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Abstract

The postnatal mammary gland develops extensively through cycles of proliferation, branching, 

involution and remodeling. We review recent advances made in the field of stress signaling 

pathways and its roles in mammary gland organogenesis, how they contribute to normal organ 

specification and homeostasis and how its subversion by oncogenes leads to cancer. We analyze 

stress signaling in mammary gland biology taking into account the interrelationship with the 

extracellular matrix and adhesion signaling during morphogenesis. By integrating the information 

gathered from in vivo and three dimensional in vitro organogenesis studies, we review the novel 

contribution of p38SAPK, c-Jun NH2-terminal kinase and PKR-like endoplasmic reticulum kinase 

(PERK) signaling pathways to the timely activation of cell death, correct establishment of polarity 

and growth arrest and autophagy, respectively. We also review the evidence supporting that the 

activation of the aforementioned stress kinases maintain breast acinar structures as part of a tumor 

suppressive program and that its deregulation is commonplace during breast cancer initiation.
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INTRODUCTION

Mammary gland and acinar morphogenesis

Mammary gland (MG) morphogenesis proceeds by expansion of the terminal end buds 

(highly proliferative bulbous structures) that result in the formation of tree-like structures 

made of interconnected hollow ducts and alveoli that are essential for the secretion and 

delivery of the milk. Increasing evidence supports the role of stress signaling pathways in 

the physiological development of MG tissue.1–4 In this review, we focus on the endoplasmic 

reticulum kinase PERK (PKR-like endoplasmic reticulum kinase) and the stress-activated 

kinases p38 and c-Jun NH2-terminal kinase (JNK), which have been shown to have 

important roles during MG development.5–8 Analysis of signaling pathways regulating MG 

development and pathogenesis have been fueled by the advent of three dimensional (3D) 

organotypic cell culture assays that not only mimic conditions close to physiological state 

but also allow the biochemical analysis of mechanisms underlying breast acinar formation.9 

More importantly, the relevance of the 3D cell culture assay to the field of MG development 

relies on its amenability in functional studies of genes regulating complex processes, such as 

cell–cell and cell-extracellular matrix (ECM) engagement, apico-basal polarity formation 

and cell fate determination.

The mammary gland ECM

The MG microenvironment is composed of multiple cell types (that is, endothelial cells, 

fibroblasts, myofibroblasts and macrophages) and the ECM (that is, laminin, collagen and 

fibronectin). The ECM serves not only as scaffolding but also for cell fate determination10 

by regulating signal transduction. In fact, the ECM provides the essential support for cell 

proliferation, migration and differentiation and contributes actively both to MG development 

and tumorigenesis. The MG ECM is constantly remodeled during development by ECM 

metalloproteinases (MMPs) and plasminogen activators, and defects in the control of this 

remodeling can favor tumorigenesis.11–13 The latter can be illustrated by the abnormal 

deposition of collagen-I in the stroma of transgenic mice with mutations in MMPs leading to 

increased mammary tumorigenesis and metastasis.10,14 Alternatively, fibronectin fragments 

in the MG microenvironment can promote motility and invasion by inducing MMP2 activity 

in human breast cancer cell lines.10 When combined, fibronectin and collagen can align in 

‘cell-rail’ substrates suitable for the binding of highly motile transformed cells and thereby 

promoting breast cancer metastasis.15 Another contribution of the ECM to MG 

morphogenesis is exemplified by the basement membrane, a specialized ECM structure 

composed of sheet-like matrices that are closely attached to epithelial cells. The mammary 

epithelial cell–basement membrane interaction regulates normal lumen morphogenesis by 

promoting both cavitation and hollowing of MG ducts and alveoli. During cavitation, 

loosely attached mammary epithelial cells within the body of terminal end buds (TEBs) are 

removed by apoptosis.16 This process was successfully recapitulated in 3D cultures,17 where 

initially filled mammary acinar structures achieved lumen formation through clearing of 

centrally located cells that lack attachment through a process similar to anoikis.18 

Alternatively, during hollowing, a cluster of MECs guided by cell polarity dynamics 

assembles into a hollow tubular structure with lumen created by exocytosis and membrane 

separation without apoptosis.19 More importantly, by providing the apico-basal polarization 
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and the survival cues to the mammary epithelium, basement membrane can regulate 

hollowing and cavitation during lumen formation. This is evidenced by the inverse 

correlation between polarization efficiency and apoptosis depending on the ECM 

substrates.19,20

Stress signaling in normal and cancer tissues

Cellular (oxidative stress, ER stress and DNA-replication stress) and environmental 

(starvation, hyper-/hypo-osmosis, ionizing radiation and hypoxia/ischemia) stress can affect 

the tissue homeostasis, which can be operationally defined as an equilibrium between the net 

growth and cell death rates.21 Cells have evolutionary conserved pathways that allow them 

to sense and cope with stress damages that may compromise cellular functions. When a 

certain threshold of damage or energy depletion is reached, intracellular sensors and 

transducers will trigger a cascade of reactions termed the cellular stress response (CSR).22 

Interestingly, the same CSR signals that promote cell survival can also induce cell death 

when normal homeostasis restoration is not guaranteed (that is, the p53 pathway and 

autophagy induction). We will focus on the transducers and sensors of stress signaling JNK, 

p38 and PERK, respectively, as novel integrators of stress signals, and discuss how these 

signals are turned into cell fate decisions critical for both the normal MG morphogenesis and 

breast cancer progression.

The initial response to stress is the attenuation or full impairment of cellular growth and 

proliferation, which precludes mutagenic or catastrophic events.23 Concordantly, the 

activation of cell-cycle checkpoints that monitor cell integrity and proper completion of 

cellular processes emerges as a key component of the CSR.24–26 This can be illustrated by 

the activation of p38α/β and the PERK-eukaryotic initiation factor 2 (eIF2α) pathways. On 

the one hand, the p38α/β kinase functions as a component of the spindle assembly 

checkpoint27 and the G1 checkpoint, the latter by inducing cyclin-dependent kinase 

inhibitors or downregulating G1-exit cyclins.28 Therefore, the activation of p38α/β prevents 

propagation of genetically damaged cells. On the other hand, under stressful conditions 

imposed by nutritional deprivation, intracellular ATP levels decrease and misfolded proteins 

accumulate in the ER lumen. As a result, the chaperone BiP/Grp78 is recruited to assist 

client protein folding and releases PERK from its monomeric inhibited state. This leads to 

PERK dimerization/oligomerization and phosphorylation of the translation initiation factor 

eIF2α at Ser51. This phosphorylation inhibits the ability of its activator eIF2B to bind the 

initiator tRNA (tRNAi Met) to the 40S ribosome, thereby attenuating global translation 

initiation but selectively inducing the translation of proteins that promote G0 arrest (that is, 

p21),29 induce antioxidant responses (that is, activating transcription factor 4 (ATF4)) and 

stabilize proteins (that is, BIP) to reestablish ER folding capacity. Additionally, as part of 

the global CSR, heat shock proteins are also induced and many of them function as 

molecular chaperones.30 Other chaperones, might function as transcription factors, like 

HSF1 that can translocate to the nucleus, oligomerize and bind to DNA in response to 

environmental stress.31,32 Alternatively, p53 is also induced in response to the DNA 

damage33 triggered by CSR. Its apoptotic role is vital for tissue integrity by removing cells 

with genomic instability to avoid accumulation of threatening mutations.
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The ability of CSR to promote tolerance against stressful microenvironments and evading 

cell death also explains why cancer cells can co-opt normal CSR to override apoptosis. For 

instance, toxic intracellular concentration of reactive oxygen species (ROS) as a result of 

hypoxic conditions and metabolic stress can be rewired to favor tumor cell survival via 

stabilization of hypoxia-inducible factor-134 and degradation of phosphatase and tensin 

homolog (PTEN).35 In transformed MECs, this is achieved by blocking the activation of the 

pro-apoptotic p38α signaling pathway in response to ROS production.36 Similarly, by 

selective inactivation of p38 and its downstream transcription factor target MyoD, human 

rhabdomyosarcoma cells are able to persist in an undifferentiated and malignant state.37 

Thus, co-option or ablation of CSR pathways may serve the ultimate purpose of evading 

prolonged growth arrest, differentiation, senescence and apoptosis.

JNK AND MAMMARY GLAND MORPHOGENESIS

The JNK belongs to a subgroup of protein kinases that are activated primarily by 

extracellular (DNA-damage heat shock, inflammatory cytokines, mitogens and hormones) 

and cellular (metabolic or DNA damage) stress stimuli. The JNKSAPK itself is activated by 

upstream mitogen-activated protein kinase kinases (MKKs), including MKK4 (SEK1) and 

MKK7 (SEK2), and is able to integrate various signaling pathways governing cellular 

processes that run the gamut from cell proliferation to differentiation and apoptosis to 

polarity. It was clear initially from the animal experiments that the outcome of JNK 

activation would depend not only on the cell type but also on the context of signal activation 

as well. For instance, JNK1−/− and JNK2−/− mice showed a lack of cell death in the 

hindbrain in contrast to the massive apoptosis observed in the forebrain.38 This and other 

examples of the multifaceted character of JNKSAPK signaling39,40 hints on its role as an 

integrator, rather than executor, of diverse inputs needed to fine-tune cellular responses. 

Importantly, the JNK pathway is altered in breast cancer, as MAP2K4, which co-activates 

the JNK1/p38SAPK, is mutated and inactivated in ~12% of human luminal subtype breast 

tumors.41 This argues that perhaps early during tumor development inactivation of these 

signals can favor progression by affecting basic functions of the normal mammary tissue 

morphogenesis program.

JNKSAPK and normal mammary gland formation

As described previously, JNKSAPK can integrate multiple signal inputs from cytokines and 

hormones, including glucocorticoid. In fact, fast activation of JNKSAPK by glucocorticoid 

was previously reported in lymphoid and neuronal cells studies.42–45 Glucocorticoid 

signaling is critically required to induce milk protein gene expression, such as whey acidic 

protein and, to a lesser extent, casein.46,47 Further, glucocorticoid signaling has a 

fundamental role in the formation of cell–cell tight junction needed to establish a correct 

polarity for luminal secretion.48 Murtagh et al.49 have shown that integration of 

glucocorticoid and JNK signaling regulates mammary acinar integrity. In organotypic 3D 

cultures, JNK signaling was shown to be required for the establishment of apico-basal 

polarity and proper localization of tight and adherent junction proteins of MECs incubated 

with hydrocortisone. Importantly, abrogation of the JNKSAPK signaling activity with 

SP600125 inhibitor disrupted apicolateral and basal polarity of the 3D acini structures in a 
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manner reminiscent to lack of glucocorticoid stimulation. It also established the JNKSAPK 

regulation of the AP1 transcriptional pathway at a downstream level of the glucorcorticoid-

induced differentiation and growth arrest of MECs, as it was shown to be required for p21 

induction and cyclin D1 repression in mature mammary acini grown in 3D culture. Taken 

together, these data argue that JNKSAPK integrates differentiation and growth arrest signals 

initiated by glucocorticoid receptors to ensure proper acini formation during MG 

morphogenesis.

Loss of JNKSAPK induces tumorigenesis in mouse model of breast cancer

The findings using monolayer and organotypic culture systems described above suggest that 

a disorder in the JNKSAPK signaling may predispose the MG to tumor development. 

Cellurale et al.50,51 have supported this idea in an animal study of the breast epithelium 

development. Using conditional gene ablation of JNK1 and JNK2 in mice, they found in the 

primary cell culture that MECs deficient for JNK1/2 incorporated more bromodeoxyuridine 

and showed enhance migration and invasion. Although there were no major changes in 

morphology or cell type differentiation detected in the monolayer cell culture, JNK 

deficiency alone did result in greater mammary branching morphogenesis in organoid 

cultures. The findings were corroborated by in vivo transplantation assays. Furthermore, 

gene expression analysis showed a decrease expression of tissue inhibitors of 

metalloproteases as seen in the aggressive basal subtype of breast carcinoma. This could 

lead to an increase in matrix metalloproteinases (MMPs) activity and explain the enhanced 

invasiveness and branching morphogenesis seen in JNK-deficient MECs. Enhanced 

proteolysis, which on its own can induce mammary tumorigenesis52,53 may cooperate with 

reduced stress signaling via JNK to accelerate progression. Taken together, these findings 

suggested that loss of JNKSAPK signaling might not perturb breast luminal cell 

differentiation per se but could promote a phenotypic switch to a more aggressive basal 

subtype of breast cancer in the context of other tumorigenic insults during disease 

progression. This idea was confirmed by Cellurale et al.,50 showing that loss of JNK1/2 lead 

to cancer formation by de-differentiating tumors toward a more invasive basal-like subtype 

in a KRas/Trp53 mouse model of breast cancer. These findings correlate well with the 

results of glucocorticoid study in 3D cultures by Murtagh et al.,49 and point out that the 

JNKSAPK signaling is a key integrator of polarity, differentiation and proliferation signals 

required for MG integrity. Interestingly, Cellurale et al.,50 also found an incomplete luminal 

clearance in JNK-deficient MGs, which could be attributed to JNK pro-apoptotic signaling 

or its role in maintaining polarity and differentiation of the mammary epithelium as a whole.

PERK AND P38 AS NOVEL STRESS-ACTIVATED REGULATORS OF 

MAMMARY GLAND DEVELOPMENT

The ER stress kinase PERK

Cells have developed specific mechanisms devoted to sense, adapt and overcome stressful 

conditions.54 Regardless the nature of the stress, the outcome is frequently the accumulation 

of misfolded proteins in the ER. In particular, the ER kinase PERK has a critical role in 

sensing and transducing signals to cope with ER insults. Further, PERK has an essential role 

in tissues with high secretion demand such as the pancreas, liver or MG due that most 
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secreted and transmembrane proteins fold and mature in the ER lumen.7,55–57 PERK 

phosphorylation is a hallmark of the unfolded protein response, which promotes a transient 

growth arrest and, initially, survival responses.58 Once the protein load at the ER is 

reestablished then growth and proliferation can resume. However, persistent unresolved 

stress can push PERK signaling to induce cell death.59–62 Interestingly, PERK downstream 

targets ATF4 and GADD15363 are regulated during MG development, suggesting that ER 

stress signaling might have a role in mammary epithelium development.

PERK functions during mammary gland development and carcinogenesis—
PERK is a key regulator in secretory glands.7,55–57 For instance, PERK is highly expressed 

in mouse pancreas, organ with active protein secretion55 and regulates lipogenesis during 

MG morphogenesis.7 Mouse models of breast development, using both 

immunohistochemical staining for 4-Hydroxynonenal and immunoblot for S100A7 

(psoriasin), which measures lipid peroxidation and abnormal squamous differentiation, 

respectively, as a readout for ROS-induced stress revealed that ROS-induced damage or 

signaling may be key to regulate MG cavitation.64 However, as luminal clearance is a late 

event and detachment from the basal lamina triggers ROS production within minutes, how 

does the inner acinar cell population temporally survive? A clue was provided with the 

finding that PERK is phosphorylated soon after detachment and activates a transcriptional 

antioxidant program driven by ATF4 and CHOP.8,65 This signal provides a relief to 

detached cells of the inner cell population of the mammary acinus. This is a physiological 

and tightly regulated process whereby epithelial cells need this survival license to move and 

proliferate dynamically in a nascent acinus before differentiation. Avoiding ROS or 

becoming insensitive to its apoptotic signals may be too risky for MG integrity. When 

detachment-induced ROS is inhibited by antioxidants66 or PERK activation via inducible 

systems,8 anoikis is greatly reduced leading to the formation of hyperplastic and lumen-

filled structures reminiscent of early breast cancer lesions (that is, atypical ductal 

hyperplasia or ductal carcinoma in situ) (Figure 2). These studies provided insight into the 

physiological link between ROS induction and lumen maintenance, which is critical to 

preserve a normal architecture during glandular morphogenesis (Figure 1).

Finally, multiple studies have shown opposing roles for PERK, as it could either 

prevent5,56,67,68 or promote proliferation/survival of mammary epithelial cells.7,8,67,69,70 

This may be due to a dual cellular function that can be rendered intrinsically by PERK. As 

we previously mentioned, PERK acts as a stress-induced checkpoint that promotes growth 

arrest and survival via cyclin D1 synthesis inhibition, upregulation of ATF4 and an 

antioxidant response.71,72 However, PERK was shown to have an anti-proliferative role, in 

fact we confirmed that chronic activation of PERK-eIF2α can also lead to apoptosis.68 All 

these observation suggests that competing function of PERK during normal mammary 

morphogenesis can elicit different outcomes in tumorigenesis (Figures 1 and 2).

Growth-suppressive and antioxidant responses mediated by PERK prevent 
tumor growth—Observations in the late ‘70s showed that MEFs in suspension (that is, 

devoid of attachment to the ECM) exhibited translational repression.73,74 In contrast, 

fibroblasts bound to fibronectin stimulated translation initiation.75 Altogether this suggests 
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that loss of ECM signals and adhesion can impinge on pathways regulating translation 

initiation, like PERK, and affect MG development. Accordingly, ECM-detached MECs 

robustly activate p-eIF2α upstream kinase, PERK.5 Strikingly, other eIF2α kinases, such as 

GCN2 and PKR remained unresponsive in suspension suggesting that PERK is a specific 

integrator of adhesion signaling and translational repression. Notably, PERK could inhibit 

proliferation and tumor formation both in 3D in vitro and in vivo animal models.5 This was 

not due to PERK ability to induce cell death but due to the inhibition of proliferation in 

ECM adherent cells. Clear evidence of the role of PERK in inducing growth arrest was 

revealed in studies by Brewer et al.,71 where they found that overexpression of PERK 

inhibited cyclin D1 synthesis. This was associated with increased phosphorylation of eIF2α 

and correlated with cell-cycle arrest, suggesting that PERK serves as a major link between 

ER stress and cell-cycle withdrawal. In agreement, Liang et al.,56 found that PERK inhibited 

cell growth in a renal cystogenesis model. Polycystin-2, a non-selective Ca2+ release 

channel localized on the ER membrane, commonly shows an inhibitory mutation in renal 

cystogenesis resulting in hyper-proliferation and dedifferentiation. In this study, they 

demonstrate that polycystin-2 regulates negatively cell proliferation through activation of 

the PERK-eIF2α signaling pathway. Additionally, findings by Bobrovnikova-Marjon et 

al.,67 suggest a tumor suppressive role of PERK via its antioxidant function. Aged mice 

lacking PERK were more prone to develop Her2+ lesions when compared with controls with 

intact PERK. Altogether, these studies suggest that PERK via its growth-suppressive and 

antioxidant functions can prevent or delay tumor formation in secretory tissues.

PERK supports cell survival during early carcinoma progression—Tumors have 

to overcome bioenergetic and biosynthetic demands of increased cell proliferation. For 

instance, beyond a critical volume of 2mm3, oxygen, growth factors and nutrients have 

difficulty to diffuse to the tumor cells located in the center of the lesion, resulting in 

hypoxia. To resolve this restriction, tumors have hijacked CSR signals aimed to the 

generation of neo-vasculature to provide a strategic advantage during tumorigenesis. Bi et 

al.76 found that PERK-eIF2α signaling abrogation impairs cell survival under extreme 

hypoxia. Remarkably, they found that PERK mounts an angiogenic response aimed to 

promote survival under hypoxic conditions. Tumors derived from PERK-knockout MEFs 

are smaller and show less angiogenesis than wt counterpart tumors.76 Supporting these 

observations, PERK was also found to promote a tumor microenvironment that favors the 

formation of functional micro-vessels.69 This is achieved due to PERK ability to specifically 

enhance translation efficiency of several proangiogenic mRNAs (that is, vascular endothelial 

growth factor A, adrenomedullin 2 and heme oxygenase-1) during the course of hypoxic 

stress. Thus, the proangiogenic function of PERK might enable tumor cells with an adaptive 

advantage to hypoxic stress.

Alternatively, to circumvent the metabolic restriction for proliferation tumor cells might 

follow the autophagy pathway. In fact, tumors in where the unfolded protein response is 

triggered due to hypoxia, autophagy is activated to promote survival.77 Interestingly, 

autophagy is induced in non-transformed mammary epithelial cells and protects them from 

anoikis.8,78 Further analysis in breast cancer tumors showed that autophagy markers are 

easily detected in ductal carcinoma in situ lesions from human patients.8,65 However, the 
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scenario here is more complex, because defective autophagy can also propel 

tumorigenesis.79 Beclin 1, the mammalian homolog of yeast ATG6, is monoallelically 

deleted in human breast cancer.80 In agreement, autophagy inhibition induces p62 

accumulation, which is sufficient to promote tumorigenesis.81 However, it seems clear that 

PERK-induced autophagy has a survival role than can be co-opted by tumors.8,70,82–84

Emerging evidence indicates that during a period of time after cell detachment, MECs 

actually activate survival pathways.85 It is thought that this mechanism allows them to 

survive brief changes in partial or full loss of adhesion before attaching again to the 

ECM.8,65 This might constitute a safeguard mechanism to protect progenitors or stem cells 

from anoikis, and thus guaranteeing the survival of a sub-population of pluripotent cells with 

the ability to repopulate the mammary tissue in physiological processes such as involution. 

In order to survive in suspension, PERK is activated in MECs to induce autophagy and 

promote the expression of antioxidant genes from the glutathione (a reducing agent that 

prevents ROS-mediated damage) pathway.8,65 Thus, commitment to anoikis is not triggered 

immediately after detachment but only after the balance of competing pro-survival and pro-

apoptotic signals is tipped toward the latter, most commonly if ECM attachment does not 

occur in a specific time frame. This fate decision occurs after a progressive decrease in ATP 

levels and accumulation of toxic ROS that reach a certain threshold that commits the cell to 

anoikis.

But, what happens if signals propagated by proteins-like oncogenes co-opt adaptation 

pathways and make them permanent? By studying ER stress signaling during acinar 

mammary morphogenesis, it was observed that sustained activation of PERK promoted the 

survival of luminal cells by engaging antioxidant and pro-autophagic responses. The 

outcome was luminal cell accumulation in the center of the acinar structures resembling 

ductal carcinoma in situ lesions. When this mechanism was tested in human breast cancer 

lesions such as ductal carcinoma in situ, where anoikis resistance is thought to lead to 

luminal filling,17 it was found that p-PERK was highly increased and heterogeneous when 

compared with the normal epithelial tissue.8,65 These data imply that ER stress pathways aid 

possibly in generating an anoikis resistance phenotype and also that PERK signaling may be 

important in promoting early carcinoma progression (Figure 2). Supporting evidence comes 

from later studies from Bobrovnikova-Marjon et al.67, where they observed that malignant 

mouse mammary tumor virus-Neu MG required PERK activity to aid tumor progression.

The role of p38SAPK signaling in mammary gland morphogenesis The p38SAPK (α, β, γ and 

δ isoforms) kinase pathway is part of a three-sequence phospho-relay system, activated by 

upstream MKKs (MKK3 and MKK6), which are in turn phosphorylated by MKKKs 

(TAK1, ASK1, TAO1-3).86 All p38 kinases can be categorized by a Thr-Gly-Tyr dual 

phosphorylation motif. Ultraviolet-light, heat, osmotic shock, inflammatory cytokines 

(tumor necrosis factor-α and interleukin-1) and growth factors (colony-stimulating factor-1) 

can all activate the p38 pathway.87,88 p38α/β participate in oocyte placental, lung and liver 

maturation, during early development and a breakthrough in the field was the advent of 

SB203580 compound, which expanded our understanding of the role of p38SAPK signaling 

in different systems.89 Only p38α and β are sensitive to SB inhibitors, and so p38γ and p38δ 

are much less well-characterized.90 As a bona fide tumor suppressor, p38α promotes growth 
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arrest by inhibiting cyclin D1 expression91 and by activating the p53,-p21 and p16-Rb 

pathways.91–94 p38α also regulates the spindle assembly checkpoint27 and delays the G2 to 

M transition.95 Important for cancer is the amplification in ~18% of human breast tumors at 

chromosome 17q23 of the PPM1D gene encoding the WIP1 phosphatase,92,96 which can 

abrogate p38SAPK activity. Sporadic activating mutations in PPM1D have also been 

described recently, suggesting multiple mechanisms for activating this p38 (and other 

substrates97) phosphatase.

p38SAPK as a sensor of oxidative stress—As discussed previously, ROS has an 

important role in shaping and maintaining the normal structure of the mammary acinus by 

removing luminal cells.66,98 To accomplish this task, the PERK survival license must be 

issued only for a limited amount of time to ensure clearing of detached luminal cells and to 

avoid tumorigenic growth. Still, it appears that only after several hours of detachment, the 

anoikis program is fully executed. This suggests that (1) an additional ‘stress’ stimuli, rather 

than simple exhaustion of survival signaling, could have an essential role in MECs 

committing anoikis and (2) commitment to cell death may rely on transcriptional pathways 

that could significantly outweigh initial adaptation and compensatory mechanisms by 

PERK.

It could be proposed that p38SAPK integrates the ‘stress-activated transcription’ signals 

required to tilt the balance toward apoptosis in detached MECs. This may take place by 

integrating the signals propagated by high ROS levels. Dolado et al.,36 showed that p38α-

deficient H-Ras-transformed fibroblasts were more tumorigenic and resistant to cell death 

compared with control cells. When p38α activity was reinduced, they found that tumor cells 

became sensitive to endogenous levels of ROS and could even inhibit H-Ras, N-Ras and 

Neu-induced tumorigenicity. More importantly, Dolado et al.,36 found that a commonality 

of breast cancer cell lines growing in soft agar despite high endogenous ROS levels was the 

overexpression of glutathione S-transferase (GSTm1 and GStm2) proteins, which 

specifically uncouple p38α apoptotic response from ROS accumulation. Together, these 

findings suggest that p38SAPK is an important player in ROS signaling and may be critical 

for detachment-induced cell death, which depends on an integration of ROS signals with 

apoptosis induction.

p38SAPK is required for normal mammary epithelial cell anoikis and breast 
tumor suppression—How does p38 limit ROS-induced damage and anoikis in epithelial 

cells? Others and we showed that loss of adhesion triggers p38SAPK activation in normal 

MECs.6,64 This stress signaling is functionally linked to a cell death program by the 

activation of ATF-2 and induction of c-Jun. These in turn induce BimEL, an anoikis 

activator that regulates apoptosis during MG development6 (Figure 1). These data are in 

agreement with studies showing that mice hypomorphic for ATF-2 developed lumen-

occluded invasive ductal mammary carcinomas.99 Additionally, both p38α and ATF-2 

knockdown show similar phenotypes in 3D culture assays and loss of these genes leads to 

anoikis resistance and lumen occlusion. Further ATF-2 phosphorylation by p38α leads to 

increased abundance of c-Jun in ECM-detached cells and this commits MECs to anoikis. 

These findings were validated in vivo where inhibition of p38 α/βSAPK signaling by both 
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MKK3−/−/MKK6+/− knockout or by treatment of friend virus B-type (FVB) mice with 

SB203580 showed mammary ductal and lumen occlusion due to reduced anoikis6 (Figure 

2). Although widely shown to negatively regulate cell proliferation, increased proliferation 

was not detected in p38-inhibited breast tissue from FVB mice treated with SB203580 and 

from MKK3/6 knockedout C57b mice.6 Nevertheless, significant increase in branching 

morphogenesis was detected upon p38 signaling inhibition, which is consistent with Dong et 

al.100 findings in Id4-null MGs with impairment of ductal expansion and branching 

morphogenesis due to increased p38 activity. On the basis of the role of p38 as integrator of 

ROS and apoptotic signals, we explored the possibility that p38-mediated anoikis of luminal 

cells during mammary acinar development could be a crucial point at which p38 might act to 

curtail breast cancer development. In mouse mammary tumor virus-Neu mammary tissue, 

SB203580 treatment accelerated epithelial tissue growth and the development of 

hyperplastic ducts with occluded lumens, supporting the notion that p38α/β signaling could 

limit the development of Her2/neu-induced hyperplasia.6 The massive expansion of the 

ductal tree in mouse mammary tumor virus-Neu mammary tissue upon p38α/β inhibition 

indicates that p38α/β acts to restrain HER2/neu signaling through ATF-2 activation99 and 

probably by p53 induction.101–104 Taken together, p38α is critical for the development of 

hollow ducts during MG development, a function that may explain its crucial role as an 

early breast cancer suppressor (Figures 1 and 2).

CONCLUSIONS AND OPEN QUESTIONS

In this review, we detailed the current understanding primarily of the role of PERK and p38 

but also JNK stress signaling in MG morphogenesis and early breast cancer progression. In 

this section, we present important questions that may guide the field in coming years.

On how PERK and p38 crosstalk to regulate the survival to anoikis switch during MG 
development

Whereas PERK signaling is located at the ER,105 the subcellular localization of activated 

p38 is debatable, with some evidence suggesting that it translocates from the cytoplasm to 

the nucleus, but other data show that it remains in the cytoplasm.88,106 Regardless of the 

physical location, it is unclear how both pathways interact and crosstalk following cell 

detachment and some key questions await elucidation. If PERK and p38SAPK pathways are 

simultaneously activated within minutes to hours following detachment, then (1) how is p38 

pro-apoptotic effect inhibited during PERK-induced autophagy? (2) does p38 activation 

prime cells for autophagic cell death? (Figure 3) (3) what are the rate limiting mechanisms 

that antagonize p38 activation of ATF-2 and c-Jun to induce BimEL that mark the 

irreversible commitment to anoikis? and (4) does ATF4 repress anoikis genes or does 

PERK-induced translational repression attenuate the expression of genes required for the 

execution of the p38 anoikis program? (Figure 3) Within this context, it is important to 

consider that during life the MG undergoes cycles of expansion and involution and during 

the former tissue-resident progenitors and stem cells have critical roles.107 In this context (1) 

does autophagy protect stem cells during MG involution? (2) is p38 activity differentially 

regulated in stem cells an/or progenitors during MG cycles of proliferation, differentiation, 

cell death, involution and remodeling? Or alternatively, does p38 signaling proceed to 
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anoikis in stem and progenitor cells as well to maintain a balanced number of these cells 

during lifetime of the tissue (Figure 3).

On how ERK1/2 activity and phosphatases regulate p38 activity

ERK survival signaling is inhibited in detached MECs, and this decrease in activity has been 

shown to be required for pro-apoptotic Bim protein induction to trigger anoikis.64 Activation 

of the MKK6-p38α pathway is essential for the increase in BimEL and in part responsible 

for the inhibition of the ERK1/2 pathway in detached cells.6 However, the nature of this 

p38-dependent pathway inhibition of ERK1/2, which occurs within minutes, is unclear. 

Phosphatases regulate ERK and p38 activity but there is little insight into how phosphatases 

such as PP2A, MKPs-inhibitors of ERK pathway activity, and PPM1D-inhibitor of p38 

activity may regulate p38-induced anoikis in normal and tumorigenic settings, and research 

is much needed.

On the identification of specific and effective MKK6/p38 activators?

Although p38 activation may be subverted to promote some tumor cell malignancy 

processes, many of these data were derived from cell lines.28,108,109 In contrast, the vast 

majority of in vivo data from mouse models argue that loss of p38 signaling is detrimental 

by favoring tumorigenesis and progression.6,93,100,110,111 Thus, identifying strategies to 

restore p38 signaling may be an effective manner to suppress tumor progression in 

combination with drugs such as Raf and Mek inhibitors or RTK inhibitors. To this end, it 

has been shown that the level of p38 signaling activation required to achieve tumor growth 

inhibition is significantly lower than that required to suppress cell growth in vitro.112 

Specific activators of p38 have not been discovered. However, these would offer an 

opportunity because compounds that activates the MKK6/p38 pathway not even maximally, 

could serve as anticancer agents.
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Figure 1. 
The role of p38 and PERK signaling in normal mammary gland biology. Physiological 

activation of p38 and PERK signaling by cell detachment governs mammary epithelial cell 

(MEC) lumen integrity that is lost during cancer initiation. In healthy MGs, whereas lumen 

formation is favored by p38SAPK- and BimEL-mediated apoptosis, PERK activation is 

required for cell survival to allow transient movement of MECs (a) within the luminal layer 

and/or hypothetically for the protection of progenitors and stem cells (b) that detach from 

the ECM within a plastic epithelium during ductal/acinar morphogenesis. The protective 

function of PERK is via a timed and tightly regulated ‘survival license’ during which 

autophagy and antioxidant gene induction protect ECM-detached cells from anoikis.
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Figure 2. 
Inactivation of p38 signaling and aberrant regulation of PERK foster early breast cancer 

progression. In the tumorigenic setting, migratory and less differentiated cells abrogate p38 

signaling and co-opt PERK signaling to maximize survival capacity via continuous 

autophagy induction and an antioxidant response. As a result, transformed cells are 

simultaneously refractory to apoptosis and more tolerant to oxidative stress in scenarios 

where adhesion signaling is lacking. Together, this deregulated stress response may give rise 

to the lumen-filled structures seen in DCIS and could explain how cancer stem cells (CSCs) 

are selected and expanded.

Avivar-Valderas et al. Page 19

Oncogene. Author manuscript; available in PMC 2014 November 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. 
Hypothetical implications and open questions on the crosstalk between p38SAPK and PERK 

pathways during MG morphogenesis. p38SAPK and PERK are activated simultaneously after 

ECM-detachment; however, how can such opposing activities (PERK pro-survival and 

p38SAPK pro-apoptotic) be reconciled in the comprehensive setup of the mammary gland 

epithelium is largely unknown. It is possible that PERK signaling directly inhibit p38SAPK 

activity via post-translational modifications, through the translational repression of 

p38SAPK-dependent anoikis executors (that is, BimEL) or via upregulation of ATF4. 

However, these signals are integrated during the survival and anoikis stages of cell fate may 

markedly influence during hollow lumen morphogenesis. Finally, this network may have a 

critical role during MG development cycle. We hypothesize that PERK-dependent arm 

could protect the stem cell compartment during MG involution, whereas p38 signaling could 

compensate to maintain a homeostatic number of these cells and progenitors that if in excess 

could result in an exacerbated proliferation in the expansion phase. Thus, both pathways 

may be critical to maintain the homeostasis of the stem and progenitor cell compartments 

and proper MG morphogenesis. ATG genes, autophagy genes.
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