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SUMMARY
Non-muscle myosin IIA plays an important role in cell adhesion, cell migration, and tissue architecture. We previously showed that low

activity of the heavy chain of non-musclemyosin IIMyh9 is beneficial to LGR5+ intestinal stem cell maintenance. However, the function

ofMyh9 in adult mouse intestinal epithelium is largely unclear. In this study, we used the inducible Villin-creERT2 knockout approach to

delete Myh9 in adult mouse intestinal epithelium and observed that homozygous deletion of Myh9 causes colitis-like morphologic

changes in intestine, leads to a high sensitivity to dextran sulfate sodium and promotes colitis-related adenoma formation in the colon.

Myh9 deletion disturbs cell junctions and impairs intestinal lumen barrier integrity, promoting the necroptosis of epithelial cells. Consis-

tently, these changes can be partially rescued by Ripk3 knockout. Our results indicate that Myh9 is required for the maintenance of

intestinal epithelium integrity and the prevention of cell necroptosis.
INTRODUCTION

The intestinal epithelium consists of a monolayer of cells,

which undergoes rapid turnover and moves from the crypt

base to the villi tip. Intestinal stem cells (ISCs), known as

columned base cells, localize at the base of crypts and are

marked by LGR5 (Barker and Clevers, 2010; Barker et al.,

2007). The crypts also harbor an intermediate cell type—

trans-amplifying (TA) cells that undergo four to five rounds

of cell division before differentiating into the mature

epithelial cells, including enterocytes, goblet cells, enter-

oendocrine cells, and Paneth cells (Barker, 2014). In

contrast to the other differentiated cells, Paneth cells reside

at the crypt base and are intermingled with LGR5+ ISCs,

which are an important part of the niche for LGR5+ ISCs,

and contribute to ISC maintenance by producing

epidermal growth factor, transforming growth factor a,

WNT3A, and the Notch ligand DLL4 (Sato et al., 2011).

People with inflammatory bowel disease are at increased

risk of developing colorectal cancer and colitis-associated

cancer. In recent years, rapidly increasing incidence of in-

flammatory bowel disease (IBD) leads to the social concern

of intestinal inflammation (Terzic et al., 2010;Waljee et al.,

2017). Either disruption of the intestinal lumen barrier

or pathogen invention causes colitis. The activation of

RIPK3-dependent necroptosis can cause intestinal inflam-

mation (Dannappel et al., 2014; Gunther et al., 2011;

Wang et al., 2020; Welz et al., 2011), and cell death in the
1290 Stem Cell Reports j Vol. 16 j 1290–1301 j May 11, 2021 j ª 2021 The A
This is an open access article under the CC BY-NC-ND license (http://creativ
epithelium has been suggested to be a hallmark of intesti-

nal inflammation (Anderton et al., 2020; Kaser et al.,

2010; Patankar and Becker, 2020). Treatment of mice

with DSS or combined with azoxymethane (AOM) can

generate a rapid and effective model of colitis-associated

cancer (Parang et al., 2016). Activation of the RIPK3-

MLKL axis has been particularly observed in ulcerative co-

litis. The molecular mechanisms by which inflammation

promotes cancer development remain unclear and could

differ from other forms of colorectal cancer (Grivennikov,

2013; Terzic et al., 2010).

Non-musclemyosin II (NMII) is an actin-binding protein

that comprises two heavy chains and two pairs of light

chains. In mammals, myosin heavy chain 9 (Myh9) is one

of the three genes encoding the NMII heavy chain and

plays a critical role in cell adhesion, cell migration, and tis-

sue architecture (Conti and Adelstein, 2008; Vicente-Man-

zanares et al., 2009). NMII has been indicated to mediate

dissociation-induced anoikis of embryonic and induced

pluripotent stem cells (Chen et al., 2010; Ohgushi et al.,

2010; Walker et al., 2010). Our previous study shows that

Myh9 accumulates at epithelial injury sites in mice distal

colon after DSS treatment, andMyh9mono-allelic deletion

ameliorates DSS-induced colitis (Zhao et al., 2015). These

results suggest thatMyh9 plays an important role in the in-

testinal inflammation process. In this study, to further

address the function of Myh9 in the intestinal epithelium

of adult mice, by using inducible conditional Myh9
uthors.
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knockout (KO), we found that complete deletion of Myh9

in adult mouse intestinal epithelium causes colitis-like

morphologic changes, reduces stem cells, increases necrop-

tosis, leads to a high sensitivity to DSS, and promotes the

colitis-related adenoma formation in the colon. Further-

more, inhibition of necroptosis by additional deletion of

Ripk3 renders the less pathological characteristics of colitis

inmice. Therefore,Myh9maintains intestinal homeostasis,

at least in part, by inhibiting RIPK3 to block necroptosis.
RESULTS

Myh9 deficiency results in impaired villus and

abnormal crypts

In a previous study, we showed thatmono-allelic deletion of

Myh9with Villin-Cre could promote the survival and prolif-

eration of LGR5+ cells (Zhao et al., 2015). As we could not

obtain adult mice with Villin-driven homozygous deletion

of Myh9 in two alleles, we crossed Myh9fl/fl mice with Vilin-

CreERT2 mice to generate inducible conditional knockout

mice Myh9fl/fl;Villin-CreERT2 (Myh9-KO). After daily injec-

tion of tamoxifen (TAM) for 5 consecutive days, Myh9 was

efficiently depleted in knockout mouse intestine as shown

by immunofluorescence and qRT-PCR (Figures 1A and 1B).

The body weight of Myh9-KO mice started to decrease at

day 2 after the TAM injection and remained lower than con-

trol mice at day 14 after the TAM injection (Figure 1C).

Abnormally expanded crypts and cavities were observed in

the small intestine at different time points (Figures 1D and

S1A). The crypt number was also decreased in the small in-

testine (Figure 1E). More seriously for the colon, it is obvious

that there are fewer crypts and more infiltrations in the

Myh9-KO colon. In the small intestine, Paneth cells were

decreased and dislocated in Myh9-KO mice (Figures 1F and

1H). Moreover, the number of goblet cells was dramatically

decreased in the colon in Myh9-KO mice (Figure 1G), while

theywere unchanged in the small intestine (Figures S1B and

S1C). qPCR analysis showed that the expression of ISC

marker genes, such as Lgr5, Olfm4, and Ascl2, as well as the

Paneth cell marker lysozyme (Lyz) and enteroendocrine cell

marker chromogranin A (Chga), was reduced in Myh9-KO

crypts (Figure 1I). All the morphologic changes, such as

abnormal crypts, decreased goblet cells, and body weight

loss, in Myh9-KO mice are similar to the phenotypes of

DSS-induced colitis mice (Cooper et al., 1993; Wang et al.,

2020; Wirtz et al., 2007). However, there was no change in

colon length in Myh9-KO mice (Figure S1D).
Myh9 plays an important role in LGR5+ cell

maintenance

Since LGR5+ ISC marker gene expression was significantly

decreased after Myh9 deletion, we then assessed whether
Myh9 deficiency affects LGR5+ ISC maintenance. We

crossed Myh9fl/fl;Villin-CreERT2 mice with Lgr5-GFP-IRES-

CreERT2 mice to generate Myh9-KO-GFP mice. From

immunofluorescence and flow cytometry analyses, we de-

tected a significant decrease of LGR5+ cells in Myh9-KO-

GFP mice upon TAM-induced Myh9 deletion (Figure 2A).

Furthermore, specific Myh9 deletion in LGR5+ ISCs in

Myh9fl/fl;Lgr5-GFP-IRES-CreERT2 mice (Myh9-Lgr5-KO)

also led to LGR5+ ISC reduction (Figure 2B), indicating

thatMyh9 is critical for LGR5+ ISCmaintenance. To further

confirm the role of Myh9 in LGR5+ ISC maintenance, we

cultured organoids derived from the crypts of Myh9-KO

mice and induced Myh9 deletion by 4-hydroxytamoxifen

(4-OH-TAM) on the day after seeding. After 3–5 days of cul-

ture, we found fewer buddings in Myh9�/� organoids than

in the control (Figures 2C and 2D). Moreover, there were

fewer organoids survived after passaging (Figure 2E), which

was in contrast to mono-allelic deletion of Myh9, which

promoted organoid survival (Zhao et al., 2015). Consis-

tently, the expression of most ISC signature genes was

decreased after Myh9 deletion (Figure 2F). These results

indicate that an appropriate amount of Myh9 is important

for LGR5+ ISC maintenance in vivo and organoid survival

in vitro.

Although Paneth cells play a critical role in sustaining

LGR5+ ISCs (Sato et al., 2011),Myh9 deletion in LGR5+ cells

(Myh9-Lgr5-KO) significantly reduced LGR5+ ISCs, to the

same extent as in Myh9-KO-GFP mice (Figure 2B), indi-

cating that Myh9 deletion-induced LGR5+ ISC reduction

is an LGR5+ cell-autonomous effect. Consistently, Myh9

deletion in LGR5+ cells did not affect Paneth cells

(Figure S2A).

Furthermore, we used bromodeoxyuridine (BrdU) to

mark proliferation cells and found that Myh9 KO led to

more proliferative cells, and that most BrdU-labeled cells

in Myh9 KO intestine migrated to the villi zone (Figures

S2B and S2C). KI67+ staining also showed a higher prolif-

eration rate in the crypts of small intestine and colon

uponMyh9 KO (Figures S2D and S2E). Accumulated works

show that, upon epithelium injury, differentiated epithe-

lial cells or progenitors can undergo de-differentiation, re-

gain their proliferation ability, and even become ISCs to

compensate the lost epithelial cells (Barriga et al., 2017;

Li et al., 2016; Liu and Chen, 2020; Liu et al., 2020;

Schmitt et al., 2018; Tetteh et al., 2016; Wang et al.,

2019; Yan et al., 2017; Yu et al., 2018). The enhanced

expression of several regenerative genes, such as Clu,

Sca1, and Anxa1 (Figure S2F), suggesting that the

expanded proliferating cells could be TA cells or progeni-

tor cells due to the compensation of Myh9 KO-induced

damage. These data suggest that Myh9 deficiency reduced

LGR5+ cell populations, while resulting in the expansion

of proliferating cells.
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Figure 1. Homozygous deletion of Myh9 results in abnormal crypts
(A and B) Immunofluorescence staining (A) and qRT-PCR (B) to detect Myh9 expression in control and Myh9-KO mice at day 5 after the first
TAM injection. The data represent mean ± SD derived from three mice for each group.
(C) Relative body weight index of control and Myh9-KO mice after TAM injection. The data represent mean ± SD derived from ten mice for
each group.
(D) Hematoxylin and eosin (H&E) staining of small intestine and colon from control andMyh9-KO mice at day 5 after the first TAM injection
(PSI/DSI/COL, proximal, distal small intestine, and colon).
(E) Quantification of crypt numbers in the small intestine of control and Myh9-KO mice at day 5 after the first TAM injection. The data
represent mean ± SD derived from three mice per group and at least ten views for each mouse.
(F and H) Immunofluorescence staining (F) and quantitative analysis (H) for LYSOZYME in control and Myh9-KO intestinal crypts at day 5
after the first TAM injection. The data represent mean ± SD derived from at least 30 crypts from each mouse (n = 3 mice per group).

(legend continued on next page)
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The Myh9 deficiency-induced decrease of ISCs and

Paneth cells is independent of microbiota

The intestinal morphological changes, crypt deformation,

reduced LGR5+ ISCs, fewer goblet cells, and dislocated Pan-

eth cells, in Myh9-KO mice resemble pathological charac-

teristics of colitis (Cooper et al., 1993). The transcriptome

landscape of epithelium in control and Myh9-KO mice

also revealed that the inflammation-related genes were en-

riched in the small intestinal epithelium of Myh9-KO mice

(Figure S3A). Moreover, more neutrophil cells (marked by

CD11b) were recruited to the crypt area afterMyh9 deletion

(Figure S3B). Myh9 KO rendered intestinal epithelium

vulnerable to 2.5% DSS-induced colitis as shown by severe

body weight loss (Figure S3C), and the Myh9 KO colons

were shorter with more erosive areas compared with the

control group (Figures S3D and S3E).

Since Myh9 is involved in the connection of actin fila-

ment with cell junctions and plays an important role in in-

testinal epithelium barrier permeability (Naydenov et al.,

2016; Vicente-Manzanares et al., 2009), we reasoned that

its deficiency might affect cell junction integrity and facil-

itate bacteria invasion, thus impairing the LGR5+ ISCmain-

tenance and dislocating Paneth cells. Examination with

transmission electron microscopy revealed that Myh9 defi-

ciency led to losing cell junctions in crypts (Figure S4A).

Moreover, mass spectrometry analysis of anti-MYH9-

precipitated proteins identified 380 potential interacting

proteins, including cell junction and actin-associated pro-

teins (Figure S4B; Table S1). KEGG pathway analysis

showed that the top 5 pathways were tight junction, actin

cytoskeleton, adherens junction, leukocyte transendothe-

lial migration, and bacterial invasion (Figure S4C). Thus,

inflammation in Myh9-KO mice may be associated with

neutrophil infiltration by losing cell junctions.

To examine whether the colitis-like phenotypes were

caused by bacteria invasion, we fed mice with water con-

taining broad-spectrum antibiotics 2 days before keeping

them under germ-free conditions, and then they were in-

jected with TAM before being killed at day 10 (Figure 3A).

The antibiotic treatment effectively rescued body weight

loss of Myh9-KO mice (Figure 3B). Although the morpho-

logic changes of abnormal crypts were relieved in the intes-

tine (Figure 3C), the reduction of LGR5+ ISCs and Paneth

cells and the expansion of proliferation cells were not

rescued by antibiotic treatment (Figures 3D–3F). These re-

sults suggest that LGR5+ ISC loss, dislocation of Paneth

cells, and expansion of proliferating cells in crypts are inde-

pendent of bacteria invasion.
(G) Alcian blue staining for goblet cells in control and Myh9-KO colo
(I) qRT-PCR for intestinal signature genes in control and Myh9-KO m
The data represent mean ± SD derived from seven mice per group. Sca
**p < 0.01, *p < 0.05, Student’s t test (B and F), two-way ANOVA (E
Myh9 deficiency promotes cell necroptosis of

intestinal epithelium

To further investigate how Myh9 deficiency leads to

abnormal crypt structure and LGR5+ ISC loss, we examined

cell death by TUNEL assay and found that there were more

labeled cells in the crypts of Myh9-KO mice (Figure 4A). As

RIPK3-mediated necroptosis of ISCs is involved in enteritis

(Gunther et al., 2011; Welz et al., 2011), we detected the

levels of pRIPK3 and pMLKL, and found that both of

them were increased in the crypt epithelium of Myh9-KO

mice (Figures 4B and 4C) and more pMLKL+ cells were

observed in the crypt epithelium of both Myh9-KO mice

and Myh9-Lgr5-KO mice (Figures S5A and S5B). Moreover,

some PCNA+ and pMLKL+ cells were colocalized in the

crypts of Myh9-Lgr5-KO mice, suggesting that necroptosis

can also occur in proliferative cells afterMyh9 deletion (Fig-

ure S5C). In contrast, a significant reduction of cleaved cas-

pase-3 was observed in Myh9 KO crypts (Figure 4C). Previ-

ous studies have highlighted that Myh9 mono-allelic

deletion activates AKT, which is essential for the survival

of LGR5+ stem cells (Zhao et al., 2015). Here, we found

that p-AKT remained largely unchanged (Figure S5D).

Furthermore, the antibiotics water feeding did not

reduce the pRIPK3 and pMLKL level in Myh9-KO mice

(Figure S5E).

To confirm that Myh9-deficient epithelial cells undergo

the RIPK3-MLKL-dependent necroptosis, we crossed

Ripk3�/� mice with Myh9-KO mice to block necroptosis

(Myh9-Ripk3-DKO). Compared with Myh9-KO mice, the

number of dying cells was greatly reduced in the epithe-

lium of Myh9-Ripk3-DKO mice (Figure 4A). Consequen-

tially, the architecture of crypts and Paneth cells was

apparently restored (Figures 4D, 4E, and S5F). However,

goblet cell and tumor necrosis factor alpha expression

were the same inMyh9-KO andMyh9-Ripk3-DKOmice (Fig-

ures S5G and S5H). Furthermore, the inhibitor of RIPK1,

Necrostatin-1, could effectively block Myh9 deletion-

induced organoid death (Figure 4F). The recruitment of

RIPK3 byMYH9was detectable in the epitheliumof control

mice; however, genetic ablation of Myh9 caused loss of the

interaction with RIPK3 (Table S1). All these data indicate

that Myh9 deficiency-induced cell death of the intestinal

epithelium is mainly via necroptosis.

Myh9 deficiency promotes colitis-related adenoma

formation in the colon

It has been reported that Myh9 is a tumor suppressor

in squamous cell carcinomas (Schramek et al., 2014).
n.
ice at day 5 after the first TAM injection.
le bars, 50 mm in (A and F) and 200 mm in (D and G). ***p < 0.001,
and H). See also Figure S1.
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Figure 2. Myh9 deficiency reduces LGR5+ cells
(A) Immunofluorescence staining for LGR5-GFP in small intestine of control and Myh9-KO-GFP mice at day 10 after the first TAM injection.
(B) LGR5+ cell numbers in small intestine of control, Myh9-KO-GFP, and Myh9-Lgr5-KO mice were analyzed by flow cytometry. The data
represent mean ± SD derived from at least six mice per group.
(C–E) Organoid cultures of crypts isolated from control or Myh9-KO mice. Representative pictures of organoids (C), quantification of
budding numbers on day 3 and 5 after 4-OH-TAM treatment (D), and quantification of survival rates on days 1 and 5 after passaging (E). The
data represent mean ± SD derived from at least three wells per group and all experiment repeated with three mice.
(F) qRT-PCR for intestinal stem cell signature genes in control and Myh9-KO mice at day 5 after the first TAM injection.
The data represent mean ± SD derived from seven mice per group. ***p < 0.001, **p < 0.01, *p < 0.05, two-way ANOVA. Scale bars, 200 mm.
See also Figure S2.
Oncomine analysis of TCGA database showed thatMyh9 is

downregulated in most types of gastrointestinal adenoma/

carcinoma (Figure 5A). Moreover, transcriptomic profiling

showed that colorectal adenoma-related genes were en-

riched in Myh9 KO intestinal epithelium, and that these

genes showed similar expression patterns in both colo-

rectal adenoma andMyh9KO epithelium (Figure 5B). As pa-

tients with IBD have a high risk of colitis-associated

dysplasia and cancer (Grivennikov, 2013; Terzic et al.,
1294 Stem Cell Reports j Vol. 16 j 1290–1301 j May 11, 2021
2010), we used the AOM/DSS-induced adenoma model to

explore the role of Myh9 in gut carcinogenesis. Mice were

treated with one-time AOM injection, then five injections

with TAM, then with 5 days to recover, 5 days DSS feeding,

repeated three times. The AOM-DSS treatment led to loss in

body weight in Myh9-KO mice (Figure 5C). The number of

adenomas in the colonwas significantly increased inMyh9-

KO mice (Figure 5D). However, the tumors in Myh9-KO

mice were not invasive as shown by H&E staining



Figure 3. Antibiotics treatment has no effect on Myh9 KO-mediated LGR5+ cell reduction
(A and B) Strategy and relative body weight of control and Myh9-KO mice after antibiotics-containing water feeding. The data represent
mean ± SD derived from four mice for each group.
(C) H&E staining of distal small intestine and colon from control and Myh9-KO mice with or without antibiotics treatment. Scale bars,
200 mm.
(D) Immunofluorescence staining of LGR5+-GFP cells in control and Myh9-KO-GFP mice under antibiotics treatment. Scale bars, 50 mm.
(E) Immunofluorescence staining of lysozyme in control and Myh9-KO mice under antibiotics treatment. Scale bars, 100 mm.
(F) Immunofluorescence staining of PCNA and MYH9 in control and Myh9-KO mice under antibiotics treatment. Scale bars, 200 mm.
See also Figures S3 and S4 and Table S1.
(Figure 5E). These data suggest that Myh9 plays a critical

role in maintaining epithelium integrity and prevents

pathological inflammation and then carcinogenesis.
DISCUSSION

In this study, we demonstrated that inducible homozygous

deletion of Myh9 in the intestinal epithelium leads to

abnormal crypts, high sensitivity to DSS-induced colitis

formation, and colitis-related adenoma development.

Myh9 deficiency leads to losing cell junctions in the crypt

epithelium and necroptosis of the intestinal epithelium.
Blocking necroptosis could partially rescue the phenotype

of Myh9-KO mice, including crypt abnormality and

reduced Paneth cells.

Our previous study showed that reducing Myh9

expression level or inhibiting its activity could facilitate

self-renewal of LGR5+ ISCs by enhancing Akt activation

and ameliorate DSS-induced colitis (Zhao et al., 2015).

However, this study revealed that homozygous Myh9

deletion in the intestinal epithelium impaired LGR5+ cells.

The reason could be that a strong activation of necroptosis

signaling overcomes the activated survival signaling. Spe-

cific deletion of Myh9 in LGR5+ cells also reduced their

cell number, suggesting that Myh9 is critical to protect
Stem Cell Reports j Vol. 16 j 1290–1301 j May 11, 2021 1295



Figure 4. Myh9 deficiency enhances necroptosis of cryptic epithelium
(A) TUNEL assay was performed in control, Myh9-KO, and Myh9-Ripk3-DKO small intestine at day 5 after the first TAM injection, with
quantification (right) of labeled cells. The data represent mean ± SD derived from at least 30 crypts from 3 mice per group.
(B and C) Intestinal epithelium lysates of control and Myh9-KO mice at day 10 (B) or control, Myh9-KO and Myh9-Ripk3-DKO mice at day 5
(C) after the first TAM injection were subjected to immunoblotting with indicated antibodies.
(D) H&E staining of small intestine and colon and crypt quantitation from control, Myh9-KO, and Myh9-Ripk3-DKO mice at day 5 after the
first TAM injection (PSI/DSI/COL: proximal, distal small intestine, and colon). The data represent mean ± SD derived from at least 30 crypts
from each mouse (n = 3 mice per group).
(E) Quantitation of LYZ-positive cells in control and Myh9-KO intestinal crypts at day 5 after the first TAM injection. The data represent
mean ± SD derived from at least 30 crypts from each mouse (n = 3 mice per group).
(F) Representative pictures of organoids cultured at day 5 after treated with Necrostatin-1, 4-OH-TAM, or both as indicated. Quantification
of bud numbers is shown below and the data represent mean ± SD derived from at least three wells per group and all experiments repeated
with three mice.
One-way ANOVA (A, E, and F), two-way ANOVA (D). ***p < 0.001, **p < 0.01, *p < 0.05. Scale bars, 200 mm. See also Figure S5.
stem cells from necroptosis. Another possibility for Myh9

deficiency-caused ISC reduction could be insufficient Pan-

eth cell function in the Myh9 KO crypts. Paneth cells

constitute the niche to sustain LGR5+ ISCs by providing

multiple ligands (Sato et al., 2011; Takeda et al., 2011).

We observed that Villin-driven Myh9 deletion reduced the

Paneth cell number. As reported previously, either cell junc-

tion protein, such as E-cadherin deficiency, or activation of

necroptosis, would affect the location and quantity of Pan-

eth cells (Gunther et al., 2011; Schneider et al., 2010; Welz
1296 Stem Cell Reports j Vol. 16 j 1290–1301 j May 11, 2021
et al., 2011). Interestingly, specific deletion of Myh9 in

LGR5+ cells did not affect the number of Paneth cells, sug-

gesting that ISC reduction is mainly caused by Myh9 defi-

ciency inside these cells.

Cell junction integrity is the basis of intestinal lumen

barrier stabilization and important for intercellular

communication, and protection from pathogen invasion

and inflammatory response (Buckley and Turner, 2018;

Odenwald and Turner, 2017; Suzuki, 2013).Myh9, a motor

protein binding to actin filament, participates in cell



Figure 5. Myh9 deficiency promotes colitis-related adenoma formation
(A) Oncomine analysis shows that the Myh9mRNA expression is reduced in multiple types of gastrointestinal tumors in the TCGA database.
C, no value (22); 1, cecum adenocarcinoma (22); 2, colon adenocarcinoma (101); 3, colon mucinous adenocarcinoma (22); 4, rectal
adenocarcinoma (60); 5, rectal mucinous adenocarcinoma (6); 6, rectosigmoid adenocarcinoma (3); 7, rectosigmoid mucinous adeno-
carcinoma (1).
(B) GSEA analysis of the transcriptome showing an enrichment of colorectal adenomas in Myh9-KO mice.
(C) Relative body weight of control and Myh9-KO mice upon AOM/DSS treatment. Body weight was normalized to the first day of TAM
injection. The data represent mean ± SD derived from six mice for control group and five mice for Myh9 KO group.
(D) Representative colon of control andMyh9-KO mice after AOM/DSS treatment. Alcian blue staining was to improve observable adenomas
in the colon. Right: quantification of adenoma numbers. The data represent mean ± SD derived from five mice per group. *p < 0.05,
Student’s t test.
(E) H&E staining shows the adenoma in colon from control and Myh9-KO mice after AOM/DSS treatment. Scale bars, 200 mm.
adhesion, polarization, and migration (Conti and Adel-

stein, 2008; Vicente-Manzanares et al., 2009). Consistent

with an earlier report (Naydenov et al., 2016), we found

that deletion ofMyh9 impaired the expression and distribu-

tion of cell junction proteins and affected the integrity of

the epithelium barrier. Our data are in agreement with

the importance of E-cadherin in the proper function

of the intestinal epithelial cells by providing mechanical

integrity of the adherens junction (Bondow et al., 2012;

Mohanan et al., 2018; Schneider et al., 2010).

We also observed increased necroptosis in Myh9 KO

crypts. In line with this,Myh9 deletion led to the activation

of the necroptosis-related proteins RIPK3 and MLKL.

Meanwhile, inhibition of necroptosis by additional dele-
tion of Ripk3 partially rescued the crypt abnormality.

Reduced caspase-3 activation suggests that Myh9 deletion

could switch cell death from apoptosis to necroptosis,

revealing a previously unknown role of Myh9 in involve-

ment of the inflammation and necroptosis. It is note-

worthy that further RIPK3 deletion did not fully rescue

the cell death phenotype caused by Myh9 deficiency. It

would be better to confirm that Myh9-KO-induced cell

death is via necroptosis with MLKL deletion. Also, RIPK3

has been shown to have necroptosis-independent cell

death (Lawlor et al., 2015). It is unclear whether impaired

cell junction integrity is contributed to the enhanced

necroptosis in intestinal crypts, and how Myh9 negatively

regulates the RIPK3.
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Chronic inflammation of the colon is associatedwith an

increased risk of developing colorectal cancer (Grivenni-

kov, 2013; Terzic et al., 2010). Distinct from apoptosis,

necroptosis has been considered to be a form of pro-

grammed cell death that triggers an inflammatory

response (Chan, 2012; Gunther et al., 2013; Wang et al.,

2020). Several studies have shown that Myh9 participate

in cancer development mainly by regulation of cell

junction proteins or stabilizing p53 (Conti et al., 2015;

Schramek et al., 2014; Derycke et al., 2011; Ma and Adel-

stein, 2014). Consistently, we found that Myh9 deletion

resulted in deregulation of necroptosis and enhanced

inflammation, and promoted colitis-related adenoma

formation after AOM/DSS treatment. These data together

highlight the role of Myh9 in colitis-associated colorectal

cancer.
EXPERIMENTAL PROCEDURES

Mice
All animal studies were performed in accordance with the relevant

guidelines and regulations and with the approval of the Institu-

tional Animal Care and Use Committee of Tsinghua University.

Lgr5-GFP-ires-creERT2 mice and Villin-creERT2 mice were obtained

from the JacksonLaboratory.Myh9fl/flmouse spermswere obtained

from MMRRC (MMRRC_036749-JAX). Ripk3�/� mice were a

gift from Dr. Xiaodong Wang (National Institute of Biological Sci-

ences, Beijing). For Myh9, Myh9fl/fl mice were crossed with the

mice expressing cre-recombinase and treated with five consecutive

daily doses of tamoxifen (Sigma, 100 mg kg�1) in corn oil.
Intestinal crypt and LGR5+ cell isolation and culture
Mouse intestinewas isolated from8-week-oldmice. For isolation of

whole-intestinal epithelial cells, themouse intestinewas cut longi-

tudinally and washed two to three times with ice-cold PBS, then

cut into small pieces (3–7 mm long) and incubated for 30 min at

4�C in PBS containing 30 mM EDTA and 1.5 mM dithiothreitol

on ice, and collecting suspended cells after gentle vortexing. For

isolation of intestinal crypts, mouse small intestine was washed

with PBS as above. The villi were scraped using a coverslip. The

crypts were released by incubation for 30 min at 4�C in PBS con-

taining 30 mM EDTA and gentle vortexing. The supernatant,

which enriched in crypts, was passed through a 70-mmcell strainer

(BD) and centrifuged at 800 3 g for 5 min. Isolated crypts were

counted and pelleted for single-cell purification or organoids

culture.

To purify single LGR5+ cells, isolated intestinal crypts were

treated with Trypsin (Invitrogen) for 30 min, and then 10% FBS

and 50 mL of 10 mg mL�1 DNase was added to the cell solution.

The tubewas inverted three to four times to thoroughlymix the re-

agents. After being passed through 70- and 40-mm cell strainers

(BD), LGR5+ cells were sorted using FACS (BD FACSAria II). Orga-

noid cultures was performed as described previously (Zhao et al.,

2015). The Necrostatin-1 (Selleck) was diluted in DMSO to a final

concentration of 10 mM.
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DSS-induced colitis
Acute colitis was induced by feeding 8-week-old Myh9-KO mice

and control mice with 2.5% DSS (MP Biomedicals) dissolved in

drinking water for

5 days and replaced with water.

AOM/DSS-induced tumor
Control mice were co-housed with Myh9-KO mice and injected

with 100 mL of 20 mg mL�1 TAM every day for 5 days. At 5 days

after the final injection, all micewere given a single intraperitoneal

injection of 10 mg kg�1 of AOM (Sigma). One week later, all mice

received 2.5% DSS in their drinking water for 7 days and then

regular water for 14 days. Two more cycles of TAM and DSS were

subsequently administered.Mice were observed daily andweighed

every 3 days before being sacrificed approximately 2 weeks after

the last DSS cycle. Tumors were counted using a stereomicroscope

and colon tissue was subsequently fixed for histology.

Histological analyses
Intestines were washed with PBS, fixed in 10% neutral formalin,

paraffin embedded, and sectioned. For immunohistochemistry

staining, antigen retrieval was performed by heating slides in

0.01 M citrate buffer (pH 6) in a microwave oven. The sections

were incubated with 3% hydrogen peroxide in diH2O to quench

endogenous peroxidases. For immunofluorescence staining,

paraffin sections were pretreated in 0.01 M citrate buffer (pH 6)

in a microwave oven, and incubated in primary antibodies over-

night at 4�C, then incubated with FITC- or TRITC-conjugated

fluorescent secondary antibodies (1:400, Jackson Laboratory,

715-545-150, 711-025-152) for 30min at 37�C and counterstained

with DAPI. The following antibodies were used: KI67 (1:1,000,

Abcam, ab15580), MYH9 (1:400, Proteintech Group, 11128-1-

AP), lysozyme (1:50, Santa Cruz, sc-27956), GFP (1:200, Abcam,

ab6556), pMLKL (1:200, Abcam, ab196436), CD11b (1:200, Ab-

cam, ab13357), and PCNA (1:200, Santa Cruz, sc56). H&E staining

was used according to the manufacturer’s instructions (C0205S,

Beyotime). In brief, the sections were rinsedwith PBS to remove re-

sidual chemicals after being dewaxed by conventional procedures,

and then stained with hematoxylin for 2 min and eosin for 20 s.

After staining, sections were dehydrated through increasing con-

centrations of ethanol and xylene and coverslipped with neutral

balsam. Alcian blue staining was used to detect goblet cells, and

slides were stained with Alcian blue for 15 min and nuclear fast

red for 1 min (BA4087B, Baso). A confocal microscope (FV3000,

Olympus) was used for imaging the immunofluorescence staining.

OtherH&E, immunohistochemistry, andAlcian blue stainingwere

imaged with a slide scanning system (KF-PRO-120, Jiang Feng).

TUNEL assay
Formalin-fixed paraffin-embedded slides of the respective geno-

types were subjected to cell death assessment using the TUNEL

cell death detection kit (Roche).

BrdU assay
For BrdU labeling, mice were injected with 100 mL of 20 mgmL�1

TAM every day for 5 days. Five days after the final TAM injection,

all mice were given a single intraperitoneal injection of 100 mL



BrdU (BD Pharmingen) 2 or 24 h before killed and intestinal isola-

tion. The BrdU detection was carried out following the directions

for the BrdU flow kit from BD Pharmingen.

Immunoblotting
Cellswere lysed inTNEbufferwithprotease inhibitors (Roche). After

quantification using a BCA protein assay kit (Pierce), 40 mg of total

protein was separated with 7.5% or 10% SDS-PAGE under dena-

turing conditions and were transferred to nitrocellulosemembranes

(Bio Trace). The membranes were blocked in 5% milk and then

incubated with the primary antibody overnight at 4�C, followed

by incubation with a secondary antibody conjugated with horse-

radish peroxidase (HRP) for 1 h at room temperature. The following

antibodies were used for immunoblotting: AKT (1:2,000, Cell

Signaling, 9272s), cleaved caspase-3 (1:1,000, Cell Signaling Tech-

nology, 9661s), GAPDH (1:2,000, Santa Cruz, SC-137179), MYH9

(1:2,000, Proteintech Group, 11128-1-AP), p-AKT (Ser473)

(1:2,000, Cell Signaling Technology, 4060s), TUBULIN (1:1,000,

Santa Cruz, sc-8035), RIPK3 (1:1,000, Cell Signaling Technology,

95702s), p-RIPK3 (1:1,000, Abcam, ab195117), MLKL (1:1,000,

Abcam, ab172868), p-MLKL (1:1,000, Abcam, ab196436), and

HRP-conjugated mouse IgG or rabbit IgG (1:10,000, Cell Signaling

Technology, 7074s, 7076s). The experiments were repeated at least

three times, and representative data are shown.

qRT-PCR
Total RNA was extracted with RNeasy Mini Kit (QIAGEN) and

cDNA was synthesized with Revertra Ace (Toyobo). A Mx3000p

qPCR system (Stratagene) was used to perform qRT-PCR. EvaGreen

dye (Biotium)-based qRT-PCRwas performed to detect gene expres-

sions. A list of primers is given in Table S2.

Mass spectrometry
Whole epithelium lysis isolated from control andMyh9-KOmice at

day 5 after the first TAM injection was used for anti-MYH9 immu-

noprecipitation (Myh9 antibody from Proteintech Group, 11128-

1-AP, 1:100 dilution), and the immuneprecipitants were subjected

to mass spectrometry analysis.

Transcriptomic profiling
Total RNAwas isolated frommouse small intestinal epithelial cells

from Ctrl and Myh9-KO mice at day 5 after the administration of

TAM using TRIzol Reagent (Life Technologies) according to the

manufacturer’s instructions. High-throughput sequencing was

performed using the Illumina HiSeq 2000. Genes with fold

changes of 1.4 were regarded as differentially expressed genes.

Gene set enrichment analysis (GSEA) was performed with rank

gene based on fold change on theGSEAplatformof the Broad Insti-

tute (http://www.broadinstitute.org/gsea/index.jsp).

Statistical analysis
All experiments were carried out with at least three biological rep-

licates. Data shown in column graphs represent mean ± SD as indi-

cated in the figure legends. When normality could be assumed,

Student’s t test analysis was used to compare differences between

the two groups, as indicated in the figure legends. Statistical
analysis was performed with GraphPad Prism v.6 software. The

quantitation of immunoblotting was performed with ImageJ.

Each experiment was independently repeated at least three times.

Data and code availability
The accession number for the RNA sequencing is GEO:

GSE169225.
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