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ABSTRACT

Normal physiological or developmental processes, including invasion,
proliferation, metabolic reprogramming, and apoptotic escape, are often hijacked in
malignant states to drive disease occurrence or progression. As malignant states often
involve a complicated combination of initiating factors, these processes are best studied
in their native environment during tissue development. Metabolic reprogramming is a
hallmark of tumor cells; however, the underlying cause remains unknown. Therefore, we
investigated metabolic reprogramming in the mammary gland between gestation and
lactation when a dramatic metabolic transition occurs under the influence of local and
hormonal signals. To do so, we utilized an in vitro model of mouse mammary epithelial
cell differentiation in combination with mouse models to interrogate changes in
mitochondrial homeostasis, including fission, fusion, biogenesis, and mitophagy
(targeted macroautophagy of mitochondria). Through transmission electron microscopy
and real-time fluorescent time course studies, we found that mitochondria underwent
mitophagy in response to differentiation cues in vitro. Importantly, full differentiation
was impaired if autophagy was inhibited pharmacologically or genetically, via
knockdown of Atg5 or Atg7. Furthermore, differentiation was completely abrogated with
knockdown of the mitophagy factor, parkin (Prkn). To address the upstream mechanism,
we evaluated mitophagy and mitochondrial function in two in-house mouse models that
have development phenotypes: MMTV-Sim2s mice, which demonstrate precocious

differentiation, and Sim2™" conditional knockout mice, which we demonstrate here to

il



have reduced lactation function. Sim2s is the short splice variant of single-minded 2s, a
master regulator of central midline development in drosophila as well as a tumor
suppressor in breast cancer. Interestingly, we found that over-expression of Sim2s
enhanced mitophagy and prolonged lactation capability, whereas loss of Sim2s impaired
lactation performance. To address the mechanism of these effects, we evaluated the
localization of SIM2s. Surprisingly, SIM2s localized to mitochondria and interacted with
LC3B, which associates with the phagophore membrane. Mutation of two putative
LC3B interacting region motifs in Sim2s abrogated the differentiation enhancement of
Sim2s overexpression. Together, these data suggest that SIM2s is an integral link in the
programmed mitophagy that occurs during mammary epithelial cell differentiation.
Future studies will contribute to our understanding of the tumor suppressive role of
SIM2s in breast cancer as well as to how the regulatory biology of mitochondria
contributes to development. We expect continuation of this work to advance therapeutic

approaches to combatting mitochondrial dysfunction and resulting disease states.
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NOMENCLATURE

Acetyl-CoA  Acetyl coenzyme A

ACLY ATP citrate lyase

ACTB Actin beta

AHR Aryl-hydrocarbon receptor

AHRR Aryl-hydrocarbon receptor repressor
AIP AHR interacting protein

AKTI1 AKT serine/threonine kinase 1

ARNTI1/2 Aryl hydrocarbon receptor nuclear translocator 1/2
ARNTL1/2  Aryl hydrocarbon receptor nuclear translocator like 1/2, BMAL1/2

ATG3/5/7/12 Autophagy related 3/5/7/12

ATM Ataxia telangiectasia mutated

ATP Adenosine triphosphate

bHLH Basic-helix-loop-helix

BNIP3 BCL2 interacting protein 3

BNIP3L BCL2 interacting protein 3 like, NIX
BRCA BRCA DNA repair associated

cAMP Cyclic adenosine monophosphate
CASP3 Caspase 3

CEBPB CCAAT enhancer binding protein beta
CLOCK Clock circadian regulator
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CME Central midline element
CMV Cytomegalovirus
CNS Central nervous system

COX4/8 Cytochrome C oxidase subunit 4/8

CRY1/2 Cryptochrome Y5

CSN2 Casein beta

DDR DNA-damage repair
DNA Deoxyribose nucleic acid

DNMIL Dynamin 1 like, DRP1

DRE Dioxin response element

DSCR Down's syndrome critical region

ECAR Extracellular acidification rate

ELF5 E74 like ETS transcription factor 5

EPAS1 Endothelial PAS domain protein 1, HIF2A

ERBB2 Erb-b2 receptor tyrosine kinase, HER2

ESR1/2 Estrogen receptor 1/2

FCCP Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
FOXA1 Forkhead box Al

FUNDCI1 FUN14 domain containing 1
FYN FYN proto-oncogene, Src family tyrosine kinase
GAS Gamma-interferon activated sequence

GATA3 GATA binding protein 3
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GLUT1 Solute carrier family 2 member 1, SLC2A1

H&E Hematoxylin and eosin

HIF Hypoxia-inducible factor

HIFTA Hypoxia-inducible factor 1 subunit alpha
HRE Hypoxia response element

IF Immunofluorescence

[HC Immunohistochemistry

IMM Inner mitochondrial membrane

IMS Inner mitochondrial membrane space
IP Immunoprecipitation

JAK2 Janus kinase 2

K14 Keratin 14

LALBA Lactalbumin alpha

LC3B Microtubule associated protein 1 light chain 3 beta
LIF LIF interleukin 6 family cytokine
MEC Mammary epithelial cell

MFN1/2 Mitofusin 1/2

MMP Matrix metalloprotease
MMTV Mouse mammary tumor virus
mtDNA Mitochondrial DNA

MYODI Myogenic differentiation 1

MYOM2 Myomesin 2
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NAD
NADP
NF-«xB
NOTCH
NPAS
OCR
OMM
OPAI
OPTN
OSM
pADPr
PARP
PAS
PCR
PER1/2/3
PGR
PINK1
PPARG
PPARGCIA
PRKN
PRLR

RANK

Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate
Nuclear factor k-light-chain-enhancer of activated B cells
Notch receptor

Neuronal PAS domain protein

Oxygen consumption rate

Outer mitochondrial membrane

Optic atrophy 1

Optineurin

Oncostatin M

Poly (ADP-ribose)

Poly (ADP-ribose) polymerase
PER-ARNT-SIM

Polymerase chain reaction

Period 1/2/3

Progesterone receptor

PTEN induced kinase 1

Peroxisome proliferator activated gamma
PPARG coactivator 1 alpha

Parkin RBR E3 ubiquitin protein ligase
Prolactin receptor

TNF receptor superfamily member 11a, TNFRSF11A
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RANKL TNF superfamily member 11, TNFSF11

ROS Reactive oxygen species
SIM1/2 Single-minded 1/2
SNAI2 Snail family transcriptional repressor 2

SQSTM1 Sequestosome 1

SREBF1 Sterol regulatory element binding transcription factor 1, SREBP1
STAT3/5 Signal transducer and activator of transcription 3/5

TCA Tricarboxylic citric acid

TEM Transmission electron microscopy

TOMM70 Translocase of outer mitochondrial membrane 70

TUBA Tubulin alpha

VDACI1 Voltage dependent anion channel 1
VHL von-Hippel Lindau tumor suppressor
WT Wild type
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CHAPTER I
INTRODUCTION

Breast cancer is a substantial clinical challenge due to the immense intra- and
inter-tumoral heterogeneity of the disease. Six major breast cancer subtypes have been
identified based on histological and molecular profiling and clinical prognoses: normal-
like, luminal A, luminal B, HER2 (ERBB2, erb-b2 receptor tyrosine kinase 2) enriched,
claudin low, and basal-like [1-3]. Although these classifications inform treatment
decisions, patient responses are still diverse within subtypes, suggesting that additional
heterogeneity contributes to therapeutic outcomes [3-5]. The source of this heterogeneity
has been pursued in the breast cancer field and has uncovered unique roles for the
mammary gland stem cell hierarchy, hormone receptors, genetic factors, and the tumor
microenvironment, to name a few. As the complex contribution of these factors to the
normal development of the mammary gland is not fully understood, it is not surprising
that treating the heterogeneous disease remains challenging.

Normal physiological or developmental processes are often hijacked in malignant
states to drive disease occurrence or progression. In fact, many developmental events in
the mammary gland also occur in breast cancer, including stromal invasion,
proliferation, and apoptotic escape [6, 7]. Developing a more complete understanding of
the hormonal, transcriptional, and metabolic mechanisms that direct normal development
will provide insight into the dysfunction that occurs in disease states. A large body of
work has addressed the requirement of ovarian, pituitary, and adrenal hormones to the

development of the mammary gland, and the signaling and transcriptional networks that



arise directly or indirectly from these hormones are under active investigation by our lab
and others. Much less is known about the contribution of metabolism and mitochondria
to the development of the mammary gland; therefore, a primary goal of this work was to
investigate metabolic contributions to mammary gland development.
Mammary gland development

The majority of mammary gland development occurs after birth, which allows
for detailed analysis of the sequential events that ultimately enable lactation. Lactation is
achieved through the coordination of sequential hormonal signals that regulate pubertal
ductal elongation, ductal side branching, alveologenesis, and lactogenesis (Figure 1) [8,
9]. The morphology of these stages of mammary gland development is well defined in
mice, and begins with a rudimentary ductal tree that originates from the nipple [10]. At
approximately three weeks of age, terminal end buds appear and invade through the
stroma, initiating ductal elongation [10]. Terminal end buds eventually reach the
boundaries of the gland, and ductal side branching is initiated, which also coincides with
the onset of cyclical estrous cycles [10]. Alveologenesis is initiated in the adult virgin
gland with the cyclical production of ovarian hormones during estrous, and alveolar cells
continue to expand and differentiate during pregnancy [8, 10]. Pregnancy also marks the
initiation of lactogenesis, which is divided into two phases [8]. The first phase,
sometimes termed lactogenesis I or secretory differentiation, begins alveolar
differentiation and involves the expression of some differentiation-dependent genes,
such as caseins [8, 11]. The second phase, termed lactogenesis II or secretory activation,

is marked by milk secretion and also involves the closure of tight junctions and the

2



mobilization of lipid droplets [8]. Together, these processes refer to the differentiation of
mammary epithelial cells (MECs) and are guided in large part by the endocrine system
and surrounding stroma. MECs are subdivided into basal, or myoepithelial, and luminal
compartments, and luminal MECs can be further subdivided into ductal and alveolar
luminal cells. The mammary gland stem cell hierarchy is thought to inform the identity
of each subtype, and many different hierarchical schemes have been suggested [12-14].
Thus, the considerable heterogeneity observed in breast cancer is not surprising given
the diverse array of cell types present in the normal developing mammary gland. For the
purposes of this work, discussions will center around the terminal lactogenic

differentiation of luminal MECs.
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Figure 1 Model of mammary gland development.



Hormonal regulation

As an endocrine organ, the post-natal development of the mammary gland is
largely guided by external ovarian, pituitary, and adrenal hormones as well as by
placental hormones and hormones produced locally within the mammary gland [9]. The
requirement of each hormone during mammary gland development was initially
determined by providing the hormone in question to non-lactating animals lacking the
source of the hormone, i.e. ovariectomized, hypophysectomized, or adrenalectomized
animals [15, 16]. Development of transgenic models refined this approach by abrogating
the expression of hormone receptors. The resulting developmental defects in the
mammary gland implied the earliest requirement of each hormone, and transplantation
studies determined the epithelial or stromal origin of the signal [17]. More specifically,
these studies identified the ordered epithelial requirement of estrogen, progesterone, and
prolactin for mammary gland development beginning at puberty (Figure 2) [8]. First,
estrogen is required for pubertal ductal elongation of the rudimentary ductal tree [18,
19]. Progesterone is required next for side branching during puberty and gestation [20,
21], and, finally, prolactin is required for alveologenesis and lactogenesis during
gestation and lactation [22]. Growth hormone and cortisol are also required during
mammary development, and several other hormones contribute to various development
stages, including thyroid hormones, leptin, vitamin D, and sex hormone precursors [8, 9,
14, 15]. Of note, the requirement of estrogen, progesterone, and prolactin has been

determined by eliminating their receptor expression, and although these studies inform



what we know about the earliest role of each, additional specific roles at later stages of

development have not been as clearly established.
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Figure 2 Hormonal control of mammary gland development.

Transcriptional regulation
Hormone activation of cellular receptors results in intracellular signaling
cascades, which regulate transcription factors and their target genes. A considerable
amount of work has gone into dissecting the signaling networks that originate from each
hormone; however, complexities are readily apparent. First, some hormones are capable
of activating multiple receptors, and, likewise, most receptors can recognize multiple
hormonal signals. Further, there is considerable overlap in the phenotypes of several loss

of function models for hormone receptors and transcription factors, indicating that
5



signaling pathways likely overlap or coordinate during mammary gland development.
Nevertheless, advances in our understanding of these signaling pathways have led to the
definition of the major molecular subtypes of breast cancers and have translated into the
development of important therapies for breast cancer patients. Therefore, a discussion of
the complex contribution of some of the major transcription factors that regulate
mammary gland development is warranted. We anticipate that the diverse milieu of
hormonal and transcriptional signaling during important transitions in mammary gland
development will inform the metabolic changes that occur as well as provide insight into
therapeutic windows of opportunity.

Estrogen and progesterone steroid hormone receptors (ESR1, ESR2, and PGR)
function as intracellular transcription factors in the mammary gland. Notably, estrogen
and progesterone receptors can influence transcription directly by binding DNA or
indirectly by interacting with other transcription factors or coactivators in response to
ligand binding [23]. These receptors are also capable of influencing signaling through
nongenomic mechanisms, including the generation of cAMP (cyclic adenosine
monophosphate) [23, 24]. In contrast, prolactin receptor (PRLR) is a transmembrane
protein that canonically signals through the JAK-STAT (Janus kinase — signal transducer
and activator of transcription) or MAPK (mitogen activated protein kinase)
transcriptional pathways [25]. Genetic ablation of the steroid and peptide hormone
receptors and other transcription factors has helped to uncover their contribution to the
development of the mammary gland. Although there is still some concern regarding

compensation from other pathways, these studies have established the ground work for



the transcriptional regulation of mammary gland development. Below is a brief
discussion of major transcription factors involved in the establishment and/or
differentiation of luminal MECs: ESR1, GATA3 (GATA binding protein 3), FOXA1
(forkhead box A1), PGR, RANKL (TNFSF11, TNF superfamily member 11), STATS
(signal transducer and activator of transcription 5), ELF5 (E74 like ETS transcription
factor 5), and STAT3.
Ductal Elongation

Early in pubertal mammary development, ductal elongation is achieved through
proliferation of mammary epithelial cells at the terminal end buds and invasion of the
duct into the surrounding stroma [14, 26]. Ductal elongation is severely impaired with
loss of estrogen or ESR1, suggesting that ESR1 contributes to the proliferation of MECs
and invasion into the stroma (Figure 3) [16, 19, 27]. Paradoxically, the highly
proliferative cap cells in the terminal end bud are predominantly ESR1 negative and
hormone receptor positive cells are less proliferative than hormone receptor negative
cells, implying that the mitogenic effect of estrogen is indirect [23]. Eventually, it was
determined that estrogen-mediated proliferation occurs in a paracrine manner from
ESRI positive epithelial cells to ESR1 negative epithelial cells [19]. Consequently,
investigation of the paracrine mediators of estrogen function has contributed greatly to
the current understanding of hormone responsiveness in breast cancer. The original
search for these mediators involved factors whose loss resulted in similar defects in
ductal elongation and terminal end bud function, such as those observed in conditional

GATA3 deletion mice and FOXA1 null mammary transplants and grafts.



In the developing mammary gland, GATA3 is expressed during embryonic
development, during pubertal development in the terminal end buds and mature ducts of
5-week-old virgin mice (Figure 3) [28], and during pregnancy-induced development and
lactation [29]. Complete loss of GATAZ3 results in embryonic lethality; therefore,
multiple LoxP conditional models have been used to reduce GATA3 expression in the
mammary epithelium during embryonic (keratin 14 [K14]-cre), pubertal (mouse
mammary tumor virus [MMTV]-cre), and pregnancy-induced (whey acidic protein
[Wap]-cre) mammary development. Although the majority of K/4-cre; Gata3 mice die
shortly after birth, all neonates lack nipples, and rare survivors also predominantly lack
mammary epithelium by six weeks of age [29]. Two independent groups generated
MMTV-cre and Wap-cre Gata3 conditional knock out lines. In these mice, both groups
concluded that prepubertal (non-hormonal) mammary gland development was normal
[28, 29]. The groups further agreed that loss of Gata3 resulted in impaired ductal
elongation and alveolar differentiation as well as expansion of an undifferentiated
luminal progenitor population of MECs [28, 29]. Importantly, Asselin-Labat and
colleagues demonstrated that overexpression of Gata3 enhanced expression of
differentiation-dependent factors in luminal progenitor cells both with and without
lactogenic stimulus [29]. Together, these studies suggest that GATA3 is required for cell
fate determination during embryonic development and for ductal elongation and luminal
differentiation during post-natal development of the mammary gland.

FOXALI1 is required for ductal elongation in a similar manner as estrogen, ESR1,

and GATA3. In fact, ESR1 and FOXA1 colocalize in roughly 30% of virgin ductal



epithelial cells, and cells expressing ESR1 alone are sparse (<5%) [7]. During normal
mammary gland development, FOXA1 is expressed in the terminal end buds and ducts
of the virgin gland but not in terminal end bud cap cells [7]. As pregnancy-induced
development progresses, FOXA1 expression is largely absent, which is similar to
patterns of ESR1 expression but differs from the elevated expression of GATA3
observed during early lactation (Figure 3) [29]. FOXA1 null mice are perinatal lethal
[30]; therefore, alternative deletion strategies have been used to interrogate the post-natal
mammary gland development with loss of FOXA1. Strikingly, FOXA1 null transplants
completely fail to form ductal outgrowths, even in the presence of hormonal stimuli,
suggesting that FOXAL is required for ductal elongation [7]. Due to the severity of the
ductal outgrowth phenotype, FOXA1 function was further interrogated using renal
capsule grafts from FOXA1 null mice. Renal capsule grafts allow for the investigation of
developmental phenotypes of embryonic or perinatal lethal mutant mice [31]. In FOXA1
null renal capsule grafts, ductal elongation is severely stunted, but alveolar development
and lactogenesis proceed normally [7]. Notably, the ductal elongation impairment was
attributed to a block in luminal cell expansion and invasion but not to a defect in lineage
specification. In sum, this work highlights the requirement of FOXA1 in ductal
elongation during pubertal mammary gland development and demonstrates important
parallels to ESR1 and GATA models.

Several important parallels can be drawn between ESR1, GATA3, and FOXAL.
First and foremost, GATA3 and FOXA1 are positively correlated with good prognosis in

luminal A and luminal B (ESR1 positive) breast cancer subtypes and have similar



development defects when lost, as discussed above [7, 23, 32-36] Moreover, loss of both
GATA3 and FOXA1 also reduces ESR1 expression, suggesting that these factors are
transcriptionally interdependent [7, 28]. This interrelation is supported by observations
that overexpression of GATAS3 results in elevation of FOXAT1 expression [37] and
GATA3 recognizes and binds a regulatory region of FOXA1 [28]. However, loss of
FOXAT1 does not impact GATA3 expression, and FOXA1 expression is not lost in
GATA3 deficient mammary glands [7]. Further, FOXA1 is required for ESR1 action in
several studies [7, 38, 39], ESRI binding sites are present on both FOXA1 and GATA3
[40], and GATAS3 and ESR1 appear to positively regulate each other [23, 41].
Collectively these findings led Bernardo and colleagues to propose a model in which
FOXA1 and ESR1 expression predominates in ductal cells, whereas GATA3 functions
in ESR1- and FOXA I-negative lobulo-alveolar cells [7]. Together, these studies suggest
that the ESR1/GATA3/FOXALI transcriptional network is complex and may depend on

and vary with the developmental state of the cell (Figure 3).
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Figure 3 Transcription factor control of early ductal elongation.

Ductal side branching and alveologenesis

Estrogen and progesterone are synergistic in inducing the early phases of side
branching and alveologenesis in the mammary gland [23]. In the post-natal murine
mammary gland, PGR expression is not present until seven weeks of age [42, 43],
whereas ESR1 expression has been observed as early as 3 weeks (Figure 4) [44]. Loss of
ESRI results in completely stunted ductal elongation as well as an absence of side
branching and alveologenesis [27], whereas loss of PGR results in reduced side
branching and failed alveologenesis, placing the requirement for PGR subsequent to

ESRI1 [20]. Interestingly, most mammary epithelial cells that express ESR1 also express
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PGR, and both hormone receptors operate in a paracrine manner, as demonstrated by
transplantation experiments with steroid hormone receptor null and wild-type epithelium
[19, 21]. More specifically, in the presence of PGR wild-type cells, PGR null epithelial
cells were capable of contributing to proliferation and alveologenesis, similar to ESR1
[21]. Despite the considerable similarities between ESR1 and PGR, ESR1 is dispensable
for side branching and alveologenesis and PGR is not, demonstrating the precise
hormonal and temporal control that guides mammary development.

Several mediators of PGR paracrine signaling have been suggested, and,
interestingly, the osteoclast differentiation factor ligand RANKL is an attractive
candidate. Mammary gland recombination studies again suggest that epithelial RANKL
is required for side branching before and during pregnancy, which is consistent with the
presence of progesterone in the endocrine system during adult and pregnancy-induced
development (Figure 4) [45, 46]. Loss of RANKL did not impact apoptosis, PGR
expression, or milk protein expression, suggesting that RANKL mediates side branching
proliferation specifically, potentially in response to paracrine signaling through PGR
[46]. Consistent with this hypothesis, ectopic expression of RANKL rescues the PGR
null mammary development phenotype [46]. Further, progesterone induces RANKL
expression, which is primarily observed in PGR positive luminal cells, again suggesting
that RANKL may be involved in paracrine signal to neighboring cells [45, 47]. RANKL
is recognized by the transmembrane protein RANK and signals through NF-xB (nuclear

factor kappa B) to initiate transcription of target genes [45]. Clinically, RANKL is

12



associated with proliferation in PGR-dependent breast cancers, and RANKL inhibitors

may prove useful in treating these patients [14, 46, 48, 49].
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Figure 4 Transcription factor control of ductal side branching.

Alveologenesis and lactogenesis

The final stage of mammary gland development involves the terminal
differentiation of luminal MECs into lobulo-alveolar cells that secrete milk proteins,
lipids, and other metabolites. In a series of landmark studies, a compound purified from
the anterior pituitary gland was found to induce lactation in virgin rabbits [25, 50, 51].

Based on this finding, the compound was named prolactin. Subsequent studies
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demonstrated that the dopamine analog bromocryptine inhibits prolactin secretion from
the anterior pituitary gland, completely abrogating lactogenesis until withdrawn [8, 52,
53]. Although PRLR (prolactin receptor) is predominantly expressed at late pregnancy,
prolactin null models demonstrated sterility and reduced gland complexity, side
branching, serum progesterone, and serum estrogen [8, 22, 54, 55], suggesting that
prolactin has a systemic effect on ovarian hormones. Indeed, prolactin stimulates the
release of ovarian hormones, notably progesterone, and restoration of progesterone
rescues the absence of ductal side branching and sterility seen in ovariectomized
prolactin null models [14, 54, 56]. The mammary epithelium intrinsic role of prolactin
was determined by transplantation of PRLR null mammary epithelium into wild-type
mice, which demonstrated that ductal elongation and branching proceed normally, but
alveologenesis and lactogenesis fail [54, 55]. Together, these studies demonstrate that
prolactin coordinates hormonal signaling to the developing mammary gland, and PRLR
is required for alveologenesis (Figure 5).

PRLR is a transmembrane cytokine receptor that dimerizes upon ligand binding
and mediates the cross-phosphorylation of JAK2 (Janus kinase 2), FYN (FYN proton-
oncogene), and MAPK. Both JAK2 and its downstream target gene, STATS, are
necessary for alveologenesis and lactogenesis, as targeted deletion in the mammary
epithelium results in phenotypes similar to PRLR null mice [14, 57, 58]. STATS is a
member of a family of seven genes that encode latent transcription factors. STAT
proteins are activated by tyrosine phosphorylation, dimerize, and translocate to the

nucleus where they bind GAS (gamma interferon activated sequence) elements in
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regulatory regions to control transcription [59]. STATS is present in the mammary gland
in two isoforms (STATS5A and STA5B), which are both essential to the proliferation,
differentiation, and survival of MECs [58, 60, 61]. Simultaneous loss of both STATSA
and STATSB driven by MMTV-cre expression abrogates alveologenesis and reduces the
generation of alveolar progenitors [60]. These alveolar defects are rescued by expression
of STATSA even after ductal elongation, suggesting that STATSA is necessary and
sufficient for the establishment of luminal progenitor cells (Figure 5) [60]. Beyond just
STATS, a balance of STAT protein activation exists in the developing mammary gland
with high STATS activation beginning at day 14 of gestation and persisting through
lactation and high STAT3 activation beginning with involution [62, 63]. The
developmental expression pattern of STATS and the lactation failure observed with loss
of STATS suggest that STATS activation is critical to the terminal differentiation of
MEC:s [25]. Indeed, expression of the differentiation-dependent genes Csn2, Wap, and [3-
lactoglobulin, which contain GAS elements (TTCNNNGAA) in their promoter regions,
is lost in the absence of STATS [25]. These differentiation-dependent genes are often
used as indicators of terminal MEC differentiation and represent terminal function of the
mammary gland.

Similar to STATS, the Ets transcription factor ELFS5 is required for alveolar
differentiation [64]. Moreover, GAS elements have been identified in regulatory regions
of ELF5, and ELF5 expression is lost in STAT5A/B deficient glands [60]. Conversely,
ELF5 binding sites are present in the STATS promoter, suggesting a complex regulatory

network [65, 66]. An important difference between the two factors is their effect on the
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luminal progenitor lineage of MECs. Loss of STATS results in a reduced population of
luminal progenitors, whereas loss of ELFS5 initiates an expansion of luminal progenitors
[67, 68]. These results indicate that STATS is likely upstream of ELF5 and enables the
generation of luminal progenitors, whereas ELF5 enables the differentiation of
progenitors [60]. ELF5 expression in differentiated progenitors may then control the
expression of STATS [66]. Because ELF5 expression is associated with terminally
differentiated lobulo-alveolar cells, and lobulo-alveolar cells are typically ESR1
negative, it has been postulated that ELF5 expression could be a marker of estrogen

insensitivity and resistance to antiestrogen therapies [69, 70].
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Figure 5 Transcription factor control of alveologenesis and lactogenesis.
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Involution

Although lactation is typically considered the terminal differentiation of MECs,
involution also represents an additional stage of MEC function, owing to the
phagocytotic behavior that MECs demonstrate [71]. During involution the mammary
gland regresses, resetting the gland for future reproductive events. Involution occurs in
two stages: a reversible initial phase and an irreversible secondary phase [14]. Unlike the
other stages of post-natal mammary gland development, the first phase of involution
occurs in response to local cues rather than hormonal cues and evokes a wave of cell
death [72, 73]. The second phase of involution responds to a fall in systemic hormones,
which can be abrogated by glucocorticoid treatment [72, 73]. The second phase of
involution is also accompanied by a rise in circulating factors that balance protease
activity as well as alveolar collapse, basement membrane remodeling, and adipocyte
differentiation [14]. The transcriptional signaling that coordinates the termination of
lactation and the initiation of involution is of interest due to the dramatic transition in
function that occurs. During this transition, STATS phosphorylation declines and
STAT3 is rapidly phosphorylated (Figure 6). The PRLR-STATS-AKT axis promotes the
survival and lactogenic function of MECs [74, 75], whereas STAT3 antagonizes this
signaling to promote apoptotic pathways [14]. Leukemia inhibitory factor (LIF) has been
implicated in the upstream activation of STAT3 [76], which signals through STATS3 to
upregulate the expression of IGFBPS5 [77], cathepsin B, and cathepsin L [78].

Importantly, overexpression of STATSA or AKT1 or loss of STAT3 or LIF delays
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involution [74-76, 79], suggesting that activation of STAT3 or STATS can
independently promote or delay apoptosis, respectively [14, 80].

Although the long-term benefit of pregnancy at an early age is a reduced risk of
breast cancer [81], the involution period poses an increased risk for women [82]. This
risk is thought to come from the generation of a tumor permissive or even promoting
microenvironment. In summary, the developmental stage of the mammary gland holds

key insight into the initiation and progression of breast cancer.
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Figure 6 Transcription factor control of involution.
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Metabolic regulation

Thus far we have established that a complex array of hormones and transcription
factors regulate the development of the mammary gland. The ultimate function of
mammary gland development is to synthesize and secrete milk to support neonatal life.
Milk is composed of macronutrients (proteins, lipids, and carbohydrates), micronutrients
(vitamins and minerals), and bioactive factors [83]. Thus, it is not surprising that milk
production is energetically demanding and requires the systemic cooperation of the
female body. Recent studies have indicated that metabolic adaptations can both respond
to and direct functional tissue changes. Although metabolic adaptations are clear in the
developing mammary gland, the causes and/or consequences of these adaptations are
not.

The majority of major metabolic adaptations in the mammary gland occur
leading up to and during the transition to lactation. The mammary gland begins
preparing for lactation during early pregnancy and completes the process in two phases:
secretory differentiation (lactogenesis 1) and secretory activation (lactogenesis II) [8,
84]. During secretory differentiation, alveolar cells continue to proliferate and cluster
into lobuloalveolar units, completely filling the gland. Cytoplasmic lipid droplets also
become readily apparent and increase dramatically in size until secretory activation [84].
Secretory activation is initiated by a sharp fall in serum progesterone and is associated

with milk secretion [84-86].
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Transcriptional regulation of mammary gland metabolism

The transcriptional changes that occur in secretory differentiation and activation
coordinate the massive production of proteins, lipids, and lactose — the primary
carbohydrate found in milk and synthesized solely in mammary epithelial cells.
Transcriptional changes between pregnancy day 12 and lactation day 9 have been
quantitatively clustered into trajectories based on whether expression of a set of factors
increased, decreased, or remained constant between two consecutive developmental time
points [87, 88]. Using this trajectory clustering, the Neville group demonstrated that milk
protein expression rises from the earliest time point studied, pregnancy day 12, until
lactation day 2 when expression levels off [87]. This supports the observation that milk
protein genes are expressed as early as five days after conception in rats [11]. Early
elevation of milk protein genes is concomitant with decreased expression of adipocyte
and collagen factors, likely due to regression of the mammary fat pad [84, 87]. As
discussed above, the majority of milk protein transcription is controlled through PRLR
and subsequent STATS activation.

In contrast, lipid biosynthesis is more tightly controlled around parturition, when
fatty acid and cholesterol synthesis gene expression rises (Figure 7) [84, 87]. Expression
of factors involved in degradation of fatty acids (beta-oxidation) decrease at this time,
supporting the idea that MECs shuttle free fatty acids into triglyceride synthesis [87].
Further, alpha-lactalbumin (LALBA), the rate limiting cofactor for lactose synthesis, is
strongly upregulated upon secretory activation [84]. Notably, the synthesis of both fatty

acids and lactose requires an elevated concentration of glucose. Correspondingly,
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GLUT]1 is strongly upregulated at parturition to transport glucose from plasma to MECs
[89]. Glucose is utilized for lactose synthesis at the Golgi, which is supported by
increased localization of GLUTI to the Golgi itself [90]. Moreover, increased expression
of hexokinase 2 (HK2) and reduced expression of HK1 is thought to allow more free
glucose to enter the Golgi and to activate the pentose phosphate shunt [84, 91].
Activation of the pentose phosphate shunt, which generates NADPH for lipid synthesis,
is further aided by reduced expression of glucose-6-phosphate isomerase after parturition
[84, 92]. Lipid synthesis is supported by upregulation of aldolase C to facilitate glycerol
formation [93], mitochondrial production of citrate, and upregulation of ATP citrate
lyase (ACLY) [92], which converts citrate to acetyl-CoA for the subsequent synthesis of
malonyl-CoA. With the exception of GLUT1, many of these factors are thought to be
controlled at the transcriptional level by SREBF1 (sterol regulatory element binding

transcription factor 1, or SREBPIc) [94, 95], potentially through AKT1 [96-98].
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Figure 7 Model of mitochondrial metabolites during differentiation.
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Based on the current body of knowledge, expression of milk protein and
metabolic enzyme genes during secretory differentiation is thought to occur through
PRLR mediated activation of STATS, whereas the expression of genes involved in fatty
acid, lactose, and cholesterol synthesis during secretory activation is thought to occur
through AKT1 mediated activation of SREBF1 after the release of progesterone
antagonization [84]. Of note, AKT1 activation can occur through PRLR dependent or
independent mechanisms. Together, these observations create the basis for our
understanding of metabolic adaptation in the mammary gland (Figure 8). However,
many studies have shown that post-translational modifications to proteins and enzymes
as well as the output of organelles, such as mitochondria, can have dramatic and
dynamic effects on cell state and function [99, 100]. Future studies will need to consider
the broader picture of metabolic events that enable lactation. In this study, we identify a
novel process, mitophagy, and a novel function for a known factor, SIM2s, in the

regulation of MEC metabolic reprogramming during differentiation.
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Figure 8 Factors related to metabolic differentiation of MECs are expressed in two
waves.
Metabolism and mitochondrial homeostasis

Metabolism can be broadly defined as the biochemical reactions in a cell that
break down (catabolize) or build (anabolize) molecules. Importantly, cellular
metabolism responds both to intrinsic signaling pathways and extrinsic environmental
factors. Homeostatic fluctuations in metabolism allow a cell to respond to signaling or
environmental stimuli. In contrast, metabolic reprogramming has distinct effects on the

function of a cell. The observation that tumor cells undergo a metabolic transition
23



toward aerobic glycolysis, termed the Warburg effect, generated substantial interest in
understanding the regulation of metabolic reprogramming [101]. Fortunately, metabolic
reprogramming and the Warburg effect both occur in normal cells and offer insight into
development and malignancy [99]. For example, myoblast differentiation relies on a
metabolic transition from a glycolytic state to an oxidative state [102], whereas
neuroblast differentiation into retinal ganglion cells relies on the reverse transition from
an oxidative state towards a glycolytic state [103]. As noted in these examples as well as
others listed in Table 1, many of the metabolic reprogramming events that have been
documented coincide with development or differentiation. Although metabolic
reprogramming has dramatic consequences for cell function, it is not yet clear how cells
acquire a particular metabolic state or whether intrinsic or extrinsic factors are involved.
The developing post-natal mammary gland is a unique model in which MECs
transition from a catabolic state of rapid proliferation to an anabolic state of milk
production. The metabolic reprogramming between these two states is dramatic, and the
regulation of the transition has been largely attributed to hormone-induced
transcriptional changes [8, 84, 87, 92]. Other changes occur during this transition as
well, including elongation of mitochondria [104, 105]. In fact, dramatic changes in
mitochondrial organization and structure are observed during development of the
mammary gland as well as in the differentiation of other cell types. Thus, hormonal,
transcriptional, metabolic, and mitochondrial adaptations occur during MEC
differentiation and collectively support the lactogenic function of the gland. In

comparison to the hormonal, transcriptional, and metabolic adaptations, we know very
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little about how mitochondria contribute to mammary gland development. Based on the
connection between mitochondrial form and function [106], as well as the connection
between mitochondria and metabolic processes, our lab is interested in understanding the
initiation and functional outcome of mitochondrial adaptations during mammary gland

development.
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Table 1. Metabolic transitions in development and differentiation are regulated by

mitochondrial fission (pink), fusion (purple), biogenesis (green), and mitophagy (blue).
Tissue Model Beginning Ending Transition Factor Ref.
Energy State | Energy State involved
Adipose Mouse | Thermogenic Quiescent Beige adipocyte to ATGS [107]
beige fat white fat white adipocyte ATGI12
transition
Adipose Mouse Basal Quiescent Adipocyte PARL [108]
metabolism differentiation through
cleavage of
PINK1
Adipose Mouse Fatty acid Quiescent Embryonic ATG7 [109,
oxidation adipogenesis 110]
Blood Mouse Basal Quiescent Erythrocytes NIX/ [111]
Human | metabolism differentiation to BNIP3L
mature erythroid
cells
Blood Mouse Glycolytic Fatty acid Hematopoietic PINK, [112]
Human oxidation stem cell expansion PRKN
Eye Mouse Oxidative Glycolytic Embryonic retinal NIX/ [103]
ganglion cell BNIP3L
differentiation
Heart Mouse Glycolytic Fatty acid Embryonic PRKN by [113]
(Glucose oxidation cardiomyocyte way of
metabolism) differentiation MFN2
mutation
Heart Mouse Embryonic Cardio- ESC to MFEN1/2 & | [114]
stem cell myocyte cardiomyocyte OPAl,
(ESC) differentiation NOTCH and
calcineurin
Immune | Human Aerobic Fatty acid Effector T cell to OPALl [115]
glycolysis oxidation, memory T cell
cells Oxidative transition
iPSC Human Oxidative Glycolytic Somatic cell DNMIL [116]
reprogramming to
iPSC
iPSC Human Oxidative Glycolytic Somatic cell ATG3 [117]
reprogramming to
iPSC
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Table 1 Continued.

Tissue Model Beginning Ending Transition Factor Ref.
Energy State | Energy State involved
Mammary | Mouse Unknown Unknown Transition from ATG7 [118]
reversible to
irreversible stage
of involution
Mammary | Mouse Quiescent Energetic Differentiation of ATGS, [119]
mammary ATG7,
epithelial cells PRKN
Muscle Mouse Glycolytic Oxidative Myoblast ATGS, [102]
differentiation to SQSTM1
myotubules
Muscle Mouse Glycolytic Oxidative Myoblast ATG7, [120]
differentiation to BNIP3
myotubules
Muscle Mouse Glycolytic Oxidative Fiber type IIX, I1IB MEFNI1/2 [121]
versus type I, ITA dependent
Neuronal | Human | Glycolytic Oxidative Undifferentiated cAMP- [122]
glioblastoma to CREB-
differentiated PGC1A
induced astroglia
Tumor Human Oxidative Glycolytic RAS-induced DNMIL [123]
transformation of
cancer cells

The powerhouse of the cell

Mitochondria are double membrane organelles that operate as a central hub for

many metabolic processes by sensing and responding to the cellular environment to

maintain homeostasis [106, 124]. Mitochondria are famous for their role in ATP

generation and are the site of the tricarboxylic acid (TCA) cycle and electron transport

chain, which is responsible for mitochondrial respiration. Additionally, mitochondria

maintain their own DNA (mtDNA), and elevated mtDNA mutations lead to early aging

in mice [125, 126], supporting the observation that mitochondrial function declines with

age and is critical for longevity [127]. Many notable metabolites are generated in

mitochondria, including citrate, acetyl-CoA, alpha-ketoglutarate, reactive oxygen species
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(ROS), NADH, and ATP. Importantly, these metabolites contribute to cell state and
differentiation. For example, mitochondrial production of alpha-ketoglutarate is a rate
limiting factor for alpha-ketoglutarate-dependent dioxygenases, which demethylate
DNA, ultimately influencing the epigenetic state of embryonic stem cells [128]. Further,
ROS have been implicated as signaling molecules, and ROS generated from complex III
of the electron transport chain direct adipocyte differentiation through induction of
PPARG (peroxisome proliferator activated receptor gamma) transcriptional activity
[129, 130]. Thus, the functionality of mitochondria is important to cell state and has been

suggested to direct to cell fate (Table 1, Figure 9).

Figure 9 Model of contribution of mitochondrial metabolites to cell signaling.

28



The generation of mitochondrial metabolites is influenced by mitochondrial
homeostasis, which is maintained through the coordination of fission, fusion,
mitochondrial specific autophagy (mitophagy), and biogenesis (Figure 10) [131]. These
processes can be governed by both intrinsic signaling pathways and extrinsic
environmental cues, allowing cells to finely tune metabolic responses. Many studies
have now shown that factors involved in these processes also enable mitochondria to
instruct function by contributing to epigenetic status, cell fate decisions, and
differentiation [102, 107, 115, 132], largely through the generation of metabolites or lack
thereof. A working understanding of the crosstalk between fission, fusion, mitophagy,
and biogenesis is required to understand mitochondrial homeostasis and how its
disruption contributes to disease.
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Figure 10 Model of mitochondrial homeostasis.
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The long and short of mitochondria

Fission and fusion, termed mitochondrial dynamics, are responsible for
homeostatic alterations in mitochondrial number, mass, and morphology that allow
mitochondria to maintain dynamic networks within the cell [131]. Fission divides
mitochondria into smaller organelles, and plays important roles in biogenesis, motility,
and stress response. In contrast, fusion joins mitochondria together, forming larger
networks and contributing to the dispersion of mtDNA, proteins, and metabolites. In
brief, mammalian mitochondrial dynamics are primarily mediated by the dynamin-
related guanosine triphosphatases: dynamin 1 like (DNMI1L [also known as DRP1]),
mitofusin 1 and 2 (MFN1/MFN2), and optic atrophy 1 (OPA1) [131]. During
mitochondrial fission, FIS1 (fission, mitochondrial 1) interacts with DNM1L and
anchors it to the outer mitochondrial membrane (OMM). DNMIL oligomerizes around
mitochondria, forming a collar that eventually contracts and divides mitochondria into
separate organelles. On the other hand, mitochondrial fusion is initiated by docking of
two mitochondria through the interaction of mitofusins between mitochondrion, which
enables the fusion of the OMMs. Subsequently, OPA1, located on the inner
mitochondrial membrane (IMM), mediates the fusion of IMMs, completing the fusion
process. These processes are highly integrated as decreased fission gives rise to an
elongated mitochondrial network, and decreased fusion results in mitochondrial
fragmentation [133]. This integration allows cells to respond to both intrinsic and
extrinsic stimuli to adjust metabolic output. In general, mitochondrial fission is

associated with cellular proliferation and reduced respiration [116, 134], whereas
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mitochondrial fusion has been linked to enhanced cellular respiration, ROS production,
mitophagy escape, and differentiation [114, 135-137].

The importance of mitochondrial dynamics is underscored by the serious human
diseases that result from disruption of the factors involved [138]. For example, mutations
in OPA1 and MFN2 that disrupt mitochondrial fusion result in autosomal dominant optic
atrophy and Charcot-Marie-Tooth disease type 2a, respectively [139, 140]. Although
mitochondrial dynamics factors are widely expressed, their mutation primarily affects
neurons, which tightly regulate mitochondrial function and distribution [138]. Severe
defects also occur with dysregulation of mitochondrial dynamics in other highly
metabolic tissues, including the heart and muscle, suggesting that mitochondrial
dynamics may play a role in the mammary gland during lactation.

Consistent with this hypothesis, mitochondrial dynamics have recently been
shown to impact cell fate and differentiation. For example, MFN2-mediated
mitochondrial fusion is required for cardiomyocyte differentiation through NOTCH
signaling [114], and DNM1L-mediated mitochondrial fission is required for somatic cell
reprogramming to induced pluripotent stem cells and involves MAPK1 (mitogen-
activated protein kinase 1 [also known as ERK]) signaling [116]. Although the
investigation of mitochondrial dynamics in development and differentiation is in its
infancy, it is clear that mitochondrial form instructs mitochondrial function and is well
worth investigating in cell types with specialized functional states, such as the lactating

mammary gland.
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Taking out the trash, or maybe just recycling

Mitochondrial dynamics is tightly coupled to mitophagy and mitochondrial
biogenesis [141]. Inhibition of mitophagy results in the accumulation of fragmented
mitochondria, whereas inhibition of fission results in mitophagy escape [142]. In turn,
each of these alterations has an effect on the respiratory machinery, causing reduced
membrane potential and reserve respiration capacity, respectively [143, 144]. Further, as
mitochondria cannot be generated de novo, they necessarily rely on mitochondrial
fission for proliferation [138, 141]. Recent studies have highlighted the importance of
fission, fusion, mitophagy, and biogenesis in cell and tissue differentiation and
maintenance of cellular homeostasis. In fact, mitophagy-dependent differentiation
programs, termed programmed mitophagy, have recently been established in a number
of models and tissues [102, 107, 113]. Programmed mitophagy occurs in response to a
differentiation-dependent cue and independent of cellular stresses, such as nutrient
deprivation [103]. The recent recognition of a role for mitophagy in differentiation has
generated a number of unanswered questions, and leaders in the autophagy field have
emphasized several.

“...the mechanism of mitophagy under physiological (as opposed to

experimental) conditions, the post-translational and structural modifications that

occur to temporally control receptor-ligand interactions, and the regulatory

pathways that integrate stress and developmental signals to coordinate the mode

of selective autophagy with precise cellular needs.” [145]
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Mammary gland development and mammary epithelial cell differentiation
provide excellent tandem in vivo and in vitro models to address these unanswered
questions. More specifically, our lab is interested in pursuing the unknown regulatory
pathways that engage mitophagy during specific developmental time frames. We have
recently shown that differentiated HC11 MECs attain a highly energetic state that relies
on oxidative phosphorylation, glycolysis, and autophagy [119]. We hypothesize that
MEC differentiation relies heavily on this metabolic reprogramming, which may occur
through mitophagy.

In general, mitophagy is initiated when mitochondria are flagged for degradation
by mitophagy receptors and proceeds when mitophagy receptors are recognized by
autophagy receptors on the autophagore membrane [146]. After cargo recognition,
mitophagy proceeds in the same manner as macroautophagy with the engulfment of
cytoplasmic material into an autophagosome, lysosome fusion, and enzymatic
degradation of vesicle contents [147]. The best characterized mitophagy pathway is the
PINK1 (phosphatase and tensin homolog [PTEN] induced putative kinase)/PRKN
(parkin) pathway (Figure 11). PINK1 is imported into the inner membrane space (IMS)
of healthy mitochondria and rapidly cleaved. Mitochondrial damage or stress often
triggers mitochondrial depolarization, which prevents protein import into the IMS. Thus,
PINK1/PRKN-dependent mitophagy is initiated by accumulation of PINK1 on the
OMM of depolarized mitochondria [113, 148]. PRKN then recognizes proteins
phosphorylated by PINK1 and translocates to mitochondria to ubiquitinate OMM

proteins. These ubiquitin chains are recognized by specific autophagy receptors, such as
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SQSTMI (sequestosome 1), and initiate phagophore recruitment through interaction
with LC3 (microtubule associated protein 1 light chain 3), setting autophagic flux in
motion. The PINK1/PRKN mitophagy pathway has also been implicated in the
inhibition of fusion and promotion of fission, again highlighting the complex interplay

between mitochondrial dynamics and mitophagy [142, 149].

Figure 11 Model of PINK1/PRKN mediated mitophagy.

In addition to the PINK1/PRKN pathway, a number of novel mitophagy and
autophagy receptors have been recently identified, including BNIP3 (BCL2 interacting
protein 3) [111], NIX/BNIP3L [111, 150], FUNDCI (FUN14 domain containing 1)
[151, 152], and OPTN (optineurin) [153]. These factors may contribute to the cell type
specificity of mitophagy, which is of particular interest in differentiating cells.
Interestingly, single-minded 2 (SIM2), a transcription factor first identified in
drosophila, has been shown to be bound and subsequently ubiquitinated by PRKN [154],
suggesting that SIM2 may be involved in PRKN-mediated mitophagy. Here, we present
data to suggest that SIM2s regulates mammary epithelial cell differentiation, not as a
classical transcription factor, but by interacting directly with mitochondria and
modulating both mitophagy and dynamics. The precise mechanism by which SIM2s
regulates mitophagy and dynamics, and the general interplay of these factors during

development are topics for future investigation. On a broad level, we are interested in
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understanding how the regulatory biology of mitochondria contributes to development,
which we expect will provide insight into therapeutic approaches for combatting
mitochondrial dysfunction and resulting disease states.
Single-minded 2s
The bHLH-PAS family of transcription factors
Members of the bHLH-PAS (basic helix-loop-helix PER-ARNT-SIM) family
function in signaling modules that respond to the environment, physiology, and
development [155]. As the name implies, bHLH-PAS proteins contain a DNA binding
basic region, a dimerization HLH region, and two protein interacting PAS domains.
Although numerous bHLH-PAS proteins have been identified in a wide range of
organisms, the most notable mammalian variants include the aryl hydrocarbon receptors
(AHR and AHRR), hypoxia inducible factors (HIF1A, HIF2A/EPASI, and HIF3A),
circadian regulators (ARNTL/BMALI1, ARNTL2/BMAL2, and CLOCK), aryl
hydrocarbon receptor nuclear translocators (ARNT and ARNT?2), and single-minded
proteins (SIM1 and SIM2) [156]. These proteins share a basic domain structure, with a
bHLH domain at the N-terminus followed by two PAS domains. Despite low sequence
homology, the three-dimensional PAS domain structure is surprisingly well conserved
between bHLH-PAS proteins and forms a PAS-fold, which is thought to be the site of
small molecule interactions and protein binding [156, 157]. Indeed, human single
nucleotide variants in the PAS domains of SIM1 and SIM2 show reduced dimerization
ability, suggesting that the PAS domain is vital to protein-protein interactions [158].

Interestingly, the C-terminus of bHLH-PAS proteins contains a large degree of
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variability [159], and several studies have identified transcriptional activation or
repression domains in this region [160-164]. Altogether, the conserved structure of the
bHLH and PAS domains as well as the intrinsic disorder of the C-termini contribute to
the diverse nature of bHLH-PAS protein signal transduction [159, 165]. Due to their
significant role in signal transduction, the responses of bHLH-PAS proteins to
physiological and environmental stimuli have been studied in detail; however, the
developmental signaling pathways of bHLH-PAS proteins remain elusive (Table 2).
The difficulty in assessing the developmental role of bHLH-PAS factors lies in
their essentiality to development itself. For example, HIF1A and HIF2A knockout mice
die in utero [166-168], SIM1 and SIM2 knockout mice die perinatally [169-172], and
ARNT knockout mice die in utero [173, 174]. Due to these severe phenotypes, tissue-
specific or inducible models have been used to study the function of these proteins and
have contributed to our current understanding of the signal transduction pathways, which
are described in more described below. In contrast, ARNTL/BMALI and CLOCK are
not essential to embryonic development [175]. ARNTL/BMALI1 knockout mice have
disrupted circadian rhythmicity, altered sleep patterns, reduced activity, and shortened
life spans [175-179]. CLOCK knockout mice do not demonstrate completely
dysregulated circadian rhythmicity but do have shortened oscillations and altered
responses to light [180-182]. These phenotypes do not rule out the role of the circadian
bHLH-PAS factors in development but also do not suggest that they are heavily involved
in development. Although AHR is also dispensable for embryonic development, several

developmental phenotypes are present in AHR knockout mice, including reduced body
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weight and liver size [183-185]. It has been posited that endogenous developmental
ligands or physiological activation mechanisms are responsible for AHR signal
transduction during development; however, the identity of these ligands remains elusive
[156]. Similarly, little is known about developmentally-engaged bHLH-PAS signaling in
general.

Outside of development, bHLH-PAS proteins have been demonstrated to sense
light, oxygen, toxins, cAMP, and NADH [157]. Upon ligand sensing, bHLH-PAS
proteins initiate a transcriptional signaling response. This signaling response is often
regulated by cytoplasmic to nuclear translocation of the bHLH-PAS protein and
dimerization with a bHLH-PAS partner [186]. Interestingly, it remains unclear whether
dimerization precedes or is followed by nuclear translocation. Dimerization ability of
bHLH-PAS proteins is generally guided by class: class I (HIF1A, HIF2A, HIF3A, AHR,
AHRR, NPASI, NPAS2, NPAS3, NPAS4, SIM1, SIM2, and CLOCK) and class II
(ARNT, ARNT2, ARNTL/BMALI, ARNTL2/BMALZ2) [165]. Class Il members are
general binding partners of class I members, are generally capable of forming
homodimers, and are ubiquitously expressed, whereas class I members are thought to be
expressed in a spatiotemporal or signal dependent manner. Importantly, the identity of
the bHLH-PAS heterodimer specifies the transcriptional response, with each bHLH-PAS
pair recognizing a specific sequence in the regulatory regions of target genes [187].
Thus, the cytoplasmic to nuclear translocation and dimerization of bHLH-PAS proteins

provide important regulatory steps in the signal transduction pathway.
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For example, cytosolic AHR is constitutively bound to HSP90 (heat shock
protein 90), p23, and AIP (AHR interacting protein). Upon binding to its ligand (dioxin),
AHR dissociates, translocates to the nucleus, and binds to ARNT. The AHR:ARNT
heterodimer then binds to xenobiotic or dioxin response elements (XRE/DRE,
TNGCGTGQ) in the upstream region of target genes to initiate their transcription [156].

HIF1A also initiates transcription of its target genes after binding to ARNT;
however, nuclear translocation of HIF1A is dependent on protein stabilization rather
than dissociation from a protein complex, and HIF1A:ARNT heterodimers recognize the
hypoxia response element (HRE, RACGTG) [186]. HIF1A is rapidly degraded in the
cytosol under normoxic conditions by hydroxylation of proline and asparagine residues,
which are then recognized by von Hippel Lindau (VHL), targeting HIF1A for
proteasomal degradation [156]. In response to low oxygen conditions, hydroxylation of
HIF 1A residues is inhibited, allowing for HIF1 A accumulation, ARNT binding, nuclear
translocation, and subsequent target gene transcription.

The last well-characterized bHLH-PAS signaling pathway is the circadian timing
system, which is mediated by the bHLH-PAS proteins ARNTL/BMALI and CLOCK as
well as by the PAS-containing periods (PER1, PER2, and PER3) and non-PAS-
containing cryptochromes (CRY1 and CRY2). Nuclear ARNTL:CLOCK dimers
recognize E-box signatures (CACGTG) and initiate transcription of the negative
circadian transcriptional regulators PER1, PER2, PER3, CRY1, and CRY2 [186].
Phosphorylation of the PERs and CRYs results in nuclear translocation and interference

in the ARNTL:CLOCK complex, halting transcription of ARNTL:CLOCK target genes
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with a rthythmicity of approximately 24 hours [156]. In summary, the cytosolic to
nuclear translocation of bHLH-PAS dimers is regulated by direct interaction with the
ligand, as in AHR binding of dioxin, and by indirect ligand sensing through post-
translational modifications, as in oxygen-sensitive hydroxylation of HIF1A and
phosphorylation of PER and CRY proteins, which then influence ARNTL:CLOCK
transcriptional activity.

In contrast, SIM1 and SIM2 signaling networks are relatively poorly understood.
Studies in Drosophila have provided the most insight into the transcriptional network of
sim. Drosophila sim is known to form heterodimers with tango, the drosophila ortholog
of mammalian ARNT, and bind to CNS midline elements (CMEs, ACGTG) to activate
transcription [ 163, 188]. In this context, nuclear translocation of sim is dependent on
dimerization with tango [163]. Similar to mammalian AHR, sim also interacts with
hsp90, and this interaction is disrupted by sim dimerization with tango or per [189].
Mammalian SIM1 [190] and SIM?2 also interact with HSP90 [191] and form
heterodimers with ARNT [160, 190, 192, 193]. Interestingly, the SIM1:ARNT
heterodimer activates transcription of target genes [160, 194], whereas the SIM2:ARNT
heterodimer was initially reported to lack transcriptional activity [161, 164]. These
reports identified mammalian SIM?2 as the first bHLH-PAS transrepressor. The repressor
activity of SIM2 is thought to occur through competition with SIM1 [160], AHR [193],
and HIF1A [161] for ARNT binding; through competition with SIM1:ARNT and
HIF1A:ARNT complexes for binding at regulatory regions [194]; and through two

transcriptional repression domains in the C-terminus of SIM2 [161]. Several
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transcriptional targets of SIM2 have been described, including MYOM2, MYODI, and
BNIP3 [195-197], and a recent study identified over 1,000 DNA binding sites for SIM2
in mouse embryonic stem cells via ChIPseq analysis [198]. Although these studies have
provided insight into the dimerization and transcriptional activities of SIM, the signal
transduction pathways that regulate the activation or cytoplasmic to nuclear translocation
of SIM2 are unknown. Based on the clear developmental role of SIM2 and the lack of
knowledge regarding its regulation, our lab has sought to understand the underlying

molecular biology of this bHLH-PAS protein.

Table 2. bHLH-PAS protein regulation.

bHLH- Binding Binding Lethality | Development General
PAS Partner Element of loss Stimulus Stimulus
AHR ARNT, XRE: None Unknown Xenobiotics,
ARNT2 | TNGCGTG dioxin
HIF1A ARNT, HRE: In utero Hypoxia Hypoxia
ARNT?2 RACGTG
HIF2A ARNT, HRE: In utero Hypoxia Hypoxia
ARNT?2 RACGTG
CLOCK | ARNTL/ E-box: None Ubiquitous Ubiquitous
BMALL, CACGTG
ARNTL2/
BMAL2
SIM1 ARNT, CME: Peri-natal Unknown Unknown
ARNT?2 ACGTG
SIM2 ARNT, CME: Peri-natal Unknown Ethanol,
ARNT2 ACGTG DNA damage

Discovery of single-minded

L(3)S8 was first identified by complementation group analysis of the rosy locus
in Drosophila [199] and was later renamed single-minded based on its expression along
the midline of the neuroepithelium [200]. Homozygous mutation of sim results in late

embryonic lethality and failure of midline cell emergence [200]. Further analysis of sim
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mutant embryos revealed that loss of midline cells during neurogenesis is due to failed
midline cell differentiation. In contrast, ectopic expression of sim can force a midline
cell differentiation program in non-midline cells of the lateral CNS and is the reason that
sim 1is often referred to as a master regulator of CNS midline development [201]. Sim is
also expressed in a subset of ventral muscle precursor cells, and localization of the
ventral oblique muscles is aberrant in sim null flies, which is attributed to dysfunctional
sim signaling from the CNS [202]. Of note, sim expression in the CNS appears to be
broadly conserved across species, ranging from Xenopus and Gallus to a variety of
arthropods [203-208]. Together, these early studies demonstrate that sim is essential for
midline development, which is driven by the CNS.

Initially, sim expression was observed to be limited to the nucleus of cells along
the midline of the neuroepithelium in Drosophila [209], and early analysis of the
sequence of sim revealed strong similarity to period, which regulates circadian rhythms
in Drosophila [209]. Eventually, sim was defined as a bHLH transcription factor, and
characterization of the transcriptional network suggested that sim is required for the
expression of slit, toll, rhomboid, engralled, and 91F but is repressed by snail during
midline cell differentiation [210, 211]. Additional targets of sim include 47F, cdi, and
sim itself [211]. The transcriptional activity of sim relies on its three C-terminal
activation domains, the bHLH domain, and the PAS dimerization domain [162].
Analysis of the full-length sim gene revealed that sim has two promoters, which are
temporally activated and denoted as early (upstream of exon 2) and late (upstream of

exon 1) based on the timing of their activity during embryonic development [211].
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Although the majority of studies in Drosophila indicate that sim is a transcriptional
activator, some reports demonstrate that sim can function as a transcriptional repressor.
For example, sim represses wingless, hedgehog, and ventral nervous system defective to
hinder ventral ectodermal cell fate [212]. These studies establish the basis of the
downstream transcriptional signaling network of sim in Drosophila, but our
understanding of the upstream signaling pathways that activate sim remains limited.

Post-embryonic and functional analyses of sim are limited by its recessive
embryonic lethal phenotype. To study the post-embryonic function of sim, a
temperature-sensitive mutant allele was identified, isolated, and analyzed under
permissive and restrictive temperatures [213]. The authors found that, in addition to the
previously observed CNS midline cell effects, sim mutant flies were sterile and
displayed marked behavioral abnormalities, indicating defects in the brain central
complex [213]. The involvement of sim in Drosophila CNS development and function
lends support to the idea that the mammalian ortholog, SIM2, contributes to the etiology
Down Syndrome, which is discussed below.

Chromosomal location of single-minded 2

Down Syndrome is the most common chromosomal disorder in the United
States, affecting roughly 1 in 700 births [214]. The prevalence of Down Syndrome has
increased from 1999 to 2014 and is characterized by distinctive facial features and
mental aberrations [214]. Down Syndrome typically results from the presence of an extra
copy of chromosome 21, but analysis of rare patients with partial trisomy 21 narrowed

this definition down to a 1.6-megabase region in chromosome 21q22.2 known as the
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Down Syndrome critical region (DSCR) [215-217]. The genes encoded in this region are
of interest for a number of reasons. First, it has been postulated that an extra copy of a
gene (or genes) in the DSCR contributes to the Down Syndrome phenotype [218].
Second, individuals with Down Syndrome are at increased risk for childhood leukemias
and decreased risk for solid tumors, particularly breast tumors [219]. This malignancy
profile suggests that leukemia and tumor suppressor genes may be present in the DSCR
[219]. Finally, variations in the DSCR are thought to alter the function of DSCR genes,
contributing to the variability observed in Down Syndrome phenotypes [220].

Human SIM2 was originally associated with the DSCR by exon trapping [221-
223] and was later found to have two transcripts: SIM2-long (SIM21) and SIM2-short
(SIM2s), a shorter alternative splicing variant [223]. At the same time, murine Sim/ and
Sim2 were identified in a low stringency screen for the Drosophila sim bHLH domain
[224]. Sim1 maps to murine chromosome 10, and Sim2 maps to murine chromosome 16,
which is syntenic to human chromosome 21 and supports the identification of human
SIM2 in the DSCR [224]. In further support of a connection between SIM2 and Down
Syndrome, SIM2 is expressed in the diencephalon during embryonic development in
mice [164, 225-227] and humans [228] and is found in regions of the brain that are
implicated in Down Syndrome phenotypes, including the fetal neocortex, hippocampus,
dentate gyrus, and cerebellum [228]. This overlap led to the development of numerous
mouse models both overexpressing and silencing expression of SIM2.

Trisomy 16 mice were the first mouse model of Down Syndrome and

demonstrated some of the morphological and molecular features of trisomy 21 with two
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notable discrepancies. First, mouse chromosome 16 and human chromosome 21 are not
entirely conserved; thus, trisomy 16 mice lack some genes located on human
chromosome 21 and express an extra copy of genes not located on human chromosome
21 [229]. Second, trisomy 16 mice do not survive to birth [230]. These discrepancies
were largely resolved with the development of the Ts65Dn mice [231, 232], which are a
partial trisomy 16 model, and the Ts1Cje mice, which are trisomic for genes in the
DSCR specifically [233]. Yeast and bacterial artificial chromosomes have been used to
introduce additional copies of single genes in the DSCR to evaluate the gene dosage
effect. Comparison of phenotypes of these transgenic strains with the Ts65Dn and
Ts1Cje mouse models has helped to associate specific Down Syndrome features with
single genes [229]. Two mouse models that systemically overexpress Sim2 have been
developed with this goal in mind. Overexpression of Sim?2 driven by the chicken beta-
actin promoter [234] or by bacterial artificial chromosome incorporation [235] did not
result in any obvious developmental or reproductive abnormalities; however, both
models did demonstrate mild behavioral deficits, including reduced learning, increased
pain tolerance, anxiety-related behavior, and reduced exploratory behavior [234, 235].
These phenotypes mirror some of the observations made in the Ts1Cje mice but do not
fully or consistently reproduce distinct features, suggesting that multiple genes
contribute to Down Syndrome phenotypes and that precise gene dosage studies are
necessary to establish a truly translational model [235]. Furthermore, injection of
pcDNA3-mSim?2 directly into the hippocampus of rats impairs the spatial learning and

expression of synapsin 1, supporting the observations made in mice [236]. Although
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these studies suggest that SIM2 contributes the phenotypes observed in Down
Syndrome, they do not fully address the molecular function of SIM2.

To further investigate the molecular function of SIM2, various knockout models
have been generated. Consistent with a role in development, SIM2 null mice die shortly
after birth [170-172]. Although this lethality was confirmed by three independent
groups, each group reported differing causes of perinatal death. One group reported
breathing failure and lung collapse, which they attributed to structural defects of the ribs,
intercostal muscle attachments, and diaphragm [170], and another group reported
craniofacial abnormalities, including cleft palate and malformations of the tongue and
sphenoid bone, which resulted in aerophagia and accumulation of gas in the
gastrointestinal tract [171]. More recently, a third group generated a SIM2 knockout
mouse strain by targeting the first exon of Sim2 [237]. In this model, homozygous
knockout was lethal in approximately half of the mice. Perinatal death was accompanied
by severe gas distension in the gastrointestinal tract, which had been observed previously
[171], and intestinal epithelium-specific loss of Sim2 demonstrated the same phenotype
[237]. The variability observed between the different SIM2 knockout lines could be due
to the underlying genetic design of each model or to the influence of another
unidentified factor. Surprisingly, the embryonic development of SIM2 null mice is
largely normal [172]. Due to the lethality of SIM2 loss, additional inducible or tissue-

specific knockout models will provide valuable insight into the function of SIM2.
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Single-minded 2 in the mammary gland

Our lab uses the mammary gland as a model to study SIM2 based on the
distinctive tumor profile of Down Syndrome patients, the contribution of SIM2 to the
Down Syndrome phenotype, and the established role of SIM2 in development.
Interestingly, results from these studies have also allowed us to use SIM2 as a model to
study mammary gland development as well as breast cancer initiation, progression, and
metastasis. The mammary gland provides an ideal model to study SIM2, because
functional differentiation of the gland occurs postnatally, and Down Syndrome patients
are at reduced risk of breast tumors. Based on these observations, we hypothesized that
SIM2 may contribute to the differentiation of the mammary gland and may operate as a
tumor suppressor in breast cancer.

Although SIM2 has been evaluated in a number of tissues and is highly
expressed in the mouse embryo, kidney, and skeletal muscle [193, 238], the expression
of SIM2s has not been fully characterized. Interestingly, SIM2s is the predominant
variant expressed in the mammary gland and its expression peaks at mid-lactation when
mammary epithelial cells are functionally differentiated [239-241]. This observation
contrasts the early expression pattern of SIM2 in rat primary neuron differentiation
[242], suggesting that SIM2 and SIM2s may play tissue-specific roles in cell
differentiation.

Because loss of Sim2 results in perinatal lethality, the mammary-specific effect
of Sim2 loss was evaluated by transplanting mammary epithelium from one-day-old

Sim2" pups into the cleared fat pad of nude mice [241]. Outgrowths from these
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transplants showed aberrant ductal elongation, with dense ducts and markers of an
epithelial to mesenchymal transition [241]. Although aberrant ductal elongation with
loss of Sim2 suggests that Sim?2 is required for mammary gland development, terminal
mammary epithelial cell differentiation during lactation could not be evaluated in the
transplant model. To study the contribution of Sim2 to terminal mammary epithelial cell
differentiation, our lab developed mice that overexpress Sim2s via the mouse mammary
tumor virus (MMTV). MMTV-Sim2s mice demonstrate precocious alveolar
differentiation [240] that is maintained to such an extent that it delays involution and
prolongs the existence of milk-producing alveoli up to a year after cessation of lactation
[243]. Together, these studies suggest that Sim2s contributes to the establishment and
maintenance of mammary epithelial cell differentiation and mammary gland
development in the mouse. Of note, SIM2 is the most significant differentially expressed
sequence tag during the early transition from gestation to lactation in the tammar
wallaby [244], supporting a role for SIM2 in mammary gland development and
differentiation.
Tumor suppressive and oncogenic roles of single-minded 2s

Consistent with the idea that SIM2s plays a role in the maintenance of mammary
epithelial cell differentiation, the loss of SIM2s has been implicated in the progression of
breast cancer [239, 241, 245]. SIM2s is expressed at relatively high levels in the normal
breast and in ductal carcinoma in sifu, but is lost during the progression to invasive
ductal carcinoma [239, 245]. The role of SIM2s as a tumor suppressor in breast cancer is

supported by observations in cultured cells, which demonstrate that loss of SIM2s in
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estrogen receptor positive MCF7 breast cancer cells results in an epithelial to
mesenchymal transition [241], and oncogenic transformation of the mammary epithelial
cell line MCF10A results in the repression of SIM2s [246]. Moreover, a genetic linkage
analysis in non-BRCA associated familial breast cancer patients uncovered a significant
locus in the DSCR, which contains SIM?2 [247]. Functional single nucleotide variants in
SIM2 have also been associated with Down Syndrome related malignancies [218, 220].
These associations suggest that single nucleotide variants could alter the function of
SIM2 and contribute to a risk for breast cancer. How SIM2s functions as a tumor
suppressor in the breast remains unclear. It is known that SIM2s is a transcriptional
repressor of MMP2, MMP3, and SNAI2 (snail family transcriptional repressor 2) [239,
241]. SIM2s also represses NF-kB (nuclear factor kappa B) and PTGS2 (prostaglandin-
endoperoxide synthase 2) through AKT (AKT serine/threonine kinase 1) [248], but it is
unclear whether regulation of AKT relies on the transcriptional activity of SIM2s. On
the other hand, SIM2 is repressed by NOTCH and NF-«kB through direct transcriptional
regulation and by CEBPB (CCAAT enhancer binding protein beta) in an undetermined
manner [246, 248]. Further, another report identified MAGED1 as a novel non-
transcriptional activator of SIM2, although the mechanism of action was unclear [249].
These studies begin to define the manner in which SIM2s senses the cellular
environment and initiates a signaling response, but we still do not understand the
molecular mechanism or order of these events.

Paradoxically, SIM2 functions as an oncogene in other malignancies, including
colon cancer [250-253], prostate cancer [254-256], pancreatic cancer [257], glioblastoma
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[258, 259], and esophageal squamous cell carcinoma [260]. SIM2s is highly expressed in
colon cancer, pancreatic cancer, and glioblastoma, whereas SIM21 is also highly
expressed in prostate cancer, and SIM2 is generally implicated in esophageal squamous
cell carcinoma. In these tissues, SIM2 expression is low or non-existent in normal tissue
and is overexpressed in tumor cells or tissues. Of note, this expression pattern differs
from tissues that express higher levels of SIM2 in a normal state, which include breast,
lung, and ovarian tissue [254]. These findings again highlight the tissue- and cell-state
specific function of SIM2. Therefore, it is critical to expand our understanding of the
upstream signaling pathways that activate SIM2 to perform these disparate functions.
Until recently, a ligand for SIM2 had not been identified, and SIM2 is considered
to be constitutively expressed. Although SIM2s may be ubiquitously expressed, it is also
rapidly degraded, with a half-life of approximately 2 hours [194]. We recently
demonstrated that SIM2s is stabilized by ATM-mediated phosphorylation in response to
DNA damage, which can be induced through treatment with ionizing radiation or
genotoxic agents [261, 262]. This is the first report of a “ligand” for SIM2s and suggests
that SIM2s indirectly senses DNA damage through post-translational modification-
induced stabilization and nuclear translocation, similar to HIF1A. However, the role of
SIM2s after nuclear translocation differs from its canonical transcriptional response.
Instead of activating gene transcription, SIM2s localizes to the site of DNA damage and
associates with the DNA damage repair (DDR) machinery [261]. In this complex, SIM2s
enhances the loading of RADS51 onto DNA double stranded breaks during homologous

recombination [262]. As a result, loss of SIM2 results in unresolved DNA damage repair
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foci, replication stress caused by stalled replication forks at sites of double-stranded
DNA repair, and induction of genomic instability [262]. This genomic instability
presents a therapeutic window, as loss of homologous recombination-associated factors
sensitizes cells to synthetic lethality treatments, such as PARP inhibitors [263-267].
Thus, if a patient presents with low SIM2s expression, concurrent treatment with
platinum salts and a PARP inhibitor could induce synthetic lethality in tumor cells, as
has been observed in BRCA1 or BRCA2 mutation carriers [266]. This line of thinking is
supported by in vitro studies that show synthetic lethality in two breast cancer cell lines
(MCF7 and DCIS.COM) with synthetic loss of SIM?2 by inclusion of s4SIM2 and PARP
inhibitor treatment [261]. Additional studies are necessary to validate the utility of
SIM2s as a therapeutic marker and to further assess the role of SIM2s in breast cancer
and other malignancies.
A single-minded future

As important cellular sensors, it is not surprising that bHLH-PAS proteins play
roles beyond transcriptional activation or repression. Recently, an increasing number of
non-canonical roles for bHLH-PAS proteins have been identified. One of the most
surprising discoveries was the localization of bHLH-PAS transcription factors to the
mitochondria. Both AHR and HIF1A localize to mitochondrial fractions and influence
the respiratory status of the cell [268-270]. AHR localizes to the mitochondria with the
assistance of its cytosolic binding partners, AIP and HSP90, and is imported to the
mitochondrial inner membrane space by TOMM20 (translocase of outer mitochondrial

membrane 20) [270]. In contrast, HIF1A 1is restricted to the outer mitochondrial
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membrane and helps to attenuate oxidative stress-induced apoptosis [271]. The presence
of AHR and HIF1A at the mitochondria seems to contribute to the homeostatic response
of the cell to environmental stimuli. Of note, the ligands for AHR and HIF1 A have
opposing effects on their mitochondrial localization. More specifically, dioxin exposure
results in the degradation of mitochondrial AHR [270], and oxidative stress triggers the
accumulation of HIF1A at mitochondria [271]. Thus, it is still important to understand
the upstream signaling events that activate or differentially localize bHLH-PAS factors.
Here, we report for the first time that SIM2s is increasingly localized to mitochondria
during mammary epithelial cell differentiation. The targeting stimulus and the direct
impact of SIM2s at the mitochondria remain unknown but offer exciting new avenues of
investigation.

Future studies of bHLH-PAS factors will help to uncover the signaling pathways
responsible for bHLH-PAS protein localization and the outcomes of this localization. A
number of other transcription factors have been found at the mitochondria and provide
insight into the potential roles of bHLH-PAS proteins. Some transcription factors,
including NF-xB, AP1, and CREB, bind to regions of the mitochondrial DNA [272-
274], whereas others directly influence the mitochondrial electron transport chain, such
as STAT3 [275, 276]. Additional outcomes that are of interest for future studies include
altered epigenetic states due to modulation of mitochondrial outputs [277],
mitochondrial retrograde signaling back to the nucleus [278], and respiratory complex
composition, which may influence the use and efficiency of oxidative phosphorylation

[279]. The studies presented here expand our understanding of the role of SIM2s during
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terminal differentiation of mammary epithelial cells and provide insight into the non-
canonical function of SIM2s. We anticipate that future studies will build on these results
with particular emphasis on establishing and maintaining a differentiated cell state and
prolonging differentiated cell survival, which are of key interest in both developmental

and cancer settings.
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CHAPTER 11
METHODS
Cell culture
HCI11 cells were purchased from the American Type Culture Collection (ATCC,
CRL-3062). Cells were maintained and differentiated, as previously described [240].
Briefly, lactogenic differentiation was achieved by incubating confluent cells in priming
media (RPMI 1640, HEPES [Thermo Fisher Scientific, 42401018] containing 10%
charcoal-stripped horse serum [Atlanta Biologicals, S12150] and supplemented with 50
pg/ml gentamicin [Thermo Fisher Scientific, 15750078], 5 pg/ml bovine insulin [Sigma-
Aldrich, I5500], 1 pg/ml hydrocortisone [Sigma-Aldrich, HO888]). After 24-h
incubation in priming media, media was replaced with priming media containing 1
pg/ml ovine prolactin (National Hormone and Peptide Program, oPRL-21). Addition of
prolactin was considered the initiation of differentiation and was timed from this point
on (Figure 12). Bafilomycin A; (6.25, 12.5, 25, and 100 nM; Cayman Chemical
Company, 11038-500), chloroquine (10 and 20 nM; Sigma-Aldrich, C6628), and
mitoquinol (1 uM; Cayman Chemical Company, 845959-55-9) were applied in the
priming media and maintained for differentiation time points or for 24 h for primed or
undifferentiated time points. Live-cell videos were collected on a Zeiss Cell Discoverer
7 (Oberkochen, Germany) at 15-min intervals. Videos are presented at a playback speed
of five frames per second, and the time codes represent the duration of maintenance or

priming, as appropriate.
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Figure 12 Model of in vitro mammary epithelial cell differentiation.

Short hairpin RNA (shRNA) constructs were stably introduced into cells, as
previously described [241]. Two constructs targeting different regions of the target
transcript were used as follows: shAtg7 [ (TRCN0000092163), shAtg7 2
(TRCN0000092166), shAtg5 1 (TRCN0000099431), shAtg5 2 (TRCN0000099432),
shPrkn_1 (TRCN0000041144), and shPrkn_2 (TRCN0000041145). All constructs were
purchased from Sigma-Aldrich and compared to the pLKO.1-puro non-targeting control
construct (s#NT). Following viral transduction, puromycin selection (2 pg/ml; Sigma-
Aldrich, P8833) was maintained for one week, and cells were used for experiments
between 14 and 28 d post-transduction [280].

Generation of cell lines

Long cDNA synthesis was used to generate point mutations in the Sim2 gene
(Invitrogen, custom). Subcloning Efficiency™ DH5a™ competent cells (Life
Technologies, 18265017) were used to amplify plasmids containing the Sim2 and Sim?2

mutant constructs. After amplification, plasmid DNA was isolated with the HiPure
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Plasmid Maxiprep kit (Life Technologies, K210026). Plasmid DNA (10 pg) and
Geneluice (EMD Millipore, 70967-3) were combined in 1 mL of Opti-MEM (Life
Technologies, 31985-062) and incubated for 15 minutes at room temperature. The Opti-
MEM mixture was added to the media of Phoenix-AMPHO lentiviral packaging cells
(ATCC, CRL-3213), and cells were incubated for 24 hours at 32°C and 5% CO,. After
incubation, the media was collected and syringe filtered (0.45 pum). Polybrene (1.2
puL/12mL; Sigma, TR-1003-G) was added to the filtered media, which was then used to
culture the indicated target cells in 6-well plates. To increase transduction efficiency,
plates were spun at 200 X g for 60 minutes and incubated overnight at 32°C and 5%
COs. Collection, filtration, and treatment of the viral media to target cells was repeated a
second time on the following day. Puromycin selection (2 pg/ml; Sigma-Aldrich, P8833)
was begun the following day and maintained for at least a week.
MitoTimer

HCI11 cells were transiently transfected with 2.5 pug of pMitoTimer (Addgene,
52659, deposited by the Zhen Yan Lab) in 500 pl of Opti-MEM (Thermo Fisher
Scientific, 31985-062) and 10 pul of GeneJuice (EMD Millipore, 70967-3) for 24 h.
Following transfection, cells were washed, and appropriate media was replaced. Live
cell imaging was performed in Nunc Lab-Tek 2-well chamber slides (Thermo Fisher
Scientific, 155380) on a Zeiss LSM 780 NLO Multiphoton Microscope with a 63X plan-
apochromat objective. Subsequent image analysis was performed with ImageJ (NIH) and
a custom python script. The methodology was based on existing studies [281]. Briefly,

saturated pixels (gray level=255) were excluded, and single-channel means intensities
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were measured. For each image, the mean RFP signal intensity was divided by the mean
GFP signal intensity. Finally, the mean ratios were compared between time points. To
evaluate red-only punctate mitochondria, saturated pixels (gray level=255) were
removed, and the low red signal was excluded at a threshold of >175. Positive regions
were watershed, and red dots of greater than 20 pixels and with signal intensity 2.5X
greater than green intensity were considered positive mitochondria. Accuracy of
automated counting was confirmed, and the average number of positive mitochondria
per cell was calculated and compared between time points.
RNA isolation and real-time qPCR (RT-qPCR)

High Pure RNA Isolation Kits (Roche, 11828665001) were used to extract total
RNA from cells and tissues per the manufacturer’s protocols. Reverse transcription was
performed with 1 pg total RNA using the iScript cDNA Synthesis Kit (Bio-Rad,
1708891BUN). Subsequent qPCR was performed with 1 pl of cDNA, 1 pM forward and
reverse primer mix, and 5X GoTaq qPCR Master Mix (Promega, A6002) on a CFX384
qPCR (Bio-Rad, Hercules, CA, USA). Primers were synthesized by Integrative DNA

278ACt method was

Technologies, and the primer sequences are listed in Table 3. The
used to analyze qPCR data, and normalization was performed relative to Actb. The
standard deviation of the target gene and reference gene Ct values were used to calculate
the sum of squares of the standard deviation of each group. This value was used to find
the positive and negative errors. The AACt, positive error, and negative error values were
then log-transformed and presented as the fold £ 1 standard deviation. Statistical

analyses were performed on the ACt values.
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Table 3. Primer list.

Target Forward Reverse
Actb GCAACGAGCGGTTCC CCCAAGAAGGAAGGCTGGA
Atg5 TGAAGGCACACCCCTGAAAT TGATGTTCCAAGGAAGAGCTGA
Atg7 GCAGTTCGCCCCCTTTAATAG CGTTCAACTTCTTCTGGGTCAGT

mt-Col (mtDNA)

TGCTAGCCGCAGGCATTAC

GGGTGCCCAAAGAATCAGAAC

Csn2 TGTGCTCCAGGCTAAAGTTCACT GGTTTGAGCCTGAGCATATGG
Dnml1l CACCCGGAGACCTCTCATTC CCCCATTCTTCTGCTTCAAC
Ndufvl (nDNA) CTTCCCCACTGGCCTCAAG CCAAAACCCAGTGATCCAGC
Opal TCTTCCTGCAGGTCCCAAAT CTGACACCTTCCTGTAATGCTTG
Prkn GGCTGCGGGTTTGTTTTCT CGCAATCCCCTTCATGGTAT
Sim2s AACCAGCTCCCGTGTTTGAC ACTCTGAGGAACGGCGAAAA
Tfam AAGGGAATGGGAAAGGTAGA AACAGGACATGGAAAGCAGAT

Immunoblotting

Protein was isolated from cells, as previously described [261]. Tissues were

powdered under liquid nitrogen, washed with cold PBS (137 mM NacCl, 2.7 mM KCI,

10mM NaHPO40O, 2 mM KH;PO40, pH 7.4), and lysed in high salt lysis buffer

containing 50 mM HEPES (Sigma-Aldrich, H3375), 500 mM NaCl (Sigma-Aldrich,

S7653), 1.5 mM EDTA (Sigma-Aldrich, E5134), 10% glycerol (Sigma-Aldrich, G5516),
1% Triton X-100 (Sigma-Aldrich, T8787), 1 mM NazVOs (Sigma-Aldrich, S6508), and
1 mM complete ULTRA tablets mini EDTA-free Easy Pack (Roche, 5892791001) at pH
7.5. Cell and tissue protein concentrations were assessed by DC protein assay (Bio-Rad,

5000112). Equivalent amounts of protein were combined with 6X Laemmli buffer (250
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mM Tris-HCI [Sigma-Aldrich, T5941], 8% SDS [Sigma-Aldrich, L3771], 40% glycerol
[Sigma-Aldrich, G5516], 0.4 M dithiothreitol [Fisher Scientific, BP172-5], pH 6.8) and
heated at 95°C for 5 min prior to loading on 10% or 15% SDS-PAGE gels. Western
blotting was performed as previously described [261], and the antibodies used are listed
in Table 4. Bands were visualized with enhanced chemiluminescence reagent (Genesee
Scientific, 20-300S) and digitized on a ChemiDoc MP Imaging System (Bio-Rad). Band
intensities were measured using Fiji (version 2.0.0, NIH) and normalized first to the
loading control. These normalized values were normalized again to the control sample
for each experiment, resulting in a value of 1.00 for control samples. Western blots are

representative of a minimum of three independent experiments.
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Table 4. Antibody list.

Target Manufacturer Product Number Dilution
ACTB Cell Signaling Technology 37005 WB: 1:5,000
ATGS Proteintech 10181-2-AP WB: 1:1,000
[HC: 1:250
ATG7 Proteintech 10088-2-AP WB: 1:1,000
[HC: 1:250
COXx4 Thermo Scientific PAS5-19471 WB: 1:1,000
IHC: 1:500
CSN2 Santa Cruz Biotechnology sc-166530 WB: 1:250
[HC: 1:100
DNMIL EMD Millipore ABT 155 WB: 1:1,000
[HC: 1:100
FLAG Cell Signaling Technology 8146S WB: 1:1,000
LC3B Novus Biologicals NB100-2220 WB: 1:1,000
OPA1 BD Biosciences 612607 WB: 1:1,000
IF: 1:100
PARP1 Cell Signaling Technology 9542 WB: 1:1,000
PINK1 Proteintech 232741-1-AP WB: 1:1,000
[HC: 1:250
PRKN Abcam ab77924 WB: 1:500
[HC: 1:200
p-STAT3 (Tyr705) Cell Signaling Technology 9131 WB: 1:1,000
[HC: 1:250
p-STATS (Tyr694) Cell Signaling Technology 93598 WB: 1:1,000
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Table 4 Continued.

Target Manufacturer Product Number Dilution
SIM2 Aviva AB81292 WB: 1:500
SIM2 Millipore AB4145 WB: 1:1,000
STAT3 Proteintech 10253-2-AP WB: 1:1,000
STATS Santa Cruz Biotechnology sc-1081 WB: 1:500
SQSTM1 MBL PMO045 IHC: 1:500
TOMM?70 Proteintech 14528-1-AP WB: 1:1,000
IHC: 1:100
TUBA Santa Cruz Biotechnology sc-8035 WB: 1:1,000
VDACI1 Abcam abl14734 WB: 1:1,000
Anti-mouse HRP Cell Signaling Technology 7076 WB: 1:5,000
Anti-rabbit HRP Cell Signaling Technology 7074 WB: 1:5,000
Anti-mouse biotinylated Vector Laboratories BMK-2202 IHC: 1:250
Anti-rabbit biotinylated Vector Laboratories BA-1000 IHC: 1:250

Co-Immunoprecipitation

For co-immunoprecipitation (co-IP) of FLAG, cells were lysed in high salt
buffer. Equivalent amounts of protein lysate (typically 100 pg) were mixed with 200 pl
of anti-FLAG M2 beads (Sigma, M8823) or IgG control beads (Cell Signaling, 5873S).
After equilibrating the beads, IP was conducted according to the manufacturer’s
instructions and as previously described [261]. After elution from the beads, -
mercaptoethanol (Sigma, M-7522) was added to protein immunoprecipitants, and
samples were boiled for an additional 5 minutes. Immunoblotting was performed as

described above.
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Cellular respiration and glycolysis

Cellular respiration was analyzed on a Seahorse XFe96 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). Briefly, cells were seeded at a density of 10,000
per well, growth media was replaced with priming media once cells reached confluence,
and the media was again replaced by priming media containing prolactin after 24 h, as
described above. The Seahorse XF Cell Mito Stress Test Kit (Agilent Technologies,
103015-100) was used to measure the oxygen consumption rate (OCR) and the
extracellular acidification rate (ECAR), according to the manufacturer’s protocol with
two exceptions; oligomycin was used at a final concentration of 1.5 uM, and FCCP was
used at a final concentration of 1 pM. Cell number was normalized to the protein content
of each well, measured by DC protein assay (Bio-Rad, 5000112). Mean OCR and ECAR
values from a minimum of nine replicates per group were compared. As there are no
current standards for energy phenotype quadrants, ranges were assigned based on the
transition of the control cells. Specifically, consecutive time points were compared by
student’s t-test, and quadrants were assigned where the least significant difference
between consecutive time points occurred, which indicates a static or change point
during the metabolic transition.

ROS, CASP3 (caspase 3) activity, and JC-1 assays

Mitochondrial derived ROS was measured using mitoSOX (Thermo Fisher
Scientific, M36008) according to the manufacturer’s instruction. Fluorescent analysis
was performed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA,

USA) with biological triplicates at a minimum (time course data) or with a BioTek
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Synergy microplate reader (Winooski, VT, USA) with six biological replicates at a
minimum (cell line comparisons). Fluorescent intensity was compared between groups.
CASP3 activity was assessed using the EnzChek Caspase 3 Assay Kit #2 (Thermo
Fisher Scientific, E-13184) according to the manufacturer’s protocol. Activity was
measured by fluorescent intensity on a BioTek Synergy microplate reader, and mean
values were compared between groups. For JC-1 analyses, cells were grown to the
indicated state (undifferentiated, confluent, or primed for 24 h) on Nunc Lab-Tek 2-well
chamber slides (Thermo Fisher Scientific, 155380). FCCP (1 uM, Sigma-Aldrich,
(C2920) was used as a positive control to induce membrane depolarization. Cells were
incubated with 10 uM JC-1 (Thermo Fisher Scientific, T3168) for 30 min, washed twice
with PBS, and imaged in phenol red-free media on a Zeiss LSM 780 NLO Multiphoton
Microscope with a 63X plan-apochromat objective. A minimum of 10 images were
taken at each time point, and the experiment was repeated three times. Subsequent image
analysis was performed with ImageJ (NIH). For each image, the mean RFP signal
intensity was divided by the mean GFP signal intensity, and the mean ratios were
compared between time points.
Transmission electron microscopy

Monolayer cells and tissues pieces measuring 1 mm X 1 mm were fixed in 2%
glutaraldehyde (Electron Microscopy Sciences, 16020) and 2.5% formaldehyde
(Electron Microscopy Sciences, 15686) in 0.1 M sodium cacodylate buffer (Electron
Microscopy Sciences, 12300) for 1 h at room temperature followed by overnight fixation

at 4°C. The next morning, samples were washed and stored in 0.1 M sodium cacodylate
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buffer until processing by Dr. H. Ross Payne in the Image Analysis Lab of the College
of Veterinary Medicine at Texas A&M University. Briefly, samples were post-fixed in
1% Os04 and 1% Ku(Fe[CN]e) in 0.1 M sodium cacodylate buffer for 1 h at room
temperature and then washed twice in 0.1 M sodium cacodylate buffer. Dehydration was
performed in graded ethanol (30%, 50%, 70%, 80%, 90%, 95%, and 100%), and
samples were rinsed twice in propylene oxide and embedded in epoxy resin. Ultrathin
sections were cut on a Leica EM UC6 Ultramicrotome (Wetzlar, Germany) and post-
stained with uranyl acetate and lead citrate. Images were collected on a Morgagni 268
transmission electron microscope (FEI, Eindhoven, The Netherlands), and additional
image analysis was performed with ImageJ. All images were auto-corrected for contrast
using identical parameters.
Immunofluorescent staining of cells

For immunofluorescent (IF) assays, cells were grown on glass coverslips in 6-
well plates. Cells were then fixed with 2% paraformaldehyde (Santa Cruz
Biotechnology, sc-281692) for 15 min, permeated with 0.2% Triton X-100 (Sigma-
Aldrich, T8787) for 15 min, and blocked in 5% bovine serum albumin (BSA; Fisher
Bioreagents, BP1600) in TBST overnight at 4 °C. The next day, cells were incubated
with the indicated primary antibodies (Table 4) for 3 hours. After three, 5S-minute washes
with TBST, cells were incubated with the indicated secondary antibodies for 1 hour at
room temperature. Nuclei were stained with Hoechst 33342 (Life Technologies, 62249)

for 10 minutes, and slides were washed in water prior to coverslip mounting with
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ProLong Gold Antifade Mountant (Life Technologies, P36934). All images were taken
using a using a Zeiss 780 confocal microscope.
Immunostaining tissue sections

Collected tissues were fixed in 4% paraformaldehyde (Santa Cruz
Biotechnology, sc-281692) overnight, washed in cold PBS, and stored in 70% ethanol
until processing by the Texas A&M University Veterinary Medicine & Biomedical
Science Histology Laboratory. Immunostaining was performed on unstained sections, as
previously described [282]. The antibodies and dilutions used are listed in Table 4.
Images were collected on a Zeiss Axio Imager.Z1 with a 40X or 63X plan-apochromat
objective.

Animals

All mice were housed under a standard 12-h photoperiod and provided access to
food and water ad libitum. Three to five female FVB mice were analyzed for each
developmental time point. Mice were sacrificed by CO; asphyxiation followed
immediately by cervical dislocation. The fourth inguinal mammary glands were
harvested at pregnancy days 6, 16, and 18, lactation days 1, 7, and 10, and 72 h after
forced involution [243]. Glands were used for histological sectioning, RNA isolation,
and TEM. All procedures were approved by and followed the guidelines of the Texas
A&M University Animal Use and Care Committee.

Extended lactation was performed similarly to a previously published study
[283]. The first litters of FVB and MMTV-Sim2s were cross-fostered using ICR litters.

On day one of lactation, the litters of each FVB and MMTV-Sim2s female were replaced
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by 10, one-day old ICR pups, normalized by weight. Litter weights were recorded every
day for the first two weeks. At 14 days, the litters were removed and replaced by 10,
seven-day old ICR pups. These litters were weighed on the day of cross-fostering and
again a week later. Removal of aged pups and addition of younger pups was repeated at
21, 28, and 35 days. On day 42, the final litter weights were recorded, and the dams were
sacrificed for tissue collection.
Primary mammary epithelial cell isolation and culture

Primary MECs were isolated from the inguinal and thoracic mammary glands.
Tissues were placed in wash buffer (1 X DMEM/F12 [Life Technologies, 11320082],
5% FBS [Atlanta Biologicals, S11550], and 50 pg/mL gentamicin [Life Technologies,
15750078]) after dissection until mechanical homogenization with scalpels (VWR,
82029-860). Homogenates were then incubated with shaking in 2 mg/mL Collagenase A
(Roche, 11088793001) in wash buffer for ~1.5 hours at 37°C. Organoids were pelleted
at 600 X g for 10 minutes in a cooled centrifuge, and supernatants were aspirated.
Organoids were treated with DNAsel (100 pg/mL DNAsel [Sigma-Aldrich, D4263] in
DMEM/F12) if necessary and were enriched by pulse spinning at 450 X g. Organoids
were utilized at this point or were subsequently processed to single cell suspensions. For
single cell isolations, organoids were digested in 1 mg/mL trypsin (Life Technologies,
15400-054) at 37°C for ~20 minutes. Trypsin digestion was halted by the addition of
10mL of growth media (DMEM/F12, 10% FBS, 100 units/mL penicillin/streptomycin
[Life Technologies, 15140-122], 5 ng/mL insulin [Sigma-Aldrich, 15500], and 50 pg/mL

gentamicin, 1 pg/mL hydrocortisone [Sigma-Aldrich, HO888], 10 ng/mL mouse
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epidermal growth factor [EGF; Life Technologies, PMG8041]). Single cells were
washed with growth media and pelleted at 450 X g for 3 minutes three times. Finally,
primary MECs were plated on fetuin-coated (Sigma-Aldrich, F-3385) 10 cm plates and
cultured at 37°C and 5% CO:..
Statistical analysis

All experiments were done biological triplicates with technical duplicates at a
minimum, and each comparison was performed in a minimum of two independent
assays. Box and whisker plots are presented from the 25" to 75" percentile, with the line
at the median and the whiskers extending to the minimum and maximum values. Energy
phenotypes, mitoSOX, CASP3 activity, and pMitoTimer analyses are presented as the
mean = the standard deviation (SD). Statistical analyses were performed with JMP Pro
(version 14.1.0, SAS Institute Inc.) or Prism (version 7.0c, GraphPad Software). Prior to
conducting two-tailed Student’s t-tests, normal distribution was confirmed, and p < 0.05
was considered statistically significant.

Study approval
Animal studies were approved by the Texas A&M University Laboratory Animal

Care Committee.
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CHAPTER III

AUTOPHAGY REGULATES FUNCTIONAL DIFFERENTIATION OF MAMMARY
EPITHELIAL CELLS"
Introduction
The transformation of the mammary gland into a milk-producing nutrient supply

for the neonate requires profound and systemic metabolic adaptation. Metabolic
adaptation occurs in the mammary gland during the transition from gestation to lactation
through hormonal, transcriptional, and bioenergetic control. The coordination of
hormonal and transcriptional signals during mammary gland development has been well
studied [25, 92]; however, the contribution of cellular metabolism or bioenergetic
control to differentiation remains poorly understood. Initial studies dating back to the
1960s characterized changes in metabolites, enzymes, and ATP over the course of
lactation [104, 105, 284-286]. Many of these studies focused on mitochondrial processes
and observed alterations in mitochondrial morphology and output during mammary
gland development. Mitochondrial density, oxidative capacity, and the total number of
mitochondria per secretory cell increase with the onset of lactation [92, 283, 287-289].
These observations suggest that mitochondria are actively engaged to enable massive

synthesis and secretion of proteins, lipids, and carbohydrates during lactation.

*Reprinted with permission from “Autophagy regulates functional differentiation of mammary epithelial
cells” by Jessica Elswood, Scott J. Pearson, H. Ross Payne, Rola Barhoumi, Monique Rijnkels, and
Weston W. Porter, 2020. Autophagy, https://doi.org/10.1080/15548627.2020.1720427. Copyright 05
Feb 2020 by Taylor and Francis.
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Technological advances have improved our ability to analyze the function and
importance of mitochondria. As a result, our understanding of the dynamic control of
mitochondrial homeostasis has expanded to include the processes of fission, fusion,
biogenesis, and mitophagy, the targeted macroautophagy/autophagy of mitochondria
[106]. Mitophagy plays tissue-specific roles in cell survival, differentiation, and function
[102, 103, 107, 113]. Moreover, a growing number of studies now support the role of
mitophagy during tissue development as well as during cellular differentiation and have
termed this process ‘programmed mitophagy’ [103, 290]. Programmed mitophagy
differs from other forms of starvation- or chemically-induced mitophagy in that it occurs
in response to developmental stimuli. The most dramatic examples of programmed
mitophagy include the complete removal of mitochondria during erythroid
differentiation [111] and from sperm after fertilization [291]; however, numerous studies
in other cell types have suggested that removal and subsequent replacement of
mitochondria, collectively termed mitochondrial turnover, is required for functional
differentiation. For example, Gong et al. demonstrated that the development of mature
cardiac mitochondria that support the metabolic function of adult cardiomyocytes in
mice requires PRKN/parkin-mediated mitophagy. Disruption of PRKN-mediated
mitophagy resulted in the retention of fetal cardiomyocyte mitochondria and early post-
natal death. The authors concluded that mitochondrial turnover is required for metabolic

transitioning in the heart [113].
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The idea that a metabolic transition accompanies programmed mitophagy is also
supported in other tissues. In skeletal muscle, myogenic differentiation relies on
mitochondrial turnover, which is accompanied by a metabolic transition towards an
oxidative state [102]. Conversely, a mitophagy-dependent metabolic transition towards
glycolytic metabolism occurs during neuroblast differentiation into retinal ganglion cells
[103]. Although metabolic transitions clearly occur during mammary gland
development, particularly between gestation and lactation, the precise contribution of
mitochondria to this transition is undefined. Of note, mitochondrial turnover is one of
two hypotheses reached by Rosano and Jones to explain the morphological and
functional differences in mitochondria between gestation and lactation in the mouse
mammary gland [105]. Their alternative hypothesis was that mitochondria underwent
differentiation along with mammary epithelial cells (MECs); however, neither
hypothesis has been addressed. Therefore, we sought to further investigate the
importance and contribution of mitochondria, potentially involving programmed
mitophagy, using an in vitro model of MEC differentiation.

The purpose of these studies was to expand our understanding of the bioenergetic
control of metabolic transitions in the mammary gland to provide new insight into the
establishment and maintenance of lactation and how metabolic disruption may lead to
disease and breast cancer in particular.

HC11 MECs undergo a metabolic transition during functional differentiation

To address the bioenergetic adaptation of the mammary gland during

development, we first needed to establish a functional baseline of MEC differentiation.
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As the primary function of the terminally differentiated lactating mammary gland is to
provide nutritional support to the neonate(s) in the form of proteins, lipids, and
carbohydrates, the production of milk proteins is often used as a marker of MEC
functional differentiation. Therefore, we evaluated the expression of the milk protein
CSN2 (casein beta) across differentiation in the HC11 mouse MEC line using a
previously validated differentiation protocol [240]. Differentiation-dependent expression
of Csn2 increased starting 4 h into differentiation and peaked from 24 to 96 h (Figure
14A). Consistent with gene expression, protein levels of CSN2 increased across
differentiation and persisted to 96 h. As cell viability is another factor that affects cell
function, we evaluated the expression of the cell apoptosis marker PARP1 (poly[ADP-
ribose] polymerase 1) and the mammary gland involution marker STAT3 (signal
transducer and activator of transcription 3) across differentiation. Both markers were
increasingly activated (cleaved PARP1 and p-STAT3) from 12 to 96 h and peaked at 96
h and 72 h, respectively, suggesting that HC11 cells begin to undergo cell death at later
differentiation time points (Figure 14B). This observation is consistent with a previous
report that demonstrated p-STAT3 induction and subsequent cell death during
lysosomal-mediated programmed cell death in an EpH4 mouse MEC involution-like
model after treatment with OSM (oncostatin M), a cytokine that activates STAT3 [78].
Moreover, we observed a transient elevation of p-STAT3 at priming. This expression
pattern is similar to that of the mammary gland during the transition from gestation to
lactation (Figure 13) and may be associated with the production of phagophore

membranes. These results suggest that peak differentiation, indicated by maximal
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expression of milk protein genes and low levels of cell death makers, occurs between 24

and 48 h in HC11 cells.
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Figure 13 STAT3 is transiently activated in early lactation in the mouse mammary
Igrllil;inohistochemical staining of p-STAT3 in the mouse mammary gland at pregnancy
day 16 (P16), lactation day 1 (L1), lactation day 7 (L7), and 72 h of involution (172). 172
was included as a positive control. Two mice were evaluated for each time point, and
two sections from each mouse were stained for comparisons. Scale bars: 100 pum.

As we were interested in using this model of MEC differentiation to examine the
contribution of mitochondria to the function of the mammary gland, we next measured
cellular respiration and glycolysis to establish a baseline for mitochondrial function
during HC11 MEC differentiation. The oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were analyzed on a Seahorse Extracellular Flux
Bioanalyzer using the mitochondrial stress test, which employs sequential addition of
oligomycin, trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP), and antimycin
A + rotenone (A+R) to measure basal, maximal, and reserve respiration (Figure 14C).
We found that both basal and maximal OCRs were significantly elevated with
differentiation, peaking at 48 h (Figure 14D-E). We then compared the relative energy
phenotypes of differentiating cells by pairing the OCR with the ECAR to separate

energy phenotypes into quadrants: quiescent, glycolytic, aerobic, and energetic. Using

differentiation as a stressor in our model, we found that basal OCRs gradually increased
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from the lowest basal values in undifferentiated cells up to 24 h of differentiation. At 48
h, a dramatic increase in ECAR shifted the energy phenotype to a more energetic state,
suggesting that engagement of glycolysis transiently assists at a peak functional state.
Finally, in the later hours of differentiation when cells appear to undergo an involution-
like event (72 to 96 h), ECARs and OCRs fell back to early differentiation levels (Figure
14F). Altogether, these findings suggest that mitochondrial function attains a highly
energetic state that coincides with the functional differentiation baseline established

above in differentiating HC11 cells, peaking at 48 h of differentiation.
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Figure 14 Functional differentiation of HC11 mouse mammary epithelial cells.

(A) Differentiation-dependent expression of Csn2 in HC11 mouse MECs (n=3). (B)
Expression of differentiation and cell death markers during HC11 MEC differentiation.
Levels of PARP1, c-PARPI, p-STAT3, and STAT3 are indicated below each lane after
normalization to ACTB. The undifferentiated sample was set to 1.00, and all other time
points are presented relative to 1.00. (C) Seahorse Extracellular Flux oxygen
consumption rates (OCRs) in differentiating HC11 cells. (D) Basal OCRs and (E)
maximal OCRs show progressive metabolic transition that regresses at 72 h and 96 h.
(F) Energy phenotype comparison of OCRs and extracellular acidification rates
(ECARs) in differentiating HC11 cells further demonstrating a dynamic metabolic
transition. (n=4, =9 replicates per experiment) U: undifferentiated; P: 24 h primed; h:
hours differentiated; oligo: oligomycin; A+R: antimycin a + rotenone. Data are
presented as mean =+ standard deviation. Box and whisker plots are presented from the
25%™ to 75" percentile, with the line at the median and the whiskers extending to the
minimum and maximum values. Statistical significance was evaluated with multiple
student t-tests relative to the undifferentiated time point (U). *p<0.05, **p<0.01.
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Autophagy occurs during a window of functional differentiation

Recent studies have suggested that the ultrastructure of mitochondria, including
the length, cristae association, and cristae number, contribute to their function [144].
Therefore, we evaluated mitochondrial ultrastructure in HC11 cells across differentiation
by transmission electron microscopy (TEM). Based on our energy phenotype results, we
expected mitochondria to exhibit distinct morphologies between an undifferentiated state
and those leading up to peak differentiation. Although mitochondria were visibly more
electron-dense in differentiated cells, we did not observe significant differences in
mitochondrial structure or length up to 24 h of differentiation (data not shown).
Unexpectedly, we did observe an abundance of autophagic vesicles that exhibited
progressive maturation with differentiation (Figure 15A-B). Beginning at 2 h, we found
lighter autophagosomes throughout the cytoplasm, and these vesicles appeared
increasingly more electron-dense from 8 to 24 h, suggesting lysosome fusion and
maturation of autolysosomes (Figure 15B-C). Another marker of autophagic flux,
microtubule-associated protein 1 light chain 3 beta (LC3B), showed a transient increase
of both the nonlipidated (LC3B-I) and lipidated (LC3B-II) forms at priming, suggesting
induction of phagophore biogenesis and subsequent lysosomal degradation at the time
points thereafter (Figure 15D). As elevated LCB-II levels can indicate both blockage and
induction of autophagic flux [292], we treated differentiating HC11 cells with the
vacuolar-type H"-ATPase inhibitor bafilomycin A (BAF), which inhibits

autophagosome-lysosome fusion, for 4 h prior to protein isolation. Indeed, we found that
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LC3B-II accumulated in the presence of BAF (Figure 15E), suggesting that autophagic
flux is occurring. TEM analysis of mouse mammary glands during the transition from
gestation to lactation also exhibited autophagic vesicles and the presence of phagophore
membranes (Figure 16A). Moreover, the autophagy receptor SQSTMI1 (sequestosome 1)
showed higher levels of expression at late pregnancy (P16) and early lactation (L1)
compared to mid-lactation (L10) (Figure 16B), which is indicative of macroautophagy
during the transition from gestation to lactation. Together, these data suggest that

autophagy occurs during an important functional transition in MEC differentiation.
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Figure 15 Autophagic membrane formation during HC11 cell differentiation.

(A) Model of autophagic flux. (B) Transmission electron microscopy (TEM) images of
HCI11 cells at progressive stages of differentiation, showing the accumulation of
autophagic membranes. (C) Higher magnification TEM images demonstrate vesicle
content at each stage of differentiation. Three sections each were evaluated from two
independent samples for TEM analysis. (D) LC3B levels across differentiation in HC11
cells. Levels of LC3B-I and -II are indicated below each lane after normalization to
ACTB. The undifferentiated time point was set to 1.00, and all other time points are
presented relative to 1.00. (E) LC3B accumulation after treatment with 100 nM
bafilomycin A1 (BAF) for 4 h to prevent phagophore degradation. The level of LC3B-II
was normalized to ACTB and is indicated below the blot relative to the undifferentiated
and untreated time point. U: undifferentiated; P: 24 h primed; h: hours differentiated.

Scale bars: 1 pm.
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Figure 16 Transition from gestation to lactation in the mouse mammary gland.

(A) Transmission electron microscopy (TEM) images of mouse mammary glands at
pregnancy day 16 (P16), pregnancy day 18 (P18), and lactation day 1 (L1). Boxed
regions are shown below at higher magnification. Scale bars: 1 um. Three sections from
three independent mice were evaluated by TEM. (B) Immunohistochemical staining for
sequestosome 1 (SQSTM1) at P16, L1, and L10. Scale bars: 100 um. Two mice were
evaluated for each time point, and two sections from each mouse were stained for
comparisons.

Inhibition of autophagy impairs HC11 MEC differentiation and energy phenotype
To evaluate the necessity of autophagy during HC11 cell differentiation, we
inhibited autophagosome-lysosome fusion with BAF. Initial evaluation of Csn2
expression at 48 h of differentiation revealed that even low concentrations of BAF
substantially reduced induction of differentiation-dependent Csn2 expression in HC11
cells (Figure 17A), suggesting that the inhibition of autophagy indeed impaired
differentiation. At these low doses of BAF, HC11 cells were still viable, as evidenced by

similar levels of CASP3 (caspase 3) activity between vehicle- and BAF-treated cells
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(Figure 17B). However, when we increased the concentration of BAF treatment, cell
death and involution markers, cleaved-PARP1 and p-STAT3, were present throughout
differentiation (Figure 18A). Induction of cell death was confirmed by the significant
elevation of CASP3 activity in BAF-treated cells compared to vehicle-treated cells at 48
h of differentiation (Figure 18B). Although differentiation appears impaired with BAF
treatment, other indicators of functional differentiation, such as elevated mitochondrial
respiration, may persist. Therefore, we treated differentiating HC11 cells with BAF and
analyzed the resulting OCRs (Figure 17C). Compared to vehicle-treated cells, cells
treated with 12.5 nM BAF had significantly reduced basal and maximal respiration at 24
h of differentiation (Figure 17D-E). A trend towards reduced respiration with BAF

treatment was observed at 48 h but was not significant.
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Figure 17 Inhibition of autophagy impairs HC11 cell differentiation.

(A) Differentiation-dependent Csn2 expression in HC11 cells at 48 h of differentiation is
inhibited by treatment with bafilomycin A; (BAF) at low concentrations. BAF treatment
was applied in the priming medium and maintained throughout differentiation (n=3). (B)
CASP3 activity in DMSO- or BAF-treated HC11 cells at 48 h of differentiation. BAF
treatment was applied in the priming medium and maintained throughout differentiation
(n=3). (C) OCRs of DMSO- or BAF-treated differentiating HC11 cells. BAF treatment
was applied in the priming medium and maintained throughout differentiation. (D) Basal
OCRs and (E) maximal OCRs are impaired by BAF treatment at 24 and 48 h of
differentiation. (F) Energy phenotypes of BAF-treated cells are also reduced compared
to DMSO-treated HC11 cells (n=2, =9 replicates per experiment). U: undifferentiated;
P: 24 h primed; h: hours differentiated; oligo: oligomycin; A+R: antimycin a + rotenone.
Data are presented as mean + standard deviation. Box and whisker plots are presented
from the 25" to 75 percentile, with the line at the median and the whiskers extending to
the minimum and maximum values. Statistical significance was evaluated with student t-
tests and compared to the appropriate DMSO-treated control. *p<0.05, **p<0.01.
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Figure 18 Bafilomycin A inhibition of autophagy impairs HC11 cell differentiation.
(A) Cell death markers during differentiation of BAF-treated HC11 cells. Cells were
treated with 100 nM of BAF at priming, and the treatment was maintained through
differentiation. Undifferentiated cells were treated for 24 h prior to collection. Levels of
PARPI1, c-PARPI1, p-STAT3, and STATS3 are indicated below each lane after
normalization to ACTB. (B) CASP3 activity in DMSO- or BAF-treated HC11 cells at 48
h of differentiation (n=3). (C) Differentiation-dependent Csn2 expression in HC11 cells
at 48 h of differentiation is inhibited by treatment with 100 nM BAF (n=3). (D) OCRs of
DMSO- or BAF-treated differentiating HC11 cells. (E) Basal OCRs and (F) maximal
OCRs are impaired by BAF treatment at 24 and 48 h of differentiation. (G) Energy
phenotypes of BAF-treated cells are also reduced compared to DMSO-treated HC11
cells (n=2, =9 replicates per experiment). U: undifferentiated; P: 24 h primed; h: hours
differentiated; oligo: oligomycin; A+R: antimycin a + rotenone. Data are presented as
mean + standard deviation. Box and whisker plots are presented from the 25% to 75%
percentile, with the line at the median and the whiskers extending to the minimum and
maximum values. Statistical significance was evaluated with student t-tests relative to
the undifferentiated or untreated sample, as indicated. **p<0.01.
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Moreover, the energy phenotype of BAF-treated cells was reduced compared to
vehicle-treated cells (Figure 17F), indicating that the inhibition of autophagy negatively
impacts both differentiation-dependent gene expression and mitochondrial function. Of
note, differentiation-dependent Csn2 expression (48 h), mitochondrial respiration (24
and 48 h), and energy phenotypes (24 and 48 h) were even more significantly reduced
when cells were treated with 100 nM BAF compared to vehicle-treated cells (Figure
18C-G). Although we observed cell death at this concentration of BAF, the cells we
assayed were viable and were normalized in their respective assays. In further
confirmation of these results, we treated HC11 cells with chloroquine (CQ), which
elevates the pH of lysosomes, ultimately preventing the fusion of lysosomes and
autophagosomes. We found that concentrations of CQ as low as 10 and 20 nM were
sufficient to reduce Csn2 expression at 48 h of differentiation (Figure 19A).
Furthermore, OCRs were reduced significantly at 48 h in response to 20 nM CQ
treatment (Figure 19B-D). Together, these data strongly suggest that autophagy is vital

to HC11 MEC differentiation.
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Figure 19 Chloroquine inhibition of autophagy impairs HC11 cell differentiation.

(A) Differentiation-dependent expression of Csn2 is reduced with low concentrations of
chloroquine (CQ) at 48 h of differentiation. CQ treatment was applied with the addition
of priming media and was maintained throughout differentiation (n=3). (B) OCRs of
DMSO- and CQ-treated HC11 cells at an undifferentiated state as well as at 24 and 48 h
of differentiation. (C) Basal and (D) maximal respiration in DMSO- and CQ-treated
differentiating HC11 cells show a dose-dependent decline in OCR with CQ treatment
(n=2, =12 replicates per experiment). U: undifferentiated; h: hours differentiated; oligo:
oligomycin; A+R: antimycin a + rotenone. Data are presented as mean =+ standard
deviation. Box and whisker plots are presented from the 25" to 75 percentile, with the
line at the median and the whiskers extending to the minimum and maximum values.
Statistical significance was evaluated with student t-tests relative to the untreated

sample. *p<0.05, **p<0.01.

ATGS and ATGT7 expression varies with MEC differentiation
To begin addressing the mechanism responsible for this autophagy, we asked
whether autophagy mediators, such as the autophagy related (4¢g) genes, exhibited

expression patterns corresponding to the autophagic processes observed in
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differentiating MECs. Gene expression of A7g5 demonstrated a reduction with the onset
of differentiation, whereas expression of A7g7 was relatively consistent throughout
differentiation. Both Azg5 and Atg7 trended towards elevated expression from 24 to 96 h
of differentiation (Figure 20A). The transcript levels of these factors in the mouse
mammary gland between late gestation (P16 and P18) and early lactation (L1 and L2)
did not vary (Figure 20B). As many autophagy mediators are post-transcriptionally
regulated, we examined protein expression by western blot and immunohistochemistry
in HC11 cells and mouse mammary tissues, respectively. Interestingly, both ATGS and
ATGT7 expression increased steadily with differentiation in HC11 cells and peaked at 48
h of differentiation (Figure 20C). In mouse mammary tissues, ATGS expression was
present throughout pregnancy (P16), early lactation (L1), and mid-lactation (L7) (Figure
20D). In contrast, the expression of ATG7 was generally low and only exhibited faint
staining at P16 and L1 (Figure 20D). These findings suggest that autophagy factors may
be developmentally regulated in MECs and that their expression coincides with the

important transition between gestation and lactation in the mouse mammary gland.
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Figure 20 Expression of autophagy factors during HC11 cell differentiation and
mammary gland development.

(A) Atg5 and Atg7 expression across differentiation in HC11 cells and (B) at pregnancy
days 16 and 18 (P16, P18) and lactation days 1 and 2 (L1, L2) in the mouse mammary
gland. RNA was collected from three mice per developmental time point. (C) Expression
levels of ATGS5 and ATG7 across differentiation in HC11 cells. Levels of ATGS and
ATGT7 are indicated below each lane after normalization to ACTB. The undifferentiated
time point was set to 1.00, and all other time points are presented relative to 1.00. (D)
ATGS and ATG7 expression at P16, L1, and L7 in the mouse mammary gland. Two
mice were evaluated for each time point, and two sections from each mouse were stained
for comparisons. U: undifferentiated; P: 24 h primed; h: hours differentiated. Scale bars:
100 um. Data are presented as mean + standard deviation. Statistical significance was
evaluated with multiple student t-tests relative to the undifferentiated time point (U).
*p<0.05, **p<0.01.
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Loss of A7zg7 impairs the bioenergetic transition during HC11 MEC differentiation
Based on the reduced functional differentiation capacity observed with

pharmacological inhibition of autophagy in HC11 cells, we expected genetic
manipulation of the autophagy machinery to have similar effects. We targeted Azg7 due
to its role in both LC3 lipidation and ATG12—-ATGS conjugation during early
phagophore membrane assembly prior to sequestration of cytoplasmic material [293].
Unexpectedly, stable shRNA-mediated knockdown of 4zg7 in HC11 cells resulted in
significantly enhanced Csn2 expression at 48 h of differentiation compared to non-
targeting shRNA control (sANT) cells (Figure 21A), directly contrasting results seen with
BAF and CQ treatment. We confirmed the loss of ATG7 in proliferating HC11 cells by
preventing the degradation of phagophore membranes with BAF or by inducing
mitochondrial depolarization with FCCP. Both treatments efficiently induced ATG7
expression in control cells but failed to induce substantial expression in either
knockdown cell line (Figure 21B). Because Csn2 expression is known to be regulated by
STATS signaling in the mammary gland, we next asked whether STATS5 expression or
activation of STATS via phosphorylation was elevated in these cells. We found that
activated STATS (p-STATS) was, in fact, present at higher levels in differentiated
shAtg?7 cell lines (Figure 21C). Several reports have demonstrated that increased levels
of reactive oxygen species (ROS) can activate the STAT family of transcription factors,
and mitophagy-deficient conditions enhance ROS production [294, 295]; therefore, we
sought to determine whether ROS production was altered in 4zg7 knockdown cells.

More specifically, we asked whether mitochondrial ROS (mROS) was affected by the
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loss of Atg7. To test this, we evaluated mitochondrial superoxide (mROS) production by
staining HC11 cells with mitoSOX and found that A¢g7 knockdown cell lines produced
significantly more mROS than control cells at 48 h of differentiation (Figure 21D). The
level of mROS generated in shAtg7 cells was comparable to control cells treated with 0.5
uM antimycin A (AA) for 1 h as a positive control. Of note, 100 nM BAF treatment for
the duration of differentiation did not induce a similar elevation of mROS, presumably
because mitochondria are sequestered prior to lysosomal fusion. Thus, it appears that
inhibiting specific events in autophagic flux has distinct outcomes on differentiation-
dependent Csn2 expression and may explain why Csn2 expression was reduced in
response to BAF treatment (Figure 17A), which prevents fusion of autophagosomes and
lysosomes, but was strongly elevated in A¢zg7 knockdown cell lines (Figure 21A), where
phagophore conjugation is impaired. We found that loss of Azg5, which is also involved
in phagophore assembly, had similar effects on Csn2 expression and mROS production

(Figure 22A-C).
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Figure 21 Knockdown of A7g7 contributes to ROS-mediated gene expression.

(A) Differentiation-dependent expression of Csn2 in control (shNT) and shAtg7 HC11
cell lines (n=3). (B) ATG7 expression in sANT and shAtg7 cell lines after 4 h treatment
with DMSO, 100 nM BAF, or 1 uM FCCP (C, B, or F, respectively). Levels of ATG7
are indicated below each lane after normalization to ACTB. The sANT sample treated
with BAF was set to 1.00. (C) Activation (phosphorylation) of STATS during
differentiation in sANT and shAtg7 cell lines. Levels of p-STATS and STATS are
indicated below each lane after normalization to ACTB. The undifferentiated time point
was set to 1.00, and all other time points are presented relative to 1.00. (D)
Mitochondrial ROS generation in sANT and shAtg7 cell lines at 48 h of differentiation,
measured by mitoSOX fluorescence. Control cells were treated with DMSO or 100 nM
BAF beginning at priming, and treatment was maintained through differentiation. Cells
were treated with 50 uM antimycin a (AA) for 1 h prior to analysis as a positive control
(n=3). (E) MitoSOX fluorescence analysis in wild-type HC11 cells across differentiation
(n=3). (F) Reduction of differentiation-dependent Csn2 expression at 48 h in HC11 cells
treated with mitochondrial ROS scavenger, mitoquinol (mitoQ, 1 uM) from priming
through 48 h differentiation (n=3). (G) Proposed model, demonstrating how loss of
ATGT7 contributes to STATS5-mediated differentiation-dependent gene expression. U:
undifferentiated; P: 24 h primed; h: hours differentiated. Data are presented as mean +
standard deviation. Statistical significance was evaluated with multiple student t-tests
relative to the undifferentiated or untreated time point. *p<0.05, **p<0.01.
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As the role of ROS as a signaling molecule in MEC differentiation is unknown,
we investigated the production of mROS across differentiation. We found that
proliferating, or undifferentiated (U), HC11 cells produced higher levels of mROS
compared to cells that differentiated for 2 to 24 h (Figure 21E). At 48 h, mROS was
elevated again and may contribute to the elevated Csn2 expression observed at that time.
Importantly, scavenging mROS during differentiation using the antioxidant mitoquinol
(mitoQ, 1 uM), which accumulates specifically in mitochondria, resulted in significantly
reduced Csn2 induction at 48 h of differentiation (Figure 21F). These studies suggest
that STATS activation and subsequent induction of Csn2 expression may be due in part
to elevated levels of ROS (Figure 21G). Of note, this activation is likely dependent on
the state of the cell, as high levels of mROS in undifferentiated HC11 cells did not

coincide with elevated p-STATS or Csn2 expression.
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Figure 22 Loss of Atg5 induces Csn2 expression and ROS.

(A) ATGS expression in shNT and shAtg5 cell lines after 4 h treatment with DMSO, 100
nM BAF, or 1 uM FCCP (C, B, or F, respectively). Levels of ATGS are indicated below
each lane after normalization to ACTB. The sANT sample treated with BAF was set to
1.00, and all other time points are presented relative to 1.00. (B) Differentiation-
dependent expression of Csn2 at 48 h of differentiation in sANT and shAtg5 HCI11 cell
lines (n=3). (C) Mitochondrial ROS generation in sANT and shAtg5 HC11 cell lines at 48
h of differentiation (n=3). Data are presented as mean + standard deviation. Statistical
significance was evaluated with student t-tests relative to the sANT cell line. ** p<0.01.
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Beyond the unexpected contribution of mROS to differentiation-dependent gene
expression, we investigated the impact of A¢zg7 knockdown on the bioenergetic capacity
of differentiating HC11 cells. Basal respiration in undifferentiated shAtg7 cells was
significantly reduced compared to sANT cells, but we observed no significant differences
at 24 or 48 h of differentiation (Figure 23A). In contrast, maximal respiration at 24 and
48 h of differentiation was significantly reduced with the loss of Azg7 (Figure 23B),
suggesting that mitochondria in shAtg7 cells are less functional than those in sANT cells.
More importantly, we found that shAtg7 cells exhibited a reduced basal energy
phenotype compared to shNT cells at 24 and 48 h of differentiation (Figure 23C), further
suggesting that loss of A7g7 indeed impaired the bioenergetic component of MEC
differentiation. Finally, although other studies have shown that haploinsufficiency or
knockdown of A¢g7 in MECs results in enhanced cell death [118, 296], we did not
observe significant cell death or induction of CASP3 activity during peak differentiation
time points in shAtg7 cells (data not shown). This discrepancy could be due in part to
compensation by other factors in the phagophore conjugation pathway or incomplete
loss of Atg7. Nevertheless, the reduced functionality of mitochondria from shAtg7 cells
suggests that Azg7 may be necessary for the metabolic transition associated with HC11

differentiation.
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Figure 23 Metabolic transition of differentiating HC11 cells is impaired by loss of Azg7.
(A) Basal OCRs and (B) maximal OCRs in sANT and shAtg7 2 HC11 cell lines. (C)
Energy phenotypes in shNT and shAtg7 2 HC11 cell lines (n=2, >9 replicates per
experiment). U: undifferentiated; h: hours differentiated. Data are presented as mean +
standard deviation. Box and whisker plots are presented from the 25% to 75% percentile,
with the line at the median and the whiskers extending to the minimum and maximum
values. Statistical significance was evaluated with student t-tests relative to the sANT cell
line. * p<0.05, ** p<0.01.
Mitophagy is temporally regulated during in vitro differentiation

To determine whether the autophagic process observed during the differentiation
of HC11 cells involved selective degradation of mitochondria, we employed the
fluorescent probe, pMitoTimer [281]. The protein Timer is targeted to mitochondria via a
COXB8A (cytochrome c oxidase subunit 8A) sequence, initially fluoresces green, and
shifts irreversibly to red when mitochondrial proteins are oxidized. A comparison of the
ratio of mean red to green fluorescence gives a relative oxidation status, with higher
values indicating increased oxidation. The use of this system allowed us to evaluate live-
cell images throughout HC11 cell differentiation in real-time (Figure 24A).
Quantification of the ratio of mean red to green fluorescent signal intensity revealed that
mitochondrial oxidation was elevated in early differentiation (4 to 8 h) and returned to

basal levels by 24 h (Figure 24B). This wave of oxidation suggests that programmed
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mitophagy may be occurring, but is better evaluated by quantification of mitochondria
that express only red punctate signal. Importantly, the number of red-only punctate
mitochondria increased at early differentiation (2 to 8 h) and began to fall at 24 h (Figure
24C). Along with our autophagy analyses, this data suggests that autophagy, and more

specifically mitophagy, is engaged early during differentiation in HC11 cells.
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Figure 24 Mitochondria undergo progressive oxidation during HC11 cell differentiation.
(A) Representative live-cell images of differentiating HC11 cells transiently transfected
with pMitoTimer. Scale bars: 10 um. (B) Average red to green fluorescent intensity ratio
from 10 images per time point. (C) Enumeration of red-only punctate mitochondria from
pMitoTimer images, indicating mitochondria actively undergoing mitophagy. A
minimum of 10 images were evaluated per time point. Red puncta were not evaluated at
6 h of differentiation, as they were assessed from an independent experiment (n=3). P:
24 h primed; h: hours differentiated. Data are presented as mean =+ standard deviation.
Box and whisker plots are presented from the 25% to 75" percentile, with the line at the
median and the whiskers extending to the minimum and maximum values. Statistical

significance was evaluated with multiple student t-tests relative to the primed time point
(P). *p<0.05, **p<0.01.

Because a balance of mitophagy and biogenesis maintains mitochondrial
homeostasis, we also evaluated the expression of the transcription factors that are

primarily responsible for mitochondrial protein biogenesis: Ppargcla (PPARG
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coactivator 1 alpha) and 7fam (transcription factor A, mitochondrial). The expression of
both Ppargcla and Tfam was low from 4 to 24 h and increased at 48 h (Figure 25A-B).
Ppargcla expression was highest at 48 h, whereas Tfam expression was highest in
proliferating cells and from 48 to 96 h. To assess relative mitochondrial content across
HCI11 MEC differentiation, we normalized mitochondrial DNA to nuclear DNA using
previously validated PCR primers [297]. We found that mitochondrial content rose at
priming and stayed elevated until 8 h, dropping back to proliferating cell levels for the
remainder of differentiation (Figure 25C). Together, these data suggest that a
transitionary state exists between early (4-12 h) and peak differentiation (24-48 h) where
mitochondrial turnover signals for generation of mitochondrial proteins and
mitochondrial content falls back to homeostatic levels. We went on to assess
mitochondrial DNA content relative to nuclear DNA in the transitionary state between
gestation and lactation in the mouse mammary gland. We found that mitochondrial
content was reduced at pregnancy day 18, suggesting that this could be a point of
mitochondrial turnover (Figure 25D). However, we acknowledge that this bioenergetic

transition may also occur outside of the investigated time frame.
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Figure 25 Mitochondrial biogenesis and content during HC11 cell differentiation and
mammary gland development.

(A) Ppargcla and (B) Tfam expression across HC11 cell differentiation (n=3). (C)
Mitochondrial content was assessed by comparing mitochondrial DNA copy number to
nuclear DNA copy number across HC11 cell differentiation (n=3). (D) DNA was also
isolated from mouse mammary gland tissue at pregnancy days 16 and 18 (P16 and P18)
as well as lactation days 1 and 2 (L1 and L2). DNA was collected from three mice per
developmental time point. Statistical significance was evaluated with multiple student t-
tests relative to the undifferentiated sample, as indicated. *p<0.05, **p<0.01.

PRKN localizes to the mitochondria of differentiating HC11 cells
Prior to asking whether differentiation in MECs specifically requires mitophagy,
we examined the expression of mitophagy mediators during HC11 cell differentiation.
As PINK1 (PTEN induced kinase 1) and PRKN are key factors in the most well-
characterized mitophagy pathway [146, 298], and PRKN has recently been identified as
a tumor suppressor in breast cancer [299], we began by examining PRKN expression

across HC11 cell differentiation. We found that Prkn expression was significantly
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elevated at priming in HC11 cells and continued to increase throughout differentiation
(Figure 26A). Consistent with gene expression, PRKN protein expression increased
dramatically with priming in HC11 cells (Figure 26B). We observed PINK1 expression
throughout differentiation, with minimal variation between time points. Interestingly,
PRKN expression in mouse mammary tissues was faint in late pregnancy (P16, Figure
26C) but exhibited diffuse cytoplasmic staining in early lactation (L1, Figure 26D)
before returning to a reduced level in mid-lactation (L7). Similarly, PINK1 expression
was observed in late pregnancy and early lactation but was largely absent in mid-

lactation.
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Figure 26 Pinkl and parkin expression during HC11 cell differentiation and mammary
gland development.

(A) Expression of Prkn across differentiation in HC11 cells (n=3). (B) Protein levels of
PRKN and PINK1 during HC11 cell differentiation. Levels of PRKN and PINK1 are
indicated below each lane after normalization to GAPDH. The undifferentiated sample
was set to 1.00. (C) Immunohistochemical expression of PRKN and PINK1 at pregnancy
day 16 (P16), lactation day 1 (L1), and lactation day 7 (L7) in the mouse mammary
gland. (D) Higher magnification of cytoplasmic PRKN staining at L1. Two mice were
evaluated for each time point, and two sections from each mouse were stained for
comparisons. (E) Fractionation of HC11 cell lysates into mitochondrial and cytosolic
components and expression of PRKN and PINK1. VDACI and TUBA1A expression
confirm mitochondrial and cytosolic fraction purity, respectively. Levels of PRKN and
PINK1 are indicated below each lane after normalization to VDAC] for mitochondrial
fractions and to TUBA1A for cytosolic fractions. The undifferentiated sample for each
fraction was set to 1.00. (F) JC-1 was used to assess mitochondrial membrane
polarization. A minimum of 10 images were evaluated for red and green fluorescent
intensity for each time point. FCCP was used as a positive control for membrane
depolarization (n=3). U: undifferentiated; UC: undifferentiated confluent; P: 24 h
primed; h: hours differentiated Scale bars: 100 um. Data are presented as mean +
standard deviation. Statistical significance was evaluated with multiple student t-tests
relative to the undifferentiated time point (U). **p<0.01.
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As the upregulation of PRKN and PINK1 expression does not necessarily
indicate induction of mitophagy, we fractioned HC11 cells into mitochondrial and
cytosolic components at several differentiation time points to observe accumulation of
the mitophagy factors at the mitochondria, which would more clearly indicate active
mitophagy. Interestingly, PRKN was strongly expressed in both fractions at priming and
every differentiation time point. In contrast, although PINK1 was strongly expressed at
every time point in the cytosolic fraction, it was only present in the mitochondrial
fraction at priming and again at 24 h of differentiation (Figure 26E). Of note,
mitochondrial membrane potential remained unaltered during early MEC differentiation
between proliferating, confluent, and primed cell states, as evidenced by JC-1 staining
(Figure 26F). The addition of FCCP confirmed that membrane depolarization could be
detected by a significant reduction of the JC-1 red:green fluorescent signal. This result
suggests that PRKN loading at mitochondria does not occur in response to the canonical
depolarization-induced accumulation of PINK1 at damaged mitochondria and may
instead respond to a developmental signaling cascade. These data suggest that non-
canonical PRKN driven mitophagy may be involved in the autophagy initiated during
early MEC differentiation.

PRKN is required for HC11 MEC differentiation

Finally, to assess the necessity of the mitophagy factor PRKN in HC11 MEC
differentiation, we stably knocked down Prkn using two shRNAs. As proliferating HC11
cells did not substantially express PRKN (Figure 26B), we primed cells for 24 h to

confirm the loss of PRKN protein (Figure 27A). Unexpectedly, shPrkn cell lines
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exhibited apoptotic cell morphology during priming, which we did not observe if we
maintained the cells in growth medium for the same length of time. One of the shPrkn
cell lines, shPrkn_1, consistently underwent cell death during priming, whereas
shPrkn_2 cells survived until peak differentiation time points. This observation was
quantified and confirmed by significant induction of CASP3 activity at 24 h of priming
in shPrkn_1 cells (Figure 27B) and at 24 h of differentiation in shPrkn_2 cells (Figure
27C), each compared to shANT cells at the appropriate time point. To determine whether
mitochondrial function was affected by the loss of Prkn, we first measured the OCR in
proliferating control and shPrkn cell lines. We found that OCRs were significantly
reduced in shPrkn cell lines compared to control cells (Figure 27D). As we were
interested in the differentiation ability of these cells, we subjected surviving shPrkn_2
cells to extracellular flux analysis at 24 h of differentiation. We found that shPrkn 2
cells had significantly reduced basal respiration at 24 h but exhibited maximal

respiration rates comparable to those of sANT cells (Figure 27E-G).
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Figure 27 Loss of Prkn impairs HC11 cell differentiation.
(A) PRKN expression in sANT and shPrkn HC11 cell lines at 24 h of priming. Levels of
PRKN are indicated below each lane after normalization to ACTB. The sANT sample
was set to 1.00, and all other time points are presented relative to 1.00. (B) CASP3
activity in shNT and shPrkn HC11 cell lines at 24 h priming, showing induction of
caspase activity in the shPrkn_1 cell line (n=3). (C) CASP3 activity in sANT and
shPrkn_2 cell lines at 24 h of differentiation (n=3). (D) Basal OCRs in proliferating
shNT and shPrkn HC11 cell lines. (E) Basal OCRs in sANT and shPrkn HC11 cell lines
at a proliferative (U) state and at 24 h of differentiation. (F) Breakdown of basal and (G)
maximal respiration in shNT and shPrkn HC11 cell lines at a proliferative (U) state and
at 24 h of differentiation. (H) Energy phenotype profile of basal state shNT and shPrkn
HCI11 cell lines (n=2, =9 replicates per experiment). (I) Differentiation-dependent Csn2
expression after loss of Prkn in HC11 cells at 24 h of differentiation (n=3). Data are
presented as mean =+ standard deviation. Box and whisker plots are presented from the
25%™ to 75" percentile, with the line at the median and the whiskers extending to the
minimum and maximum values. Statistical significance was evaluated with student t-
tests relative to the shNT cell line. **p<0.01.
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Interestingly, the energy phenotype of these cells revealed that although
shPrkn_2 cells were significantly stunted in OCR, ECAR still increased with
differentiation (Figure 27H). These results suggest that the loss of Prkn impaired full
bioenergetic adaptation and further highlights the complexity of programmed
mitophagy. Although we have established that differentiation-dependent gene expression
can be uncoupled from other markers of differentiation, we analyzed Csn2 expression
with loss of Prkn at 24 h of differentiation. We found that Csn2 expression was
significantly reduced in shPrkn_2 cells compared to shNT cells, further suggesting that
loss of Prkn impaired total differentiation (Figure 271). Together, these results suggest
that PRKN is a key factor in MEC differentiation and likely contributes to the mitophagy

observed during this important bioenergetic transition (Figure 28).
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Figure 28 Model of mammary epithelial cell functional differentiation.

Our results suggest that the transition from gestation to lactation in the mammary gland
involves programmed mitophagy. This process relies on the autophagy machinery as
well as the mitophagy factor PRKN. The boxes depict the outcomes of A7g7 knockdown,
Prkn knockdown, and pharmacological inhibition of autophagy with bafilomycin A
(BAF). Notably, this form of mitophagy is distinct from the general autophagy that
occurs during involution to reset the mammary gland for subsequent rounds of gestation
and lactation.
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CHAPTER 1V
SIM2S REGULATES THE DIFFERENTIATION AND SURVIVAL OF MAMMARY
EPITHELIAL CELLS BY ENHANCING MITOPHAGY
Introduction

Achieving and maintaining a differentiated cell state is vital to tissue function
and the prevention of disease. In fact, cancer has been referred to as a “disease of
differentiation” [ 100, 300]. This theory is supported by the observation that many low-
grade malignancies demonstrate well-differentiated morphology, whereas higher-grades
are associated with hallmarks of de-differentiation or undifferentiated cell states.
Importantly, differentiation is tightly linked to metabolic function, and dramatic
metabolic reprogramming is a hallmark of tumor cells [101]. Despite these clear
associations, it is unknown whether metabolic adaptations instruct or respond to
differentiation. Therefore, understanding the regulatory biology of achieving and
maintaining terminal differentiation will provide important insights for therapeutic
advances.

Terminal differentiation can be studied very effectively during the post-natal
development of the mammary gland. During development, mammary epithelial cells
(MECs) respond to integrated hormonal, transcriptional, and metabolic signaling to
enable a range of cellular programs. Of key interest is the transition from gestation to
lactation when MECs undergo dramatic metabolic reprogramming. During this
transition, MECs switch from proliferative centers of catabolism to post-mitotic

anabolism factories that generate copious amounts of proteins, fats, and carbohydrates,
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which are secreted into milk. This dramatic reprogramming has been largely attributed to
hormonal and transcriptional regulation, but recent insight into the signaling roles of
metabolites and mitochondria suggest that this transition may also be informed by
metabolism. Factors that are activated or suppressed specifically during this transition
are of key interest as potential master regulators of metabolic reprogramming.

Our lab has previously established that single-minded 2s (SIM2s) plays an
important role in the onset and maintenance of mammary gland differentiation [240,
241, 243]. SIM2s is a member of the bHLH-PAS family of transcription factors, which
classically function as environmental sensors. bHLH-PAS proteins can bind DNA,
proteins, and small molecules, allowing them to respond to environmental stimuli, such
as oxygen stress and dioxin, by enacting transcriptional or protein binding functions. In
comparison to other bHLH-PAS proteins, relatively little is known about the activation
of SIM2s. We have recently shown that DNA damage stimulates the phosphorylation of
SIM2s in an ATM-dependent manner, and we expect that ATM-mediated activation of
SIM2s has additional implications for novel SIM2s function.

Several lines of evidence suggest that modulating the level of SIM2 may have
important functional outcomes for MECs. First, loss of SIM2 is associated with
progression of breast cancer and malignant transformation in the developing mammary
gland. Moreover, the SIM2 gene is located on human chromosome 21 in the Down
Syndrome critical region (DSCR), which indicates that SIM2 is overexpressed in Down
Syndrome patients. Although Down Syndrome patients are at increased risk of metabolic

syndrome, their risk of breast cancer is surprisingly low and is thought to be linked to a
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breast tumor suppressor located in the DSCR. Beyond these observations, we sought to
address the functional outcome of gain and loss of Sim2 in the mammary gland. To do
so, we developed tissue-specific mouse models of Sim2s gain and loss. Using these
models, we demonstrate that SIM2s regulates the differentiation and survival of MECs
by enhancing mitophagy. This work integrates the study of the transcriptional and
metabolic mechanisms that culminate in the terminal differentiation of MECs and
provides important insight into achieving and maintaining cell differentiation and tissue
function.

SIM2s promotes mammary gland function in vivo

Terminally differentiated MECs perform a highly specialized and temporary
function that is essential for the survival of mammalian neonates. Uniquely, MEC
differentiation can be monitored by lactation efficiency, and is measured indirectly by
pup weight gain in cross-fostered experiments. To determine the effect of SIM2s on
MEC functional differentiation, we performed cross-foster experiments in mice that
over-express Sim2s or that express a conditionally excised Sim?2 allele.

We have previously established a transgenic mouse model of Sim2s over-
expression driven by the mouse mammary tumor virus (MMTV-Sim2s) [240]. To further
characterize the functional role of SIM2s in the mammary gland, we have also
engineered tissue-specific conditional knockout mice via a floxed Sim?2 allele (Figure
29A). Sim?2 is conditionally deleted by crossing mice bearing the floxed Sim2 allele with
mice that express cre recombinase under control of the whey acidic protein (Wap)

promoter (Wap©®*). Wap is specifically expressed in mammary alveolar epithelial cells
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from mid-pregnancy through lactation, and thus allows for mammary gland-specific
deletion of Sim2 shortly before and during lactation. Due to mosaic cre recombinase
activity, we used the genetic tag Gt(ROSA)26Sor™HACTB-tdTomato, EGEP)uo/J (3, Ty G) [301]
to distinguish recombined and non-recombined cells (Figure 29B). Using this model,
non-recombined cells express tdTomato, whereas recombined cells express EGFP,

Cre/t mice were

indicating loss of Sim?2 in floxed Sim2 mice. To this end, Sim2"*; Wap
crossed to Sim2"* ;mTmG/mTmG mice to produce Sim2™'; Wap©*;mTmG mice
(Sim2™") and littermate Wap©"**;mTmG (control) mice. Sim2s expression was confirmed

to be reduced in the mammary glands of lactating Sim2"" mice compared to control mice

in a previous study [262].

A B
Sim2 R05326—D-| tdTomato |-)-| EGFP l—

Sim2 —po— Rosa26 EGFP

Figure 29 Sim?2 conditional knockout allele and fluorescent genetic tag.

To examine the functional effect of SIM2s on milk composition and subsequent
pup growth, we cross-fostered and measured the weight gain of the first litters of wild-
type (WT), MMTV-Sim2s, Sim2™", and control mice. We found that by day 10 of
lactation, MMTV-Sim2s dams nursed litters with significantly higher weight gain,
whereas Sim2" dams nursed litters with significantly lower weight gain compared to
their respective controls (Figure 30A-B). Histological characterization of mammary
glands from these mice revealed that whereas MMTV-Sim2s glands appeared similar to

WT (Figure 30C), Sim2™" glands exhibited reduced epithelial filling and suppressed
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CSN2 expression (Figure 30C-D). The expression of Csn2 is differentiation-dependent
and has been widely used as a marker for functional differentiation in MECs [67, 302].
Whole slide scans of hematoxylin and eosin (H&E) stained sections highlight the
reduced epithelial cell occupancy by day 10 of lactation in Sim2™" mice. Together, these

results suggest that SIM2s is required for functional differentiation of MECs.
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Figure 30 Gain and loss of Sim2 in the mouse mammary gland.

(A) The first litters of WT and MMTV-Sim2s females were cross-fostered with 10 ICR
pups each. Litter weights were recorded daily for two weeks and normalized to day one
of fostering. (B) The first litters of control and Sim2"" females were cross-fostered with
10 ICR pups each. Litter weights were recorded daily for two weeks and normalized to
day one of fostering. (C) Representative H&E images and whole slide scans of FVB and
MMTV-Sim2s mammary glands at lactation day 10. (D) Representative H&E images
and whole slide scans of WT and Sim2"" mammary glands at lactation day 10.
Immunohistochemistry for CSN2 in WT and Sim2"" mammary glands at lactation day
10. Two mice were evaluated for each time point, and two sections from each mouse
were stained for comparisons. Data are presented as mean =+ standard deviation.
Statistical significance was evaluated with multiple student t-tests relative to the WT or
control group. *p<0.05, **p<0.01.
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SIM2s enhances mitochondrial energetic phenotype

As the functional differentiation of MECs necessarily requires a metabolic
reprogramming event, we next investigated the impact of SIM2s on mitochondrial
respiration and glycolysis, which together generate the energy required to power
anabolic processes, such as those engaged during lactation. We interrogated the
energetic potential of MECs using the established differentiation protocol of the HC11
mouse mammary epithelial cell line [303] and Seahorse Extracellular Flux technology.
This technology allowed us to simultaneously compare the efficiency of oxidative
phosphorylation, via oxygen consumption rate (OCR), and the capacity for induction of
glycolysis, via extracellular acidification rate (ECAR) [304]. Addition of the
mitochondrial uncoupler FCCP (carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone) disconnects electron transport from ATP synthase, allowing for
unchecked, or maximal, oxygen consumption. This maximal oxygen consumption
provides a measure of the oxidative potential that can be achieved (Figure 31A). Finally,
when OCR is paired with ECAR, a relative energy phenotype of cells can be compared
to a stressed state to separate energy phenotypes into quadrants: quiescent, glycolytic,
aerobic, and energetic [305].

We then asked whether Sim2s affected the energy phenotype of differentiating
mammary epithelial cells. Indeed, we found that overexpression of Sim2s enhanced both
basal and maximal respiration compared to control HC11 cells (Figure 31 B-C). Further,
HC11-Sim2s cells were substantially more energetic compared to control cells (Figure

31D). Surprisingly, Sim2s cells maintained this energetic phenotype out to 96 hours of
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differentiation at a level that was not different from that of 48 hours. These results
suggest that Sim2s is required for metabolic reprogramming during MEC differentiation
in vitro, and this reprogramming event may be linked to the functional capability of

MEC:s.
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Figure 31 Sim2s enhances and prolongs the differentiation-dependent energetic
phenotype in HC11 cells.

(A) Seahorse Extracellular Flux oxygen consumption rates (OCRs) in differentiating
HCI11 cells. (B) Basal OCRs and (C) maximal OCRs show enhanced respiration in
Sim2s cells. (D) Energy phenotype comparison of OCRs and extracellular acidification
rates (ECARs) in differentiating HC11 cells further demonstrating an enhanced energetic
state in Sim2s cells. (n=2, >12 replicates per experiment) U: undifferentiated; h: hours
differentiated; oligo: oligomycin; A+R: antimycin a + rotenone. Data are presented as
mean + standard deviation. Box and whisker plots are presented from the 25% to 75%
percentile, with the line at the median and the whiskers extending to the minimum and
maximum values. Statistical significance was evaluated with multiple student t-tests
relative to the control group. *p<0.05, **p<0.01.
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Mitochondrial homeostasis is altered by SIM2s

Based on the dramatic differences in mitochondrial respiration and energy
potential with gain of Sim2s, we sought to determine whether mitochondrial morphology
was affected by Sim2s. Mitochondrial morphology is known to indicate function; fused
mitochondrial networks are generally associated with differentiated cell states and higher
mitochondrial respiration, whereas fragmented mitochondria are generally associated
with proliferating cells and tend to be more glycolytic. To first evaluate mitochondrial
morphology over the course of differentiation, HC11 control and Sim2s cells were fixed
for transmission electron microscopy (TEM) at an undifferentiated state (U) and at 2-, 8-
, and 24-hours differentiated (Figure 32A). By 24 h, clear differences in mitochondrial
morphology were apparent between control and SimZ2s cells (Figure 32B). Mitochondria
in Sim2s cells were visibly elongated, and measurement of mitochondrial lengths
revealed a significant increase in length compared to control cells at 24 h of

differentiation (Figure 32C).
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Figure 32 Differentiated HC11-Sim2s cells contain elongated mitochondria.

(A) Transmission electron microscopy (TEM) images of HC11 cells at progressive
stages of differentiation. (B) Higher magnification TEM images demonstrate
mitochondrial morphology at 24h of differentiation. Three sections each were evaluated
from two independent samples for TEM analysis. (C) Mitochondrial lengths were
measured and categorized into short (<1um), medium (1-2pm), and long (>2pum) length
groups. Sim2s cells contained a higher percentage of medium and long mitochondria. U:
undifferentiated; h: hours differentiated. Scale bars: 1 pm.

Mitochondrial dynamics refer to the homeostatic alterations in mitochondrial
number, size, and shape that are generated by fusion and fission. Mitochondrial fusion is
regulated by the mitofusins and OPA1 (optic atrophy 1), whereas mitochondrial division
is controlled by FIS1 (fission, mitochondrial 1) and DNMI1L (dynamin 1 like). As we
observed significant elongation of the mitochondrial network in Sim2s cells, we

evaluated mitochondrial dynamics factors by western blot and gene expression.
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Although we did not observe significant changes in gene expression of Opal with
differentiation or Sim2s (Figure 33A), we did find alterations at the protein level. OPA1
increased across differentiation in control HC11 cells, concomitant with a decrease in
DNMIL expression (Figure 33B). Interestingly, total mitochondrial content, indicated
by expression of TOMM?70 (translocase of outer mitochondrial membrane 70), appeared
to increase during differentiation as well. In contrast, OPA1 was expressed at higher
levels in HC11-Sim2s cells compared to control cells, and OPAT1 levels did not change
throughout differentiation. HC11-Sim2s cells demonstrated an opposite pattern of
DNMIL expression. Further, total mitochondrial content was generally lower in HC11-
Sim2s cells at every time point. The difference in mitochondrial content was confirmed
in our mouse models by immunostaining tissue sections for cytochrome ¢ oxidase
subunit 4 (COX4), which is a mitochondrial inner membrane protein. COX4
immunostaining revealed a stark contrast of mitochondrial accumulation with loss of
Sim2s and reduced mitochondrial mass with over expression of Sim2s (Figure 33C).
These results suggest that Sim2s impacts mitochondrial dynamics as well as total
mitochondrial number.

The contrast in mitochondrial accumulation between MMTV-Sim2s and Sim2/"/
mammary glands could logically be explained by alterations in either mitochondrial
biogenesis or mitophagy. Interestingly, our TEM analysis revealed that control cells
accumulated autophagosome structures during differentiation that progressed to late-
stage autolysosomes by 24 h (Figure 32A). In contrast, Sim2s cells exhibited a dramatic

increase in autophagosome and autolysosome structures as early as 2 h. These
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observations suggest that mitophagy may be enhanced by Sim2s. To corroborate this
hypothesis, we evaluated the protein expression of microtubule-associated protein 1 light
chain 3 (LC3), which is a standard method of monitoring phagophore formation [292].
We again observed induction of autophagy during differentiation, which was enhanced
in Sim2s cells (Figure 33D). An important caveat to these observations is that autophagy

does not necessarily involve the degradation of mitochondria, which is termed

mitophagy.
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Figure 33 Sim2s alters mitochondrial homeostasis.

(A) Expression of Opal in HCI11 cells at an undifferentiated and 24h differentiated state
(n=3). (B) Expression of mitochondrial markers during HC11 cell differentiation. Levels
of OPA1, DRP1I/DNMLI, TOMM?70, and ACTB are indicated. (C)
Immunohistochemistry analysis of the inner mitochondrial membrane protein COX4 in
the mammary glands of transgenic mice at lactation day 10. (D) Levels of LC3 in control
and Sim2s HCI11 cells.
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Mitophagy has proven difficult to confirm, leading to the development of a
number of fluorescent reporter systems. Several studies have detailed the use of
MitoTimer, a novel reporter gene, to monitor mitochondrial health and turnover [281,
306, 307]. The pMitoTimer construct, driven by the constitutive CMV promoter,
localizes to mitochondria via a cytochrome c oxidase subunit 8§ (COXS) targeting
sequence, fluoresces green when newly synthesized, and shifts irreversibly to red once
oxidized [306]. High ratios of red to green fluorescent intensity indicate increased
mitochondrial turnover. Using this system, HC11 cells expressing pMitoTimer were
monitored by live cell imaging over the course of differentiation. Ratiometric analysis
revealed that HC11-Sim2s cells exhibit a higher basal turnover rate, which is maintained
throughout differentiation (Figure 34A-B). Together, these data support a model where
Sim2s promotes the normal function of the mammary gland, potentially through

enhanced mitophagy.
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Figure 34 Mitochondrial oxidation is elevated and prolonged with Sim2s.
(A) Representative live-cell images of differentiating HC11 cells transiently transfected
with pMitoTimer. Scale bars: 10 um. (B) Average red to green fluorescent intensity ratio
from 10 images per time point. P: 24 h primed; h: hours differentiated. Data are
presented as mean =+ standard deviation. Box and whisker plots are presented from the
25%™ to 75" percentile, with the line at the median and the whiskers extending to the
minimum and maximum values. Statistical significance was evaluated with multiple
student t-tests relative to the control group. **p<0.01.
Localization of SIM2s during MEC differentiation

SIM2s is a member of the bHLH-PAS family of transcription factors, which are
known to play important roles in development and in response to environmental cues
[268, 270]. Non-canonical functions of nuclear transcription factors in the mitochondria,
including P53, STAT3, STATS, NF-kB, HIF1A, and steroid receptors, have been shown
to regulate numerous mitochondrial processes independent of nuclear activity [308-312].

Due to the metabolic involvement of SIM2s, we sought to determine its localization

during differentiation in HC11 cells by fractionation experiments. As expected, we
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found that SIM2s was strongly expressed in the nuclear fraction, but we were surprised
to find that SIM2s was also present in the mitochondrial fraction (Figure 35A). The
relative purity of the fractions was confirmed by the expression of a mitochondrial factor
(translocase of outer mitochondrial membrane 70; TOMM?70), a cytosolic factor (alpha-
tubulin; TUBA), and a nuclear factor (poly[ADP-ribose] polymerase 1; PARP1). To
further interrogate the mitochondrial localization of SIM2, half of a mitochondrial
preparation was digested with proteinase K to degrade OMM proteins, and the other half
was left intact. Digestion of OMM proteins was confirmed by the presence or absence of
the OMM protein (TOMM70) or the inner mitochondrial protein COX4. Interestingly,
we found that although TOMM?70 was degraded in the digested (D) samples, SIM2
remained faintly present in both total (T) and digested fractions (Figure 35B). To further
confirm the localization of SIM2s, we performed immunogold assays in differentiated
HCI11 cells and found that gold particles were indeed present in both the nucleus (data
not shown) and mitochondria (Figure 35C). Together, these results suggest that SIM2s
may modulate metabolic reprogramming through non-canonical and non-transcriptional

mechanisms.
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Figure 35 SIM2 localizes to the mitochondria in differentiated HC11 cells.

(A) Fractionation of 24h differentiated HC11 cell lysates into cytosol, mitochondrial,
and nuclear components and expression of SIM2. TOMM70 and TUBA expression
confirmed mitochondrial and cytosolic fraction purity, respectively. PARP1 confirmed
the nuclear fraction. (B) Mitochondrial fractions from 24h differentiated HC11 cells
were split; half was subjected to proteinase K digestion, and the other half remained
undigested. COX4 was used as an inner mitochondrial membrane protein, and TOMM70
was used as an outer mitochondrial protein to monitor digestion of outer mitochondrial
proteins. Successful digestion was indicated by loss of TOMM?70 expression in the
digested fraction. SIM2 was present in two bands in the undigested fraction and in one
band in the digested fraction. (C) Immunogold staining of 24h differentiated HC11 cells.
SIM2 antibody detected SIM2 and is visualized by gold nanoparticles. Scale bar: 1 um.

SIM2s interacts directly with phagophore machinery

There is increasing evidence that mitophagy is essential for promoting and
maintaining differentiation [313]. Based on the direct localization of SIM2s to
mitochondria and the accelerated mitophagy observed with Sim2s overexpression, we
speculated that SIM2s may be directly involved in the mitophagy machinery. LC3 plays
an active role in the formation of the autophagosome by participating in cargo-specific
recruitment of adaptor proteins containing LC3 interacting region (LIR) motifs. LIR
motif-containing autophagy receptors guide mitochondria to interact with LC3
containing autophagosomes and form the basis of mitophagy [313]. Analysis of the
SIM2s protein identified two conserved LIR domains in the PAS-A domain at amino

acids 95 and 193 (Figure 36A). To determine if SIM2s and LC3 interact, we performed
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co-immunoprecipitation studies using IgG control or FLAG antibodies in control and
FLAG-Sim2s differentiated HC11 cells. Indeed, we found that SIM2s and LC3 directly
interacted in HC11 cells (Figure 36B). To further confirm the role of the SIM2s:LC3
interaction in MEC differentiation and function, we generated point mutations in both
LIR domains on Sim2 (Figure 36A). Importantly, overexpression of the mutated Sim2s
construct failed to enhance differentiation-dependent Csn2 gene expression (Figure 36C)
or promote a more energetic phenotype when compared to Sim2s overexpressing cells
(Figure 36D-F), suggesting that the SIM2s:L.C3 interaction is essential for SIM2s-
mediated mitophagy and differentiation. In summary, these data suggest that SIM2s
regulates MEC differentiation through direct interaction with LC3, which may enhance

mitophagy.
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Figure 36 SIM2s interacts with autophagy machinery.

(A) Analysis of SIM2 protein for consensus LC3 interacting regions (LIRs). (B) Co-
immunoprecipitation of control and FLAG-tagged Sim2s HC11 cells at 24 h of
differentiation. SIM2 was pulled down with FLAG beads, and blotted for LC3B. (C)
Differentiation-dependent Csn2 expression in Sim2s and Sim2s-LIR mutant HC11 cells
at 24 h of differentiation (n=3). (D) Seahorse extracellular flux analysis in Sim2s and
Sim2s-LIR mutant HCI11 cells. (E) Breakdown of basal and (F) maximal respiration in
Sim2s and Sim2s-LIR mutant HC11 cell lines at a proliferative state and at 48 h of
differentiation. (G) Energy phenotype profile of basal state Sim2s and Sim2s-LIR mutant
HCI11 cell lines (n=2, =9 replicates per experiment). Data are presented as mean +
standard deviation. Box and whisker plots are presented from the 25% to 75% percentile,
with the line at the median and the whiskers extending to the minimum and maximum
values. Statistical significance was evaluated with student t-tests relative to the control
cell line. **p<0.01.
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SIM2s prolongs the survival of functional mammary epithelial cell survival in vivo
We have previously shown that SIM2s delays involution and maintains alveolar

structures after multiple pregnancies in the mouse mammary gland [243]. Although
these studies suggest that SIM2s maintains a differentiated cell state, they did not
indicate whether the function of the maintained cells was preserved. Therefore, to further
determine if SIM2s is capable of prolonging alveolar cell survival and function, we
performed an extended lactation trial using MMTV-Sim2s and WT mice. Lactation was
prolonged in MMTV-Sim2s and WT mice to 42 days. Initial litters were cross-fostered
with 10, weight matched, 1-day-old WT pups. Beginning on day 14, litters were replaced
with 10, weight matched, 7-day old WT pups every 7 days, to maintain suckling
stimulus and milk let down [283]. Litter weights were recorded every week, and pup
weight gain was calculated for each 7-day period. Strikingly, MMTV-Sim2s dams were
able to sustain litter weight gain and epithelial cell survival out to lactation day 42 better
than WT dams, one and two weeks beyond normal weaning (day 28 and 35) (Figure
37A-B). Thus, over-expression of Sim2s provides a protective advantage in alveolar cells

and supports improved lactation capacity one to two weeks beyond normal weaning.
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Figure 37 Sim2s prolongs lactation ability in mice.

(A) Lactation was extended in WT and MMTV-Sim2s mice by repeated cross-fostering
with ICR pups. Litter weight gain was measured on a weekly basis and demonstrates that
MMTV-Sim2s dams nurse litters that gain more weight than those nursed by WT dams.
(B) Whole slide scan images of H&E-stained mammary glands from WT and MMTV-
Sim2s mice at day 42 of lactation.

Altogether we have shown that SIM2s regulates the differentiation and survival
of MEC:s, potentially by enhancing mitophagy through the direct interaction of SIM2s
and the autophagy machinery (Figure 38). These results imply a novel regulation of
MEC differentiation and of the metabolic reprogramming that occurs during the
transition from gestation to lactation. We anticipate that these results will open the door

for additional study of how metabolic reprogramming contributes to cell fate and

differentiation decisions.
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Autophagosome

Figure 38 Model of SIM2s-mediated mitophagy.
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CHAPTER V
CONCLUSIONS

Here, we show that MEC differentiation, defined by differentiation-dependent
gene expression, enhanced bioenergetic capacity, and cell survival, is dependent on
autophagy and SIM2s. Inhibition of autophagic flux via pharmacological treatment or
knockdown of A¢g7 impaired one or more of these aspects of MEC differentiation.
Moreover, we demonstrated that mitochondria undergo mitophagy during early
differentiation, and loss of the mitophagy factor, PRKN, results in impairment of MEC
differentiation. Together, these results suggest that mitochondria undergo mitophagy and
a bioenergetic transition during early differentiation and that this process ultimately
promotes the functional capacity of differentiated MECs. Upstream of autophagy, we
found that the transcription factor SIM2s is required for alveolar differentiation in the
mammary gland and prolongs the survival and function of MECs. Further,
overexpression of Sim2s enhanced mitochondrial elongation and oxidation in vitro, and
SIM2 was associated directly with mitochondria and LC3B on the phagophore
membrane. These results suggest that SIM2s regulates MEC differentiation not as a
traditional transcription factor, but by interacting directing with cytosolic components to
finely tune the metabolic needs of MECs. Additional studies are necessary to verify and
separate the transcriptional and non-transcriptional roles of SIM2s. Together, these
studies increase our understanding of the metabolic reprogramming of MECs during
differentiation and provide insight for future studies regarding the dysregulation that

occurs with disease (Figure 39).
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Figure 39 Model depicting the requirement of autophagy and SIM2s for MEC
differentiation.

To better understand the mechanism of programmed mitophagy, it is necessary to
evaluate both the targeting of mitochondria for degradation and the process of
autophagic flux itself. As programmed mitophagy targeting and receptors vary widely,
we began by investigating autophagic flux and autophagy factors. Autophagic flux
occurs in sequential steps: biogenesis of phagophore membranes, selective or non-

selective engulfment of cytoplasmic material into autophagosomes, and fusion with
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lysosomes to form autolysosomes. To evaluate the requirement of autophagic flux,
factors in these steps are often targeted for inhibition or deletion. Based on our findings,
we suggest that the specific step targeted may have distinct functional outcomes based
on the context of the cell. More specifically, inhibiting autophagic flux at early stages
with depletion of ATG7 resulted in divergent gene-expression outcomes compared to
late-stage inhibition with BAF or CQ.

BAF and CQ inhibit lysosomal acidification, leading to the accumulation of
autophagosomes and preventing autophagic flux. We found that BAF and CQ treatment
in HC11 cells completely abrogated functional differentiation. Similarly, BAF-treated
myoblasts fail to differentiate [102], and CQ treatment prevents the differentiation-
dependent metabolic transition of retinal ganglion cells [103] and significantly stunts the
differentiation of adipocytes [110].

Returning to the autophagosome formation step, we next targeted the Azg genes,
which are well-known and conserved factors in the autophagy conjugation machinery.
Previous work has demonstrated that loss of either A¢g5 or A¢g7 results in early postnatal
lethality [314, 315]. Therefore, the majority of mouse studies have utilized conditional
knockout models to study specific tissues. Studies that utilize early development models,
as in adipocytes and T-cells, report essential roles for ATGS and ATG7 in reaching
functionally differentiated end cell states [110, 316]. Adipose-specific loss of both Azg5
and Atg7 impairs adipogenesis and ultimately results in significantly reduced white

adipose deposits [109, 110, 316]. Similarly, mature T lymphocytes are significantly
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reduced in Azg7 conditional knockout mice, and the naive T-cells that do develop exhibit
increased apoptosis [317].

In contrast, knockout of 47g5 or A¢g7 in mature cell states, such as the heart [318]
and muscle [319], results in phenotypes that are exacerbated when additional stress is
applied; however, neuronal deletion of A#g5 results in neurodegeneration without
additional stress and suggests that basal autophagy is vital in neurons [320]. This
observation is not surprising in light of the many neurodegenerative diseases with root
causes arising from defects in autophagy processes. Genetic loss of A7g5 and Azg7 has
not been specifically studied in lactation; thus, our results are the first to suggest that loss
of Atg7 impairs HC11 MEC bioenergetic capacity and implies a similar requirement for
autophagy during the differentiation of these cells. It would be of interest to target these
factors during postnatal mammary gland development to confirm the in vivo requirement
of the autophagy conjugation system.

Of note, the loss of A#g5 and Azg7 in HC11 cells resulted in a disconnect between
the differentiation-dependent gene expression and bioenergetic responses. We found that
this disconnect resulted from the unexpected contribution of ROS signaling to Csn2
expression (Fig. 6G). ROS production following autophagy inhibition at the early stages
of autophagic flux results from the accumulation of mitochondria [129]. Moreover, ROS
can mediate signaling cascades and activate the STAT family of nuclear transcription
factors [294, 295]. Indeed, STATS, a master regulator of lactation gene expression, was
increasingly activated in shAtg7 cells, and A¢g7 knockdown, but not BAF treatment,

resulted in significantly elevated levels of mROS.
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Further, scavenging mROS in HC11 cells with mitoquinol resulted in
significantly reduced Csn2 expression at 48 h of differentiation and did not affect cell
viability (data not shown). Consistent with our findings, adipocyte differentiation
enhances mitochondrial ROS production, which leads to the induction of PPARG
transcriptional signaling [130]. Although ROS generation is classically regarded as a
damaging event, our findings, as well as those of others, add to the notion that
moderately elevated ROS serve as signaling molecules and may contribute to cellular
differentiation [129].

To further define the contribution of mitophagy during MEC differentiation, we
sought to address the mechanism of mitochondrial targeting. Recently, several
mitophagy factors have been identified, including PINK1, PRKN, BNIP3L/NIX (BCL2
interacting protein 2 like), BNIP3 (BCL2 interacting protein 3), and FUNDCI1 (FUN14
domain containing 1). Although none of these factors have been characterized in the
lactating mammary gland, loss of PRKN [299] or BNIP3 [321] has been associated with
breast cancer progression through the upregulation of HIF1A (hypoxia inducible factor 1
subunit alpha). Interestingly, both BNIP3 [322] and BNIP3L [150] contribute to
PINK1/PRKN-mediated mitophagy. Based on these connections, we evaluated PRKN as
a potential mitophagy factor during MEC differentiation. Although PRKN expression
was non-existent in undifferentiated HC11 cells, strikingly similar to observations in
SH-SY5Y and HeLa cell lines [150, 298], we found substantial induction of PRKN
expression in both total and mitochondrial cell fractions during priming and throughout

differentiation. Importantly, this localization did not coincide or follow a mitochondrial
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depolarization event, as JC-1 ratios indicated no change in the accumulation of JC-1
aggregates between proliferative, confluent, and primed HC11 cell states. These
observations suggest that mitochondrial localization of PRKN occurs independently of
the canonical depolarization-induced accumulation of PINK1 on damaged mitochondria.
Instead, we propose that a yet-to-be-identified developmental signaling cascade is
responsible for PRKN loading and programmed mitophagy in this system.

To further evaluate the contribution of PRKN to HC11 MEC differentiation, we
stably expressed shRNA constructs that target Prkn in HC11 cells. Surprisingly,
knockdown of Prkn resulted in cell death throughout differentiation but not in cell death
in confluent cells maintained for the same length of time. Similar cell death occurs with
loss or mutation of Prkn in mouse cardiomyocytes [113] and dopaminergic neurons of
Parkinson disease patients [323], respectively. We can only speculate that the observed
cell death could be due to the absence of vital PRKN-mediated mitophagy or PRKN-
mediated function unrelated to mitophagy that occurs during the same time frame.
Nevertheless, we found a reduced bioenergetic capacity of HC11 MECs lacking Prkn
compared to control cells, and energy phenotypes differed from those observed after loss
of Atg7. Both OCR and ECAR were stunted in shAtg7 2 cells, whereas shPrkn_2 cells
only exhibited reduced OCRs. This observation again points to the complexity of
interpreting results following perturbation of autophagic flux and suggests that both the
developmental context and stage of autophagy inhibition are important factors.

Parkin ubiquitinates outer mitochondrial proteins, including MFN2, and,

surprisingly, has been shown to ubiquitinate SIM2, targeting it for degradation by the
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proteasome [154]. Proteasomal degradation of bHLH-PAS proteins is a known
mechanism of regulation. For example, HIF1A is hydroxylated and degraded under
normoxic conditions, but is rapidly stabilized in response to low oxygen tension [155].
Thus, SIM2 degradation mediated by PRKN ubiquitination may serve to regulate SIM2
action. Indeed, we have recently shown that SIM2s is stabilized by ATM-mediated
phosphorylation following ionizing radiation and DNA damage [261]; however, we did
not address whether phosphorylation of SIM2s altered its ubiquitination. We have also
demonstrated that SIM2s enhances alveolar differentiation and functions as a tumor
suppressor in breast cancer [239-241, 243, 245]. Together, these observations suggest
that SIM2s is a potential upstream regulator of MEC differentiation and may be involved
directly in programmed mitophagy as well.

Similar to other master regulators of various stages of mammary gland
development, including GATA3 and STATS5A, overexpression of SIM2s enhanced the
functional differentiation of the mammary gland; whereas loss of SIM2s stunted full
differentiation. Ectopic expression of SIM2s also prolonged differentiated MEC
survival, function, and energy state as well as directly impacted the morphology and
oxidation of mitochondria. The increased mitochondrial length and electron density
observed in differentiated HC11-Sim2s cells is interesting because cristae morphology
has been directly linked to respiratory efficiency [144], suggesting that the closely
associated cristae in HC11-Sim2s cells may provide increased functionality. However, it

remains unclear whether the observed mitochondrial elongation is a direct result of
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SIM2 or is an adaptation made to avoid mitochondrial degradation, which has been
suggested in periods of elevated autophagy [324], such as involution.

To more directly address this unanswered question, we performed fractionation
and immunogold labeling experiments to determine the localization of SIM2s during
MEC differentiation. We found that SIM2s localized to mitochondria, which has been
observed for other transcription factors, including STAT3 [276, 310]. Interestingly,
STAT3 has also been implicated indirectly and directly in mitophagy [325], and we have
shown here that SIM2s interacts directly with both mitochondria and the phagophore
machinery, suggesting that similar roles may be attributed to SIM2s. Although oxidative
stress and ROS have been shown to induce STAT3 function [276, 325], the upstream
regulators of SIM2s during MEC differentiation remain unknown. Future investigation
of these regulators will provide important insight into the regulation of MEC
differentiation, mitophagy, and the tumor suppressive role of SIM2s.

The mammary gland is a unique tissue that undergoes successive rounds of
proliferation during gestation, nutrient production during lactation, and regression during
involution. Thus far, evaluation of autophagy during MEC differentiation is limited to
acinar development in vitro [326] and the early stages of involution both in vivo and in
vitro [327-329]. Interestingly, only the early reversible phase of involution involves
autophagy, whereas the later irreversible phase is associated with lysosomal-mediated
cell death. Autophagy induction during early involution is hypothesized to promote cell
survival if lactation stimulus recurs [118]. Induction of autophagy during the early phase

involution relies on STAT3 [78]. STAT3 is expressed across mammary gland
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development and is dramatically activated by tyrosine phosphorylation during involution
[62]. Consistent with these studies, we did not detect activation of STAT3 during late
pregnancy or mid-lactation; however, we did observe induction of nuclear p-STAT3 at
lactation day 1, which has never been evaluated to our knowledge.

Moreover, HC11 cells express p-STAT3 specifically at priming, the transitional
stage between undifferentiated and differentiated cells. As loss of Stat3 results in
embryonic lethality, conditional knockout models have been developed to conditionally
delete Stat3 from the mammary epithelium using Wap or beta-lactoglobulin (Blg)
promoter-driven Cre recombinase expression. Conditional Stat3 deletion in the
mammary epithelium results in delayed involution and retention of mammary alveolar
cells in the absence of lactational stimuli [330]. Although it was suggested that STAT3-
mediated autophagy is associated with cell survival [331], the identity of the upstream
signaling cascade and the effect of STAT3 deletion on autophagy remain unknown. To
further complicate the delineation of the STAT3-mediated autophagy response, STAT3
has been shown to inhibit autophagy through a variety of transcriptional and non-
transcriptional mechanisms in other tissues and is known to localize to the nucleus,
cytoplasm, and mitochondria [325]. Thus, due to the complexity of STAT3 localization
and activation, STAT3 function appears to be highly context-dependent.

Based on previous work in the mammary gland and our observation that p-
STAT3 was induced during early lactation in mouse mammary tissues as well as at
priming in HC11 cells, it is tempting to postulate that STAT3 may contribute to the

autophagy response described here. Of note, mice lacking Stat3 in the mammary
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epithelium from mid-pregnancy through involution do not display developmental
abnormalities and lactate normally [330]. Thus, if functional differentiation of MECs
indeed requires programmed mitophagy, it is unlikely that STAT3 is the sole mediator of
this response. The different outcomes between general autophagy during involution and
the programmed mitophagy reported here point to the relevance of the developmental
context in deciphering the complex mechanisms that coordinate these processes. Indeed,
it is likely that the general autophagy observed during involution is distinct from the
programmed mitophagy described here in terms of biological context, function, and
mechanism. It is also worth noting that programmed mitophagy may be initiated much
earlier in mouse mammary gland development than what has been captured in the
present study or by the current Stat3 conditional knock out models. Additional study will
be necessary to fully delineate the upstream signaling responsible for the induction of
autophagy during early MEC differentiation.

In summary, we propose that programmed mitophagy is the bioenergetic
mechanism responsible for the necessary metabolic transition during MEC
differentiation and that this process is enhanced by SIM2s. To our knowledge, this is the
first work to address the dramatic differences in mitochondria and mitochondrial
function in pregnant and lactating mouse mammary glands [104, 105]. Importantly,
mammary gland development is largely postnatal, and our work suggests that the
mammary gland provides a unique physiological model to study programmed mitophagy
without the application of chemicals or nutrient starvation. Future work will be

necessary to confirm the in vivo requirement of programmed mitophagy during
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mammary gland development as well as to further define the upstream developmental
signals that engage programmed mitophagy and SIM2s. Nevertheless, our results offer
insight into the establishment and maintenance of lactation, with implications for future

studies of mitochondrial dysfunction and disease in the mammary gland.
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