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Abstract

Background Cancer stem cells (CSCs) have unique biological characteristics, including tumorigenicity, immortality, and
chemoresistance. Colorectal CSCs have been identified and isolated from colorectal cancers by various methods. AKAP12, a
scaffolding protein, is considered to act as a potential suppressor in colorectal cancer, but its role in CSCs remains unknown.
In this study, we investigated the function of AKAP12 in Colorectal CSCs.

Methods Herein, Colorectal CSCs were enriched by cell culture with a serum-free medium. CSC-associated characteristics
were evaluated by Flow cytometry assay and qPCR. AKAP12 gene expression was regulated by lentiviral transfection assay.
The tumorigenicity of AKAPI12 in vivo by constructing a tumor xenograft model. The related pathways were explored by
gPCR and Western blot.

Results The depletion of AKAP12 reduced colony formation, sphere formation, and expression of stem cell markers in
colorectal cancer cells, while its knockdown decreased the volume and weight of tumor xenografts in vivo. AKAP12
expression levels also affected the expression of stemness markers associated with STAT3, potentially via regulating the
expression of protein kinase C.

Conclusion This study suggests Colorectal CSCs overexpress AKAP12 and maintain stem cell characteristics through the
AKAP12/PKC/STAT3 pathway. AKAP12 may be an important therapeutic target for blocking the development of colorectal
cancer in the field of cancer stem cells.
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cascades in CSCs [2, 3]. CSCs are a group of cells that exist
in most types of liquid and solid cancers and contribute
to tumor development, drug resistance, recurrence, and
metastasis [4]. They have a strong self-renewal capacity
and high plasticity. CSCs hiding in tumors are difficult to
eradicate, and their initial identification is usually based on
the expression of cell surface markers [5]. It is, therefore,
essential to understand the role and possible mechanisms of
CSCs in colorectal cancer.

A-kinase anchor protein 12 (AKAP12/AKAP250/gravin)
is a member of the folding protein family (molecular weight
250 kD), which participates in multiple biological functions
such as protein kinase C (PKC) and protein kinase A
(PKA) complex formation [6], regulation of various signal
transduction pathways [7], FAK-mediated cytoskeleton
remodeling, and regulation of the B2 adrenergic receptor
complex [8]. AKAPI12 has also been proven to execute
different functions in tumors, including invasion, metastasis,
and angiogenic ability. AKAP12 was shown to be involved
in regulating growth-related proteins such as p53, p21,
p27, Bax, and Bcl [9], inhibiting cell migration through the
PKC-Raf/MEK/ERK pathway [10], downregulating matrix
metalloproteinase expression [11] to reduce degradation of
the extracellular matrix [12] and inhibiting expression of
vascular endothelial growth factor and epidermal growth
factor receptors. Many classical studies have shown that
AKAPI12 expression was reduced in colorectal cancer,
gastric cancer, esophageal cancer, acute myeloid leukemia
[13], and other malignant tumors. These results suggest that
AKAPI12 acts as a tumor suppressor gene with a crucial role
in inhibiting tumor growth, metastasis, and angiogenesis.
However, the role of AKAP12 in CSCs remains unknown.

Signal transduction and transcription activator 3 (STAT3)
is a STAT-family member that enters the nucleus to influence
the transcription of genes in response to extracellular stimuli
[14]. STAT3, which has been shown to be continually
activated in a variety of solid tumors [15], can be activated
by conversion to its phosphorylated form (p-STAT3) by a
variety of protein kinases, such as JAK2 [16], PKA, and
PKC [17]. Previous studies have shown that AKAP12 can
positively regulate the phosphorylation of STAT3, thereby
activating the key post-translational modifications required
for tumor progression [18]. AKAP12 is a known scaffold
ligand for PKC [19] and may, therefore, be directly involved
in STAT3 phosphorylation. Recent studies show that STAT3
is essential for maintaining high levels of AKAP12 [20], and
AKAPI12 is a direct target for STAT3 transcription factors in
lung epithelial cells [21].

The current study aimed to investigate the role of
AKAPI12 in colorectal CSCs (CCSCs) and to explore the
potential mechanisms involved. A better understanding
of the functions of AKAP12 in CCSCs may provide a
new therapeutic approach for the early diagnosis, clinical
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treatment, and prognosis prediction in patients with
colorectal cancer.

Materials and methods
Cell culture and enrich CSCs

LoVo and HCT116 colorectal cancer cells were purchased
from the Shanghai Cell Bank at the Chinese Academy of
Sciences and cultured in DME/F12 medium (Hyclone,
USA) and McCoy’s 5SA medium (Gibco, USA), respectively,
supplemented with 10% fetal bovine serum (Gibco,
Brazil) and 1% penicillin/streptomycin (Gibco, USA).
Cells were cultivated at 37 °C in a humidified atmosphere
containing 5% CO,. Serum-free medium preparation: B-27
(0.4%; Gibco, USA), epidermal growth factor (20 ng/ml;
Peprotech, USA), and basic fibroblast growth factor (10 ng/
ml; Peprotech, USA) were added to DME/F12 medium.
HCT116 and LoVo cells were resuspended as a single-cell
suspension using the prepared serum-free medium and
uniformly inoculated in ultra-low attachment plates (plate
diameter =60 mm, Corning, USA). The cells were then
cultured in a cell culture incubator containing 5%CO, at
37 °C, and serum-free medium was changed weekly, and
the non-stem cells that died due to lack of nutrition were
discarded. Two weeks later, macroscopic 3D stem-like
spheres formed and were collected by centrifugation.

Reagents and antibodies

Enzastaurin [22] (LY317615, IC5,=6 nM) (MedChem
Express, USA) was dissolved in dimethyl sulfoxide
(Sigma-Aldrich, USA) to a final concentration of 3 nM.
Monoclonal antibodies against glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), STAT3, p-STAT3, PKC, and PKA
were purchased from Cell Signaling Technology (USA).
Mouse polyclonal antibody against AKAP12 was purchased
from Abcam (USA). Rabbit monoclonal antibody against
p-STAT3 was purchased from Cell Signaling Technology
(USA) and a monoclonal antibody against f-tubulin was
purchased from Abways (China). Secondary antibodies were
all purchased from Abcam (USA).

Lentivirus transfection assay

Lentivirus overexpressing human AKAP12 (Lv-hAKAP12)
and empty vector (Lv-Null) were created by Shanghai
Genechem (China). For lentiviral transfection of HCT116
and LoVo cells, Lv-hAKAP12 or Lv-Null were added
to a well containing 5 X 10* cells (70%—-80% confluent),
1 ml complete medium, and 5 pg/ml polybrene (Shanghai
Genechem, China) for 24 h. The transfected cells were
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then selected with 2 pg/ml puromycin (Sigma-Aldrich,
USA). Lv-Null was used as a control. Selected cells were
maintained in growth medium with 0.5 pg/ml puromycin
(Shanghai Genechem, China). Lentiviruses including
specific small interfering RNA (siRNA) for AKAP12
(Lv-siAKAP12) or empty vector (Lv-Cont) were created by
Shanghai Genepharma (China), as described above. In the
process of cell infection of the lentiviral vector, Null acts as
a negative control for Lv-hAKAP12 to rule out the effects of
infection with the lentiviral vector itself. Correspondingly,
Cont served as a negative control for Lv-siAKAP12. There
is no essential difference between the sequence fragments.

Flow cytometry

Cells were harvested and resuspended in phosphate-buffered
saline. The cells were then incubated at 4 °C for 15 min with
anti-CD133-APC (130-098-829, MiltenyiBiotec, Germany),
anti-Nanog-Alexa747 (561,300, BD Biosciences, USA), and
anti-Sox2-Percp-CY5.5 (561,506, BD Biosciences, USA) or
isotype controls. Flow cytometry analysis was conducted
using a C6 FACS (BD Biosciences, USA).

Flow CD133 + cell sorting assay

HCT116 cells were harvested and resuspended in
phosphate-buffered saline. The cells were then incubated
at 4 °C for 15 min with anti-CD133-APC (130-098-829,
MiltenyiBiotec, Germany). Flow CD133* cell sorting assay
was conducted using BD influx (BD Biosciences, Germany).

Cell cycle assay

After centrifugation, the supernatant was discarded, and
the collected cells were washed three times with PBS.
After adding pre-cooled 75% ethanol, it was placed at 4 °C
overnight to fix. After washing the cells with PBS again,
the cells were added to 500 uL of PBS containing 50 pg/mL
ethidium bromide (PI, Multisciences, China), 100 pg/mL
RNase A, 0.2% Triton X-100, and incubated at 37 °C. Flow
cytometry was performed using standard procedures and cell
cycle fitting analysis was performed using ModFit software.

Sphere-formation assay

HCT116 and LoVo cells were resuspended as a single-
cell suspension using the prepared serum-free medium
mentioned above and uniformly inoculated in ultra-low
attachment plates (plate diameter =60 mm, Corning, USA).
The cells were then cultured in a cell culture incubator
containing 5%CO, at 37 °C, and serum-free medium was
changed weekly, and the non-stem cells that died due to lack

of nutrition were discarded. The number of stem-like cell
spheres was counted after 14 days.

Limited dilution assay

Cells were seeded into ultra-low-attachment 96-well plates
(Corning) at densities of 104,103, 102, 101, and single cells
per well, respectively, and cultured in 200 pl serum-free
medium (DME/F12) as described above. Cell cultures were
maintained in a humidified atmosphere at 37 °C and 5%
CO, for 14 days. The numbers of stem-like spheres with
a diameter > 20 pm were then counted under an optical
microscope.

Clonogenic assay

The cells were plated at a density of 1x 103 cells per well in
six-well plates with complete DME/F12 medium for 14 days.
Due to the slow growth of cells in the siAKAP12 group, we
have lengthened the culture time of this group of cells to
21 days, so Null cells and Cont cells appear to have a large
difference in cell numbers. The used medium was removed,
and the plate was fixed with 95% ethanol, and then stained
with 0.1% crystal violet (w:v) for 15 min, and the excess
dye solution was gently washed away. The number of cell
colonies was counted under an ordinary optical microscope.

RNA extraction and quantitative polymerase chain
reaction (qPCR) analysis

The total RNA of cells in six-well plates was extracted with
TRIzol (Invitrogen, USA), and the process of converting
total RNA into cDNA was performed by the PrimeScript RT
kit (TaKaRa, China). Real-time fluorescent quantitative PCR
(qPCR) amplification was performed using SYBR Green
PCR Kit (TaKaRa, China) and a rapid real-time PCR system
(Applied Biosystems, USA). mRNA levels were calculated
using the 2-AAct method. PCR primers for gPCR are shown
in Supplemental Table I.

Protein isolation

Cells were harvested using a plastic scraper, washed three
times with cold phosphate-buffered saline, and then lysed
with ice-cold protein extract solution RIPA (Beyotime,
China). The protein concentration was quantified using the
BCA procedure according to the manufacturer’s protocol
(Beyotime, China).

Western blot

Equal amounts (60 pg) of protein samples were
separated by sodium dodecyl sulfate—polyacrylamide
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gel electrophoresis (SDS-PAGE) using 6% or 10%
polyacrylamide gels and then transferred onto a
nitrocellulose membrane (Millipore, USA). The
membranes were blocked with 5% BSA Tris-buffered
saline with 0.1% Tween-20 (TBST) buffer for 2 h at room
temperature and then incubated with primary antibodies
including anti-AKAP12 (1:1000), anti-STAT3 (1:1000),
anti-p-STAT3 (1:1000), anti-PKC (1:1000), anti-PKA
(1:1000), anti-p-tubulin (1:2000) and anti-GAPDH
(1:3000) antibodies at 37 °C for 1 h or overnight at 4 °C.
After washing with TBST, blots were incubated with the
appropriate anti-rabbit or anti-mouse secondary antibodies
(1:2000) and then detected using an Odyssey® CLx
Infrared Imaging System (LI-COR Biosciences, USA).
The intensities of the protein bands were analyzed using
Imagel software. GAPDH and f-tubulin were used as
internal controls.

Evaluation of tumorigenicity

We determined the tumorigenicities of the different cancer
cells by subcutaneous injection of 5x 10 cells and negative
control cells into either flank of 4-week-old female BALB/
c-nu mice (Animal Center of Shanghai Tenth People's
Hospital affiliated to Tongji University, China). All studies
involving animals were approved by the Ethics Committee
of Shanghai Tenth People's Hospital affiliated to Tongji
University. Tumor size was measured 7 days after cell
injection and every 3 days thereafter using calipers. We
calculate its volume by measuring the longitudinal and
transverse diameters of the tumor. The mice were euthanized
on the 16th day after the cell injection. Due to the rapid
tumor formation rate of the cells we inoculated, the nude
mice did not show any obvious abnormal appearance during
the whole process; the changes in body weight, feed, and
drinking water intake were within the normal range, and the
measurable clinical indicators were all normal; no significant
change in induced behavior; no abnormality in response to
external stimuli. There was no obvious macroscopic fluid
accumulated internally as a result of tumor progression. The
American Veterinary Association (AVMA) mentions that
the tumor burden is no more than 10% of body weight; in
an adult mouse, a tumor should not exceed 20 mm in any
dimension, and we strictly abide by this requirement.

siRNA transient transfection
To achieve a cell density of 30%—50% during transfection,
50 10* cells were grown in a six-well plate 12 h before

transfection. The medium was discarded overnight and 1 ml
of OPTI-MEM (Invitrogen, Germany) serum-free and the
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antibody-free medium was added and the six-well plate
was placed at 37 °C in a 5% CO, cell incubator. Prepare
transfection complexes: complex 1 is 125 pl of OPTI-MEM
medium with 2.5 pl of 1lipo2000 (Invitrogen, Germany);
complex 2 is 125 pl of OPTI-MEM medium with 50 nM
siRNA. Mix complexes 1 and 2, incubate for 20 min at
room temperature and then add dropwise to the culture dish.
Discard the OPTI-MEM medium after 8 h and add 1.5 ml
of fresh complete medium. Cells were collected at 24 h
and 36 h post-transfection, and gPCR and immunoblotting
assays were performed to verify the expression of genes and
proteins, respectively.

Statistical analysis

All experiments were repeated at least three times
independently. Data were statistically analyzed using
Graph Pad Prism version 6.0 and SPSS version 21.0.
Statistical comparisons were made using Student’s #-tests for
differences between the two groups. Comparisons of results
in three or more groups were made using the Bonferroni-
Dunn test. A value of p <0.05 was considered to indicate a
significant difference.

Results

AKAP12 expression increased in stem-like cell
spheres accompanied by increased expression
of typical stemness markers

We investigated the relationship between AKAP12 and
CCSCs in HCT116 and LoVo colorectal cancer cell lines.
CSCs were enriched by cell culture in a serum-free medium
to generate 3D stem-like spheres [23], the photos of 3D
stem-like spheres are shown in Fig. 1A. AKAP12 expression
levels were increased in stem-like spheres compared with the
original cell lines (Fig. 1B, C). Furthermore, mRNA levels
of some typical CCSC markers were significantly increased
in sphere cells compared with the original cell lines, except
for ABCG2 in LoVo stem-like spheres, which was reduced
(Fig. 1D). HCT116-CD133" cells were sorted and collected
by flow cytometry. The expression level of AKAP12 in
HCT116-CD133" cells was significantly increased (Fig. 1E).
These results suggest that AKAP12 may play a significant
role in maintaining cancer stem-like phenotypes.

Induction of AKAP12 expression promoted
maintenance of cancer stem-like phenotypes
in colorectal cancer cells

AKAP12 was overexpressed in HCT116 and LoVo cells
(HCT116-hAKAP12 and LoVo-hAKAP12) and confirmed
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Fig.1 AKAPI12 was upregulated in CCSCs. A 3D stem-like spheres
were obtained from HCT116 cells. Bar=100 pm. B-C AKAP12
protein and mRNA levels were detected in cell lines and their
corresponding stem-like spheres by western blot and quantitative
polymerase chain reaction (qPCR), respectively. **p<0.01,

its increased mRNA and protein levels (Fig. 2A, B) to
appraise the role of AKAP12 in regulating CSC-associated
characteristics. Overexpression of AKAP12 was associated
with significantly upregulated mRNA levels of stem cell
markers in HCT116-hAKAP12 and LoVo-hAKAPI2
cells compared with negative control cells (HCT116-
Null and LoVo-Null) (Fig. 2C). Furthermore, AKAP12
overexpression also increased the percentages of CD133,
Sox2™*, and Nanog™ cells among HCT116-hAKAP12 and
LoVo-hAKAPI12 cells, as demonstrated by flow cytometry
(Fig. 2D). AKAPI12 overexpression also increased the
number of clonogenic cells (Fig. 2E). According to limited
dilution assays, hAKAP12 cells showed increased sphere
formation at different cell-inoculum densities from 10* to
10! cells per well (Fig. 2F). At a dilution of 10 HCT116
cells/1 ml (1cell/well average), only 13/24 HCT116-Null
wells and 11/24 HCT116-hAKAP12 received a single cell

*p<0.05. D mRNA levels of the stemness markers CD133, EpCAM,
Nanog, Oct-4, Sox-2, CD90, Bmi-1, and ABCG2 were confirmed by
gqPCR. *¥p <0.01, *p <0.05. E AKAP12 protein levels were detected
in HCT116 CD1337/CD133* cells by western blot

in the well, of which 0/13 HCT116-Null and 4/11 HCT116-
hAKAP12 single-cell wells formed growing colonies. Last
but not least, our cell cycle assay results showed that the
proportion of cells staying in S-phase and G2M phase was
increased in hAKAP12, especially staying in G2M phase.
These results suggest that hAKAP12 cells have higher
cleavage activity than Null cells (Sup. Figure 1, 2).

AKAP12 depletion reduced CSC-related properties
in colorectal cancer cells

AKAPI12 was further clarified in the modulation of
CSC-related properties by depleting its expression
with specific siRNA transfection to create the cell lines
HCT116-siAKAP12 and LoVo-siAKAP12, respectively.
AKAPI12 mRNA and protein levels were reduced by
transfecting siRNA (Fig. 3A, B). qPCR analysis revealed
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Fig.2 Induction of AKAP12
expression promoted CSC-
related properties in colon
cancer cells. A-B AKAP12
expression levels in AKAP12-
overexpressing (hAKAP12)
and control cells (Null) were
determined by qPCR and
western blot. **p <0.01,

*p <0.05. C Expression levels
of stemness markers CD133,
EpCAM, Nanog, Oct-4, Sox-2,
CD90, Bmi-1, and ABCG2

in HCT116 and LoVo cells

in response to overexpression
of AKAP12 were assessed by
qPCR. **p <0.01, *p <0.05.
D Percentages of CD133™,
Nanog*, and Sox-2% cells in
hAKAP12 and Null cells were
determined by flow cytometry.
**p<0.01, *p<0.05. E

Null and hAKAPI12 cells

were subjected to clonogenic
assays in six-well plates and
the numbers of clonogenic
cells per 1,000 cells were
counted 10 days after seeding.
*#p <0.01, *p<0.05. F Null
and hAKAPI12 cells were
subjected to limited dilution
assays in ultra-low-attachment
96-well plates and the numbers
of spheroids generated by
10,000, 1,000, 100, and 10 cells
were counted 10 days after
seeding. **p <0.01, *p <0.05
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that mRNA expression levels of the stem cell markers
were also reduced in HCT116-siAKAP12 and LoVo-
siAKAP12 cells (Fig. 3C). Simultaneously, the numbers
of stem-like sphere colonies were reduced by >50%
and > 60% in HCT116-siAKAP12 and LoVo-siAKAP12
cells, respectively, compared with the negative controls
(HCT116-Cont and LoVo-Cont) (Fig. 3D). Furthermore,
siAKAP12 cells showed reduced sphere-formation
capabilities at each cell-inoculum density in a limited
dilution assay (Fig. 3E). These findings demonstrate the
important effects of AKAP12 depletion on the reduction
of CSC-related properties.

AKAP12 promoted tumorigenicity in vivo

We established tumor xenograft models to assess the effects
of AKAP12 on CSC-related properties in vivo by injecting
six male BALB/c-nu mice with HCT116-siAKAP12 and
control HCT116-Cont cells. The method by which we
measure the volume of a tumor at a specific time is tumor
volume =1*w?/2 (1, length: parallel to the head and tail of
the mouse; w, width: perpendicular to the head and tail
of the nude mouse). The data in Fig. 4B are the statistical
data obtained by calculating the tumor volume in the body
according to the above measurement method. Tumor
volumes were significantly smaller on the experimental
side compared with the control side in mice (Fig. 4A, B).
These results indicate that AKAP12 contributes to the
tumorigenicity of colorectal cancer stem-like cells.

AKAP12 activation of STAT3 signaling pathway
in colorectal cancer was PKC dependent

STATS3 and its relevant pathway play an important role in
CSC self-renewal [24], epithelial-mesenchymal transition
and metastasis [25]. In the current study, STAT3 was
significantly increased in stem-like spheres (Fig. 5A,
B; Sup. Figure 3A). The mRNA level of STAT3 reflects
the expression level of total STAT3, while at the protein
level, the expression level of total STAT3 =unactivated
STAT3 expression level (STAT3 protein expression
levels in Fig. 5C-F) +activated STAT3 expression level
(p-STAT3 in Fig. 5C-F). AKAP12, STAT3, and p-STAT3
expression were verified in hAKAP12, siAKAP12 and
negative control cells. Overexpression or knockdown of
AKAPI12 dramatically increased or reduced STAT3 mRNA
levels and p-STAT3 protein expression, respectively, but
STAT3 protein expression levels remained relatively stable
(Fig. 5SC-F; Sup. Figure 3B, C). These results indicated that
AKAP12 modulated the phosphorylation of STAT3 via
certain pathways. Interestingly, PKC expression levels varied
in line with the upregulation/downregulation of AKAP12,
while PKA levels remained relatively stable (Fig. 5C-F).

Inhibition of PKC by the potent inhibitor enzastaurin
significantly reduced STAT3 mRNA and p-STAT3 protein
expression levels in hAKAPI12 cells (Fig. 5G, H; Sup.
Figure 3D). These results indicate that the elevated levels
of AKAP12 sustain the phosphorylation of STAT3, probably
via its ability to scaffold PKC.

STAT3 positively affected AKAP12 expression
in colorectal cancer cells

To clarify the relationship between STAT3 and AKAP12,
we transfected HCT116 and LoVo cells with a STAT3-
expressing plasmid and control vector, or with STAT3
or control siRNA to overexpress or deplete STAT3,
respectively. The data in Figs. 6A—-D show a positive
correlation between AKAP12 and STAT3 expression,
suggesting that there may be a positive feedback loop
between STAT3 and AKAP12.

Discussion

The CSC (or cancer-initiating cell) theory suggests that
only a very small number of cells in a tumor referred to as
CSCs have the ability for cancer development [26, 27]. This
doctrine believes that dysregulation of self-renewal may
be the first step in carcinogenesis [28]. CSCs are products
of self-renewal disorders and there are features specific for
CSCs, including strong tumorigenic potential, the ability to
grow into spheres under serum deprivation, high aldehyde
dehydrogenase activity [29], and cell cycle disorders [30].
These cells generate clones and reshape tumors in vitro
after transplantation into immunodeficient animals.
Coincidentally, CSC also can xenograft and differentiate
cancer into many heterogeneous cell populations.

Growing evidence has indicated the relevance of the CSC
concept in colorectal cancer [31-34]. Previous studies have
demonstrated that CSC in colorectal cancer are characterized
by the expression of various markers such as BMI1, Sox2,
Nanog, etc., which are involved in pathological processes
such as colorectal carcinogenesis and development, and
have an important impact on the tolerance of chemotherapy
and radiotherapy in colorectal cancer [31-34]. Previous
studies have shown the critical role of BMI1 as an epigenetic
inhibitor in self-renewal, differentiation, and tumor initiation
of CSC. Targeting BMII can successfully eliminate human
colorectal cancer stem cells from mouse xenografts.
Therefore, therapeutic strategies targeting cancer stem cells
are important for the treatment of colorectal cancer [32].

Numerous CSC markers, including CD133, EpCAM,
Nanog, and Oct-4, have been used in CSC research [35].
Cultivating cells as 3D spheres are considered a reliable
means of enriching cultures for CSCs. We accordingly
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«Fig. 3 AKAPI12 knockdown reduced CSC-related properties in colon
cancer cells. A-B AKAPI12 expression levels in AKAP12-depleted
(siAKAP12) and control (Cont) cells were determined by qPCR and
western blot. **p<0.01, *p<0.05. C Expression levels of stemness
markers CD133, EpCAM, Nanog, Oct-4, Sox-2, CD90, Bmi-1,
and ABCG2 in HCT116 and LoVo cells in response to depletion
of AKAP12 were determined by qPCR. **p<0.01, *p<0.05. D
Control and siAKAP12 cells were subjected to clonogenic assays in
six-well plates and the numbers of clonogenic cells per 1,000 cells
were counted 14 days after seeding. **p <0.01, *p <0.05. F Control
and siAKAP12 cells were subjected to limited dilution assays in
ultra-low-attachment 96-well plates, and the numbers of spheroids
generated by 10,000, 1,000, 100, and 10 cells were counted 14 days
after seeding. **p <0.01, *p <0.05

used this method to enrich CSCs from HCT116 and LoVo
cancer cell lines and compared them with the original cells.
However, the stem cell marker ABCG2 was not enriched in
LoVo tumor-sphere cells, and further studies are needed to
determine the reasons for this.

Although research on AKAPI12 is relatively limited,
AKAPI2 has been shown to promote tumor cell apoptosis
and inhibit invasion and angiogenesis [8, 18]. Our previous
study showed that overexpression of AKAP12 inhibited
the invasion and metastasis of colorectal cancer [8, 36].
Maki et al. confirmed that AKAP12 was required for
oligodendrocyte differentiation in adult white matter in
mice [37]. The latest research proves that HDAC6-dependent
AKAP12 deacetylation led to its ubiquitination-mediated
degradation and promoted colon cancer metastasis [38].
However, the role of AKAP12 in CSCs remains unclear.
Herein, we showed that AKAP12 was upregulated by sphere
formation in HCT116 and LoVo cells, while most stem cell
markers were upregulated/downregulated by overexpression
or reduction of AKAP12, respectively. Overexpression of
AKAPI12 also increased the percentages of CD133%, Sox2*¥,
and Nanog™ cells, as demonstrated by flow cytometry. These
results were supported by clonogenic and limited dilution
assays. However, these results do not necessarily conflict
with the idea of AKAP12 as a tumor suppressor. AKAP12
acts as an important scaffolding protein by binding certain
key signaling media such as PKA, PKC, and other cell
cycle-associated proteins to promote mitotic signaling and
cytoskeletal remodeling [39, 40]. We, therefore, assumed
that AKAPI12 carried out its scaffolding functions in
HCT116 and LoVo cells to control cytoskeleton remodeling
and then promote stem cell characteristics by regulating a
signal pathway or network.

STAT3 is known to be activated in a variety of solid
tumors, including colorectal cancer, suggesting that it may
be essential for the survival and growth of tumor cells [41,
42]. Lin et al. also found that STAT3 played a crucial role in
the proliferation and survival of tumor-initiating cells [43].
Peixoto et al. confirmed that AKAP12 positively regulated
the phosphorylation of STAT3 in human glioblastoma [20],
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Fig.4 AKAP12 impacted tumor growth in vivo. A Mice were
implanted subcutaneously with Cont and siAKAP12 cells (n=6). B
Tumor volumes were measured and presented as the mean + standard
error. 0.01 <*p<0.05

while PKA and PKC modulated the phosphorylation of
STAT3 in human umbilical vein endothelial cells [18]. In the
current study, STAT3 expression was increased in stem-like
spheres and AKAP12 positively regulated p-STAT3, while
PKC (but not PKA) was also upregulated/downregulated
in accordance with AKAP12 overexpression or depletion,
respectively. Enzastaurin (LY317615.HC]) is a selective
protein kinase inhibitor that has been found to significantly
inhibit the AKT pathway, thereby accelerating cell apoptosis
and inhibiting the growth of glioblastoma and colorectal
tumor grafts. Inhibition of PKC by enzastaurin significantly
reduced p-STAT3 expression, whereas AKAP12 expression
remained stable. These results suggested that elevated levels
of AKAP12 sustained STAT3 phosphorylation, probably
via its ability to scaffold PKC, thus revealing a possible
AKAP12/PKC/STAT3 pathway in CCSCs. Regarding the
mechanism whereby AKAP12 modulates PKC, Gelman
et al. identified AKAP12 (SSeCKS in rats) in a screen for
phosphatidylserine-dependent PKC-binding proteins and
showed that PKC binding by AKAP12 was modulated by
the level of PKC phosphorylation. However, the precise
mechanism whereby AKAP12 modulates PKC in CCSCs
remains unclear, and further studies are needed to clarify
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Fig.6 STAT3 positively affected AKAP12 expression levels in
colon cancer cells. A-D HCT116 and LoVo colon cancer cells
were transfected with STAT3-expressing plasmid or control vector

or with STAT3 or control siRNA to overexpress or deplete STAT3,
respectively. STAT3 and AKAP12 mRNA and protein levels were
measured by gPCR and western blot. **p <0.01, *p <0.05

@ Springer



3274

Clinical and Translational Oncology (2023) 25:3263-3276

Fig.7 AKAPI12 helps maintain .

. Enzastaurin

cancer stem cell-like phenotypes
through the activation of STAT3
in colorectal cancer. AKAP12
promotes the precursors of
PKC to synthesize PKCs. PKC
modulates the phosphorylation
of STAT3. This could be
inhibited by PKC inhibitor
enzastaurin. Upregulation

of p-STAT3 increases the
expression of stem cell markers
like CD133, Nanog, Sox-2 and
helps maintain cancer stem cell-
like phenotypes

this. Notably, we detected a potential positive feedback loop
between STAT3 and AKAP12 in HCT116 and LoVo cells
by demonstrating that an increase/decrease in STAT3 could
upregulate/downregulate AKAP12.

This study focused on the association between AKAP12
and CCSCs and the possible mechanisms involved in this
relationship. We showed that AKAP12 acted as a promotor
to maintain stem cell-like phenotypes in HCT116 and
LoVo cell lines, thus improving our understanding of the
role of AKAP12 in tumors from the perspective of CCSCs.
Mechanistically, we identified the PKC/STAT3 signaling
pathway as a possible link between AKAP12 and CSC-
associated characteristics (Fig. 7). Overall, in this study,
we demonstrated for the first time that in colorectal cancer
cells, AKAP12 can activate STAT3 by regulating PKC,
thereby promoting stem cell characteristics of colorectal
cancer cells. The results of this study suggest that depletion
of AKAP12 may help to suppress CSCs in patients with
colorectal cancer. Nevertheless, there are some important
caveats for limitations in this study. First, we focused on the
colorectal cancer cell lines HCT116 and LoVo only, more
experiments should be carried out in more colorectal cancer
cell lines, primary colorectal cancer cells, and other solid
tumor cells. Moreover, further studies in carcinomatous
tissues are needed to elucidate the details of the mechanism.
In addition, due to the time and funding constraints of the
study, the majority of this research was done at the cellular
level and remains to be explored in depth for specific
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ﬁ
precursors of PKC

cytomembrane

Up-regulation of
stem cell markers
like CD133, Nanog,

mechanisms, and in vivo studies in animals need to be
further refined. Our intended future work would focus on the
depth mechanism and strive to improve the role of AKAP12
in colorectal cancer and related mechanisms. Regarding
possible clinical applications, treatment options need to be
considered in combination with the comprehensive effects
of AKAP12 in other aspects of colorectal cancer.

Conclusion

In conclusion, our current study demonstrates that AKAP12
promotes colorectal cancer cell stemness maintained through
the activation of STAT3 in colorectal cancer. Moreover,
CCSC overexpresses AKAP12, and AKAP12/PKC/STAT3
signaling pathway is an important pathway for AKAP12 to
promote its stem cell characteristics, all of which indicate
that AKAP12 may be an important therapeutic target for
blocking the development of colorectal cancer from the
perspective of cancer stem cells.
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