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RNA-binding protein LIN28B inhibits apoptosis through
regulation of the AKT2/FOXO3A/BIM axis in ovarian cancer

cells
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LIN28B is an evolutionarily conserved RNA-binding protein that regulates mRNA translation and miRNA /et-7 maturation in
embryonic stem cells and developing tissues. Increasing evidence demonstrates that LIN28B is activated in cancer and serves as a
critical oncogene. However, the underlying molecular mechanisms of LIN28B function in tumorigenesis are still largely unknown.
Here we report that LIN28B was expressed in over half of the patients with epithelial ovarian cancer who were examined (n = 584).
Functional experiments demonstrated that LIN28B inhibited ovarian cancer cell apoptosis. Furthermore, we showed that the
proapoptotic factor BIM played an essential role in the antiapoptotic function of LIN28B. RNA-IP microarray analysis suggested that
LIN28B binds to mRNAs that are associated with the DNA damage pathway, such as AKT2, in ovarian cancer cells. By binding to
AKT2 mRNA and enhancing its protein expression, LIN28B regulated FOXO3A protein phosphorylation and decreased the
transcriptional level of BIM, which antagonized the antiapoptosis activity of LIN28B. Taken together, these results mechanistically
linked LIN28B and the AKT2/FOXO3A/BIM axis to the apoptosis pathway. The findings may have important implications in the

diagnosis and therapeutics of ovarian cancer.
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INTRODUCTION

LIN28 is an evolutionarily conserved and developmentally
regulated RNA-binding protein that was first characterized as a
critical modulator of the developmental timing in Caenorhabditis
elegans (C. elegans).“3 It has been reported that the LIN28 protein
interacts with mRNAs and regulates their translation®™” and/or
stability.2 LIN28 also binds to the precursors or primary transcripts
of certain microRNAs (miRNAs), thereby blocking their matura-
tion.””'* The mammalian genome encodes LIN28A and LIN28B,'*'>
two homologs of the C. elegans lin-28 gene, which may modulate
gene expression by different molecular mechanisms.'® In mam-
mals, the LIN28 family plays a critical role in multiple physiological
processes, e.g., skeletal myogenesis,® neurogliogenesis,’” lympho-
poiesis,'® germ-cell development,’® and glucose metabolism.?°
Genome-wide association studies have indicated an association of
the LIN28B locus and height, as well as the timing of menarche, in
humans. This association has been faithfully phenocopied in a
transgenic mouse model."?? LIN28 may also function as a critical
factor regulating the pluripotency of embryonic stem (ES)

cells.?*** Combined with other pluripotency factors, such as
OCT4, NANOG, and SOX2, LIN28A can assist in reprogramming
somatic cells to induce pluripotent stem cells.?

During the developmental process, the expression of LIN28A and
LIN28B is strictly limited in ES cells and developing tissues. Their
expression level is downregulated significantly when cellular
differentiation proceeds. Increasing evidence indicates that the
LIN28 family may play a critical role in tumorigenesis. First, the
expression of LIN28A and LIN28B is aberrantly reactivated in
multiple types of human cancers but is undetectable in the
corresponding normal tissues.'®?®?” Second, LIN28A and LIN28B
specifically block the maturation of let-7, a well-characterized tumor
suppressor miRNA targeting multiple oncogenes.?®?° Third, LIN28A
and LIN28B function as oncogenes by promoting malignant
transformation,?®?73%3% inducing metastasis,?’>*>° regulatin
inflammation,'®%”*” and maintaining cancer stem cells.>’3%*
Importantly, clinical epidemiological studies have indicated that
the LIN28 family is associated with clinical outcomes in cancer
patients,*’ as well as with susceptibility to certain cancers.**™**
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LIN28B inhibits apoptosis in ovarian cancer cells
Lin et al.

Epithelial ovarian cancer is the most frequent cause of
gynecologic malignancy-related mortality in women, creating a
pressing need to understand its genetic basis and identify
molecular targets for therapy. Robust evidence from molecular
epidemiological studies has suggested that LIN28B may play a
critical role in this disease. First, both the LIN28B protein and
mRNA are strongly expressed in ovarian cancer.’*"** Second, a
high expression level of LIN28B is significantly associated with the
risk of disease progression and death in ovarian cancer patients.*'
Third, a polymorphism, rs12194974 (G > A) in the LIN28B promoter
region, influences susceptibility to ovarian cancer.*? However, the
underlying molecular mechanisms of LIN28B function in ovarian
tumorigenesis are still largely unknown. In the present study, we
mechanistically link LIN28B to the apoptosis pathway through
regulation of the AKT2/FOXO3A/BIM axis in this disease.

RESULTS

LIN28B protein expression in human epithelial ovarian cancer
We examined the expression of LIN28B in two large collections of
epithelial ovarian cancer specimens using immunohistochemistry.
LIN28B was detected in more than 50% of these patient
specimens (Helsinki cohort: 65.5%, 308/470; Penn cohort: 54.4%,
62/114, Fig. 1a). Strong LIN28B expression was found mainly in
tumor cells (in both the cytoplasm and the nucleus), but not in
stromal cells. This was confirmed by western blotting of 26 ovarian
cancer cell lines (Fig. 1b). Importantly, LIN28B was undetectable in
either the normal human ovarian surface or the fallopian tube
epithelia, from which ovarian epithelial tumors may be derived
(Fig. 1b, c). Furthermore, we also examined LIN28B expression in a
Food and Drug Administration-approved normal human organ
tissue microarray containing 24 types of organs. In adult tissues,
strong LIN28B expression was found only in the testes, while weak
expression was detected in the bone marrow and liver (Fig. 1d and
Figure S1). The highly restricted expression of LIN28B in adult
tissues suggests that LIN28B holds promise as a novel candidate
for targeted therapy in developing new strategies for the
treatment of ovarian cancer. Clinical data from The Cancer
Genome Atlas database demonstrated a negative correlation
between the LIN28B mRNA expression level and overall survival of
582 ovarian cancer patients (Fig. 1e), which further supported our
hypothesis that LIN28B might act as an oncogene in the disease.

LIN28B inhibits apoptosis in ovarian cancer cells

To investigate the physiological functions of reactivated LIN28B in
ovarian cancer, LIN28B was specifically knocked down in selected
ovarian cancer cell lines (A2780: high LIN28B expression; TOV-
112D: modest LIN28B expression; Figure S2a) using two indepen-
dent lentiviral short hairpin  RNAs (shRNAs). The shRNA-
knockdown cell lines A2780 and TOV-112D were challenged with
camptothecin, which is a common way to induce apoptosis in
cancer cells, to evaluate the contribution of LIN28B to apoptosis.
Camptothecin treatment led to significant increases in the
percentage of apoptotic cells in both A2780 and TOV-112D cells
with LIN28B shRNAs (Fig. 2a). In contrast, the enforced expression
of LIN28B (Figure S2b) consistently reduced camptothecin-
induced apoptosis in TOV-112D cells (Fig. 2b). These results were
further confirmed by the detection of PARP cleavage using
western blotting of A2780 (LIN28B shRNA) and TOV-112D (LIN28B
overexpression) cells (Fig. 2c). We also examined total and cleaved
caspase-3, -7, and -9 in A2780 (LIN28B shRNA) cells and found that
blocking LIN28B expression led to increases in the cleaved forms
of all three caspases (Fig. 2d). The phenotype was verified by
enforced expression of LIN28B in TOV-112D cells, which showed
decreased expression levels of the cleaved forms of caspase-3, -7,
and -9 (Fig. 2d). To further confirm that not only the expression
levels of the caspases per se but also the proteolysis activities of
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these caspases were affected by LIN28B, a caspase-3/7 enzymatic
activity assay was performed. Consistent with the result in Fig. 2d,
the activity of caspase-3/7 was increased in A2780 cells with
LIN28B shRNAs, and it was decreased in TOV-112D cells with
LIN28B overexpression (Fig. 2e). Finally, to functionally validate the
in vivo effects of LIN28B on tumor cell apoptosis, we subcuta-
neously transplanted A2780 cells (LIN28B knockdown) and TOV-
112D cells (LIN28B overexpression) into nude mice (Figure S3). The
results showed that the size of the tumors formed was positively
correlated with the expression level of LIN28B. LIN28B shRNA
dramatically decreased the tumor size (Figure S3a, b), while
LIN28B overexpression increased the tumor size (Figure S3c). To
evaluate the contribution of apoptosis to the xenograft tumors
formed, the percentage of apoptotic cells in A2780 (LIN28B
knockdown) tumors, which was indicated by positive signals in
immunohistochemistry staining for cleaved caspase-3, was
detected and found significantly higher than that of the control
tumors (Fig. 2f). These data suggested that LIN28B might promote
tumor formation by suppression of apoptosis. Although LIN28B
was shown to promote cell cycle progression by regulating G1/S
transition (Figure S4a, b), the in vivo results of the xenograft tumor
formation strongly supported the above in vitro data showing that
LIN28B suppressed apoptosis in ovarian cancer cells. Taken
together, all of the above evidence suggested a novel finding
that LIN28B might function as an oncogene by suppressing
apoptosis in ovarian cancer cells.

LIN28B suppresses the expression of BIM to inhibit apoptosis

To define the molecular mechanism through which LIN28B
inhibited apoptosis, we examined the expression changes in
selected key proteins in the apoptosis pathway, e.g., the
proapoptotic factor BIM, and the antiapoptotic factors Bcl-XL
and Bcl-2. We found that BIM protein expression was consistently
activated upon LIN28B knockdown in both A2780 and TOV-112D
cells, whether the cells were treated with camptothecin or not
(Fig. 3a, left). Conversely, LIN28B overexpression in TOV-112D cells
suppressed BIM expression (Fig. 3a, right). However, LIN28B
knockdown and overexpression only had minor effects on the
expression of Bcl-XL and Bcl-2 (Fig. 3a), indicating that BIM might
be a critical mediator of the suppressive function of LIN28B on
apoptosis. Furthermore, the regulation of LIN28B on BIM protein
expression was validated by immunohistochemistry staining of
xenograft tumor sections generated from A2780 (LIN28B shRNA)
cells and TOV-112D (LIN28B overexpression) cells (Fig. 3b). To
determine whether the regulation of BIM expression by LIN28B
was at the transcriptional or translational level, the mRNA
expression of BIM was detected upon LIN28B knockdown and
overexpression. The transcript level of BIM showed expression
changes similar to those of the BIM protein. LIN28B knockdown
led to a significant increase in BIM mRNA level, while LIN28B
overexpression resulted in a decrease in BIM mRNA level (Fig. 3c).
However, the stabilities of both BIM mRNA and protein were
unaffected by LIN28B (Figure S5a, b), suggesting the regulation of
BIM expression by LIN28B was primarily at the transcriptional level.
To further identify the functional role of BIM in apoptosis
inhibition by LIN28B, BIM was knocked down by specific siRNA
in A2780 and TOV-112D cells with LIN28B shRNA, and apoptosis
was detected via Annexin V analysis (Fig. 3d). The results indicated
that LIN28B shRNA alone increased the level of apoptosis as
shown in Fig. 2. Interestingly, the addition of BIM siRNA to cells
with LIN28B shRNA reversed the increase in the percentages of
both early and total apoptotic cells caused by LIN28B knockdown
to a level similar to that of the control cells with neither LIN28B
shRNA nor BIM siRNA. These results indicated that BIM was a
critical antagonist to apoptosis inhibition mediated by LIN28B.
LIN28B suppressed apoptosis through downregulating the expres-
sion of BIM in ovarian cancer cells.
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Fig. 1 LIN28B expression and function in human epithelial ovarian cancer. a LIN28B expression in epithelial ovarian cancer specimens was
detected by immunohistochemistry. Samples from two independent cohorts, the Helsinki cohort (n =470) and the Penn cohort (n=114),
were used to statistically analyze the expression level of LIN28B protein (negative, weakly positive, positive, and strongly positive). Bar, 100 pm.
b LIN28B expression in ovarian cancer cells was detected by western blotting. Four cultured human ovarian surface epithelial cell lines were
used as controls. *LIN28B-positive cell lines. ¢ Immunohistochemistry detected negative LIN28B expression in normal human ovarian surface
and fallopian tube epithelia. Bar, 100 pm. d LIN28B expression was compared in testis (strongly positive), bone marrow, and liver (both weakly
positive). Bar, 100 pm. e The overall survival curve of ovarian cancer patients grouped into LIN28B high and LIN28B low based on the mRNA
expression level of LIN28B. Data were retrieved from the TCGA database. n =582, p < 0.05

LIN28B binds to mRNAs associated with the DNA damage
pathway

As shown in the above results, LIN28B repressed BIM expression at
the transcriptional level and directly affected the cellular
sensitivity to apoptosis. However, the molecular mechanism
utilized by LIN28B to regulate BIM expression remained unclear.
It has been demonstrated that in most cases, LIN28B functions as
an RNA-binding protein and contains two RNA-binding domains (a
cold shock domain and two retroviral-type CCHC zinc finger
motifs) that regulate the translation and/or stability of the target
mRNAs.>~"*® Based on this knowledge, it was hypothesized that
LIN28B might bind to and regulate the mRNAs of some upstream
factors controlling BIM transcription, rather than LIN28B directly
repressing the transcriptional activity of the BIM gene by itself. To
test this hypothesis, we performed RNA-immunoprecipitation (IP)
microarray screening experiments (Fig. 4a) with two LIN28B-
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positive ovarian cancer cell lines (A2780 and TOV-112D). The RNP
complexes containing the LIN28B protein and its associated RNAs
were immunoprecipitated with a LIN28B-specific antibody. Sub-
sequently, the Affymetrix gene expression microarray was used to
profile the LIN28B-bound transcripts. We found that 1555 mRNAs
were enriched in the LIN28B RNA-IP samples compared to the
control 1gG-IP samples from both A2780 and TOV-112D cells
(Fig. 4b and Table S1). Subsequently, Gene Ontology (GO) analysis
of these 1555 mRNAs was performed to explore the signaling
pathways that might be controlled by LIN28B in ovarian cancer
cells. As expected, the major pathways identified by the GO
analysis included ribosomal biogenesis, protein metabolism, and
cell cycle pathways (Fig. 4c and Table S2). This is consistent with a
recent study of LIN28A RNA-IP deep sequencing in human ES
cells,*® as well as previous reports demonstrating that LIN28A/B
controlled G2/M transition in ES cells®® and promoted cancer cell
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Fig. 2 LIN28B inhibits apoptosis in ovarian cancer cells. a Inhibition of LIN28B expression by shRNAs significantly increased the number of
apoptotic cells in A2780 (upper panel) and TOV-112D (lower panel) cells. An Annexin V assay was used to quantify the camptothecin-induced
apoptotic cells. Statistical analysis of percentages of both early and total apoptotic cells is shown on the right. *p < 0.05. b Enforced expression
of LIN28B significantly decreased the number of camptothecin-induced apoptotic cells in TOV-112D cells. An Annexin V assay was used to
quantify the camptothecin-induced apoptotic cells. Statistical analysis of percentages of both early and total apoptotic cells is shown on the
right. *p < 0.05. ¢ Total and cleaved PARPs were detected by western blotting in A2780 (shRNA) and TOV-112D (overexpression) cells with or
without camptothecin treatment. d Total and cleaved caspase-3, caspase-7, and caspase-9 were detected by western blotting in A2780
(LIN28B shRNA) and TOV-112D (LIN28B overexpression) cells with or without camptothecin treatment. e The caspase-3/7 enzyme activity was
detected by a caspase-3/7 assay in A2780 (LIN28B shRNA), TOV-112D (LIN28B shRNA), and TOV-112D (LIN28B overexpression) cells with or
without camptothecin treatment. *p < 0.05. f Knocking down LIN28B significantly increased the expression of cleaved caspase-3 detected by
immunohistochemistry in A2780 xenograft tumors (left). Bar, 100 pm. The number of cleaved caspase-3-positive cells per field was analyzed

and shown (right). *p < 0.05

proliferation.*” Interestingly, the DNA damage pathway associated
with cancer cell apoptosis was also enriched in our RNA-IP
experiments (Fig. 4c and Table S2), which might be a unique
function of LIN28B. The mRNA candidates from the DNA damage
pathway included AKT2, FUS, hnRNPF, TDP-43, and TIA-1. The
interaction between the above mRNAs and the LIN28B protein
could be validated repeatedly by independent experiments of
RNA-IP followed by quantitative PCR detection (Fig. 4d), confirm-
ing the molecular association between LIN28B and the DNA
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damage pathway. In contrast, BIM mRNA was undetectable in the
LIN28B-IP complex (Fig. 4d), suggesting that the modulation of
BIM expression by LIN28B was probably an indirect effect.

LIN28B regulates the protein expression level of AKT2

Considering the above result indicating that the LIN28B protein
directly associated with mRNAs of many key genes from the DNA
damage pathway rather than BIM mRNA itself, we further
hypothesized that the suppression of BIM expression by LIN28B

Signal Transduction and Targeted Therapy (2018)3:23
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Fig.3 LIN28B suppresses the expression of BIM to inhibit apoptosis in ovarian cancer cells. a The expression of BIM, Bcl-XL, and Bcl-2 in LIN28B
knockdown (A2780 and TOV-112D) and LIN28B enforced expression (TOV-112D) cells was examined by western blotting. Apoptosis was
induced by camptothecin treatment. b The expression of BIM in xenograft tumors (A2780: LIN28B shRNA; and TOV-112D: LIN28B
overexpression) was examined by immunohistochemistry. Bar, 100 pm. ¢ The mRNA expression of BIM in LIN28B knockdown (A2780 and TOV-
112D, left and middle) and LIN28B overexpression (TOV-112D, right) cells was examined by gRT-PCR. *p < 0.05. d Apoptosis induced by
camptothecin was detected by an Annexin V assay in A2780 (top) and TOV-112D (bottom) cells with combined LIN28B and BIM knockdown.
Representative data of three independent experiments with similar results are shown. Statistical analysis of percentages of both early and
total apoptotic cells is shown on the right. *p < 0.05
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detection. The average data of two independent experiments with similar results are shown

might be a secondary effect of LIN28B binding and regulating the
expression level of genes from the DNA damage pathway. To our
interest, we found that one of the binding partners of LIN28B,
AKT2 (Fig. 4d), represented a well-known upstream regulator of
BIM transcription. As widely reported, AKT2 can phosphorylate
FOXO3A, the transcriptional activator of BIM, leading to FOXO3A
translocation from the nucleus to the cytoplasm and inactivation
of BIM transcription.”® Through this mechanism, the AKT2/
FOXO3A/BIM axis has been demonstrated to be an important
regulator of cellular apoptosis.*®**° Combined with our data, we
suggested LIN28B might directly bind to AKT2 mRNA and regulate
AKT2 expression to affect the transcription of BIM. To verify this
hypothesis, we first confirmed the specific binding of LIN28B to
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AKT2 mRNA, but not BIM mRNA, in both A2780 and TOV-112D cells
by using a small-scale RNA-IP assay (Fig. 5a). Subsequently, the
protein levels of AKT2 and FOXO3A were compared between the
LIN28B knockdown cells and the control cells (Fig. 5b). As
expected, both the total AKT2 and phospho-AKT2 protein levels
were dramatically reduced upon LIN28B knockdown in A2780 and
TOV-112D cell lines. Phospho-FOXO3A was also significantly
diminished, which indicated a more stable form and a higher
transcriptional activity of FOXO3A, by siRNA targeting of LIN28B.
However, the mRNA level of AKT2 was unaffected in either A2780
cells with LIN28B siRNA or TOV-112D cells with LIN28B over-
expression (Fig. 5¢). These results suggested that LIN28B might
regulate the protein expression level of AKT2 by participating in
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Fig. 5 The protein expression level of AKT2 is regulated by LIN28B. a Detection of the binding of LIN28B to AKT2 and BIM mRNA using RNA-IP
followed by g-PCR assay in A2780 and TOV-112D cells. Bar graphs show representative results of relative mRNA enrichment of AKT2 and BIM
from three independent experiments. *p < 0.05. b The expression changes in total and phospho-AKT2 and total and phospho-FOXO3A upon
LIN28B knockdown was detected by western blotting in A2780 and TOV-112D cells. ¢ The mRNA level change in AKT2upon LIN28B
knockdown (A2780) or overexpression (TOV-112D) was quantified by g-PCR. The results show the representative image from three

independent experiments

AKT2 mRNA transportation or the protein translation process. As a
result, the interaction of LIN28B and AKT2 had a functional impact
on the AKT2 pathway, as demonstrated by modulating the activity
of AKT2 downstream factor FOXO3A, which might be responsible
for the suppression of BIM expression.

The AKT2/FOXO3A axis mediates the regulatory function of
LIN28B on BIM expression

With an attempt to dissect the role of the AKT2/FOXO3A axis in
the LIN28B regulation of BIM expression, we performed AKT2
overexpression or FOXO3A knockdown experiments to detect
whether BIMexpression can be rescued in LIN28B knockdown
cells. In TOV-112D cells, LIN28B knockdown dramatically increased
BIM protein levels (Fig. 6a, lane 2 compared to lane 1), whereas
this effect could be reversed by the ectopic overexpression of an
AKT2 plasmid (Fig. 6a, lane 3 compared to lane 2). Subsequently,
we knocked down the expression of FOXO3A using two
independent siRNAs in A2780 and TOV-112D cells. Notably,
downregulation of FOXO3A mimicked the effect of AKT2 over-
expression and reversed BIM protein expression to a lower level in
both A2780 and TOV-112D cells with LIN28B shRNA (Fig. 6b, lanes
5 and 6 compared to lane 4, as well as lanes 11 and 12 compared
to lane 10). Furthermore, we analyzed the mRNA expression of BIM
under AKT2 overexpression or FOXO3A knockdown. Similar to the
changes in BIM protein in Fig. 6a, b, the upregulation of BIM mRNA
by LIN28B knockdown could be rescued by either AKT2 over-
expression (Fig. 6¢, left) or FOXO3A knockdown (Fig. 6¢, middle
and right), which confirmed the above result showing that LIN28B
regulates BIM expression primarily at the transcriptional level. In
summary, the modulation at both the mRNA and protein levels of
BIMby the AKT2/FOXO3A axis under the cellular context of LIN28B
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knockdown demonstrated an essential role of AKT2/FOXO3A in
mediating the regulatory function of LIN28B on BIM expression
(Fig. 6d).

DISCUSSION

In the present study, we linked oncogenic protein LIN28B to the
apoptosis pathway and identified the molecular mechanism for
the antiapoptotic function of LIN28B in ovarian cancer cells.
LIN28B suppressed BIM expression at the transcriptional level and
conferred apoptotic resistance in ovarian cancer cells. The
underlying mechanism for the regulation of BIM expression by
LIN28B was further characterized. We identified the AKT2 mRNA
molecule as a binding partner of the LIN28B protein, and LIN28B
enhanced the protein expression level of AKT2. Interestingly, AKT2
and its downstream target FOXO3A have been widely reported to
form a regulatory axis for BIM gene transcription. Consistent with
the previous knowledge, we found that the AKT2/FOXO3A axis
mediated the inhibitory function of LIN28B on BIM expression and
modulated cellular apoptosis.

This is the first report to experimentally associate LIN28B with
the apoptosis pathway in ovarian cancer cells, as well as to
discover the suppressive function of LIN28B on BIM expression.
Specifically, the antiapoptotic function was unique to LIN28B
rather than its ortholog LIN28A (data not shown). Our further
mechanistic study revealed an essential role of the AKT2/FOXO3A
axis in LIN28B-mediated apoptosis suppression via the modulation
of BIM expression. The direct binding of AKT2 mRNA and the
LIN28B protein indicated that LIN28B might actively affect the
translational efficiency of AKT2 mRNA, which was supported by
the change in protein level, instead of mRNA level, of AKT2 upon
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LIN28B knockdown (Fig. 5). However, previous studies by other possibility that let-7 may be involved in the regulation of AKT
groups also reported that LIN28B can increase the activity of the expression by LIN28B, we hypothesize that it may be a synergistic,
PI3-kinase/AKT pathway by a let-7-dependent mechanism.?° Thus, rather than controversial, mechanism that LIN28B not only
LIN28B may activate the PI3-kinase/AKT pathway by blocking let-7 represses let-7 biogenesis to release the suppressive effect on
and subsequently decrease BIM transcription. Since there is a AKT expression by let-7 but also directly interacts with and
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Fig. 6 The AKT2/FOXO3A axis mediates the regulatory function of LIN28B on BIM expression. BIM protein level was detected by western
blotting in TOV-112D cells with combined LIN28B knockdown and AKT2 overexpression. b BIM protein level was examined by western
blotting in A2780 and TOV-112D cells with combined LIN28B knockdown and FOXO3A knockdown. ¢ BIM mRNA level was detected by g-PCR
upon AKT2 overexpression in TOV-112D (LIN28B shRNA) and upon FOXO3A knockdown in A2780 (LIN28B shRNA) and TOV-112D (LIN28B
shRNA) cells. Representative results from three independent experiments were shown. *p < 0.05. d The mechanism governing the regulation
of apoptosis by LIN28B through the AKT2/FOXO3A/BIM axis. Left: in cancer cells with a high expression level of LIN28B, the LIN28B protein
associates with AKT2 mRNA and enhances its translation efficiency. AKT2 phosphorylates FOXO3A and blocks the nuclear translocation of
FOXO3A, which results in transcriptional silencing of the BIM gene and resistance to cellular apoptosis. Right: in cancer cells with a low
expression level of LIN28B, the translation of AKT2mRNA is decreased. Phosphorylation of FOXO3A by AKT2 is also diminished. The nuclear

4'(ranslocation of FOXO3A leads to transcriptional activation of the BIM gene and cellular apoptosis

enhances the protein translational efficiency of AKT2 mRNA by
itself. In addition, we would not exclude other mechanisms that
may also be involved in the antiapoptotic function of LIN28B,
since there was a large group of apoptosis-associated mRNAs
binding to LIN28B (Fig. 4). Although many possibilities need to be
explored to fully characterize the regulation of apoptosis by
LIN28B, these possibilities all support that LIN28B functions as an
antiapoptotic oncogene.

LIN28B had been identified to act as an oncogene by promoting
malignant transformation,?®273%33°% inducing metastasis,?’>*>°
regulating inflammation,'®?’*” and maintaining cancer stem
cells.2”8% Continuous efforts had been exerted to dissect the
regulatory networks governed by LIN28B in human cancers. It was
well demonstrated that LIN28B selectively represses certain
miRNAs, including let-7,'%"""° one of the first-identified tumor
suppressor miRNAs,?® which controls the expression of hundreds
of target genes. LIN28B may also bind directly to thousands of
other mRNAs involved in various physiological processes and
regulate their expression.”’**® Based on these facts, we speculate
that the potential regulatory circuitry afforded by LIN28B in cancer
cells is enormous and may be complex. For example, in addition to
the apoptosis pathway, our RNA-IP microarray experiment also
found that LIN28B directly binds to a large number of cell cycle-
associated genes (Fig. 4c). We had experimentally validated this
with an in vitro BrdU labeling analysis and found that LIN28B
could promote cell cycle transition after serum starvation in
ovarian cancer cells (Figure S4). Therefore, the oncogenic function
of LIN28B may be context-dependent and cancer-type-specific,
that is, the outcome of LIN28B reactivation in cancers largely
depends on the existing cellular mRNA and miRNA transcriptome
in different cancer patients. Functional characterization of the
downstream molecular networks regulated by LIN28B will
contribute to developing novel targeted therapeutic strategies
for human cancer.

MATERIALS AND METHODS

Cell lines and cell culture

Ovarian cancer cell lines were obtained from the American Type
Culture Collection and the Division of Cancer Treatment and
Diagnosis Tumor/Cell Line Repository in 2009. All cancer cell
lines were maintained in 10% fetal bovine serum (FBS, Invitrogen,
CA)-supplemented RPMI 1640 medium (Invitrogen). Four
immortalized human ovarian surface epithelial (IOSE) cell lines
were generous gifts from Dr. Nelly Auersperg in 2009. I0OSE
cells were cultured in Media 199:MCDB 105 (Sigma) (1:1)
supplemented with 15% FBS. Cell lines used in all the experiments
were cultured no more than two passages between collection or
thawing and use. (No cell authentication and mycoplasma testing
were done.)

Plasmids

The two independent shRNA sequences cloned into the lentiviral
vectors targeting human LIN28B (pLKO.1, TRCN0000122191 and
TRCN0000122599) were obtained from Open Biosystems. shRNA
for enhanced green fluorescent protein (SHC005) and the
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nontarget shRNA (SHC002) served as negative controls. For
studies using the constructed pMSCV-neo-hLIN28B retroviral
expression vector (Addgene), the pMSCV-neo empty vector was
used as a control.

Antibodies

Primary antibodies for caspase-3, cleaved caspase-3, caspase-7,
cleaved caspase-7, caspase-9, cleaved caspase-9, PARP, cleaved
PARP, LIN28B, BIM, Bcl-XL, Bcl-2, AKT2, and phospho-AKT (Ser473)
were all purchased from Cell Signaling.

Tissue microarrays

The ovarian cancer tissue microarrays were constructed by the
Helsinki University Central Hospital (Helsinki cohort) and the Hospital
of the University of Pennsylvania (Penn cohort). The normal human
tissue microarray was purchased from the Tissue Array Network.

RNA-immunoprecipitation

The cells (5% 10° were lysed for 15 min on ice in a Polysome
Lysis Buffer consisting of 100 mM KCl, 5mM MgCl,, 10 mM
HEPES (pH 7.0), and 0.5% NP-40 detergent freshly supplemented
with 1 mM dithiothreitol (DTT), 100 U/ml RNase-Out (Invitrogen),
400 uM vanadyl-ribonucleoside complex (VRC) (New England
Biolabs), and a protease inhibitor cocktail (Sigma). The cell lysate
was diluted in 1:10 with NT2 Buffer consisting of 50 mM Tris-HCI
(pH 7.4), 150 mM NaCl, T mM MgCl,, and 0.05% NP-40 freshly
supplemented with 200 U/ml RNase-Out, 400 uM VRC, T mM
DTT, 20mM EDTA, and a protease inhibitor cocktail. The
insoluble particles in the lysate were precipitated by centrifuga-
tion at 15000 x g for 15 min at 4 °C. The LIN28B antibody (1:75)
or control IgG was added to protein-A Sepharose beads (Sigma)
preincubated in 5% bovine serum albumin-NT2 Buffer for 1 h at
4°C. After gentle rotation for 4 h at 4 °C, the beads were washed
four times in cold NT2 Buffer and added to the cell lysates (10 pl
beads/ml lysate). IP was performed by gentle rotation overnight
at 4°C. The immunoprecipitated complexes were washed four
times in NT2 Buffer and resuspended in 100 ul NT2 Buffer
containing 30 pg proteinase K (QIAGEN) to release the RNP
complex. RNAs from the immunoprecipitates were extracted
with the TRIzol reagent.

Transfection of siRNA

siRNA, shRNA, and control oligonucleotides were purchased
from IDT. The sequences were listed as following: siLIN28B
(gggagauagaugcuacaacuguggt); siBIM#1 (ucccuacagacagagcca
caagaca); siBIM#2 (accaccacuugauucuugcagccac); and siRNA
control (nontargeting control). Transfections were done using
the Lipofectamine™ RNAIMAX transfection reagent (Invitrogen)
according to the manufacturer's guides. Cells were then
incubated in media containing the transfection mixture for 72
h before harvesting.

Annexin V apoptosis assays

Annexin V staining using an apoptosis detection kit (R&D Systems)
was detected through flow cytometry according to the manu-
facturer’s instructions.

SPRINGER NATURE



LIN28B inhibits apoptosis in ovarian cancer cells
Lin et al.

10

Caspase-3/7 activity assay

Caspase-3/7 activity assays were performed in 96-well plates using
an Apo-ONE Homogeneous Caspase-3/7 Assay kit (Promega)
following the manufacturer’s instructions. The resulting fluores-
cent intensity was quantified using a Fluoroskan Ascent FL
microplate reader (Thermo Scientific).

Generation of in vivo xenograft model

Female nude mice of 6-8 weeks of age were purchased from The
Jackson Laboratory. Ovarian cancer cells (2.5 10°) were sus-
pended in a total volume of 0.1 ml phosphate-buffered saline and
were injected subcutaneously into the mouse flank. Tumors were
detectable after approximately 10 days, and the tumor size was
measured using a Vernier caliper. Tumor volumes were calculated
using the formula V=" (L x W)?, where L is the length (longest
dimension) and W is the width (shortest dimension) of the tumor.
The animal study protocol was reviewed and approved by the
Institutional Animal Care and Use Committee of the University of
Pennsylvania.

Detecting the stabilities of RNA and protein

The decay rate of BIM mRNA was measured using a quantitative
real-time PCR (qRT-PCR)-based time-course analysis. Briefly,
actinomycin D (10 pg/ml, Sigma) was added to the culture
medium to block transcription. The cells were then harvested,
and total RNA was extracted at 0, 3, 6, 9, and 12h post
actinomycin D treatment. gRT-PCR was used to determine the
levels of BIM mRNA. The mRNA decay curve was plotted by setting
0h as 100%. To measure the half-life of endogenous BIM protein,
cells were treated with 100 ug/ml cycloheximide (Sigma) and
harvested at 0, 2, 4, 8, and 12 h post cycloheximide treatment.
Proteins were detected by western blotting.

Bioinformatics analysis
FuncAssociate was applied to search for GO attributes.

Statistical analysis

Statistical analysis was performed using SPSS and SAS statistical
software packages. All results were expressed as the mean + SD,
with p < 0.05 indicating statistical significance.

ACKNOWLEDGEMENTS

We thank Drs. Heini Lassus, Sippy Kaur, and Ralf Biitzow (University of Helsinki) for
providing the ovarian cancer tissue arrays. This work was supported, in whole or in part,
by grants from The Science and Technology R&D Program of Chengdu (2015-HMO1-
00018-SF to X.L), the Applied Basic Research Programs of Science and Technology
Department Foundation of Sichuan Province (2016JY0122 to X.L), the Key Research
Projects of Science and Technology Department Foundation of Sichuan Province
(2017520141 to X.L.), the National Key R&D Program of China (2017YFA0105501 to X.Z)),
Guangdong Province Science and Technology Project (2015A020212019 to X.Z), the
Basser Center for BRCA (L.Z), the Harry Fields Professorship (L.Z.), the US National
Institutes of Health (RO1CA142776 to L.Z, ROTCA190415 to L.Z, R0O1CA148759 to QH,
and ROTNS094533 to Y.F), and the Marsha Rivkin Center for Ovarian Cancer Research
(L.Z). X.L. was supported by the China Scholarship Council.

ADDITIONAL INFORMATION
The online version of this article (https://doi.org/10.1038/5s41392-018-0026-5)
contains supplementary material, which is available to authorized users.

Competing interests: The authors declare no competing interests.

REFERENCES

1. Ambros, V. & Horvitz, H. R. Heterochronic mutants of the nematode Cae-
norhabditis elegans. Science 226, 409-416 (1984).

2. Moss, E. G, Lee, R. C. & Ambros, V. The cold shock domain protein LIN-28 controls
developmental timing in C. elegans and is regulated by the lin-4 RNA. Cell 88,
637-646 (1997).

SPRINGERNATURE

w

~N

20.

21.

22.

23.

24,

25.

26.

27.

~N

28.

29.

30.

31

=

32

33.

34.

35.

. Vadla, B., Kemper, K., Alaimo, J., Heine, C. & Moss, E. G. lin-28 controls the suc-

cession of cell fate choices via two distinct activities. PLoS Genet. 8, €1002588
(2012).

. Jin, J. et al. Evidence that Lin28 stimulates translation by recruiting RNA helicase

A to polysomes. Nucleic Acids Res. 39, 3724-3734 (2011).

. Lei, X. X. et al. Determinants of mRNA recognition and translation regulation by

Lin28. Nucleic Acids Res. 40, 3574-3584 (2012).
Polesskaya, A. et al. Lin-28 binds IGF-2 mRNA and participates in skeletal myo-
genesis by increasing translation efficiency. Genes Dev. 21, 1125-1138 (2007).

. Xu, B. & Huang, Y. Histone H2a mRNA interacts with Lin28 and contains a Lin28-

dependent posttranscriptional
4256-4263 (2009).

Balzer, E. & Moss, E. G. Localization of the developmental timing regulator
Lin28 to mRNP complexes, P-bodies and stress granules. RNA Biol. 4, 16-25
(2007).

regulatory element. Nucleic Acids Res. 37,

. Heo, I. et al. Lin28 mediates the terminal uridylation of let-7 precursor MicroRNA.

Mol. Cell 32, 276-284 (2008).

. Heo, I. et al. TUT4 in concert with Lin28 suppresses microRNA biogenesis through

pre-microRNA uridylation. Cell 138, 696-708 (2009).

. Nam, Y., Chen, C, Gregory, R. |, Chou, J. J. & Sliz, P. Molecular basis for interaction

of let-7 microRNAs with Lin28. Cell 147, 1080-1091 (2011).

. Newman, M. A,, Thomson, J. M. & Hammond, S. M. Lin-28 interaction with the Let-

7 precursor loop mediates regulated microRNA processing. RNA 14, 1539-1549
(2008).

. Viswanathan, S. R, Daley, G. Q. & Gregory, R. |. Selective blockade of microRNA

processing by Lin28. Science 320, 97-100 (2008).

. Moss, E. G. & Tang, L. Conservation of the heterochronic regulator Lin-28, its

developmental expression and microRNA complementary sites. Dev. Biol. 258,
432-442 (2003).

. Guo, Y. et al. Identification and characterization of lin-28 homolog B (LIN28B) in

human hepatocellular carcinoma. Gene 384, 51-61 (2006).

. Piskounova, E. et al. Lin28A and Lin28B Inhibit let-7 MicroRNA biogenesis by

distinct mechanisms. Cell 147, 1066-1079 (2011).

. Balzer, E, Heine, C, Jiang, Q, Lee, V. M. & Moss, E. G. LIN28 alters cell fate

succession and acts independently of the let-7 microRNA during neurogliogen-
esis in vitro. Development 137, 891-900 (2010).

. Yuan, J., Nguyen, C. K, Liu, X., Kanellopoulou, C. & Muljo, S. A. Lin28b reprograms

adult bone marrow hematopoietic progenitors to mediate fetal-like lymphopoi-
esis. Science 335, 1195-1200 (2012).

. West, J. A. et al. A role for Lin28 in primordial germ-cell development and germ-

cell malignancy. Nature 460, 909-913 (2009).

Zhu, H. et al. The Lin28/let-7 axis regulates glucose metabolism. Cell 147, 81-94
(2011).

Zhu, H. et al. Lin28a transgenic mice manifest size and puberty phenotypes
identified in human genetic association studies. Nat. Genet. 42, 626-630 (2010).
Corre, C. et al. Sex-specific regulation of weight and puberty by the Lin28/let-7
axis. J. Endocrinol. 228, 179-191 (2016).

Xu, B, Zhang, K. & Huang, Y. Lin28 modulates cell growth and associates with a
subset of cell cycle regulator mRNAs in mouse embryonic stem cells. RNA 15,
357-361 (2009).

Darr, H. & Benvenisty, N. Genetic analysis of the role of the reprogramming gene
LIN-28 in human embryonic stem cells. Stem Cells 27, 352-362 (2009).

Yu, J. et al. Induced pluripotent stem cell lines derived from human somatic cells.
Science 318, 1917-1920 (2007).

Viswanathan, S. R. et al. Lin28 promotes transformation and is associated with
advanced human malignancies. Nat. Genet. 41, 843-848 (2009).

lliopoulos, D., Hirsch, H. A. & Struhl, K. An epigenetic switch involving NF-kappaB,
Lin28, Let-7 MicroRNA, and IL6 links inflammation to cell transformation. Cell 139,
693-706 (2009).

Johnson, S. M. et al. RAS is regulated by the let-7 microRNA family. Cell 120,
635-647 (2005).

Roush, S. & Slack, F. J. The let-7 family of microRNAs. Trends Cell Biol. 18, 505-516
(2008).

Kugel, S. et al. SIRT6 suppresses pancreatic cancer through control of Lin28b. Cell
165, 1401-1415 (2016).

Ma, X. et al. Lin28/let-7 axis regulates aerobic glycolysis and cancer progression
via PDK1. Nat. Commun. 5, 5212 (2014).

Nguyen, L. H. et al. Lin28b is sufficient to drive liver cancer and necessary for its
maintenance in murine models. Cancer Cell 26, 248-261 (2014).

Schnepp, R. W. et al. A LIN28B-RAN-AURKA signaling network promotes neuro-
blastoma tumorigenesis. Cancer Cell 28, 599-609 (2015).

Dangi-Garimella, S. et al. Raf kinase inhibitory protein suppresses a metastasis
signalling cascade involving LIN28 and let-7. EMBO J. 28, 347-358 (2009).

King, C. E. et al. LIN28B promotes colon cancer progression and metastasis.
Cancer Res. 71, 4260-4268 (2011).

Signal Transduction and Targeted Therapy (2018)3:23


https://doi.org/10.1038/s41392-018-0026-5

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Tu, H. C. et al. LIN28 cooperates with WNT signaling to drive invasive intestinal
and colorectal adenocarcinoma in mice and humans. Genes Dev. 29, 1074-1086
(2015).

Beachy, S. H. et al. Enforced expression of Lin28b leads to impaired T-cell
development, release of inflammatory cytokines, and peripheral T-cell lym-
phoma. Blood 120, 1048-1059 (2012).

Peng, S., Maihle, N. J. & Huang, Y. Pluripotency factors Lin28 and Oct4 identify a
sub-population of stem cell-like cells in ovarian cancer. Oncogene 29, 2153-2159
(2010).

Chien, C. S. et al. Lin28B/Let-7 regulates expression of Oct4 and Sox2 and
reprograms oral squamous cell carcinoma cells to a stem-like state. Cancer Res.
75, 2553-2565 (2015).

Takashima, Y. et al. Suppression of lethal-7b and miR-125a/b maturation by
Lin28b enables maintenance of stem cell properties in hepatoblasts. Hepatology
64, 245-260 (2016).

Lu, L. et al. Pluripotent factor lin-28 and its homologue lin-28b in epithelial
ovarian cancer and their associations with disease outcomes and expression of
let-7a and IGF-II. Eur. J. Cancer 45, 2212-2218 (2009).

Permuth-Wey, J. et al. LIN28B polymorphisms influence susceptibility to epithelial
ovarian cancer. Cancer Res. 71, 3896-3903 (2011).

Diskin, S. J. et al. Common variation at 6q16 within HACE1 and LIN28B
influences susceptibility to neuroblastoma. Nat. Genet. 44, 1126-1130
(2012).

Chen, A. X. et al. Germline genetic variants disturbing the Let-7/LIN28 double-
negative feedback loop alter breast cancer susceptibility. PLoS Genet. 7, €1002259
(2011).

Helland, A. et al. Deregulation of MYCN, LIN28B and LET7 in a molecular
subtype of aggressive high-grade serous ovarian cancers. PLoS ONE 6, e18064
(2011).

Signal Transduction and Targeted Therapy (2018)3:23

LIN28B inhibits apoptosis in ovarian cancer cells
Lin et al.

46. Peng, S. et al. Genome-wide studies reveal that Lin28 enhances the translation of
genes important for growth and survival of human embryonic stem cells. Stem
Cells 29, 496-504 (2011).

47. Chang, T. C. et al. Lin-28B transactivation is necessary for Myc-mediated let-7
repression and proliferation. Proc. Natl Acad. Sci. USA 106, 3384-3389 (2009).

48. Dijkers, P. F., Medema, R. H., Lammers, J. W.,, Koenderman, L. & Coffer, P. J.
Expression of the pro-apoptotic Bcl-2 family member Bim is regulated by the
forkhead transcription factor FKHR-L1. Curr. Biol. 10, 1201-1204 (2000).

49. Zhy, S. et al. Transcriptional regulation of Bim by FOXO3a and Akt mediates
scleroderma serum-induced apoptosis in endothelial progenitor cells. Circulation
118, 2156-2165 (2008).

50. Madison, B. B. et al. LIN28B promotes growth and tumorigenesis of the intestinal
epithelium via Let-7. Genes Dev. 27, 2233-2245 (2013).

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative

Commons license, and indicate if changes were made. The images or other third party

material in this article are included in the article’s Creative Commons license, unless

indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly

from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2018

SPRINGER NATURE

11


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	RNA-binding protein LIN28B inhibits apoptosis through regulation of the AKT2/FOXO3A/BIM axis in ovarian cancer cells
	Introduction
	Results
	LIN28B protein expression in human epithelial ovarian cancer
	LIN28B inhibits apoptosis in ovarian cancer cells
	LIN28B suppresses the expression of BIM to inhibit apoptosis
	LIN28B binds to mRNAs associated with the DNA damage pathway
	LIN28B regulates the protein expression level of AKT2
	The AKT2/FOXO3A axis mediates the regulatory function of LIN28B on BIM expression

	Discussion
	Materials and methods
	Cell lines and cell culture
	Plasmids
	Antibodies
	Tissue microarrays
	RNA-immunoprecipitation
	Transfection of siRNA
	Annexin V apoptosis assays
	Caspase-3/7 activity assay
	Generation of in�vivo xenograft model
	Detecting the stabilities of RNA and protein
	Bioinformatics analysis
	Statistical analysis

	Acknowledgements
	Competing interests
	ACKNOWLEDGMENTS




