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miRNAs are important regulators of eukaryotic gene
expression. The post-transcriptional maturation of miRNAs is
controlled by the Drosha-DiGeorge syndrome critical region
gene 8 (DGCR8) microprocessor. Dysregulation of miRNA
biogenesis has been implicated in the pathogenesis of human
diseases, including cancers. C-terminal–binding protein–
interacting protein (CtIP) is a well-known DNA repair factor
that promotes the processing of DNA double-strand break
(DSB) to initiate homologous recombination–mediated DSB
repair. However, it was unclear whether CtIP has other un-
known cellular functions. Here, we aimed to uncover the roles
of CtIP in miRNA maturation and cancer cell metastasis. We
found that CtIP is a potential regulatory factor that suppresses
the processing of miRNA primary transcripts (pri-miRNA).
CtIP directly bound to both DGCR8 and pri-miRNAs through a
conserved Sae2-like domain, reduced the binding of Drosha to
DGCR8 and pri-miRNA substrate, and inhibited processing
activity of Drosha complex. CtIP depletion significantly
increased the expression levels of a subset of mature miRNAs,
including miR-302 family members that are associated with
tumor progression and metastasis in several cancer types. We
also found that CtIP-inhibited miRNAs, such as miR-302
family members, are not crucial for DSB repair. However, in-
crease of miR-302b levels or loss of CtIP function severely
suppressed human colon cancer cell line tumor cell metastasis
in a mouse xenograft model. These studies reveal a previously
unrecognized mechanism of CtIP in miRNA processing and
tumor metastasis that represents a new function of CtIP in
cancer.

miRNAs are a major class of short noncoding RNA mole-
cules that post-transcriptionally modulate gene expression by
repressing the translation and/or promoting the degradation of
target messenger RNAs (1–3). MiRNAs are involved in a wide
range of physiological and pathological processes. Generally,
miRNAs are encoded as individual genes or within clusters
comprising several different miRNAs. The biogenesis of
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miRNAs starts through the transcription of miRNA genes by
RNA polymerase II, which produces miRNA primary tran-
scripts (pri-miRNA) containing a stem–loop hairpin structure
(4, 5). In the nucleus, pri-miRNAs are cleaved by the micro-
processor complex containing the ribonuclease (RNase) III
enzyme Drosha and its cofactor DiGeorge syndrome critical
region gene 8 (DGCR8) into precursor miRNAs (pre-miRNAs)
with 70 to 100 nucleotide-long hairpin structures (6, 7). The
pre-miRNAs are then exported to the cytoplasm by exportin-5,
where they are further processed into mature miRNAs by
cytoplasmic Dicer RNase III to yield an approximately 22-
nucleotide miRNA duplex (8–11). One strand of the miRNA
duplex is subsequently incorporated into the RNA-induced
silencing complex. Base pairing between the miRNA and
target mRNA transcripts at their 30 UTRs guides the RNA-
induced silencing complex to induce the mRNA degradation
or translation inhibition (12, 13).

The production and maturation of miRNA must be strictly
regulated, as any disruption of the control mechanisms may
lead to the development of various kinds of diseases, including
cancer. As noted previously, miRNA expression involves the
transcription of miRNA genes and the maturation of primary
transcripts. Thus, miRNA levels may be regulated in both a
transcription-dependent and transcription-independent
manner. However, in many cases, the levels of mature miR-
NAs are determined by post-transcriptional maturation rather
than transcriptional regulation. The level of expression and
activity of core components of the miRNA biogenesis ma-
chinery are often found to be dysregulated in cancer. For
instance, the expression levels of Drosha and Dicer are either
increased or decreased in various types of cancers, and they are
inversely correlated with advanced tumor stages and poor
clinical outcomes (14). Somatic and germline mutations of
Drosha or DGCR8 have also been frequently found in some
cancers (15, 16). In particular, the activity of the Drosha
microprocessor is modulated by different nuclear proteins in a
manner that usually affects the processing of only a small
subset of miRNAs. For example, the RNA-editing enzyme
adenosine deaminase acting on RNA 1 interacts with DGCR8
and suppresses microprocessor activity by reducing the avail-
ability of DGCR8 to Drosha. The expression of a proportion of
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Figure 1. CtIP interacts with Drosha complex. A, left, mass spectrometry
identification of CtIP-C–associated protein. Right, Coomassie blue staining of
SDS-PAGE gel indicating purified proteins. B, pull-down experiments were
performed by incubating 293T cell lysates with purified GST-CtIP-C fusion
protein, followed by immunoblotting using indicated antibodies. C, anti-
CtIP immunoprecipitation (IP) was performed, followed by Western blot
analysis using indicated antibodies. CtIP, C-terminal-binding protein–
interacting protein.

CtIP in microRNA processing
miRNAs was upregulated in adenosine deaminase acting on
RNA 1-defective cancer cells, which may have facilitated the
malignant activity of metastatic melanoma (17). Smad pro-
teins, the signal transducers of transforming growth factor-β,
also modulate Drosha activity in the nucleus. Smads are
recruited to the Drosha complex by DEAD-box helicase 5
(DDX5) and promote the pri-miRNA processing of about 20
miRNAs. Among them, miR-21 promotes the metastatic and
invasive potential of cancer cells through the inhibition of a
large group of tumor suppressor genes (18, 19). In addition,
the central tumor suppressor p53 and several RNA-binding
proteins, including KH-type splicing regulatory protein, TAR
DNA-binding protein-43, DEAD-box 1, heterogeneous nu-
clear ribonucleoprotein A1, and breast cancer 1 (BRCA1), have
also been identified as regulatory proteins that interact with
Drosha complexes and modulate the maturation of specific
miRNAs (20–26). It is likely that regulatory components in the
core microprocessor complex select specific miRNAs by con-
trolling miRNA processing.

Although initially identified as a transcription repressor,
C-terminal–binding protein (CtBP)–interacting protein
(CtIP) is better known for its functions within DNA double-
strand break (DSB) processing. Together with the meiotic
recombination 11 (MRE11)–ATP-binding cassette—ATPase
(RAD50)–Nijmegen breakage syndrome protein 1 (NBS1)
(MRN) complex, CtIP efficiently promotes end resection,
which generates 30-end ssDNA filaments to promote ho-
mologous recombination (HR)–mediated DSB repair (27,
28). CtIP and its yeast functional homolog, Sae2, harbor
structure-dependent endonuclease activity, which is
required for cleaning “dirty” DSB ends, R-loop processing,
and the stabilization of stalled replication forks, but it is
dispensable for end resection of regular DSBs (29–33). CtIP
is a large protein containing several functional domains. The
N-terminal region is required for the oligomerization of the
protein and interaction with Nbs1 (34–36). The middle part
of CtIP is important for its endonuclease activity and in-
teractions with multiple proteins, including BRCA1, CtBP
transcriptional repressor, retinoblastoma-associated protein,
and proliferating cell nuclear antigen. Phosphorylations at
multiple sites of this region facilitate the capacity of CtIP to
promote MRN- and DNA2-mediated DSB end resection and
end resection–dependent DSB repair (37–40). The C ter-
minus of CtIP shares the most similarity with Sae2 and thus
was named the Sae2-like domain (27, 41). This region is
critical for the regulation of MRN nuclease activity in vitro
and used for end resection of some DSBs in vivo (27, 38).
However, the mechanisms by which conserved Sae2-like
domains contribute to the function of CtIP are still largely
unknown.

In this study, we aimed to investigate the functions of CtIP
in miRNA post-transcription processing, its association with
the Drosha-DGCR8 microprocessor, and its effects in cancer
cells. Using immunoprecipitation experiments, we assessed the
associations CtIP with Drosha-DGCR8 microprocessor com-
plex proteins and pri-miRNA. We then investigated the effects
of knocking out the CtIP gene on colorectal cancer cell
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miRNA expression and metastasis as well as osteosarcoma cell
DSB end processing and repair.

We found that CtIP is involved in Drosha-DGCR8
microprocessor–mediated pri-miRNA processing through its
Sae2-like domain. This domain was shown to directly interact
with DGCR8 and pri-miRNAs and suppress the Drosha
complex processing of a subset of pri-miRNA substrates,
including miR-302 family members. The depletion of CtIP or
overexpression of miR-302b strongly inhibited the metastasis
of human colon cancer cell line (HCT116) colorectal cancer
cells in vitro and in an orthotopic xenograft mouse model. The
findings suggest that the classical DSB repair factor CtIP
promotes the metastatic capacity of tumor cells through the
regulation of miRNA maturation.

Results

CtIP is associated with the Drosha-DGCR8 microprocessor
complex

In order to explore the CtIP-associated proteins that spe-
cifically interact with its C-terminal conserved Sae2-like
domain, high-purity CtIP-C (Sae2-like domain) protein
(Fig. 1A) was obtained and coupled with cyanogen bromide–
activated Sepharose 4B, and CtIP-C affinity purification was
performed using 293T cell lysate. CtIP-C–associated proteins



CtIP in microRNA processing
were then subjected to mass spectrometry analysis (Fig. 1A).
We found several known CtIP-associated proteins, including
DNA2, proliferating cell nuclear antigen, 3’-5’ exonuclease
domain-containing protein 2, and CtBP. Surprisingly, several
Drosha-DGCR8 microprocessor components, such as DDX5,
DEAD-box 1, and KH-type splicing regulatory protein, also
were copurified (Fig. 1A).

To confirm the association of CtIP with the DGCR8
microprocessor, we performed a regular glutathione-S-trans-
ferase (GST) pull-down assay using GST-CtIP-C fusion pro-
tein as bait. We again found that CtIP-C interacts with the
DSB repair factors Nbs1 and Rad50 and the microprocessor
components DGCR8 and DDX5 (Fig. 1B). Furthermore, we
performed coimmunoprecipitation experiments to confirm the
interactions and found that endogenous Drosha and DGCR8
were present in the CtIP immunocomplex (Fig. 1C). These
data indicate that CtIP is a new Drosha-DGCR8–associated
protein, and CtIP may have a role in miRNA biogenesis.

CtIP suppresses the expression of a subset of miRNAs

To determine the effect of CtIP on cancer miRNA biogen-
esis, we analyzed the miRNA expression profiles in wildtype
HCT116 and CtIP-deficient HCT116 cells (CtIP-KO) using a
human cancer miRNA quantitative PCR (qPCR) array. The
depletion of CtIP in HCT116 cells significantly increased the
expression of a subset of 49 miRNAs (cutoff greater than 3-
fold; Fig. 2A), which suggests CtIP inhibited the expression
of these miRNAs.

We prioritized the miRNAs with the most significant
changes and performed a regular qPCR assay to confirm the
effects of CtIP on these selected miRNAs. Levels of mature
miRNAs, including three miR-302 members (miR-302b, miR-
302a, and miR-302d) and miR-135a, were upregulated in CtIP-
KO cells (Fig. 2B). A similar effect was observed when CtIP
expression was suppressed by shRNAs in HCT116 cells
(Fig. 2C) and other common tumor cell lines, including
Michigan Cancer Foundation-7 (Fig. 2D) and human osteo-
sarcoma cell line (U2OS) (Fig. 2E). Furthermore, CtIP deple-
tion did not alter the primary transcripts of selected miRNAs
(Fig. 2F), suggesting that CtIP regulated the expression of
specific miRNAs at the post-transcriptional level. As
mentioned earlier, after transcription, the pri-miRNAs are
processed by nuclear Drosha-DGCR8 and cytoplasmic
DICER1. CtIP is only functional in cell nucleus (Fig. S1A). The
expression level of DICER1 is not changed in CtIP-KO cells
(Fig. S1B). CtIP may not directly or indirectly regulate matu-
ration of miRNA through DICER1. In addition, pre-miR302b
level was also upregulated in CtIP-KO cells (Fig. S1C). We
thus thought that CtIP should suppress the levels of specific
mature miRNAs through modulation of nucleus processing of
these miRNAs.

Direct interaction of CtIP with DGCR8

To understand how CtIP regulates miRNA processing, we
performed GST pull-down assays using purified full-length
CtIP from insect cells to examine the interactions between
CtIP and components of the nuclear miRNA-processing
complex. We found there was a direct interaction between
CtIP and DGCR8 (Figs. 3A and S2). The interaction between
CtIP and DGCR8 was then characterized. The central region
(200–460 and 460–600 fragments) and the C-terminal 770 to
897 fragment (the Sae2-like domain) of CtIP were shown to
interact with DGCR8 (Figs. 3B and S2). DGCR8 contains a
nuclear localization signal at the N-terminal region, a central
RNA-binding heme domain (Rhed), two double-stranded
RNA-binding domains, and a C-terminal tail (42–45). Using
purified proteins, we found that the GST-fused Rhed domain
alone (GST-DG-Rhed) and the nuclear localization signal
deletion mutant (GST-DG-△N) bound to CtIP (Fig. 3C).
These data suggest that the Rhed domain, but not other do-
mains on DGCR8, is important in the interaction between
DGCR8 and CtIP.

We next used a bimolecular fluorescence complementation
(BiFC) reporter to examine the potential interaction of CtIP
and DGCR8 in living cells. This reporter relies on protein
interactions bringing together ectopically expressed Venus N-
terminal (VN-) and Venus C-terminal (VC-) fragments of
fluorescent protein reconstitute fluorescence of YFP protein,
thus allowing direct visualization of protein interactions in
their normal cellular environment. As expected, cotransfection
of 293T cells with either of VN-vector and DGCR8-VC or
CtIP-VN and VC-vector constructs generated no fluorescence
signal. However, cotransfection of 293T cells with CtIP-VN
and DGCR8-VC resulted in obvious fluorescence (Fig. 3D),
suggesting a direct interaction between CtIP and DGCR8 in
cells. To further confirm this finding, we performed proximity
ligation assays (in situ PLAs) using antibodies directed against
CtIP and DGCR8. As shown in Figure 3E, PLA foci could be
readily detected in the nucleus when both CtIP and DGCR8
antibody were used. The PLA signals were not observed in the
absence of one primary antibody. These results suggest that
CtIP directly interacts with DGCR8 both in vitro and in the
cells.

CtIP is a pri-miRNA–binding factor

In our previous study, we found that CtIP binds to the
hairpin DNA substrate (30). We thus speculated that CtIP
also engages with pri-miRNA, which contains a similar
secondary structure with a hairpin DNA substrate. As
revealed by RNA chromatin immunoprecipitation (RNA-
ChIP), overexpressed CtIP was associated with pri-miR302
transcripts in vivo (Fig. 4A). We further performed an
RNA pull-down assay using a purified GST-CtIP fusion
protein as bait to test whether CtIP directly interacts with
pri-miRNA in vitro. We found that the in vitro–transcribed
pri-miR302b was efficiently pulled down by purified GST-
CtIP (full-length) in comparison with GST protein alone
(Fig. 4B). These data indicate the direct binding of CtIP to
pri-miR302. We next performed an electrophoretic mobility
shift assay (EMSA) assay using Escherichia coli–produced
CtIP fragments to map the determinants of the interaction.
Intriguingly, pri-miR302 efficiently bound to a region of CtIP
J. Biol. Chem. (2021) 296 100707 3



Figure 2. CtIP suppresses Drosha-mediated pri-miRNA processing. A, depletion of CtIP promotes the expression of a subset of miRNAs. Total RNAs from
control and CtIP-KO cells were subjected to miRNA-profiling analysis using Cancer miRNA quantitative PCR array. Green and red on the heat map indicate a
decrease and increase in miRNA levels, respectively, and the color intensity corresponds to relative signal levels. A portion of upregulated miRNAs in CtIP-KO
cells is indicated. The stars indicated miR-302 family members. B, expression levels of mature miRNAs in wildtype and CtIP-KO cells were verified by
quantitative PCR. C–E, expression levels of indicated miRNAs were examined in HCT116 (C), MCF7 (D), or U2OS (E) cells expressing CtIP shRNA or vector
control. Western blots showing CtIP expression. F, expression levels of indicated pri-miRNAs were examined in HCT116 cells expressing CtIP shRNA or vector
control. The primer sets used for pri-miR-302 cluster and pri-miR302a detection are shown at the top. In the B–F panel, the data represent the means ± SD of
three independent experiments. The p value is indicated as **p < 0.01. CtIP, C-terminal-binding protein–interacting protein; HCT116, human colon cancer
cell line; ns, not significant; MCF7, Michigan Cancer Foundation-7; pri-miRNA, miRNA primary transcripts; U2OS, human osteosarcoma cell line.

CtIP in microRNA processing
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Figure 3. Direct interaction of CtIP with GDCR8. A, the direct interaction between CtIP and DGCR8 was shown using a GST pull-down assay. B, pull-down
experiments were performed by incubating lysates prepared from insect cells infected with Flag-DGCR8 baculoviruses with different purified GST-CtIP
fragments. C, pull-down experiments were performed by incubating lysates prepared from insect cells infected with Flag-CtIP baculoviruses with
different purified GST-DGCR8 fragments. D, 293T cells were cotransfected with CtIP-VN and DGCR8-VC. Reconstituted YFP fluorophore was visualized via
total internal reflection fluorescence microscope at 24 h after transfection. Top, schematic of BiFC system. Bottom, representative fluorescence images of
CtIP and DGCR8 interaction in cells. The scale bars represent 100 μm. E, detection of CtIP–DGCR8 colocalization was performed using a PLA probe in U2OS
cells. Representative PLA foci (green) are shown. The scale bars represent 10 μm. CtIP, C-terminal-binding protein–interacting protein; GDCR8, DiGeorge
syndrome critical region gene 8; GST, glutathione-S-transferase; U2OS, human osteosarcoma cell line; PLA, proximity ligation assay; VC, Venus C-terminal
fragment; VN, Venus N-terminal fragment.

CtIP in microRNA processing
770 to 897, highlighting the importance of the conserved
Sae2-like domain of CtIP for pri-miRNA binding. We further
confirmed the interaction between CtIP and pri-miR302
using a microscale thermophoresis (MST) assay, which can
quantitatively define the interaction between two molecules.
Consistent with the RNA pull-down and EMSA data, both
GFP-tagged CtIP (GFP-CtIP) with pri-miR302b (Fig. 4D) and
Cyp-labeled pri-miR302b with CtIP-C protein (Fig. 4E)
exhibited obvious interactions in vitro. The CtIP-C protein
yielded a dissociation constant (Kd) of 2.39 μM, which is
comparable to the Kd value obtained for full-length CtIP
(GFP-CtIP, 3.94 μM). These data support the notion that the
conserved Sae2-like domain of CtIP is a secondary structure
containing RNA interactor that mediates the interaction
between CtIP and pri-miRNA.
CtIP reduces the binding of Drosha to DGCR8 and RNA
substrate

The direct interaction of CtIP with DGCR8 and pri-miRNA
substrates suggests that CtIP may interfere with the binding of
DGCR8 or pri-miRNA substrate to Drosha, which is the core
RNase III enzyme in the microprocessor. We compared the
capacity of Drosha to bind to DGCR8 and pri-miR302 in the
presence or absence of CtIP. Consistent with previous reports,
we found that endogenous Drosha or overexpressed GFP-
Drosha interacted with DGCR8 in HCT116 cells (Fig. 5, A
and B). Interestingly, when CtIP was knocked out, the in-
teractions increased (Fig. 5, A and B), suggesting that endog-
enous CtIP hinders the interaction between Drosha and its
cofactors. In line with these results, ectopic expression of Flag-
CtIP reduced the YFP fluorescent intensity reconstituted by
J. Biol. Chem. (2021) 296 100707 5



Figure 4. CtIP binds to pri-miRNA via Sae2-like domain. A, anti-Flag RNA-ChIP was performed in HCT116 cells expressing Flag-CtIP or empty vector using
pri-miR302 primer sets. The ChIP value in the control was set as 1 for normalization. Data represent the means ± SD of three independent experiments. The
p value is indicated as **p < 0.01. B, in vitro–transcribed pri-miR302b was mixed with bead-immobilized GST-CtIP full-length protein. RNA was eluted from
beads and subjected to quantitative RT-PCR analysis using pri-miR302b primer sets. Data represent the means ± SD of three independent experiments. The
p value is indicated as **p < 0.01. C, electrophoretic mobility shift assay was performed with GST alone or indicated GST-CtIP variants using an in vitro–
transcribed 32P-labeled pri-miR302b probe. The band shifts resulting from specific binding to the CtIP variant are shown. D and E, microscale thermo-
phoresis analysis showing pri-miR302b interacted with CtIP in vitro. Titration of cell lysates containing pri-miR302b in vitro–transcribed to a constant amount
of GFP-CtIP or purified CtIP-C protein to Cyp-labeled pri-miR302b induced a pronounced microscale thermophoresis signal change and yielded Kd = 3.94 μM
(D) and Kd = 2.39 μM (E), respectively. ChIP, chromatin immunoprecipitation; CtIP, C-terminal-binding protein–interacting protein; GST, glutathione-S-
transferase; HCT116, human colon cancer cell line; pri-miRNA, miRNA primary transcripts.

CtIP in microRNA processing
cotransfection of Drosha-VN and DGCR8-VC in 293T cells
(Fig. 5C). These data support a notion that CtIP may interfere
with the binding of Drosha to DGCR8.

Next, we performed RNA-ChIP using Flag-Drosha to analyze
the relationship between Drosha and RNA substrates. The data
indicated that CtIP depletion obviously increased the association
between Drosha and pri-miR302 (Fig. 5D). The attenuated
binding of Drosha to a substrate might suppress its enzyme ac-
tivity. Therefore, we used an in vitro pri-miRNAprocessing assay
to assess the effect of CtIP on Drosha activity. Clearly, purified
GST-CtIP but not GST alone efficiently inhibited the processing
activity of Drosha on pri-miR302b (Fig. 5E). Taken together, our
data suggest that CtIP reduces the binding of Drosha to its
cofactor DGCR8 and pri-miRNA substrates and suppresses the
processing of pri-miRNAs by Drosha.

CtIP does not promote HR by modulating biogenesis of
miRNAs

CtIP is a classical DSB repair factor. CtIP-deleted cells
display severe DSB end processing defects and are hyper-
sensitive to topoisomerase 1 poisons such as camptothecin.
6 J. Biol. Chem. (2021) 296 100707
However, the mechanisms by which CtIP is involved in DSB
end processing and repair remain unclear. We aimed to
ascertain whether CtIP promotes DSB repair by modulating
the processing of miRNAs. Initially, we used a cancer
miRNA qPCR array containing roughly 400 cancer-related
miRNAs to search for CtIP-dependent miRNAs. We syn-
thesized all miRNA mimics on the array, transfected them
into U2OS cells containing a well-characterized enhanced
GFP (EGFP)-HR reporter (Fig. 6A), induced DSB by
expression of I-SceI endonuclease, and examined the effects
of these miRNAs on HR-mediated DSB repair (Fig. 6B). Our
results show that 15 miRNAs had at least a 40% impact on
HR efficiency in the cells (Fig. 6C). However, none of them
belong to the CtIP-dependent miRNAs group listed in
Figure 2A (Fig. 6C).

We next sought to assess whether CtIP promotes DSB end
resection by modulating DGCR8- or DGCR8-dependent
miRNAs. Consistent with previous reports (27, 28), we
observed end resection defect in CtIP-depleted cells, as
revealed by diminished replication protein A (RPA) phos-
phorylation, RPA foci formation, or a more accurate assay in



Figure 5. CtIP weakened the binding of Drosha with DGCR8 and RNA substrates. A, coimmunoprecipitation of Drosha and DGCR8 was performed in
wildtype HCT116 cells and CtIP-KO cells using anti-DGCR8 antibody. B, coimmunoprecipitation between GFP-Drosha and DGCR8 was performed in wildtype
HCT116 cells and CtIP-KO cells expressing GFP-Drosha or empty vector using anti-GFP antibody. C, 293T cells cotransfected with Drosha-VN and DGCR8-VC,
along with Flag-CtIP or control vector, fluorescent images were taken at 24 h after transfection. The scale bars represent 100 μm. The chart showed the cell
fluorescence quantified by ImageJ. Data represent the means ± SD. The p value is indicated as *p < 0.05. D, RNA-ChIP analysis of association between
Drosha and pri-miR302b was performed in wildtype HCT116 cells and CtIP-KO cells using anti-Drosha antibody and pri-miR302b primer sets. The ChIP value
in wildtype cells was set as 1 for normalization. Data represent the means ± SD of three independent experiments. The p value is indicated as **p < 0.01. E,
in vitro pri-miRNA processing assay was performed by incubating pri-miR302b substrate with immunoprecipitated Flag–Drosha complex in the presence or
absence of recombinant GST-CtIP protein. ChIP, chromatin immunoprecipitation; CtIP, C-terminal-binding protein–interacting protein; DGCR8, DiGeorge
syndrome critical region gene 8; HCT116, human colon cancer cell line; pri-miRNA, miRNA primary transcripts; VC, Venus C-terminal fragment; VN, Venus N-
terminal fragment.
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which resection at specific AsiSI restriction-enzyme sites can
be quantified by qPCR (46) (Fig. 6, D–F). SiRNA-mediated
depletion of DGCR8 also impairs end resection. This may
reflect the role of Drosha in end resection (47). Significantly,
depletion of CtIP strongly affects end resection in both
control and DGCR8 depletion background (Fig. 6, D–F).
Together, these results suggest that CtIP should not promote
end resection or HR through modulation processing of
miRNAs.
CtIP promotes the metastasis of colon cancer cells
Recent reports indicated that miR-302 family members are

downregulated in several cancers, and the overexpression of
these miRNAs inhibits the invasion and metastasis of cancer
cells (48–51). We performed a Matrigel invasion assay to
evaluate whether CtIP and miR-302 members are involved in
the ability of HCT116 cells to migrate. We found that the
ectopic expression of miR-302b or depletion of CtIP in
HCT116 cells significantly reduced cell invasion activity
J. Biol. Chem. (2021) 296 100707 7



Figure 6. CtIP-dependent miRNAs are not essential for HR. A, diagram showing the function of the EGFP-HR DSB repair reporter. B, schematic of HR assays
workflow. U2OS cells carrying EGFP-HR reporter were transfected with synthesized miRNA mimics; DSB was induced by I-SceI–containing lentivirus, and EGFP-
positive signals were analyzed by flow cytometry (fluorescence-activated cell sorting). C, scatter plot showing the relative levels of EGFP-HR reporter after all
individual miRNAs mimicked transfection. HR value in miRNA control mimic-transfected cells was set as 1 for normalization. The dotted line represents the
cutoff used to determine decreased and increased HR. MiRNAs that suppressed HR efficiency are indicated at the top. D–F, end resection function of CtIP is
DGCR8 independent. D and E, U2OS cells were transfected with indicated siRNA or siRNA combination, treated with CPT (2 μM) for 1 h followed by RPA
phosphorylation analysis by Western blotting (D) and RPA foci formation analysis by immunostaining (E) with indicated antibodies. E, the pink and white
arrows indicate representative RPA2 and γH2AX foci-positive and foci-negative cells, respectively. The scale bars represent 10 μm. The percentage of RPA2
foci–positive cells among γH2AX-positive cells for each sample is shown. Data shown represent the means of three independent experiments, with error bars
as SD. The p value is indicated as **p < 0.01. F, schematic and quantification of a quantitative PCR–based cellular resection assay of ER-AsiSI U2OS cells
transfected with indicated siRNA or siRNA combination. Data represent the means ± SD of three independent experiments. The p value is indicated as **p <
0.01. CtIP, C-terminal-binding protein–interacting protein; DGCR8, DiGeorge syndrome critical region gene 8; DSB, DNA double-strand break; EGFP, enhanced
GFP; HR, homologous recombination; n.s., not significant; RPA, replication protein A; U2OS, human osteosarcoma cell line.

CtIP in microRNA processing
(Fig. 7A). These in vitro data raised the possibility that CtIP
promotes the metastasis of HCT116 colon cancer cells via
some specific miRNAs, such as miR-302 family members,
in vivo. We thus used a surgical orthotopic implantation model
to examine the roles of CtIP and miR-302b in the metastasis of
8 J. Biol. Chem. (2021) 296 100707
HCT116 colorectal cancer cells in vivo. After orthotopic im-
plantation, in vivo fluorescence images for all mice were ac-
quired, and fluorescence intensity over time was calculated by
the in vivo fluorescence imaging system. These data roughly
represent the progression of tumors in nude mice. On 42 days



Figure 7. Depletion of CtIP or overexpression of miR-302b suppresses invasion and metastasis of colon cancer cells. A, Matrigel invasion assays were
performed using the indicated cells. Left, representative micrographs for the CtIP-KO and wildtype cells. The scale bars represent 100 μm. Right, quanti-
fication of the numbers of invasive cells per field of view (FOV). Data represent mean ± SD. The p values are indicated as **p < 0.01. B, left, representative
photographs and corresponding fluorescence images of orthotopic RFP colon colorectal cancer nude-mouse model autopsies of the control and CtIP-KO
groups. Pink and blue arrows indicate primary and metastatic tumors, respectively. Right, fluorescence images of collected primary and metastatic tumors.
The scale bars represent 1 cm. C, quantification of tumor weights (left) and frequency of metastases (right) in control and CtIP-KO groups. Data represent
mean ± SD. The p values are indicated as **p < 0.01. D, quantification of tumor weights (left) and frequency of metastases (right) in control and miR-302b–
overexpression groups. Data represent mean ± SD. The p values are indicated as *p < 0.05. CtIP, C-terminal-binding protein–interacting protein.
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after orthotopic implantation, the fluorescence in the wildtype
HCT116 tumor group was widespread; however, the fluores-
cence in the CtIP-KO tumor group was obviously less
compared with the wildtype group (Fig. S3, top panel). Fluo-
rescence intensity from wildtype tumor group was also
significantly higher compared with that from CtIP-KO tumor
group (Fig. S3, bottom panel). Wildtype HCT116 tumors grew
faster than CtIP-KO tumors in the mice. On day 42, the mice
with wildtype tumors were sacrificed, and a complete necropsy
was performed to check for primary tumors and metastasis
(Fig. 7B). We observed profound metastasis of wildtype
HCT116 tumors, which frequently metastasized to common
metastatic sites, including the bowel wall, peritoneal cavity,
mesenteric lymph nodes, and liver (Fig. 7, B and C). On day 66,
the mice with CtIP-KO tumors were sacrificed and inspected,
and the primary tumors in these mice were comparable with
J. Biol. Chem. (2021) 296 100707 9
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those in mice with wildtype tumors. However, surprisingly,
only a small number of peritoneal cavity metastatic sites were
found in these mice (Fig. 7, B and C). These data suggest that
depletion of CtIP strongly suppressed the metastasis of colon
cancer cells in the mouse model. In the CtIP-KO tumors, the
levels of miR-302 family members are also upregulated
(Fig. S4A). This is consistent with the finding in the cell lines.
We next overexpressed miR-302b in HCT116 cells and
conducted similar assays to detect the effects of this
CtIP-dependent miRNA on metastasis in the mouse model. As
shown in Figure 7D, as expected, the overexpression of miR-
302b resulted in an obvious decrease in metastatic tumor
weight and frequency of metastasis in the mouse model. We
expressed miR-302b inhibitor in CtIP-KO cells and found that
miR-302b suppression weakly promoted metastasis of CtIP-
KO tumors (Fig. S4B).

Discussion

CtIP is a classic DSB repair factor. Our current study
revealed a novel function for CtIP in the regulation of miRNA
processing. CtIP was found to modulate the post-
transcriptional maturation of a subset of miRNAs via the
Drosha-DGCR8 microprocessor. The mechanisms by which
the Drosha-DGCR8 microprocessor is assembled and facili-
tates nuclear miRNA processing remain poorly understood.
Drosha alone has weak RNA-binding capacity and processing
activity but is thought to work together with DGCR8 to
recognize substrates and achieve high activity levels (52, 53).
We have shown that CtIP directly binds to both DGCR8 and
pri-miRNA substrates and reduces Drosha binding affinities to
DGCR8 and specific pri-miRNA substrates. We thus propose a
model to explain our findings (Fig. 8). Some of DGCR8/
Drosha/pri-miRNA complexes such as DGCR8/Drosha/pri-
miR-302 may form a unique structure that engages and traps
CtIP. CtIP binding might hinge the tertiary structure of
DGCR8/Drosha/pri-miRNA, therefore interfering Drosha
binding and catalysis. It is possible that only the small per-
centage of DGCR8/Drosha/pri-miRNA structure can engage
and trap CtIP. That could be the reason that only a subset of
Figure 8. A model description of the role of CtIP in pri-miRNA pro-
cessing (see Discussion section). CtIP, C-terminal-binding protein–
interacting protein; pri-miRNA, miRNA primary transcripts.
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miRNA is modulated by CtIP. Clearly, further research is
needed to clarify the mechanism details.

BRCA1 is a close partner of CtIP and collaborate to promote
DSB repair and maintain genome stability (28, 54). As was
previously reported, BRCA1 also associates with the Drosha
microprocessor complex and regulates the processing of spe-
cific pri-miRNAs (26). However, in contrast to CtIP, BRCA1
enhances the processing activity of Drosha (26). Therefore, the
functions of CtIP and BRCA1 in miRNA processing should be
mutually independent, which is distinct from the established
interactions of these two factors in the repair of DSB. Recent
biochemistry and structural biology studies indicated that the
microprocessor is a heterotrimeric complex consisting of one
Drosha and two DGCR8 molecules (52, 55–57). The Rhed
domains of DGCR8 nonspecifically interact with the terminal
loop and adjacent regions of pri-miRNA substrates to ensure
processing accuracy and enhance efficiency (43, 52, 53, 56).
BRCA1 recognizes the root of the stem–loop of pri-miRNAs,
which is distant from the terminal loop (26). CtIP directly
binds to both pri-miRNAs and the Rhed of DGCR8 (Figs. 3C
and 4B). We therefore reasoned that the recognition regions
for CtIP and BRCA1 would be different on pri-miRNA. The
Rhed domain of DGCR8 and the terminal loop region of some
specific pri-miRNAs might form a CtIP-favoring docking
structure to facilitate the recruitment of CtIP and prevent
Drosha-mediated processing and therefore has a different role
than BRCA1. This is in line with the functions of BRCA1 and
CtIP in stabilizing arrested replication forks. BRCA1 protects
stalled forks from MRE11-dependent degradation, but CtIP
defends perturbed forks from over-resection by DNA2 (31).

Our data revealed the binding capacity of CtIP to pri-miRNA,
and this raises an interesting question of whether CtIP interacts
with other RNAmolecules and is involved in other RNA-related
molecular processes, such as transcription-associated DNA
damage and repair. It was recently shown that Sae2/CtIP plays
important roles in R-loop processing at sites of stalled tran-
scription. The cleavage of 50-flaps by the endonuclease activity of
Sae2/CtIP is required for the stabilization and removal of nascent
R-loop–initiating structures in eukaryotic cells (32). Previous
in vitro work on CtIP indicated that the CtIP N-terminal frag-
ment, but not the C-terminal conserved Sae2-like domain, has
endonuclease activity on Y-shaped DNA substrates (29, 30). It is
important to determine if the RNA-binding capacity of the Sae2-
like domain of CtIP indicated in this study also plays a role in R-
loop recognition and processing.

One important finding of this study is that CtIP-deficient
colorectal cancer cells have a reduced ability to initiate
metastasis. Metastasis formation is a complex and multistep
process that is probably regulated by multiple mechanisms.
We have provided data to show that CtIP-dependent miRNAs,
such as miR-302b, suppress the metastasis of HCT116 cancer
cells. However, this does not necessarily mean all the effects
CtIP has on metastasis operate via miRNAs. MiR-302b in-
hibitor just weakly promotes metastasis of CtIP-KO tumors
(Fig. S4B), suggesting that suppression of metastasis by CtIP
depletion in mice is not only mediated by miR302b. Other
CtIP-dependent miRNAs or other cellular functions of CtIP
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may also contribute to that. Overexpression of miR-302b may
cause some artificial effects, such as produce too much miR-
302b in cells, which are reasons for inhibition of metastasis.
Indeed, Mre11, a close partner of CtIP, is also able to promote
the migration and invasion of breast cancer cells (58). In some
circumstances, CtIP may work together with Mre11 to regu-
late metastasis, as they do in DSB repair, and further studies
are required to dissect these issues. These areas have the po-
tential to offer new opportunities for the development of novel
therapeutics for tumors based on targeting these factors.

Experimental procedures

Cell culture and antibodies

Human HCT116, 293T, Michigan Cancer Foundation-7, and
U2OS cells were cultured at 37 �C in a humidified atmosphere
with 5% CO2 in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and antibiotics. The Sf9
insect cell line was cultured in Sf-900II serum-free medium
(Gibco). CtIP-KO HCT116 cells were generated and cultured as
previously described (59, 60). The antibodies used against CtIP,
RPA, Nbs1, and Rad50 were used as described previously
(59–61). Anti-FLAGM2 (F1804) and anti-β-actin (A5441) were
purchased from Sigma. Anti-γH2AX was from Millipore, Anti-
Drosha and Anti-DGCR8 were from Bethyl, and Anti-GFP was
from Santa Cruz.

Plasmid construction, recombinant protein expression, and
shRNA interference

Both pCK-Drosha-FLAG and Flag-DGCR8 were gifts from
Dr Narry Kim (7, 45). Plasmids for BiFC assays were gifts from
Dr Baohua Liu (62). Plasmids for CtIP, Drosha, or DGCR8
complementary DNA (cDNA) clones were subcloned into the
mammalian expression vector pcDNA3.0 or NBLV0051 (Novo
Bio) containing a 3× N-terminal Flag. EGFP-tagged Drosha
was generated using the EGFP-C1 expression vector (Clon-
tech). Bacteria expressing GST-tagged CtIP or DGCR8 vari-
ants were generated using the pGEX6T-1 system and affinity-
purified with Glutathione Sepharose 4B (GE Healthcare). Re-
combinant baculoviruses expressing GST-tagged CtIP were
generated using the Bac-to-Bac baculovirus expression system
(Invitrogen) as previously described (30, 34, 37, 60). Mir-302b
inhibitor expression plasmid was from GeneCopoeia.

Endogenous CtIP was silenced by lentiviral infection using
pLKO vectors expressing CtIP shRNAs. The CtIP shRNA
sequence was used as described previously (30, 60).

MiRNA microarray profiling and validation

Total RNA from cells was prepared using TRIzol reagent
(Invitrogen) and reverse transcribed with an All-in-One
miRNA First-Strand cDNA Synthesis Kit (GeneCopoeia) ac-
cording to the manufacturer’s protocol. The differential
expression of cancer-related miRNAs in wildtype HCT116
cells and CtIP-KO HCT116 cells was analyzed using the
miProfile Human Cancer miRNA qPCR Array according to
the manufacturer’s instructions (GeneCopoeia). Expression of
the specific miRNAs was further validated using the All-in-
One miRNA qRT-PCR Detection kit (GeneCopoeia), and
qRT-PCR was performed on the Bio-Rad IQ5 Real-Time PCR
system. U6 or GAPDH was used as the endogenous control to
normalize miRNA expression. The gene-specific primers used
in this study were purchased from GeneCopoeia (Table S1).

CtIP-C affinity purification

GST-fused CtIP Sae2-like domain (residues 770–897, CtIP-
C) was expressed in BL21(DE3) and affinity purified with
Glutathione Sepharose 4B. The GST tag was cleaved by the
PreScission Protease (GenScript) on the beads. High-purity
CtIP-C protein was collected, the buffer was changed, and it
was coupled with cyanogen bromide–activated Sepharose 4B
according to the manufacturer’s instructions (GE Healthcare).
The 293T cells were lysed in NETN (150 mM NaCl, 1 mM
EDTA, 20 mM Tris–HCl [pH 8.0], and 0.5% Nonidet P-40)
buffer containing a protease inhibitor cocktail (“PIC”; cOm-
plete; Roche). The cell lysate was cleared by centrifugation, and
the supernatant was incubated with the homemade CtIP-C–
Sepharose 4B affinity beads pre-equilibrated with the NETN
buffer with PIC. After incubation at 4 �C, the beads were
centrifuged and washed extensively with NETN buffer. The
bound proteins were analyzed by mass spectrometry.

Immunoblotting, immunoprecipitation, and in vitro binding
assay

Whole-cell lysis, coimmunoprecipitation, and Western
blotting were performed as described previously (28, 34). The
cells were lysed in NETN buffer containing PIC. Immuno-
precipitation was performed by incubating primary antibodies
with precleared cell lysates at 4 �C for 4 h, followed by the
addition of protein A/G agarose for 1 h. For the in vitro
binding assay, GST-fused CtIP or DGCR8 fragments were
expressed in E. coli and purified using Glutathione Sepharose.
In vitro binding was performed in NETN buffer.

In vitro transcription

In vitro transcription was carried out using RiboMAX Large
Scale RNA Production System according to the manufacturer’s
instructions (Promega). A pCMV-miR vector containing the pri-
miRNA coding sequence (Origene) was linearized by XhoI
endonuclease digestion. Linearized DNA template was tran-
scribed in vitro, and α-32P-UTP or Cyp-UTP was added to the
transcription reaction generate internally [32P] or Cyp-labeled
pri-miRNA substrate. The DNA template was removed from
the transcribed product by RNase-free DNase followed by
phenol extraction and ethanol precipitation.The 32P-pri-miRNA
was further purified using denaturing PAGE, then extracted,
denatured by heating, and renatured by gradually decreasing the
temperature. The final product was ethanol precipitated, dis-
solved in RNase-free water, and stored at −20 �C.

RNA pull-down assay

RNA pull-down assay was performed as previously described
(26). Briefly, insect cells were used to produce GST-CtIP fusion
protein, which was bound to Glutathione Sepharose beads,
J. Biol. Chem. (2021) 296 100707 11
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washed, resuspended, and incubated with in vitro–transcribed
pri-miRNA for 1 h at 4 �C. After extensive washing, the bound
RNA was eluted in elution buffer (1% SDS and 150 mM NaCl)
and purified by TRIsure reagent (Invitrogen). RNA was then
reverse transcribed into cDNA, followed by qPCR to detect the
relative levels of RNA binding to GST-CtIP. The primer se-
quences used are shown in Table S2.

EMSA and MST assay

EMSA was performed with the purified GST-CtIP frag-
ments as described previously (30). Pri-miRNA and protein
complexes were resolved on native 6% polyacrylamide gels and
visualized by autoradiography.

The MST assay was performed as described previously (63,
64). Briefly, Cyp-labeled pri-miRNA302b or cell extract con-
taining GFP-labeled CtIP or Drosha was mixed with twofold
serial dilutions of the indicated proteins or pri-miRNA302b in
MST buffer (100 mM NaCl, 2% glycerine, 20 mM Tris–HCl,
and pH 7.5). The samples were loaded into silica capillaries
(Polymicro Technologies). Measurements were performed at
25 �C using a Monolith NT.115 from NanoTemper Technol-
ogies. The data were analyzed with NanoTemper Analysis
software, version 1.2.101 (NanoTemper Technologies).

RNA-ChIP

RNA-ChIP was performed as described previously with
some modifications (18, 22). Briefly, cells were crosslinked
with 1% formaldehyde for 10 min, and the reaction was
stopped with glycine. After washing, the cell pellet was
resuspended in buffer A (5 mM Pipes, pH 8.0, 85 mM KCl,
and 0.5% Nonidet P-40) and sat on ice for 10 min. The crude
nuclei fraction was then isolated by centrifugation, suspended
in buffer B (1% SDS, 10 mM EDTA, 50 mM Tris–HCl, and
pH 8.1), and disrupted by sonication. The lysates were cleared
and subjected to immunoprecipitation with anti-Flag antibody
(Sigma F1804). After washing and elution, the RNA was pu-
rified using TRIzol (Invitrogen), resuspended in buffer
(50 mM Tris–HCl, pH 7.5, and 10 mM MgCl2) with RNase
inhibitor and DNase I, and incubated for 30 min at 37 �C.
After phenol/chloroform extraction, the RNA was precipi-
tated with ethanol and dissolved in RNase-free water. An
aliquot of RNA was reverse transcribed into cDNA, and qPCR
analysis was performed. The primer sequences used are
shown in Table S2.

In vitro pri-miRNA processing analysis

An in vitro pri-miRNA processing assay was performed as
described previously with slight modifications (6, 65). Briefly,
Flag-tagged Drosha was transiently transfected into 293T cells
and immunoprecipitated using anti-FLAG M2-agarose
(Sigma). Immunoprecipitates were extensively washed and
mixed with in vitro transcribed internal 32P-labeled pri-
miRNA in reaction buffer containing 32 mM MgCl2, 10 mM
ATP, and 200 mM creatine phosphate. The reaction mixture
was incubated at 37 �C for 90 min, and after phenol/chloro-
form extraction, the RNA was precipitated with ethanol and
12 J. Biol. Chem. (2021) 296 100707
dissolved in RNase-free water. The RNA was loaded onto 8%
denaturing urea polyacrylamide gels and visualized by
autoradiography.

HR assay

EGFP-based HR repair substrates were used as previously
described (30, 34, 60). Cell lines carrying repair substrates were
induced with HA-I-SceI by lentiviral infection. After 72 h, the
cells were trypsinized and collected for fluorescence-activated
cell sorting analysis of EGFP-positive events using a BD Accuri
C6 flow cytometer and accompanying analysis software.

Transwell assays

Transwell 24-well filters (Corning) were used for in vitro cell
invasion ability analyses following the manufacturer’s protocol.
Transwell membranes were coated with Matrigel (BD), and
serum-free medium was added to the upper chamber wells.
The bottom chamber of the Transwell plate contained growth
medium with 10% FBS. For the invasion assay, cells were
seeded into the upper chamber and allowed to pass through
the Matrigel at 37 �C with 5% CO2 for 24 h. The cells on the
upper surface of the filter were removed with a cotton swab.
The cells that reached the lower surface were fixed with 4%
formaldehyde and stained with Giemsa.

Chromatin fractionation

Chromatin fractionation was performed as described (66).
Briefly, cells were washed with cold PBS and suspended in
buffer A (10 mM Pipes [pH 7.0], 100 mM NaCl, 300 mM
sucrose, 3 mM MgCl2, protein inhibitor cocktail [Roche;
EDTA-free], and 0.7% Triton X-100). After 30 min incubation
on ice, the lysate was centrifuged at 20,000g for 10 min at 4 �C.
The supernatant (soluble fraction: cytosol) was collected and
kept on ice. The pellet was washed with cold PBS, suspended
in buffer A, and sonicated for four pulses of 10 s at 30%
amplitude with 10 s resting on ice. This sonicated solution is
the chromatin fraction (Nuclear).

BiFC assay

Human embryonic kidney 293T cells cultured in 6-well
plates were transfected with appropriate plasmids for each
BiFC assay. Fluorescence images were captured using an invert
total internal reflection fluorescence microscope at 24 h after
plasmids transfected. And the fluorescence intensity was
measured by ImageJ (National Institutes of Health).

In situ PLA

Cells were pre-extracted for 5 min on ice and fixed in 2%
formaldehyde in PBS (w/v) for 20 min on room temperature.
In situ PLA was performed using Duolink PLA technology
(Sigma–Aldrich) according to the manufacturer’s instructions.
Briefly, coverslips were blocked for 30 min at 37 �C and
incubated with the respective primary antibodies for 1 h at
room temperature. Upon washing the coverslips twice in PBS
for 5 min, anti-Mouse PLUS and anti-Rabbit MINUS PLA
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probes (Sigma–Aldrich) were coupled to the primary anti-
bodies for 1 h at 37 �C. After three wash steps in buffer A
(0.01 M Tris, 0.15 M NaCl, and 0.05% Tween-20) for 5 min,
PLA probes were ligated for 30 min at 37 �C. Coverslips were
then washed three times 5 min in buffer A. Amplification
using the “Duolink In Situ Detection Reagents Green” (Sigma–
Aldrich) was performed at 37 �C for 100 min. After amplifi-
cation, coverslips were washed twice in buffer B (0.2 M Tris
and 0.1 M NaCl) for 10 min and once in 0.01× buffer B for
1 min. Finally, coverslips were mounted using Vectashield
Mounting Media (Vector Laboratories) containing 40,6-
diamidino-2-phenylindole, sealed, and imaged on an
Olympus IX81 FL microscope.

Orthotopic xenograft mouse models

All animal studies were conducted with the approval of the
China Committee for Research and Animal Ethics in compliance
with the guidance on experimental animals. All animal experi-
ments were conducted at Anticancer Biotechnology Co, Ltd.

A modified surgical orthotopic implantation method,
termed the tumor-sealing method, was used to study the
metastasis of colorectal cancer in animal models, which is a
more patient-like model than those previously used (67, 68).
HCT116 colon cancer cells were labeled with GFP or red
fluorescent protein following a well-established protocol for
more accurate detection by fluorescence imaging (67). Details
of the tumor-sealing method protocol were described previ-
ously (67). Briefly, GFP- or red fluorescent protein–labeled
HCT116 cells were cultured, harvested, and injected into the
subcutaneous layer on the right flank of 6-week-old female
BALB/c-nu mice. Subcutaneous tumors were allowed to grow
for several weeks until large enough for orthotopic implanta-
tion. Each subcutaneous tumor was resected aseptically and
scissor minced into fragments of about 1 mm in diameter in
RPMI medium. The tumor fragment was sutured to a partially
torn serosa of the cecum, and the blind end of the cecum was
folded over the tumor fragment and sealed with sutures. The
wounds were closed using 6-0 nylon sutures. Then, in vivo
fluorescence images were acquired using a FluorVivo imaging
system. The mice were sacrificed at the indicated time, and a
complete necropsy was performed. We recorded details of all
macroscopic and microscopic tumor deposits in the liver,
lung, lymph nodes, and peritoneal carcinomatosis. The pri-
mary tumors and metastatic tumors found in various organs
were excised and weighed. The data are represented by the
mean ± SD.

Data availability

All data generated and analyzed during this study are
included in this published article and its supplementary in-
formation files.
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