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Background: Dachshund homologue 1 (DACH1) is highly expressed in LGR5+ intestinal stem cells and colo-
rectal tumours. However, the roles of DACH1 in intestinal cell stemness and colorectal tumorigenesis remain
largely undefined.
Methods: We used immunohistochemistry, western blotting and quantitative real-time PCR to analyse
DACH1 expression in colorectal cancer (CRC) samples. CRISPR/Cas9 gene editing and lentiviral vector-medi-
ated overexpression and shRNA-mediated knockdown of DACH1 were utilized to modulate DACH1 expres-
sion in cell lines and organoids. An intestinal organoid-based functional model was analysed, and cancer cell
colony formation, sphere formation assays and murine xenotransplants were performed to reveal the role of
DACHT in CRC cell proliferation, stemness and tumorigenesis. Inmunofluorescence, co-immunoprecipita-
tion, RNA interference and microarray data analyses were conducted to demonstrate the association between
DACH1 and the bone morphogenetic protein (BMP) signalling pathway.
Findings: DACH1 is specifically expressed in discrete crypt base cells, and increased DACH1 expression was
found in all stages of CRC. Moreover, the high expression of DACH1 independently predicted poor prognosis.
In colon cancer cells, shRNA-mediated suppression of DACH1 inhibited cell growth in vitro and in vivo. By
studying the intestinal organoid-based functional model, we found that depletion of DACH1 reduced the
organoid formation efficiency and tumour organoid size. DACH1 overexpression stimulated both colon-
sphere formation and tumour organoid formation in the context of dysregulated BMP signalling. Mechanistic
characterizations indicated that overexpression of DACH1 affects a subset of stem cell signature genes impli-
cated in stem cell proliferation and maintenance through the suppression of BMP signalling via SMAD4.
Interpretation: Together, our study highlights DACH1 as an integral regulator of BMP signalling during intesti-
nal tumorigenesis, and DACH1 could be a potential prognostic marker and therapeutic target for colorectal
cancer patients.
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1. Introduction

Intestinal stem cells (ISCs) are responsible for maintaining tis-
sue homoeostasis and are vital for tumorigenesis. ISCs are charac-
terized by expression of the Wnt target gene Lgr5 [1]. LGR5+ cells
are actively proliferating stem cells that mediate daily renewal of
the intestinal epithelium [2,3]. The fast renewal kinetics of the
intestinal epithelium result in a high risk of aberrant hyperprolif-
eration and even tumorigenesis; therefore, LGR5+ crypt base cells
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Research in context
Evidence before this study

The tumorigenesis of colorectal cancer (CRC) is hitherto a puz-
zle undone. As a protein highly expressed in LGR5+ intestinal
stem cells, DACH1 has been reported to play versatile roles in
different cancers. However, the role of DACH1 in colorectal can-
cer remains controversial. Some in vitro studies suggested
DACH1 as a suppressor of CRC growth and metastasis, while
transcriptome analysis and [HC staining for DACH1 in normal
mucosa, colorectal adenomas and colorectal carcinomas impli-
cated DACH1 as a potential promoter of CRC tumorigenesis.
However, whether and how DACH1 promotes CRC tumorigene-
sis remain unknown.

Added value of this study

In our study, we found that in the intestine, DACH1 is located in
discrete crypt base cells. Using organoids derived from normal
mucosa, colorectal adenomas and colorectal carcinomas as a
model, we revealed that high expression of DACH1 is found
throughout all stages of CRC and predicts poor prognosis in CRC
patients. Suppression of DACH1 inhibited colon cancer cell
growth in vitro and in vivo by modulating cancer cell stemness.
DACH1 plays essential roles in the formation and growth of
intestinal organoids. Furthermore, we found that DACH1 coloc-
alizes and interacts with SMAD4 to compensate for the inhibi-
tion of the bone morphogenetic protein (BMP) signalling
pathway by Noggin. We demonstrated that DACH1 promotes
CRC tumorigenesis by modulating the BMP signalling pathway
to enhance cancer cell stemness.

Implications of all the available evidence

DACH1 might be an indicator for intestinal stem cells. DACH1 is
highly expressed in CRC compared with normal mucosa and
promotes tumorigenesis by modulating the BMP pathway to
enhance cancer cell stemness, leading to poor prognosis of CRC
patients. Thus, DACH1 might be a target for CRC treatment that
could be utilized for future translational medicine.

are a potential origin of intestinal tumours (colorectal adenoma
and colorectal cancer (CRC)) [4]. Although Ascl2, Msil and Prom1
were identified as potential modulators of ISCs in mice, they lack
specificity and cannot be extrapolated to humans. In-depth
assessment of LGR5+ stem cells is hindered by the lack of feasible
antibodies, so LGR5 has only been studied using in situ hybridiza-
tion. Therefore, limited progress has been made in understanding
ISC modulation in humans.

DACH1 (dachshund homologue 1) is upregulated in LGR5+ ISCs
with stemness maintenance [5]. Moreover, DACH1 is expressed in
a wide range of normal and cancer tissues [6-9]. However,
DACH1 function varies in different tumour types and contexts;
DACH1 can behave as an oncogene [8] or anti-oncogene [9]. In
colorectal cancer, the role of DACH1 remains controversial
[10—-13]. Some studies reported DACH1 as a suppressor of prolif-
eration and metastasis in colorectal cancer in vitro [10—12], while
DACH1 was also reported to be elevated markedly in all colorec-
tal adenomas and in most colorectal carcinomas at both the
mRNA and protein levels; however, the roles of DACH1 in colo-
rectal tumorigenesis remain unknown [13].

Here, we postulated that DACH1 serves as a putative indicator
for intestinal stem cells, represents a novel mechanism underly-
ing the modulation of ISC expansion to maintain proper intestinal
homoeostasis and plays a vital role in intestinal tumorigenesis.

2. Materials and methods
2.1. Ethics statement

Written informed consent was obtained from all patients at enrol-
ment. The research protocol was reviewed and approved by the ethics
committee of FUSCC. Animal studies were approved by the Animal
Ethics Committee at Shanghai Medical School, Fudan University.

2.2. Intestinal crypts, adenomas and CRC-derived organoids’ culture

Organoids derived from human colon crypt, adenoma and colo-
rectal cancer (CRC) samples were isolated and cultured as previously
described [14, 15]. Briefly, isolated fresh tissues were cut into pieces
and washed three times with cold PBS supplemented with 10% peni-
cillin/streptomycin (BasalMedia, Shanghai, China). The tissues were
incubated in digestion buffer (Dulbecco’s modified Eagle's medium
(BasalMedia) with 1% foetal bovine serum (FBS) (Thermo Fisher Sci-
entific, MA, USA), 10% penicillin/streptomycin, 1.5 mg/mL collagenase
type II, 500 U/mL type collagenase IV, 0.1 mg/mL dispase type II and
10 uM Y-27,632 (Selleck, Shanghai, China)) for 45 min at 37 °C with
vigorous vibration. After digestion, the crypt fraction and tumour pel-
lets were washed with PBS 3 times to remove digestion enzymes and
were finally collected through centrifugation at 200 g for 5 min.
Then, the crypts and tumour pellets were embedded in Matrigel
(Corning, NY, USA) and plated in 24-well plates. After the polymeri-
zation of the gel, organoid culture medium (Advanced DMEM/F12
(Thermo Fisher Scientific) supplemented with Noggin (Sino Biological
Inc., Beijing, China), R-spondin (Sino Biological Inc.), EGF (Sino Biolog-
ical Inc.), GlutaMAX (Thermo Fisher Scientific), HEPES (Thermo Fisher
Scientific), N2 (Thermo Fisher Scientific), B27 (Thermo Fisher Scien-
tific), N-acetylcysteine (Merck Sigma-Aldrich, MA, USA), Gastrin
(Merck Sigma-Aldrich), Nicotinamide (Merck Sigma-Aldrich), A83-01
(Tocris Bioscience, MN, USA) and SB202190 (Merck Sigma-Aldrich))
was added. The medium was changed approximately every 3 days,
and organoids were passaged approximately every 7 days according
to their growth conditions.

2.3. Patient specimens, cell lines and stable organoids

For immunohistochemistry (IHC), samples of CRC patients were
obtained consecutively and randomly from Fudan University Shang-
hai Cancer Centre (FUSCC) between 2007 and 2009. Only patients
with fully characterized tumours, intact overall survival (OS) and dis-
ease-free survival (DFS) information were included. All patients’ data
were collected, including age, sex, race, tumour location, year of diag-
nosis, primary tumour size, histological grade, number of lymph
nodes examined, type of radiation, marital status, preoperative multi-
modal treatment, details of the surgical procedure, occurrence of
complications, postoperative histopathology, application of adjuvant
therapy, and follow-up (date of last visit, tumour recurrence, date of
tumour-related or unrelated death, overall survival and disease-free
survival). For organoid culture, colorectal adenoma, CRC and adjacent
normal intestinal tissues were obtained from patients diagnosed and
treated at FUSCC. HCT116 (RRID:CVCL_0291) and SW620 (RRID:
CVCL_0547) colon cancer cell lines were obtained from Type Culture
Collection Cell Bank, Chinese Academy of Sciences, authenticated by
short tandem repeat (STR) analysis and cultured in DMEM (GE China
Hyclone, Beijing, China) with 10% FBS (Thermo Fisher Scientific) at
37 °C and a 5% CO, atmosphere in a cell incubator. Lentiviral con-
structs containing human DACH1 cDNA or empty vector (as a control)
and shRNA targeting human DACH1 (shDACH1) or scrambled
sequence (as a negative control, shNC) (all purchased from Obio
Technology, Shanghai, China) were used for DACH1 overexpression
and knockdown, respectively. To generate stable cell lines and stable
organoids, HCT116 and SW620 colon cancer cell lines and organoids



X. Hu et al. / EBioMedicine 56 (2020) 102800 3

were infected with the corresponding viruses and selected with
puromycin (Solarbio, Shanghai, China). Stable cell lines and stable
organoids were confirmed for DACH1 overexpression or knockdown
by western blotting or quantitative real-time PCR (qRT-PCR). For
organoids in which DACH1 was knocked out, three single guide-
RNAs (designated sg1, sg2, and sg3) targeting the DACH1 gene and a
control gRNA targeting none (designated NT) were generated and
then transfected into human CRC organoids with Cas9 expression.
After selection, DACH1 knockout was confirmed by western blotting.
Small interfering RNAs (siRNA) targeting human SMAD4 and scram-
bled negative control (siNC) were obtained from GenePharma com-
pany (Shanghai, China) and were transfected into noted cell lines
using Highgene transfection reagent (Abclonal, Wuhan, China) fol-
lowing the manufactures’ guide.

2.4. RNA-seq and data analysis

Organoids derived from human colorectal adenomas stably over-
expressing DACH1 or empty vector as a control were cultured in
organoid complete medium for 5 days. Total RNA was extracted from
10° single cells and reversely transcribed into cDNA libraries accord-
ing to the manual's instructions. The Illumina HiSeq 2000 platform
was used for high-throughput sequencing with two biological repli-
cates. Gene set enrichment analysis (GSEA) was carried out with the
GSEA platform of the Broad Institute (http://www.broadinstitute.org/
gsea/index.jsp). GO analysis was performed with a hypergeometric
test by using differentially expressed genes against gene sets from
the GO database (http://geneontology.org/) and KEGG pathway data-
base (http://www.genome.jp/kegg/pathway.html).

2.5. Xenotransplant murine models

A total of 5 x 10° cells were suspended in 100 pL Matrigel and
injected subcutaneously into the right flank of athymic nude mice
(n = 5, male). Xenotransplant growth was monitored using callipers
every 3 days, and animals were euthanized after approximately 4
weeks. Xenotransplants were harvested, weighed, fixed in formalin and
paraffin embedded for pathological analysis. Xenotransplant volumes
were calculated using the following equation: volume = (d? x D)/2,
where D is the long side and d is the short side of a xenotransplant.

2.6. Colony formation assays

For colony formation assays, 500 cells established from HCT116 or
SW620 cell lines were seeded in a well of a 6-well plate and cultured
for 14 days. Cell colonies were fixed with 4% paraformaldehyde/PBS
(Yeasen, Shanghai, China) for 30 min and then stained with 2% crystal
violet (Yeasen) for 30 min at room temperature, after which the colo-
nies were washed with PBS 3 times and dried. Representative images
were captured to quantify the colonies for colony formation efficiency
calculation. The assays were repeated three times independently.

2.7. Immunohistochemistry (IHC) and immunofluorescence (IF)

Briefly, for [HC, after deparaffinizing tissue slides using xylol, the
antigen retrieval procedure was carried out in sodium citrate (pH
6.0) at 100 °C for 15 min. After endogenous peroxidase activity elimi-
nation by 3% H,0,, sections on slices were blocked with 1% BSA/PBS
(Sangon, Shanghai, China), followed by primary antibody incubation
in a humidified chamber overnight at 4 °C. Primary antibodies were
purchased from Cell signalling Technology (CST, MA, USA) or Protein-
Tech Group (Wuhan, China): anti-DACH1 (Proteintech Cat. 10914-1-
AP, 1:600), anti-SMAD4 (CST, Cat.#46535, 1:400), anti-CD166 (Pro-
teintech, Cat. #21972-1-AP, 1:200), anti-OLFM4 (CST, Cat. #14369,
1:400), and anti-Sox2 (CST, Cat. #14962, 1:400). After washing with
PBS, horseradish peroxidase (HRP)-conjugated anti-rabbit/mouse

secondary antibodies (Gene Technology, Shanghai, China) were
applied and incubated for 1 h. The sections were then developed
using GTvision TM III (Gene Technology), counterstained with 10%
haematoxylin (Solarbio), dehydrated and mounted with resinene
(Solarbio). The staining intensity was scored as O (negative), 1
(weak), 2 (medium) or 3 (strong). The extent of staining was scored
as 0 (<5%),1(5-25%),2 (26—50%), 3 (51-75%) or 4 (>75%) according
to the percentages of the positive staining areas in relation to the
whole carcinoma area. We multiplied the percentage score by the
staining intensity score to generate the immunoreactivity score (IRS).
For IF experiments, antigen retrieval of the sections and incubation of
the sections with the SMAD4 primary antibody were performed as
described for the IHC protocol above. Then, the secondary antibody
(Alexa Fluor 488 anti-rabbit antibody (1:200), Thermo Fisher Scien-
tific) was applied and incubated with the sections for 1 h at room
temperature. For DACH1 staining, a CoraLite594-conjugated DACH1
antibody (Proteintech, Cat. CL594-60082, 1:200) was used. Ulti-
mately, nuclei were counterstained with DAPI for 5 min and
mounted. Fluorescence images were captured with a Leica TCS-SP5
confocal system (IL, USA).

2.8. Western blotting (WB) and co-immunoprecipitation (ColP)

For WB, briefly, primary antibodies were purchased from Cell
signalling Technology, Affinity Biosciences (OH, USA), Abclonal, Pro-
teintech, or MBL (Janpan). Anti-DACH1 antibody (Proteintech Cat.
10914-1-AP, 1:1000), anti-SMAD4 antibody (CST, Cat. #46535,
1:1000), anti-Phospho-Smad4 (Thr276)[Thr277] antibody (Affinity
Biosciences, Cat. AF8316, 1:1000), anti-LGR5 antibody (Abclonal, Cat.
A10545, 1:1000), anti-NICD (Cleaved-Notch 1 (Val1744) antibody,
Affinity Biosciences, Cat. AF5307, 1:1000), anti-GAPDH antibody (Pro-
teintech, Cat. 10494-1-AP, 1:5000) and anti-FLAG (Anti-DDDDK-tag)
antibody (MBL, M185-3 L, 1:5000) were incubated with the mem-
brane respectively, followed by washing for 3 times with TBST and
incubation with according HRP-conjugated secondary antibodies.
After washing off the unbound secondary antibodies with TBST, the
bands were detected using LAS 4000 (GE, MA, USA). For ColP, total
cell lysates were incubated with anti-DACH1 or anti-SMAD4 antibody
followed by incubation with protein G-Sepharose beads (Thermo
Fisher Scientific). The beads were washed three times with lysis
buffer. The immunoprecipitates were eluted by boiling the beads for
5 min in SDS loading buffer and subjected to WB as described above.

2.9. Quantitative real time-PCR (qRT-PCR)

Total RNA was extracted from patient-derived tissues or organo-
ids or colon cancer cells using TRIzol reagent (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. cDNA was
acquired by reverse transcription of RNA using PrimeScript™ RT
Master Mix (Takara Bio Inc. Dalian, China). qRT-PCR assays were per-
formed on a QuantStudio™ 7 Flex Real-Time PCR System (Thermo
Fisher Scientific) following standard protocols using SYBR® Premix
Ex Tag™ 1I (Tli RNase H Plus) (Takara). The housekeeping gene
GAPDH was set as an endogenous control for every sample, and the
expression of genes in different samples was calibrated to that of the
corresponding normal tissues or control organoids or control cells.
Data were analysed using QuantStudio Real-Time PCR Software
(Thermo Fisher Scientific) and GraphPad Prism 7 (La Jolla, CA, USA).

2.10. Sphere formation assay

To examine the effects of DACH1 on cancer stem cell phenotypes,
a sphere formation assay was conducted. Briefly, stable cell lines
established from HCT116 cells were harvested, washed with PBS
twice, and counted. Five hundred cells were plated in a well of a 96-
well plate containing 200 L serum-free medium for sphere
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formation (DMEM/F12; 3:1 mixture (Thermo Fisher Scientific) con-
taining 0.4% BSA (Sangon), 0.2 x B27 (Thermo Fisher Scientific),
recombinant EGF (Sino Biological Inc.) at 10 ng/mL, and bFGF (Pepro-
Tech China, Jiangsu, China) at 10 ng/mL). After 10 days, the spheres
were counted, and images were taken.

2.11. Statistical analysis

In this study, data obtained from cell and organoid experiments
were analysed using Student’s t-test, and the results are presented as
the mean+SD. For clinical data, the mRNA expression levels and the
immunoreactivity scores of DACH1 were analysed using Student’s t-
test and presented as the mean4SD. Survival analysis was conducted
using the Kaplan—Meier method, and a log-rank test was used to
determine the significance of the differences. To determine the asso-
ciation between DACH1 expression and patient prognosis, Cox
regression analysis was conducted, and the significance was deter-
mined using the log-rank test. Fisher’s exact test or a two-tailed x?
test was used to define the relationship between the expression of
DACH1 and patient characteristics. Confidence intervals (CIs) were
stated at the 95% confidence level. All analyses were conducted using
SPSS software (version 22.0; SPSS, Chicago, IL) and GraphPad Prism 7,
and P-values < 0.05 were considered statistically significant.

2.12. Data sharing

The data of RNA seq for human colorectal adenomas organoids
stably overexpressing DACH1 or empty vector as a control were
deposited in Mendeley Data (https://data.mendeley.com).

2.12.1. Data set name

RNA seq data of 2 colorectal adenoma organoids overexpressing
DACH1 and their controls for "Organoid modelling identifies that
DACH1 functions as a tumour promoter in colorectal cancer by mod-
ulating BMP signalling” DOI: 10.17632/cw6kdksp5b.1

3. Results
3.1. DACH1 is expressed in crypt base cells of the intestine

To identify the expression pattern of DACH1, IHC and IF were per-
formed in the small and large intestines of mice. The results demon-
strated that DACH1 is localized in the nuclei of crypt base cells in the
intestine (Fig. 1a-1d). In the mouse small intestine, DACH1 positive
cells were located along the crypt base, which is comprised of both
base columnar cells and Paneth cells (Fig. 1a). To demarcate the
DACH1 positive cells in the small intestines, both DACH1 (green) and
lysozyme (a marker of Paneth cells, red) were detected using IF, and
the nuclei were stained with DAPI (blue). The result showed that
DACH1 staining cells (green) were interspersed between the Paneth
cells (red) in all of the crypts (Fig. 1c). A similar expression pattern
was observed in the mouse large intestinal crypts (Fig. 1b). DACH1
expressing cells in the human colon exhibited a slender morphology
and were interspersed between the goblet cells at the crypt base
(Fig. 1d). These data indicate that DACH1 is expressed in the crypt
base cells of the intestine.

3.2. DACH1 is overexpressed in all stages of human CRC

It has been previously reported that DACH1 is overexpressed in
tumours, and its expression in crypt base cells implies a role in CRC.
To validate this, qRT-PCR analysis was performed in a series of colo-
rectal normal tissues (n = 22) and CRC tissues (n = 22). We found that
the DACH1 mRNA level was significantly higher in CRC tissues than
in adjacent normal tissues (Fig. 1e, *P < 0.05, Student’s t-test). The
DACH1 protein level was validated by IHC in a series of normal

colorectal tissues (n = 18) and stage I to IV CRC tissues. DACH1
expression was increased in all stages of CRC compared with that in
normal tissue (Fig. 1f, *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-
test). Additionally, elevated DACH1 expression was directly observed
at the invasive front of the tumour lesion located at the boundary
between the normal area and the tumour area (Fig. 1g). Hence, these
data indicate that DACH1 is overexpressed in all stages of CRC at both
the mRNA level and the protein level.

3.3. High expression of DACH1 predicts a poor prognosis in crc patients

The overexpression of DACH1 in CRC compared with adjacent nor-
mal tissues implies its oncogenic role. To assess the relationship
between DACH1 expression and clinical outcomes of CRC patients,
patients were stratified into two groups: low expression (low, IRS < 4,
n = 118) and high expression (high, IRS > 4, n = 89) of DACH1. The
demographic and baseline clinical data are shown in Table 1, including
sex, diagnostic age, histological type, TNM stage, pathological grade,
venous/perineural invasion, MSI/MMR status, and adjuvant therapy in
FUSCC cohorts. Cox regression analysis was carried out to test the asso-
ciation between DACH1 expression and patients' prognosis. DACH1
expression, TNM stage, venous invasion, adjuvant therapy and CEA
status were independent prognostic factors for CRC patients according
to the univariate Cox regression model (P = 0.005, Table 2, Cox regres-
sion analysis). Consistently, multivariate analysis after adjustment also
indicated that DACH1 expression, TNM stage, adjuvant therapy and
CEA status were independent factors predicting the survival of CRC
patients (P < 0.05, Cox regression analysis). Kaplan-Meier analysis
demonstrated that high DACH1 expression was markedly associated
with poor prognosis, with an overall survival (OS) of 58 months in the
DACHT1 high group compared with 76 months in the DACH1 low group
(Table 2, P < 0.001, Cox regression analysis). Disease-free survival
(DFS) also showed a pattern similar to that of OS according to the uni-
variate Cox proportional hazards model of risk factors (Table 3,
P < 0.001, Cox regression analysis). The multivariate Cox proportional
hazards model confirmed that DACH1 was independently associated
with poor DFS (P = 0.023, Cox regression analysis). Accordingly, sur-
vival analysis for DACH1 expression validated that higher DACH1
expression was significantly correlated with shorter OS (Fig. 1h,
P < 0.001, log-rank test) and DFS (Fig. 1i, P < 0.001, log-rank test).

3.4. DACH1 suppression inhibits colon cancer cell growth in vitro and in
vivo

Because DACH1 expression is elevated in CRC, we investigated
the effect of DACH1 suppression on colon cancer cell migration
and proliferation in vitro. DACH1 expression was stably knocked
down in the human colon cancer cell lines SW620 and HCT116
(Fig. 2a). To assess the role of DACH1 in migration, a transwell
chamber migration assay and a scratch assay were performed.
Suppression of DACH1 in SW620 and HCT116 cells did not lead
to significantly reduced cell migration (Supplementary data, Fig.
S1). Then, we investigated the role of DACH1 in cell survival and
growth using a colony formation assay. As shown in Fig. 2b and
2¢, DACH1 knockdown significantly inhibited the colony forma-
tion rate in both cell lines (**P < 0.01, ***P < 0.001, Student’s t-
test). Additionally, we established a murine xenograft model to
verify the role of DACH1 in vivo. Suppression of DACH1 in
HCT116 cells caused a significant decrease in xenograft volume
and weight (Fig. 2d-2f, *P < 0.05, Student’s t-test). Given that
DACHT1 is expressed in crypt base cells, we further investigated
the effect of DACH1 on stem cell-like phenotypes. The results of
sphere formation assay showed that knocking down of DACH1
significantly reduced the number of the spheres formed by
HCT116 cells (Fig. 2g and 2h, *P < 0.01, Student’s t-test). Addi-
tionally, we detected stem cell markers in xenograft sections


http://https://data.mendeley.com

X. Hu et al. / EBioMedicine 56 (2020) 102800 5

e f
0.04 *
) . 57 sekek
E g &
@ 0.03 241 * ok
= 2
- 2
- 0 %3-
9( 0.02 &
(9]
- Q S 21
T 5
<<.(> 0.011 §1
D —_
000 T T 0 T T T T T
Normal tissue ~ Tumor tissue Normal tissue | Il I v

Tumor stage

| a
«© [ee]
_ o] § o]
2 B
2 © | 2 <
30 =
= (5]
ol = <
2 oA 3 o
© | P<0.001 § | p<0.001
Al Log rank(Mantel-Cox)=18.947 a g_ Log rank(Mantel-Cox)=16.957
== Low Level (n=118) = Low Level (n=118)
g_ - High Level (n=89) g_ - High Level (n=89)
T T T T T
0 zlo 4|0 6IO slo 160 0 20 40 60 80 100
Time (months) Time (months)

Fig. 1. DACH1 marks crypt base cells in intestines and predicts poor outcomes in colorectal cancer patients. DACH1 expression in the mouse small intestine (a) and large intestine
(b); scale bars=20 pm. In the mouse small intestine, DACH1 is expressed in crypt base cells interspersed between Paneth cells. Lysozymes (a marker of Paneth cells) were stained
red, and DACH1 was stained green, which merged into cyan with DAPI (blue); scale bar=20 um (c). DACHT1 is also expressed in the human large intestine; scale bar=20 pm (d).
DACH1 mRNA is overexpressed in colorectal cancer tissues compared to adjacent normal tissues, as detected by qRT-PCR (e), and IHC revealed that the expression of DACH1
increased in all stages of CRC when compared with the normal tissue (f) (*P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test; error bars: mean=+SD). Elevated DACH1 expression at
the invasive front of the tumour lesion; scale bar=100 wm (g). Kaplan-Meier survival analyses based on DACH1 expression for overall survival (h, P < 0.001, log-rank test, between
high level and low level of DACH1) and disease-free survival (i, P < 0.001, log-rank test, between high level and low level of DACH1).
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Table 1
Baseline characteristics in patients with high and low expression of
DACHI.
Variables, N (%) DACHT1 expression P value
Low (n=118) High (n = 89)
Gender
Male 51(43.2) 30(33.7) 0.165
Female 67(56.8) 59(66.3)
Age, years 575+ 10 584+ 10 0.527
TNM stage 0.001
I 11(9.3) 5(5.6)
Il 44(37.3) 20(22.5)
11 54(45.8) 40(44.9)
v 9(7.6) 24(27.0)
T stage 0.25
T2 19(16.1) 9(10.1)
T3 24(20.3) 14(15.7)
T4 75(63.6) 66(74.2)
N stage 0.054
NO 61(51.7) 32(36.0)
N1 33(28.0) 26(29.2)
N2 24(20.3) 30(33.7)
M stage <0.001
MO 109(92.4) 65(73.0)
M1 9(7.6) 24(27.0)
Grade 0.03
Well/ moderate 88(74.6) 68(76.4)
poor 19(16.1) 20(22.5)
Histological type 0.132
Adenocarcinoma 110(93.2) 87(97.8)
Mucinous 8(6.8) 2(2.2)
Lymph node examined 0.34
Median 15+6 14+5
Perineural invasion 0.648
Negative 100(85.5) 74(83.1)
Positive 17(14.5) 15(16.9
Vascular invasion 0.13
Negative 80(67.8) 54(60.7
Positive 35(29.7) 35(39.3
Adjuvant Chemotherapy 0.004
No 23(19.5) 18(20.2
Yes 86(72.9) 50(56.2
MS status/MMR status 0.08
MSS/MMR-proficient 79(66.9) 49(55.1)
MSI/MMR-deficient 39(33.1) 40(44.9)
CEA (ng/mL) 38.5+13.7 234412 0.42

MMR indicates mismatch repair; MS, microsatellite; MSS, microsatellite
stability; MSI, microsatellite instability.

using IHC. As shown in Fig. 2i, xenografts derived from HCT116-
shDACH1 cells showed weaker CD166, OLFM4 and SOX2 staining
than control cells. Collectively, these results suggest that DACH1

Table 2
Univariate and multivariate analysis for overall survival.

is essential for colon cancer cell survival and growth in vitro and
in vivo, which may result from a direct effect of DACH1 on the
induction of cancer stem cells.

3.5. DACH1 is essential for CRC organoid formation

Self-renewal of CRC organoids indicates the existence of cancer
stem cells, and our findings suggest that there is an association
between DACH1 and cell stemness. Thus, to illustrate the role of
DACH1 in maintaining cancer stem cells, we prepared organoids from
resected primary human CRC tissues and knocked out DACH1 using
the clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas9 system. Compared with the control (NT), single guide
RNAs (sg1/sg2/sg3) exhibited efficient knockout of DACH1 (Fig. 3b).
During the sphere growth period, the total sphere area of DACH1-
knockout organoids was significantly smaller than that of NT organo-
ids (Figs. 3a and ¢, **P < 0.01, Student’s t-test). The subhistogram dis-
plays the area distribution of the organoids in quartiles (Figs. 3d and
e). The red and green colours represent the 25th and 75th quartiles,
respectively, of the distribution with increased areas of organoids. The
length of the coloured area represents the number of spheres with the
corresponding size range. Organoid areas in the presence of DACH1
expression were found to be much larger than those with DACH1
depletion (Fig. 3d and 3e). At the peak cellular effect, the average
sphere area in DACH1 knockout organoids was much smaller than
that in control organoids (Fig. 3f and 3g, *P < 0.05, **P < 0.01,
P < 0.001, Student’s t-test). The sphere area in the NT group organo-
ids at day 11 increased to approximately 5-fold of that at day 2, while
that in the DACH1 knockout organoids only increased by approxi-
mately 3-fold (Fig. 3h and 3i, *P < 0.05, **P < 0.01, ***P < 0.001, Stu-
dent’s t-test). Moreover, after DACH1 knockout, the sphere forming
efficiency fell from 80% to 50% (Fig. 3j and 3k, ***P < 0.001,
P < 0.0001, Student’s t-test). These data indicate that DACH1 plays
an essential role in CRC organoid formation and stemness.

3.6. Elevation of DACH1 expression enhances colonoid formation

Cancer stem cells utilize mechanisms employed by normal stem
cells to achieve tumour survival and development. Therefore, we
used organoids derived from normal colon crypts (colonoids) to fur-
ther confirm the role of DACH1 in promoting cell stemness. Colonoids
were digested into single cells, which are supposed to round up into
spheres within 24 h. However, the colonoid formation efficiency
observable at day 6 was only 30% (Fig. 4c and 4e). In cells overex-
pressing DACH1 (Fig. 4a and 4b, *P < 0.05, Student’s t-test), the colo-
noid formation efficiency at day 6 increased to 50% (Fig. 4c and 4e,

Univariate analysis

Multivariate analysis

Variables Hazard ratio  95%Cl Pvalue Hazard ratio  95%Cl Pvalue
DACHT (high) 3 1.782-5.052 <0.001 2177 1.263-3.755  0.005
Male gender 0.7 0411-1.193 0.19 NA

Age >70 1.235 0.750-2.034 0407 NA

T stage, T4 6.55 1.595-6.925 0.009 1.712 1.014-2.890  0.044
N stage, N2 4.05 2.140-7.655 <0.001 1.326 0.934-1.883  0.115
M1 stage 9.23 5.502-5.487 <0.001 2.803 1.266-6.204  0.011
Grade, poor 1.38 0.834-2.306 0.21 0.931 0.3-2.891 0.901
Lymph node examined 0.613 0.326-1.151 0.128 NA

Mucinous Adenocarcinoma  0.567 0.139-2.321 043 NA

Perineural invasion 1.557 0.845-2.87 0.156 NA

Vascular invasion 2.038 1.252-3.319 0.004 091 0.721-2.066  0.459
Adjuvant therapy 2.599 1.892-3.571 <0.001 1.78 1.205-2.634  0.004
MSI 1 0.599-1.667 0999 NA

CEA >10 ng/mL 1.841 1.151-2.943 0.01 1.91 1.159-3.151 0.011

MMR indicates mismatch repair; MS, microsatellite; MSS, microsatellite stability; MSI, microsatellite instability; LN,

lymph nodes.



X. Hu et al. / EBioMedicine 56 (2020) 102800 7

Table 3
Univariate and Multivariate analyses of prognostic factors for disease-free survival.

Univariate Analysis Multivariate Analysis

Variables Hazard ratio  95%Cl P value Hazard ratio  95% Cl P value
DACHT1 (high) 2.251 1.606-4.053 <0.001 1.76 1.079-2.874 0.023
Male gender 0.674 0.415-1.095 0.111 NA

Age >70 1.185 0.752—-1.868 0464 NA

T stage, T4 5.294 1.661-16.871 0.005 1558 0.977-2.487 0.063
N stage, N2 3.735 2.098-6.649 <0.001 1.207 0.881-1.654 0.24
M1 stage 9.892 6.064-16.136  <0.001 7.249 3.968-13.241 <0.001
Grade, poor 1.233 0.779-1.953 0.371 NA

Lymph node examined 0.635 0.349-1.155 0.137 NA

Mucinous Adenocarcinoma  0.447 0.110-1.823 0.262 NA

Perineural invasion 1.514 0.859-2.669 0.152 NA

Vascular invasion 1.832 1.175-2.857 0.008 0.751 0.449-1.255 0.274
Adjuvant therapy 0.689 0.335-1.419 0.313 NA

MSI 0.97 0.611-1.539 0.896 NA

CEA >10 ng/mL 1.588 1.040-2.425 0.032 1421 0.910-2.218 0.122

MMR indicates mismatch repair; MS, microsatellite; MSS, microsatellite stability; MSI, microsatellite instability; LN, lymph

nodes.

***P < 0.001, Student’s t-test). Moreover, the proliferation of colonoid
cells increased significantly, as shown in Fig. 4c and 4d (*P < 0.05,
**P < 0.01, Student’s t-test). These data indicate that DACH1 also
enhances the stemness of normal ISCs, further confirming the role of
DACH1 in stemness maintenance.

3.7. DACH1 promotes the growth of adenoma organoids

The signalling events during intestinal regeneration and tumori-
genesis show notable similarities. Hence, adenomas were utilized for
further studies. After 7 days, DACH1-overexpressing adenoma orga-
noids (Fig. 4f, **P < 0.01, Student’s t-test) expanded to approximately
twice the size of the controls (Fig. 4h and 4i). Additionally, as dis-
played in Fig. 4i, there was a significant increase in growth induced
by DACH1 (*P < 0.05, **P < 0.01, Student’s t-test). After culture for
7 days, adenoma cells that overexpressed DACH1 had an organoid-
forming efficiency of 70%, yet that of the control was <50% (Fig. 4j,
**P < 0.01, Student’s t-test). When analysing the distribution pattern
of organoid areas, DACH1-overexpressing organoids occupied more
of the lower quartile and less of the upper quartile than the control
organoids (Fig. 4k-41). Moreover, the median organoid area of
DACH1-overexpressing organoids was larger (50%) than that of the
control (Fig. 4m and 4n). These data indicate that the role of DACH1
in promoting stemness also applies to adenoma organoids, which
were used in further investigations.

3.8. DACH1 induces the upregulation of stem cell signature genes by
inhibiting the BMP signalling pathway

To reveal the mechanisms underlying the functional consequen-
ces of DACH1, we performed RNA-seq analysis using RNAs isolated
from control or DACH1-overexpressing adenoma organoids. The
analysis revealed that overexpression of DACH1 induced a significant
upregulation of cancer stem cell marker s, such as YAP, Msi2, Sox9
and Notch1 (Fig. 5a). Gene ontology (GO) analysis highlighted that
DACH1 induced the upregulation of genes that account for stem cell
maintenance (Fig. 5b) and the downregulation of genes involved in
cell cycle arrest (Fig. 5¢). These findings prompted us to test whether
DACH1 induced cell stemness through transcriptional pathways.
RNA-seq analysis identified significantly enriched changes in the
BMP signalling pathway induced by DACH1. Verification experiments
revealed that DACH1 induced the downregulation of ATOHS8, TGFS3,
MSX1, NBL1, BMP7, and FKBP4. However, DACH1 induced the upre-
gulation of FKBP8, ID1, and MAPK3 (Figs. 5d and e, *P < 0.05, Stu-
dent’s t-test). These results suggest an association between DACH1
and the BMP signalling pathway, in which SMAD proteins are master

mediators [16,17]. To reveal the relationship between DACH1 and
SMAD proteins, we performed IF experiments. As shown in Fig. 5f,
DACH1 and SMAD4 colocalized in nuclei, providing a subcellular loca-
tion in which their interaction may occur. Furthermore, we per-
formed ColP experiments to verify the physical interaction between
DACH1 and SMAD4 in cells. The results showed that SMAD4 was
detected in the immunoprecipitates of the DACH1 antibody and vice
versa, verifying the physical interaction between DACH1 and SMAD4
(Figs. 5g and h). To determine the influence that DACH1 has on
SMAD4, we overexpressed FLAG-tagged DACH1 in HCT116 cells
(Fig. 5i). Surprisingly, western blotting analysis revealed that overex-
pression of DACH1 elevated the protein level of SMAD4 while
decreased the level of phosphorylated SMAD4 (Thr276)[Thr277]
(Fig. 5i). Although FKBP8, ID1, and MAPK3 were shown to be
decreased in the results of RNA-seq (Fig. 5a), we still detected an
increase of these genes in our verification experiments (Fig. 5e). The
discordance of the results prompted us to further exploration. To ver-
ify the SMAD4 downstream genes that were influenced by DACH1,
we knocked down SMAD4 in HCT116-shDACH1 cells (Figs. 5j and k,
*P < 0.05, **P < 0.01, Student’s t-test). Knockdown of DACH1
increased the mRNA levels of NBL1 and BMP7, but did not bring a sig-
nificant change to the mRNA level of SMAD4 (Fig. 5k, *P < 0.05,
**P < 0.01, Student’s t-test). While SMAD4 decrease eliminated the
increases of NBL1 and BMP7 that was induced by DACH1 knockdown
(Fig. 5k, *P < 0.05, **P < 0.01, Student’s t-test). Together, these data
imply that DACH1 repressed the BMP signalling pathway by decreas-
ing the phosphorylation of SMAD4 and inhibiting the expression of
NBL1 and BMP7 through interacting with SMADA4.

3.9. DACH1 exerts its function through modulating the BMP signalling
pathway, but not the EGF or WNT signalling pathways

To further confirm that DACH1 inhibits the BMP signalling path-
way to promote cell stemness and, thus, organoid formation, we
withdrew different factors from the organoid medium.

Noggin promotes stem cell survival in intestinal crypts by antago-
nizing the BMP signalling pathway [18]. After depletion of Noggin
from the medium, adenoma organoid formation was significantly
reduced (Fig. 51). However, DACH1 overexpression reversed the inhi-
bition of organoid formation induced by Noggin depletion (Fig. 51). As
DACH1 repressed the expression of NBL1 and BMP7 (Fig. 5k,
*P < 0.05, **P < 0.01, Student’s t-test), we detected whether Noggin
could affect NBL1 and BMP7 in a similar way. As shown in Fig. 5m
(*P < 0.05, Student’s t-test), after the addition of Noggin into the
medium of HCT116 cells for 24 h and 36 h, the increased mRNA levels
of NBL1 and BMP7 by DACH1 knockdown were reduced by the
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Fig. 2. DACH1 suppression inhibits colon cancer cell growth in vitro and in vivo. The efficiency of DACH1 knockdown in colon cancer cell lines was confirmed by western blotting
(a). Cells with knockdown of DACH1 displayed increased inhibition of cell growth compared with control cells (b and ¢, experiments were performed in triplicate). Representative
images of xenografts at the end of the study (d) showing decreased growth in HCT116-shDACH1 cells compared with the control, including tumour volumes (e) and tumour weights
(f). Knockdown of DACH1 significantly reduced the number of spheres formed by HCT116 cells (g and h, scale bar=200 pm). IHC assays showed weaker CD166, OLFM4 and SOX2
staining in xenografts in which DACH1 was knocked down than in the controls (i). For DACH1 staining images, the scale bars=50 pm, and for CD166, OLFM4 and SOX2 staining
images, the scale bars=20 pm. For 2c, 2e, 2f and 2 g, *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test. Error bars: mean+SD.
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Fig. 4. DACH1 overexpression enhances the growth of organoids derived from normal colon crypts and colorectal adenomas. DACH1 overexpression efficiency was verified by qRT-
PCR (experiments were performed in triplicate) (a) and western blot (b). c. Overexpression of DACH1 enhanced the sphere formation of organoids derived from normal colon crypts
(colonoid) compared with the control; scale bars=200 xm d. Overexpression of DACH1 significantly enhanced colonoid proliferation compared with the vector group. e. Overex-
pression of DACH1 significantly enhanced the colonoid formation rate compared with the control. DACH1 overexpression was verified by qRT-PCR (experiments were performed in
triplicate) and western blot (f and g). h. Adenoma organoids with DACH1 overexpression expanded to almost twice the size of the control organoids; scale bars=200 pm. i. Overex-
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addition of Noggin, which is in accordance with the results of SMAD4
interference (Fig. 5k, *P < 0.05, **P < 0.01, Student’s t-test). Hence,
DACH1 was further indicated to promote cell stemness by the inhibi-
tion of the BMP signalling pathway.

To further reveal how did DACH1 promote the stemness of intesti-
nal cells, we detected the changes DACH1 made to classical Notch
pathway (Fig. 5a) and classical intestinal stem marker LGR5. We
found that DACH1 upregulated Notch1 at both the mRNA level and
protein level, and accordingly, the protein level of Notch intracellular
domain (NICD) showed a slight increase. However, DACH1 did not
induce the upregulation of HES1 (Fig. 5n and 50, *P < 0.05,
***P < 0.001, Student’s t-test). It’s been found that DACH1 is upregu-
lated in LGR5+ ISCs, so we also detected the effect of DACH1 on LGR5.
As shown in Fig. 5n (*P < 0.05, **P < 0.01, Student’s t-test) and 50,
overexpression of DACH1 boosted the expression of LGR5 in HCT116
cells. These results indicate that DACH1 promoted intestinal cell
stemness by enhancing classical stem cell pathways.

Similar as Noggin, EGF and R-spondin were excluded from the
medium. However, DACH1 overexpression did not reverse the orga-
noid formation inhibition caused by the absence of EGF or R-spondin
(Supplementary data, Fig. S2). Thus, DACH1 does not affect the effi-
ciency of organoid formation mediated by EGF or R-spondin.

4. Discussion

Despite the controversy about the role of DACH1 in CRC [10—-13],
in this study, we identified DACH1 as a potential indicator of intesti-
nal stem cells and cancer stem cells in mouse small and large intes-
tine as well as human CRC. In the small and large intestine, DACH1
expression was observed in the morphologically distinct undifferen-
tiated cells in the crypt base. This distribution of DACH1 expression
closely resembles that of markers for intestinal stem cells [3]. In this
study, we cultured organoids derived from the normal colon crypt,
colorectal adenoma and CRC and determined that DACH1 supported
the proliferation and undifferentiated state of stem cells in vitro, indi-
cating that DACH1 plays a role in promoting cell stemness in normal
crypt base cells, colorectal adenoma and CRC. How DACH1 promotes
CRC tumorigenesis was obscure [13], and now we provide evidence
that DACH1 plays an essential role in inducing stem cell self-renewal
and tumorigenesis through direct upregulation of stem cell signature
genes, which it accomplishes by binding to SMAD4 and repressing
the BMP signalling pathway. Hence, DACH1 expression is a marker of
intestinal stem cells and contributes to colorectal tumorigenesis.

Restricted crypt base expression of DACH1 protein in human and
mouse intestines was illustrated in our study. DACH1 exhibited a simi-
lar distribution pattern to that of LGR5 and OLFM4, which are sug-
gested markers of stem cells in humans [3,19]. In addition to stem
cells, Paneth cells, which support the stem cell niche, also account for a
proportion of cells at the crypt base. However, our data did not conclu-
sively demonstrate an overlap between DACH1-overexpressing cells
and Paneth cells, indicating that DACH1 is expressed exclusively in
colon crypt stem cells. In our study, we found that overexpression of
DACHT1 could upregulate the mRNA and protein of LGR5. This might
explain the distribution pattern and the location of DACH1, besides,
this finding also provided an explanation for why DACH1 is highly
expressed in LGR5+ intestinal stem cells and colorectal tumours.

DACH1 was consistently expressed in human CRC. In the survival
analysis, high DACH1 expression was markedly associated with
worse prognosis, indicating that DACH1 may serve as a potential
prognostic marker of poor prognosis in CRC. However, some studies
in non-intestinal cell types have identified an antiproliferative role
for DACH1 [7,20], suggesting that DACH1 may play different roles
depending on the cell type and/or context. Interestingly, a recent
research found out that DACH1 was expressed less in male breast
cancer than in female breast cancer [21]. In our study, the percentage
of female patients that express high level of DACH1 was found to be

higher than male patients even the statistical significance is not
reached (Table 1). This accordance expression pattern of DACH1 hints
that in different cancers, the expression of DACH1 might be corre-
lated to sex and/or hormone.

Our organoids were cultured in systems developed by Sato et al.
[14]. Consistent with a previous report [22], the formation efficiency
of colonoids was approximately 30%, and DACH1 overexpression
increased the efficiency to approximately 60%. Moreover, DACH1-
overexpressing colonoids developed significantly earlier than the
control colonoids, suggesting that DACH1 has a function that is simi-
lar to the function previously reported for Sox9 by Ramalingam et al.
[23]. Furthermore, DACH1 significantly enhanced the growth and
sphere formation efficiency of adenoma organoids. To explore the
factors associated with DACH1, we performed RNA-seq analysis and
revealed an association between DACH1 and the BMP signalling path-
way. Accordingly, aberrant BMP signalling leads to intestinal polyp
growth and CRC development [24]. SMAD4, as the Co-SMAD of the
BMP signalling pathway, may allow R-SMADs (SMADT1, 5 and 8) to
bind, form complexes, translocate into the nucleus and modulate tar-
get genes when BMPRI is phosphorylated and activated [16,25,26].
Therefore, SMAD4 is a pivotal regulator in the BMP signalling path-
way for maintaining intestinal epithelial homoeostasis and inhibiting
stem cell activity [27]. ColP and reciprocal ColP demonstrated an
interaction between DACH1 and SMADA4. Inhibition of stemness in
LGR5+ stem cells may occur through SMAD-associated transcrip-
tional repression of stem cell signature genes, and this inhibitory
effect is independent of Wnt/B-catenin signalling [5]. Therefore, we
depleted key factors (Noggin, EGF and R-spondin) in the colorectal
organoid culture medium [14,15,28]. Adenoma organoid formation
decreased without Noggin, but DACH1 overexpression compensated
for the effect of Noggin depletion. Besides, we also found that in
HCT116 cells, both addition of Noggin and interference of SAMD4
reduced the boosted expression of NBL1 and BMP7 by DACH1 knock-
down, thus further confirming that the role of DACH1 is tightly asso-
ciated with the BMP signalling pathway. Here, we displayed evidence
for an essential role of DACH1 in maintaining organoid self-renewal
through direct binding of SMAD4 and release of stem cell signature
genes. DACH1 could enhance the hyperproliferation of the intestinal
epithelium by inducing stem cell expansion.

In conclusion, we demonstrated an essential role of DACH1 in
maintaining intestinal stem cell self-renewal and colorectal tumour
development, which it accomplishes by interacting with SMAD4 and
inhibiting the BMP signalling pathway. Moreover, we propose
DACH1 as a marker of intestinal stem cells and as an independent
marker for colorectal cancer prognosis. Additionally, our findings
may facilitate further studies of intestinal stem cell biology and colo-
rectal tumorigenesis.
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