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SUMMARY

Developmental morphogenesis, tissue injury, and
oncogenic transformation can cause the detachment
of epithelial cells. These cells are eliminated by a
specialized formof apoptosis (anoikis).While thepro-
cesses that contribute to this form of cell death have
been studied, the underlyingmechanisms remain un-
clear. Here, we tested the role of the cJUNNH2-termi-
nal kinase (JNK) signaling pathway using murine
models with compound JNK deficiency in mammary
and kidney epithelial cells. These studies demon-
strated that JNK is required for efficient anoikis
in vitro and in vivo. Moreover, JNK-promoted anoikis
required pro-apoptotic members of the BCL2 family
of proteins. We show that JNK acts through a BAK/
BAX-dependent apoptotic pathway by increasing
BIM expression and phosphorylating BMF, leading
to death of detached epithelial cells.

INTRODUCTION

Multicellular organisms rely on apoptosis to remove excess

cells, mediate cell turnover, and clear damaged cells in order

to prevent disease (Fuchs and Steller, 2011). Improper regulation

of cell death is implicated in pathogenic processes, including

cancer (Hanahan and Weinberg, 2011). Gaining an understand-

ing of pathways that mediate these forms of cell death is there-

fore critically important.

Pro-apoptotic BCL2-family proteins, including BAK/BAX-like

proteins and BH3-only proteins, can initiate cell death, while

anti-apoptotic BCL2-family proteins can suppress cell death

(Huang and Strasser, 2000; Piñon et al., 2008; Czabotar et al.,

2014).BAKandBAXcan releasecytochromec frommitochondria,

thereby committing cells to apoptosis (J€urgensmeier et al., 1998;

Narita et al., 1998). Anti-apoptotic BCL2-like proteins can prevent

BAK and BAX activation, while pro-apoptotic BH3-only members

of the BCL2 family can initiate BAK/BAX-mediated cell death.

Multiple signaling pathways target the BCL2-family proteins, and

the balance of these signals determines whether a cell initiates

apoptosis (Puthalakath and Strasser, 2002). The stress-activated

c-JUN NH2-terminal kinase (JNK) pathway (Davis, 2000) is one of

these signaling mechanisms (Tournier et al., 2000). Pro-apoptotic

targets of JNK signaling include the BH3-only proteins BIM and

BMF that can initiate BAK/BAX-dependent apoptotic cell death

(Lei et al., 2002; Lei and Davis 2003; H€ubner et al., 2008, 2010).

Anoikis—apoptosis induced by epithelial cell detachment—is

implicated in the luminal clearance of developing mammary

glands (Humphreys et al., 1996), involution of lactatingmammary

glands (Boudreau et al., 1995), and cancer metastasis (Douma

et al., 2004). The initiation of anoikis is induced by the disruption

of epithelial cell interactions with the cell matrix (Frisch and Fran-

cis, 1994; Frisch and Screaton, 2001; Reginato et al., 2003). The

role of JNK in anoikis is controversial because it has been

reported that JNK is both essential (Frisch et al., 1996) and

dispensable (Khwaja and Downward, 1997) for epithelial cell

apoptosis in response to detachment. This controversy has

yet to be resolved. More recent studies suggest that JNK may

promote epithelial cell anoikis in vitro (McNally et al., 2011) and

in vivo (Cellurale et al., 2012).

The purpose of this study was to rigorously test the role of JNK

in anoikis using compound ablation of the Mapk8 and Mapk9

genes that encode the JNK1 and JNK2 protein kinases (Han

et al., 2013) and pharmacological inhibition using a highly spe-

cific small molecule (Zhang et al., 2012). These loss-of-function

studies demonstrated that JNK signaling is required for epithelial

cell anoikis. Conversely, gain-of-function studies using constitu-

tively activated JNK showed that JNK signaling promotes anoi-

kis. Mechanistic analysis demonstrated that JNK-promoted

anoikis requires the pro-apoptotic BCL2-family proteins BAK/

BAX and the BH3-only proteins BIM and BMF. We show that

JNK-induced BIM expression and JNK-mediated phosphoryla-

tion of BMF lead to engagement of the BAK/BAX apoptosis

pathway that causes death of detached epithelial cells.

RESULTS

JNK Promotes Epithelial Cell Anoikis
To test the role of JNK during epithelial cell anoikis, we examined

the effect of JNK inhibition using a small molecule (JNK-IN-8)

that selectively and potently blocks JNK activity (Zhang

et al., 2012). Normal human mammary epithelial cells were

treated with JNK-IN-8 or solvent (DMSO) and then cultured in
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suspension (1 or 48 hr). The number of apoptotic (Annexin V+

7-aminoactinomycin D [7-AAD]�) cells was measured by flow

cytometry. Suspension culture (48 hr) caused a large increase

in apoptosis (anoikis) that was strongly suppressed following

treatment with the JNK inhibitor (Figure S1).

To obtain genetic evidence for a role of JNK in epithelial cell

anoikis, we examined the effect of Mapk8 (encodes JNK1) and

Mapk9 (encodes JNK2) gene ablation in primary murine kidney

epithelial cells. Immunoblot analysis of control (Mapk8+/+

Mapk9+/+) and JNKKO (Mapk8�/� Mapk9�/�) cells confirmed

that JNK was expressed in Control, but not JNKKO, epithelial

cells (Figure 1A). We examined anoikis of Control and JNKKO

epithelial cells caused by suspension culture (1 or 24 hr). Colony

formation assays demonstrated that JNK-deficiency promoted

epithelial cell survival (Figure 1B). Quantitation of apoptotic

(annexin V+ 7-AAD�) cells using flow cytometry (Figure 1C)

Figure 1. JNK Promotes Anoikis of Murine

Epithelial Cells

(A) Mapk8LoxP/LoxP Mapk9�/� RosaCreERT mouse

kidney epithelial cells were treated with

4-hydroxytamoxifen to generate Mapk8�/�

Mapk9�/� cells (JNKKO). JNK expression by con-

trol (RosaCreERT) and JNKKO cells was examined

by immunoblot analysis.

(B) Control and JNKKO mouse kidney epithelial

cells were replated after suspension (1 or 24 hr)

and stained with crystal violet. Representative

images of cultures are presented. The fraction of

surviving cells was quantitated by staining with

crystal violet (mean ± SEM; n = 3; *p < 0.05).

(C) Control and JNKKO mouse kidney epithelial

cells were cultured in suspension (1 or 24 hr).

Representative flow cytometry data are pre-

sented. Apoptotic control and JNKKO cells (An-

nexin V+ [AnxV+] and 7-AAD�) were quantitated by

flow cytometry (mean ± SEM; n = 4; **p < 0.01).

(D) Extracts prepared from control and JNKKO

mouse kidney epithelial cells (attached, attached

and starved 24 hr, and anoikis 24 hr) were exam-

ined by immunoblot analysis of caspase-3 (C3),

cleaved caspase-3 (c-C3), and a-tubulin. The data

were quantitated (mean ± SEM; n = 3; **p < 0.01).

(E and F) Control mouse kidney epithelial cells

were transduced with an empty vector or a vector

that expresses constitutively activated JNK1

(FLAG-Mkk7b2-Jnk1a1 [JNK1CA]), treated with

doxycycline, and examined by immunoblot anal-

ysis using antibodies to FLAG and GAPDH (E). The

epithelial cells were cultured in suspension (1 or

24 hr), and apoptotic cells (Annexin V+ [AnxV+] and

7-AAD�) were quantitated by flow cytometry (F)

(mean ± SEM; n = 4; ***p < 0.001). Representative

flow cytometry data are also presented.

See also Figure S1.

and activation of the apoptosis effector

caspase-3 by cleavage (Figure 1D)

confirmed that JNK is required for effi-

cient epithelial cell anoikis.

To test whether JNK promotes anoikis,

we examined the effect of conditional

expression of constitutively activated JNK using epithelial cells

transduced with a doxycycline-inducible lentiviral vector that ex-

presses FLAG-Mkk7b2-Jnk1a1 (JNK1CA). Immunoblot analysis

confirmed that treatment with doxycycline induced the expres-

sion of JNK1CA (Figure 1E). When cultured in suspension (1 or

24 hr), JNK1CA expression in epithelial cells caused an increase

in the number of apoptotic (Annexin V+ 7-AAD�) cells detected

by flow cytometry (Figure 1F). These data demonstrate that

JNK functions to promote anoikis.

JNK-Promoted Anoikis Is Mediated by the BAK/BAX
Pathway
It is established that the pro-apoptotic BCL2 family proteins BAK

and BAX play a central role in apoptotic cell death (Lindsten

et al., 2000; Wei et al., 2001). To test whether this pathway con-

tributes to anoikis, we examined the effect of suspension culture

Cell Reports 21, 1910–1921, November 14, 2017 1911



(1 and 24 hr) on control andBak1�/�Bax�/� (BAK/BAXKO) epithe-

lial cells. We found that BAK/BAX deficiency greatly decreased

the number of apoptotic (Annexin V+ 7-AAD�) cells detected

by flow cytometry following epithelial cell detachment (Fig-

ure 2A). BAK and BAX are therefore key players in anoikis.

To test whether BAK and BAX contribute to JNK-promoted

anoikis, we examined BAK/BAXKO epithelial cells transduced

with a lentiviral vector that conditionally expresses JNK1CA.

Expression of JNK1CA in doxycycline-treated BAK/BAXKO

epithelial cellswas confirmedby immunoblot analysis (Figure 2B).

Examination of BAK/BAXKO epithelial cell suspension cultures

demonstrated that JNK1CA expression did not cause increased

anoikis (Figure 2C). Together, these data demonstrate that

JNK-promoted anoikis is mediated by the BAK/BAX pathway.

BH3-Only Proteins Promote Epithelial Cell Anoikis
In Vitro

The BAK/BAX pathway of cell death can be engaged by

BH3-only members of the BCL2 protein family by interacting

Figure 2. BAK and BAX Are Required for

JNK-Promoted Anoikis

(A) Control and Bak1�/� Bax�/� (BAK/BAXKO)

mouse kidney epithelial cells were cultured in sus-

pension (1 or 24 hr), and apoptotic cells (Annexin V+

[AnxV+] and 7-AAD�) were quantitated by flow cy-

tometry (mean ± SEM; n = 3; ***p < 0.001). Repre-

sentative flow cytometry data are also presented.

(B and C) BAK/BAXKO kidney epithelial cells were

transduced with an empty vector or a vector that

expresses constitutively activated FLAG-tagged

JNK1 (JNK1CA), treated with doxycycline, and

examined by immunoblot analysis using antibodies

to FLAG and GAPDH (B). The cells were cultured in

suspension (1 or 24 hr), and apoptotic cells (Annexin

V+ [AnxV+] and 7-AAD�) were quantitated by flow

cytometry (C). Data are presented as mean ± SEM

(n = 3). Representative flow cytometry data are also

presented.

See also Figure S2.

with pro-survival BCL2-family proteins

(Zong et al., 2001; O’Neill et al., 2016).

We found that anoikis was not

associated with increased BAK or BAX

expression (Figure S2A). Consequently,

BAK/BAX-mediated cell death may

be initiated by either increased pro-

apoptotic BH3-only protein function

and/or decreased pro-survival BCL2

family protein function.

We examined the potential role of pro-

survival members of the BCL2 family.

Gene expression studies demonstrated

decreased expression of Bcl2 and Bcl2l1

during anoikis of primary murine epithelial

cells (Figure S2B). Increased expression

of pro-survival BCL2 family genes was

not detected in JNKKO epithelial cells

(Figure S2B) and therefore cannot account for the resistance of

JNKKO epithelial cells to anoikis (Figure 1).

Expression of the anti-apoptotic BCL2 familymemberMCL1 is

regulated by ubiquitin-mediated degradation promoted by the

AKT-regulated GSK3 signaling pathway (Maurer et al., 2006).

We therefore performed immunoblot analysis to examine survival

signaling pathways and MCL1 expression during anoikis. We

found that suspension culture caused decreased activation of

the ERK and AKT signaling pathways and decreased expression

ofMCL1 protein (Figure S3). However, JNK deficiency caused no

change in MCL1 protein abundance (Figure S3). Together, these

data demonstrate that decreased expression of pro-survival

BCL2 family member MCL1 protein likely contributes to anoikis,

but this mechanism is not targeted by JNK to promote anoikis.

We also examined the role of pro-apoptotic BH3-only mem-

bers of the BCL2 family in JNK-promoted apoptotic cell death

during anoikis. Gene expression analysis demonstrated that

the expression of Bcl2l11 (encoding BIM), Bmf, and Hrk were

increased during epithelial cell anoikis (Figure 3A), although

1912 Cell Reports 21, 1910–1921, November 14, 2017



only very low levels of Hrk gene expression were detected (Fig-

ure S4A). This analysis indicates that BIM and BMFmaymediate

the effects of JNK on anoikis. However, studies of gene expres-

sion by JNKKO epithelial cells demonstrated that only theBcl2l11

gene (not the Bmf gene) exhibited JNK-dependent expression

during anoikis (Figures 3A, S3, and S4B). Thus, JNK promotes

BIM expression during anoikis.

To test the role of BIM and BMF in anoikis, we prepared pri-

mary epithelial cells from control mice (Bcl2l11+/+ Bmf+/+), BIMKO

mice (Bcl2l11�/� Bmf+/+), and BMFKO mice (Bcl2l11+/+ Bmf�/�).
We also prepared primary epithelial cells from BIM/BMFKO

mice (Bcl2l11�/� Bmf�/�), because it has previously been estab-

lished that BIM and BMF have partially redundant functions

(H€ubner et al., 2010; Labi et al., 2014). These cells were cultured

Figure 3. Anoikis Causes JNK-Dependent Increased Expression of BH3-Only Genes

(A) Attached and suspended (4 hr) control and JNKKO mouse kidney epithelial cells were examined by RNA-seq analysis. The expression of BH3-only genes is

presented using a heatmap with samples normalized to the attached Control epithelial cells (mean, n = 3).

(B) Control (n = 9), Bmf�/� (BMFKO, n = 9), Bcl2l11�/� (BIMKO, n = 12), and compound mutant Bmf�/� Bcl2l11�/� (BIM/BMFKO, n = 10) kidney epithelial cells were

cultured in suspension (1 or 24 hr). Epithelial cell viability was tested by colony-formation assays and quantitated by staining with crystal violet (mean ± SEM;

**p < 0.01, ***p < 0.001). Representative images of cultures are also presented.

(C) Kidney epithelial cells were cultured in suspension (1 or 24 hr), and extracts were examined by immunoblot analysis of caspase-3 (C3), cleaved caspase-3

(c-C3), and GAPDH. The data were quantitated (mean ± SEM; n = 2; ***p < 0.001).

(D) Kidney epithelial cells were cultured in suspension (1 or 48 hr), and apoptotic cells (Annexin V+ [AnxV+] and 7-AAD�) were quantitated by flow cytometry (mean

and SEM; control n = 6, BMFKO n = 4, BIMKO n = 4, BIM/BMFKO n = 6; **p < 0.01, ***p < 0.001). Representative flow cytometry data are also presented.

See also Figures S3 and S4.
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in suspension (1 and 24 hr) to test the effect of BIM andBMF defi-

ciency on anoikis. Colony-formation assays demonstrated that

BIM deficiency, but not BMF deficiency, significantly increased

survival following suspension culture (Figure 3B). Similarly, BIM

deficiency, but not BMF deficiency, suppressed cleavage and

subsequent activation of the apoptosis effector caspase-3 dur-

ing anoikis (Figure 3C). However, both BIM deficiency and

BMF deficiency significantly decreased the number of apoptotic

(Annexin V+ 7-AAD�) cells detected by flow cytometry during

anoikis (Figure 3D). These data indicate that while BIM and

BMF can both contribute to anoikis, BIM (which exhibits JNK-

dependent expression) plays a key role during anoikis, while

BMF (which is expressed by a JNK-independent mechanism)

most likely plays a partially redundant role.

BIM and BMF Deficiency in Epithelial Cells Causes
Resistance to JNK-Promoted Anoikis
To confirm that BIM and BMF mediate the effects of JNK to

promote anoikis, we examined the effect of compound BIM

and BMF deficiency in epithelial cells that conditionally express

constitutively activated JNK (JNK1CA). Activated JNK was ex-

pressed using a doxycycline-inducible lentiviral vector (Fig-

ure 4A). JNK-promoted anoikis in control (Bcl2l11+/+ Bmf+/+)

epithelial cells was detected by flow cytometry of Annexin V

staining (Figures 4B and 4C). However, this JNK-promoted anoi-

kis was suppressed inBcl2l11�/�Bmf�/� (BIM/BMFKO) epithelial

cells (Figures 4B and 4C).

The low level of JNK-promoted anoikis detected in

BIM/BMFKO epithelial cells may be caused by the increased

expression of other BH3-only proteins. Indeed, we found that

constitutively activated JNK caused increased expression of

Hrk mRNA by epithelial cells in suspension culture (Figure S5A).

Figure 4. BIM and BMF Contribute to JNK-

Promoted Anoikis

(A) Control and BIM/BMFKO mouse kidney epithe-

lial cells expressing doxycycline (Dox)-inducible

FLAG-tagged constitutively active JNK (JNK1CA)

were cultured in suspension (1 or 24 hr) in medium

supplemented without or with doxycycline. The

expression of FLAG-JNK1CA and GAPDH was

examined by immunoblot analysis.

(B and C) The epithelial cells were cultured in sus-

pension (1 or 24 hr), and apoptotic cells (Annexin V+

[AnxV+] and 7-AAD�) were examined by flow cy-

tometry (mean ± SEM; n = 6; *p < 0.05, **p < 0.01,

***p < 0.001) (B). Representative flow cytometry

data are presented (C).

See also Figure S5.

Increased Pmaip1mRNA (encodes NOXA)

expression was also detected (Fig-

ure S5B). It is therefore possible that

HRK and NOXA may also contribute to

anoikis caused by constitutively activated

JNK. However, studies of wild-type

epithelial cells demonstrated that anoikis

was associated with very low levels of

Hrk mRNA expression (Figure S4A) and

only modest changes in Pmaip1 mRNA expression (Figure 3A).

These data suggest that BIM and BMF are the major physiolog-

ical targets of JNK signaling and that very high levels of activated

JNK may also engage the HRK and NOXA pathways.

BIM and BMF Are Required for Epithelial Cell Anoikis
In Vivo

It is established that lumen formation in terminal end buds (TEBs)

and ducts in mammary glands is mediated by apoptosis (Hum-

phreys et al., 1996) and that defective anoikis causes TEB/ductal

occlusion (Mailleux et al., 2007). Interestingly, JNK deficiency is

associated with TEB/ductal occlusion (Cellurale et al., 2012),

suggesting that JNK signaling in the breast epithelium may be

required for developmental anoikis. Previous studies have es-

tablished roles for BIM and BMF in mammary acinar formation

(Mailleux et al., 2007; Schmelzle et al., 2007). To elucidate the

relative roles of BIM and BMF in this form of anoikis in vivo, we

examined murine mammary gland development. We found that

BMF deficiency caused no major defects in mammary gland

development of young (5- to 6-week-old) or mature (6-month-

old) mice (Figures 5A, 5B, and S6A), although BMF deficiency

was found to cause increased duct extension in young mice

compared with control mice (Figure S6B). In contrast, young

BIM-deficient mice exhibited a marked defect in duct extension

(Figure S6B) and occlusion of TEB and ducts (Figure 5A and S6A)

compared with control mice. Duct occlusion in mature BIMKO

mice was not observed (Figure 5B). Interestingly, the develop-

mental defects detected in compound mutant BIM/BMFKO

mice were more severe than those detected in either BIMKO

mice or BMFKO mice. Compared with BIMKO mice, young BIM/

BMFKO mice exhibited a larger duct extension defect and signif-

icantly greater occlusion of TEB and ducts (Figures 5A and S6).

1914 Cell Reports 21, 1910–1921, November 14, 2017



Moreover, the duct occlusion phenotype persisted in mature

BIM/BMFKO mice (Figure 5B) and was not associated with

increased proliferation, as monitored by proliferating cell nuclear

antigen (PCNA) staining (Figures 5C and S6C). These data

demonstrate that BIM plays a key role during mammary gland

development and confirm the conclusion that the anoikis func-

tions of BIM are partially redundant with BMF.

Themammary epithelium is composedof keratin 5+myoepithe-

lial cells that form the exterior surface of ducts and keratin 8+

luminal epithelial cells that formthe interior surfaceofducts (Deug-

nier et al., 2002). To determine which of these cell types occluded

the ducts of BIM/BMFKO mice, we stained tissue sections with

Figure 5. BIM and BMF Contribute to

Normal Mammary Gland Development

(A and B) Representative carmine alum-stained

whole-mount mammary glands (top, scale bar,

2 mm) and H&E-stained sections (middle and

bottom, scale bar, 100 mm) from 6-week-old (A)

and 6-month-old (B) mice are presented.

(C) Representative sections of mammary glands

from 6-week-old mice were stained with DAPI

(blue) and an antibody to PCNA (red). 5 control

mice and 7 BIM/BMFKO mice were examined.

Sections showing ducts and terminal end buds

(TEBs) are presented.

Scale bars, 75 mm. See also Figure S6.

keratin 5 and keratin 8 antibodies. Both

myoepithelial and luminal cells contrib-

uted to luminal occlusion in young mice

(Figure 6A), but we primarily found luminal

cells in the occluded lumens of mature

mice (Figure6B).Thus,whilemyoepithelial

and luminal epithelial cells are initially re-

tained within the ducts of the developing

mammary glands of BIM/BMFKO mice, it

is the luminal epithelial cells that persist

in mature mice (Figure 6).

Role of BIM and BMF
Phosphorylation during Anoikis
The anoikis phenotypes of Mapk8�/�

Mapk9�/� (JNKKO) epithelial cells (Fig-

ure 1) and Bcl2l11�/� Bmf�/� (BIM/

BMFKO) epithelial cells (Figure 3) are

similar. It is possible that this observation

reflects the finding that bothBIMandBMF

are phosphorylated by JNK (Lei andDavis

2003; H€ubner et al., 2008, 2010). To test

whether JNK-mediated phosphorylation

of BIM and BMF contributes to JNK-

dependent anoikis, we isolated primary

epithelial cells from mice harboring point

mutations in the Bcl2l11 and Bmf genes

at the JNK phosphorylation sites Thr112

on BIM and Ser74 on BMF (H€ubner et al.,

2008, 2010). We also examined a

Bcl2l11 mutant that is resistant to ERK-

promoted proteasomal degradation due to mutations at the

ERK phosphorylation sites Ser55, Ser65, and Ser73 (BIM3SA)

(H€ubner et al., 2008). We found that mutation of the ERK phos-

phorylation sites on BIM caused no change in epithelial cell anoi-

kis monitored by flow cytometry analysis of 7-AAD/Annexin V

staining (Figure 7A). Similarly, mutation of the JNK phosphoryla-

tion site Thr112 (replacement with Ala) caused no change in anoi-

kis, including studies using epithelial cells on a sensitized genetic

background (Bmf�/�) (Figures 7A and 7B). In contrast, mutation

of the BMF phosphorylation site Ser74 (replacement with Ala)

caused decreased anoikis in vitro (Figure 7C) but caused only

limited ductal occlusion in vivo (Figure S7).
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Collectively, these data indicate that BIM and BMF phosphor-

ylation is not essential for anoikis. Indeed, BIM phosphorylation

at these sites appears to play no role in anoikis. However, phos-

phorylation of BMF on Ser74, a site targeted by JNK, partially

contributes to anoikis. We conclude that BMF phosphorylation

(but not BIM phosphorylation) may contribute to cell death

following epithelial cell detachment.

DISCUSSION

Genetic studies of epithelial cell sheet development in

Drosophila demonstrate a role for extrusion and death of

compromised cells. This extrusion mechanism causes the

removal of cells from the epithelial cell sheet, and JNK activation

in the detached epithelial cells subsequently causes apoptosis

(Adachi-Yamada et al., 1999; Adachi-Yamada and O’Connor

2002; Gibson and Perrimon 2005; Shen and Dahmann 2005).

Similarly, competition between cells in epithelial cell sheets for

a limited amount of morphogens (e.g., a transforming growth

factor b [TGF-b] ligand) (Moreno et al., 2002) or cell-intrinsic

fitness (e.g., cMYC expression) (Moreno and Basler 2004) can

cause JNK-dependent elimination of compromised cells. These

mechanisms not only ensure normal development of epithelial

cell sheets but also act to suppress tumor formation (Brumby

and Richardson 2003; Uhlirova et al., 2005; Igaki, 2009). JNK

therefore plays a key role in epithelial cell sheet development.

Nevertheless, the mechanism of pro-apoptotic signaling by

JNK in Drosophila is unclear.

Mammalian studies of the role of JNK in epithelial cell detach-

ment and death (anoikis) are controversial, because early studies

using dominant-negative overexpression approaches in Madin

Darby canine kidney (MDCK) epithelial cells both supported a

required role for JNK in anoikis (Frisch et al., 1996) and refuted

a role for JNK in anoikis (Khwaja and Downward 1997). More

recently, studies using the drug SP600125, which inhibits JNK

and many other protein kinases (Bain et al., 2003), indicated

that JNK may be required for acinar formation and luminal clear-

ance by human MCF10A mammary epithelial cells (McNally

et al., 2011). This observation suggested that JNK may play a

role in anoikis. This was later supported by studies of murine

mammary gland development using mice with wild-type or

compound mutant Mapk8�/� Mapk9�/� mammary epithelial

cells that demonstrated a requirement of JNK for the luminal

clearance of mammary ducts and TEBs by apoptosis (anoikis)

(Cellurale et al., 2012). The present study extends these findings

to demonstrate a requirement for JNK in anoikis of human and

murine primary epithelial cells (Figures 1 and S1).

This requirement for JNK in anoikis contrasts with the observa-

tion that JNK does not contribute to other forms of apoptosis,

including cell death mediated by the cell-surface receptors

FAS and TNFR1 (Tournier et al., 2000; Lamb et al., 2003; Das

et al., 2009). These observations indicate that JNK plays

a selective role in apoptosis. This is illustrated by the finding

that constitutively activated JNK does not cause apoptosis of

attached epithelial cells, but constitutively activated JNK pro-

motes apoptosis of detached epithelial cells (Figures 1 and 4).

We demonstrate that the mechanism of JNK signaling to

cause anoikis requires the pro-apoptotic BCL2 family proteins

BAK andBAX (Figure 2) and the pro-apoptotic BH3-only proteins

BIM and BMF (Figure 3). Gain-of-function studies using condi-

tional expression of constitutively activated JNK demonstrated

that the JNK-promoted anoikis detected in wild-type epithelial

cells was suppressed in BAK/BAXKO epithelial cells (Figure 2)

or BIM/BMFKO epithelial cells (Figure 4). The residual cell death

detected in BAK/BAXKO and BIM/BMFKO cells may reflect

partial compensation by the related pro-apoptotic proteins

BOK (Figure S2) and HRK/NOXA (Figures 3 and S5), respec-

tively. Together, these data establish the BH3-only proteins

BIM and BMF as mediators of JNK-promoted anoikis caused

by activation of the cell-intrinsic BAK/BAX mitochondrial

apoptosis pathway.

Figure 6. Basal and Luminal Cells Occlude Ducts of BIM/BMFKO

Mammary Glands

Representative sections of mammary glands from control (top) and BIM/

BMFKO (bottom) mice were stained with antibodies against keratin 5 (red) and

keratin 8 (green) and counterstained with DAPI. Scale bars, 75 mm. Data from

6-week-old (A) and 6 month-old (B) mice are presented.
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BIM and BMF cooperate to cause anoikis. BIM plays a key role,

while the pro-apoptotic functions of BMF are partially redundant

with BIM (Figure 3). This cooperation is illustrated by the finding

that compound mutant BIM/BMFKO mice exhibited a larger duct

extension defect and significantly greater occlusion of TEB and

ducts compared with BIMKO mice or BMFKO mice (Figures 5A

and S6). Moreover, unlike BIMKO mice or BMFKO mice, the duct

occlusion phenotype persisted in mature BIM/BMFKO mice (Fig-

ure 5B). These functions of BIM and BMF are consistent with pre-

vious observations demonstrating cooperative roles of BIM and

BMFduring cell death (H€ubner et al., 2010; Labi et al., 2014; Saka-

moto et al., 2016). Moreover, these roles are consistent with the

established functions of BIM and BMF during mammary acinar

development (Mailleux et al., 2007; Schmelzle et al., 2007).

Two mechanisms may account for the activation of BIM and

BMF by JNK signaling: (1) Anoikis is associated with markedly

increased expression of both BIM and BMF (Figure 3A). The

increased expression of BIM, but not BMF, was JNK dependent

(Figure 3A). Indeed, it is established that the JNK target cJUN

strongly promotes the expression of BIM (Whitfield et al.,

2001). This JNK-dependent increase in BIM expression may

account for the requirement of both JNK and BIM for anoikis.

(2) BIM and BMF are substrates that are phosphorylated by acti-

vated JNK (Lei and Davis 2003; H€ubner et al., 2008, 2010).

Studies of mice with germline point mutations in BIM phosphor-

ylation sites (Ser55, Ser65, Ser73, or Thr112) demonstrated that

Figure 7. Phosphorylation of BMF, but Not

BIM, Contributes to JNK-Promoted Anoikis

(A) Control, Bcl2l11�/� (BIMKO),

Bcl2l11Ser55,65,73A/Ser55,65,73A (BIM3SA), and

Bcl2l11T112A/T112A (BIMT112A) kidney epithelial

cells were examined. Apoptotic cells (Annexin V+

[AnxV+] and 7-AAD�) were quantitated by flow

cytometry (mean ± SEM; n = 6; **p < 0.01,

***p < 0.001). Representative flow cytometry plots

are presented.

(B) Control, Bmf�/� (BMFKO), Bcl2l11T112A/T112A

(BIMT112A), and Bmf�/� Bcl2l11T112A/T112A (BMFKO

BIMT112A) kidney epithelial cells were examined.

Apoptotic cells (Annexin V+ [AnxV+] and 7-AAD�)
were quantitated by flow cytometry (mean ± SEM;

n = 6; **p < 0.01, ***p < 0.001). Representative flow

cytometry plots are presented.

(C) Control, Bmf�/� (BMFKO), and BmfS74A/S74A

(BMFS74A) mouse kidney epithelial cells were

cultured in suspension (1 or 48 hr). Apoptotic cells

(Annexin V+ [AnxV+] and 7-AAD�) were quantitated

by flow cytometry (mean ± SEM; n = 6; **p < 0.01,

***p < 0.001). Representative flow cytometry plots

are presented.

See also Figure S7.

BIM phosphorylation was not required

for anoikis (Figure 7). In contrast, studies

of mice with a germline point mutation in

BMF at the JNK phosphorylation site

Ser74 demonstrated that BMF phosphor-

ylation was required for efficient anoikis

(Figure 7).

Collectively, these data establish that JNK promotes anoikis

by increasing BIM expression and by phosphorylating BMF.

It is possible these roles of BIM and BMF are augmented by

effects of JNK on other BH3-only proteins, including NOXA

and HRK (Figure 3A). NOXA is expressed by epithelial cells,

and this expression is modestly increased during anoikis (Fig-

ure 3). NOXA may therefore contribute to anoikis under some

conditions, particularly when a threshold amount of BH3-only

protein is required to promote anoikis. HRK is expressed at

extremely low levels in primary epithelial cells but does exhibit

increased JNK-dependent expression during anoikis (Figures

3A and S4A). This JNK-dependent HRK expression may reflect

the targeting of the Hrk gene by the cJUN transcription factor

(Ma et al., 2007). Nevertheless, the very low level of HRK

expression in epithelial cells indicates that HRK may only

contribute to anoikis under specialized circumstances. Inter-

estingly, the expression of HRK and NOXA is increased when

epithelial cells expressing constitutively activated JNK are

cultured in suspension (Figure S5). It is therefore possible

that BIM and BMF mediate the pro-anoikis effects of moderate

levels of JNK activation in detached epithelial cells and that

very high levels of JNK activity may additionally recruit JNK-

dependent expression of HRK and NOXA to promote efficient

anoikis.

Genetic analysis of Drosophila indicates that JNK plays

a role in tumor suppression by promoting the elimination of
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compromised epithelial cells (Brumby and Richardson, 2003;

Uhlirova et al., 2005; Igaki, 2009; Igaki et al., 2009; Ohsawa

et al., 2011). This observation suggests that JNK may play a

similar role in mammalian epithelial cells. Thus, loss of JNK func-

tion by epithelial cells may lead to survival in luminal spaces and

the subsequent acquisition of additional mutations that may

cause cancer. Indeed, JNK deficiency enhances tumor forma-

tion in a transplantation model of breast cancer (Cellurale

et al., 2012). Moreover, sequencing of human tumors has re-

vealed that two upstream components of the JNK pathway

(MAP2K4 andMAP3K1) are frequently mutated in human cancer

(Stephens et al., 2012; Nik-Zainal et al., 2016). Whether these

human mutations contribute to cancer development is unclear.

Studies to test this hypothesis are therefore warranted.

In conclusion, we have demonstrated that JNK is required for

efficient anoikis of detached human and mouse epithelial cells.

We show that JNK causes increased BIM expression and phos-

phorylation of BMF following epithelial cell detachment. These

BH3-only proteins act as mediators of JNK-promoted anoikis

that engage the cell-intrinsic BAK/BAX mitochondrial apoptosis

pathway.

EXPERIMENTAL PROCEDURES

Animal Care

We have previously described Bmf�/� mice (RRID:IMSR_JAX:011024),

BmfS74A/S74A mice (RRID:IMSR_JAX:011022), Bcl2l11T112A/T112A mice (RRID:

IMSR_JAX:011026), Bcl2l11S55,65,73A/S55,65,73A (RRID:IMSR_JAX:011025)

mice, (H€ubner et al., 2008, 2010), and Jnk1LoxP/LoxP Jnk2�/� RosaCreERT

mice (Das et al., 2007). C57BL/6J mice (stock 000664; RRID:IMSR_

JAX:000664) mice, B6;129-Gt(ROSA)26Sortm1(cre/ERT)Nat/J mice (stock

004847; RRID:IMSR_JAX:004847) (Badea et al., 2003), and B6.129S1-

Bcl2l111tm1.1Ast/J mice (stock 004525; RRID:IMSR_JAX:004525) (Bouillet

et al., 1999) were obtained from The Jackson Laboratory. Virgin females

(age 6 weeks and 6 months) were used for mammary gland studies. Both

male and female mice (age 8 weeks) were used to establish kidney epithelial

cells. The mice were housed in a specific-pathogen-free facility accredited

by the American Association of Laboratory Animal Care. All animal studies

were approved (A-1032) by the Institutional Animal Care and Use Committee

of the University of Massachusetts Medical School.

Cell Culture

Tertiary human mammary epithelial cells were purchased and maintained in

MammaryLife Media (Lifeline Cell Technology). Primary murine kidney epithe-

lial cells were prepared (Follit et al., 2008) using kidneys from mice (8 weeks

old) digested at 37�C (<2 hr) with 0.1% collagenase, 0.1% trypsin, and

150 mM NaCl in DMEM (Life Technologies). These cells were maintained in

DMEM/F12 media containing 10% fetal bovine serum and supplemented

with 150 mM urea plus 150 mM NaCl. Wild-type and Bak1�/� Bax�/� (BAK/

BAXKO) epithelial cells were obtained from Applied Biological Materials and

maintained in DMEM media containing 10% fetal bovine serum. Rosa-CreERT

kidney epithelial cells were treated with 1 mM 4-hydroxytamoxifen (24 hr) to

ablate floxed alleles.

Immunoblot Analysis

Cell lysates were prepared using Triton lysis buffer (20 mM Tris [pH 7.4], 1%

Triton X-100, 10%glycerol, 137mMNaCl, 2mMEDTA, 25mM b-glycerophos-

phate, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, and

10 mg/mL aprotinin plus leupeptin). Extracts (30 mg) were subjected to immu-

noblot analysis with antibodies to caspase-3 (Cell Signaling Technology,

catalog number 9662 RRID:AB_331439; dilution 1:500), ERK2 (Santa Cruz

Biotechnology, catalog sc-1647; RRID:AB_627547; dilution 1:1,000), FLAG

(Sigma-Aldrich, catalog number F3165 RRID:AB_259529; dilution 1:5,000),

GAPDH (Santa Cruz Biotechnology, catalog number sc-25778; RRID:

AB_10167668; dilution 1:1,000), JNK (R&D Systems, catalog number

AF1387 RRID:AB_2140743R&D; dilution 1:1,000), p-ERK (Cell Signaling Tech-

nology, catalog number 9101 RRID:AB_2315114; dilution 1:1,000), AKT (Cell

Signaling Technology, catalog number 9272 RRID:AB_329827; dilution

1:1,000), p-Ser473 AKT (Cell Signaling Technology, catalog number 9271

RRID:AB_329825; dilution 1:1,000), MCL1 (Rockland, catalog number 600-

401-394S RRID:AB_11179937; dilution 1:2,000), BAX (Abcam, catalog num-

ber ab32503 RRID:AB_725631; dilution 1:5,000), BCLXL (Abcam, catalog

ab32370 RRID:AB_725655; dilution 1:2,000), BCL2 (Abcam, catalog number

ab182858 RRID:AB_2715467; dilution 1:2,000), BMF (Abcam, catalog number

ab181148 RRID:AB_2715466; dilution 1:1,000), BIM (Abcam, catalog ab32158

RRID:AB_725697), and a-tubulin (Sigma-Aldrich, catalog number T5168;

RRID:AB_477579). Immune complexes were detected with IRDye 680LT con-

jugated-donkey anti-mouse immunoglobulin G (IgG) antibody (LI-COR Biosci-

ences, catalog number 926-68022 RRID:AB_10715072) and IRDye 800CW

conjugated-goat anti-rabbit IgG (LI-COR Biosciences, catalog 926-32211

RRID:AB_621843) and quantitated using the Odyssey infrared imaging system

(LI-COR Biosciences).

Analysis of mRNA

RNA was isolated using the RNeasy kit (QIAGEN). RNA quality (RNA integrity

number [RIN] >9) was verified using a Bioanalyzer 2100 System (Agilent

Technologies). Total RNA (10 mg) was used to prepare each RNA-sequencing

(RNA-seq) library following the manufacturer’s instructions (Illumina). Three

independent libraries were examined for each condition. The cDNA libraries

were sequenced by Illumina Hi-Seq with a paired-end 40-bp format. Reads

from each sample were aligned to the mouse genome (UCSC genome

browser mm10 build) using TopHat2 (Kim et al., 2013). The average number

of aligned reads per library was >30,000,000. Gene expression was quanti-

tated as fragments per kilobase of exon model per million mapped fragments

(FPKM) using Cufflinks (Trapnell et al., 2010). Differentially expressed genes

were identified using the Cufflinks tools Cuffmerge and Cuffdiff.

mRNA expression was also examined by qRT-PCR analysis using a

Quantstudio 12K Flex machine (Life Technologies). TaqMan assays were

used to quantify Bad (Mm00432042_m1), Bbc3 (Mm00519268_m1),

Bcl2l11 (Mm00437797_m1), Bid (Mm00432073_m1), Bik (Mm00476123_m1),

Bmf (Mm00506773_m1), Hrk (Mm01208086_m1), and Pmaip1

(Mm00451763_m1) mRNA (Life Technologies). Relative mRNA expression

was normalized by measuring the amount of 18S RNA in each sample using

TaqMan assays (catalog number 4308329; Life Technologies).

Anoikis Assay

Tertiary humanmammary epithelial cells were suspended (43 105 cells/mL) in

MammaryLife media (Lifeline Cell Technology) containing 0.5% methylcellu-

lose (Sigma) in poly-HEMA-coated plates (Sigma). Murine kidney epithelial

cells were suspended (1.2 3 105 cells/mL) in serum-free DMEM/F12 media

supplemented with 0.5%methylcellulose in poly-HEMA-coated plates. Where

indicated, cells were treated with 2 mM JNK-in-8 (Millipore) 24 hr prior to the

anoikis assay. Cell death was measured using colony-formation assays and

Annexin V staining.

Colony-Formation Assay

Cells were washed with PBS, replated in 24-well plates, and cultured (24 hr)

prior to fixation (100% methanol, �20�C) and staining with 0.1% crystal violet

dissolved in 20% methanol/80% PBS. Cells were imaged using a Zeiss

SteREO Discovery.V12 microscope and quantitated by extracting the crystal

violet dye with 10% acetic acid and measurement of the absorbance at

590 nm (Tecan Instruments).

Flow Cytometry

Cells were washed twice with PBS and stained with phycoerythrin-conjugated

Annexin V and 7-AAD using the PE Annexin apoptosis detection kit I (BD Phar-

mingen, 559763) and examined by flow cytometry using a FACSCalibur (BD

Biosciences) to quantitate the apoptotic (Annexin V+ 7-AAD�) population.
7-AAD+ cells were gated using single-stained controls. The Annexin V+ and
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Annexin V� populations were defined using cells suspended for 1 hr. The data

obtained were analyzed using FlowJo version 9.7.6 (Tree Star).

Mammary Gland Analysis

The fourth inguinal mammary glands were harvested from 6-week-old and

6-month-old virgin female mice. Whole-mount preparations were fixed with

formalin, stained with carmine alum, and imaged using a Zeiss SteREO Dis-

covery.V12 microscope. Sections (5 mm) were prepared using tissue fixed in

10% formalin that was dehydrated and embedded in paraffin. A board-certi-

fied pathologist examined sections stained with H&E and imaged using a Zeiss

AxioVert 200M. Sections were also stained with antibodies against keratin 5

(BioLegend, catalog number 905501 RRID:AB_2565050; 1:50 dilution)

and keratin 8 (Developmental Studies Hybridoma Bank, catalog number

TROMA-I RRID:AB_531826; 1:100 dilution), and immune complexes were de-

tected using Alexa-Fluor-546-conjugated-goat anti-rabbit IgG (H+L) antibody

(Molecular Probes, catalog number A11035 RRID:AB_143051) and Alexa-488-

conjugated-goat anti-rat IgG (H+L) antibody (Molecular Probes, catalog num-

ber A11006 RRID:AB_141373) and counterstained with DAPI. Proliferating

cells were stained using the endogenous biotin blocking kit (Thermo Fisher

Scientific, E21390), biotin-conjugated PCNA antibody (Thermo Fisher Sci-

entific, catalog number 13-3940 RRID:AB_2533; dilution 1:50), and Alexa-

Fluor-633-conjugated streptavidin (Thermo Fisher Scientific, catalog number

S-21375 RRID:AB_2313500). Immunofluorescence was examined using a

Leica SP2 confocal microscope.

Plasmids

We have previously described the plasmid pCDNA3-FLAG-MKK7b2-Jnk1a1

(Lei et al., 2002). The FLAG-MKK7b2-Jnk1a1 cDNA fragment was excised

by PCR using the primers 50-AAACCGCGGGCCGCCACCATGGACTATA

AGGACGATGA-30 and 50-AAATCTAGATCACTGCTGCACCTGTGCTAAAG

GAG-30, restricted using SacII and XbaI, and cloned in the SacII and XbaI sites

of the entry vector pEN_Tmirc3 (Addgene, plasmid 25748; Shin et al., 2006)

before insertion, using Gateway Technology, into the lentiviral vector pSLIK-

Hygro (Addgene, plasmid 25737; Shin et al., 2006) to create the vector

pSLIK-FLAG-MKK7b2-Jnk1a1-Hygro.

Transduction Assays

HEK293T cells (American Type Culture Collection, CRL-3216) were trans-

fectedwith 7.5 mg each of the packaging plasmids pMD2.G (Addgene, plasmid

12259; Naldini et al., 1996) and psPAX2 (Addgene, plasmid 12260; Naldini

et al., 1996) plus 10 mg pSLIK-Hygro or pSLIK-FLAG-MKK7b2-Jnk1a1-Hygro

using Lipofectamine 2000 (Life Technologies). The culture supernatant was

collected at 24 hr post-transfection and filtered (0.45 mm). Primary epithelial

cells were transduced (32) with the lentivirus plus polybrene (8 mg/mL). The

transduced epithelial cells were selected at 48 hr post-infection using medium

supplemented with 8 mg/mL hygromycin (Life Technologies). Cells were main-

tained in selection medium with tetracycline-free fetal bovine serum (Clontech

Laboratories). To induce expression of the MKK7-JNK1 fusion protein, cells

were treated with 1 mg/mL doxycycline (24 hr).

Statistical Analysis

Data are presented as the mean and SE. The n values provided in the figure

legends correspond to the number of independent experiments for studies us-

ing cultured cells or the number of animals examined. Statistical analysis was

performed using GraphPad Prism version 6 (GraphPad Software). Pairwise

comparisons of data with similar variance were performed using a t test to

determine significance (p < 0.05). Pairwise comparisons of data with unequal

variance were performed using Welch’s unpaired t test to determine signifi-

cance (p < 0.05). When more than two populations were compared, ANOVA

with Bonferroni’s test was used to determine significance with an assumed

confidence interval of 95%.
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Adams, J.M., and Strasser, A. (1999). Proapoptotic Bcl-2 relative Bim required

for certain apoptotic responses, leukocyte homeostasis, and to preclude auto-

immunity. Science 286, 1735–1738.

Brumby, A.M., and Richardson, H.E. (2003). scribble mutants cooperate

with oncogenic Ras or Notch to cause neoplastic overgrowth in Drosophila.

EMBO J. 22, 5769–5779.

Cellurale, C., Girnius, N., Jiang, F., Cavanagh-Kyros, J., Lu, S., Garlick, D.S.,

Mercurio, A.M., and Davis, R.J. (2012). Role of JNK in mammary gland devel-

opment and breast cancer. Cancer Res. 72, 472–481.

Czabotar, P.E., Lessene, G., Strasser, A., and Adams, J.M. (2014). Control

of apoptosis by the BCL-2 protein family: implications for physiology and

therapy. Nat. Rev. Mol. Cell Biol. 15, 49–63.

Das, M., Jiang, F., Sluss, H.K., Zhang, C., Shokat, K.M., Flavell, R.A., and

Davis, R.J. (2007). Suppression of p53-dependent senescence by the JNK

signal transduction pathway. Proc. Natl. Acad. Sci. USA 104, 15759–15764.

Das, M., Sabio, G., Jiang, F., Rincón, M., Flavell, R.A., and Davis, R.J. (2009).

Induction of hepatitis by JNK-mediated expression of TNF-alpha. Cell 136,

249–260.

Davis, R.J. (2000). Signal transduction by the JNK group of MAP kinases. Cell

103, 239–252.

Deugnier, M.A., Teulière, J., Faraldo, M.M., Thiery, J.P., and Glukhova, M.A.

(2002). The importance of being a myoepithelial cell. Breast Cancer Res. 4,

224–230.

Cell Reports 21, 1910–1921, November 14, 2017 1919

https://doi.org/10.1016/j.celrep.2017.10.067
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref1
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref1
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref1
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref2
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref2
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref2
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref3
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref3
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref3
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref4
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref4
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref5
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref5
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref5
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref6
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref6
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref6
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref6
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref7
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref7
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref7
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref8
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref8
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref8
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref9
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref9
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref9
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref10
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref10
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref10
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref11
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref11
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref11
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref12
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref12
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref13
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref13
http://refhub.elsevier.com/S2211-1247(17)31530-9/sref13


Douma, S., Van Laar, T., Zevenhoven, J., Meuwissen, R., Van Garderen, E.,

and Peeper, D.S. (2004). Suppression of anoikis and induction of metastasis

by the neurotrophic receptor TrkB. Nature 430, 1034–1039.

Follit, J.A., San Agustin, J.T., Xu, F., Jonassen, J.A., Samtani, R., Lo, C.W., and

Pazour, G.J. (2008). The Golgin GMAP210/TRIP11 anchors IFT20 to the Golgi

complex. PLoS Genet. 4, e1000315.

Frisch, S.M., and Francis, H. (1994). Disruption of epithelial cell-matrix interac-

tions induces apoptosis. J. Cell Biol. 124, 619–626.

Frisch, S.M., and Screaton, R.A. (2001). Anoikis mechanisms. Curr. Opin. Cell

Biol. 13, 555–562.

Frisch, S.M., Vuori, K., Kelaita, D., and Sicks, S. (1996). A role for Jun-N-termi-

nal kinase in anoikis; suppression by bcl-2 and crmA. J. Cell Biol. 135, 1377–

1382.

Fuchs, Y., and Steller, H. (2011). Programmed cell death in animal develop-

ment and disease. Cell 147, 742–758.

Gibson, M.C., and Perrimon, N. (2005). Extrusion and death of DPP/BMP-

compromised epithelial cells in the developing Drosophila wing. Science

307, 1785–1789.

Han, M.S., Jung, D.Y., Morel, C., Lakhani, S.A., Kim, J.K., Flavell, R.A., and

Davis, R.J. (2013). JNK expression by macrophages promotes obesity-

induced insulin resistance and inflammation. Science 339, 218–222.

Hanahan, D., and Weinberg, R.A. (2011). Hallmarks of cancer: the next gener-

ation. Cell 144, 646–674.

Huang, D.C., and Strasser, A. (2000). BH3-Only proteins-essential initiators of

apoptotic cell death. Cell 103, 839–842.

H€ubner, A., Barrett, T., Flavell, R.A., and Davis, R.J. (2008). Multisite phosphor-

ylation regulates Bim stability and apoptotic activity. Mol. Cell 30, 415–425.

H€ubner, A., Cavanagh-Kyros, J., Rincon, M., Flavell, R.A., and Davis, R.J.

(2010). Functional cooperation of the proapoptotic Bcl2 family proteins Bmf

and Bim in vivo. Mol. Cell. Biol. 30, 98–105.

Humphreys, R.C., Krajewska, M., Krnacik, S., Jaeger, R., Weiher, H., Krajew-

ski, S., Reed, J.C., and Rosen, J.M. (1996). Apoptosis in the terminal endbud

of the murine mammary gland: a mechanism of ductal morphogenesis. Devel-

opment 122, 4013–4022.

Igaki, T. (2009). Correcting developmental errors by apoptosis: lessons from

Drosophila JNK signaling. Apoptosis 14, 1021–1028.

Igaki, T., Pastor-Pareja, J.C., Aonuma, H., Miura, M., and Xu, T. (2009). Intrinsic

tumor suppression and epithelial maintenance by endocytic activation of

Eiger/TNF signaling in Drosophila. Dev. Cell 16, 458–465.

J€urgensmeier, J.M., Xie, Z., Deveraux, Q., Ellerby, L., Bredesen, D., and Reed,

J.C. (1998). Bax directly induces release of cytochrome c from isolated mito-

chondria. Proc. Natl. Acad. Sci. USA 95, 4997–5002.

Khwaja, A., and Downward, J. (1997). Lack of correlation between activation

of Jun-NH2-terminal kinase and induction of apoptosis after detachment of

epithelial cells. J. Cell Biol. 139, 1017–1023.

Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S.L.

(2013). TopHat2: accurate alignment of transcriptomes in the presence of

insertions, deletions and gene fusions. Genome Biol. 14, R36.

Labi, V., Woess, C., Tuzlak, S., Erlacher, M., Bouillet, P., Strasser, A., Tzankov,

A., and Villunger, A. (2014). Deregulated cell death and lymphocyte homeosta-

sis cause premature lethality in mice lacking the BH3-only proteins Bim and

Bmf. Blood 123, 2652–2662.

Lamb, J.A., Ventura, J.J., Hess, P., Flavell, R.A., and Davis, R.J. (2003). JunD

mediates survival signaling by the JNK signal transduction pathway. Mol. Cell

11, 1479–1489.

Lei, K., and Davis, R.J. (2003). JNK phosphorylation of Bim-related members

of the Bcl2 family induces Bax-dependent apoptosis. Proc. Natl. Acad. Sci.

USA 100, 2432–2437.

Lei, K., Nimnual, A., Zong, W.X., Kennedy, N.J., Flavell, R.A., Thompson, C.B.,

Bar-Sagi, D., and Davis, R.J. (2002). The Bax subfamily of Bcl2-related

proteins is essential for apoptotic signal transduction by c-Jun NH(2)-terminal

kinase. Mol. Cell. Biol. 22, 4929–4942.

Lindsten, T., Ross, A.J., King, A., Zong, W.X., Rathmell, J.C., Shiels, H.A.,

Ulrich, E., Waymire, K.G., Mahar, P., Frauwirth, K., et al. (2000). The combined

functions of proapoptotic Bcl-2 family members bak and bax are essential for

normal development of multiple tissues. Mol. Cell 6, 1389–1399.

Ma, C., Ying, C., Yuan, Z., Song, B., Li, D., Liu, Y., Lai, B., Li, W., Chen, R.,

Ching, Y.P., and Li, M. (2007). dp5/HRK is a c-Jun target gene and required

for apoptosis induced by potassium deprivation in cerebellar granule neurons.

J. Biol. Chem. 282, 30901–30909.

Mailleux, A.A., Overholtzer, M., Schmelzle, T., Bouillet, P., Strasser, A., and

Brugge, J.S. (2007). BIM regulates apoptosis duringmammary ductal morpho-

genesis, and its absence reveals alternative cell death mechanisms. Dev. Cell

12, 221–234.

Maurer, U., Charvet, C., Wagman, A.S., Dejardin, E., and Green, D.R. (2006).

Glycogen synthase kinase-3 regulates mitochondrial outer membrane

permeabilization and apoptosis by destabilization of MCL-1. Mol. Cell 21,

749–760.

McNally, S., McArdle, E., Gilligan, E., Napoletano, S., Gajewska, M., Bergin,

O., McCarthy, S., Whyte, J., Bianchi, A., Stack, J., and Martin, F. (2011).

c-Jun N-terminal kinase activity supports multiple phases of 3D-mammary

epithelial acinus formation. Int. J. Dev. Biol. 55, 731–744.

Moreno, E., and Basler, K. (2004). dMyc transforms cells into super-competi-

tors. Cell 117, 117–129.

Moreno, E., Basler, K., and Morata, G. (2002). Cells compete for decapenta-

plegic survival factor to prevent apoptosis in Drosophila wing development.

Nature 416, 755–759.
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