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LINC00955 suppresses colorectal cancer 
growth by acting as a molecular scaffold 
of TRIM25 and Sp1 to Inhibit DNMT3B-mediated 
methylation of the PHIP promoter
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Abstract 

Background Long non-coding RNAs play an important role in the development of colorectal cancer (CRC), 
while many CRC-related lncRNAs have not yet been identified.

Methods The relationship between the expression of LINC00955 (Long Intergenic Non-protein Coding RNA 955) 
and the prognosis of colorectal cancer patients was analyzed using the sequencing results of the TCGA database. 
LINC00955 expression levels were measured using qRT-PCR. The anti-proliferative activity of LINC00955 was evaluated 
using CRC cell lines in vitro and xenograft models in nude mice in vivo. The interaction of TRIM25-Sp1-DNMT3B-PHIP-
CDK2 was analyzed by western blotting, protein degradation experiment, luciferase, RNA-IP, RNA pull-down assays 
and immunohistochemically analysis. The biological roles of LINC00955, tripartite motif containing 25 (TRIM25), Sp1 
transcription factor (Sp1), DNA methyltransferase 3 beta (DNMT3B), pleckstrin homology domain interacting protein 
(PHIP), cyclin dependent kinase 2 (CDK2) in colorectal cancer cells were analyzed using ATP assays, Soft agar experi-
ments and EdU assays.

Results The present study showed that LINC00955 is downregulated in CRC tissues, and such downregulation 
is associated with poor prognosis of CRC patients. We found that LINC00955 can inhibit CRC cell growth both in vitro 
and in vivo. Evaluation of its mechanism of action showed that LINC00955 acts as a scaffold molecule that directly 
promotes the binding of TRIM25 to Sp1, and promotes ubiquitination and degradation of Sp1, thereby attenuating 
transcription and expression of DNMT3B. DNMT3B inhibition results in hypomethylation of the PHIP promoter, in turn 
increasing PHIP transcription and promoting ubiquitination and degradation of CDK2, ultimately leading to G0/G1 
growth arrest and inhibition of CRC cell growth.
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Introduction
Colorectal cancer (CRC) is the third most prevalent can-
cer type and the second major cause of cancer-related 
deaths worldwide [1]. Surgical removal of CRCs is the 
main therapy for patients with CRC, and is frequently 
combined with other treatment modalities such as neo-
adjuvant and adjuvant chemotherapy, radiotherapy, and 
treatment with targeted agents [2]. These strategies, how-
ever, have not significantly improved survival rates in 
patients with CRC. Identifying new molecular markers 
and therapeutic targets, and clarifying the mechanisms 
underlying their effects, may provide greater understand-
ing of the occurrence, development, and therapy of CRC.

Long non-coding RNAs (lncRNAs) are a new type of 
transcript encoded by the genome, but mostly not trans-
lated into protein [3]. LncRNAs are involved in a variety 
of cellular biological processes, including gene regulation 
and chromatin dynamics [4]. Aberrant expression and 
mutation of lncRNAs are widely associated with a vari-
ety of disease development and cell functional behaviors, 
including tumor proliferation [5], invasion, and metasta-
sis [6]. LncRNAs are expected to serve as biomarkers for 
cancer prognosis, diagnosis, and efficacy prediction, and 
as therapeutic targets [7, 8]. In the past decade, a variety 
of lncRNAs have been found to be involved in the occur-
rence and development of CRC [9]. For example, lncRNA 
HIF1 α-As2 upregulates hypoxia inducible-factor 1α 
(HIF1α) expression through a ceRNA mechanism, pro-
moting interaction of HIF1α with the RMRP promoter 
to activate the IGF2 signaling pathway and promote CRC 
progression [10]. LncRNA GLCC1 stabilizes c-myc by 
binding to HSP90, which in turn upregulates transcrip-
tion of lactate dehydrogenase and supports survival and 
proliferation of CRC cells by enhancing glycolysis [11]. 
Although many lncRNAs are closely related to the malig-
nant progression of CRC and have application prospects 
in tumor screening and detection, while many CRC-
related lncRNAs have not yet been identified. Therefore, 
further functional lncRNAs and their regulatory mecha-
nisms in CRC development still need to be explored.

LINC00955 (Long Intergenic Non-protein Coding 
RNA 955) is an intergenic lncRNA located on chromo-
some 4p16.3 with a full length of about 2483 nucleotides. 
Its biological function has not been reported. The pre-
sent study was designed to assess the role of LINC00955 
in the development of CRC. Evaluation of The Cancer 

Genome Atlas (TCGA) revealed that LINC00955 was 
downregulated in CRC tissues, and lower levels of 
LINC00955 were associated with worse survival. Over-
expression of LINC00955 significantly inhibited prolif-
eration of CRC cells in vitro and in vivo. Mechanistically, 
LINC00955 bound to Sp1 transcription factor (Sp1) pro-
tein to modulate the Sp1 protein level post-translation-
ally by regulating the binding of the E3 ubiquitin ligase 
tripartite motif containing 25 (TRIM25) to Sp1. Down-
regulation of Sp1 inhibited the cell cycle and malignant 
proliferation of CRC cells through the DNA methyltrans-
ferase 3 beta (DNMT3B)/pleckstrin homology domain-
interacting protein (PHIP)/cyclin-dependent kinase 2 
(CDK2) axis. This study revealed a novel mechanism by 
which LINC00955 inhibits the development of CRC and 
provided a theoretical basis for a potential targeted ther-
apy for CRC.

Methods
Plasmids, reagents, and antibodies
Fenghui Biotechnology Co., Ltd. (Hunan, China) pro-
vided the LINC00955 precursor overexpression plas-
mid, and MiaoLingBio provided the GFP-Sp1 plasmid 
(Wuhan, China). PHIP-knockdown plasmids were 
from Open Biosystem. HA-CDK2, HA-DNMT3B, HA-
TRIM25, a set of TRIM25-targeting shRNA plasmids, the 
PHIP promoter-driven luciferase reporter, the DNMT3B 
promoter-driven luciferase reporter, and deleted 
LINC00955 fragments were constructed in the labora-
tory. Antibodies against Sp1 (9389), HA (3724), FOXO1 
(2880), and FOXO3A (12,829) were sourced from CST 
(Boston, MA, USA). Santa Cruz Biotechnology (Dallas, 
TX, USA) provided antibodies against cyclin D1 (sc-
20044), GFP (sc-9996), CDK2 (sc-6248), CDK4 (sc-260), 
CDK6 (sc-7961), Sp2 (sc-17814), and Sp3 (sc-28305). 
Antibodies against β-actin (Ab0011) were purchased 
from Abways Technology (Shanghai, China). Antibod-
ies against tubulin (Ab7291), KLHL6 (Ab182163), and 
FOXC1 (Ab5079) were purchased from Abcam (Cam-
bridge, MA, USA). Proteintech (Wuhan, China) sold 
antibodies against the following: PHIP (20,933–1-AP), 
TRIM25 (12,573–1-AP), DNMT1 (24,206–1-AP), 
DNMT3A (20,954–1-AP), and cyclin E2 (11,935–1-AP). 
Antibodies against DNMT3B (52A1018) were purchased 
from Novus Biologicals (USA).

Conclusions These findings indicate that downregulation of LINC00955 in CRC cells promotes tumor growth 
through the TRIM25/Sp1/DNMT3B/PHIP/CDK2 regulatory axis, suggesting that LINC00955 may be a potential target 
for the therapy of CRC.
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Human samples and cell lines
A total of 75 pairs of CRC and adjacent normal human 
tissues were provided by the First Affiliated Hospital 
of Wenzhou Medical University. Each specimen was 
divided into three parts when sampled: one part was 
confirmed as CRC by pathological examination, the sec-
ond part was used to extract RNA and synthesize cDNA, 
and the third part was fixed in formalin, embedded in 
paraffin, and stored at room temperature. The human 
CRC cell lines HCT116 (CBP60028 COBIOER, Nanjing, 
China), HT29 (CBP60011 COBIOER), RKO (CBP60006 
COBIOER), SW480 (CCL-228; ATCC, Manassas, VA, 
USA), CCD 841 CoN (CRL-1790, ATCC), and CCD-
18Co (CRL-1459, ATCC) were cultured in 1640 medium 
(Gibco, 11,875–093), McCoy’s 5A 127 medium or mini-
mum essential medium supplemented with 10% fetal 
bovine serum (FBS) at 37  °C in a humidified incubator 
with 5%  CO2.

Quantitative real‑time PCR (qRT‑PCR)
Total RNA was extracted from samples using TRIzol 
(Invitrogen) and reverse-transcribed using Fast SYBR 
Green Master Mix kit (4,385,614, Applied Biosystems). 
The results were normalized to those of β-actin. The 
following primers were used: human CDK2 (forward, 
5′-GGC ATT CCT CTT CCC CTC ATC AA-3′; reverse, 
5′-CTC CAA AAG CTC TGG CTA GTC CA-3′); human 
LINC00955 (forward, 5′-CGT CGC CAA CGC CCC 
TAG GAC-3′; reverse, 5′-CAC CCG GAA GTC TCA 
TGT GGA-3′); human PHIP (forward, 5′-ACA GAC 
TTG AGC GAC TTG TT-3′; reverse, 5′-GGT AGC TAA 
CAA CCT CCC AT-3′); human DNMT3B (forward, 
5′-AGG GAA GAC TCG ATC CTC GTC-3′; reverse, 
5′-GTG TGT AGC TTA GCA GAC TGG-3′); human 
Sp1 (forward, 5′-AGC AGC AGC AAC ACC ACT CTC 
AC-3′; reverse, 5′-TCA TCA TGT ATT CCA TCA CCA 
CCA G-3′); and human β-actin (forward, 5′-TGG ATG 
ATG ATA TCG CCG CG-3′; reverse, 5′-GTG CTC GAT 
GGG GTA CTT CAG-3′).

Western blotting
Tissues or cells were sonicated, their protein concentra-
tions were measured, and equal aliquots were loaded 
onto SDS-PAGE gels, which were electrophoresed. Pro-
tein samples were transferred to nylon membranes, 
which were then incubated in 5% non-fat milk for 1 h to 
avoid non-specific binding. The appropriately diluted pri-
mary antibody was applied to the membranes, followed 
by three washes with TBS, incubation with a tagged sec-
ondary antibody for 3 h at 4  °C, and three more washes 
with TBS. Finally, the membranes were exposed to film. 
Antibodies against Sp1, HA, FOXO1, FOXO3A, FOXC1, 

TRIM25, and DNMT1 were diluted 1:1000. Antibodies 
against cyclin D1, GFP, CDK2, CDK4, CDK6, Sp2, Sp3, 
cyclin E2, and DNMT3B were diluted 1:500. Antibodies 
against β-actin, α-tubulin, and DNMT3A were diluted 
1:10,000. The anti-KLHL6 antibody was diluted 1:1500. 
The anti-PHIP antibody was diluted 1:2000.

IHC
Tissue samples were cut and embedded in paraffin, and 
then baked, dewaxed, and hydrated. Antigen retrieval 
was performed by dropwise addition of 3%  H2O2. After 
blocking non-specific binding with 5% BSA, the samples 
were treated with the appropriately diluted primary anti-
body overnight at 4  °C. The samples were then washed 
and incubated for 1  h with the appropriate biotinylated 
secondary antibody, and then SABC (SA1022, Boster Bio 
Engineering Company, Wuhan, China) was added drop-
wise. Samples were developed with DAB (59,718, Abcam) 
and examined by light microscopy. The final hematoxylin 
staining was terminated with  ddH2O. Antibodies against 
CDK2 (Proteintech, 10,122–1-AP, 1:250), PHIP (Bio-
world, BS8775, 1:100), DNMT3B (Proteintech, 26,971–
1-AP, 1:250), and Sp1 (Cell Signaling Technology, 9389, 
1:2000) were used for IHC.

Experimental animals
Female BALB/C-nu nude mice weighing 15 ± 0.5  g 
obtained from GemPharmatech (license number: SCXK 
[SU] 2018–0008; Nanjing, Jiangsu, China) were raised 
in the SPF facility of Wenzhou Medical University for 
experimental animals. The Wenzhou Medical University 
Experimental Animal Ethics Committee approved all ani-
mal research. Twelve female BALB/c-nu nude mice were 
randomly split into two groups of six. Each mouse was 
subcutaneously injected with 5 ×  106 HCT116 (Vector) or 
HCT116 (LINC00955) cells in 100 μL of media, and the 
injection was performed slowly and at a constant speed. 
Three weeks later, the mice were euthanized by injecting 
excessive pentobarbital sodium. The tumors were dis-
sected out, photographed, and weighed.

Cell cycle analysis
Cells in logarithmic growth phase were trypsinized, 
resuspended, and added to the wells of 6-well plates. 
The cells were grown with 0.1% FBS medium for 12  h 
after adhering to the plates, and subsequently with the 
matching 10% FBS complete medium for 12 h. The cells 
were stored in a 4 °C refrigerator for 12–24 h after being 
digested in EP tubes with 70% pre-cooled alcohol. The 
cell pellet was obtained by centrifugation at 1000 × g for 
5  min, then the cell pellet was washed with precooled 
PBS, and the cells were stained with 30 μL RNaseA and 
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120 μL PI staining solution. The cell suspensions were 
then assayed by flow cytometry.

RNA pull‑down assay and mass spectrometry
RNA pull-down kits were used to perform RNA pull-
down experiments (Bes5102; BersinBio, China). Sec-
ondary structures of the corresponding mass of 
biotin-labeled target RNA probes and NC probes were 
formed. Two RNase-free centrifuge tubes each received 
40 μL of streptavidin magnetic beads. RNA probes (about 
100 μL) were added to form secondary structures with 
the magnetic beads, tubes were centrifuged and incu-
bated at 25 °C, and the supernatants were discarded. Ali-
quots containing 2 ×  107 cells were washed, with 100 μL 
of supernatant considered the input group. The probe-
magnetic bead complex was mixed with the cell magnetic 
bead complex and the cell lysate, followed by incuba-
tion with rotation for 2 h. The beads were collected and 
washed for 5 min. The magnetic beads were subsequently 
mixed with 60 μL of protein elution buffer, and incubated 
at 37 °C for 2 h. The supernatants were transferred to new 
centrifuge tubes. A 15 μL aliquot of each protein sample 
was loaded onto SDS-PAGE gels for western blotting. 
The gels were stained for 2 h in Coomassie brilliant blue 
staining solution, washed with  ddH2O, and subjected to 
mass spectrometry.

Methylation‑specific PCR
DNA extracted from peripheral blood leukocytes was 
methylated by the M.SssI (M0226S; New England Bio-
labs, USA) enzyme to obtain fully methylated DNA. 
Sodium bisulfite conversion was performed using EZ 
DNA Methylation-Gold kits (D5005; Zymo Research, 
USA). Specific primers were used for PCR amplification 
and nucleic acid electrophoresis as follows: MF: 5′-GGG 
TGG GGG TTT TAT TGT GTC G-3′; MR: 5′-GAA 
TCC CTC CGC CGC A-3′; UF: 5′-GGG TGG GGG 
TTT TAT TGT GTT G-3′; and UR: 5′-AAA TCC CTC 
CAC CAC A-3′.

RNA‑IP assay
HCT116 (LINC00955) cells cultured in a 10 cm dish to 
70–80% confluence were lysed using the buffer provided 
in the RNA Immunoprecipitation Kit (Bes5101; Ber-
sinBio, China). Each cell lysate sample was divided into 
three aliquots, with 0.8  mL used for IP, 0.8  mL for IgG 
assays, and 0.1  mL as input. IP and IgG samples were 
supplemented with specific antibodies. Each sample 
received 20 μL of carefully balanced protein A/G beads. 
The beads were recovered by centrifugation and then 
incubated at 55 °C for 1 h with polysome elution buffer. 
RNA was eluted and reverse-transcribed, and qPCR was 
performed.

IP
A Myc-Ub IP assay was performed. Briefly, PHIP-knock-
down HCT116 (LINC00955) and RKO (LINC00955) 
cells and TRIM25 knockdown HCT116 (LINC00955) 
and RKO (LINC00955) cells were grown in 10 cm plates 
to 70–80% confluence, followed by co-transfection with 
Myc-Ub and HA-CDK2 or Myc-Ub and GFP-Sp1. Eight 
hours later, the medium was changed, followed by incu-
bation for another 12  h. MG132 (10  µM) was added to 
the cells for 8  h. Each protein sample received an anti-
Myc antibody before being incubated at 4 °C for 12 h. The 
samples were mixed with agarose beads (sc2003; Santa 
Cruz, USA) and incubated for 3  h at 4  °C. The agarose 
beads were collected and washed 5–6 times. The protein 
samples were analyzed by western blotting after addition 
of 60 µL of elution buffer.

Prediction of Sp1 and TRIM25 binding regions 
within LINC00955
The genomic sequence of human LINC00955 was 
obtained from the nucleotide database of the National 
Library of Medicine (sequence ID: NR_040045.1). The 
secondary structure of LINC00955 was predicted using 
RNAfold, using the options of minimum free energy and 
partition function, while avoiding isolated base pairs. 
The RNA binding domains in the transcription factor 
Sp1 (entry ID: P08047) and the E3 ubiquitin/ISG15 ligase 
TRIM25 (entry ID: Q14258) were predicted from their 
three dimensional structures modeled by AlphaFold. 
Specifically, folds similar to two structural domains in 
Sp1 (i.e., amino acids 429–558 and 626–714) and three 
domains in TRIM25 (i.e., amino acids 1–84, 105–190, 
and 431–630) were searched in the Protein Data Bank 
using the Dali web server. LINC00955 was aligned with 
the nucleotides in 1MEY using Clustal Omega.

Statistical analysis
The mean ± standard deviation (± SD) of three separate 
experiments are used to represent all experimental data 
and were compared using t-tests. p < 0.05 was deemed 
statistically significant.

Results
Downregulation of LINC00955 in CRC tissues and cells, 
and LINC00955 suppression of CRC cell growth in vitro 
and in vivo
The potential role of LINC00955 in development of CRC 
was investigated by analyzing its expression in samples 
from the TCGA database. Expression of LINC00955 
was markedly lower in CRC tumor tissue than in nor-
mal colon tissue (Fig.  1A). Kaplan–Meier analysis 
revealed that downregulation of LINC00955 was associ-
ated with poor prognosis in patients with CRC (Fig. 1B). 
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Downregulation of LINC00955 was confirmed by qPCR 
assays of 75 clinical samples (Fig. 1C). LINC00955 levels 
were lower in human CRC cell lines, including HCT116, 
HT29, RKO, SW480, and LOVO cells, than in normal 
human colorectal cell lines (Fig. 1D).

The possible role of LINC00955 in CRC was further 
explored by constructing stable CRC cell lines bearing 
LINC00955, including HCT116 (Vector, LINC00955) 
and RKO (Vector, LINC00955) cells (Fig.  1E, F), and 
testing the effects of LINC00955 on proliferation 

of these cells. LINC00955 significantly reduced the 
growth rates of monolayers of HCT116 and RKO cells 
(Fig. 1G, H), and reduced their anchorage-independent 
growth (Fig. 1I, J). EdU assays showed that LINC00955 
significantly inhibited DNA replication in CRC cells 
(Fig. 1K, L). To better assess the effects of LINC00955 
on CRC cell proliferation, HCT116 cells were injected 
under the skin of nude mice, and tumor growth was 
monitored. Overexpression of LINC00955 led to a sig-
nificant reduction in the size and weight of subcutane-
ous tumors in nude mice (Fig.  1M–P). These findings 

Fig. 1 Expression of LINC00955 is considerably lower in CRC tissues, and it inhibits growth of CRC cells in vitro and in vivo. A Expression 
of LINC00955 in clinical samples from the TCGA database. B Correlation between expression of LINC00955 in the TCGA database and the survival 
rate of CRC patients. C, D qPCR assays of the expression of LINC00955 in (C) primary CRC and adjacent normal colorectal tissue samples, and (D) 
in normal colorectal and CRC cell lines. E, F LINC00955 expression in HCT116 and RKO cells stably transfected with LINC00955, as determined 
by qPCR. G, H Effects of LINC00955 on proliferation of CRC cells, as determined by ATP assays. I, J Soft agar experiments were performed 
to analyze the effects of LINC00955 on the growth of CRC cells. K, L Effects of LINC00955 on the DNA replication activity of HCT116 and RKO cells, 
as determined by EdU assays. M HCT116 cells were injected into nude mice, which were then imaged after developing tumors. N Photographs 
of excised tumors. O Comparison of tumor weight in two sets of nude mice. P Volumes of tumors excised from the two groups of nude mice 
over 19 days. An asterisk (*) indicates a significant difference (p < 0.05)
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demonstrate that LINC00955 prevents CRC cells from 
proliferating malignantly both in vivo and in vitro.

LINC00955 induces cell cycle arrest of CRC cells 
by inhibiting CDK2
The cell cycle is the main physiological process that 
drives cell growth, as well as a crucial factor in the 
uncontrolled proliferation of tumor cells. The ability 
of LINC00955 to affect the cell cycle of CRC cells was 
therefore evaluated by flow cytometry. Overexpression 
of LINC00955 induced G0/G1 phase arrest of HCT116 
and RKO cells (Fig. 2A, B). These results imply that the 
ability of LINC00955 to mediate CRC cell proliferation is 
due to its effect on cell cycle progression. To clarify the 
mechanism by which LINC00955 induces G0/G1 phase 
arrest, G0/G1 phase-related proteins in these cells were 
examined using western blotting. LINC00955 substan-
tially downregulated expression of CDK2 in HCT116 
and RKO cells (Fig. 2C), suggesting that LINC00955 may 
inhibit malignant proliferation of CRC cells by inhibit-
ing CDK2 expression. To verify this hypothesis, HCT116 
(LINC00955) and RKO (LINC00955) cells were stably 
transfected with the HA-labeled CDK2 plasmid (Fig. 2D, 
E). ATP, soft agar, and EdU assays showed that, compared 
with control cells, overexpression of CDK2 rescued the 
growth ability of CRC cells (Fig. 2F–K). Additionally, flow 
cytometry demonstrated that overexpression of CDK2 
drastically reduced the ability of LINC00955 to cause cell 
cycle arrest in HCT116 and RKO cells (Fig. 2L, M). Col-
lectively, these findings indicate that CDK2 is an impor-
tant downstream effector of LINC00955.

LINC00955 mediates degradation of CDK2 through E3 
ligase PHIP
To further investigate the specific molecular mecha-
nisms by which LINC00955 regulates CDK2, the ability 
of LINC00955 to affect CDK2 mRNA levels was assessed 
by qPCR. LINC00955 upregulated the levels of CDK2 
mRNA expression in HCT116 and RKO cells, indicat-
ing that LINC00955 did not downregulate CDK2 pro-
tein expression at the mRNA level (Fig.  3A). Next, we 
assessed whether LINC00955 downregulated CDK2 
expression by promoting the ubiquitinated degradation. 
We already knew that the half-life of CDK2 protein was 
about 3  h [12]. Therefore, we treated HCT116 (Vec-
tor, LINC00955) and RKO (Vector, LINC00955) cells 
with MG132 and cycloheximide (CHX) and then identi-
fied expression of CDK2 by western blotting. The rate of 
CDK2 protein degradation in HCT116 (LINC00955) and 
RKO (LINC00955) cells was significantly higher than in 
HCT116 (Vector) and RKO (Vector) (Fig. 3B, C). These 
results reveal that LINC00955 downregulates CDK2 by 
inducing protein degradation.

Next, to explore whether LINC00955 regulates ubiq-
uitination and degradation of CDK2 by regulating E3 
ligase, we used western blotting to detect the important 
E3 ligase KLHL6, which recognizes CDK2 [12]. Expres-
sion of KLHL6 did not change significantly in HCT116 
(Vector, LINC00955) and RKO (Vector, LINC00955) 
cells (Fig.  3E). Next, we predicted E3 ligases that are 
involved in CDK2 degradation using the UbiBrowser 
database. We also identified an E3 ligase regulated by 
LINC00955 by quantitative proteomic analysis. We then 
combined the site prediction data with the proteomic 
analysis results. The findings showed that PHIP may be 
involved in regulation of degradation of ubiquitinated 
CDK2 by LINC00955 (Fig.  3D). PHIP expression was 
detected using western blotting, and the results indicated 
that it was elevated in HCT116 (LINC00955) and RKO 
(LINC00955) cells (Fig.  3E). To further explore whether 
LINC00955 regulates ubiquitination and degradation 
of CDK2 by regulating the E3 ligase PHIP that specifi-
cally recognizes CDK2, PHIP expression was knocked 
down in HCT116 (LINC00955) and RKO (LINC00955) 
cells (Fig.  3F, G), and CDK2 expression was evaluated 
by western blotting. Knockdown of PHIP significantly 
upregulated CDK2 expression (Fig.  3H, I). Moreover, 
the effect of LINC00955 on degradation of CDK2 pro-
tein was assessed after knocking down PHIP in HCT116 
(LINC00955) and RKO (LINC00955) cells. The results 
showed that knocking down PHIP significantly reduced 
the effect of LINC00955 on degradation of CDK2 pro-
tein (Fig.  3J, K), indicating that LINC00955 regulates 
ubiquitination and degradation of CDK2 by regulating 
the E3 ligase PHIP. To determine whether PHIP binds to 
CDK2, these mixtures were incubated with HA-beads, 
which pull-down the HA protein by immunoprecipi-
tation (IP). The results showed that PHIP was present 
in the immune complex (Fig.  3L), indicating that PHIP 
binds to CDK2 and triggers its degradation. To further 
explore whether PHIP is involved in ubiquitination of the 
CDK2 protein, Myc-Ub and HA-CDK2 were co-trans-
fected into PHIP-knockdown HCT116 (LINC00955) and 
RKO (LINC00955) cells, followed by ubiquitin-IP. The 
experiment found that knockdown of PHIP substantially 
decreased the ubiquitination level of CDK2 (Fig. 3M, N). 
Knocking down PHIP reduced the ability of LINC00955 
to suppress the growth of CRC cells, as demonstrated by 
ATP, soft agar, and EdU assays (Fig. 3O–T). Flow cytom-
etry also showed that knocking down PHIP significantly 
weakened the ability of LINC00955 to arrest the cell cycle 
of HCT116 and RKO cells (Fig. 3U, V). Collectively, these 
findings suggest that LINC00955 promotes ubiquitina-
tion and degradation of CDK2 by upregulating expres-
sion of PHIP, thereby inhibiting proliferation of CRC 
cells.
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LINC00955 downregulates the DNA methylation level 
of the PHIP promoter, thereby increasing promoter activity 
and PHIP expression
Analysis of the effects of LINC00955 on the regulation 
of PHIP mRNA demonstrated that PHIP mRNA levels 

were considerably higher in HCT116 (LINC00955) and 
RKO (LINC00955) cells than in HCT116 (Vector) and 
RKO (Vector) cells (Fig.  4A). A PHIP promoter-driven 
luciferase reporter was transfected into HCT116 (Vec-
tor, LINC00955) and RKO (Vector, LINC00955) cells to 

Fig. 2 LINC00955 inhibits the proliferation of CRC cells by downregulating expression of CDK2 and inducing cell arrest at G0/G1 phase. A, B 
Flow cytometric investigation of the impact of LINC00955 on the cell cycle of CRC cells. C Western blotting, showing expression of important 
proteins associated with the G0-G1 phase. D, E The efficiency of transfecting HA-CDK2 and its control plasmids into HCT116 (LINC00955) and RKO 
(LINC00955) cells was evaluated using western blotting. F, G Effects of CDK2 overexpression on cell proliferation, as measured by ATP assays, 
in (F) HCT116 (LINC00955) and (G) RKO (LINC00955) cells. H, I Effects of CDK2 overexpression on growth of (H) HCT116 (LINC00955) and (I) RKO 
(LINC00955) cells, as determined by soft agar assays. (J, K) Effects of CDK2 overexpression on the DNA replication activity of (J) HCT116 (LINC00955) 
and (K) RKO (LINC00955) cells, as determined by EdU assays. L, M Flow cytometric analysis of the effects of CDK2 overexpression on the cell cycle 
in (L) HCT116 (LINC00955) and (M) RKO (LINC00955) cells. An asterisk (*) indicates a significant difference (p < 0.05)
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determine whether LINC00955 regulates PHIP expres-
sion at the transcriptional level. LINC00955 significantly 
enhanced PHIP promoter activity in CRC cells (Fig. 4B). 
JASPAR analysis to predict transcription factors that 
regulate PHIP identified multiple probable transcrip-
tion factor binding sites in the promoter region of PHIP, 
including sites for Sp1, Sp2, Sp3, and FOXO1 (Fig.  4C). 
A truncated PHIP promoter-driven luciferase reporter 
was constructed (Figure S1A), with the activity of the 
PHIP promoter region being altered by dual-luciferase 
reporter assays. This experiment revealed that PHIP-2 
is the critical region responsible for the change of pro-
moter activity (Figure S1B, C). Western blotting to assess 
expression of transcription factors in CRC cells showed 
that expression of FOXO1 was drastically upregulated, 
whereas the expression of Sp1 was drastically downregu-
lated in HCT116 (LINC00955) and RKO (LINC00955) 
cells (Fig.  4D). These findings suggest that FOXO1 and 
Sp1 may be transcription factors that regulate the PHIP 
promoter.

To determine whether PHIP upregulation is caused 
directly by the transcription factors Sp1 and FOXO1, the 
mutation binding sites of Sp1 and FOXO1 were deter-
mined [13, 14], and a series of PHIP promoter-driven 
luciferase reporters harboring Sp1 and FOXO1 mutants 
was constructed (Fig. 4E, F). Wild-type and mutant-type 
PHIP promoter-driven luciferase reporters were trans-
ferred into HCT116 (Vector, LINC00955) and RKO (Vec-
tor, LINC00955) cells, and their promoter activity was 
measured. The activity of wild-type and mutant-type 
PHIP promoters did not differ significantly (Fig.  4G–J), 
indicating that LINC00955 does not promote tran-
scription of PHIP by influencing transcription factor 
expression.

DNA methylation is an epigenetic modification that can 
play an important role in control of gene expression in 
mammalian cells, with gene silencing caused by abnormal 
promoter hypermethylation being one of the mechanisms 

leading to downregulation of tumor suppressor genes, 
and occurrence and progression of cancers [15, 16]. Bio-
informatics software predicted that CpG islands are pre-
sent in the PHIP promoter region, which was confirmed 
in this study (Fig. 4K). To detect alterations in the meth-
ylation level of the PHIP promoter region, methylation-
specific PCR (MSP) experiments were performed using 
primers constructed based on the location of the CpG 
islands. After overexpression of LINC00955 in HCT116 
cells, the DNA methylation level in the PHIP promoter 
region was significantly reduced (Fig. 4L), suggesting that 
LINC00955 promotes PHIP promoter activity by affect-
ing DNA methylation in the PHIP promoter region. To 
test this hypothesis, MSP was performed after treating 
HCT116 (Vector, LINC00955) cells with the DNA meth-
ylation inhibitor 5-Aza, with findings showing that addi-
tion of 5-Aza suppressed the level of methylation of the 
PHIP promoter region (Fig. 4L). Similarly, dual-luciferase 
reporter, qPCR, and western blotting assays showed that 
5-Aza treatment increased PHIP promoter, mRNA, and 
protein levels (Fig.  4M–O). LINC00955 may promote 
PHIP promoter activity by affecting DNA methylation 
in the PHIP promoter region. To determine the specific 
mechanism by which LINC00955 regulates DNA meth-
ylation of the PHIP promoter, expression of the related 
DNMT1, DNMT3A, and DNMT3B was measured by 
western blotting. DNMT3B levels were lower in HCT116 
(LINC00955) and RKO (LINC00955) cells than in their 
respective control cells (Fig. 4P). DNMT3B was overex-
pressed in HCT116 (LINC00955) and RKO (LINC00955) 
cells (Fig.  4Q, R), and MSP assays detected changes in 
PHIP promoter methylation after overexpression of 
DNMT3B, suggesting that overexpression of DNMT3B 
can significantly increase the level of PHIP promoter 
methylation (Fig.  4S, T). Overexpression of DNMT3B 
significantly reduced PHIP promoter activity and mRNA 
and protein levels (Fig.  4U, V, Q, R). Additionally, ATP, 
soft agar, and EdU assays demonstrated that LINC00955 

Fig. 3 LINC00955 promotes ubiquitination and degradation of CDK2, and inhibits proliferation of CRC cells by promoting expression of PHIP. 
A qPCR assay of CDK2 mRNA levels in HCT116 (Vector, LINC00955) and RKO (Vector, LINC00955) cells. B, C Degradation of CDK2 protein in (B) 
HCT116 (Vector, LINC00955) and (C) RKO (Vector, LINC00955) cells treated with MG132 and CHX, as determined by western blotting. D Venn 
diagram analysis of the E3 ligase controlling CDK2 protein degradation. E Expression of KLHL6 and PHIP in HCT116 (Vector, LINC00955) and RKO 
(Vector, LINC00955) cells according to western blotting. F, G Transfection efficiency of shPHIP in (F) HCT116 (LINC00955) and (G) RKO (LINC00955) 
cells according to western blotting. H, I Expression of CDK2 in (H) HCT116 (LINC00955) and (I) RKO (LINC00955) cells after PHIP knockdown, 
as determined by western blotting. J, K Degradation rate of CDK2 in (J) HCT116 (LINC00955) and (K) RKO (LINC00955) cells after PHIP knockdown, 
as determined by western blotting. L The connection between PHIP and CDK2, as determined by Co-IP assays. M, N Effect of PHIP knockdown 
on CDK2 ubiquitination in (M) HCT116 (LINC00955) and (N) RKO (LINC00955) cells, as determined by western blotting after ubiquitin-IP assay. O, P 
ATP assays were performed to assess the impact of PHIP knockdown on the growth of (O) HCT116 (LINC00955) and (P) RKO (LINC00955) cells. Q, R 
Effect of PHIP knockdown on growth of (Q) HCT116 (LINC00955) and (R) RKO (LINC00955) cells, as determined by soft agar assays. S, T Effect of PHIP 
knockdown on the DNA replication activity of (S) HCT116 (LINC00955) and (T) RKO (LINC00955) cells, as determined by EdU assays. U, V Effect 
of CDK2 knockdown on the cell cycle in (U) HCT116 (LINC00955) and (V) RKO (LINC00955) cells, as determined by flow cytometry. An asterisk (*) 
indicates a significant difference (p < 0.05)

(See figure on next page.)
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restricted CRC cell proliferation by repressing the expres-
sion of DNMT3B (Fig. 4W, X, Y, Z, AA, AB). Moreover, 
flow cytometry showed that overexpression of DNMT3B 
dramatically weakened the ability of LINC00955 to arrest 
the cell cycle of HCT116 and RKO cells (Fig. 4AC, AD).

LINC00955 inhibits transcription of DNMT3B 
by downregulating expression of Sp1
To clarify the possible mechanism by which LINC00955 
downregulates DNMT3B in CRC cells, the levels of 
DNMT3B mRNA were evaluated in HCT116 and RKO 

Fig. 3 (See legend on previous page.)



Page 10 of 20Ren et al. BMC Cancer          (2023) 23:898 

cells. DNMT3B mRNA levels were visibly lower in 
HCT116 (LINC00955) and RKO (LINC00955) cells than 
in HCT116 (Vector) and RKO (Vector) cells (Fig.  5A). 
The ability of LINC00955 to regulate DNMT3B pro-
moter activity was assessed using dual-luciferase reporter 
assays. Overexpression of LINC00955 significantly inhib-
ited DNMT3B promoter activity (Fig. 5B), indicating that 
LINC00955 downregulates expression of DNMT3B at 
the transcriptional level.

Transcription factors regulate expression of target 
genes by binding to the promoter region. The DNMT3B 
promoter is regulated by the transcription factors 
Sp1, Sp3, FOXO3A, and FOXC1 (Fig.  5C) [17–19]. 
Because western blotting showed that Sp1 was notice-
ably downregulated in HCT116 (LINC00955) and RKO 
(LINC00955) cells (Fig.  5D), Sp1 was stably overex-
pressed in HCT116 (LINC00955) and RKO (LINC00955) 
cells (Fig.  5E, F), and alterations in DNMT3B promoter 
activity and mRNA levels were determined. Sp1 over-
expression significantly increased DNMT3B promoter 
activity and mRNA levels (Fig.  5G–H). To determine 
whether Sp1 was directly responsible for the down-
regulation of DNMT3B, the Sp1 mutation sites were 
determined, and DNMT3B promoter-driven lucif-
erase reporters harboring mutant Sp1 were constructed 
(Fig.  5I). DNMT3B promoter activity was determined. 
The reduction in activity of the mutant promoter was 
significantly lower than that of the wild-type promoter 
(Fig.  5J, K), demonstrating that LINC00955 inhibited 
transcription of DNMT3B by downregulating expres-
sion of Sp1. ATP, soft agar, and EdU assays showed that 

Sp1 could restore the ability of LINC00955 to inhibit 
proliferation of CRC cells (Fig. 5L–Q). According to flow 
cytometry, overexpression of Sp1 drastically reduced the 
capacity of LINC00955 to arrest the cell cycle of HCT116 
and RKO cells (Fig. 5R, S). Taken together, these results 
indicate that LINC00955 reduces expression of Sp1 to 
prevent CRC cell proliferation.

LINC00955 recruits TRIM25 to degrade Sp1 
via ubiquitination
To elucidate the molecular mechanism by which 
LINC00955 regulates Sp1 expression, we first evalu-
ated the ability of LINC00955 to regulate Sp1 mRNA 
levels through qPCR. Sp1 mRNA levels in HCT116 
(LINC00955) and RKO (LINC00955) cells, however, did 
not differ significantly from levels in their respective 
control cells (Fig. 6A). To establish whether LINC00955 
regulates expression of Sp1 through ubiquitination and 
degradation, cells were treated with MG132 and CHX. 
Sp1 was degraded more rapidly in HCT116 (LINC00955) 
and RKO (LINC00955) cells than in their respective 
control cells (Fig.  6B, C), suggesting that LINC00955 
was responsible for faster degradation of Sp1. In  vitro 
ubiquitination assays revealed that the amount of ubiq-
uitinated Sp1 protein was markedly higher in HCT116 
(LINC00955) and RKO (LINC00955) cells than in their 
respective controls (Fig. 6D, E). To assess direct involve-
ment of LINC00955 in regulation of Sp1 expression, 
biotinylated LINC00955 was used as an RNA probe in 
RNA pull-down assays and mass spectrometry analy-
ses. The amount of Sp1 was much higher in biotinylated 

(See figure on next page.)
Fig. 4 LINC00955 inhibits PHIP promoter methylation by downregulating expression of the DNA methyltransferase DNMT3B. A PHIP mRNA 
levels in HCT116 (Vector, LINC00955) and RKO (Vector, LINC00955) cells, as determined by qPCR. B PHIP promoter levels in HCT116 (Vector, 
LINC00955) and RKO (Vector, LINC00955) cells, as determined by dual-luciferase reporter assays. C Possible transcription factors in the promoter 
region of PHIP, predicted from the JASPAR database. D Western blotting was performed to examine expression of transcription factors in HCT116 
and RKO (Vector, LINC00955) cells. E Construction of a Sp1 mutant PHIP promoter-driven luciferase reporter. F Construction of a FOXO1 mutant 
PHIP promoter-driven luciferase reporter. G, H Wild-type and Sp1 mutant PHIP promoter-driven luciferase reporters were transferred into (G) 
HCT116 (Vector, LINC00955) and (H) RKO (Vector, LINC00955) cells, and their promoter activity was determined. I, J Wild-type and FOXO1 mutant 
PHIP promoter-driven luciferase reporters were transferred into (I) HCT116 (Vector, LINC00955) and (J) RKO (Vector, LINC00955) cells, and their 
promoter activity was determined. K The MethPrimer website predicted the CpG island in the PHIP promoter. L–O HCT116 (Vector, LINC00955) 
cells were pretreated with the methylation inhibitor 5-Aza, and the effects of LINC00955 were tested on (L) the methylation and non-methylation 
levels of the PHIP promoter region (determined by MSP), (M) PHIP promoter levels (determined by dual-luciferase reporter assays), (N) PHIP mRNA 
levels (determined by qPCR), and (O) PHIP protein levels (analyzed using western blotting). P Expression of DNA methyltransferase, as determined 
by western blotting. Q, R The transfection efficiency of HA-DNMT3B and its control plasmids was analyzed by western blotting in (Q) HCT116 
(LINC00955) and (R) RKO (LINC00955) cells. S, T Effects of DNMT3B overexpression on PHIP promoter methylation in (S) HCT116 (LINC00955) 
and (T) RKO (LINC00955) cells, as determined by MSP assays. U Effects of DNMT3B overexpression on PHIP promoter activity in HCT116 (LINC00955) 
and RKO (LINC00955) cells, as determined by dual-luciferase reporter assays. V Effects of DNMT3B overexpression on PHIP mRNA levels in HCT116 
(LINC00955) and RKO (LINC00955) cells, as determined by qPCR assays. W, X Effects of DNMT3B overexpression on proliferation of (W) HCT116 
(LINC00955) and (X) RKO (LINC00955) cells, as determined by ATP assays. Y, Z Soft agar tests were performed to investigate the effects of DNMT3B 
overexpression on the growth of (Y) HCT116 (LINC00955) and (Z) RKO (LINC00955) cells. AA, AB Effects of DNMT3B overexpression on the DNA 
replication activity of (AA) HCT116 (LINC00955) and (AB) RKO (LINC00955) cells, as determined by EdU assays. AC, AD Effects of DNMT3B 
overexpression the cell cycle in (AC) HCT116 (LINC00955) and (AD) RKO (LINC00955) cells, as determined by flow cytometry. An asterisk (*) indicates 
a significant difference (p < 0.05)
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LINC00955 precipitates than in biotinylated antisense 
LINC00955 precipitates, with the former also being 
enriched in TRIM25, an E3 ubiquitin ligase that is pre-
dicted to mediate Sp1 ubiquitination and degradation 
(Fig. 6F–H). TRIM25 promotes ubiquitination of Sp1 at 
K610 in gastric cancer [20]. LncRNAs can act as scaf-
folds that participate in protein–protein interactions. 
LINC00955 may therefore serve as a scaffold to recruit 
E3 ligase to Sp1 and promote Sp1 ubiquitination and 
degradation. To test this hypothesis, RNA pull-down 
and RIP assays were performed. Both assays showed that 
LINC00955 interacts with Sp1 and TRIM25 (Fig. 6I–N). 

Overexpression of LINC00955, however, did not signifi-
cantly alter expression of TRIM25 protein in CRC cells 
(Fig.  6O). The effect of LINC00955 on the binding of 
Sp1 to its ubiquitin E3 ligase TRIM25 was further tested 
by Co-IP experiments, which showed that LINC00955 
overexpression increased the interaction between Sp1 
and TRIM25 (Fig.  6P). To determine whether TRIM25 
mediates Sp1 degradation, TRIM25 was knocked down 
in HCT116 (LINC00955) and RKO (LINC00955) cells 
(Fig. 6Q, R), and degradation rate of Sp1 was determined. 
TRIM25 knockdown significantly reduced the degra-
dation of Sp1 (Fig.  6S, T), as well as its ubiquitination 

Fig. 4 (See legend on previous page.)
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(Fig. 6U, V), indicating that TRIM25 is an E3 ligase that 
regulates Sp1 ubiquitination in CRC cells. In summary, 
these findings show that LINC00955 promotes interac-
tion between Sp1 and TRIM25, thereby promoting Sp1 
degradation.

LINC00955 nucleotides 2073–2204 interact with Sp1 
protein, and nucleotides 984–1135 interact with TRIM25 
protein
To determine the sites within LINC00955 that interact 
with Sp1 and TRIM25, the structure of LINC00955 was 
predicted by RNAfold (Fig.  7A). Because proteins tend 
to interact with the stem-loop structures of RNAs, bioti-
nylated RNA probes corresponding to LINC00955 nucle-
otides 1–500, 1–1704, 501–2483, and 1705–2483 were 
synthesized for RNA pull-down experiments (Fig.  7B). 
LINC00955 mutants containing nucleotides 1705–2483 
retained the ability to bind to Sp1 (Fig.  7C), whereas 
LINC00955 mutants containing nucleotides 501–1704 
retained the ability to bind to TRIM25 (Fig.  7D). To 
identify the regions of Sp1 and TRIM25 that bind to 
LINC00955, the Protein Data Bank was searched using 
the Dali web server to identify folds similar to the struc-
tural domains in Sp1 (i.e., amino acids 429–558, and 
626–714) and TRIM25 (i.e., amino acids 1–84, 105–190, 
and 431–630). The domain corresponding to amino 
acids 626–714 in Sp1 contained a structural fold similar 
to that of a designed zinc finger protein bound to DNA 
(pdb ID: 1MEY) (Fig.  7E). Sequence alignment showed 
that the nucleotides in 1MEY aligned well with nucleo-
tides 2072–2084 of LINC00955 (Fig.  7F). Nucleotides 
2072–2084 are in a double-stranded helical region (i.e., 
nucleotides 2073–2204, named ‘2’) (Fig.  7G). The high 
probability of base pairs in the helical region and the 
well-aligned sequences suggest that the domain cor-
responding to amino acids 626–714 in Sp1 may bind to 
nucleotides 2073–2204 in LINC00955. Evaluation of the 
three domains in the TRIM25 protein (i.e., amino acids 

1–84, 105–190, and 431–630) failed to identify any simi-
lar structures that bound directly to nucleotides. How-
ever, TRIM25 prefers to bind GC-rich sequences [21]. 
Nucleotides 984–1135 of LINC00955 had a significantly 
higher GC-content (74/132) (Fig. 7G) than other regions 
of LINC00955 (i.e., nucleotides 984–1135, named ‘1’), 
suggesting that nucleotides 984–1135 in LINC00955 
might bind to TRIM25. To test whether the region of 
LINC00955 corresponding to nucleotides 984–1135 
binds to TRIM25, and whether LINC00955 nucleotides 
2073–2204 bind to amino acids 626–714 of Sp1 (Fig. 7G), 
biotinylated LINC00955 probes that deleted nucleotides 
984–1135 and/or 2073–2204 were synthesized and uti-
lized in RNA pull-down experiments. Deletion of the 
LINC00955 region corresponding to nucleotides 2073–
2204 abolished interactions with Sp1 protein (Figs. 7H), 
whereas deletion of nucleotides 984–1135 abolished 
interactions with TRIM25 protein (Fig.  7I). Deletion 
of both regions at the same time resulted in a failure to 
bind both Sp1 and TRIM25 (Fig.  7H, I). These findings 
indicate that the LINC00955 regions corresponding to 
nucleotides 2073–2204 and 984–1135 bind to Sp1 and 
TRIM25, respectively.

To further determine whether the interactions of 
LINC00955 with Sp1 and TRIM25 proteins inhibit 
the proliferation of CRC cells, plasmids overexpress-
ing LINC00955 lacking nucleotides 984–1135 and/or 
2073–2204 were synthesized and used to construct sta-
ble transfected cell lines (Figure S2A, B). Only full-length 
LINC00955 accelerated Sp1 degradation and down-
regulated Sp1 expression, whereas plasmids expressing 
LINC00955 lacking nucleotides 984–1135 and/or 2073–
2204 did not (Fig. 7J–M). ATP and soft agar experiments 
showed that LINC00955 fragments lacking the Sp1-
binding domain, the TRIM25-binding domain, and both 
regions did not inhibit CRC cell proliferation (Fig.  7N–
Q), which supported the conclusion that the function of 
LINC00955 depends on its binding to Sp1 and TRIM25.

Fig. 5 LINC00955 inhibits transcription of DNMT3B by downregulating expression of transcription factor Sp1. A DNMT3B mRNA levels in HCT116 
(Vector, LINC00955) and RKO (Vector or LINC00955) cells, as determined by qPCR. B DNMT3B promoter levels in HCT116 (Vector, LINC00955) 
and RKO (Vector, LINC00955) cells, as determined by dual-luciferase reporter assays. C Transcription factors are present in the DNMT3B promoter 
region. D Expression of transcription factors in HCT116 (Vector, LINC00955) and RKO (Vector, LINC00955) cells was examined using western blotting. 
E, F GFP-Sp1 and its control plasmids were transfected into (E) HCT116 (LINC00955) and (F) RKO (LINC00955) cells, and stability of transfection 
was assessed by western blotting. G Dual-luciferase reporter assays showing the effects of Sp1 overexpression on DNMT3B promoter activity 
in HCT116 (LINC00955) and RKO (LINC00955) cells. H Effects of Sp1 overexpression on DNMT3B mRNA levels in HCT116 (LINC00955) and RKO 
(LINC00955) cells, as determined by qPCR. I Construction of Sp1 mutant DNMT3B promoter-driven luciferase reporters. J, K Wild-type and Sp1 
mutant DNMT3B promoter-driven luciferase reporters were transferred into (J) HCT116 (Vector, LINC00955) and (K) RKO (Vector, LINC00955) 
cells, and their promoter activity was measured. (L, M) Effects of DNMT3B overexpression on proliferation of (L) HCT116 (LINC00955) and (M) RKO 
(LINC00955) cells, as determined by ATP assays. N, O Soft agar tests were performed to explore the effects of DNMT3B overexpression on the growth 
of (N) HCT116 (LINC00955) and (O) RKO (LINC00955) cells. P, Q Effects of DNMT3B overexpression on the DNA replication activity of (P) HCT116 
(LINC00955) and (Q) RKO (LINC00955) cells, as determined by EdU assays. R, S Effects of DNMT3B overexpression on the cell cycle of (R) HCT116 
(LINC00955) and (S) RKO (LINC00955) cells, as determined by flow cytometry. An asterisk (*) indicates a significant difference (p < 0.05)

(See figure on next page.)
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Correlations among Sp1, DNMT3B, PHIP, and CDK2 protein 
levels in clinical CRC tissues
To verify the correlations between LINC00955 
and its downstream genes in  vivo, we performed 

immunohistochemistry (IHC) to detect expression of 
Sp1, DNMT3B, PHIP, and CDK2 in 75 pairs of CRC and 
normal tissues. The protein levels of Sp1, DNMT3B, and 
CDK2 were significantly higher in CRC tissues than in 

Fig. 5 (See legend on previous page.)
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Fig. 6 LINC00955 acts as a scaffold to promote ubiquitination and degradation of Sp1 by TRIM25. A Sp1 mRNA levels in HCT116 (Vector, 
LINC00955) and RKO (Vector, LINC00955) cells, as determined by qPCR. (B, C) Effects of MG132 and CHX on the Sp1 protein degradation rate in (B) 
HCT116 (Vector, LINC00955) and (C) RKO (Vector, LINC00955) cells, as determined by western blotting. D, E Effects of LINC00955 overexpression 
on Sp1 ubiquitination in (D) HCT116 and (E) RKO cells after the ubiquitin-IP experiment, as determined by western blotting. F Venn diagram 
screening of proteins interacting with LINC00955. G, H Mass spectrometry analysis results after RNA pull-down. I, J Interactions between (I) 
LINC00955 and Sp1, and between (J) LINC00955 and TRIM25, after RNA pull-down in HCT116 cells transfected with Sp1 or TRIM25, as determined 
by western blotting. K, L RIP assays of the interaction between LINC00955 and Sp1 in (K) HCT116 (LINC00955) and (L) RKO (LINC00955) cells. 
M, N RIP assays of the interaction between LINC00955 and TRIM25 in (M) HCT116 (LINC00955) and (N) RKO (LINC00955) cells. O Expression 
of TRIM25 in HCT116 (Vector, LINC00955) and RKO (Vector, LINC00955) cells, as determined by western blotting. P Co-IP assays were performed 
to evaluate how overexpression of LINC00955 affected the interaction between TRIM25 and Sp1. Q, R Transfection efficiency of shPHIP in (Q) 
HCT116 (LINC00955) and (R) RKO (LINC00955) cells, as determined by western blotting. S, T Effect of TRIM25 knockdown on Sp1 degradation in (S) 
HCT116 (LINC00955) and (T) RKO (LINC00955) cells, as determined by western blotting. U, V Effect of TRIM25 knockdown on Sp1 ubiquitination 
after the ubiquitin-IP experiment in (U) HCT116 (LINC00955) and (V) RKO (LINC00955) cells, as determined by western blotting. An asterisk (*) 
indicates a significant difference (p < 0.05)
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Fig. 7 LINC00955 inhibits proliferation of CRC cells by interacting with Sp1 and TRIM25. A Structure of the LINC00955 fragment predicted 
by RNAfold. B–D The regions of LINC00955 that bind to Sp1 and TRIM25, as shown by RNA pull-down experiments using successively truncated 
LINC00955 fragments. E Structural superposition of the amino acid 626–714 domain in Sp1 (magenta) and the zinc finger protein in 1MEY (green). 
F Sequence alignment of the nucleotides in 1MEY with LINC00955. G Predicted LINC00955 binding regions that interact with Sp1 and TRIM25. H, I 
Specific regions of LINC00955 bound to Sp1 and TRIM25 proteins, as determined by RNA pull-down assays using HCT116 cells transfected with Sp1 
or TRIM25. J, K Effect of the deleting the LINC00955 fragments bound to Sp1 and TRIM25 on Sp1 protein degradation in (J) HCT116 and (K) RKO 
cells, as determined by western blotting. L, M Effect of the deleting the LINC00955 fragments bound to Sp1 and TRIM25 on Sp1 protein expression 
in (L) HCT116 and (M) RKO cells, as determined by western blotting. N, O Effects of deleting the LINC00955 fragments bound to Sp1 and TRIM25 
on the ability of (N) HCT116 and (O) RKO cells to proliferate, as measured by ATP assays. P, Q Soft agar tests were performed to investigate 
the effects of deleting the LINC00955 fragments bound to Sp1 and TRIM25 on the ability of (P) HCT116 and (Q) RKO cells to proliferate. An asterisk 
(*) indicates a significant difference (p < 0.05)
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normal tissues, while the protein levels of PHIP were 
significantly lower in CRC tissues than in normal tis-
sues (Fig. 8A–E), which correlated with the downregula-
tion of LINC00955 in CRC. Further correlation analysis 
showed that Sp1 protein levels were positively correlated 

with DNMT3B and CDK2 protein levels, but negatively 
correlated with PHIP protein levels (Fig.  8F–H), which 
is consistent with the results of in  vitro studies. These 
results indicate that the LINC00955-Sp1-DNMT3B-
PHIP-CDK2 regulatory pathway has clinical significance 

Fig. 8 Correlations between expression of Sp1, DNMT3B, PHIP, and CDK2 proteins. A–E Levels of Sp1, DNMT3B, PHIP, and CDK2 protein 
in CRC tissues and adjacent normal tissues, as determined by immunohistochemical analysis of 75 pairs of clinical samples. F, H Correlations 
between expression of the above proteins in 75 pairs of CRC tissues and normal tissue samples. I Mechanistic diagram of inhibition of CRC cell 
proliferation by LINC00955 through the TRIM25/Sp1/DNMT3B/PHIP/CDK2 axis
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in regulation of CRC progression. Finally, the molecular 
mechanism of LINC00955 inhibiting the malignant pro-
liferation of CRC cells is mapped (Fig. 8I).

Discussion
LncRNAs have significant roles in the pathophysiology 
and development of a number of malignancies [22], indi-
cating that combined targeting of dysregulated lncRNAs 
may become a potential strategy for cancer treatment 
in the future [23]. To date, however, only the roles of a 
few lncRNAs have been thoroughly characterized. The 
discovery and identification of additional lncRNAs, and 
their underlying mechanisms, are of great significance 
for cancer treatment. The present study, using both bio-
informatics and experimental analyses, demonstrated 
that LINC00955 expression was substantially down-
regulated in CRC tissues. Moreover, lower expression of 
LINC00955 was linked to a poorer prognosis in patients 
with CRC, suggesting that LINC00955 may be a prognos-
tic biomarker. LINC00955 inhibited CRC cell prolifera-
tion in vitro and in vivo. When considered together, these 
results demonstrate that LINC00955 may be a significant 
tumor suppressor in CRC.

The cell cycle is both important and strictly con-
trolled, as abnormal cell cycle processes can lead to 
genome instability and cancer progression [24]. Little is 
known about the molecular function of lncRNAs in cell 
cycle regulation in comparison with the diverse proteins 
involved in cell cycle regulation and linked with cancer-
causing mutations [25]. Several lncRNAs regulate the cell 
cycle and cell proliferation by directly regulating DNA 
replication or indirectly controlling expression of vital 
cell cycle-regulating genes [26]. For example, lncRNA 
MIR31HG binds to HIF1A, targets p21, and promotes 
cell proliferation by enhancing cell cycle progression in 
HNSCC [27]. The results presented herein showed that 
LINC00955 blocked the G0/G1 phase of the cell cycle 
and inhibited proliferation of CRC cells by reducing 
expression of CDK2. CDK2 is activated by complexing 
with a cyclin, and is active from G1 phase progression 
and throughout S phase [28]. CDK2 expression is upreg-
ulated in cancers [29], and CDK2 is crucial for anchor-
age-independent proliferation mediated by oncogenes 
[30]. Cancer therapy is thought to target CDK2 in some 
cases, and several small-molecule CDK2 inhibitors are 
currently undergoing clinical trials. One example is Alvo-
cidib, a purine analogue and combination inhibitor [31]; 
however, this agent shows unsatisfactory efficacy, high 
toxicity, and non-specificity. Additional key regulators 
of CDK2 may suppress cell proliferation during onco-
genesis. For example, the present study identified a new 
lncRNA that regulates CDK2 in CRC, suggesting a new 

direction for CDK2 inhibitors and suppressors of CRC 
cell proliferation.

Current research on CDK2 is mainly concerned with 
its kinase activity [32]. Fewer studies, however, have 
evaluated the regulation of CDK2 expression, especially 
its stability. The current investigation discovered that 
LINC00955 mediates the ubiquitination-degradation of 
CDK2 through the E3 ligase PHIP. Ubiquitination is a 
significant post-translational change involved in control-
ling a number of biological functions. The ubiquitination 
cascade includes activating enzymes (E1s), conjugating 
enzymes (E2s), and ligases (E3s) [33], with E3 ligase play-
ing a crucial role in specifically determining the ubiq-
uitination and degradation of target proteins. PHIP is a 
cytosolic protein encoded on chromosome 6q14.1, which 
participates in insulin and IGF-1 signaling and interacts 
only with the PH domain of IRS-1 [34]. To our knowl-
edge, PHIP has not been reported to function as a sub-
strate protein for E3 ligase. The present study is therefore 
the first to show that CDK2 is an ubiquitinated substrate 
of PHIP. Evaluation of clinical tissue samples demon-
strated that PHIP expression was lower in CRC tis-
sues than in normal colon tissues. Moreover, functional 
experiments showed that PHIP plays a role as a tumor 
suppressor gene during development of CRC.

Additionally, the current study discovered that 
LINC00955 markedly increased PHIP promoter activ-
ity. PHIP inhibited CRC tumor cell proliferation. Several 
tumor suppressor genes can be rendered inactive by aber-
rant CpG island methylation in their promoter regions, 
highlighting the significance of epigenetic changes during 
carcinogenesis [35]. DNA methylation patterns are gen-
erally regulated by DNA methyltransferases (DNMTs) 
[36], with DNMT3B acting as a de novo methyltrans-
ferase [37]. In HCT116 colon cancer cells, disruption of 
DNMT1 and DNMT3B decreases the 5-mC concentra-
tion by 95% and delays cell proliferation [38]. Few studies 
to date, however, have focused on the specific molecular 
mechanisms by which DNMT3B participates in the pro-
cess of CRC proliferation. The present study proposes a 
novel mechanism by which LINC00955 inhibits CRC 
cell proliferation by downregulating DNMT3B to inhibit 
methylation of the PHIP promoter. The PHIP gene, how-
ever, is not likely to be the only target of DNMT3B during 
cell proliferation. Alterations in expression of intracellu-
lar DNA methyltransferases must therefore affect other 
candidate genes and related pathways, indicating a need 
for additional studies. Assessment of the mechanism 
by which LINC00955 regulates DNMT3B found that 
LINC00955 inhibits DNMT3B transcription by down-
regulating transcription factor Sp1.

The molecular processes by which lncRNAs function 
in the growth of tumors are intricate. LncRNAs typically 
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exert their biological functions through physical interac-
tions with regulatory proteins, miRNAs, or other cellu-
lar factors [39], although evidence suggests that it may 
be more important for lncRNAs to exert their biologi-
cal functions through their target proteins. Some lncR-
NAs remain connected to their transcription sites, and 
interact with proteins to regulate expression of cis genes 
[40]. Some of them serve as molecular spies and bind to 
particular transcription factors, preventing them from 
attaching to DNA [41]. LncRNAs can also participate in 
protein–protein interactions. The transcriptional regu-
lator Sp1 belongs to the family of transcription factors 
[42]. Sp1 was identified as a promoter-specific bind-
ing factor involved in a number of biological processes 
in mammalian cells [43]. Sp1 plays an important role in 
CRC by regulating genes involved in all cancer-related 
processes, including growth factor-independent prolif-
eration, immortality, evasion of apoptosis, angiogenesis, 
tissue invasion, and metastasis [44, 45]. The transcrip-
tional activity, DNA-binding affinity, and protein stabil-
ity of Sp1 can all be changed post-translationally [46]. 
Sp1 is frequently post-translationally modified through 
phosphorylation, glycosylation, acetylation, ubiquitina-
tion, and sumoylation [47], with ubiquitination being 
an important post-translational modification [48]. Sev-
eral E3 ligases specifically recognize Sp1 and mediate its 
ubiquitination and subsequent degradation [49, 50]. Less 
is known, however, about the biological roles of lncRNAs 
during E3 ligase-mediated ubiquitination and degrada-
tion of Sp1.

The present study found that LINC00955 post-trans-
lationally regulates Sp1 ubiquitination and degradation 
by promoting the binding of E3 ligase to Sp1. The TRIM 
family of proteins, which is distinguished by the presence 
of three conserved N-terminal domains, a RING domain, 
one or two B-Boxes (B1/B2), and a coiled-coil domain, 
includes the 17 beta-estradiol and type I IFN-inducible 
E3 ligase known as TRIM25 [51]. TRIM25 acts as an E3 
ubiquitin ligase that promotes ubiquitination of Sp1 at 
K610 [20]. The present study found that LINC00955 pro-
motes degradation of Sp1 by enhancing binding of the E3 
ligase TRIM25 to Sp1, with subsequent degradation of 
Sp1 protein. LINC00955 nucleotides 2073–2204 inter-
act with Sp1 protein, and nucleotides 984–1135 interact 
with TRIM25 protein. LINC00955 serves as a scaffold 
for protein–protein interactions that inhibit proliferation 
of CRC, indicating that LINC00955 plays a direct role in 
proliferation of CRC. In recent years, intracellular protein 
degradation pathways and the development of protein-
targeted degradation technology have become of interest 
to researchers in the field of drug research and develop-
ment [52]. The current research found that LINC00955 
can act as a scaffold molecule that participates in the 

ubiquitination and degradation process, providing new 
ideas and directions for research on ubiquitin–protea-
some systems.

Conclusions
In conclusion, LINC00955 is downregulated in CRC and 
inhibits CRC cell proliferation by acting as a molecular 
scaffold of TRIM25 and Sp1 to inhibit the DNMT3B/
PHIP/CDK2 axis.

Abbreviations
CRC   Colorectal cancer
lncRNAs  Long non-coding RNAs
LINC00955  Long Intergenic Non-protein Coding RNA 955
TRIM25  Tripartite motif containing 25
Sp1  Sp1 transcription factor
DNMT3B  DNA methyltransferase 3 beta
PHIP  Pleckstrin homology domain interacting protein
CDK2  Cyclin dependent kinase 2
HIF1α  Hypoxia inducible-factor 1α
CHX  Cycloheximide

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12885- 023- 11403-2.

Additional file 1. 

Additional file 2: Figure S1. (A) Construction of A truncated PHIP 
promoter-driven luciferase reporter. (B, C) The PHIP-1 promoter-driven 
luciferase reporters and the PHIP-2 promoter-driven luciferase report-
ers were transferred into HCT116 (Vector, LINC00955) and RKO (Vector, 
LINC00955) cells, respectively, and their promoter activity was meas-
ured. Figure S2. (A, B) Stable transfection efficiency after deletion the 
LINC00955 fragment bound to Sp1 and TRIM25 in HCT116 and RKO cells, 
as determined by qPCR.

Additional file 3: Table S1. Information about CRC patients including 
case number, gender, age and tumor largest diameter.

Acknowledgements
The TCGA research network (http:// cance rgeno me. nih. gov/) provided the 
bioinformatics results for this project. We acknowledge the involvement of the 
research teams, sample providers, and participants in the TCGA CRC cancer 
dataset. We acknowledge the Scientific Research Center of Wenzhou Medical 
University for its advice and the provision of the instruments needed for this 
investigation.

Authors’ contributions
Ganglin Ren, Fangyu Hu, Hongyan Li and Xiaodong Zhang collected the 
clinical samples; The biological processes of cells were discovered by Ganglin 
Ren, Hongyan Li, Fangyu Hu, Rongjia Jin, Shuang Wu, and Wenhao Sun, who 
also carried out immunohistochemistry tests; The animal investigations were 
carried out by Hongyan Li, who also created the plasmids; The document was 
created and written by Ganglin Ren, Dan Hong, and Hongyan Li; Each author 
reviewed the final draft of the book, discussed the findings, and gave their 
approval. Technical support for the Transmission Electron Microscopy Assay 
was supplied by Rongjia Jin, Honglei Jin, and Lingling Zhao; Dongxiang Liu 
carried out bioinformatic analysis to predict proteins binding to LINC00955. 
Haishan Huang and Chuanshu Huang initiated the study, and designed 
experiments. Haishan Huang, Chuanshu Huang, Dan Hong, Dongxiang 
Liu and Lingling Zhao edited the manuscript. Shuang Wu and Rongjia Jin 
participated in the revision of the article. All authors examined and approved 
the final document.

https://doi.org/10.1186/s12885-023-11403-2
https://doi.org/10.1186/s12885-023-11403-2
http://cancergenome.nih.gov/


Page 19 of 20Ren et al. BMC Cancer          (2023) 23:898  

Funding
This research was funded by the Wenzhou Science and Technology Bureau 
(Y20190061), the Key Discipline of Zhejiang Province in Medical Technology, 
and the Key Project of the Science and Technology Innovation Team of Zheji-
ang Province (2013TD10) (First Class, Category A).

Availability of data and materials
The data that support the findings of this study are openly available in Pro-
teomeXchange Dataset at (https:// www. ebi. ac. uk/ pride/ archi ve/). Proteomics 
data accession number is PXD041773, and mass spectrometry data accession 
number is PXD041514.

Declarations

Ethics approval and consent to participate
The Wenzhou Medical University Ethics Committee gave approval for this 
study (KY2022-183) and confirmed that informed consent has been obtained 
from all subjects. All methods were carried out in accordance with relevant 
guidelines and regulations. All animal studies were conducted in accordance 
with ARRIVE guidelines and were approved by the Experimental Animal Ethics 
Committee of Wenzhou Medical University (xmsq2022-0151).

Consent for publication
Not applicable.

Competing interests
The authors affirm that they do not have any conflicting interests.

Author details
1 Zhejiang Provincial Key Laboratory of Medical Genetics, Key Laboratory 
of Laboratory Medicine, Ministry of Education, China, School of Laboratory 
Medicine and Life Sciences, Wenzhou Medical University, Wenzhou 325035, 
Zhejiang, China. 2 Jiaxing Center for Disease Control and Prevention, Jiax-
ing 314050, Zhejiang, China. 3 The First Affiliated Hospital of Wenzhou Medical 
University, Wenzhou 325035, Zhejiang, China. 4 Center for Chemical Biology, 
Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shang-
hai 201203, China. 

Received: 2 April 2023   Accepted: 14 September 2023

References
 1. Freddie, Bray, Jacques, Ferlay, Isabelle, Soerjomataram, et al. Global 

cancer statistics 2018: GLOBOCAN estimates of incidence and mor-
tality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2018;68(6):394–424.

 2. Weitz J, Koch M, Debus J, Höhler T, Galle PR, Büchler MW. Colorectal 
cancer. Lancet. 2005;365(9454):153–65.

 3. Derrien T, Johnson R, Bussotti G, Tanzer A, Guigó R. The GENCODE v7 
catalog of human long noncoding RNAs: Analysis of their gene structure, 
evolution, and expression. Genome Res. 2012;22(9):1775–89.

 4. Bhan A, Soleimani M, Mandal SS. Long Noncoding RNA and Cancer: A 
New Paradigm. Can Res. 2017;77(15):3965–81.

 5. Ni W, Yao S, Zhou Y, Liu Y, Huang P, Zhou A, et al. Long noncoding RNA 
GAS5 inhibits progression of colorectal cancer by interacting with and 
triggering YAP phosphorylation and degradation and is negatively regu-
lated by the m(6)A reader YTHDF3. Mol Cancer. 2019;18(1):143.

 6. Li J, Meng H, Bai Y, Wang K. Regulation of lncRNA and Its Role in Cancer 
Metastasis. Oncol Res. 2016;23(5):205–17.

 7. Bhan A, Soleimani M, Mandal SS. Long Noncoding RNA and Cancer: A 
New Paradigm. Cancer Res. 2017;77(15):3965–81.

 8. Hashemi M, Moosavi MS, Abed HM, Dehghani M, Aalipour M, Heydari 
EA, et al. Long non-coding RNA (lncRNA) H19 in human cancer: From 
proliferation and metastasis to therapy. Pharmacol Res. 2022;184: 106418.

 9. Ghafouri-Fard S, Hussen BM, Gharebaghi A, Eghtedarian R, Taheri M. 
LncRNA signature in colorectal cancer. Pathol Res Pract. 2021;222:153432.

 10. Meng Q, Wang J, Jiang B, Zhang X, Xu J, Cao Y, et al. SiRNA-based delivery 
nanoplatform attenuates the CRC progression via HIF1α-AS2. Nano 
Today. 2022;47:101667.

 11. Tang J, Yan T, Bao Y, Shen C, Yu C, Zhu X, et al. LncRNA GLCC1 promotes 
colorectal carcinogenesis and glucose metabolism by stabilizing c-Myc. 
2019, 10(1): 3499.

 12. Ying M, Shao X, Jing H, Liu Y, Qi X, Cao J, et al. Ubiquitin-dependent 
degradation of CDK2 drives the therapeutic differentiation of AML by 
targeting PRDX2. Blood. 2018;131(24):2698–711. https:// doi. org/ 10. 1182/ 
blood- 2017- 10- 813139.

 13. Vellingiri B, Iyer M, Devi Subramaniam M, Jayaramayya K, Siama Z, Girid-
haran B, et al. Understanding the Role of the Transcription Factor Sp1 in 
Ovarian Cancer: from Theory to Practice. Int J Mol Sci. 2020;21(3):1153.

 14. Kurakazu I, Akasaki Y, Hayashida M, Tsushima H, Goto N, Sueishi T, 
et al. FOXO1 transcription factor regulates chondrogenic differentia-
tion through transforming growth factor β1 signaling. J Biol Chem. 
2019;294(46):17555–69.

 15. Kulis M, Esteller M. DNA methylation and cancer. Adv Genet. 
2010;70:27–56.

 16. Moore LD, Le T, Fan G. DNA methylation and its basic function. Neuropsy-
chopharmacology. 2013;38(1):23–38.

 17. Jinawath A, Miyake S, Yanagisawa Y, Akiyama Y, Yuasa Y. Transcriptional 
regulation of the human DNA methyltransferase 3A and 3B genes by Sp3 
and Sp1 zinc finger proteins. Biochem J. 2005;385(Pt 2):557–64.

 18. Yang YC, Tang YA, Shieh JM, Lin RK, Hsu HS, Wang YC. DNMT3B 
overexpression by deregulation of FOXO3a-mediated transcription 
repression and MDM2 overexpression in lung cancer. J Thorac Oncol. 
2014;9(9):1305–15.

 19. Lin Z, Huang W, He Q, Li D, Wang Z, Feng Y, et al. FOXC1 promotes HCC 
proliferation and metastasis by Upregulating DNMT3B to induce DNA 
Hypermethylation of CTH promoter. J Exp Clin Cancer Res. 2021;40(1):50.

 20. Chen JJ, Ren YL, Shu CJ, Zhang Y, Chen MJ, Xu J, et al. JP3, an antiangio-
genic peptide, inhibits growth and metastasis of gastric cancer through 
TRIM25/SP1/MMP2 axis. J Exp Clin Cancer Res. 2020;39(1):118.

 21. Choudhury NR, Heikel G, Trubitsyna M, Kubik P, Nowak JS, Webb S, et al. 
RNA-binding activity of TRIM25 is mediated by its PRY/SPRY domain and 
is required for ubiquitination. BMC Biol. 2017;15(1):105.

 22. Shuai Y, Ma Z, Liu W, Yu T, Yan C, Jiang H, et al. TEAD4 modulated LncRNA 
MNX1-AS1 contributes to gastric cancer progression partly through sup-
pressing BTG2 and activating BCL2. Mol Cancer. 2020;19(1):6.

 23. Yuan L, Xu ZY, Ruan SM, Mo S, Qin JJ, Cheng XD. Long non-coding RNAs 
towards precision medicine in gastric cancer: early diagnosis, treatment, 
and drug resistance. Mol Cancer. 2020;19(1):96.

 24. Evan GI, Vousden KH. Proliferation, cell cycle and apoptosis in cancer. 
Nature. 2001;411(6835):342–8.

 25. Schmitt AM, Chang HY. Long Noncoding RNAs in Cancer Pathways. 
Cancer Cell. 2016;29(4):452–63.

 26. Li J, Tian H, Yang J, Gong Z. Long Noncoding RNAs Regulate Cell Growth, 
Proliferation, and Apoptosis. DNA Cell Biol. 2016;35(9):459–70.

 27. Wang R, Ma Z, Feng L, Yang Y, Tan C, Shi Q, et al. LncRNA MIR31HG targets 
HIF1A and P21 to facilitate head and neck cancer cell proliferation 
and tumorigenesis by promoting cell-cycle progression. Mol Cancer. 
2018;17(1):162.

 28. Tadesse S, Anshabo AT, Portman N, Lim E, Tilley W, Caldon CE, et al. 
Targeting CDK2 in cancer: challenges and opportunities for therapy. Drug 
Discov Today. 2020;25(2):406–13.

 29. Otto T, Sicinski P. Cell cycle proteins as promising targets in cancer 
therapy. Nat Rev Cancer. 2017;17(2):93–115.

 30. Horiuchi D, Huskey NE, Kusdra L, Wohlbold L, Merrick KA, Zhang C, et al. 
Chemical-genetic analysis of cyclin dependent kinase 2 function reveals 
an important role in cellular transformation by multiple oncogenic path-
ways. Proc Natl Acad Sci U S A. 2012;109(17):E1019–1027.

 31. Whittaker SR, Mallinger A, Workman P, Clarke PA. Inhibitors of 
cyclin-dependent kinases as cancer therapeutics. Pharmacol Ther. 
2017;173:83–105.

 32. McCurdy SR, Pacal M, Ahmad M, Bremner R. A CDK2 activ-
ity signature predicts outcome in CDK2-low cancers. Oncogene. 
2017;36(18):2491–502.

 33. Senft D, Qi J, Ronai ZA. Ubiquitin ligases in oncogenic transformation and 
cancer therapy. Nat Rev Cancer. 2018;18(2):69–88.

https://www.ebi.ac.uk/pride/archive/
https://doi.org/10.1182/blood-2017-10-813139
https://doi.org/10.1182/blood-2017-10-813139


Page 20 of 20Ren et al. BMC Cancer          (2023) 23:898 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 34. Farhang-Fallah J, Yin X, Trentin G, Cheng AM, Rozakis-Adcock M. 
Cloning and characterization of PHIP, a novel insulin receptor sub-
strate-1 pleckstrin homology domain interacting protein. J Biol Chem. 
2000;275(51):40492–7.

 35. Weber M, Hellmann I, Stadler MB, Ramos L, Pääbo S, Rebhan M, et al. 
Distribution, silencing potential and evolutionary impact of promoter 
DNA methylation in the human genome. Nat Genet. 2007;39(4):457–66.

 36. Otterson GA, Khleif SN, Chen W, Coxon AB, Kaye FJ. CDKN2 gene silencing 
in lung cancer by DNA hypermethylation and kinetics of p16INK4 protein 
induction by 5-aza 2’deoxycytidine. Oncogene. 1995;11(6):1211–6.

 37. Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a and 
Dnmt3b are essential for de novo methylation and mammalian develop-
ment. Cell. 1999;99(3):247–57.

 38. Rhee I, Bachman KE, Park BH, Jair KW, Yen RW, Schuebel KE, et al. DNMT1 
and DNMT3b cooperate to silence genes in human cancer cells. Nature. 
2002;416(6880):552–6.

 39. Beermann J, Piccoli MT, Viereck J, Thum T. Non-coding RNAs in 
development and disease: background, mechanisms, and therapeutic 
approaches. Physiol Rev. 2016;96(4):1297–325.

 40. Wang X, Arai S, Song X, Reichart D, Du K, Pascual G, et al. Induced ncRNAs 
allosterically modify RNA-binding proteins in cis to inhibit transcription. 
Nature. 2008;454(7200):126–30.

 41. Geisler S, Coller J. RNA in unexpected places: long non-coding 
RNA functions in diverse cellular contexts. Nat Rev Mol Cell Biol. 
2013;14(11):699–712.

 42. Chu S. Transcriptional regulation by post-transcriptional modifica-
tion–role of phosphorylation in Sp1 transcriptional activity. Gene. 
2012;508(1):1–8.

 43. Dynan WS, Tjian R. Isolation of transcription factors that discriminate 
between different promoters recognized by RNA polymerase II. Cell. 
1983;32(3):669–80.

 44. Beishline K, Azizkhan-Clifford J. Sp1 and the “hallmarks of cancer.” Febs J. 
2015;282(2):224–58.

 45. Bajpai R, Nagaraju GP. Specificity protein 1: Its role in colorectal cancer 
progression and metastasis. Crit Rev Oncol Hematol. 2017;113:1–7.

 46. Su K, Roos MD, Yang X, Han I, Paterson AJ, Kudlow JE. An N-terminal 
region of Sp1 targets its proteasome-dependent degradation in vitro. J 
Biol Chem. 1999;274(21):15194–202.

 47. Jackson SP, MacDonald JJ, Lees-Miller S, Tjian R. GC box binding induces 
phosphorylation of Sp1 by a DNA-dependent protein kinase. Cell. 
1990;63(1):155–65.

 48. Dong X, Liu Z, Zhang E, Zhang P, Wang Y, Hang J, et al. USP39 promotes 
tumorigenesis by stabilizing and deubiquitinating SP1 protein in hepato-
cellular carcinoma. Cell Signal. 2021;85:110068.

 49. Tapias A, Ciudad CJ, Roninson IB, Noé V. Regulation of Sp1 by cell cycle 
related proteins. Cell Cycle. 2008;7(18):2856–67.

 50. Johnson-Pais T, Degnin C, Thayer MJ. pRB induces Sp1 activity by 
relieving inhibition mediated by MDM2. Proc Natl Acad Sci U S A. 
2001;98(5):2211–6.

 51. Martín-Vicente M, Medrano LM, Resino S, García-Sastre A, Martínez I. 
TRIM25 in the Regulation of the Antiviral Innate Immunity. Front Immu-
nol. 2017;8:1187.

 52. Paiva SL, Crews CM. Targeted protein degradation: elements of PROTAC 
design. Curr Opin Chem Biol. 2019;50:111–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	LINC00955 suppresses colorectal cancer growth by acting as a molecular scaffold of TRIM25 and Sp1 to Inhibit DNMT3B-mediated methylation of the PHIP promoter
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Plasmids, reagents, and antibodies
	Human samples and cell lines
	Quantitative real-time PCR (qRT-PCR)
	Western blotting
	IHC
	Experimental animals
	Cell cycle analysis
	RNA pull-down assay and mass spectrometry
	Methylation-specific PCR
	RNA-IP assay
	IP
	Prediction of Sp1 and TRIM25 binding regions within LINC00955
	Statistical analysis

	Results
	Downregulation of LINC00955 in CRC tissues and cells, and LINC00955 suppression of CRC cell growth in vitro and in vivo
	LINC00955 induces cell cycle arrest of CRC cells by inhibiting CDK2
	LINC00955 mediates degradation of CDK2 through E3 ligase PHIP
	LINC00955 downregulates the DNA methylation level of the PHIP promoter, thereby increasing promoter activity and PHIP expression
	LINC00955 inhibits transcription of DNMT3B by downregulating expression of Sp1
	LINC00955 recruits TRIM25 to degrade Sp1 via ubiquitination
	LINC00955 nucleotides 2073–2204 interact with Sp1 protein, and nucleotides 984–1135 interact with TRIM25 protein
	Correlations among Sp1, DNMT3B, PHIP, and CDK2 protein levels in clinical CRC tissues

	Discussion
	Conclusions
	Anchor 33
	Acknowledgements
	References


