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Lin28: an emerging important oncogene connecting several
aspects of cancer
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Abstract RNA-binding protein Lin28 was originally found
as a heterochronic gene which played a significant role in the
development of Caenorhabditis elegans. The tumor suppres-
sor let-7 is a downstream target of Lin28, which has a wide
variety of target genes which are involved in many aspects of
cellular activities. By inhibition of let-7 and directly binding
the target RNAs, Lin28 plays an important role in different
biological and pathological processes including differentia-
tion, metabolism, proliferation, pluripotency, and tumorigen-
esis. Overexpression of Lin28 has been reported in several
kinds of cancers and is correlated with poor outcomes. It has
been shown that Lin28 could affect the progression of cancers
in several ways, such as promoting proliferation, increasing
glucose metabolism, and inducing epithelial-mesenchymal
transition (EMT) and cancer stem cells. Decrease of Lin28
expression or reactivation of let-7 in cancer cells could induce
a reverse effect, indicating their therapeutic values in develop-
ing novel strategies for cancer treatment. Here, we will over-
view the regulatory mechanisms and functions of Lin28 in
cancers.
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Regulation mechanisms of Lin28

RNA-binding proteins (RBPs) interact with messenger RNAs
(mRNAs) and non-coding RNAs to form dynamic complex
structures called messenger ribonucleoprotein particles
(mRNPs). The mRNPs regulate gene expression through
modulating almost all processes of mRNAs, such as process-
ing, exportation, localization, translation, and degradation [1,
2]. Dysregulation of RBPs’ expression is an important patho-
genic mechanism of cancer [2]. In this review, we will focus
on the role of Lin28 in cancer.

Lin28 was initially identified as a heterochronic gene
which manipulated the developmental t iming of
Caenorhabditis elegans [3]. Mutations of Lin28 could induce
a precocious development in C. elegans [4]. Lin28 has two
homologs including Lin28a and Lin28b. Lin28a gene locates
in human chromosome 1p36.11 and encodes a protein which
has 209 amino acids, while Lin28b is sited in 6q21 and en-
codes a protein of 250 amino acids [5]. Both of them contain a
unique cold-shock domain (CSD) and a zinc knuckle domain
consisting of two CysCysHisCys (CCHC) type zinc fingers,
which mediate the combination of Lin28 and its target RNAs.
Lin28 is broadly expressed in the early development and stem
cells. During the process of differentiation, the expression of
Lin28 decreases, which is finally absent in most differentiated
cells of the adult [6]. In pluripotent mammalian cells, it has
also been found that Lin28 localizes to mRNP complexes,
cytoplasmic processing bodies, and stress granules where
mRNAs and microRNAs were regulated [7]. Furthermore,
studies have revealed some differences between Lin28a and
Lin28b [8–10]. For example, in mouse testis, the expression
and distribution patterns of Lin28a and Lin28b vary disparate-
ly during postnatal development, which suggests the distinct
functional roles of them [10]. Moreover, recent studies have
shown that Lin28a and Lin28b regulate let-7 through different
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mechanisms [9]. Nevertheless, researchers have speculated
that they commonly bind to the same target sites on RNAs
and share similar functions. However, further investigations of
the differences and relationships between Lin28a and Lin28b
are still needed.

The mechanism of Lin28 function remains an attractive
issue. Current studies mainly focus on two regulation patterns.
One is the Lin28-let-7-dependent regulation axis, which is a
significant regulation pattern of Lin28. Let-7 is also found as a
heterochronic gene in C. elegans and plays an essential role in
embryo development. Let-7 family contain 12 different mem-
bers including let-7a-1, -2, -3; let-7b; let-7c; let-7d; let-7e; let-
7f-1; let-7f-2; let-7g; let-7i; and miR-98 in human species. All
of them can be suppressed by Lin28. And contrary to Lin28,
let-7 family is barely expressed in the embryonic stages and is
upregulated at the end of embryonic development [8]. As one
of the most well-known microRNAs (miRNAs), let-7 is iden-
tified as a tumor suppressor. It has multiple target genes which
are involved in many aspects of cellular activities [11]. Both
let-7 and Lin28 are indispensible in the differentiation of stem
cells [3]. Lin28 can bind to the G-rich element (GGAG,
GAAG, or AGGG) located at the 3′ loop structure of the
primary and precursor of let-7 transcripts. Then, Lin28 medi-
ates the uridylation of the transcripts, which blocks the follow-
ing DROSHA and DICER1 RNases III processing [8, 12–14].
The uridylation process is performed by polymerase
TUTase4, which is recruited by Lin28, and then adds an
oligouridine tail to the transcripts [13, 15]. Later, the
exoribonuclease DIS3L2 specifically targets the uridylated tail
and initiates the degradation of pre-let-7 from 3′ to 5′ terminal
direction [16]. Unlike Lin28a, the function of Lin28b is me-
diated through sequestering primary let-7 transcripts from
cleavage in the nucleus. This distinction might result from
the different subcellular localization of Lin28a and Lin28b.
Lin28a mainly distributes in cytoplasm. While due to the nu-
clear localization signals in Lin28b, it primarily locates in
nucleoli [9]. Furthermore, researchers have found a double-
negative feedback loop between Lin28 and let-7 that let-7 can
also bind to the 3′ UTR of Lin28 and repress its expression
[17, 18].

Directly binding to target RNAs is another crucial function-
al mechanism of Lin28, which is a let-7-independent pattern.
More than 6000 genes have been found to possess Lin28-
responsive elements (LREs) in human embryonic stem cells
and somatic cells. Not only the 5′- and 3′-untranslated regions
of mRNAs but also the open reading frames (ORFs) contain
the LREs [19, 20]. Many mRNAs have been proven to bind
Lin28 directly, such as cyclin A/B/D, cyclin-dependent kinase
2/4 (Cdk2/4), cell division cycle 2/20 (Cdc2 and Cdc20), and
insulin-like growth factor-II (IGF2) [20]. Recently, the
GGAGA(U) motif has been reported as a significant binding
site of Lin28 and is enriched in interacted mRNAs’ loop struc-
tures [21]. However, the detailed mechanisms by which Lin28

stabilizes its target RNAs are still unclear. Furthermore, the
auto-regulation of both let-7 and Lin28 increases the complex-
ity of the regulatory network. Mature let-7 helps to the com-
bination of Argonaute and primary let-7 transcript, which in-
creases the mature let-7 level through promoting the process-
ing events of the pri-let-7 [22]. And, Lin28 can also directly
bind to its own mRNA and enhance the protein expression
[21].

Aberrant expression of Lin28 correlates
with tumorigenesis

Several experiments have shown that overexpression of Lin28
could result in Wilms tumor, neuroblastoma, hepatoblastoma,
and hepatocellular cancer in mouse models [23–25]. Aberrant
expression of Lin28 has also been found in many kinds of
cancers, such as hepatocellular [26], lung [27], kidney [28],
colon carcinoma, glioma [29], breast cancer [30, 31], gastric
cancer [32], bladder cancer [33], oral squamous cell carcino-
ma [34], germ cell carcinoma [35], and ovarian carcinoma
[36, 37]. Another study has discovered that Lin28 was
reactivated in 7.1–17.1 % of epithelial tumors in a total of
369 different kinds of specimens. And, suppression of the
endogenous Lin28 could inhibit cell growth [38]. These dis-
coveries imply that Lin28 may function as an important on-
cogene, and dysregulation of Lin28 wildly exists in cancers.

The tumor-promoting effect of Lin28 is correlated with
both the downstream targets and upstream signals.
Oncogenes like Myc [39, 40], Ras, and embryonic gene
high-mobility group A2 (HMGA2), which are involved in
the regulation of different cancers, are classical downstream
targets of Lin28/let-7 axis [41, 42]. Lin28 can derepress Myc
expression via repressing let-7. And, Myc can interact with its
partner protein Myc-associated protein X (MAX) and other
co-factors to form heterodimers and thus activating transcrip-
tion of target genes. Dysregulation of Myc promotes the de-
velopment of cancer by promoting cell proliferation and an-
giogenesis, catalyzing DNA replication, and inhibiting differ-
entiation [43]. Furthermore, Myc can increase Lin28 expres-
sion at transcriptional level, forming a positive feedback loop
between Lin28 and Myc [24, 44, 45]. As to RAS, all the three
members of RAS family, HRAS, KRAS, and NRAS, contain
multiple let-7 complementary sites in their 3′-untranslated re-
gions of mRNAs [46]. RAS genes also control several aspects
of cellular behaviors through interacting with different signal
pathways. Point mutation or defects in the signaling pathway
of RAS protein contribute to the initiation of cancer by induc-
ing proliferation, invasion, and angiogenesis [47]. HMGA2,
another target of Lin28, has been found in a great number of
cancers and is associated with cancer metastasis,
chemoresistance, and poor survival [48]. On the other hand,
Lin28 can mediate the upstream tumorigenic signals. For ex-
ample, dysregulation of miR-125, miR-9, miR-30,
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tristetraprolin, let-7, c-Myc, nuclear factor kappa B (NF-κB),
and the eukaryotic initiation factor (eIF5A) are important up-
stream signals of Lin28 which are closely related to tumorigen-
esis [20, 49, 50]. Take eIF5A for example; eIF5A is involved in
the initiation and elongation process. It is elevated in many
cancers and correlated with the clinical characteristics of cancer
patients [51]. And, elF5A is a direct regulator of Lin28/let-7
axis. Treatment of cancer cells with difluoromethylornithine
(DFMO), a drug which inhibited polyamine biosynthesis to
modulate the transcriptional modification of eIF5A, can restore
the balance of Lin28/let-7 axis and inhibit glycolytic metabo-
lism. These findings suggest that Lin28 might be involved in
the tumorigenic effect of eIF5A [52, 53]

Lin28 also plays an important role in bridging inflamma-
tion and cancer. Chronic inflammation and tumor-elicited in-
flammation are correlated with the initiation, progression, and
metastatic of cancers. This effect is mediated by many related
chemokines, cytokines, and transcription factors such as
NF-κB and signal transducer and activator of transcription
factor 3 (STAT3) [54]. Lliopoulos and his colleagues demon-
strated a positive feedback loop between inflammation and
cell transformation concerning Lin28 and let-7. After the tran-
sient activation of an inflammatory signal mediated by the
oncoprotein Src, the NF-κB expression is increased and elicits
a higher level of Lin28 and a decrease of let-7. The increase of
Lin28 leads to a higher expression of IL-6. On the other hand,
IL-6 can promote the activation of NF-κB, thereby forms a
positive feedback loop among these factors. IL-6-mediated
activation of STAT3 is an essential element for the transfor-
mation process [55]. In the serum of non-small cell lung can-
cer (NSCLC) patients, the level of proinflammatory cytokine
IL-1β is dramatically elevated. IL-1β can repress miR-101
through cyclooxygenase 2 (COX2)-HIF pathway. And, miR-
101 is a negative regulator of Lin28. Thus, IL-1β can upreg-
ulate Lin28b by repressing miR-101. COX2 inhibitors like
aspirin or celecoxib could abrogate the effects on Lin28 and
miR-101 mediated by IL-1 [27]. All the results above high-
light the importance of Lin28/let-7 axis in the regulation of
inflammation and cancers [27] (Fig. 1).

Elevated Lin28 expression promotes cancer cell
proliferation in different ways

Lin28 contributes to enhanced glucose metabolism

Cancer cells exhibit a high rate of glucose uptake and glycolysis
to adapt increased energy requirement, even though in a con-
dition of sufficient oxygen, this phenomenon is called Warburg
effect [56]. Increasing evidences have showed that Lin28 is
associated with elevated glucose metastasis in cancers, thus
promoting the cell proliferation [57]. Shyh-Chang et al. have
found that transgenic mouse with constitutive low level of
Lin28 expression shows resistance to obesity, enhancement in

insulin sensibility, glucose metabolic, increased body size, and
faster repair after tissue injuries [58, 59]. Meanwhile, let-7 is
also closely related to glucose homeostasis. These information
suggest that dysregulation of Lin28/let-7 axis might contribute
to the enhanced metabolism of cancer cells [60]. Firstly, Lin28
derepresses the targets of let-7 such as insulin-like growth fac-
tor 1 receptor (IGF1R), insulin receptor (INSR), and insulin
receptor substrate 2/4 (IRS2/4), which are components of
insulin-PI3K-mTOR signaling pathway, thus increasing glu-
cose metabolism and promoting cell growth [61–63].
Moreover, c-Myc also can increase the uptake of glucose and
glycolysis, contributing to the Warburg effect [45, 64]. Further
investigations have found that Lin28 promotes both oxidative
phosphorylation and glycolysis. RNA immunoprecipitation as-
say has also shown that Lin28a directly binds to mRNAs and
increases the translation of oxidative enzymes including phos-
phofructokinase (Pfkp), pyruvatedehydrogenase 1 (Pdha1),
isocitrate dehydrogenase (Idh3b), succinate dehydrogenase
(Sdha), and NADH dehydrogenase 3 and 8 (Ndufb3/8).
Enhanced translations of these oxidative enzymes accelerate
oxidative metabolism and reprogram cellular bioenergetics. In
this process, downregulation of let-7 is a necessary but insuffi-
cient factor [59].More recently, pyruvate dehydrogenase kinase
1 (PDK1) has been found as another important target of Lin28
in regulating aerobic glycolysis. In brief, Lin28 is tightly cor-
related with the glucose metabolism of cancer cells [65].

Lin28 promotes translation of ribosomal proteins, RNA
metabolic enzymes, and other factors in concert with RNA
helicase A

It has been found that elevated Lin28 protein level would
increase the association of RNA helicase A (RHA) with

Fig. 1 Lin28 links the process of inflammation to cancer
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polysomes. RHA belongs to DEAD-box RNA helicase family
and exists ubiquitously in cells. RHA catalyzes RNA-RNA
and RNA-protein rearrangements and thus facilitates mRNA
translation, especially for mRNAwith highly structured RNA
elements [66]. Studies have found that point mutation of either
CDS or CCHC domain can abrogate the regulation ability of
Lin28 to target mRNAs, while it does not affect its interaction
with RHA. Furthermore, both the amino and carboxyl termi-
nus of RHA have Lin28 interacting domains which simulta-
neously interact with Lin28. RHA acts as an important co-
factor of Lin28 to enhance the translation of the target
mRNAs of Lin28 [19].

Another underlying mechanism of the tumor-promoting
effect of Lin28 might be related to the downstream targets
concerning regulation of RNA metabolic processes.
Wilbert’s study found that increased Lin28 level would cause
a widespread change in alternative splicing patterns. Besides,
the gene ontology (GO) analysis of their work also identified
1386 target genes concerning the regulation of RNAmetabol-
ic processes, 234 genes relating to RNA splicing and 87 genes
involved in RNA localization [21]. For instance, TDP-43,
FUS/TLS, and TIA-1 were controlled by Lin28. The TDP-
43 and FUS/TLS played important roles in the regulation of
mRNA and miRNA. TIA-1 was a key factor in the formation
of stress granules [21]. Another convinced evidence for this
notion came from a genome-wide study. It demonstrated that
Lin28 selectively bound to a relatively small subset of
mRNAs concerningwith cell growth and survival. They chose
the top 268 genes which enriched at least 2.5-fold in Lin28
immunoprecipitation (IP) and carried out the GO analysis to
classify them into different groups. Results showed that these
mRNAs represented genes concerning encoding RNP protein,
participating in biosynthesis, translation, cellular metabolism,
and other crucial cellular progressions [19]. Overall, overex-
pression of Lin28 could induce high level of protein that were
related to the survival and growth of cancer cells. These results
suggest that with the help of RHA, enhanced translation of
ribosomal proteins, metabolic enzymes, and other factors is
another important mechanism by which Lin28 promotes can-
cer progression [7, 19, 21, 66, 67].

Lin28 regulates the cell cycle proteins

It has been found that Lin28 is closely connected with cell
cycle regulators. In mouse embryonic stem cells, disturbed
Lin28 expression mainly influenced the cell cycle in G2/M
transition [68]. However, in cancer cells, researchers have
found that Lin28a promotes proliferation of tumor cells
through regulating the G0/G1 transition in cell cycle [38].
This can partly be explained by the fact that Lin28 promotes
cell division through different cell cycle proteins in ES cells
and cancer cells. Studies have demonstrated that Lin28 can
increase the expression of cyclin D1 and 2 (CCND1/2), cell

division cycle 25 homolog A (CDC25A), Cdc34, Cdk6, and
other cell cycle-related factors by repressing let-7.
Furthermore, Lin28 can also increase the translation of cyclin
A/B/C, Cdc2/20, and Cdk 1/2/4 by directly binding to the
mRNAs [20]. In addition to the direct interaction with cell
cycle regulators, Lin28/let-7 axis can also affect other onco-
genes and signal pathways like Myc, Ras, and PI3K/Akt sig-
naling to increase cell proliferation [20, 69]. Thus, Lin28 pro-
motes cell proliferation in multiple checkpoints of the cell
cycle progression through different mechanisms [20, 38, 68].

Lin28 is involved with induction of EMTand cancer stem
cells

The epithelial-mesenchymal transition (EMT) is the process
of epithelial cells detaching from the epithelial sheet and
obtaining a migratory mesenchymal phenotype. It is believed
that the cancer cells which undergo an EMT and migrate to
blood vessels are key factors of the initiation of cancer metas-
tasis [31, 70–73]. In breast cancer, Lin28 has a high expres-
sion profile in mesenchymal-type cells compared with
epithelial-type cells. Besides, overexpression of Lin28 in-
creases vimentin, a mesenchymal marker, and decreases the
epithelial marker E-cadherin via the suppression of let-7. And,
the cell morphology also changes toward a mesenchymal phe-
notype [31]. Researchers have found that Lin28 participates in
the EMTwhich are driven from oncostatin M (OSM), a mem-
ber of the IL-6 family, in a STAT3-dependent way. STAT3
binds to the promoter of Lin28 and increases its expression,
thus upregulates the HMGA2 level via suppression of let-7.
Inhibition of HMGA2 would impede the OSM-induced EMT,
suggesting that HMGA2 might act as a key performer for
EMT [74].

Cancer stem cells can be identified as a minority of cancer
cells which have the abilities of indefinitely self-renewal to
perpetuate themselves and generate new tumors. The inva-
sion, metastasis, relapse, and drug resistance of cancer are
tightly related to the cancer stem cells. Lin28, together with
Oct4, Sox2, and Nanog, can reprogram human somatic cells
into pluripotent stem cells (iPSC) which shares several fea-
tures similar to human embryonic stem cells [75]. Cancer stem
cells are believed to arise through reprogramming mecha-
nisms which are similar to the generation of iPSC [76].
Researches have demonstrated that acetaldehyde dehydroge-
nase 1 (ALDH1) could be identified as a biomarker of both
normal and malignant mammary progenitor cells. High activ-
ity of ALDH1 always predicts poor outcomes in breast can-
cers [77]. And, Lin28/let-7 axis plays an important role in
regulating ALDH1+ cancer stem cells [17, 18, 30]. Lin28
expression is positively correlated with the ALDH1+ cell per-
centage and is essential to maintain the ALDH1+ tumor cells.
And, let-7 decreases the population of ALDH1+ tumor cell
[18, 30, 76]. The positive correlation between Lin28
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expression and percentage of ALDH1+ tumor cells has been
found in clinical specimens and cell lines in vitro [17].
Moreover, Lin28 upregulates the expression of Oct4 and
Sox2, which is mediated by the derepression of AT-rich inter-
action domain molecule 3B (ARID3B) and HMGA2, respec-
tively [76]. Ectopic Lin28 can increase cancer stem-like prop-
erties and reprogramming efficiency in oral squamous carci-
noma cells. These findings suggest that Lin28/let-7 axis is
closely related to the generation of cancer stem cells.

Interestingly, after the induction of an EMT on the non-
tumorigenic, immortalized human mammary epithelial cells
(HMLEs), the mesenchymal-like cells obtain stem cell
markers and increased mammosphere-forming ability. And,
stem-like cells isolated from mammary carcinomas also con-
tain markers that indicate the cells that undergone EMT pro-
gression [71]. Thus, EMT and cancer stem cells are intercon-
nected. The links between EMT and cancer stem cells are
involved in many molecular mechanisms [72]. For example,
the double-negative feedback loop of miR-200 and the ZEB
families (ZEB1 and ZEB2) is involved in the program of EMT
and mesenchymal-epithelial transition (MET). Interestingly,
miR-200 can inhibit Lin28 directly, and Lin28 activates
miR-200 by increasing the expression of Oct4. Based on the
interaction of Lin28/let-7 and miR-200/ZEB in regulating the
stemness and EMT, researchers devised a theoretical frame-
work model to elucidate the interplay of EMT and stemness
[72, 78]. They demonstrated that the relative strength of the

couplings (inhibition of Lin28 by miR-200 and inhibition of
ZEB by let-7) determines which phenotypes can gain
stemness [31, 78–81].

Lin28 contributes to the resistance of radiation treatment
and chemotherapy

Radiotherapy and chemotherapy are two important treatments
for cancer patients. Resistance to radiotherapy and chemother-
apy has long been a great challenge for effective treatment.
However, the precise mechanism which mediated the resis-
tance is still unclear. Abundant evidences have shown that
overexpression of Lin28 contributed to cancer cell radiother-
apy and chemotherapy resistance. For instance, several re-
searches have demonstrated that reactivation of Lin28 in can-
cer cells would decrease the radiotherapy and chemotherapy
sensitivity [55, 82–86]. Firstly, as discussed above, Lin28 can
promote the induction of the cancer stem cells, which is a
crucial underlying mechanism of the therapy resistance.
Secondly, researchers have also demonstrated that the let-7
family, as well as other relative factors such as RB, p21,
Bcl-xL, caspase, and miR-107 can be regulated by Lin28
and participate in the mechanism of radio/chemoresistance
[55, 82–86]. On the other hand, restored let-7 abundance or
knockdown of Lin28 can reverse the resistance of cancer cells
in vitro. Rebalance of Lin28/let-7 might be an effective meth-
od to overcome the radio/chemoresistance.

Fig. 2 Lin28 regulates multiple
cancer-associating progressions
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Lastly, rebalance of Lin28/let-7 axis also shows a promis-
ing prospect in cancer cells with positive expression of epi-
dermal growth receptor 2 (HER2) or androgen receptor (AR).
Lin28 can promote the growth, invasion, and soft agar colony
forming of prostate cancer (PCa) cells. And in PCa, the ex-
pression of Lin28 is increased, while let-7 is suppressed.
Further researches have also demonstrated that Lin28 could
increase the expression of AR and activate the AR-dependent
signaling [87–89]. AR is a steroid hormone receptor involved
in both normal functions of target organs and pathological
processes of PCa. The amplifications of AR gene and protein
contribute to the survival of PCa cells. Besides, high abun-
dance of AR is tightly connected with castration-resistant
PCa. On the contrary to the role of Lin28, let-7 can inhibit
PCa growth and suppress AR expression by targeting c-Myc
[88]. Thus, rebalance of the Lin28/let-7 axis increases the
efficacy of endocrine therapy which targets androgen synthe-
sis and AR pathway in prostate cancer [90]. As to HER2
protein, which is overexpressed in several types of cancers,
is a famous target of the cancer targeted therapy with
trastuzumab (Herceptin). Lin28 has been identified to increase
HER2 expression through binding to HER2 mRNA at post-
transcriptional level [91, 92]. Both Lin28 and HER2 are cor-
related with tumor invasion and poor clinical prognosis in
gastric cancer [91]. Similarly, silence of Lin28 combined with
Herceptin may be a promising therapeutic tactics for cancer.
Further studies of Lin28 are still needed to understand its
diagnostic and prognostic values.

Prospective

As a RNA-binding protein, Lin28 was originally found to play
a significant role in the development of C. elegans. Then,
Lin28 is found to play an essential role in several biological
and pathological activities including differentiation, metabo-
lism, proliferation, and tumorigenesis in both let-7-dependent
and let-7-independent manners. Elevated expression of Lin28
has been found in different kinds of cancers and is connected
with different progressions of cancers. For example, Lin28
contacts with both upstream and downstream oncogenic tar-
gets and signals. And, Lin28 can increase glucose metabo-
lism, promote translation of ribosomal protein, and regulate
cell cycle regulators. Thus, Lin28 promotes the proliferation
of cancer cells in different ways. Furthermore, the induction of
EMT and cancer stem cells is closely related to Lin28. Lin28
can also induce the resistance to radiation treatment and che-
motherapy (Fig. 2). Decreased expression of Lin28 or reacti-
vation of let-7 in cancer cells could induce a reverse effect.
Briefly, Lin28 acts as an important oncogene concerning dif-
ferent aspects of tumor progressions, and it can be used as an
effective target for cancer treatment. However, further

researches of its functions and regulation mechanisms in can-
cers are still in great need.
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