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Long noncoding RNAs (lncRNAs) function through a diverse array
of mechanisms that are not presently fully understood. Here, we
sought to find lncRNAs differentially regulated in cancer cells
resistant to either TNF-related apoptosis-inducing ligand (TRAIL) or
the Mcl-1 inhibitor UMI-77, agents that act through the extrinsic
and intrinsic apoptotic pathways, respectively. This work identified a
commonly up-regulated lncRNA, ovarian adenocarcinoma-amplified
lncRNA (OVAAL), that conferred apoptotic resistance in multiple
cancer types. Analysis of clinical samples revealed OVAAL expression
was significantly increased in colorectal cancers and melanoma in
comparison to the corresponding normal tissues. Functional investi-
gations showed that OVAAL depletion significantly inhibited cancer
cell proliferation and retarded tumor xenograft growth. Mechanically,
OVAAL physically interacted with serine/threonine-protein kinase 3
(STK3), which, in turn, enhanced the binding between STK3 and Raf-1.
The ternary complex OVAAL/STK3/Raf-1 enhanced the activation of
the RAF protooncogene serine/threonine-protein kinase (RAF)/mito-
gen-activated protein kinase kinase 1 (MEK)/ERK signaling cascade,
thus promoting c-Myc–mediated cell proliferation and Mcl-1–
mediated cell survival. On the other hand, depletion of OVAAL
triggered cellular senescence through polypyrimidine tract-binding
protein 1 (PTBP1)–mediated p27 expression, which was regulated
by competitive binding between OVAAL and p27 mRNA to PTBP1.
Additionally, c-Myc was demonstrated to drive OVAAL transcrip-
tion, indicating a positive feedback loop between c-Myc and OVAAL
in controlling tumor growth. Taken together, these results reveal
that OVAAL contributes to the survival of cancer cells through dual
mechanisms controlling RAF/MEK/ERK signaling and p27-mediated
cell senescence.
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Assessment of the human genome shows that genes encoding
long noncoding RNAs (lncRNAs) are more abundant than

protein-coding genes. The lncRNAs are a structurally and
functionally diverse class of RNAs, although they are generally
classified as transcripts >200 nt in length with no protein-coding
potential (1, 2). Notably, some lncRNAs also bear cryptic ORFs,
and there are examples where these ORFs have been shown to be
translated to small peptides (3, 4). Functionally, lncRNAs play a
crucial role in the regulation of numerous biological processes, such
as proliferation, survival, migration, and senescence, along with ge-
nomic stability (2, 5–10). Mechanistically, lncRNAs regulate diverse
cellular processes through interaction with other cellular molecules,
including DNA, RNA, and protein (11–13). Moreover, the peptides
encoded by lncRNAs can also serve as functional entities, and, in
some rare examples, lncRNAs have been shown to have functions as
both RNA and protein, so-called bifunctional lncRNAs.

It is increasingly evident that aberrations within the noncoding
genome drive important cancer phenotypes (2) and that these
alterations can be associated with prognosis, efficacy of treat-
ment, and patient survival (14–16). Resisting cell apoptosis and
sustaining proliferative signaling are two hallmarks of cancer that
limit the efficacy of cancer treatment (17). Indeed, numerous
lncRNAs affect pathogenesis of cancer by regulating cell apo-
ptosis and proliferation (8, 12, 18). For instance, the lncRNA
gene SAMMSON, whose expression was detectable in more than
90% of human melanomas, promotes melanoma growth and
survival (15, 19). Moreover, lncRNAMEG3 is down-regulated in
prostate cancer tissues in comparison to adjacent normal tissues
and inhibits the intrinsic cell survival pathway via reducing
the expression levels of Bcl-2, enhancing Bax protein expression,
and activating caspase-3 (20). Overexpression of the lncRNA
PVT1 also promotes ovarian cancer cell resistance to cisplatin by
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inhibiting apoptotic pathways (21). Similarly, certain lncRNAs
have been shown to counteract the entry of cells into senescence,
thought to be a failsafe mechanism acting to prevent cell trans-
formation (22). For instance, lncRNA FAL-1 was found to be
increased in ovarian cancer and shown to repress p21-induced
senescence (10). Nevertheless, knowledge of the functional roles
played by lncRNAs in controlling cell apoptosis, proliferation,
and senescence in cancer remains poorly understood.
One of the known drivers that limits tumor progression via ap-

optosis, serine/threonine-protein kinase 3 (STK3; also known as
MST2), is an STK activated by the stress-induced apoptotic pathway
that limits tumor progression via apoptosis (23). Moreover, STK3 is
known to form an inhibitory complex with Raf-1, but when disso-
ciated from Raf-1, it can bind to tumor suppressor protein
RASSF1A, resulting in the induction of apoptosis (23, 24). Con-
versely, phosphorylation of Raf-1 at serine 259 by Akt inhibits
Raf-1 activity, whereas serine/threonine protein phosphatases
1 and 2a (PP1 and PP2A) dephosphorylate Raf-1 at serine 259, thus
preventing Raf-1 protein degradation (25). STK3 promotes
Raf-1 activation via phosphatase PP2A-mediated dephosphorylation
of Raf-1 at Ser259, thus activating RAF protooncogene serine/
threonine-protein kinase (RAF)/mitogen-activated protein kinase
kinase 1 (MEK)/ERK signaling and consequently promoting cell
survival and proliferation (26). Of additional relevance to this
report, polypyrimidine tract-binding protein 1 (PTBP1) is aber-
rantly overexpressed and promotes cell proliferation in various types
of cancer (27, 28). PTBP1 is an RNA-binding protein that exerts
effects on RNA processing, including specifically enhancing the
translation of p27 (27–29), notably regarded as a key effector of
cellular senescence (30).
Here, we demonstrate that a c-Myc–regulating ovarian

adenocarcinoma-amplified lncRNA (OVAAL) plays dual
roles in both promoting cell proliferation and escaping apoptosis
and senescence. We identified OVAAL in a screen designed to
identify lncRNAs involved in conferring resistance to both intrinsic
and extrinsic apoptotic pathways. Mechanistically, OVAAL binds to
STK3 and subsequently facilitates the association between STK3
and Raf-1, leading to activation of RAF/MEK/ERK cascade. The
activated RAF/MEK/ERK pathway promotes cell proliferation and
survival via preventing proteasome-mediated degradation of c-Myc
and Mcl-1, respectively (31, 32). Moreover, OVAAL also binds to
PTBP1 and reduces the recruitment of PTBP1 to the internal ri-
bosome entry site (IRES) of p27 mRNA, thus imparting an in-
hibitory effect on p27 mRNA translation and preventing cells from
diverting to cellular senescence (29, 30, 33). Collectively, our study
shows that OVAAL is essential for cell survival, proliferation, and
evasion from cellular senescence, implicating potential benefits of
targeting OVAAL in the treatment of cancer.

Results
Screening of lncRNAs Involved in Cancer Cell Evasion of Extrinsic and
Intrinsic Apoptotic Pathways Identifies OVAAL. To identify func-
tional lncRNA(s) responsible for cancer cells evading apoptosis,
we generated ME4405 TNF-related apoptosis-inducing ligand
(TRAIL)–selected (TRAIL.S) and ME4405 UMI-77–selected
(UMI-77.S) cell sublines that were resistant to TRAIL and the
Mcl-1 inhibitor UMI-77, respectively, after long-term exposure
to drug treatment (Fig. 1A and SI Appendix, Fig. S1A). ME4405
melanoma cells were chosen because they are relatively sensitive
to both TRAIL and UMI-77 among a panel of melanoma cell lines
(SI Appendix, Fig. S1B). TRAIL treatment serves to activate the
extrinsic apoptotic pathway, whereas UMI-77 targets Mcl-1, a key
antiapoptotic Bcl-2 family protein that serves to restrain the in-
trinsic apoptotic pathway. By performing RNA-sequencing analy-
sis, we found 37 up-regulated lncRNAs in common between
TRAIL.S and UMI-77.S cells (Fig. 1B and SI Appendix, Table S1),
suggesting these lncRNAs may function in both extrinsic and intrinsic
apoptotic pathways. Among the top five up-regulated lncRNA

candidates (OVAAL, PHKA2-AS1, LOC105372218, LOC105370413,
and LINC00221), as confirmed by qPCR (SI Appendix, Fig. S1C), only
knockdown of OVAAL (34, 35) significantly overcame resistance to
TRAIL and UMI-77 (SI Appendix, Fig. S1 D and E).
OVAAL is a lncRNA from the intergenic fragment between

ACBD6 and XPR1 within a frequently amplified region at
chromosome 1q25 in ovarian adenocarcinoma and also in en-
dometrial cancers (34, 35) (SI Appendix, Fig. S1F). However, its
cellular functions have not been previously reported. OVAAL is
encoded by three exons (UCSC Genome Browser; SI Appendix,
Fig. S1F) and was readily detectable in ME4405 melanoma cells
by Northern blotting (Fig. 1C). Consistent with qPCR analysis,
up-regulation of OVAAL in TRAIL.S cells and UMI-77.S cells was
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Fig. 1. OVAAL is selectively up-regulated and confers resistance against
cancer cells to TRAIL and the Mcl-1 inhibitor UMI-77. (A) ME4405 TRAIL.S and
ME4405 UMI-77.S cell sublines display resistance to TRAIL (25 ng/mL) and the
Mcl-1 inhibitor UMI-77 (4 μM) as shown in colony formation assays (2D) and
hanging drop assays (3D) (n = 3). (Scale bars: 2D, 1 cm; 3D, 25 μm.) (B) Thirty-
seven lncRNAs were up-regulated in common between selected cells in com-
parison to ME4405 cells. The heat map illustrates the five most up-regulated
lncRNAs. (C) OVAAL was up-regulated in TRAIL.S and UMI-77.S cells as shown in
Northern blotting. β-Actin mRNA was used as a loading control (n = 3). De-
pletion of OVAAL in resistant TRAIL.S and UMI-77.S cells using three in-
dependent shRNA targeting vectors (D) results in increased apoptosis as
measured by annexin V-FITC staining in cells treated with vehicle control (ctrl),
TRAIL, or UMI-77 for 24 h (E) and accompanying activation of caspase-3 and
cleavage of PARP visualized byWestern blotting (F) (n = 3; mean ± SD; Student’s
t test). OVAAL overexpression in parental ME4405 cells (G) treated with vehicle
ctrl, TRAIL (25 ng/mL), or UMI-77 (4 μM) for 24 h promotes resistance to both
TRAIL- and UMI-77–induced apoptosis as shown in annexin V-FITC staining
assays (H) and reduced activation of caspase-3 and cleavage of PARP as shown
in Western blotting (I) (n = 3; mean ± SD; Student’s t test). **P < 0.01;
***P < 0.001.
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confirmed by Northern blotting (Fig. 1C). Transduction of three
independent OVAAL shRNAs into TRAIL.S and UMI-77.S cells
markedly induced apoptosis (Fig. 1 D and E), along with associated
activation of caspase-3 and cleavage of its substrate PARP (Fig. 1F).
Moreover, recapitulating the acquired resistance phenotype, over-
expression of OVAAL in ME4405 cells conferred resistance to both
TRAIL- and UMI-77–induced apoptosis (Fig. 1 G–I).

OVAAL Is Frequently Overexpressed in Colon Cancer and Melanoma
and Functions to Promote Cancer Cell Survival and Proliferation. We
next expanded our investigations to examine the functions of
OVAAL in unselected (parental) cells. Silencing of OVAAL by
shRNA in ME4405 melanoma cells, along with HCT116 colon
cancer cells, resulted in marked apoptosis as seen by cleavage of
caspase-3 and PARP upon TRAIL treatment (Fig. 2A). However,
knockdown of OVAAL in untransformed human adult foreskin

fibroblast (HAFF) cells did not cause cleavage of caspase-3 and
PARP upon TRAIL treatment (Fig. 2B), suggesting a specific
prosurvival role of OVAAL in cancer cells. In addition, OVAAL
shRNA inhibited cancer cell proliferation (Fig. 2C), which was
substantiated through G0/G1 cell cycle arrest (Fig. 2D) and de-
creased phosphorylated Rb (p-Rb), cyclin A, and cyclin B levels and
increased cyclin D and cyclin E levels (Fig. 2E). In agreement, the
growth inhibitory effects of OVAAL knockdown were mirrored in
the long-term survival of ME4405 and HCT116 cells as shown in
clonogenic assays (Fig. 2F). Similarly, OVAAL depletion retarded
HCT116 xenograft growth in nu/nu mice (Fig. 2 G and H). In-
triguingly, the presence of OVAAL also protected cancer cells
from treatment with venetoclax (ABT-199) and A-1331852, se-
lective inhibitors of Bcl-2 and Bcl-xL, respectively (SI Appendix,
Fig. S2 A and B). Taken together, this establishes a role for
OVAAL in promoting cancer cell proliferation; moreover, the
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Fig. 2. OVAAL is frequently overexpressed in colon
cancer and melanoma, and functions to promote
cancer cell survival and proliferation. (A, Top) As
shown in Western blotting, OVAAL shRNA caused
enhanced activation of caspase-3 and cleavage of
PARP in ME4405 and HCT116 cells treated with ve-
hicle control (ctrl) or TRAIL (200 ng/mL) for 24 h. (A,
Bottom) OVAAL depletion was confirmed by qPCR.
β-actin was used as a loading ctrl throughout (n = 3;
mean ± SD; Student’s t test). (B, Top) As shown in
Western blotting, OVAAL shRNA did not cause acti-
vation of caspase-3 and cleavage of PARP in HAFF
cells treated with vehicle ctrl or TRAIL (200 ng/mL) for
24 h. (B, Bottom) OVAAL depletion was confirmed by
qPCR (n = 3; mean ± SD; Student’s t test). (C) OVAAL
shRNA inhibited cell proliferation in ME4405 and
HCT116 cells (n = 3; mean ± SD; Student’s t test). (D)
OVAAL shRNA caused cell cycle arrest in G0/G1 phase
in ME4405 and HCT116 cells measured by propidium
iodide staining, followed by flow cytometry (n = 3;
mean ± SD; Student’s t test). (E) OVAAL shRNA de-
creased the levels of p-Rb, cyclin A, and cyclin B levels
and increased cyclin D and cyclin E levels in ME4405
and HCT116 cells as shown by Western blotting (n =
3). (F) OVAAL shRNA inhibited cell proliferation in
ME4405 and HCT116 cells as shown in colony for-
mation assays (n = 3). (Scale bar: 1 cm.) (G and H)
OVAAL depletion by shRNA inhibited HCT116 xeno-
graft growth in nu/nu mice (n = 7; mean ± SD; Stu-
dent’s t test). (I) Measurement of expression using
qPCR shows higher levels of OVAAL in CRC compared
with paired adjacent normal tissues (n = 33; mean ±
SD; Student’s t test). (J) Assessment of OVAAL expres-
sion using in situ hybridization assays demonstrates
significantly increased expressed in CRC in comparison
to adjacent normal tissues (n= 75; mean± SD; Student’s
t test) RS, reactive score. (K) Representative photomi-
crographs of OVAAL ISH staining in FFPE tissue samples
from J showing high differential expression between
cancer and normal tissue. **P < 0.01; ***P < 0.001;
****P < 0.0001.
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latter findings suggest a more extensive role for OVAAL in reg-
ulating cancer cell survival.
To determine if OVAAL expression was relevant to cancers

in vivo, we next considered its expression in clinically derived
samples. We employed two analysis approaches to compare the
expression of OVAAL between colon cancer tissues and their
normal adjacent tissues. First, comparative expression analysis us-
ing qPCR showed OVAAL expression was frequently increased in
pairs of colorectal cancer (CRC) tissues versus normal adjacent
tissues (Fig. 2I). Moreover, the application of in situ hybridization to
measure OVAAL expression in an independent CRC cohort also
revealed significantly increased OVAAL expression in CRC tissues
versus normal tissues (Fig. 2J and SI Appendix, Table S2), a subset
of which displayed high differential expression (Fig. 2K). Similarly,
OVAAL expression was significantly higher in primary melanomas
compared with normal nevi displayed in the R2 database (SI
Appendix, Fig. S3A). The differentially increased expression of
OVAAL in these cancers therefore suggests its cellular functions
may contribute to disease pathology.

OVAAL Interacts with STK3. We hypothesized that like many other
regulatory lncRNAs (9, 36, 37), OVAAL acts through direct bind-
ing to protein effectors. Hence, we sought to identify the protein
interactome of OVAAL using mass spectrometry (37). One
prominent target protein selectively pulled down by biotin-
labeled antisense probes against OVAAL was identified as STK3,
while another was identified as PTBP1 (Fig. 3 A and B) (as dis-
cussed below). Consistently, OVAAL was coimmunoprecipitated
by STK3 antibodies by RNA immunoprecipitation (RIP) assays in
ME4405 and HCT116 cells (Fig. 3C). To further substantiate this
interaction, OVAAL was also demonstrated to coprecipitate
with STK3 using an overexpression system employing Flag-STK3
and Flag antibodies (Fig. 3D). Of interest, significant cytoplasmic
and nuclear pools of OVAAL were detected in both ME4405 and
HCT116 cells (Fig. 3E, Left), and this distribution was further
confirmed using FISH assays (Fig. 3F). Notably, the majority of
the STK3 protein in both ME4405 and HCT116 cells was localized
to the cytoplasm (Fig. 3E, Right).
To define which region of OVAAL is responsible for binding to

STK3, we first employed a deletion mapping strategy using in vitro-
transcribed OVAAL fragments and recombinant Flag-tagged STK3
and deduced that regions within exon 3 (E3) of OVAAL were re-
sponsible for STK3 binding (Fig. 3G andH). E3 is by far the largest
exon in the OVAAL gene (SI Appendix, Fig. S1F), and subdividing
this further demonstrated that the STK3-binding activity was con-
tained with nucleotides 524–824 (Fig. 3I).

OVAAL Activates RAF/MEK/ERK Cascade Through Facilitating the
Binding Between STK3 and Raf-1. Since the STK3/Raf-1 complex
is known to be important for optimal activation of the RAF/
MEK/ERK signaling pathway (26), we investigated the potential
contribution of OVAAL. Silencing of OVAAL prominently re-
duced the activation of RAF/MEK/ERK cascade as shown by de-
creases in p-MEK, p-ERK, p-MSK1, and p-RSK1, recapitulating
the effects observed after knockdown of STK3 in ME4405 and
HCT116 cells (Fig. 4 A and B). Instructively, cosilencing of OVAAL
in combination with STK3 did not result in further diminishment in
RAF/MEK/ERK activation levels, implying that OVAAL-mediated
regulation of the RAF/MEK/ERK signaling cascade occurs through
effects on STK3 (Fig. 4C). Moreover, since STK3 is known to bind
to Raf-1 and we identified STK3 as a binding partner of OVAAL,
we considered the possibility of a complex formed between
OVAAL, STK3, and Raf-1. Indeed, Raf-1, along with STK3, could
be coimmunoprecipitated with antisense probes against OVAAL
(Fig. 4D).
Seeking to further verify the nature of the association between

OVAAL, STK3, and Raf-1, we introduced Flag-tagged STK3
into HCT116 cells and used two-step RIP assays. As expected

from prior experiments, antibodies against the Flag-tag pre-
cipitated STK3, along with Raf-1 and OVAAL, from total protein
extracts (Fig. 4E, Left), while in the second-phase immunopre-
cipitation using anti–Raf-1 antibodies, both STK3 and OVAAL
were coprecipitated (Fig. 4E, Right). Instructively, knockdown of
OVAAL abolished the binding between Raf-1 and STK3 (Fig.
4F), thereby implying that OVAAL is required for the interaction
between STK3 and Raf-1. Indeed, the application of a cell-free
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Fig. 3. OVAAL interacts with STK3. (A) Visualization of protein bands stained
with Coomassie Brilliant Blue pulled down by biotin-labeled antisense probes
against OVAAL in total protein extracts of ME4405 and HCT116 cells. Protein
identities with high probabilities as determined using mass spectrometry are
labeled. (B) Biotin-labeled antisense probes used to capture OVAAL from total
HCT116 cellular extracts also pulled down by STK3 as shown by qPCR analysis
(Left) andWestern blotting (Right) (n = 3; mean ± SD; Student’s t test). *P < 0.05.
(C) Antibodies against STK3 coprecipitated OVAAL from total cellular extracts of
ME4405 and HCT116 cells as shown in Western blotting (Top) and PCR analysis
(Bottom) (n = 3). (D) Anti-Flag (M2) antibodies precipitated OVAAL, along with
Flag-STK3, from total ME4405 and HCT116 cellular extracts as shown in Western
blotting (Top) and PCR analysis (Bottom) (n = 3). (E) Subcellular fractionation
studies conducted in ME4405 and HCT116 cells showed that approximately half
of OVAAL RNA was located to the cytoplasm, along with the STK3 protein, as
shown by qPCR analysis (Left) and Western blotting (Right) (n = 3, mean ± SD).
Cyto, cytoplasmic; Nuc, nuclear. (F) Subcellular localization of OVAAL was ex-
amined by RNA FISH (red) in ME4405 and HCT116 cells. Nuclear DNA was visu-
alized with DAPI (blue). (Scale bar: 20 μm.) (G) Schematic representation of
OVAAL RNA and the design of exon-deletion constructs used for the analyses
shown in H. E3 was further was subdivided into four regions for the analyses
shown in I. (H and I) Anti-Flag (M2) antibody precipitates from whole-cell lysates
of Flag-STK3–transfected HCT116 cells were co-incubated with the indicated in
vitro-transcribed OVAAL constructs. RT-PCR analyses (Top) were used to detect
binding of OVAAL RNA, and Western blotting (Bottom) was used to validate
input and capture of Flag-STK3 (n = 3).
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system demonstrated that OVAAL promoted increased binding
between purified STK3 and Raf-1 (Fig. 4G). Moreover, phos-
phorylation of Raf-1 at serine 259, an inhibitory phosphorylation
of Raf-1 (38), was increased by OVAAL knockdown (Fig. 4H)
similar to the effects of STK3 knockdown (Fig. 4I), suggesting
OVAAL and STK3 promote Raf-1 activation through its phos-
phorylation. Together, these findings support the notion that OVAAL
directly facilitates assembly of a ternary complex with STK3/Raf-1
and that this complex promotes downstream activation of RAF/
MEK/ERK signaling.
Finally, of relevance to these results, OVAAL expression levels

were frequently higher in metastatic melanomas bearing the
BRAFV600 mutant compared with wild-type BRAF melanomas
from The Cancer Genome Atlas (TCGA) dataset (SI Appendix,
Fig. S3B), suggesting a correlation between high OVAAL ex-
pression and MAPK pathway activation. Of interest, OVAAL si-
lencing further reduced cancer cell viability upon MEK inhibitor
treatment, suggesting a central role for OVAAL in RAF/MEK/
ERK signaling (SI Appendix, Fig. S3C).

OVAAL Promotes Cell Proliferation via Stabilization of c-Myc.Activation
of the RAF/MEK/ERK pathway is important for up-regulation of
c-Myc, a critical regulator of cancer cell survival and proliferation
(31, 39, 40). Similar to knockdown of STK3, OVAAL shRNA sig-
nificantly reduced c-Myc protein expression levels (Fig. 5 A and B).
Moreover, reduction of c-Myc expression by OVAAL shRNA was
rescued by an shRNA-resistant OVAAL (Fig. 5C). Conversely,
overexpression of OVAAL in HCT116 cells resulted in increased
c-Myc protein levels (Fig. 5D), collectively indicating that OVAAL
promotes increased c-Myc expression. Notably, suppression of the
RAF/MEK/ERK pathway using the MEK inhibitor U0126 ablated
the expression of c-Myc, and overexpression of OVAAL under
these conditions failed to influence the levels of c-Myc (SI Appendix,
Fig. S4A), suggesting that the OVAAL-mediated up-regulation of
c-Myc depends on RAF/MEK/ERK pathway.
We further investigated the mechanism by which OVAAL up-

regulated c-Myc protein levels. The c-Myc mRNA levels were not
affected by either OVAAL shRNA or STK3 shRNA (SI Appendix,
Fig. S4B). However, the proteasome inhibitor MG132 stabilized
c-Myc protein levels, reversing the effects of OVAAL silencing (Fig.
5E). Surprisingly, knockdown of OVAAL did not result in the ex-
pression levels of two known c-Myc E3 ligases: SKP2 and FBXW7
(SI Appendix, Fig. S4C). Nevertheless, knockdown of either
OVAAL or STK3 shortened the half-life of c-Myc protein (Fig.
5F), suggesting that OVAAL enhances c-Myc protein stability by
preventing its degradation through the proteasome pathway (41–
43). Strengthening this notion, depletion of OVAAL increased the
levels of c-Myc ubiquitination (Fig. 5G), along with causing
decreased levels of Ser62 phosphorylation of c-Myc, a post-
translational modification (PTM) associated with stabilization
of the c-Myc protein (Fig. 5H). Collectively, these findings in-
dicate that the OVAAL-mediated effects on c-Myc protein levels
are enacted through changes in protein stability.
Given the regulatory relationship established between OVAAL

and the maintenance of the cellular levels of c-Myc, we then
returned to examine the contribution of c-Myc to the functions
of OVAAL. Surprisingly, unlike OVAAL depletion, silencing of
c-Myc was insufficient to sensitize ME4405 and HCT116 cells to
apoptosis after TRAIL treatment (SI Appendix, Fig. S4D), sug-
gesting that c-Myc is not required for OVAAL-mediated inhibition
of apoptosis. Nevertheless, besides its apoptosis-inducing capacity
upon TRAIL treatment, knockdown of OVAAL also inhibited cell
proliferation (Fig. 2 C–F). The results support the concept that
OVAAL expression plays an important role in cancer cell pro-
liferation and these actions are imparted through effects on c-Myc
expression.

OVAAL Counteracts TRAIL- and UMI-77–Induced Apoptosis Through
Up-Regulation of Mcl-1. The preceding experiments demonstrate
how OVAAL promotes cell proliferation, but the mechanism
whereby OVAAL protects cancer cells from apoptosis appears to
be distinct. Instructively, when OVAAL shRNA was introduced
into ME4405 cells, among the prosurvival Bcl-2 family members,

Fig. 4. OVAAL activates RAF/MEK/ERK cascade through facilitating the
binding between STK3 and Raf-1. (A) STK3 shRNA decreased levels of p-ERK,
p-MEK, p-MSK1, and p-RSK1 in ME4405 and HCT116 cells as shown in
Western blotting. Analysis of total ERK, MEK, MSK1, and RSK1, along with a
GAPDH loading control (ctrl), is shown for comparison (n = 3). (B) OVAAL
shRNA decreased levels of p-ERK, p-MEK, p-MSK1, and p-RSK1 in
ME4405 and HCT116 cells as shown in Western blotting (n = 3). (C) Co-
silencing of OVAAL with STK3 in HCT116 cells did not impart further re-
ductions in the phosphorylated levels of ERK, MEK, MSK1, or RSK1 levels in
comparison to STK3 knockdown alone as measured by Western blotting (n =
3). (D) Biotin-labeled antisense probes used to capture OVAAL from total
cellular lysates of ME4405 and HCT116 cells also pulled down STK3, along
with Raf-1, as shown by Western blotting. β-Actin was used as a negative ctrl
here and in the following experiments (n = 3). (E) Flag-STK3, Raf-1, and
OVAAL were coprecipitated with an anti-Flag antibody in whole-cell lysates
of HCT116 cells transfected with Flag-STK3 (Left), and after elution with Flag
peptide, all were further coprecipitated with an anti–Raf-1 antibody in the re-
sultant precipitates (Right). IP, immunoprecipitation. (F) OVAAL depletion
strongly diminished the levels of Raf-1 associating with STK3. Endogenous
STK3 was immunoprecipitated from sh-ctrl– or sh-OVAAL–treated ME4405 and
HCT116 cells, with results shown by Western blotting (n = 3). (G) Presence of in
vitro-transcribed OVAAL, but not an antisense RNA, enhanced the binding be-
tween recombinant HA–Raf-1 and Flag-STK3. Assay inputs were visualized by
Coomassie Brilliant Blue (CBB) and ethidium bromide staining (n = 3). OVAAL
shRNA (H) and STK3 shRNA (I) increased levels of p-Raf-1 (Ser259) in ME4405 and
HCT116 cells as shown in Western blotting (n = 3).
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Mcl-1 protein expression levels were most prominently reduced
(Fig. 6A). Moreover, inhibition of RAF/MEK/ERK cascade by
the MEK inhibitor U0126 caused the reduction of Mcl-1 expression
in TRAIL.S cells (Fig. 6B). Similar to knockdown of OVAAL, si-
lencing of STK3 reduced Mcl-1 expression, implying loss of balance
between cell survival and apoptosis (Fig. 6C). Similar to knockdown
of OVAAL, depletion of Mcl-1 itself also augmented the apoptotic
effects of TRAIL and UMI-77 (Fig. 6D), implying that Mcl-1
contributes to the OVAAL-derived resistance to TRAIL- and
UMI-77–induced apoptosis. Finally, overexpression of Mcl-1 served

to diminish OVAAL depletion-enhanced apoptosis under TRAIL
treatment (Fig. 6E), suggesting a Mcl-1–dependent prosurvival role
of OVAAL in cancer cells. Instructively, inhibition of proteasomal
activity using MG132 reversed the decrease in Mcl-1 protein levels
observed after OVAAL silencing (Fig. 6F). Moreover, knockdown
of OVAAL shortened the half-life time of Mcl-1 protein (Fig. 6G),
suggesting that OVAAL enhances Mcl-1 protein stability through
a proteasome pathway. In support, phosphorylation of Mcl-1 at
threonine 163, known to be mediated by ERK and to slow Mcl-1
protein turnover, was reduced after OVAAL silencing (Fig. 6H).

OVAAL Blocks Cellular Senescence by Regulating p27 mRNA Translation.
Given the observation that silencing of OVAAL resulted in up-
regulation of the CDK inhibitors p21 and p27 (Fig. 5A), we further
considered if these cells were entering senescence. Indeed, de-
pletion of OVAAL also triggered cellular senescence as shown by
induction of senescence-associated (SA)–ß-gal staining (44, 45)
(Fig. 7A). Of interest, mass spectrometry data showed that PTBP1,
an RNA-binding protein known to bind to an IRES element in the

A

D

F

B

C

E

G

H

Fig. 5. OVAAL promotes cell proliferation via stabilization of c-Myc. (A)
OVAAL shRNA reduced c-Myc and increased p21 and p27 protein expression
levels in ME4405 and HCT116 cells as shown in qPCR analyses (Top) and
Western blotting (Bottom). GAPDH or β-actin is used throughout as a
loading control (ctrl) (n = 3; mean ± SD; Student’s t test). (B) STK3 shRNA
reduced c-Myc and increased p21 and p27 protein expression levels in
ME4405 and HCT116 cells as shown in Western blotting (n = 3). (C) Reduc-
tions in c-Myc expression following OVAAL shRNA are rescued by over-
expression of OVAAL in ME4405 and HCT116 cells as shown in Western
blotting (n = 3). (D, Bottom) As shown in Western blotting, overexpression of
OVAAL increased c-Myc protein expression levels in ME4405 and HCT116
cells. (D, Top) Analysis of total RNA by qPCR analysis confirmed the increase
in OVAAL expression in cells transduced with pCDH-OVAAL compared with
the control pCDH vector (n = 3; mean ± SD; Student’s t test). (E) Treatment
of ME4405 and HCT116 cells with the proteasome inhibitor MG132 (50 μM)
reversed the decrease in c-Myc protein levels resulting from silencing of
OVAAL as shown in Western blotting (n = 3). (F) shRNA silencing of either
OVAAL (Top) or STK3 (Bottom) shortened the half-life of c-Myc protein in
cycloheximide chase assays (n = 3). (G) OVAAL shRNA increased c-Myc pol-
yubiquitination levels in the presence of MG132 (50 μM) (n = 3). IP, immu-
noprecipitation. (H) OVAAL shRNA reduced phosphorylated c-Myc (Ser62)
levels in ME4405 and HCT116 cells as shown in Western blotting (n = 3).
**P < 0.01; ***P < 0.001.
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Fig. 6. OVAAL counteracts TRAIL- and UMI-77–induced apoptosis through up-
regulation of Mcl-1. (A) OVAAL shRNA decreased levels of Mcl-1 in ME4405 and
HCT116 cells as shown in Western blotting (n = 3). ctrl, control. (B) MEK inhibitor
U0126 (10 μM) caused the reduction of Mcl-1 expression in TRAIL.S cells as shown
in Western blotting (n = 3). (C) STK3 shRNA reduced Mcl-1 expression and in-
creased activation of caspase-3 and cleavage of PARP in ME4405 and HCT116
cells as shown in Western blotting (n = 3). (D) Mcl-1 shRNA enhanced activation
of caspase-3 and cleavage of PARP in ME4405, HCT116, TRAIL.S, and UMI-77.S
cells treated with vehicle ctrl, TRAIL, or UMI-77 for 24 h as shown in Western
blotting (n = 3). (E) Overexpression of Mcl-1 diminished OVAAL depletion-
increased cleavage of caspase-3 and PARP under TRAIL (50 ng/mL) treatment
in HCT116 cells (n = 3). (F) Proteasome inhibitor MG132 (50 μM) reversed the
decrease in Mcl-1 protein levels by OVAAL silencing in HCT116 cells as shown in
Western blotting (n = 3). (G) OVAAL shRNA shortened the half-life of Mcl-1
protein in HCT116 cells as shown in Western blotting (n = 3). (H) OVAAL
shRNA reduced p-Mcl-1 (Thr163) levels in ME4405 and HCT116 cells as shown in
Western blotting (n = 3).
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5′ UTR of p27 mRNA and to promote p27 translation (29), was a
putative binding partner of OVAAL (Fig. 3A). Further examination
of the relationship between OVAAL and p27 expression showed
that the increased p27 protein levels (Fig. 7B) observed after si-
lencing of OVAAL did not increase p27 mRNA levels (Fig. 7C),
thereby suggesting that OVAAL regulates cellular senescence via
controlling p27 protein expression levels.
The interaction between PTBP1 and OVAAL was confirmed by

RNA pulldown (Fig. 7D) and RIP (Fig. 7E), respectively. Further
analyses demonstrated that only RNA transcripts containing E2 of
OVAAL bound to the PTBP1 protein (Fig. 7F). Noticeably, the
increased p27 protein levels accompanying OVAAL knockdown
could be reversed by cosilencing of PTBP1, implying that PTBP1 is
necessary for OVAAL-mediated p27 protein expression (Fig. 7G).
Together, this implied that OVAAL competes with p27 mRNA for
binding to PTBP1. Consistent with this proposition, more p27
mRNA was associated with PTBP1 when OVAAL levels were
reduced in cells bearing an OVAAL-inducible knockdown system
(Fig. 7H). Conversely, overexpression of OVAAL by transfection

resulted in a dose-dependent increase in OVAAL association with
PTBP1, while the levels of recovered p27 decreased (Fig. 7I).

c-Myc Transcriptionally Regulates OVAAL in Cancer Cells.Using in silico
analysis, we identified two putative c-Myc–binding sites (c-Myc–
BS1: −2,603 to −2,595 bp and c-Myc–BS2: −1,585 to −1,551 bp)
upstream of the OVAAL transcriptional start site (Fig. 8A). Lucif-
erase reporter assays showed both regions were responsible for
c-Myc–mediated OVAAL transcription (Fig. 8B). Moreover, ChIP
analyses confirmed that c-Myc bound to both of the identified
binding sites in the OVAAL promoter (Fig. 8C). In agreement, si-
lencing of c-Myc reduced, whereas overexpression of c-Myc in-
creased, the expression levels of OVAAL (Fig. 8 D and E). The
application of an independent cell system involving P493-6 cells
carrying a c-Myc tet-off system also confirmed the dependency of
OVAAL expression on c-Myc levels (Fig. 8F). Consistently, c-Myc
expression levels were also up-regulated in TRAIL.S cells that ex-
hibit increased OVAAL expression relative to their parental cells
(Fig. 8G).

A

D
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G

H
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F

B C

Fig. 7. OVAAL blocks cellular senescence via regu-
lation of p27 translation. (A) OVAAL shRNA trig-
gered cellular senescence as shown by induction of
SA–β-gal staining in ME4405 and HCT116 cells. Rep-
resentative photographs (Left) and quantification of
staining (Right) are shown (n = 3; mean ± SD; Stu-
dent’s t test). ctrl, control. (Scale bar: 200 μm.) (B)
OVAAL shRNA increased the levels of p27 protein
in ME4405 and HCT116 cells as shown in Western
blotting (n = 3). (C) OVAAL shRNA did not affect
p27 mRNA levels in ME4405 and HCT116 cells as
shown in qPCR analysis (n = 3; mean ± SD). (D) Biotin-
labeled antisense probes against OVAAL pulled
down OVAAL, along with PTBP1, from total ME4405
and HCT116 cellular extracts as shown in qPCR
analysis (Left) and Western blotting (Right) (n = 3;
mean ± SD; Student’s t test). (E) Antibody against
PTBP1 precipitated PTBP1, along with OVAAL, from
total ME4405 and HCT116 cellular extracts as shown
in Western blotting (Left) and qPCR analysis (Right)
(n = 3; mean ± SD; Student’s t test). (F) Myc-tag anti-
body precipitated Myc-PTBP1 from HCT116 whole-cell
lysates, along with co-incubated in vitro-transcribed
mutant OVAAL, as shown in PCR analysis (Top) and
Western blotting (Bottom) (n = 3). (G) Cosilencing of
PTBP1 abolished the up-regulation of p27 protein fol-
lowing OVAAL knockdown in parental ME4405 and
HCT116 cells bearing an inducible knockdown system
(i-sh-OVAAL) activatedwith doxycycline (Dox; 100 ng/mL).
Results are shown in Western blotting (Left) and qPCR
analysis (Right) (n = 3; mean ± SD; Student’s t test). (H)
Depletion of OVAAL following Dox (100 ng/mL)
treatment increased the association between PTBP1
and p27 mRNA in OVAAL-inducible knockdown UMI-
77.S cells (UMI-77.S i-sh-OVAAL). PTBP1 immunopre-
cipitates were assessed using Western blotting (Left)
and qPCR analysis (Right) (n = 3; mean ± SD; Student’s
t test). (I) Overexpression of OVAAL in a dose-
dependent manner decreased the association between
PTBP1 and p27 mRNA in ME4405 cells. Analysis as per H
is shown using Western blotting (Left) and qPCR (Right)
(n = 3, mean ± SD; Student’s t test). *P < 0.05; **P <
0.01; ***P < 0.001; ****P < 0.0001.
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Discussion
The RAS/RAF/MAPK pathway is hyperactivated in ∼30% of
human cancers (46, 47), where its activating mutations, such as
BRAFV600E and H-RASV12H, are driver mutations in many
malignancies (48, 49). When the RAF/MEK/MAPK pathway is
aberrantly activated in normal cells, they are induced to undergo
apoptosis, cell cycle arrest, and/or cellular senescence, which
serves to limit cell transformation and tumor progression (50,
51). Consequently, overcoming these major intrinsic failsafe
mechanisms is a key permissive step in tumorigenesis (46). In this
study, we sought to identify lncRNAs expressed by cancer cells that
facilitate resistance to apoptosis, using cell line models adapted to
overcome TRAIL- and UMI-77–induced apoptosis. We report here

that OVAAL protects cancer cells from apoptosis and that this
function was integrally linked to the enhanced activation of
the RAS/RAF/MAPK pathway. Of likely importance, OVAAL is
commonly overexpressed in colon cancer and melanoma, particu-
larly in BRAF mutant melanoma (Fig. 2 I–K and SI Appendix, Fig.
S3 A and B), suggesting up-regulation of OVAALmay contribute to
tumorigenesis. Moreover, OVAAL expression is driven by c-Myc,
and it promotes cell proliferation via a feedback control over c-Myc
stability and inhibits cellular senescence via targeting p27 mRNA
translation. Of importance, OVAAL significantly protected cancer
cells from death triggered by MEK inhibition, indicating that
OVAAL plays a central role in RAF/MEK/ERK prosurvival sig-
naling (SI Appendix, Fig. S3C).
Our approach sought to find intersections between the two

major apoptotic signaling pathways (52, 53): the death receptor-
mediated “extrinsic apoptotic pathway” and the mitochondrion-
mediated “intrinsic apoptotic pathway.” Although a number of
lncRNAs were found to be highly up-regulated in melanoma
cells resistant to TRAIL (extrinsic apoptotic pathway) and/or the
Mcl-1 inhibitor UMI-77 (intrinsic apoptotic pathway), of those
tested, only OVAAL protected cells from death in both cell line
models. Silencing of OVAAL resensitized cancer cells to TRAIL
or UMI-77 treatment, which was closely associated with a reduction
in the stability of Mcl-1 protein. The importance of OVAAL as a
crucial regulator allowing cancer cells to escape apoptosis is borne
out in experiments with other cancer cell types, where inhibiting
OVAAL sensitized cells to TRAIL-mediated apoptosis. We also
observed that expression of OVAAL by selected and naive cells
alike protected against treatment with specific inhibitors of Bcl-2
and Bcl-xL. Although a clear relationship was established between
OVAAL and the stabilization of Mcl-1 through inhibition of pro-
teasomal degradation, we did not fully investigate how these Mcl-1–
related genes were controlled by OVAAL, and it will be pertinent
to define this in future studies.
STK3, also known as MST2, is a major kinase regulating the

Hippo pathway (54). However, in contrast to the effects of silencing
of STK3, depleting OVAAL failed to reduce Ser127 phosphorylation
of YAP1 (55), an indicator of Hippo pathway activation, suggesting
that OVAAL does not influence Hippo signaling in this context (SI
Appendix, Fig. S5). Our finding that OVAAL enhances the associa-
tion between STK3 and Raf-1 thereby suggests that OVAAL might
promote cancer cell survival and proliferation in two ways. First, by
stabilizing the interaction between STK3 and Raf-1, this would
inhibit STK3 association with RASSF1A, thus blocking STK3-
mediated apoptosis. Second, the stabilized STK3/Raf-1 complex
would accentuate activation of the RAF/MEK/ERK signal path-
way. Given that relatively high levels of OVAAL appear to be
necessary for Raf-1 to associate with STK3, we have established
the latter, but more experiments are required to address whether
high levels of OVAAL serve to disrupt the interaction between
STK3 and RASSF1A and prevent apoptosis. Nevertheless, these
findings promote the potential for antagonizing OVAAL as a
means to inhibit growth in tumors hyperactivated by RAF/MEK/
ERK signaling.
A second significant finding concerns the functional role of

OVAAL in senescence. Senescence is typically induced by unre-
paired DNA damage or following other cellular stresses, such as
abnormal activation of oncogenes, thus leading to suppression of
tumorigenesis (56–58). For instance, the expression of BRAFV600E in
cultured primary human melanocytes hyperactivates the MEK/ERK
cascade accompanied by the induction of senescence (59). Many
chemotherapeutic drugs can trigger senescence, proposing a positive
contribution of senescence to the success of cancer chemotherapy
(58, 60). However, the capacity for senescence appears to be lost in
cancer (56, 61), although not totally, since, for example, the BRAF
inhibitor encorafenib (LGX818) induced cellular senescence in
BRAFV600E mutant melanomas (62). Here, we established that si-
lencing of OVAAL was sufficient to induce cellular senescence in

A B
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Fig. 8. c-Myc transcriptionally regulates OVAAL in cancer cells. (A) Two
potential c-Myc–binding sites in the OVAAL promoter region were predicted in
the high-quality transcription factor binding profile database (JASPAR). (B) Both
predicted regions were transcriptionally responsive to c-Myc overexpression as
shown in luciferase reporter assays (n = 3; mean ± SD; Student’s t test). (C) c-Myc
bound to both predicted c-Myc–binding sites inOVAAL promoter as shown in ChIP
assays. Lactate dehydrogenase A (LDHA) promoter was used as a positive control
(n = 3). (D) c-Myc shRNA reduced the levels of OVAAL inME4405 and HCT116 cells
as shown in qPCR analysis (Top) andWestern blotting (Bottom) (n = 3; mean ± SD;
Student’s t test). ctrl, control. (E) Overexpression of c-Myc increased the expression
levels of OVAAL in ME4405 and HCT116 cells as shown in qPCR analysis (Top) and
Western blotting (Bottom) (n= 3; mean ± SD; Student’s t test). (F) Expression levels
of OVAAL in P493-6 cells carrying a c-Myc tet-off systemwere decreasedwhen cells
were treated with doxycycline (Dox; 1 μM) as shown in qPCR analysis (Top) and
Western blotting (Bottom) (n = 3; mean ± SD; Student’s t test). (G) c-Myc, along
with OVAAL, was up-regulated in TRAIL.S cells in comparison to ME4405 cells as
shown in qPCR analysis (Top) and Western blotting (Bottom) (n = 3; mean ± SD;
Student’s t test). (H) Schematic illustration of proposed model depicting dual roles
of lncRNA OVAAL in regulating cell proliferation/apoptosis and senescence. *P <
0.05; **P < 0.01.
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the absence of any additional treatment. Further, we established that
OVAAL functions in this capacity by regulating the expression of
p27. Regulation occurs at the translational level, where sequences
within E2 of OVAAL bind to PTBP1, which, in turn, prevents
PTBP1 from augmenting p27 translation. Given that cellular
senescence can have therapeutic benefits, such as triggering
innate immune responses to clear senescent cells (63), the in-
duction of senescence may be a second major action resulting
from antagonizing OVAAL.
Finally, our study provides significant insights into the regula-

tory relationship between OVAAL and c-Myc, the “master regu-
lator” whose aberrant expression is commonly associated with
tumorigenesis, cell growth, and self-renewal (64, 65). OVAAL was
shown to be subject to transcriptional regulation by c-Myc with
two active binding motifs localized to the OVAAL promoter.
However, there is also a feedback loop whereby OVAAL regu-
lates c-Myc posttranslationally through the stabilization of c-Myc
protein levels. Moreover, while the inhibitory role of OVAAL in
the inhibition of apoptosis appears to be uncoupled from c-Myc,
the role of OVAAL in cell proliferation and evasion of senescence
involves c-Myc.
The expression of c-Myc is tightly controlled by multiple mech-

anisms, such as regulation of gene transcription, mRNA translation,
and protein stability (66, 67). In particular, phosphorylation at ser-
ine 62 by ERK positively regulates, whereas phosphorylation at
threonine 58 by GSK3β negatively controls, c-Myc protein stability
in response to RAF/MEK/ERK signal transduction (66). Here, we
reveal that knockdown of OVAAL inhibits the RAF/MEK/ERK
pathway, which, in turn, reduces c-Myc phosphorylation at serine
62 and subsequently causes its degradation. Of note, c-Myc protein
is well known to be ubiquitinated and degraded via complexes
containing the FBXW7 or SKP2 E3 ligase (68). We observed that
silencing of OVAAL was associated with decreased c-Myc protein
turnover, along with increased levels of c-Myc polyubiquitination,
indicative that OVAAL acts to stabilize c-Myc through control over
its proteasomal degradation. However, there were no changes in the
protein levels of FBWX7 and SKP2, implying that OVAAL may
regulate c-Myc protein stability through another E3 ubiquitin ligase.
Notwithstanding knowledge of how OVAAL regulates c-Myc pro-
tein stability, the pleiotropic roles of OVAAL in cell growth and
resistance to apoptosis in tumors with RAF/MEK/ERK hyper-
activation, together with functional effects on senescence in c-Myc–
amplified tumors, may provide new opportunities in the treatment
of cancer (Fig. 8H). Whether targeting OVAAL directly in vivo is
practicable remains to be explored. Identification of compounds
that block the interaction between OVAAL and STK3 is one
avenue to explore, and targeting the cellular levels of OVAAL
may be another avenue to target c-Myc, which is considered to be
“undruggable” (69).

Materials and Methods
Cell Lines and Tissues. ME4405, TRAIL.S, UMI-77.S, HCT116, P493-6, and HAFF
cells weremaintained in DMEM (Invitrogen) supplementedwith 10% FBS and
1% penicillin/streptomycin. Cells were cultured in a humidified incubator at
37 °C and 5% CO2. All cell lines used tested negative for mycoplasma con-
tamination and were subjected to authentication using the AmpFISTR
Identifiler PCR Amplification Kit (Applied Biosystems) and GeneMarker
V1.91 software (SoftGenetics LLC) (70). Formalin-fixed paraffin-embedded
(FFPE) colon cancer tissues were obtained from the Department of Pathol-
ogy at Shanxi Cancer Hospital and Institute (Taiyuan, China). Freshly re-
moved colon cancer and paired adjacent noncancerous colon tissues were
collected from patients undergoing surgical resection at the Department of
General Surgery at Shanxi Cancer Hospital and Institute. Studies using human
tissues were approved by the Human Research Ethics Committees of the Uni-
versity of Science and Technology of China and Shanxi Cancer Hospital and In-
stitute in agreement with the guidelines set forth by the Declaration of Helsinki.
The study is compliant with all relevant ethical regulations for human research
participants, and all participants provided written informed consent.

Antibodies and Reagents. Antibodies and reagents used are listed in SI Ap-
pendix, Tables S3 and S4.

Mass Spectrometry. The eluted proteins from OVAAL RNA pulldown assay
were identified using a gel-based liquid chromatography-tandem mass
spectrometry approach (71). A Mascot database search was used to visualize
and validate results.

Biotin RNA Pulldown Assay. The RNA pulldown assay was performed as pre-
viously described (72). In brief, all processes were performed in the RNase-free
conditions. Briefly, approximately 1 × 107 to 2 × 107 cells were lysed in 1.0 mL of
lysis buffer [50 mM Tris·HCl (pH 7.5), 150 mM NaCl, 2.5 mM MgCl2, 1 mM EDTA,
10% glycerol, 0.5% Nonidet P-40, 1 mM DTT, 1 U/μL SUPERase in TM RNase
Inhibitor (20 U/μL; Ambion), cOmplete Protease Inhibitor Mixture (Roche)]. Cell
lysates were incubated with streptavidin beads (Invitrogen) coated with the
biotin-labeled antisense probes (3 μg) at 4 °C for 4 h to overnight. A biotin-
labeled sense probe (3 μg) sample was taken as a negative control. Beads were
washed five times in RIP buffer and eluted in Laemmli buffer. The retrieved
proteins were separated by SDS/PAGE for mass spectrometry or Western
blotting.

RIP. RIP was performed with an EZ-Magna RIP Kit (17-701; Millipore)
according to the instructions provided by the manufacturer. Briefly, ap-
proximately 1 × 107 to 3 × 107 cells were lysed in hypotonic buffer supple-
mented with RNase inhibitor and protease inhibitor before centrifugation.
Cell lysates were incubated with magnetic beads coated with the indicated
antibodies at 4 °C for 4 h to overnight. After extensive washing using RIP
wash buffer, the bead-bound immunocomplexes were treated with pro-
teinase K at 55 °C for 30 min. To isolate RNAs, samples were centrifuged and
placed on a magnetic separator, and supernatants were used to extract RNA
by an ISOLATE II RNA Mini Kit (Bioline). Purified RNAs were then subjected
to PCR analysis.

RNA Interference. Gene knockdown with shRNA was performed as previously
described (73). Briefly, HEK293T cells were transfected with shRNAs (cloned
in pLKO.1), gag/pol, rev, and VSVG plasmids with a ratio of 2:2:2:1. Twenty-
four hours after transfection, cells were cultured in fresh medium for an
additional 24 h. The culture medium containing lentivirus particles was
centrifuged at 1,000 × g for 5 min, and the supernatant was used for in-
fection. The shRNA sequences are shown in SI Appendix, Table S5.

qPCR Analysis. qPCR analyses were conducted as described previously (74).
Briefly, total cellular RNA isolated using the ISOLATE II RNA Mini Kit was
subject to reverse transcription using qScript cDNA Supermix (Quantabio).
Reactions (20 μL) were prepared on ice using SensiFAST SYBR Hi-ROX Kit
(Bioline) reagents in combination with the primers listed in SI Appendix,
Table S6, and cycling was performed for 40 cycles at 95 °C (15 s) and at 60 °C
(1 min). The 2−ΔΔCT method was used to calculate the relative gene ex-
pression levels in comparison to the β-actin housekeeping control.

ChIP Assays. ChIP assays were performed using a Millipore ChIP kit (17-371RF;
Millipore) according to the manufacturer’s instructions. Bound DNA frag-
ments were subjected to qPCR using the specific primers shown in SI Ap-
pendix, Table S7.

In Situ Hybridization. FFPE tissue sections (5 μm thick) were deparaffinized,
followed by treatment with 10% hydrogen peroxide and pepsin (2 μg/mL;
EXIQON) for 1 h at 37 °C. Sections were subsequently prehybridized with
hybridization buffer for 1 h at 37 °C before incubation with digoxigenin (DIG)-
labeled probes at 37 °C for 24 h (10 μg/mL). Following hybridization, sections
were sequentially washed for 10 min using 5× SSC (Gibco), 2× SSC, and 0.2×
SSC at 55 °C before equilibrating in blocking buffer (PBS with Tween 20 with
10% normal goat serum and 5% BSA) at 37 °C for 1 h. Sections were then
incubated with HRP-conjugated anti-DIG antibody (Abcam) at 4 °C for 12 h;
after washing, DAB substrate was applied and counterstaining was performed
using hematoxylin solution. After the sections were dehydrated and mounted,
they were digitally scanned and staining was quantitated as reactive scores as
previously described (75). Probe sequences are shown in SI Appendix, Table S7.

Statistical Analysis. Statistical analysis was carried out using Microsoft Excel
software and GraphPad Prism to assess differences between experimental
groups. Statistical significance was analyzed by a two-tailed Student’s t test. P
values less than 0.05 were considered to be statistically significant: *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001.
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