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ABSTRACT

CBP (CREB-binding protein) is a transcriptional co-activator which possesses HAT (histone
acetyltransferases) activity and participates in many biological processes, including embry-
onic development, growth control and homeostasis. However, its roles and the underlying
mechanisms in the regulation of carcinogenesis and tumor development remain largely
unknown. Here we investigated the molecular mechanisms and potential targets of CBP
involved in tumor growth and survival in lung cancer cells. Elevated expression of CBP
was detected in lung cancer cells and tumor tissues compared to the normal lung cells
and tissues. Knockdown of CBP by siRNA or inhibition of its HAT activity using specific
chemical inhibitor effectively suppressed cell proliferation, migration and colony forma-
tion and induced apoptosis in lung cancer cells by inhibiting MAPK and activating cyto-
chrome C/caspase-dependent signaling pathways. Co-immunoprecipitation and
immunofluorescence analyses revealed the co-localization and interaction between CBP
and CPSF4 (cleavage and polyadenylation specific factor 4) proteins in lung cancer cells.
Knockdown of CPSF4 inhibited hTERT transcription and cell growth induced by CBP, and
vice versa, demonstrating the synergetic effect of CBP and CPSF4 in the regulation of
lung cancer cell growth and survival. Moreover, we found that high expression of both
CBP and CPSF4 predicted a poor prognosis in the patients with lung adenocarcinomas.
Collectively, our results indicate that CBP regulates lung cancer growth by targeting
MAPK and CPSF4 signaling pathways.
© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.
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1. Introduction

Lung cancer, a malignant lung tumor with uncontrolled cell
growth in lung tissue, remains the most frequent solid tumor
worldwide and also a leading cause of cancer-related mortal-
ity in men and women (Allemani et al.,, 2015; Siegel et al.,
2014). Although surgery, chemotherapy, and radiotherapy
are applied as common treatments, the average survival
time from the time of diagnosis is still short for patients
with lung cancer, usually measured in months, and the out-
comes in the developing countries
(Provencio and Sanchez, 2014; Slavik et al., 2014). Lung carci-
nogenesis and development is a multistep process, involving
genetic mutations, epigenetic changes, abnormal events of
stem cells, and activation of signaling pathways associated
with metastasis that accumulate to initiate and worsen this
disease (Kratz et al., 2010; Liu et al., 2015; Lundin and
Driscoll, 2013; Mitsudomi, 2014; Van Breda et al., 2014; Wang
et al.,, 2013b; Yang and Qi, 2012; Zajkowicz et al., 2015). Such
complexity and variation in real time reversely limits thera-
peutic options, weakens treatment effects, and leads to poor
prognosis for patients with this tumor. Therefore, the uncov-
ering of the accurate molecular mechanisms and the further
identification of new candidate therapeutic targets are ur-
gently required to improve lung cancer treatment.

The current research focusing on the identification and
development of new anti-tumor drugs is to explore and reveal
the particular characteristics or hallmarks involved in cancer
development. CBP, a CREB-binding protein, has been reported
to be participated in many biological processes, including em-
bryonic development, growth control, and homeostasis
(Goodman and Smolik, 2000; Liu et al., 2014; Stachowiak
et al., 2015; Turnell and Mymryk, 2006; Valor et al., 2013). It
shares regions of very high-sequence similarity with protein
p300 and is involved in the transcriptional coactivation of
many different transcriptional factors by interacting with
them and increase the expression of their target genes (Gray
et al., 2005; Jansma et al., 2014; Jia et al., 2014; Kasper et al,,
2006; Lin et al., 2014; Vo and Goodman, 2001; Wang et al,,
2013a; Xiao et al., 2015). Meanwhile, as a histone acetyltrans-
ferase, CBP is also involved in gene transactivation or repres-
sion by mediating the acetylation of both histone and non-
histone proteins (Cai et al., 2014; Cazzalini et al., 2014; Chen
et al,, 2014a; Dancy and Cole, 2015; Ferrari et al., 2014; Jin
et al.,, 2011; Kim et al., 2012; Tie et al., 2009). Together with
p300, gene mutation or chromosomal translocation within
CBP gene or its aberrant recruitment at chromatin structure
has been identified to be associated with several types of can-
cer, including tumors arising from colon and rectum, stom-
ach, breast, pancreas cancers, ovarian and acute myeloid
leukemia (Mullighan et al., 2011; Pasqualucci et al., 2011).
Moreover, the inhibition of histone acetyltransferase activity
of CBP/p300 or the inhibition of CBP’s activity as transcrip-
tional co-activator have been found to be able to block cancer
cell growth in vitro and in vivo in neuroblastoma, pancreatic
cancer, acute myeloid leukemia (Arensman et al., 2014; Gajer
et al., 2015; Giotopoulos et al.,, 2015). In lung cancer, the pa-
tients with CBP-positive expression had shown significantly
lower OS (Overall Survival) and DFS (Disease Free Survival)

are even worse

than those with CBP-negative tumors (Gao et al., 2014).
Furthermore, the high expression of CBP was found in
different lung carcinoma cell lines and was positively corre-
lated with the expression of hTERT in lung tumor cells and tis-
sues (Guo et al., 2014). Nevertheless, the accurate and in-depth
molecular mechanisms of CBP on lung carcinoma remain not
fully understood.

CPSF4, cleavage and polyadenylation specificity factor sub-
unit 4, is known to be an essential component responsible for
the 3’ end processing of cellular pre-mRNAs (Barabino et al.,
1997). When cells were infected by influenza virus, the virus
NS1 protein was physically associated with CPSF4 to prevent
its binding to the RNA substrate and further inhibited the nu-
clear export of cellular mRNAs (Nemeroff et al., 1998). Howev-
er, its other biological functions have been rarely reported and
even nearly unknown besides mediating the maturation of
pre-mRNA. We previously have shown that CPSF4 was over-
expressed in lung adenocarcinomas and was participated in
lung cancer cell growth (Chen et al., 2013). In addition, we
demonstrated its new function as transcriptional factor in
activating hTERT in lung cancer cells (Chen et al., 2014b).
These evidences, together with the reported correlation be-
tween CBP and hTERT in lung tumor and the important role
of hTERT in carcinogenesis and development, prompted us
to test the possibly potential relationship between CBP and
CPSF4, and their possible synergistic regulation on hTERT
expression and lung cancer survival.

In this study, we investigated the exact functions and mo-
lecular mechanisms of CBP involved in lung adenocarcinoma
growth and provided the direct evidence from both in vitro ex-
periments and clinical data analyses that CBP actually func-
tionalized as oncoprotein to promote lung cancer
progression by modulating MAPK and cytochrome C/caspase
signaling pathways. More interestingly, we found the cooper-
ation between CBP and CPSF4 and their synergistic regulation
on lung cancer cell survival, indicating this promoting role of
CBP in lung cancer was at least partially realized through syn-
ergistic interaction with CPSF4.

2. Materials and methods
2.1. Cell lines and culture

All cell lines were purchased from the American Type Culture
Collection (ATCC, Manassas, VA). Normal human bronchial
epithelial cell line (HBE) and human lung fibroblast cell line
(HLF) were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum. Human lung can-
cer cell lines (H1299, A549, H322, H460) were cultured in RPMI
1640 medium containing 10% fetal calf serum (FCS). All the
cells were maintained in a humidified atmosphere with 5%
CO, at 37 °C.

2.2. Plasmid vector
A fragment of the hTERT promoter (—459 to +9) was amplified

by PCR and inserted into the Sacl and Smal sites of the lucif-
erase reporter vector pGL3-Basic (Promega Corp., Madison,
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WI) to generate the hTERT promoter luciferase plasmid pGL3-
hTERT-400 (Deng et al., 2007). The CPSF4 overexpression vec-
tors pcDNA3.1-CPSF4, the CBP overexpression vector
pcDNA3.1-CBP or control vector pcDNA3.1-Lac Z plasmids
were designed and synthesized by Cyagen (Cyagen Biosci-
ences Inc., United States).

2.3. Immunoblotting

Proteins from cell and tissue lysate were separated by 10%
SDS-PAGE, transferred to Polyvinylidene Fluoride membrane,
and immunoblotted respectively with antibodies against
CBP(CST), CPSF4(proteintech), hTERT (Millipore), GAPDH (pro-
teintech), beta-Actin (proteintech), Bcl-2 (proteintech),
cleaved-Caspase3(CST), cleaved-PARP(CST), P38(CST), p-
P38(CST), Erk(CST), p-Erk(CST), p-Mek (CST), p-C-Raf(CST),
and pan-Acetylation (SANTA CRUZ). Immunoreactive protein
bands were detected using ECL (Electro-Chemi-Lumines-
cence) substrates.

2.4. MTT assay

Cell viability was determined using an MTT Reagent. Briefly,
the cells plated in 96-well plates (5000 cells/well) were treated
with the designed protocol. 48 h after treatment, MTT was
added to the cells with continuous culture for another 4 h.
Then the absorbance value at 0D490 was detected.

2.5. Wound scratch assay

Cells were plated in a 6-well plate and grown to nearly 70—80%
confluence. Then the cells were treated with plasmids, or
siRNA, or inhibitor for 24 h and scraped in a straight line to
create a “scratch”. The images of the cells at the beginning
and at regular intervals during cell migration to close the
scratch were captured and compared through quantifying
the migration rate of the cells.

2.6. Colony formation assay

H1299 and H322 cells were plated in 6-well plates overnight
and treated with C646 for 24 h. The cells were then trypsinized
into single cells and were seeded into a 6-well plate at
1000 cells/well with continuous incubation at 5% CO, at 37 °C
for 14 days. The cells were washed with PBS and fixed with
the mixture (methanol:glacial:acetic 1:1:8) for 10 min, and
stained with 0.1% crystal violet for 30 min. The clones with
more than 50 cells were counted under an optical microscope.

2.7. Apoptosis assay

Detection of cell apoptosis was based on FACS analysis by
FITC-AV/PI staining. The cells were grown in 6-well plates
and then cells were transfected with CBP-specific siRNA and
negative control siRNA alone or treated with C646 or DMSO
alone or co-transfected with Lac Z plasmids, or CBP plasmids,
or CBP plasmids and CPSF4-specific siRNA or CBP plasmids
and negative control siRNA for 48 h. Then the cells were tryp-
sinized, washed twice with cold PBS and centrifuged. The cell
pellet was resuspended in 500 pl cold Binding buffer, and 5ul

AnnexinV-FITC was added, mixed and 5 pl Propidium Iodide
was added, mixed. The mixture was incubated at room tem-
perature and kept away from light response for 15 min. Detec-
tion of cell apoptosis was based on FACS analysis.

2.8. Confocal immunofluorescence assay

Cells were cultured onto glass slides located into the 6-well
plate. After treatment for the desired time, the cells were fixed
with 4% paraformaldehyde in PBS for 10 min, permeabilized
with 0.2% Triton X-100 in PBS for 5 min, and blocked with
blocking buffer (10% BSA) for one hour. Following this, cells
were incubated with target antibodies overnight. After washes
with PBS, the slides were stained with DAPI and incubated for
1 h at room temperature. The slides were then washed three
times with PBS and incubated with secondary antibodies con-
jugated with fluorescein isothiocyanate or rhodamine for 1 h
and washed with PBS. The cells were detected with Leica
confocal microscope and the images were processed with
Image-Pro Plus 5.1 software.

2.9. Co-Immunoprecipitation

The nuclear lysate was mixed with the antibodies against CBP
or CPSF4 and kept rotating at4 °C for 3.5 h. Then the protein-A/
G agarose beads were added and continuously incubated at
4 °C overnight. After washing with pre-cold PBSI buffer, the
beads were mixed with loading buffer and boiled at 100 °C. Af-
ter centrifugation, the precipitated proteins existing in the su-
pernatant were separated by SDS-PAGE and detected by
Western blot analysis.

2.10. siRNA design and transfection

The siRNAs targeting CPSF4 (siRNA1: 5-GGUCACCUGUUACAA-
GUGUTT-3; 5-ACACUUGUAACAGGUGACCTT-3. siRNA2:5'-
CAUGCACCC UCGAUUUGAATT-3; 5-UUCAAAUCGAGGGU-
GUAUGTT-3'), siRNA targeting CBP (5-GAGGUCGUUUA-
CAUAAATT-3; 5-UUUAUGUAAACGCGACCUCTT-3), and
negative control siRNA (5'-UUCUCCGAACGUGUCACGUTT-3;
5'-ACGUGACACGUUCGGAGAATT-3) were purchased from
Shanghai GenePharma Co (Shanghai, China). Cells plated in
96-well plates (5000 cells/well) or six-well plates (200,000 cells/
well) were transfected with siRNA duplexes (0.05-0.1 pg or
1-2 ug) encapsulated by DC-nanoparticles. 48 h after treatment,
protein expression and cell viability were tested by Western blot
and MTT analysis, respectively.

2.11. Detection of hTERT promoter activity

Cells (200,000 cells/well) plated in six-well plates were trans-
fected with the hTERT promoter-driven luciferase plasmids
encapsulated with DC-nanoparticles. Meanwhile, cells were
co-transfected with Lac Z plasmids, or CBP plasmids, or CBP
plasmids and CPSF4-specific siRNA or CBP plasmids and nega-
tive control siRNA used as control for 48 h. Then the luciferase
activity was measured as described using a DUAL-luciferase re-
porter assay kit (Promega, E1910). The ratio of firefly luciferase
to Renilla luciferase activity (relative luciferase activity) was
calculated to correct the variations in the transfection process.
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2.12. Mathematical statistics and data analysis

All values were expressed as mean + SD (standard deviation
of the mean). Statistical significance between groups was
measured by Student’s t-test with statistical significance
defined as: *P < 0.05; **P < 0.01 and ***P < 0.001.

3. Results

3.1. CBP was highly expressed in lung cancer cells and
tumor tissues

We first detected the expression of CBP in lung cancer cells by
Western blot assay. As shown in Figure 1A, CBP was highly
expressed in various lung cancer cell lines and immortalized
lung cell line (HBE) compared to the normal lung cell line
(HLF). We also tested its expression and localization by immu-
nofluorescent imaging assay. The overexpression of CBP was
similarly found in lung cancer cells but not in normal cells,
and CBP was shown to be mainly localized in nucleus
(Figure 1B). Furthermore, we examined the expression of CBP
in lung cancer tissues and corresponding adjacent non-
cancer tissues. The protein samples extracted from seven cou-
ples of human lung carcinoma tissues and adjacent tissues
were used to detect the expression of CBP by Western blot
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analysis. As shown in Figure 1C, CBP was highly expressed
in lung cancer tissues compared with their adjacent non-
cancer tissuesin 5 cases of patients (Case 1, 2, 3, 6, 7). Similarly,
immunohistochemical staining showed that lung tumor tis-
sues, but not their adjacent non-cancer tissues, showed high
expression of CBP (Figure 1D). These results indicated that
CBP was over-expressed in lung tumor and its high expression
might participate in the development of lung cancer.

3.2 CBP regulated the proliferation and migration of
lung cancer cells

The role of CBP in lung cancer progression was initially
assessed by evaluating its effects on lung cancer cell prolifer-
ation and migration. We transfected lung cancer cells with the
specific siRNA targeting CBP, or treated them with C646, a se-
lective inhibitor of CBP HAT (histone acetyltransferases) activ-
ity. At 48 h after treatment, the cell viability or migration
ability was tested respectively. As shown in Figure 2A and C,
the silencing of CBP expression or its activity inhibition
resulted in the significant suppression of tumor cell viability
and migration in cells transfected with si-CBP or treated
with C646, compared to those transfected with the control
siRNA or treated with DMSO. Consistent with this, lung cancer
cells treated with C646 also had lower colony-forming ability
compared with the control group (Figure 2B). We also detected

B CBP DAPI

HLF

-- -
-- .
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g H322
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Figure 1 — The high expression of CBP in lung cancer cells and tissues. (A) The expression of CBP protein in various lung cancer cell lines and

normal cells was determined by western blot analysis. (B) The expression and localization of CBP were detected by an immunofluorescent staining

in lung cancer cell lines and normal cells. (C) The protein samples were extracted from five couple of human lung carcinoma tissues and adjacent

normal tissues and the expression of CBP was examined by western blot. (D) The expression of CBP protein in tumor tissues from patients with

lung adenocarcinomas and corresponding adjacent normal lung tissues was detected by immunohistochemistry analysis.
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the effect of CBP on the expression of MMP-9, a major protein
associated with cell migration, and found that CBP knock-
down or its activity inhibition markedly attenuated MMP-9
expression (Figure 2D). Furthermore, we tested the effect of
CBP on the proliferation, colony formation and migration abil-
ity in HBE cells, as it similarly showed high expression of CBP.
As shown in Figure S1 A—C, the silencing of CBP by its specific
siRNA or its HAT activity inhibition by using C646 did not
cause obvious changes, compared to the control groups. All
these results proved that CBP was involved in the proliferation
and migration control of lung cancer cells.

3.3.  CBP regulated apoptosis of lung cancer cells by
regulating Bcl-2 and cytochrome C/caspase pathway

The role of CBP in lung cancer progression was next assessed
by observing its effects on cell apoptosis. By using Annexin V-
FITC/PI staining-based FACS analysis, we found that knock-
down of CBP by its specific siRNA or activity suppression
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with C646 exerted a significant induction of cell apoptosis in
H1299 and H322 cells, resulting in more apoptotic cell popula-
tions (Figure 3A), but not in HBE cells (Figure S1D). In addition,
Western blot analysis indicated that knockdown of CBP by
siRNA or inhibition of its HAT activity by C646 significantly
down-regulated the expression of Bcl-2, an important anti-
apoptotic protein, in H1299 cells, and meanwhile, up-
regulated the cleavage of two key pro-apoptotic proteins,
caspase-3 and PARP (Figure 3B).

We next examined the upstream mitochondrial events
that contribute to caspase activation-dependent apoptosis.
Apoptotic signal stimulation could result in the release of cy-
tochrome C from mitochondria to cytosol, where it binds to
Apaf-1 and initiate caspase activation. We therefore exam-
ined the translocation of cytochrome C mediated by CBP in
lung cancer cells using IF assay. As shown in Figure 3C,
more cytochrome C was released from mitochondria to
cytosol in lung cancer cells upon treatment with CBP specific
siRNA or its HAT activity inhibitor, compared to the untreated
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Figure 2 — CBP promoted the proliferation and migration of lung cancer cells. (A) Cell viability measured by MTT assay in different lung cancer
cell lines following CBP knockdown or HAT activity inhibition. (B) Colony formation assay of H1299 and H322 cells treated with C646 or
DMSO twice a week for two weeks. The quantification assay of the number of the colonies was also shown. (C) Cell migration assay in H1299 and

H322 cells following CBP knockdown or activity inhibition, and the migration rate was calculated. (D) Western blot analysis of the expression of
MMP-9 protein in H1299 and H322 cells following CBP knockdown or activity inhibition. Both the colony formation assay and migration assay
were done 3 times independently, and we selected the images from one time experiment in the result part. The mean + SD in the quantitative

analysis was calculated based on different counting and measurement for the colony number and migration distance from 3 different experiments.

(P < 0.05, *P < 0.01).
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Figure 3 — CBP mediated the apoptosis of lung cancer cells through regulating Cyt C/Caspase 3/PARP pathway. (A) Apoptosis assay in H1299
and H322 cells by flow cytometry following CBP knockdown or activity inhibition. (B) Western blot analysis of the expression of Bcl-2, cleaved
caspase-3 and cleaved PARP proteins in H1299 cells following CBP knockdown or activity inhibition. (C)The immunofluorescent assay of the
distribution of Cytochrome C in H1299 and H322 cells following CBP knockdown or activity inhibition.

or nsp-siRNA treated cells, suggesting that lung cancer cell
apoptosis caused by CBP knockdown or HAT activity inhibi-
tion might be mediated by the Bcl-2 and cytochrome C/cas-
pase signaling pathway.

3.4. MAPK pathway was involved in the proliferation
regulation mediated by CBP

To further identify the underlying molecular mechanisms by
which CBP promoted lung cancer cell growth, we then
analyzed the signaling pathways activated by CBP in its regu-
lation on tumor cell proliferation. We initially examined the
effects of CBP on MAPK pathway, given its key role in medi-
ating tumor progression. As shown in Figure 4A, CBP knock-
down or its HAT activity inhibition by C646 was
accompanied by a marked reduction in the levels of the phos-
phorylated ERK1/2 and MEK1/2, and a slight increase in the
expression of the phosphorylated p38. As the upstream
signaling molecule of MAPK pathway, we further assessed

the effect of CBP on the levels of p-C-Raf. CBP knockdown or
its HAT activity inhibition similarly decreased the levels of
p-C-Raf (Figure 4A).

To further confirm the involvement of MAPK pathway in
lung tumor cell viability regulated by CBP, we evaluated the
effect of U0126, the selective inhibitor of its core compo-
nent, MEK1/2, in MAPK pathway, on CBP in its regulation
of lung cancer cell viability. The treatment of C646 did not
obviously synergize U0126-mediated suppression of lung tu-
mor cell viability. In other words, CBP had no effect or dis-
played compromised effect when the MAPK pathway was
inhibited by U0126. By contrast, the overexpression of CBP
in H1299 and H322 cells significantly reversed the U0126-
mediated cell viability inhibition (Figure 4B and C). As
such, the effect of CBP appeared to be dependent on
MAPK. These results therefore showed that the function of
CBP in promoting cell viability is mediated, at least in
part, through the activation of the MAPK/ERK signaling in
lung cancer cells.
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Figure 4 — MAPK/ERK signaling pathway was affected by CBP in lung cancer cells. (A) Western blot analysis of the expression of the total and
phosphorylated p38, ErK, MEK1/2, and C-raf proteins in H1299 cells treated with CBP specific siRNA or its inhibitor. (B) Cell viability affected
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inhibition of CBP activity or overexpression of CBP in H322 cells treated first with MEK1/2 specific inhibitor U0126.

3.5. CBP interacted with CPSF4 and mediated the
acetylation of CPSF4

Our previous studies respectively indicated the role of CBP and
CPSF4 as transcriptional factors in regulating hTERT expres-
sion in lung adenocarcinomas (Jia et al., 2014; Chen et al.,
2014b). Given the basic function of CBP as a co-
transactivator and the similarly high expression of CPSF4 in
lung cancer cells and tissues (Figure S2), we hypothesized
the interaction between CBP and CPSF4 and their possible syn-
ergy in regulating hTERT expression in lung cancer. In order to
address this hypothesis, the co-immunoprecipitation experi-
ments were first done to analyze their direct interaction.
The nuclear extracts from lung cancer cell lines and normal
cell lines were immunoprecipitated using antibody against
CBP or CPSF4 or the control non-specific IgG, respectively,
and the eluted proteins were detected by Western blot using
antibody against CPSF4, or CBP, or the acetylated antibody,
respectively. CBP was co-immunoprecipitated in the com-
plexes pulled down by anti-CPSF4 antibody, but not by the
non-specific 1gG (Figure 5A), indicating that CPSF4 indeed
interacted with CBP directly in the nucleus of lung cancer
cell lines. Similarly, dual-immunofluorescent assay showed
the co-localization of CBP and CPSF4 in the nucleus of lung

cancer cells (Figure 5B), further confirming the possibility of
their interaction.

The possible acetylation of CPSF4 mediated by CBP was
then examined in lung cancer cells, given the activity of
CBP as a histone acetylase to acetylate histones or other tran-
scriptional factors (Cai et al., 2014; Cazzalini et al., 2014; Chen
et al., 2014a; Dancy and Cole, 2015; Ferrari et al., 2014; Jin
et al., 2011; Kim et al., 2012; Tie et al., 2009.) We found that
CBP knockdown or its HAT activity inhibition by C646 was
accompanied by a reduction of the acetylated CPSF4 levels
in lung cancer cells (Figure 5C). Additionally, the same trend
for the expression of the acetylated CPSF4 and CBP was
observed in different lung cancer cells (Figure 5A). These re-
sults collectively demonstrate that CBP interacted with
CPSF4 most possibly through acetylating the latter in lung
cancer cells.

3.6.  CBP and CPSF4 synergistically regulated the
transcription and expression of hTERT

Based on the direct interaction between CBP and CPSF4, and
their respective regulation on hTERT, we then evaluated the
synergetic regulation of hTERT transcription and expression
by CBP and CPSF4. The H1299 cells stably overexpressing
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Figure 5 — CBP interacted with CPSF4 and mediated the acetylation of CPSF4 and their synergistic regulation on hTERT expression in lung
cancer cells. (A) The extracted proteins from nuclear of HLF, HBE, A549 and H1299 cells were immunoprecipitated by antibody against CBP or
CPSF4 or IgG as control. The complex was detected with anti-CBP or CPSF4 antibody. In put represents the whole nuclear extracts. (B) The co-
localization of CBP and CPSF4 in human lung normal and cancer cells through immunofluorescence analysis. (C) The expression analysis of the
acetylated CPSF4 in H322 and H1299 cells following CBP knock down or activity inhibition through IP assay. In put represents the whole nuclear
extracts. (D) The hTERT promoter-driven luciferase activity in H1299 cells stably expressing CPSF4 after co-transfection with " TERT promoter
(—459/+9)-driven luciferase plasmids and CBP siRNA or C646. (E) The hTERT promoter-driven luciferase activity in H1299 cells after co-
transfection with hTERT promoter (—459/+9)-driven luciferase plasmids, CBP-overexpressing plasmids and CPSF4 siRNAs. (F) The hTERT
expression in H1299 cells stably expressing CPSF4 after transfection with CBP siRNA or treatment with C646.

CPSF4 were co-transfected with hTERT promoter-driven lucif-
erase plasmids and CBP-specific siRNA or treated with CBP in-
hibitor C646. At 48 h after treatment, the expression of
luciferase was assayed. CBP knockdown or its HAT activity in-
hibition significantly suppressed the expression of hTERT
promoter-driven luciferase (Figure 5D). On the contrary,
CPSF4 knockdown using its specific siRNA in the CBP-
overexpressed H1299 cells reversed the CBP-mediated up-
regulation of hTERT promoter-driven luciferase expression
(Figure SE). Furthermore, CBP knockdown or its HAT activity
inhibition similarly reversed the increased expression of
hTERT mediated by CPSF4 overexpression in H1299 cells
(Figure 5F), suggesting that CBP indeed synergized with

CPSF4 in regulating hTERT transcription and expression in
lung cancer cells.

3.7. CBP and CPSF4 synergistically regulated lung cancer
cell growth and apoptosis

Since CBP synergized with CPSF4 in controlling hTERT
expression, and hTERT has been shown to be participated
in the growth of lung cancer cells, we then examined the ef-
fect of CBP and CPSF4 synergy on cell viability in H1299 and
H322 cells. H1299 cells stably overexpressing CPSF4 were
transfected with the CBP-specific siRNA or treated with CBP
inhibitor C646. At 48 h later, the cell viability was assayed.
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We found that CBP knockdown or its HAT activity inhibition
significantly reversed the increased cell viability mediated by
CPSF4 overexpression (Figure 6A). Conversely, silencing of
CPSF4 using its specific siRNA in H1299 cells with overex-
pressed CBP reversed the CBP-mediated up-regulation of
cell proliferation (Figure 6B). Similar results were observed
in H322 cells (Figure 6C, D). Further molecular mechanisms
assay indicated that CBP knockdown or activity inhibition
reversed the CPSF4 overexpression-mediated increase of p-
Erk, while nearly had no effects on the levels of total Erk
(Figure 6E).

The synergistic effects of CBP and CPSF4 on lung cancer cell
apoptosis were then determined using FACS assay in H1299
and H322 cells. CPSF4 overexpression significantly reversed
the increased cell apoptosis caused by CBP knockdown or ac-
tivity inhibition (Figure 6F, G). In addition, CBP knockdown or
activity inhibition obviously suppressed Bcl-2 protein

expression and increased cleaved PARP expression compared
with the NSP-siRNA treatment group in H1299 cells with
CPSF4 overexpression (Figure 6H), suggesting the cooperative
roles of CBP and CPSF4 in mediating lung cancer cell
apoptosis. All the results above demonstrated that CBP regu-
lated lung cancer cell proliferation and apoptosis at least in
part through its cooperation with CPSF4.

3.8 CBP and CPSF4 overexpression was positively
correlated with poor prognosis of patients with lung
adenocarcinomas

To further confirm the involvement of CPSF4 in CBP-
mediated lung cancer survival, we examined the expression
of CBP and CPSF4 in clinical lung tumor tissue samples and
analyzed their relationship with the prognosis of patients
with lung adenocarcinomas. The expression of CBP and
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Figure 6 — The synergistic regulation of lung cancer cell growth and apoptosis by CBP and CPSF4. (A, C) Cell viability analysis in H1299 cells
stably expressing CPSF4 after transfection with CBP siRNA or treatment with C646. (B, D) Cell viability analysis in H322 cells after co-

transfection with CBP-overexpressing plasmids and CPSF4 siRNAs. (E)

Western blot analysis of the ErK and p-ErK expression in H1299 cells

stably expressing CPSF4 after transfection with CBP siRNA or treatment with C646. (F—G) Apoptosis assay in H1299 and H322 cells after co-
treatment respectively with Lac Z plasmids and CBP siRNA, or Lac Z plasmids and C646, or CPSF4 plasmids and CBP siRNA, or CPSF4

plasmids and C646. The corresponding quantitative analysis of the apoptotic cell numbers was given below. (H) Western blot analysis of the Bcl-2
and cleaved PARP expression in H1299 cells stably expressing CPSF4 after transfection with CBP siRNA or treatment with C646. Data In panel
(A—D) are all represented as mean + SD of three separate experiments with statistic significance calculated from the two-tailed student’s t test.

(P < 0.05, *P < 0.01).
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CPSF4 in lung tumor tissues from 75 cases lung carcinoma
patients were tested through IHC assay, and 34 cases showed
simultaneous high expression of CBP and CPSF4, accounting
for 45% of all the tested cases (Figure 7A). Additionally, the
relationship between CBP or CPSF4 expression and clinico-
pathologic variables were assayed and summarized in
Figure 7B—D. As shown in Figure 7C, the expression of CBP
was significantly associated with lung tumor differentiation,
while the expression of CPSF4 was respectively associated
with lymphatic metastasis, or distant metastasis. Moreover,
the overall survival (OS) analysis indicated the patients
with low CBP and CPSF4 expression owned significantly
higher 5-OS and the extended survival rate compared to
the patients with both high expression of these two proteins
(Figure 7D, E). These results demonstrated a potentially syn-
ergetic involvement of CPSF4 in CBP-mediated lung cancer
progression and their indication for the poor prognosis of pa-
tients with lung cancer.
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4. Discussion

Most previous studies about the roles and the related molecu-
lar mechanisms of CBP participated in carcinogenesis and
development focused on its gene mutation or chromosome
translocation (Lin et al, 2014; Mullighan et al, 2011;
Pasqualucci et al, 2011). Only rare researches recently
revealed the anti-tumor effects of CBP inhibition by suppress-
ing its HAT activity or function as transcriptional co-activator
(Arensman et al., 2014; Gajer et al., 2015; Giotopoulos et al.,
2015). Nevertheless, the accurate functions and molecular
mechanisms by which CBP was involved in tumor progression
have still been largely unknown. In this study, we reported
that, in addition to inhibition of HAT activity, the knockdown
of CBP itself consistently exhibited anti-tumor activity in lung
tumor cells, but not in the normal cells or immortalized cells.
Furthermore, this anti-tumor effect was found to be realized
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Figure 7 — The positive correlation between CBP and CPSF4 expression in clinical lung tumor tissue samples and their prediction for the poor

prognosis of patients with lung adenocarcinoma. (A) The protein level of CPSF4 correlates positively with the protein level of CBP in lung

adenocarcinoma tissues from 75 patients. (B) Cox-regression analyses for prognosis of 75 lung carcinoma patients. (C) Correlation analyses of CBP

or CPSF4 protein expression in relation to clinicopathologic variables of 75 lung carcinoma patients. (D) Correlation analyses of CBP or CPSF4

protein expression in relation to 5-OS of 75 lung carcinoma patients. (E) Kaplan—Meier analysis of overall survival of lung cancer patients with

different CBP and CPSF4 expression (P < 0.05, log-rank test).
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through suppressing C-Raf/MEK/Erk signaling pathway and
activating the cytochrome C/caspase 3/PARP signaling
pathway. As CBP was reported to be able to regulate the
expression of many key target genes involved in cancer,
including COX-2 and hTERT (Xiao et al.,, 2015; Guo et al,
2014) independently or through synergizing with other tran-
scriptional factors, and C-Raf/MEK/Erk and cytochrome C/cas-
pase 3/PARP signaling pathways usually function as the
downstream signaling molecules of these target genes
(Wang et al., 2005; Lee et al., 2009), we hypothesized that
CBP played its anti-tumor effect through controlling some
key genes expression to further affect C-Raf/MEK/Erk and cy-
tochrome C/caspase 3/PARP signaling pathways in lung can-
cer. To our knowledge, this might be the first comprehensive
evaluation of the effects of CBP on lung cancer cells.

As a transcriptional co-activator, CBP is thought to increase
gene expression through recruiting basal transcriptional ma-
chinery to the promoter by interacting with other transcrip-
tional factors (Gray et al., 2005; Jansma et al., 2014; Jia et al.,
2014). Hereby we hypothesized the existence of one or more
other transcriptional factors interacting and co-anchoring
with CBP at gene promoter to synergistically regulate gene
expression and further to control lung tumor cell growth. In
our previous study (Guo et al., 2014), we demonstrated that
CBP promoted hTERT expression as a transcriptional co-
activator by interacting with SP1 transactivator in lung can-
cers. In this study, we aimed to uncover the potential molecu-
lar mechanisms of CBP in mediating lung cancer survival.
Since CPSF4 also has been proved to up-regulate hTERT
expression as a transcriptional factor in lung cancers (Chen
etal., 2014b), we hypothesized their synergistic effects in regu-
lating lung cancer progress and tried to test this hypothesis in
this paper. Furthermore, as a transcriptional coactivator, CBP
plays its transcriptional regulatory role through recruiting and
co-anchoring with many other transcriptional factors. There-
fore, it is not contradictory that besides SP1, CBP also interacts
with and recruit CPSF4 to synergistically regulate hTERT
expression. To clarify the interaction between CBP and
CPSF4 and their possibly synergistic effects on lung cancer
proceeding, we performed IP and IF analyses and showed their
co-localization in nucleus and direct interaction. We also
showed that the inhibition of HAT activity of CBP or its knock-
down attenuated the levels of acetylated CPSF4, suggesting
that the acetylation of CPSF4 mediated by CBP might be the
prerequisite for its recruitment by CBP at gene promoters.
Further analyses showed that the activity inhibition or knock-
down of one of these two proteins reversed the proliferative
promotion or apoptosis suppression caused by the over-
expression of the other one. This fully demonstrated the syn-
ergistic regulation of lung cancer survival by CBP and CPSF4,
and also demonstrated the CPSF4-dependent growth regula-
tion by CBP in lung cancer. Combined with the previous find-
ings that hTERT was transcriptionally controlled by CBP and
CPSF4 individually, we supposed the potential of these two
proteins in coordinative anchoring at hTERT promoter ele-
ments and synergistic regulation on hTERT expression. This
hypothesis was further supported when we found that the
down-regulation of one of these two proteins attenuated the
improved transcriptional activity and expression of hTERT
mediated by the up-regulation of the other one. All the

findings suggest that CBP promoted lung cancer progress at
least in part through cooperating with CPSF4, and also suggest
this cooperative control on lung tumor cell growth was pre-
sumably through stimulation of their co-downstream respon-
sive elements, hTERT.

In our study, we found that CBP knockdown or inhibition
increased the level of activated p38, p-p38. On the one hand,
the activation of p38-MAPK signaling pathways may have
anti-apoptotic and proliferative effects. But on the other
hand, p38 can also function as a tumor suppressor (Koul
et al., 2013). Thus, the increase of p-p38 level possibly led to
apoptosis induction and proliferation inhibition, which was
consistent with our findings about the effect caused by CBP
silencing.

CBP was observed to be highly expressed in lung cancer
cells and tissues in our study. In this study, we explored its
downstream molecular mechanisms involved in lung cancer
progression. Based on the previous studies that gene mutation
or chromosomal translocation within CBP gene or its aberrant
recruitment at chromatin structure is associated with several
types of cancers, we deduced that copy number increase
caused by some carcinogenic factors might contribute its
high expression in lung cancer. The detailed molecular mech-
anisms deserve further investigation in our future study.

Our clinical data analyses also showed that the cases of pa-
tients with the simultaneous high expression of CBP and
CPSF4 occupied a large proportion among all the tested cases,
and such patients displayed much shorter OS compared to
those with both low expression of these two proteins, which
agreed with the in vitro findings that CBP and CPSF4 could
synergistically accelerate tumor progression. Although this
cooperativity was not obviously represented based on the an-
alyses of the relationship between CBP or CPSF4 expression
and a series of parameters of clinical pathology, the individual
correlation, between CBP expression and tumor differentia-
tion, and between CPSF4 expression and tumor lymph node
metastasis or distant metastasis, was clearly shown. Their
functional changes might also contribute to the correlation
between their expression and poor prognosis, and such link-
age between their functional changes and prognosis, such as
the change of HAT activity of CBP, the involvement of CPSF4
in RNA splicing and maturation, needs more in-depth investi-
gation in our future study. Nevertheless, our current data at
least indicate the significance of the simultaneous silencing
or inhibition of these two proteins in lung cancer treatment.

In summary, we found that CBP induced proliferative
growth of lung tumor cells by affecting C-Raf/MEK/Erk and cy-
tochrome C/caspase signaling pathways. In addition, we
showed that such induction happened in a process requiring
CPSF4, whereby CBP recruited, interacted with and acetylated
CPSF4 at gene promoter regions to synergistically regulate
downstream gene transcription and tumor cell proliferation.
This association between CBP and CPSF4 was synergistically
responsible for the activation of hTERT expression and may,
in part, contributed to the mechanisms by which CBP is
involved in growth promotion of lung cancer. Since both CBP
and CPSF4 are highly expressed in lung cancer tissues, our
study might provide a very potential therapeutic strategy to
treat this cancer by dual blocking these two proteins
simultaneously.
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