal
basal stem cells but is expressed in proliferating
cells (transit amplifying cells). Lin28 is also
expressed in skeletal muscle and in vitro studies
in myoblasts have shown that Lin28a is required
for muscle differentiation (Polesskaya et al.
2007). This evidence suggests that Lin28 expres-
sion is required in tissues undergoing normal
proliferation and repair, such as the intestine and
the muscle.

Lin28a also increases after damage in the
NS. In the peripheral NS of mice, Lin28a and
Lin28b increase in the L4/5 dorsal root ganglia
(DRG) after sciatic nerve axotomy (Wang et al.
2018). Importantly, overexpression of Lin28a
specifically in the L4/5 DRG and ubiquitous and
inducible overexpression of Lin28b promote
axon regeneration in this experimental model.
Consistent with a role of Lin28 in axon regenera-
tion, simultaneous knock-down of Lin28a and
Lin28b decreases axon regeneration compared
to controls (Wang et al. 2018).

Overexpression of Lin28a or Lin28b also
promotes regeneration in the CNS after optic
nerve crush (Nathan et al. 2020; Wang et al.
2018), retinal injury (Yao et al. 2016; Zhang
et al. 2019) and spinal cord injury (Nathan et al.
2020). In the retina, Lin28 promotes proliferation
of Müller glia (Yao et al. 2016). This role of
Lin28 in the regeneration of the retina has been
also described in zebrafish (Gorsuch et al. 2017;
Mitra et al. 2019; Ramachandran et al. 2010).

Altogether, all these works indicate that Lin28 is
re-activated after damage and promotes regenera-
tion in the mammalian NS.

In contrast to the regulated re-activation of
Lin28 under repair and regeneration, Lin28 is
aberrantly upregulated in cancer and other
diseases (Balzeau et al. 2017; Thornton and
Gregory 2012; Viswanathan et al. 2009). Specifi-
cally in the NS, misregulated expression of Lin28
is observed in neuroblastoma (Beckers et al.
2015; Hennchen et al. 2015; Molenaar et al.
2012) and medulloblastoma (Hovestadt et al.
2014). In addition to tumors, increased expression
of Lin28 is detected in Rett Syndrome due to
downregulation of MECP2 (Kim et al. 2019). In
contrast, conditional knockout of Lin28a in mice
results in degeneration of midbrain-type dopa-
mine neurons (Chang et al. 2019). These works
indicate that the regulation of Lin28 levels is
critical for normal homeostasis of the NS in
adults. Understanding the mechanisms underly-
ing the control of expression and activity of Lin28
and its downstream genes may provide strategies
to restore normal levels in these contexts.

7 Perspectives

The detailed analysis of the endogenous expres-
sion and the role of Lin28 in vivo are still incom-
plete. The balance of Lin28 with commitment and
differentiation factors seems to be crucial for the
decision between proliferate and differentiate, as
described in other contexts (Radzisheuskaya et al.
2013; Sansom et al. 2009). Different splice
isoforms of Lin28 and post-translational regula-
tion add new layers of complexity to this process.
Progressive changes in intrinsic molecular
programs in progenitors must be coordinated
with Lin28-regulated genes and with the factors
that control the duration of cell cycle, which it has
been proposed to regulate these decisions. To
determine the dynamics of these changes during
the cell cycle and neurogenesis through single
cell analyses, real time reporters and pulse-label
approaches together with a detailed quantitative
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analysis of different isoforms of Lin28 will give
us new insights into the cellular and molecular
role of Lin28 during embryogenesis.
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