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The mortality and morbidity rates for prostate cancer have recently increased to alarming levels, ris-
ing higher than lung cancer. Due to a lack of drug targets and molecular probes, existing theranostic
techniques are limited. Human LIN28A and its paralog LIN28B overexpression are associated with a num-
ber of tumors resulting in a remarkable increase in cancer aggression and poor prognoses. The current
review aims to highlight recent work identifying the key roles of LIN28A and LIN28B in prostate cancer,
and to instigate further preclinical and clinical research in this important area.
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Prostate cancer (PCa) is one of the leading causes of cancer deaths in menuegridaviding over 350,000
lives annuallys. Global cancer statistics for 2018 show that PCa is still the second-most frequent malignant
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cancer globally and there are estimated to be 2,293,818 new casegbZaf#tared with many other cancer

types, prostate cancer grows notoriously slowly, with a low cancer mortglity\fage the cancer is localized

within a specibc organ, it is considered potentially curable but, sadly, cancer patients who develop castration-
resistant cancers (CRPC) have a signibcantly decreased life expeclidreynost prevalent diagnostics for

PCa include prostate-specibc antigen (PSA) testing, PCA3 urine testing, Prostate Health Index (PHI), the 4K
test, MRI imaging, genomic analysis and MRI-transrectal ultrasound-guided (TRUS) prostate tissue biopsies.
Treatment strategies include conventional chemotherapy, androgen-targeted agents and surgery, which is associated
with tremendous pain and severe side effert$reatment also has limitations based on the age of the patient,
preexisting health issues, site of tumor, and severity offmancétence, there is a dire need for an alternative,

less painful, more accurate theranostic apgreagh

Serum PSA is a common biomarker for PCaXB3% ml). Its concentration Buctuates due to many factors
such as malignancy and tumor recurrence, but is also found elevated in men with benign prostatic hyperplasia
(BPH) and inBammation who are taking medicatigrs). According to several reports, PCa diagnosis mainly
relies on PSA-based tests. Although screening with PSA testing helps in early prostate cancer diagnosis (based
on its level in blood and semen samples), it is not accurate and PSA levels have no effect on mortality from
PCay1s,17). For better diagnostic capability, new and more reliable biomarkers and probes are required. Targeting
multiple biomarkers along with PSA may also increase the accuracy of detection of PCa.

LIN28 is an evolutionarily highly conserved RNA binding protein in higher eukaryotes. This protein acts as an
oncogene associated with the regulation of several physiological functions, such as development, differentiation,
insulin resistance and oncogenesis. It is reported to be an excellent biomarker under cancerous conditions of the
prostateus). First discovered @. elegarifie heterochronic gene LIN28 belongs to the highly conserved microRNA
let-7family. Thelet-7family comprises 12 miRNA family members, playing critical roles as tumor suppressors
Let-7binds to the 3end untranslated regions (UTRs) of key oncogenes incRaagd Myc,and inhibits
their expressiae,21]. This is tightly regulated by RNA binding proteins such as LIN28A and LIN28B in higher
eukaryoteg2). Overexpression of human LIN28A and its paralog LIN28B are associated with a number of
tumors resulting in remarkably increased cancer aggression and poor prognoses. After bindinglét-precursor-
at its terminal loop, LIN28A adds Terminal Uridylyl Transferase (TUTase) that ultimately blocks microRNA
biogenesis and tumor suppresgim). LIN28A repressést-7~miRNAs Eigure ), resulting in inhibition of the
expression dkasMy¢ andHMGAZ2ike oncogengss). LIN28 is overexpressed in many cancers, making it a
sensitive biomarker for a number of tumors, including#C8everal reports have suggested that this pathwayOs
molecular targeting may increase theranostic sensitivity for a number of tumors. LIN28B, among innumerable
downstream genesNiF- B signaling pathway, has received great attention. It is a key oncogene and plays a role
in blocking the biogenesislef~FmiRNA, which impedes various oncogenic target genes slyhRasand
cyclingFigure ) [27,28]. LIN28B can promote the development of neuroendocrine prostatgzancer

Early diagnosis of PCa is of the greatest concern, especially in metastases where tumor cells migrate from primary
tissue to other organs, forming secondary tumors while resisting existing therapeutic agents. Moreover, PCa is a
multiple-molecule-controlled disease. PSA, considered one of the most important and easily detectable antigen
biomarkers in PCa patients, has been found notoriously imperfect as a diagnostic, leading to further unnecessary
biopsies and painful investigations. Existing mono or combination therapies have shown very limited success in
controlling cancer progression with a high reoccurrence rate and high mortality rate.

LIN28 and prostate cancer

LIN28 has been described as a regulator of developmental ti@ieteigar@d an inhibitor ofet-7pri-miRNA
processingo,31]. Moreoveiet-7aniRNA has been described as a key regulator in androgen receptor (AR) expression
and PCa targeting c-Myc. LIN28 overexpression and knockdown studiesitramodel of LNCaP and C4-2B

cells andn vivostudies in a xenograft model highlighted the functidet-dftas a regulator of LIN28 in the
progression and proliferation of PCa, and its inverse correlatitet-®ithihe existence of a negative feedback loop

of LIN28-let-7avas also conbrmed in clinical specimgn®ownregulation of LIN28 increadett 7expression

and ultimately reduced AR expression and inhibited tumor ggewilnese results suggest an interesting role for
LIN28 in PCa and the possibility of exploiting this pathway for therapeutic appligationanother study, the

down regulation of miRNAet7cin PCa, its correlation to cancer growth, and its potential as a tumor suppressor in
the CRPC cell-line model were evaluated. Overexpression and downreglé&fiaaftefcted cell proliferation,
anchorage-independent growth and clonogenicity contrarily in cell-line-based studies. Intratumoral administration
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Figure 1. Crosstalk between LIN28 and miR- let7 showing the inhibition of oncogenic target genes such as Myc, Ras and cyclins.

of let-7dn a xenograft model reduced the tumor burden signibcantly. More importantly, gene expression studies ir
clinical samples conbrmed the signibcantly increased expression of LIN28, a key regulbbi7 ahri@R7c
downregulated samples, indicating a negative feedback loop between LId&tZBcand therapeutic potential

for LIN28 in PCa treatment4.

In an exciting study, a comparison of CRPC clinical samples with benign prostate tissue highlighted the
role of LIN28. CRPCs are AR positive, and to determine the role of LIN28 in PCa progression, the authors
analyzed human clinical Pca samples and were compared them with benign prostate tissurevilreevetal
xenograft models. Overexpression of LIN28 had a direct impact on PCa progression while downregulation o
LIN28 resulted in reduced growth of PCa cells. Colony formation of CaP cells was also intensibed irrespective ¢
anchorage-dependent or -independent conditions. Injection of LNCaP cells stably expressing LIN28 in nude mice
resulted in signibcantly higher tumorigenicity along with higher expression of AR and its targetiXRgene
NKX3.1functions as a negative regulator of epithelial growth in PCa. Moreover, prostate-specibc antigen (PSA),
direct indicator of tumor angiogenesis and metastasis of prostate cancer, wasspbserved
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A potential regulatory loop between LIN28B and miR-212 in androgen-independent PCa has also been re-
ported(ss). LIN28B expression was found colocalized in the nucleus and cytoplasm of DU145 AIPC. Silencing
of LIN28B resulted in increased c-Myc protein expression but downregulation of c-Myc mRNA in the same cell
line. In DU145 cells, 19 miRNAs were found upregulated and 11 microRNA were downregulated. The miR-212
showed the highest upregulation, but TargetScan software-based analysis conbrmed that c-Myc mRNA was not
a potential target for miR-212. Instead, it was suggested that LIN28B: miR-212 may work as a regulatory loop
in AIPC. LIN28B also showed unique miR binding characteristics compared with LIN28A, conbrming a unique
nucleotide binding feature for LIN2&8,.

Let7aa marker and member of the LINBB-7miR axis, can act as both an oncogene and tumor suppsgssor
It is dysregulated in several malignancies and is signibcantly downregulated in PCa patients. Furthermore, a panel
of three miRNAs (miR-141, miR-145, and miR-155) was identiped. OltTalhas shown superior diagnostic
potential compared with PSA and digital rectal examination for the detectionzef PCa

Development of resistance against second-generation antiandrogen enzalutamide or CYP17A1 inhibitor abi-
raterone has been documentsd To study the sensitivity of LNCaP cells to enzalutamide, arbiterone, or
bicalutamide in comparison to control neo cells, different cell-based assays were performed, and results showed that
LIN28 promotes the development of resistance to many targeted therapeutics such as enzalutamide, abiraterone,
or bicalutamide by increasing expression of AR splice variants like AR-V7. LIN28 also plays a role in the upreg-
ulation of splicing factors such as hnRNP1 and may mediate the increased generation of AR splice variants in
LIN28-expressing cells, thus conbrming the importance of LIN28 in PCa progrgssion

Albino and colleagues found a new connection between the ETS transcription fatkHE $H828-et-7
miR axis and cancer stem cells (CSC) subpopulatjo8SCs are the most tumorigenic, metastatic and therapy-
resistant class of cells in all types of tumors. The ETS transcription factor is directly associated with differentiation
and development in many tissues, and its upregulation and downregulation render cells normal or oncogenic.
In normal cells, the ESE3HF represses promoters for the LIN28A and LIN28B genes after binding to their
promoters while activating transcription and maturatidet-GfmiR. In cancerous cells, the phenomenon was
the opposite. The most noticeable Pnding was the critical association of cell transformation and expansion of
prostate CSC with deregulation of the LIN287 axis along with very low productionlet-7 miR. In cell
lines and tumor xenografts, blocking the activity of LINRB¥28B resulted in the loss of tumor initiation and
self-renewal properties of prostate CSC. The results indicated that regulation via ETS homologd faktier ESE3
over LIN28 let-7axis was evident and acted as an obstacle to malignant transformation. The results also suggested
different and novel therapeutic strategies to antagonize CSC in hunman R@st of reports highlighting the
most important roles of LIN28 in prostate cancer is providetbie 1

Wang and colleagues used a [uorescence polarization assay to identify small-molecule inhibitors for both domains
of LIN28 involved inlet-7 interactions. Results demonstrated selective pharmacologic inhibition of individual
domains of LIN28 and provided a foundation for therapeutic inhibition tEttiibiogenesis pathway in LIN28-
driven disease, especially in camgrsherapy-induced neuroendocrine prostate cancer (tNEPC) has become
more prevalent due to increased utilization of antiandrogens to treat prostate adenocarcinoma (AdPC). Although
the methods by which t-NEPC is established are unknown, new research indicate that AdPC cells can acquire
an intermediate pluripotent stem cell (SC)-like phenotype that promotes the production of t-NEPCs. However,
during the transition from AdPC to t-NEPC, it is uncertain if the core embryonic stem cell (ESC) genes (LIN28,
POUS5F1, SOX2 and NANOG) govern prostate cancer cellsO stem-like state and the move from luminal epithelial
to neuroendocrine lineage. According to Lovnicky and colleagues, LIN28B plays a vital role in the transition from
AdPC to t-NEPC, and the overexpression of LIN28B may enhance proliferation and transdifferentiation, which
may aid int-NEPC developmeami). They discovered that nearly half of t-NEPC patient tumors gained LIN28B
and SOX2 expression by comparing published RNA-seq data. Using t-NEPC cell and xenograft models, standard
molecular and cellular biology approaches were used to investigate the activities of LIN28B and its interaction
with SOX2. They found a positive correlation between LIN28B and SOX2 mRNA levels in a variety of cell types,
transgenic mice, patient-derived xenografts and patient maligagnti@munohistochemistry-based analysis
indicated that LIN28B and SOX2 expression were co-upregulated in a group of t-NEPC patients.

DuNE xenograft initiation and tumor growth were decreased by CRISPR gene deletion of the LIN28B gene.
The inhibitory actions of LIN28B on miRN&t-7dled in the upregulation of HMGA2- and HGMA2-mediated
SOX2 transcription. Overall, the LIN28Bt-7 SOX2 axis has been validated as a key signaling mechanism that
controls a cancer stem-like phenopge
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Table 1. LIN28es most important roles in prostate cancer.

Published research Role of LIN28 Ref.
Moss et al. 1997 and Morita and Inhibitor of let-7 pri-miRNA processing [30,31]
Han, 2006
Nadiminty etal. 2012 Progression and proliferation of PCa and its inverse correlation with let-7c [32]
Downregulation of LIN28 increased let-7c expression and ultimately reduced AR expression, inhibited tumor
growth
Nadiminty et al. 2012 miR-let-7c¢ as a potential tumor suppressor in CRPC cell-line model. Overexpression and downregulation of [34]

let-7c affected cell proliferation, anchorage-independent growth and clonogenicity in opposite manner in
cell-line-based studies

Tummala et al. 2013 Overexpression of LIN28 has direct impact on PCa progression while downregulation of LIN28 resulted in [26]
reduced growth of PCa cells

Borrego-Diaz etal. 2014 miR-212 may work as regulatory loop in AIPC; LIN28B shows unique miR binding characteristics compared with [35]
LIN28A, con rming a unique nucleotide binding feature for LIN28B

Tummala et al., 2016 LIN28 plays a role in upregulation of splicing factors, such as hnRNP1, and may mediate the increased [37]
generation of AR splice variants in LIN28-expressing cells

Albino etal., 2016 ESE3EHF activated promoters for LIN28A and LIN28B genes after binding to its promoters while repressing [38]
transcription and maturation of  let-7 miRNA

Lovnicky et al., 2019 LIN28B plays a key role in the transition from AdPC to t-NEPC, and overexpression of LIN28B may promote [40]
proliferation and transdifferentiation, which may contribute to t-NEPC progression

Chenetal., 2019 LIN28 promotes PD-L1 expression [21]

AdPC: prostate adenocarcinoma; AR: androgen receptor; CRPC: castration-resistant cancer; PCa: prostate cancer; tNEPC: therapy-induced
neuroendocrine prostate cancer

Chen and colleagues discovered that miRNAreduces the expression of programmed death ligand-1 (PD-
L1)Na type | transmembrane protein that interacts with the T-cell inhibitory receptor programmed cell death
protein-1Nand is thought to be an immune-checkpoint -protein expressibet-7biogenesis is inhibited by
LIN28, which promotes PD-L1 expression. As a result, inhibiting LIN28 could be an approach to preventing
cancer cells from evading the immune system. Treatment with LIN28 inhibitors alet raiséseduces PD-L1
expression, leading to antitumor immunity reactivatigitroandin vivop2ij.

Discussion

Prostate cancer is the most prevalent nonskin cancer in men and is one of the leading cause of cancer-rela
deatha1). LIN28, a member of the LIN28&t-7 Mycaxis, is overexpressed in PCa, activates AR and promotes
the growth of PCa cells; therefore, LIN28 has a novel role in PCa develegpnmiéris factor has key roles,
including inhibitinglet7 pri-miRNA processingp,31], tumor progression and proliferation, effectiveness on AR
expressiorz,33], c-Myc protein expression (32, 35), development of resistance to many targeted therapeutics,
increasing expression of AR splice variants like ARt\nd, Pnally, cell transformation and expansion of
prostate CSC in PQas). The current review also conbrms the importance of LIN28 in prostate progression.
The bPndings described underline the multifactorial nature of LIN28 and present it as an attractive target for
therapeutic intervention in PCa.

Future perspective

Despite a huge number of publications, information about the function of LIN28 in PCa is consistent, yet
limited. The current Pndings should stimulate further preclinical and clinical research targeting LIN28 as a
potential pharmacological target in developing novel therapeutics for the effective management and treatmer
of PCa patients. This could reduce the mortality associated with PCa and greatly improve the quality of life
of men affected by prostate cancer. However, during tumor progression, whether the function of such genes
downregulated accordingly is a critical question in miRNA biology and holds value for future research. Severe
published studies have emphasized the importance of LIN28 as a target for chemotherapy, especially in patients w
a subset of cancers with poor prognosis. With more sophisticated and high-throughput tools to study the role o
small molecules, the future of LIN28 research is promising for preclinical drug development. Future studies shoul
be directed toward revealing the precise role of LIN28 in not just prostate cancer, but other types of cancers an
several other diseases. This should, in turn, promote research on LIN28-based cancer therapeutics and theranos

10.2217/fon-2021-0247 Future Oncol.(Epub ahead of print) future science gro@



Targeting LIN28: a new hope in prostate cancer theranostics Special Report

Summary points

€ Prostate cancer is the leading cause of cancer-related deaths worldwide among men.

€ Downregulation of LIN28 increased tumor growth.

€ Overexpression of LIN28 halts PCa progression.

€ LIN28B shows unique miR binding characteristics in contrast with LIN28A, con rming a unique nucleotide binding
feature for LIN28B.

€ LIN28B/let-7/SOX2 axis is a critical signaling pathway for the regulation of cancer stem-like phenotype for the
promotion of t-NEPC.

€ Pharmacologic inhibition of individual domains of LIN28 provides a foundation for therapeutic inhibition of the
let-7 biogenesis pathway in LIN28-driven disease, especially cancers.
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