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Regulation of breast cancer metastasis and organ homeostasis by autophagy 

Timothy John Marsh 

 

Abstract 

 Metastasis is the process by which tumor cells spread from the primary tumor to 

distant organs and form secondary tumors. In breast cancer, over 90% of cancer-related 

deaths are due to metastatic recurrence, which can occur even decades after surgical 

removal of the primary tumor. Moreover, metastatic lesions are often resistant to anti-

cancer therapies effective at curbing primary tumor growth, a fact underscoring the need 

for a deeper understanding of the biological processes governing metastasis.  

In recent years, tumor cell autophagy has emerged as an attractive therapeutic 

target to thwart cancer progression. Autophagy (from the Greek for “self-eating”) is a 

highly conserved, intracellular catabolic program endowing tumor cells the ability to 

respond to and survive a wide variety of environmental stressors, including 

chemotherapies. Thus, anti-malarials, namely hydroxychloroquine, have been 

repurposed as autophagy inhibitors in clinical trials for the treatment of advanced solid 

tumors, as they block lysosomal degradation of autophagosomal cargo. However, despite 

these advances in our understanding of autophagy and cancer pathogenesis, it remains 

unclear how autophagy inhibition impacts metastatic recurrence, the primary cause of 

death in breast cancer. 

Here, I investigate the functional consequences of tumor cell autophagy inhibition 

during distinct stages of breast cancer progression and metastasis. While tumor cell 

autophagy inhibition attenuates growth of primary tumors, autophagy inhibition in 
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disseminated tumor cells paradoxically promotes outgrowth into macro-metastases. 

Moreover, surgically excised autophagy-deficient primary tumors exhibited a propensity 

to recur locally and at metastatic sites, suggesting that autophagy inhibition promotes 

tumor initiating capabilities. Mechanistically, I uncover that autophagy controls metastatic 

outgrowth of disseminated tumor cells via degradation of the autophagy-specific substrate 

and cargo receptor, NBR1. Upon accumulation in autophagy-deficient cells, NBR1 elicits 

the acquisition of basal and stem-like traits in a subpopulation of otherwise luminal tumor 

cells, endowing them with an increased propensity for metastatic growth. Moreover, I 

demonstrate that pharmacologically enforced induction of autophagy in tumor cells elicits 

the autophagic degradation of NBR1 and prevents disseminated tumor cells for forming 

overt metastases. Taken together, this work demonstrates that autophagic degradation 

of NBR1 is a potential therapeutic strategy for preventing metastatic recurrence in breast 

cancer.  

Given that pharmacological autophagy inhibition will impair autophagy in all 

tissues, I investigate how systemic autophagy inhibition impacts organ homeostasis in 

cancer-free animals. I find autophagy-deficiency to induce profound perturbations to the 

growth and metabolic state of the animal. Autophagy-deficient animals exhibit decreases 

in weight and size which is underscored by decreases in adipose and lean mass as well 

as in bone area, mineral content and density. This general loss of tissue mass is not due 

to decreased nutritional consumption, suggesting that the ability to utilize nutrients is 

potently controlled by autophagy. Additionally, autophagy-deficiency elicits de novo 

beiging of adipose tissue in the mammary gland, evidenced by upregulation of UCP1, 

which is concomitant with loss of mature basal epithelial populations, marked by TP63 
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and CK14. Overall, these findings demonstrate the multi-faceted roles of autophagy in 

normal tissue function and cancer progression. 
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Chapter 1: Introduction 
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Overview of Autophagy 
 

Autophagy is a general term for an intracellular catabolic process that degrades 

and recycles superfluous or toxic cytosolic proteins and organelles under homeostatic 

conditions and in response to a wide variety of stressors (i.e., nutrient deprivation, 

metabolic and oxidative dysfunction, hypoxia, protein aggregation). To date, there are 

three distinct autophagy pathways: macroautophagy, chaperone-mediated autophagy, 

and microautophagy; the focus of this dissertation is macroautophagy. Broadly, 

macroautophagy, hereafter termed autophagy, begins with the initiation of a cup-like 

isolation membrane, termed the phagophore, that engulfs cytosolic components, matures 

into a double-membraned vesicle, termed the autophagosome, and fuses with the 

lysosome for degradation. Several decades of research have elucidated the molecular 

machineries governing the autophagic process as well as the critical roles of this process 

in normal cellular functions and the pathogenesis of disease.  

 

Autophagosome Biogenesis 

 Autophagosome biogenesis is tightly regulated by over 30 AuTophaGy-related 

genes (ATGs) acting in complexes and endowing cells with spatiotemporal control of 

autophagy induction. Under autophagy inducing conditions, the ULK1 kinase complex 

(ULK1-ULK2-ATG13-ATG101-FIP200) is activated by upstream signals and translocates 

to an intracellular donor membrane, typically the endoplasmic reticulum, where it 

nucleates the nascent autophagosomal membrane (phagophore) through recruitment of 

the PI(3)K complex (VPS34-VPS15-Beclin1-ATG14) (Hurley and Young, 2017). The 

expansion of the autophagosomal membrane is associated with two ubiquitin-like 
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reactions, which covalently attach ATG12 to ATG5 for assembly with ATG16L and 

ultimately conjugate phosphatidylethanolamine (PE) to microtubule-associated protein 1 

light chain 3 (MAP1LC3B; also known as LC3) in coordination with ATG7 and ATG3. LC3-

PE conjugation targets LC3 to autophagosomal membranes where it is required for 

membrane expansion and cargo sequestration. Once sealed, the double-membrane 

autophagosome (and its encapsulated cargo) fuses with the lysosome. Cargo delivered 

to the lysosome is subsequently broken down to its most basic units by enzymes such as 

acid hydrolases and returned to the cytoplasm via lysosomal membrane permeases 

(Lawrence and Zoncu, 2019).  

 

Bulk vs. Selective Autophagy 

Initially, autophagy was considered to be a bulk, non-selective process of 

catabolism by which cells recycle cytosolic material for reuse during starvation, thus 

allowing cells to adapt to and survive stress. In recent years, the discovery of autophagy 

cargo receptors (ACRs; i.e., P62, NBR1, OPTN, NDP52, NIX, BNIP3) revealed that 

autophagy also serves homeostatic functions by specifying particular cargo (i.e., 

mitochondria, protein aggregates, peroxisomes and pathogens) for autophagic 

degradation (Zaffagnini and Martens, 2016). ACRs bind ubiquitinated cytosolic 

components through ubiquitin binding domains and sequester them within the growing 

phagophore via LC3-interacting regions (LIR). Importantly, upon autophagosome 

maturation and fusion with the lysosome, ACRs are also degraded.  

Over the past two decades, a plethora of studies have uncovered the diverse roles 

of ACRs in mediating selective autophagy. The first evidence of autophagic selectivity 
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was the discovery of P62-mediated targeting of pathogenic protein aggregates (termed 

aggrephagy)(Bjorkoy et al., 2005; Komatsu et al., 2007; Pankiv et al., 2007). P62 binds 

K63-linked ubiquitin chains on aggregated proteins and is required for their autophagic 

clearance. Subsequent studies revealed that oligomerzation of P62 to itself and to NBR1 

via matching PB1 domains orchestrates the formation of such aggregates and serves as 

a stimulus for their autophagic degradation (Kirkin et al., 2009). Interestingly, recent work 

suggests that these P62-inclusions undergo phase separation (Sun et al., 2018; 

Zaffagnini et al., 2018), however how this biophysical property contributes to cellular 

homeostasis and the pathogenesis of disease remains unknown. The cooperative 

functions of P62 and NBR1 in mediating selective autophagy has also been extended to 

the degradation of peroxisomes (pexophagy) and midbody rings (Deosaran et al., 2013; 

Kuo et al., 2011; Pohl and Jentsch, 2009). Mitochondrial targeting (mitophagy) requires 

NPD52 and OPTN as well as mitochondrial membrane proteins, NIX and BNIP3, which 

themselves do not harbor ubiquitin binding domains, but recruit PINK1 and PARKIN to 

ubiquitinate mitochondria, and interact with the growing phagophore through LIRs (Novak 

et al., 2010; Zhang et al., 2012; Zhang et al., 2016). Finally, P62, NDP52 and OPTN 

coordinately promote the clearance of intracellular pathogens (xenophagy) (Cemma et 

al., 2011; Thurston et al., 2009; Wild et al., 2011). Thus, an emerging theme in selective 

autophagy is the cooperation between ACRs in mediating autophagic degradation of 

deleterious proteins, pathogens and organelles. 

In addition to the role of ACRs in specifying cargo for autophagic degradation, 

evidence suggests they also serve as complex signaling scaffolds impacting critical 

cellular pathways. Specifically, P62 has been shown to interact with and regulate NF-κB, 
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MAPK/ERK and NRF2 signaling components, while NBR1 regulates MAPK/JNK through 

interactions with MEKK3 (Hernandez et al., 2014; Komatsu et al., 2010; Rodriguez et al., 

2006; Sanz et al., 2000). Whether the other ACRs (i.e., NDP52, OPTN, NIX, BNIP3) 

function as signaling scaffolds is still being elucidated. Given that ACRs themselves are 

degraded by autophagy, their accumulation in autophagy-deficient cells elicits pleiotropic 

effects on growth, survival, and metabolic fitness signaling pathways. As such, the role of 

autophagy-deficiency and subsequent ACR accumulation in normal tissue and disease is 

an area of intense investigation.  

  

Autophagy in Normal Tissues 

Autophagy has critical functions during normal development and in the 

maintenance of diverse tissues. Autophagy is the sole mechanism by which a cell can 

rapidly remodel its proteome in bulk, thus autophagy is essential for the differentiation of 

many cell types. Notably, Atg5 is required for the unfertilized oocyte to transition to a 

highly undifferentiated state required for embryogenesis, however maternal ATG5 protein 

can compensate for this defect (Tsukamoto et al., 2008). Upon birth, Atg5 knockout mice 

are unable to cope with the lack of placental nutrients and die within 1 day (Kuma et al., 

2004). A requirement for autophagy during neonatal starvation has also been 

demonstrated in Atg7, Atg3, Atg9, Atg12 and Atg16L1 knockout animals (Komatsu et al., 

2005; Malhotra et al., 2015; Saitoh et al., 2009; Saitoh et al., 2008; Sou et al., 2008). 

Moreover, in adult animals, autophagy is essential for the differentiation of adipocytes, 

erythrocytes and lymphocytes, suggesting a broader role for autophagy in regulating 

specific developmental programs (Kundu et al., 2008; Pua et al., 2009; Singh et al., 2009; 
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Stephenson et al., 2009). Tissue specific knockout of autophagy genes has revealed that 

autophagy has critical roles in the function of many terminally differentiated tissues (i.e., 

neural cells, hepatocytes, cardiomyocytes, skeletal muscle) (Hara et al., 2006; Komatsu 

et al., 2006; Komatsu et al., 2007; Komatsu et al., 2005; Masiero et al., 2009; Nakai et 

al., 2007; Raben et al., 2008). In the central nervous system, autophagy has profound 

effects on neuronal maintenance and autophagy-deficiency leads to pathogenic protein 

aggregation and neurodegeneration. Neuronal autophagy decreases with age and 

stimulating autophagy induction prolongs lifespan (Nakamura et al., 2019). Autophagy 

also promotes the metabolic fitness of aged hematopoietic stem cells (HSC), and loss of 

autophagy leads death of HSCs, but not more differentiated progenitor populations (Warr 

et al., 2013). Thus, autophagy plays essential roles during development and maintenance 

of several vital adult tissues. 

 

Autophagy in Cancer Progression 

Autophagy has complex roles in cancer pathogenesis. Initial studies utilizing 

mosaic deletion of Atg5 and liver-specific deletion of Atg7 demonstrate that autophagy 

has tumor suppressor functions as autophagy-deficiency induces the development of de 

novo liver tumors due to increased genotoxic and oxidative stress (Takamura et al., 

2011). Moreover, Beclin-1 heterozygous knockout predisposes animals to lung and liver 

tumors and expression of a Beclin-1 mutant resistant to AKT-mediated inhibition 

attenuates tumor development via its stimulation of autophagy (Qu et al., 2003; Wang et 

al., 2012; Yue et al., 2003). In contrast to its tumor suppressor role, autophagy maintains 

the metabolic fitness and growth of advanced tumors, as Atg depletion impedes the 
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growth of already formed tumors in variety of tumor types (Guo et al., 2013; Rao et al., 

2014; Strohecker et al., 2013; Wei et al., 2011; Yang et al., 2014). Additional studies have 

revealed that ACRs play important roles during tumorigenesis. Notably, accumulation of 

P62 is required for efficient growth of autophagy-deficient tumors by promoting 

antioxidant capabilities through a NRF2-KEAP1 axis as well as induces an epithelial-to-

mesenchymal transition (EMT) by stabilizing and preventing the degradation of TWIST1 

(Fan et al., 2010; Komatsu et al., 2010; Lau et al., 2010; Qiang et al., 2014). However, 

little is known about the role of the other cargo receptors during tumorigenesis. Taken 

together, autophagy plays dual roles during pathogenesis of cancer, suppressing tumor 

formation but promoting tumor progression.  

 

Autophagy in Metastasis 

The role of autophagy during the metastatic spread of tumors remains poorly 

understood. Metastasis is the process by which primary tumor cells break through the 

basement membrane, invade the stromal compartment, co-opt vasculature, intravasate 

into the blood stream and travel to distant organs where they regain proliferative growth 

as metastases. This multi-step process is highly complex and recent works have 

demonstrated that the final step in metastasis, regaining proliferative growth in a foreign 

organ, is the most rate-limiting step in the metastatic cascade (Cameron et al., 2000; 

Luzzi et al., 1998). Several in vitro studies have suggested that autophagy supports 

metastasis. Studies from our lab and others demonstrate that autophagy supports cell 

migration and survival during extracellular matrix detachment, some of the earliest steps 

in the metastatic cascade (Fung et al., 2008; Kenific et al., 2016; Sharifi et al., 2016). 
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Interestingly, this effect of autophagy on promoting survival during extracellular matrix 

detachment is specific to normal mammary epithelium and PI(3)KH1047R-driven mammary 

cells, while it has no effect on H-RasV12-driven mammary cells (Chen et al., 2013; Fung 

et al., 2008; Lock et al., 2014). Thus, the contribution of autophagy to metastatic 

properties in vitro is at least partially oncogene-specific.  

Only a few studies have directly investigated the contribution of tumor cell 

autophagy to metastatic progression in vivo. Thus far, studies of the role of autophagy 

during metastasis have led to conflicting results and demonstrated the context-dependent 

effects of autophagy on metastasis. Knockout of Fip200 impedes primary tumor growth 

and spontaneous metastasis in MMTV-PyMT tumors (Wei et al., 2011). Moreover, single 

cell clones with Atg7 or Atg5 knockdown exhibited attenuated spontaneous metastasis in 

basal 4T1 mammary cancer (Sharifi et al., 2016). In contrast, loss of Bnip3, a key mediator 

of hypoxia-induced autophagy, increased migration and metastasis in MMTV-PyMT 

tumors (Chourasia et al., 2015). Additionally, studies utilizing MDA-MB-231 human breast 

carcinoma cells demonstrated that hypoxia-regulated expression of a dominant negative 

ULK1 promotes spontaneous and experimental metastasis (Dower et al., 2017). As 

metastasis is the principal cause of death in many human cancers, there is still much to 

learn about the role of autophagy during metastatic progression and how the autophagy 

cargo receptors function during this process.  
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Chapter 2: Autophagic Degradation of NBR1 Restricts Metastatic Colonization 
during Mammary Tumor Progression 
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Summary 
 

Autophagy is being actively pursued as a therapeutic target in clinical oncology 

trials.  Although tumor cell autophagy promotes cancer progression in multiple pre-clinical 

models, the effects of autophagy on metastatic recurrence, the principal cause of 

mortality, remain unclear. Here, we utilize mammary cancer models to temporally delete 

essential autophagy regulators during carcinoma progression in vivo. Though genetic 

ablation of autophagy attenuates the growth of primary mammary tumors, impaired 

autophagy promotes spontaneous metastasis and enables the outgrowth of disseminated 

tumor cells into overt macro-metastases. Transcriptomic analysis reveals that autophagy-

deficiency elicits a subpopulation of otherwise luminal tumor cells exhibiting basal and 

stem-like differentiation traits, which is reversed upon impairing accumulation of the 

autophagy-specific substrate and cargo receptor, Neighbor to BRCA1 (NBR1). 

Furthermore, pharmacological induction of autophagy suppresses pro-metastatic 

differentiation and metastatic colonization. Analysis of human breast cancer data reveals 

decreased autophagy biogenesis gene expression inversely correlates with pro-

metastatic differentiation signatures as well as a predicts reduced overall and distant 

metastasis-free survival. Taken together, these findings highlight autophagy-dependent 

control of NBR1 as a key determinant of metastatic progression. 
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Introduction 
 
 Autophagy is a tightly controlled lysosomal degradation and recycling pathway 

critical for cellular homeostasis and adaptation to diverse cancer-relevant stressors. In 

cancer, autophagy has multi-faceted roles in primary tumor initiation and progression. 

While genetic evidence corroborates that autophagy can serve tumor suppressor 

functions, autophagy also promotes the survival and metabolic fitness of established 

tumors (Guo et al., 2013; Rao et al., 2014; Rosenfeldt et al., 2013; Takamura et al., 2011; 

Wei et al., 2011). This has generated significant interest in autophagy inhibition as a 

therapeutic strategy in cancer; recently, anti-malarials, such as hydroxychloroquine 

(HCQ), which block autophagy by disrupting lysosomal function, have been repurposed 

as autophagy inhibitors in clinical trials for the treatment of advanced cancers (Chude and 

Amaravadi, 2017). While early studies utilizing HCQ have shown initial therapeutic 

efficacy against primary tumors, the effects of autophagy inhibition on metastatic 

progression remain poorly understood.  

The multi-step process of metastasis is highly complex; pre-clinical data suggest 

that a key rate-limiting step in metastatic progression is the ability of disseminated tumor 

cells (DTCs) to regain aggressive growth in the metastatic microenvironment, termed 

colonization (Cameron et al., 2000; Luzzi et al., 1998). In recent years, numerous in vitro 

studies implicate autophagy in supporting pro-metastatic behavior of tumor cells such as 

adhesion-independent survival, metabolic adaptation, and cell invasion and motility (Fung 

et al., 2008; Galavotti et al., 2013; Kenific et al., 2016; Rabinowitz and White, 2010). 

These diverse functions of autophagy are mediated, at least in part, by autophagy cargo 

receptors (ACRs; i.e., P62, NBR1, OPTN, NIX), which bind and specify particular 
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cytosolic proteins and organelles for autophagic degradation; during this process, ACRs 

are concurrently degraded via autophagy (Zaffagnini and Martens, 2016). Recent work 

demonstrates that cytosolic accumulation of ACRs in autophagy-deficient cells can elicit 

pro-tumorigenic functions by serving as scaffolds that drive tumor-promoting signaling 

pathways. For example, P62 promotes the growth of autophagy-deficient primary tumors 

by regulating NF-κB signaling (Wei et al., 2014) and anti-oxidant pathways downstream 

of the NRF2-KEAP1 axis to overcome stressors associated with rapidly expanding 

primary tumors (Jain et al., 2010). Whether autophagic regulation of specific ACRs 

similarly impacts metastatic colonization in vivo remains largely unknown.  

In the current study, we utilize genetic models to temporally delete essential 

autophagy genes during mammary tumor progression, which illuminates an unexpected 

role for tumor cell autophagy in restricting metastatic colonization. Impaired autophagy in 

both primary tumors and DTCs results in the accumulation of NBR1, which is specifically 

required for the development of an aggressive subpopulation of tumor cells expressing 

high levels of basal epithelial markers, including DN-TP63 and Keratin14 (CK14). NBR1-

induced basal differentiation in autophagy-deficient tumor cells elicits an increased 

propensity for spontaneous metastasis and macro-metastatic outgrowth of DTCs. 

Furthermore, pharmacological autophagy induction suppresses development of CK14+ 

basal-like cells and metastatic colonization of DTCs. Taken together, these findings 

highlight the opposing functions of tumor cell autophagy on primary tumor growth versus 

metastasis and uncover NBR1 as a potential therapeutic target to combat metastatic 

progression. 
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Results 
 
Tumor Cell Autophagy Restricts the Metastatic Outgrowth of DTCs 

 To address the role of tumor cell autophagy during metastatic colonization, we 

generated a transplantable, syngeneic MMTV-PyMT tumor model that enables 

tamoxifen-inducible deletion of floxed essential autophagy genes, Atg12 and Atg5, by 

Cre-recombinase, CAG-CreER (Supplementary Fig. 2.1a). Upon isolating primary tumor 

epithelium from compound transgenic donors (MMTV-PyMT;CAG-CreER;Atg12F/F or 

MMTV-PyMT;CAG-CreER;Atg5F/F), we confirmed efficient Atg deletion and autophagy 

inhibition ex vivo upon treatment with 4-hydroxytamoxifen (4-OHT). Cells lacking ATG5 

or ATG12 demonstrated reduced levels of LC3-II, a marker of autophagosome 

biogenesis, and the accumulation of ACRs, including NBR1 and P62, consistent with 

impaired turnover of autophagic substrates (Supplementary Fig. 2.1b).  

To model the outgrowth of DTCs into overt macro-metastases, we transplanted 

autophagy-competent, donor PyMT tumor cells into naïve, immunocompetent recipient 

mice via systemic circulation and allowed seeding of the lung for one week. Animals were 

then administered tamoxifen for DTC-specific ablation of Atg12 or Atg5 and metastatic 

outgrowth was allowed to progress for an additional three weeks (Fig. 2.1a). We observed 

a significant increase in the size of metastatic lesions resulting from Atg12 or Atg5 deletion 

(ATG12KO and ATG5KO) compared to autophagy-competent controls (ATG12F/F and 

ATG5F/F), whereas the total number of metastatic nodules remained unchanged (Fig. 

2.1b, 2.1c; Supplementary Fig. 2.1c). Macro-dissected metastases continued to exhibit 

impaired autophagy, evidenced by decreased levels of the ATG12-ATG5 complex and 

reduced LC3-II (Fig. 2.1d). Upon segregating the metastatic lesions into groups based 
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on histological nodule area and classifying them as micro-, intermediate, and macro-

metastases, animals bearing ATG12KO and ATG5KO tumor cells had significantly 

increased numbers of macro-metastases and corresponding decreased numbers of 

micro-metastases compared to autophagy-competent controls, supporting that 

autophagy inhibition promotes the outgrowth of macro-metastatic lesions (Fig. 2.1e, 2.1f). 

Importantly, in vivo administration of tamoxifen and consequent Cre activation did not 

impact the size or number of metastatic lesions in animals bearing PyMT cells with wild-

type alleles of Atg12 (MMTV-PyMT;CAG-CreER;Atg12+/+) (Supplementary Fig. 2.1d, 

2.1e). 

To determine whether autophagy ablation confers continuous or acute effects on 

outgrowth of DTCs, we analyzed tumor cell proliferation by immunostaining for phospho-

Histone H3 (pHH3) at 1-week and 2-weeks post-Atg12 recombination in vivo 

(Supplementary Fig. 2.1f). We observed an initial increase in tumor cell proliferation in 

ATG12KO relative to ATG12F/F metastases at 1-week post-recombination. Notably, these 

effects were no longer significant at 2-weeks post-recombination, suggesting that the 

ability of autophagy to suppress proliferation was limited to the initial stages of metastatic 

colonization in this model (Fig. 2.1g, 2.1h). Similar effects on macro-metastatic outgrowth 

were observed upon inhibiting autophagy in two additional mammary cancer models; 

stable knockdown of essential ATGs in the PyMT cell line R221a (Martin et al., 2008)  and 

the mammary cancer cell line 4T1 both resulted in significantly increased size of 

metastatic lesions after inoculation into systemic circulation of syngeneic hosts (Fig. 2.1i; 

Supplementary Fig. 2.1g). Taken together, these findings illuminate a previously 
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unappreciated role for tumor cell autophagy in restricting the early proliferation and 

metastatic colonization of DTCs following their seeding in foreign tissue sites. 

 

Tumor Cell Autophagy Restricts Basal Differentiation and Stem Cell 

Transcriptional Programs During Metastasis  

 Given these unexpected findings that autophagy suppressed, rather than 

promoted, metastatic colonization, we assessed the impact of autophagy ablation on the 

gene expression profile of DTCs. To isolate metastatic cells from the lung, we first crossed 

MMTV-PyMT;CAG-CreER;Atg12F/F mice with strains harboring GFP-tagged LC3 (GFP-

LC3) and then generated ATG12F/F and ATG12KO metastases in secondary hosts as 

described previously. We generated single-cell suspensions from lungs of PyMT bearing 

animals, isolated viable ATG12F/F and ATG12KO tumor cells by FACS (GFP+/MHC-

I+/CD45-/CD31-/Ter119-) and processed them for RNA-sequencing (Supplementary 

Fig. 2.2a). We identified 301 significantly differentially expressed genes (p<0.005) 

between ATG12F/F and ATG12KO metastases (Fig. 2.2a); upregulation of selected 

candidates of the top differentially expressed genes were validated by qRT-PCR 

(Supplementary Fig. 2.2b). Gene set enrichment analyses revealed autophagy-deficient 

cell transcriptomes from the metastatic site to be enriched for mammary stem cell (MaSC) 

genes as well as for transcriptional targets of the basal mammary transcription factor, 

TP63α (Fig. 2.2b) (Barton et al., 2010; Lim et al., 2010). These autophagy-deficient 

metastatic cells were also enriched with genes of a previously described highly metastatic 

CK14+ cell subpopulation found at the leading edge of breast tumors (Fig. 2.2b) (Cheung 

et al., 2016). In further support, CK14, a direct transcriptional target of TP63, was 
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significantly upregulated by 1.4-fold in autophagy-deficient metastatic cells and 

immunohistochemical staining of metastatic lesions corroborated a significant increase in 

the CK14+ and TP63+ subpopulations in autophagy-deficient metastases compared to 

controls (Fig. 2.2c). Furthermore, these changes in differentiation were not unique to the 

PyMT model. Upon stable knockdown of essential ATGs, we observed increased CK14 

expression in multiple human and mouse cell lines, including the human breast epithelial 

cell line, MCF10A, the human basal breast cancer lines, HCC1143 and HCC1806, and 

the mouse mammary cancer line, 4T1 (Fig. 2.2d; Supplementary Fig. 2.2c). We also 

evaluated enriched gene ontology (GO) categories from significantly upregulated genes 

(> 2-fold change) in autophagy-deficient metastatic cells (Supplementary Fig. 2.2d). 

Biological adhesion and cellular projection organization categories were among the most 

significantly enriched GO Biological Process terms, consistent with the dysregulation of 

intermediate filaments (e.g., CK14) in these metastatic cells. There was also significant 

enrichment of GO Cellular Component and Molecular Function categories involved in 

regulation of the extracellular matrix and growth factor receptor signaling 

(Supplementary Fig. 2.2d). Overall, these findings implicate the autophagy pathway as 

a fundamental regulator of tumor cell plasticity; accordingly, inhibiting autophagy leads to 

the acquisition of basal and stem-like traits that promote aggressiveness and metastasis.  

 

Tumor Cell Autophagy Promotes Primary Orthotopic Mammary Tumor Generation 

 In contrast to these observed effects on metastatic colonization, previous work 

demonstrates that inhibiting autophagy via genetic deletion of the essential autophagy 

regulator, Fip200, suppresses PyMT-driven mammary tumorigenesis (Wei et al., 2011). 
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Hence, we treated MMTV-PyMT;CAG-CreER;Atg12F/F or MMTV-PyMT;CAG-

CreER;Atg5F/F primary cells with 4-OHT or vehicle transiently ex vivo, and orthotopically 

transplanted them into the mammary fat pads of naïve recipients (Supplementary Fig. 

2.3a). Consistent with previous studies of Fip200, tumor cell autophagy ablation 

significantly impaired primary tumor growth and final tumor weight (Fig. 2.3a, 2.3b). 

Autophagy-deficient tumors retained autophagic impairment at end point compared to 

controls (Fig. 2.3c). Despite these differences in primary tumor size and burden, we did 

not observe stark histological differences between autophagy-deficient and -competent 

primary tumors (Fig. 2.3d; Supplementary Fig. 2.3b). Compared to controls, autophagy-

ablated tumors exhibited significantly decreased proliferation, but no changes in apoptotic 

cell death (Fig. 2.3d, 2.3e; Supplementary Fig. 2.3b).   

 We next assessed whether tumor cell autophagy impacted basal differentiation in 

primary tumors. Similar to our results from experimental metastasis assays, we observed 

a profound increase in a subpopulation of CK14+ tumor cells in autophagy-deficient 

primary tumors, whereas autophagy-competent tumors lacked this population except for 

rare CK14+ tumor cells enriched at the tumor periphery as previously described (Fig. 

2.3f, 2.3g; Supplementary Fig. 2.3c, 2.3d) (Cheung et al., 2013). These CK14+ tumor 

cells, enriched in autophagy-null PyMT tumors, were positive for the basal mammary 

transcription factor TP63, specifically the ΔN-TP63 isoforms, which have been proposed 

to be sufficient to induce basal phenotypes in luminal mammary cells (Fig. 2.3g; 

Supplementary Fig. 2.3d) (Yalcin-Ozuysal et al., 2010). We also examined Keratin 5 

(CK5), the heterotypic partner of CK14 in normal basal mammary epithelium (Sun et al., 

2010). Although CK5 co-labeling was observed in a subset of CK14+ cells, numerous 
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CK14+, CK5-negative cells were evident within autophagy-deficient tumors, suggesting 

these cells exist in a spectrum of differentiation states (Fig. 2.3f; Supplementary Fig. 

2.3e). Intriguingly, these PyMT tumor cells were also positive for the mesenchymal 

marker vimentin (VIM) and tended to localize to tumor regions rich in fibronectin (FN) 

(Fig. 2.3g; Supplementary Fig. 2.3d). Nevertheless, immunofluorescence indicated a 

large proportion of CK14+ cells retained expression of E-cadherin, suggesting autophagy 

inhibition promoted mesenchymal differentiation, but did not elicit a complete epithelial-

to-mesenchymal transition (EMT) in this mammary cancer model (Supplementary Fig. 

2.3f). These findings demonstrate autophagy inhibition affects tumor cell plasticity in vivo 

and the opposing functions of tumor cell autophagy in primary tumors versus metastases. 

 

Tumor Cell Autophagy Restricts Local and Metastatic Recurrence Following 

Primary Tumor Excision 

 Since autophagy inhibition led to the acquisition of basal and mesenchymal traits 

associated with increased metastatic capacity in primary tumors, we hypothesized that 

autophagy-deficiency, despite inhibiting primary tumor growth, might ultimately promote 

metastasis in spontaneous models. Previous results utilizing Fip200 deletion to impair 

autophagy during PyMT tumorigenesis demonstrate decreased spontaneous lung 

metastasis (Wei et al., 2011) and we corroborated similar reductions in lung metastasis 

following orthotopic transplant of autophagy-deficient PyMT cells (Supplementary Fig. 

2.3g). Nevertheless, both our current and these previous studies did not control for the 

significant reductions in primary tumor burden observed in autophagy-deficient tumors.  
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 To overcome these limitations, we controlled for primary tumor burden by 

surgically excising autophagy-deficient and -competent primary tumors at matched sizes, 

early in progression (1000 mm3), and thereafter, investigated the development of 

metastatic lesions over a 50-day window post-excision (Fig. 2.4a). As expected, 

autophagy-deficient primary tumors displayed a significant growth impairment, requiring 

56-69 days to reach the 1000 mm3 excision timepoint, compared to 42-46 days for 

matched autophagy-competent controls (Fig. 2.4b). Within 50 days post-excision, we 

observed primary tumor recurrence at the orthotopic site of multiple animals originally 

bearing autophagy-deficient primary tumors, but never in animals that previously 

contained autophagy-competent tumors (Fig. 2.4c). Furthermore, spontaneous 

pulmonary metastatic lesions were only observed in animals bearing autophagy-deficient 

primary tumors, irrespective of primary tumor recurrence (Fig. 2.4c and 2.4d). Notably, 

autophagy inhibition promoted spontaneous metastasis in additional tumor models. 

Stable ATG12 knockdown in 4T1 cells did not impair primary tumor growth (Fig. 2.4e), 

consistent with previous findings (Sharifi et al., 2016), but led to increased spontaneous 

lung metastases (Fig. 2.4f) with elevated CK14+ staining (Fig. 2.4g). Taken together, 

these findings further support a role of autophagy inhibition in generating highly 

aggressive cells which exhibit an increased propensity for metastasis. 

 

The Autophagy Cargo Receptor NBR1, But Not P62, is Sufficient to Drive Metastatic 

Colonization 

 Emerging evidence suggests that ACRs mediate important cell behaviors that are 

critical for tumorigenesis (Duran et al., 2008; Qiang et al., 2014; Wei et al., 2014). Upon 
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autophagy inhibition, the accumulation of ACRs within cells can act as complex signaling 

scaffolds that promote tumor cell proliferation, metabolism and survival (Hernandez et al., 

2014; Moscat et al., 2016). Given that ACRs function in a context- and cell type-

dependent manner, we first assayed whether specific ACRs accumulate upon autophagy 

inhibition in PyMT cells. Two ACRs, NBR1 and P62, significantly accumulated following 

autophagy inhibition both in primary PyMT cells and the R221a cell-line using multiple 

distinct methods of genetic autophagy impairment (Fig. 2.5a, 2.5b). We next asked 

whether NBR1 or P62 independently are sufficient to promote metastatic colonization in 

autophagy-competent, R221a PyMT tumor cells. Ectopically expressed epitope-tagged 

NBR1 or P62 resulted in 1.5- and 2.6-fold increased protein expression, respectively; 

these levels closely mimicked the degree of ACR accumulation observed upon autophagy 

inhibition (Supplementary Fig. 2.4a, 2.4b). We then inoculated NBR1 and P62 

overexpressing PyMT cells into the lateral tail vein and found that NBR1 overexpression 

was sufficient to promote metastatic growth, whereas increased P62 had no effect on 

metastasis (Fig. 2.5c, 2.5d; Supplementary Fig. 2.4c, 2.4d). We confirmed that 

overexpression of NBR1 did not alter autophagic flux, as evidenced by negligible effects 

on LC3-II processing and lysosomal turnover (Supplementary Fig. 2.4e). These findings 

indicate that aberrant accumulation of NBR1, and not P62, is sufficient to promote 

metastatic progression, even in autophagy-competent tumor cells. 
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NBR1 Is Required for Metastatic Colonization and Basal Differentiation Upon 

Tumor Cell Autophagy Inhibition 

 As ectopic expression of NBR1 was sufficient to promote metastatic colonization, 

we next interrogated whether NBR1 was necessary for this process in both autophagy-

competent and -deficient tumor cells. We generated R221a PyMT cells with two distinct 

shRNAs stably targeting Nbr1 (Supplementary Fig. 2.4f) and observed robust 

attenuation of metastatic outgrowth upon stable NBR1 knockdown compared to non-

targeting controls (Fig. 2.5e; Supplementary Fig. 2.4g). We then determined whether 

preventing NBR1 accumulation in autophagy-deficient cells was sufficient to rescue the 

metastatic colonization phenotype that arose in the setting of autophagy inhibition. We 

generated cells in which ATG7 and NBR1 were stably co-depleted by shRNA. As 

expected, NBR1 protein levels were significantly increased in cells upon autophagy 

impairment, while shRNA-mediated silencing of Nbr1 prevented NBR1 accumulation 

(Supplementary Fig. 2.4h, 2.4i). We inoculated the co-silenced cells via tail-vein and 

found that NBR1 knockdown completely rescued the effects of autophagy inhibition on 

metastasis (Fig. 2.5f, 2.5g). Strikingly, elevated CK14 levels resulting from autophagy-

deficiency were also completely reversed in autophagy-deficient cells that were co-

silenced for NBR1 (Fig. 2.5h, 2.5i). Overall, these findings indicate that autophagy-

deficiency promotes metastatic colonization and pro-metastatic basal differentiation in 

tumor cells via the aberrant accumulation of NBR1.  
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Clinical Correlates of Autophagy Gene Expression Signatures in Breast Cancer 

Patients 

 Based on our results, we further scrutinized how autophagy status impacted 

differentiation state and disease outcomes in human breast cancer patients. We 

interrogated autophagy biogenesis gene signatures in TCGA breast cancer datasets and 

observed significant inverse correlations between autophagy-specific gene expression 

and MaSC gene signatures as well as TP63 transcriptional targets in Luminal A, Luminal 

B and Basal-like subtypes (Supplementary Fig. 2.5, autophagy gene set displayed in 

Supplementary Table 2.1). We next determined whether autophagy gene signatures 

had prognostic significance on disease outcome across all subtypes of human breast 

cancer and found decreased overall survival and distant metastasis-free survival in 

cohorts with low expression of autophagy-specific genes (Fig. 2.6a; Supplementary 

Table 2.1). Taken together, these findings suggest that decreased autophagy in human 

breast cancers is associated with pro-metastatic differentiation and predictive of reduced 

survival. 

 

Effects of Pharmacological Autophagy Modulation on Metastatic Colonization   

Pharmacological autophagy inhibitors (i.e., HCQ) are being utilized in clinical trials 

for patients with advanced cancers. Although our genetic models demonstrated a role for 

tumor cell autophagy ablation in promoting metastatic colonization, an important 

consideration is that pharmacological agents will systemically inhibit autophagy in both 

the tumor and host tissues (Haspel et al., 2011; Moulis and Vindis, 2017). Thus, we 

evaluated whether systemic chloroquine (CQ) treatment impacted metastatic 



 
 

 

23 

colonization. Autophagy-competent primary PyMT cells were inoculated via lateral tail-

vein and allowed to seed the lung for 1 week prior to daily treatment with CQ (60 mg/kg) 

or vehicle (Fig. 2.6b). We confirmed drug efficacy by immunoblotting for LC3-II 

accumulation in peripheral tissues of CQ-treated animals (Supplementary Fig. 2.6a). 

Interestingly, we observed no significant effects of CQ treatment on the size of 

metastases (Fig. 2.6c). Moreover, CQ treatment had no effect on the abundance of 

CK14+ cells in metastatic lesions (Fig. 2.6d; Supplementary Fig. 2.6b). To further 

dissect the effects of systemic autophagy inhibition in host non-tumor cells, we utilized 

Atg12F/F;CAG-CreER mice to inducibly delete Atg12 across all tissues within adult animals. 

We transiently administered tamoxifen or vehicle to 6-week-old mice to recombine Atg12 

loci systemically and after 2 weeks, inoculated autophagy-competent PyMT tumor cells 

via tail vein injection (Supplementary Fig. 2.6c). At the time of tumor cell injection, we 

confirmed systemic Atg12 deletion by immunoblotting for LC3 processing and the ATG12-

ATG5 complex (Supplementary Fig. 2.6d). Similar to our results with CQ treatment, 

systemic Atg12 deletion did not impact metastatic colonization (Supplementary Fig. 

2.6e). At endpoint, we confirmed systemic Atg12 deletion by PCR for the recombined 

Atg12 locus and immunoblotting for LC3 processing (Supplementary Fig. 2.6f, 2.6g).    

 In parallel, we tested whether pharmacologically stimulating autophagy in both 

tumor cell and host tissues was sufficient to attenuate metastatic colonization. The 

mammalian target of rapamycin complex 1 (mTORC1) is a potent repressor of autophagy 

at several steps during autophagosome biogenesis, and as such, inhibition of mTORC1 

with rapamycin (RAP) leads to heightened levels of autophagic flux across diverse cell 

types. We inoculated autophagy-competent primary PyMT cells via tail-vein and allowed 
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them to seed the lung for 1 week before stimulating autophagy via continued 

administration of RAP (4mg/kg) (Fig. 2.6b), which reduced S6 phosphorylation 

(Ser240/244) in host tissues (Supplementary Fig. 2.6h). RAP treatment also robustly 

attenuated metastatic outgrowth compared to vehicle controls (Fig. 2.6e, 2.6f) and 

decreased CK14 staining in metastatic lesions (Fig. 2.6g; Supplementary Fig. 2.6i). 

Overall, these results support that the pharmacological induction of autophagy in tumor 

cells potently suppresses metastatic colonization of disseminated breast cancer cells.  

 

Discussion 

We uncovered a previously unrecognized role for autophagy in suppressing 

metastatic colonization and identified NBR1 as a mediator of autophagy-dependent 

outcomes during metastasis. Autophagy inhibition generated an aggressive CK14+ tumor 

cell population in an NBR1-dependent manner with increased ability to form recurrent 

tumors at both primary and metastatic sites. Moreover, pharmacological stimulation of 

autophagy suppressed the emergence of this aggressive CK14+ subpopulation and 

attenuated metastatic colonization of DTCs. Finally, consistent with the importance of 

autophagy during metastasis, reduced expression of autophagy biogenesis genes in 

human breast cancer samples correlated with increased MaSC and TP63 transcriptional 

target signatures as well as reduced overall and distant metastasis-free survival. 

The paradox between functional outcomes of autophagy during primary and 

metastatic tumor growth highlights the exquisitely stage-specific role of autophagy during 

metastatic progression of breast cancer. Previous studies have observed increased LC3 

puncta in human breast, melanoma and hepatocellular carcinoma metastases compared 
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to primary tumors, suggesting that there is a differential requirement for autophagy in 

human primary tumors versus metastases (Hashemi-Sadraei et al., 2018; Lazova et al., 

2012; Peng et al., 2013). Our results lend experimental support for this notion and provide 

additional evidence that autophagic impairment promotes metastasis through aberrant 

accumulation of NBR1. Interestingly, the archetypal ACR, P62, had no effect on 

metastatic colonization in this mammary cancer model despite its previously described 

pro-tumorigenic role in both autophagy-deficient primary mammary tumors and the 

regulation of EMT in squamous cell carcinoma (Qiang et al., 2014; Wei et al., 2014). 

Hence, an important topic for further study is whether NBR1 promotes metastasis in 

additional tumor models.  

RNA sequencing of autophagy deficient metastatic PyMT cells identified multiple 

downstream pro-metastatic effects of genetic autophagy inhibition during metastasis. 

Specifically, autophagy-deficient metastatic cells acquired pro-metastatic basal epithelial 

(i.e., CK14, TP63) and stem-like transcriptional repertoires. Moreover, we show that 

acquisition of this basal state, marked by CK14, is dependent on NBR1 accumulation. 

Previous studies demonstrate that the CK14+ state facilitates the collective migration of 

breast cancer cells both in vitro and in vivo (Cheung et al., 2013). Additionally, studies 

from our lab found that NBR1 promotes focal adhesion disassembly and migration of 

mammary epithelial cells in vitro (Kenific et al., 2016). Thus, tumor cell autophagy likely 

has pleiotropic effects on motility and biological adhesions during metastatic colonization, 

as reflected in the GO analyses comparing autophagy-deficient versus autophagy-

competent metastatic cells. Recent studies utilizing breast cancer cells highlight the 

dynamic interconversion between CK14+ and CK14- states in vitro and that CK14 is 
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required for efficient metastasis in vivo; however, the mechanisms governing this 

plasticity remain unknown (Cheung et al., 2013; Cheung et al., 2016). We provide 

evidence that autophagy potently controls abundance of the CK14+ population in both 

primary and metastatic tumor cells, which underlie its effects on metastatic colonization. 

Future studies utilizing reversible autophagy impairment in tumor cells are important to 

determine whether this effect of autophagy on tumor cell plasticity and metastasis is a 

permanent conversion or if it is dynamically regulated.  

Unlike genetic tumor cell-specific autophagy ablation, pharmacological inhibition 

of autophagy using the antimalarial CQ did not impact the metastatic outgrowth of DTCs. 

Because pharmacological autophagy inhibitors broadly inhibit autophagy in both tumor 

cells and the host stroma, we postulate that this may result in our observed differences in 

metastatic phenotypes. In support of this hypothesis, systemic genetic ablation of 

autophagy in host stroma did not impact the metastatic outgrowth of autophagy-

competent PyMT cells, suggesting that autophagic capacity in stromal cells does not 

enhance or impede metastatic colonization by PyMT tumor cells. In contrast, our results 

with the mTORC1 inhibitor rapamycin supported that systemic pharmacological 

stimulation of autophagy may be a viable therapeutic approach for preventing metastatic 

outgrowth of DTCs. As future pharmacological compounds that specifically induce or 

inhibit autophagy are developed for cancer treatment, their long-term effects on 

metastasis will be an important consideration. 
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Figure 2.1: Tumor Cell Autophagy Restricts the Macro-metastatic Outgrowth of 
DTCs 
a, Schematic of experimental design for Atg deletion in primary PyMT DTCs. b, 
Representative hematoxylin and eosin staining of lungs bearing metastases for indicated 
groups. Scale bar = 1 mm. c, Quantification of average metastatic size for indicated 
genotypes. Two pooled independent experiments for each ATG. ATG12F/F (n=7), 
ATG12KO (n=8), ATG5F/F (n=8), ATG5KO (n=9). d, Immunoblot of macro-dissected 
metastases from indicated genotypes at endpoint for the ATG12-5 complex, LC3 and 
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GAPDH. e, Histological groups of Micro- (1), Intermediate (2), and Macro- (3) metastatic 
lesions. Scale bar = 100 µm. f, Quantification of percent total metastases within indicated 
histological groups for animals in (c) at endpoint. g, Representative immunofluorescent 
staining of phospho-histone H3 positive metastatic tumor cells (pHH3, red) and nuclei 
(Hoechst, blue). Metastases outlined with dashed line (yellow). Scale bar = 20 µm. h, 
Quantification of number of nuclei positive for pHH3 normalized to metastatic lesion area 
for indicated timepoints. N=3/genotype. i, Quantification of average metastatic size for 
indicated shRNAs in R221a and 4T1 cells. R221a, three pooled independent 
experiments. shCTRL (n=20), shATG7 (n=19). 4T1, one experiment. shCTRL (n=7), 
shATG12 (n=8). Statistics: t-test (c)(f, Micro-ATG5, Macro-ATG12, Macro-ATG5)(h)(i, 
4T1), Mann-Whitney (f, Micro-ATG12)(i, R221a). Data are represented by mean ± S.E.M. 
Each dot represents 1 animal. ns = not significant. *p<0.05, **p<0.01, ***p<0.001. 
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Figure 2.2: Tumor Cell Autophagy Restricts Basal Differentiation and Stem Cell 
Transcriptional Programs During Metastasis 
a, Heatmap representation of top 30 differentially expressed genes (ranked by p-value) 
between ATG12F/F and ATG12KO metastases (scale indicates log2 transformed and 
median centered expression, p-value < 0.005). ATG12F/F (n= 6), ATG12KO (n=5). b, Gene 
set enrichment analyses in ATG12KO relative to ATG12F/F metastases. c, Top, 
representative images of immunohistochemical staining of CK14 (red), TP63 (red), and 
counterstained with hematoxylin (blue) from animals in Fig. 2.1c. Scale bar = 100 µm. 
Bottom, quantification of CK14 and TP63 staining area normalized to total metastasis 
area. CK14; ATG12F/F (n=6), ATG12KO (n=7). TP63; ATG12F/F (n=5), ATG12KO (n=5). d, 
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Immunoblots of CK14 and GAPDH in MCF10A, HCC1143, HCC1806 and 4T1 cells with 
indicated shRNAs. Statistics: DESeq2 (a), false-discovery rate (b), t-test (c). Data 
represented by mean ± S.E.M. Each dot represents 1 animal. *p<0.05, ***p<0.001. 
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Figure 2.3: Tumor Cell Autophagy Promotes Orthotopic Primary Mammary Tumor 
Formation 
a, Tumor growth kinetics for indicated genotypes. One experiment for ATG12, three 
pooled experiments for ATG5. b, Tumor weight at endpoint for indicated genotypes from 
animals in (a). c, Immunoblots of primary tumors from indicated genotypes at endpoint 
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for the ATG12-ATG5 complex, LC3 and GAPDH. d, Representative images of primary 
tumors stained with hematoxylin and eosin (H&E), Masson’s trichrome (Trichrome), 
phospho-histone H3 (pHH3, red) and cleaved-capase3 (CC3, red). Scale bar = 100 µm. 
e, Quantification of phospho-histone H3 (pHH3) and cleaved-caspase 3 (CC3) 
normalized to tumor area. pHH3; ATG12F/F (n=3), ATG12KO (n=3), ATG5F/F (n=3), 
ATG5KO (n=3). CC3; ATG12F/F (n=5), ATG12KO (n=5), ATG5F/F (n=4), ATG5KO (n=4). f, 
Representative images of primary tumors stained for Keratin14 (CK14, red), Keratin5 
(CK5, red) and counterstained with hematoxylin (blue). Inset, adjacent normal mammary 
duct. Scale bar = 100 µm. g, Representative images of primary tumors stained for 
Keratin14 (CK14), Vimentin, Fibronectin, TP63, DN-TP63 (red), and counterstained with 
hematoxylin (blue). Inset, top – adjacent normal mammary duct. Inset, bottom – increased 
magnification. Scale bar = 100 µm. Statistics: t-test (a)(b, ATG12)(e), Mann-Whitney (b, 
ATG5). Data represented by mean ± S.E.M. Each dot represents 1 animal. ns = not 
significant. *p<0.05, **p<0.01, ***p<0.001. 
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Figure 2.4: Tumor Cell Autophagy Restricts Local and Metastatic Recurrence 
Following Primary Tumor Excision 
a, Schematic of experimental design for primary tumor excision at 1,000mm3 and 50-day 
follow-up for metastatic analysis. b, Tumor growth kinetics for indicated PyMT genotypes. 
Two pooled independent experiments for ATG12, and one experiment for ATG5. c, 
Incidence of primary tumor recurrence and metastasis for indicated genotypes from 
animals in (b). d, Left, Quantification of average PyMT metastatic number for animals of 
indicated genotypes without primary tumor recurrence. ATG12F/F (n=7), ATG12KO (n=7), 
ATG5F/F (n=5), ATG5KO (n=5). Right, representative hematoxylin and eosin staining of 
lung metastases for indicated genotypes. Scale bar = 2 mm. e, 4T1 tumor growth kinetics 
for indicated shRNAs. Two pooled independent experiments. f, Quantification of average 
4T1 metastatic number for animals of indicated shRNAs. shCTRL (n=12), shATG12 
(n=13). g, Quantification of CK14 staining area normalized to metastasis area for 
indicated shRNAs. shCTRL (n=6); shATG12 (n=7). Statistics: t-test (b)(e)(f), Mann-
Whitney (g). Data are represented by mean ± S.E.M. Each dot represents 1 animal. 
*p<0.05, **p<0.01, ***p<0.001. 
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Figure 2.5: NBR1 Is Required for Metastatic Colonization and Basal Differentiation 
Upon Tumor Cell Autophagy Inhibition 
a, Immunoblots for autophagy cargo receptors in autophagy-deficient and -competent 
primary PyMT cells and R221a cell-line of indicated genotypes and shRNAs, respectively. 
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b, Quantification of autophagy cargo receptor protein levels normalized to loading control 
in autophagy-deficient cells relative to autophagy-competent cells from (a). Three pooled 
independent experiments. c, Quantification of average metastatic size for empty vector 
(EV, n=16) or P62-overexpressing (n=18) R221a cells. Two pooled independent 
experiments. d, Quantification of average metastatic size for empty vector (EV, n=15) or 
NBR1-overexpressing (n=15) R221a cells. Two pooled independent experiments. e, 
Quantification of average metastatic size for indicated shRNAs utilizing R221a cells. Two 
pooled independent experiments. shCTRL (n=12), shNBR1#1 (n=8), shNBR1#2 (n=10). 
f, Representative whole lung images after inoculation with cells expressing indicated 
shRNAs. Scale bar = 2 mm. g, Quantification of average metastatic size for indicated 
shRNAs. Three pooled independent experiments. shCTRL (n=15); shATG7 (n=17); 
shATG7, shNBR1 (n=16). h, Representative images of CK14 staining in metastases for 
indicated shRNAs. Metastases are outlined with dashed line (black). Scale bar = 100 µm. 
i, Quantification of CK14 staining area normalized to metastasis area for indicated 
shRNAs. shCTRL (n=8); shATG7 (n=9); shATG7, shNBR1 (n=8). Statistics: t-test (b)(c), 
Mann-Whitney (d), ANOVA with Dunn’s post-hoc test (e)(g) or Tukey’s post-hoc test (i). 
Data are represented by mean ± S.E.M. Each dot represents 1 animal or biological 
replicate for in vitro studies (b). ns = not significant. *p<0.05, **p<0.01, ***p<0.001. 
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Figure 2.6: Clinical Correlates in Human Breast Cancer and Pharmacological 
Modulation of Autophagy in Mice 
a, Kaplan-Meier plot of overall survival (OS; n=626) and distant metastasis-free survival 
(DMFS; n=664) probability in breast cancer patients stratified by high (red) and low (black) 
primary tumor mean expression of autophagy genes (ATG). The complete list of 
autophagy genes analyzed is listed in Supplementary Table 1. b, Schematic of 
experimental design for pharmacological autophagy modulation in DTCs. c, 
Quantification of average metastatic size for indicated treatments utilizing primary PyMT 
cells. Vehicle (n=6), Chloroquine (CQ, n=6). d, Quantification of CK14 staining area 
normalized to metastasis area for indicated treatments. Vehicle (n=5), Chloroquine (n=5). 
e, Representative whole lung images for indicated treatments. Scale bar = 2 mm. f, 
Quantification of average metastatic size for indicated treatments utilizing primary PyMT 
cells. Vehicle (n=5), Rapamycin (RAP, n=5). g, Quantification of CK14 staining area 
normalized to metastasis area for indicated treatments. Vehicle (n=5), Rapamycin (n=5). 
Statistics: Log-rank test (a), t-test (c)(d)(g), Mann-Whitney (e). Data are represented by 
mean ± S.E.M. Each dot represents 1 animal. ns = not significant. **p<0.01. 
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Supplementary Figure 2.1: Tumor Cell Autophagy Inhibition Causes Accumulation 
of Autophagy Cargo Receptors and Additional Controls for Metastasis 
Experiments 
a, Schematic of breeding strategy for generating compound transgenic mice with 
inducible autophagy inhibition. b, Immunoblot for the ATG12-ATG5 complex, LC3, 
GAPDH and NBR1 and P62 accumulation in donor PyMT tumor cells treated with 2 µM 
4-OHT ex vivo. c, Quantification of average number of metastases for indicated 
genotypes from animals in Fig. 2.1c. ATG12F/F (n=7), ATG12KO (n=8), ATG5F/F (n=8), 
ATG5KO (n=9). d, Immunoblot for LC3 and GAPDH in control Atg12+/+;CAG-CreER primary 
PyMT cells treated with 2 µM 4-OHT ex vivo. e, Quantification of average number (Left) 
and size (Right) of metastases after in vivo administration of tamoxifen to animals 
innoculated with control Atg12+/+;CAG-CreER primary PyMT cells. Vehicle (n=5), 
Tamoxifen (n=4). f, Schematic of experimental design to track kinetics of metastatic tumor 
cell proliferation after autophagy inhibition. g, Immunoblot of ATG7, ATG12-5 complex, 
LC3, and GAPDH in R221a and 4T1 cells with indicated shRNAs ex vivo. Statistics: t-test 
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(c, ATG12) (e), Mann-Whitney (c, ATG5). Data are represented by mean ± S.E.M. Each 
dot represents 1 animal. ns = not significant. 
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Supplementary Figure 2.2: FACS Gating Strategy and Downstream Analyses of 
Autophagy-deficient Tumor Cells 
a, Gating strategy for isolation of metastatic GFP-LC3 PyMT cells (CD45-/CD31-/Ter119-
/MHC-I+/GFP+). b, Quantification of indicated transcript expression by RT-qPCR to 
validate RNA sequencing data, ATG12KO relative to ATG12F/F. ATG12F/F (n=6), ATG12KO 
(n=5). c, Immunoblots for ATG7, ATG12, LC3 and GAPDH in MCF10A, HCC1143, 
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HCC1806 and 4T1 cells upon stable shRNA knockdown of indicated ATG. d, GO analysis 
(Biological Process, Cellular Component and Molecular Function) of significantly 
upregulated genes (p<0.005) in ATG12KO relative to ATG12F/F metastases. Statistics: t-
test (b), GO Analysis (d). Data are represented by mean ± S.E.M. Each dot represents 1 
animal. ns = not significant. *p<0.05, **p<0.01. 
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Supplementary Figure 2.3: Effects of Autophagy Inhibition in Primary Orthotopic 
Tumors on Proliferation, Cell Death and Basal Differentiation 
a, Schematic of primary PyMT donor epithelium isolation, ex vivo ATG knockout and 
orthotopic transplant into mammary fat pads of syngeneic hosts. b, Representative 
images of primary tumors stained with hematoxylin and eosin (H&E), Masson’s trichrome 
(Trichrome), phospho-histone H3 (pHH3, red) and cleaved-capase3 (CC3, red) for 
indicated genotypes. Scale bar = 100 µm. c, Representative images of CK14 (red) and 
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TP63 (red) staining counterstained with hematoxylin (blue) at the periphery of ATG12F/F 
primary tumors. Scale bar = 100 µm. d, Representative images of primary tumor staining 
for Keratin14 (CK14), Vimentin, Fibronectin and TP63 (red) counterstained with 
hematoxylin (blue) for indicated genotypes. Inset, adjacent normal mammary duct. Scale 
bar = 100 µm. e, Representative images of CK14 (red) and CK5 (red) staining 
counterstained with hematoxylin (blue) for indicated genotypes. Inset, adjacent normal 
mammary duct. Scale bar = 100 µm. f, Representative images of E-Cadherin (red), CK14 
(green) and Nuclei (Hoechst, blue) from ATG12KO primary tumors. Merge = composite. 
Scale bar = 20 µm. g, Quantification of average metastatic number at endpoint from 
animals bearing PyMT tumors with indicated genotypes (from Fig. 3a). ATG12F/F (n=6), 
ATG12KO (n=6). Data are represented by mean ± S.E.M. Each dot represents 1 animal. 
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Supplementary Figure 2.4: NBR1 is Necessary and Sufficient for Metastatic 
Colonization 
a, Immunoblots for total NBR1, P62, Flag and GAPDH in NBR1, P62 or empty vector (EV) 
overexpressing R221a tumor cells. b, Quantification of NBR1 and P62 protein levels 
following stable overexpression in R22a cells, compared to ATG7 stable knockdown (from 
Fig. 2.5a-b). Three pooled independent experiments. c-d, Representative hematoxylin 
and eosin staining of metastases from indicated groups. Scale bar = 200 µm. e, 
Immunoblot for LC3 and GAPDH in NBR1 or Empty Vector overexpressing R221a PyMT 
cells. Cells starved with Hanks Balanced Salt Solution (HBSS) and treated with 20 nM 
Bafilomycin A1 (BafA1) to asses lyososomal turnover of LC3-II. f, Immunoblot for NBR1 
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and GAPDH in R221a cells with two distinct shRNAs against Nbr1. g, Representative 
hematoxylin and eosin staining of metastases for indicated shRNAs. Scale bar = 100 µm. 
h, Immunoblot for NBR1, ATG7, LC3 and GAPDH in R221a cells with shRNA targeting 
Atg7, Nbr1 or both. i, Quantification of NBR1 protein levels for indicated shRNAs. Three 
pooled independent experiments. Statistics: t-test (b), ANOVA with Tukey’s post-hoc test 
(i). Data are represented by mean ± S.E.M. Each dot represents 1 biological replicate. ns 
= not significant. *p<0.05, **p<0.01, ***p<0.001. 
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Supplementary Figure 2.5: Autophagy-Specific Genes Correlate with MaSC and 
TP63 Target Gene Expression Signatures 
Best-fit line and Pearson correlations between mean autophagy-specific gene expression 
in primary tumors and MaSC and TP63 Targets gene expression signatures for indicated 
PAM50 subtypes from TCGA datasets. The complete list of autophagy genes analyzed 
is listed in Supplementary Table 1. Statistics: Pearson Correlation.  
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Supplementary Figure 2.6: Pharmacological Modulation of Autophagy and 
Systemic Atg12 Deletion in Host Animals 
a, Immunoblot for LC3 and GAPDH in mammary gland and spleen from animals treated 
with CQ or vehicle. b, Representative images of CK14 (red) staining counterstained with 
hematoxylin (blue) in Chloroquine (CQ) treated metastases. Metastases outlined with 
dashed line (black). Scale bar = 100 µm. c, Schematic of experimental design for 
experimental metastasis assay in animals systemically deleted for ATG12. d, Immunoblot 
for the ATG12-5 complex, LC3 and GAPDH in homogenized ear from animals with 
systemic deletion of Atg12 by tamoxifen administration. e, Quantification of average 
metastatic size from animals with systemic deletion of Atg12. ATG12F/F host (n=7), 
ATG12KO host (n=9). f, PCR product of tail DNA from animals with systemic deletion of 
Atg12 for the recombined allele of Atg12. g, Immunoblot for LC3 and GAPDH in 
homogenized kidney from host animals with systemic deletion of Atg12 by tamoxifen 
administration h, Immunoblot for phospho-S6 and total S6 in homogenized liver from 
animals treated with RAP or vehicle. i, Representative images of CK14 (red) staining 
counterstained with hematoxylin (blue) in RAP treated metastases. Metastases outlined 
with dashed line (black). Scale bar = 100µm. Vehicle (n=5), Rapamycin (n=5). Statistics: 
Mann-Whitney (e). Data are represented by mean ± S.E.M. Each dot represents 1 animal. 
ns = not significant. 
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Supplementary Table 2.1: Autophagy Biogenesis Gene Set 
Adapted from (Perera et al., 2015) 
Gene 
Symbol 
ATG10 
ATG12 
ATG13 
ATG14 
ATG16L1 
ATG16L2 
ATG2A 
ATG2B 
ATG3 
ATG4A 
ATG4B 
ATG4C 
ATG4D 
ATG5 
ATG7 
ATG9A 
ATG9B 
BECN1 
GABARAP 
GABARAPL1 
GABARAPL2 
GABARAPL3 
MAP1LC3A 
MAP1LC3B 
MAP1LC3B2 
ULK1 
ULK2 
UVRAG 
WIPI1 
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Supplementary Table 2.2: Mouse Genotyping Primer Sequences 
Transgene Primer 1 (5’-3’) Primer 2 (5’-3’) Primer 3 (5’-3’) 

MMTV-
PyMT 

GGAAGCAAGTACTT
CACAAGGG 

GGAAAGTCACTAGG
AGCAGGG 

n/a 

CAG-CreER GCCTGCATTACCG
GTCGATGC 

CAGGGTGTTATAAG
CAATCCC 

n/a 

Atg12F/F ATGTGAATCAGTCC
TTTGCCC 

ACTCTGAAGGCGTT
CACGGC 

CTCTGAAGGCGTT
CACAACA 

Atg5F//F GAATATGAAGGCAC
ACCCCTGAAATG 

GTACTGCATAATGGT
TTAACTCTTGC 

ACAACGTCGAGCA
CAGCTGCGCAAG 

GFP-LC3 ATAACTTGCTGGCC
TTTCCACT 

CGGGCCATTTACCG
TAAGTTAT 

GCAGCTCATTGCT
GTTCCTCAA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

49 

Supplementary Table 2.3: qRT-PCR Primer Sequences 
Gene Forward 5’-3’ Reverse 5’-3’ 
Wisp2 CGCTGTGATGACGGTGGTTT CCTGGCACCTGTATTCTCCTG 
Ypel3 GCGGATTTCAAAGCCCAAGAC TGACTGCCCTGGAAGGACTT 
Itga7 CTGCTGTGGAAGCTGGGATTC CTCCTCCTTGAACTGCTGTCG 

Gapdh GGCATTGCTCTCAATGACAA TGTGAGGGAGATGCTCAGTG 
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Supplementary Table 2.4: Key Resources 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Rabbit polyclonal anti-ATG12 Cell Signaling Cat# 2011; RRID: 

AB_2059085 
Rabbit polyclonal anti-ATG5 Novus Biologicals Cat# NB110-53818; 

RRID: AB_828587 
Rabbit polyclonal anti-LC3 Generated in Debnath 

Laboratory; 
commercially available 
from Millipore 

Cat# ABC232; RRID: 
N/A 

Mouse monoclonal anti-NBR1 (4BR) Santa Cruz 
Biotechnology 

Cat# 130380; RRID: 
AB_2149402 

Guinea pig polyclonal anti-P62 Progen Biotechnik 
GmbH 

Cat# GP62C; RRID: 
AB_2687531 

Rabbit monoclonal anti-S6 (5G10) Cell Signaling Cat# 2217; RRID: 
AB_331355 

Rabbit polyclonal anti-phospho-S6 (S240/244) Cell Signaling Cat# 2215; RRID: 
AB_331682 

Rabbit polyclonal anti-OPTN Abcam Cat# 23666; RRID: 
AB_447598 

Rabbit polyclonal anti-NIX Sigma-Aldrich Cat# N0399; RRID: 
AB_260744  

Mouse monoclonal anti-FLAG (M2) Sigma-Aldrich Cat# F1804; RRID: 
AB_262044 

Rabbit monoclonal anti-a-TUBULIN (11H10) Cell Signaling Cat# 2125; RRID: 
AB_2619646 

Mouse monoclonal anti-GAPDH (6C5) Millipore Cat# MAB374; 
RRID: AB_2107445 

Rabbit polyclonal anti-phospho-HistoneH3 (Ser10) Cell Signaling Cat# 9701; RRID: 
AB_331535 

Rabbit polyclonal anti-cleaved-Caspas3 (Asp175) Cell Signaling Cat# 9661; RRID: 
AB_2341188 

Rabbit polyclonal anti-Keratin14 (Poly19053) Covance Cat# PRB-155p; 
RRID: AB_292096 

Rabbit polyclonal anti-Keratin5 (Poly19055) Covance Cat# PRB-160p-100; 
RRID: AB_291581 

Rabbit monoclonal anti-Vimentin (EPR3776) Abcam Cat# 92547; RRID: 
AB_10562134 

Rabbit polyclonal anti-Fibronectin Abcam Cat# 23750; RRID: 
AB_447655 

Rabbit polyclonal anti-TP63 (N2C1) Genetex Cat# 102425; RRID: 
AB_1952344 

Rabbit polyclonal anti-TP63-DN (Poly6190) Biolegend Cat# 619002; RRID: 
AB_2207170 

Mouse monoclonal anti-E-Cadherin (36/E) BD Biosciences Cat# 610182; RRID: 
AB_397581 

Peroxidase AffiniPure Donkey anti-Rabbit Jackson 
Immunoresearch 

Cat# 711-035-152; 
RRID: AB_10015282 

Peroxidase AffiniPure Donkey anti-Guinea Pig Jackson 
Immunoresearch 

Cat# 706-035-148; 
RRID: AB_2340447 

Peroxidase AffiniPure Donkey anti-Mouse Jackson 
Immunoresearch 

Cat# 715-035-150; 
RRID: AB_2340770 
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REAGENT or RESOURCE SOURCE IDENTIFIER 
Alexa Fluor 594 goat anti-mouse Thermo Fisher 

Scientific 
Cat# A11032; RRID: 
AB_2534091 

Alexa Fluor 488 goat anti-rabbit Thermo Fisher 
Scientific 

Cat# A11034; RRID: 
AB_2576217 

Alexa Fluor 488 goat anti-guinea pig Thermo Fisher 
Scientific 

Cat# A11073; RRID: 
AB_2534117 

Alexa Fluor 594 goat anti-rabbit Thermo Fisher 
Scientific 

Cat# A11037; RRID: 
AB_2534095 

Mouse monoclonal anti-MHC-I (28-14-8) APC conjugated Thermo Fisher 
Scientific 

Cat# 17-5999-80; 
RRID: AB_2573251 

Rat monoclonal anti-CD45 (30-F11) PE conjugated Thermo Fisher 
Scientific 

Cat# 12-0451-83; 
RRID: AB_465669 

Rat monoclonal anti-CD31 (Mec 13.3) PE conjugated BD Biosciences Cat# 553373; RRID: 
AB_394819 

Rat monoclonal anti-Ter-119 (Ter119) PE conjugated eBioscience Cat# 12-5921-81; 
RRID: AB_466041 

Ghost Dye Violet 450 Tonbo Biosciences Cat# 13-0863; RRID: 
N/A 

Bacterial and Virus Strains  
One Shot Top10 Chemically Competent E. coli Invitrogen Cat# C404003; 

RRID: N/A 
Chemicals, Peptides, and Recombinant Proteins 
Chloroquine diphosphate salt Sigma-Aldrich Cat# C6628; CAS: 

50-63-5 
Rapamycin LC Laboratories Cat# R-5000; CAS: 

53123-88-9 
Tamoxifen Sigma-Aldrich Cat# T5648; CAS: 

10540-29-1 
4-hydroxytamoxifen (4-OHT) Sigma-Aldrich Cat# H7904; CAS: 

68047-06-3 
Collagenase-IV Sigma-Aldrich Cat# C5138; CAS: 

9001-12-1 
Critical Commercial Assays 
Pierce Bicinchoninic acid assay (BCA) Thermo Fisher 

Scientific 
Cat# 23225 

Enhanced chemiluminescence (ECL) Thermo Fisher 
Scientific 

Cat# 32106 

Vectastain Elite ABC HRP Kit (Rabbit) Vector Labs Cat# pk-6101 
Vectastain Elite ABC HRP Kit (Mouse) Vector Labs Cat# pk-6102 
NovaRed Substrate Kit Vector Labs Cat# sk-4800  
RNeasy Micro Kit Qiagen Cat# 74004 
Nextera XT DNA Library Preparation Kit Illumina Cat# FC-131-1096 
Nextera XT Index Kit Illumina Cat# FC-131-1002 
iTaq Universal SYBR Green Supermix BioRad Cat# 1725120 
Deposited Data 
Mouse RNAseq data This paper GEO: #GSE124209 
Experimental Models: Cell Lines 
R221a Laboratory of Barbara 

Fingleton (Martin et al., 
2008) 

N/A 
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REAGENT or RESOURCE SOURCE IDENTIFIER 
Hek293t ATCC CRL-3216; RRID: 

CVCL_0063 
Phoenix ATCC CRL-3213; RRID: 

CVCL_H716 
4T1 ATCC CRL-2539; 

RRID:CVCL_0125 
HCC1143 ATCC CRL-2321; 

RRID:CVCL_1245 
HCC1806 ATCC CRL-2335; 

RRID:CVCL_1258 
MCF10A ATCC CRL-10317; 

RRID:CVCL_0598 
Experimental Models: Organisms/Strains 
Mouse (C57BL/6): MMTV-PyMT; Tg(MMTV-
PyVT)634Mul/LellJ 

Laboratory of Zena 
Werb (Guy et al., 
1992), The Jackson 
Laboratory 

Stock# 022974; 
RRID: 
IMSR_JAX:022974 

Mouse (C57BL/6): ATG12F/F; Atg12tm1.1Jdth Generated in Debnath 
Laboratory (Malhotra 
et al., 2015) 

MGI# 5784706; 
RRID: N/A 

Mouse (C57BL/6): ATG5F/F; Atg5tm1Myok Laboratory of Noboru 
Mizushima (Hara et al., 
2006) 

MGI# 5784717; 
RRID: MGI:5784717 

Mouse (C57BL/6): GFP-LC3; Tg(CAG-
EGFP/Map1lc3b)53Nmz/NmzRbrc 

Laboratory of Noboru 
Mizushima (Mizushima 
et al., 2004) 

MGI# 3759813; 
RRID: 
IMSR_RBRC00806 

Mouse (C57BL/6): CAG-CreER; B6.Cg-Tg(CAG-
cre/Esr1*)5Amc/J 

The Jackson 
Laboratory 

Stock# 004682; 
RRID: 
IMSR_JAX:004682 

Mouse (C57BL/6): Naïve; C57BL/6J The Jackson 
Laboratory 

Stock# 000664; 
RRID: 
IMSR_JAX:000664 

Mouse (FVB): Naïve; FVB/NJ The Jackson 
Laboratory 

Stock# 001800; 
RRID: N/A 

Oligonucleotides 
shATG7 (mouse) Sigma-Aldrich TRCN0000092163 
shNBR1 #1 (mouse) Sigma-Aldrich TRCN0000123384 
shNBR1 #2 (mouse) Sigma-Aldrich TRCN0000123388 
shP62/SQSTM1 #1 (mouse) Sigma-Aldrich TRCN0000098617 
shP62/SQSTM1 #2 (mouse) Sigma-Aldrich TRCN0000098618 
shATG7 (human) Sigma-Aldrich TRCN0000007584 
shATG12 (human) Sigma-Aldrich TRCN0000007394 
shCTRL Sigma-Aldrich SHC002 
Mouse genotyping primer sequences, see 
Supplementary Table 2 

N/A N/A 

RT-qPCR primer sequences, see Supplementary Table 3 N/A N/A 
Recombinant DNA 
plKO.1 TRC Cloning vector Addgene (Moffat et al., 

2006) 
Cat# 10878; RRID: 
Addgene_10878 
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REAGENT or RESOURCE SOURCE IDENTIFIER 
pWZL-3xFlag-NBR1 Laboratory of Jorge 

Moscat (Hernandez et 
al., 2014) 

N/A 

pMXs-GFP-p62/SQSTM1 Addgene (Itakura and 
Mizushima, 2011) 

Cat# 38277; RRID: 
Addgene_38277 

pWZL-3xFlag-p62/SQSTM1 This paper N/A 
Software and Algorithms 
ImageJ Fiji v2.0.0-rc-68/1.52h (Schindelin et al., 

2012) 
https://fiji.sc/; 
RRID: SCR_002285 

Aperio ImageScope v12.2.2.5015 Leica Biosystems https://www.leica
biosystems.com/
digital-
pathology/manag
e/aperio-
imagescope/; 
RRID: SCR_014311 

Kallisto v0.44.0 (Bray et al., 2016) https://pachterlab
.github.io/kallisto/
download; RRID: 
SCR_016582 

DeSeq2 v3.8 (Love et al., 2014) https://bioconduc
tor.org/packages/
release/bioc/html
/DESeq2.html; 
RRID: SCR_015687 

GSEA v6.2 (Subramanian et al., 
2005) 

http://software.br
oadinstitute.org/g
sea/; RRID: 
SCR_003199 

GO Analysis v6.2 (Subramanian et al., 
2005) 

http://software.br
oadinstitute.org/g
sea/msigdb/; 
RRID: N/A 

Pheatmap v1.0.10 CRAN https://cran.r-
project.org/web/p
ackages/pheatm
ap/; RRID: 
SCR_016418 

GraphPad Prism v7 GraphPad Inc. http://graphpad.c
om; RRID: 
SCR_002798 
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Experimental Procedures 
 
Mice 

All animal experiments were approved by the University of California, San Francisco 

IACUC under protocol AN170608. Mice were housed in the specific pathogen-free PSB 

facility (The University of California, San Francisco). To generate MMTV-PyMT;CAG-

CreER;Atg12F/F or Atg5F/F compound transgenic mice, we first crossed male MMTV-PyMT 

(Guy et al., 1992) and female CAG-CreER mice. Male MMTV-PyMT;CAG-CreER offspring 

were subsequently bred to female mice harboring either Atg12F/F (Malhotra et al., 2015) 

or Atg5F/F (Hara et al., 2006) alleles. We generated a second cohort of mice with the 

above alleles that also harbored GFP-LC3 by intercrossing MMTV-PyMT;CAG-

CreER;Atg12F/F males with homozygous GFP-LC3 females (Mizushima et al., 2004). For 

all cohorts, compound transgenic offspring were backcrossed to C57BL/6 mice for two 

generations, bred for homozygosity of Atg12 and Atg5, and tested for C57BL/6 

congenicity (Jackson Laboratory). All tested compound transgenic mice were >97% 

congenic with the C57BL/6 strain. PCR primer sequences for genotyping of strains can 

be found in Supplementary Table 2.2. Naive C57bl/6, FVB and Balb/C female mice were 

purchased commercially at 6-weeks of age. 

 

Cell Line and Primary Cell Culture 

R221a (female) (Martin et al., 2008), Hek293t (female) and Phoenix (female) cells were 

maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. 4T1 

(female), HCC1143 (female), HCC1806 (female) cells were maintained in RPMI 

supplemented with 10% FBS and 1% penicillin/streptomycin. MCF10A (female) cells 



 
 

 

56 

were maintained in DMEM/F12 supplemented with 5% horse serum, 20 ng/ml EGF, 0.5 

µg/ml hydrocortisone, 100 ng/ml cholera toxin, 10 µg/ml insulin, and 1% 

penicillin/streptomycin. Primary PyMT (female) cells of indicated genotypes were 

maintained in DMEM:F12 supplemented with 50 ng/ml EGF, 1 �g/ml hydrocortisone, 10 

�g/ml insulin, 1% penicillin/streptomycin and 10% FBS. All cells were cultured in 5% CO2 

in a humidified incubator at 37°C. Human and mouse cell lines were authenticated 

annually using Short Tandem Repeat (STR) profiling and mouse primary cells using PCR 

genotyping.  

 

Isolation and Ex Vivo Recombination of Primary PyMT Cells 

MMTV-PyMT;CAG-CreER;Atg12F/F, MMTV-PyMT;CAG-CreER;Atg5F/F and MMTV-

PyMT;CAG-CreER;Atg12F/F;GFP-LC3+/- compound transgenic mice were monitored 

starting at 2 months of age and tumors were measured by caliper until the largest tumor 

diameter equaled 2cm. Female animals were then sacrificed and tissue from all mammary 

glands was harvested. Primary mammary tumor epithelium was prepared using an 

established protocol using 200ml of digest media per donor animal (Fata et al., 2007). 

Resulting primary PyMT cell organoids were viably frozen in FBS with 10% DMSO. For 

ex vivo recombination of Atg12F/F or Atg5F/F in PyMT cells, primary cells of indicated 

genotypes were thawed and plated on tissue culture plates for 72 hours in the presence 

of 2 µM 4-hydroxytamoxifen (4-OHT) or ethanol (vehicle).  
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Transplants and In Vivo Recombination of Primary PyMT Cells 

Primary PyMT, R221a and 4T1 cells were trypsinized into single-cell suspensions, 

counted for viable cells and washed with PBS prior to injection. For orthotopic transplant, 

primary PyMT cells (5 x 105) or 4T1 cells (1 x 105) were resuspended in 20 µl PBS with 

50% Matrigel and injected into the #4 mammary fat pads of 6-8-week-old C57BL/6 or 

Balb/C female mice using a Hamilton syringe. For PyMT cells, only one tumor was 

generated per host. For 4T1 cells, two tumors were generated in contralateral #4 

mammary fat pads per host. Tumor volume was calculated as volume = 0.5 x width x 

(length^2). For tail-vein injection, primary PyMT cells (5 x 105), R221a cells (1 x 106), or 

4T1 cells (5 x 104) were resuspended in 150 µl PBS and injected into 6-8 week-old female 

mice (C57BL/6, FVB, and Balb/C, respectively) via lateral tail-vein. Unless otherwise 

indicated, animals receiving tail vein injections of primary PyMT, R221a, and 4T1 cells 

were sacrificed at 4-, 2-, and 1-weeks post-injection, respectively. For in vivo 

recombination of Atg12F/F or Atg5F/F in primary PyMT cells, female animals harboring 

indicated tumor cells were treated with tamoxifen (0.2 mg/g mouse) or peanut oil (vehicle) 

by oral gavage for 5 consecutive days starting at 1-week post tumor cell injection. In all 

experiments, animal weight loss of >15% resulted in removal from study and euthanasia.  

 

Quantification of Metastasis and Ex Vivo Lung Imaging 

For histological quantification of pulmonary metastasis, we generated hematoxylin and 

eosin (H&E) stained sections of tumor bearing lungs. All mice from each experiment were 

quantified. H&E stained sections were scanned using an Aperio XT Whole Slide Scanner 

(Leica) and metastatic nodules were manually annotated using the Aperio ImageScope 
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software. Metastasis number and size were averaged on a mouse-by-mouse basis and 

subjected to indicated statistical testing. For some experiments, we utilized a Leica M165 

fluorescent dissecting microscope to image whole lungs ex vivo using stadium lighting or 

indicated fluorescent channels.  

 

Quantitative RT-PCR 

Quantitative RT-PCR was performed using iTAQ Universal SYBR Green Supermix on the 

StepOnePlus Real-Time PCR system (Applied Biosystems) in accordance with 

manufacturers’ instructions. Fold change was determined using the DDCT method 

normalized to housekeeping gene, Gapdh. Primers used for RT-qPCR can be found in 

Supplementary Table 2.3. 

 

Immunoblots 

For immunoblot analysis, cells were washed twice with PBS and lysed in RIPA buffer 

containing: protease inhibitor cocktail, 10 mM NaF, 10 mM β-glycerophosphate, 1 mM 

Na3VO4, and 10 nM calyculin A. The insoluble fraction and cell debris were cleared via 

centrifugation for 30 minutes at 4°C and protein quantity was measured by bicinchoninic 

acid assay. Equal amounts of protein were boiled in sample buffer, resolved on SDS-

PAGE mini gels, and transferred onto PVDF membrane. Membranes were blocked in 5% 

milk or bovine serum albumin in PBS with 0.1% Tween20 (PBST) for 30 minutes at room 

temperature prior to overnight incubation with indicated primary antibody at 4°C in 

blocking solution. Membranes were washed in PBST prior to incubation with HRP-
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conjugated secondary antibodies (1:5,000) in blocking solution for 1 hour at room 

temperature, washed again with PBST and developed via enhanced chemiluminescence.  

 

Immunohistochemistry and Immunofluorescence Staining 

Harvested tissues were incubated in 4% aqueous zinc-buffered formalin for 24 hours at 

room temperature before being transferred to 70% ethanol, processed, paraffin-

embedded, and cut at 5µM for mounting onto slides. Slides were stained with H&E or 

Masson’s Trichrome (The University of California, San Francisco Mouse Pathology Core, 

San Francisco, CA). For immunohistochemical (IHC) and immunofluorescent (IF) 

staining, paraffin-embedded sections were subjected to antigen heat retrieval with citrate 

buffer (pH = 6) in a decloaking chamber, blocked in 3% hydrogen peroxide for 30 minutes, 

blocked in 10% serum for 1 hour (serum species determined by secondary antibody host), 

and incubated for 1 hour at room temperature with indicated primary antibodies. For IHC, 

biotinylated secondary antibodies and ABC reagents were used according to 

manufacturer’s protocol (Vector Laboratories) and HRP was developed using NovaRed 

(Vector Laboratories). Sections were counterstained with Hematoxylin, dehydrated and 

mounted. IHC stained sections were imaged using an Olympus BX53 microscope. For 

IF, sections were incubated with AlexaFluor secondary antibodies (1:200) for 1 hour at 

room temperature prior to counterstaining with Hoechst (1:5,000) and mounting onto 

slides. IF stained sections were imaged using a confocal DeltaVision Elite (General 

Electric).  
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Quantification of IHC/IF Staining 

For quantification of phospho-histone H3 (pHH3) in metastases, we imaged 10 

representative metastases/animal for indicated number of animals. Positive nuclei were 

counted manually in ImageJ and normalized to area of metastasis. For quantification of 

CK14 in metastases, slides stained for CK14 by IHC were scanned using an Aperio XT 

Whole Slide Scanner (Leica). Whole slide scans were loaded in Aperio ImageScope 

(Leica) and all metastases from 2-3 lung lobes were manually annotated. We then utilized 

the Positive Pixel Count v9 algorithm (provided with ImageScope) to measure positively 

stained pixels within the metastasis annotation layer. Positively stained pixels were then 

normalized to metastasis area. For quantification of TP63 levels by IHC in metastases, 

we imaged 10 representative metastases/animal for the indicated number of animals. 

Images were loaded into ImageJ-Fiji and subjected to Color Deconvolution with the RGB 

vector. The red image (TP63 staining) was thresholded and subjected to the Analyze 

Particles function with settings: Size (pixel^2) = 15-Infinity, Circularity = 0.50-1.00. TP63 

signal was then normalized to metastasis area. Thresholding values varied between 

experiments due to staining intensity variation but were kept consistent within 

experiments. For quantification of cleaved-caspase3 (CC3) and phospho-histone H3 

(pHH3) in primary tumors, we imaged 4-8 non-necrotic tumor beds at the periphery of the 

tumor. Positively stained cells were counted manually in ImageJ and normalized to area 

of healthy tumor bed.  
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High-Throughput RNA Sequencing 

For all mice, lungs were perfused with 20 ml of 1 mM EDTA/PBS through the cardiac right 

ventricle. Whole lung GFP-LC3 signal was imaged on a Leica M165 fluorescent 

dissecting scope prior to tissue dissociation and FACS staining. Tissues were 

mechanically chopped with scalpels and transferred into 10 ml of digest media (RPMI 

with 3% FBS, containing 0.5 mg/ml collagenase-IV, 20 U/ml of DNAse-I). They were then 

digested for 1 hour at 37°C. The resulting suspension was washed and dissociated with 

4 ml 0.25% trypsin/EDTA for 6 min at 37°C, samples were filtered through a 70-μm filter 

before proceeding to FACS staining.  Antibody staining was performed in RPMI medium 

supplemented with 2% FBS. Antibodies for extracellular surface markers: mouse antigens 

CD45(PE), Ter119(PE), CD31(PE), MHC-I(APC). Dead cells were eliminated by staining 

samples with Ghost Dye and Cell viability reagent (V450). Viable mouse breast cancer 

cells identified as GFP(+), MHC-I(+), CD45(-), Ter119(-), CD31(-) were sorted into Qiagen 

lysis buffer using a FACSAriaII instrument (BD Biosciences) and RNA was extracted 

using the Qiagen RNeasy Micro Kit (Qiagen Cat#74004). 

     Full length cDNA synthesis and amplification from polyA+ extracted RNA was carried 

out using Smart-Seq2 protocol (Picelli et al., 2014). cDNAs were processed for 

sequencing using the lllumina Nextera XT DNA sample preparation kit (Illumina Cat# FC-

131-1096) prior to paired-end, 150-bp sequencing on a HiSeq 4000 (The University of 

California, San Francisco Center for Advanced Technology, San Francisco, CA). Raw 

reads were mapped to the mouse reference genome (GRCm38/mm10) and counts 

estimated using Kallisto v0.44.0 (Bray et al., 2016). Differential expression analysis was 

performed using DESeq2 v3.8 (Love et al., 2014). Heatmap for top 30 significantly 
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upregulated and downregulated genes in ATG12KO versus ATG12F/F metastases were 

plotted with the R package Pheatmap v1.0.10 using transcripts per million (TPM) outputs 

from Kallisto, values were log2 transformed and median centered. Gene set enrichment 

analysis (GSEA; v6.2) was performed using publicly available software from the Broad 

Institute (http://www.broad.mit.edu/gsea/), FDR was calculated using gene set 

permutation for 1,000 times. The gene signatures for GSEA analysis were derived from 

the following publications: mammary stem cell (MaSC) (Lim et al., 2010), TP63 

transcriptional targets (Barton et al., 2010), and Keratin14 expressing PyMT cells 

(Cheung et al., 2016). Gene ontology (GO; v6.2) analysis was performed using publicly 

available software from the Broad Institute with transcripts significantly upregulated in 

ATG12KO compared to ATG12F/F (>2-fold change) using the C5:GO gene sets with FDR 

q-value below 0.05. 

 

Expression Vectors and RNA Interference 

For stable RNA interference, plKO.1-puro lentiviral shRNA ((Moffat et al., 2006) and non-

targeting plasmids were purchased from Sigma-Aldrich. To generate pLKO.1-blast for 

double knockdown studies, we replaced the puromycin resistance cassette between the 

BamHI and KpnI restriction sites of pLKO.1 with the blasticidin resistance gene. For 

double knockdown studies using pLKO.1-puro and pLKO.1-blast, target cells were 

sequentially infected and selected in antibiotic. For overexpression studies of NBR1 and 

P62, the pWZL-hygro retroviral packaging plasmid was used. The murine pWZL-3xFlag-

NBR1 plasmid was a gift from Jorge Moscat (Hernandez et al., 2014). pWZL-3xFlag-P62 

was generated by cloning murine P62 from pMXs-GFP-P62 (Itakura and Mizushima, 
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2011) between the BamHI and EcoRI restriction sites of pWZL downstream of sequences 

encoding an N-terminal 3xFlag epitope tag. Lenti- and retro-viral expression vectors were 

packaged in HEK293T and Phoenix cells, respectively. Viral supernatants were collected 

from packaging cells 48h post-transfection and incubated with target cells for 24h in the 

presence of Polybrene. Stably transduced cells were then selected using the appropriate 

antibiotics.  

 

Drug Treatment and Systemic Deletion of ATG12 

Female animals subjected to pharmacological treatments received tail-vein injections of 

tumor cells one week prior to receipt of pharmacological agent. For studies using 

chloroquine, animals received 60 mg/kg mouse chloroquine or PBS (vehicle) daily until 

end point by intraperitoneal injection. For studies using rapamycin, animals received 4 

mg/kg mouse rapamycin or 5% PEG400/ 5% Tween80/ 2% ethanol (vehicle) every other 

day until endpoint by intraperitoneal injection. Female animals subjected to systemic 

deletion of Atg12 received 0.2 mg/g mouse tamoxifen or peanut oil (vehicle) for 5 

consecutive days by oral gavage 2 weeks prior to tumor cell inoculation. At endpoint tail 

was harvested and PCR for the recombined Atg12 allele was performed using the PCR 

primers: 5’-ACTCTGAAGGCGTTCACGGC-3’, 5’-CACCCTGCTTTTACGAAGCCCA-3’. 

 

Biostatistical Analysis 

HTSeq counts RNASeq data of 1222 patients from the TCGA BRCA patient cohort were 

obtained using TCGAbiolinks v2.8.2. For correlation analysis between mean autophagy 

gene expression and MaSC and TP63 targets signatures, the p-value was calculated 
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using F-test. KM Plotter (kmplot.com) was used to interrogate overall survival and distant 

metastasis-free survival (DMFS) for mean expression of autophagy-specific gene 

signatures stratified by the “auto select best cutoff” option.  

 

Statistics 

Statistical analysis was performed with GraphPad Prism v7. Data distribution was 

assessed using Shapiro-Wilk’s normality test. Data was analyzed using a two-tailed 

student’s t-test for single comparisons or ANOVA for multiple comparisons. Statistical 

tests for individual experiments are specified at the end of each figure legend. Data are 

represented by mean ± S.E.M. unless otherwise noted. P-values of less than 0.05 were 

considered statistically significant.  

 

Accession Numbers 

RNA sequencing raw counts and annotated DESeq2 analysis in this study (displayed in 

Fig. 2) can be found on the NCBI Gene Expression Omnibus (#GSE124209). Raw 

sequencing data will be available on NCBI Sequence Read Archive.  
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Chapter 3: Systemic Autophagy Knockout in Organ Homeostasis 
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Introduction 

 Autophagy plays diverse roles during development and maintenance of post-

mitotic tissues. Early studies utilizing systemic knockout of Atg5 demonstrate that despite 

a normal development, animals experience neonatal lethality due to an inability to cope 

with decreased nutrient availability normally provided by the placenta (Kuma et al., 2004). 

To circumvent this lethality issue, several investigators have utilized tissue-specific 

autophagy ablation models to highlight the critical roles of autophagy in neuronal 

maintenance, adipocyte differentiation and DNA damage control in the liver (Hara et al., 

2006; Singh et al., 2009; Takamura et al., 2011). However, given the current use of 

autophagy inhibitors in patients and the push to develop new compounds for clinical use, 

a more complete understanding of how systemic autophagy inhibition impacts organ 

homeostasis is needed.  

To date, only one study has interrogated the effects of systemic autophagy 

deficiency in adult animals (Karsli-Uzunbas et al., 2014). Atg7-deficient adult animals are 

more susceptible to pulmonary infection and experience profound neurodegeneration due 

to the induction of P62-inclusion bodies in neuronal populations. Interestingly, upon 

starvation, autophagy-deficient animals suffer from fatal hypoglycemia, a parallel to the 

neonatal lethality observed in constitutively deficient Atg5 and Atg7 animals, suggesting 

that autophagy-deficiency precludes the ability to cope with limiting nutrients. However, it 

remains unclear whether the phenotypes described are specific to the autophagic process 

or potential autophagy-independent effects of Atg7. Thus, I developed a mouse model to 

inducibly and systemically delete Atg12 in adult animals and interrogated the effects on 

organ homeostasis.  
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Results 
 
Systemic Atg12 Knockout Elicits Reduced Growth of Mice and P62-Inclusions 

Across Several Tissue Types 

I generated compound transgenic animals in which essential autophagy gene, 

Atg12, could be inducibly deleted throughout the host animal. Animals harboring a 

ubiquitous, inducible Cre-recombinase (CAG-CreER) and floxed alleles of essential 

autophagy gene Atg12 (Atg12F/F) were administered tamoxifen (TAM) or vehicle to 

knockout Atg12 (Atg12KO) at 6-weeks of age and organs were collected up to 10-weeks 

post-Atg12 deletion (Fig. 3.1a). At 10-weeks post-deletion, Atg12KO animals exhibited a 

reduced body size compared to Atg12F/F controls (Fig. 3.1b, 3.1c). Analysis of body 

weight over the course of the experiment revealed significantly decreased body weight 

starting at 2-weeks post-Atg12 deletion, which was further exacerbated by 10-weeks 

post-deletion (Fig. 3.1c).Tissues collected from Atg12KO animals at endpoint displayed 

reduced levels of LC3-II, a marker of mature autophagosomes, and accumulation of the 

autophagy-specific degradation substrate, P62, compared to Atg12F/F controls (Fig. 

3.1d). These findings suggest that reduced growth of animals was indeed due to impaired 

autophagy.  

I next sought to determine whether autophagy-deficiency elicited perturbations to 

normal tissue architecture across a variety of vital organs. Despite impairment of 

autophagy and decreased growth, histological analysis revealed no gross changes to 

appearance or structure of several vital organs in Atg12KO animals compared to Atg12F/F 

controls (Fig. 3.1e). I then determined whether autophagy-deficiency elicited the 

formation of protein aggregates. I observed accumulation of P62-positive inclusions in all 
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organs analyzed (Fig. 3.1f). Interestingly, the cerebral cortex had a striking accumulation 

of P62- and Ubiquitin-positive inclusions, underscoring the previously reported 

neurodegeneration phenotypes downstream of neural-specific autophagy inhibition (Hara 

et al., 2006; Komatsu et al., 2006).  

 

Systemic Atg12 Knockout Induces De Novo Beiging of the Mammary Gland and 

Loss of TP63 and CK14 Expression in the Basal Layer 

 Recent evidence suggests that autophagy plays critical roles in adipocyte 

differentiation and maintenance (Singh et al., 2009), thus, I next determined whether 

Atg12-deficiency impacted mammary gland adipocyte populations. Subpopulations of 

adipocytes in mammary glands of Atg12KO animals displayed a beige fat phenotype by 

histological analysis relative to Atg12F/F controls and immunoblots further confirmed this 

thermogenic conversion, evidenced by upregulation of UCP1 (Fig. 3.2a, 3.2b). Moreover, 

upon analysis of mammary epithelial structures, I observed decreased expression of 

basal mammary epithelial markers, TP63 and Keratin14 (CK14), in Atg12KO relative to 

Atg12F/F animals (Fig. 3.2c, 3.2d). Thus, autophagy inhibition has pleiotropic effects on 

mammary adipose and epithelial populations driving thermogenic conversion of 

adipocytes and loss of mature basal epithelial cells.  

 

Decreased Tissue Mass of Atg12 Knockout Animals is Not Due to Reduced Nutrient 

Consumption 

 Given the decreased body size and weight of Atg12KO animals, I next conducted 

Dual Energy X-ray Absorptiometry (DEXA) and Comprehensive Lab Animal Monitoring 
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System (CLAMS) assays to determine body composition and energy expenditure, 

respectively, in autophagy-deficient animals. At 2-weeks post-deletion of Atg12, animal 

body composition was determined by DEXA and subsequently animals were monitored 

by CLAMS for 4 consecutive days (Fig. 3.3a). By DEXA, autophagy-deficient animals 

displayed significantly decreased lean and fat mass compared to autophagy-competent 

controls (Fig. 3.3b). Moreover, upon analysis of autophagy-deficient animals at various 

timepoints following TAM administration, I confirmed decreased visceral fat content 

compared to autophagy-competent controls starting as early as 2 weeks post-Atg12 

deletion (Fig. 3.3c). Interestingly, autophagy-deficient animals also exhibited significantly 

reduced bone area, bone mineral content and bone mineral density (Fig. 3.3d), 

suggesting deterioration of bone function downstream of autophagy inhibition.  

 I next interrogated whether the autophagy-dependent perturbations in body 

composition were due to a lack of nutritional consumption or energy expenditure. Analysis 

of CLAMS data revealed that autophagy-deficient animals consume the same amount of 

food and water as autophagy-competent controls but have reduced movement and 

energy expenditure (Fig. 3.3e). Moreover, autophagy-deficient animals consume more 

oxygen and generate more carbon dioxide than autophagy-competent controls, while 

maintaining similar rates of respiratory exchange (Fig. 3.3e). Taken together, these 

findings suggest that despite similar rates of consumption, autophagy-deficient animals 

fail to utilize nutrients properly which manifests in dysfunctional organ homeostasis.   

 
Discussion 

My results demonstrate that Atg12 knockout has profound effects on adult organ 

homeostasis. I recapitulated several results found in Atg7 knockout animals, including 
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decreased body size and weight, loss of visceral fat stores and generation of P62-

inclusions in the central nervous system, suggesting that these effects are due to a 

general defect of autophagy and not an off-target effect of an individual Atg gene. 

Additionally, I found that autophagy-deficient animals have decreased adipose and lean 

mass, as well as decreased bone area, mineral content and density; however, this was 

not due to alterations in nutrient consumption or energy expenditure. Thus, it is likely that 

autophagy deficiency causes global tissue deterioration due to the inability to utilize 

nutrients.  

Interestingly, I also found that autophagy is critical in mammary gland stromal and 

epithelial populations. Autophagy-deficient mammary adipose tissue undergoes a 

thermogenic conversion, while epithelial populations have decreased expression of 

mature basal epithelial genes, TP63 and CK14, suggesting a loss of basal epithelial 

function. Whether autophagy-deficiency impacts normal functions of the mammary gland 

(i.e., branching morphogenesis, lactation, milk production and involution) remains an 

interesting avenue for future investigation. Taken together, this study highlights 

autophagy as a potent regulator of organ homeostasis and integrity.  
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Figure 3.1: Systemic Atg12 Knockout Elicits Reduced Growth of Mice and P62-
Inclusions Across Several Tissue Types 
a, Schematic of experimental design for Atg12 deletion in 6-week-old animals and tissue 
collection. b, Images of whole mice at 10-weeks post-deletion of Atg12. c, Animal weight 
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kinetics of ATG12F/F and ATG12KO over duration of study post-tamoxifen administration. 
d, Immunoblot for P62, LC3 and GAPDH in organ homogenates from indicated 
treatments at 10-weeks after Atg12 deletion. e, Representative H&E stains of indicated 
organs at 10-weeks post-deletion of Atg12. Scale bar = 200 µm. f, Representative 
immunofluorescent staining of P62-inclusions (green), Ubiquitin (red) and nuclei 
(Hoechst, blue) in animals at 10-weeks post-deletion of Atg12. Scale bar = 50 µm. 
Statistics: t-test (c). Data are represented by mean ± S.E.M. **p<0.01, ***p<0.001. 
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Figure 3.2: Systemic Atg12 Knockout Induces De Novo Beiging of the Mammary 
Gland and Loss of TP63 and CK14 Expression in the Basal Layer  
a, Left, representative H&E staining of mammary glands at 10-weeks post-deletion of 
Atg12. Scale bar = 500 µm. Right, high magnification of mammary glands. b, Immunoblot 
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of UCP1 and α-Tubulin in mammary glands at 10-weeks post-deletion of Atg12. c, 
Representative immunohistochemical stains for TP63 and CK14 in mammary glands at 
10-weeks post-deletion of Atg12. Scale bar = 50 µm. d, Quantification of TP63 and CK14 
staining normalized to mammary duct area. Statistics: t-test (d). Each dot represents one 
animal. Data are represented by mean ± S.E.M. *p<0.05, **p<0.01. 
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Figure 3.3: Decreased Tissue Mass of Atg12 Knockout Animals is Not Due to 
Reduced Nutrient Consumption  
a, Schematic of experimental design for Atg12 deletion in 6-week-old animals and 
subsequent DEXA and CLAMS assays. b, Quantification of Lean and Fat mass by DEXA 
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at 2-weeks post-deletion of Atg12. c, Representative images of visceral fat at 6 days, 2 
weeks and 10 weeks post-deletion of Atg12. d, Quantification of bone area, bone mineral 
content (BMC) and bone mineral density (BMD) by DEXA at 2-weeks post-deletion of 
Atg12. e, Quantification of CLAMS data on respiration, energy expenditure, food and 
water consumption and movement averaged over each light and dark cycle for indicated 
genotypes. Statistics: t-test (b)(d)(e). Each dot represents one animal. Data are 
represented by mean ± S.E.M. ns = not significant. *p<0.05, **p<0.01, ***p<0.001. 
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Experimental Procedures 

Mice and In Vivo Recombination of Atg12 

All animal experiments were approved by the University of California, San Francisco 

IACUC under protocol AN170608. Mice were housed in the specific pathogen-free PSB 

facility (The University of California, San Francisco). To generate CAG-CreER;Atg12F/F 

compound transgenic mice, we intercrossed CAG-CreER (The Jackson Laboratory 

#004682) and Atg12F/F mice (Malhotra et al., 2015). For in vivo recombination of Atg12F/F, 

naïve C57bl/6 animals were treated with tamoxifen (0.2 mg/g mouse) or peanut oil 

(vehicle) by oral gavage for 5 consecutive days starting at 6-weeks of age.  

 

Immunoblots 

For immunoblot analysis, tissues were harvested and snap frozen prior to 

homogenization and lysis in RIPA buffer containing: protease inhibitor cocktail, 10 mM 

NaF, 10 mM β-glycerophosphate, 1 mM Na3VO4, and 10 nM calyculin A. The insoluble 

fraction and cell debris were cleared via centrifugation for 30 minutes at 4°C twice and 

protein quantity was measured by bicinchoninic acid assay. Equal amounts of protein 

were boiled in sample buffer, resolved on SDS-PAGE mini gels, and transferred onto 

PVDF membrane. Membranes were blocked in 5% milk or bovine serum albumin in PBS 

with 0.1% Tween20 (PBST) for 30 minutes at room temperature prior to overnight 

incubation with indicated primary antibody at 4°C in blocking solution. Membranes were 

washed in PBST prior to incubation with HRP-conjugated secondary antibodies (1:5,000) 

in blocking solution for 1 hour at room temperature, washed again with PBST and 

developed via enhanced chemiluminescence.  
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Immunohistochemistry and Immunofluorescence Staining 

Harvested tissues were incubated in 4% aqueous zinc-buffered formalin for 24 hours at 

room temperature before being transferred to 70% ethanol, processed, paraffin-

embedded, and cut at 5µM for mounting onto slides. Slides were stained with H&E (The 

University of California, San Francisco Mouse Pathology Core, San Francisco, CA). For 

immunohistochemical (IHC) and immunofluorescent (IF) staining, paraffin-embedded 

sections were subjected to antigen heat retrieval with citrate buffer (pH = 6) in a 

decloaking chamber, blocked in 3% hydrogen peroxide for 30 minutes, blocked in 10% 

serum for 1 hour (serum species determined by secondary antibody host), and incubated 

for 1 hour at room temperature with indicated primary antibodies. For IHC, biotinylated 

secondary antibodies and ABC reagents were used according to manufacturer’s protocol 

(Vector Laboratories) and HRP was developed using NovaRed (Vector Laboratories). 

Sections were counterstained with Hematoxylin, dehydrated and mounted. IHC stained 

sections were imaged using an Olympus BX53 microscope. For IF, sections were 

incubated with AlexaFluor secondary antibodies (1:200) for 1 hour at room temperature 

prior to counterstaining with Hoechst (1:5,000) and mounting onto slides. IF stained 

sections were imaged using an inverted epifluorescent microscope.  

 

Quantification of IHC Staining 

For quantification of CK14 and TP63, images of IHC stained mammary ducts were loaded 

into ImageJ and subjected to color deconvolution with the RGB vector. The blue image 

was used for quantification of duct area in pixels by manual circling. For CK14, the red 

image was thresholded and positive signal quantified with the Measure function. For 
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Tp63, the red image was thresholded and positive signal quantified with the Analyze 

Particles function with settings: Size (pixel^2) = 15-Infinity, Circularity = 0.50-1.00.  

 

DEXA and CLAMS 

Dual Energy X-ray Absorptiometry (DEXA) and Comprehensive Lab Animal Monitoring 

System (CLAMS) were performed by the UCSF Diabetes Center Metabolic Core. Briefly, 

animals were adjusted to ground food pellets for 1 week prior to DEXA and CLAMS. At 

2-weeks post Atg12 deletion animals were anesthetized and DEXA was performed. 

Immediately after DEXA, animals were transferred to the CLAMS chambers and were 

monitored for 4 consecutive days.  

 

Statistics 

Statistical analysis was performed with GraphPad Prism v7. Data distribution was 

assessed using Shapiro-Wilk’s normality test. Data was analyzed using a two-tailed 

student’s t-test. Statistical tests for individual experiments are specified at the end of each 

figure legend. Data are represented by mean ± S.E.M. unless otherwise noted. P-values 

of less than 0.05 were considered statistically significant.  
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Chapter 4: Summary Discussion and Future Perspectives 
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Stage-Specific Roles of Autophagy during Metastatic Progression 

Over the past two decades, the role of autophagy during malignant progression of 

carcinomas has be studied intensely. Elegant in vivo studies have clearly defined a tumor 

promoting role of autophagy in established primary tumors across pre-clinical models of 

several cancer types. The evidence to date suggests that autophagy inhibition would 

thwart carcinoma progression, a fact that underlies the utilization of autophagy inhibitors 

to treat patients with advanced, metastatic cancers. However, there is a lack of evidence 

demonstrating that the roles of autophagy in vitro and in primary tumors are recapitulated 

during in vivo metastatic recurrence, the principle cause of mortality across many cancer 

types.  

 My studies highlight the exquisitely stage-specific effects of tumor cell autophagy 

on MMTV-PyMT metastatic progression. Through the utilization of inducible autophagy 

ablation, I find that autophagy plays opposing roles in promoting established primary 

tumor growth, while suppressing both local recurrence and the metastatic outgrowth of 

pulmonary disseminated tumor cells into overt macrometastases. It is somewhat 

unsurprising that this effect of autophagy on metastasis has not been observed 

previously, as the robust attenuation of growth in autophagy-deficient tumors obscures 

the downstream metastatic phenotypes due to drastic differences in primary tumor 

burden. Moreover, the use of clonal populations of autophagy-inhibited cells precludes 

important facets of tumor heterogeneity, which clearly impact metastatic progression in 

many tumor models and in patients. Thus, my findings on autophagy and metastatic 

outgrowth raise concerns about the use of autophagy inhibitors to treat metastatic tumors 
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and suggests that autophagy inhibition should be utilized with caution and in a context-

dependent fashion (i.e., in tumors with a low propensity to metastasize).  

 Given the push to develop novel autophagy inhibitors for the treatment of cancer, 

a more detailed understanding of how the co-inhibition of autophagy in tumor cells and 

stromal populations impacts metastatic progression is needed. We are still only starting 

to uncover the diverse roles autophagy in distinct stromal populations and how these 

impact tumorigenesis and metastasis. Autophagy inhibitors are currently being used in 

the adjuvant treatment setting, thus experiments directly interrogating the effect of 

systemic autophagy inhibition on metastatic recurrence after the removal of an 

autophagy-competent primary tumor will be paramount. Moreover, whether the effect of 

tumor cell autophagy on metastasis described herein is generalizable to other metastatic 

organs (i.e., bone, liver and brain) and whether this alters sensitivity to chemotherapeutics 

will also be important considerations. Thus, we still have much to learn about the 

multifaceted roles of autophagy in tumor and stromal cells during metastatic progression 

in order to better inform our treatment strategies. 

 

Tumor Cell Differentiation and Heterogeneity 

 Tumor heterogeneity has long been appreciated as an obstacle in the effective 

treatment of cancer. While there have been many promising cancer therapeutics that 

effectively reduce tumor growth and even elicit tumor regression, more often than not, 

resistant clonal populations eventually repopulate the tumor, displaying more aggressive 

growth than the parental population as a whole. In my studies, I uncover autophagy as a 

key determinant of tumor cell heterogeneity, which underlie its effects on tumor 
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recurrence and metastatic progression. I demonstrate for the first time that autophagy 

inhibition generates tumor cell subpopulations that exist in a spectrum of differentiation 

states, likely only some of which are enriched for tumor and metastasis initiating capacity. 

Thus, it is likely that autophagy inhibited tumors would ultimately become resistant to 

therapeutic intervention and recur in the long term. It will be interesting to utilize single 

cell RNA sequencing to fully parse out the heterogeneity of CK14-positive autophagy-

deficient cells and determine which of these subpopulations are determinants of 

metastatic progression. Moreover, determining whether enforced autophagy induction 

could limit the clonal repertoire of tumor cells and if this could be leveraged to thoroughly 

eradicate the primary tumor and metastases therapeutically will be invaluable.  

 Here, I describe that autophagy-deficiency elicits the generation of otherwise 

luminal tumor cells expressing basal epithelial genes such as targets of the basal 

transcription factor TP63 and CK14. Interestingly, these basal-like cells are observed at 

the leading edge of autophagy-competent tumors as well, albeit at very low rates. Future 

studies are needed to determine whether the basal-like cells induced by autophagy 

inhibition differ from their wild-type counterparts and whether the effect of autophagy 

inhibition is reversible. Additionally, gene set enrichment analysis suggests that 

autophagy-deficient cells become more stem-like, which is consistent with their increased 

tumor initiating capacity, however the effects of autophagy in tumors that already display 

a stem-like phenotype (i.e., WNT-driven tumors) remains unknown.  
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Autophagy Cargo Receptors and Metastasis 

To date, NBR1 has no known roles in breast cancer. In my studies, I uncover NBR1 

as both necessary and sufficient for metastatic outgrowth and suppression of NBR1 

accumulation in autophagy-deficient cells reverses basal differentiation and pro-

metastatic phenotypes. Interestingly, I find that P62 is also necessary for metastasis (data 

not shown), but is not sufficient to promote metastatic outgrowth of autophagy-competent 

cells. Given that the autophagy cargo receptors are reported to work in unison in certain 

contexts, it is possible that the effects of elevated NBR1 in autophagy-deficient cells 

actually requires P62 accumulation or P62-inclusions. In such a context, preventing the 

accumulation of P62 in autophagy-deficient cells would likely also decrease metastatic 

outgrowth.  

Canonically, the autophagic process utilizes autophagy cargo receptors to target 

specific ubiquitinated cargos to the autophagosome for degradation. My findings 

demonstrate that the role of NBR1 in autophagy-deficient metastases is independent of 

the catabolic activity of autophagy. Thus, autophagy regulates metastasis through the 

regulation of cytosolic NBR1 levels. Recent evidence suggests that P62 and NBR1 can 

act as complex scaffolds regulating signaling cascades independent of their roles in 

autophagic degradation, however we currently lack an in-depth understanding of the 

heterotypic interactions of NBR1 with key signaling molecules. Moreover, due to the fact 

that autophagic degradation is critical for maintaining metabolic fitness of rapidly 

expanding primary tumors, it will be interestingly to determine the relative contributions of 

impaired autophagic degradation versus accumulated NBR1 to the primary tumor 

progression.  
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Functions of Autophagy in the Adult Mammary Gland  

 Autophagy is essential for the maintenance of diverse adult tissues. My work 

uncovers a novel function for autophagy in the normal, adult mammary gland. Specifically, 

I determine that autophagy-deficiency elicits the loss of mature basal epithelial gene 

expression, evidenced by the loss of TP63 and CK14 in the basal layer of autophagy-

deficient mammary glands. This finding is in direct contrast to mammary tumor cells in 

which autophagy-deficiency actually induces the upregulation of basal markers in 

otherwise luminal tumor cells. Future studies are needed to understand how 

transformation of mammary epithelial cells regulates the effects of autophagy inhibition 

on differentiation state.  

 In order to garner a better understanding of the role of autophagy in the adult 

mammary gland, future experiments should utilize mammary epithelial subtype-specific 

autophagy deletion. A number of lingering questions could then be addressed; these 

include investigating whether autophagy-deficiency in luminal or basal mammary 

populations induce de novo tumors, how normal function (i.e., regenerative capacity, 

branching morphogenesis, lactation, and involution) is perturbed in autophagy-deficient 

mammary glands, and whether autophagy-deficiency decreases tumor initiation latency 

in models with a driving oncogene. These studies could potentially form the foundation 

for therapeutic utilization of autophagy modulating compounds both in patients during 

pregnancy and those predisposed to breast cancer or with ductal carcinoma in situ.   
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Autophagy Regulates Bone Integrity 

 Finally, my study of systemic autophagy deletion reveals that autophagy is 

essential in regulating bone composition. Notably, autophagy-deficient animals have 

decreased bone area, mineral content and mineral density. The exact nature of the defect 

in composition is still in question, including whether autophagy impacts osteoclasts, 

osteoblasts, or another cell type leading to this phenotype. There is potential utility in 

understanding this function of autophagy to combat bone resorption in response to space 

flight or to understand its effects on the generation of the bone metastatic niche, a 

common site for metastasis in breast cancer. 

  

Conclusion 

 This body of work highlights the diverse roles of autophagy in maintaining 

proteostasis and its effects on normal mammary epithelial and bone composition, 

mammary tumor progression and recurrence, and the metastatic outgrowth of 

disseminated mammary tumor cells. These studies identify NBR1 as the target of 

autophagic degradation manifesting metastatic phenotypes downstream of autophagy 

inhibition. Overall, this work constitutes the experimental foundation for fine tuning 

autophagic induction as a strategy to prevent fatal metastatic recurrence in breast cancer.   
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