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ABSTRACT

Linc-RoR was originally identified to be a regula-
tor for induced pluripotent stem cells in humans
and it has also been implicated in tumorigenesis.
However, the underlying mechanism of Linc-RoR-
mediated gene expression in cancer is poorly un-
derstood. The present study demonstrates that Linc-
RoR plays an oncogenic role in part through regu-
lation of c-Myc expression. Linc-RoR knockout (KO)
suppresses cell proliferation and tumor growth. In
particular, Linc-RoR KO causes a significant de-
crease in c-Myc whereas re-expression of Linc-RoR
in the KO cells restores the level of c-Myc. Mech-
anistically, Linc-RoR interacts with heterogeneous
nuclear ribonucleoprotein (hnRNP) | and AU-rich el-
ement RNA-binding protein 1 (AUF1), respectively,
with an opposite consequence to their interaction
with c-Myc mRNA. While Linc-RoR is required for hn-
RNP I to bind to c-Myc mRNA, interaction of Linc-RoR
with AUF1 inhibits AUF1 to bind to c-Myc mRNA. As a
result, Linc-RoR may contribute to the increased sta-
bility of c-Myc mRNA. Although hnRNP | and AUF1
can interact with many RNA species and regulate
their functions, with involvement of Linc-RoR they
would be able to selectively regulate mRNA stability
of specific genes such as c-Myc. Together, these re-
sults support a role for Linc-RoR in c-Myc expression
in part by specifically enhancing its mRNA stability,
leading to cell proliferation and tumorigenesis.

INTRODUCTION

Long non-coding RNAs (IncRNAs) are a group of recently
identified RNA molecules with a molecular weight of over
200 nucleotides in length, without coding capacity. Despite
the non-coding nature of IncRNAs, evidence indicates that
IncRNAs can play an important role in regulation of cel-
lular pathways and disease processes. LncRNAs may func-
tion as master gene regulators through various mechanisms,
and thus, the dysregulation of IncRNA expression is often
associated with a variety of human diseases including can-
cer. For instance, a number of IncRNAs have been shown to
play a role in cancer initiation, progression and metastasis
as well as stem cell maintenance (1-6). This may have to do
with their ability to interact with DNA, RNA or proteins
such that they may serve as transcription activators; tran-
scription repressors; guides for chromatin-modifying en-
zymes to be recruited to target genes; and scaffolds to bring
together multiple proteins to form functional ribonucleo-
protein complexes (7-10).

LincRNA regulator of reprogramming (Linc-RoR) was
first identified as a regulator for reprogramming of differ-
entiated cells to induced pluripotent stem cells (iPSCs) in
humans and knockdown of Linc-RoR leads to a modest
increase in apoptosis and activation of p53 pathways (11).
Subsequent studies indicate that Linc-RoR may function as
a key competitive endogenous RNA to link the network of
microRNAs and core transcription factors, such as Oct4,
Sox2, and Nanog (12). Our group demonstrates that Linc-
RoR inhibits p53 translation by interacting with heteroge-
neous nuclear ribonucleoprotein I (hnRNP I) in response to
DNA damage (13). A recent report showed that Linc-RoR
functions as an oncogene in triple negative breast cancer
(TNBC), promoting invasion through miR-145 and ARF6
pathway (14).
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Similar to Linc-RoR, c-Myc also plays an oncogenic role.
It was first identified in Burkitt’s ymphoma and its activa-
tion resulted from a chromosomal translocation (15). In-
creased expression of c-Myc in cancer frequently correlates
with poor patient survival (16). Various mechanism have
been implicated in upregulation of c-Myc, including am-
plification, activation of transcription and posttranscrip-
tional regulation. With regard to posttranscriptional regu-
lation, miR-145 can suppress c-Myc by targeting its 3'-UTR
(17). On the other hand, the mRNA decay factors such as
AU-rich element RNA-binding protein 1 (AUF1) have been
shown to induce c-Myc mRNA degradation (18). However,
little is known whether Linc-RoR plays a role in regulation
of c-Myc expression.

The present study demonstrates that Linc-RoR is capa-
ble of upregulating c-Myc expression, leading to tumorige-
nesis. In particular, we show that Linc-RoR induces c-Myc
mRNA stability by facilitating the interaction of hnRNP
I with c-Myc mRNA and at the same time, inhibiting the
binding of AUF1 to c-Myc mRNA for degradation.

MATERIALS AND METHODS
Reagents

Sources of primary antibodies: c-Myc from Abcam (Cam-
bridge, MA, USA); GAPDH from Protein Tech (Chicago,
IL, USA); hnRNP I and AUF1 from Santa Cruz Biotech-
nology (Dallas, TX, USA). Secondary antibodies conju-
gated with IRDye 800CW or IRDye 680 were purchased
from LI-COR Biosciences (Lincoln, NE, USA).

PCR primers were purchased from IDT (Coralville, TA,
USA). Linc-RoR and control siRNAs were purchased from
ThermoFisher Scientific (Waltham, MA, USA). hnRNP I
or AUF1 siRNA mixture was purchased from Santa Cruz
Biotechnology. Colon cancer tissue cDNA arrays were pur-
chased from OriGene (Rockville, MD, USA). Breast can-
cer tissue microarrays (TMAs) were purchased from US
Biomax (Rockville, MD, USA).

Cell culture

Colon cancer HCT-116 p53 wt and p53 null cells, breast
cancer MCF-7 cell, as described previously (13,17), were
grown in RPMI 1640 from Lonza (Walkersville, MD,
USA), supplemented with 10% FBS from Sigma-Aldrich
(St. Louis, MO, USA), 2 mM glutamine, 100 unites of
penicillin/ml and 100 pg of streptomycin/ml (Lonza). Cells
were incubated at 37°C and supplemented with 5% CO, in
the humidified chamber.

Transfection

Cells were transfected with siRNAs using RNAfectin
reagent from Applied Biological Materials (Richmond, BC,
Canada) or plasmid DNA using DNAfectin (Applied Bio-
logical Materials) following the manufacturer’s protocol.

Plasmid construction

PCR reactions for cloning purpose used Phusion enzyme
from ThermoFisher Scientific (Pittsburgh, PA, USA). Dif-

ferent fragments of Linc-RoR were cloned into pCDH-
CMV-MSC-EF1-copGFP (System Biosciences) with a
strategy described previously (13). For example, to clone
Linc-RoR E4, we first amplified the entire exon 4 by PCR
using primers RoR-E4-R1-5.1 and RoR-E4-Not1-3.2 (Sup-
plementary Table S1) and then cloned into the designated
vector at EcoR T and Not I sites using Cold Fusion kit (Sys-
tem Biosciences). To make miR-145 binding site mutant
clones, we carried out a two-step amplification procedure as
described previously (19), using primers RoR-miR 145-BS1-
m-5.1 and RoR-miR145-BS1-m-3.1; RoR-miR 145-BS2-m-
5.1 and RoR-miR145-BS2-m-3.1 (Supplementary Table
S1). All PCR products were verified by DNA sequencing.
RoR-E4 clone mutated at two putative binding sites was
made through the gBlock method from IDT.

Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted using Direct-zol™ RNA
MiniPrep (Zymo Research) and cDNA synthesis was car-
ried out using RevertAid™ Reverse Transcriptase (Ther-
moFisher) with random primers. PCR was performed using
a standard SYBR Green method. We used primers RoR-
E4-RT-5.1A and RoR-E4-RT-3.1A (Supplementary Table
S1) to detect RoR levels, and c-Myc-RT-5.1 and c-Myec-
RT-3.1 (Supplementary Table S1) to detect c-Myc levels.
GAPDH or B-Actin was used as an internal control. Delta-
delta Ct values were used to determine their relative expres-
sion as fold changes, as previously described (20).

In situ hybridization

In situ hybridization used to detect Linc-RoR in breast can-
cer tissue microarrays (TMAs) was performed according to
a previously described method (21). A biotin-labeled anti-
sense LNA probe was derived from linc-RoR exon 4 was
previously described (13). The relative signal was assessed
based on the intensity as - (negative), same as a negative
control; + (weak positive) and ++ (strong positive).

Knockout of Linc-RoR by CRISPR/Cas9

We used a dual gRNA approach (22) to knock out exon 4
of Linc-RoR (Linc-RoR E4) by CRISPR /Cas9 system (23).
To facilitate the selection of positive clones, we also gener-
ated a donor vector in such a way that targeting sequence
is replaced by marker genes (GFP and PU, the puromycin
resistance gene) once it is integrated into the genomic DNA
by homologous recombination. Donor vector carried EF1-
GFP-T2A-PU flanked by LoxP and a ~800 bp targeting
sequence derived from outside the targeting sites of Linc-
RoR E4. The dual gRNA construct carrying Cas9 and
donor vector were introduced into HCT-116 cells by tran-
sient transfection. The empty dual gRNA vector served as
a control. One week later, the transfected cells were subject
to puromycin selection; and surviving cells were sorted by
FACS based on GFP signal into 96-well plates and then ex-
panded. Initial identification of knockout clones was car-
ried out by genomic PCR, followed by qRT-PCR, as de-
scribed previously (22).



Western blot

Cells were harvested, and proteins were extracted from
transfected cells and quantified as previously described (17).
Samples were separated in a polyacrylamide SDS gel before
transferring to PVDF membrane. Signals were detected us-
ing Odyssey systems (LI-COR).

RNA precipitation

To identify Linc-RoR binding partners, we performed RNA
precipitation assay using biotin-labeled full length Linc-
RoR RNA probe, followed by mass spectrometry provided
by Taplin Mass Spectrometry Facility at Harvard Medical
School. We also used Linc-RoR E4 RNA probe to deter-
mine its interaction with AUF1 or hnRNP I. In this case, a
DNA fragment covering the entire exon 4 of Linc-RoR was
amplified by PCR using a T7 promoter-containing forward
primer T7-RoR-E4-5.1 and T7-RoR-E4-Not1-3.1 (see Sup-
plementary Table S1) and then cloned into pCR8 (Invitro-
gen, Grand Island, NY, USA). The resultant plasmid DNA
was linearized with restriction enzyme Not I which was in-
troduced from the reverse PCR primer, and then used to
synthesize RNA in vitro by T7 polymerase in the presence
of biotin-labeled UTP. The precipitates were subjected to
western blot using AUF1 or hnRNP I antibody. The same
procedure was used for c-Myc RNA precipitation.

RNA immunoprecipitation (RIP)

To determine interaction of AUF1 or hnRNP I with Linc-
RoR or c-Myc mRNA, we used AUF1 or hnRNP I an-
tibody to pull down AUF1 or hnRNP I. Magna RIP™
RNA-Binding Protein Immunoprecipitation Kit (Milli-
pore) was used for RIP procedures according to the man-
ufacturer’s protocol. After the antibody was recovered by
protein A/G beads, standard qRT-PCR was performed to
detect Linc-RoR or c-Myc mRNA in the precipitates.

MTT assay

MTT assay was performed to determine the effect of Linc-
RoR on cell growth as described previously (24).

Animal work

Nude (nu/nu) mice (4-5 weeks old) were purchased from
Harlan Laboratories (Indianapolis, IN, USA). All animal
studies were conducted in accordance with NIH animal use
guidelines and a protocol approved by the UMMC An-
imal Care Committee. HCT-116 cells at the exponential
stage were harvested and were then mixed with 50% ma-
trigel (BD Biosciences, San Jose, CA, USA). Vector control
or Linc-RoR expression vector cells (1.5 million cells/spot),
and donor vector control or Linc-RoR KO cells (1.5 million
cells/spot) were injected into mice s.c.. as described previ-
ously (20). Tumor growth was measured every other day 7
days after injection.

Gene network analysis

To determine whether Linc-RoR also impact other path-
ways, we performed network analysis of the transcriptional
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changes in ESCs caused by Linc-RoR knockdown (access
number is GSE24182) (11) using ANAT program (25).

Statistical analysis

The continuous variables are summarized as mean and
standard error of mean (S.E.M.) unless stated. The two-
sample t test was used to compare the mean of a contin-
uous variable between two samples. The satterthwaite t test
was used for mean comparison when the variances in two
samples were unequal. Association between two categori-
cal variables was evaluated by using the Fisher’s exact test.
All P values were two-sided and P values <0.05 were con-
sidered as significant.

RESULTS

Linc-RoR is upregulated in cancer specimens and its ectopic
expression promotes cell proliferation and tumor growth

To determine the role of Linc-RoR in cancer, we first ex-
amined Linc-RoR expression using the colon cancer tissue
c¢DNA arrays from OriGene by qPCR. We found that Linc-
RoR was highly expressed in tumor specimens compared to
normal tissue (Figure 1A). Furthermore in situ hybridiza-
tion of breast cancer tissue microarrays (TMAs) indicated
that Linc-RoR was also upregulated in tumors compared
to normal tissue (Figure 1B), supporting the oncogenic role
of Linc-RoR. Next, we determined the effect of Linc-RoR
on cell proliferation in colon cancer HCT-116 cells carry-
ing Linc-RoR expression vector and found that overexpres-
sion of Linc-RoR induced cell proliferation, as determined
by MTT assay (Figure 1C). Furthermore, experiments with
xenograft mouse model revealed that Linc-RoR also signif-
icantly induced tumor growth (Figure 1D).

Linc-RoR upregulates c-Myc

To identify how Linc-RoR impacts cell proliferation and tu-
mor growth, we performed network analysis for the profil-
ing data by Loewer et al. (11) using ANAT program (25).
This analysis indicated that Linc-RoR may regulate sev-
eral pathways, in particular c-Myc pathway (Supplemen-
tary Figure S1). Thus, we determined the effect of Linc-RoR
on c-Myc expression. Since p53 can negatively regulate c-
Myec (17), to determine the possibility of p53 involvement,
we carried out these experiments in both p53 wt and p53
null cells (Supplementary Figure S2A). As shown in Figure
1E, overexpression of Linc-RoR induced c-Myc in both cell
lines, as detected by qRT-PCR. At the protein level, we also
found a significant induction of c-Myc by Linc-RoR (Figure
1E, bottom; Supplementary Figure S2B) in both cell lines.
In consistent with these results, knockdown of Linc-RoR by
siRNA decreased c-Myc mRNA and protein levels (Figure
1F). These results suggest that Linc-RoR regulates ¢c-Myc
independent of p53. In addition, similar to results in HCT-
116 cells, while ectopic expression of Linc-RoR increased,
Linc-RoR siRNA suppressed c-Myc in MCF-7 cells (Sup-
plementary Figure S2C). We further confirmed that p53isa
negative regulator for c-Myc (Supplementary Figure S2D).
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Figure 1. Linc-RoR is upregulated in cancer specimens and it promotes cell proliferation and tumor growth. (A) Linc-RoR expression in colon tissues
(cDNA array from OriGene), as detected by qPCR. (B) Detection of Linc-RoR in breast cancer tissue microarrays by in situ hybridization. Top, represen-
tative images for *-’, ‘+’ and ‘++’. Bottom, analysis of total of 14 normal and 79 tumor samples with P < 0.01, as determined by the satterthwaite t test. (C)
Ectopic expression of Linc-RoR promotes cell proliferation, as detected by MTT assay. (D) Linc-RoR promotes tumor growth in xenograft mouse model.
HCT-116 cells were transfected with control or Linc-RoR and then were injected into nude mice s.c. (E) Ectopic expression of Linc-RoR induces c-Myc at
mRNA and protein level both in HCT-116 p53 wt and p53 null cells. (F) Knockdown of Linc-RoR by RNAI decreases c-Myc at mRNA and protein level
both in HCT-116 p53 wt and p53 null cells. Error bars represent S.E.M., n = 3 except for those as indicated. *P <0.05; **P < 0.01.

Knockout of Linc-RoR decreases c-Myc mRNA and protein
levels

To better characterize Linc-RoR-mediated c-Myc expres-
sion, we took advantage of CRISPR/Cas9 system (26,27)
to knockout Linc-RoR since RNAI is not always effective.
Deletion analysis defined the active region of Linc-RoR
within exon 4 (E4) because just like the full length Linc-
RoR, Linc-RoR E4 was also able to induce c-Myc with a
similar level (Figure 2A). Since Linc-RoR lacks an open
reading frame, a small deletion or insertion after DNA
breakage induced by CRISPR /Cas9 may not always cause
loss of its function. Thus, we adopted a dual gRNA ap-
proach we developed recently (22). These two gRNAs were
located just outside of E4 (Figure 2A; Supplementary Fig-

ure S3A) with a purpose to delete the entire exon. Both Cas9
and dual gRNAs were carried on the same vector. Screening
of individual clones identified several complete knockout
(KO) clones by genomic PCR and we selected two of them
(Supplementary Figure S3B) for further characterization.
Both clones (KO #1 and KO #7) expressed little Linc-RoR,
as detected by qRT-PCR (Figure 2B). MTT assay revealed
that cell proliferation rate was significantly decreased in KO
cells as compared to vector control (Figure 2C). Further-
more, c-Myc mRNA level was reduced by ~70% in KO#1
and > 80% in KO#7 clone, respectively (Figure 2D). Simi-
larly, c-Myc protein level was also significantly decreased in
these KO cells as compared to vector control (Figure 2E).
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Linc-RoR KO suppresses tumor growth

To further determine the role of Linc-RoR in tumor growth,
we injected HCT-116 cells (vector control or KO#7) into
nude mice. [t is evident that Linc-RoR KO significantly sup-
pressed tumor growth rate (Figure 3A) and tumor weight
(Figure 3B). Importantly, tumors derived from Linc-RoR
KO expressed lower levels of c-Myc mRNA (Figure 3C) and
c-Myc protein (Figure 3D) than those derived from vector
control, further suggesting that Linc-RoR is critical to tu-
mor growth by regulation of c-Myc.

Regulation of c-Myc mRNA stability by Linc-RoR through
interaction with AUF1

To dissect the underlying mechanism of regulation of c-Myc
by Linc-RoR, we first determined whether miR-145 plays a
role in Linc-RoR-mediated c-Myc expression because there
is a reciprocal repression between Linc-RoR and miR-145
(12) and c-Myc serves as a direct target for miR-145 (17).
Thus, we generated a Linc-RoR E4 expression vector car-
rying two mutant miR-145 binding sites (Supplementary
Figure S4A). In consistent with the previous report, ectopic
expression of Linc-RoR E4 reduced miR-145, and muta-
tion of two potential miR-145 binding sites in Linc-RoR E4
(Linc-RoR E4 mt) had no effect on miR-145 (Supplemen-
tary Figure S4B). Importantly, ectopic expression of both
Linc-RoR E4 and Linc-RoR E4 mt induced c-Myc (Supple-
mentary Figure S4C), suggesting that Linc-RoR can regu-
late c-Myc independent of miR-145.

Therefore, we performed RNA precipitation using biotin-
labeled Linc-RoR as a probe, and mass spectrometry analy-
sis (Supplementary Table S2) identified a number of poten-
tial Linc-RoR binding partners. Among them was AUF1
(hnRNP D), a known factor involved in regulation of
mRNA stability (28). Western blot analysis of the precip-
itates confirmed the interaction of AUF1 and Linc-RoR
(Figure 4A). In addition, we also detected a previously iden-
tified Linc-RoR binding partner (13), hnRNP I (Figure 4A).
RNA immunoprecipitation (RIP) assays with AUF1 anti-
body detected about a 3-fold enrichment of Linc-RoR by
AUF1 antibody over I1gG control (Figure 4B), providing
further evidence that AUF1 is a Linc-RoR binding partner.

Since AUF1 is known to function as a destabilizer for
c-Myc mRNA (29), we determined whether Linc-RoR
impacts c-Myc mRNA stability through interaction with
AUF1. Thus, we treated cells with the RNA synthesis in-
hibitor actinomycin D (30) and then isolated total RNA at
20, 40 and 60 min, respectively. As shown in Figure 4C, the
c-Myc mRNA level was significantly reduced in two KO
clones as compared to control cells. Half-life for vector is
more than 1 h; half-life for KO #1 and KO #7 is 50 and
40 min, respectively, suggesting that Linc-RoR KO reduces
c-Myc mRNA stability. To further confirm that Linc-RoR
contributes to c-Myc mRNA stability, we performed a re-
constitution experiment. We introduced Linc-RoR E4 ex-
pression vector into KO #7 cells and then treated the cells
with actinomycin D. While half-life for vector is ~50 min,
half-life for RoR E4 re-expression is >1 h (Figure 4D), sug-
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gesting that Linc-RoR E4 is capable of enhancing c-Myc
mRNA stability.

To determine the role of Linc-RoR in the AUFI-
mediated c-Myc expression, we transfected vector control
or KO cells with AUF1 siRNAs. Consistent with the pre-
vious report (29), AUF1 siRNA knockdown led to ~1.5-
fold increase in c-Myc mRNA expression in control cells
(Figure 4E). Importantly, Linc-RoR KO further increased
the c-Myc mRNA level (about a 2.5-fold over the control
siRNA) in KO cells (Figure 4E). Similarly, AUF1 siRNAs
also caused a significant increase in c-Myc protein, partic-
ularly in Linc-RoR KO cells (Figure 4F), suggesting that
Linc-RoR plays a role in AUF1-mediated c-Myc mRNA
stability.

Linc-RoR enhances c-Myc mRNA stability by interacting
with hnRNP I

Having demonstrated that Linc-RoR impacts the AUF1-
mediated c-Myc mRNA stability, we did deletion analysis of
Linc-RoR E4 to further define the active region responsible
for regulation of c-Myc expression (Figure 5A). We found
that the smallest fragment consisting of 165 bp (E4-d3) was
still capable of increasing c-Myc protein level (Figure 5B).
We then did reconstitution experiments by re-expression of
Linc-RoR and various deletion constructs in KO cells. Sim-
ilar to the results shown in Figure 5B, all constructs except
for RoR E1~3 were able to restore the KO cells to increase

the c-Myc level (Figure 5C). Of interest, the Linc-RoR E4-
d3 fragment contains a conserved hnRNP I binding motif
(13), implying that hnRNP I might also be involved in regu-
lation of c-Myc mRNA by interacting with Linc-RoR. RIP
assay showed that Linc-RoR E4 specifically interacted with
hnRNP I (Supplementary Figure S5A) To test this hypoth-
esis, we chose HCT-116 p53 null cells because hnRNP I is
also involved in regulation of p53 (13). Thus, we transfected
HCT-116 p53 null cells with hnRNP I siRNAs. Both c-Myc
mRNA and protein levels were reduced by hnRNP I siR-
NAs (Figure 5D and E), suggesting that hnRNP I can also
regulate c-Myc and this regulation is independent of p53.
Furthermore, we detected a significant reduction of c-Myc
protein (Figure 5F) as well as mRNA (Supplementary Fig-
ure S5B) by hnRNP I siRNAs in vector control cells, but
not in KO cells, suggesting the effect of hnRNP I siRNAs
on c-Myc is greatly attenuated in KO cells.

Linc-RoR regulates the competition of AUF1 and hnRNP I
for c-Myc mRNA

At this point, we identified three players, i.e. Linc-RoR,
AUF1 and hnRNP I, in regulation of c-Myec. To further de-
termine how Linc-RoR regulates c-Myc mRNA stability by
interacting with AUF1 and hnRNP I, we performed RIP ex-
periments with AUF1 or hnRNP I antibody. As expected,
the enrichment of Linc-RoR was detected in control cells,
but it was substantially reduced in KO cells, by AUF1 or
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Figure 4. Linc-RoR interacts with AUF1 to regulate c-Myc mRNA stability. (A

) Interaction of Linc-RoR with AUF1 and hnRNP I, as detected by RNA

precipitation using Linc-RoR E4 as an RNA probe, followed by western blot. (B), RIP assay using AUF1 antibody confirms that Linc-RoR interacts with
AUFI. (C) Reduction of c-Myc mRNA stability in Linc-RoR KO cells as compared to control cells. Cells were treated with 2 pg/ml actinomycin D and
RNA was isolated at 0, 20, 40 and 60 min, respectively. (D) Re-expression of Linc-RoR E4 restores its ability to increase c-Myc mRNA stability. KO #7
cells were firstly transfected with control or Linc-RoR E4 vector and the transfected cells were then treated with actinomycin D as in C. (E) Suppression of
AUF1 by RNAI increases c-Myc mRNA. Note that this effect was more significant in KO cells than in vector control. (F) AUF1 siRNAs increase c-Myc
protein, which is also more obvious in Linc-RoR KO cells than in vector control. Error bars represent S.E.M., n = 3. *P < 0.05; **P < 0.01.

hnRNP I antibody (Supplementary Figure S6A and S6B).
We also showed that both AUF1 and hnRNP I can interact
with c-Myc mRNA by RNA precipitation using c-Myc 3'-
UTR as a probe (Figure 6A). Of great interest, Linc-RoR
impacted the interaction of AUF1 or hnRNP I with c-Myc
mRNA in an opposite way. For instance, the enrichment of
c-Myc mRNA by AUF1 antibody was significantly higher
in KO cells than in control cells (Figure 6B). In contrast,
enrichment of c-Myc mRNA by hnRNP I antibody was
decreased significantly in KO cells as compared to control
cells (Figure 6C), suggesting that Linc-RoR could promote
the interaction of hnRNP I with c-Myc mRNA. This was
not due to alterations of AUF1 or hnRNP I levels because
Linc-RoR KO had no effect on their expression (Supple-
mentary Figure S7A) and vice versa (Supplementary Fig-
ure S7B and C). Moreover, RNA precipitation using c-Myc
3’-UTR probe also supported this notion. For example, we
detected less amount of hnRNP I in KO #7 cells as com-
pared to control cells (Figure 6D). In contrast, we detected a
slight more amount of AUF1 in KO #7 cells as compared to
control cells (Figure 6D), further suggesting that Linc-RoR
is required for hnRNP I to interact with c-Myc mRNA, but
interaction of Linc-RoR with hnRNP I inhibits the binding
of AUF1 to c-Myc mRNA.

As RNA binding proteins, both hnRNP I and AUF1 can
interact with a variety of RNA species and impact these
genes in various ways (31,32). Hence, we asked whether
Linc-RoR is specific to c-Myc. To test this possibility, we
determined the effect of AUF1 and Linc-RoR on p2l1, a
known target for AUF1 (33). As expected, AUF1 siRNAs
were able to increase the level of p21 mRNA (Supplemen-
tary Figure S8A); however, the same level of p21 mRNA
also seen in Linc-RoR KO cells (Supplementary Figure
S8A), suggesting that the AUF1 siRNA-mediated increased
level of p21 is not affected by Linc-RoR KO. Indeed, Linc-
RoR KO alone had no effect on p21 expression (Supple-
mentary Figure S8B). Finally, we also found that tumors
derived from Linc-RoR KO cells expressed about the same
level of p21 mRNA as control (Supplementary Figure S§C).
These results suggest that Linc-RoR plays a specific regula-
tory role toward c-Myc.

DISCUSSION

c-Myc is one of the most important oncogenes and its ac-
tivation can cause unregulated expression of many target
genes, leading to the formation of cancer (34). Overwhelm-
ing evidence indicates that various mechanisms may con-
tribute to the c-Myc upregulation. For example, amplifica-
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tion of the c-Myc gene has been often seen in cancer; sim-
ilarly, transcriptional activation or posttranscriptional reg-
ulation can also lead to the increased level of c-Myc. Reg-
ulation of mRNA turnover is an important mechanism of
posttranscriptional regulation of c-Myc. The present study
demonstrates that Linc-RoR specifically upregulates c-Myc
by in part enhancing its mRNA stability through interac-
tion with hnRNP I and AUF1.

Linc-RoR was originally identified to be able to regulate
reprogramming of iPSCs (11). Our previous study suggests
the potential oncogenic role of Linc-RoR in cancer progres-
sion (13). The present study provides further evidence that
Linc-RoR functions as an oncogene. For example, Linc-
RoR is upregulated in colon and breast cancer specimens.
Its overexpression promotes tumor cell growth both in vitro
and in vivo. Furthermore, Linc-RoR KO leads to a signif-
icant reduction of tumor growth rate and overall tumor
weight. Given the role of Linc-RoR in c-Myc expression, as
demonstrated in this study, we suggest that upregulation of
c-Myc by Linc-RoR contributes to the Linc-RoR-mediated
tumorigenesis.

Our in silico analysis suggests a link between Linc-RoR
and c-Myc. As a well-known oncogene, c-Myc is involved
in regulation of multiple cellular processes, such as cell
proliferation, apoptosis, differentiation, and stem cell self-
renewal (35). It is conceivable that cells develop a complex
regulatory network for precisely controlling c-Myc expres-
sion, which may in part explain why the c-Myc mRNA half-

life is relatively short as compared to that of most genes.
Thus, regulation of c-Myc mRNA stability is critical to
c-Myc-mediated tumorigenesis. In support of this notion,
the half-life of c-Myc mRNA in cancer cells is significantly
longer than in normal cells (36). However, underlying mech-
anism is not fully understood. Although previous studies
have identified AUF1 as an important destabilizer for c-
Myc mRNA, little is known whether other player(s) is in-
volved in this regulatory network.

Many labile mRNAs can be regulated in part by an AU
rich element (ARE) in the 3'-untranslated region (3’-UTR).
An early report suggests that ARE binding affinities of
AUF1 correlate with the potency of an ARE to direct degra-
dation of a heterologous mRNA (37), supporting a role for
AUFI1 in ARE-directed mRNA decay. For example, the 3'-
UTR of ¢c-Myc has been shown to be required for a high
rate of mRNA turnover; in particular, a region of 140 bases
of the 3’-UTR is primarily responsible for the short c-Myc
RNA half-life (38). This region carries several AU-rich ele-
ments (AREs) which can be targeted by ARE-specific bind-
ing proteins (AUBP). Based on ARE site (http://rna.tbi.
univie.ac.at/cgi-bin/AREsite.cgi), there are four ATTTA el-
ements in ¢c-Myc (Supplementary Figure S9). Our study
suggests that as a member of AUBPs, AUF1 is involved in
regulation of c-Myc mRNA stability.

Moreover, our study suggests that AUF1 is not the only
factor involved in regulation of c-Myc mRNA stability. Like
AUF1, hnRNP I can also interact with Linc-RoR. However,
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in contrast to AUF1, hnRNP I can enhance c-Myc mRNA
stability, which is likely through its competition with AUF1
for c-Myc mRNA. Our RIP assays indicate that while more
c-Myc mRNA is precipitated by AUF1 antibody in Linc-
RoR KO cells than in control cells, very little c-Myc mRNA
is precipitated by hnRNP I antibody in KO cells, suggesting
that Linc-RoR has an opposite effect on their interactions
with c-Myc mRNA. For example, hnRNP I siRNAs sup-
press c-Myc mRNA and protein levels. Furthermore, there
is a significant reduction of c-Myc mRNA and protein lev-
els by hnRNP I siRNAs in control cells but not in Linc-
RoR KO cells. Finally, RIP assays with hnRNP I antibody
indicate that interaction of c-Myc mRNA and hnRNP I
is severely attenuated or lost in KO cells, suggesting that
Linc-RoR is required for hnRNP I to interact with c-Myc
mRNA. Therefore, these findings support a novel function
of hnRNP I in regulating c-Myc mRNA stability through
interaction with Linc-RoR.

Both AUF1 and hnRNP I belong to a family of RNA
binding proteins that play multiple roles in the cell, includ-
ing RNA processing, pre-mRNA splicing, mRNA export,
localization, translation and stability (39). As an important
factor for mRNA stability, AUF1 can bind and regulate
many genes such as p21 in addition to c-Myc. However,

Linc-RoR can impact only AUF1-mediated expression of
c-Myec, but not p21. This may be due to several possibilities.
Initially, we thought that Linc-RoR may directly interact
with c-Myc mRNA through two 11 bp sequences comple-
mentary to Linc-RoR E4 (Supplementary Figure S9). How-
ever, mutagenesis of these two sites had no effect on bind-
ing between Linc-RoR and c-Myc mRNA (Supplementary
Figure S10), suggesting that they are not crucial. Another
possibility is that interaction of hnRNP I with Linc-RoR
may change its conformation such that it facilitates the sub-
sequent binding to c-Myc mRNA. However, such confor-
mation changes may not favor its binding to p21 mRNA.
Therefore, by manipulating the level or activity of hnRNP
I or AUF1, we would expect that all targeted genes will be
impacted. In contrast, an alteration of the Linc-RoR level
would be able to specifically regulate c-Myc. This mecha-
nism may provide the cell with more flexibility to adapt to
various environmental conditions.

In summary, although several mechanisms may be in-
volved in Linc-RoR-mediated c-Myc expression, this study
focuses on the regulation of c-Myc mRNA stability by at
least three players. While Linc-RoR plays a regulator role,
hnRNP I and AUF1 serves as basic machinery. In other
words, Linc-RoR, but not hnRNP I or AUF1, decides the
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specificity for the gene to be regulated. Since RNA binding
proteins (e.g. hnRNP I and AUF1) usually have a broad
range of substrates or targets, alterations in their levels or
activity would impact a large number of genes. On the other
hand, by changing levels of Linc-RoR, we would expect to
see a specific set of genes or even a single gene to be regu-
lated. For example, the level of Linc-RoR is low in normal
cells. Thus, AUF1 is able to interact with ARE of c-Myc
mRNA, leading to a high turnover of c-Myc mRNA. In tu-
mor cells, Linc-RoR is upregulated such that Linc-RoR in-
teracts with hnRNP I and facilitates the interaction of hn-
RNP I with c-Myc mRNA. At the same time, Linc-RoR
also interacts with AUF1, which prevents its interaction
with c-Myc mRNA. A consequence of both actions is an
increased half-life of c-Myc such that these tumor cells be-
come more proliferative and more aggressive.
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