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LINCO0839 promotes colorectal cancer progression
by recruiting RUVBL1/Tip60 complexes to activate

NRF1
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Abstract

The long noncoding RNA LINC00839 has been shown to be involved
in the progression of some cancer types, such as bladder cancer,
prostate cancer, breast cancer, and neuroblastoma. However, if
LINCO00839 has roles in colorectal cancer (CRC), it has not been elu-
cidated so far. Here, we focus on the biological role and involved
mechanisms of LINCO0839 in CRC. We show that LINCO0839 is
selectively upregulated in CRC and locates to the nucleus. High
expression of LINCO0839 is associated with poor outcomes in CRC
patients. Functional experiments show that LINCO0839 promotes
CRC proliferation, invasion, and metastasis in vitro and in vivo.
Mechanistically, LINCO0839 recruits Ruvbl to the Tip60 complex
and increases its acetylase activity. LINCO0839 guides the complex
to the NRF1 promoter and promotes acetylation of lysines 5 and 8
of histones H4, thereby upregulating the expression of NRF1. Sub-
sequently, NRF1 activates mitochondrial metabolism and biogene-
sis, thereby promoting CRC progression. In summary, our study
reports on a mechanism by which LINCO0839 positively regulates
NRF1, thus promoting mitochondrial metabolism and biogenesis,
as well as CRC progression.
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Introduction

Colorectal cancer (CRC) is an aggressive malignancy, and it has the
third highest incidence and second highest mortality rate of all
cancers worldwide (Siegel & Miller, 2019). The initial events in CRC
have been relatively well studied, and treatments for CRC have sig-
nificantly improved over the past few decades; however, the mecha-
nism underlying CRC tumorigenesis has not been fully elucidated,

and effective diagnostic methods have not been fully identified until
recently (Stein & Schlag, 2007). Therefore, the molecular mecha-
nisms underlying CRC tumorigenesis and progression should be
explored to facilitate the development of new diagnostics and the
discovery of new therapeutic strategies for CRC, especially for
patients with advanced disease.

Tumor cells require energy and material metabolism to provide a
foundation for their survival and reproduction. Traditionally,
enhanced aerobic glycolysis was considered an important hallmark
of cancer (Hua & Ten Dijke, 2020). However, in recent years,
metabonomic studies based on isotope labeling have revealed that
the function and activity of mitochondria in tumors are complete
(Porporato et al, 2018; Kreitz et al, 2019). The mitochondrial TCA
cycle can also provide energy for tumor cell survival or prolifera-
tion. With the increasing evidences, the role of the TCA cycle in
cancer metabolism needs to be re-evaluated (Anderson et al, 2018;
Huang et al, 2019; Cai et al, 2020). In addition, changes in mito-
chondrial function and mitochondrial biogenesis, which are regu-
lated by many factors, also play important roles in cancer.
proliferator-activated = receptor-gamma  (PPARY)
coactivator-lalpha (PGC-1a) activates nuclear respiratory factor 1
and 2 (NRF1 and NRF2) and subsequently mitochondrial transcrip-
tion factor A (TFAM), thus regulating mitochondrial biogenesis
(Collu-Marchese et al, 2015). Abnormal mitochondrial biogenesis
has been observed in many cancers (LeBleu et al, 2014; Torrens-
Mas et al, 2019; Si et al, 2020). Therefore, to treat cancer effec-
tively, therapeutic interventions that target the mitochondria must
be considered—future studies on combination therapies will be
important for advancing cancer treatments.

LncRNAs are aberrantly expressed in a variety of tumors and are
closely related to malignant transformation. The mechanisms under-
lying IncRNA functions are diverse. For example, IncRNA MALAT1
can suppress breast cancer metastasis by inhibiting transcriptional
activation (Kim et al, 2018). The IncRNA UCA1, which sponges
antitumor miRNAs, accelerates tumor progression in gastric cancer
(Wang et al, 2019). LncRNAs can also serve as scaffolds to guide
proteins to form ribonucleoprotein complexes (RNPs) or recruit
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chromatin-modifying complexes to target genes in the nucleus
(Huarte et al, 2010; Simon et al, 2013). The IncRNA LINC00839,
located on human chromosome 10q11.21, is functional unknown,
and reports of its role in cancer are scanty. To date, limited studies
have documented that LINC00839 is involved in cancers, such as
bladder cancer, prostate cancer, breast cancer, and neuroblastoma
(Sahu et al, 2018; Xu et al, 2018; Vishnubalaji et al, 2019; Zhang
et al, 2019, 2020; Chen et al, 2020). Evidence has shown that high
glucose can induce the upregulation of LINC00839 in breast cancer
cells (Hu et al, 2019). LINC00839 can interact with Lin28B to pro-
mote breast cancer chemoresistance (Chen et al, 2020), and it can
also competitively bind to microRNA-454-3p and thus increase c-
Met expression (Zhang et al, 2020). Recent studies suggest that
LINCO00839 silencing represses neuroblastoma cell proliferation,
invasion, and glycolysis and promotes apoptosis through the miR-
338-3p/GLUT1 axis (Yang et al, 2021). However, the role of
LINC00839 in CRC is not well characterized, and whether it exerts
an effect on CRC has not yet been elucidated.

In this study, we report that LINC00839 is a critical oncogenic
IncRNA that is capable of predicting adverse CRC prognosis.
LINC00839 promotes cellular proliferation and metastasis. Mecha-
nistically, LINC000839 exerts its oncogenic effects by recruiting
Ruvbl to the Tip60 complex and increasing its acetylase activity,
resulting in the acetylation of histones at the NRF1 promoter and
increased expression of NRF1; subsequently, NRF1 plays an impor-
tant role in OXPHOS and mitochondrial biogenesis in CRC. This
study systematically demonstrates the oncogenic role of LINC00839,
as well as its underlying mechanism, and provides a potential thera-
peutic target for CRC.

Results

LINCO00839 is highly expressed in CRC and positively associated
with poor outcomes in patients

We analyzed the expression of LINC00839 using the UALCAN data-
base (Chandrashekar et al, 2017) and InCAR datasets, and the
results suggested that LINC00839 was more highly expressed in
CRC tissues than in matched normal adjacent tissues (NATs;
Fig 1A-D). LINC00839 mRNA expression was increased in tumor
specimens obtained from 45 CRC patients as determined by qPCR,
and its expression was higher in patients with metastasis (Fig 1E
and F). In situ hybridization (ISH) was used to verify the expression
of LINC00839 in a cohort of 222 formalin-fixed and paraffin-
embedded (FFPE) samples. The results also revealed that 52.7%
(117/222) of patients had higher LINC00839 expression in tumor tis-
sues than in NATs (Fig 1G and H). These data suggest that
LINCO00839 is highly expressed in CRC, and its high expression is
correlated with metastasis.

We further investigated whether LINC00839 expression is corre-
lated with poor outcomes in CRC patients. In the 222 CRC ISH
cohort, TNM stage, lymph node status, distant metastasis (Fig 1I),
vascular invasion, and clinical stage (Fig 1J) were correlated with
high expression of LINC00839 (Appendix Table S1). Survival analy-
sis showed that patients with high LINC00839 expression had a
lower overall survival rate and disease-free survival rate (Fig 1K
and L). Similar results were observed in the public InCAR (Fig 1M).
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Taken together, these results indicate a correlation of increased
LINC00839 expression with CRC metastasis and low survival proba-
bility.

Similar results were observed in cell lines. LINC00839 expression
was higher in the RKO, HT-29, SW620, HCT116, and CaCo2 CRC
cell lines than in the FHC normal colon cell line (Fig 1N). However,
the difference in the expression of LINC00839 between the SW480
and LoVo CRC cell lines was not significant. In addition, subcellular
localization was assessed in the nucleocytoplasmic fractions from
several CRC cell lines (Fig 10). The results were consistent with
those of the ISH analysis and showed that LINC00839 was predomi-
nantly expressed in the nucleus of colorectal epithelial cells and
CRC cells.

Nuclear LINCO0839 accelerates the development of CRC in vitro
and in vivo

To elucidate the role of LINC00839 in CRC progression, LINC00839
was overexpressed and knocked down in CRC cells (Figs 2A and
EV1A). The proliferation of cells was measured by CCK8 and colony
formation assays, and the migration and invasion abilities were
observed by wound-healing and Transwell assays. These experi-
ments showed that overexpression of LINCO00839 significantly
enhanced the proliferation, migration, and invasion of CRC cells
compared with the control (Fig 2B-E). Knockdown of LINC00839
caused the opposite results (Fig EV1B-F). Furthermore, we estab-
lished a cell-derived xenograft (CDX) model, and the results demon-
strated that overexpression of LINC00839 dramatically accelerated
tumor growth (Fig 2F). Tumors derived from LINC00839-
overexpressing cells exhibited increased tumor volume and a high
proliferation index as detected by Ki-67. In contrast, knockdown of
LINCO00839 caused the opposite results (Fig EV1G).

To investigate whether LINC00839 affects tumor metastasis, we
established a CRC orthotopic mouse model by injecting the well-
described CRC cell line SW480 into the caecal termini of nude mice.
Once one mouse became moribund, all the mice were simultane-
ously sacrificed to examine liver metastasis using HE staining. The
results showed that LINCO00839-overexpressing cells exhibited
enhanced liver colonization abilities compared with the control cells
(Fig 2G). Together, these results reveal that LINC00839 can acceler-
ate CRC cell proliferation and metastasis in vitro and in vivo.

LINC00839 induces EMT in CRC cells

Studies have shown that EMT is an important driver of the prolifera-
tion, invasion, and metastasis of CRC (Vu & Datta, 2017; Tang
et al, 2020). We found that cells overexpressing LINC00839 exhib-
ited EMT-like cell morphology (Fig EV1H). Thus, we hypothesized
that LINC00839 can accelerate the EMT of CRC cells. GSEA of TCGA
datasets revealed that high LINC00839 expression was positively
correlated with EMT (Fig EV1I). Furthermore, IF and WB results
indicated that LINC00839 can downregulate the expression of E-
cadherin and ZO-1 and promote the expression of N-cadherin,
Vimentin, and Slug (Fig EV1J and K). Importantly, by measuring
the expression of E-cadherin and Vimentin via IHC staining, we
observed the same results in the tumors from the CRC orthotopic
mouse model (Fig EVIL). These results demonstrate that
LINC00839 can promote the progression of EMT in CRC.
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LINC00839 serves as a scaffold to recruit Ruvbl to the Tip60
complex and increases its acetylase activity

The subcellular localization of IncRNAs determines their function.
As LINCO00839 is mainly localized to the nucleus, we hypothesized
that LINC00839 may play a role in epigenetic regulation, transcrip-
tional regulation, or posttranscriptional regulation. Subsequently,
we performed an RNA pull-down assay and observed obvious
enrichment of several proteins (Fig 3A). The enriched proteins were

EMBO reports

identified by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). A total of 131 potential binding proteins were identi-
fied (Dataset EV1). Among these proteins, we focused on Ruvbl,
which is a vital component in some large multiprotein complexes
(Fig EV2A). Next, RNA pull-down assays and subsequent WB con-
firmed the binding of LINC00839 and Ruvbl1 (Fig 3B). We also per-
formed a RIP assay and found that LINC00839 was significantly
enriched by the Ruvbl antibody (Fig 3C). To identify their specific
binding sites, RPISeq was used to predict the ability of different
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Figure 1. LINCO00839 is highly expressed in CRC and positively associated with poor outcomes in patients.

A The expression of LINCO0839 in CRC tissues and normal mucosa tissues in the UALCAN database.
B-D The expression of LINCO0839 in unpaired CRC and normal samples in the LnCAR database (GSE37364, GSE71187, and GSE33113).
E,F The expression levels of LINCO0839 in tumor tissues and NATs from the CRC cohort (n = 45). nmCRC denotes CRC patients without metastases, and mCRC denotes

CRC patients with metastases.

G Representative ISH staining of LINCO0839 in paraffin-embedded samples of CRC tumor tissues and NATS. (a) Expression of LINCO0839 in tumor tissues and NATS.
Scale bars, 100 pm. (b) Magnification of normal mucosal area and (c) magnification of the tumor area. Scale bars, 50 pum. (d) Weakly positive staining of LINCO0839
in normal mucosa. Scale bars, 50 pm. (e) Strong positive staining of LINCO0839 in tumors and (f) magnification of the local area. Scale bars, 100 um.

H The expression score of the tumors and NATs in the ISH cohort (n = 222).

| Differential expression of LINCO0839 in nonmetastatic CRC patients (nmCRC) and metastatic CRC patients (mCRC).

J Expression of LINCO0839 in CRC patients with early-stage (stage | and 1) and advanced-stage (stage Ill and IV) disease.
K, L Kaplan—Meier analysis of overall survival and disease-free survival rate of the ISH CRC cohort.

M Kaplan—Meier analysis of the disease-free survival rate of CRC patients in the LnCAR database (GSE33113).

N The expression of LINCO0839 in a colon mucosa epithelial cell line (FHC) and CRC cell lines.

(o] The subcellular localization was determined by nucleocytoplasmic fractionation of several CRC cell lines.

Data information: In (A, B, C, D and J), the middle lines represent the median, and the upper and lower lines represent the upper and lower quartiles. In (E, F, N and O),
the data are presented as the mean £ SD and were analyzed by Student’s t-test, n = 3 technical replicates. In (H and 1), the data are shown as the mean + SD and were
analyzed by Student’s t-test. Across experiments, the P-values are as follows: ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

regions of LINC00839 to bind to Ruvbl (Fig EV2B). According to
the results, we generated different LINC00839 fragments and per-
formed an RNA pull-down experiment; the RNA hairpin structures
were mostly preserved in each fragment we designed. The results
showed that only nucleotides 775-1,548 of LINC00839 bound to
Ruvbl (Fig 3D). To further narrow down the specific binding sites,
sequence containing nucleotides 775-1,548 was further divided into
three fragments. The RNA pull-down experiment results indicated
that nucleotides 1,033-1,290 of LINC00839 bound to Ruvbl
(Fig 3D). Importantly, the LINC00839 fragment lacking nucleotides
1,033-1,290 showed little ability to bind to Ruvbl (Fig 3E). These
data indicate that nucleotides 1,033-1,290 of LINC00839 bind to
Ruvbl. [-TASSER software from Zhang’s laboratory was used to pre-
dict the 3D structure of the Ruvbl protein, and the C-score of the
predicted model was —0.59, which indicates model accuracy with a
high degree of confidence. Then, we further used RNA fold analyses
and structure software to predict the secondary structure of
LINCO00839. Fig EV2C presents the structure of the LINCO00839-
Ruvb1 binding complex.

As Ruvbl plays an important role in some large multiprotein
complexes, we wondered whether LINC00839 could interact with
certain multiprotein complexes containing Ruvbl, such as the
Tip60, INO80, and R2TP complexes. We performed RNA pull-down
and RIP using Tip60, ION80, SRCAP, and PIHIDI1 antibodies and
observed that LINC00839 was only enriched by the Tip60 antibody
(Figs EV2D and 3F). Furthermore, Tip60 was identified at approxi-
mately 60 kDa by LC-MS (Dataset EV1). Surprisingly, WB analysis
showed that the expression of Tip60 and Ruvbl was not regulated
by LINCO00839 (Fig 3G). This prompted us to ask whether
LINCO00839 can serve as a scaffold to recruit Ruvbl to the Tip60
complex. First, we confirmed the interaction of Ruvbl and Tip60 in
HCT116 and SWG620 cells by coimmunoprecipitation (Co-IP;
Fig 3H). To further explore the role of LINC00839 in the interaction
between Ruvbl and the Tip60 complex, we performed Co-IP experi-
ments in LINC00839-overexpressing cells, cells expressing a
LINC00839 molecule lacking nucleotides 1,033-1,290 (LINC-AS),
and LINC00839-knockdown cells. Our findings showed that LINC-
A5 expression and LINC00839 knockdown inhibited the binding of
Ruvbl and the Tip60 complex (Fig 3I and J), indicating that Ruvbl
interacted with Tip60 in a LINC00839-dependent manner.
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With this in mind, we sought to determine whether the interac-
tion between LINC00839 and the Ruvb1/Tip60 complex affected the
acetylase activity. We first measured the acetylase activity in cells
overexpressing LINC00839 and LINC-AS, as well as in LINC00839-
KD cells. Consequently, LINC00839 overexpression increased acety-
lase activity, and LINC-A5 overexpression did not exert a similar
effect; however, knockdown of LINCO00839 decreased acetylase
activity (Fig 3K and L). To further elucidate whether the increase in
acetylase activity was due to the Ruvb1/Tip60 complex, we treated
LINCO00839-overexpressing cells with 74 uM MG149, which is a his-
tone acetyltransferase inhibitor that targets Tip60, and RUVBLI1
siRNA. The knockdown efficiency of RUVBL1 siRNA was validated
by WB (Fig EV2E). The results showed that both MG149 and
RUVBL1 siRNA reversed the increase in acetylase activity caused by
LINC00839 (Fig 3L). Collectively, these results indicated that
LINC00839 can serve as a scaffold to recruit Ruvbl to the Tip60
complex and increase its acetylase activity.

LINC0O0839 promotes NRF1-mediated OXPHOS and mitochondrial
biogenesis in CRC

To elucidate the biological process in which LINC00839 may partici-
pate, we overexpressed LINC00839 in LoVo cells and identified the
transcription profiles through RNA-seq. Notably, differentially
expressed gene (DEG) analysis revealed that 48 genes were
upregulated and 51 genes were downregulated in LINCO00839-
overexpressing cells (> 1.5-fold change, P-value < 0.05; Dataset
EV2). KEGG pathway analysis showed that the DEGs were associ-
ated with oxidative phosphorylation (OXPHOS) and some diseases
related to mitochondrial dysfunction (Fig 4A). GO enrichment anal-
ysis also identified some annotations correlated with mitochondrial
components and functions (Fig EV2F). Most of the DEGs encode
essential subunits of mitochondrial complexes I, III, and IV and are
involved in mitochondrial biogenesis (Fig 4B). Similarly, GSEA of
CRC datasets (GSE14333) also suggested a relationship between
LINC00839 and OXPHOS (Fig 4C). Considering these results, we
inferred that LINC00839 may facilitate OXPHOS and mitochondrial
biogenesis in CRC. Glucose intake, lactate secretion, ATP levels, and
NAD/NADH ratios were measured in LINC00839-overexpressing
and LINC00839-knockdown CRC cell lines (Figs EV2G and H, and
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Figure 2. Overexpression of LINCO0839 promotes CRC cell growth and metastasis in vitro and in vivo.
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Colony formation assay was performed with LINCO0839-overexpressing cells and vector control cells.
Wound-healing assay was performed with LINC0O0839-overexpressing cells and vector control cells. Scale bars, 100 pm.
Matrigel invasion assay was performed with LINCO0839-overexpressing cells. Scale bars, 2100 pm.
The CDX model showing the effect of LINCO0839 on tumor growth. Representative image of tumors harvested from the mouse model (upper panel), the quantitative
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analysis of tumor weight and tumor volume (medium panel), and representative images and quantification of IHC staining of Ki-67 in tumors (bottom panel; n = 6
for each cohort, and the results are presented as the mean + SD, Student’s t-test (medium left and low right panel) and ANOVA (medium right). Scale bars, 100 pm

(n = 6 biological replicates).

G The CRC orthotopic mouse model revealed the effect of LINCO0839 on tumor development. Representative images of primary tumors (yellow arrowheads) and liver
metastasis (blue arrowheads) in the model (upper panel), analysis of tumor volume and the number of mice with liver metastasis (medium panel), and H&E staining
of tumors and metastases (n = 6 for each cohort). Scale bars, 100 um (n = 6 biological replicates).

Data information: In (C-E), the data are presented as the mean + SD and were analyzed by Student’s t-test, n = 3 biological replicates. Across experiments, the P-values
are as follows: ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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4D and E). As the results showed, LINC00839 overexpression
increased the intracellular ATP levels, NAD/NADH ratios, and glu-
cose intake but did not affect the lactate secretion of CRC cells, sug-
gesting that OXPHOS is enhanced and that glucose metabolism
provides a substrate for OXPHOS but not for glycolysis. We also
confirmed the expression of several genes involved in OXPHOS and
mitochondrial biogenesis, including TFAM, MT-ND5, MT-CYB, and

Xiaoting Liu et al

upregulated by LINC00839 overexpression (Fig 4F). Mitochon-
drial mass was also increased by LINCO00839 overexpression,
as measured by TEM (Fig EV2I and J). These results suggest
that LINC00839 regulates OXPHOS and mitochondrial biogenesis
in CRC.

As NRF1, which is highly expressed in cells overexpressing
LINC000839 (Fig 4B), can regulate the expression of genes related

MT-CO1, and found that the expression of these proteins was to mitochondrial energy metabolism and biogenesis, we
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Figure 3. LINC00839 serves as a scaffold to recruit Ruvb1l to the Tip60 complex and increases its acetylase activity.

A An RNA pull-down assay was performed to identify proteins that bind to LINCO0839 in HCT116 cells.
B RNA pull-down assay and WB showed that biotinylated LINCO0839 can bind to Ruvbl in HCT116 cells. Dot blot of RNA—protein interactions indicating equal amounts

of RNA used in the assay.

C RIP experiments were performed to confirm the binding of LINCO0839 to Ruvb1l. IgG was used as a negative control antibody. Primers specific for U6 and GAPDH

were used as negative control primers.

D Different fragments of LINC0O0839 (solid line) and its antisense sequence (dotted line) were used for the RNA pull-down assay and the subsequent WB.
E Full-length LINCO0839, antisense sequence of LINC0O0839, and LINCO0839 sequence lacking nucleotides 1,033-1,290 were used for the RNA pull-down assay and the

subsequent WB.

RIP experiments were performed by incubating Tip60, INO80, SRCAP, and PIH1D1 antibodies with HCT116 cell lysates.
The effect of LINCO0839 on the expression of Tip60 and Ruvbl was determined by WB.

The interaction between Ruvbl and Tip60 in cells overexpressing wild-type LINCO0839 and LINC-AS5 was confirmed by Co-IP.
The interaction between Ruvbl and Tip60 in LINCO0839-KD cells and cells expressing LINC-A5 was confirmed by Co-IP.
Acetylase activity assays were performed with LINCO0839-overexpressing and LINCO0839-knockdown cells.

L Acetylase activity was measured in SW480 and LoVo cells subjected to different treatments.

F
G
H Interaction of endogenous Ruvbl and Tip60 in CRC cells was confirmed by Co-IP.
|
J
K

Data information: In (C, F, K and L) the data are presented as the mean + SD and were analyzed by unpaired t-test, n = 3 technical replicates. Across experiments, the
P-values are as follows: ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Source data are available online for this figure.

hypothesized that LINC00839 affects OXPHOS and mitochondrial
biogenesis by regulating NRF1. To confirm this, we utilized the
Gene Expression Profiling Interactive Analysis (GEPIA) database to
determine the expression level of NRF1 and the correlation between
the expression levels of LINC00839 and NRF1. The results showed
that NRF1 expression was significantly upregulated in CRC patients
(Fig 4G) and that there was a positive correlation between the
expression of LINC00839 and NRF1 (Fig 4H). Additionally, NRF1
was upregulated by LINC00839 as determined by qPCR and WB
(Fig 41 and J). Taken together, these results suggest that LINC00839
can promote NRF1-mediated OXPHOS and mitochondrial biogenesis
in CRC.

The Ruvb1/Tip60 complex acetylates histone H4 at the NRF1
promoter

The result showing that LINC00839 can recruit Ruvbl1 to the Tip60
complex and increase its acetylase activity prompted us to ask
whether the Ruvb1/Tip60 complex can regulate the expression of
NRF1 via posttranslational or chromatin modification. However,
there are no Tip60-specific modification sites in the NRF1 peptide
sequence according to predictions with GPS-PAIL. Thus, we hypoth-
esized that Tip60 may acetylate histones at the NRF1 promoter. It
has been reported that the Tip60 complex can acetylate H2A lysine
S5 (H2AKS), H3 lysine 14 (H3K14), and H4 lysines 4, 8, and 12
(H4K5, H4KS8, and H4K12; Yamagata & Kitabayashi, 2009; Nammo
et al, 2018) and function as a transcriptional activator. ENCODE
data in the UCSC Genome Browser revealed that H4 lysines 5, 8,
and 12 (H4KS, H4K8, and H4K12) and H3 lysine 14 (H3K14) were
acetylated at the NRF1 promoter (Fig EV3A). Based on these results,
we wondered whether H4K5, H4K8, H4K12, and H3K14 at the NRF1
promoter were acetylated by the Tip60 complex. We divided the
promoter sequence (2,000 bp before the transcriptional initiation
site of NRF1) into 10 fragments (Fig EV3A) and carried out a series
of ChIP-qPCR analyses. Ruvbl and Tip60 were enriched in the
NRF1 promoter, especially in the P2 (—324 ~ —174 bp) and P3
(—474 ~ —325 bp) fragments, in LINC00839-overexpressing cells
compared with control cells (Fig EV3B and C). Furthermore, the
nucleosomes H4K5ac and H4K8ac, but not H4K12ac and H3K14ac,
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were acetylated at the NRF1 gene promoter (Figs 4K and L, and
EV3D and E). Together, these results demonstrate that the Ruvbl/
Tip60 complex can bind to the NRF1 promoter in the P2 and P3
sequences, and H4K5 and H4K8 are acetylated at these sites, while
H4K12 and H3K14 are not markedly acetylated. Importantly, we
also found that overexpression of LINC00839 can enhance the bind-
ing of the complex and the acetylation of histones at the P2 and
P3 sites.

To understand the effect of LINCO00839-mediated complex
recruitment on histone modification and to elucidate whether the
Ruvb1/Tip60 complex was essential for the acetylation of the NRF1
promoter, we performed ChIP-qPCR in cells expressing LINC-AS,
cells treated with MG149, and cells in which RUVBL1 was knocked
down. The results showed that overexpression of LINC-AS5 had a
negligible impact on the acetylation of the NRF1 promoter compared
with the negative control (Fig 4M and N). Furthermore, treatment
with MG149 and knockdown of RUVBL1 largely reversed the
LINCO00839-induced increase in histone acetylation (Fig 4M and N).
Taken together, these data indicated that LINC00839 increased the
acetylase activity of the Ruvb1/Tip60 complex and acetylated his-
tones H4K5 and H4K8 at the P2 and P3 sites of the NRF1 promoter.
These results also motivated us to ask whether LINC00839 is associ-
ated with the NRF1 promoter. Thus, CHIRP-qPCR was performed,
and the results showed significant enrichment of LINC00839 in the
NRF1 promoter (Fig 40). This finding indicates that LINC00839
binds to the NRF1 promoter. Collectively, these data support a
model in which LINC00839, as a molecular scaffold of the Ruvbl/
Tip60 complex, promotes histone acetylation at the NRF1 promoter
and facilitates NRF1 expression.

A LINC00839-mediated Ruvb1/Tip60-NRF1 axis regulates
OXPHOS, mitochondrial biogenesis, and CRC progression

We next explored whether the effect of LINC00839 on OXPHOS and
mitochondrial biogenesis depends on Ruvb1/Tip60 and NRF1. First,
we evaluated the OXPHOS levels of cells by measuring the ATP
levels, the NAD/NADH ratio, and the expression of genes related to
mitochondrial biogenesis. The results showed that LINC00839 over-
expression promoted OXPHOS, while the effect of LINC-AS
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overexpression was significantly lower (Fig EV3F-H). Treatment
and knockdown of RUVBLI
overexpressing cells reversed the LINC00839-induced increase in

with MG149

in LINC00839-

Xiaoting Liu et al

OXPHOS (Fig EV3F-H). Mitochondrial biogenesis was also observed
in the TME, and the result was similar to that described above
(Fig EV3I). Next, we determined whether the effect of the Ruvbl/
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Figure 4. LINC00839 promotes NRF1-mediated OXPHOS and mitochondrial biogenesis in CRC.

A KEGG pathway analysis of the DEGs identified by RNA-seq.

B Heatmap of DEGs related to OXPHOS and mitochondrial biogenesis. Expression levels are shown in log2 scale of normalized intensity values (see color gradient)

ranging from low (blue) to high (red) expression.
C GSEA of LINCO0839 in the OXPHOS pathway (GSE14333).

D,E The ATP levels and the NAD/NADH ratio were measured in LINCO0839-overexpressing and LINCO0839-KD cells (mean =+ SD, Student’s t-test, n = 3 biological repli-

cates).

F Expression of MT-ND5, MT-CYB, MT-CO1, and TFAM in LINC00839-overexpressing and LINC0O0839-KD cells as determined by WB.

G Analysis of NRF1 expression in CRC tissues (T) and normal tissues (N) in the GEPIA database.

H Correlation analysis of LINCO0839 and NRF1 mRNA levels in the TCGA and GTEx databases (Pearson).

I, Expression of NRF1 in LINCO0839-overexpressing and LINCO0839-KD cells was measured by qPCR and WB.

K, L  The enrichment of the NRF1 promoter (P1-P10) by H4K5ac and H4K8ac antibodies in LINCO0839-overexpressing and control LoVo cells as determined by CHIP

assay. Normal IgG was used as a negative control.

M, N The enrichment of the P2 and P3 fragments by H4K5ac and H4K8ac antibodies in LoVo cells as determined by CHIP assay. Normal IgG was used as a negative

control.

(o] The enrichment of NRF1 with a probe targeting LINCO0839 relative to a NC probe in HCT116 cells, as determined by ChIRP assay. LacZ served as a negative

control (NC).

Data information: In (I, K, L, M, N, and O), the data are presented as the mean + SD and were analyzed by Student’s t-test, n = 3 technical replicates. In (G), the middle
lines represent the median, and the upper and lower lines represent the upper and lower quartiles; the data were analyzed by ANOVA. Across experiments, the P-values

are as follows: ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Source data are available online for this figure.

Tip60 complex on acetylation is essential for CRC progression. A
Transwell invasion assay and WB were performed. As expected, the
results showed that LINC-AS impaired the invasion and EMT of CRC
cells compared with wild-type LINCO00839, and treatment with
MG149 and knockdown of RUVBLI reversed the LINC00839-
induced invasion and EMT (Fig EV3J). Together, these results indi-
cated that Ruvbl1/Tip60 is pivotal for LINC00839-induced OXPHOS,
mitochondrial biogenesis, and CRC progression.

Similarly, we also knocked down NRF1 in LINC00839-
overexpressing cells (Fig EV4A) and measure OXPHOS, mitochon-
drial biogenesis, and CRC progression. As the results showed, NRF1
knockdown reversed the LINCO00839-induced promotion of
OXPHOS, mitochondrial biogenesis, and CRC progression (Figs SA—
D and EV4B). The key role of NRF1 in metastasis was also con-
firmed in a CRC orthotopic mouse model; the model was established
by injecting LINC00839-overexpressing and NRF1-knockdown
SW480 cells into the caecal termini of nude mice. After all the mice
were sacrificed, the tumor volume was calculated, and metastasis
was confirmed by HE staining. The results showed that knocking
down NRF1 attenuated the LINCO00839 overexpression-induced
tumor growth and metastasis (Fig 5E) as well as the LINC00839
overexpression-induced OXPHOS, mitochondrial biogenesis, inva-
sion, and EMT in vitro.

To further elucidate whether the expression of NRF1 is depen-
dent on the acetylation activities of the Ruvbl/Tip60 complex, we
treated LINC00839-overexpressing cells with MG149. The expres-
sion of NRF1 was decreased, and OXPHOS, mitochondrial biogene-
sis, and CRC progression were also significantly inhibited
(Fig EV4C-G). We next overexpressed NRF1 on the basis of MG149
treatment, and the inhibition of these phenomena was reversed
(Fig EV4C-G).

FCCP, which is an effective uncoupler of oxidative phosphoryla-
tion, disrupts ATP synthesis by transporting protons. Metformin
(MTH) can target complex I and decrease ATP production (Ashton
et al, 2018). Transwell assays showed that treatment with FCCP
and MTH inhibited the increase in cell invasion, as well as EMT,
induced by LINC00839 overexpression (Fig EVSA and B). Moreover,

© 2022 The Authors

we overexpressed NRF1 in LINC00839-KD cells. The decreased inva-
sion and EMT of cells were reversed, while treatment with FCCP
and MTH inhibited the malignant phenotype again (Fig EV5C and
D). These results suggested that NRF1-mediated OXPHOS is essen-
tial for the EMT and tumor progression induced by LINC00839.

High LINCO0839 expression is associated with high histone
acetylation levels and high NRF1 expression, indicating poor
prognosis in CRC patients

To determine the clinical relevance of our findings, the protein
expression of LINC00839, H4KSac, H4K8ac, and NRF1 was evalu-
ated in 120 CRC patients. The expression of H4K5ac, H4K8ac, and
NRF1 was upregulated in CRC tissues compared with NATs
(Fig SF). The expression of LINC00839 was correlated with that of
H4K5ac, H4K8ac, and NRF1, which is consistent with previous
predictions about NRF1 expression and its correlates in CRC
(Fig 5G-I). There was no correlation among the expression levels
of Ruvbl, Tip60, and LINC00839 (Fig EVSE and F). Moreover, the
high expression of NRF1 was positively correlated with advanced
stage and metastasis of CRC (Fig EV5G and H) and indicated poor
outcomes in CRC patients (Fig 5J). Taken together, these results
indicated that the LINCO00839-Ruvbl/Tip60-NRF1 regulatory axis
can promote CRC progression and that LINC00839 might be a
potential marker for the outcome of CRC. In summary, our conclu-
sion shows the regulatory process by which LINC00839 guides the
Ruvbl/Tip60 complex to the NRF1 promoter and regulates mito-
chondrial function, thereby promoting EMT and CRC progression
(Fig 5K).

Discussion

LINC00839 is a novel oncogenic IncRNA in CRC. Our study shows
that LINC00839 is highly expressed in CRC and that high LINC00839
expression indicates advanced stage of disease and poor outcomes
in CRC patients. In vitro and in vivo assays confirmed that
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LINCO00839 promotes the metastasis and progression of CRC, which
was consistent with our clinical data. Consistent with the reported
function of LINC00839 in EMT (Hu et al, 2019), our study demon-
strates that LINC00839 induces the EMT of CRC. Furthermore, we
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reveal that LINCO00839, as a scaffold, recruits Ruvbl to the Tip60
complex and increases its acetylase activity. The complex promotes
NRF1 expression by acetylating histones in its promoter region and
regulates OXPHOS and mitochondrial biogenesis in CRC. Previous
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Figure 5. LINC00839 promotes NRF1-mediated OXHPOS and CRC progression.

A, B ATP levels and NAD/NADH ratios were measured in SW480 and LoVo cells.

EMBO reports

C Expression of genes related to mitochondrial biogenesis and EMT in SW480 and LoVo cells as determined by WB.

D Invasion of SW480 and LoVo cells was assessed by Matrigel invasion assay. Scale bars, 100 pum.

E Representative images of primary tumors (yellow arrowhead) and metastases in the orthotopic implantation models (n = 6 for each cohort, left panel). The number
of mice with liver metastasis (blue arrowhead) was determined. The primary tumor volume in each group was calculated (right panel). H&E staining of tumors and

metastases (bottom panel). Scale bars, 200 um (n = 6 biological replicates).

F ISH staining of LINCO0839 and IHC staining of NRF1, H4K5ac, and H4K8ac in paraffin-embedded samples of CRC tumor tissues and NATs. Scale bars, 200 pum.
G-I Correlation analysis of the expression of LINCO0839 and NRF1 (G), H4K5ac (H), and H4K8ac (I) in CRC patients (n = 120).
J Correlation of NRF1 expression with the overall survival rate in patients with CRC (n = 120). NRF1 expression was stratified as high and low according to the

median expression level.

K A schematic illustration of the mechanism by which LINCO0839 recruits the Ruvb1/Tip60 complex to acetylate histones at the NRF1 promoter and regulates CRC

tumor progression via OXPHOS.

Data information: In (A, B, and D), the data are presented as the mean + SD and were analyzed by Student’s t-test, n = 3 biological replicates. In (G-I) show the Pearson
correlation coefficient results. Across experiments, the P-values are as follows: ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Source data are available online for this figure.

studies have shown that LINC00839 is involved in the occurrence
and progression of many cancers, but most of these studies identi-
fied LINC00839 as a miRNA sponge (Zhang et al, 2020). Our study
reveals a new functional mechanism by which LINC00839 regulates
NRF1 expression via chromatin epigenetic modification.

RUVBLI belongs to the ATPases associated with various cellular
activities (AAA") family and participates in a wide range of cellular
processes, including chromatin remodeling. As a part of multisub-
unit complexes that play key roles in transcription, Ruvb1 can tran-
scriptionally regulate gene expression and is associated with
multiple cancers. Previous studies have shown that Ruvbl1 is a coac-
tivator of TIP60 and increases the transcriptional activity of TCF4
via histone H4 acetylation (Feng et al, 2003). Ruvbl is required for
the lysine acetyltransferase activity of the TIP60 complex (Jha
et al, 2013). Our study showed that LINC00839 can promote the
binding of Ruvbl and the Tip60 complex but does not influence
the expression of Ruvbl and Tip60. The binding of Ruvbl and the
Tip60 complex enhances the acetyltransferase activity of the com-
plex, suggesting the pivotal role of LINC00839 in the acetylation of
histones by the Ruvb1/Tip60 complex.

To explore the cellular process in which LINC00839 may partici-
pate, the RNA profile was analyzed, and our experiments revealed
that LINC00839 can promote OXPHOS and mitochondrial biogene-
sis. It is widely reported that NRF1 can regulate the expression of
genes related to mitochondrial energy metabolism and biogenesis,
and LINC00839 can also promote the expression of NRF1. Thus, we
hypothesize that NRF1 may be a hub gene in LINC00839-induced
OXPHOS and mitochondrial biogenesis. We also validated the essen-
tial role of NRF1 in this process by knocking down NRF1. To illus-
trate the crucial function of histone acetylation, we treated the cells
with MG149. As a result, OXPHOS and mitochondrial biogenesis
were inhibited. We also overexpressed NRF1 in the cells treated
with MG149, and the inhibited phenotype was reversed again. All
these data demonstrated the importance of LINC00839-Ruvbl/
Tip60-NRF1 signaling in OXPHOS and mitochondrial biogenesis in
CRC.

As we revealed, LINC00839 can target the Ruvb1/Tip60 complex
and direct the complex to the NRF1 promoter. LINC00839 guides
the expression of NRF1 in trans, as they are distantly located genes.
However, whether LINC00839 directs the Ruvbl/Tip60 complex
only to NRF1 is unclear. As the function of the Ruvbl/Tip60
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complex has been widely reported in cancer, we hypothesize that
the function of LINC00839 as a guide is not unique. Importantly,
considering the hub role of NRF1 in the effects of LINC0839 on
OXPHOS and CRC progression, the role of LINC0839 as a guide that
directs the Ruvb1/Tip60 complex to the NRF1 promoter is essential
and pivotal.

NRF1-mediated OXPHOS promotes the progression of CRC, but
whether the increase in mitochondrial biogenesis promotes EMT
and CRC progression has not been verified. In summary, our study
demonstrated the vital role of LINC00839 in the progression of CRC.
LINC00839 binds to the Ruvbl/Tip60 complex and promotes the
acetylation of histones H4KS5 and H4K8 at the NRF1 promoter,
increasing NRF1 transcription and expression. Upregulated NRF1
expression promotes OXPHOS and mitochondrial biogenesis and
then promotes EMT and tumor progression in CRC. Future research
should focus on the expression and biological function of
LINC00839 in multiple cancers and determine the specificity and
heterogeneity of its expression patterns and mechanism of action in
order to provide a basis for precision treatment of cancer.

Materials and Methods

Ethics approval and consent to participate

All the experiments performed in this study followed the ethical
standards of Southern Medical University (Guangzhou, China) and
the Declaration of Helsinki. Informed consent does not apply to all
the data that were analyzed anonymously. All the animal experi-
ments were approved by the Animal Care and Use Committee of
Southern Medical University and complied with the Guidelines of
the Institutional Animal Care and Use Committee of Southern Medi-
cal University during all animal studies.

Cell culture and tissue samples

The human CRC cell lines HT-29, LoVo, SW480, SW620, HCT116,
RKO, and CaCo2 and the normal colon cell line FHC were obtained
from ATCC (Manassas, VA, USA). The identities of all the cell lines
were confirmed by STR profiling. The cells were cultured in incuba-
tors in 5% CO, at 37°C and were maintained in RPMI 1640 medium
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(Gibco, CA, USA) supplemented with 10% FBS (Gibco). CRC tissues
and adjacent mucosa tissues were collected from Nanfang Hospital.
The study was approved by the Human Research Ethics Committees
of Southern Medical University.

Vector construction

Human LINC00839 was amplified by PCR and cloned into pcDNA3.1
by MssBio (Guangzhou, China). Different mutants of LINC00839
(A1,023-1,290) and Ruvbl were cloned into pcDNA3.1 by IGE
Biotechnology Ltd. (Guangzhou, China). The lentiviral vectors used
in this study were constructed by Genechem (Shanghai, China). The
shRNA sequences used are listed in Appendix Table S2.

RNA isolation, reverse transcription, and quantitative real-time
PCR (qPCR)

TRIzol reagent (Invitrogen, CA, USA) was used to extract total RNA
from cells and fresh tissues. A PrimeScript RT reagent Kit (TaKaRa,
Dalian, China) was used to synthesize cDNA. qPCR was performed
with an ABI7Z500 Real-time PCR system (Applied Biosystems, CA,
USA) using a SYBR Green Real-Time RT-PCR kit (TaKaRa, Dalian,
China). The expression of related genes was calculated with the
comparative 2~**°T method. For tissue samples, the minimum CT
value of the normal group was set to 1. For cell samples, the average
CT value of the control group was set to 1. For all the data, the
expression of GAPDH served as the internal control. The primer
pairs used for qPCR are listed in Appendix Table S3.

Western blotting

Proteins from cell lysates were separated by SDS—polyacrylamide gel
electrophoresis (PAGE) and electrotransferred onto PVDF membranes
(Pall Corp, D.C., NY). Then, the membranes were blocked with 5%
skim milk and incubated with the following primary antibodies at 4°C:
anti-GAPDH (Proteintech, #60004-1-Ig, 1:5,000), anti-ACTB (Protein-
tech, #20536-1-AP, 1:5,000), anti-Ruvbl (Abcam, #ab226001, 1:2,000),
anti-Tip60 (CST, #12058, 1:500), anti-NRF1 (Abcam, #ab175932,
1:500), anti-H4K8ac (Abcam, #ab45166, 1:5,000), anti-H4K5ac
(Abcam, #8647, 1:5,000), anti-H4K12ac (Abcam, #ab46983, 1:2,000),
anti-H3K27ac (CST, #8173, 1:1,000), anti-H4 (CST, #13919, 1:1,000),
anti-H3 (CST, #4499, 1:5,000), anti-E-cadherin (CST, #3195T, 1:500),
anti-Vimentin (CST, #5741, 1:500), anti-N-cadherin (CST, #13116,
1:500), anti-ZO-1 (CST, #8193T, 1:500), anti-Slug (CST, #9585T,
1:500), anti-INO80 (Proteintech, #18810-1-AP, 1:500), anti-TFAM
(Proteintech, #22586-1-AP, 1:5,000), anti-MT-CYB (Proteintech,
#55090-1-AP, 1:500), anti-MT-CO1 (Proteintech, #55071-1-AP, 1:500),
anti-MT-NTS (Proteintech, #66613-1-Ig, 1:500), and anti-SRCAP
(Abcam, #ab99408, 1:500). Then, the membranes were incubated with
the appropriate secondary antibodies (1:5,000, Proteintech). Signals
were detected using FDbio-Femto ECL (Fudebio, Hangzhou, China)
and a chemiluminescence system (Tanon 5200, Shanghai, China).

Cell transfection
Cells were cultured in 6-well plates and then transfected using Lipo-

fectamine 3000 Transfection Reagent (Invitrogen) according to
the manufacturer’s instructions. The cells were transfected with
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lentivirus (Genechem, Shanghai, China) according to the manufac-
turer’s instructions. To obtain stably transfected cell lines, these
cells were treated with the appropriate concentration of puromycin
(2-8 pg/ml).

Cell number counting, CCK8, colony formation, wound-healing,
and Transwell assays

For cell number counting, cultured cells were digested with 0.25%
trypsin and counted using a counter. For the CCK8 assay, CCK8
reagent was added to cells cultured in 96-well plates at a 1:9 ratio.
After incubation at 37°C for 2 h, the absorbance was measured at a
wavelength of 490 nm with a microplate spectrophotometer. For the
colony formation assay, cells (500 per well) were plated in 6-well
plates and cultured in medium for 2 weeks. Then, the cells were
fixed with 4% paraformaldehyde and stained with Giemsa to count
the colony numbers. For the wound-healing assay, GFP-labeled cells
were cultured in 6-well plates, and the migration of cells was
observed under a fluorescence microscope at 0 and 48 h after lines
were drawn in the cell culture monolayer. Cells were cultured with
serum-free media during the assays. For the Transwell assay, cells
(10,000 per well) were suspended in serum-free media and seeded
in the upper chamber of 8-um-pore Transwell plates, and media
supplemented with 10% FBS was used as a chemoattractant in the
lower compartment. After being cultured at 37°C for 2 days, the
cells that successfully passed through the pore were fixed and
stained with Giemsa for 15 min, five visual fields were randomly
selected under the microscope, and the cells were counted and
quantified by ImageJ (NIH). Matrigel (Corning, NY, USA) was also
added to the upper chamber to assess cell invasion. Two-tailed Stu-
dent’s t-test was used to analyze the data from three independent
experiments.

In situ hybridization (ISH)

ISH staining was performed according to the instructions of the ISH
Kit (Roche, Basel, Switzerland). The sequence of the probe used in
the research was ATGTTGCTTGCTGGGACTGATGTCTTCCTTAT
(MssBio, Guangzhou, China). The staining scores were evaluated by
two pathologists who were blinded to the clinical materials. A quick
scoring system from 0 to 12 that combined the intensity and per-
centage of the positive signal was used. Briefly, a signal of 0 indi-
cates no staining, 1 indicates weak staining, 2 indicates intermediate
staining, and 3 indicates strong staining. According to the percent-
age of the area with positive staining, the degree of staining was
scored as 0 (0%), 1 (1-25%), 2 (26-50%), 3 (51-75%), or 4 (76—
100%). The product of the intensity and range scores was consid-
ered the final score of LINC00839 (0-12).

Immunohistochemistry (IHC)

IHC was performed to investigate the expression of proteins in tis-
sues, and the experiments followed a previously described protocol
(33042270). The slides were incubated overnight with the following
primary antibodies: anti-NRF1 (Abcam, #ab175932, 1:1,000), anti-
H4K8ac (Abcam, #ab45166, 1:500), anti-H4k5ac (Abcam, #8647,
1:2,000), anti-E-cadherin (CST, #3195T, 1:400), anti-Vimentin (CST,
#5741, 1:200), and anti-Ki-67 (CST, #5741, 1:200). An HRP-
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conjugated secondary antibody and DAB staining kit (ZSGB-BIO,
Beijing, China) were used in the experiment. The scoring method
was similar to that of ISH.

RNA pull-down assay

Biotin-labeled RNAs (LINCO00839 and its antisense RNA) were tran-
scribed in vitro with the Biotin RNA labeling Mix (Thermo Fisher
Scientific, Waltham, USA) and T7 RNA polymerase (Life Technolo-
gies, Gaithersburg, MD). Biotinylated RNAs were mixed with strep-
tavidin agarose beads (Thermo Fisher Scientific) at 4°C overnight.
Total cell lysates were freshly prepared and added to each binding
reaction with a protease/phosphatase inhibitor cocktail and RNase
inhibitor, and then, the mixture was incubated for 1 h at 4°C. After
washing thoroughly three times, the RNA-protein binding mixture
was boiled in SDS buffer, and the eluted proteins were assessed by
western blotting and mass spectrometry.

Chromatin immunoprecipitation (ChIP)

The ChIP experiment was performed using a SimpleChIP® Enzy-
matic Chromatin IP Kit (Cell Signaling Technology, MA, USA) fol-
lowing the manufacturer’s instructions. Briefly, cells are fixed with
formaldehyde to cross-link the histone and nonhistone proteins to
DNA. Then, chromatin was digested with micrococcal nuclease into
150-900 bp DNA/protein fragments. Antibodies specific for the
RUVBLI1, Tip60, H4K5ac, and h4k8ac proteins were added, and the
complex coprecipitates were captured by Protein G magnetic beads.
Finally, the cross-linking was reversed, and the target DNA
sequence was purified; then, the DNA sequences were ready for
gPCR analysis. One-tenth of the input chromatin was also treated in
the same way and purified. The percentage of enriched DNA frag-
ments in the input indicated the degree of enrichment.

RNA immunoprecipitation (RIP)

RIP was performed according to the instructions of the Magna RIP
RNA Binding Protein Immunoprecipitation Kit (Millipore, MA,
USA). Briefly, lysates were prepared in lysis buffer supplemented
with a protease inhibitor cocktail and RNase inhibitor. Then, protein
A/G magnetic beads were prepared for incubation with 5 g of puri-
fied antibodies per immunoprecipitation reaction for 30 min at room
temperature. Furthermore, to precipitate protein-RNA complexes,
the mixture was incubated at 4°C overnight. Finally, RNA was puri-
fied, evaluated, and analyzed by qPCR.

Animal model

The animal experiments were approved by the Animal Care and Use
Committee of Southern Medical University. The animals were ran-
domly divided into the control and treatment groups. Four-week-old
BALB/C-nu/nu nude mice were purchased from the Animal Center of
Southern Medical University (Guangzhou, China). The mice were
housed under specific pathogen-free conditions in temperature- and
humidity-controlled cages. To establish the xenograft model, cells were
subcutaneously injected into the left and right groins of the mice. The
tumor volume (volume = (length*widthz)/z) was measured every
4 days. To establish the CRC orthotopic mouse model, cells (2 x 10°
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per mouse) were injected into the caecum termini of the nude mice.
Once one mouse became moribund, all the mice were simultaneously
sacrificed, and the intestinal and liver tissues were harvested for fur-
ther examination. Representative images of the tumors were taken
before surgical resection. Then, the samples were dehydrated, fixed,
embedded in paraffin, and sectioned. The slides were stained with
hematoxylin-eosin or IHC and observed under a microscope.

Chromatin isolation by RNA purification (CHIRP)

CHIRP assays were performed using the chromatin isolation by RNA
purification (CHIRP) Kit (gzscbio, China) following the manufac-
turer’s instructions. First, 1 x 107 cells were collected for each reac-
tion. The cells were lysed using 1 ml of complete lysis buffer, and the
DNA fragments were then sheared into small pieces by ultrasonica-
tion. Second, the lysates were incubated with biotin-labeled probes
that could hybridize with LINC00839. Third, the probes combined
with DNA were mixed with streptavidin magnetic beads and washed
with wash buffer. Finally, RNA and DNA were isolated and purified
for qRT-PCR. The probes are listed in the Appendix Table S4.

Coimmunoprecipitation (Co-IP)

Cells were harvested by centrifugation at 4°C 1,400 g for 5 min and
washed with cold PBS three times. Then, the cell pellets were resus-
pended in precooled RIPA buffer on ice for 20 min and centrifuged at
4°C 1,400 g for 15 min. The supernatants were collected in new tubes.
Antibodies (1-2 g) were added to 1 ml of each cell lysate and incubated
at 4°C for 12 h. After the addition of protein A/G agarose beads (Santa
Cruz Biotechnology), the incubation was continued for 8-12 h at 4°C.
The immunoprecipitants were washed with washing buffer five times
and eluted with 2x SDS loading buffer by boiling for 5 min. Finally, the
samples were separated by SDS-PAGE and analyzed by WB.

Transmission electron microscopy (TEM)

Cells were fixed in 2.5% glutaraldehyde at 4°C overnight. Then, the
cells were fixed in 1% osmium tetroxide for 1 h, embedded in resin,
sectioned, doubly stained with uranyl acetate and lead citrate, and
observed using a transmission electron microscope (JEOL, Japan).

Nucleoplasm separation for RNA extraction

Subcellular isolation and RNA extraction were performed according
to the manual of the PARIS™ Kit (Life Technologies, Gaithersburg,
MD).

Detection of human histone acetyltransferase (HAT) activity

The HAT activity of the cells was measured following the protocol
of an ELISA kit (BOSHEN, Jiangsu, China).

Measurement of NAD/NADH, ATP, glucose intake, and lactate
secretion

The NAD/NADH levels in cells were measured using the Amplite™
Colorimetric NAD/NADH Ratio Assay Kit (AAT Bioquest, Sunny-
vale, CA). ATP levels were measured with an ATP detection Kit
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(Beyotime, Shanghai, China). The glucose levels in the cell culture
supernatants were measured with the GOD-PAP method. Levels of
lactate secretion were measured with a Glycolysis Cell-Based Assay
Kit (Cayman, MI, USA).

Quantification and statistical analysis

All the statistical analyses were carried out using the SPSS 19.0 sta-
tistical software package (SPSS, Chicago, USA). All the statistical
graphs were generated with GraphPad Prism version 7 (GraphPad
Software, CA). Student’s t-tests and one-way ANOVA were carried
out to compare differences between two or more groups. Pearson’s
chi-squared (y2) test was used to analyze the correlation between
the expression levels and clinicopathological characteristics. Sur-
vival analyses were performed using the Kaplan-Meier method.
P < 0.05 was considered statistically significant, and the levels of
significance are presented as follows: * indicates P < 0.05, ** indi-
cates P < 0.01, and *** indicates P < 0.001.

Data availability

The datasets produced in this study are available in the following
databases: RNA-Seq data: Gene Expression Omnibus GSE197706
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE197706).

Expanded View for this article is available online.
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