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Abstract

Breast cancer is the leading cause of cancer-related death among women in Canada. Molecular
heterogeneity among breast cancer patients dictates survival outcomes and treatment selection,
with triple-negative breast cancer (TNBC) being the molecular subtype with the worst survival
rates. TNBC is defined by the absence of the estrogen receptor, human epidermal growth factor
receptor 2, and progesterone receptor. TNBC patients have a higher rate of recurrence, partially
due to the lack of targeted therapies thus a greater understanding of the molecular pathways which
promote TNBC survival is required. Transcription factor EB (TFEB) is a master regulator of
lysosomal biogenesis, autophagy, and metabolism with critical roles in several cancers. Lysosomal
autophagy promotes cancer survival through the degradation of toxic molecules and the
maintenance of adequate nutrient supply. We hypothesized that TFEB mediated lysosomal
biogenesis was critical for TNBC cell proliferation and treatment resistance. In this thesis, I find
that TFEB is highly expressed in TNBC, and treatment of TNBC cells with the chemotherapeutic
doxorubicin (DOX) results in TFEB dephosphorylation, nuclear translocation, and transcriptional
activation. Loss of TFEB expression reduced TNBC cell viability, which was associated with
elevated caspase-3 dependent apoptosis, and increased sensitivity to DOX in a mechanism
independent of changes in lysosomal function. Transcriptomics identified that TFEB regulates
homologous recombination repair, which correlated with increased sensitivity to DNA damage
induced by DOX. Other pathways dysregulated by loss of TFEB expression in TNBC cells
included death receptor signaling and nucleotide metabolism, while metabolomics identified that
abundance of the pyrimidine nucleobase cytosine was decreased by TFEB silencing.
Bioinformatics found that transcriptional networks controlled by MYC, FOXMI1, and the E2F
were downregulated by TFEB knockdown. TFEB was found to have a direct role in TNBC cell
cycle regulation, with loss of TFEB function causing G1/S cell cycle arrest. Lastly, TFEB silencing
induces synthetic lethality with inhibitors of the mitotic regulator Aurora Kinase A. Overall, this
research describes the molecular mechanisms through which TFEB promotes the survival and
growth of TNBC cells and identifies novel therapeutic targets for the treatment of triple-negative

breast cancer.
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Chapter 1: Introduction

This chapter contains content originally published in:

Slade L, Pulinilkunnil T. (2017). The MiTF/TFE Family of Transcription Factors: Master
Regulators of Organelle Signaling, Metabolism and Stress Adaptation. Mol Cancer Res.
2017 Dec;15(12):1637-1643

Slade L, Pulinilkunnil T. (2021). Regulation of autophagy - transcriptional, post-
transcriptional, translational and post-translational mechanisms. Autophagy in Health and
Disease 2nd Edition.

1.1 Breast cancer incidence in Canada

Breast adenocarcinoma is a cancer arising from the cells of the mammary gland.
Breast cancer develops from the terminal ductal lobular unit of the mammary body, a tissue
type which contains lobules and ducts consisting of epithelial luminal cells and
myoepithelial basal cells'. Transformation of healthy breast tissue to breast
adenocarcinoma involves conversion from atypical ductal hyperplasia to a non-invasive
form known as ductal carcinoma in situ (DCIS). Most cases of DCIS remain non-malignant,
however, if left untreated, 40% will progress to invasive breast cancer’*. Breast cancer is
the most frequently diagnosed cancer among women in Canada, representing 26% of all
cancer diagnoses or roughly 28000 new cases per year. The lifetime probability of
developing breast cancer for an individual woman is 1 in 8. Breast cancer is the second
leading cause of cancer-related death among women. Although the incidence of breast
cancer remains high, survival rates have increased since 1984, reflecting advances in the
molecular understanding of this disease. In Canada, the five-year survival rate for breast

cancer is 89%, and the ten-year survival rate is 82%>.
y



1.2 Molecular subtypes of breast cancer

Breast cancer is a highly heterogenous disease, representing different molecular
pathologies with varied treatment options and patient outcomes (Fig. 1.1)%’. The primary
method of classifying breast cancer subtypes is through the immunohistochemical (IHC)
analysis of three markers: estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2)®. Hormone receptor-positive (HR+) breast
cancer, which expresses both ER and PR, is the most diagnosed subtype. A study of 50571
breast cancer patients in the United States found that 72.7% of cases were HR+/HER2-,
while an analysis 0of 23673 patients from Ontario found that 74.3% of cases were diagnosed
HR+/HER2-*!°. Cancer classified as HR+/HER2+, also known as triple-positive breast
cancer, accounts for 10% of cases, whereas HER2+ enriched breast cancer represents
roughly 5% of cases”!®. The second most common subtype of breast cancer is triple
negative breast cancer (TNBC), and these tumors lack expression of ER, PR, and HER2.
Studies have found that 10.8% of cancers diagnosed in Ontario and 12.2% of cancers in the
United States are designated as triple negative (Fig. 1.1)>!°. Triple negative breast cancer
is more common among Black and Hispanic women and has a relatively higher prevalence
in women under the age of 50%!°. Histological subtypes based on ER, PR, and HER2
expression strongly predict patient outcomes. Analysis of 196094 women diagnosed with
breast cancer between 2010 and 2013 in the United States found that the 4-year survival
rate for HR+ breast cancer was 92.5%, whereas the survival for triple negative breast cancer
was 77%'!. A similar study among breast cancer patients in Ontario likewise found that
receptor status was a significant predictor of survival, with triple negative breast cancer

patients having the worst outcome (Fig. 1.1)°.



Breast cancer subtyping was refined with the emergence of global gene expression
platforms, which led to the classification of the “intrinsic” breast cancer subtypes'2.
Hierarchical clustering of transcriptome data from breast cancer patients and cell lines
identified five subtypes, known as luminal A, luminal B, HER2 enriched, normal-like, and
basal, named according to their similarities with the gene expression profile of cells in non-
cancerous breast tissue!*!*, The molecular subtypes based on gene expression show a high
degree of relation with the immunohistochemical markers, as luminal A corresponds to
HR+/HER2-, luminal B with HR+/HER2+, and the HER2 enriched subtype with HER2+
immunoreactivity'®. Triple negative breast cancer tends to map closely with the basal
subtype, and roughly 80% of cancers classified by IHC as TNBC are designated as basal-
like'?. The normal-like subtype does not directly correspond to IHC markers; however,
these tumors are typically HR+'°. The key genes defining these breast cancer subtypes have
been reduced to a 50-gene classifier known as the PAMS50, which is clinically used to
identify patients with a high risk of relapse!®!”. Given correspondence to the IHC subtypes,
it is unsurprising that patient outcomes vary according to intrinsic subtype, with patients
categorized as having luminal A cancers surviving significantly longer than the basal and

HER?2 subtypes (Fig. 1.1)!417.

A further improvement to the intrinsic subtype classification was the discovery of
six distinct TNBC subtypes, which allowed for further characterization of the molecular
heterogeneity of these cancers. The six TNBC subtypes were defined as basal-like 1, basal-
like 2, immunomodulatory, mesenchymal-like, mesenchymal stem-like, and luminal
androgen receptor'®. The TNBC subtypes do not correlate with patient survival; however,

the subtypes do explain differential sensitivity to therapeutic agents'®!°. Lastly, a breast



cancer subtyping system based on both gene expression data and analysis of copy number
alterations identified ten groups known as the integrative clusters®. The ten integrative
clusters resemble the IHC subtypes, with IntClust 1-3 and 6-9 mainly being ER+, while the
HER2+ cancers clustered in IntClust 5 and the TNBC cancers were mainly assigned to
IntClust 10, with some being assigned to IntClust 4%'. The integrative clusters are
significant predictors of patient prognosis, with clusters 2, 5, and 10 having the worst
outcomes’!. Notably, the integrative clusters are more predictive of distant relapse
compared with IHC subtypes among ER+/HER2- patients, while among TNBC patients, it
is found that cancers classified and IntClust 4 have a far greater chance of recurrence after

five years compared to IntClust 10 cancers?.
1.3 Molecular mechanisms underlying breast cancer

Genomic alterations leading to dysregulated signaling pathways are the root cause
of breast cancer, and these alterations also vary by breast cancer subtype®. Signaling
pathways that are frequently altered in breast cancer can be classified into three related
groups 1) hyperactivation of growth signaling pathways, 2) sustained activation of the cell
cycle and bypass of cell cycle checkpoints, and 3) suppression of DNA repair and apoptotic

signaling.
1.3.1 Growth Signaling

Activation of growth signaling triggers the uncontrolled proliferation and
supporting biosynthetic processes that are characteristic of cancer. Alterations commonly
found in breast cancer that promote sustained growth signaling include activating mutations

in PIK3CA (Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha) and



deletion of PTEN (Phosphatase and tensin homolog)®*. PIK3CA is the catalytic subunit of
the class I phosphoinositide 3-kinase (PI3K) that generates phosphatidylinositol (3,4,5)-
trisphosphate (PIP3). PIP3 is a signaling lipid that activates the Akt-mTOR (Protein kinase
B-mechanistic target of rapamycin) signaling cascade, and the formation of PIP3 is directly
opposed by PTEN?*, PIK3CA mutations are more frequently found in ER+ breast tumors,
whereas PTEN is more frequently deleted in TNBC?. Another commonly altered pathway
in breast cancer is the RTK-MAPK (receptor tyrosine kinase-Mitogen-activated protein
kinase) growth signaling cascade’®*?>. Extracellular ligands such as epidermal growth
factor (EGF) or insulin-like growth factor (IGF) activate receptor tyrosine kinases on the
cell surface, which triggers a signaling cascade culminating in the activation of mitogenic
transcription factors such as CREB (CAMP Responsive Element Binding Protein) and
MYC (Fig. 1.2)*°. In breast cancer, the receptors: ERBB2/HER2, EGFR (Epidermal growth
factor receptor), and FGFRI1 (Fibroblast growth factor receptor) are frequently
overexpressed through copy number alteration, which promotes ligand-independent
dimerization and activation’»?”?8, Likewise, MYC, a transcription factor downstream of
RTK-MAPK signaling, is frequently overexpressed in breast cancer through copy number
amplification’’. HER2 overexpression defines its own subtype of breast cancer; however,
amplification of MYC is associated with all breast cancer subtypes, while EGFR and
FGFRI1 are more frequently amplified in TNBC?’. Finally, a significant fraction of breast
cancers feature overexpression of estrogen receptor signaling. The estrogen receptor
(ESR1) is activated by estrogen, leading to a homodimer that can activate transcription®’.
Downstream targets of the estrogen receptor are involved in upregulation of the cell cycle
and protein synthesis, among many other pathways*’!. Estrogen receptor overexpression

in breast cancer, and thus the ER+ subtypes, is correlated with mutations in ESRI
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transcriptional regulators such as GATA3 (GATA Binding Protein 3) and FOXAIl
(Forkhead Box Al), while GATA3 and FOXAT1 copy number amplification and mRNA

overexpression are also frequent?*->33,

1.3.2 Cell Cycle

Activation of growth signaling pathways is a common mechanism to support
continuous cell proliferation. This is often accompanied by structural alterations in the
genes that regulate progression of the cell cycle. The cell cycle is a well-orchestrated
mechanism to ensure DNA is replicated with high fidelity and that cells do not divide with
genomic errors®*. In healthy tissue, the cell cycle is initiated when cells in G1 are stimulated
by mitogenic growth factors that promote the expression of D-type cyclins (e.g. cyclin D1).
The cyclin D family activates cyclin dependent kinases (CDK) 4 and 6 to phosphorylate
and inhibit RB1 (RB Transcriptional Corepressor 1)*. Inhibition of RBI relieves
repression of the E2F family of transcription factors which then upregulates cyclin E and
the protein machinery involved in DNA replication, such as origin recognition complexes,
helicase family members, and DNA polymerases. Cyclin E associates with and activates
CDKZ2, which further phosphorylates RB together with several DNA replication factors that
commit cells to DNA synthesis*>-’. During the S-phase, cyclin A becomes gradually
upregulated and displaces cyclin E as the CDK2 binding partner, which leads to progression
into G2*-°. During G2, cyclin A complexes with CDK1 to promote progression to mitosis
(M-phase), accompanied by upregulation of cyclin B, leading to chromatin condensation,
fragmentation of the nuclear envelope, and eventual separation of chromatids (Fig. 1.3)*%°.
Negative regulation of the cell cycle is accomplished by CDK inhibitor proteins, including

the INK4 family (e.g. pl6 INK4a), which inhibit CDK4/6, and CIP/KIP family of



inhibitors, such as CDKN1A/p21 and CDKN1B/p27, which interact with both CDK2 and
CDK4/6 (Fig. 1.3)%. In breast cancer, genetic alterations which cause cell-cycle
dysregulation and continuous proliferation are highly prevalent?’. Copy number
amplification of cyclin D1 and cyclin E1 are a frequent occurrence in breast cancer, with
cyclin DI amplification more common in ER+ breast cancer while cyclin E1 gene
amplifications are found more frequently in TNBC**?’. Deletions and mutations in RB1
are also often present in TNBC, with one study estimating that 20% of basal-like tumors
lack RB1 expression compared to only 2% of luminal tumors®’#?, Additionally, a defining
characteristic of TNBC is an elevated expression of the genes which orchestrate the cell

cycle and DNA replication'*°.

1.3.3 DNA damage checkpoints and DNA repair

A key factor leading to cell cycle arrest in normal tissue is DNA damage. As such,
cancer cells show frequent alteration in the cell cycle checkpoints responsible for
preventing replication of damaged DNA2’. DNA damage induces cell cycle arrest to allow
DNA repair to take place*'. DNA damage signals through the kinases ATR (Ataxia
Telangiectasia And Rad3-Related Protein) and ATM (Ataxia Telangiectasia Mutated),
which in turn activate checkpoint kinases 1 and 2 (CHK1/2)*. Both ATM/ATR and
CHK1/2 can phosphorylate and stabilize TP53, the master transcriptional regulator of DNA
repair, cell cycle checkpoints, and apoptosis***. In cells without damaged DNA, TP53 is
degraded by the E3 ubiquitin ligase complex MDM2/MDM4 (Mouse double minute
homolog 2/4); however, phosphorylation of both MDM2 and TP53 prevents the function

42,44

of this complex resulting in increased TP53 protein levels TP53 transcriptionally

upregulates a broad array of targets to suppress the cell cycle, most notably p21, while also



increasing the expression of genes involved in DNA repair**. Conversely, TP53 activates
a transcriptional repression complex, known as the pS3-DREAM pathway, containing the
proteins LIN9, LIN37, LIN52, LIN54, and RBBP4 that associates with transcriptional
activators of cell cycle progression such as E2F, B-MYB, and FOXM146. The DREAM
repressor complex binds cell cycle homology regions (CHRs) and can suppress the
transcription of hundreds of cell cycle genes to cause the arrest of cell proliferation*.
Activation of p53 also upregulates several genes involved in apoptosis, and p53 activation
alone can be sufficient to induce cell death (Fig. 1.4A)*". In breast cancer, TP53 is the most
frequently mutated gene, with roughly 35% of cases displaying loss-of-function mutations,
and these mutations are especially prevalent in TNBC, wherein 80% of tumors present with

TP53 loss of function??’,

Dysregulation of DNA repair machinery is also a significant contributor to breast
cancer. There are several DNA repair pathways that individually respond to different types
of DNA damage. Base excision repair, mismatch repair, and nucleotide excision repair are
mechanisms to correct damage to base pairs or replication errors that could lead to point
mutations if left uncorrected*®. Defects in excision repair and mismatch repair pathways
are rare in breast cancer*>°. DNA double strand breaks (DSB) are highly cytotoxic lesions
formed when both strands of DNA become broken>!. The cell has two primary mechanisms
of DSB repair: homologous recombination (HR) and non-homologous end joining (NHEJ).
Homologous recombination is an error-free repair pathway that relies on the sister
chromatid as a template for repair. Consequentially, HR is only active in the late S-phase
through to G2/M. HR repair is initiated with recognition of the DSB by the MRN (Mrel1-

Rad50-NBR) complex that subsequently processes the break to create single stranded



overhangs through DNA end resection. Resected DNA ends are bound by RADSI in
coordination with BRCA1 and 2, and the RAD51-DNA filaments conduct a search for
homologous DNA to use as a template. Once homology is found, RAD51 mediates strand
invasion and the formation of structures that allow for DNA repair by DNA synthesis (Fig.
1.4B)>!°2, NHEI is a lower fidelity but less restricted repair mode that functions to ligate
DNA double strand breaks together. Following break recognition, Ku70/XRCC6 and
Ku80/XRCCS5 form a heterodimer at the break site to activate DNA-PK/PRKDC (DNA
dependent protein kinase), which is essential for ligation of the DNA break by DNA ligase
4 and XRCC4°2. NHE] is only error-free if the DNA break can be re-ligated without end
processing; however, mutations will occur if the break requires end resection (Fig. 1.4B).
Loss-of-function mutations and epigenetic suppression of homologous recombination
DNA repair factors such as BRCA1, BRCA2, PALB2, and RADSIC are frequently
associated with TNBC, which leads to error-prone DNA damage repair and increased
genomic instability>®. Moreover, hereditary breast and ovarian cancer syndrome is caused
by mutations in BRCA1 or BRCA2, and the lifetime risk of developing breast cancer for

women carrying these germline mutations is roughly 70%>*.
1.4 Treatment of breast cancer
1.4.1 ER-positive cancers

The clinical utility of the breast cancer molecular subtypes has been the capability
to identify patients who will benefit from targeted therapies since there are differences in
molecular drivers by breast cancer subtype. Indeed, targeted therapies have been developed
for cancers driven by overexpression of the estrogen receptor and those driven by HER2.
Luminal breast cancers driven by the overactivation of estrogen signaling are effectively
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treated using endocrine therapy, which either blocks the effects of estrogen or lowers the
level of the hormone®®. Common drugs used for the treatment of ER+ cancers include the
selective estrogen receptor modulators tamoxifen and fulvestrant, or aromatase inhibitors
such as letrozole®. Novel therapies targeting the cell cycle proteins CDK4/6 have also been
approved for use in ER+ breast cancer, namely: palbociclib, ribociclib, and abemaciclib.
ER+ breast cancers have frequent overexpression of cyclin D and CDK4, and as such, these
tumors depend on G1/S regulators for proliferation®. Clinical trials have found that
Palbociclib combined with letrozole increases progression free survival by 10 months

compared to letrozole alone™.
1.4.2 HER2-positive cancers

For HER2 enriched breast cancers, monoclonal antibodies targeting HER2 have
been developed, such as trastuzumab, and have greatly improved the prognosis for this
subtype®’. Trastuzumab treatment increased the rate of complete pathological response
(pCR) from 19% to 38% and 5-year event free survival from 43% to 58%°%. Trastuzumab
can also act as a vehicle to deliver cytotoxic chemotherapy exclusively to the tumor cells
which overexpress HER2. A combination of trastuzumab with the mitotic inhibitor
maytansine, known as T-DM1, is a more effective treatment compared to combination
treatment with trastuzumab and paclitaxel while also producing fewer severe adverse
events®. Lapatinib, a tyrosine kinase inhibitor that targets both HER2 and EGFR is also
approved to treat HER2 enriched breast cancer. Lapatinib shows efficacy when used in
conjunction with capecitabine or paclitaxel in patients as second-line therapy following

t60

trastuzumab treatment™. Combination of lapatinib with trastuzumab is also a promising
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treatment strategy, as clinical trials show that the rate of pCR is substantially higher, 50%

vs. 30%, when the two treatments are combined in comparison to single agent therapy>’.
1.4.3 Triple-negative breast cancer

Treatment of triple negative breast cancer remains restricted due to the lack of
targeted therapies; therefore, cytotoxic chemotherapy is the standard of care®!. Notably, a
novel therapy targeting PARP1 (poly-ADP ribose polymerase), Olaparib, has been
approved to treat breast cancer patients carrying BRCA1 and BRCA2 loss-of-function
mutations®’. Breast cancer patients with germline BRCA1 or BRCA2 mutations are
classified as triple-negative with a high frequency. Consequently, 10% of all TNBCs
present with germline BRCA1/2 mutations®’. Inhibition of PARP leads to trapping of PARP
on DNA and the inhibition of DNA single-strand break repair, ultimately leading to DNA
replication fork collapse and excessive DNA double strand breaks. Loss-of-function in
BRCA1/2 renders homologous recombination DNA DSB repair inactive therefore, PARP
inhibition in BRCA mutated cancers causes accumulation of unrepaired DNA breaks
leading to cell death®?. The efficacy of olaparib was studied in metastatic HER2-negative
breast cancer with germline BRCA1 or BRCA2 mutations. This study found that in
comparison to conventional chemotherapy, Olaparib significantly extended median
progression free survival to 4.2 months to 7 months, although there was no significant
benefit in overall survival®. Olaparib has also been studied for effectiveness as adjuvant
therapy for early breast cancer patients carrying a germline BRCA mutation. In comparison
to the placebo, olaparib significantly reduced the rates of both invasive and distant disease-
free recurrence, along with increased rates of overall survival®. Although olaparib is only

approved for the treatment of patients with a germline BRCA mutation, over 50% of
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TNBCs display homologous recombination deficiency (HRD), a phenomenon known as
BRCAness, through somatic mutations and DNA methylation of homologous
recombination genes, signifying that a larger percentage of patients may benefit from PARP
inhibition®®. Early-phase clinical trials confirm that olaparib produced a response in 56%
of TNBCs, and homologous recombination deficiency predicted this response in 16 of the
18 patients®®. Although the development of PARP inhibitors represents progress in the
treatment of TNBC, not all patients will benefit from this therapy. Furthermore, the trials
conducted to date fail to show that PARP inhibition improves overall survival in the context
of metastatic disease, and thus novel targets along with improvements to standard

chemotherapies in TNBC must be studied.

Currently, the chemotherapies most widely used for TNBC include taxanes
(paclitaxel, docetaxel), anthracyclines (epirubicin, doxorubicin), platins (cisplatin,

191, Taxanes are a class of anti-mitotics that

carboplatin), and capecitabine/5-fluorouraci
specifically induce apoptosis in proliferating cells by stabilizing microtubules and
preventing the separation of replicated chromosomes®’. Anthracyclines, platins, and
capecitabine are agents which interact with DNA to inhibit the process of replication and
cause genomic damage leading to cell death®®®. Although the optimal chemotherapy
regime has not been established, the recommended first-line treatment for TNBC in the
neoadjuvant (before surgery) and the metastatic setting is an anthracycline-taxane

combination’%7?,

TNBC is characteristically responsive to systemic chemotherapy due to the highly
proliferative nature of the subtype; however, subgroupings of TNBC have been identified

that are more resistant to these treatments'>!°. For TNBC, the rate of pCR is estimated at

12



between 22 and 30%, compared to 11% for non-TNBC®!"-73, Molecular heterogeneity within
TNBC is predictive of response to chemotherapy. The TNBC-type basal-like 1 (BL1),
which features elevated cell cycle pathway gene expression, shows a response rate of
~50%, whereas basal-like 2 (BL2), mesenchymal (M), and androgen-receptor (AR)
subtypes respond at rates of 12%, 29%, and 15% respectively'®!°. TNBCs which achieve
a complete response have far better survival outcomes compared to patients which do not
respond®!. One marker for response to cytotoxic chemotherapy in TNBC is deficiency of
homologous recombination. In a trial where patients received anthracylinet+taxane
treatment, 77% percent of patients with HRD achieved a complete pathological response,
whereas the same was true in only 25% of non-HRD patients’*. Despite the increased
response rates compared with non-TNBC cancers, the long-term rates of progression-free
and overall survival are considerably lower for TNBC, with 76% of non-TNBC patients
surviving progression free after three years compared to 63% of TNBC patients’*. Indeed,
the risk of distant recurrence within five years is ~2.5 times greater for TNBC compared to
non-TNBC; however, the rates become equal after five years. Among patients who
experience distant recurrence, those with TNBC are ~1.5 times more likely to die compared
with non-TNBC cancers, indicating that treatment resistance contributes to worse outcomes
in TNBC”. In summary, TNBCs are partially sensitive to cytotoxic chemotherapy, but only
one-third of patients completely respond. Furthermore, the presence of residual disease,
recurrence, and treatment resistance is an outstanding clinical challenge that drives worse
outcomes for TNBC, therefore strategies that increase sensitivity to systemic chemotherapy

will yield improvements for patients.
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1.5 Doxorubicin

Anthracyclines, namely doxorubicin and epirubicin, are a standard treatment for
triple negative breast cancer. Anthracyclines are DNA damaging agents that intercalate the
DNA double helix. The most direct action of the anthracycline class is to inhibit
topoisomerase 20 and f (TOP2A and TOP2B), DNA repair enzymes which induce
topological changes in DNA to prevent overwinding of the DNA double helix®7°.
Processes that require DNA unwinding such as transcription and replication induce
overwinding in other areas of the genome, which can inhibit the progress of replication
forks and prevent separation of daughter chromosomes at the end of the S-phase’®.
Topoisomerase 2 enzymes rectify topological issues of helical DNA by creating a DNA
double strand break to untangle the two pieces of DNA before re-ligating the strand’®.
Inhibition of TOP2A by anthracyclines forces the accumulation of enzyme-induced DNA
double strand breaks, thereby promoting cell death®®. Inhibition of TOP2 is an effective
strategy for cancer treatment due to their increased rate of proliferation, which increases
the reliance on TOP2 mediated DNA strand untangling for both replication and separation
of the template strand and daughter strand upon entry into mitosis. Secondary mechanisms
of toxicity from anthracyclines are the induction of oxidative stress and the formation of
anthracycline-DNA adducts. Oxidative stress involves the overproduction of free radicals,
which cause additional damage to cellular components such as DNA. In the case of
anthracyclines, oxidative stress arises as a by-product of drug metabolism and alterations
in cellular iron levels®. Anthracyclines intercalated into DNA will also form adducts that
interfere with replication and transcription’’. The mechanism of anthracycline-induced

cytotoxicity is demonstrated to be a function of the drug concentration. TOP2 dependent
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DNA strand breakage mainly contributes to cell death at concentrations between 0.1 - 1
uM, with the effect of oxidative stress becoming more pronounced at concentrations
between 2 and 4 pM’®. Likewise, the mechanism of cell death varies according to the
concentration of doxorubicin. Concentrations of doxorubicin below 100 nM induce cell
death through mitotic catastrophe over a period of 10 days, whereas higher doses result in

apoptosis within 3 days’>°.

The relative benefit of anthracycline therapy compared to other drugs is undefined
in TNBC. When used as neoadjuvant chemotherapy, single agent treatment with either
anthracyclines or taxanes results in lower rates of pCR (20 and 12%) compared to combined
treatment with both agents (28%)7*#!. There is limited trial data on the efficacy of
anthracyclines in the metastatic setting; however, one meta-analysis has found that first-
line therapy of anthracyclines produced a higher objective response rate than taxanes and
extended the median progression free survival from 5 months to 7 months®-%2. Additional
studies have likewise found doxorubicin efficacious for metastatic breast cancers, with
treatment resulting in a median progression-free survival of 7.8 months and an objective
response rate of 38%%%, In a trial of stage II/IIl invasive breast carcinoma, treatment
regimens containing epirubicin yielded significantly improved outcomes specifically for
TNBC, with the combination of fluorouracil, epirubicin, and cyclophosphamide followed
by docetaxel increasing the rate of pCR, disease-free survival, and overall survival in

comparison to combination treatment with docetaxel and cyclophosmamide®*.

One limitation to using anthracyclines in both metastatic and treatment-resistant
breast cancer is dose-dependent side effects. Anthracyclines, most prominently

doxorubicin, induce cardiotoxicity and myocardial dysfunction leading to congestive heart
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failure. The leading risk factor for the development of DOX induced heart failure is
cumulative lifetime dose®. At cumulative doses of 400 mg/m?, the incidence of heart
failure is estimated at 4%; however, with higher cumulative doses, the incidence increases,
and the rate of heart failure for patients receiving a dose of 700 mg/m? is nearly 50%%. The
treatment schedule for doxorubicin is typically 6 cycles with a dosage of between 40-60
mg/m?, therefore patients are restricted to one full course before the risk of cardiotoxicity
becomes limiting®®%7. Thus, anthracyclines are an effective TNBC treatment; however,
their use is limited by dose-dependent cardiotoxicity. As a result, therapeutic strategies that
decrease their effective dose and overcome cancer cell drug resistance could increase the

rate of response and reduce recurrences.
1.6 Mechanisms of Chemoresistance
1.6.1 Drug Transport

To identify therapeutic targets which could make TNBC more sensitive to
anthracycline treatment, a greater understanding of the mechanisms through which cancer
cells resist chemotherapy-induced cell death is required. Chemoresistance can be an
intrinsic property of the primary tumor or acquired following chemotherapeutic treatment.
One of the main chemoresistance pathways is increased drug export. Drug efflux is
accomplished by ATP binding cassette transporters (ABCs), a group of transmembrane
proteins that undergo a conformational change upon substrate binding and ATP hydrolysis
to actively transport molecules outside the cell (Fig. 1.5)%. Expression of the ABC
transporter family member ABCBI1/p-glycoprotein is predictive of resistance to
doxorubicin and taxane chemotherapy in breast cancer, and ABCB1 expression increases
in tumors following chemotherapy®®. Doxorubicin and epirubicin resistant cell lines
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generated in vitro likewise display elevated levels of ABCBI, and knockdown of ABCBI1
is sufficient to restore sensitivity to anthracycline treatment’*°2. Other family members of
ABC proteins can transport anthracyclines, including ABCC1 and ABCG2, while increased
expression of these transporters following neoadjuvant chemotherapy correlates with
reduced progression free survival for breast cancer patients’»**. Chemo-sensitization
through inhibition of ABC efflux transporters is effective in pre-clinical models but has

thus far failed to provide a benefit for patients®.
1.6.2 Growth Signaling

Growth signaling pathways are also dysregulated in response to chemotherapy for
the promotion of cell survival (Fig. 1.5). Transcriptomic analysis of post-treatment residual
disease from TNBC patients identified a significant elevation of MAPK/ERK
(Extracellular Signal-Regulated Kinase) signaling genes that was associated with the
genomic deletion of DUSP4, a negative regulator of the MAPK/ERK pathway®®®’. Further
studies found that treatment of drug-resistant mouse allografts with doxorubicin increased
the levels of platelet-derived growth factor receptor a (PDGFRa), as well as the levels of
phosphorylated ERK?®. Breast cancers with elevated levels of EGFR also show increased
levels of ABCG2, and EGFR inhibitors can re-sensitize resistant cells to chemotherapy
through ABCG2 downregulation®. PTEN alterations in breast cancers are also associated
with increased resistance to doxorubicin, and mutation of PTEN in breast cancer cells lines
reduces DOX induced cytotoxicity, while inhibition of mTOR partially reverses this
effect”. Treatment with neoadjuvant chemotherapy also selects for PTEN deletion and
amplification of Akt-mTOR pathway components in breast cancer patients, indicating that

Akt-mTOR activity confers resistance to chemotherapy’®. Given that one of the
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downstream targets of both MAPK and Akt-mTOR signaling is inhibition of apoptosis, it
is reasonable that dysregulation of apoptotic machinery also promotes chemoresistance'%"-
192 Tndeed, overexpression of anti-apoptotic BCL2 (B-cell lymphoma 2) family members
promotes anthracycline chemoresistance. In post-chemotherapy TNBC residual disease,

amplification of the BCL2 family member MCL1 is more frequent”®

. Likewise, the absence
of BCL2 expression is associated with a complete pathological response to anthracycline
treatment in breast cancer patients'®. Inhibition of the BCL2 family is a potential
therapeutic strategy to sensitize breast cancers to anthracycline treatment, as pre-clinical
models show that treatment of breast cancer cells with doxorubicin and the BCL2 family
inhibitors ABT-199 or ABT-737 produces greater cytotoxicity than either treatment

21101’16104’105.

1.6.3 DNA repair

Chemoresistance to anthracyclines can also arise from alterations in DNA repair
and DNA damage signaling pathways (Fig. 1.5). Indeed, patients with defective
homologous recombination show an increased response of to neoadjuvant chemotherapy’*.
Similarly, immunohistochemical analysis of RADS51, a crucial HR repair protein, is
predictive of response to chemotherapy in breast cancer as 33% of patients with low
RADS1 staining achieving a pCR compared with 3% of patients with high RADS51
levels!®. In vitro studies confirm that acquired chemoresistance to anthracyclines is caused
by increased DNA double strand break repair. TNBC cell lines made resistant to the
combination of doxorubicin and docetaxel displayed increased homologous recombination
and non-homologous end joining (NHEJ) compared to the parental sensitive cell lines and

can be re-sensitized to chemotherapy by inhibition of DNA repair proteins ATM, ATR, or
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RADS51!%7. Further studies have found that an inhibitor of DNA-PK, a kinase essential for
NHE]J, sensitizes TNBC cell lines and patient derived xenografts to doxorubicin by
increasing the levels of DNA double strand breaks leading to catastrophic genomic

instability!%8.

1.6.4 Metabolism

Another feature of breast cancers resistant to anthracycline chemotherapy is the re-
wiring of cellular metabolism. Cancer cell metabolism is altered from non-diseased cells
and shifts away from energy producing metabolic pathways such as mitochondrial
respiration. Instead, metabolic pathways which produce the molecules for biosynthetic
processes needed for cell growth are elevated in cancer cells, including glycolysis,
nucleotide biosynthesis, and amino acid biosynthesis!?’. Post-chemotherapy residual
disease from TNBC patients displays elevated expression of oxidative phosphorylation
genes, and mouse xenografts from these patients can be sensitized to anthracyclines by
sequential treatment with chemotherapy followed by an inhibitor of oxidative

phosphorylation!!°.

In drug resistant TNBC patients, amplification of MYC drives
increased mitochondrial respiration, which promotes reactive oxygen species dependent
activation of the pro-survival transcription factor HIFla (hypoxia inducible factor 1
alpha)!!!. Further, doxorubicin resistant breast cancer cell lines show elevated glutamine
metabolism, which drives the production of the antioxidant glutathione!'?. Lastly,
doxorubicin treated TNBC cells show activation of pyrimidine biosynthetic machinery and

elevation of pyrimidine nucleotides. Upregulation of nucleotide biosynthesis in response to

DNA damaging agents provides the materials for DNA repair, and inhibition of pyrimidine
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biosynthesis sensitizes TNBC cells to lower doses of doxorubicin while increasing the

levels of DNA double strand breaks (Fig. 1.5)'"°.
1.7 The Autophagy-Lysosome Pathway

An emerging mechanism of anthracycline chemoresistance is activation of the
autophagy-lysosome pathway. Autophagy, specifically macroautophagy, is an essential
cellular degradation pathway that maintains cellular homeostasis and survival in resting
and stress conditions'!*. The ULK1 kinase complex containing ULK1, FIP200, ATG13,
and ATG101 initiates autophagy. ATG101 activates the class III PI3K complex containing
BECNI1 (beclinl), ATG14, VPS15, and the active PI3K: VPS34!!> PI3K activity is critical
for isolation membrane formation. Subsequently, covalent binding of LC3 with
phosphatidylethanolamine by a ubiquitin-like conjugation system, which includes ATG 3,
5,7, 10, 12, and 16, results in autophagosome maturation''®!!8 Lipidated LC3 elongates
the maturing autophagosome and acts as a receptor for targeting specific molecules to the

9

autophagosome'!®. The mature autophagosome fuses with the lysosome, an acidic

organelle containing hydrolases that degrade the contents of autophagosomes'!’.
Macroautophagy degrades several cellular components in bulk, including whole organelles,
protein, lipids, and ribosomes, among many others (Fig. 1.6)'?°. A more targeted form of
autophagy known as chaperone-mediated autophagy (CMA) allows specific proteins
containing a KFERQ motif to be degraded in the lysosome through interaction with a
chaperone HSC70 and lysosomal membrane protein LAMP2A'?!. During carcinogenesis,
autophagy exerts an anti-tumorigenic effect by degrading and/or recycling damaged

cellular organelles, thereby blocking the accumulation of endogenous mutagens and

preventing further genomic alterations. However, following tumor induction, cancer cells
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co-opt autophagy as a cell survival mechanism to promote nutrient reallocation for diverse
cellular needs. Therefore, autophagy can suppress cancer development through its
cytoprotective properties; however, once cancer has developed, these same properties

122

sustain survival of the tumor'~*. Cytoprotective and oncoprotective properties of autophagy

include managing oxidative stress, preventing DNA damage, and supporting metabolism

under nutrient depleted conditions!?>123,

There is increasing evidence that autophagy and the lysosome contribute to
anthracycline chemoresistance in breast cancer. In TNBC cell lines, epirubicin increases
the levels of autophagy related proteins and autophagic flux while epirubicin-resistant cell
lines retained elevated autophagic activity'?*. In TNBC cells that escape from doxorubicin
induced cell senescence, autophagic activity and regulators of autophagy are significantly
elevated'?. Similar results are found in ER+ breast cancer cell lines, where anthracycline
resistant cells show elevated autophagy-lysosome protein and gene expression''?!26,
Numerous studies have confirmed that elevation of autophagy in response to anthracyclines
is cytoprotective in breast cancer, as inhibition of autophagy increases sensitivity to both

doxorubicin and epirubicin in cell lines and mouse xenografts!>+126-129,

Although several models have been proposed, the mechanisms underlying
autophagy-induced chemoresistance are unclear. Sequestration and exocytosis of
anthracyclines in the lysosome have previously been reported, as doxorubicin is a weak
base that accumulates in the lysosome once protonated'*®!3!. Lysosomes are also reported
to mediate drug exocytosis, given that sequestration of chemotherapeutics is associated
with movement of lysosomes to the plasma membrane and increased levels of extracellular

lysosomal proteins (Fig. 1.5)'*°. Autophagy also plays a direct role in the DNA damage
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response, and activators of autophagy are direct downstream targets of DNA damage
signaling kinases'*. In autophagy deficient mouse embryonic fibroblasts (MEFs), CHK 1
levels are decreased due to proteasomal degradation, leading to inhibition of HR repair and
an over reliance on NHEJ repair. As a result of defective HR, autophagy deficient cells

show elevated sensitivity to DNA damaging agents'®?

. Autophagy mediated degradation of
the cargo receptor p62/SQSTMI also regulates DNA damage repair. Autophagy inhibition
causes the accumulation of SQSTM1, which inhibits RNF168, a ubiquitin ligase crucial for
the recruitment of DNA repair factors such as BRCAl and RAD51. Consequently,
knockdown of SQSTM1 is sufficient to rescue DNA repair in autophagy deficient cells!**.
Clearance of micronuclei may be another mechanism through which autophagy prevents
cell death in response to DNA damaging agents. Micronuclei are small nuclear fragments
distinct from the core nucleus structure and arise from unresolved DNA damage forming
chromosomal fragments that are not incorporated into the nuclei during cell division'?>.
Micronuclei activate the cytosolic DNA sensor cGAS (cyclic GMP-AMP synthase), which
in turn activates interferon signaling, potentially leading to cell death'3®!%’. The autophagy
proteins SQSTM1 and LC3 co-localize with micronuclei in a manner dependent on cGAS,
consequently cells deficient in ATG7 or cGAS show accumulation of micronuclei'?13%139,

Although clearance of micronuclei suppresses the cGAS inflammatory pathway, it has not

yet been tested whether this contributes to chemoresistance in cancer.

Another cytoprotective mechanism of autophagy in the context of chemotherapy is
the regulation of metabolism and mitochondrial function. Autophagy acts to sustain
metabolism in multiple cancers during conditions of nutrient starvation by recycling

cellular components'*’. In breast cancer cells, autophagic deficiency results in decreased
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glucose metabolism and reduced proliferation in low glucose media'*!. Deficiency of
autophagy also reduces nucleotide content, leading to elevated DNA damage levels'*?.
Given that altered glucose and nucleotide metabolism are common features of
anthracycline resistant cells, it is probable that autophagy contributes to metabolic
remodeling. Mitochondrial damage is also a factor in anthracycline cytotoxicity, and
mitochondrial autophagy, or mitophagy, acts as a quality control mechanism to ensure
damaged mitochondria are removed'*’. Autophagy deficient cells accumulate damaged
mitochondria leading to increased oxidative stress and reduced oxidative
phosphorylation'**!*, In breast cancer cells, inhibition of mitophagy sensitizes cells to
doxorubicin by causing the accumulation mitophagosomes'®. In summary, the autophagy-
lysosome pathway is important for breast cancer survival and is elevated in response to
anthracycline treatment. Inhibitors of autophagy sensitize breast cancer cells to lower doses

of anthracycline; however, the mechanisms underlying the regulation of autophagy in

response to chemotherapeutic treatment remain underexplored.
1.8 Regulation of autophagy and the lysosome
1.8.1 MiT/TFE family of transcription factors

One of the established mechanisms of autophagy regulation is transcriptional
control of autophagy lysosome genes through the MiT/TFE family of transcription factors.
The Microphthalmia family of transcription factors (MiT/TFE), including MITF, TFEB,
TFE3, and TFEC, are master regulators of autophagy and lysosomal biogenesis!4%:!4.
Structurally, the MiT/TFE family are members of the basic helix-loop-helix/leucine-zipper
(bHLH-Zip) class of transcription factors that interact with DNA as dimers through a

conserved DNA binding domain, the bHLH-Zip region (Fig. 1.7A, B)!*%!1%. The MiT/TFE
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family can bind to a six base pair promotor known as an E-Box and, uniquely among bHLH
transcription factors, with the related seven base pair M-Box promoter!>*!3!, More recently,
an eight-base pair MiT/TFE specific promotor termed as the CLEAR (coordinated
lysosome expression and regulation) sequence was identified, which is closely related to
E-Box motifs and is associated with numerous lysosome, autophagy, and metabolism
genes'>>!3, CLEAR sequences lie upstream of roughly 500 genes, the majority of which
encode core autophagy proteins, such as LC3, SQSTM1, and BECN1'33. Concomitantly,
MiT/TFE members drive transcription of genes encoding lysosomal proteins, such as
several vATPase subunits, lysosome specific receptors and transporters, as well as
lysosomal acid hydrolases'>*. Overexpression of a single MiT/TFE member is sufficient to
amplify the number of lysosomes and induce an increase in cellular degradative capacity'>.
The DNA binding domain is nearly identical across the MiT/TFE family therefore, each

member has an overlapping function (Fig. 1.7B)'>*. Indeed, MiT/TFE proteins, specifically

TFEB, are activated in response to various stimuli while responding to cellular stress'>.

The MiT/TFE family are stress response proteins that can integrate numerous
stimuli to adapt cells to the environmental and intracellular conditions (Fig. 1.7C)'*. Under
physiological conditions, MiT/TFE proteins are kept inactivated by persistent cytosolic
containment and restriction from the nucleus, however, activation by upstream stimuli
triggers translocation of these proteins to the nucleus wherein they activate transcription of
target genes'4"15%156 Stress stimuli that activate the MiT/TFE proteins include nutrient
starvation such as glucose or amino acid insufficiency!*>!>’. Endoplasmic reticulum (ER)
stress, caused by the accumulation of misfolded proteins, also activates TFEB and TFE3'8,

Additionally, oxidative stress resulting from the accumulation of reactive oxygen species
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triggers activation and nuclear translocation of the MiT/TFE!*1%°_ Given the relevance of
the autophagy-lysosome pathway and stress signaling in breast cancer, the mechanisms

regulating MiT/TFE function are of particular interest and will be hereafter reviewed.
1.9 Regulation of TFEB

1.9.1 Serine/threonine kinase

1.9.1.1 mTORC1

The mechanistic target of rapamycin complex 1 (mTORCI1) governs cellular
nutrient sensing and stress response while coordinating anabolic and catabolic processes,
so it is logical to envision TFEB regulation by mTORC1'3®. The activated serine/threonine
kinase complex mTORCI resides on the lysosome surface where it can sense nutrients,
including growth factors, individual amino acids, lipids, glucose, metabolites such as
cellular antioxidants, and stress processes, not limited to DNA damage'®"'®2. The
Lysosomal nutrient-sensing (LYNUS) complex becomes active after sensing an abundance
of certain nutrients such as leucine, arginine, cholesterol, glucose, and growth factors that
concomitantly inhibit tuberous sclerosis complex 1/2 and result in the activation of
mTORC1!61:163:164 MTORC1 phosphorylates TFEB at numerous residues; however, the
best characterized are serine 142 and serine 211 (Fig. 1.8A, F)!°!>_ The phosphorylation
at serine 211 creates a binding site for the chaperone protein 14-3-3, restricting TFEB to
the cytosol'>®. Although there are seven mammalian 14-3-3 isoforms with unique functions,

all seven are capable of TFEB binding'>%16¢,

Activated mTORCI resides on the surface of the lysosome, and mechanisms that

recruit TFEB to the lysosome are currently under interrogation (Fig. 1.8 A). When activated,
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the Rag complex (a heterodimer containing GTP bound Rag A or B complexed with GDP
bound Rag C or D) can recruit both mTORC1 and TFEB to the lysosome surface, therefore
ensuring rapid inactivation of TFEB upon nutrient repletion'®”. The first 30 amino acids of
TFEB are part of the lysosomal localization sequence, given that this fragment alone can
be situated at the lysosome’s surface and bind with the active Rag complex, whereas TFEB
mutants lacking this N-terminal region are constitutively localized in the nucleus (Fig.
1.8A)'%7, Research has demonstrated that phosphorylation at serine 3 by MAP4K3 is a
crucial event for recruiting TFEB to the lysosome'®®. MAP4K3 was previously identified
as a nutrient sensor in Drosophila and human cells that positively regulates mTORCI
activity and cell growth!®®!”°, MAP4K3 physically interacts with TFEB upon amino acid
stimulation and phosphorylates serine residue 3, which is necessary for binding of TFEB
to active Rag heterodimers (Fig. 1.8A, F)'®. Interestingly, cells lacking MAP4K3 or
expressing TFEB with a serine 3 to alanine mutation display constitutive TFEB nuclear

localization while the TFEB>** mutant shows no binding with 14-3-3168,

A recent study has found that TFEB phosphorylation is unique among mTORC1
substrates in that it is dependent on the activation state of RagC/D!’!. Transfection of HeLa
cells with active RagC alone was sufficient to constitutively phosphorylate and inhibit
TFEB, whereas both active and inactive RagC could activate mTOR. As a consequence of
the dependence on active RagC/D for inhibition of TFEB, folliculin (FLCN), the RagC/D
GTPase activating protein (GAP) is required for the inhibition of TFEB but is dispensable

for the phosphorylation of other mTORC1 substrates!”!.
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1.9.1.2 GSK3p, ERK, Akt, AMPK

TFEB inactivation is primarily via mTORCI, given its vital lysosome positioning
and regulation of the 14-3-3 binding site. However, several other regulators of TFEB
phosphorylation have recently been identified. The growth factor regulated kinases GSK3f3,
ERK1/2 (Extracellular signal-regulated kinase), and AKT phosphorylate TFEB at serine
residues 138, 142, and 467, respectively, resulting in TFEB inactivation (Figure 1.8
F)!57:163172 These three kinases have similar mechanisms of regulation through mitogenic
growth factors, which play a central role in sensing glucose availability!’®. A model has
recently been proposed wherein GSK3p and ERK's concerted action regulates TFEB
nuclear export, as phosphorylation at serine 142 and 138 promotes the association of TFEB
with the nuclear export protein CRM1 (Exportin-1)'*7. An alternate study provided a
competing model, whereby mTORCI is responsible for both phosphorylation at serine 142
and 138, given that only mTOR inhibitors were sufficient to abolish phosphorylation at
both residues (Fig. 1.8B. F)'"*. Moreover, mTOR inhibition was sufficient to prevent TFEB
egress from the nucleus upon nutrient stimulation!’®. Together, these results suggest a
stringent regulation of TFEB in the absence of nutrient stress since it is both restricted from
residing in the nucleus by constant export and restricted to the cytosol by binding with 14-

3-3.

GSK3p mediated phosphorylation of TFEB is also negatively regulated by PKCa
and PKC3 (Protein Kinase C)!”. The PKC family of kinases are responsive to a wide
variety of G-protein coupled receptor ligands and also sense cellular calcium, which
expands the number of upstream stimuli that promote TFEB activation (Fig. 1.8B, F)'7°.

GSK3p also regulates MITF protein stability through phosphorylation of three c-terminal
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serine residues. While these residues are conserved in both TFE3 and TFEB, it remains

unknown whether GSK3p also regulates their stability!””.

Recent reports also suggest post-translational regulation of TFEB by AMP-
activated protein kinase (AMPK). AMPK is a critical kinase involved in sensing cellular

stress!’®

. AMPK is responsible for sensing cellular energy status and is activated when the
ATP to ADP ratio falls and AMP rises'’®. AMPK can also be activated directly by oxidative
stress and ATM, a kinase that senses DNA damage'’®. AMPK activation by metabolic
stress occurs at the surface of the lysosome through LKB1/STK 11 phosphorylation. LKBI1
is localized to the lysosome by associating with AXIN and the vATPase-Ragulator
complex!”!8 The AMPK lysosomal nutrient-sensing complex is necessary for direct
sensing of glucose by AMPK, as the glycolytic intermediate fructose-1,6-bisphosphate
causes dissociation of AXIN-LKBI1 from Ragulator'®!. Treatment of MEFs with AMPK
activators AICAR or 991 results in TFEB dephosphorylation and nuclear translocation in
an mTORCI1 independent manner, while similar results are found using AMPK double
knockout MEFs'®183_ In vitro kinase assays confirm that TFEB and TFE3 are directly
phosphorylated at three serine residues (S466, S467, S469 on TFEB, Figure 1.8F), and
mutation of these residues to alanine suppressed AICAR-induced elevation of TFEB
activity but did not change nuclear localization!®*. Mutation of the three AMPK regulated
serine residues to alanine also reduced activity of TFEB with serine 211 and 142 mutated
to alanine, indicating that both deactivation of mTORCI1 and activation of AMPK are
necessary for TFEB function. Moreover, phosphorylation of TFEB by AMPK did not
change TFEB nuclear localization, indicating that changes in transcriptional activity are

potentially the result of interactions with yet to be discovered co-factors!8+,
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1.9.3 Phosphatases

The effect of upstream kinases on TFEB localization and activity by
phosphorylation is opposed by phosphatases (Fig. 1.8C). There have been two
phosphatases identified with activity towards TFEB: Calcineurin (CaN)/PPP3C and Protein
Phosphatase 2A (PP2A)'%%!85 Calcineurin is activated upon binding with the calcium
sensor: calmodulin and is then able to de-phosphorylate several proteins, most notably
NFAT (Nuclear factor of activated T-cells)'®. Overexpression of constitutively active CaN
is sufficient to induce TFEB nuclear translocation and reverse phosphorylation at both
serine 211 and 142, while depletion of cellular calcium by chelation prevents TFEB nuclear
translocation, even with mTORC1 inhibited'®*. Notably, it was found that starvation causes
calcium release from the lysosome through MCOLN1 (Mucolipin 1), leading to activation
of calcineurin and TFEB'®. Additionally, MCOLNI acts as a lysosomal ROS (reactive
oxygen species) sensor and its calcium transporting function is activated through direct
interaction with ROS. Increased cellular ROS levels promote lysosomal calcium release,
which leads to CaN dependent TFEB dephosphorylation and activation'>®. Endoplasmic
reticulum stress alters cytoplasmic calcium content resulting in TFEB activation through
CaN'3¥, More recently, the phosphatase PP2A was identified as an activator of both TFEB
and TFE3 in response to oxidative stress, with the phosphatase acting on serine residues

109, 114, 122, and 211 of TFEB (Fig. 1.8C)'°.
1.9.4 Other post-translational modifications (PTM) of TFEB

Ubiquitination is another PTM which was recently shown to regulate TFEB.
Knockout of the E3 ubiquitin ligase STUBI1 (STIP1 homology and U-Box containing
protein 1) increases levels of total TFEB together with strikingly higher levels of
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phosphorylated TFEB. Subsequent analysis revealed that STUB1 physically interacts with
TFEB and causes its ubiquitination'®”. STUBI preferentially targeted phosphorylated
TFEB for degradation, and this had the unexpected effect of rendering the total TFEB pool
more active (Fig. 1.8D). In evidence of this, STUB1 deficient cells have reduced autophagy
and lysosomal biogenesis'®’. Hence, in addition to the reversal of phosphorylation by
phosphatases, activation of TFEB can occur by degrading the inactive copies while new

copies are produced.

The oxidation of cysteine residues also regulates the MiT/TFE family of
transcription factors. In HEK293 cells, oxidative stress promotes TFEB translocation to the
nucleus within 8 minutes due to cysteine oxidation on residue C212. Oxidation of a similar
cysteine residue present in TFE3 (C322) and MITF (C281) likewise mediates nuclear
translocation upon oxidative stress. Cysteine oxidation of TFEB at C212 reduces lysosomal
localization of TFEB, and H20: reduces the binding of TFEB to the active Rag-GTPase

complex in a C212 dependent manner (Fig. 1.8E)!%8,
1.10 Epigenetic regulation of the MiT/TFE family

A critical component in the regulation of autophagy is epigenetics. The accessibility
of chromatin for transcription can be changed by altering patterns of histone modification
(phosphorylation, acetylation, and methylation) and DNA methylation, which can change
genetic programs in cooperation with transcription factors'®. Indeed, TFEB cooperates
with CARMI1 (co-activator-associated arginine methyltransferase 1) and ACSS2 (Acetyl-

CoA synthetase 2) to increase the expression of autophagy genes'**!’!,
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1.10.1 Histone Methylation

CARMI increased histone H3 methylation at arginine 17 in response to glucose
deprivation, corresponding with increased autophagic protein expression and flux'*’. The
ubiquitin ligase SKP2 (S-phase kinase-associated protein 2) induces CARM1 degradation;
however, AMPK indirectly represses SKP2 by phosphorylating and activating the SKP2
transcriptional repressor FOX03a!'”°. CARMI1 physically associates with TFEB, and this
interaction is necessary for recruiting CARM1 to lysosomal genes, thereby increasing their

H3 methylation and activity'®’.

1.10.2 Histone Acetylation

A second mechanism by which AMPK regulates TFEB transcriptional activity is
via ACSS2, an enzyme that generates acetyl-CoA. Under conditions of nutritional stress,
AMPK phosphorylates and promotes the nuclear translocation of ACSS2. Nuclear ACSS2
binds TFEB, which directs ACSS2 to the location of TFEB target genes where it can
produce acetyl-CoA groups for histone acetylation. As a result of the ACSS2/TFEB
interaction, chromatin surrounding TFEB target genes shows increased acetylation and
activity during nutrient starvation. Notably, ACSS2 loss-of-function mutations blunt
glucose starvation-induced increases in autophagosomes and lysosomes. Additionally, cells

lacking ACSS2 function are non-viable in nutrient-deprived media''.

Further epigenetic regulation of autophagy is accomplished by coordination with
MYC and HDAC2. MYC recruits HDAC?2 to the promoters of MiT/TFE family members
and autophagy-lysosome genes to maintain chromatin in a repressive state, whereas

overexpression of MYC suppresses autophagic function. Treatment of cells with HDAC

31



inhibitor SAHA reverses this suppression and restores MiT/TFE gene expression'®2,
Subsequent studies have confirmed that MYC opposes TFEB activity, specifically in

hematopoietic stem cells and acute myeloid leukemia'®*!%4,

1.10.3 Transcriptional repression

Transcriptional repressors inhibit transcription factors and RNA polymerase from
accessing gene promoters, presenting an alternate mechanism for genetic regulation of
TFEB function'”. The zinc-finger transcription factor ZKSCAN3 is a master
transcriptional repressor of autophagy, acting in opposition to TFEB'®®. ZKSCANS3 is
associated with the promoter regions of numerous core autophagy-lysosome genes, and
silencing ZKSCAN3 is sufficient to augment autophagic flux and lysosome biogenesis'*°.
Cellular starvation or treatment with mTORCI inhibitors results in ZKSCAN3 export from
the nucleus, a condition that favors the nuclear import of TFEB!?°, JNK2 and p38 MAPK
also regulate ZKSCAN3 by phosphorylation'”. Treating cells with JNK2 or p38 inhibitors
led to the nuclear localization of ZKSCAN3 and decreased lysosomal biogenesis'”. The
inhibitory action of JNK2 and p38 on ZKSCAN3 was mediated by phosphorylation at
threonine 153, while mutation of Thr153 led to constitutive nuclear localization of
ZKSCAN3 and decreased lysosomal biogenesis'”®. Likewise, treatment of melanoma cell
lines with the BRAF inhibitor PLX4720 causes activation of TFEB through diminished
ERK activity. In contrast, ZKSCAN3 becomes inhibited due to the increased activities of
JNK2 and p38'7. Contrary to the in vitro studies, ZKSCAN3 knockout mice have
unchanged lysosome and autophagy gene expression with no alteration in autophagic flux

compared to wildtype mice. These data suggest that ZKSCAN3 has an alternative function
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in mice or that genetic deletion of ZKSCAN3 can be compensated for by other

transcriptional repressors!®®.

1.11 Regulation of autophagy-lysosome genes by FOXO, ATF4, and p53 transcription

factors

There are other transcription factors that have an overlapping function with the
MiT/TFE family in regulating autophagy-lysosome genes, including the FOXO family,
ATF4, and p53. The FOXO family comprises of FOXOI1, 3, 4, and 6, which harbor the
forkhead box DNA binding domain. FOXO transcription factors regulate a broad array of
genes involved in energy metabolism, the cell cycle, and cell death'”®. FOXO1, 3, and 4
have been associated with autophagy regulation in numerous tissues and cell lines through

the upregulation of core autophagy and lysosome components?°%-204,

P53 increases autophagy through the upregulation of proteins involved in the
autophagy process, such as DRAM (DNA Damage Regulated Autophagy Modulator 1) and
DAPKI1, while also increasing the expression of AMPK, along with mTOR inhibitors
Sestrin 1-3 and TSC1/229>2% Likewise, p53 is reported to activate TFEB and TFE3 in
response to DNA damage through the upregulation of Sestrin 1 and 2, which results in
mTORC]1 inhibition and subsequent nuclear translocation of TFEB and TFE32%. ChIP-Seq
analysis in MEFs identified that p53 could directly regulate a wide array of basal autophagy

proteins, including Ulk1/2, Atg4, 7, and 10, as well as lysosomal proteins such as Ctsd?'°.

ATF4 (Activating Transcription Factor 4) is also a regulator of autophagy that can
transcriptionally activate autophagy genes as part of the unfolded protein response?!!.

ATF4 integrates several different cell stressors through elF2a. Endoplasmic reticulum (ER)
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stress, amino acid starvation, and viral infection induce activation of PERK (PKR-like ER
kinase), GCN2 (general control non-derepressible 2), and PKR (double-stranded RNA
dependent protein kinase), which phosphorylate and activate elF2a?'!. Activated elF2a
translationally upregulates ATF4, resulting in increased trans-activation of ATF4 target
genes?!!. Alternatively, in response to hypoxia, ATF4 interacts with PHD3 (prolyl
hydroxylase 3), leading to increased ATF4 protein stability?'?. 4¢f4 is responsible for amino
acid starvation-induced upregulation of several autophagy genes in mice, including Becnl,
Mapllc3, Atg3, and Atgl2, while the Atf4 target gene CHOP/Ddit3 (DNA damage-
inducible transcript 3) can cooperatively induce other autophagy genes such as Az¢g5, 7, and

Sqstm1*13.

1.12 MiT/TFE family in cancer

Numerous studies have identified a role for the MiT/TFE family in the pathogenesis
of several different cancers, although their role in breast cancer has not been fully
elucidated. The role of the MiT/TFE proteins in cancer can be divided into two arms, 1) as
a direct oncogenic driver of tumor formation brought upon by genomic alterations, and 2)

as proteins which supports the viability of established cancers.
1.12.1 Role of TFEB, TFE3, and MITF as oncogenic drivers

TFE3 and TFEB are oncogenic drivers in several cancers. Chromosomal
translocations resulting in gene fusions involving TFE3 or TFEB are implicated in the
development of sporadic renal cell carcinomas (RCC) and soft tissue sarcomas. These
genetic rearrangements cause overexpression of the TFE proteins. Translocations resulting

in the fusion of TFEB and MALATI places TFEB under the control of a more active
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promoter resulting in a 60-fold higher expression?'42!7. Crucially, the resulting protein
products from the gene fusion events still have functional basic helix-loop-helix domains
and nuclear localization signals, keeping the transcriptional activation function intact?!®,
Lysosomal localization, and thus inhibition, of MiT/TFEs requires the first 30 amino acids,

corresponding to exon 1'%

. All reported gene fusions eliminate exon 1 from the resulting
protein, indicating that the fusion proteins are unlikely to localize to the lysosome, and
suggesting a mechanism of constitutive activation®!®, There are no reports about the activity
of TFE fusion proteins; however, a case study has identified strong nuclear staining of the
TFE3 fusion protein, a result which has been reproduced in several other
immunohistochemistry screens of TFE3 and TFEB translocation cancers?!4?18-220, Further
associating MiT/TFEs with renal neoplasia is a kidney specific TFEB overexpression
mouse model. These mice developed severe kidney enlargement with multiple cysts at 30
days following birth, while Ki-67 positive neoplastic lesions were detected as soon as 12

days after birth??!. Renal specific TFEB overexpression also resulted in liver metastasis in

23% of mice®?'.

The role of autophagy in TFE fusion cancers remains controversial. In the
aforementioned mouse model of renal TFEB overexpression, LC3 expression was
unchanged when compared to control mice, and crossing TFEB overexpression mice with
Atg7 knockout mice did not significantly reduce cancer development®*!. Conversely,
several reports have identified cathepsin K immunoreactivity and expression as
distinguishing features of these neoplasms®**2?*, Likewise, in TFE3-PRCC translocation
RCC, TFE3 drives elevated mitophagy, leading to increased bioenergetic capacity and

reduced oxidative stress, while knockdown of TFE3-PRCC increases ROS and causes
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G2/M arrest??>. One feature of TFE translocation carcinoma is elevated mTORC]1 activity.
TFE fusion RCCs display elevated ribosomal S6 phosphorylation, a positive indicator of
mTORCI1 activity, therefore linking the MiT/TFE family of proteins with sustaining

oncogenic anabolic pathways®%¢

. Molecular analysis of TFE fusion cancers also revealed
elevated expression of cell cycle related proteins Cyclin D1 and D3 along with
p21/CDKNI1A, which promotes Cyclin D-CDK4/6 complex formation before becoming
inhibitory to cell cycle progression through CDK4 inhibition*?”?%, Renal specific TFEB

overexpression in mice also results in elevated cyclin D1 and p21 gene expression®!.

Genetic variants of MITF likewise confer susceptibility to cancer. MITF is an
oncogenic driver in melanoma, wherein MITF gene amplification correlates with metastatic
disease and decreased overall patient survival®?’. A genetic variant of MITF with an E318K
missense mutation predisposes individuals to melanoma and renal carcinoma, with carriers
having a five times increased risk of either disease?*®?*!. The E318K mutation impairs
SUMOylation of MITF, leading to increased transcriptional activity and elevated

expression of cell growth and proliferation genes®**>!,

1.12.2 Upstream regulators modifying oncogenic outcomes of MiT/TFEs: Role of

lysosomal signaling and Wnt/p-Catenin pathways
1.12.2.1 MiT/TFE proteins in folliculin tumorigenesis

Mutations in the FLCN gene result in Birt-Hogg-Dubé (BHD) syndrome
characterized by renal and pulmonary cysts, noncancerous tumors of the hair follicles, and
an increased risk of RCC*?. FLCN is proposed to act as a tumor suppressor through

positive regulation of AMPK, and thus negative regulation of mTOR. This model is
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supported by the presence mTOR hyperactivation in a homozygous knock-out mouse
model of BHD?*?2%, The FLCN tumor suppressor’s relationship with mTOR is puzzling,
given the report of FLCN as a GAP for Rag C/D?*°. GDP loaded Rag C/D facilitates amino
acid sensing by mTORC1, and a GAP for these proteins should activate this pathway?*"->38,
Indeed, models of BHD in yeast, mammalian cancer cell lines, and mice show that FLCN
knockdown or heterozygous knockout reduces mTORCI activity as measured by
phosphorylation of S6 or S6K, while still resulting in renal tumorigenesis®**!. Since
FLCN seems to have conflicting roles in regulating mTORC1 and AMPK, it appears that
there are alternate processes through which FLCN acts as tumor suppressor, with one
plausible mechanism being cytoplasmic sequestration of MiT/TFE proteins. A report
published in 2010 first highlighted that FLCN and TFE3 have a direct regulatory interaction
in RCC?*. FLCN null cells were shown to have decreased TFE3 phosphorylation, which
resulted in increased nuclear localization. FLCN deficient cells also displayed greater TFE3
M-Box promoter activity and had elevated expression of MiT/TFE target genes, including
several related to lysosomal activity, both in vitro and in BHD patients®*?. FLCN null cells
also expressed elevated mRNA levels of GPNMB (Glycoprotein nmb), a marker of
melanoma, glioma, and breast cancers, which was also upregulated in a renal specific TFEB
overexpression mouse model??!. Further evidence to support a role for TFEB in FLCN

tumor suppression was published in 2013, where the authors showed that FLCN loss led to

increased nuclear TFEB caused by dysregulated lysosomal signaling®*!.

Two studies confirm that dysregulated mTOR signaling can result in constitutive
activation of TFEB and TFE3, leading to tumorigenesis. TFEB is unique among mTOR

substrates in that activation of RagC or RagD is required for phosphorylation, and this
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activation is mediated by FLCN'”!. As a result, mutation of FLCN, as seen in BHD
syndrome, will constitutively activate TFEB. Mouse models with knockout of FLCN
accurately recreate the renal abnormalities of BHD syndrome, including renal enlargement
and pre-neoplastic lesions; however, co-knockout of TFEB and FLCN completely rescued
the renal dysfunction of these mice!”!. Similar results are found in the case of TSC1/2
(tuberous sclerosis complex 1/2) loss-of-function. TSC1/2 is a negative regulator of mTOR
through deactivation of RHEB, a protein necessary for mTORC1 function®®. TSC1/2
mutations lead to tuberous sclerosis complex, an autosomal dominant syndrome
characterized for the development of benign tumors®*. TSC-associated RCC and
angiomyolipoma display increased TFEB protein expression and nuclear localization,
which was replicated by knockdown of TSC1 or TSC2 in vitro. Despite elevated mTORC1
signaling in TSC1/2 knockdown cells, TFEB phosphorylation at serine 142 and 211 was
decreased, and nuclear localization was increased, whereas knockdown of TFEB decreased
cell proliferation and tumor growth of TSC2 knockout cells. Overexpression of FLCN in
TSC2 knockdown cells rescued TFEB phosphorylation while expression of constitutively
active Rag C + Rag D restored TFEB cytoplasmic localization®**. Together these results
confirm that failure of lysosomal signaling mechanisms can dissociate TFEB from mTOR

inhibition and drive cancer growth.
1.12.2.2 Regulation of mTORC1 by MiT/TFE

Regulation of the MiT/TFE family by mTORCI gives rise to a negative feedback
loop, where activated MiT/TFE promotes lysosomal biogenesis and increases autophagy,
which in turn induces mMTORCI1 activation through increasing lysosomal amino acids, and

transcriptional upregulation of mTOR signaling proteins such as FNIP2, RagC/D, and
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vATPase (Fig. 1.9)!3. Therefore, loss of inhibitory feedback by mTORC1 on MiT/TFEs
could promote oncogenic transformation through constitutive mTOR activation and
signaling. Work published in 2015 supports this hypothesis, where the authors confirmed
that one of TFE3, MITF or TFEB was overexpressed and showed constitutive nuclear
localization in most human pancreatic ductal adenocarcinoma (PDAC) cells and patient
samples. Localization and activation of MiT/TFEs in PDAC cells were not dependent on
mTOR activation or nutrient status, indicating a loss of inhibitory feedback. MiT/TFE
proteins also maintained nuclear localization through overexpression of nuclear importin 8
(IPOS), which was identified as a common binding partner of MiT/TFEs in PDAC cells
and knockdown of IPO8 decreased nuclear localization of the transcription factors. The
constitutive activation and expression of MiT/TFEs resulted in elevated levels of
autophagy-lysosome genes and increased autophagic flux. Interestingly, mTOR activity
remained constant in PDAC cells even after 60 minutes of amino acid starvation, while
siRNA knockdown of the overexpressed MiT/TFE family member rendered mTOR amino
acid sensitive. A metabolomics approach confirmed that levels of free amino acids were
most affected by MiT/TFE knockdown, while overexpression of MITF in a non-cancerous

pancreatic duct epithelial cells supported growth in amino acid deficient media®*.

Further evidence for a MiT/TFE feed-forward mechanism in cancer was provided
in a report published in 2017. The authors found that overexpression of MiT/TFE genes in
PDAC, RCC, and melanoma directly resulted in the overexpression of RagD, which
rendered mTORCI1 insensitive to nutrient starvation, fueling cell proliferation and

oncogenesis in an mTORC1 dependent manner®*S.
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1.12.2.3 Regulation of the Wnt/f-catenin pathway by MiT/TFE proteins

A further mechanism through which MiT/TFEs can become implicated in cancer is
through the interplay between other known oncogene networks, namely the Wnt/pB-Catenin
pathway. The Wnt signaling pathway promotes nuclear localization of the oncogenic
transcription factor B-catenin by degrading its destruction complex, including GSK3, AXIN
and APC, among other proteins. B-catenin is found to be constitutively activated in multiple
cancer types*’2°, Two reports from 2015 indicate that MiT/TFEs are directly regulated
by the Wnt signaling pathway member GSK3p, an effect that requires three conserved
serine residues in the C-terminus region'!”’?*!. Studies have also highlighted the role of
MiT/TFEs in promoting Wnt signaling through sequestration and degradation of the
destruction complex in autolysosomes. A tetracycline inducible MITF melanoma cell line
displayed greater Wnt reporter gene activity following MITF induction'””. MITF induction
in C32 melanoma cells caused co-localization of Axinl; the scaffold for the B-Catenin
destruction complex, with vesicular structures indicating that MITF induced sequestration
of the destruction complex'””. Modulation of Wnt signaling through destruction complex
sequestration is not limited to MITF, as chronic TFEB inhibition in AMPK double
knockout (DKO) mouse embryos led to impaired endoderm differentiation due to increased
B-Catenin phosphorylation, which resulted in decreased gene expression of B-Catenin
targets (Fig. 1.9). Wnt signaling was partially rescued in AMPK DKO mouse embryos
through the expression of constitutively active TFEB. Interestingly, TFEB and MITF
appear to mediate Wnt signaling through similar mechanisms, as wild-type but not AMPK
DKO mouse embryos displayed extensive co-localization between lysosomes and

GSK3B?*. Wnt signaling and gene expression is also upregulated in TFEB overexpression
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renal cancer mouse models, while treating these mice with Wnt inhibitors successfully
reduces tumor growth??!. TFEB is frequently overexpressed in gastric cancer and correlates
with elevated Wnt signaling pathway genes. Overexpression of TFEB in gastric cancer
cells significantly increases gene and protein levels of B-catenin and TCF4, leading to

increased cell migration®>?

. Wnt signaling likewise cooperates with TFEB for regulation of
gene expression. Treating cells with Wnt3a causes PARsylation (poly-ADP ribosylation)
and nuclear localization of TFEB where it binds with -catenin and TCF/LEF1 to promote

the expression of a subset of canonical Wnt-responsive genes>>*.
1.13 MiT/TFE family members in breast cancer

The study of TFEB or TFE3 in breast cancer has been limited. Clinical studies have
found that overexpression and nuclear localization of TFEB was found in 23% of breast
cancer patients, which was correlated with the expression of lysosomal proteins and worse
survival outcomes®>°. In chemotherapy treated breast cancer patients, higher TFEB protein
expression is associated with reduced survival following treatment, indicating TFEB plays
a role in chemoresistance®®. The cells that evade doxorubicin-induced senescence also
display elevated TFEB activation in vitro'?. In contrast, knockdown of TFEB in tumor
associated macrophages causes increased breast tumor growth by shifting macrophages to
a more tumor promoting phenotype?’->*®. Lastly, a recent report has shown that decreased
FLCN expression in basal-like breast cancers promotes nuclear localization of TFE3, and
knockout of FLCN in ER+ breast cancer increased tumor growth in a manner dependent
on TFE3. In contrast, TNBC xenografts show slower tumor growth when FLCN is

overexpressed>>.
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1.14 Thesis Objectives and Hypothesis

Aims: Given that the autophagy-lysosome pathway is upregulated by doxorubicin
treatment, I hypothesized that TFEB would be activated in response to doxorubicin to
promote the survival of triple negative breast cancer. Utilizing in vitro models of TNBC, I
examined whether TFEB is activated by genotoxic chemotherapies and modulates cell
survival in the presence or absence of DOX and if TFEB regulates DOX-induced lysosomal
biogenesis. Subsequently, I aimed to characterize the transcriptomic network regulated by
TFEB in triple negative breast cancer and examine the role of TFEB in the regulation of
the DNA repair pathway. Lastly, I interrogated the mechanisms through which TFEB
regulates cell proliferation and identified therapeutic targets downstream of TFEB

signaling (Fig. 1.10).

The hypothesis of my doctoral thesis: TFEB is functionally important for TNBC cell

proliferation and survival, and loss of TFEB expression in TNBC cells will dysregulate

pathways of apoptosis, DNA repair, and the cell cycle.
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Breast Cancer: Molecular Subtypes and Characteristics

Er|1-||'FcF:12e d Basal-Like

Prevalance  70-75% 10% 5% 10-15%
Histological  ER+/HER2- ER+/HER2+/- HER2+ ER-/HER-
Status Ki67++
Molecular ESR1, GATA3, FOXAT, HER2/ERBB2 EGFR, FGFR, MYC,
Drivers PIK3CA, MYC, CCND1 PTEN”, CCNE1, RB17,
TP53, BRCA1/2"
Approved ER inhibitors, Traztuzumab, T-DMT1, Anthracyclines, taxanes,
treatments  CDK4/6 inhibitors Lapatinib platins, 5-FU, PARPI

Figure 1.1. Breast cancer molecular subtypes and characteristics.

Breast cancers can be divided based on their intrinsic molecular biology into four broad
categories: Luminal A, Luminal B, HER2 enriched, and Basal-like. These molecular

subtypes have varied prevalence, prognosis, molecular drivers, and treatment options.
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Figure 1.2. Mitogenic signaling pathways driving breast cancer tumorigenesis.

Overexpression of receptor tyrosine kinases contributes to elevated PI3K and RAS
pathways. PI3K converts PIP2 to PIP3, which activates AKT/PKB, a process opposed by
PTEN. RAS activates downstream kinases, that, together with AKT, inhibit TSC1/2.
TSC1/2 is a RHEB GTPase activating protein, promoting the GDP loading and inactivation
of RHEB. Active, GTP-bound RHEB is necessary for localizing and activating mTORCI,
a master regulator of cellular anabolism. Additionally, ERK stabilizes the transcription
factor: MYC, which is responsible for the upregulation of genes that initiate the cell cycle
and re-model cell metabolism. Italicized names indicate common breast cancer oncogenes

and tumor suppressors.
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Figure 1.3. Regulation of the cell cycle.

The cell cycle is initiated by mitogenic signaling which upregulates cyclin D to activate
CDK4/6 and is opposed by the INK4 CDK4/6 inhibitor proteins. CDK4/6 is therapeutically
targeted in breast cancer by CDK4/6 inhibitors palbociclib, ribociclib, and abemaciclib.
CDK4/6 inhibits RB1, thereby activating E2F dependent transcription, which upregulates
cyclin E, and DNA replication machinery. S-phase termination coincides with cyclin A
upregulation, leading to eventual cyclin B upregulation and initiation of mitosis. Mitosis is
mediated by a series of mitotic kinases, including PLK1, Aurora kinase A, and Aurora
Kinase B. Cell cycle checkpoints are enforced by proteins, including the INK4 family,
p21/p27, and kinases such as CHKI. Italicized names indicate common breast cancer

oncogenes and tumor suppressors.
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Figure 1.4. DNA damage response and repair.

(A) DNA damage is sensed by the kinases ATR or ATM and signal downstream to CHK1
or CHK2, which phosphorylate p53 to prevent proteolytic degradation by MDM?2/4.
Stabilized p53 upregulates genes that mediate cell cycle arrest, DNA repair, and apoptosis
while conversely transcriptionally repressing DNA replication machinery. (B) Non-
homologous end joining (NHEJ) and homologous recombination (HR) are the two major
mechanisms of double strand break repair. Break processing in NHEJ is accomplished by
Ku70/80 before the two DNA ends are re-ligated. HR begins with DNA end resection in
the region surrounding the break, followed by the creation of RAD51 nucleofilaments and
the search for a homologous template sequence. After homology detection, the break is

repaired by DNA synthesis and subsequent disassembly of the Holliday junction.
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Figure 1.5. Mechanisms of chemoresistance.

Reported mechanisms of anthracycline chemoresistance include upregulation of ABC
transporter proteins, the elevation of anti-apoptotic signaling, upregulation of DNA repair,
and re-wiring to cellular metabolism to increase the levels of antioxidants and nucleotides
for DNA repair. Upregulation of the autophagy-lysosome pathway is a chemoresistance
mechanism by increasing lysosomal sequestration and exocytosis of DOX and supporting

DNA repair.
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Figure 1.6. The macroautophagy lysosome system.

The mechanism of macroautophagy: Vesicles form from cellular membranes as activated
by the class III PI3K complex (Beclin 1, Vps34, Vpsl15, Atgl4L), which is then regulated
by microtubule protein LC3 after phosphatidylethanolamine conjugation. Lipidated LC3 is
anchored into the autophagosomal membranes, alters the physical nature of the vesicles,
and serves as a dock for cargo receptors (e.g. SQSTM1). Mature autophagosomes fuse with

the lysosome, and the contents undergo hydrolytic degradation.
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Figure 1.7. The Microphthalmia family of transcription factors.The Microphthalmia
family of transcription factors. (A) Domain organization of the most abundant MiT/TFE
family members in breast cancer, with data obtained from Pfam. (B) Sequence alignment
of the helix-loop-helix DNA binding domain for human MITF, TFEB, TFE3, and TFEC,
using ClustalX and Jalview. (C) Upstream stimuli that promote translocation of TFEB to
the nucleus. TFEB binds to E-box and CLEAR promoters to regulate the expression of

autophagy-lysosome genes.

52



o TR
Oxidative

Stress
e

TFEB Proteosomal

TFEB

Degradation CLEAR
/\ /&
TOR P/K/g@jkaPK AKT
MAP3K4 mTOR GSK3B GSK3B ERK  mTOR VR S
s3 S122 S134 S138 S142  S211 $462 S463 S466 S467 S469
T o\o\o\ Ko T © @ ® @ ©|
GIn
Rich a
1 235 288 298 319 476
0 30 144-149
Rag Binding NES 241-252

NLS

53



Figure 1.8. The mechanisms of TFEB regulation

(A) MAP4K3 phosphorylation promotes Rag heterodimer binding and lysosomal
localization, leading to phosphorylation by mTOR and binding with 14-3-3. (B) TFEB
nuclear export is regulated through phosphorylation via the kinase ERK and GSK3f, which
allows for the interaction between nuclear export protein CRM1 and the TFEB nuclear
export sequence (NES). PKCa/d activates TFEB by negatively regulating GSK3p. (C) The
phosphatases CaN and PP2A reverse TFEB phosphorylation, causing TFEB to dissociate
from 14-3-3, thereby exposing the nuclear localization sequence (NLS) and promoting
nuclear translocation. (D) The E3 ubiquitin ligase STUB1 promotes the degradation of
phosphorylated TFEB. (E) Oxidative stress leads to cysteine oxidation of TFEB, which
prevents lysosomal localization of TFEB. (F) The known phosphorylation sites on TFEB
and the kinases which mediate the phosphorylation. Phospho-sites colored red are
inhibitory to TFEB protein function, while activating or stabilizing phosphorylation sites

are colored green.
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Figure 1.9. The microphthalmia transcription factors regulate signaling networks

central to cancer.

TFEB, TFE3, and MITF positively regulate genes promoting mTORCI1 signaling
(highlighted in red and italicized). Vacuolar ATPase (vATPase) activates Ragulator, a GEF
for Rag A/B in the presence of amino acids, while the folliculin complex (FLCN, folliculin
interacting protein) acts as a GAP for Rag C/D. GTP loaded Rag A/B, and GDP loaded
Rag C/D recruit mTORCI to the lysosome to be activated. Activated Rag GTPases also
recruit TFEB to the lysosome in combination with FLCN where it is phosphorylated and
inactivated by TFEB; however in cancer, this inhibition mechanism is lost, leading to
increased mTOR activity. MITF and TFEB also participate in B-catenin activation through
sequestration of the destruction complex into multi-vesicular bodies and subsequent
degradation in the lysosome. Degradation of the B-catenin destruction complex causes

increased f-catenin activity leading to cell proliferation.
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Figure 1.10. Central hypothesis.

DNA damaging agents, cell stress, and TNBC genetic alterations contribute to the
activation of TFEB in TNBC to regulate the expression of genes involved in the autophagy-
lysosome pathway, DNA repair, and cell proliferation. I propose that TFEB function is

necessary for the proliferation and survival of TNBC cells.
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Chapter 2: TFEB is activated in TNBC cells treated with doxorubicin to maintain cell

viability

This chapter contains content (Figures 2.3-2.8, 2.9-2.13 and associated text)

originally published in:

Slade L, Biswas D, Thionu F, El Hiani Y., Kienesberger P.C., Pulinilkunnil T. (2020). A
Lysosome independent role for TFEB in activating DNA repair and inhibiting apoptosis in

breast cancer cells. Biochem J. 477(1), 137-160
2.1 Rationale and Objectives

Breast cancer is a leading cause of death among women. Notably, five-year survival
rates have increased from 75% in 1975 to 91% in 201520292 partly due to the development
of targeted therapies such as estrogen receptor and human epidermal growth factor receptor
2 inhibitors®'. However, TNBC cannot be treated by targeted therapies and only responds
to cytotoxic chemotherapy, typically either taxanes or doxorubicin (DOX)7324*264. DOX,
an anthracycline antibiotic, induces cellular apoptosis through intercalation and
topoisomerase II inhibition, resulting in DNA double-strand breaks with simultaneous
generation of mitochondrial reactive oxygen species?®>-2%7, Limitations to using DOX are
that remission is achieved in only 30% of patients, and high cumulative doses of DOX
cause cardiotoxicity’>2%%2%  Therefore, it is crucial to understand mechanisms through
which breast cancer cells survive DOX-induced cell stress and exploit therapeutic targets
for lowering the effective dose of DOX. Acquired resistance to chemotherapeutic agents in
breast cancer patients is demonstrated to be an outcome of altered drug transporter

expression and efflux, lysosomal trapping of the drug and adaptive activation of
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proliferative and survival signalling such as lysosomal autophagy, which enables cancer

cells to evade the toxicity of chemotherapeutics!?*-270-272,

Autophagy is a catabolic process crucial for the maintenance of cellular
homeostasis'?}. Autophagy is considered both a tumor suppressor during the early stages
of neoplasia and a contributor to cancer growth and proliferation'?>. During nutrient
insufficiency, autophagy sustains growth and supports cancer progression by recycling
cellular and extracellular macronutrients. Autophagy also prevents proteotoxicity and
oxidative stress through degrading damaged cellular organelles and molecules!?>!'??,
Furthermore, the autophagy-lysosome system is implicated in cancer cell resistance to
cytotoxic chemotherapy treatment through sequestration of basic molecules®’®. Earlier
studies have found that anthracycline treatment stimulates lysosomal autophagy,
specifically in cancer cells, as an adaptive survival mechanism!26-128274-276 The strategy of
targeting autophagy is clinically tested in multiple cancer types, including breast cancer,

using the lysomotropic agent chloroquine (CQ)*’!

, while pre-clinical animal and in vitro
models suggest that autophagy inhibition is efficacious in sensitizing breast cancer cells to
anthracycline-based chemotherapy!?®!2827277  Despite the evidence that autophagy is

activated by and promotes resistance to DNA damaging agents, little is known about how

the DNA damage response regulates autophagy or if autophagy promotes DNA repair.

Due to the physiological importance of the autophagy-lysosome system, it is subject
to stringent regulation to prevent uncontrolled catabolism. The primary promoters of
lysosomal biogenesis and function are the microphthalmia (MiT/TFE) family of
transcription factors'4. The MiT/TFE protein family of basic helix-loop-helix transcription

factors consists of MITF, TFE3, TFEC, and TFEB, of which TFEB is best characterized
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for its role in the regulation of lysosomal function?’®. TFEB binds to CLEAR (Coordinated
lysosomal enhancement and regulation) promoters upstream of several lysosomal and
autophagy genes'*®. Recent studies have determined that TFEB protein overexpression in
breast tumours is associated with increased mortality, while expression of a constitutively
active TFEB isoform in breast cancer cells promotes tumour growth in mouse
xenografts?>>2”?_ It remains to be examined if or how the molecular subtype of breast cancer
alters reliance on TFEB for survival. Two prior studies have found that DOX activates
TFEB in LoVo colorectal cancer cells and MCF7 breast cancer cells*®*?!. Additionally,
one study has found that TFEB function promotes resistance to DOX in LoVo colorectal

280 - Additional research is warranted to examine if, in TNBC cells, TFEB is

cancer cells
activated by DOX and whether TFEB counters DOX-induced DNA damage through

regulation of lysosomal function or a non-lysosomal pathway.

The initial part of my doctoral thesis aimed to characterize the role of TFEB in
TNBC during DOX treatment and explore the link between TFEB, autophagy, and the
DNA damage response. Our data demonstrated that TFEB is activated and hypo-
phosphorylated in MDA-MB-231 and BT549 cells upon treatment with DOX. TFEB
knockdown is sufficient to exacerbate DOX-induced apoptosis in MDA-MB-231, BT549,
and SUM159 cell lines while simultaneously decreasing cell viability. We find that
inhibition of the TFEB activating phosphatase calcineurin increases DOX-induced
apoptosis while overexpression of constitutively active TFEBS!!A rescues the effect. Our
data show that this phenotype is not dependent on lysosomal function as TFEB mediated

protection from apoptosis persists in the presence of lysosomal inhibitors. Together these

60



results describe a novel transcription network in TNBC cells regulated by TFEB that

promotes cell survival independently of the lysosome.
2.2 Materials and Methods
2.2.1 Cell lines, chemicals, and antibodies

MCF10A cells were obtained from American type culture collection (ATCC, CRL-
10317) and grown in DMEM/F12 1:1 (Hyclone) supplemented with 5% horse serum, L-
glutamine (2mM), sodium pyruvate (ImM), insulin (10 pg/mL), epidermal growth factor
(20 ng/mL), hydrocortisone (500 ng/mL), and cholera toxin (100 ng/mL). MDA-MB-231
cells were a gift from Dr. G. Robichaud (Université de Moncton) and grown in DMEM
high glucose + 9% fetal bovine serum. BT-549 cells were obtained from ATCC (HTB-122)
and cultured in RPMI 1640 supplemented with 9% fetal bovine serum and 0.8 pg/mL
Insulin. SUM159 cells were a gift from Dr. Y. El Hiani (Dalhousie University) and grown
in Ham’s F12 + 5% FBS, 5pg/mL Insulin, 1 pg/mL Hydrocortisone, and 10 mM HEPES.
MCF7 cells were a gift from Dr. E. Cowley (Dalhousie University) and grown in alpha-
MEM + 9% fetal bovine serum. Cancer cell lines used in this thesis were genetically

validated through STR profiling at ATCC.

The following chemicals were used in this study: doxorubicin reconstituted in
DMSO, chloroquine diphosphate, Bafilomycin A1, and Cyclosporine A (Sigma-Aldrich).
DQ-BSA Red, MitoSOX Red, LysoTracker Green DND-26, and LysoTracker Red DND-

99 were purchased from Thermo-Fisher Scientific.

Expression of TFEB-Ha (SKU#: ADV-225358), mutant TFEBS*!'*-Flag, and

TFEB shRNA (shADV-225358) was accomplished using adenoviral vectors obtained from
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Vector Biolabs. The control vectors, Ad-GFP, Ad-mCherry, and scrambled shRNA GFP,
were also obtained from Vector Biolabs (Cat#: 1060, 1767, and 1122, respectively). The
CLEAR luciferase construct was a gift from Dr. A. Ballabio (TIGEM)*?. SiRNA
knockdown of TFEB was performed using Ambion silencer select siRNA oligonucleotides
(Thermo-Fisher Scientific Cat# 4392420). The siRNAs used in this paper were siTFEB#1:
#s15495 targeting exon 4, siTFEB#2: #s15496 targeting exon 7, siRNA negative control
Cat# 4390844. Transfection was achieved using Lipofectamine RNAIMAX following the
manufacturer’s instructions with 10 nM of siRNA per plate. Supplier information for the

materials used in this chapter are detailed in Table 2.1.
2.2.2 Cell culture, preparation of lysates, and immunoblotting

All cell culture experiments described were conducted on cells between passage
number 3 and 20. Adenoviral infection of cells was done 24 h post-plating, and the
multiplicity of infection (MOI) was kept constant between the control and experimental
constructs. The MOI used was 150 and 200 for shRNA and overexpression experiments,
respectively. All experiments were conducted within 72 h post-infection, except viability
(120 hours), and colony formation assays (10-15 days). For all cell culture experiments
requiring protein lysates, cells were harvested in ice cold phosphate-buffered saline (PBS),
transferred to microcentrifuge tubes, and pelleted by centrifugation. Ice cold lysis buffer
(20 mM Tris, 5 mM EDTA, 10 mM Na4P207, 100 mM Sodium Fluoride, 1% NP-40, 2
mM sodium orthovanadate, 2 mM protease inhibitor, and 100 pg/ml of phosphatase
inhibitor) was added and cell pellets were subsequently sonicated three times for five
seconds. Lysates were allowed to settle on ice before being centrifuged for 18 minutes at

3000 g. The supernatant (total lysate) was aspirated and stored at -80° C until needed.
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Protein concentration was assayed using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions and 10-30 pg of protein was
denatured and size fractioned using Sodium dodecyl sulfate (SDS) polyacrylamide gel
electrophoresis with pre-cast Criterion 4-20% acrylamide gradient gels (Bio-Rad). Protein
was transferred to nitrocellulose membranes before loading and transfer efficiency was
confirmed by total protein staining of the membrane with the Pierce Reversible Protein
Stain Kit (Thermo Fisher Scientific). Membranes were blocked with 5% skim milk made
in tris-buffered saline (TBS) with 0.05% Tween-20 before overnight incubation in primary
antibodies made in 1% milk-TBS-Tween. Membranes were incubated with HRP-tagged
secondary antibody with dilution of 1:1000 in 5% milk-TBS-Tween for 1.5 hours at room
temperature before visualization of proteins using Western Lightning Plus
chemiluminescent substrate (PerkinElmer). Immunoblot images were captured digitally
using the ChemiDoc MP system (Bio-Rad). Protein levels were quantified by densitometry
using Image Lab (Bio-rad) and corrected to the total protein stain. Immunoblots and
quantification represent three independent experiments. Primary and secondary antibodies

are listed in Table 2.1.

2.2.3 gPCR

RNA was harvested from cell cultures by scraping cells in RiboZol (VWR), and
lysates transferred to RNase/DNase free tubes. Samples were sonicated briefly before RNA
was isolated by the phenol-chloroform method using the RiboZol RNA extraction reagent
according to the manufacturer's instructions (VWR). RNA was quantified using the BioTek
Synergy H4 and Take3 plate by assessing absorbance at 260 nm. An equal amount of cDNA

was synthesized for each sample using qScript cDNA supermix (Quantabio), and cDNA
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was stored at -20° C until needed. QPCR was accomplished by combining cDNA, Perfecta
SYBR green Supermix Low ROX (Quantabio), together with forward and reverse primers
at a final concentration of 250 nM. QPCR data was captured using the Viia7 Real-Time
PCR system (Applied Biosystems). Data was normalized to the geometric mean of two
reference genes and quantified by the 2-AACt method, as previously described?®?. Primers
were validated by confirming the PCR product size using capillary electrophoresis, and

primer sequences are listed in Table 2.2.
2.2.4 Immunofluorescence and fluorescence microscopy

Cells were plated on glass coverslips in 35 mm dishes and allowed to settle for 24
h. Subsequently, cells were washed in warm PBS before being fixed with pre-warmed 4%
formaldehyde in PBS for five mins. Cells were blocked and permeabilized with 3% bovine
serum albumin (BSA) and 0.1% Triton-X-100 in PBS for 30 mins before incubation with
the primary antibody for 1 h followed by incubation with fluorophore-conjugated

secondary antibodies for 1 h.

Cellular proteolytic ability was assayed using DQ-BSA Red by incubating cells
with 100 pg/mL DQ-BSA in serum-free media for 5 hours, after which cells were washed
in PBS and fixed with 4% formaldehyde. Lysosomes were labeled using LysoTracker Red
DND-99 or LysoTracker Green DND-26 by incubating cells with 250 nM of the dye in

media for 15 minutes before being washed in PBS and fixed with 4% formaldehyde.

Coverslips were mounted onto glass slides containing Vectashield with DAPI
(Vector Laboratories) and imaged with a Zeiss Axio Observer Z1 equipped with an

Apotome.2 structural illumination unit using a 63x Plan-Apochromat objective (NA: 1.4,
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oil) or 20x LD A-Plan objective (NA: 0.35, air). Images were processed for analysis in Zen
(Carl Zeiss), and image processing was identical for each image set. Images were analyzed
in Cell Profiler, and data are represented as the mean per cell unless otherwise noted?8+2%,

Experiments with data displayed from one independent experiment have been repeated at

least once.

2.2.5 Cell viability and Colony Formation Assay

Cell viability was assessed using Presto Blue (Thermo-Fisher Scientific). Briefly,
cells were seeded in 96-well plates and following 18 hours of DOX treatment, the cells
were washed once with PBS and incubated for 48 hours in drug-free media. Following 48
h, Presto Blue was added to the media, the plate was incubated for three hours at 37°C, and

fluorescence intensity was read on a microplate fluorometer (Synergy H4).

For colony formation assays, cells were transfected with siRNAs and incubated for
two days. Cells were then trypsinized and re-plated at a density of 700-1000 cells per well,
depending on the cell line. Cells were allowed to adhere for 24 hours before being treated.
After treatment, the media was changed every three days for 10-15 days, then colonies were
fixed with 4% formaldehyde and stained with 0.5% Crystal Violet and counted manually.

Mean values represent six treatments from two independent experiments.

2.2.6 Cell permeability assay

The microtitre plate cell permeability apoptosis assay was conducted using SyTOX
Blue and Hoechst 33342 (Thermo-Fisher Scientific). Cells were seeded in a 96 well plate
and incubated for 1 hour at room temperature to reduce edge effects. Cells were incubated

with SyTOX Blue and Hoechst 33342 for 30 minutes before each well of the plate was
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imaged once with a Zeiss Axio Observer Z1 at 5x magnification. Images were processed
in ImageJ, and the number of SyTOX Blue and Hoechst 33342 cells was counted with Cell
Profiler. The fraction of SyTOX Blue to Hoechst 33342 positive cells was calculated for

each well, and data is displayed as a mean of at least 5 wells per treatment.
2.2.7 Luciferase reporter assay

CLEAR promoter activity was assayed using a firefly luciferase reporter gene
driven by two CLEAR sequences, as described previously®®?. Cells were infected with
adenoviruses containing the CLEAR-luciferase construct and luciferase activity was
measured 72 h after infection following 18 hours of DOX treatment. Protein lysates were
collected by adding passive lysis buffer (Biotium) to each plate followed by 30 minutes of
shaking, after which lysates were clarified by centrifugation. Luciferase activity was
measured using the Firefly & Renilla Luciferase Single Tube Assay Kit (Biotium)
according to the manufacturer’s instructions with a Synergy H4 plate reader, and
luminescence was normalized to protein concentration. Values are represented as fold

change to vehicle-treated cells.
2.2.8 Gene expression analysis of breast cancer patient samples

Microarray log: intensities and clinical data for breast cancer tumors from the
METABRIC study were downloaded in October 2019 from cBioPortal
(https://www.cbioportal.org/)?°. RNA-Seq normalized read counts and clinical data for the
TCGA breast cancer study were downloaded from the Firehose Broad GDAC portal

(https://gdac.broadinstitute.org/) in January 2021, and PAMS50 molecular subtypes for this
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study were obtained from the original manuscript®’. The data were processed and graphed

using custom R scripts hosted at https://github.com/loganslade/PhD-Thesis.

2.2.9 Statistical analysis

Statistical analysis was performed with Graph Pad Prism 6 or 9. Data sets with three
or more groups were analyzed using one-way or two-way analysis of variance (ANOVA)
and significant differences between individual groups were assessed with Tukey’s post-hoc
test. Data sets with two groups were analyzed using a two-tailed t-test. Statistical
significance was attributed if the p-value was less than 0.05. Data are displayed with a

standard error of the mean (SEM) unless otherwise noted.

Table 2.1. List of materials used for experiments in chapter 2

Reagent Source Identifier/Catalog#
Antibodies
TFEB Bethyl Labs A303-673-A-T
TFEB (D207D) Cell Signaling 37785
phospho-TFEB (Ser211) Bethyl Labs glielr ;r;;(éat#: A300-
LC3 Novus Bio NB100-2220
LC3 Cell Signaling 2775
Caspase-3 Cell Signaling 9662
Cleaved Caspase-3 Cell Signaling 9664
S6 Cell Signaling 2217
phospho-S6 (Thr240/244) Cell Signaling 2215
Calcineurin Cell Signaling 2614
BD Transduction
RAN GTPase Laboratories 610341
HA Tag Covance MMS-101R
FLAG Tag Sigma-Aldrich F3165
Fatty Acid Synthase Cell Signaling 3180
P62/SQSTMI ﬁ?ﬁﬁféﬂ Researeh 03-GP62
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Reagent Source Identifier/Catalog#
Cleaved-PARP Abcam ab110315
phospho-p70S6K (Thr389) Cell Signaling 9234
p70S6K Cell Signaling 2708
Cathepsin D Santa Cruz sc-6486
PCNA Santa Cruz sc-56
Goat anti-Rabbit Santa Cruz 2054
Goat anti-Mouse Santa Cruz 2055
Goat anti-Guinea Pig Santa Cruz 2438
Mouse anti-Rabbit Santa Cruz 2357
anti-mouse [gGk Santa Cruz sc-516102
Anti-rabbit IgG, HRP-linked Antibody Cell Signaling 70748
ﬁﬁgggg;lse IgG, HRP-linked Cell Signaling 06
Alexa Fluor 488 goat-anti-rabbit ThermoFisher A11008
Chemicals and cell culture material
DMEM-High Glucose Cytiva Hyclone SH30243.01
DMEM/F12 1:1 Cytiva Hyclone SH30126.01
alpha-MEM Corning 10-022-CV
RPMI 1640 Corning 10-040CV
Ham's F12 Gibco 11765-054
Opti-MEM™ | Reduced Serum
Medium ThermoFisher 31985062
Lipofectamine™ RNAIMAX
Transfection Reagent ThermoFisher 13778075
Fetal Bovine Serum, Qualified Gibco 12483020
L-glutamine Corning 25-005-C1
Sodium Pyruvate Sigma-Aldrich P2256
ITS Corning 25-800-CR
EGF Sigma-Aldrich SRP3027
Hydrocortisone Sigma-Aldrich HO0888
Cholera Toxin Sigma-Aldrich C8052
Horse Serum Gibco 16050122
Insulin (from bovine pancreas) Sigma-Aldrich 10516
HEPES Gibco 15630
Doxorubicin-HCL Millipore 324380
DMSO VWR 97063-136
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Reagent Source Identifier/Catalog#
Chloroquine diphosphate salt Sigma-Aldrich C6628
Bafilomycin Al Sigma-Aldrich B1793
Cyclosporine A Sigma-Aldrich C3662
Paraformaldehyde Millipore PX005503
DQ-BSA Red ThermoFisher D12051
Lysotracker Red DND-99 ThermoFisher L7528
Lysotracker Green DND-26 ThermoFisher L7526
Tris VWR MI151
EDTA Calbiochem 4010
NasP207 Sigma-Aldrich P8010
Sodium Fluoride Sigma-Aldrich S6521
NP-40 Sigma-Aldrich 13021
Sodium Orthovanadate Millipore 567540
Protease inhibitor cocktail Sigma-Aldrich P8340
Phosphatase inhibitor cocktail Millipore 524628
Tween-20 VWR 0777
Ribozol VWR VWRVNS580
gScript™ cDNA SuperMix QuantaBio 95048-500
PerfeCTa® SYBR® Green FastMix®,
Low ROX QuantaBio 95074-05K
Bovine Serum Albumin, fatty acid free Proliant 68700
Triton-X-100 VWR M143
Passive Lysis Buffer Biotium 99912
Vectashield Antifade Mounting
Medium with DAPI Vector Laboratories H-1200
Hoechst 33342 20 mM ThermoFisher 62249
SYTOX™ Blue Nucleic Acid Stain ThermoFisher S11348
PrestoBlue™ Cell Viability Reagent ThermoFisher A13262
Crystal Violet Millipore 1.1594
ProLong™ Gold Antifade Mountant ThermoFisher P10144
Commercial Kkits
Pierce™ BCA Protein Assay Kit ThermoFisher 23225
Pierce™ Reversible Protein Stain Kit
for Nitrocellulose Membranes ThermoFisher 24580
Western Lightning Plus, PerkinElmer NEL103EOO1EA
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Reagent Source Identifier/Catalog#
Chemiluminescent Substrate

Criterion TGX Precast gels 4-20% Bio-Rad 5671095

Firefly and Renilla Luciferase Single

Tube Assay Kit Biotium 30081

Table 2.2. List of primer sequences used for qPCR on human cells in this chapter.

Primer Forward Reverse
TFEB GGTGCAGTCCTACCTGGAGA GTGGGCAGCAAACTTGTTCC
MCOLNI1 TTGCTCTCTGCCAGCGGTACTA GCAGTCAGTAACCACCATCGGA
ATP6VIH  GGAAGTGTCAGATGATCCCCA  CCGTTTGCCTCGTGGATAAT
HEXA CAACCAACACATTCTTCTCCA CGCTATCGTGACCTGCTTTT
ATP6VIEl CATTGTGATGAGCGTGTTCTGG AACTCCCCGGTTAGGACCCTTA
SGSH TGACCGGCCTTTCTTCCTCTA GCTCTCTCCGTTGCCAAACTT
ZKSCAN3  GGCCCTGACCCTCACCCC CAGATGTGCCGCCTCCCTCC
18S AGAAACGGCTACCACATCCA CACCAGACTTGCCCTCCA
HSP90AB1 TCTGGGTATCGGAAAGCAAGCC GTGCACTTCCTCAGGCATCTTG
2.3 Results

2.3.1 TFEB expression is increased in triple negative breast cancer

TFEB has previously been implicated in the tumor growth and survival of breast

cancer; however, it is unclear whether TFEB expression and function varies by breast

cancer subtype. To explore this, gene expression data was obtained from two large scale

breast cancer patient cohorts, and TFEB expression was examined by histological and

molecular subtypes. In both the TCGA and METABRIC studies, TFEB gene expression is

significantly higher in patients with ER-/HER2- breast cancer in comparison to patient

samples that are ER+, HER2+, or ER+/HER+ (Fig. 2.1A, B). Similarly, ER status alone is
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associated with differing TFEB expression levels as ER- patients show significantly higher
expression of TFEB in comparison to those patients with ER+ breast cancer (Fig. 2.1A, B).
When patient samples are categorized by gene expression (PAMS50) cluster, the basal-like
breast cancers show higher TFEB expression in both studies when compared to luminal A,
luminal B, and HER2 enriched cancers (Fig. 2.1C, D). Although TFEB expression is
highest in the most aggressive cancers, TFEB gene expression levels are not predictive of
overall survival, as both the top 25% and bottom 25% patient expression quantiles show
the same overall survival over 20 years compared to the middle 50% of patients (Fig. 2.1E).
Cox proportional hazards regression indicates that higher TFEB expression is associated
with worse survival, with the hazard ratio for TFEB expression being 1.151 (95% CI:

0.7182-1.844); however, the effect is not statistically significant (p=0.56).

Regulators of TFEB function also show varied expression by breast cancer
molecular subtype. The calcineurin regulatory subunit PPP3R1 shows elevated expression
in ER- breast cancer, whereas regulators of TFEB lysosomal localization, including
folliculin complex members FLCN and FNIP1, along with MAP4K3, are decreased in ER-
breast cancer patients (Fig. 2.2). These results show that TFEB expression is elevated in
TNBC patients. These patients also show an expression pattern of TFEB regulatory proteins
that is consistent with TFEB activation, compelling us to next examine the role of TFEB in

TNBC chemoresistance.
2.3.2 DOX activates TFEB in breast cancer cell lines

Prior studies have shown that DOX induces autophagy in TNBC and prostate
cancer, while TFEB nuclear translocation and mTOR deactivation in response to DOX has
been found in MCF7 and LoVo breast and colorectal cancer cells?’+276-280281 "'We sought to
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confirm the induction of this pathway in TNBC cells. We first investigated whether TFEB
protein levels are altered by DOX treatment in MDA-MB-231 and BT549 TNBC cells,
MCEF7 luminal A breast cancer cells, and MCF10A non-cancerous breast cells. TFEB
protein expression was upregulated upon 1 uM DOX treatment in MCF10A, MCF7, and
MDA-MB-231 cells but not in BT549 cells (Fig. 2.3A, B). All cell lines displayed a distinct
molecular weight decrease of ~5 kDa following DOX treatment for the 70 kDa TFEB
protein suggesting a posttranslational modification. Although prior studies have found
TFEB nuclear translocation in response to DOX, it was unknown if altered phosphorylation
of TFEB contributes to its altered localization. Indeed, DOX treatment decreased
phosphorylation of TFEB at serine 211 in all four cell lines tested, as evident from bands
of phosphorylated TFEB at 70 and 50 kDa, representing two TFEB splice isoforms®® (Fig.
2.3A, B). We next ascertained if DOX modulates upstream regulators of TFEB. Activated
mTORC]1 phosphorylates TFEB at serine 211!6>167:287; however, DOX treatment had no
significant effect on S6K phosphorylation, a downstream signaling readout of mTOR
activity, in MCF10A, MDA-MB-231, and BT549 cells. A marginal but significant decrease
in S6K phosphorylation was observed in MCF7 cells (Fig. 2.3A, B). We also found that
DOX treatment increased the phosphorylated to total ratio of S6 at threonine 240/244 in
MDA-MB-231 cells and was unaltered in the other cell lines tested (Fig. 2.3A, B). Taken
together, these results show that TFEB dephosphorylation occurs independently of

mTORCI activity in MDA-MB-231 and BT549 cells.

We next questioned if TFEB activation in MDA-MB-231 cells following incubation
with DOX caused TFEB nuclear translocation. DOX-treated MDA-MB-231 cells displayed

increased nuclear staining compared to vehicle control, as determined by
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immunofluorescence microscopy (Fig. 2.4A, B). Using a luciferase gene reporter assay in
which firefly luciferase is driven by two CLEAR sequences®®®, we further confirmed that
DOX treatment activated TFEB. In MDA-MB-231 cells, DOX caused a significant increase
in luciferase activity compared to vehicle, indicating increased TFEB transcriptional
activity (Fig. 2.4C). These results suggest that treatment with DOX is sufficient to activate

TFEB in breast cancer cell lines.

2.3.3 Loss of TFEB reduces MDA-MB-231 cell viability alone and in combination with

DOX

We hypothesized that TFEB activation by DOX was a cytoprotective response. To
study this, we incubated MDA-MB-231 cells with DOX for 18 h followed by a chase in
drug-free media for 48 h, then estimated viability using the reduction of resazurin (a proxy
for metabolic activity) through the addition of the Presto Blue reagent. In MDA-MB-231
cells, knockdown of TFEB with two siRNAs (Fig. 2.5A) resulted in a significant reduction
in metabolic activity, which was further decreased by DOX (Fig. 2.5B). Also, knockdown
of TFEB with two different siRNAs reduced the colony-forming ability of MDA-MB-231
cells by between 50 and 20% (Fig. 2.5C, D). To ascertain whether decreased viability was
an outcome of augmented cell death, we assayed the rate of cell death in TFEB knockdown
cells through measurement of membrane permeability. We observed a 7.5-10-fold more
permeable cells following TFEB knockdown when compared to control, which indicates a
significant increase in cell death for cells lacking TFEB (Fig. 2.5E). These results show

that TFEB knockdown leads to loss of viability and increased cell death.

73



2.3.4 TFEB Knockdown reduces the viability of BT549 and SUM159 cells

We next explored whether the phenotype caused by TFEB knockdown was specific
to MDA-MB-231 cells or observed in other TNBC models such as BT549 and SUM159
cells. Knockdown of TFEB in BT549 cells with two different siRNAs (Fig 2.6A) reduced
metabolic activity by between 50 and 25%, and this effect is additive when combined with
DOX (Fig. 2.6C). TFEB knockdown in SUM159 cells (Fig. 2.5B) results in no significant
change to metabolic activity; however, we find that TFEB knockdown led to a 2-fold higher
sensitivity to DOX at concentrations of 0.5 and 1uM (Fig. 2.6D, E). Similarly, TFEB
knockdown did not reduce the colony-forming ability of SUM159 cells; however, colonies
from TFEB siRNA treated cells were significantly smaller, as measured by the percent area
covered by cells (Fig.2.6F-H). The colony-forming ability of SUMI159 cells remained
unaffected by DOX treatment; but, when TFEB knockdown is combined with DOX,
viability is reduced by 50% (Fig. 2.61). These results show that TFEB knockdown

significantly reduces the viability of three different TNBC breast cancer cell lines.

2.3.5 Silencing TFEB increases cleaved caspase 3 expression and decreases cell viability

Since TFEB knockdown caused loss of viability in TNBC cell lines, we examined
whether this corresponded with increased apoptosis signaling and changes in autophagy
proteins. Adenoviral delivery of short-hairpin RNA (shRNA) targeting TFEB in MDA-
MB-231 cells resulted in a substantial reduction in TFEB protein levels and impaired
autophagy (Fig. 2.7A, B). The extent of autophagic activation was ascertained by
examining protein levels of non-lipidated LC3-I and lipidated LC3-II, respectively. DOX
treatment of MDA-MB-231 cells elicited a significant increase in LC3-I and LC3-II,
whereas knockdown of TFEB attenuated DOX-induced amplification of LC3-I and II
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independent of statistically significant changes in autophagy cargo receptor, SQSTM1 (Fig.
2.7A, B). These results suggest that DOX-induced TFEB activation upregulates protein
levels of LC3B. Knockdown of TFEB in MDA-MB-231 cells also resulted in a 2-fold
increase in protein levels of cleaved caspase-3, an executor of apoptosis, in response to 1
uM DOX when compared to control (Fig. 2.7A, B). In BT549 cells, TFEB knockdown in
combination with DOX treatment resulted in a significant increase in caspase-3 cleavage
(Fig. 2.7C, D) when compared to control. Surprisingly, shRNA targeting of TFEB in
BT549 cells did not lead to significant changes in levels of the autophagy-related proteins
SQSTM1 and LC3-I (Fig. 2.7C, D). Similar to MDA-MB-231 cells, DOX-induced an
increase in LC3-II content in BT549 cells, which was not observed with TFEB knockdown

(Fig. 2.7C, D).

To further test if the pro-survival role of TFEB was specific to DOX-treated cancer
cells, TFEB was overexpressed in non-cancerous MCF10A cells. Overexpression of TFEB
in MCF10A cells caused a two-fold increase in LC3-I in concert with an increase in LC3-
IT (Fig. 2.8A, B). MCF10A cells treated with 1 uM DOX showed a significant increase in
cleaved caspase-3 protein levels; however, TFEB overexpression blunted this increase.
(Fig. 2.8A, B). Surprisingly, overexpression of TFEB did not rescue metabolic activity in
response to DOX in MCF10A cells (Fig. 2.8C). These results show that TFEB functions to
prevent caspase activation in multiple cell types and create a pro-survival milieu within the

cell in response to DOX.
2.3.6 Inhibition TFEB activator calcineurin sensitizes breast cancer cells to DOX

TFEB is dephosphorylated by the phosphatase Calcineurin (CaN), while CaN
agonists and antagonists can modulate TFEB activity'®?*°. We investigated whether DOX

75



treatment in breast cancer cells alters CaN protein expression resulting in increased TFEB
dephosphorylation. MDA-MB-231 cells treated with DOX for 18 h exhibited a significant
decrease in CaN protein levels while there was no change in the other cell lines studied,
effects that are inconsistent with TFEB dephosphorylation (Fig. 2.9A, B). To investigate
whether DOX altered CaN activity leading to increased TFEB activation, MDA-MB-231
and BT549 cells were treated CaN chemical inhibitor cyclosporine A (CsA) and its ability
to phenocopy TFEB knockdown analyzed. MDA-MB-231 treated with either 20 or 40 uM
CsA for 18 hours had decreased protein levels of TFEB compared to the control, and CsA
treatment prevented DOX induced upregulation of TFEB (Fig. 2.9C, D). In the absence of
DOX, CsA treatment increases the ratio of serine 211 phosphorylated to total TFEB;
however, CsA treatment does not prevent the reduction in TFEB phosphorylation induced
by DOX (Fig. 2.9C, D). CsA treatment alone is sufficient to increase the levels of apoptosis
as measured by cleaved caspase 3, although apoptosis is not further increased by co-
treatment with DOX, hence a lower dose of CsA was used in subsequent studies (Fig. 2.9C,

D).

Co-treatment of BT549 cells with 10 uM CSA and 1 uM DOX led to a significant
increase in cleaved caspase-3 and cleaved PARP compared to DOX treatment alone (Fig.
2.10A, B). To test whether TFEB inhibition precipitated the pro-apoptotic effect of CsA,
BT549 cells were transduced with either mutant TFEBS*!!4 or wildtype TFEB. Both TFEB
and TFEB®?!'2 overexpression were sufficient to rescue DOX-induced apoptosis, as shown
by reduced levels of cleaved PARP and cleaved caspase-3; however, only TFEBS2!14

expression was sufficient to rescue increased apoptosis caused by the combination of CsA

and DOX (Fig. 2.10A-D). Even though mutant TFEB%?!'* rescued the induction of
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apoptosis by CsA and DOX, CsA treatment did not change the phosphorylation status of
TFEB at serine 211 in the presence of DOX; however, this phosphorylation was
significantly increased by CsA in VEH treated cells (Fig. 2.10A, B). TFEBS?!'A expression
was insufficient to rescue the decrease in viability 72 hours following co-treatment of DOX
and CsA in BT549 cells, suggesting CsA may contribute to DOX-induced loss of viability
in mechanisms that are independent from TFEB (Fig. 2.10E). Together, these experiments
indicate that calcineurin phosphatase activity is necessary for the anti-apoptotic function of

TFEB.
2.3.7 DOX augments lysosomal function in a TFEB-independent manner

Since a primary outcome of TFEB activity is lysosomal biogenesis and activation,
we hypothesized that lysosomal function would be compromised by TFEB knockdown,
leading to cell death and decreased viability. First, we assayed whether DOX treatment in
MDA-MB-231 cells was associated with increased lysosomal proteolysis by performing
the DQ-BSA Red (double quenched bovine serum albumin) assay. DQ-BSA Red is taken
up by cells and subsequently degraded in the lysosome, eliminating self-quenching and
resulting in fluorescence. We observed that treatment with 1 pM DOX results in a 2-fold
increase in DQ-BSA fluorescence compared to the vehicle, indicating that DOX
significantly increases lysosomal activity (Fig. 2.11A, B). Likewise, MDA-MB-231 cells
treated with DOX for 18h depicted a significant increase in the number of lysosomes per
cell after staining with the acidophilic dye LysoTracker Red DND-99 (Fig. 2.11C, D). To
test whether TFEB was necessary for increased lysosomal biogenesis, we visualized
lysosomes in DOX treated MDA-MB-231 cells with and without TFEB silenced.

Surprisingly, TFEB knockdown in DOX treated MDA-MB-231 cells did not suppress

71



lysosomal biogenesis as measured by fluorescence microscopy of LysoTracker stained

cells (Fig. 2.11C, D).

Since TFEB knockdown did not suppress lysosomal biogenesis induced by DOX,
we sought to confirm whether individual autophagy-lysosome genes may be affected.
Treatment with DOX resulted in a significant increase in the mRNA expression of TFEB,
MCOLNTI (Mucolipin-1), ATP6V1IH (ATPase H+ Transporting V1 Subunit H), HEXA
(Hexosaminidase A), ATP6VI1E1 (ATPase H+ Transporting V1 Subunit E1), and SGSH
(N-Sulfoglucosamine Sulfohydrolase) (Fig. 2.11E). Notably, only upregulation of
ATP6VI1El and SGSH was suppressed by TFEB knockdown, while the other genes
examined remained unaffected (Fig. 2.11E). Knockdown of TFEB also significantly
reduced mRNA expression of ZKSCAN3, a transcriptional repressor of autophagy'®¢,
likely a compensatory response to decreased TFEB levels (Fig. 2.11E). Altogether, these
results show that TFEB is not necessary for induction of the autophagy-lysosome pathway

by DOX in MDA-MB-231 cells.
2.3.8 Anti-apoptotic functions of TFEB are independent of its lysosomal action

Prior studies have attributed the pro-survival function of TFEB to its role in
regulating lysosomal biogenesis******°. Since TFEB knockdown did not disrupt autophagy-
related genes or lysosomal biogenesis in response to DOX equally in all cell lines, we
questioned if the lysosomal function was necessary for the anti-apoptotic effects of TFEB
expression in TNBC cells. To study this, we overexpressed a constitutively active form of
TFEB with serine 211 mutated to alanine (S211A) in BT549 cells and co-treated the cells
with DOX+100 uM CQ or DOX+25 nM BafAl. In both experiments, the expression of
TFEB**!'A was sufficient to reduce the cleavage of caspase-3 and PARP (Fig. 2.12A, B;
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Fig. 2.13A, B). Incubation of BT549 cells with autophagy inhibitors CQ or BafA1 elicited

accumulation of LC3-II (prominently in the TFEBS?!!A

groups) and the loss of Cathepsin
D maturation into the active 25 kDa isoform, which was associated with increased levels
of cleaved caspase-3 and cleaved PARP (Fig. 2.12A, B; Fig. 2.13A, B). Notably, despite
the presence of lysosomal inhibitors, TFEBS*!!4 expression remained sufficient to rescue
elevated levels of cleaved caspase-3 and PARP resulting from DOX treatment. The ability
of TFEBS!'A expression to reduce cellular apoptosis is not dependent on reversing the
effect of lysosomal inhibitors since the level of active cathepsin D remains low and similar
to the vector control (Fig. 2.12A, B; Fig. 2.13A, B). Also, we observe that 18 hours of
treatment with either CQ or BafAl is sufficient to diminish LysoTracker staining in BT549
cells, while expression of TFEB%2!'* could not rescue this effect (Fig. 2.12C; Fig. 2.13C).
To confirm whether the TFEB acts independent of lysosomal function in additional models
of TNBC, SUM159 cells were treated with DOX and BafAl in the presence or absence of
TFEB**!'A, In SUM159 cells, co-treatment of DOX with BafAl significantly increases
cleaved PARP levels compared to VEH or DOX alone (Fig. 2.14A, C). Expression
TFEB**!'A significantly decreases cleaved PARP levels in DOX+BafAl treated cells,
indicating that inhibition of apoptosis is not dependent on lysosomal function, although the
anti-apoptotic effect of TFEB is not as pronounced in SUM159 cells (Fig. 2.14A, C). These
results show that lysosomal function is not required for TFEB to inhibit apoptosis in two
TNBC cell lines, BT549 and SUMI159. Lastly, TFEB overexpression with lysosomal
inhibition experiments were conducted in ER+ MCEF7 cells to determine if lysosomal
function was dispensable for the pro-survival role of TFEB in other breast cancer subtypes.
Overexpression of TFEB in MCF7 cells in combination with DOX resulted in significantly

lower cleaved PARP levels compared to the transduction control (Fig. 2.14B, D). In the

79



presence of BafAl, the levels of cleaved PARP were elevated by DOX treatment; however,
there was no difference between TFEB overexpression and control cells, indicating that
regulation of the lysosomal function mediates the anti-apoptotic effect of TFEB in MCF7

cells (Fig. 2.14B, D).

In summary, we find that TFEB is crucial for the survival of triple negative breast
cancer. TFEB expression is elevated in TNBC patients, and TFEB is activated upon
treatment with the chemotherapeutic doxorubicin. Knockdown of TFEB increases
apoptosis and decreases the viability of TNBC cells alone and in combination with DOX,
and treatment with the TFEB inhibitor CsA elevates TNBC cell apoptosis. Notably, the

pro-survival role of TFEB is not dependent on lysosomal function in TNBC cells.
2.4 Discussion

DOX and the related anthracycline class of chemotherapy agents are a commonly
used treatment for TNBC and hormone receptor-positive cancers that are unresponsive to
targeted therapy. TNBC is more responsive to cytotoxic chemotherapy such as DOX in
comparison with other subtypes of breast cancer. However, the therapeutic response rate
remains low at ~30%, given that specific TNBC subtypes are inadequately susceptible to
DOX"3:2682% " Fyrthermore, TNBC is more prone to relapse than other types of breast
cancer?!. The high rate of relapse, together with the frequent toxicity of DOX when given
in higher doses, has motivated several investigations into the mechanisms through which
cancer cells resist chemotherapy. Several reports have identified that cytoprotective
autophagy is activated in response to DOX and other chemotherapeutic agents in breast
cancer; however, the regulators of this response remain uncharacterized. TFEB is a
regulator of autophagy and is an emerging target for cancer treatment, given that several
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cancers rely on TFEB to survive!*. Indeed, TFEB and TFE3, both members of the
MiT/TFE family with redundant functions, are distinctly involved in genetic
rearrangements that drive the formation of renal cell carcinomas and sarcomas®?>2%3, The
goal of our study was to characterize the role of TFEB in TNBC and further study regulation
of the pro-survival autophagy response in breast cancer induced by DNA damaging agents

like doxorubicin.

This research has identified that the master regulator of lysosomal biogenesis,
TFEB, is activated upon DOX treatment; however, knockdown of TFEB cannot completely
suppress the activation by DOX of the autophagy-lysosome pathway in MDA-MB-231
cells. Our findings agree with other studies that show that DOX increases autophagy in
multiple cancer types; yet this activation cannot be explained by TFEB function in TNBC

06115126’272’274’294. This

result is puzzling given that TFEB is established as the master
regulator of lysosomal biogenesis; however, we propose that in the breast cancer cells, the
primary regulator of the autophagy-lysosome system is not TFEB and that this role is
fulfilled by other established autophagy regulators, including the FOXO family or other
MiT/TFE family members?*®. These results do not rule out the regulation of the autophagy-
lysosome pathway by MiT/TFE family members in cancer, instead, we suggest that these
transcription factors are not interchangeable and may have distinct tissue or context-
specific functions. Indeed, our work has shown that lysosomal function is necessary for the
inhibition of apoptosis by TFEB in MCF7, an ER+ breast cancer cell line. Future work
should be dedicated to understanding how the MiT/TFE family members co-operate and if

the loss of multiple members has a different effect than the loss of a single-family member

alone.
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Our study demonstrated that DOX-induced activation of TFEB is independent of
mTOR signaling. mTORCI1 independent activation of TFEB has previously been reported
in pancreatic ductal adenocarcinoma cells where evasion of MiT/TFE factors from
mTORCI1 inhibition facilitates anabolic maintenance pathways while concomitantly
exploiting survival advantages from TFEB, TFE3, and MITF activity>*. In contrast, DOX
stimulates TFEB in colorectal cancer cells and cervical cancer cells in association with
decreased mTORC1 activity*®°. Also, a recent report by Brady et al.>” proposes that DNA
damage induces p53 upregulation resulting in mTORCI1 inhibition and TFEB/TFE3
activation. Both MDA-MB-231 and BT549 cells have loss-of-function p53 mutations and,
therefore, cannot activate TFEB in a p53-mTORCI1 dependent manner. It is likely that p53
mutant cancer cells develop an alternate mechanism of TFEB activation in response to
DNA damage. Future studies will characterize and target this pathway for cancer therapy.
A recent study has found that AMPK mediates activation of TFEB in response to
doxorubicin in mouse embryonic fibroblasts. The authors found that DOX increases AMPK
phosphorylation and that inhibiting AMPK abrogates the DOX-induced increase in
CLEAR luciferase acitvity'®*. Given that AMPK directly regulates TFEB, and that AMPK
is known to be activated by the DNA damage response, it is likely that this mechanism

contributes to the activation of TFEB in response to DOX in breast cancer'®*%%,

The activation of TFEB and lysosomal activity by DOX seems to be specific to
proliferating cells, given that in cardiomyocytes and neurons, TFEB and autophagy are
suppressed by DOX treatment®72%8, The difference in response to DOX between cancerous
and non-cancerous cells is not surprising because proliferating and senescent cells have

different DNA damage repair requirements, such as the inhibition of homologous
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recombination in GO/G1 phase cells, or the need to avoid replicating excessively damaged
DNA in proliferating cells?**>*®. In our study, the mechanism of TFEB activation in
response to DOX remains enigmatic given mTORCI activity and calcineurin protein levels
are inconsistent with TFEB activation. It is likely that calcineurin activity increases
independent of its protein levels due to increased intracellular calcium, a potential
consequence of endoplasmic reticulum dysfunction often precipitated by DOX3°!3%2, Prior
studies reported that downstream targets of calcineurin, including NFAT and NF«B, are
activated by doxorubicin treatment in both cancerous and cardiac cells*®*=%. Therefore, it
is not surprising that combining DOX with the calcineurin inhibitor cyclosporine A (CsA)
phenocopied knockdown of TFEB. Notably, CsA did not rescue the decrease in TFEB
phosphorylation caused by DOX but did reduce TFEB protein content. One explanation for
this may be that phosphorylated TFEB is more prone to proteasomal degradation due to
increased interaction with the ubiquitin ligase STUBI, as such, inhibition of calcineurin

may decrease TFEB protein content by increasing the degradation of TFEB'®’.

In summary, this study found that TFEB has a pro-survival function in TNBC which
is not dependent on a functioning autophagy-lysosome pathway. This finding raises the
question as to which processes are regulated by TFEB in TNBC to support cancer cell
survival, and to answer this question, I have conducted a transcriptomics analysis of TNBC

cells wherein TFEB expression is silenced.

83



%
% _
(O]
P’y o ~ < e m
o o 3 © © ®
ﬂ'u Aysusyu| 2607 g341 (@)
o ®
m @®
< o
0 m
M Al \ k
%
g, O
B [y F
%
%,
<,
%
Q»\,m
%, %
%, owv
A«OV ("
P S ~ < - N >
o © [t} 0 w0 rv&\/vv
Aysusyu| 2607 g341 ey
>

<

1500
000
0l

u

o_wwwaxmﬂku__mc:oz g341

u

500
000

_wwm.axm_1_omN__mELoz g341

o1

TCGA: Breast Cancer

METABRIC

METABRIC

250

c
o
[7]
%]
g o
Qo
[ o
5} «
i
_
(=37
= 6 £
- c
o
=
Se
— E
=
o
e}
o
N X X N
= o o o
=] © © <
=4
(%) |BAIAING [|BIBAO
9
muw,
&
B |
%
«\0/
<
L B _| % %
R,
%
0,
. v
ll_ T e\oo
.\o\o
>
\Y\ae
.\&\0
o o o V
o o o
el e ©
uoissaldx3 pazijewloN 9341
\m«w\&
%
@ 2 ~ < -
© w w

© [t}
Aysusyu) 2607 9341

84



Figure 2.1. TFEB gene expression is elevated in TNBC patients.

(A, B) Boxplots of TFEB logz microarray intensity values from breast tumor biopsies
collected by the METABRIC study, separated by either (A) IHC subtype or IHC estrogen
receptor status. (B) Boxplots of TFEB RSEM normalized gene expression values as
measured by RNA-Seq from breast tumor biopsies collected by the TCGA: breast cancer
study, separated by either IHC subtype, or IHC estrogen receptor status. (C, D) Boxplots
of either TFEB microarray log2 intensity (C) or TFEB RSEM normalized gene expression
(D) obtained from the indicated breast cancer genomics studies separated by PAMS0
subtype. Notches on boxplots indicate 95% confidence intervals. (E) Kaplan-Meier plot
showing overall patient survival from the METABRIC study by TFEB gene expression
strata, with the categories representing TFEB expression being: LOW, lowest 25%,
MEDIAN, middle 50%, HIGH, top 25%.
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Figure 2.2. Tumor estrogen receptor status correlates with altered gene expression of
TFEB regulatory proteins.

Boxplots for normalized expression values of the indicated genes from breast cancer patient
tumor biopsies collected as part of the TCGA: breast cancer study, delineated by estrogen

receptor status. Notches on boxplots indicate 95% confidence intervals.
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Figure 2.3. DOX treatment results in TFEB dephosphorylation.

(A) Immunoblots from MCF10A, MCF7, MDA-MB-231, and BT549 cell total lysates
treated with 1 pM doxorubicin or vehicle control for 18 hours and immunoblotted for the
targets as labeled (B) Quantification of the blots in (A), from three independent
experiments. +p<0.05, ++p<0.01, +++p<0.001, ++++p<0.0001, t-test.

88



A MDA-231 B C

TFEB
CLEAR Luciferase activity
MDA-231
010 (MDA-231)
M 2.0+
VEH ° kkk Fekkk
3 0.08 == —
§ & 1.5
2 0061 g
@ 0.04 S 1.0 rge
O 3
- [<]
1uM < 0.024 “ o5
DOX 0.00 +. 0.0
&
R ) &
Q N [N
\$ 0°+

Figure 2.4. Doxorubicin causes nuclear translocation and activation of TFEB.

(A) Representative TFEB immunofluorescence microscopy images and (B) Quantification
of MDA-MB-231 cells treated with DOX or VEH for 18 hours. Quantification (A) of the
images represented as the mean nuclear fluorescent intensity of no fewer than 59 cells from
1 independent experiment. (C) MDA-MB-231 CLEAR-firefly luciferase activity after
treatment with 1 uM DOX or vehicle for 18 hours, corrected to the protein concentration,

n=3. *¥***p<0.0001, t-test.
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Figure 2.5. TFEB knockdown reduces the viability of MDA-MB-231 cells.

(A) Immunoblot analysis of TFEB protein levels in MDA-MB-231 cells transfected with
siRNA targeting TFEB for 48 hours and treated with 1 uM doxorubicin or vehicle control
for 18 hours. (B) Metabolic viability of MDA-MB-231 cells transfected with the indicated
siRNAs following 18 hours treatment plus 48 hours in drug-free medium represented as a
fraction of the siCTRL-vehicle (VEH) control, n=5 per group. *p<0.0001, tested using a
two-way ANOVA. (C, D) Representative images and counts of colonies from MDA-MB-
231 cells transfected with the indicated siRNA and treated with 10 nM DOX. Counts
represent 6 individual treatments from 2 independent experiments. (E) Fraction of cells
permeable to fluorescent dye following transfection with the indicated siRNA. *p<0.05,

**p<0.01, ****p<0.0001, t-test or ANOVA.
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Figure 2.6. TFEB knockdown reduces the viability of BT549 and SUM159 cells.

(A, B) Immunoblot analysis of TFEB protein levels in (A) BT549, or (B) SUM159 cells
transfected with siRNA targeting TFEB for 48 hours and treated with 1 pM doxorubicin or
vehicle control for 18 hours. (C, D) Metabolic viability for BT549 and SUMI159 cells
treated with the indicated siRNA and following 18 hours treatment plus 48 hours in drug-
free medium n=5. Corrected to siCTRL-VEH for each treatment. (E) The data from (D),
corrected to the vector specific vehicle control. (F-I) Colony formation assay on SUM159
cells with TFEB knockdown and treated with 20 nM DOX or VEH. Data represents n=6
from two independent experiments. (H) The experiment presented in (F) quantified using
a percent area covered metric. (I) DOX % area covered values (as presented in H) corrected
to the siRNA specific VEH control to show to effect of DOX only. *p<0.05, **p<0.01,
*E%p<0.001, ****p<0.0001, one-way (I) or two-way ANOVA, except (E), where:
**%p<0.001, ****p<0.0001, ++p<0.01, +++p<0.001 (t-test).
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Figure 2.7. TFEB regulates cleaved Caspase-3 levels in MDA-MB-231 and BT549

cells.

(A, B) Immunoblots and quantification from MDA-MB-231 that cells were transduced with
shRNA targeting TFEB or scramble control vectors and treated with vehicle or 1 uM
doxorubicin for 18 hours. (C, D) Immunoblots and quantification from BT549 cells with
and without TFEB silencing and treatment with 1 pM DOX or VEH for 18 hours. *p<0.05,
*p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA, ++p<0.01, t-test.
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Figure 2.8. TFEB regulates cleaved Caspase-3 levels in MCF10A cells.

(A, B) Immunoblots and quantification from MCFI10A cells transduced with TFEB
overexpressing or control vectors and treated with vehicle or 1 pM doxorubicin for 18
hours, n=3 (C) Metabolic viability of MCFI0A cells treated with the indicated
concentrations of DOX with and without TFEB overexpression for 18 hours plus 48 hours

in drug-free medium represented as a fraction of the vector specific vehicle control, n=5
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Figure 2.9. Cyclosporine A reduces TFEB protein levels in MDA-MB-231 cells.

(A, B) Immunoblots and quantification from MCF10A, MCF7, MDA-MB-231, and BT549
cells treated with 1 uM doxorubicin or vehicle control for 18 hours. ++p<0.01, t-test. (C,
D) Immunoblots and quantification for the indicated proteins from MDA-MB-231 cells
treated with 20 or 40 uM Cyclosporine A or DMSO control, and either 1 uM DOX or
vehicle control. N=2, *p<0.05, **p<0.01, two-way ANOVA.

97



Ad-mCher Ad-TFEBS211A

BT549 DMSO 10uM CsA DMSO 10uM CsA
DOX 1uM: - + - + - + - + kDa
Cleaved : - - -15
Caspase-3 ‘.—.— i —————— o 7
Cleaved
PARP ol g o0
-70
p_TFE Bser21 1
M!_L—So

"o ARRERRRREER HIIIIIIIlI
Stain |
TFEB [ S s o o — o -70
FLAG | . - o o o 4 = o 70

HHHHHHHHHIIIHI
Stain

56 Cleaved Caspase 3 - Cleaved PARP 5 TEEB‘“’“"Q& kDa)
201 § = VEH
24 s 24 B DOX 1uM
. 1.54 ]
3 3 3
<0l = < |22 3
1 -5 1
0.5 « 2
o
0.0- 0- d
10uMCsA - + - + 10uM CsA - + - + 10uM CsA - + - +
C mCher  TFEBS?A mCher  TFEBS#'A mCher  TFEBS?'"'A
Ad-GFP Ad-TFEB/Ha
DMSO 10uM CsA DMSO 10uM CsA
DOX 1uM: - + - + - + - + kDa
17
Cleaved T e ; . ::’_15
Caspase-3 ——— -~ . -

Clg;ao\VReFd, T ————— - — R— - e w89
FASN[— === ——— ——— = ——— - —— — —|-260
godl L 1dEEE L] H!HHH

Stain | IR I I I I A
D Cleave*d* Caspase 3 — o BT- 549
37 ***!+ 31 = VEH ’ Hkdk Hkkk
ssxx I DOX 1uM 2 .
= n* % 0.8
2 :
5 3 067 : “
< s
14 2 0.4
§ 0.2
o 0 4
10uM CsA - + - + 10uM CsA - + - + 0.0-
GFP TFEB GFP TFEB 1OWMCSA -+ -+
Ad-TFEB' - = %+
1uM DOX

98



Figure 2.10. Calcineurin inhibition enhances doxorubicin-induced apoptosis in a

TFEB dependent manner.

(A,B) Immunoblots and quantification from BT549 cells expressing TFEBS211A or
control vector, treated with cyclosporine A (10 uM) or DMSO control in combination with
DOX (1 uM) or vehicle control. (C, D) Immunoblots and quantification from BT549 cells
overexpressing TFEB or a control vector, treated with cyclosporine A (CsA; 10 uM) or
DMSO control in combination with DOX (1 uM) or vehicle and probed for the proteins as
labeled, FASN and the protein stain displayed as a gel specific loading control. (E)
Metabolic fractional viability as determined by presto blue from BT549 cells treated with
1 uM DOX, and either 10 uM CsA or vehicle control, with or without overexpression of
TFEBS!!'A, #p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-way ANOVA,
++p<0.01, t-test.
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Figure 2.11. DOX induces lysosomal biogenesis independently of TFEB.

(A, B) Representative images and quantification for DQ-BSA labeled MDA-MB-231 cells
following 18 hours treatment with 1uM DOX or VEH, quantification represents the
fluorescent intensity of DQ-BSA per cell from a mean of 80 cells from 2 independent
experiments. (C) Representative fluorescence microscopy images of 18-hour VEH or DOX
treated MDA-MB-231 cells transfected with the indicated siRNAs and stained with
Lysotracker and Hoechst 33342 (DNA). (D) The number of lysosomes per nuclei,
representing a mean of 4 images from 2 independent experiments. (E) Relative mRNA
expression of the indicated genes corrected to two reference genes (18S and HSCPB).

*p<0.05, **p<0.01, ***p<0.01, ****p<0.0001, t-test or ANOVA. Scale bars = 10 um.
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Figure 2.12. Inhibition of lysosomal acidification by BafA1 treatment does not prevent

the effects of TFEB overexpression.

(A) Immunoblots and (B) quantification from BT549 cells with and without expression of
TFEBS?!'A and treated or untreated with 25 nM bafilomycin Al (BafAl) and co-treated
with vehicle or 1 pM DOX, and probed for the proteins as labeled, PCNA and the protein
stain are displayed as a loading control. (C) Representative images from lysotracker stained
BT549 cells with or without expression of TFEBS?!'2, treated with either control or 25 nM
bafilomycin Al. Scale bars = 20 um. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-
way ANOVA.
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Figure 2.13. Inhibition of lysosomal acidification by CQ does not prevent the effects

of TFEB overexpression.

(A) Immunoblots and (B) quantification from BT549 cells with and without expression of
TFEBS211A and treated or untreated with 100 uM chloroquine (CQ) and co-treated with
vehicle or 1 uM DOX, and probed for the proteins as labeled, PCNA and the protein stain
are displayed as a loading control. (C) Representative images from lysotracker stained
BT549 cells with or without expression of TFEB%?!!A, treated with either control or 100
UM chloroquine. Scale bars =20 um. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-
way ANOVA.
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Figure 2.14. Inhibition of lysosomal acidification differentially effects the outcome of

TFEB overexpression between SUM159 and MCF7 cells.

(A) Immunoblot analysis of SUM159 cells with and without expression of TFEBS2!!4 and
treated or untreated with 25 nM bafilomycin A1 (BafA1l) and co-treated with vehicle or 1
uM DOX, and probed for the proteins as labeled, with the protein stain displayed as a
loading control. (B) Immunoblot analysis of MCF7 cells with and without expression of
TFEB and treated or untreated with 25 nM bafilomycin A1 (BafAl) and co-treated with
vehicle or 1 uM DOX, and probed for the proteins as labeled, with the protein stain
displayed as a loading control. (C) Quantification of the cleaved PARP immunoblot
presented in (A). (D) Quantification of the cleaved PARP immunoblot presented in (B).
*p<0.05, **p<0.01, ***p<0.001, two-way ANOVA.
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Chapter 3: Transcriptomics analysis reveals pathways regulated by TFEB in TNBC

This chapter contains content (Figures 3.1-3.7 and associated text) originally

published in:

Slade L, Biswas D, Thionu F, El Hiani Y., Kienesberger P.C., Pulinilkunnil T. (2020). A
Lysosome independent role for TFEB in activating DNA repair and inhibiting apoptosis in

breast cancer cells. Biochem J. 477(1), 137-160

Additionally, this chapter contains content (Tables 3.2, 3.3, and Figure 3.10) which has

been submitted for peer review:

Slade L, Biswas D, Kienesberger P.C., Pulinilkunnil T. (2022). Loss of TFEB dysregulates
the G1/S transition with differential functional outcomes in non-cancerous and cancerous

mammary epithelial cells J. Biol. Chem. (In Revision)
3.1 Rationale and Objectives

Prior reports have found that the promotion of cancer growth by TFEB is due to
regulation of lysosomal biogenesis and lysosomal signaling. However, our research has
identified that TFEB promotes TNBC cell survival in a manner that is not dependent on
lysosomal function®**-46, In agreement with this finding, Tfeb overexpression causes renal
hyperplasia in autophagy-deficient mice with homozygous deletion of Azg7%?!. In healthy
tissue, prior studies have likewise found that regulation of non-lysosomal pathways by
TFEB are important to normal physiological function. Indeed, TFEB upregulates the
expression of genes involved in glucose transport, glycolysis, lipid catabolism, and
oxidative phosphorylation in skeletal muscle, while TFEB knockout in mice leads to
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reduced exercise capacity’””. Likewise, research from our group has shown that
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cardiomyocyte specific deletion of TFEB does not lead to downregulation of autophagy-
lysosome genes or decreased lysosomal activity, instead, genes involved in lipid
metabolism and apoptosis are differentially expressed, causing lipid accumulation’®’.
Therefore, the mechanisms through which TFEB promotes the growth of TNBC could be

multifaceted.

Our experimental results led us to question what pathways are regulated by TFEB
in TNBC to promote cancer cell survival. To answer this question, a comprehensive omics
approach combining RNA-Seq with mass-spectrometry metabolomics was used to
characterize the phenotype which results from transient knockdown of TFEB in MDA-MB-
231 cells. This chapter aimed to identify differentially expressed pathways caused by
knockdown of TFEB and validate the results experimentally. Additionally, we aim to
combine metabolomics with transcriptomics to determine the functional consequences of

TFEB silencing in TNBC cells.
3.2 Methods
3.2.1 Cell culture, transfection, transduction

Cell culture, siRNA transfection, and viral transduction were conducted according
to the methods described in section 2.2.1. The details for materials used in this chapter are

listed in Table 3.1.
3.2.2 Immunoblotting Immunofluorescence microscopy

Immunoblotting and immunofluorescence was conducted according to the methods
described in section 2.2.2 and 2.2.4, respectively. The supplier information for the

antibodies used in this chapter is listed in Table 3.1.
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3.2.3 Colony formation assay

The colony formation assay was conducted as described in section 2.2.5, and after
colony plating cells were incubated with 1 uM of the PARP inhibitor Olaparib (Biovision)

for 72 hours.
3.2.4 RNA-Seq analysis and bioinformatics

MDA-MB-231 cells were transfected with either of two siRNA’s targeting TFEB
or a non-targeting control and cultured for 48 h before cells were harvested and RNA
extracted using the Qiagen RNeasy mini kit according to the manufacturer’s instructions.
RNA-Seq was conducted by McGill University and the Genome Quebec Innovation Center
(Montreal, Canada) with the Illumina NovaSeq 6000 S2 PE100 - 50M platform. Paired-
end reads were pseudoaligned to the Homo sapiens GRCh38 transcriptome and quantified
using kallisto®®®. Transcripts were summarized to gene-level counts with the R package
tximport and testing for differential gene expression was completed with DESeq23%%31°,
Testing for differential expression was conducted only on genes with an average estimated
count of greater than 0.3. Genes were considered significantly differentially expressed if
the adjusted p-value was less than 0.01 for both siTFEB#1 and siTFEB#2 groups, and the

fold change was occurring in the same direction.

GO term enrichment was conducted with DAVID and Enrichr’''*'2, Geneset
enrichment analysis was accomplished with GSEA 3.0 (Broad Institute) using the
parameters: Number of permutations = 1000 and Permutation type = geneset, and the gene-
level count for siTFEB#1 and siTFEB#2 was averaged together to create the ranked list*!-

316 TPA canonical pathway, upstream regulator, and causal network analysis was conducted
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in October 2020 using Ingenuity Pathway Analysis (QIAGEN). Promoter motif analysis
was conducted using HOMER (Hypergeometric Optimization of Motif EnRichment)
against the human genome, and identification of genes containing CLEAR sequences was
accomplished by searching between -1000 to +100 base pairs relative to the transcription
start site for the TCACGTGA motif’!”. Heatmap visualizations were created with

Morpheus: (https://software.broadinstitute.org/morpheus). RNA-Seq data described in this

study have been deposited in NCBI’s Gene Expression Omnibus®'® under the accession

number GSE139203.
3.2.5 Metabolomics

MDA-MB-231 cells were transfected for 48 hours with either of two siRNA’s
targeting TFEB or a non-targeting control before being cultured in siRNA-free growth
media for 24 hours. Cells were harvested in PBS and then pelleted by centrifugation.
Lysates were generated by sonicating cell pellets in double distilled H2O with 3 pulses of
3 seconds and protein content quantified using the BCA method with the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific). 120 pg of protein was transferred to a new
tube and volume equalized to 60 pL for all samples, with 10 pL set aside for the pooled
sample. Metabolites were extracted for 30 minutes at -20°C using 200 pL of cold methanol
with 12.5 pL metabolomics amino acid mix standard (Cambridge Isotopes Laboratories,
MSK-A2-1.2) added as an internal standard. Extracts were centrifuged for 5 minutes at

10,000g, and the supernatant was transferred to a new tube before being stored at -80°C.

Metabolome profiling was conducted at the Dalhousie Biological Mass
Spectrometry Core Facility, and data analysis, peak intensity assignment, and
normalization was performed at the National Research Council, human health therapeutics
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research facility, as previously described?!®*?°. Briefly, supernatants were diluted in a
solution containing 5% 20 mM ammonium carbonate (pH 9.8) and 95% acetonitrile,
samples were then analyzed using an Agilent 1290 Infinity II liquid chromatograph coupled
to a QTRAP 5500 triple-quadrapole ion trap tandem mass spectrometer. Separation was
achieved using the Hydrophilic interaction chromatography (HILIC) XBridge® Amide 3.5
um particle, 1.0 x 50 mm column (PN 186004871; Waters, Milford, MA, USA) and an
ammonium carbonate/acetonitrile gradient. Each sample was injected twice in both
negative and positive modes. Data were acquired using Analyst, and peak integration was
performed using Skyline. R was used for data quality control and normalization to the QC

(pooled) samples.

Samples were further normalized such that the sum of all peak intensities were
equivalent across samples, and values were then transformed by the generalized log
transformation function using the R package LMgene. Statistical analysis was then

conducted on normalized, and glog transformed values using the R package limma3?!.
3.2.6 Code Availability

Code used for data processing, statistical analysis, and visualization of RNA-Seq

and metabolomics data is hosted at: https://github.com/loganslade/PhD-Thesis/.

Table 3.1. List of materials used in chapter 3.

Reagent Source Identifier/Catalog#
Antibodies

phospho-H2A . X (Ser139) Cell Signaling 2577

phospho-H2A.X (Ser139) Cell Signaling 9718

phospho-H2A . X (Ser139) Millipore 05-636-1
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Reagent Source Identifier/Catalog#

Alexa Fluor 488 goat-anti-mouse ThermoFisher A11001
Alexa Fluor 594 goat anti-rabbit ThermoFisher A11012
Alexa Fluor 594 goat anti-mouse ThermoFisher A11005
Chemicals and cell culture material
Olaparib BioVision 1952
Commercial Kits
Qiagen RNeasy Mini Kit Qiagen 74104
3.3 Results

3.3.1 RNA-Seq identifies TFEB-dependent regulation of the cell cycle and DNA repair in

TNBC cells

To identify the pathways that are regulated by TFEB in TNBC cells, MDA-MB-
231 cells were treated with either control siRNA or one of two siRNA’s targeting TFEB
exons 4 or 7 and subjected to RNA-Seq transcriptomic analysis. Principle component
analysis (PCA) and distance clustering showed that the transcriptome of cells treated with
siTFEB#1 and siTFEB#2 displayed little similarity (Fig. 3.1A, B) thus, we classified genes
as differentially expressed compared to control if the adjusted p-value was below 0.01 for
each siRNA individually and the fold change was occurring in the same direction (Fig.
3.1C). This method identified 1864 genes, which were differentially expressed by both
TFEB siRNAs and over-represented Gene Ontology (GO) terms were determined using
DAVID (Fig. 3.1D). Numerous GO terms related to the cell cycle were enriched in the
differentially expressed genes from TFEB knockdown cells, including “mitotic nuclear
division”, “cell division”, and “G1/S transition of mitotic cell cycle” (Fig. 3.1D).

Interestingly, genes with the associated GO term “DNA synthesis involved in DNA repair”,
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including RADS51, RAD5S1C, XRCC3, and EXO1, were found to be enriched in the group
of genes differentially expressed by TFEB knockdown (Fig. 3.2A). Likewise, GSEA
identified that the KEGG pathway “Homologous Recombination” is globally
downregulated by TFEB knockdown, including RADS51, RAD52, RAD54L/B, BRCA2,
and three POLD subunits (Fig. 3.2B, C). Together, this result shows that TFEB is necessary

for the expression of homologous recombination genes in breast cancer cells.

To discover mechanisms by which TFEB knockdown induces cell death and
decreases viability, we used GSEA to identify genesets that were significantly upregulated
by treatment with TFEB siRNA (Fig. 3.3A). Notably, the Reactome geneset “Interferon y
signaling” was found to be enriched in the group of genes upregulated by TFEB
knockdown, which includes Interferon-gamma receptors 1 and 2 (IFNGR1/2), IRF2, IRF7,
and several major histocompatibility complex (MHC) class I and II genes (Fig. 3.3B, C).
Crosstalk between IFN-y and the induction of death receptor signaling has been previously
described thus it is not surprising that several death receptor signaling genes were
differentially regulated by TFEB knockdown®??3?%  Differentially expressed genes
involved in death receptor signaling were found to be upregulated after TFEB knockdown,
including both TNF related apoptosis-inducing ligand (TRAIL/TNFSF10) and TNFRSF1A
associated via death domain (TRADD), while apoptosis inhibiting proteins Baculoviral
IAP Repeat Containing 2/3 (BIRC2/3) and BCL2 Associated Athanogene 4 (BAG4) were
downregulated (Fig. 3.3D). These findings indicate that TFEB knockdown increases pro-

apoptotic genes involved in IFN-y and death receptor signaling.
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3.3.2 TFEB augments the DNA damage repair capacity of breast cancer cells

The primary mechanism of DOX-induced cell death in proliferating cells is the
induction of DNA double-strand breaks through DNA intercalation and topoisomerase
inhibition”®323326_ Prior reports suggest that tumors with the augmented capacity to undergo
DNA damage repair resist genotoxic chemotherapy”?’. Additionally, certain tumors can be
sensitized to chemotherapeutic agents by co-treating them with DNA damage repair
inhibitors*?®3%°. Since DOX caused TFEB activation in breast cancer cells, and RNA-Seq
identified a significant number of DNA repair genes which were downregulated by TFEB
knockdown, we questioned whether TFEB modulates DOX-induced DNA damage repair.
As detected by immunofluorescence, knockdown of TFEB in untreated MDA-MB-231
cells did not cause a significant increase in the formation of YH2A.X foci (Fig. 3.4A, B), a

phosphorylated histone variant that marks the site of DNA damage*°

. Likewise, following
treatment with DOX, DNA damage levels as measured by YH2A.X were unaltered in TFEB
knockdown cells compared to control (Fig. 3.4A, B). We postulated that the kinetics of
DNA damage repair might be altered by TFEB knockdown, and thus we examined DNA
damage after 18 h of treatment followed by a 4 h chase in drug-free media. MDA-MB-231
cells deficient in TFEB exhibited 2-fold greater DNA damage than control cells, indicating
that TFEB is necessary for efficient DNA damage repair (Fig. 3.4A, B). Furthermore, when
MDA-MB-231 cells were treated with a 100 nM concentration of DOX, only a slight
increase in YH2A.X foci was found in control cells (Fig. 3.4C, D). In contrast, 100nM DOX
treatment in TFEB knockdown cells caused a five-fold increase in the number of YH2A. X

foci per nuclei, indicating a significant increase in the sensitivity to DOX-induced DNA

damage, potentially mediated by a suppression of the DNA repair processes (Fig. 3.4C, D).
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To confirm whether overexpression of TFEB could reduce DNA damage after DOX
treatment, MDA-MB-231 cells were treated with control or TFEB overexpression
adenoviruses and YH2A.X levels assessed by immunofluorescence. Although an equal
proportion of DOX-treated cells were classified as YH2A. X positive (93% for both groups),
Overexpression of TFEB resulted in a slight but significant decrease of YH2A.X intensity
(Fig. 3.5A-C). Similarly, overexpression of TFEB in BT549 cells caused significantly
decreased phosphorylation of H2A.X at serine 139 (i.e. YH2A.X) following 18 h of 1 uM
DOX treatment compared to control (Fig. 3.5D, E). We found that regulation of DNA repair
by TFEB is not dependent on the lysosome. In BT549 cells, treatment with lysosomal
inhibitors, CQ or Bafilomycin strongly increased DNA damage induced by DOX, however,
overexpression of TFEBS?!!” was able to reverse this effect (Fig. 3.6A, B). Likewise, the
expression of TFEB%2!'A was also sufficient to rescue YH2A.X increases caused by CsA
treatment, but a similar effect was not observed with TFEB overexpression (Fig. 3.7A, B).
In breast cancer patients, deficiency of homologous recombination repair is associated with
increased sensitivity to PARP inhibitors, such as Olaparib, therefore we questioned whether
downregulation of HR genes by TFEB silencing led to increased sensitivity to PARP
inhibition®®. To test this, MDA-MB-231 cells with or without TFEB silencing were
subjected to Olaparib treatment, and viability was assayed by colony forming ability. In the
control cells, treatment with 1 uM Olaparib caused a ~10% decrease in viability, however
in cells with knockdown of TFEB, the reduction in viability was significantly higher at
40%, thus TFEB knockdown increases breast cancer cell sensitivity to Olaparib (Fig. 3.8A-
C). These findings, together with transcriptomics data, show that TFEB regulates DNA

damage repair independently of its regulation of the lysosome.
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RNA-Seq transcriptomics identified that two xenobiotic transporters are
significantly downregulated by TFEB silencing in MDA-MB-231 cells, with ABCC1 and
ABCG2 showing a 1.5 — 2-fold decrease in expression relative to the control (Fig. 3.9A,
B). We hypothesized that dysregulation of drug transport might contribute to increased
sensitivity to DOX-induced DNA damage. Utilizing the fluorescent properties of DOX,
drug transport was visualized by microscopy in MDA-MB-231 cells with or without
silenced TFEB. Following a one-hour treatment with 5 uM DOX, TFEB knockdown cells
displayed significantly less nuclear staining of DOX compared to control, however
following a 2 or 4-hour chase in drug-free media, both groups displayed equal nuclear
fluorescent intensities of DOX, and thus a similar ability to export the drug (Fig. 3.9C, D).
In summary, TFEB knockdown in TNBC cells increases sensitivity to DOX-induced DNA

damage due to dysregulation DNA repair machinery rather than altered drug clearance.

3.3.3 Promoter motif enrichment identifies transcription factors dysregulated by TFEB in

TNBC

Our findings show that TFEB knockdown alters a significant number of genes in
MDA-MB-231 cells, however, it is unclear how many of these genes are directly regulated
by TFEB transcriptional activity. To identify TFEB targets which are downregulated by
TFEB silencing, HOMER (Hypergeometric Optimization of Motif EnRichment) was used
to identify CLEAR motifs near the transcription start site of genes significantly
downregulated by both siRNAs with a logz fold change of less than -0.3. This methodology
identified 54 unique genes, many containing several CLEAR sequences (Table 3.2). These
genes are involved in various cellular processes, including metabolism: AGPS, CAD, GK,

ALDHG6A1, SLC25A32, METAP1D, COA7, DPH2. ALDH6A1 is required for amino acid
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oxidation, CAD is a key enzyme in pyrimidine nucleotide biosynthesis, and COA7 is part
of the mitochondrial electron transport chain. Several other genes encode for proteins
involved in RNA processing, including RNA splicing factors (ESRP2, HNRNPA3) and
ribosomal RNA or tRNA biosynthesis components (TSEN2, RRP9, UTP20, ESF1). None
of the genes that were downregulated by TFEB silencing and directly involved in
homologous recombination or apoptosis inhibition contain the canonical CLEAR sequence.
Two factors with CLEAR sequences related to DNA repair that were downregulated by
TFEB silencing include the deacetylating enzyme SIRT1 and the deubiquitinating enzyme
OTUB2. SIRT1 (Sirtuin-1) has been reported to promote homologous recombination and
nucleotide excision repair through its deacetylation function®*!-**, Similarly, depletion of
OTUB2 (OTU Deubiquitinase, Ubiquitin Aldehyde Binding 2) is reported to cause
accumulation of NHEJ components, which prevents DSB end resection, thus inhibiting
HR3*°, OTUB2 is also reported to regulate the levels of YAP/TAZ transcriptional co-

activators, leading to increased expression of RAD51 and elevating HR repair®®.

Given that much of the differential gene expression resulting from TFEB silencing
is not due to the canonical action of TFEB, we next considered if any other transcription
factor networks could be altered by loss of TFEB function. To study this question, the
promoter region of genes significantly downregulated by both TFEB siRNAs with a logz
fold change of less than -0.3 were subjected to “known” motif enrichment analysis using
HOMER. This method identified several enriched promoter motifs, with the two most
significant being motifs for NFY (nuclear transcription factor Y family) and bATF (Basic
Leucine Zipper ATF-Like Transcription Factor) (Table 3.3). Other notable motifs with

enrichment include those for AP-1/FOS, cMYC, and E2F7/8 (Table 3.3). Reflecting the
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decrease in expression of transcription factor networks, RNA-Seq results show that gene
expression for AP-1 components FOS, JUN, and FOSL1 are significantly decreased by
knockdown of TFEB in MDA-MB-231 cells (Fig. 3.10A). Likewise, MYC and E2F8 show
significantly decreased expression in TFEB silenced cells as measured by RNA-Seq
transcriptomics (Fig. 3.10A). Lastly, dysregulation of transcriptional networks in TFEB
silenced MDA-MB-231 cells was interrogated using Enrichr to test for enrichment in gene
sets derived from ChIP-X experiments listed in the ChEA database®*’. This analysis
identified that genes downregulated by TFEB knockdown were most associated with
transcriptional regulation by FOXM1, MYC, and the E2F family (Fig. 3.10B). Of note,
genes downregulated by TFEB knockdown are significantly associated with the geneset
regulated by MITF in melanoma cells (Fig. 3.10B). In all, results from promoter motif
analysis show that direct action by TFEB may promote DNA repair and cell survival
through SIRT1 and OTUB2 expression; however, dysregulation of mitogenic transcription
factors such as MYC and AP-1 could also contribute to loss of cell viability following

TFEB silencing.
3.3.4 IPA identifies dysregulation of apoptosis and the cell cycle due to TFEB knockdown

The transcriptome of TFEB knockdown MDA-MB-231 cells was further
investigated using ingenuity pathway analysis (IPA) and the manually curated Qiagen
knowledge base. The advantage of this bioinformatic approach is the potential to identify
directional relationships in differentially expressed signaling pathways. IPA identified that
TFEB knockdown significantly upregulated G1/S checkpoint regulation, death receptor
signaling, and AMPK signaling, whereas aryl hydrocarbon receptor signaling, cyclins and

cell cycle regulation, and pyrimidine de novo biosynthesis were classified as
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downregulated (Fig. 3.11A). IPA was also used to identify probable regulators of the gene
expression patterns observed in TFEB knockdown cells. As was found with the promoter
enrichment analysis, targets downstream of receptor tyrosine signaling such as ERBB2,
PDGF BB, and MYC were identified as suppressed whereas TP53 signaling was predicted
to be activated (Fig. 3.11B). Lastly, second-order relationships between signaling networks
were extrapolated using the causal network function. This approach extends the analysis to
upstream regulators which are two or more “links” away from the target molecule®*®. This
approach predicted that negative regulators of MYC function are activated by TFEB
knockdown, including MXD1 (MAX dimerization protein 1) and NMI (NMYC and
STAT? interactor) (Fig. 3.11C). Causal network analysis also predicted that cell cycle
regulators are altered by TFEB knockdown, including inhibition of CDK4 and S-phase

regulator USP37, while INK4 is predicted to be activated (Fig. 3.11C).

3.3.5 Metabolomics analysis reveals altered nucleotide biosynthesis in TFEB knockdown

cells

The bioinformatics approach to characterize the phenotype of TFEB silenced
MDA-MB-231 cells showed that TFEB directly regulates several genes involved in cellular
metabolism. Therefore, we hypothesized that regulation of metabolism contributes to
TFEB mediated cancer growth. MDA-MB-231 cells treated with control or siRNAs
targeting TFEB were subjected to LC-MS metabolomics. The metabolomics method was
of low sensitivity and thus identified 75 metabolites above the limit of detection, of which
ten were classified significantly different between the two siRNA treatments and the
control (Fig. 3.12A-C). Among the significant metabolites were three phospholipid species

and two ceramide species (Fig. 3.12A-C). The most significant change occurred with
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hexanoylcarnitine, which showed a log> fold change of 1.57, and 1.11 for each TFEB
siRNA compared to control (Fig. 3.12A-C). Significant decreases were observed for the
amino acid glutamate and the pyrimidine nucleobase cytosine (Fig. 3.12D, E). The results
align with our transcriptomics data, which shows that ceramide signaling genes are
differentially expressed with TFEB knockdown (Fig. 3.12F). Likewise, pyrimidine
biosynthesis genes are consistently reduced in TFEB silenced MDA-MB-231 cells,
including the TFEB target CAD, while the pyrimidine salvage proteins CDA and UCK1

are upregulated (Fig. 3.12G).

In summary, we show that loss of TFEB hinders DNA damage repair in breast
cancer cell lines, which is associated with decreased expression of homologous
recombination genes. Bioinformatics provides evidence that regulation of DNA damage
and apoptosis may not be due to the direct action of TFEB on genes involved in this process.
Cell cycle and metabolism genes are significantly altered by TFEB knockdown, and
metabolomics identified that pyrmidine biosynthesis is decreased by TFEB silencing in

MDA-MB-231 cells (Fig. 3.13).

3.4 Discussion

Our study identifies a novel role for TFEB in regulating apoptosis and the DNA
damage response to DOX, which is independent of the lysosome. Transcriptomic analysis
of TFEB knockdown MDA-MB-231 cells revealed that genes involved in homologous
recombination (HR), a type of homology-directed repair, are downregulated following
TFEB knockdown and genes involved in IFN-y and death receptor signaling are
upregulated. Although direct regulation of HR by TFEB has not previously been described,
others have shown that knockdown of MITF results in the downregulation of BRCAI,
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RAD51L3, RAD54, and XRCC3*%. Furthermore, a recent report found that TFEB and
TFE3 double knock mouse embryonic fibroblasts displayed alterations in DNA damage
repair genes, which the authors attribute to increased p53 stabilization and transcriptional
activity?”. In our study, MDA-MB-231, BT549, and SUM159 cells have mutant p53, and
therefore, the regulation of DNA repair is likely an alternate mechanism or direct effect.
Analysis of the promoter regions of these DNA repair genes did not identify a CLEAR
sequence within 1000 base pairs of the transcription start site, however, it is possible that
TFEB is binding to an E-Box promoter within these genes or co-activating transcription in

association with another transcription factor.

Additional studies are required to elucidate the exact mechanism by which TFEB
knockdown leads to increased DNA damage both in the presence and absence of genotoxic
agents. Based on our RNA-Seq results, we postulate that in the absence of TFEB, DNA
resection following DNA damage is not compromised instead, the process of strand
invasion, homology search, and DNA synthesis is delayed. This mechanism could explain
why double strand breaks, as detected by YH2A.X, persist for longer following DOX
treatment in cells with knockdown of TFEB. One limitation to our study is that yH2A.X is
an indirect measure of DNA damage, and changes in detection could also be caused by
altered DNA damage signaling or decreased YH2A.X foci elimination separate from repair.
Thus, future research will be devoted to examining whether direct markers of DNA damage
and repair are altered by TFEB activity and if homologous recombination is necessary for

these processes.

Our data indicate that TFEB is required for efficient DNA repair in TNBC; however, it

is unclear whether increased DNA damage in TFEB knockdown cells is responsible for the
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induction of cell death signaling. Prior studies have found that DNA damage induces IFN-
a and IFN-y gene expression through NFkB activation, while other models posit that
persistent DNA damage leads to cytosolic double-stranded DNA, which can be sensed by
the ¢cGAS-STING (Stimulator of Interferon Genes) pathway to induce an interferon
response>**342. On the contrary, regulation of the IFN-extrinsic cell death axis may be due
to a direct effect of TFEB, considering that when TFEB is overexpressed in BT549 cells,
DOX-induced cell death is effectively inhibited while DNA damage is only partially
rescued. Future studies will be focused on the regulation of the NF«xB signaling pathway
and the necessity of cGAS-STING for induction of apoptosis in TFEB knockdown cells.
Additionally, our data shows that regulators of death receptor signaling are differentially
expressed with TFEB silencing, which includes downregulation of BIRC2 and BIRC3, also
known as CIAP1 and 2 (cellular inhibitor of apoptosis proteins). Antagonists of cIAPs have
previously been shown to synergistically induce necroptosis in cancer cell lines when
treated in combination with IFNy**. The role of TFEB in regulating death receptor
signaling, and the connection to DNA damage and the interferon response bears further

investigation.

Metabolic re-wiring is a hallmark of cancer and contributor to chemoresistance!®-!'!3,

Our work complements other studies which find that TFEB is a significant regulator of
metabolism. In this study, gene expression analysis identified that pyrimidine biosynthetic
components were downregulated by TFEB knockdown and metabolomics showed that the
pyrimidine nucleobase cytosine had decreased abundance. A higher sensitivity metabolite
analysis will be required to determine whether this change results from dysregulation in

upstream biosynthetic pathways, such as amino acid metabolism, or is a direct consequence
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of decreased gene expression. It is also not possible to determine the level of disruption to
pyrimidine biosynthesis in our analysis given the failure to detect other critical metabolites
in the pathway like thymine, uracil, and orotate. In addition, further study is required to
prove that this change in nucleotide metabolism is consequential to cell viability. In our
study, it is also found that glutamate levels are significantly decreased by TFEB silencing.
Previous work has found that TFEB knockdown in pancreatic cancer cells significantly
decreases expression of glutaminase, which converts glutamine to glutamate, while
supplementation of cells with glutamate rescues the loss of cancer cell growth caused by

loss of TFEB action®**.

In conclusion, our results highlight that TFEB is a novel target for sensitizing TNBC to
lower therapeutically relevant doses of DOX. Additionally, our data provide novel evidence
towards the involvement of TFEB in DNA damage repair and apoptosis regulation
independent of its lysosomal effects. Moreover, we find cell cycle gene dysregulation is a
major feature of TFEB silenced TNBC cells. Given the prominent role of the cell cycle in
the pathogenesis of TNBC and the potential for therapeutic targets, I next sought to
determine if regulation of the cell cycle by TFEB has a functional consequence for the

viability of TNBC cells.

123



SITFEB#1  siCTRL  s{TFEB#2
8-
..
3
§ 4
< SiRNA
2 ® SiCTRL
S 0- ® siTFEB_1
& % ® o STFEB2
S
a
-4-
S

0 5 10 15
PC1: 66% variance

Mitotic nuclear division

Cell division

G1/S transition of mitotic cell cycle

Fat cell differentiation

Positive regulation of protein ubiquitination
Protein sumoylation

Antigen processing and presentation
Positive regulation of transcription, DNA-templated
DNA synthesis involved in DNA repair
Chromatin remodeling

tRNA export from nucleus

rRNA processing

Regulation of cellular response to heat
Regulation of cell cycle

Peptidyl-threonine phosphorylation

Mitotic nuclear envelope disassembly
Regulation of glucose transport

Positive regulation of peptidyl-serine phosphorylation
Cell proliferation

ER to Golgi vesicle-mediated transport
DNA replication

SiCTRL

GO Term Enrichment: Biological Processes

Fold Enrichment

35
3.0
25

2.0
1.5

% Significant genes
® 15

Positive regulation of transcription from RNA polymerase Il promoter ® 20
Response to drug @ 25
Strand displacement{ @ @ 0

Interferon-gamma-mediated signaling pathway{ @

SITFEB#1 SiTFEB#2
—

4 5
-Log10(p-value)

Figure 3.1. Transcriptomic analysis of MDA-MB-231 cells with TFEB knockdown.

(A) Principal component analysis plot for all gene expression from MDA-MB-231 cells
treated with siRNA targeting TFEB. (B) Distance matrix clustering for all gene expression
from MDA-MB-231 cells. (C) Heatmap for differentially expressed genes from MDA-MB-
231 cells. (D) Top 25 most significantly enriched gene ontology (GO) terms from TFEB
knockdown induced differentially expressed genes, colour represents the fold enrichment
statistic, and size represents the percentage of the differentially expressed genes in the gene

set compared to the total gene set size.
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Figure 3.2. TFEB knockdown decreases the expression of homologous recombination

genes.

(A) Heatmap for genes which were significantly differentially regulated by TFEB
knockdown that have the GO term ‘DNA Synthesis involved in DNA Repair’. (B, C)
Enrichment plot and heatmap for the KEGG geneset ‘homologous recombination’
generated from RNA-Seq analysis of MDA-MB-231 cells with and without TFEB

knockdown.
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Figure 3.3. Interferon signaling is upregulated by TFEB knockdown.

(A) Top 5 Reactome terms most enriched in the upregulated genes upon TFEB knockdown,
as determined by gene-set enrichment analysis, colour represents normalized enrichment
score (NES), size represents the significance: -log10 false-discovery rate (FDR) Q-Value.
(B, C) Heatmap and enrichment plot representing the reactome geneset ‘Interferon Gamma
Signaling” from RNA-Seq analysis of MDA-MB-231 cells with knockdown of TFEB. (D)
Heatmap for significantly differentially expressed genes in MDA-MB-231 cells with the

associated Reactome term ‘Death Receptor Signaling’.
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Figure 3.4. TFEB knockdown delays DNA damage repair.

(A) Representative images from MDA-MB-231 cells transduced with shRNA targeting
TFEB or control and treated with VEH, 1 pM DOX for 18 hours, or 1 uM DOX for 18
hours followed by a 4 hour chase in drug-free media, and DNA damage labeled with anti-
vH2A.X (B) Quantification of the experiment described in (A), with the number of YH2A.X
foci represented as the mean per cell, n= a mean of 81 cells per condition from one
independent experiment. (C, D) Representative images and quantification from MDA-MB-
231 cells transduced with shRNA targeting TFEB or control and treated with VEH or 100
nM DOX for 18 hours. Quantification represents the mean number of YH2A.X foci from
70-100 cells per condition from one independent experiment. **p<0.01, ****p<(0.0001,

Kruskal-Wallis test. Scale bars = 10 um.

129



MDA-231

Ad-GFP
VEH DOX 1uM D BT549
Ad-GFP  Ad-TFEB/Ha
DOX 1uM: "~ ¥ - +  kDa
TFEB . 70

PCNA------—-—--——36

Protein
Stain

TFEB . 70
(endogenous)
yH2A.X - | 15
FASN | e e o o o o o v o e 1260
Proteinm 7 & = i
EsEmE=gE==
Stain—-—*--—_‘_a.k.. :
E YH2AX
2'0- *kk -

0.0r———r——
pox () (+) () (¥)
GFP TFEB
B — C 15 A «

- Kkkk

[}]

S 0.154 . - \

£ 2 \

X 0104 2 \ E?FF%YVEE‘H

< 0 [ \ | |GFP_DOX

o [s] [C] TFEB_DOX

= 0.5

™ ]

S 0.05

0.00 ﬁ T r T 0.0
DOX1uM - + -+ 0.001 0.010 0.100 1.000

Ad-GFP Ad-TFEB MFI H2AX

130



Figure 3.5. TFEB overexpression reduces YH2A.X levels.

(A, B) Representative images and quantification from MDA-MB-231 cells that were
transduced with control or TFEB overexpression vector and treated with VEH or 1 uM
DOX for 18 hours and YH2A.X detected by immunofluorescence. Quantification represents
the mean YH2A.X intensity per nuclei from ~3300 cells per group over 3 independent
experiments. (C) Smoothed density distribution for mean yH2A.X values per cell presented
in A and B. (D, E) Immunoblots and quantification from BT549 cell total lysate transduced
with TFEB/Ha or vector control and treated with 1 uM DOX or vehicle for 18 hours.
*p<0.05, ***p<0.001, ****p<0.0001, one-way ANOVA, +p<0.05 t-test. Scale bars = 20

pum
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Figure 3.6. TFEB reduces H2A.X phosphorylation independently of the lysosome

function.

(A, B) Immunoblots and quantification from BT549 cells with and without expression of
TFEBS?!'A and treated or untreated with (A) 100 pM chloroquine (CQ) or (B) 25 nM
bafilomycin Al (BafAl) and co-treated with vehicle or 1 uM DOX, and probed for
YH2A.X, PCNA and the protein stain are displayed as a loading control. **p<0.01,
**%p<0.001, ****p<0.0001, two-way ANOVA.
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Figure 3.7. TFEB overexpression induced reduction in H2A.X phosphorylation is
impaired by CsA treatment.

(A, B) Immunoblots and quantification from BT549 cells expressing (A) TFEBS?!'A or
control vector and (A) TFEB or control vector, treated with cyclosporine A (10 uM) or
DMSO control in combination with DOX (1 uM) or vehicle control, FASN and the protein

stain displayed as a gel specific loading control. *p<0.05, **p<0.01, ****p<0.0001, two-
way ANOVA.
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Figure 3.8. TFEB knockdown partially sensitizes MDA-MB-231 cells to PARP
inhibition.

(A, B) Colony formation assay of MDA-MB-231 cells transfected with the indicated
siRNA treated with 1 uM of the PARP inhibitor Olaparib for 72h, with colony counts
depicted in (B). (C) Colony counts corrected to the siRNA-specific control for

quantification of the surviving fraction after Olaparib treatment. N=6 from two independent

experiments. *p<0.05, **p<0.01, ****p<0.0001, (A) two-way ANOVA, (B) t-test.
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Figure 3.9. TFEB knockdown does not alter DOX efflux.

(A, B) RNA-Seq analysis of ABCC1 and ABCG2 gene expression from control or TFEB
knockdown MDA-MB-231 cells. (C) Representative images from MDA-MB-231 cells
with and without shRNA targeting TFEB were treated with DOX (5 pM) for 1 hour before
being incubated in drug-free media for 0, 2, and 4 hours followed by the analysis of DOX
localization through fluorescence microscopy. (D) quantification of the experiment
presented in (C) represented as the mean nuclear intensity of DOX fluorescence from an
average of 80 cells per treatment from 1 independent experiment. ****p<0.001, one-way

ANOVA. Scale bars = 10 um
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Table 3.2. Motif discovery identifies TFEB regulated genes in MDA-MB-231 cells.

Genes downregulated by TFEB knockdown in MDA-MB-231 cells identified by RNA-Seq
analysis were subjected to CLEAR promoter discovery using HOMER. Identified genes
are displayed along with the promoter location relative to the transcription start site (offset),
the promoter sequence, strand specificity, and similarity of the discovered promoter to the

consensus sequence (MotifScore).

Offset Sequence Strand MotifScore Name

-189 CCACGTGA - 8.5476 GK
-80 GCACGTGA + 8.5476 FOXRED2
-289 TCACGTGC - 8.5476 FOXRED2
-926 TCACGTGA + 10.765 ZNF74
-919  TCACGTGA - 10.765 ZNF74
-231  TCACGTGA + 10.765 RCAN1
-224  TCACGTGA - 10.765 RCAN1
-29  TCACGTGG + 8.5476 ARFGEF2
-21 TCACGTGA + 10.765 ARFGEF2
-14 TCACGTGA - 10.765 ARFGEF2
-60 CCACGTGA - 8.5476 STK4
-179  TCACGTGG + 8.5476 DHX35
-127  TCACGTGG + 8.5476 DHX35
-15  CCACGTGA - 8.5476 ESF1
-564 TCACGTGA + 10.765 WDR62
-467 TCACGTGA + 10.765 WDR62
-460 TCACGTGA - 10.765 WDRG62
-557 TCACGTGA - 10.765 WDR62
44 TCACGTGC - 8.5476 CBARP
-615 CCACGTGA - 8.5476 TAF4B
-16 TCACGTGG + 8.5476 RMC1
-538 TCACGTGA + 10.765 SECTM1
-531  TCACGTGA - 10.765 SECTM1
-932 TCACGTGC - 8.5476 ZNF207
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Offset Sequence Strand MotifScore Name
-51 TCACGTGG + 8.5476 ESRP2
-149 GCACGTGA + 8.5476 PAQRS
-113  GCACGTGA + 8.5476 oTuB2
-217 CCACGTGA - 8.5476 GTF2A1
-441  CCACGTGA - 8.5476 GTF2A1
-468 TCACGTGA + 10.765 ALDH6A1
-461 TCACGTGA - 10.765 ALDH6A1
-843 CCACGTGA - 8.5476 TIMM9
-449 CCACGTGA - 8.5476 STYX
-61 GCACGTGA + 8.5476 TPP2
-829 TCACGTGC - 8.5476 LNX2
28 GCACGTGA + 8.5476 UTP20
-26  CCACGTGA - 8.5476 UTP20
15 GCACGTGA + 8.5476 NEMP1
-2 TCACGTGA + 10.765 PRMT3
5 TCACGTGA - 10.765 PRMT3
-700 CCACGTGA - 8.5476 CNNM2
-58  TCACGTGA + 10.765 SIRT1
-51 TCACGTGA - 10.765 SIRT1
-130 CCACGTGA - 8.5476 SIRT1
-72 TCACGTGA + 10.765 NUP188
-25 TCACGTGG + 8.5476 NUP188
-65 TCACGTGA - 10.765 NUP188
-851 TCACGTGG + 8.5476 GKAP1
-7 TCACGTGA + 10.765 SLC25A32
0 TCACGTGA - 10.765 SLC25A32
-34 CCACGTGA - 8.5476 MTDH
-66 CCACGTGA - 8.5476 MTDH
-551  TCACGTGA + 10.765 DNAJB9
79 TCACGTGG + 8.5476 DNAJB9
-544  TCACGTGA - 10.765 DNAJB9

139



Offset Sequence Strand MotifScore Name

-21 CCACGTGA - 8.5476 TRIP6
-686 TCACGTGG + 8.5476 ARL4A
39 TCACGTGC - 8.5476 SRFBP1
-687 TCACGTGG + 8.5476 NOCT
-422 CCACGTGA - 8.5476 BMP2K
-31 GCACGTGA + 8.5476 THAPG6
38 CCACGTGA - 8.5476 RRP9
-304 CCACGTGA - 8.5476 TSEN2
-140 TCACGTGC - 8.5476 CCNYL1
-707  TCACGTGC - 8.5476 AGPS
28 TCACGTGA + 10.765 HNRNPA3
35 TCACGTGA - 10.765 HNRNPA3
61 CCACGTGA - 8.5476 METAP1D
89 TCACGTGG + 8.5476 CAD
-119  CCACGTGA - 8.5476 BATF3
-54  TCACGTGG + 8.5476 PLEKHAG
-171  CCACGTGA - 8.5476 CGN
-93  TCACGTGA + 10.765 PIPSK1A
-86 TCACGTGA - 10.765 PIPSK1A
-128 TCACGTGA + 10.765 RBM15
-121 TCACGTGA - 10.765 RBM15
9 TCACGTGA + 10.765 COA7
16 TCACGTGA - 10.765 COA7
-269 GCACGTGA + 8.5476 DPH2
-130  TCACGTGC - 8.5476 TENTSB
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Table 3.3. Motif enrichment identifies transcription networks downregulated by

TFEB knockdown.

Genes downregulated by TFEB knockdown in MDA-MB-231 cells identified by RNA-Seq
analysis were subjected to known motif enrichment using HOMER. Enriched promoters

are displayed along with the statistical significance and the magnitude of enrichment.

1) 0,
g-value # of Sequences % of % of Background

Motif Name P'Value(Benjamini) with Motif Svsict]ll:tlevrll:gfs S\:ﬁ;m:gfs Enrichment Ratio
NFY(CCAAT) 0.00 0.0287 198 28.78% 22.40% 1.284821429
BATF(bzIP) 0.00 0.0695 49 7.12% 4.28% 1.663551402
(Hol_r:"?:ggox) 0.01 0.1218 35 5.09% 2.97% 1.713804714
Atf3(bZIP)  0.01 0.1218 48 6.98% 4.48% 1.558035714
AP-1(bZIP)  0.01 0.1331 52 7.56% 5.01% 1.508982036
Fra1(bZIP)  0.01 0.1331 42 6.10% 3.88% 1.572164948
Fos(bzZIP)  0.01 0.1331 43 6.25% 4.00% 1.5625
Bach1(bZIP) 0.01 0.1331 8 1.16% 0.36% 3.222222222
c-Myc(bHLH) 0.01 0.1331 65 9.45% 6.75% 1.4
Bach2(bZIP) 0.01 0.1331 20 2.91% 1.52% 1.914473684
E2F7(E2F) 0.10 0.1668 67 9.74% 7.35% 1.325170068
Tcfep211(CP2) 0.10 0.1668 24 3.49% 2.10% 1.661904762
NFE2L2(bZIP) 0.10 0.197 6 0.87% 0.29% 3
Nrf2(bZIP)  0.10 0.2079 6 0.87% 0.30% 29
p53(p53) 0.10 0.2079 4 0.58% 0.15% 3.866666667

141



Normalized Counts

MYC FOS
Fedkdek
Tk 400
leT® — *kkk
8000 2 T — 2
S 300+ . 5
- o
6000 S 8
T el
4000 & 200 S
: :
2000+ 5 100 S
-4 4
ot 0-
g N g N &V
& é”“ &% & &n‘ &%
N N
) é§$ és ) é§$ és

FOXM1_ChIP-Seq_OE33/U20S_Human
KDM5B_ChIP-Seq_MESCs_Mouse
FOXM1_ChIP-Seq_U20S_Human
MYC_ChIP-ChIP_MESCs_Mouse
E2F4_ChIP-Seq_LYMPHOBLASTOID_Human
E2F1_ChIP-Seq_MCF-7_Human
CREM_ChIP-Seq_GC1-SPG_Mouse
E2F4_ChIP-ChIP_JURKAT_Human
NOTCH1_ChIP-Seq_TLL_Human
EKLF_ChIP-Seq_ERYTHROCYTE_Mouse
PRDMS5_ChIP-Seq_MEFs_Mouse
XRN2_ChlIP-Seq_HELA_Human
MYCN_ChIP-Seq_MESCs_Mouse
E2F7_ChIP-Seq_HELA_Human
MYC_ChIP-Seq_MESCs_Mouse
RUNX1_ChIP-Seq_MEGAKARYOCYTES_Human
FOXA1_Chip-Seq_PDAC-CellLine_Human
KLF4_Chip-Seq_PDAC-CellLine_Human
MITF_ChIP-Seq_MELANOMA_Human
MYB_Chip-Seq_TH1_Human

FOSL1
Fedekk
*kkk
20000+
15000
10000
5000
0-
g N v
é} Q& Q&
L& &
2 Q\&Q @(\

15000+

10000+

5000+

Normalized Counts

0

é\o

& &
~ &

*kkk
dkkk

1
&
RPN

B L)

Normalized Counts

Enrichr: ChEA 2016 gene sets

Transcription factors associated with downregulated genes

Odds
Ratio

E2F8
*kkk
25007  Hkkk
2000
1500+
1000+
500+
0-
N v
éf«&&\ 4"’&

142

5

10

-Log10(p-value)



Figure 3.10. Transcription factors related to cell growth are downregulated by TFEB

knockdown.

(A) Gene expression of the indicated transcription factors as determined by RNA-Seq
analysis of MDA-MB-231 cells with or without knockdown of TFEB, presented as DESeq2
normalized counts. (B) Genes significantly downregulated by TFEB knockdown were
subjected to enrichment analysis against a database of ChIP-Seq results (ChEA) using
Enrichr, and the significantly enriched chromatin factors displayed ordered by -log10 p-
value of enrichment, with the color representing the ratio of enrichment. ***p<0.001,

*#4%p<().0001.
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Figure 3.11. Ingenuity pathway analysis identifies dysregulation of apoptosis and the
cell cycle due to TFEB knockdown.

Genes differentially expressed by TFEB silencing in MDA-MB-231 cells were analyzed
using Ingenuity pathway analysis, ordered by the magnitude of significance and the colour
representing the activation Z-score. (A) Significantly altered canonical pathways. (B)

upstream regulators, and (C) causal networks significantly associated with TFEB silencing.
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Figure 3.12. Pyrimidine metabolism is downregulated by TFEB knockdown in MDA -
MB-231 cells.

(A, B) Volcano plots displaying the results of the metabolomics analysis of MDA-MB-231
cells with TFEB knockdown, and metabolites of interest highlighted in magenta. (C)
Metabolites which are significantly altered by both siTFEB#1 and siTFEB#2 (red), with
metabolites of interest highlighted in magenta. (D, E) Relative abundance of the indicated
metabolites. (F, G) Heatmap visualization of gene expression analysis from TFEB
knockdown MDA-MB-231 cells, grouped by relationship to the indicated metabolic
pathway. *p<0.05, **p<0.01, ***p<0.001.
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Figure 3.13. Proposed mechanism for the role of TFEB in TNBC.

(A) In response to DNA damage TFEB is activated by calcineurin, which subsequently
upregulates the level of homologous recombination genes to repair DNA double-strand
breaks, along with maintaining the expression of pyrimidine biosynthetic genes and
mitogenic transcriptional networks. (B) In cells treated with calcineurin inhibitors or cells
with TFEB silenced, damaged DNA accumulates and IFN-y and death receptor signaling

becomes upregulated, leading to cancer cell apoptosis.

149



Chapter 4: TFEB regulates the G1/S transition in TNBC cells
This chapter contains content which has been submitted for peer review:

Slade L, Biswas D, Kienesberger P.C., Pulinilkunnil T. (2022). Loss of TFEB dysregulates
the G1/S transition with differential functional outcomes in non-cancerous and cancerous

mammary epithelial cells J. Biol. Chem. (In Revision)
4.1 Rationale and Objectives

Constitutive activation of the cell cycle is necessary for the growth of all cancers,
including breast cancer**-4¢. In triple negative breast cancer, elevated gene expression of
cell cycle genes is characteristic of the subtype and correlates with increased markers of
cell proliferation in patients'®2’. Treatments that inhibit the cell cycle are regularly used as
breast cancer chemotherapy**’. For ER+ breast cancer, CDK4/6 inhibitors have proven
effective; however, their utility is limited in TNBC patients due to frequent deletions of
RB1 and copy number amplifications of cyclin E1, which allows bypass of the G1/S
checkpoint®>346348 -~ A consequence of elevated cell proliferation in TNBC is replication
stress, a condition arising from impaired progression of DNA replication machinery due to
DNA lesions, DNA secondary structures, conflicts with transcription, and nucleotide
shortages**. The consequences of replication stress include DNA double strand breaks and
genomic instability>*. TNBC tumors exhibit high levels of replication stress, which is
associated with higher levels of cyclin E and deletion of PTEN, while replication stress
correlates with sensitivity to immune checkpoint and PARP inhibition®***3>2, Therefore,
dysregulated cell cycle progression and replication stress are promising therapeutic targets

i TNBC.
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Transcriptomics analysis of TFEB knockdown MDA-MB-231 TNBC cells shows
a global downregulation of cell cycle genes in conjunction with diminished DNA repair
capacity and increased apoptosis. Given that TFEB is highly expressed in TNBC patients,
and TNBC is characterized by genetic upregulation of the cell cycle, we questioned whether
TFEB was critical for progression of the cell cycle in TNBC. Prior studies have found that
TFEB regulates G1/S progression in endothelial cells and directly regulates CDK4 gene
expression in MEFs??%3 Currently, it is unknown whether regulation of the cell cycle by
TFEB has a functional consequence in TNBC. The objective of this chapter was to confirm
whether cell cycle gene expression alterations identified using RNA-Seq translate to
changes at the levels of protein and altered cell functions. Additionally, I aimed to
understand whether dysregulation of the cell cycle in TFEB silenced cells contributes to
DNA damage, replication stress, and apoptosis. Lastly, I sought to test whether loss of

TFEB function renders TNBC cells sensitive to targeted cell cycle inhibitors.
4.2 Methods
4.2.1 Cell lines, transfections, transductions, and treatments

Culture, transfection, and transduction of MCF10A, MDA-MB-231, and BT549
cells were conducted as per methods described in chapter 2.2.1. The siRNAs used in this
study were Ambion silencer select siRNA oligonucleotides (Thermo-Fisher Scientific):
siTFEB#1: #s15495, siTFEB#2: #s15496, siRB1: #s522; siRNA negative control Cat#
4390844. For co-knockdown experiments, non-targeting control siRNA was added to the
single knockdown groups (i.e. siTFEB or siRB1 alone), to equalize the concentration of

siRNA across treatments. In instances where only a single siRNA targeting TFEB was
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employed, siTFEB#2 targeting exon 7 was used since our prior data indicate it produces

fewer off-target gene express changes, as determined by RNA-Seq.

Thymidine (dT) and hydroxyurea (HU) were obtained from Millipore-Sigma and
dissolved in water, phthalazinone pyrazole was obtained by Cayman Chemical and
dissolved in DMSO. Double thymidine block was accomplished by incubating cells in 2
mM dT for 18 hours, and then cells were washed once in growth media and cultured in
thymidine free media for 8 hours before another incubation for 18 hours in 2 mM dT. For
imaging experiments, a single thymidine block was used, which consisted of incubation
with 2 mM dT for 24 hours. Following thymidine block, cells were washed in growth
media, then cultured in thymidine free media for the indicated time points. Supplier

information for the materials used in this chapter are detailed in Table 4.1.
4.2.2 RNA-Seq analysis

RNA-Seq transcriptomics analysis was conducted as described in chapter 3.2.4.
Network analysis and visualization of cell cycle related genes and gene sets was

accomplished with Cytoscape>*.
4.2.3 Cell counting

Cell counting was conducted by manual counting with a hemocytometer. Following
72 and 144 hours of TFEB knockdown, cells were washed twice in PBS, with the wash
solution being collected each time. The attached cells were collected in media following a
5-minute incubation in 0.05% Trypsin, 0.53 mM EDTA (Corning). The cells collected from
trypsinization, and washing were combined and pelleted by centrifugation, then re-

suspended in PBS. The cell concentration (viable plus non-viable) was determined by
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counting and the total number of cells was obtained by multiplying concentration with the

volume.

4.2.4 Cell viability and cell death assays

Colony formation assays, presto blue viability assays, and cell permeability assays
were performed as described in chapters 2.2.5 and 2.2.6. Caspase activity was quantified
with the Caspase-3 Activity Assay Kit (Cell Signaling Technologies) according to the
manufacturer’s instructions. Cells were grown and treated in 96 well plates before being
washed twice in PBS and lysed by incubation with Pathscan ELISA lysis buffer (Cell
Signaling Technologies) for 5 minutes on ice. Lysates from two or three wells were
combined, with half used for caspase activity and half used for protein estimation. Cell
lysate was combined with the substrate solution and incubated for 90 minutes in the dark
before fluorescence intensity was read with a Synergy H4 plate reader, using 380 nM
excitation and 440 nM emission. Protein concentration was obtained using the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.

Data are represented as blank-corrected fluorescence intensity (RFU) per pg of protein.

4.2.5 Immunoblotting

Immunoblotting was conducted as per the methods described in chapter 2.2.2.

Antibodies used in this chapter are listed in Table 4.1.

4.2.6 Immunofluorescence

Immunofluorescence staining was conducted as described in chapter 2.2.4. For
detection of chromatin bound RPA70, media was aspirated, and cells were incubated with

0.2% Triton-X-100-PBS on ice for 2 minutes, then fixed in 4% formaldehyde-PBS for 12
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minutes before proceeding with the immunofluorescence protocol. Images presented in
Figure 4.8, and Figure 4.9E-F were acquired using a Zeiss LSM 900 with Airyscan 2

detector at 20x magnification (20x Plan-Apochromat, NA: 0.8, air).
4.2.7 High content imaging cell cycle analysis

EdU uptake was performed using the Click-iT EdU Cell Proliferation Kit for
Imaging, Alexa Fluor 647 dye (Thermo Fisher Scientific), according to the manufacturer’s
instruction. Briefly, cells on coverslips were incubated with 10 pM EdU for 30 minutes
before fixation in 4% formaldehyde. Coverslips were washed in 3% BSA and
permeabilized for 20 minutes using 0.2% Triton X-100-PBS. The click chemistry reaction
time was 25 minutes. Subsequently, cells were washed with PBS then DNA stained by
incubation with 1 pg/mL Hoechst 33342 for 2 minutes. Coverslips were mounted on slides
using Prolong Gold Antifade Mountant (Thermo Fisher Scientific) and allowed to set for
at least 48 hours. When EdU uptake was combined with YH2A.X immunofluorescence,
cells were permeabilized and blocked for 1 hour with 0.2% Triton X-100-PBS + 3% BSA
before the click reaction, and subsequently, coverslips were incubated with primary and
secondary antibodies. High content imaging was conducted by capturing 12-15 fields of
view per coverslip with a Zeiss Axio Observer Z1 at 20x magnification (NA: 0.8, air).
Images were processed with ImagelJ using the subtract background function before nuclear
intensities of EdU, Hoechst 33342, and YH2A.X were quantified with Cellprofiler?®+253,
Further normalization of intensity values, cell cycle phase determination, and data
visualization was accomplished using custom R scripts. In brief, cells were labeled G1 or
G2 if they were EdU-negative and had 2N or 4N DNA intensities, while cells were

classified as in the S-phase if they were EdU-positive.
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4.2.8 Kinase inhibitor screen

MDA-MB-231 cells were seeded in 96 well plates and treated with either non-
targeting siRNA control or siRNA targeting TFEB for 48 hours, then incubated with the
Cayman Chemical kinase inhibitor library at a concentration of 10 uM per compound for
72 hours in duplicate. After 72 hours, media was aspirated and replaced with media
containing presto blue, then plates were incubated at 37°C for three hours before
fluorescence intensity was read with a Synergy H4 plate reader. Blank corrected
fluorescence intensity was corrected to the siRNA specific DMSO control to quantify the
relative viability change for each compound. Relative viability numbers were Log

transformed and statistically analyzed with the R package limma?®?!.
4.2.9 Code Availability

Code used for data processing, statistical analysis, and graphing of high content

imaging and the kinase inhibitor screen is hosted at: https://github.com/loganslade/PhD-

Thesis/.

Table 4.1. List of materials used in chapter 4.

Identifier/
Reagent Source Catalog#
Antibodies

Cyclin D1 Cell Signaling 2978
Cyclin E1 Cell Signaling 4129
Cyclin A2 Cell Signaling 4656
Cyclin B1 Cell Signaling 12231

RBI Cell Signaling 9309
phospho-RB1 (Ser780) Cell Signaling 8180
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Reagent Source

Identifier/

Catalog#
phospho-Histone H3 (Ser10) Cell Signaling 3377
Eﬁiﬁ:%?}lﬁz ?) (Thr288)/ Aurora B (Thr232)/ Cell Signaling 2914
Aurora Kinase A Cell Signaling 14475
phospho-CHK1 (Ser345) Cell Signaling 2348
RPA70 Abcam ab79398
Chemicals and cell culture material
Thymidine Sigma-Aldrich T9250
Hydroxyurea Sigma-Aldrich H8627
Phthalazinone Pyrazole Cayman Chemical 10735
Commerecial Kits
Caspase-3 Activity Assay Kit Cell Signaling 5723
P — . . .

Cle UG POMion K i cioon
Kinase Screening Library (96-Well) Cayman Chemical 10505

4.3 Results

4.3.1 Loss of TFEB function dysregulates cell cycle genes and reduces cell proliferation

Transcriptomic analysis of MDA-MB-231 showed that gene ontology (GO) terms

related to cell cycle genes were enriched in the subset of genes downregulated by TFEB

silencing (Fig. 4.1A). Specifically, the most significantly downregulated GO terms

included “Cell Cycle G1/S Phase Transition”, “Sister Chromatid Cohesion”, and “DNA

Replication” (Fig. 4.1A). The significantly altered genes associated with these terms

include key cell cycle regulators such as cyclin D1, cyclin E2, cyclin Al, cyclin B2 (Fig.

4.1B). Essential replication components are also downregulated by TFEB knockdown, such
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as the origin recognition protein ORC6 along with the helicase components MCM3, 4, 7,
8, and 10 (Fig. 4.1B). Lastly, proteins required for mitosis are decreased by TFEB
knockdown, such as condensin subunits SMC2 and SMC4, together with centromere
proteins CENPU and CENPL (Fig. 4.1B). Thus, the findings from transcriptomics analysis

led us to hypothesize that TFEB regulates the cell cycle in TNBC.

To show that the probable regulation of the cell cycle genes by TFEB contributes
to altered cell function, cell cycle analysis was conducted by combining DNA content
fluorescence quantification with the measurement of EAU incorporation to label S-phase
cells. In both MDA-MB-231 and BT549 cells, knockdown of TFEB reduced the relative
number of cells in the S-phase by ~20% compared to the transfection control (Fig. 4.2A,
B). In non-cancerous MCF10A cells, the effect of TFEB on cell cycle distribution was
greater, with knockdown causing a ~60% reduction in the percentage of S-phase cells
compared to control (Fig. 4.2C). In agreement with cell cycle analysis, it was found that
knockdown of TFEB reduced cell proliferation as measured by cell counting. In both
MDA-MB-231 and BT549 cells, silencing of TFEB did not change cell numbers 72 hours
after treatment, however, after 144 hours of knockdown, the cell count was significantly
decreased by 2.5-fold compared to the non-targeting control siRNA (Fig. 4.2D, E). Cell
counting results in MCFI10A cells similarly reflected the cell cycle analysis, with
knockdown of TFEB significantly reducing cell numbers at both 72- and 144-hours
following treatment with siRNA (Fig. 4.2F). Cell death could also explain reduced cell
numbers after TFEB knockdown, thus the levels of cell death in TFEB silenced cells were
quantified. In both MDA-MB-231 and BT549 cells, the level of cell death 120h hours

following TFEB knockdown was increased five-fold and three-fold, respectively,
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compared to control, while in MCF10A cells, TFEB silencing increased cell death two-fold
(Fig. 4.2G). Likewise, in BT549 cells, knockdown of TFEB significantly increased caspase
activity by three-fold at 96 hours; however, in MCF10A cells, knockdown of TFEB caused
a slight decrease in caspase activity (Fig. 4.2H, I). Together, these results validate that
regulation of the cell cycle by TFEB has a functional effect in cells. Knockdown of TFEB
in TNBC cell lines results in decreased numbers of S-phase cells, reduced cell proliferation,
and increased caspase-dependent cell death. In contrast, TFEB knockdown does not result
in cell death in non-cancerous MCF10A cells but causes a significant decrease in the

number of cells undergoing DNA replication.

4.3.2 Knockdown of TFEB impairs S-phase entry

MDA-MB-231 cells treated with siRNA targeting TFEB or non-targeting control
were subjected to immunoblot analysis to understand if TFEB knockdown altered the cell
cycle at the protein level. Knockdown of TFEB reduced levels of the G1/S transition
markers Cyclin D1 and serine 780 phosphorylated RB1 at 96 hours after treatment but
caused a significant increase in the levels of Cyclin E, an early S-phase marker (Fig. 4.3A,
B). Additionally, TFEB knockdown reduced threonine 288 phosphorylated Aurora kinase
A (AURKA), a mitosis marker (Fig. 4.3A, B). These results align with the cell cycle
analysis, which shows that TFEB causes an impaired G1/S transition in MDA-MB-231
cells. The level of cell cycle proteins was also analyzed in MCF10A cells in the context of
TFEB knockdown, which showed that Cyclin D1 and phospho-RB (Ser780) levels were
decreased, together with a concomitant increase of Cyclin El, while the levels of G2/M

markers Cyclin B1 and phosphorylated Histone H3 were reduced (Fig. 4.3C, D). Therefore,
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in both MDA-MB-231 and MCF10A cells, the protein expression pattern is consistent with

impaired progression into the S-phase.

To confirm whether TFEB knockdown was causing G1/S arrest and reduced
progression through the S-phase, cells were treated with siRNA targeting TFEB,
synchronized at the G1/S transition by double thymidine block, and released for time points
between 0 and 8 hours. In MCF10A cells, thymidine block significantly decreased protein
markers of the G2 and M-phases at time points between 0 and 4 hours after release however,
a sharp increase in Cyclin B1, AURKA, and phospho-Histone H3 at 8 hours after the block
signified progression through the S-phase into the M-phase (Fig. 4.4A, B). In contrast, at 8
hours following release from thymidine block, TFEB-knockdown MCF10A cells displayed
a significant reduction in the protein levels of Cyclin B1, Aurora Kinase A, and phospho-
Histone H3 compared to the control (Fig. 4.4A, B). Therefore, in MCF10A cells, TFEB

knockdown eliminates progression through the S-phase following thymidine block.

The effect of TFEB on S-phase progression was also quantified using thymidine
block and EdU uptake in MDA-MB-231 cells. TFEB knockdown decreased the percentage
of cells entering the S-phase at 1 hour following thymidine block release from 50% to 16%,
and at 2 hours, from 65% to 12% (Fig. 4.5A, B). In the control group, the percentage of
cells in the S-phase peaks at 65% 2 hours after release from thymidine block; however, in
cells with TFEB silenced the percentage peaks at 4 hours following release with 44% in
the S-phase (Fig. 4.5A, B). These results confirm that loss of TFEB expression significantly
hinders entry into the S-phase and the process of DNA replication in both MCF10A and
MDA-MB-231 cells, which contributes to TFEB knockdown induced the loss of cell

proliferation.
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4.3.3 Loss of RB function exacerbates TFEB knockdown induced G1/S arrest and cell death

The results obtained suggest that TFEB knockdown results in reduced progression
through the G1/S transition, therefore we questioned whether RB1, the suppressor which
enforces the GI1/S checkpoint, is required for this effect. In MDA-MB-231 cells,
knockdown of RB1 significantly reduces protein levels of Cyclin D1 and increases Cyclin
El. Co-knockdown of TFEB and RB1 exacerbates the loss of Cyclin D1 and increases
Cyclin E1 protein levels in an additive manner (Fig. 4.6A, B). Similarly, Cyclin A2 levels
are decreased by both knockdown of RB1 and TFEB, while the combination of both
siRNAs reduces Cyclin A2 levels further (Fig. 4.6A, B). In agreement with prior reports®>,
we observed that phosphorylation of AURKA is elevated by knockdown of RB1, however,
TFEB knockdown partially reverses this effect (Fig. 4.6A, B). Furthermore, co-knockdown
of TFEB with RB1 increased cleaved caspase 3 content, suggesting that the RB1 mediated
G1/S checkpoint curbs induction of cell death caused by loss of TFEB expression (Fig.
4.6A, B). In agreement with immunoblotting results, it was found that knockdown of TFEB
significantly reduces the percentage of cells in the S-phase and co-knockdown of TFEB
and RB1 failed to rescue this decrease, rather co-knockdown further reduced the number
of cells in the S-phase in an additive manner (Fig. 4.6C). Lastly, knockdown of RB1 did
not affect cell death in control cells; however, co-knockdown of RB1 with TFEB resulted
in higher cell death rates than either treatment alone, although the increase was only
significant with one siRNA targeting TFEB (Fig. 4.6D). Together, these results show that
RBI is not essential for the altered cell cycle protein expression and impaired S-phase entry
that is caused by TFEB silencing. This finding suggests that the G1/S arrest induced by

TFEB knockdown results from factors unrelated to G1/S checkpoint signaling.
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4.3.4 TFEB is a regulator of the replication stress response pathway

Since the loss of RB1 function did not rescue S-phase entry in TFEB silenced cells,
we questioned whether irregularities in the function of DNA replication machinery was
impairing proliferation in TFEB knockdown TNBC cells. A fundamental barrier to the
efficient replication of DNA is replication stress**°. Gene expression analysis showed that
the “replication stress and response” gene set was significantly downregulated by TFEB
knockdown, including replication fork protection complex members Claspin and Timeless,
along with RAD17, which is required is the activation of DNA damage signaling (Fig.
4.7A-E)*»%%7  Since replication stress response genes are downregulated in TFEB
knockdown cells, we hypothesized that replication stress might activate TFEB.
Hydroxyurea (HU) is a replication stress inducing agent that inhibits ribonucleotide
reductase, thereby starving cells of deoxyribonucleotides*®. Treating MDA-MB-231 cells
with HU caused a drastic elevation of CHK1 phosphorylation within two hours, which
continued throughout 24 hours of treatment and remained elevated after two hours of
recovery from HU, signifying induction of replication stress (Fig. 4.7F). Notably, it was
found that TFEB-serine 211 phosphorylation was reduced after 2 hours of HU treatment
and remained decreased following 24 hours (Fig. 4.7F, G). Levels of TFEB
phosphorylation were lowest in cells after 24 hours of HU treatment followed by either a
one- or two-hour recovery in drug-free media (Fig. 4.7F, G). In agreement with a role for
TFEB in the replication stress response, TFEB knockdown cells showed decreased re-start
of DNA replication following treatment with HU, as measured by EdU uptake (Fig. 4.7H).
In summary, TFEB is activated by HU-induced replication stress, while knockdown of

TFEB reduces replication stress response genes, and delays recovery from HU.
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4.3.5 TFEB knockdown elevates markers of DNA damage and replication stress in

MCF10A cells

Next, we questioned whether regulation of the replication stress response by TFEB
was consequential to the function of both cancerous and non-cancerous cells. A marker of
replication stress is endogenous DNA damage. Our prior results showed that knockdown
of TFEB increases sensitivity to doxorubicin; however, we wanted to confirm whether
knockdown alone induces DNA damage. In MCF10A cells, knockdown of TFEB with
either of two siRNAs significantly elevated the formation of DNA damage, as indicated by
YH2A.X foci, 96 hours after treatment (Fig. 4.8A, B). To quantify whether DNA damage
resulted from replication stress in TFEB knockdown MCF10A cells, YH2A.X labeling was
combined with EdU uptake and DNA staining to determine the level of DNA damage by
cell cycle phase. In the control cells, DNA damage was significantly higher in both the S
and G2 phases of the cell cycle (Fig. 4.8C, D). However, following TFEB knockdown,
YH2A.X levels in the S-phase were further increased two-fold by both siRNA treatments
compared to the control (Fig. 4.8C, D). This result shows that DNA damage caused by
TFEB knockdown occurs mainly in the S-phase of the cell cycle. Another measure of
replication stress is the formation of chromatin-bound RPA (replication protein A) foci.
RPA binds to single-stranded DNA during both replication stress and homologous
recombination repair to increase the stability of the DNA strand®*. To specifically detect
chromatin-bound RPA70, soluble proteins are extracted from the cells prior to fixation,
leaving only proteins which are bound to chromatin. Pre-extraction staining of RPA70
showed that knockdown of TFEB in MCF10A cells significantly increased the number of

RPA70 foci per nuclei, indicating increased replication stress (Fig. 4.8E, F). Together, these
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results show that TFEB knockdown elevates cell cycle associated DNA damage in

proliferating non-cancerous MCF10A cells.

Next, we tested whether TFEB silencing induces replication associated DNA
damage in TNBC cells. In both BT549 and MDA-MB-231 cells, TFEB knockdown failed
to significantly increase the levels of YH2A.X in the S-phase population beyond that found
in control cells (Fig. 4.9A-D). Likewise, TFEB knockdown alone was insufficient to
elevate the level of chromatin-bound RPA70 in BT549 and MDA-MB-231 cells (Fig. 4.9E,
F). Lastly, we measured whether TFEB knockdown TNBC cells were more sensitive to
replication stress-inducing agents, such as hydroxyurea. In MDA-MB-231 cells, 24 hours
of HU treatment significantly increased the number of chromatin-bound RPA70 foci;
however, this increase was marginally blunted by silencing TFEB (Fig. 4.9E). In contrast,
TFEB knockdown BT549 cells displayed significantly increased chromatin bound RPA70
foci upon HU treatment compared to the transfection control (Fig. 4.9F). To summarise,
TFEB silencing elevates markers of replication stress in non-cancerous MCF10A cells but
fails to significantly increase these markers in MDA-MB-231 or BT549 TNBC cells.
However, knockdown of TFEB in BT 549 cells significantly elevates RPA70 foci formation

upon treatment with an inducer of replication stress.

4.3.6 Kinase inhibitor screening identifies targetable vulnerabilities associated with loss

of TFEB function

We questioned whether cell cycle dysregulation caused by loss of TFEB function
produced vulnerabilities that could be targeted by pharmacological inhibitors. Using the
presto blue viability assay, 160 kinase inhibitors were screened that mainly targeted growth
signaling, the DNA damage response, and the cell cycle. In MDA-MB-231 cells, the
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inhibitor screen identified that TFEB knockdown rendered cells more resistant to
compounds targeting CHK 1/2, mTOR-PI3K signaling, and PDGFR/EGFR (Fig. 4.10A). It
is possible TFEB knockdown causes a relative reduction in the response to these inhibitors
by reducing cell viability through a common pathway. In contrast, TFEB knockdown
increased the sensitivity to inhibitors of GSK3 and the Aurora Kinase A inhibitor:
phthalazinone pyrazole (PhPy) (Fig. 4.10A). Given that the greatest response was seen with
the AURKA inhibitor, and AURKA is important in mitotic progress, we chose to
investigate this result further. In MDA-MB-231 and BT549 cells, TFEB knockdown
significantly reduced cell viability in combination with doses of PhPy between 1 and 10
uM (Fig. 4.10B, C). In addition, cell viability following PhPy treatment was assessed using
colony formation assays. In both TNBC cell lines, knockdown of TFEB significantly
sensitized cells to PhPy, with MDA-MB-231 and BT549 cells showing a 40% and 80%
reduction in viability, respectively, relative to the control (Fig. 4.11A-D). We tested
whether the decrease in cell viability resulted from increased rates of cell death. Indeed, we
found that the frequency of cell permeability was increased slightly by PhPy in MDA-MB-
231 control cells, whereas PhPy increased cell permeability by over 3-fold in both TFEB
knockdown groups (Fig. 4.11E). A similar result was found in BT549 cells, where PhPy
had no effect on control cells but increased the frequency of cell permeability to between
50-80% in cells treated with TFEB siRNA (Fig. 4.11F). Finally, a prior publication showed
that upregulation of the microtubule depolymerizing protein Stathmin 1 (STMN1) in RB1
deficient lung cancer cells created synthetic lethality with AURKA inhibition*®°, RNA-Seq
transcriptomics found that TFEB silencing in MDA-MB-231 cells increased STMNI1 gene
expression by two-fold, thus STMN1 upregulation may explain synthetic lethality caused

by TFEB knockdown and AURKA inhibition (Fig. 4.11G). These findings indicate that
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Aurora Kinase A is necessary for cell survival in the absence of TFEB function, and
therefore combining inhibitors of TFEB with AURKA inhibitors may be a promising

method to treat TNBC.

In summary, we find that TFEB supports cell proliferation in both TNBC and non-
cancerous breast epithelial cells. Silencing TFEB reduces the expression of DNA
replication and mitosis genes and consequently suppresses the levels of cell cycle
regulatory proteins in MDA-MB-231 and MCF10A cells. The number of cells undergoing
DNA replication was decreased by TFEB knockdown, which was associated with G1/S
arrest and the induction of apoptosis in cancer cell lines. The decrease in cell proliferation
caused by TFEB silencing could not be rescued by the knockdown of RB1. Hydroxyurea-
induced replication stress activated TFEB and silencing TFEB delayed recovery following
hydroxyurea treatment in BT549 cells. Lastly, we find that loss of TFEB function elevates

sensitivity to Aurora Kinase A inhibition (Fig. 4.12).
4.4 Discussion

Dysregulation of the cell cycle is a hallmark feature of cancer, and triple-negative
breast cancer is notable for showing elevated proliferation rates and expression of cell cycle
genes'®!. Our prior results show that TFEB is likewise highly expressed in TNBC and
silencing of TFEB in TNBC cell lines globally downregulates cell cycle gene expression.
In this study, we see that TFEB is a contributing factor to the maintenance of TNBC cell
proliferation and is necessary for the proliferation of non-cancerous MCF10A cells. These
results lead us to conclude that TFEB has a direct role in regulating the cell cycle: however,
mechanisms underlying this function remain unclear. Chromatin-immunoprecipitation
sequencing experiments have found that TFEB directly promotes the expression of the
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G1/S regulator CDK4, transcriptional regulator CDK7, and replisome component
MCM2!53:209333 ndeed, prior reports show that TFEB knockdown reduced CDK4 and RB1

phosphorylation levels in endothelial cells, which promoted G1/S arrest’>

. These prior
findings would explain G1/S arrest caused by TFEB knockdown; however, it was found
that knockdown of the CDK4 target RB1 fails to rescue proliferation in MDA-MB-231
cells. Likewise, TFEB knockdown reduces EdU incorporation and cell proliferation in
BT549 cells with a homozygous deletion of RB1. With these results considered, it is
probable that the role of TFEB in the cell cycle is more significant than the regulation of
the G1/S transition in TNBC cells. Many of the genes downregulated by TFEB knockdown
are targets of canonical cell cycle regulating transcription factors such as MYC, E2F, and

FOXM13%¢1-363 Fuyrther study of how TFEB interacts with these transcription factors in

TNBC is required to elucidate the mechanism behind cell cycle regulation by TFEB.

In this study, we have not ruled out the possibility that TFEB knockdown-induced
cell cycle impairment is a by-product of dysregulation in other critical pathways, such as
metabolism, protein synthesis, or apoptosis. Indeed, in both MDA-MB-231 and BT549
TNBC cell lines, we find that the reduced cell number in TFEB knockdown groups
manifests with both decreased DNA replication and increased cell death. However, it is
notable the RNA-seq analysis was conducted at 48 hours following TFEB knockdown,
before changes in cell cycle distribution and cell death begin to appear, therefore, the
differential cell cycle gene expression is likely not a coincidental effect. Furthermore,
silencing of TFEB in MCF10A cells causes G1/S arrest without activating apoptosis. These
results suggest that direct regulation of the cell cycle is a key function of TFEB in

proliferating cells. Since TFEB knockdown does not cause apoptosis in MCF10A cells, we
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propose a model wherein TFEB is necessary for cell survival in cancers containing certain
oncogenic variations. Which TNBC genotypes render TFEB essential will be the subject

of future research.

DNA Replication is a major source of endogenous DNA double strand breaks in
cells, and elevated rates of replication stress are a primary cause of genomic instability in
cancer cells***3%, Prior reports indicate that the proteins Claspin and Timeless are highly
expressed in cancer and promote tolerance to replication stress, while silencing these

366

proteins reduces cell viability’*®. Moreover, decreased expression of the MCM family of

replication factors is closely associated with replication stress in several cell types>®">7C,
The results of the RNA-Seq experiment show that knockdown of TFEB expression causes
downregulation of MCM proteins, TIMELESS, and CLSPN, thus it was not surprising that
replication stress induced by hydroxyurea rapidly led to the dephosphorylation and
activation of TFEB. Our prior work had found that DOX activates TFEB; however, HU
activates a separate DNA damage signaling pathway involving ATR and CHK1, suggesting
that the mechanism of activation may be different. HU induces replication stress through
nucleotide depletion via inhibition of ribonucleotide reductase, so it is possible that a

decline in the deoxynucleotide pool signals to activate TFEB*>®. Regulation of TFEB by

DNA damage signaling mechanisms will be a future avenue of study.

It is unclear whether replication stress plays a part in cell cycle arrest and cell death
in TFEB knockdown cells. Prior studies in TNBC cells show that cyclin E1 overexpression
elevates replication stress, and inhibition of the G2/M checkpoint protein WEE1 caused
cell death®”!. Similar results are obtained in TNBC cells with the combination of ATR and

WEEI1 inhibition, which elevates replication stress, DNA damage, and forces damaged
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cells into mitosis, resulting in cell death’”>. TFEB knockdown in MCF10A cells induces
replication stress but not cell death; however, in TNBC cells, the reverse is true. Indeed, it
is puzzling to find an increase in replication stress in MCF10A cells but not in TNBC cell
lines. One possibility is that the TNBC cell lines studied could be more resistant to the
development of replication stress. Further experimentation is required to untangle the
relationship between TFEB and replication stress. Additional methods of DNA damage
detection must be incorporated, such as the COMET assay. Furthermore, whether TFEB
knockdown alters the recovery from DNA damage caused by replication stress will be
considered. Our results clarify that cell cycle arrest caused by TFEB knockdown is not the

result of replication stress in TNBC cells.

Kinase inhibitor screening identified that inhibition of Aurora Kinase A strongly
increased cell death induced by TFEB silencing. AURKA has several roles in cellular
function. During mitosis, AURKA localizes to centrosomes and spindle poles where it is
necessary for centrosome maturation and bipolar spindle assembly®’?. Knockdown and
inhibition of AURKA results in mitotic abnormalities, including multipolar spindle
formation causing mitotic arrest and polyploidy’*. Additional roles of AURKA include
stabilization of MYCN together with regulating mitochondrial dynamics and energy
production®”>37®, Prior studies have found that loss of the G1/S checkpoint through RB1
deletion causes synthetic lethality with AURKA inhibition. RB1 deletion hyperactivates
the spindle assembly checkpoint, requiring high AURKA activity to prevent mitotic arrest
and apoptosis*>>. Other studies have found that loss of RBI renders lung cancer cells
suspectable to microtubule destabilization due to overexpression of Stathmin 1 (STMNI),

a microtubule depolymerizing protein. AURKA inhibits STMN1, while inhibiting AURKA
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hyperactivates STMNI1 in RB1 deficient cells, leading to mitotic cell death*®°. Considering
these findings, the role of TFEB in regulating mitotic processes and microtubule dynamics
in TNBC will be the subject of further study. RNA-seq results do show that STMNI1 is
upregulated with TFEB knockdown by two-fold. Likewise, co-knockdown of RB1 with
TFEB elevated cell death. In contrast, AURKA is involved in DNA fork protection during
replication stress and regulation of homologous recombination, as such a role for AURKA

in regulating genome stability in TFEB knockdown cells is possible®””.

In conclusion, we show that TFEB regulates the cell cycle in MDA-MB-231,
BT549, and MCF10A cells, while loss of TFEB promotes cell cycle arrest, DNA damage,
and sensitivity to Aurora Kinase A inhibitors. These findings expand on the function of
TFEB as an oncogene and provide a rationale for co-targeting TFEB, replication stress, and

AURKA in TNBC patients.

169



GSEA: GO Biological Processes

Terms downregulated by TFEB Knockdown

CELL_CYCLE_G1_S_PHASE_TRANSITION °
SISTER_CHROMATID_COHESION . -Log10
Nominal
DNA_REPLICATION . P-Value

NUCLEAR_CHROMOSOME_SEGREGATION ® 08

@
@ -

CHROMOSOME_SEGREGATION

@
CENTROSOME_CYCLE . @ 10
o
O

CELL_CYCLE_PHASE_TRANSITION

DNA_DEPENDENT_DNA_REPLICATION O NES
NUCLEAR_EXPORT 1.84
ESTABLISHMENT_OF_MITOTIC_SPINDLE_LOCALIZATION 1.80

RIBONUCLEOPROTEIN_COMPLEX_LOCALIZATION ' 1.76

DNA_RECOMBINATION

SOMATIC_CELL_DNA_RECOMBINATION

176 1.80 184 188
B Normalized Enrichment Score

o001 FERREER

| TERF2IP | g

RMI2 NUP155

m‘ RFC1 AT RAB1B
3 | CHEK1 o1 CEP290 '+ ) NUP54
‘ e T RAD1 ' r“”‘”‘“"\‘“
' KATS . 1 Tpomi2c
o T 2 i T
i et
= O\ | B =
cocs — Z e\ oace NoAPS.

. sPDL

[ cuLan [PPP3CA. MCWM?M‘ Reactome: M Phase v < ZWINT | SMC2
FPAT m / p 2 =i NUF2 PPP2RSB
GSPT1 [ACVRIBI ™55 5175 wansition ' Reactome: Miolic ! tsacioms:Mitotic

of mitoticcellcydle | —|__G1-Gl/Sphases [~ =5 i ine R
7 = |
.‘g\_;\ﬁ. _,./44// N /|
]
PRNVTI [ GONAT Rez ]
[ MYBL2 | TOP2A | | FGFRIOP
© —

Log2 Fold Change

Figure 4.1. Cell cycle genes are globally downregulated by TFEB knockdown.

(A) Gene set enrichment analysis with RNA-Seq gene expression results from TFEB
knockdown MDA-MB-231 cells, ordered by the normalized enrichment score. (B)
Network analysis of significantly differentially expressed genes related to the cell cycle and

their associated GO and Reactome terms.
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Figure 4.2. TFEB knockdown reduces cell proliferation.

(A-C) EdU cell cycle analysis results depicting the percentage of cells in the S-phase
following 72 hours of TFEB knockdown in the indicated cell lines. (D-F) Cell counts at the
indicated time points following TFEB knockdown in MDA-MB-231, BT549, and
MCF10A cells. (G) Percent of cells that were permeable 120 hours after TFEB knockdown
in the indicated cell lines. (H-I) Caspase 3/7 activity 96 hours after TFEB knockdown in
the indicated cell line, depicted as fluorescence intensity corrected to the protein content.

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA (A-G), t-test (H-I).
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Figure 4.3. TFEB silencing alters the level of G1/S regulatory proteins.

(A, B) Immunoblots and quantification of the indicated proteins in MDA-MB-231 cells
following 96 hours of TFEB knockdown. (C, D) Immunoblots and quantification of the
indicated proteins in MCF10A cells following 72 hours of TFEB knockdown. *p<0.05,
*#p<0.01, ***p<0.001, t-test.
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Figure 4.4. TFEB knockdown results in G1/S arrest in MCF10A cells.

(A, B) Immunoblots and quantification from MCF10A cells at the indicated time points
following synchronization at the G1/S transition by double thymidine block with or without

knockdown of TFEB. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-way ANOVA.

175



MDA-231

A dT+1 hours “ dT+2 hours ” dT+4 hours “ dT+6 hours ]l dT+7 hours I dT+8 hours B

MDA-MB-231
gl 807 -»- shGFP
60 3 -= shTFEB
604
%OOO’ 5
: =3
= X
0.100 20-

8341us

0+—T—T—7T
0 2 4 6 8
Time after Thymidine Block (h)

0.010

0.001

500 1000 1500 500 1000 1500 500 1000 1500 500 1000 1500 500 1000 1500 500 1000 1500
DNA Integrated Intensity

Figure 4.5. TFEB knockdown delays S-phase entry in MDA-MB-231 cells.

(A) EdU cell cycle analysis of TFEB knockdown MDA-MB-231 cells synchronized at the
G1/S transition by 24 hours of thymidine block and grown in the absence of thymidine for
the indicated time points. (B) The percentage of cells which entered the S-phase (EdU+) at
the indicated times following thymidine block.
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Figure 4.6. Loss of RB1 function does not rescue G1/S arrest caused by TFEB

knockdown.

(A, B) Immunoblots and quantification of the indicated proteins from MDA-MB-231 cells
treated with the indicated siRNAs for 72 hours. (C) Percentage of cells in the S-phase
quantified using EQU-DNA cell cycle analysis. (D) Percentage of dead cells determined by
quantification of cell permeability. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, one-
way ANOVA, or two-way ANOVA (D).
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Figure 4.7. TFEB is activated by replication stress.

(A, B) Heatmap and enrichment plot for TFEB knockdown induced differential expression
of genes involved the “Replication Stress and Response” pathway in MDA-MB-231 cells.
(C-E) RNA-Seq normalized gene expression for the indicated replication stress response
proteins. (F, G) Immunoblot and quantification of the indicated proteins from MDA-MB-
231 cells treated with 1 mM hydroxyurea for time points between 2 and 24 hours, or 24
hours treatment + 1- or 2-hours recovery in drug free media. (H) Fraction of cells
undergoing DNA replication, as determined by EdU uptake, in TFEB knockdown MDA -
MB-231 cells following 24 hours treatment with 1 mM hydroxyurea and grown drug free
media for the indicated time points. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, one-
way ANOVA.
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Figure 4.8. TFEB knockdown causes replication stress in MCF10A cells.

(A, B) Immunofluorescence and quantification of YH2A.X foci in MCF10A cells 96 hours
after treatment with the indicated siRNAs, n= an average of 1232 cells from two
independent experiments. (C, D) Quantification of YH2A.X intensity by cell cycle phase
using EdU uptake and YH2A.X immunofluorescence. (E, F) Representative images and
quantification of chromatin-bound RPA70 foci immunofluorescence following TFEB
knockdown, n = an average of 1202 cells per group, from two independent experiments.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA, two-way ANOVA
(D), or t-test (F).
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Figure 4.9. TFEB silencing does not induce replication stress in TNBC cells.

(A-D) Quantification of YH2A.X intensity by cell cycle phase in the indicated cell line
using EdU uptake and yH2A.X immunofluorescence. (E, F) Immunofluorescence
quantification of chromatin-bound RPA70 foci in (E) MDA-MB-231, and (F) BT549 cells
with or without TFEB knockdown treated with 2 mM hydroxyurea or control for 24 hours.
(E) N = average of 1003 cells from two independent experiments, (F) N = average of 308
cells from two independent experiments. *p<0.05, **p<0.01, ***p<0.001, two-way

ANOVA (B, D), Kruskal-wallis test (E, F).
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Figure 4.10. Kinase inhibitor screening identifies synthetic lethality with TFEB

knockdown and Aurora kinase A inhibition.

(A) Volcano plot for the results of the kinase inhibitor screen, depicting the statistical
significance and change in cell viability between siCTRL and siTFEB#2 transfected MDA-
MB-231 cells following treatment with the indicated inhibitor for 72 hours at 10 uM. (B,
C) Metabolic fractional viability of TFEB knockdown MDA-MB-231 and BT549 cells
treated with the indicated concentration of phthalazinone pyrazole for 72 hours. *p<0.05,

*p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA.
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Figure 4.11. Aurora kinase A inhibition significantly enhances TFEB knockdown

induced cell death.

(A-D) Colony formation assay and quantification of siCTRL or siTFEB#2 transfected (A,
B) MDA-MB-231 cells, or (C, D) BT549 cells, n = 6 treatments from two independent

experiments. (E, F) Percent cell death as quantified by cell permeability in the indicated

cells lines following 72 hours of treatment with 4 uM phthalazinone pyrazole, n =4 or 5.
(G) RNA-Seq quantification of STMNI1 gene expression from TFEB silenced MDA-MB-
231 cells. ***p<0.001, ****p<0.0001, t-test (B, D), two-way ANOVA (E, F).
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Figure 4.12. Proposed model for TFEB mediated cell cycle regulation.

In proliferating cells, TFEB promotes the expression of G1/S regulators, DNA replication
machinery, and the replication stress response to ensure progression through the S-phase
while inhibiting cell death. In contrast, knockdown of TFEB causes G1/S arrest or delay in
S-phase entry and elevates the rate of cell death. In addition, STMNI1 upregulation in TFEB

knockdown cells may cause increased sensitivity to AURKA inhibition.
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Chapter 5: General discussion, limitations, and future directions
5.1 General discussion
5.1.1 TFEB-independent regulation of the autophagy-lysosome pathway in TNBC

The MiT/TFE family of transcription factors is now proven to be important for the
growth of cancer, however, the mechanisms of this oncogenic activity remain
disputed'#637®, The data presented in this thesis illustrates how the molecular alterations
present in TNBC co-opt TFEB to maintain constant cell proliferation and prevent apoptosis.
I describe several novel roles for TFEB in TNBC, including regulation of apoptosis, DNA
repair, nucleotide metabolism, and the cell cycle. Perhaps the most surprising finding was
the absence of lysosomal gene regulation in TNBC cells following TFEB knockdown and
the continued suppression of apoptosis by TFEB in the presence of lysosomal inhibitors.
Prior reports likewise show that TFEB regulates non-lysosomal pathways, such as glucose
and lipid metabolism, in skeletal and cardiac myocytes’*®*?’. These results pose the
question of what causes TFEB to switch between the regulation of different gene networks.
One explanation may be epigenetic differences between cell types. It is possible that
epigenetic silencing of autophagy-lysosome gene promoters by methylation or acetylation
might diminish the activation of these genes by TFEB. There are reports that autophagy
genes such ATG2B, ATG4D, and ATG9A/B, show increased methylation in sporadic
breast cancers®”. In addition, MYC directly opposes MiT/TFE activity by recruiting
histone deacetylase to autophagy-lysosome genes in HeLa and medulloblastoma cells'®?.
MY C expression is notably elevated in breast cancer, with TNBC showing a high frequency
of MYC gene amplification, which should suppress MiT/TFE driven lysosomal gene

23,25

expression”. In contrast, our results suggest that transcriptional upregulation of
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autophagy-lysosome genes is a response to DOX treatment in MDA-MB-231 cells, while
overexpression of TFEB significantly increases lysosomal protein expression in several
TNBC cell lines. In addition, autophagy is proven essential for the growth of several TNBC
cell lines*®. Given that in TNBC, autophagy responds to stress and is essential for cell
survival, it is unlikely that autophagy-lysosome genes are epigenetically silenced, thus

other factors must explain the variation in transcriptional responses.

One condition that could mitigate the loss of TFEB expression is compensation by
other MiT/TFE family members, such as TFE3. A recently published report found that in
ER+ breast cancer cells, knockout the MiT/TFE regulator FLCN activates autophagy-
lysosome genes, which was reversed by knockdown of TFE3 but not TFEB. This finding,
together with our work, shows that the dominant regulator of autophagy in breast cancer is
likely TFE32%. The authors of this study find that TFE3 has a higher expression relative to
TFEB in breast cancer cells, which may explain why in our study the effect of TFEB on

autophagy was only observed upon TFEB overexpression®>’

. This raises the possibility that
TFEB has dose dependent effects on the promoters of different genes, such that TFEB
preferentially binds to specific genes at lower expression levels but regulates a broader
range of gene expression at higher protein concentrations. In our studies, we have only
examined the consequences of TFEB silencing; although MiT/TFE proteins are binding
partners and have overlapping functions. Therefore, cells with co-knockout of MITF,
TFEB, and TFE3 must be used to understand the precise role of this family in breast cancer.
Moreover, it is unclear if inhibition of a single MiT/TFE member is possible given the

common homology and upstream regulation hence studying these factors together could

prove more clinically relevant. Despite these redundancies, the results presented in this
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thesis indicate that TFEB silencing alone causes a unique phenotype in breast cancer, hence

a novel model for transcriptional regulation by TFEB is required to explain our results.

Transcription factor cooperativity and alterations in protein-protein interaction
could account for the findings from this research project. Mechanisms of transcriptional
activation by TFEB are understudied; however, both ACSS2 and CARMI are reported to
bind with TFEB to regulate histone acetylation and methylation, respectively, in proximity
to autophagy-lysosome genes'*>!°!. More is known about the co-factors involved in MITF
transcriptional regulation and could serve as a useful example to study TFEB function. The
MITF interactome was found to be diverse, including other MiT/TFE family members
(TFE3, TFEB, and TFEC), chromatin-remodeling complexes including NURF
(nucleosome remodeling factor), SWI/SNF, and TRRAP (Transformation/transcription
domain-associated protein), along with RNA polymerase III subunits (GTFIIIC1-4)3%!,
MITF also interacts directly with DNA replication machinery such as MCM3, 5, 7 and
RFCI1, 2, 4, 5. BRG], the active component of the SWI/SNF chromatin remodeling
complex, is recruited to nucleosomes which are in proximity to a subset of genes containing
promoters for MITF, SOX10, and YY1, and in this manner specifically regulates genes
involved in the lineage determination of melanocytes®®!. This finding suggests that the gene
specificity of MITF can be regulated both by different co-activation complexes and by co-
operativity with other transcription factors. Therefore, investigating which proteins interact
with TFEB, and which transcription factors co-operate with TFEB in the promoter regions

of genes may provide a basis for the unique phenotype found in this study.
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5.1.2 Mechanisms through which TFEB Regulates DNA repair and cell proliferation

The results presented in this thesis shed light on the transcriptional networks which
are altered by TFEB silencing in TNBC. Although CLEAR (TCACGTGA) sequences were
not present in most of the genes downregulated by TFEB knockdown, several of these
genes are known to be regulated by E-boxes (CACGTG), which are specific to bHLH
transcription factors like the MiT/TFE and MYC families. Indeed, the transcriptome and
phenotype of TFEB knockdown MDA-MB-231 cells are remarkably similar to that seen in
MITF knockdown melanoma cells. RNA-Seq transcriptomics analysis found that genes
downregulated by knockdown of MITF in 501mel melanoma cells were involved in cell
cycle, DNA replication, mitosis, and homologous recombination®*°. These downregulated
genes also contained MITF promoters as confirmed by ChIP-Seq, including MCMS,
MCM2, BRCA1, and RAD54**. Knockdown of MITF in melanoma elevated DNA
damage as measured by YH2A.X and caused mitotic abnormalities such as micronuclei
formation and an increased frequency of binucleation®**. Other work has found that MITF

382 Given

silencing promotes DNA damage, G1 arrest, and cell senescence in melanoma
the similarities between MITF silencing in melanoma and TFEB silencing in TNBC, it will

be important to test whether TFEB interacts with MITF or uses similar transcriptional

activation mechanisms in TNBC.

Another potential relationship to consider in the context of our data is between
TFEB and the MYC family. MYC is frequently overexpressed in cancer wherein it
regulates the cell cycle, protein synthesis, and homologous recombination repair, among
many other processes>®!83384 It is debated how MYC regulates transcription, as MYC

proteins are present at the site of every active promoter; however, MYC overexpression
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tends to be associated with a distinct gene signature®®®

. MYC is reported to negatively
regulate TFEB transcriptional activity by recruiting histone deacetylases, yet it is unknown
whether TFEB can alter the function or activity of MYC!®?, Bioinformatic analysis of
transcriptomics data from TFEB knockdown MDA-MB-231 cells found that MYC target
genes were strongly downregulated, MYC was predicted to be inhibited, and negative
regulators of MYC were predicted to be activated. Also, genes with MYC promoters were
significantly enriched among the set of genes downregulated by TFEB knockdown.
Therefore, future studies examining the role of TFEB in mediating MY C-dependent
transcription of E-boxes is warranted. Research on the binding preferences of MITF shows
that the flanking region of the promoter seems to dictate whether MYC, MITF, or both are
more likely to be associated, with MYC preferring promotors with a higher GC content in

the flanking sequence®®®. Whether TFEB differentially associates with specific E-box

promoters compared to other bHLH transcription factors is unknown.

Given the genes which are downregulated by TFEB knockdown in TNBC cells,
other proteins that could show transcription factor cooperativity with TFEB include the
E2F family and FOXM1. Future research is necessary to understand the mechanism behind
the transcriptomic phenotype in TFEB silenced TNBC cells. Given the diversity of
molecular pathways which are differentially regulated by TFEB in TNBC, it is likely that
the activity of key transcriptional regulators are altered in TFEB silenced cells. As such,
elucidating the mechanism through which TFEB activates transcription and interacts with
other transcription factors using ChIP-Seq, ATAC-Seq (Assay for Transposase-Accessible

Chromatin using sequencing), and mass spectrometry proteomics will further our
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understanding of TFEB in pathological conditions and identify potential therapeutic

targets.
5.1.3 Clinical implications

In this thesis, I have examined the molecular mechanisms through which TFEB
promotes breast cancer progression and the consequence of TFEB activity in the context of
breast cancer chemotherapy. There is substantial evidence that the MiT/TFE family has a
pro-survival function in solid tumors’8. In my thesis research, I demonstrated that TFEB
is necessary for the survival of breast cancer cells and can alter sensitivity to doxorubicin
or Aurora Kinase A inhibitors. These findings create a rationale for using TFEB as a
predictive biomarker in TNBC patients. Indeed, we find that TFEB expression produces
downstream therapeutic targets, and thus TFEB activity as a diagnostic readout may be of
utility. For instance, TFEB promotes the DNA damage response in TNBC, and therefore
low TFEB expression or nuclear staining in patient samples could predict response to
chemotherapy or Olaparib. Likewise, we identify a role for TFEB in regulating the cell
cycle, hence, higher TFEB expression may correlate with resistance to CDK and AURKA
inhibition. Our results suggest that these concepts merit detailed examination using biopsy

samples from TNBC patients.

This thesis also describes the necessity of TFEB expression for the survival of
TNBC cells and therefore justifies developing inhibitors of TFEB for the treatment of breast
cancer. Indeed, siRNA-mediated knockdown of TFEB caused reduced cell proliferation
and increased cell death in TNBC cells. Notably, TFEB silencing failed to induce apoptosis
in non-cancerous MCF10A cells, suggesting that inhibition of TFEB may have limited off
target toxicity. In this thesis, inhibition of calcineurin was examined as a possible avenue
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to inhibit TFEB and elevate the cytotoxicity of DOX. We found that CaN inhibitor
cyclosporine A effectively reduced proteins levels of TFEB but did not alter TFEB
dephosphorylation in response to DOX. Elevated DOX-induced cell death was found in
CsA treated cells, although constitutively active TFEB was unable to rescue this effect,
hence inhibitors of TFEB activity with fewer off target effects need to be identified.
Inhibition of TFEB by CsA has been reported several times but the effect of CsA on TFEB
in breast cancer had not been addressed!3-%7-38 Although CsA did effectively sensitize
cells to DOX, it is not a suitable cancer therapeutic for several reasons. CsA is used
clinically as an immunosuppressant, so the inclusion of CsA in chemotherapeutic regimes
could abrogate anti-tumor immunity and increase tumor growth**°. In addition, long-term
CsA therapy is associated with a higher incidence of sporadic cancer formation, dependent
on TGF-B signaling®®. Lastly, CsA was previously studied in the context of DOX-
chemotherapy, wherein combination treatment significantly increases the bioavailability of

DOX but also increases adverse effects>?!392,

Based on the current knowledge of MiT/TFE family member regulation, it will be
challenging to develop MiT/TFE-specific pharmacological inhibitors that do not broadly
impact essential cellular pathways. Further research into the mechanisms of MiT/TFE
regulation and activity will be required to create inhibitors with minimal off target effects.
A focus on unique aspects of TFEB regulation in cancer could yield specific therapeutic
targets. For instance, modulators of TFEB lysosomal localization could be viable targets.
Likewise, a greater understanding of the co-activators involved in TFEB mediated

transcription could identify proteins essential for TFEB activity in cancer.
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The last factor to consider regarding the viability of TFEB as a breast cancer
therapeutic target is the role of TFEB in normal physiological function. To date, the impact
of global TFEB inhibition has not been modeled due to the embryonic lethality of mice
with whole body TFEB deletion, leading to the development and characterization of tissue-
specific TFEB deletion models'*’. Gene deletion studies in mice have found that tissue-
specific loss of TFEB expression is associated with altered liver lipid catabolism, resulting
in increased hepatic lipid accumulation'*’-%2, Similar metabolic dysfunction is found in
skeletal myocytes with TFEB deletion, which shows mitochondrial impairment, reduced
exercise capacity, and decreased insulin sensitivity>’’. In TFEB knockout cardiomyocytes,
the autophagy-lysosome pathway is not altered, but lipid accumulation is increased®"’.
Together, findings from tissue-specific knockout mice show that loss of TFEB function
alters oxidative and lipid metabolism. Notably, silencing TFEB in TNBC cells induces cell
death and inhibits cell proliferation in a relatively short time, thus, transient inhibition of
TFEB could kill cancer cells while avoiding the complications arising from loss of TFEB
function over the long term. Additionally, in TNBC cells, redundancy in the MiT/TFE
family does not compensate for the effects of silencing TFEB alone. As such, inhibition of
TFEB alone could effectively treat cancer while redundancy in the MiT/TFE family
preserves core transcriptional function in non-cancerous tissue, reducing side-effects.
Whether inhibition of TFEB alone is possible in a therapeutic setting remains to be

discovered.
5.2 Limitations and Future Directions

There are several limitations regarding this thesis that limit the scope of the

conclusions we can draw from the results. First, we have limited our research to in vitro
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models of breast cancer. This has allowed a detailed study of the mechanistic function of
TFEB in TNBC; however, clinical relevance for the research can not be established without
using animal models to confirm our findings. Mouse models of TNBC, including
xenografts, would allow us to test whether silencing of TFEB decreases tumor growth and
metastasis in vivo, along with evaluating the efficacy of doxorubicin or AURKA inhibition
on tumor growth in combination with TFEB knockdown. Likewise, mouse allografts would
clarify the role of TFEB in regulating anti-tumor immunity, given that we have observed

elevated interferon-y signaling genes in response to TFEB knockdown.

Indeed, the role of the MiT/TFE family in effecting cell-extrinsic processes
necessary for the growth and dissemination of cancer is now being unraveled. In lung
cancer, TFEB drives the expression of the lysosomal protein TMEM106B (Transmembrane
protein 106B), which promotes exocytosis of lysosomal proteases resulting in remodeling
of the extracellular matrix, increased invasion potential, and metastasis of lung cancer
xenografts’®®>. Another feature contributing to the invasiveness of cancer cells in the
epithelial-to-mesenchymal transition (EMT), during which cells lose the characteristics of
differentiated epithelial cells and acquire traits of mesenchymal cells, such as higher
motility, stem cell like features, and increased drug resistance®*. In gastric cancer, TFEB
activates the WNT/B-Catenin pathway to trigger EMT, while higher TFEB expression
correlates with increased metastasis in gastric cancer patients?>®. In endometrial cancer
cells, TFEB activity induces reprogramming of lipid signaling to increase the levels of
unsaturated fatty acids such as phosphatidylglycerol and phosphatidylcholine species. The
increased levels of phosphatidylcholine had the effect of increasing membrane fluidity and

cellular motility, while histological analysis of endometrial cancer biopsies revealed that
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higher TFEB staining correlated with increased cancer cell invasion into the surrounding
tissues®>. Together, this prior research shows that the role of TFEB in breast cancer

invasiveness and metastasis must be considered using in vivo models.

The contribution of TFEB to anti-tumor immunity is another factor that I have not
investigated in this thesis but should be considered in the context of cancer treatment. A
characteristic of cancer is suppression of the processes which allow the immune system to

detect and destroy tumor cells**°

. Cancer cells show upregulated levels of programmed cell
death ligand 1 (PD-L1), which inhibits T cell activation. Inhibition of PD-L1 has been
proven as an effective cancer treatment, and the use of these inhibitors has potential for the
treatment of TNBC, given that TNBC patient tumors exhibit significantly higher gene and
protein levels of PD-L1373% Use of the PD-L1 inhibitors pembrolizumab and
atezolizumab are being tested as first- and second-line therapy for TNBC in phase II/III
clinical trials; however, initial results have not shown a significant benefit to overall
survival in the neoadjuvant or metastatic setting*****!. Prior reports show that TFEB
increases the expression of PD-L1 in renal cell carcinoma and silencing of TFEB in ovarian
cancer cells decreases levels of the immune evasion proteins HLA-A, PD-L1, and PD-
L240249 In contrast, knockout of TFE3 and TFEB in macrophages suppresses the
inflammatory response, macrophage differentiation, and macrophage migration***. TFEB
and TFE3 have a conserved role in regulating the innate immune response by promoting
the production of cytokines by macrophages, while knockout of the negative TFEB/3
regulator FLCN induces a pro-inflammatory cytokine response in both nematodes and

183,405

mammalian cells . Tumor-associated macrophages are reprogrammed to promote

cancer growth and metastasis**®. Previous research shows that breast cancer cells suppress
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TFEB expression in macrophages to create a tumor-promoting microenvironment.
Knockdown of TFEB in macrophages significantly enhances tumor growth while
overexpression of TFEB suppresses breast cancer growth?’. Together, these findings
highlight how TFEB functions to alter anti-tumor immunity and immune cell paracrine

signaling in the tumor microenvironment.

Lastly, angiogenesis is another cancer cell extrinsic process that supports tumor
growth and cannot be studied without in vivo models of TNBC. Angiogenesis is necessary
for maintaining the supply of nutrients and oxygen to cells of the tumor microenvironment
and is a potential therapeutic target for TNBC*"7. Recent reports have linked TFEB with
endothelial cell proliferation by regulating the G1/S transition and promoting vascular
endothelial growth factor receptor 2 (VEGFR2) trafficking to the cell membrane®?. In
addition, knockout of FLCN in MCF7 mouse xenografts increases the levels of vascular
endothelial growth factor receptor (VEGF) together with elevated vasculature formation
within the tumor; however, the upregulation of angiogenesis was reversed by TFE3
knockdown?*. In summary, experimental models that include the complexity of the tumor
microenvironment will be required to better understand TFEB’s role in breast cancer. Using
mouse models of TNBC, future research can be focused on the role of TFEB in cancer cell

invasiveness, metastasis, immune evasion, and promotion of angiogenesis.

Although we have established the molecular functions of TFEB in cell lines, it has
not been confirmed as to whether these functions are active in TNBC patient tumors.
Investigating whether TFEB nuclear staining is associated with treatment resistance,
altered DNA damage signaling, or higher cell proliferation in biopsies from TNBC tumors

would link our findings with clinical outcomes. Lastly, the work presented in this thesis
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shows that several TNBC cell lines are reliant on TFEB for survival. Utilizing a broader
panel of cell lines representing all the molecular subtypes of breast cancer would help
further establish the specific breast cancer molecular features or genotypes for which TFEB

1S necessary.

There are methodological limitations to consider with regard to our results. First,
siRNA mediated knockdown was relied upon for reducing TFEB expression. Experiments
were repeated with two or three different siRNA/shRNA constructs targeting TFEB to rule
out off-target effects of the individual siRNA, however, CRISPR knockout of TFEB would
confirm whether the phenotype observed in our experiments is specific to the loss of TFEB
function. Second, the LC-MS metabolomics screen had low sensitivity, and many
metabolites from key pathways were not detected, such as those involved in glycolysis and
the citric acid cycle. To thoroughly dissect the role of TFEB in cancer metabolism, a higher

sensitivity approach is required.

5.3 Conclusions

In this thesis, I have described the molecular pathways regulated by TFEB in triple
negative breast cancer cells. My research uncovered that TFEB is highly expressed in
TNBC patients and cell lines, whereas TFEB is activated by treatment with the
chemotherapeutic doxorubicin. Knockdown of TFEB elevated cell death and reduced cell
viability in several TNBC cell lines, while overexpression of TFEB suppressed DOX-
induced apoptosis. TFEB was not required for upregulation of lysosomal gene expression
or biogenesis, and inhibition of lysosomal acidification did not restore apoptosis in TFEB
overexpressed TNBC cells. RNA-Seq transcriptomics identified that genes involved in
DNA repair, death receptor signaling, and the cell cycle were differentially regulated in
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TFEB knockdown cells. In functional assays, TFEB knockdown increased sensitivity to
DOX-induced DNA damage, reduced DNA replication, and caused G1/S arrest (Fig. 5.1).
These findings show that TFEB regulates a unique transcriptional network in a subset of
breast cancers that promotes cancer growth and a cytoprotective response to DNA
damaging agents. These results provide the rationale for developing therapeutics which

inhibit the function of TFEB as a method to treat triple negative breast cancer.

201



TNBC proliferation and survival

G DNA repair

RADS1, RAD52,

G1/S Transition BRCA2, RAD51C

Regulators

S Replication Apop?osis
machinery Inhibitors
BIRC3, BIRC2,
BAG4, BCL2

TFEB ’\
TFEB' CLEAR

A X MDA-231
urora MCF10A
CeEpAzES % Kinase A

\
' ' Apoptosis

202




Figure 5.1. Summary of findings.

(A) In cancer cells, DNA damage activates TFEB and promotes the upregulation of
apoptosis inhibitors, DNA repair, and the S-phase, contributing to TNBC proliferation and
survival. (B) When TFEB function is lost, cells become more sensitive to DNA damaging
agents and S-phase entry is delayed. Additionally, TFEB silenced cells are more sensitive

to Aurora kinase A inhibition and undergo apoptosis at higher rates.
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