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Abstract: Male reproductive development starts early in the embryogenesis with somatic and germ
cell differentiation in the testis. The LIN28 family of RNA-binding proteins promoting pluripotency
has two members—LIN28A and LIN28B. Their function in the testis has been investigated but
many questions about their exact role based on the expression patterns remain unclear. LIN28
expression is detected in the gonocytes and the migrating, mitotically active germ cells of the fetal
testis. Postnatal expression of LIN28 A and B showed differential expression, with LIN28A expressed
in the undifferentiated spermatogonia and LIN28B in the elongating spermatids and Leydig cells.
LIN28 interferes with many signaling pathways, leading to cell proliferation, and it is involved in
important testicular physiological processes, such as cell renewal, maturation, fertility, and aging.
In addition, aberrant LIN28 expression is associated with testicular cancer and testicular disorders,
such as hypogonadotropic hypogonadism and Klinefelter’s syndrome. This comprehensive review
encompasses current knowledge of the function of LIN28 paralogs in testis and other tissues and cells
because many studies suggest LIN28AB as a promising target for developing novel therapeutic agents.

Keywords: LIN28A; LIN28B; testis; cancer; infertility

1. Introduction

An unusually high incidence of male reproductive impairment and genital malforma-
tions has been reported in baby boys and young men in the last few decades. The reported
male fertility rates are declining in the Western world, which further brings focus to male
reproduction [1]. The basic molecular processes that promote sexual dimorphism and testis
differentiation begin early in fetal development, with the somatic testicular cells (Sertoli
and Leydig cells) as the leading sex determination drivers [2]. Sertoli cells then direct
the development of early germline precursors into spermatogenic cell lines. These events
have also been supported by the testosterone surge from interstitial Leydig cells. Hence,
male reproductive health is highly dependent on the proper functioning of the molecular
interplays in the early development of the testis, which can lead to early consequences
already during the fetal period [3]. Recent research has suggested the vital role of the LIN28
protein family in testis function and spermatogenesis. LIN28 are RNA-binding proteins
that support pluripotency by regulating the biogenesis of the microRNA let-7 through
direct binding [4]. The heterochronic gene LIN28 was first discovered and studied in the ne-
matode Caenorhabditis elegans, where it was required to control developmental timing [5].
In mammals, two members of the LIN28 family exist that produce LIN28A and LIN28B
proteins. LIN28A and LIN28B paralogs show a high degree of homology in their structural
domains with similar but still partly different functions [6]. The LIN28AB proteins exist
and define “stemness” in pluripotent embryonic stem cells (ESCs) and germ cells through
let-7 signaling [7]. In this review, we aimed to widely encompass current knowledge on
the LIN28 role in testis development and health issues and the LIN28 signaling pathways
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in other tissues. Moreover, we discuss LIN28 as a possible molecular target for treating
disorders with new strategies.

2. Expression and Function of LIN28AB in Tissues

To understand the function of the LIN28 family in the testis, it is essential to form
a broader picture of its presence in other tissues. Moreover, it is crucial to understand
the dynamics of its temporal expression. Both LIN28A and LIN28B are highly expressed
in human undifferentiated embryonic stem cells (hESCs), but a decrease in LIN28AB
expression has been reported in human ESCs during differentiation [8,9]. It was shown
that, in spontaneously differentiated hESCs, the mRNA levels of LIN28A and LIN28B were
significantly lower but with slower kinetics of LIN28B downregulation than the reduction
in LIN28A levels [9]. LIN28 is highly expressed in various fetal tissues and progenitor stem-
like cells. However, its expression declines and is significantly downregulated with the
developmental progression in most differentiated adult tissues [10], with some exceptions.
LIN28 was found in neural progenitor cells of the mouse brain and was overexpressed in
the neurons of the adult hippocampus, supporting neurogenesis, while it decreased during
aging [11]. Such features seem to be tissue-dependent, as high LIN28A expression has
recently been found in neonatal cardiac-tissue-derived stem-like cells (CTSCs) during heart
development, but, in adult CTSCs, expression was low or absent [12]. High expression of
LIN28B was detected in fetal hematopoietic stem and progenitor cells (HSPCs), but it was
not confirmed in adult HSPCs [13].

Specific tissues persistently express LIN28, with the preference for A or B paralog. For
example, high levels of LIN28AB are present in the trophoblast, but LIN28B is expressed
almost 1300-fold higher than LIN28A [14–17]. High LIN28B expression was also detected in
the placenta [18], where the LIN28B locus is imprinted, and paternal monoallelic expression
is present in the human placental tissue [19]. Since LIN28 proteins inhibit cell differentiation
and promote proliferation, their increased expression was detected in the placentas in the
first trimester of pregnancy, compared to the term human placenta [20,21]. Accordingly, the
induction of differentiation of mouse and human stem trophoblast cells was followed by a
decrease in LIN28A expression [15]. Germline stem cells also retain high levels of LIN28.
LIN28B expression remained high across gestation in the human fetal ovary, while LIN28A
expression was highest in the early gonad containing only primordial germ cell (PGC) and
decreased at later gestations, coincident with the onset of germ cell differentiation. Similarly,
in the human male embryo at eight weeks of gestation (WGA), LIN28 was present in
migrating primordial germ cells (PGCs) and early gonocytes [22]. However, its expression
decreased later during further differentiation. Still, the LIN28AB expression remained
specific for prespermatogonia (preSPG) of the early postnatal and spermatogonial stem
cells (SSCs) of adult testis [22,23]. Lin28 mRNA is prominently expressed in the placenta,
testis, ovary, and pituitary gland in rodents. Similarly, Lin28b mRNA is highly expressed in
the adult rat testis and placenta. Transcripts of both Lin28a and Lin28b were also observed
in the hypothalamus [18].

Both LIN28A and LIN28B were implicated as key factors in self-renewal and cell fate
decisions, where they control the balance between the pluripotency and differentiation state.
LIN28A, together with core pluripotency transcription factors OCT4, SOX2, and NANOG,
is an important player in cellular reprograming, e.g., conversion of human somatic fibrob-
lasts into self-renewing pluripotent stem cells (iPSCs) [24]. Similar to LIN28A, LIN28B can
also regulate reprograming to pluripotency together with NANOG, OC4, and SOX2, while
both LIN28A and LIN28B isoforms are required for maximum efficiency of reprograming
in mouse and human PSCs. On the other hand, LIN28A/LIN28B deficiency reduces repro-
graming efficiency and arrests the derived mouse iPSCs in the naïve state. Furthermore,
both LIN28A and LIN28B repress mitochondrial oxidative metabolism in mouse PSCs [25],
which is characteristic of primed state pluripotency and higher LIN28B expression [26,27].
However, Zhang et al. showed differential regulation of these closely related paralogs
in reprograming human fibroblasts, considering their kinetics and histone modifications
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of their promoters. LIN28B assumes an active chromatin structure and reactivates gene
expression earlier in reprograming, while LIN28A is only upregulated upon acquisition
of pluripotency [25]. LIN28AB genes are well-established regulators of developmental
timing and vertebrate growth. Human genome-wide association studies (GWAS) have
reported variants in the LIN28B gene implicated in features such as height [28–30], finger
length ratio [31], adiposity [32], and also in the timing of puberty onset [33–35]. As all
mentioned are traits associated with hormonal regulation, further studies on the zebrafish
and human data showed that pubertal-timing-associated genetic variation correlates with
the expression of LIN28B in the hypothalamus and pituitary gland [36]. However, the
precise mechanisms of LIN28 action are not known, especially in humans. Some gene ma-
nipulation studies of LIN28A in transgenic mice showed that constitutive overexpression
of LIN28A manifests in increased body size and delayed onset of puberty [37]. Fetal but
not adult LIN28AB deficiency in knockout (KO) mice led to dwarfism and aberrations in
glucose metabolism. LIN28A and LIN28B manifest important differences in the phenotypes
mediated by their tissue and temporal-specific deficiency, as constitutive loss of LIN28A
caused perinatal dwarfism and metabolic dysfunction. In contrast, constitutive loss of
LIN28B did not influence metabolism until later in adults [38]. A recent study also supports
distinct functions of LIN28A and LIN28B in cell fate decisions. It was shown that LIN28A
or LIN28B overexpression induced nascent pro-mesodermal proliferative phenotype and
increased caudal vertebrate number during tail development, while only LIN28A knockout
caused the opposite effect [39]. Furthermore, LIN28A and LIN28B may have a distinct
function in mammalian tooth development [40] or retinal progenitor cells (RPCs). In RPCs,
only LIN28A regulates neurogliogenesis, in contrast to LIN28B, which did not influence
the differentiation of RPCs [41].

The role of LIN28AB in female cells and tissues has also been explored. The study
on C. elegans hermaphrodites showed that loss-of-function LIN28 mutants have oocytes
that undergo DNA replication but neither ovulate nor fertilize [42]. The loss of LIN28A
expression in the human trophoblast promoted the differentiation of syncytial cells. The
LIN28 role appears to be inducing rather than actively initiating the differentiation of
human trophoblast cells [15]. LIN28B knockdown showed that this protein is obligatory
for maintaining cells in a progenitor-like state in the placenta. Moreover, when LIN28B
was knocked out, the levels of chromatin-remodeling protein HMGA2 that maintains
cell proliferation and growth during fetal and embryonal development were increased,
probably due to increased LIN28A expression as a compensatory mechanism [43]. A recent
study by Santoro et al. showed that circulating plasma miRNAs, identified as aberrantly
expressed in pregnancy, target transcripts of proteins localized in the placenta, including
LIN28B. This study indicates the importance of the proper miRNA expression and LIN28B
regulation during pregnancy and its potential to disrupt trophoblast development genes
essential for normal placenta development [44]. Double LIN28AB knockout in trophoblast
cell lines leads to a decrease in the expression of proliferative markers and induction of
differentiation [16,43,45]. The variety of LIN28AB roles is summarized in Table 1.

Table 1. The role of LIN28AB in various cells and tissues.

LIN28 Role Model Reference

LIN28AB

stem cell self-renewal 1

cell reprograming 2 mouse 1,2 and human 1 [24] 1 [25] 1,2

ESCs differentiation human [8,9]

body size 1

onset of puberty 2
transgenic mouse 1,2

human 2
[33] 1,2 [35] 1,2 [37] 1,2

[34] 2 [36] 2

tail development mouse [39]

tooth development mouse [40]

trophoblast proliferation human 1 and sheep 2 [16] 1 [43] 1 [45] 2

developmental timing C. elegans [5]
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Table 1. Cont.

LIN28 Role Model Reference

LIN28A
paralog

heart development mouse [12]

neurogliogenesis Rat and mouse [41]

ovulation C. elegans [42]

trophoblast differentiation human [15]

mesodermal and neural cell fate mouse [39]

hippocampal neurogenesis mouse [11]

germline stem cells self-renewal human [22] 1 [23] 1

body height human [28–30]

LIN28B
paralog

finger length ratio human [31]

adiposity human [32]

placenta development human [43,44]

hematopoietic maturation mouse [13];

age at menarche human [33]
1 and 2 connect the role to appropriate model and reference numbers.

3. Structure and Subcellular Distribution of LIN28AB

Human LIN28AB genes are located at chromosomes 1p36.11 and 6q21. LIN28A gene
encodes a 209-amino-acid protein, whereas LIN28B encodes a 250-amino-acid protein,
but they show a high degree of homology in their structural domains. Both LIN28A and
LIN28B exhibit highly conserved regions: the N-terminal cold-shock domain (CSD) and
two C-terminal CysCysHisCys (CCHC) zinc finger or zinc knuckles domains (ZKD), which
allow their RNA-binding function [6,7]. These RNA-binding domains are connected with a
flexible linker, thereby accommodating LIN28 to bind different targets, mainly the members
of let-7 miRNA [7]. The combination of one CSD and two CCHC zinc finger domains
observed in LIN28AB protein was first found in plant RNA-binding protein GRP2, which
is involved in the development, stress response, and genome organization [46]. Cold-
shock domains are named after bacterial cold-shock proteins (CSPs) because they share
the sequence motif characteristics. In bacteria, the CSD domain binds single-stranded
nucleic acids. It enables CSPs to participate in regulating almost all steps of gene expression
involving RNA, including transcription, translation, and RNA turnover. Retroviral-type
CCHC zinc finger domain was first identified in the nucleocapsid protein (NCP) of the
HIV-1 virus [47]. Unlike LIN28A, LIN28B has a nuclear localization signal (NLS) at the
C-terminal end and a nucleolar localization signal (NoLS) between the CSD and first
zinc finger domain [48]. These studies suggest LIN28B is a nuclear protein, but there are
divergent opinions about LIN28B subcellular localization. One report showed that LIN28B
is predominantly localized to the nucleus because of its NoLS and NLS fragments [48].
At the same time, others suggest that LIN28B is a cytoplasmic protein that may shuttle
into the nucleus in a cell-cycle-dependent manner [6,49,50]. It seems that the subcellular
location of LIN28B may vary depending on the cell type, but further studies are required
to elucidate and validate these observations. In contrast, the subcellular localization of
LIN28A is predominantly cytoplasmic, where it is involved in mRNA degradation, mRNA
surveillance, translational repression, and gene silencing. Interestingly, LIN28A was shown
to shuttle between the nucleus and cytoplasm under cellular stress, with localization in
stress granules (SGs) and/or processing bodies (PBs) [51]. A study on the human fetal
ovary demonstrated cell-differentiation-related change in the subcellular localization of the
LIN28. In the early gonad, at nine weeks of gestational age (WGA), all germ cells showed
both cytoplasmic and nuclear staining, but, at later gestation (18 WGA), most of the germ
cells showed only cytoplasmic LIN28 [52]. Similarly, a study on human fetal and neonatal
testis found both nuclear and cytoplasmic signals of LIN28 in gonocytes, while they were
predominantly cytoplasmic in pre-spermatogonia [22].
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The exact mechanism of nucleocytoplasmic shuttling of LIN28 is unknown. One
study provides a possible model of the LIN28 nucleocytoplasmic shuttling, which includes
RNA-binding protein Musashi1 (Msi1) and importin-α, a nuclear transport factor linking
cNLS-containing proteins with importin-β. Accordingly, Msi1 can promote LIN28 nuclear
import via importin-α subtype switching and its retention in the nucleus by enhancing
the formation of LIN28-containing complexes [53]. Since importins (IMPs) play a pivotal
role in the nuclear import [54,55], and because of their recently reviewed important role in
spermatogenesis and male fertility [56], it would be useful to investigate the association
between IMPs and nucleocytoplasmic shuttling of LIN28AB during male germ cells de-
velopment. Additionally, epigenetic studies revealed a specific histone modification that
contributes to the subcellular localization of LIN28A in the nucleus. Kim et al. found that
the SET7/9, an exclusive H3K4 mono-methyltransferase, stabilizes LIN28 via lysine 135
(K135) methylation and contributes to nuclear retention of LIN28A. Furthermore, the K135
and its surrounding residues within LIN28A have sequential homology to the NoLS of
LIN28B [57]. Like the NoLS of LIN28B, the SET7/9-mediated methylation of LIN28A may
act as a switch that causes nuclear retention of LIN28A, which suggests that LIN28AB may
share a specific role in the nucleoli. However, it remains unclear what induces LIN28 to
shuttle into the nucleus and what its role is in that cellular compartment. Further studies
are necessary to elucidate the mechanism of nucleocytoplasmic shuttling of LIN28A and
LIN28B paralogs and their function inside the nucleus.

4. Expression Dynamics of LIN28 Family in the Testis

To understand the biological function and differential activities of LIN28 proteins in the
testis, it is necessary to explore their expression dynamics through testicular development.

4.1. LIN28AB Expression Dynamics across Fetal Testis Development

Similar LIN28AB expression patterns were observed during rodent and human prena-
tal testis development. In the mouse fetal testis, the highest expression of Lin28b was de-
tected at 10.5 days post coitum (dpc), with a second peak (same as Lin28a) at 12.5 dpc [58,59].
At that time, mouse PGCs colonize the gonadal ridge (GR), and, around 12.5 dpc, sexual
differentiation of the GR becomes apparent. At 13.5 dpc, mouse PGCs enter meiosis and
begin to arrest [60]. Similarly, in rat fetal testis, Lin28a and Lin8b peak at 12 dpc and decline
later in development [58,59]. PGCs give rise to mitotically active gonocytes but, during the
mid-late fetal development, they enter a mitotic arrest that persists until a few days after
birth, when mitotic activity resumes and gonocytes develop to spermatogonia, premeiotic
spermatogenic cells [61]. Interestingly, gonocyte mitotic hiatus coincides with the lowest
Lin28ab expression from GD 18 to PND 3 (Figure 1).

Regarding humans, in extensive research of the transcriptome landscape of human
primordial germ cells, the highest expression of LIN28A was detected at 4 WGA and low
to medium expression from 7 to 19 WGA [62]. These results are in line with a recent study
from Cardoso-Moreira et al. that found the highest expression of transcription factors,
including both LIN28A and LIN28B, earlier in human testis development (4 WGA) [58,59].
That is the time of human primordial germ cell (PGCs) formation and migration when
PGCs have been identified in the wall of the yolk sac and hindgut (for a review, see: [63]).
LIN28AB expression decreases later in development [58,59] (Figure 2). The localization of
LIN28B in the fetal testis is still unclear, while expression of LIN28A during human fetal
testis development is restricted to gonocytes, germ cell precursors in fetal testis. Disorders
in gonocytes’ function and differentiation during embryonal development can lead to germ
cell neoplasia in situ (GCNIS), formerly called “Carcinoma in Situ (CIS)”. GCNIS is a pre-
cursor of most testicular germ cell tumors (TGCTs) [64,65], emphasizing the importance of
researching the molecular factors involved in their development. During the first trimester
(up to 12 WGA), gonocytes are mitotically active and form a quite homogenous population,
both morphologically and histochemically. During the second trimester (from 12 WGA
onwards), gonocytes progressively lose mitotic activity together with their pluripotency
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markers OCT4, VAS, NANOG, and c-KIT. Then, two new types of germ cells, besides
gonocytes, are present, intermediate germ cells with proliferative capacity and mitotically
quiescent prespermatogonia [66]. Recently, those types of cells have been confirmed by
single-cell RNA sequencing (scRNA-seq). Around 15–16 WGA, primordial germ cells
downregulate pluripotency-related genes, exit from the pluripotent-like state, and enter
the G0 phase, followed by a transition into quiescent spermatogonia called “state f0” [67].
Single-cell RNA-seq analysis of human germline cells revealed high LIN28A expression in
migrating and mitotic fetal germ cells and low LIN28A in arrested/mitotically quiescent
germ cells [68]. These results may explain the declining expression of LIN28A from 13 to
19 WGA, although a pool of LIN28A-positive germ cells was still present in the testis [58,59]
(Figure 2). Data about the expression dynamics of LIN28AB in human fetal testis from
19 WGA until birth are missing from the literature, probably due to hard-to-reach samples
in such an advanced period of pregnancy. Nonetheless, regarding the germ cells’ mitotic
arrest, we can assume that LIN28 expression is low in this period.

Figure 1. mRNA expression of Lin28ab across rat testis development. Expression levels of Lin28ab
mRNAs are shown in transcripts per million (TPM). MPW—masculinization programing window.
Data available free online [58,59]. Graph created with BioRender.com (accessed on 4 May 2022).

Interestingly, the LIN28 expression dynamics coincide with the masculinization pro-
graming window (MPW) and production of testosterone (T), both in rats and in humans
(Figures 1 and 2). In the rat fetal testis, MPW is reported to occur at gestational day 15.5
(GD 15.5) to GD 17.5 and it is directed by testosterone produced by fetal Leydig cells.
The onset of T production is around 14.5 GD, peaks at 18 to 19 GD, and then declines
immediately before birth. Human fetal testis becomes an endocrinologically active organ at
8 WG with the onset of T production. T peaks at WG 11 to 14 and declines at around WG
17 (for a review, see: [69]). Furthermore, a study found that LIN28KO male mice had lower
plasma T levels and less frequent mating behavior than controls [70]. It would be interesting
to further explore the potential link between LIN28AB and hormone (e.g., testosterone)
signaling, as well as the effect of changing their expression during fetal period on possible
changes in phenotype in postnatal life.
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Figure 2. mRNA expression of LIN28AB across human testis development. Expression levels of LIN28AB
mRNAs are shown in transcripts per million (TPM). MPW—masculinization programing window. Data
available free online [58,59]. Graph created with BioRender.com (accessed on 4 May 2022).

4.2. LIN28AB Expression Dynamics across Postnatal Testis Development

LIN28A and LIN28B mRNAs are present in the rodent and human testis across post-
natal maturation, but their expression varies between neonatal and pubertal periods. In
the postnatal testicular development of rodents, Lin28a peaks in the middle of the infantile
period in both mice [58,59,71] and rats [4] (Figure 1). LIN28A expression declines during
the puberty onset period in humans [23], rats [4], and mice [72]. A study from Cardoso-
Moreira et al. detected a similar expression pattern for Lin28b [58] (Figure 1). However,
other studies found the highest Lin28b expression around puberty [4,72].

Considering the cellular distribution, there are different expression patterns of LIN28A
and LIN28B in the rodent postnatal testis. In human infancy, LIN28A expression was
detectable in gonocytes and in undifferentiated and type A spermatogonia (SPG) and
was absent from the testis interstitium [23]. The most recent scRNA-seq analysis of the
neonatal human testis revealed the existence of three distinct germ cell states, named
PGC-Like (PGCL), PreSPG-1, and PreSPG-2. Human fetal PGCs differentiate into PGCLs,
which express the different gene and protein markers. PGCLs subsequently differentiate
into PreSPGs [73], but whether the cellular distribution of LIN28 remains similar in these
germ cell states remains unknown. On the other hand, LIN28B expression is restricted to
the interstitium in both fetal and immature adult-type Leydig cell precursors (IALC) of
neonatal/infantile mice. In contrast, no cells with LIN28B were found in the seminiferous
tubules [4,23,72]. These results are in line with the study on marmoset monkey testes,
where LIN28 was also detected within the interstitial compartment, most likely in Leydig
cells (LC) [23]. The role of LIN28B in steroidogenic Leydig cells has not yet been described.
Although different functional roles of LIN28A and LIN28B in the regulation of postnatal,
prepubertal testis maturation in rodents are possible, additional studies are needed to
elucidate LIN28B expression and function within the interstitial compartment of the human
postnatal testis.

RT-PCR analysis revealed that Lin28a and Lin28b are abundantly expressed in adult
mouse testis. Immunohistochemical (IHC) analyses on the adult mouse testis showed that
cells expressing LIN28A correspond to undifferentiated or A1 spermatogonia, as was the
case in early postnatal and pubertal testis. LIN28B was also observed in the seminifer-
ous tubules of the adult mouse testis, but, unlike LIN28A, it was expressed in the round
and postmeiotic elongating spermatids. In addition, LIN28B was also detected in mature
adult-type Leydig cells in the interstitial compartment of the adult mouse testis [72]. A
similar expression profile of LIN28AB has been confirmed in the rat testis. It seems that
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LIN28AB and let-7 members of microRNA are mutually exclusive, as let-7b was expressed
in pachytene spermatocytes that are negative for LIN28AB and absent from elongating
spermatids which show high LIN28B expression in the mouse [4]. IHC analyses showed
strong cytoplasmic staining of LIN28B in interstitial Leydig cells and nuclear staining
within the seminiferous tubules, while LIN28A immunostaining was always cytoplas-
mic [72]. Interestingly, the expression of LIN28B in elongating spermatids coincides with
expressional changes in key proteins involved in spermatid differentiation and matura-
tional events in the male gonad. Such expressional changes are loss of histones and the
appearance of a testis-specific HMG (tsHMG), histone H1-like protein in spermatids 1
(Hils1), transition proteins 1 and 2 (TP1 and TP2), and protamine 1, which all are the basic
nuclear proteins [74,75]. These findings point to a possible role of LIN28B in regulating
spermatid elongation events, likely via the let-7 regulatory mechanism.

Different data exist regarding the LIN28A expression in adult human testis. Gillis et al.
detected neither LIN28A-positive germ cells after the first postnatal year nor throughout
adulthood [22]. Aeckerle et al. revealed the presence of few LIN28A-positive spermatogonia
in adult testis. Still, most tubules showed no LIN28A-positive spermatogonia [23]. As has
been already mentioned, a novel scRNA-seq analysis of the adult human testis revealed
distinct human SPG subsets, named spermatogonial stem cells 1 (SSC-1), spermatogonial
stem cells 2 (SSC-2), early differentiating SPG (diff-SPG), and differentiating SPG (Diff-SPG).
Based on the expression of specific marker genes, the SSC-1 subset is the most primitive
and Diff-SPG is the most developmentally advanced [73]. These new findings enrich our
view of male germ cell development. Like for the neonatal period, studies on the adult
human testis are needed to investigate LIN28A localization in these different clusters of
germ cells. Like the fetal and postnatal human testis, LIN28B expression has also been
insufficiently investigated in adult human testis. Moreover, further studies are needed
to confirm its presence and exact function in spermatids and Leydig cells of the human
testis. Moreover, our knowledge about expression dynamics and hormonal regulation of
this system in human testis is incomplete.

4.3. LIN28 in the Testicular Aging

One of the roles of the LIN28 family is to co-ordinate cellular growth and cellular
metabolism to influence the metabolic physiology of aging, as reviewed by Jun-Hao et al. [76].
A study on mice showed that Lin28a/Lin28b/let-7 pathway is a key regulator of weight
and previously mentioned pubertal timing in a sex-specific manner. Lin28a gain-of-function
(GOF) caused heavier mice of both sexes, while Lin28b loss-of-function (LOF) led to lighter
body weights only in male mice. Furthermore, Lin28a GOF mice resulted in the late onset of
puberty in both sexes considering the beginning of puberty. At the same time, Lin28b LOF
and let-7 GOF had a similar alteration in pubertal timing but only in male mice [77].

The role of LIN28 in the cellular aging process was shown in several studies on animal
models. A recent study on Drosophila establishes that Lin28 has a pivotal role in the
function and aging of the male germline stem cell niche. Lin28 is expressed in hub cells in
early testis development, with the highest level in young adults, and then declines with
age. Similarly, Lin28 mutations resulted in a loss of hub cell number, aberrant cell size,
and impaired morphology. Importantly, it was found that re-expression of Lin28 in Lin28
mutant and maintaining the expression of Lin28 specifically in hub cells of the adult testis
can preserve the number of hub cells and rescue the mutant phenotype. Furthermore,
data demonstrated that LIN28 is capable of binding to and controlling the stability of the
self-renewal factor unpaired (Upd) in hub cells and that the loss of LIN28 in the hub niche
is associated with decreased Upd levels, hub cell aging, and loss of the stem cell niche.
LIN28 directly binds to the sequence-specific motif (GGAGA) at the Upd mRNA 3′UTR,
interestingly, in a let-7 independent manner [78]. Future studies should focus on the other
factors and signaling pathways within the stem cell niche under the control of LIN28. The
knowledge about mechanisms controlling stem cells’ behavior in the niche will facilitate
the development of stem-cell-based therapies. In C. elegans, it was shown that low doses
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of LIN28 promote longevity but also balance reproduction by regulating germline stem
cells number and regulating energy intake [79]. Based on the LIN28 effect on the improved
insulin sensitivity and enhanced tissue regeneration determined in mice, LIN28 could
affect the aging delay. However, as the overexpression of LIN28 can also contribute to
tumorigenesis, lower doses of the protein probably could have a better effect [37,76].

5. Molecular Pathways of LIN28 Family
5.1. Network of LIN28AB Targets

The molecular mechanisms that regulate pluripotency and self-renewal have been
extensively investigated in embryonic stem cells (ESCs) that provide insights into early
development. The knowledge about such mechanisms is important to improve the potential
of pluripotent stem cells for therapeutic applications. On the other hand, germ cells can also
provide a novel perspective for the regulation of pluripotent states, mainly because of their
potential to reacquire pluripotency via fertilization, teratocarcinogenesis, or spontaneous
conversion during culture [80]. A study showed that pluripotency factors LIN28AB mediate
the regulation of several RNA-binding proteins (RBPs) and promote their expression [49].

The exact mechanism by which LIN28 affects target mRNA function involves multiple
levels of regulation. LIN28 mediates mRNA degradation by recruiting TUTase to uridy-
late mRNA 3 end [81] or changes the secondary structure of mRNA by recruiting RNA
helicase [82]. Moreover, LIN28 also regulates alternative splicing and alternative polyadeny-
lation of target mRNAs [83]. One of the first mRNAs discovered to be bound by LIN28A
was the insulin-like growth factor 2 (Igf2) in skeletal myoblasts. LIN28A recruits Igf2 mRNA
to polysomes through interactions with translation initiation complexes and enhances Igf2
expression [84]. An in vitro study showed that exogenous LIN28A expression has a pro-
liferative and pro-survival impact on primary cortical neurons by upregulating Igf-2 and
inhibiting caspase-3-dependent programed cell death [85]. Recent studies have confirmed
the involvement of the LIN28–IGF2 axis in neurogliogenesis. Xia et al. found that LIN28A is
an important intrinsic factor that regulates the generation of neurons and glia through IGF-2
signaling [41]. It is known that the Igf pathway involves activation of mitogen-activated
protein kinase (MEK) and phosphoinositide-3 kinase (PI3K) by RAS and RAF, as well as
activation of the mechanistic target of the rapamycin (mTOR) pathway by AKT [86,87].
Considering the available evidence, it is likely that LIN28 participates in the Igf pathway
by protecting Igf-2 and Igf2bp1/2/3 mRNA from degradation [88] or/and enhancing their
translation [84,89]. Interestingly, overexpression of LIN28 in injured retinal ganglion cell
(RGC) axons can promote their regeneration mediated by Igf1 [90]. LIN28A can stimulate
the translation of other mRNA targets, including Cyclin A/B and CDK4, via direct binding
to their 3 untranslated region (3 UTR) [91] or the coding region of histone H2 mRNA [92].
In human ES cells (hESCs), LIN28A promotes the translation of reprograming factor OCT4
through binding to the coding region of OCT4 mRNA and interaction with RNA helicase
A [93]. Furthermore, a study on human ES and somatic cells found LIN28A preferable to a
consensus GGAGA motif enriched within exons and 3′UTR of over 6000 mRNA of genes
genome-wide. This study also revealed positive feed-forward autoregulation of LIN28A,
directly amplifying its translation [83]. A study on mouse ES cells showed that LIN28A
recognizes the mRNA motifs AAGNNG, AAGNG, and, less frequently, UGUG [94]. Other
genome-wide studies show that LIN28 associates with mRNA encoding RNPs, metabolic
enzymes, and structural constituents of ribosomes, important proteins for cell growth and
survival [95]. A very recent study discovered over 12,000 mRNA targets of LIN28A in
mouse undifferentiated spermatogonia through high-throughput sequencing of RNAs
isolated by crosslinking immunoprecipitation (HITS-CLIP). Further analysis of LIN28A
binding sites within mRNA sequences confirmed enrichment in GGAG(A) motifs at the
3′UTR. The same study showed LIN28A’s mechanism of action in maintaining spermato-
gonial phenotype in the testis by binding to the GGAG(A) motifs of meiotic genes, such as
Hormad1, Terb1, and Prdm9, and enhancing their translation during meiosis [96].



Int. J. Mol. Sci. 2022, 23, 7245 10 of 24

Like LIN28A, LIN28B primarily regulates the expression of genes involved in pro-
tein translation, mRNA splicing, and cell cycle regulation. A study showed that Lin28b
knockdown strongly impaired cell cycle and cell proliferation. Accordingly, some of the
genes controlling core signaling pathways directly bound to LIN28B are CDK1, NRAS,
RAN, and ERK. Moreover, ribosomal proteins are among the top LIN28B targets and
have shown intense changes in their expression following Lin28b knockdown [97]. These
findings are consistent with studies that showed that Lin28 mutants have defective pheno-
types considering growth and metabolism. Additionally, direct LIN28B-binding targets
are HMGA2 and IGF2BP2, which showed a twofold decrease in protein production upon
Lin28b knockdown [97]. Since HMGA2 and IGF2BP2 are type-2-diabetes-associated genes,
these results are in line with studies showing aberrations in glucose metabolism after the
loss of LIN28B [98]. In addition, LIN28B has been shown to bind thousands of other human
RNAs directly. Studies showed several possible target motifs for the LIN28B CSD domain.
For example, Nam et al. proposed NGNGAYNNN consensus [7], whereas Mayr et al.
revealed a GUNNUNN motif [99]. Further, Graf et al. reported AAGRWG (R = A or G)
motif [97], which is highly similar to the LIN28A consensus sequence identified by Wilber
and colleagues [83].

Molecular mechanisms of LIN28AB action include not only binding to mRNAs, but
certain microRNAs as well. The most important developmental partners of LIN28AB are
let-7 miRNAs. There are 12 let-7 family members in humans (let-7a-1, -2, -3; let-7b; let-7c;
let-7d; let-7e; let-7f-1, -2; let-7g; let-7i; and miR-98) located at eight different chromosomal
loci [100]. They act as tumor suppressors by inhibiting the expression of oncogenes,
such as MYC, RAS, and HMGA2 [101–103] (Figure 3). LIN28A and LIN28B selectively
repress let-7 miRNA expression via their RNA-binding domains (RBDs) [48,104]. This
LIN28/let-7 axis regulates the normal development and differentiation of ESCs, operating
as a switch to maintain an embryonic or differentiated cell fate [105]. Post-transcriptional
regulation of let-7 by LIN28 is also required for glucose homeostasis. Studies have shown
that LIN28AB in transgenic mice contributes to insulin sensitivity and reduced glucose
levels in peripheral blood. In contrast, let-7 overexpression in mice has the opposite effect
by promoting higher glucose levels and lower insulin sensitivity [89,106]. Furthermore,
many studies have implicated the LIN28/Let-7 pathway in a growing list of numerous
cancers [107–109], including germ cell tumors [110,111]. These studies demonstrate that low
expression of let-7 and high expression of LIN28AB correlates with tumor aggressiveness
and poor prognosis [112–115]. Furthermore, a study on human hepatocellular carcinoma
(HCC) shows that aberrant expression of LIN28AB and let-7 facilitates aerobic glycolysis or
the Warburg effect. They found that LIN28AB enhances, while let-7 suppresses, aerobic
glycolysis by targeting pyruvate dehydrogenase kinase 1 (PDK1), demonstrating a novel
pathway to mediate aerobic glycolysis of cancer cells [116]. In accordance with a previous
study, Yuko et al. showed that LIN28A therapeutic effect on CTSCs was linked to the let-
7/PDK1 signaling pathway [117]. Insight into the exact mechanisms of the LIN28/let-7 axis
could enable the manipulation of cellular pluripotency and diseases such as diabetes and
cancer. Indeed, significant efforts have been made to elucidate the mechanism underlying
LIN28AB mediated let-7 suppression. A double-negative feedback loop between LIN28AB
and let-7 where LIN28AB binds to either pri-let-7 or pre-let-7 via its CSD and CCHC
domains was reported [118]. CCHC domains dimerize on a GGAG motif adjacent to
the Dicer cleavage site and, thus, prevent the processing of let-7 precursor by Dicer and
Drosha, while CSD inserts into the apical part of the precursor loop [7,119,120] (Figure 3).
Consequently, LIN28AB causes oligo-uridylation at the 3 terminal of pre-let-7 recruiting
uridylyltransferase (TUTase) [121,122]. In humans, only TUT4 (ZCCHC11) and TUT7
(ZCCHC6) were shown to actively oligo-uridylate pre-let-7 [123]. A study demonstrated
that CSD binds to let-7 with higher affinity than the ZKD, and that CSD alone has fast-on
and fast-off binding kinetics [99,124]. However, the interaction between the ZKD and the
GGAG sequence, despite its low binding affinity, increases the half-life of the LIN28A/pre-
let-7 complex and stabilizes it. The LIN28/let-7 complex stabilization prevents dissociation
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and is crucial for TUT4 recruitment [124]. Thus, LIN28A/LIN28B inhibits let-7 biogenesis
and induces its degradation (Figure 3). On the other hand, let-7 may inhibit the expression
and function of LIN28A/LIN28B binding to 3UTR of their mRNAs [125]. Recently, a
novel -(U)GAU- motif was identified on pre-let-7, similar to the CSD-binding consensus
sequence, that promotes stronger binding of LIN28 to the pre-let-7 subclass containing
(U)GAU (CSD+) than to the pre-let-7 subclass without this motif. Furthermore, the in vivo
uridylation of CSD- let-7 members by LIN28 was less efficient than the uridylation of the
CSD+ let-7 subclass [126]. Sequence and structural analysis revealed functional equivalency
between mouse LIN28A and human LIN28 paralogs in the recruitment of TUTase. Wang
et al. found an LIN28-binding sequence (a YRYFACPQKK motif) that is conserved between
TUT4 and TUT7 and between TUT4 in mice and humans [124]. Altogether, this wide
network of LIN28 targets allows it to program cell metabolism, growth, and self-renewal.
It will be interesting to investigate further the interplay between LIN28 and TUTase and
whether miRNAs other than let-7 are substrates for TUT4/TUT7.

Figure 3. Schematic representation of the main LIN28A and LIN28B signaling. The left panel of
the figure shows the cellular effect of decreased LIN28AB. If LIN28A/B are blocked with upstream
regulators, biogenesis of let-7 miRNAs proceeded normally. High levels of let-7 will target and reduce
the expression of proliferation-associated genes, driving the cells towards differentiation. The right
panel of the figure shows the cellular effect of increased LIN28AB. LIN28AB represses the biogenesis
of let-7 miRNAs by binding pri-let-7 and pre-let-7 and inhibiting their processing into mature let-7.
Due to the low let-7 level, increased expression of proliferation-associated genes can be expected,
leading to increased cell proliferation. Red arrows indicate upregulation, and green arrows indicate
downregulation. Figure created with BioRender.com (accessed on 4 May 2022).

5.2. Upstream Regulators of LIN28AB

Reactivation of LIN28AB in disorders such as GCNIS can be triggered by epigenetic
changes and upstream modulators and/or loss of transcriptional repressors. However,
much remains to be clarified about the exact mechanisms which lead to LIN28AB aberrant
expression. The mechanism of DNA methylation on gene promoters containing CpG is-
lands represents one layer of epigenetic regulation essential for controlling gene expression.
Novel research found that LIN28A expression can be silenced via CpG island hypermethy-
lation. Xu et al. reported that LIN28A expression is directly associated with the methylation
status of promoter-associated CpG islands in pancreatic cancer cells. The first CpG island
was identified in the first exon and the second was in the first intron [127]. Since LIN28A is
overexpressed in GCNIS, it would be worthwhile to investigate the association of its expres-
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sion with the methylation status of these CpG islands. Regarding LIN28B paralog, a recent
study found that its expression could be activated by hypomethylation of four specific
CpG in the LIN28B promoter [128]. Together, these results suggest that DNA methylation
of specific CpG sites in LIN28AB promoter could be a potential molecular marker for
prognosis prediction and individualized treatment among patients with different tumors.
It would be worth investigating the methylation status of these CpG sites of the LIN28AB
promoter in patients with testicular tumors.

Post-translational modifications of LIN28A and LIN28B, such as methylation, acetyla-
tion, phosphorylation, and ubiquitination and their effects on LIN28AB protein stability
and activity, have not yet been fully characterized. However, it is known that the balance
of post-translational modifications, such as acetylation and deacetylation, essentially affect
LIN28 protein regulation. For example, one of the known acetyltransferases, P300/CBP-
associated factor (PCAF), directly acetylates LIN28 and causes the reduction in its level.
On the other hand, deacetylase SIRT1 reverses this process [129]. A recent study showed
that MAPK/ERK-mediated phosphorylation also regulates the function of LIN28 as a
pluripotency factor [130]. One of the deubiquitinating enzymes (DUBs), ubiquitin-specific
protease 28 (USP28), is reported to have a critical regulatory effect on the LIN28A by deu-
biquitinating the protein. Furthermore, USP28 stabilizes LIN28A and extends its half-life by
antagonizing LIN28A protein turnover and reversing its proteasomal degradation. More-
over, USP28 increases the LIN28-mediated inhibition of let-7 (Figure 3). Ultimately, USP28
induces the tumorigenic function of LIN28A and enhances the viability and migration
of cancer cells, increasing LIN28A-mediated tumor progression [131]. These data drive
the synergistic, combinatorial approach of targeting LIN28A and USP28 in contributing
to the effectiveness of cancer therapeutics. Another LIN28A upstream regulator is triste-
traprolin (TTP), an AU-rich element (ARE) binding protein. Contrary to USP28, TTP binds
to the first AUUUA pentamer (ARE1) within the Lin28 mRNA 3′-UTR, destabilizing it,
and, therefore, downregulates the expression of Lin28. TTP-induced downregulation of
Lin28 increases the expression of let-7b miRNA, which blocks the translation of CDC34,
an mRNA involved in cell cycle progression. This is a likely mechanism by which TTP-
mediated Lin28a repression inhibits the growth of human cancer cells [132]. Moreover, TTP
represents a significant link between p53 activation caused by the DNA damage and the
Lin28/let-7 axis. Lee et al. demonstrated that p53 stimulates TTP expression in cancer cells
after treatment with doxorubicin (DOX), a DNA-damaging agent. TTP, in turn, increased
the level of let-7 by repressing Lin28a (Figure 3). In accordance with the above results,
cancer cells with p53 mutations failed to induce the let-7 expression after DOX treatment.
Likewise, inhibition of TTP by siRNAs attenuated the inhibitory effect of DOX on let-7
expression and cancer cell growth. Further studies on the p53-TTP-Lin28-let-7 system can
help understand the occurrence of chemoresistance in human cancers [133]. In addition,
p53 can influence Lin28b paralog as well. A recent study showed that the premature onset
of puberty in mice fed with a high-fat diet (HFD) is controlled by p53-c-Myc/Lin28b/let-7
pathway. In the high-fat diet mice, c-Myc and Lin28b levels increased, while let-7a mRNA
expression decreased. Overexpression of p53 in the hypothalamus of HFD mice reduced
c-Myc and Lin28b on both mRNA and protein levels while concomitantly increasing the
expression of let-7a mRNA. In contrast, inhibition of p53 increased c-Myc and Lin28b
expression but reduced let-7a levels. In this way, high fat intake can accelerate puberty
onset by upregulating p53 expression, which accelerates hypothalamic–pituitary–gonadal
axis activation through the c-Myc/Lin28/let-7 system [134].

One of the most studied upstream post-transcriptional modulators of the LIN28B
paralog is tripartite motif-containing 71 (TRIM71), also known as lineage variant 41 (lin-
41). TRIM71 is a member of the TRIM-NHL family, together with TRIM2, TRIM3, and
TRIM32 [135]. All TRIM-NHL members share structural similarities and possess functional
E3 ubiquitin ligase activity because of the RING domain in the N-terminus [136]. The study
showed that TRIM71 negatively regulates protein stability of LIN28B, but not LIN28A, by
catalyzing polyubiquitination. Further, a C-terminal unique amino acid stretch of LIN28B
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and N-terminal RING finger motif of TRIM71 are essential for protein–protein interaction
and polyubiquitination and consequent proteasomal degradation of LIN28B. Moreover,
TRIM-71-mediated downregulation of LIN28B led to increases in the let-7 expression and
repression of one of the known let-7 targets, HMGA2 [137] (Figure 3). Interestingly, TRIM71
expression is downregulated in various cancer tissues in which the LIN28B–let-7–HMGA2
signaling pathway is conserved compared with normal tissue counterparts. Furthermore,
the specific knockdown of TRIM71 increased the proliferation of cancer cells. In contrast,
overexpression of TRIM71 in non-small cell lung carcinoma (NSCLC) cells, in which the
LIN28B–let-7–HMGA2 pathway was conserved, decreased cancer cell phenotypes [138].
Altogether, these data suggest that the oncogenic activity of LIN28B is repressed post-
transcriptionally by TRIM71. A recent study showed that TRIM71 was differentially
expressed among good- and poor-quality bull semen samples [139]. Additional studies
are needed to investigate the potential role of TRIM71 and the other TRIM-NHL members
as upstream regulators of the LIN28B–let-7 axis in testis, especially in humans. Except
by proteins, regulation of LIN28AB expression can be achieved by microRNAs. Aside
from let-7 [125], other microRNAs can inhibit the expression and function of LIN28AB.
For example, the miR-30 family, miR-9 [140], miR-125 [140,141], and miR-181 [142] have
been reported to downregulate LIN28 in ESCs and cancers cells. Interestingly, these
microRNAs are under-expressed in malignant germ cell tumor (GCT) [143]. Figure 3
shows a schematic representation of the main LIN28AB signaling pathways involved in
controlling cell renewal, maturation, fertility, aging, and tumor development.

6. LIN28AB in Testicular Disorders

As mentioned previously, we can observe high expression of LIN28A and low let-7 in
numerous cancers [144], including germ cell tumors [22,143,145], implying that LIN28/let-7
is a common regulatory circuit shared by stem cells and cancer cells. By loss-of-function
analysis, a study on mouse experimental teratoma models revealed the function of LIN28 in
the genesis of mammalian germ cell tumors. Furthermore, LIN28A as well as its homolog
LIN28B are consistently expressed in malignant germ cell tumors, including yolk sac tumors
and choriocarcinomas [111]. In accordance with that, Cao et al. defined LIN28 as a highly
sensitive marker for testicular germ cell tumors, including GCNIS, classic seminomas,
embryonal carcinomas, and yolk sac tumors [110]. Together, these data implicate LIN28
as a diagnostic marker of germ cell malignancy. Further investigations are required to
establish the clinical significance of LIN28A as an ideal prognostic biomarker in human
testicular cancers.

Recent works suggest a role of LIN28/let-7pathway in the control of spermatogenesis
and fertility. A study on Lin28 knockout (KO) mice found that Lin28a deficiency reduces
the number of germ cells during embryogenesis, leading to impaired fertility in adults.
Even though Lin28 can affects protein translation independently of let-7, the study showed
that overexpression of let-7 results in the same phenotype as Lin28a deficiency, which
confirms a regulative role of the LIN28/let-7 axis in establishing germ cell pools during
embryogenesis [70]. Further, germ-cell-specific Lin28a KO mice have been shown to
reduce testis weight and sperm number and impair the proliferation of spermatogonial
cells [146]. However, limited information regarding its expression in human infertile testis
requires further research to analyze the correlation between the human LIN28AB/let-7 axis
with infertility.

A study by Werler et al. has shown decreased LIN28 expression in a mouse model for
Klinefelter’s syndrome (KS). Unlike the control group of mice, where LIN28 was found
in gonocytes and spermatogonia in the first 10 days postpartum (dpp), in the KS model,
LIN28 was only expressed in a few gonocytes on day one postpartum (pp) and some
spermatogonia up till day 3pp. However, no LIN28 expression was observed from day 5pp
onwards. In the further stages, at day 14 and 21pp, two KS animals had LIN28 signal in
the spermatogenic foci in some tubules with ongoing spermatogenesis, while surrounding
tubules lacking germ cells did not show any expression [147]. Analysis of mRNA Lin28
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confirmed its presence from day 1pp onwards in controls with increasing levels during
postnatal development up to 14pp. In contrast, it was decreased later in adulthood, which
is consistent with findings of Gaytan, Francisco, et al. and Zheng, Ke et al. [72,148]. In
contrast, only weak Lin28 mRNA expression was detected in KS mice from day 1 to 14dpp,
and a complete absence of Lin28 was observed in adult animals [147].

LIN28AB expression patterns can be disturbed by the lack of GPR54 expression, a
gene controlling the onset of puberty. A study on a mouse model of hypogonadotropic
hypogonadism (Gpr54 KO) showed a lack of LIN28B in testis, while LIN28A-positive
cells were present but with reduced total testicular expression. Moreover, LIN28A in
Gpr54 KO mice showed irregular distribution through the testis. In addition, Gpr54-
null mice showed enhanced levels of let-7a/b in contrast to wild-type (WT) mice. Adult
Gpr54 KO mice showed small seminiferous tubules with the most advanced germ cells
corresponding to leptotene spermatocytes and the lack of differentiated Leydig cells, which
may explain the absence of LIN28B. However, gonadotropin administration (hCG and
FSH) to Gpr54-null mice can rescue such defective expression [72]. Further, analyses of
the testicular LIN28AB/let-7 axis in rat models of perturbed puberty revealed that early
manipulation of the hormonal and nutritional environment and photoperiod manipulation
could influence the expression levels of the LIN28AB and let-7, along with postnatal
testicular maturation [4]. Together, these results emphasize the role of GH in testicular
function and the putative involvement of changes in the LIN28/let-7 axis. Further research
is needed to elucidate the potential role of both LIN28A and LIN28B in the feedback of
steroid hormones in the testis to GnRH and/or FSH/LH.

Interestingly, recent studies on mice have shown aberrant LIN28AB expression in
the testis after prenatal exposure to endocrine-disrupting chemicals (EDC) [149,150]. As
previous studies have shown, testicular exposure to ED chemicals in prenatal development
may impair PGC differentiation, causing decreased sperm quality [151] and number and
increased apoptosis of germ cells [152], as well as infertility in adults [153]. Accordingly,
fetal and neonatal exposure to ED chemicals bisphenol-A and stigmasterol (BS) alters
adult germ cell physiology. It induces testis histology defects as well as fertility disorders,
associated with altered spermatogenesis in adult mice at 3 or 6 months of age. Interestingly,
in vitro exposure of spermatogonial cell line to BS decreased LIN28 level [149]. Another
study on mice showed that embryonic exposure to vinclozolin (VCZ), a widely used
fungicide with antiandrogenic effects, deregulates Lin28a/Lin28b/let-7 pathway in three
successive generations of males. More precisely, exposure to VCZ decreased Lin28a in
PGCs from F1 and F2 males, whereas its level was slightly increased in F3, similar to
Lin28b decreased in F1/F2 and normalized in F3 PGCs. Furthermore, decreased levels of
Lin28ab correlate with upregulation of the precursor and some mature forms of let-7 [150].
Altogether, these results demonstrate that embryonic exposure to environmental EDC can
cause transgenerational effects on germ cells through Lin28a/Lin28b/let-7 pathway.

7. The LIN28AB as a Molecular Target in Treating Injuries and Diseases

First of all, LIN28 has been researched as a target in tumor therapy. Unlike well-
differentiated cancer cells, cancer stem cells (CSCs) present in many undifferentiated
tumors seem to be more sensitive to chemotherapy and radiation therapy. An example of
an undifferentiated tumor is GCNIS, a pathological precursor lesion for testicular germ
cell tumors (TGCT) in adolescents and adult men [65,154]. Since the dysregulation of the
LIN28/let-7 axis is present in malignant GCTs, this pathway suggests a promising target
for developing novel therapeutic agents [145]. Many other tumors have already found a
correlation between the LIN28AB/let-7 axis and anticancer treatment. Studies have shown
that downregulation of LIN28A in chemotherapy and radiation-resistant breast cancer cells
enhanced their sensitivity to the treatments [155,156]. In another study, LIN28AB/let-7
axis was involved in the resistance of human pancreatic and lung cancer cells [157]. Fur-
thermore, in vitro experiments on human glioblastoma cells showed that suppression of
LIN28 by small hairpin RNA (shRNA) caused cell cycle arrest in the G1 phase, delayed cell
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proliferation, increased apoptosis, and resulted in fewer colonies compared to controls [158].
A study showed that downregulation of LIN28B reduced self-renewal ability and increased
let-7 level in the prostate cancer cells [159]. Another study demonstrated that knockdown
of Lin28 decreased viability and promoted apoptosis in colorectal cancer cells, whereas
this effect was attenuated by let-7c inhibition [160]. A recent study found that treatment
with an LIN28 inhibitor C1632 increases let-7 and suppresses programmed death ligand 1
(PD-L1) expression, leading to reactivation of antitumor immunity in vitro and in vivo. In
addition, C1632 also displayed the capacity to inhibit cancer cell proliferation and tumor
growth in mice [161]. When looking at the LIN28-regulated oncogenes, analyses of CRISPR-
engineered cells suggest that the LIN28/let-7 axis regulates MYC and cell cycle pathways
in multiple myeloma and provides proof of principle for therapeutic regulation of MYC
through let-7. This study demonstrated that high levels of let-7 expression repress tumor
growth by regulating MYC expression [114]. These findings reveal a mechanism of thera-
peutic targeting of MYC through the LIN28B/let-7 axis that may impact other reproductive
MYC-dependent cancers, such as testicular cancer [162]. Therefore, inhibition of LIN28 has
a dual effect on cancer therapy: stimulating antitumor immune responses and suppressing
tumor growth by inhibiting cancer cell proliferation. Notably, Roos et al. identified that N-
methyl-N-[3-(3-methyl[1,2,4]triazolo[4,3-b]pyridazin-6-yl)phenyl]acetamide, which blocks
the Lin28/let-7 interaction, rescued let-7 processing and function, and induced differen-
tiation of mouse ESCs, eventually reducing tumor-sphere formation in human prostate
and hepatocellular carcinoma cells [163]. These findings may represent a new direction
for treating germ cell tumors. More studies must be performed to explore small-molecule
inhibitors of LIN28 further and evaluate their therapeutic potential in germ cell tumor
pathologies. L. Wang et al. suggest that a potentially druggable pocket locates between
the two zinc knuckles (ZKD) within LIN28 [124]. Further, the same group developed a
high-throughput screening strategy to identify small-molecule inhibitors for both CSD
and ZKD domains of LIN28 involved in let-7 interactions. Using fluorescence polarization
assay, they found that the LIN28 inhibitor LI71 binds the CSD to suppress LIN28′s activity
in leukemia cells and embryonic stem cells, while another inhibitor TPEN destabilizes the
ZKD of LIN28 [164]. In vitro and in vivo studies on oral squamous cell carcinoma (OSCC)
showed the synergistic antitumor effect of an LIN28 inhibitor C1632 and hypoglycemic
medication with metformin. C1632 inhibits LIN28 and thereby regulates LIN28/let-7 axis
and, together with metformin, reduces proliferation, migration, and self-renewal capaci-
ties of OSCC cells [165]. These results demonstrate selective pharmacologic inhibition of
individual domains of LIN28 and provide a foundation for therapeutic inhibition of the
let-7 biogenesis pathway in LIN28-driven diseases. Therefore, novel therapeutic agents
designed to target the LIN28AB/let-7 axis might help achieve better therapeutic outcomes
for the treatment of chemotherapy and radiation-resistant tumors, such as testicular cancer.

Except in cancer treatment, LIN28 can be a target for other pathological conditions,
e.g., injuries and diseases resulting from tissue damage, due to its positive effect on cell
renewal. For example, induction of LIN28A to transgenic mice promotes glucose tolerance
and tissue repair by enhancing oxidative metabolism needed to activate adult cells out
of quiescence [38]. Another study showed that reintroduction of LIN28a to adult CTSC
(CTSC-LIN) identifies a novel role for LIN28a in cardiac regeneration after ischemic in-
jury. LIN28A promotes energetic activity by increasing oxidative phosphorylation and
glycolysis in adult CTSCs. Furthermore, CTSC-LIN had a significantly increased amount
of antioxidant markers and reduced ROS generation compared to the control (CTSC-GFP).
In addition, CSTC-LIN showed an increased ability to secrete pro-reparative paracrine
factors under hypoxic conditions and promote cardiomyocyte proliferation and survival
after ischemic cardiac injury [117]. In other words, LIN28 makes adult cardiac stem cells
more metabolically flexible, significantly improving their chances of survival. Furthermore,
LIN28A enhances the therapeutic potential of cultured neural stem cells in a Parkinson’s
disease model [166] and promotes axonal regeneration after optic nerve and spinal cord
injury in mice [167]. Based on LIN28-mediated repair enhancement in multiple tissues and
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the main pieces of information obtained in these studies, targeting LIN28 can be applied to
stem-cell-based therapeutic approaches in some reproductive hormonal-related disorders,
such as hypogonadotropic hypogonadism or chemotherapy-induced testicular injury.

8. Conclusions and Future Prospects

There is a spatial and temporal restriction of the differentiation potential of originally
pluripotent germ cells during the testis development. Differentiation of a particular cell
type depends on qualitative and quantitative differences in the expression of a specific
set of genes. Studies have shown that perturbed expression of LIN28AB during the fetal
and early postnatal periods may induce phenotypic changes in adults [36,37,72,77,145].
Therefore, it is important to determine time windows during early development, which are
critical for phenotypic changes in adulthood. The first window is in the early fetal period,
where the gene’s actions closer to the start of masculinization programing might have a
stronger impact on puberty and growth, while the second window comes later during the
juvenile development (Figures 1 and 2). Based on previous findings, two paralogs of LIN28
have a partly overlapping but also different role in human testis development. While the
testicular role of LIN28A in germline stem cells’ self-renewal is well established, the role
of its paralog LIN28B in the testis has not been elucidated (Table 1). There are only a few
studies about LIN28B expression in Leydig cells and spermatids [4,23,72], but no one has yet
described its role there. Blocking their expression in a specific time window, e.g., at 4 WGA
or in the middle of the infantile period, where they showed the highest expression, could
further clarify their role in the testis. It will be very interesting to investigate the possible
endocrinological roles of LIN28AB in the testis. To achieve that, future research should be
based on expanding knowledge about the already known LIN28AB pathways in the testis,
such as the LIN28AB–let-7 axis [4,72]. In addition, the LIN28AB pathways and molecular
partners detected in other tissues should also be considered in explaining the testicular
network (Figure 3). As some studies showed, impaired LIN28AB pathway can lead to
several testicular disorders, among which are testicular germ cell tumors [22,110,111,140],
hypogonadotropic hypogonadism [72], Klinefelter’s syndrome [147], and other types of
infertility [69,141,145,146]. There is growing evidence that targeting LIN28AB can be
applied to stem-cell-based therapeutic approaches in various disorders [114,155–165] or
tissue injuries [38,117,167], indicating a possibility of targeting these paralogs in testicular
disorder as well.

Overall, the accumulating data suggest that LIN28AB has the potential to affect testis
development and fertility, as well as pubertal timing, through separate mechanisms and
acting at different times during development. LIN28A and LIN28B might present potential
targets for developing new therapies in the treatment of fertility but also testicular tumors.
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Abbreviations

CysCysHisCys CCHC
CSD cold-shock domain
CSP cold shock proteins
CTSC cardiac tissue-derived stem-like cell
DOX doxorubicin
dpc days post coitum
dpp days postpartum
EDC endocrine-disrupting chemicals
ESC embryonic stem cell
GCNIS germ cell neoplasia in situ
GCT germ cell tumor
GOF gain-of-function
hESC human embryonic stem cell
HFD high-fat diet
HSPC hematopoietic stem and progenitor cell
IHC immunohistochemical
IMP importin
KS Klinefelter’s syndrome
LOF loss-of-function
MPW masculinization programming window
NLS nuclear localization signal
NoLS nucleolar localization signal
OSCC oral squamous cell carcinoma
PGC primordial germ cell
preSPG pre-spermatogonia
PSC pluripotent stem cell
RPC retinal progenitor cell
scRNA-seq single-cell RNA sequencing
SPG spermatogonia
SSC spermatogonial stem cell
TGCT testicular germ cell tumors
WG weeks of gestation
WGA weeks of gestational age
ZKD zinc knuckles domain
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