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Abstract: Ankyrin repeat and KH domain containing 1 (ANKHD1) is a protein with multiple ankyrin repeat domains 
and a single KH domain, and it is encoded by the ANKHD1 gene in humans. ANKHD1 has been reported to be highly 
expressed in various cancer tissues, and it is involved in cancer progression, including proliferation and invasion. 
However, its functional roles in colorectal cancer (CRC) remain unclear. In our study, we first found that high expres-
sion of ANKHD1 in CRC tumor tissue was associated with tumor infiltration depth (P=0.03). ANKHD1 was highly 
expressed in HCT116 and SW480 cells. Downregulation of ANKHD1 inhibited CRC cell proliferation, migration and 
invasion both in vitro and in vivo. ANKHD1 silencing inhibited the expression of MMP2, MMP9, the mesenchymal 
marker vimentin, and the epithelial-to-mesenchymal transition (EMT) transcription factors Snail and ZEB1, while 
increasing the expression of the epithelial marker E-cadherin. As a cofactor of YAP1 in the Hippo signaling pathway, 
ANKHD1 silencing reduced the expression and increased the phosphorylation of YAP1. Moreover, the phosphory-
lation of AKT was inhibited when ANKHD1 was knocked down. The mechanism study revealed that the effect of 
ANKHD1 might be associated with the expression of YAP1 and that AKT signaling and EMT played crucial roles in 
this process. Overexpression of YAP1 reversed the effect of ANKHD1 silencing on CRC cell proliferation, migration 
and invasion. In conclusion, these findings suggest that ANKHD1 might act as a novel regulator that promotes CRC 
cell proliferation, migration and invasion by activating EMT via YAP1.
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Introduction

Colorectal cancer (CRC) is one of the most com-
mon malignant tumors in the gastrointestinal 
tract, the third most commonly diagnosed can-
cer and the third leading cause of cancer-relat-
ed death in both males and females in the 
United States [1]. Surgery and adjuvant thera-
py, including chemotherapy and radiotherapy, 
are currently the main treatments for CRC [2]. 
Despite the advances in treatments, the prog-
nosis of CRC patients is not optimistic, with a 
65% five-year relative survival rate for patients 
diagnosed in 2013 [1]. Metastasis of CRC is 
one of the main reasons for its high mortality 
and poor prognosis. Approximately 90% of 

CRC-related deaths occur as a result of meta-
static disease [3]. Epithelial-to-mesenchymal 
transition (EMT) has been shown to play a vital 
role in cell metastasis and invasion [4]. Aberrant 
activation of EMT-inducing transcription factors 
is an important part of metastasis [5]. Once this 
conversion occurs, immobile epithelial cells 
lose their epithelial characteristics and acquire 
mesenchymal properties, including the ability 
to migrate and invade [6]. The occurrence of 
EMT also promotes the progression of malig-
nant tumors [7]. Despite these insights, the 
molecular mechanisms of EMT are varied, and 
mechanisms by which it will be possible to influ-
ence the metastasis of CRC still need to be 
explored.

http://www.ajcr.us
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Ankyrin repeat and KH domain containing 1 
(ANKHD1) is a protein with multiple ankyrin 
repeat domains and a single KH domain that is 
encoded by the ANKHD1 gene. ANKHD1 is a 
human orthologous protein of MASK and was 
first identified in Drosophila melanogaster [8]. 
The presence of multiple ankyrin repeats sug-
gests that it mediates protein-protein interac-
tions and participates in biological processes, 
including the cell cycle, transcription, differen-
tiation, apoptosis, cell survival, and even the 
development of cancer [8, 9]. ANKHD1 was 
found to be overexpressed in both malignant 
cells from patients diagnosed with acute leuke-
mia and multiple myeloma (MM) and several 
cancer cell lines, including K562 (leukemia), 
MM1R, MM1S, RPMI 8226 and U266 (MM) and 
LNCaP (prostate) [10-12]. In leukemia cells, 
ANKHD1 silencing significantly inhibited cell 
proliferation and migration [13]. Studies have 
found that ANKHD1 is a novel component of 
the Hippo signaling pathway that interacts with 
YAP1 and promotes cancer progression [12]. 
However, the expression of ANKHD1 in CRC 
and its effect on the progression of CRC has 
not been reported thus far.

Hence, our study aimed to study the effect of 
ANKHD1 on CRC cell proliferation and metasta-
sis both in vitro and in vivo. Inhibition of 
ANKHD1 reduced YAP1 expression and inhibit-
ed the occurrence of EMT and the phosphoryla-
tion of AKT. Then, we investigated the role 
played by YAP1 in the effect of ANKHD1 on CRC 
progression.

Materials and methods

Cell culture

The human colorectal carcinoma cell lines 
HCT8, HCT116, SW480, SW620, LOVO and 
RKO were purchased from the Shanghai Ch- 
inese Academy of Sciences (Shanghai, China) 
and cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) (HyClone, Logan, USA) sup- 
plemented with 10% fetal bovine serum (FBS) 
and 1% penicillin-streptomycin at 37°C in a 
humidified atmosphere with 5% CO2. The exper-
iments were performed when the cells reached 
70-80% confluence.

Transduction and transient transfection

HCT116 and SW480 cells were transduced 
with lentivirus-mediated control shRNA or lenti-
virus-mediated shRNA targeting ANKHD1, des-

ignated shNC and shANKHD1, respectively. The 
lentivirus-mediated shRNA was obtained from 
Hanbio Biotechnology (Shanghai, China); spe-
cific fragments were inserted into shNC (top 
strand: GATCCGTTCTCCGAACGTGTCACGTAAT- 
TCAAGAGATTACGTGACACGTTCGGAGAATTTTT- 
TC; bottom strand: AATTCAAAAAATTCTCCGAA- 
CGTGTCACGTAATCTCTTGAATTACGTGACACGTT- 
CGGAGAACG) and shANKHD1 (top strand:  
GATCCGCACTACTCTTAGCACAAGGATTCAAGAG- 
ATCCTTGTGCTAAGAGTAGTGCTTTTTTC; bottom 
strand: AATTGAAAAAAGCACTACTCTTAGCACAA- 
GGATCTCTTGAATCCTTGTGCTAAGAGTAGTGCG). 
The cells were subsequently harvested at 72 h 
postinfection and selected in medium contain-
ing 8 μg/ml puromycin (Sigma-Aldrich, St. 
Louis, Missouri, USA) until all uninfected cells 
were killed by the puromycin. The stably trans-
fected cell lines were validated by Western blot-
ting and real-time PCR and then used for the 
subsequent experiments. The YAP1 lentiviral 
vector (YAP1 cDNA) was purchased from 
Applied Biological Materials (Richmond, BC, 
Canada), and transfection was performed using 
the Lipofectamine 2000 reagent (Invitrogen, 
Carlsbad, CA, USA). The subsequent experi-
ments were performed 48 h after transfection. 
HCT116-shANKHD1 cells were transfected with 
the YAP1 lentiviral vector and designated 
HCT116shANKHD1+YAP1.

Cell proliferation assay

Cell proliferation was measured by the Cell 
Counting Kit 8 (Beyotime Biotechnology, China) 
according to the manufacturer’s instructions. 
The stably transfected cell lines HCT116-
shANKHD1 and SW480-shANKHD1 were seed-
ed in 96-well plates. Then, 100 μl of DMEM 
containing 10% CCK8 reagent was added to 
each well at 24 h, 48 h, 72 h and 96 h post- 
cell seeding and cultured for 2 h. The absor-
bance was measured at a wavelength of 450 
nm by a microplate reader (Bio-Rad, Hercules, 
CA, USA). Three independent experiments were 
perforfmed.

Cell invasion and migration assay

Cell invasion and migration assays were per-
formed using 8-μm pore size transwell cham-
bers (Corning, New York, USA). For the invasion 
assay, the upper chamber of the transwell was 
precoated with Matrigel and incubated at 37°C 
for 2 h to form the Matrigel layer in the cham-
ber. The stably transfected cells were starved 
in serum-free DMEM; then, 4 × 104 cells with 
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0.5% BSA in DMEM were seeded in the upper 
chamber of the transwell, while complete 
DMEM with 10% FBS was added to the lower 
chamber. At 24 h after inoculation, the cells 
remaining in the upper chamber were disposed 
of, and the invaded cells were stained by crys-
tal violet. For the cell migration assay, 4 × 104 
starved cells with 0.5% BSA in DMEM were 
seeded in the upper chamber of the transwell, 
and the lower chamber was filled with complete 
DMEM with 10% FBS. At 24 h after inoculation, 
the cells in the upper transwell chamber were 
disposed of, and the migrated cells were 
stained by crystal violet. Each experiment was 
repeated three times independently.

RNA extraction and quantitative real-time PCR

Total RNA was extracted using TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA), and 1 μg of 
total RNA from the stably transfected cells was 
reverse transcribed to cDNA using the Prime 
Script PRT Reagent Kit (Takara, Kyoto, Japan) 
according to the manufacturer’s instructions. 
Quantitative real-time PCR was performed 
using SYBR-Green Mix and detected by the ABI 
PRISM 7500 Sequence Detection System 
(Applied Biosystems, Foster City, CA, USA). The 
mRNA level of ANKHD1, YAP1, E-cadherin and 
Vimentin was detected by quantitative real-
time PCR, and the amplified transcript level 
was normalized to that of GAPDH. The primer 
pairs were as follows: ANKHD1 (forward prim- 
er: 5’-CCTGCTTGGAACCCTATGATAAA-3’; reverse 
primer: 5’-CGTGCCAGGCCAAATCTG-3’), GAPDH 
(forward primer: 5’-CATGAGAAGTATGACAACA- 
GCCT-3’; reverse primer: 5’-AGTCCTTCCACGA- 
TACCAAAGT-3’), YAP1 (forward primer: 5’-CG- 
CTCTTCAACGCCGTCA-3’; reverse primer: 5’-AG- 
TACTGGCCTGTCGGGAGT-3’), E-cadherin (for-
ward primer: 5’-ATTCTGATTCTGCTGCTCTTG-3’; 
reverse primer: 5’-AGTAGTCATAGTCCTGGTCTT- 
3’) and Vimentin (forward primer: 5’-GGAC- 
CAGCTAACCAACGACA-3’; reverse primer: 5’- 
AAGGTCAAGACGTGCCAGAG-3’).

Western blot assay

The stably transfected cells and transiently 
transfected cells were collected at specific 
times and then lysed by cell lysis buffer for 
Western blotting. The total protein concentra-
tion was detected using a BCA Protein Assay  
Kit (Beyotime Biotechnology, China). After that, 
30 µg of proteins were separated by 8% or  
10% SDS-PAGE and transferred to PVDF mem-

branes. The following primary antibodies were 
used for the Western blots: ANKHD1, YAP1, 
p-YAP1, ZEB1, Snail, E-cadherin, vimentin, 
MMP2, MMP9, AKT, p-AKT, Bcl-2 and Bax 
(1:1000, Abcam, Cambridge, MA, USA), Tubulin 
and GAPDH (Beyotime Biotechnology, China) 
were used as internal controls.

In vivo experiments

Male BALB/c nude mice (5 weeks old) were  
purchased from the SLAC Laboratory Animal 
Company (Shanghai, China). Then, 4 × 106 HCT- 
116-shANKHD1 cells or HCT116-shNC cells  
in 0.1 mL of PBS were injected subcutaneous- 
ly into the right flanks of the nude mice (five 
mice per group). Tumors were measured every 
two days by caliper, and the longest diameter 
(A) and the shortest diameter (B) of every tu- 
mor were recorded separately to calculate  
the tumor volumes according to the follow- 
ing formula: π/6 × A × B2 [14]. For the metas- 
tasis assay, 1 × 106 HCT116-shANKHD1 cells  
or HCT116-shNC cells in 0.1 ml PBS were 
injected into the nude mice via the tail vein. 
After 40 days, the lungs and livers were dis-
sected and photographed and then stain- 
ed with hematoxylin and eosin (H&E). All nude 
mouse experiments were approved by the eth-
ics committee of Soochow University.

Immunohistochemistry and HE analysis

Immunohistochemistry (IHC) was performed to 
investigate protein expression levels in cancer 
tissue. All surgically resected specimens were 
obtained from patients diagnosed with CRC at 
the Second Affiliated Hospital of Soochow 
University from 2009 to 2014. The sections of 
tissue for IHC were incubated with antibodies 
against ANKHD1. The intensity of staining of 
the cancer tissues was scored as follows: 0 (no 
staining), 1 (weak staining, light yellow), 2 (mod-
erate staining, yellowish brown), and 3 (strong 
staining, brown). An intensity score ≥ 2 was 
considered overexpressfion, whereas intensity 
scores < 2 were cfonsidered indicators of low 
expression. All slides were evaluated indepen-
dently by two investigators blinded to the 
patient identities and clinical outcomes. H&E 
staining was performed to verify the presence 
of metastatic cancer nodules.

Statistical analysis

The X2 test was performed to detect the corre-
lation between ANKHD1 expression and clinical 
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parameters [15]. Student’s t-test was per-
formed to determine differences in the data 
from the in vitro experiments, and the results 
are expressed as the mean ± standard devia-
tion (SD) of three independent experiments. All 
statistical analyses were performed using 
GraphPad Prism 6.0 software (GraphPad 
Software Inc., San Diego, USA). P < 0.05 was 
considered statistically significant.

Results

ANKHD1 expression in colorectal cancer tis-
sue sample

To determine the expression of ANKHD1 in 
CRC, tumor tissues of 136 colorectal cancer 
patients were used for immunohistochemical 
staining. Our results showed that ANKHD1 was 

efficiency was verified by Western blotting. 
Silencing efficiency was 85.26% and 82.64%  
in HCT116 and SW480 cells, respectively. 
Analysis was conducted with ImageJ. The mRNA 
levels exhibited similar silencing efficiency and 
were reduced by 61.92% and 56.00%, respec-
tively (Figure 1E, 1F).

ANKHD1 silencing inhibits colorectal cancer 
cell proliferation in vitro

To investigate whether ANKHD1 affects the 
proliferation of colorectal cancer cells, a CCK8 
assay was performed after HCT116 and SW480 
cells were stably infected with shANKHD1 for 
24, 48, 72 and 96 hours. Our results showed 
that the silencing of ANKHD1 by shRNA sup-
pressed the proliferation of colorectal cancer 
cells (Figure 2A, 2B). The relative proliferation 

Table 1. Correlation between tumor ANKHD1 expression and the 
pathologic features of CRC patients

Variables All 
cases

ANKHD1 expression
P

Negative (%) Positive (%)
Colorectal cancer 136 12 (8.8) 124 (91.2)
    Age
        < 60 35 4 (2.9) 31 (22.8) 0.372
        ≥ 60 101 8 (5.9) 93 (68.4)
    Gender
        Male 82 7 (5.1) 75 (55.1) 0.558
        Female 54 5 (3.7) 49 (36.1)
    Differentiation
        High/intermediate 101 8 (5.9) 93 (68.4) 0.372
        Low/null 35 4 (2.9) 31 (22.8)
    Invasion
        Infiltration of shallow muscularis 6 2 (1.5) 4 (2.9) 0.030
        Infiltration of deep muscularis 21 3 (2.2) 15 (11.1)
        Infiltration of seroso 109 7 (5.1) 105 (77.2)
    Lymph node metastasis
        Yes 56 3 (2.2) 53 (39.0) 0.189
        No 80 9 (6.6) 71 (52.2)
    Nerve invasion
        Yes 49 4 (2.9) 45 (33.1) 0.554
        No 87 8 (5.9) 79 (58.1)
    Vascular invasion
        Yes 20 1 (0.7) 19 (14.0) 0.446
        No 116 11 (8.1) 105 (77.2)
    Duck’s
        A 20 4 (2.9) 16 (11.8) 0.059
        B 60 5 (3.7) 55 (40.4)
        C 56 3 (2.2) 53 (39.0)

expressed in 91.2% of  
the samples (Table 1) and 
widely expressed in both 
normal colorectal tissues 
and colorectal cancer tis-
sues (Figure 1A-C). The 
expression of ANKHD1 in 
colorectal cancer was 
highly correlated with the 
tumor infiltration depth 
(P=0.03; Table 1), while 
its expression was not 
significantly associated 
with age, sex, degree of 
differentiation and lymph 
node metastasis.

Construction of cell lines

The baseline expression 
level of ANKHD1 was de- 
tected by Western blot 
assay in 6 CRC cell lines, 
including HCT8, SW480, 
SW620, HCT116, LOVO 
and RKO. ANKHD1 was 
highly expressed in SW- 
480 and HCT116 cell 
lines (Figure 1D). HCT116 
and SW480 cells were 
selected to construct sta-
bly transfected cell lines 
with lentivirus-mediated 
shRNA targeting ANKHD1 
to knockdown ANKHD1 
expression. The infection 
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rate was significantly reduced by 22.5%, 31.9% 
and 36.7% in HCT116-shANKHD1 cells at 48 h, 
72 h and 96 h compared with HCT116-shNC 
and HCT116-mock cells (Figure 2A, P < 0.001). 
This marked inhibition of proliferation was also 
observed in SW480-shANKHD1 cells, and the 
relative proliferation rate was significantly 
reduced by 19.1%, 28.9% and 32.4% at 48 h, 
72 h and 96 h compared with SW480-shNC 
and SW480-mock cells (Figure 2B, P < 0.01), 
respectively.

To determine whether ANKHD1 silencing af- 
fects apoptosis of colorectal cancer cells, a 
flow cytometry-based apoptosis assay was per-

formed. Our results showed that ANKHD1 
silencing did not significantly affect apoptosis 
of colorectal cancer cells compared with con-
trol group (Figure 2D). Consistently, ANKHD1 
silencing did not significantly affect the expres-
sion of Bcl-2 and Bax in colorectal cancer cells 
(Figure 2C).

ANKHD1 silencing inhibits the growth of xeno-
graft tumors

To further confirm the inhibition of prolifera- 
tion observed in vitro, we injected HCT116-
shANKHD1 and HCT116-shNC cells into the 
right flanks of nude mice. Consistent with our 

Figure 1. IHC staining of CRC patient tis-
sue samples and the verification of infec-
tion efficiency. ANKHD1 was expressed 
in normal colorectal tissue (A); examples 
of ANKHD1 negative (B) and positive (C) 
expression (× 200 magnification) are 
shown in colorectal cancer. Baseline 
protein (D) expression of ANKHD1 in 
6 CRC cell lines. Protein (E) and mRNA 
(F) levels of ANKHD1 in HCT116 and 
SW480 cells transduced with shRNA 
target ANKHD1 (***P < 0.001).
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observation in vitro, the volumes of tumors 
formed by HCT116-shANKHD1 cells were  
significantly smaller than those formed by 
HCT116-shNC cells (Figure 2E, 2F P < 0.05). 
The results demonstrated that ANKHD1 pro-
moted tumorigenesis in vivo.

ANKHD1 silencing reduced CRC cell migration 
and invasion

Our migration assay revealed that the down-
regulation of ANKHD1 markedly suppressed 
HCT116 and SW480 cell migration (Figure 

Figure 2. ANKHD1 promotes colorectal cancer cell proliferation in vitro and in vivo. CCK8 assays showed the relative 
proliferative capacity of specific HCT116 and SW480 cells at 24, 48, 72 and 96 h after seeding in plates (A, B, **P 
< 0.01; ***P < 0.001). Apoptosis was measured using Annexin V/7-AAD double staining assay and Western blot 
assay in colorectal cancer cells, ANKHD1 silencing did not significantly affect cells apoptosis (C, D). The nude mouse 
xenograft model showed that tumors formed by HCT116-shANKHD1 cells had slower growth rates and smaller vol-
umes than tumors formed by HCT116-shNC cells (E, F, *P < 0.05). The data are presented as the means ± SD of 
three independent experiments.
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3A-D shows cell migration reduced by 39.6% 
and 29.7%, respectively, both P < 0.001). 
Similarly, an invasion assay also indicated that 
ANKHD1 silencing significantly reduced cell 
invasion by 45.4% and 57.5% compared to con-
trol HCT116 and SW480 cells, respectively 
(Figure 3A-D, both P < 0.001). These results 
suggested that ANKHD1 silencing clearly inhib-
ited CRC cell migration and invasion.

ANKHD1 silencing inhibits HCT116 cell lung 
metastasis in nude mice

To further validate the effect of ANKHD1 silenc-
ing on CRC cell migration and invasion, a pul-
monary metastasis model was generated by 
tail vein injections of HCT116-shANKHD1 and 
HCT116-shNC cells in nude mice. The nude 
mice were sacrificed after 40 days, and the 

Figure 3. ANKHD1 promotes colorectal cancer cell migration and invasion in vitro and in vivo. Representative imag-
es of the migration and invasion of HCT116 cells (A) and SW480 cells (B) infected with shANKHD1 or shNC or none. 
ANKHD1 silencing significantly repressed cell migration and invasion (C, D, ***P < 0.001). The cell counts are for 
the invasion assay with at least five random microscope fields (invasion: × 200 magnification). Cell migration is ex-
pressed as the percentage of migrating cells in at least five random microscope fields of view (Analysis conducted 
with ImageJ software, migration: × 200 magnification). In total, 1 × 106 HCT116-shNC and HCT116-shANKHD1 cells 
were injected into nude mice through the tail vein, and the mice were reared for 40 days before being sacrificed to 
evaluate the lung metastases. Representative figures for lung metastatic tumors (E) show that mice injected with 
HCT116-shANKHD1 cells had fewer metastatic nodules than those injected with HCT116-shNC cells (*P < 0.05). (F) 
H&E staining of mouse lung metastases and normal lung tissue (× 200 magnification).
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vital organs were removed and observed. The 
formation of pulmonary nodules was used to 
assess the capacity for metastasis. Compared 
with the HCT116-shANKHD1 group, more and 
larger migrated nodules were observed in the 
lungs in the HCT116-shNC group (Figure 3E, P 
< 0.001). Then, the lung tissue was analyzed by 
H&E staining to further evaluate the metasta-
ses (Figure 3F). These observations further 
confirmed that ANKHD1 plays an important role 
in the metastasis and invasion of colorectal 
cancer.

ANKHD1 silencing inhibited EMT and AKT 
phosphorylation 

Matrix metalloproteinases (MMPs) play a role  
in ECM degradation and promotes tumor pro-
gression, leading to metastasis. Furthermore, 
MMPs activate TGF-β and promote EMT [16]. 
Consistently, we found that ANKHD1 silencing 
clearly reduced MMP2 and MMP9 expression 
by Western blotting (Figure 4A). As indicated  
by the Western blot assay, the expression of 
the epithelial marker protein E-cadherin was 
increased, while the expression of the mesen-
chymal marker protein vimentin was decreased 
in the shANKHD1 group compared with the 
shNC group and the mock group in both HCT116 
and SW480 cells (Figure 4B), these changes 
also occurred at mRNA level (Figure 4E). The 
present study showed alterations in EMT-as- 
sociated transcription factors, including ZEB1 
and Snail; Figure 4B shows that ZEB1 and Snail 
were markedly decreased in the shANKHD1 
groups. These results confirmed that ANKHD1 
played an important role in the progression of 
EMT.

Our results revealed that AKT phosphorylation 
was significantly inhibited in the shANKHD1 
group compared with the shNC group and the 
mock group but the expression of AKT remained 
unchanged (Figure 4C). These results suggest 
that ANKHD1 silencing inhibits AKT activation.

YAP1 is required for ANKHD1 silencing-in-
duced inhibition of proliferation and migration 
via AKT signaling and EMT

According to reports, ANKHD1 is a novel mem-
ber of the Hippo signaling pathway and is 
essential for the full activity of YAP1 [12, 17, 
18]. Is YAP1 involved in the effects of ANKHD1 
on CRC cell proliferation, migration and inva-
sion? Western blot analysis showed that YAP1 

was downregulated when ANKHD1 was knock- 
ed down (Figure 4D), real-time PCR assay re- 
vealed that this inhibition was occurred in tran-
scriptional level (Figure 4E). Due to phosphory-
lated YAP1 was able to be degraded by ubiquiti-
nation, we tested p-YAP1 expression under 
ANKHD1 was knocked down, and found that 
p-YAP1 was significantly increased (Figure 4D). 
The increase of p-YAP1 may enhanced the deg-
radation of YAP1. YAP1 is an important down-
stream EMT-inducing molecule [14]. Then, 
HCT116-shANKHD1 cells were transfected with 
the YAP1 overexpression vector to explore the 
role of YAP1 in ANKHD1 silencing-mediated 
inhibition of CRC cell proliferation, migration 
and invasion. Transfection efficiency was veri-
fied by Western blotting, with a 1.64-fold over-
expression efficiency in HCT116-shANKHD1 
cells (Figure 5A). A CCK8 assay revealed that 
the upregulation of YAP1 counteracted AN- 
KHD1 silencing-induced inhibition of cell prolif-
eration. The relative proliferation rates were 
increased by 22.7%, 14.7% and 17.8% in the 
shANKHD1+YAP1 group compared with the 
shANKHD1 group at 48 h, 72 h and 96 h, 
respectively, in HCT116 cells (Figure 5B, P < 
0.01). The migration assay indicated that 
HCT116-shANKHD1 cell migration was incr- 
eased by 26.7% when the expression of YAP1 
was upregulated (Figure 5C, P < 0.001). Simi- 
larly, the invasion assay also showed a signifi-
cant 46.0% increase in invasion (Figure 5C, P < 
0.001). These results revealed that ANKHD1 
promotes CRC cell proliferation, migration and 
invasion via YAP1.

Western blot analysis showed that upregula- 
tion of YAP1 increased the protein expression 
of vimentin and the EMT transcription factors 
Snail and ZEB1, while the expression of E-ca- 
dherin was decreased (Figure 5D, 5E). Fur- 
thermore, we found that the phosphorylation  
of AKT in HCT116-shANKHD1+YAP1 cells was 
activated compared with HCT116-shANKHD1 
cells (Figure 5F). These results indicate that 
ANKHD1 activates EMT and AKT signaling via 
YAP1. These results suggested that YAP1 is 
essential for ANKHD1 silencing-induced inhi- 
bition of cell proliferation, migration and inva-
sion through the inhibition of AKT signaling and 
EMT.

Discussion

ANKHD1 is a multiple ankyrin repeat-contain-
ing protein that functions as a scaffolding pro-
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tein. Published studies have revealed that 
ANKHD1 is highly expressed in cancer cells, 
including acute leukemia, MM and prostate 
cancer cells, and that it plays an important role 
in cancer progression, including in proliferation, 
migration and invasion [10, 11, 19]. Never- 

theless, the mechanisms by which ANKHD1 
affects CRC development remain unclear. The 
present study retrospectively analyzed ANKHD1 
expression in 136 CRC cases. Our research 
showed that ANKHD1 was expressed in both 
cancerous and paracancerous nontumor tis-

Figure 4. ANKHD1 silencing inhibits EMT and AKT signaling. Western blot analyses of the relative expression levels 
of MMP2, MMP9 (A), EMT-associated markers E-cadherin and vimentin and EMT transcription factors Snail and 
ZEB1 (B), AKT (C), and YAP1 (D). GAPDH and Tubulin were detected as internal controls. Real-time PCR detected the 
expression of ANKHD1, YAP1, E-cadherin and Vimentin at mRNA level (E, *P < 0.05, **P < 0.01).
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Figure 5. Overexpression of YAP1 reversed the ANKHD1 silencing-induced inhibition of CRC cell proliferation, migration and invasion. (A) Transfection efficiency was 
verified by Western blotting. (B) CCK8 assays were performed at 24, 48, 72 and 96 h after HCT116-shANKHD1 cells were transfected with the YAP1 vector. The 
relative proliferation rate was significantly increased in the shANKHD1+YAP1 group compared with the shANKHD1 group (**P < 0.01, ***P < 0.001). (C) Repre-
sentative images of the migration and invasion of HCT116-shANKHD1 cells infected with the YAP1 vector or not. Cell counts are for the invasion assay with at least 
five random microscope fields (invasion: × 200 magnification). Cell migration is expressed as the percentage of migrating cells in at least five random microscope 
fields of view (migration: × 200 magnification). Overexpression of YAP1 increased HCT116-shANKHD1 cell migration and invasion (C, ***P < 0.001). Western blot 
analyses of the relative expression levels of the EMT-associated markers E-cadherin and vimentin (D), the EMT transcription factors Snail and ZEB1 (E) and AKT (F). 
The data are presented as the means ± SD of three independent experiments.
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sues, and the expression of ANKHD1 in CRC tis-
sues was associated with tumor infiltration 
depth. ANKHD1 acts as a scaffolding protein 
that is ubiquitously expressed in normal human 
tissues, plays an important role in proliferation, 
and mediates protein-protein interactions. 
Meanwhile, high expression levels of ANKHD1 
in cancer promote cancer progression and may 
become a target of cancer treatment.

Then, we investigated the impacts of shRNA-
mediated ANKHD1 silencing in the CRC cell 
lines HCT116 and SW480. ANKHD1 silencing 
inhibited the proliferation of CRC cells both in 
vitro and in vivo in our study, while ANKHD1 
silencing did not obviously affect CRC cells 
apoptosis. Our transwell assay showed that 
ANKHD1 silencing inhibited CRC cell migration 
and invasion. Furthermore, a pulmonary metas-
tasis model showed that injection with HCT116-
shANKHD1 cells induced fewer lung metasta-
ses than HCT116-shNC cells. These results 
elucidated that ANKHD1 silencing inhibits CRC 
cell migration and invasion both in vitro and in 
vivo.

Because degradation of the basement mem-
brane is an essential step for the migration and 
invasion of most cancers [20], MMPs played an 
important role in this progress [21, 22]. For 
example, Qin et al. reported that PAD1 pro-
motes EMT and metastasis by regulating 
MEK1-ERK1/2-MMP2 signaling in triple-nega-
tive breast cancer cells [23]. In our study, we 
found that ANKHD1 silencing reduced the 
expression levels of MMP2 and MMP9, further 
confirming that ANKHD1 silencing inhibits CRC 
metastasis. EMT plays a crucial role in the first 
step of metastasis [4]. Once EMT occurs, can-
cer cells acquire a phenotype that is more 
prone to invasion [24]. The occurrence of EMT 
is thought to alter the expression of genes the 
products of which play crucial roles in maintain-
ing the epithelial state, such as E-cadherin [25], 
and this repression occurs at the transcription-
al level via the action of EMT transcription fac-
tors, including Snail and ZEB1 [26, 27]. Li et al. 
revealed that the overexpression of MIST1 
reversed EMT and reduced migration and inva-
sion in pancreatic cancer cells via modulation 
of the expression of Snail and E-cadherin [28]. 
It has been shown that ZEB1 plays an impor-
tant role in the metastasis of pancreatic cancer 
[29]. In our study, we found that ANKHD1 silenc-

ing increased the expression of the epithelial 
marker E-cadherin while decreasing the expres-
sion of the mesenchymal marker vimentin. 
ANKHD1 silencing inhibited the occurrence of 
EMT. Similarly, the expression of the EMT tran-
scription factors Snail and ZEB1 decreased 
when ANKHD1 silencing inhibited EMT. These 
results suggest that ANKHD1 silencing reduced 
CRC cell migration and invasion via inhibition of 
EMT.

Recent studies have revealed that ANKHD1 is a 
novel component of the Hippo pathway and 
plays a role as a cofactor of YAP1 [12, 17]. YAP1 
is a key molecule in this pathway, when the 
pathway is activated, YAP1 is phosphorylated 
and then sequestered in the cytoplasm by 
14-3-3 proteins, finally p-YAP1 is ubiquitinated 
and degraded; while when the pathway is not 
activated, YAP1 enter the nucleus and regulate 
gene expression [30-32]. Our study revealed 
that ANKHD1 silencing reduced the expression 
of YAP1 at the transcriptional level, and the 
increase in phosphorylated YAP1 may enhance 
the degradation of YAP1 by ubiquitination. YAP1 
is considered to be an EMT-inducing molecule 
[14]. Activation of YAP1 stimulates epithelial 
cells to undergo EMT, while suppressing YAP1 
activation enables mesenchymal cells to 
acquire epithelial characteristics [33-35]. 
Because YAP1 has established roles in EMT, we 
predict that ANKHD1 silencing suppresses EMT 
by inhibiting YAP1 activation. To explore the role 
of YAP1 in the ANKHD1-YAP1-EMT axis, reversal 
assays were performed. Our results showed 
that ANKHD1 silencing induced inhibition of 
proliferation, migration and invasion were 
reversed when YAP1 was overexpressed and 
that the inhibition of EMT caused by ANKHD1 
silencing also disappeared. We are convinced 
that ANKHD1 exerts its proliferative and EMT 
effects on CRC cells by regulating the down-
stream molecule YAP1.

The molecular mechanisms by which YAP1 
modulates cell proliferation and EMT are var-
ied. In the present study, we found that ANKHD1 
silencing markedly inhibited the phosphoryla-
tion of AKT. AKT signaling plays a significant 
role in cell proliferation, invasion and migration. 
The downregulation of p-AKT inhibits prolifera-
tion and invasion in colon [36], pancreas [37] 
and lung [38] cancers. Moreover, mounting evi-
dence has revealed that AKT activation pro-
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motes EMT via upregulated Snail expression 
and downregulated expression of the epithelial 
marker E-cadherin [39]. In our study, the inhibi-
tion of AKT signaling induced by ANKHD1 
silencing was reversed when YAP1 was overex-
pressed. Taken together, we hypothesized that 
ANKHD1 silencing inhibits YAP1 action and 
then suppresses proliferation and EMT via AKT 
signaling. This molecular mechanism still needs 
more in-depth research.

In conclusion, we have proposed the concept 
that the ANKHD1-YAP1-EMT axis might regulate 
CRC cell proliferation, migration and invasion. 
The axis conferred decreased proliferative and 
metastatic capacities on CRC cells when 
ANKHD1 was knocked down. The knockdown 
of ANKHD1 attenuated the viability of YAP1, 
thereby reducing the activity of downstream 
AKT signaling and inhibiting the occurrence of 
EMT. Our study elucidates the effect of ANKHD1 
on the development of CRC cells and might pro-
vide a novel target for anti-colorectal cancer 
therapy.
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