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Summary

Summary

Breast cancer is the most commonly diagnosed cancer and a leading cause of cancer-
related death in females. The most prevalent breast cancer subtype, luminal A, is char-
acterized by high expression and activity of the estrogen receptor (ER). These luminal
A patients typically have a favorable prognosis due to the availability of endocrine ther-
apies targeting the estrogen receptor, like tamoxifen and fulvestrant, or by inhibiting
aromatase, a critical enzyme in estrogen synthesis. However, 40- 50% of ER-positive
breast cancers with late-stage disease either fail to respond to this therapeutic ap-
proach or relapse as a consequence of de-novo or acquired endocrine therapy re-

sistance.

This study focuses on characterizing GLYATL1 (glutamine-N-acyltransferase), a gene
previously found to be highly upregulated in aromatase inhibitor-resistant luminal A
breast cancer cell lines. In these cell lines, | observed that GLYATL1 expression is
inversely correlated with estrogen supply and is regulated by the luminal transcription
factors FOXA1 and ESR1 under estrogen-depleted conditions. While GLYATL1 over-
expression alone was insufficient to induce a resistant phenotype, knockdown, and

knockout partially re-sensitize resistant cells to antiestrogen treatment.

Despite the distinct mitochondrial localization of GLYATL1 and the enzymatic ability to
transfer acyl groups to glutamine, | could not identify a specific acyl donor or metabolic
pathway alterations influenced by GLYATL1. However, | could observe that GLYATLA1
promoted succinate accumulation and contributed to maintaining low oxidative stress
levels in the resistant cells. These alterations could lead to several biological changes

such as pathway deregulation and epigenetic reprogramming.

In the GLYATL1 knockout cell lines, | could observe significant upregulation of p53 and
the JAK-STAT signaling pathway, along with downregulation of the TGF and key cell
cycle regulator pathways. In contrast, these pathways were partially inversely activated
in the resistant cells compared to wildtype cells. Furthermore, | could observe a signif-
icant influence of GLYATL1 on the epigenetic landscape, specifically on H3K27 acet-
ylation and dimethylation, H3K4 trimethylation, and H3K64 acetylation histone modifi-

cations.



Summary

These findings highlight a novel role of GLYATL1 in the context of endocrine therapy
resistance in ER-positive breast cancer by potentially impacting succinate accumula-
tion, and oxidative stress levels, consequently inducing epigenetic reprogramming, and
deregulation of several key pathways contributing to therapy resistance and disease

progression.



Zusammenfassung

Zusammenfassung

Brustkrebs ist weltweit die am haufigsten diagnostizierte Krebserkrankung bei Frauen
und zahlt zu den fuhrenden Ursachen krebsbedingter Todesfalle. Der am weitesten
verbreitete Subtyp ist Luminal A, welcher durch eine hohe Expression und Aktivitat des
Ostrogenrezeptors (ER) charakterisiert ist. Patientinnen mit Luminal A-Tumoren haben
in der Regel eine gunstige Prognose, da ihnen effektive endokrine Therapien zur Ver-
fugung stehen. Zu den gangigen Behandlungsansatzen zahlen Tamoxifen und Fulves-
trant, die direkt auf den Ostrogenrezeptor wirken, sowie Aromatasehemmer, die die
Synthese von Ostrogen blockieren. Jedoch sprechen 40-50% der Patientinnen mit ei-
nem ER-positiven Tumor im fortgeschrittenen Stadium entweder nicht auf diesen The-
rapieansatz an oder erleiden nach anfanglichen Erfolg einen Ruckfall aufgrund einer

de-novo oder erworbenen Resistenz gegen die endokrine Behandlung.

In diese Studie wurde das Gen GLYATL1 (glutamine-N-acyltransferase) untersucht,
welches in luminalen A-Brustkrebszelllinien mit Resistenz gegen Aromataseinhibitoren
stark hochreguliert ist. In diesen Zellen konnte ich beobachteten, dass die Expression
von GLYATL1 negativ mit der Ostrogenzufuhr korrelierte und durch die luminalen
Transkriptionsfaktoren FOXA1 und ESR1 reguliert wurde. Wahrend eine Uberexpres-
sion von GLYATL1 keine resistenten Phenotyp herbeiflihrte, sensibilisierte GLYATL1
Knockdown und knockout die resistenten Zellen gegenulber einer Antidéstregenbehand-

lung.

Trotz einer mitochondrialen Lokalisierung und der katalytischen Fahigkeit von GLY-
ATL1 Acylgruppen auf Glutamin zu Ubertragen, konnten ich keine spezifischen Acyl-
donoren oder signifikante Veranderungen im Stoffwechsel feststellen. Ich konnte je-
doch feststellen, dass GLYATL1 eine Akkumulation von Succinat forderte und zu der
Aufrechterhaltung eines niedrigen oxidativen Stresslevels beitrug. Diese Veranderun-
gen kdnnten zellulare Veranderungen beglinstigen, wie der Deregulierung von Signal-

wegen und der Beeinflussung epigenetischer Faktoren.

Der GLYATL1 knockout flihrte zu einer signifikanten Aktivierung der p53- und JAK-
STAT Signalwege, sowie zu einer Herunterregulierung von TGFB — und Zellzyklus-
Regulationswegen. Diese Signalwege zeigten in den resistenten Zellen im Vergleich

zu dem Wildtype eine teilweise Umkehrung der Aktivitat auf. Darlber hinaus konnte
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ich einen signifikanten Einfluss von GLYATL1 auf epigenetischen Modifikationen, ins-
besondere auf die H3K27 Acetylierung und Dimethylierung, H3K4 Trimethylierung so-
wie H3K64 Acetylierung, beobachten.

Diese Ergebnisse deuten auf eine neuartige Rolle von GLYATL1 im Zusammenhang
mit der endokrinen Therapieresistenz bei ER-positivem Brustkrebs hin, indem es mog-
licherweise die Succinat-Akkumulation und das oxidativen Stresslevel beeinflusst und
dadurch eine epigenetische Umprogrammierung und die Deregulierung mehrerer
Schlusselwege induziert, die zur Therapieresistenz und zum Fortschreiten der Erkran-

kung beitragen kdnnen.



Introduction

1 Introduction

1.1 Breast Cancer

Worldwide approximately 2.3 million women were diagnosed with breast cancer, which
corresponds to 23.8% of all new cancer cases in females in 2022. Breast cancer is
thus the most commonly diagnosed cancer and the second leading cause of cancer-
related death in women, following lung cancer [1, 2]. Since 2014, breast cancer inci-
dence rates have increased annually by 0.5% in the United States [3]. Despite the
rising incidences, advances in detection and treatment strategies have contributed to
an overall 5-year relative survival rate of 91.2% [4]. However, the survival rate varies
significantly depending on the stage of diagnosis. The rate decreases as the cancer
progresses from over 99% for early-stage breast cancer to a 5-year relative survival
rate of 29% for metastatic late-stage tumors [3]. The overall prognosis and survival
rate of breast cancer patients are not only dependent on the stage at the time of diag-

nosis but are also highly influenced by the molecular subtype of the tumor.

1.1.1 Molecular Subtypes of Breast Cancer

Breast cancer is a heterogeneous disease, characterized by distinct subtypes. Three
subtypes, named Triple-negative, HER2 enriched, and Luminal can be distinguished
by a unique molecular profile, gene expression profile, and clinical behavior. These
subtypes exhibit significant differences in incidence, risk factors, prognosis, and treat-

ment sensitivities.

In clinical practice, the expression patterns of biomarkers, including the estrogen Re-
ceptor a (ER), progesterone receptor (PR), human epidermal growth factor receptor 2
(HER2), and the proliferation marker protein Ki-67 are determined to approximate the
intrinsic subtypes [5, 6]. The evaluation of these biomarkers is typically conducted us-
ing immunohistochemistry to assess protein expression and fluorescence in situ hy-

bridization to evaluate HER2 gene amplification [7, 8].
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1.1.1.1  The Triple Negative Subtype

Approximately 10-15% of all breast cancer patients are classified as triple-negative, a
subtype characterized by the absence of ER, PR expression, and the absence of HER2

overexpression or gene amplification [9].

The term “triple negative breast cancer” is frequently utilized as a synonym for the
“basal-like” molecular subtype. While there is considerable overlap between the two
groups, they are not entirely synonymous. Approximately 70-75% of patients with tri-
ple-negative cancer are considered to be basal-like, however, not all triple-negative
cancers display a basal-like structure [10-12]. The basal-like subtype displays distinct
molecular hallmarks, including a high prevalence of mutations in the cellular tumor an-
tigen p53 (TP53), loss of retinoblastoma protein (RB7) and Breast cancer type 1 sus-
ceptibility protein (BRCA1) expression, high activation of the phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3K) pathway. Moreover, the basal-like subtype is typically
characterized by the expression of basal markers such as cytokeratins and augmented

proliferation through hyperactivation of Forkhead box protein M1 (FOXM1) [13].

Chemotherapy remains the primary systematic treatment option for these patients. De-
spite higher responsiveness to neoadjuvant chemotherapy compared to other sub-
types, these patients exhibit a higher likelihood of distant recurrence and mortality
within five years of diagnosis [14-16]. The addition of carboplatin to the standard neo-
adjuvant taxane regimen significantly enhanced treatment response, resulting in im-
proved event-free survival and overall survival rates [17]. Moreover, the combination
of chemotherapy with bevacizumab, an anti-angiogenic agent targeting the vascular
endothelial growth factor (VEGF), significantly increased the proportion of patients who

achieved a pathological complete response [18].

Recently, novel therapeutic approaches have emerged transforming the treatment
landscape and offering new therapeutic options. Antibody-drug conjugates are a novel
therapeutic approach in which monoclonal antibodies are conjugated with small cyto-
toxic drug molecules by linkers that enable the targeted treatment of cancer cells. Sac-
ituzumab govitecan is an antibody-drug conjugate consisting of an antibody targeting
the trophoblast cell-surface antigen 2 (Trop-2), which is highly expressed in the major-
ity of breast cancer cells, conjugated to topoisomerase | inhibitor SN-38 by a linker.

Sacituzumab govitecan, which was approved by the Food and Drug Administration

6
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(FDA) in 2020 as a third-line therapy, significantly elevated progression-free survival
and overall response rates in comparison to chemotherapy, particularly in patients with

intermediate or high Trop-2 expression levels [19-22].

Additionally, poly(ADP-ribose) polymerases (PARP) inhibitors, such as olaparib and
talazoparib, which target PARP enzymes involved in single-strand DNA repair, are ef-
fective in cancers with defects of homologous recombination. Such defects of homol-
ogous recombination are often associated with mutations in the BRCA1/2 gene. In
metastatic triple-negative breast cancer patients with such germline BRCA mutation,
olaparib and talazoparib significantly improved overall survival and progression-free

survival compared to chemotherapy [23-25].

Furthermore, immune checkpoint inhibitors have emerged as a promising treatment
approach for triple-negative breast cancer patients, harboring a higher number of tu-
mor-infiltrating lymphocytes, high levels of the programmed cell death ligand 1 (PD-
L1), or a higher number of nonsynonymous mutations. Combination therapy with
chemotherapy and one of the two FDA-approved immune checkpoint inhibitors ate-
zolizumab, which targets the PD-L1, or the antibody pembrolizumab, targeting the pro-

grammed cell death protein 1 (PD-1), significantly improved clinical outcomes [26-29].

1.1.1.2 The HER2-enriched Subytpe

The HERZ2-enriched breast cancer subtype is characterized by elevated RNA and pro-
tein levels of the human epidermal growth factor receptor 2 (HER2) and the absence

of ER and PR expression.

The HERZ2 protein is a transmembrane receptor tyrosine kinase and belongs to the
epidermal growth factor receptor family. Unlike other members of this family, HER2
has no known activating ligand and thus requires homo- or heterodimerization with
other receptor tyrosine kinases such as HER1 (EGFR) HER3, and HER4 for activation.
This dimerization leads to autophosphorylation of the cytoplasmic domain, which trig-
gers a variety of downstream signaling pathways, including the mitogen-activated pro-
tein kinase (MAPK), and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) path-
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ways. Activation of these downstream pathways is crucial for gene transcription in-
volved in cellular processes such as cell proliferation and survival ultimately leading to

uncontrolled growth of cancer cells (Figure 1) [30-33].

s sohomoncr

Figure 1: HER2 signaling. Dimerization of receptor tyrosine kinase HER2 leads to auto-
phosphorylation triggering downstream signaling through MAPK and PI3K and ultimately
to transcription of target genes involved in diverse cellular processes. Adapted from Lee et

al [34], created with BioRender.com.

HER?Z2 overexpression is observed in approximately 15-20% of all breast cancers and
constitutes one of the earliest events during carcinogenesis [5]. Historically, HER2 am-
plification and overexpression were associated with poor prognosis. However, the
prognosis has significantly improved with the implementation of novel HER2-targeted
therapies. The monoclonal antibody trastuzumab targets the extracellular domain of
the HER2 receptor and has been shown to induce clinical benefits in combination with

chemotherapy [35-37].

Moreover, the addition of pertuzumab, another monoclonal antibody that targets
HER2, has been shown to further enhance treatment efficacy. Clinical trials have

demonstrated that the combination of trastuzumab, pertuzumab, and chemotherapy
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significantly improved progression-free survival and overall survival compared to

trastuzumab and chemotherapy alone [38].

1.1.1.3 The Luminal Subtypes

The maijority of breast tumors belong to the luminal subtypes due to the expression of
estrogen receptors and/or progesterone receptors. The luminal subtype can be further
subclassified into two subtypes, luminal A and luminal B, which are distinguished by
different gene expression patterns. The most prevalent subtype, luminal A, typically
has higher expression of hormonal receptors, negative HER2 expression, and elevated

gene expression for proteins involved in cell differentiation and cell adhesion [39].

In contrast, the luminal B subtype typically has lower PR expression and can display
positive HER2 expression. Additionally, the luminal B subtype is characterized by ele-
vated levels of genes associated with immune response, including interleukin 2 recep-
tor a and the T-lymphocyte activation antigen CD86. Furthermore, luminal B demon-
strates enrichment of genes involved in proliferation, including Ki-67 and cyclin B1,
which collectively indicate elevated proliferation rates and a more aggressive pheno-
type [39, 40].

Luminal breast cancer is typically treated with endocrine therapy that targets the onco-
genic driver, the ER, or the biosynthesis of its ligand. The ER is a member of the nu-
clear hormone receptor family, which are transcription factors activated by receptor-
specific ligands [41, 42]. 17B-estradiol is the most potent and biologically active form
of estrogen and exhibits highly selective binding to the ligand-binding pocket of the
estrogen receptor. Following ligand binding, the ER undergoes a conformational
change that induces homodimerization. Subsequently, the dimer translocates into the
nucleus, where it can directly bind to specific DNA sequences in the promoter region
of target genes, which are known as estrogen-response elements (ERE). The tran-
scription of target genes is controlled by cofactors that bind to the hydrophobic groove
on the estrogen receptor through canonical LXXLL motifs. These cofactors can there-
fore activate (coactivators) or inactivate (corepressors) the ER transcriptional complex

(Figure 2) [43, 44]. The estrogen receptor is thus capable of regulating the transcription
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of several thousand canonical target genes, influencing various cellular pathways such

as proliferation and survival.

Estrogen Receptor Coactivator

o> O ——s
ML ERE MNK

L

Figure 2: Estrogen Receptor Signaling. The enzyme aromatase catalyzes the transition
of estrogen from its progenitor androgen. Upon estrogen binding to the estrogen receptor,
the estrogen receptor dimerizes and translocates into the nucleus to subsequently bind
estrogen response elements (ERE). Transcription of target genes is initiated by coactivator
binding. Adapted from Schuurman et al [45], created with BioRender.com.

1.2 Targeting the Estrogen Receptor Activity by Endocrine Therapy

Treatment of estrogen-positive breast cancer often involves surgery followed by adju-
vant endocrine therapy to reduce the progression of dormant or micrometastatic cells.
Furthermore, endocrine therapy is a key element in treating advanced or metastatic
luminal tumors. This therapy approach directly targets the estrogen receptor or its lig-
and, estrogen, to abolish the estrogen signaling, thereby inhibiting tumor growth and
disease progression. Three different drug families are currently available for clinical

use.

1.2.1 Selective Estrogen Receptor Modulators

The drug family of Selective Estrogen Receptor Modulators (SERMs) can act as es-
trogen agonists or antagonists depending on the target tissue. In breast tissue, SERMs
can inhibit the estrogen receptor, thereby preventing tumor growth and cancer pro-

gression in luminal breast cancer. The binding of SERMs on estrogen receptors

10
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causes a conformational change, which occludes the coactivator recognition groove

and simultaneously allows corepressor binding to the ER (Figure 3) [44, 46].

The first SERM, tamoxifen, is approved for both pre- and post-menopausal women in
adjuvant and early-stage settings [47, 48]. In clinics, tamoxifen has significantly im-
proved survival rates for breast cancer patients and remains a cornerstone of endo-
crine therapy. Recent studies have demonstrated that extending adjuvant treatment
for ten years, rather than stopping after five years, provides further benefits by reducing

recurrence and decreasing mortality by half [49].

Estrogen Receptor Corepessor
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L

Figure 3: Mode of action of SERM tamoxifen. Tamoxifen competes with estrogen for
estrogen receptor binding. Following binding and translocation into the nucleus, conforma-
tional changes in the estrogen receptor lead to corepressor binding. This interaction con-
sequently inhibits the transcription of target genes. Adapted from Schuurman et al [45],
created with BioRender.com.

1.2.2 Selective Estrogen Receptor Degrader

Unlike selective SERMs, which primarily modulate the activity of the estrogen receptor,
selective estrogen degraders (SERDs) function by binding to the ER and facilitating its
degradation. This mechanism effectively abolishes the estrogen signaling pathway [50,
51].

Fulvestrant, the first and until January 2023 the only approved SERD [52], binds the
monomeric estrogen receptor with a binding affinity that is 89% that of 173-estradiol

[53]. This strong binding prevents dimerization and translocation into the nucleus [54,

11
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55]. Following binding to the ER, fulvestrant induces a conformational change that pro-
motes the dissociation of chaperone proteins from the receptor. This conformational
change exposes a hydrophobic surface, which can then be recognized by the E2 ubig-
uitin-conjugating enzyme complex. The binding of this enzyme complex leads to the
ubiquitination of the ER by E3 ubiquitin ligase, which subsequently triggers the recog-
nition and targeted degradation by the proteasome (Figure 4) [56-58].

While fulvestrant monotherapy provides modest clinical benefits, with a median pro-
gression-free survival of approximately 2 months [59], fulvestrant remains effective in
tumors refractory to tamoxifen and aromatase inhibitors, including tumors with muta-
tions in the ER gene ESR1 [60, 61]. However, it is important to note that fulvestrant
requires intramuscular injections, which can be a drawback for some patients. In re-
sponse to this clinical restriction, the FDA recently approved the oral SERD elac-
estrant. This approval was based on the EMERALD trial, which demonstrated signifi-
cant improvements in clinical outcomes, particularly for patients harboring ESR1 mu-
tations, as a second-line or later treatment for advanced or metastatic ER-positive,

HER2-negative breast cancer [62].

Estrogen Receptor

@ () (V)
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Figure 4: Mode of action of SERD fulvestrant. Fulvestrant competes with estrogen for
estrogen receptor binding. Following binding, conformational changes in the estrogen re-
ceptor lead to proteasomal degradation. Adapted from Schuurman et al [45], created with
BioRender.com.
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1.2.3 Aromatase Inhibitor

In contrast to SERMs and SERDs, which target the estrogen receptor directly, aroma-
tase inhibitors (Als) block estrogen signaling by inhibiting the rate-limiting step in es-
trogen biosynthesis (Figure 5). In pre-menopausal females, the ovaries are the main
source of estrogen [63, 64], whereas in post-menopausal women, estrogen is primarily
produced through the conversion of androgens to estrogen by the peripheral enzyme
aromatase (CYP19A1) [65-68]. Thus, Als are primarily prescribed for post-menopausal
women in both early-stage and metastatic settings to diminish the estrogen pool within
the body. Compared to tamoxifen treatment, post-menopausal females showed supe-

rior clinical response with aromatase inhibitors in first-line therapy [69, 70].

Aromatase inhibitors are classified into two main types. Type | aromatase inhibitors,
such as exemestane, are steroidal and function as irreversible inhibitors of aromatase

competing with the natural substrate androgen [71].

In contrast, type Il non-steroidal aromatase inhibitors, like anastrozole and letrozole
can reversibly bind the heme iron in the catalytic center of aromatase enzymes, which
occludes the substrate binding site and consequently prevents the conversion of an-

drogens to estrogen [72-74].

Estrogen Receptor

)
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L

Figure 5: Mode of action of Aromatase inhibitor. Aromatase inhibitors directly influence
estrogen abundance by inhibiting aromatase, an enzyme involved in the synthesis of es-
trogen from androgen. Created with BioRender.com.
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1.3 Endocrine Therapy Resistance

Despite the success of endocrine therapy, up to 40-50% of patients with late-stage
disease do not respond or relapse to this therapy approach [75]. De novo and/or ac-
quired resistant tumors often display a more aggressive and metastatic phenotype.
Recent studies shed light on several mechanisms contributing to endocrine resistance

in breast cancer.

Activation of receptor tyrosine kinases

Receptor tyrosine kinases are a class of cell surface receptors that trigger downstream
cascades in response to their respective ligand including growth factors, hormones,
and cytokines. The superfamily of receptor tyrosine kinases comprises different recep-
tors like the epidermal growth factor receptors (EGFR), insulin-like growth factor-| re-
ceptors (IGF-IR), fibroblast growth factor receptors (FGFRs), and vascular endothelial
growth factor receptors (VEGFR) [76]. Aberrant expression or activation of these re-
ceptor tyrosine kinases was found to be one driving element in endocrine therapy re-

sistance and an indication of poor prognosis [77].

In particular, expression and/or amplification of HER2 in originally HER2-negative tu-
mors were observed in tamoxifen-resistant tumors, indicating a switch to HER-positiv-
ity [78]. Furthermore, activating mutations in the HER2 gene are associated with both
intrinsic and acquired endocrine therapy resistance [79, 80]. Activated HER2 in re-
sistant patients thus opens up the potential of combinational therapy, which demon-
strated significant benefits in previous studies. In-vitro targeting EGFR and HER2 using
the inhibitor lapatinib significantly restored endocrine sensitivity in resistant cell lines
[81]. Furthermore, a treatment regime comprising the pan HER inhibitor neratinib and
fulvestrant showed encouraging activity in ER+/HER2-mutated breast cancer patients
[82].

Besides the influence of active HER2 on therapy resistance, members of the highly
conserved FGFR family are often deregulated in various cancers and were associated
with endocrine therapy resistance in ER-positive breast cancer [83-85]. Targeting the
FGFR family with a pan-FGFR inhibitor in combination with endocrine therapy showed
promising therapeutic benefits in patients with the FGFR pathway amplified in early-
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phase trials. These promising studies highlight FGFR as a therapeutic target in the
future [86, 87].

PI3K/AKT/mTOR Pathway Activation

One of the downstream effectors of receptor tyrosine kinases is the PISK/AKT/mTOR
signaling cascade. In response to growth factor signaling, Phosphatidylinositol-3-ki-
nase (PI3K) is activated and catalyzes the conversion of phosphatidylinositol-4,5-
bisphosphate (PIP2) to phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 functions
as a second messenger by activating downstream effectors like the serine/threonine
kinases AKT and mTOR, which are key regulators of several cellular processes like

proliferation, apoptosis, and cell cycle (Figure 6) [88].

Mutation in the PIK3CA gene or other aberrant activation of the PI3BK/AKT/mTOR path-
way can ultimately result in enhanced cell proliferation and cancer growth, and induce
the development of adaptive resistance mechanisms toward endocrine therapy [89,
90]. Moreover, PI3K and AKT can directly phosphorylate the serine 167 residue of the
ER, thereby causing estrogen-independent activation and loss of sensitivity to anti-

estrogens [91].

Combinational strategies combining PISK/AKT/mTOR inhibitor with endocrine therapy
have been increasingly studied and developed as a promising therapeutic approach to
overcome antiestrogen therapy resistance in luminal breast cancer patients. The com-
bination of fulvestrant with either buparlisib, a pan-PI3K inhibitor, or capivasertib, a
pan-AKT inhibitor, significantly increased progression-free survival [92, 93]. Further-
more, therapeutically targeting the downstream effector mTOR by everolimus in com-
bination with either tamoxifen or an aromatase inhibitor significantly improves the ther-
apeutic outcome of Al-resistant patients [94, 95]. Resistant patients with PIK3CA-mu-
tated benefit particularly with a treatment regimen comprising the PI3K inhibitor al-

pelisib in combination with fulvestrant [96].
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Figure 6: PI3BK/AKT/mTOR pathway. Growth factor binding leads to activated Phospha-
tidylinositol-3-kinase (PI3K) triggering the transition of phosphatidylinositol-4,5-bisphos-
phate (PIP2) to the second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3).
This second messenger leads to activation of serine/threonine kinase AKT and ultimately
mTOR activation. Additionally, active AKT can phosphorylate the estrogen receptor (ER)
leading to estrogen-independent downstream signaling. Adapted from Janku et al [97],
created with BioRender.com.

Altered Cell-cycle Regulation

The cell cycle is tightly regulated to allow proper and controlled cell division. Estrogen
plays a crucial role in promoting cell cycle progression from G1 to S phase by stimu-
lating the expression of key cell cycle regulators, including cyclin D1 and c-MYC [98,
99]. In the G1 phase, Cyclin D forms an active complex with cyclin-dependent kinases
(CDK) 4 and 6. This activated complex targets and phosphorylates the retinoblastoma

protein (pRB) driving the transition of G1 to S phase (Figure 7) [100].

Persistent expression of cyclin D, hyperactivation of CDK4/6, loss of pRB activity,
and/or the persistent phosphorylation of pRb can lead to aberrant cell-cycle regulation
and is associated with resistance to endocrine therapy [101, 102]. The development of
potent CDK4/6 inhibitors transformed the therapeutic landscape for endocrine therapy-
resistant breast cancer patients. The small molecule inhibitors palbociclib, ribociclib,
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and abemaciclib significantly enhance treatment outcomes in combination with endo-

crine therapy and are now FDA-approved for first-line or advanced settings [103-107].

Cyc D
—_—

E2F

| - Cell cycle

progression

Figure 7: Cell cycle regulation by CDK4/6-CycD. Cyclin-dependent kinases (CDK) in
active complexes with cyclin D (CycD) can phosphorylate retinoblastoma (Rb) protein.
Upon phosphorylation, Rb releases E2F transcription factors promoting transcription of
cyclin E triggering cell cycle progression. Created with BioRender.com.

Alteration in ER and ER Pathway

Less than 5% of primary tumors harbors mutations in ER clustering in the ligand-bind-
ing domain. However, the incidences significantly increases in relapsed endocrine
therapy treated tumors to approximately 18% [61, 108]. The most frequently observed
mutations include Tyr537Ser, Thyr537Asn and Asp538Gly. These mutations induce
structural changes that favor an agonist conformation, and thereby enhancing consti-

tutive estrogen-independent transcription [61, 109].

Furthermore, in-frame gene fusion involving the estrogen receptor (ESR1) and the
transcriptional coactivator YAP1 leads to truncations of the ER. This truncation results
in the loss of the ligand-binding domain while retaining the DNA-binding domain, trans-
forming the receptor into an estrogen-independent transcription factor that is insensi-

tive to endocrine treatment approaches [110].
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Epigenetic Modifications

Recent research has highlighted the pivotal role of epigenetic alterations as a funda-
mental mechanism underlying this resistance. One mechanism through which epige-
netic changes contribute to endocrine therapy resistance is via direct DNA methylation
of estrogen-response elements. This DNA methylation impedes estrogen receptor

binding, thereby reducing estrogen-mediated transcription.

Furthermore, DNA methylation in the ER promoter region can result in transcriptional
silencing and, consequently, the downregulation of ER expression [111]. The lack of
ER expression is one of the main principal mechanisms of de novo endocrine therapy
resistance. Additionally, ER silencing can be a result of alterations in the activity and
expression of histone deacetylases (HDACs). The deacetylation of histones results in
the formation of a closed nucleosome structure, which directly influences gene acces-

sibility and causes the transcriptional silencing of ER [112, 113].

To address this clinical challenge, treatment with different inhibitors targeting epige-
netic modifiers has demonstrated promising outcomes. The HDAC inhibitors entinostat
and scriptaid successfully cause re-expression of ER, thereby sensitizing the tumor to
aromatase and tamoxifen treatment respectively [114-116]. Additionally, the combina-
tion of HDAC inhibitors with a DNA methyltransferase 1 (DNMT-1) inhibitor has been
shown to further enhance ER expression while also addressing the epigenetic silenc-

ing of key genes involved in hormone response [117, 118].

Metabolic Resistance

In-vivo, tamoxifen undergoes hepatic oxidation by cytochrome P450 2D6 (CYP2D6),
resulting in the formation of principal active metabolites, 4-hydroxytamoxifen and en-
doxifen (Figure 8) [119]. This metabolic conversion significantly enhances the binding
affinity to the estrogen receptor similar to the binding affinity of 173-estradiol. These
active metabolites are therefore more effective at binding to the ER and suppressing
downstream signaling [120]. However, approximately 7% of the patients are unable to
effectively metabolize tamoxifen due to genetic alterations or loss of function in
CYP2D6 gene [121]. These poor metabolizers have significantly lower concentrations
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of the active metabolite 4-Hydroxytamoxifen, which negatively influences the therapy
efficiency [119, 120, 122, 123].

Figure 8: Tamoxifen metabolism. Tamoxifen is primarily metabolized in the liver by cy-
tochrome P450 enzymes into its active metabolites endoxifen and 4-hydroxytamoxifen.
Adapted from Jordan et al [124], created with BioRender.com.

1.4 Endocrine Therapy Resistant Cell Culture Models

Endocrine therapy breast cancer cell line models significantly shaped the current
knowledge of resistance mechanisms and are valuable in-vitro tools for studying and
developing new therapeutic approaches. The first resistant cell line model dates back
to the 1980s [125]. Since then, many different laboratories developed various resistant
cell line models using estrogen receptor-positive cell lines such as MCF7 and T47D.
Typically, these parental cell lines were exposed to intermittent or increasing concen-
trations of 4-hydroxytamoxifen or fulvestrant for extended periods of several weeks or
months to acquire resistance. Long-term estrogen-deprived (LTED) cells simulate re-
sistance towards aromatase inhibitors and are routinely created under estrogen-de-
pleted conditions. These cells frequently display retained or even increased ER ex-
pression, allowing for estrogen-independent ER-mediated growth. Thus, these cells
often respond to different SERDs but show a resistant phenotype towards SERMs
[126, 127].
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Upon treatment, the cultures initially undergo cell death and quiescence. However,
over time, resistant clones emerge and proliferate. These resistant clones could rep-
resent small, pre-existing subpopulations within the original parental culture that al-
ready possessed estrogen-independent growth capabilities or subpopulations that ac-

quired resistance over time [128, 129].

Despite the upregulation of common pathways, the different cell line models, which
were developed in numerous laboratories under slightly different conditions, exhibit
specific phenotypes due to genetic and evolutionary variations. These variations lead
to cell line-specific behavior, which therefore cannot be directly transferred to other

model systems.

The MCF7 and T47D LTED cell lines in this study were generated under estrogen-
deprived conditions for twelve months by the Magnani group at the Imperial College
London (MCF7) or in-house by previous PhD students Dr. Emre Sofyali and Dr.
Simone Borgoni (T47D). Extensive genomic studies revealed alterations in gene ex-

pression patterns and pathways [130].

1.5 Glycine N-Acyltransferase Like 1

RNA sequencing of resistant MCF7 and T47D LTED cells indicated GLYATL1 as one
of the highest upregulated genes in comparison to parental wildtype MCF7 cells [131].
The glycine-N-acyltransferase like 1/glutamine-N-acyltransferase (GLYATL1) gene
maps to human chromosome 11 and encodes the enzyme GLYATL1having a molec-
ular weight of ~35 kDa. Under normal conditions, GLYATL1 is highly expressed in the
liver and kidney [132], where it catalyzes the transfer of an acyl group to the a-amino
group of glutamine (Figure 9). Besides using glutamine as substrate, GLYATL1 was
also found to bind with glycine, even though with a lower affinity than towards gluta-
mine [133]. Affinity-purified recombinant GLYATL1 demonstrated notable arylacetyl
transferase activity utilizing phenylacetyl-CoA and benzoyl-CoA as substrates [134].
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Figure 9: GLYATL1-catalyzed reaction. The reaction catalyzed by glycine N-acyl-
transferase like 1 (GLYATL1) involves the transfer of an acyl group from an acyl-CoA
to glutamine, forming an N-acyl-L-glutamine product and releasing coenzyme A
(CoA). Created with ChemDraw.

GLYATL1 expression is significantly altered in several cancer entities, influencing
prognosis and disease progression. For instance, elevated GLYATL1 expression is
associated with a shorter overall survival rate in acute myeloid leukemia patients [135].
Additionally, GLYATL1 was found to be highly expressed in colorectal and prostate
cancers [136-138]. In prostate cancer cell lines, the knockdown of GLYATL1 was ob-
served to negatively influence cell proliferation and colony formation, accompanied by
an enrichment of glycolysis, gluconeogenesis, and hypoxia-inducible factor 1 signaling
[138, 139]. Additionally, GLYATL1 expression was found to be significantly influenced

by androgen treatment and the transcription factor ETV1 prostate cancer cell line [139].

Conversely, a reduction in GLYATL1 expression in tissues with elevated basal
GLYATL1 levels, such as the kidney and liver, has been observed to influence cancer
progression. In particular, low GLYATL1 expression in renal cell carcinoma is associ-
ated with advanced stages and correlates with short overall and disease-free survival
by influencing small metabolic processes such as carboxylic acid, amino acid, fatty
acid, and immune infiltration [140, 141]. A similar correlation with the overall patient
survival rate was identified in hepatocellular carcinoma, where GLYATL 1 was identified

as one of ten core hub genes [142, 143].

Understanding the mechanism of action of GLYATL1 is thus crucial for evaluating its

potential as a molecular target or diagnostic biomarker.
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2 Aim of the Thesis

Breast cancer is the most commonly diagnosed cancer in women globally and is one
of the leading causes of cancer-related death. The majority of breast tumors are clas-
sified as luminal breast cancer, which is characterized by high expression of the estro-
gen receptor. Luminal A tumors are therapeutically treated with endocrine therapy tar-
geting the estrogen receptor or its ligand estrogen. Despite the best prognosis of these
patients of all subtypes, frequent failure and resistance toward endocrine therapy re-
main an urgent clinical problem. Recent studies have identified GLYATL1 as a highly
upregulated gene in resistant MCF7 and T47D in-vitro models. Although GLYATLA1
was found to be involved in various cancer types, the function of GLYATL1 is not well
studied. In particular, the involvement of GLYATL1 and its impact on endocrine therapy

resistance remains elusive.

Based on this background, the aim of my PhD thesis is to elucidate the role of
GLYATL1 in endocrine therapy resistance in breast cancer. To achieve this, | applied

the following approaches:

- Analyze the influence of estrogen depletion and drug withdrawal on GLYATL1
expression to gain insights into the connection between endocrine therapy re-
sistance and GLYATL1 expression.

- Generate stable clonal GLYATL1 knockout cell lines to facilitate downstream
functional studies.

- Investigate the influence of GLYATL1 knockdown, knockout, and overexpres-
sion on the phenotypical behavior and characteristics of breast cancer cells.

- Construct a functional network around GLYATLA1:

o Analyze the subcellular localization of GLYATLA1.
o Identify the impact of GLYATL1 on cellular pathways contributing to re-
sistance.

- Identify alterations in the epigenetic landscape associated with resistance and
the impact of GLYATLA1.

- Profile transcriptomic and proteomic changes following GLYATL1 knockdown
and knockout in resistant cell lines to elucidate the molecular changes associ-
ated with GLYATL1 activity.
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This comprehensive approach aims to uncover the role of GLYATL1 in endocrine ther-

apy resistance.
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3 Materials and Methods

3.1 Material

3.1.1 Instruments

Instrument Manufacturer
Axiovert 40 CFL Zeiss
Bacterial incubator (37°) Memmert
Bacterial shaking incubator (37°) INFORS HAT
Biohit Proline multichannel pipette Sartorius

Cell culture hood HERA Safe

Thermo Fisher Scientific

Cell culture incubator Heraeus
Cell Observer Zeiss
Centrifuges Eppendorf AG

Extracellular flow bioanalyzer (Seahorse XF96)

Agilent Technologies

Fluidlab R-300

Anvajo

Flow Cytometer FACSCalibur

BD Biosciences

Freezer (-20°C) Liebherr
Freezer (-80°C) Sanyo
Fridge (+4°) Liebherr
F.SIGHT Cytena
Gel documentation system Herolab
Glomax explorer plate reader Promega

Helios™ [| CyTOF®

Standard BioTools

ImageXpress Micro XLS

Molecular Devices

ImageXpress Micro Confocal

Molecular Devices

LSM 900 Airyscan

Zeiss

Nanodrop ND-1000 spectrophotometer

Thermo Fisher Scientific

Neubauer cell counting chamber

BRAND

Odyssey Infrared Imaging System

LI-COR Biosciences

Orbitrap Exploris 480

Thermo Fisher Scientific

Pipetboy acu pipette

INTEGRA Biosciences
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Pipetman® pipette

Gilson

Protein Gel Apparatus MiniProtean Il

Bio-Rad

Q Exactive Plus mass spectrometer

Thermo Fisher Scientific

QuantStudio 5 real-time PCR machine

Thermo Fisher Scientific

Thermocycler Applied Biosystems
Thermomixer Eppendorf
Titramax 100 rocking platform Heidolph
Trans-Blot Turbo Transfer Bio-Rad

Ultimate 3000 liquid chromatography (LC) system | Agilent

Ultracentrifuge, Beckman L8-70M

Beckman Coulter

Vacuboy aspiration device

INTEGRA Biosciences

Vacuum concentrator Labconco

Vortex mixer neolLab

Water bath GFL
3.1.2 Consumables

Consumable Manufacturer

384-well plates for gqPCR

Thermo Fisher Scientific

4-15% Mini-PROTEAN®TGX™ Pre-
cast Protein Gels (10,12 and 15-well)

Bio-Rad

96-well canonical bottom plate

Thermo Fisher Scientific

96-well plate (black)

Greiner Bio-One

Adhesive Optically Clear Plate Seal

Thermo Fisher Scientific

Canonical tubes (15 ml and 50 ml)

BD Falcon

Cell culture dishes (100 mm and 150
mm)

Greiner Bio-one

Cell scraper

Corning

Cryogenic vials

Thermo Fisher Scientific

Disposable filter tips Starlab
Disposable tips Steinbrenner
FACS tubes BD Falcon
HiTrap™ Protein G HP column Cytiva

Micro centrifuge tubes (1,5,2 and 5 Eppendorf

ml)
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Multi-well plates cell culture plates (6,
12, 24, 48, 96-well)

Greiner Bio-one

PCR strips

Steinbrenner Laborsysteme

Pierce™ snap-cap spin columns

Thermo Fisher Scientific

PVDF blotting membrane

Merck

Reservoirs 50m| Corning
Serological pipettes (5mL, 10mL,
25mL,g50mI;) P ( BD Falcon
Syringes Sigma-Aldrich
Syringe filters Sigma-Aldrich
Trans-Blot Turbo™ Mini PVDC Trans- .

Bio-Rad

fer Packs

Whatman 3 mm filter paper

GE Healthcare

3.1.3 Assays Kits

Kit Manufacturer
AllPrep DNA/RNA Micro Kit Qiagen
Cell-ID 20-Plex Pd Barcoding Kit Fluidigm
CellTiter-Glo Luminescent assay Promega

Click-iT™ EdU Cell Proliferation Kit
for Imaging, Alexa Fluor™ 594 dye

Thermo Fisher Scientific

DNeasy Blood & Tissue Kit Qiagen
Maxpar Nuclear Antigen Staining .-
Buffer Set Fluidigm
MIBltag Conjugation Kit IONPATH

NE-PER Nuclear Cytoplasmic Extrac-
tion Kit

Thermo Fisher Scientific

Plasmid Plus Midi Kit

Qiagen

Pierce™ BCA Protein Assay Kit

Thermo Fisher Scientific

RevertAid™ H Minus First Strand
cDNA synthesis kit

Thermo Fisher Scientific

RNeasy Mini Kit Qiagen
Trans-Blot Turbo mini PVDF Transfer | _.
Kit Bio-Rad
Wizard SV Gel and PCR Clean-up

Promega

System
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3.1.4 Chemicals and reagents

Chemical/reagent Manufacturer

0.25% Trypsin EDTA Solution Gibco

13C3z-Malonyl-CoA Cambridge Isotope laboratories
17-B-estradiol Sigma-Aldrich

5xHF buffer

Thermo Fisher Scientific

6x Orange Loading Dye Fermentas
Acetic Acid Sigma-Aldrich
Acrylamide/bisacrylamide 37.5:1 Carl Roth
Agar Sigma-Aldrich
Agarose Carl Roth

amide-HILIC column (2.6 ym, 2.1x100
mm)

Thermo Fisher

Ammonium peroxodisulfate (APS) Sigma-Aldrich

Ampicillin Sigma-Aldrich

Biotin Sigma-Aldrich

Blasticidin Thermo Fischer Scientific
Bovine serum albumin (BSA) Sigma-Aldrich
gjl::r((zggll::’gl)pped Fetal Bovine Se- Sigma-Aldrich

Cisplatin Fluidigm

;:(Smplete EDTA-free protease Inhibi- Roche

Crystal violet Sigma-Aldrich

deuterium labelled TCA cycle interme-
diates

Cambridge Isotope laboratories

DMEM medium Gibco

DMSO Sigma-Aldrich

dNTPs Thermo Fisher Scientific
EDTA Sigma-Aldrich

Ethanol Sigma-Aldrich

Ethidium bromide Sigma-Aldrich

Fetal Bovine Serum (FBS) Gibco

Glycine Sigma-Aldrich
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Hoechst 33258 Sigma-Aldrich

Iridium Fluidigm

Isopropanol Greiner Bio-One International
LB Broth Sigma-Aldrich

L-glutamine Gibco

Lipofectamine 2000

Thermo Fischer Scientific

Lipofectamine RNAIMAX

Thermo Fischer Scientific

MassRuler DNA Ladder Low Range

Fermentas

Methanol

Greiner Bio-One International GmbH

MeOH/H20/Acetonitrile (50/20/30 v/v)

Phenomenex

Magnesium chloride (MgCl2)

Thermo Fisher Scientific

Nuclease-free water

Thermo Fisher Scientific

Opti-MEM

Gibco

Paramagnetic beads

Sigma Aldrich

PageRuler™ Prestained Protein Lad-
der

Thermo Fisher Scientific

Penicillin/Streptomycin (P/S) Gibco
Phosphate-Buffer Saline (PBS) Gibco
PhosSTOP Phosphatase Inhibitor

Roche

Cocktail

Phusion Hot Start || DNA-Polymerase
(2 U/uL)

Thermo Fisher Scientific

Pierce™ High Capacity Streptavidin
Agarose

Thermo Fisher Scientific

Pierce™ Lane Marker Non-reducing
Sample Buffer

Thermo Fisher Scientific

Pierce™ Paraformaldehyde 16%
(w/v), Methanol-free

Thermo Fisher Scientific

Power SYBR Green PCR Master Mix
(2x)

Thermo Fisher Scientific

Proteinase K

Sigma-Aldrich

Puromycin

Thermo Fischer Scientific

RIPA Lysis and Extraction buffer

Thermo Fischer Scientific

RNase A

Qiagen
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RNase-free DNase Qiagen

Rockland Blocking Buffer Rockland Immunochemicals
le(J)ftfl:Load 1, 4x sample loading Carl Roth

Sodium chloride (NaCl) VWR International

Sodium dodecyl sulfate (SDS) Carl Roth

Sodium fluoride (NaF) Bernd Kraft

Sodium hydroxide (NaOH) Sigma-Aldrich

Sodium orthovanadate (Na3VOa4) Bernd Kraft

Sodium pyruvate, 100mM Gibco

le i label [ [ , -
stable isotope labeled amino acids Cambridge Isotope Laboratories

and

TEMED Carl Roth
Tris-base Sigma-Aldrich
Triton X-100 Sigma-Aldrich

Trypsin 0.05%/EDTA 0.1% in PBS,

w/o Ca and Mg PAN-Biotech GmbH

Tween 20 Sigma-Aldrich

(Z)-4-Hydroxytamoxifen 298% Sigma-Aldrich

3.1.5 Buffers and Solutions

Western Blotting

1.37 M NaCl
10x TBS 200 mM Tris
pH 7.6

1:1 Rockland blocking buffer: TBS
Blocking Buffer 10 mM NaF
1 mM NaszVOq4

10 mL RIPA buffer
Lysis Buffer 1x cOmplete EDTA-free protease inhibitor
1x PhosphoSTOP phosphatase inhibitor

Lysis Buffer
10 mM NaF
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Lysis Buffer for Mass Spectrom- | 1 mM NasVOa4

etry 150 U/mL Benzonase

10 U/mL RNase-free DNase

192 mM glycine
SDS running buffer 25 mM Tris
0.1% SDS (w/v)

10% Trans-Blot Turbo™ 5x Transfer Buffer

Transfer buffer 20% EtOH

60% dH20
Blocking Buffer (TBST) 0.1% Tween20 in TBS
BiolD2

50 mM Tris-HCI pH 8.0

NP-40 Lysis Buffer 150 mM NaCl

1 mM EDTA

0.2% NP-40
Immunofluorescence
Fixation Buffer 4% PFA in PBS
Permeabilization Buffer 0.5% Triton X-100 in PBS
Blocking Buffer 3% BSA in PBS

3.1.6 Antibodies

Primary antibodies
Target Antibody-ID | Manufacturer Species | Dilution
B-Actin 69100 MP Biologicals Mouse 1:10 000
R-Actin A5060 Sigma Aldrich Rabbit 1:10 000
Flag-tag F3165 Sigma Aldrich Rabbit 1:1 000
GLYATL1 HPA039501 :ﬁ;n:n Protein | Rabbit | 1:1 000
Streptavidin-680 S32358 Invitrogen 1:5 000
Myc-tag CST2276 ?:(';'hsniggzgng Mouse | 1:1 000
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Secondary antibodies

F(ab")2-Goat anti-
Rabbit IgG (H+L)
Cross-Adsorbed Thermo Fisher
Secondary Anti- A-21077 Scientific Goat 1:10.000
body, Alexa
Fluor™ 680
Goat anti-Mouse
IgG (H+L) Second- .
ary Antibody, SA5-35521 gzzr:?i‘f’i:'sr‘er Goat | 1:10000
DyLight 800 4X
PEG
Metal-coupled antibodies for EpiTOF experiment
Amount
Target Metal Antibody-ID | Manufacturer [?er 1 mil-
lion cells
[uL]
Trl-MethyI-H|St0ne Cell S|gna||ng
H3 (Lys4) 145Nd | 9751 Technology 0.5
Di-Methyl-Histone Cell Signaling
H3 (Lys36) 149Sm | 2901 Technology 1
H4K16AC 152Sm | 2901 Cell Signaling 1, 5
Technology
H3K4me1 154Sm | 2901 Cell Signaling | o
Technology
Anti-Histone H3.3 155Gd | 176840 Abcam 1,5
Anti-Histone H3
(acetyl K64) anti- 156Gd | 251549 Abcam 0,25
body
Acetyl-Histone H3 Cell Signaling
(Lys27) 160Gd | 8173 Technology 0.1
Histone H3K27me3 | 168Er | 61017 Active Motif 0,4
H3K9me3 170Er | 2901 Cell Signaling |, -
Technology
g”ztg]"H'Stone H3 147500 | 3175012Aa | FLUIDIGM 1
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Anti-Human

CD326/E0CAM 141Pr | 3141006B | FLUIDIGM 2

Anti-Human CD24 | 166Er | 3166007B | FLUIDIGM 2

Anti-Human/Mouse

CDaor 164Dy |3164006B | FLUIDIGM 2

Anti-Human/Mouse

oy 171Yb | 3171003B | FLUIDIGM 2

K5 140Ce | 236216 Abcam 1

H3K27me2 142Nd | 24684 Abcam 0.75

H3K9me2 151Eu | 173325 Abcam 2

H2Aub 153Eu | 8420 Cell Signaling -
Technology

H4 159Tb | 13919 Cell Signaling |,
Technology

H4K20me3 161Dy | 239410 Abcam 0.4

H3K36me3 165Ho | 4909BF, lot4 | ¢! Signaling |,
Technology

H3K9ac 169Tm | 61663 Active Motif 05

Ki-67 172Yb | 3172024B | FLUIDIGM 0,25

K8/18 174Yb | 3174014A | FLUIDIGM 1

ER 163Dy | 3163024A | FLUIDIGM 1

3.1.7 siRNAs

The siRNA pools for knockdown experiments of ESR1, FOXA1, GLYATL1, and KAT6B
were purchased by siTOOLs Biotech. Untarget Control siPools negC served as a neg-

ative control.
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3.1.8 Primers
Gene Primer forward (5’-3’) Primer reverse (5’-3’)
ACTB ATTGGCAATGAGCGGTTC GGATGCCACAGGACTCCA
ESR1 GATGGGCTTACTGACCAACC | AAMAGCCTGGCACCCTCTT
GLYATL1 CACATCAATCACGGGAACC CCATGTCATCAGTCATCTCCTG
PUM1 TCACATGGATCCTCTTCAAGC CCTGGAGCAGCAGAGATGTAT
FOXA1 TAATCATTGCCATCGTGTGCTT ATAATGAAACCCGTCTGGCTA
ﬁé‘;ﬁﬁ; GCATGGGTTTTGGAGACAGT | CATATCCATTCAGACAGGCTCC
KAT6B CCCATGAGAAAGACCAGCCC CAAACAGGATGGGTGTCCACT
3.1.9 Software
Software Manufacturer

BD FACSDiva™ Software

Becton Dickinson

BioRender

https://www.biorender.com/

GraphPad Prism 5

GraphPad Software, Inc.

Fiji/lmaged 1.53q

https://ffiji.sc/ [144]

Flowing Software v2.5.1

Becton Dickinson

GSEAVv4.1.0

Broad Institute, Inc.

Image Studio v5.2

LI-COR Biosciences

Inkscape v1.2

Software Freedom Conservancy, Inc.

Molecular Devices Analysis Software

Molecular Devices

MetaboAnalyst 6.0

https://www.metaboana-
lyst.ca/MetaboAnalyst/home.xhtml

Odyssey 2.1

LI-COR

QuantStudio Analysis and Design
v1.5.1

Thermo Fisher Scientific

Rv4.3.2

R Core Team

R studio 2023.09.01

Posit PBC

SnapGene software 6.1.2

Insightful Science
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3.2 Methods

3.2.1 Cell Culture

3.2.1.1 Cultivation of Cancer Cell Lines

T47D parental breast cancer cell lines were obtained from ATCC. T47D wildtype cell
line was used by two former PhD students, Dr. Simone Borgoni and Dr. Emre Sofyali,
to generate T47D long-term estrogen-depleted (LTED) cells mimicking resistance to-
wards aromatase inhibition. The Magnani Lab (ICL, London) kindly provided MCF7
LTED cells and the corresponding parental MCF7 wildtype cell line. The cell lines were
authenticated by Multiplexon GmbH and tested for potential mycoplasma contamina-

tion regularly.

All cells were cultivated at 37°C and 5% COz2 in a humidified incubator in the appropri-
ate growth media (Table 1). After reaching 70-80% confluency, cells were subculti-
vated. To this end, cells were washed once with PBS and incubated with 0.25% tryp-
sin-EDTA to detach the cells. The enzymatic reaction of trypsin was stopped by adding
corresponding media and, subsequently, cells were re-seeded in an appropriate dilu-
tion. To abolish the interaction of the pH indicator phenol-red with the estrogen receptor
and the resulting weak estrogenic effect [145], LTED cells were detached with phenol-
red-free trypsin and cultivated in phenol-red-free media. Stable viral transduced cell

lines were selected in the presence of 1 ug/mL blasticidin or puromycin in the media.

To prepare for extended storage, cells were centrifuged at 1,500 xg for 5 minutes and
the resulting pellet was resuspended in media containing 70% normal growth media,
20% FBS/CS-FBS, and 10% DMSO. Aliquots of 1*10° cells in 1 mL freezing media
were transferred into cryovials and frozen down in an isopropanol bath to -80°C. Fi-

nally, cells were transferred to liquid nitrogen for long-term storage.

Frozen cells were reactivated by thawing at 37°C and then transferred into a dish con-
taining the corresponding media. Following overnight incubation to facilitate attach-
ment of the cells, the media was replaced with DMSO-free media.
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Table 1: Description of used human cell lines and corresponding media composition

Cell line

Description

Medium

MCF7 Wildtype (WT)
T47D Wildtype (WT)

MCF7 Long-term estro-
gen-deprived (LTED)

T47D Long-term estro-
gen-deprived (LTED)

MCF7 LTED GLYATL1
knockout (KO)

MCF7 GLYATL1 over-
expression (OE)

T47D GLYATL1 overex-
pression (OE)

MCF7 WT BiolD2 con-

Luminal A breast cancer
cell lines

Luminal A breast cancer
cell lines resistant to es-
trogen deprivation, mim-
icking aromatase inhibi-
tion

GLYATL1 knockout cell
lines generated by
CRISPR-Cas9 approach

Luminal A breast cancer
cell lines stability over-
expressing GLYATL1

Stable cell lines harbor-

DMEM media supple-
mented with 10% FBS,
108 M E2, 1% P/S

DMEM phenol red-free
supplemented with 10%
CSFBS, 1% P/S, 1% so-
dium pyruvate, 1% L-
glutamine

DMEM media supple-
mented with 10% FBS,
108 M E2, 1% P/S,
1ug/ml Blasticidin

DMEM media supple-

structs ing BiolD2 plasmids mented with 10% FBS,
108 M E2, 1% P/S,
1pg/ml Puromycin
HEK239 FT Fast growing, highly DMEM media supple-
transfectable human mented with 10% FBS,
embryonic kidney cells 1% NEAA, 1% Geneti-
cin, 1% P/S
3.21.2 Generation of stable Cell Lines

Stable cell lines were generated by the DKFZ Cellular Tools Core Facility via viral

transduction. Subsequently, cells were selected with either 1 pg/mL blasticidin or puro-

mycin for integration of plasmid.
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3.21.3 Generation of Single-cell Clones

GLYATL1 knockout cell lines were generated by Dr. Emre Sofyali using the CRISPR-
Cas9 approach with a single guide RNA targeting exon 4. | used this pool to generate
cell lines with a clonal background. With the help of the DKFZ Cellular Tools Core
Facility, single cells were spotted using the F.SIGHT™ dispenser into a poly-L-lysine
coated 96-well plate. The single-derived clones were expanded and transferred to big-
ger wells. After the cells had been expanded into the 6-well format, genomic DNA was
purified and the sequence around the sgRNA binding site was PCR-amplified, purified,

and Sanger sequenced.

3.21.4 Cell Proliferation Assay

Cell growth was analyzed via Hoechst 33342 staining. To this end, 500 cells were
seeded in 150 pL per well into 96-well black plates. Following overnight incubation to
allow the cells to attach, the media was aspirated, and cells were washed before add-
ing fresh corresponding media. Seeding control was assessed by staining the cells
with 20 mM Hoechst 33342 (final dilution 1:5,000) for 30 min. Proliferation was moni-
tored over the indicated amount of days, after which cells were stained with Hoechst
33342. Cell numbers were quantified by microscopy-based nuclei counting using the
ImageXpress Micro Confocal microscope and the Molecular Device Software. Prolifer-

ation rates were normalized to the seeding control.

3.2.1.5 Inhibitor Treatments

Dose-response curves were performed to calculate the IC50 values for Gracinol
(KAT2B inhibitor [146]) and TMP269 (HDACS/9 inhibitor [147]). To this end, cells were
seeded into a 96-well black plate with a density of 500 cells per well. On the next day,
media was aspirated and replaced by media containing a 1:3 dilution series of the
inhibitor, solved in DMSO. To diminish the toxic effect of the solvent, concentrations
were selected in a way that total DMSO concentration remained under 0.2%. Prolifer-
ation was analyzed after 8 days of inhibitor treatment and normalized to cells treated
with DMSO.
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3.21.6 Transfection

Knockdowns were performed in 6-well plates using siRNAs targeting GLYATLT,
FOXA1, ESR1 or KAT6B. Therefore, 2*108 cells (2,5*10° cells for T47D LTED) were
seeded 24 hours prior transfection. After overnight incubation, to allow the cells to at-
tach, the medium was aspirated, cells were washed with PBS and 1.5 mL P/S-free
media was added per well. Cells were transfected with a final concentration of 3 nM
siRNA and Lipofectamin RNAIMAX. To this end, siRNA was mixed with Opti-MEM™
with a total volume of 250 uL per well. Additionally, 4 uL RNAIMAX was diluted in 246
ML of Optimem separately. Both mixtures were combined 1:1 and incubated for 5
minutes before adding 500 uL of the transfection mix to the cells droplet-wise. Cells
were incubated for 72 hours before evaluating the knockdown efficiency and the cellu-

lar effect.

Whole plasmids were transfected in HEK293FT using polyethylenimine (PEI). To this
end, cells were trypsinized and 1.5*10%6 cells were diluted with 9 mL fresh growth
media. In parallel, 1 mL serum-free media was supplemented with 4 ug DNA and 20
ML 1 mg/mL PEI solution and incubated for 15 minutes at room temperature. Afterward,
the transfection mixture was added to the prediluted cells and distributed into a 100
mm dish or 6-well plate and incubated at 37°C and 5% CO.. After 24 hours of trans-
fection, the media was changed to new growth media and further incubated for addi-

tional 24 hours.

Plasmid DNA transfection in MCF7 was carried out using Lipofectamin™ 2000. To this
end, 250,000 cells per well were plated into 6-well plates. On the next day, 6 uL
Lipofectamin™ 2000 in 150 yL Opti-MEM™ media was mixed with 2,500 ng DNA in
150 uL Opti-MEM™ media and incubated for 25 minutes at room temperature. In the
meantime, cells were washed with PBS and 700 pL of P/S-free media was added to
each well. After the 25 minutes incubation time, the DNA-lipid complex was added to
the cells. Following 5 hours of incubation, the media was aspirated and replaced by
full-growth media. The transfected cells were analyzed after 48 hours.
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3.2.2 Analysis of Genomic DNA

3.2.21 Cell Lysis

Cells were grown in 48-well plates until a confluency of 60-70% was reached. Growth
media was aspirated and cells were frozen down at -80°C to facilitate cell lysis. Cells
were lysed in 200 yL lysis buffer (Table 2), transferred into a 1.5 mL reaction tube and
incubated for 30 minutes at 56°C. Subsequently, enzymes were inactivated by incuba-

tion at 96°C for 5 minutes. DNA was stored at -20°C until further usage.

Table 2: Composition of Lysis Buffer for genomic DNA isolation

Reagent Volume [pL]
5x Phusion HF Buffer 40
Proteinase K [20 mg/mL] 10
RNase A [100 mg/mL] 1
Nuclease-free water 149

3.2.2.2 Amplification of Gene Sequence via Polymerase Chain Reaction and

Visualization of PCR Amplicon

The region around exon four of the GLYATL1 gene was PCR-amplified to evaluate the
base pair deletion generated by CRISPR-Cas9 editing. To this end, 10 uL of lysed cells
were used as input, supplemented with Phusion-PCR master-mix (Table 3), and incu-

bated using the thermocycler protocol shown in Table 4.

Table 3: Composition of Phusion PCR master mix

Reagent Volume [pL]
5x Phusion HF Buffer 10
10 mM dNTPs 1

Forward Primer [10 uM] 2
Reverse Primer [10 uM] 2

50 mM MgCl2 0.5
Phusion Hot Start 0.5
Nuclease-free water 24
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Table 4: Phusion PCR thermocycler protocol

Temperature [°C] Time Cycles

98 2 min

98 10's

64 20s 35cycles
72 1 min

72 10 min

4 o0

5 ul of the PCR fragments were supplemented with 1 yL 6x Orange Loading Dye and
run on 1% Agarose gel in 1x TAE for 1 h at 100 V. 5 pL of O’'Generuler 100 bp DNA
Ladder plus was used as a size standard. Gel was stained in an ethidium bromide bath
(10 pg/mL) for 15 minutes and DNA was visualized using the Herolab Gel Documen-

tation System.

3.2.2.3 PCR Product Purification

The PCR product was purified using the Wizard SV Gel and PCR Clean-up System
according to the manufacturer’s instructions. DNA fragments were eluted in nuclease-
free water and concentration was measured with the Nanodrop ND-1000 UV-Vis Spec-

trophotometer.

3.2.2.4 Sanger Sequencing

The purified PCR product was sent for Sanger sequencing to Eurofins Genomics. Se-

quence alterations were analyzed using the SnapGene software version 7.2.
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3.2.3 Analysis of RNA Expression

3.2.3.1 RNA Isolation

RNA was isolated using the RNeasy Mini Kit according to the manufacturer’s instruc-
tions. Additionally, DNA was digested on-column using RNase-free DNase, and puri-
fied RNA was eluted in nuclease-free water. RNA concentrations were measured with
the Nanodrop ND-1000 UV-Vis Spectrophotometer.

3.2.3.2 Reverse Transcription

Purified mRNA was reverse transcribed into cDNA utilizing the RevertAid RT Reverse
Transcription Kit. Initially, 1 uyg of mMRNA was combined with 1 yL oligo-dT primer filled
up with nuclease-free water to a total volume of 12 pL. Following incubation at 65°C
for 5 minutes, the mixture was placed on ice and mixed with the reverse transcription

reaction master mix (Table 5). The cDNA synthesis was run as described in Table 6.

Table 5: Reverse Transcription master mix

Reagent Volume per reaction [pL]
5x Reaction Buffer 4
RiboLock RNase Inhibitor [20 U/uL] 1
10 mM dNTP Mix 2
RevertAid Reverse Transcriptase [200 U/uL] 1

Table 6: Reverse Transcription thermocycler protocol

Temperature [°C] Time

37 5 min
42 1h
70 10 min
4 %
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3.2.3.3 Qantitative Reverse Transcription Polymerase Chain Reaction (RT-
qPCR)

A total of 10 ng of cDNA in a total volume of 5 puL was transferred into a 384-well plate.

Subsequently, 6 uL of real-time gqPCR master mix (Table 7) was added and measure-

ment was taken on the Quantstudio 5 using the protocol shown in Table 8. Relative

fold gene expressions were calculated using the AACt method (2-24Ct algorithm). CT

values were normalized to the housekeeping genes ACTB and Pum1.

Table 7: Real-time gPCR master mix

Reagent Volume per reaction [uL]
2x SYBR Green PCR Master mix 5.5
Forward Primer [20 uM] 0.2
Reverse Primer [20 pM] 0.2
Nuclease-free water 0.1

Table 8: Real-time qPCR thermocycler protocol

Temperature [°C] Time Cycles

50 2 min

95 15 min

95 15s

45x

60 1 min

95 15s

60 1min 0.075°C/s
95 15s

3.2.3.4 RNA Sequencing

RNA sequencing was performed in the NGS Core Facility at the DKFZ on lllumina
NovaSeq 6000 S1 to obtain an average of ~58 million read pairs per sample. Initial
data analysis and mapping were performed by Dr. Birgitta Michels and Dr. Veronica

Rodrigues de Melo Costa. First quality score filtering, poly-A trimming, artifact removal,
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removal of ‘N’ containing reads, and clearing of rRNA contamination were performed
using EvalRSeq, a pipeline provided by the HUSAR platform from DKFZ. Subse-
quently, strand-specific reads were mapped to the human reference genome
GRCh38.13 (STAR version 2.3.) with an index built on gencode v34 [148]. The read
quality of the raw gene expression data was determined using the FASTQC tool [149].
DeepTools2.0 [150] was used to assess the genome-wide similarity of the sequencing
replicates. The reads mapping to each gene were counted using htseqg-count from
HTSeq 0.11.1 [151].

3.2.3.5 Pathway Activity Estimation

Pathway activity for 14 key biological pathways was estimated using the Pathway Re-
spOnsive GENes for Activity Interference (PROGENy) R package (version 1.26.0)
[152, 153]. This method utilizes consensus gene signature for each pathway devel-
oped from high-throughput perturbation experiments to infer pathway activity from
gene expression data. Enrichment analysis was conducted using decoupelR package
(version 2.8.0) with default parameters. Limma t-values were used as input, indicating

differential expression between the compared cell lines.

3.2.3.6 Transcription Factor Activity Estimation

DoRothEA (version 1.16.0) was used to predict transcription factor activity from ex-
pressing data providing insights into the regulatory network in the different cell lines
[153-155]. This computational tool gene relies on a comprehensive collection of known
targets for a broad set of transcription factors, with targets characterized based on the
levels of evidence. Gene-level statistics were obtained using limma t-values, indicating
differential expression between the compared cell lines. These statistics served as in-
put for the decoupelR package (version 2.8.0), which integrates the DoRothEA regu-
lons to estimate transcription factor activity scores. Transcription factors with at least

25 targets detected were displayed.
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3.2.3.7 Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) was performed to comprehensively assess the
biological processes and pathways enriched in the gene expression data using the
GSEA software from Broad Institute (version 4.1.0) [156, 157]. Differential gene ex-
pression between two different cell lines was used to generate a pre-ranked gene list,
including gene names and log2 fold change values. GSEA was run with 1,000 permu-
tations, without collapsing gene sets, and using gene sets from the Molecular Signa-
tures Database (MSigDB) version v2023.2.Hs.

3.2.4 Analysis of Protein Expression

3.2.4.1 Protein Isolation

Proteins were isolated from cells growing in 100 mm or 6-well plates. To this end,
culture plates were directly placed on ice, and media was aspirated. After washing with
PBS, residual PBS was aspirated and lysis buffer (60 yL for 6-wells, and 120 uL for
100 mm dishes) was added. Cells were detached using a cell scraper and transferred
into a 1.5 mL reaction tube. After an incubation step at 4°C for 30 minutes at a vertical
rotor, lysates were centrifuged for 15 minutes at 15,000 g and 4°C. The supernatant
containing the soluble proteins was transferred into a new 1.5 mL reaction tube and

stored at -80°C until further usage.

3.2.4.2 Protein Quantification

Protein concentrations were determined using the Pierce™ BCA Protein Assay Kit ac-
cording to the manufacturer’s instructions. The colorimetric readout was measured with
the GlowMax Discover system and quantified using a BSA serial dilution standard

curve.

3.24.3 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis

Proteins were separated based on their molecular weight using sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE). To this end, 30 ug protein was
diluted with water and supplemented with a final concentration of 1x Roti®-Load 1.
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Proteins were denatured at 95°C for 15 minutes and loaded on a Mini-PROTEAN TGX
Stain-Free™ precast gel. Additionally, 5 puL of PageRuler™ Prestained Protein Ladder
were loaded for size determination. Electrophoresis was conducted in 1x running buffer
at 130 V for 70 minutes.

3.24.4 Western Blotting

Following size-separating the proteins via SDS-PAGE, the proteins were transferred
to a polyvinylidene fluoride (PVDF) membrane using the Trans-BlotR Turbo™ Transfer
System. To this end, the Trans-Blot TurboTM PVDF Transfer Kit was used according
to the manufacturer’s instructions. The protein were transferred on the PVDC mem-
brane at 1.3 A, 25V for 7 minutes. Subsequently, unspecific binding sites were blocked
by incubating the membrane with blocking buffer for 1 hour. Afterward, the membrane
was incubated with diluted primary antibody in blocking buffer overnight at 4°C. Fol-
lowing three washing steps with TBST for 5 minutes each, the membrane was incu-
bated with the corresponding fluorophore-coupled secondary antibody diluted in TBST
for 1 hour. Excessive antibodies were removed in three washing steps using TBST.
Fluorescence signal was captured using the Odyssey Infrared Imaging System and

blots were further processed using the Image Studio Lite software.

3.24.5 Immunofluorescence Imaging

Immunofluorescence imaging was conducted to examine the expression and localiza-
tion of GLYATL1. To this end, 2.5*10° cells were seeded on top of 12 mm coverslips
in a 6-well plate. After reaching 70-80% confluency, cells either directly underwent fix-
ation or were stained beforehand with 500 nM abberior LIVE ORANGE mito for 1 hour
at 37°C and 5% COs2. Cells were fixed with 4% paraformaldehyde for 15 minutes at
room temperature. After fixation, cells were washed trice with PBST for 5 minutes each
and permeabilized with 0.1% Triton X-100 in PBS for 10 minutes to allow antibody
penetration. Coverslips were washed trice with PBST and non-specific bindings sites
were blocked by incubating cells with 3% BSA in PBS for 1 hour at room temperature.

Primary antibodies were diluted in 3% BSA and added to the cells. Following overnight
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incubation, the cells were washed with PBST trice to remove unbound antibodies. Sec-
ondary antibodies conjugated to a fluorophore (1:400 in BSA) were added and incu-
bated for 1 hour at room temperature in the dark. After washing off excess secondary
antibodies with PBS, cells were either stained with additional antibodies or mounted
onto glass slides using ProLong Diamon antifade containing DAPI for nuclear staining.
The samples were examined under a fluorescence microscope using either Cell Ob-
server or LSM-900 (Zeiss). Negative controls (no primary or secondary antibody) were
used to verify specificity and antibody reactivity. Analysis was performed using the

Zenn Blue software and ImageJ.

3.24.6 Generation of a Monoclonal GLYATL1 Antibody

Specific monoclonal antibody targeting GLYATL1 was generated in cooperation with
the Antibodies Core Facility at the DKFZ. To this end, mice were injected with 1 mg
KLH-coupled peptide (ENEDSRRFVGQFGFFEASC, Peptide Specialty Laboratories
GmbH). Immunization was repeated in total six times once a week. Sera were tested
for protein recognition on Western Blot using lysates of transfected HEK293FT cells
transiently expressing Flag-tagged GLYATL1. Mice with specific GLYATL1 antibodies
in sera were sacrificed and lymphocytes were extracted from blood. To this end, blood
was incubated for one hour at 37°C to coagulate followed by 20 minutes centrifugation
at 21,460 g at room temperature. Additionally, lymphocytes were isolated by crushing

isolated lymph nodes to separate cells.

Isolated lymphocytes were subsequently fused to myeloma cancer cells to generate
hybridoma. To this end SP 2/0 cells and lymphocytes were each pelleted at 150 g for
10 minutes at room temperature and media was aspirated afterward. Cell pellets were
combined in 1,5 mL PEG and were added slowly under continuous agitation to open
the cell membrane. RPMI was added droplet-wise to close the cell membranes and
therefore facilitated the fusion of lymphocytes with the myeloma cells. To increase fu-
sion efficiency, RPMI was added with a flow rate of 1 mL in the first 2 minutes, followed
by 3 mL within 1 minute and subsequently, 16 mL in 3 minutes. Afterward, cells were
centrifuged for 10 minutes at 150 g at room temperature. After 5 minutes of incubation
time, the supernatant was carefully aspirated and cells were plated in 96-well plates
with 200 pL/well. After four to seven days, the supernatants were tested for protein
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recognition on Western Blot. “Mother” clones with specific GLYATL1 binding were de-
convoluted in the Cellular Tools and Clone Repository core facility at the DKFZ using
the F.SIGHT™ dispenser. The specificity of the different “daughter” clones was
screened via immunofluorescence and Western Blot. Antibodies displaying specific
GLYATL1 binding were purified via the hiTRAP Protein G HP column using the manu-

facturer’s protocol.

3.2.4.7 Analysis of Protein-Protein Interaction

Protein-protein interaction was studied using the BiolD2 approach [158]. To this end,
2*1076 stable cells expressing either rwpMXs_MCS_MYC_Linker_BiolD2 IRES-Puro
or rwpMXs_ GLYATL1 _MYC _Linker _BiolD2 IRES-Puro plasmid were seeded in
100 mm plates. Following incubation for 24 hours at 37°C and 5% COz2, 50 uM biotin
was added to the cells and further incubated for additional 24 hours. Afterward, plates
were directly placed on ice, and cells were washed once with PBS. After aspirating the
remaining buffer, cells were lysed with 500 pL ice-cold NP-40 lysis buffer and scraped
into a pre-chilled 1.5 mL reaction tube. The lysates were centrifuged at 15,000 g, 4°C
for 10 minutes and the supernatant was transferred into a new tube. The protein con-

centration was measured and adjusted to 2 pg/pL with NP-40 lysis buffer.

In the meantime, a 1 mL spin column was activated with 200 yL PBS and loaded with
100 uL High Capacity Streptavidin Agarose resin, followed by three washing steps with
250 yL PBS. The remaining liquid was removed by centrifugation at 500 g for 1 minute.
Afterward, the column was plugged and 500 uL of the prepared protein samples were
loaded on the column and allowed to enter the resin. The mixture was incubated for
30 minutes at room temperature with end-over-end mixing. Afterward, the plug was
removed, and the column was centrifuged at 500 g for 1 minute, followed by five wash-
ing steps with 250 yL PBS. Biotinylated proteins were eluted with 100 pyL 2x non-re-
ducing Lane Marker sample Buffer and 2 mM biotin at 95°C for 5 minutes. Eluate was

collected in a new 1.5 mL tube by centrifugation at 1,000 g for one minute.
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3.2.5 Proteomic Analysis via Mass Spectrometry

Mass spectrometry measurements were carried out in collaboration with Luisa
Schwarzmuller. Protein lysates were prepared as described in 3.2.4.1 using a lysis
buffer supplemented with 10 mM NaF, 1 mM NasVOs, 150 U/mL Benzonase and 10
U/mL RNase-free DNAse. Further sample preparation and measurement (3.2.5.1-

3.2.5.3) was performed by Luisa Schwarzmdller.

3.2.5.1 SP3 Sample Preparation

Single-pot solid-phase sample preparation (SP3) [159] was conducted using 20 ug of
protein in a total volume of 60 pL of RIPA buffer, supplemented with 100 mM TEAB.
CAA and TCEP were added to a final concentration of 40 mM and 10 mM, respectively.
Protein alkylation and reduction were carried out at 95°C for 5 min. Subsequently, 1
ML of each paramagnetic beads (Sigma-Aldrich #45152105050250 and
#65152105050250) were mixed 1:1. Ethanol to a final concentration of 50% was added
and incubated for 15 minutes at 650 rpm. To facilitate bead-protein binding, the mixture
was incubated on a shaker at 650 rpm at room temperature for 15 minutes. The bound
proteins were then washed twice with 80% ethanol, followed by a single wash with
100% acetonitrile. After aspirating the remaining acetonitrile, the beads were resus-
pended in 100 mM TEAB containing trypsin at a protease: protein ratio of 1:25. Diges-
tion was facilitated by sonication in a water bath for 30 seconds, followed by incubation
at 37°C, 800 rpm for 16 hours. The next day, the supernatant containing digested pep-
tides was collected and vacuum-dried at 30°C, 1300 rpm. Peptides were stored at -

20°C until measurement.

3.2.5.2 Liquid chromatography—mass spectrometry (LC-MS) Measurement

Peptides were solved in MS-grade water supplemented with 0.1% trifluoroacetic acid
(TFA) and 2.5% hexafluoroisopropanol (HFIP) before measurement. Using the Ulti-
mate 3000 liquid chromatography (LC) system, 1 ug peptides were separated on a
25 cm column (Waters nanoEaseTM BEH C18 130A, 1.7 ym, 75 ym x 250 mm, Cat.
186008795). A 100-minute linear gradient of 4-30% acetonitrile at a flow rate of
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300 nL/min, reaching a total method time of 120 minutes, was utilized for peptide sep-
aration. Mass spectrometric analysis was carried out with the Orbitrap Exploris 480.
MS1 scans were acquired at a resolution of 120,000, with an AGC target set to
3efions. MS2 spectra were obtained in 47 isolation windows of variable width, covering
400 — 1000 m/z at a resolution of 60,000 and an AGC target of 1e®. Peptides were

fragmented with a collision energy of 28%.

Peptides and proteins were identified and quantified with Spectronaut (version 15.6)
using the proteome-wide human fasta file from UniProt. Protease trypsin was set and
up to two missed cleavage sites were allowed. Modifications were set with Carbami-
domethylation (C) as fixed, Oxidation (M), and Acetylation (N-terminus) as variable
modifications. Peptides were quantified on the MS2 level by summing up the signal

area of the 3-6 best fragments.

Data was further analyzed using the Perseus software (version 1.6.2.3). The data set
was log2-transformed and unpaired two-sample t-tests were performed with permuta-
tion-based FDR correction with 250 shuffles. Data was filtered for significant changes

with a p-value of 0.05 and an absolute fold-change =2.

3.2.5.3 Parallel Reaction Monitoring

For Parallel Reaction Monitoring (PRM) MS measurement, the same LC and MS1 pa-
rameters as for DIA were used. The MS2 spectra were acquired for pre-selected pep-
tides of GLYATL1 at a resolution of 120,000.

Data analysis was performed using Skyline (version 3.1.0.7312) [160]. GLYATL1 pro-
tein fasta files were imported from Uniprot (Q969I13) and in silico digested with trypsin
allowing one missed cleaving site. Y and b fragment ions revealed filtered peptides for
the three pre-measured GLYATL1 peptides. The retention time of R ALLLVTEDILK.L
peptide peaks was identified using a spectrum of MCF7 GLYATL1 overexpressing cell
line and applied to all samples. The peak areas were calculated by setting peak bound-

aries and summating the fragment areas.
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3.2.6 Quantification of Intracellular Oxidative Stress

3.2.6.1 Flow Cytometry Analysis of Intracellular Reactive Oxygen Species

Levels

To assess the intracellular oxidative stress levels, 500,000 cells were stained with
5 UM CellROX Oxidative Stress reagent in full growth media for 30 minutes at 37°C.
Subsequently, cells were centrifuged for 5 minutes at 1,500 g and the resulting cell
pellet was resuspended in PBS. The cells were transferred into FACS tubes for anal-
ysis with a FACSCalibur flow cytometer. To ensure data quality, living cells were gated
based on the forward scatter (FSC) and side scatter (SCC) characteristics. The fluo-
rescence signal in the FL3 channel representing the reactive oxygen species (ROS)
sensor was measured. The mean flourescence intensity of the FL3 channel was ana-

lyzed using the Flowing software version 2.5.1.

3.2.6.2 Fluorescent Monitoring of Hydrogen Peroxide Levels

Cytoplasmic and mitochondrial hydrogen peroxide (H20:2) levels within living cells were
monitored using stable cell lines expressing the roGFP-ORP1 sensor. This sensor is a
fusion of roGFP, a redox-sensitive variant of the green fluorescent protein (GFP), and
Opr1, a yeast peroxidase with high specificity towards H202 [161]. Upon oxidation,

roGFP shifted the excitation spectrum from ~488 nm to ~405 nm.

The functionality of the sensor was tested via flow cytometry. To this end, 250,000 cells
were seeded in 6-well plates. On the next days, cells were trypsinized and centrifuged
for 5 minutes at 1,500 g. The cell pellet was resuspended in PBS and transferred into
FACS tubes. Cells were analyzed using FACSCalibur flow cytometer with the FL3
channel covering the spectrum of the reduced sensor. Living cells were gated based
on the forward scatter (FSC) and side scatter (SCC) characteristics. Signal intensities

were analyzed using the Flowing software version 2.5.1.

To determine the redox status of the sensor, cells were seeded into 96-well-white
plates with 20,000 cells per well one day prior analysis. Fluorescence intensity was
measured using the GloMax Discover plate reader. The redox-sensitive response of
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roGFP-Orp1 was measured with excitation wavelengths of 405 nm and 475 nm. Emis-
sion was detected at 500-550 nm. The background signal of unstained cells was sub-
tracted, and the ratio of fluorescence intensities (405 nm/475 nm) was calculated to

determine the redox status.

3.2.7 Metabolomics Measurement

1*1076 cells were seeded and allowed to attach overnight. After the media was aspi-
rated, cells were washed with cold 154 mM ammonium. The residual buffer was re-
moved, and the plates were rapidly immersed in liquid nitrogen. The frozen plates were
transferred to -80°C until further usage. Consecutive metabolite extraction and mass
spectrometry (3.2.7.1-3.2.7.2) were performed by Dr. Lisa Schlicker from the Almut
Schulze Lab (DKFZ).

3.2.7.1 Metabolite Extraction

For extraction of polar metabolites, cells were once again washed with ice-cold
154 mM ammonium acetate. Subsequently, cells were scraped off in 0.5 mL ice-cold
MeOH/H20/Acetonitrile (50/20/30 v/v) containing internal standards, including stable
isotope labeled amino acids and '3Csz-Malonyl-CoA as well as deuterium labeled tricar-
boxylic acid (TCA) cycle intermediates. After vortexing and sonication, samples were
centrifuged at 13,000 g for 5 minutes and the resulting supernatant was applied onto
a C18 8B-S001-DAK solid phase column, which has been previously activated using
acetonitrile and equilibrated using methanol/water/acetonitrile (50/20/30 v/v). The re-
maining pellet underwent an additional extraction using 0.5 mL ice-cold methanol/wa-
ter/acetonitrile (50/20/30 v/v). The eluate was then dried overnight in a refrigerated
vacuum concentrator at 10°C. On the next day, the residual pellet was dissolved in 0.2
M sodium hydroxide and incubated for 20 min at 95°C and protein concentrations were

quantified by BCA assay.
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3.2.7.2 LS-MS Measurement

LC-MS measurement was conducted on an Ultimate 3000 system coupled to a Q Ex-
active Plus mass spectrometer. Dried metabolite extracts were dissolved in 100 pl
5 mM ammonium acetate in acetonitrile-water solution (75/25, v/v). 3 yL of the samples
were applied onto an amide-HILIC column (2.6 ym, 2.1x100 mm) with a constant tem-
perature of 30°C. Subsequently, two different solvents were used for elution. Solvent
A consists of 5 mM ammonium acetate in acetonitrile-water solution (5:95, v/v), and
solvent B consisting of 5 mM ammonium acetate in acetonitrile-water solution (95:5,
v/v). Gradient elution was applied with 98% solvent B for 2 min, followed by a linear
decrease to 40% solvent B within 5 min. 40% of solvent B was maintained for 13 min,
then returning to 98% solvent B within 1 min and maintaining 98% solvent B for 5 min

for column equilibration before each injection. The flow rate was set at 350 uL/min.

The eluent was directed to the HESI source from 1.5 min to 21.0 min post-sample
injection with a sheath gas flow rate of 30 units, auxiliary gas flow rate of 10 units, a
spray voltage of 3.6 kV (positive mode)/ 2.5 kV (negative mode), a capillary tempera-
ture of 320 °C and a S-lens RF level of 55.0 V.

Detection of different acyl-CoAs was acquired in positive mode with a scan range from
760 to 1100 m/z, a resolution of 70,000, an AGC target of 1€®, and a maximum injection
time of 50 ms. For data-dependent MS2 (ddMS2), the resolution was set to 17,500,
AGC target to 5E4, stepped collision energies of 20, 50, and 80, and maximum injec-

tion time of 50 ms.

Detection of water-soluble metabolites was acquired in polarity switching mode within

the scan range of 69-1000 m/z, with otherwise similar settings and ddMS2.

Peaks corresponding to the calculated metabolite masses, sourced from an in-house
metabolite library, were integrated utilizing the EI-MAVEN software. The identification
of metabolite was supported by fragmentation patterns [162]. Peak intensities were

normalized by their respective internal standard and protein levels.
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3.2.7.3 Data Analysis

Initial data processing was performed using the web-based platform MetaboAnalyst
5.0 [163]. The data was transformed using one-factor statistical analysis using a post
hoc one-way ANOVA test. Pathway enrichment analyses were performed with signifi-

cant (p<0.05) log2 fold, respectively.

3.2.8 Analysis of Epigenetic Profile - EpiTOF

Epigenetic changes were addressed by cytometry by time-of-flight (CyTOF) to analyze

a wide panel of histone modifications.

3.2.8.1 Antibody Conjugation

Antibodies were conjugated to different metals by people from the lab of Moshe Oren,
by Efrat Shema, Tomer-Meir Salame, or me using the Antibody Labelling Kit v3 by
IONpath according to the manufacturer’s instructions. An antibody panel was chosen

to minimize spillover and noise between the different channels.

3.2.8.2 Sample Preparation

MCF7 WT, LTED, and two different GLYATL1 knockout cell lines were harvested and
4*1076 (2*1076 in batch 1) cells per sample were centrifuged at 1,200 g for 5 minutes.
To reduce cell loss, the pellet was resuspended in 200 uL CyTOF PBS and transferred
to a pre-coated canonical 96-well. The coating was performed with CyTOF staining
buffer for at least 30 minutes. After centrifugation at 300 g for 5 minutes at room tem-
perature, dead cells were stained with 100 pL 1.25 pM Cisplatin in CyTOF PBS and
incubated for 30 seconds. The reaction was quenched by adding 100 yL DMEM + 10%
FBS prewarmed to 37°C and centrifuged for 15 minutes at 300 g. After aspirating the
supernatant, the pellet was washed once with 200 uL CyTOF staining buffer and cen-
trifuged at 300 g for 5 minutes. The cell pellet was gently resuspended in a mixture of

the extracellular antibodies diluted in 50 pL/sample CyTOF staining Buffer and incu-
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bated for 30 minutes at room temperature for staining extracellular proteins. After stain-
ing, the plate was centrifuged for 5 minutes at 300 g and washed twice with 200 L
CyTOF staining Buffer. Thereafter, cells were resuspended in CyTOF nuclear antigen
staining buffer working solution and incubated for 30 minutes at room temperature
while mixing the solution every 10 minutes. After centrifugation for 5 minutes at 700
xg, the pellet was washed twice with 200 yL CyTOF nuclear antigen staining perm,
followed by resuspending the cell pellet in 150 yL CyTOF nuclear antigen staining
perm containing 1 pyL of a unique barcode for each sample. The solution was mixed
immediately and incubated for 1 hour, mixing every 15 minutes to ensure complete
barcoding. After two washing steps with 150 yL CyTOF staining buffer, the cells were
counted and equal amounts of cells per sample (1*10° cells batch 1, 2*108 cells batch
2) were combined and distributed to new wells of the 96-well plate with a density of
3*10° cells/well. The plate was centrifuged once again, and the cells were stained with
a cocktail of intracellular and nuclear antibodies in a final volume of 100 pL with a
Nuclear Staining Buffer working solution. After 30 minutes of incubation time, cells
were washed with 100 uL CyTOF staining buffer twice and subsequently fixed with
freshly prepared 200 uL 4% paraformaldehyde in CyTOF PBS overnight. On the next
day, the plate was centrifuged for 5 minutes at 700 g and cells were stained with 150
ML of 125 nM iridium solution in 4% paraformaldehyde solution for 45 minutes. After
centrifuging the plate at 700 xg for 5 minutes, cells were washed twice with CyTOF
staining buffer followed by two washing steps with CyTOF CAS+. The cells were trans-

ferred into a 15 mL tube and acquired in a total volume of 50 uL on the same day.

3.2.8.3 Sample Measurement

Sample measurement was performed in the Life Science Core Facility for Mass Cy-
tometry by Dr. Tomer-Meir Salame via a Fluidigm CyTOF Helios platform. Data was
cleaned up by gating for intact live single cells. Additionally, cells with low core histone

reads (<5) were filtered out and the barcoded cells were deconvoluted.
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3.2.8.4 CyTOF Data Analysis

Analysis of the CyTOF data was performed by Dr. Eviatar Weizman and Luisa
Schwarzmuller based on an R-based pipeline [164]. Briefly, the data was arcsinh trans-
formed and regressed to H3 and H3.3 expression. Due to the low performance of the
antibody detecting H3K9 acetylation, data from this antibody was excluded before z-

scaling. Subsequently, clustering was performed based on the histone markers.

3.2.9 Data Analysis

3.2.9.1 Analysis of Publicly Available Data Sets

To analyze patient survival, two comprehensive cancer datasets, The Cancer Genome
Atlas (TCGA) and the Molecular Taxonomy of Breast Cancer International Consortium
(METABRIC), were used.

For Kaplan-Meier survival analysis, clinical and survival data from TCGA were ex-
tracted. Patient groups were defined based on their molecular subtype and ranked
based on their GLYATL1 expression. The survival rate was compared using Kaplan-
Meier curves. The log-rank test was used to assess statistical significance between
the patient groups. Survival analysis of the METABRIC data set was performed using
the web-based Km-plotter [165].

3.2.9.2 Statistical Analysis

Statistical analysis was performed using the GraphPad Prism version 5. Unless other-
wise mentioned, data is presented as mean * standard error of the mean, each dot
representing data of an independent biological replicate. P values < 0.05 were consid-
ered statistically significant. P values < 0.05, 0.01, and 0.001 are indicated by one, two,

or three asterisks respectively.
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4 Results

41 GLYATL1 Expression is Increased in Aromatase Inhibitor-

Resistant Cell Lines

The Luminal A breast cancer subtype is characterized by high estrogen receptor ex-
pression and generally responds well to endocrine therapies such as tamoxifen or aro-
matase inhibitors. However, the development of resistance to this therapy approach is
a severe clinical problem, leading to disease recurrence and progression. Understand-
ing the mechanisms of resistance to endocrine therapy is thus important for developing
new therapeutic strategies to effectively overcome resistance and improve the prog-

nosis of patients.

To investigate endocrine therapy resistance in vitro, two luminal A breast cancer cell
lines, MCF7 and T47D, were chronically deprived of estrogen for twelve months to
mimic the effect of aromatase inhibition and to stimulate resistance acquisition. These
long-term estrogen-deprived (LTED) models were kindly gifted by Prof. Dr. Luca Mag-
nani (ICL London, MCF7) or generated in-house by two previous PhD students, Dr.
Emre Sofyali and Dr. Simone Borgoni (T47D) [130, 131]. ATAC- and RNA-sequencing,
conducted by Dr. Emre Sofyali, identified glycine-N-acyltransferase like 1/glutamine-
N-acyltransferase (GLYATL1) as one of the most highly upregulated genes in resistant
cell lines [131].

To validate the upregulation of GLYATL 1 observed in the sequencing data, | performed
RT-gPCR on LTED and parental wildtype (WT) MCF7 and T47D cells. The analysis
confirmed a significant increase in GLYATL1 mRNA levels in LTED cells compared to
wildtype by approximately 200-fold in MCF7 and 30-fold in T47D (Figure 10A). Fur-
thermore, GLYATL1 protein levels in MCF7 cell lines were assessed using a PRM-
based targeted mass spectrometry approach, in collaboration with Luisa Schwarzmuil-
ler. Specific fragments corresponding to a single GLYATL1 peptide (ALLVETEDILKL)
were detected. While only marginal GLYATL1 levels could be detected in the MCF7
wildtype cell line, the summed signal intensity levels significantly increased in LTED
cells (Figure 10B). These results indicate that both GLYATL1 mRNA and protein levels
are considerably elevated in LTED cells, suggesting a potential role for GLYATL1 in
endocrine therapy resistance.
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Figure 10: Basal mRNA and protein GLYATL1 levels in wildtype and LTED cells.
GLYATL1 mRNA levels were determined by RT-gPCR in MCF7 and T47D WT and LTED
cells. mMRNA expression was normalized on ACTB and PUM1 levels and relative changes
to the corresponding wildtype were calculated. (B) GLYATL1 protein levels in MCF7 cells
were analyzed using a PRM-based targeted mass spectrometry approach. Specific frag-
ments of the GLYATL1 peptide (ALLVETEDILKL) are indicated by color. Mass spectrom-
etry data were generated and analyzed by Luisa Schwarzmdiiller. Data are represented as
the mean + SEM, RT-qPCR results with n=3 biological replicates with three technical rep-
licates each, and LC-MS results with n=4 biological replicates. Statistical significance was
assessed using unpaired Student's t-test, where *** indicates p<0.001, and ** indicates
p<0.01.

4.2 High GLYATL1 Expression is Associated with Poor Patient

Prognosis

To investigate the clinical relevance of GLYATL1 expression in luminal A breast can-

cer, | performed Kaplan-Meier survival analyses using two independent datasets.

Luminal A breast cancer patients of the TCGA cohort (n=542) were divided into two
groups based on the median GLYATL1 expression levels. Survival analysis revealed
a significant correlation between elevated GLYATL1 expression and reduced overall
survival, with a p-value of 0.0185 (Figure 11A). Patients with high GLYATL 1 expression
levels had a significantly lower survival probability compared to those with lower ex-
pression levels as indicated by a more pronounced decline in the survival curve over

time.
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Similarly, a recurrence-free survival analysis was performed using the METABRIC co-
hort, including ER-positive patients treated with tamoxifen (n=178). The analysis re-
vealed a correlation between high GLYATL1 expression and significantly shorter re-
currence-free survival (Figure 11B). This correlation suggests an increased risk of dis-
ease recurrence despite tamoxifen treatment in patients with high GLYATL1 expres-
sion. These consistent findings across the two cohorts highlight the potential clinical

relevance of GLYATL1 as an indicator of disease progression.
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Figure 11: Survival analysis based on GLYATL1 expression in patients. (A) Median-
based survival analysis of luminal A breast cancer patients in the TCGA dataset of
GLYATL1 low (black) versus high (red) gene expression (n=542). (B) Median-based recur-
rence-free survival analysis of ER-positive breast cancer patients undergoing tamoxifen
treatment in the METABRIC dataset of GLYATL1 low (black) versus high (red) gene ex-
pression (n=178), plotted with Kaplan-Meier Plotter [165].

4.3 GLYATL1 Expression is Correlated with Estrogen Supply

Given the observation of elevated GLYATL1 levels in the context of endocrine therapy
resistance, | further investigated the impact of drug withdrawal on GLYATL1 expres-
sion. To this end, | cultured MCF7 LTED cells in the presence of 10 nM estrogen (+E2)
for 12 weeks. mRNA samples were obtained at regular four-week intervals and

changes in GLYATL1 expression over time were monitored via RT-gPCR. The mRNA

57



Results

levels demonstrated a rapid decline in GLYATL 1 expression within the initial four-week

period, which then stabilized at a constant low level (Figure 12A blue squares).

Following the initial 12 weeks, estrogen was again withdrawn from the pre-treated
cells. Following estrogen depletion, GLYATL1 expression increased rapidly, surpas-
sing even higher levels of MRNA compared to the original LTED cells in MCF7 (Figure
12A black triangles). Similar effects were observed in T47D cells with a slower recov-

ery of GLYATL1 expression levels upon re-addition of therapeutic stress (Figure 12B).
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Figure 12: Effect of Estrogen presence on GLYATL1 expression. MCF7 LTED (A) and
T47D LTED (B) cells were cultured in the presence (+E2, blue) or absence (-E2, red) of
estrogen for 12 weeks. After these initial 12 weeks, cells were once again deprived of es-
trogen for an additional 12 weeks (+E2 -> -E2, black). mRNA levels were determined by
RT-gPCR and normalized on ACTB and PUM1. Relative changes to LTED cultivated in
estrogen-deprived media were calculated. Data are represented by mean + SEM of n<4
biological replicates (each with 3 technical replicates). Statistical significance was as-
sessed using two-way ANOVA with Bonferroni post-test to compare samples to LTED cells
growing in estrogen-depleted media at the indicated time point, where *** indicates
p<0.001, and ** indicates p<0.01.

After having observed the long-term effect of estrogen presence on GLYATL1 expres-
sion upon estrogen presence, | next tested the effect of short-term estrogen treatment
of LTED cells. To this end, | treated LTED cells with wildtype media containing 10 nM
estrogen for 48 hours and determined the GLYATL1 mRNA levels via RT-qPCR. The
GLYATL1 levels in LTED cells were found to significantly decrease after 48 hours (Fig-
ure 13A).

58



Results

In addition, the effect of short-term estrogen deprivation on GLYATL1 expression was
tested in wildtype cells. Following a 48-hour deprivation period, wildtype cells exhibited
a non-significant trend of increased GLYATL1 mRNA levels (Figure 13A). Similar ef-

fects were observed in T47D cells (Figure 13B).

Taken together, these findings indicate a strong inverse correlation between estrogen
levels and GLYATL1 expression. Thus, GLYATL1 expression appears to be exclusive

within the context of estrogen deprivation mimicking aromatase inhibition.
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Figure 13: Effect of short-term estrogen supply on GLYATL1 expression. GLYATL1
MRNA levels were assessed following 48 hours of estrogen treatment in LTED cells or
estrogen deprivation in wildtype MCF7 (A) and T47D (B) cell lines via RT-gPCR. mRNA
levels were normalized on ACTB and PUM1 expression and relative changes to LTED cells
cultivated in estrogen-depleted media were calculated. Data are represented by mean +
SEM of 3 biological replicates (each with 3 technical replicates). Statistical significance was
assessed using one-way ANOVA, where *** indicates p<0.001, and ** indicates p<0.01.

4.4 Regulation of GLYATL1 Expression by ERa and FOXA1

Following the observation that GLYATL1 expression is anti-correlated with estrogen
supply, | next tested the involvement of different transcription in regulating GLYATL1
expression. Based on the UCSC Genome Browser, several transcription factors
showed binding sites in the promoter region of GLYATL1 experimentally as identified
in Transcription Factor Chromatin Immunoprecipitation (TF-ChIP) experiments sug-
gesting a complex interplay of different transcription factors in GLYATL1 regulation.
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Amon other transcription factors, the estrogen receptor (ESR1) showed potential reg-
ulation of GLYATL1 (Figure 14).
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Figure 14: Transcription factor occupancy of GLYATL1 promoter. Data from the
UCSC Genome Browser (GRCh38/hg38, ENCODE track) showed identified binding sites
of transcription factors based on TF-ChlP-sequencing experiments [166].

Moreover, the analysis of ESRT mRNA levels identified elevated expression in MCF7
and T47D LTED cells in comparison to their corresponding wildtype cells (Figure 15A).
To investigate the potential involvement of the estrogen receptor in GLYATL1 regula-
tion, | performed a knockdown of ESR1 for 72 hours and monitored the effect on
GLYATL1 mRNA levels via RT-qPCR. Along with the significant reduction of ESR1
levels (Figure 15B), GLYATL1 expression significantly decreased in MCF7 LTED as
well as in T47D LTED cells (Figure 15C). Since the LTED cell lines were constitutively
grown in estrogen-depleted media, this reduction suggests that ER mediates

GLYATL1 expression in an estrogen-independent manner.
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Figure 15: Effect of ESR1 knockdown on GLYATL1 expression. (A) Basal mRNA levels
of ESR1 were evaluated by RT-gPCR in WT and LTED MCF7 and T47D cells. (B, C) LTED
cells were transformed with a pool of siRNAs targeting ESR7 (siESR1) or non-targeting
siRNA (siControl) for 72h. Knockdown efficiency (B) and effect on GLYATL1 expression
(C) were validated by RT-qPCR. Values for mRNA expression were normalized to ACTB
and PUM1 expression levels. Data are represented by mean + SEM of =3 biological repli-
cates (each with 3 technical replicates). Statistical significance was assessed using un-
paired (A) or paired (B, C) Student's t-test, where ns indicates a non significant p value, ***
indicates p<0.001, ** indicates p<0.01, and * indicates p<0.05.

Besides ESR1, another luminal transcription factor, called FOXA1, was experimentally
identified as binding the GLYATL1 promoter (Figure 14). FOXA1, also known as
hepatocyte nuclear factor 3-alpha, has been shown to facilitate ERa-mediated tran-
scription by acting as a “pioneer” factor. FOXA1 opens compact chromatin structures
by interacting with nucleosomal core histones, displacing linker histones at target en-
hancers and promoter sites, and thereby allowing subsequent transcription factor bind-
ing [167, 168].

Unlike ESR1, basal FOXA1 mRNA levels were not significantly altered in LTED cells
(Figure 16A). To investigate whether FOXA1 is involved in ERa-mediated GLYATLA1
regulation, | performed a FOXA1 knockdown (Figure 16B) and subsequently evaluated
the impact on GLYATL1 mRNA expression. The knockdown resulted in a significant
reduction in GLYATL1 mRNA levels in both MCF7 LTED and T47D LTED cell lines
(Figure 16C).

Taken together, these results suggest that ESR7 and FOXA1 are involved in the reg-

ulation of GLYATL1 expression under estrogen-deprived conditions.
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Figure 16: Effect of FOXA1 knockdown on GLYATL1 expression. (A) Basal mRNA
levels of FOXA1 were evaluated by gPCR in WT and LTED MCF7 and T47D cells. (B, C)
LTED cells were transformed with a pool of siRNAs targeting FOXA1 (siFOXA1) or non-
targeting siRNA (siControl) for 72h. Knockdown efficiency (B) and effect on GLYATL1 ex-
pression (C) were validated by gPCR. Values for mRNA expression were normalized to
ACTB and PUM1 expression levels. Data are represented by mean + SEM of 23 biological
replicates (each with 3 technical replicates). Statistical significance was assessed using
unpaired (A) or paired (B, C) Student's t-test, where ns indicates non-significant p-values,
*** indicates p<0.001, ** indicates p<0.01, and * indicates p<0.05.

4.5 Generation of a GLYATL1-specific Antibody

To gain a deeper understanding of the role of GLYATL1 in the context of endocrine
therapy resistance, protein-specific antibodies are a valuable tool for conducting tar-
geted assays such as Western Blots and immunofluorescence. However, no commer-
cially available antibody targeting GLYATL1 was identified that demonstrated sufficient
specificity. As a result, custom monoclonal antibodies were generated in collaboration
with the DFKZ antibody core facility.

Mice were injected with a GLYATL1-specific peptide to stimulate a directed immune
response. Sera of the mice were tested via Western Blot and immunofluorescence
using HEK293FT cells transiently expressing Flag-tagged GLYATL1. B-cells from mice
exhibiting specificity towards GLYATL1 were isolated and fused to immortalized mye-
loma cells. The hybridoma “mother” clones were cultivated in selective media and
screened for GLYATL1 recognition via Western blotting and immunofluorescence.

“Mother” clones exhibiting specific binding to GLYATL1 were subcloned via single-cell
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spotting in the Cellular Tool Core Facility. The individual “daughter” clones were then
assessed further for their recognition of GLYATL1 via immunofluorescence and West-

ern blotting.

| identified one subclone, designated #305, which exhibited distinctive immunofluores-
cence signals that co-localized with the control Flag signal, in transient transfected
HEK293FT expressing a Flag-tagged GLYATL1 construct (Figure 17A). However,
clone #305 was unable to detect the lower endogenous lever in MCF7 LTED cells even
when undiluted. Additional purification via protein G affinity chromatography did not
improve the quality and specificity of the clone. Moreover, this clone was unable to

recognize GLYATL1 protein in Western blot analysis.
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Figure 17: Generation of GLYATL1 specific antibody. (A) Daughter clone #305 was
tested with a dilution of 1:100 (green) for GLYATL1 specificity via immunofluorescence in
HEK293 FT cells transiently expressing Flag-tagged GLYATL1. Flag antibody (red) was
used as a control. DNA was stained by DAPI (blue). Scale bar = 10 ym. (B) Representative
picture of Western blot using purified antibodies of daughter clones and protein lysates of
indicated wildtype (WT), long-term estrogen deprived (LTED), GLYATL1 knockout (KO1)
MCF7 or T47D cells and either untransfected (Unt.) or transiently transfected (Trans.)
HEK293FT cells expressing Flag-tagged GLYATL1.

Other “daughter” clones successfully demonstrated specific recognition of Flag-tagged
GLYATL1 in Western blot analysis. Like #305, these clones were unable to recognize
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lower endogenous levels even when undiluted. Additional Protein G affinity chroma-
tography to concentrate the antibody did not improve the sensitivity of the antibodies,
resulting in similar unspecific band intensities on a Western blot of wildtype, resistant,
and GLYATL1 knockout lysates (Figure 17B).

Since all attempts ended up not recognizing endogenous levels, we discontinued the
generation of a specific antibody, and | instead continued with phenotypic assays to
investigate the role of GLYATLA1.

4.6 GLYATL1 Knockdown Reduces Cell Proliferation

To determine whether GLYATL1 contributes to therapy resistance and facilitates cell
growth in the absence of estrogen, | next investigated the effect of knocking down
GLYATL1 in LTED cells on proliferation. RNA silencing was performed with a pool of
siRNAs targeting GLYATL1 mRNA to minimize off-target effects. RT-gPCR indicated
a mean reduction of ~90% in mMRNA after eight days post-transfection in MCF7 and
T47D LTED cells (Figure 18A).
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Figure 18: GLYATL1 knockdown reduces cell proliferation. Knockdown of GLYATL1
was performed via RNA interference in MCF7 (A, B) and T47D (B, C) LTED cells and
verified via RT-gPCR (A). The proliferation rate in media with (+E2) and without (-E2) es-
trogen was measured via microscopy-based nuclear count (B, C). Data are presented as
mean + SEM of 4 biological (RT-gPCR with 3 technical replicates and proliferation assay
with 6 technical replicates). Statistical significance was assessed using paired Student's t-
test, where ns indicates non-significant p-values, *** indicates p<0.001, and * indicates
p<0.05.
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The effect of GLYATL1 knockdown on proliferation was monitored in media containing
estrogen and estrogen-depleted media. In the presence of estrogen, the knockdown
of GLYATL1 did not affect the proliferation in MCF7 LTED cells. However, knockdown
resulted in a significant disadvantage in proliferation in estrogen-depleted media (Fig-
ure 18B). A similar trend was observed in T47D LTED cells (Figure 18C), indicating
that GLYATL1 exerts a significant influence on proliferative behavior in the absence of
estrogen. However, this effect was diminished in the presence of estrogen, supporting

the importance of GLYATL1 in the context of endocrine therapy resistance.

4.7 GLYATL1 Knockout Has a Proliferation Disadvantage

To gain a more comprehensive understanding of the biological role of GLYATLA1,
knockout cell lines were generated for subsequent downstream experiments. This
knockout approach allows for permanent disruption of GLYATL1 expression, eliminat-
ing any residual gene expression as observed by partial silencing that could partially
compensate for the biological function. The knockout was achieved through the
CRISPR/Cas9 gene-editing approach and performed by Dr. Emre Sofyali. Specifically,
a single guide RNA (sgRNA) targeting exon four was utilized to induce targeted dele-

tions.

Following the initial editing, | deconvoluted this heterogeneous pool of edited cells in
collaboration with the Cellular Tool Core Facility at the DKFZ to generate cells with a
single clonal background. Sanger sequencing of the genomic target region of the indi-
vidual clones identified two different clones harboring the same 20-base pair homozy-

gous deletion (Figure 19).
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WT CATTTGTTTCCTTAACATTTTCCCTTCATTTCTTATCTTITCAGAGTTTCTTCTTCAAGGTCTCAAGGTCTGAAGCATCCCACAGAATGATCCTACTGAATAACTCCCATAAGET
KO CATTTGTTTCCTTAACATTTTCCCTTCATTTCTTATCTTTTCAGAGTTTOT-- - - - - - - - - - - - - - - - GAAGCATCCCACAGAATGATCCTACTGAATAACTCCCATAAGCT

Intron 3 Exon 4 Intron 4

Figure 19: Scheme of GLYATL1 knockout. CRISPR Cas-9 approach using a sgRNA
targeting exon four resulted in two clonal knockout cell lines (KO) with 20 bp deletion eval-
uated by Sanger sequencing.

The protein knockout was validated through a PRM-based targeted mass spectrometry
approach, performed by Luisa Schwarzmiuiller. A significant reduction in GLYATL1 lev-
els was observed in the two different GLYATL 1 knockout cell lines (Figure 20A). Even
though the deletion in both knockout clones was identical, the levels of identified frag-
ments differed between the two different knockout clones. While the summed mean of
the signal was reduced by almost 99% in knockout clone 1, higher signal levels of
GLYATL1 fragments were detected in knockout clone 2, which led to a summed mean
reduction by 76%. Since no internal standard was spiked in, the limit of quantification
could not be determined in this experiment. Thus, it was not possible to determine
whether the observed signal detected in the knockout clones could be considered a

specific signal or background noise.

These GLYATL1 knockout clones were used to validate the observed influence on
proliferation. Compared to LTED cells, both GLYATL1 knockout cell lines exhibited an
almost 3-fold decrease in proliferation rate in estrogen-depleted media over eight days
(Figure 20). This significant reduction in proliferation rate indicates that the knockout
of GLYATL1 exacerbates the previously observed negative effects on cell proliferation
following GLYATL1 knockdown using siRNA and underlines the importance of

GLYATL1 on cellular growth under estrogen-depleted conditions.

66



Results

A B
3*10° 9 *kk 3 y7-817.4686+ 2 *
——— (1]
*dk  FkE 3 v6-718.3981+ 3 50 L
— — [ ]
_ 5 - 617.3505+ 5
:J. 2w106_ E E y 'g 40'
< o
58 £
- QL
3 { _g 34
L 3
= 1410%- < 2N ]
H 3
o z 104 % %
2
0 T T T % 0 ) ' '
& & <> ) o]
\Y‘\ <& *_0 4.0'14 \‘} \*' '(l"
b N N Q’\ N\ e
& Qv XY o\ ol
& & g e
e o

Figure 20: GLYATL1 knockout reduces cell proliferation. (A) Protein levels of
GLYATL1 in MCF7 determined by PRM-based targeted mass spectrometry approach.
Fragments of a single GLYATL1 peptide are indicated. Mass spectrometry data was gen-
erated and analyzed by Luisa Schwarzmdller. (B) The proliferation rate in media without
estrogen was measured via nuclear count. Data are represented as mean + SEM, n=3
(PRM-based MS), and n=4 (proliferation assay, with 6 technical replicates). Statistical sig-
nificance was assessed using one-way ANOVA with Bonferroni post-test, where *** indi-
cates p<0.001, and * indicates p<0.05.

4.8 GLYATL1 Overexpression Alone Does not Confer Endocrine

Therapy Resistance

After having seen a disadvantage in proliferation with GLYATL7 knockdown and
knockout in resistant cell lines, | next investigated the putative potential of GLYATL1
overexpression to confer a resistant phenotype in wildtype cell lines. MCF7 and T47D
wildtype cell lines were lentivirally transduced by the Cellular Tools Core Facility at the
DKFZ to stably overexpress V5-tagged GLYATL 1 under the strong CMV promoter and
enhancer (GLYATL1 OE). Wildtype cells stably transfected with the same backbone
lacking the GLYATL1 sequence served as controls to exclude transduction-related ef-

fects (empty vector).

To characterize the effects of GLYATL1 overexpression, | first determined the
GLYATL1 mRNA levels via RT-gPCR. Compared to the empty vector control,
GLYATL1 mRNA levels were significantly elevated in MCF7 and T47D overexpressing
cell lines (Figure 21A, B).
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Figure 21: Validation of GLYATL1 overexpressing cell lines. (A, B) Levels of GLYATL1
mMRNA in stable GLYATL1 overexpressing (OE) and empty vector MCF7 (A) and T47D (B)
cell lines. mMRNA levels were quantified via RT-gPCR and normalized to ACTB and PUM1
levels. Data are represented by mean + SEM of 3 biological replicates (each with 3 tech-
nical replicates). (C) Protein levels of GLYATL1 in the overexpressing and empty vector
cell lines determined by PRM-based targeted mass spectrometry approach. Fragments of
a single GLYATL1 peptide are indicated. Mass spectrometry data was generated and an-
alyzed by Luisa Schwarzmiiller. RT-gPCR data are represented as mean + SEM, n=3 (with
6 technical replicates), and a single protein lysate was measured via LC-MS. Statistical
significance was assessed using unpaired Student's t-test (A, B), where *** indicates
p<0.001.

In collaboration with Luisa Schwarzmdller, | further applied a PRM-based targeted
mass spectrometry approach to verify the upregulation on protein level. Consistent with
the increased mRNA levels, the overexpressing cell lines showed an approximately
89-fold increase in GLYATL1 protein levels in MCF7 and an approximately 40-fold in-
crease in T47D cells compared to the corresponding empty vector control (Figure
21C).

After verifying the GLYATL1 overexpression, | next tested the influence of overexpres-
sion in wildtype to potentially cope with aromatase inhibition. To this end, | performed
a cell proliferation assay over nine days in the presence of estrogen (+E2) or deprived
of estrogen (-E2). Under these conditions, no proliferative advantage was observed in
MCF7 GLYATL1 overexpressing cell lines (Figure 22A, B). In contrast, T47D GLYATL1

overexpressing cells even exhibited a significant proliferative disadvantage after nine
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days of incubation in estrogen-containing media compared to empty vector control.
However, the proliferation disadvantage was abolished in the absence of estrogen
(Figure 22C, D).
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Figure 22: Effect of GLYATL1 overexpression on MCF7 cell proliferation under en-
docrine therapy condition. MCF7 (A, B) and T47D (C, D) GLYATL1 overexpression
(GLYATL1 OE) and empty vector cells were seeded and treated with the presence and
absence of estrogen (xE2). Microscopy-based nuclei counting was performed every sec-
ond day. Proliferation rates were normalized to seeding control. Data presents as mean %
SEM, n=3 (each with 6 technical replicates). Statistical significance was assessed using
two-way ANOVA, where * indicates p<0.05.

Taken together, these results indicate that the used GLYATL 1 overexpression system
alone does not provide a proliferation advantage under estrogen-deprived conditions
suggesting that GLYATL 1 cannot confer resistance towards aromatase inhibition in the
examined period. However, while GLYATL1 overexpression alone was insufficient to
induce resistance, GLYATL1 contributed to a proliferative phenotype in an acquired
resistance setting as shown earlier (see 4.6, 4.7). Next, | aimed to investigate the un-

derlying mechanisms on how GLYATL1 contributed to maintaining resistance.
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4.9 Interaction Partner of GLYATL1

To gain insight into the cellular role of GLYATL1, | analyzed its interactome using a
BiolD-based proximity labeling approach in MCF7 cell lines. This method is based on
a small biotin ligase from Aquifex aeolicus (BiolD2), which biotinylates proteins in close
proximity to the target protein within an approximately 10 nm labeling radius. Following
labeling, the biotinylated proteins can be purified by streptavidin pull-down. This allows
for the identification of direct and indirect interactors, as well as proteins in close vicinity
that do not physically interact with the protein of interest via Western blotting and mass
spectrometry (Figure 23A) [158, 169, 170].
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Figure 23: BiolD2 experiment. (A) Scheme of experimental flow. The addition of biotin to
cells expressing BiolD2 construct leads to proximity-based biotinylation of proteins, which
can be pulled down with Streptavidin beads and further analyzed by Western blot and mass
spectrometry. Adapted and modified from Varnaité et al. [171]. (B) Schematic illustration
of used BiolD2 constructs.
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In collaboration with the Cellular Tool Core facility, we generated a plasmid with BiolD2
fused to the C-terminus of GLYATL1, which thereby enables the targeting and biotinyl-
ation of interacting proteins as well as nearby proteins of GLYATL1. The backbone
plasmid was kindly gifted from Prof. Dr. Stefan Pusch and contained further a Myc tag
as a detectable epitope and a 25-nm glycine-serine linker to enhance the flexibility and
therefore magnify the biotinylation range of the BiolD2 tag. A puromycin resistance
(PuroR) cassette under an internal ribosome entry site (IRES) element enabled the

selection of positive clones expressing the construct (Figure 23B).

The fusion construct was transduced by lentiviral infection into MCF7 cell lines by the
Cellular Tools Core facility, followed by selection with puromycin. Following the trans-
fection of the cells, | incubated the cells with biotin for 18 hours to allow for sufficient
biotinylation of target proteins. Subsequently, | lysed the cells, pulled down biotinylated
proteins using streptavidin beads, and analyzed them via Western blotting with strep-

tavidin coupled to a fluorophore (Figure 24).
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Figure 24: Western blots of Streptavidin pull-downs of indicated BiolD constructs.
Eluate (E), Wash (W), flow-through (FT), and Input (I) samples were loaded. Biotinylated
proteins were evaluated with streptavidin-680 (top), and myc-tagged constructs were eval-
uated with MYC-antibody (middle). All proteins in the sample were evaluated with Coo-
massie-stained gel.

The streptavidin-680 blot demonstrated biotinylated proteins exclusively present in cell
lysates treated with biotin. Furthermore, pull-down using streptavidin beads resulted in
the successful recovery of biotinylated proteins in the elution fraction, as evidenced by
the minimal protein levels observed in the flow-through and wash fractions. The protein
band pattern in the elution fraction for the GLYATL1 construct were found to be distinct
from those of the control lacking the GLYATL1 sequence, indicating the specific bioti-

nylation and enrichment of GLYATL1-interacting proteins.

To get reliable results using mass spectrometry, the protein concentration in the elution
samples have to reach a minimum concentration, which has to be detectable on Coo-
massie-stained gel. Coomassie-staining of the gel loaded with the same samples re-
vealed a consistent protein pattern between 37 and 55 kDa in all elution samples irre-
sponsible of biotin treatment and the used construct (Figure 24, Coomassie, Lane 1-
4). Since this protein pattern could be observed in samples not treated with biotin and
is missing in the input, flow-through and wash sample, the observed bands potentially
originate from the streptavidin beads themselves rather than from biotinylated proteins.
Beside this consistent band pattern, no detectable differences could be observed be-
tween the control construct and the GLYATL1-construct samples suggesting that the
protein concentrations were likely below the detection threshold. Attempts to increase

of the input amount to 5 pg did not result in improved detection.

In the Myc blot, the fused GLYATL1 construct was predominantly found in the flow-
through (FT) and input with minimal detection in the elution and wash fraction. While
the anticipated molecular weight of the fusion protein is 67 kDa, the Myc signal was
observed at ~34 kDa, which aligns with the calculated size of GLYATL1 alone. This
suggests that the fusion protein might have been instable within the cell, resulting in a
reduction of biotinylated proteins within the lysates, which cannot be detected in the
Coomassie stain. However, the banding pattern observed in the streptavidin-680 blot
indicates that the full construct including the biotin ligase had still been expressed,
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resulting in the biotinylation of proteins in close proximity to the ligase. To inhibit the
potential proteasomal degradation of the full-length construct, cells were treated with
10 uM MG132, a specific proteasome inhibitor [172], at the time point of biotin treat-
ment. However, even after MG132 treatment, the Coomassie-stained SDS gel still did
not show any specific bands (Data not shown) suggesting that the degradation might
still occur or other factors are contributing to the lack of detectable biotinylated proteins

on the gel.

4.10 GLYATL1 is Localized in the Mitochondria

Since the initial approach to identify interaction partners for elucidating the function of
GLYATL1 was unsuccessful, | next investigated its cellular localization to narrow down

the potential functions of GLYATL1 based on its distribution within the cell.

Bioinformatics-based analysis predicted different cellular localizations for the
GLYATL1 protein. DeepLoc 2.0 algorithm predicted that GLYATL1 is localized within
the cytoplasm and contains a predicted nuclear localization and export signal [173,
174]. In contrast, the WoLFPSORT prediction tool indicated a probability of mitochon-
drial localization [175, 176].

To test for potential mitochondrial localization, | used a fluorescent probe staining mi-
tochondrial cristae to analyze potential co-localization in HEK293FT cells. Given that
the generated specific monoclonal antibody targeting GLYATL1 was not sensitive
enough to target endogenous levels (see 4.5), transient expression of Flag-tagged
GLYATL1 was utilized to investigate the cellular localization. Confocal microscopy im-
ages demonstrated an overlap between the Flag-GLYATL1 signal and the mitochon-
drial probe, indicating a distinct mitochondrial localization within the cell. This mito-
chondrial localization was further confirmed in transfected MCF7 and T47D WT cells
(Figure 25).
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Figure 25: Distinct mitochondrial localization of GLYATL1 by immunostaining.
HEK293FT, MCF7, and T47D wildtype (WT) transient expressing Flag-tagged GLYATL1
were subjected to immunostaining to evaluate localization within the cell. In addition, Live-
Orange labeling mitochondria was introduced and nuclei were stained with DAPI. Data was
generated on a Zeiss LSM 900 Airyscan microscope, scale bar = 10 um.

4.11 Influence of GLYATL1 on Acyl-CoA Abundance and Water-

soluble Metabolites

Having observed a mitochondrial localization of GLYATL1, | next focused on its mech-
anistic role in contributing to resistance. Since mitochondrial proteins are involved in
various metabolic processes [177] and given that GLYATL1 is annotated as an enzyme
that catalyzes the transfer of an acyl group to glutamine (Figure 9), | investigated the
dependency on glutamine in MCF7 wildtype, resistant, and GLYATL1 knockout cells.
To this end, | cultivated the cells in media with varying concentrations of glutamine,

ranging from 0 to 4.5 mM. After cultivation for eight days, | determined the relative cell
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proliferation to cells grown in media with 2 mM glutamine representing the glutamine

concentration in normal growth media (Figure 26A).
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Figure 26: Glutamine dependency of wildtype, LTED, and GLYATL1 knockout
cells. MCF7 (A) and T47D (B) wildtype (WT), aromatase inhibitor-resistant (LTED), and
two GLYATL1 knockout (KO) cell lines were cultivated in media with varying glutamine
concentrations for eight days. The proliferation rate was measured via microscopy-
based nuclear count. Proliferation was normalized on cells growing in 2 mM glutamine
(normal growth condition). Data are presented as mean + SEM of 3 biological replicates
(each with 6 technical replicates). Statistical significance was assessed using two-way
ANOVA with Bonferroni post-test. Indicated significance levels are compared to WT,
where *** indicates p<0.001, ** indicates p<0.01, and * indicates p<0.05.

The wildtype cells displayed consistent proliferation rates regardless of glutamine lev-
els. In contrast, LTED and both GLYATL1 knockout cell lines exhibited a significant
decrease in growth rate when cultured in glutamine-deficient media compared to
wildtype. However, the proliferation rate was not significantly altered between the
LTED and GLYATL1 knockout cell lines. This reduced proliferation indicates a depend-
ence on glutamine in both LTED and GLYATL1 knockout cells. The similarity in de-
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pendence observed between the knockout cells and LTED cell lines, however, sug-
gests that GLYATL1, and its potential catalytic activity, are not inducing the glutamine

dependency.

Similar to MCF7, the proliferation of T47D wildtype and LTED cells remained unaf-
fected by high glutamine concentration. Under glutamine-depleted conditions, both
wildtype and LTED cells exhibited a decrease in proliferation with a significantly lower
proliferation in the LTED cells (Figure 26B).

In collaboration with Dr. Lisa Schlicker from the Almut Schulze lab at the DKFZ, | next
attempted to determine the potential acyl donor of the GLYATL1-catalyzed reaction.
To this end, we measured the levels of various intracellular N-acyl-CoA species in
wildtype, resistant, and GLYATL1 knockout MCF7 cell lines (Figure 27).
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Figure 27: Altered abundance of various intracellular Acyl-CoA species. Heatmap
showing z-scored values of various acyl-CoA species measured via LC-MS in MCF7
wildtype (WT), aromatase inhibitor-resistant (LTED), and two GLYATL1 knockout (KO)
cell lines. The signal was normalized on internal standard and protein concentration.
Samples were measured and pre-processed by Dr. Lisa Schlicker. Biological replicates
(n=5) are displayed separately.
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Significant differences were observed between wildtype and resistant cells. In particu-
lar, a significant accumulation of acetyl-, propionyl-CoA, and 3-Hydroxy-4-methylglu-
taryl-CoA was observed in the LTED cells. Conversely, Coenzyme A levels were sig-

nificantly decreased in LTED compared to WT cells.

In contrast, no accumulation of any specific N-acyl-CoA species was observed in
GLYATL1 knockout clone 1. However, GLYATL1 knockout clone 2 exhibited a signifi-
cant accumulation of Co-A, acetyl-CoA, and propionyl-CoA in KO2 in comparison to
LTED. Since this accumulation was only observed in one knockout clone, this effect
might be independent of GLYATL1 but rather attributed to clonal variability or potential
compensatory mechanisms in the clones. Taken together these results indicate signif-
icant changes in acyl-CoA abundances in LTED cells compared to wildtype. However,
these changes are stable irrespective of GLYATL1 expression indicating that
GLYATL1 does not influence the levels of the measured acyl-CoA and potentially not

use them as acyl donors.

To evaluate the influence of GLYATL1 on the global metabolome, we measured water-
soluble metabolites to identify pathways potentially affected by GLYATL1. As one (out
of five) LTED replicates exhibited poor signal, this sample was excluded from the sub-
sequent statistical analysis. Principal component analysis (PCA) revealed distinct clus-
tering of wildtype, resistant, and GLYATL1 knockout cell lines samples, with the great-
est separation observed along the PC1 axis. This shift along the PC1 axis separating
wildtype from the other cell lines explained about ~67% of the total variance (Figure
28). A shift in the PC2 axis separates the samples of the GLYATL1 KO2 cell line from
the LTED and GLYATL1 KO1 samples, indicating that GLYATL1 KO1 displays a more
similar metabolically profile to LTED than to knockout clone 2. This finding was previ-

ously observed in the analysis of different acyl-CoAs.
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Figure 28: Principal component analysis of full metabolome data. The first two princi-
pal components are plotted explaining 67.1% (PC1) and 17.2% (PC2) variance. Biological
replicates (n23) are indicated as individual dots in their respective color. Data was meas-
ured by Dr. Lisa Schlicker. Analysis was performed using Metaboanalyst v 5.0 [163].

The analysis of the water-soluble metabolites in the measured MCF7 cell lines re-
vealed significant differences across the conditions (Figure 29A). In particular, wildtype
cells exhibited elevated levels of most metabolites compared to LTED samples. Out of
the 91 measured and identified metabolites, 58 metabolites were significantly elevated
in the wildtype cells with an adjusted p-value smaller equal 0.05. Only succinic acid
showed significant enrichment in the LTED cells. Conversely, the intracellular levels of
succinic acid were significantly diminished in both GLYATL1 knockout cell lines com-
pared to LTED cells. Additionally, both GLYATL1 knockout cell lines displayed signifi-
cant alterations in an additional 21 metabolites, where 17 of these metabolites showed
a significant reversion in intracellular levels in the LTED cells compared to wildtype

cells.
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Figure 29: Full metabolome of wildtype, resistant, and GLYATL7 knockout MCF7 cell
lines. (A) Hierarchically clustered heatmap showing z-scaled intensities of all measured
metabolites. Biological replicates (n=3) are displayed separately. (B) Schematic illustration
of the tricarboxylic acid cycle. Colors represent higher (red) or lower (blue) abundance of
intermediates in LTED cells compared to wildtype cells. Abundance of Intermediates in
grey boxes was not determined in this study. The enzyme succinate dehydrogenase (SDH)
complex catalyzes the conversion of succinate to fumarate. Scheme was adapted from
Haddad et al. [178] and modified with BioRender.com. (C) Heatmap displaying log2 fold-
changes (log2FC) in RNA levels of the SDH complex members determined by RNA se-
quencing. Positive log2 fold-changes are indicated in red, negative log2 fold-changes are
indicated in blue, and undefined levels are colored in grey. Statistical significance is indi-
cated by asterisks with adjusted p-values ** p<0.01, and * p<0.05

Among the metabolites involved in the tricarboxylic acid cycle (TCA), all analyzed in-
termediates were commonly less abundant in the LTED cells compared to wildtype
with the only acceptance of succinic acid, which significantly accumulated (Figure
29B). In contrast, in the GLYATL1 knockout cell lines, the abundances are reverted in
all intermediates except citrate, where the log2 fold-change remained negative, how-
ever not significant. In the TCA cycle, succinate is converted into fumarate by the suc-
cinate dehydrogenase (SDH) complex, which consists of multiple subunits specifically
SDHA, SDHB, SDHC, and SDHD [179]. In line with the accumulation of succinate in
the LTED cells compared to wildtype cells, differential gene expression analysis of
RNA sequencing data, generated by Dr. Emre Sofyali and me, revealed a significant
downregulation of SDHB in the LTED cells, which is converted in the GLYATL 1 knock-
out cells (Figure 29C). Furthermore, SDHC was found to follow a similar trend not
reaching significant levels. These transcriptomic changes could indicate that the im-
paired succinate dehydrogenase activity, primarily attributed to reduced SDHB and
SDHC expression, enhanced succinate accumulation in the LTED cells, which is af-
fected by GLYATL1 expression.

To further explore these metabolic changes, Luisa Schwarzmdiller and | performed two
independent pathway enrichment analyses using metabolites that showed a significant
(p.adj < 0.05) increase or decrease in log2 fold-changes. However, neither analysis
showed significant differences of any distinct pathway between LTED and wildtype
samples or between the GLYATL1 knockout cell lines and LTED cells (Data not

shown).
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In summary, | observed a glutamine dependence in LTED and both GLYATL1 knock-
out cell lines, suggesting that this dependence is independent of GLYATL1 and its
potential catalytic activity. Furthermore, significant differences in various acyl-CoA spe-
cies were measured between wildtype and LTED. However, no common accumulation
of any measured acyl-CoA species was observed in both knockout cell lines, indicating
that GLYATL1 may not utilize any of the analyzed acyl-CoA species as a substrate. An
analysis of water-soluble metabolites revealed significant alterations between the dif-
ferent cell lines, especially between wildtype and LTED with minor changes in
GLYATL1 knockout cell lines. However, these changes did not converge on specific
metabolic pathways but indicated a striking accumulation of succinate exclusively in
the LTED cells.

4.12 Effect of GLYATL1 on Reactive Oxygen Species

Besides the involvement in metabolic pathways, mitochondrial proteins also balance
the abundance of intracellular reactive oxygen species (ROS) to prevent cellular dam-
age and maintain redox homeostasis. These mitochondrial proteins contribute to the
generation of ROS and quench ROS levels via antioxidant defense mechanisms [180-
182]. By modulating ROS levels, mitochondrial proteins thus help manage levels of
oxidative stress within the cell, which arises from an imbalance between antioxidants

and oxidants in favor of oxidations, leading to disrupted redox signaling [183].

To test the hypothesis that GLYATL1 might influence the abundance of intracellular
reactive oxygen species, | measured the basal oxidative stress levels in MCF7
wildtype, LTED, and the two GLYATL1 knockout cells using the fluorescence probe
CellROX (Figure 30). Flow cytometric analysis revealed remarkably decreased oxida-
tive stress levels upon resistance (WT versus LTED), although this decrease was not
significant due to the high variance of the assay. Furthermore, basal oxidative stress
levels increased upon GLYATL1 knockout. The increase was significant in GLYATL1
KO2 cells, with KO1 cells showing a similar trend. The drop in oxidative stress levels
upon resistance towards aromatase inhibition was confirmed in T47D cells. This anti-

correlation of GLYATL1 expression and basal oxidative stress levels suggests that
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GLYATL1 negatively influence intracellular ROS levels, which might consequently lead

to different downstream signaling.
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Figure 30: Basal oxidative stress levels in MCF7 and T47D cells. Levels were meas-
ured via flow cytometry assay using the fluorescent CellROX probe in indicated MCF7 and
T47D cells. Living cells were gated and the median signal of the FL3 channel was calcu-
lated. Data are presented as mean + SEM of 3 biological replicates. Statistical significance
was assessed using one sample t-test, where * indicates p<0.05.

The increase in ROS causes the question of which ROS species is influenced by
GLYATL1. To assess the effect of GLYATL1 on H202 species, | utilized the redox-
sensitive green fluorescent protein variant (roGFP2) sensor fused to H202-specific pe-
roxidase Orp1, gifted by Prof. Dr. Tobias Dick's group. Upon interaction of H202 with
Orp1, the catalytic cysteine of Orp1 is oxidized by H202, resulting in the formation of
an intramolecular disulfide bridge. Consequently, Orp1 mediates proximity-based oxi-
dation through a thiol-disulfide exchange mechanism, resulting in the formation of a
disulfide bridge on the adjoining roGFP2. This formation results in a shift of the excita-
tion spectrum of roGFP2 from approximately 490 nm to around 405 nm (Figure 31A).
Consequently, the fluorescence ratio of 400/490 nm excitation at 520 nm emission
indicates the redox changes in roGFP2 and can be employed to monitor intracellular
alterations in H202-specific ROS levels [184-187].
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Figure 31: H202-specific ROS levels. (A) The excitation spectrum of roGFP2 sensor,
adapted from Morgan et al [186]. Blue line represents the excitation spectrum of the oxi-
dized sensor and the red line represents the excitation spectrum of the reduced sensor.
(B) Schematic illustration of roGFP2-Orp1 constructs. (C) Result of FACS experiment using
cytoplasmic and mitochondrial (D) roGFP2-Orp1 sensor in indicated cell lines. Median flu-
orescence of living cells is displayed after treatment with 10 mM dithiothreitol (DTT), to
completely reduce the sensor, 1 mM diamide (DA), to completely oxidize the sensor, or
untreated (PBS). Mean of three biological replicates (n=3) + SEM is displayed.

In addition to investigating cytosolic changes in H202-specific ROS species, changes
in the mitochondrial cell compartment were investigated by an introduced mitochon-
drial target sequence at the N-terminus of the roGFP2-Orp1 construct (Figure 31B). In
collaboration with the Cellular Tools Core Facility, we utilized these plasmids to gener-
ate MCF7 and T47D wildtype, LTED, and GLYATL1 knockout cell lines stably express-

ing either cytosolic or mitochondrial localized sensor.
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To test the functionality of the sensor, | performed a flow cytometry analysis on the
different cell lines using 488 nm excitation to measure the signal of the reduced sensor.
The signal range was examined by treating the cells with either 10 mM dithiothreitol
(DTT) to completely reduce the sensor or 1 mM diamide (DA) to completely oxidize the

sensor. Basal levels were measured with untreated cells (PBS) (Figure 31C, D).

The sensor roGFP2 exhibited an elevated fluorescent signal in all cell lines following
DTT treatment and a significant reduction in signal intensity following complete oxida-
tion, thereby verifying the sensor's proper functionality. Values from untreated samples
showed high fluorescent signals, indicating low levels of H202-specific ROS levels.
Across all cell lines, the relative levels towards DTT showed only marginal changes,
indicating that basal levels exhibited similar signal intensities as in the completely re-
duced sample suggesting that the cells were not highly stressed. However, the sensor
intensity exhibited notable variability between the different cell lines, necessitating nor-
malization for comparison between different cell lines. Therefore, the ratio of basal
levels and fully reduced sensor (DTT conditions) were calculated (Figure 32A, B).
While the mitochondrial sensor demonstrated no significant alterations between the
different cell lines (Figure 32B), analysis of the cytoplasmic H202-specific ROS species
revealed a small yet statistically significant increase in the signal ratio between LTED
and GLYATL1 knockout 2 cells (Figure 32A).

To further evaluate this change, | tested the cells harboring the cytoplasmic sensor in
the GloMax® Discover microplate reader, which allows excitation at 405 and 475 nm.
However, the ratio of reduced and oxidized sensor (405/475 nm), did not show any
significant changes between the different cell lines, suggesting that H202-specific ROS
species appear to be unaffected by GLYATL1 (Figure 32C). Given that previous anal-
ysis using the CellROX sensor has demonstrated increased oxidative stress levels
upon GLYATL1 knockout, this suggests that GLYATL1 may influence other ROS spe-

cies than H202 such as superoxide or hydroxyl radicals.
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Figure 32: Cytoplasmic and mitochondrial H.O;-specific ROS levels. Levels in indi-
cated cell lines stably expressing roGFP2-Orp1 construct without (A) or with (B) mitochon-
drial localization sequence were measured in flow cytometry-based assay and relative lev-
els towards treatment with 10 mM dithiothreitol (DTT) were calculated (A, B). Levels of
cytoplasmic H>O2-specific ROS were further measured excitation at 405 and 475 nm. Data
is presented as mean of three (A, B) or five (C) biological replicates (with 6 technical repli-
cates for (C)) £ SEM. Statistical significance was assessed using one-way ANOVA, where
* indicates p<0.05.
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4.13 Downstream Effect of Resistance on Epigenetic Modifier

Having observed a GLYATL1-mediated change in oxidative stress levels, | next at-
tempted to analyze potential downstream effects. It is well established that free radicals
can influence the epigenetic landscape in various ways, including different histone

modifications, with a particular emphasis on acetylation.

ROS can modulate the enzymatic activity of various histone acyltransferases (HATS)
and histone deacetylases (HDACs). Histone acetyltransferases mediate histone acet-
ylation, which is associated with open chromatin and gene activation. In contrast, his-
tone deacetylases remove acetyl groups from histones, leading to chromatin conden-
sation and transcriptional repression [188]. ROS can induce post-translational modifi-
cations on these histone-modulating proteins affecting their activity and cellular locali-
zation [189, 190]. Additionally, redox-sensitive transcription factors can regulate the
expression or activity of HDACs and HATs in a ROS-dependent manner or influence
the availability of required cofactors. Consequently, histone acetylation plays a crucial
role in the cellular response to oxidative stress by the chromatin status and conse-

quently the transcription of antioxidant genes [189, 191, 192].

To assess the potential influence of epigenetic modifiers in the context of resistance
towards aromatase inhibition on histone acetylation, | analyzed changes in the expres-
sion of histone-modifying genes. RNA sequencing data, generated by Dr. Emre
Sofyali, had revealed significant alterations in the expression of various lysine acetyl-
transferases (KATS), sirtuins (SIRTs), and histone deacetylases (HDACs) between the

resistant and the parental wildtype cells (Figure 33A).

Among the most upregulated lysine acyltransferases, KAT2B exhibited significant up-
regulation in MCF7 LTED cells, while KAT6B showed significant downregulation in the
same cells. Conversely, T47D cells displayed an inverted expression pattern for these
two lysine acetyltransferases. Additionally, HDAC9 demonstrated a significant upreg-
ulation in T47D LTED cells with MCF7 LTED cells showing the same trend, not reach-

ing significance.
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Figure 33: Altered HDAC and KAT expression and IC50 determination of specific
inhibitors. (A) Heatmap of log 2-fold changes (log2FC) in gene expression in response
to long-term estrogen deprivation derived from RNA sequencing data generated by Dr.
Emre Sofyali. (B, C, D, E) Dose-response curve of garcinol (B, D) and TMP269 (C, E)
in MCF7 (B, C) and T47D (D, E) wildtype (blue) and LTED (red) cells. The proliferation
rate was measured via nuclear count after eight days and normalized on DMSO control.
Data are presented as mean + SEM of 3 biological replicates (each with 6 technical
replicates). Statistical significance is indicated by asterisks with adjusted p-values ***
p< 0.001 **, p<0.01, and * p<0.05.

To study the effects of inhibiting these factors on cell proliferation, small molecule in-
hibitors Garcinol, targeting KAT2B [146], and TMP269, targeting HDAC4, HDACS,
HDAC7, and HDAC9 [147], were utilized. Initially, | determined the IC50 values for both
wildtype and resistant cells (Figure 33B-E) by evaluating the effect of varying inhibitor

concentrations on proliferation. MCF7 LTED cells exhibited a lower IC50 value com-

pared to wildtype cells, indicating higher sensitivity to both inhibitors. Specifically, the

IC50 value for Garcinol decreased from 11.74 yM in wildtype cells to 7.09 uM in LTED
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cells. Similar effects were observed with the HDAC5/9 inhibitor TMP269, where the
IC50 values decreased from 13.45 yM in wildtype cells to 7.28 pM in LTED cells. No

significant changes were found in T47D (Table 9).

Table 9: Summary of experimental determined IC50 values of Garcinol and TMP269.
Dose-response experiments (Figure 33) were performed to determine 1C50 and Confi-
dence Intervals (Cl) in MCF7 and T47D cell lines (n=3).

farcet  Inhibitor  MCF7 WT MCF7 LTED T47D WT T47D LTED
g IC50 £ (CI) [uM] IC50 £ (Cl) [uM] IC50 £ (CI) [uM]  IC50 # (CI) [uM]
. 1174 7.09 8.60 9.49
KAT2B  Garcinol g 40010 14.67) (6.035108.318) (7.218 10 10.25)  (7.334 to 12.28)
13.45 7.28 6.64 5.75

HDACS/9 TMP269 109810 17.58) (4.76410 11.12) (4.640t09.507)  (4.530 to 7.305)

Next, | investigated the effects of inhibiting KAT2B and HDAC4/5/7/9 in media with or
without estrogen. The respective IC50 concentrations determined in the corresponding
LTED cells were utilized and proliferation was monitored in wildtype and LTED cells
over eight days in media containing estrogen and media depleted of estrogen (Figure
34). No significant differences were observed following the inhibition of HDAC4/5/7/9
using TMP269 in MCF7 cells, as well as in T47D cells. In contrast, Garcinol led to a
significant reduction in proliferation in MCF7 LTED cells. Moreover, the effect was at-
tenuated upon the presence of estrogen in the growth media as indicated by higher
proliferation rate suggesting an increased importance of KAT2B after estrogen depri-
vation. T47D LTED did not show any significant changes in response to Garcinol treat-
ment. However, Garcinol significantly diminished proliferation in T47D wildtype cells

growing with estrogen compared to estrogen-depleted conditions.

Together these data suggest that KAT2B appears to be more critical in MCF7 LTED
cells, while the role of KAT2B in T47D wildtype cells depends on the presence of es-
trogen. Since no significant effect of HDAC4/5/7/9 inhibition in all tested conditions was
observed, this led to the suggestion that these HDACs may not be the major regulators
of proliferation in MCF7 as well as in T47D cells.
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Figure 34: Effect of HDAC and KAT inhibition on proliferation. The effect of HDAC
4/5/7/9 inhibition by TMP269 and KAT2B inhibition by Garcinol was analyzed in MCF7 (A)
and T47D (B) wildtype and resistant cell lines in the presence and absence of estrogen
(E2). The proliferation rate after eight days was measured via nuclear count and normal-
ized on DMSO control. Data are presented as mean + SEM of 3 biological replicates (each
with 6 technical replicates). Statistical significance was assessed using unpaired Student's
t-test, where ** indicates p<0.01, and * indicates p<0.05.

Since no specific inhibitor for KAT6B was available, a pool of different siRNAs was
utilized to knockdown KAT6B expression. Following transfection, knockdown efficiency
was tested via RT-gPCR revealing a significant knockdown of 60 to 70% (Figure 35C).
While knockdown of KAT6B resulted in no significant changes in proliferation in
wildtype MCF7 cells, in a significant increase in proliferation was measured in MCF7
LTED cells, regardless of the presence or absence of estrogen (Figure 35A). Similar
effects were observed in T47D cells (Figure 35B). Taken together, these data indicate
that KAT6B may exert a negative influence on proliferation, specifically in resistant

cells, but not in wildtype cells.
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Figure 35: Effect of KAT6B knockdown on proliferation. A pool of siRNAs was used to
knockdown KAT6B and the effect on proliferation after eight days was tested via micros-
copy-based nuclei count in MCF7 (A) and T47D (B) wildtype and LTED cell lines. Cells
were cultured during this period in the presence or absence of estrogen (E2). Knockdown
efficiency was verified by RT-gPCR (C). Values of mMRNA expression were normalized on
ACTB and PUMT1 levels. Data are represented of mean + SEM of 3 biological replicates
(each with 6, proliferation assay, or 3, RT-qPCR, technical replicates). Statistical signifi-
cance was assessed using paired Student's t-test, where ** indicates p<0.01, and * indi-
cates p<0.05.

4.14 Global Changes in the Epigenetic Landscape

Having observed the influence of KAT2B and KAT6B on proliferation in the context of
resistance towards aromatase inhibitors, we next sought to investigate their down-
stream effects on the epigenetic landscape. KAT2B is known to catalyze the acetyla-
tion of histone residue H3K9 along with H3K14 [193, 194]. To investigate this, Dr. Emre
Sofyali conducted an ELISA experiment to assess the acetylation status of H3K9 and
H3K14 histone residues in MCF7 wildtype and LTED cells. The results revealed an
increase in histone H3K9 and H3K14 acetylation in LTED cells compared to wildtype
cells (Figure 36A, B) [131].

Additionally, Dr. Emre Sofyali performed a GLYATL1 knockdown to investigate the in-
fluence of GLYATL1 on these histone residues. Upon GLYATL1 knockdown in MCF7
LTED cells, both H3K9 and H3K14 exhibited a more deacetylated status, indicating
that GLYATL1 plays a role in modulating the acetylation of these histone residues and

thereby affecting the epigenetic landscape (Figure 36C, D). These results collectively
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suggest that H3K9 and H3K14 are acetylated under estrogen-deprived conditions and
that GLYATLA1 is indirectly involved in the regulation of these modifications. This high-
lights the potential impact of GLYATL1 on the epigenetic regulation of gene expres-

sion.
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Figure 36: Analysis of Histone 3 K9 and K14 acetylation levels. H3K9ac (A) and
H3K14ac (B) levels in wildtype and LTED MCF7 cells were detected by histone ELISA
using purified core histones. (C, D) MCF7 LTED cells were transfected with a pool of siRNA
targeting GLYATL1 (siGLYATL1) or non-targeting siRNAs (siControl). After 96 hours, core
histones were purified. H3K9ac (C) and H3K14ac (D) levels were determined by histone
ELISA and normalized to total H3 levels. Data are represented as mean £ SD, n=3 (each
with 2 technical replicates). Statistical significance was assessed using unpaired Student's
t-test, where *** indicates p<0.001, ** indicates p<0.01, and * indicates p<0.05., Data was
generated and analyzed by Dr. Emre Sofyali.

To further investigate the levels of a broad range of histone modifications, | profiled the
epigenetic landscape using an Epigenetic-focused cytometry by Time-of-Flight
(EpiTOF) approach in cooperation with the Moshe Oren lab and the Flow Cytometry
unit at the Weizmann Institute. This analytic technology incorporates concepts of flow
cytometry with mass spectrometry and therefore allows multiplexed analysis of pro-
teins at a single-cell level. To target epigenetic modifications, various metal-tagged
antibodies targeting altered histone residues can be used to study a broad range of
modifications [195, 196]. The custom-designed antibody panel consisted of three core
histone antibodies for normalization, eight known cell identity markers to distinguish
subpopulations, and sixteen antibodies targeting different histone modifications (Table
10).
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Table 10: Antibody panel of the EpiTOF experiment. Panel consisted of antibodies tar-
geting core histones, for subsequent normalization, eight cell identity markers, and sixteen
histone modifications.

Core histones  Cell identity markers Histone modifications

H3 EpCAM K5 H3K4me H3K27me3

H3.3 CD24 Ki-67 H3K4me3 H3K36me2

H4 CD49F K8/18 H3K9ac H3K36me3

CD44 ER H3K9me H3K64ac

H3K9me2 H4K16ac
H3K9me3 H4K20me3
H3K27ac H2Aub
H3K27me2 pH3

We conducted two separate EpiTOF runs, each involving MCF7 wildtype, LTED, and
the two GLYATL1 knockout clones. Data analysis was performed in collaboration with
Dr. Eviatar Weizman and Luisa Schwarzmuiller. Following arcsine transformation and
data normalization based on the core histone markers H3 and H3.3, the median values
for all cells within each cell line were calculated and compared. Due to insufficient
staining for the antibody targeting H3K9 acetylation, this marker was excluded from

further analysis.

Among the fifteen histone markers, four markers (H3K27ac, H3K27me2, H3K4me3,
and H3K64ac) consistently exhibited a similar trend in both EpiTOF runs and demon-
strated consistent changes in the same direction for the two knockout clones in each
run (Figure 37). These markers exhibited significant alterations in their levels in re-
sponse to resistance and showed reversed changes upon GLYATL1 knockout. In par-
ticular, all changes (WT versus LTED and LTED versus KO) were statistically signifi-
cant in batch 2, whereas in batch 1, the changes in H3K27ac and H3K4me3 did not

reach significance in the comparison of WT and LTED.

These findings indicate that the observed changes in histone modifications, particularly
H3K27ac, H3K27me2, H3K4me3, and H3K64ac, may be associated with the develop-

ment of resistance and are influenced by the presence or absence of GLYATLA1.
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Figure 37: Analysis of the Epigenetic profile and cell identity markers using EpiTOF.
Two independent EpiTOF runs (A: batch 1, B: batch 2) were performed. Data was arcsine
transformed and normalized on core histone H3 and H3.3. Median values per cell line were
calculated and markers with similar patterns in both runs were displayed.

Additionally, the global analysis showed significant alterations in cell identity markers
ER, and Ki-67. The estrogen receptor (ER) exhibited the highest levels in GLYATL1
knockout clone 1, whereas clone 2 showed similar low levels, which were insignifi-
cantly different compared to LTED cells. The proliferation marker Ki-76 showed the
highest levels in wildtype cells and decreased levels in LTED cells, with a further de-
crease upon GLYATL1 knockout, consistent with the experimentally observed de-

crease in proliferation rate in both GLYATL1 knockout cell lines (compare Figure 18).

To highlight the complex interplay between various histone modifications and cell iden-

tify markers, Spearman correlation matrices were generated (Figure 38).
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Figure 38: Spearman Correlation Matrix of Histone Modifications and Cell Identity
Markers from both EpiTOF run. The heatmap displays Spearman correlation coefficients
between various histone and cell identity markers in MCF7 WT, LTED, and two GLYATLA1
knockout cell lines (KO1, KO2) using the data generated in both EpiTOF runs. Positive
correlations are shown in red, while negative correlations are shown in blue. The diagonal

represents self-correlations.

These correlation matrices unveiled consistent patterns across all cell lines and both

experimental batches. Specifically, a consistently high correlation could be observed
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between various histone marks including H3K27ac, H3K64ac, H3K4me3, H3K36me2,
H3K16ac, H3K27me2, and H2Aub, suggesting a complex interplay between these his-

tone modifications in regulating gene expression.

Moreover, the majority of the analyzed histone and cell identity markers exhibited a
positive correlation with the non-canonical histone variant H3.3, while showing a neg-
ative correlation with the canonical histone H3. In contrast, the basal marker K5 dis-

played a consistent positive correlation with H3 and a negative correlation with H3.3.

In addition to the consistent patterns observed, there were slight differences between
the two batches. In the first batch, the correlation coefficients for example H3K27ac
with H3K4me3, H3K27me2 with H3K64ac, and H3K4me3 with H3K64ac were lower in
wildtype cells compared to LTED and the two knockout cell lines, which could hint on
functional alterations caused by resistance. However, these differences could not be

replicated in the second EpiTOF run.

To gain insights into the epigenetic heterogeneity within the cell lines, we performed a
clustering approach based on histone markers to gain insights into the epigenetic het-
erogeneity within the cell lines. The delta area plots, which highlight the amount of
extra cluster stability gained when increasing the number of clusters, was analyzed to
determine the optimal number of clusters (Figure 39A, B). The plot revealed that using
more than eight clusters did not increase the cluster stability anymore, indicating that
clustering the data into eight groups best fits the dataset. Consequently, Meta8 was

employed for subsequent clustering analyses.

Meta8 clustering based on histone modifications of the data generated in the first run
resulted in two major clusters and six clusters with less than 5% of the cells each (Fig-
ure 39C). Signal intensities in each cluster did not reveal total shifts in populations but
rather minor changes as observed in density plots. However, neither the observed
changes nor the characteristics per cluster could be replicated in a second EpiTOF
run. The identified clusters in the two runs differed significantly, and no common trends

were observed between the runs, indicating high variability and a lack of reproducibility.
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Figure 39: Cluster-based analysis of EpiTOF data. Delta area plots of batch 1 (A) and
batch 2 (B) indicate a relative increase in cluster stability when clustering data into k groups.
(C) Distribution of intensities of the stated histone modifications in each cluster of batch 1.
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Red densities represent marker expression for cells in the given cluster. Numbers in brack-
ets display the percentage of cells in that specific cluster. Blue densities are calculated
over all the cells and serve as a reference. Analysis was performed by Dr. Eviatar Weiz-
man.

Taken together, we could observe that GLYATL1 is involved in remodeling epigenetic
modifications, specifically affecting the acetylation status of H3K9, H4K14, H3K27, and
H3K64 as well as H3K27 dimethylation, and H3K4 trimethylation. However, using the
EpiTOF approach we were unable to identify changes in distinct epigenetic states

within the different cell lines due to the lack of reproducibility.

4.15 Differential Pathways and Transcription Factor Activity upon
GLYATL1 Knockout

After highlighting global changes in the epigenetic landscape upon GLYATL1 knock-
out, | next investigated changes in the transcriptomes to further assess downstream
effects influenced by GLYATL1. To this end, | conducted RNA sequencing on MCF7
LTED and the two GLYATL 1 knockout cell lines. Furthermore, transcriptional alteration
upon GLYATL1 knockdown 72 hours post-transfection in MCF7 cells was determined
to identify the direct short-term effect of GLYATL 1 downregulation. Data analysis was
performed in collaboration with Dr. Veronica de Melo Costa and Luisa Schwarzmiiller.
Principal component analysis revealed a major shift along the PC1 axis of the
GLYATL1 knockout cell lines and a shift between the two knockout cell lines on the
PC2 axis. The knockdown of GLYATL1 resulted in less pronounced changes com-
pared to the knockout, as evidenced by a smaller shift in the PCA plot relative to the

control transfected cells (Figure 40A).

The transcriptomic analysis revealed distinct differences between GLYATL1 knockout
and knockdown cells and their respective control. As already indicated in the PCA blot,
smaller changes were observed in the GLYATL1 knockdown LTED cells compared to
GLYATL1 knockout cell lines (Figure 40B). Specifically, 192 genes were downregu-

lated with a log2 fold change less or equal to -1, and 142 genes were upregulated with
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a log2 fold change of greater or equal to 1 in comparison to non-targeting siRNA-trans-
fected MCF7 LTED cells. In contrast, the knockout cells exhibited major transcriptomic
changes with over 360 genes consistently down- and upregulated in the two KO cell
lines, indicating that the absence of GLYATL1 triggers extensive reprogramming of
gene expression. Knockdown and knockout of GLYATL1 resulted in a consistent
downregulation of 27 genes and a consistent upregulation of 15 genes. In addition to
the consistently upregulated genes, each knockout cell line exhibits unique up-and-
down-regulation of distinct genes, suggesting a clonal heterogeneity between the two

knockout cell lines.
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Figure 40: Transcriptomic changes upon GLYATL1 deregulation in MCF7. (A) Princi-
pal component analysis (PCA) using RNA sequencing data of three biological replicates
per condition (n=3) indicated by colored dots. The first two principal components are plotted
explaining 50.34% (PC1) and 17.82% (PC2) variance. Analysis was performed by Dr. Ve-
ronica de Melo Costa. (B) Venn diagram of down- (top) and up- (bottom) regulated genes
with significant log2 fold-change of indicated comparisons <-1 or 21.

Gene set enrichment analysis was conducted utilizing the hallmark gene collection
from the Molecular Signature Database to evaluate the effect of GLYATL1 disruption

on specific pathways [197]. The Normalized Enrichment Score (NES) was deemed
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significant with a False Discovery Rate (FDR) g-value of less or equal to 0.25 (Figure

41A and Supplementary Table 1).

The analysis revealed significant alterations across multiple cellular processes and
signaling pathways. | further assessed the normalized enrichment scores of these
pathways for the comparison MCF7 LTED and wildtype cells using the RNA sequenc-
ing data, generated by Dr. Emre Sofyali. Among these gene sets, five of them had an
FDR g-value less than 0.25 and showed a reverse enrichment compared to GLYATL1

knockout or knockdown (Figure 41B).

In the GLYATL1 knockout and knockdown cells, negative enrichment scores were
commonly observed for gene sets associated with cell cycle and proliferation, particu-
larly G2M checkpoints and E2F target pathways. Further, a negative enrichment was
observed for genes involved in the mitotic spindle in the GLYATL1 knockdown cells.
Collectively, these findings suggest a reduced proliferative behavior in the absence of
GLYATL1 expression, which is in line with the experimentally observed reduction in
proliferation in response to both GLYATL1 knockdown and knockout (compare Figure
18 and Figure 20).

Furthermore, a notable enrichment of cytokine-mediated pathways that influence the
JAK-STAT and NFkB pathways was observed in response to GLYATL1 disruption.
Specifically, genes associated with the inflammatory response and the pro-inflamma-
tory cytokine TNFa via NFKB pathways were upregulated in both the GLYATL1 knock-
down and knockout cell lines. Furthermore, especially the knockout cell lines exhibited
a strong upregulation of the interferon alpha and gamma response pathways. Genes
involved in interferon signaling alpha and gamma were negatively enriched in the
LTED cells compared to wildtype indicating a strong inverse correlation between

GLYATL1 expression and interferon signaling mediated by JAK-STAT activation.

In line with the observed upregulation of JAK-STAT-mediated pathways, analysis of
both GLYATL1 knockout cell lines and the GLYATL1 knockdown cells demonstrated
enrichment of genes involved in the IL2-STATS and IL6-JAK-STAT3 signaling path-
ways. While the IL6-JAK-STAT3 signaling pathway did not reach significance in
GLYATL1 KO1, it did show significant positive enrichment in the knockdown condition.
Collectively, these positive enrichment of immune-related pathways and partial rever-

sion in the LTED cells compared to wildtype, suggest an involvement of GLYATL1 in
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various cytokine-induced downstream signaling such as NFkB and JAK-STAT signal-
ing.

Additionally, a consistent upregulation of the stress response was observed across all
conditions, as indicated by the activation of the p53 pathway, along with an enrichment
of genes involved in apoptosis. This suggests an increased tendency to apoptosis and
ancellular response to stress, which could be potentially triggered by the observed in-

creased ROS levels following GLYATL1 downregulation (compare Figure 30).

Moreover, the angiogenesis pathway was significantly upregulated across all condi-
tions indicating that GLYATL1 depletion might promote angiogenic signaling, which

could impact tumor growth and progression.

Furthermore, early and late estrogen response pathways were significantly enriched
in the GLYATL1 KO1 cell line and partially significant in the GLYATL1 knockdown con-
dition. Conversely, these gene sets are negatively enriched in the LTED cells com-
pared to wildtype cells. The positive enrichment in the GLYATL1 knockdown and KO1
cell line is strikingly surprising since the LTED, GLYATL1 knockdown, and knockout
cells were cultured in estrogen-depleted media during the whole time. Thus, the en-
richment of estrogen-responsive genes is possibly induced by an estrogen-independ-
ent activation of the estrogen receptor and the subsequent downstream signaling ra-

ther than by estrogen itself.

In addition, the epithelial-mesenchymal transition phenotype showed positive enrich-
ment across all conditions, although not reach statistical significance in the GLYATL1
KO2 cell line. Furthermore, the GLYATL1 knockdown cells showed an exclusive en-
richment of Notch and Hedgehog signaling pathways, with Notch signaling being sig-
nificantly upregulated, while Hedgehog signaling demonstrated a significant negative
enrichment score. Conversely, genes of the Hedgehog signaling pathway were posi-
tively enriched in the LTED cells compared to wildtype cells. These unique alterations
suggest a specific cellular response to the short-term partial loss of GLYATL1 expres-
sion. However, this response appears to be abolished by the long-term loss of
GLYATLA1, indicating that the knockout cell lines undergo adaptive changes over time.
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Figure 41: Gene Set Enrichment Analysis of RNA sequencing results. Heatmap visu-
alization of the Gene Set Enrichment Analysis (GSEA) results using the hallmark gene
collection from the Molecular Signature Database across three comparisons: siGLYATL1
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vs siControl, GLYATL1 KO1 vs LTED, and GLYATL1 KO2 vs LTED. Color intensity repre-
sents the Normalized Enrichment Score (NES), with red indicating positive enrichment (up-
regulation) and blue indicating negative enrichment (downregulation). Statistically signifi-
cant results (False Discovery Rate (FDR) g-value < 0.25) are labeled by an asterisk. (B)
GSEA of LTED of interferon and estrogen response in LTED compared to WT MCF7 cells.

To gain a further understanding of cellular changes, the activity of 14 major pathways
was predicted using the PROGENYy algorithm with the limma t-values generated with
the RNA sequencing results as input [152, 198] with the help of Luisa Schwarzmdiller.
The algorithm does not indicate an absolute repression or activation of pathways but
rather a relative ratio to the respective control. An absolute activation score of 2 is
considered significant. The analysis highlights both common and distinct changes in
pathway activities in LTED compared to wildtype cells and in response to GLYATL1
perturbations (Figure 42).

The TGFB pathway was the only pathway with a predicted significant decrease in ac-
tivity in both GLYATL1 knockout clones and the knockdown cells. Conversely, the
TGF signaling pathway was predicted to be upregulated in LTED cells compared to
wildtype cells. This reversion in pathway activity highly suggests a positive influence
of GLYATL1 on TGFp signaling, which is abolished by GLYATL1 downregulation.

Furthermore, a consistent upregulation of the p53 pathway was predicted for both
GLYATL1 knockout clones and the knockdown cells, which is consistent with the ob-
served enrichment of genes involved in p53 signaling as observed in gene set enrich-

ment analysis (compare Figure 41).

Beyond these commonalities in pathway deregulation upon GLYATL1 disruption,
unique changes in pathway activity were predicted exclusively in the GLYATL1 knock-
out cells. Specifically, in these knockout cells, a consistent upregulation of the EGFR
pathway and the JAK-STAT pathways was predicted, with the JAK-STAT pathway
reaching the highest score in these cells. The JAK-STAT signaling pathway reached
the lowest score in LTED cells compared to wildtype cells. This highly significant re-
version in pathway activity suggests that high GLYATL1 expression, as observed in
the LTED cells, negatively influences the JAK-STAT signaling activity and that this in-

hibitory effect is attenuated in response to long-term loss of GLYATL1 expression. This
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anti-correlation of GLYATL1 expression and JAK-STAT activation was further sup-

ported by the gene set enrichment analysis (compare Figure 41).

Furthermore, upregulation of estrogen signaling was predicted in both knockdown and
GLYATL1 KO1 cell lines, contrasting the predicted downregulation in KO2 and LTED
cells. This increased activity of estrogen signaling in the GLYATL1 KO1 and knock-
down cells validates the positive enrichment of estrogen-responsive genes as ob-
served in the GSEA (Figure 41).

Additionally, both knockout cell lines exhibited further differences. The Trail, NFkB, and
TNFa pathways are commonly upregulated in the GLYATL1 KO2 cells, which is con-
sistent with the significant positive enrichment scores of apoptosis and TNFa signaling
via NFkB as observed in the GSEA (Figure 41). Furthermore, the hypoxia pathway
was predicted to be downregulated uniquely in GLYATL1 KO1, while the knockdown

cells showed significant downregulation of Wnt and androgen signaling.
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Figure 42: Pathway activity prediction of GLYATL1 knockdown and knockout condi-
tions. The activity of fourteen cellular pathways was predicted using PROGENYy [152, 198]
for the comparisons (A) GLYATL1 KO1 versus LTED, (B) GLYATL1 KO2 versus LTED and
(C) knockdown of GLYATL1 versus control knockdown based on the limma t-values cal-
culated with the RNA sequencing results. Score = 2 and <-2 were considered significant
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as indicated by the dashed lines. Higher activity is colored in red and diminished activity in
blue compared to the respective control. (D) Venn diagrams displaying predicted down-
and upregulated pathways across indicated comparisons. (E) PROGENy analysis of RNA
sequencing data generated by Dr. Emre Sofyali comparing MCF7 LTED versus wildtype
cells.

In addition, to investigate differentially activated pathways, | next used DoRothEA to
predict differential transcription factor activities based on the RNA sequencing results
[153-155], with the help of Luisa Schwarzmiiller. Transcription factors with a score
higher than 2 or lower than -2 are deemed significant and revealed notable common

and pivotal changes in GLYATL1 knockdown and knockout cell lines (Figure 43).

Common downregulation of activity was found in eight transcription factors. In particu-
lar, the activity of transcription factors of the E2F family regulating gene expression of
genes particularly related to cell cycle control, namely E2F1, E2F2, E2F3, and E2F4,
were downregulated upon GLYATL 1 knockdown and knockout. In addition, the activi-
ties of the transcription factors, CEBPG, SMAD5, NFIC, and GLI2 involved in various
cellular processes such as cell survival, cell differentiation, and angiogenesis, are fur-

ther predicted to be commonly downregulated.

Besides the common downregulation of these transcription factor activities, both
knockout cell lines additionally showed predicted downregulated activity of transcrip-
tion factors involved in differentiation, cell proliferation, epigenetic control, cell cycle,
and apoptosis, namely SMAD1, TCF3, HES1, DNMT1, ID1, ID2, ID3, SOX2, SOX17,
TBX2, and TFDP1. Furthermore, transcription factor activity in GLYATL1 knockdown
condition shared down-regulation of activity privately with GLYATL1 KO1 (FOXAZ2,
SREBF1, SREBF2, RORA) and with GLYATL1 KO2 (PAX8, TFAP2A, NR4A2, DLX5).
Moreover, 41 transcription factors showed unique downregulation in activity upon
GLYATL1 knockdown. Among these transcription factors, seven transcription factors
showed a reverse effect in either one GLYATL1 knockout cell line, KO1 (BHLHEA41,
CTNNB1, ARX) or KO2 (SP1, NFKB, KLF®6), or in both (CDX2).

In contrast, KLF4 was predicted to be consistently more active in both knockout and
knockdown conditions. KLF4 is involved in various cellular processes such as cell cy-
cle, immune response, and repression of epithelial-to-mesenchymal transition [199].
Furthermore, both knockout cell lines showed higher predicted activity of transcription
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factors involved in differentiation (CDX1, CDX2, TP73), immune regulation (CIITA,
STAT1, STAT2), stress response (HIF1A, EPAS1, TP73, ATF3), and apoptosis (TP73,
ATF3). Moreover, transcription factor activity in GLYATL1 knockdown condition shared
up-regulation of activity privately with GLYATL1 KO1 (TP63, ERG, GLI3, NOTCH1)
and with GLYATL1 KO2 (ATF4, NFE2L2, FOXP3). Knockdown of GLYATL1 resulted
in unique upregulation of activity in seven transcription factors (HDAC1, BRCA1, KLF5,
MSX2, NANOG, FOXA1, NR2C2), in which FOXA1 showed a reverted effect in
GLYATL1 KO1 and MSX2 in KO2. Furthermore, ESR1 showed unique upregulation in
activity in GLYATL1 knockout clone 1.

| further assessed the transcription factor activity for the LTED cells compared to
wildtype. Out of 39 significantly altered transcription factor activities, only two transcrip-
tion factors, namely STAT2 (score of -10.3) and IRF1 (score of -4.5), showed a signif-
icant reversal in activity between LTED versus wildtype cells and GLYATL1 knockout
versus LTED.

Combining the results of the Gene Set Enrichment analysis, pathway activity predic-
tions using the PROGENYy algorithm and transcription factor activity prediction from

DoRothEA revealed a recurring trend across various pathways:

| could find a consistent correlation of GLYATL1 expression with proliferation-related
processes, as evidenced by negative enrichment scores for gene sets related to G2M
checkpoints and E2F targets in response to GLYATL1 disruption. This is comple-
mented by lower predicted E2F transcription factor activity and a shared decrease in

TGFB-pathway activity.

Furthermore, the downregulation of GLYATL1 resulted in the upregulation of immune
and stress response pathways, indicated by the overrepresentation of genes involved
in p53, interferon, and interleukin signaling pathways. This is further supported by in-
creased activation of STAT transcription factor and increased JAK-STAT pathway ac-
tivity. Activity and/or enrichment of these pathways are partially reverted in the LTED
compared to wildtype cells suggesting an involvement of GLYATL1 in suppressing
these pathways.

The GSEA and pathway prediction results indicate increased activity in estrogen-re-

lated pathways in the GLYATL1 knockout clone 1. Moreover, transcription factor activ-

ity prediction shows that the key mediator of estrogen signaling, ESR1, is more active
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in the knockout clone 1 indicating that despite growing in estrogen-depleted media,
GLYATL1 knockout clone 1 still shows elevated estrogen signaling potentially through
estrogen-independent ER activation.

Down Up

KO1 vs LTED KO2 vs LTED KO1 vs LTED KO2 vs LTED

siGLYATL1 vs siCtrl

siGLYATL1 vs siCtrl

Conditions Total Transcription factors Conditions Total Transcription factors

KD KO1 8 E2F1, E2F2, E2F3, E2F4, KD KO1 1 KLF4

KO2 GLI2, SMADS, NFIC, CEBPG KO2

KD KO1 4 FOXAZ2, SREBF1, SREBF2, KD KO1 4 TP63, ERG, GLI3, NOTCH1
RORA

KD KO2 4 PAX8, TFAP2A, NR4A2, DLX5 KD KO2 3 ATF4, NFE2L2, FOXP3

KO1 KO2 11 SMAD1, TCF3, HES1, DNMT1, KO1 KO2 9 CDX1, CDX2, CIITA, EPAS1,
ID1, ID2, ID3, SOX2, SOX17, HIF1A, TP73, STAT1, STAT2,
TBX, TFDP1 ATF3

KD 41 ESR2, AR, RARG, CEBPA, KD 7 HDAC1, BRCA1, KLF5, MSX2,
CEBPB, SATB1, KMT2A, NANOG, FOXA1, NR2C2
151, AB I, BUlE, KO1 13 BHLHE41, CTNNB1, MYCN,
BHLHE41, ZBTB17, MYC,

ZNF148, HMGA1, HEY1,
FOXO3, SP1, KLF6, NFKB,
SOX4, ATF5, TFE3, ARX,

NFKB2, RUNX1, GFI1, PAX3, KLF10. ESR1. TCF4
PAX8, SOX9, MYOD1, GATA3, ’ '
TAL1, GLI1, ARX, RUNX2, KO2 26 ELF3, ELF4, RB1, SREBFZ,
MAFB, NKX3-1, CDX, SIRT1, NFATC2, USF2, MAF, PPARG,
NR3C1, PPARD, SP3, MTF1, SP1, SREBF1, NFKB, ETV4,
HOXA10, NR5A1, MEF2A, HNF4A, IRF1, IRF2, IRF3,
SRF, PPARA, KLF2, KLF6, NRG1,

KO1 7 TBX21, KDM5B, EWSRH, :":JF’F:?AC',ES?DTF’ ATF2, SRY,
FOXA1,STATS, IRF8, :
SMARCA1,

KO2 27 SMAD3, SMAD4, GATA4,

SNAI1, SNAIZ, TCF7L2,
TWIST1, EGR2, FOSL1, LEF1,
NR2F, NR2F1, VDR, TCF12,
FLI1, HAND2, BCL3, MYBL2,
PROX1, TBX15, TFAP2C,
POU2F1, KAT5, DNMT3B,
MSX2, GTF2I,

Figure 43: Transcription factor activity prediction. The activity of transcription factors
was predicted using DoRothEA [153-155] for the comparisons of GLYATL1 KO1 versus
LTED (KO1), GLYATL1 KO2 versus LTED (KO2), and knockdown of GLYATL1 versus
control knockdown (KD) based on the limma t values calculated with the RNA sequencing
results. Venn diagrams and tables show transcription factors with significant (activity score
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<-2, 22) down- (left) and up- (right) regulated activity. Tables show deregulated transcrip-
tion factors in detail.

4.16 Deregulated Histone Modulator upon GLYATL1 Knockout

Since analysis of the epigenetic landscape indicated an influence of GLYATL1 on mod-
ifications of several histone residues, | next utilized the RNA sequencing data to ana-
lyze the expression of various histone modifiers. The acetylation status of lysine resi-
dues is modulated by histone acetyltransferases (HAT/KAT), which transfer acetyl
groups to lysine residues, and by histone deacetylases and sirtuins (HDAC and SIRT),
which remove the acetylation group. To better understand the influence of GLYATLA1,
| included the data generated by Dr. Emre Sofyali comparing the results of LTED and
wildtype cells (Figure 44A).

Several histone modifiers showed significant deregulation in response to GLYATL1
disruption, with some histone showing the opposite trends in LTED cells compared to
wildtype cells. Specifically, KAT2B was significantly upregulated in the LTED cells but
significantly downregulated in both GLYATL1 knockout cells with GLYATL1 knock-
down cells showing the same trend. As observed with the inhibitor Gracinol, the prolif-
eration of the LTED cells is highly dependent on proper KAT2B activity (Figure 34A).
Thus, the downregulation of KAT2B potentially contributed to the observed reduced
proliferation in the GLYATL1 knockout and knockdown cell lines. Since KAT2B is
known to acetylate histone H3K9 and H3K14 acetylation, downregulation of KAT2B
could consequently contribute to the reduced acetylation of H3K9 and H3K14 as ob-

served by Dr. Emre Sofyali in response to GLYATL1 knockdown (Figure 36).

Furthermore, HDAC2 and HDAC3 expression is significantly downregulated in the
LTED cells compared to wildtype and reversibly upregulated in response to GLYATL1
disruption. Given the mentioned expression levels and the ability of HDACs to deacety-
late histone residues, HDAC2 and HDAC3 potentially influence the acetylation status
of H3K27 and H3K64, which were found to be the highest in the LTED cells and dimin-
ished in the wildtype and GLYATL1 knockout cell lines (Figure 37). While the
knowledge of histone modifiers acting on H3K64 is limited, H3K27 is known to be pri-
marily acetylated by CREBBP/EP300 [200]. CREBBP and EP300 showed a trend to

108



Results

be higher expressed in the LTED cells and lower in response to GLYATL1 disruption
and the wildtype cell. This expression pattern correlates with the experimentally vali-

dated H3K27 acetylation status as observed in the EpiTOF experiment (Figure 37).

Beyond histone acetylation, lysine and arginine residues can be methylated, influenc-
ing gene expression by either activating or repressing it. Histone methyltransferases
catalyze the transfer of a methylation group, while histone demethylases reverse meth-
ylation. Diverse histone enzymes affecting the methylation status are significantly de-
regulated in the LTED cells and in response to GLYATL1 knockout and knockdown
(Figure 44B).

Compared to wildtype cells, the expression pattern of only ten histone modifiers is sig-
nificantly altered in the LTED cells, including SETD5-7, KDM1B, SUV39H2, KDM3A,
KDM4B, KDM4D, KDM7A, and PRMT9, with some of these showing reverse express-
ing pattern in response to GLYATL1 disruption. In contrast, GLYATL1 knockdown and
knockout led to significant deregulation of multiple additional histone modifiers acting
on various H3 and H4 residues. These alterations suggest broader changes in histone

methylation beyond those analyzed in this study.

The EpiTOF results revealed significantly higher H3K4 trimethylation and H3K27 di-
methylation in the LTED cells, which are reduced in the wildtype and GLYATL1 knock-
out cells (Figure 37). In line with this observation, the expression of KDM5B and C,
which demethylates H3K4 is upregulated in the GLYATL1 knockout cells and partially
in the GLYATL1 knockdown cells, which could contribute to demethylating H3K4 in

these cells.

While GLYATL1 knockout cell lines show mostly similar expression patterns, GLYATL1
knockdown showed a partially reversed expression pattern for example in KDM5B,
SUB39H1, NSD1, NSD2, and KDM6B, which could hint to a possible long-term adap-

tation mechanism in response to the loss of GLYATL1 expression.
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Figure 44: Expression profile of Histone Modifiers. Heatmaps display log2 fold-
changes (log2FC) in mRNA levels of histone modifiers affecting acetylation (A) and meth-
ylation (B) status measured by RNA sequencing. Histone writers are indicated in beige and
erasers are indicated in green. Affected histone residues are indicated in respective colors.
Data was generated and analyzed by Dr. Emre Sofyali and me. Statistical significance is
indicated by asterisks with adjusted p-values *** p< 0.001 **, p<0.01, and * p<0.05.

4.17 Changes in Full Proteome

To validate the observed transcriptomic changes upon GLYATL1 knockout on the pro-
teome level, Luisa Schwarzmiller and | measured the full proteomes of MCF7
wildtype, LTED, and the two GLYATL1 knockout cell lines.

The PCA plot revealed distinct clustering of wildtype, resistant, and GLYATL 1 knockout
cell lines, with the greatest separation observed along the PC1 axis separating wildtype
from the other cell lines, which explained almost 40% of the total variance. Further shift
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in the PC2 axis, separates the LTED samples from both GLYATL 1 knockouts, however
did not further separate the wildtype cells from the knockout cell lines. Additionally, the
third principal component (PC3) demonstrated separation between the two GLYATL1
knockout lines, explaining 13.9% of the variance and highlighting specific differences

and unique characteristics between the both knockout cell lines (Figure 45A).
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Figure 45: Analysis of full proteome. (A) Principal component analysis (PCA) using full
proteome data. The first three principal components are plotted explaining 39.8% (PC1),
20.0% (PC2) and 13.9% (PC3) variance. (B) Hierarchically clustered heatmap showing z-
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scaled intensities of proteins with significant (p-value <0.05, determined by Student’s un-
paired t-tests using Perseus software) changes in both GLYATL1 knockout cell line with
an absolute log2 fold-change of at least 1 in any sample. Biological replicates (n=3) are
displayed separately. Data was analyzed by Luisa Schwarzmdiller.

To investigate common changes in response to GLYATL1 knockout, | analyzed pro-
teins with significant changes in both GLYATL1 knockout cell lines with an absolute
log2 fold-change of at least 1 revealed several protein patterns (Figure 45B). Proteins
in the first and third clusters showed no alteration upon resistance acquisition but dis-

played significant changes upon GLYATL1 knockout.

Furthermore, 25 proteins exhibited a significant increase in expression upon resistance
and showed reverse patterns upon GLYATL1 knockout (Cluster 2). Among these pro-
teins, the RNA polymerase-associated protein LEO1 was found to be highly expressed
in LTED cells and low expressed in both GLYATL1 knockout cell lines. Furthermore,
Acyl-CoA Synthetase Long-Chain Family Member 3, ACSL3, was found to exhibit ele-
vated expression in LTED and reduced expression in wildtype and GLYATL1 knockout

cell lines.

To identify over- and underrepresented pathways upon resistance (LTED vs WT) and
after GLYATL1 knockout, | performed Gene Set Enrichment Analysis (GSEA) on the
full proteome data using the hallmark gene collection from the Molecular Signature
Database. The analysis revealed several significant pathway alterations across the

different comparisons (Table 11).

In the comparison of LTED and WT, unique changes were observed affecting choles-
terol homeostasis with a positive normalized enrichment score of 1.87. Furthermore,
myogenesis, interferon alpha, and interferon gamma response demonstrated an un-
derrepresentation of genes in the LTED. Conversely, a significant overrepresentation
of the genes involved in the interferon alpha response was observed in the GLYATL1
KO2 cell line, which was already observed in GSEA analysis using transcriptomic data
(Figure 41).

Gene sets related to cell cycle control and proliferation, particularly those involved in
the mitotic spindle and G2M checkpoint, were collectively underrepresented following

GLYATL1 knockout supporting similar observations from the GSEA analysis using the
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RNA sequencing data. Consistent with this, the E2F targets gene set was significantly
downregulated in the GLYATL1 KO2 cell line. Furthermore, this reduction in prolifera-

tive behavior was observed experimentally (compare Figure 20).

While both GLYATL1 knockout cell lines shared this common trend in proliferation-
affecting pathways, the estrogen signaling pathway displayed inconsistent behavior
between them. Late and early estrogen signaling was consistently underrepresented
in both LTED and GLYATL1 KO2 cell lines, but these gene sets were significantly
overrepresented in the GLYATL1 KO1 cell line.

Taken together, the proteome data strongly support the enrichment of gene sets re-
lated to several cellular key pathways including cell cycle regulation, immune re-
sponse, estrogen signaling, cellular stress, and DNA damage response, as already
observed with transcriptomic data. This consistency highly strengthens the reliability of
the observed biological processes that were found to be affected by GLYATL1 in en-

docrine therapy-resistant cell lines.
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Table 11: Gene set enrichment analysis of full proteome data using the hallmark gene
collection from the Molecular Signature Database. Analysis was performed with signifi-
cantly (padj<0.05) expressed proteins across the indicated comparisons. Values indicate
the Normalized Enrichment Score (NES) and the False Discovery Rate (FDR) g-value with
statistically significant results (FDR g-value < 0.25) with bold text.

GLYATL1 GLYATL1
LTED vs WT
KO1vs LTED KO2vs LTED
FDR FDR FDR
Hallmark gene set NES NES NES
q-val q-val q-val
MITOTIC_SPINDLE -1.88 0.012 -221 0.001 1.56 0.313
G2M_CHECKPOINT -2.66 0.000 -2.82 0.000 -0.54 0.966

E2F_TARGETS - - -2.74 0.000 - -

INTERFERON_ALPHA_
- - 2.1 0.004 -2.45 0.001

RESPONSE
INTERFERON_GAMMA _

- - - - -1.85 0.024
RESPONSE
P53_PATHWAY - - 0.56 0.943 -2.01 0.010
UV_RESPONSE_UP - - -1.29  0.230 0.69 0.843
ESTROGEN_

2.30 0.001 -1.19 0.296 -2.81 0.000
RESPONSE_EARLY

ESTROGEN_RESPONSE_LATE 1.53 0.092 -1.72 0.041 -243 0.000

CHOLESTEROL_

- - - - 1.87 0.078
HOMEOSTASIS
MYOGENESIS - - - - -1.37  0.243
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5 Discussion

Endocrine therapy is the keystone treatment for estrogen-positive breast cancer and
significantly improves patient outcomes. However, 40-50% of the patients with late-
stage disease do not respond to that treatment approach or develop resistance to-
wards these antiestrogen drugs [75]. Therefore, studying the molecular mechanisms
behind resistance is crucial for understanding and developing new therapeutic options
that can overcome treatment resistance and improve long-term survival rates for breast

cancer patients.

Recent studies in-house by Dr. Emre Sofyali revealed GLYATL1 as a highly upregu-
lated gene in endocrine therapy-resistant MCF7 and T47D breast cancer cell lines
[131]. While there is an emerging number of studies, where deregulated GLYATL1
levels were found in several cancer entities [135-138], the function of this protein re-
mains elusive. In the scope of this thesis, | used phenotypic, metabolic, epigenetic,
transcriptomic, and proteomic analysis to investigate the function of GLYATL1 in the

context of endocrine therapy resistance in luminal A breast cancer cell lines.

5.1 GLYATL1 Expression Anticorrelates with Estrogen Supply

Endocrine therapy-resistant in-vitro breast cancer cell lines provide robust models for
studying alterations in cellular processes in response to antiestrogen treatment. In this
study, | utilized MCF7 and T47D cell lines that were deprived of estrogen to simulate
aromatase inhibitor treatment. In these long-term estrogen-deprived cells, GLYATL1
MRNA and protein levels are significantly elevated suggesting a potential role in ther-

apy-resistant mechanisms (Figure 10).

Reintroducing estrogen to the growth media for a short period (48h) to simulate drug
withdrawal, resulted in a rapid decrease in GLYATL1 expression (Figure 13). The sup-
pressive effect of estrogen on GLYATL 1 expression was further enhanced by time, as
after a four-week interval of estrogen addition the expression remained at a minimal

level (Figure 12).

Conversely, subsequent estrogen depletion in 12-week pre-treated LTED cells in-

verted the effect and GLYATL1 expression increased rapidly, surpassing even higher
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levels of MRNA compared to untreated LTED cells. These findings suggest that the
LTED cells are capable of rapidly adjusting to fluctuations in estrogen availability and
point to a potential negative influence of estrogen on regulating GLYATL1 expression.
This adjustment of GLYATL1 expression underlines the importance of GLYATL1 ex-

clusively in the context of aromatase inhibition.

5.2 Regulatory Interplay between ER and FOXA1 Regulates
GLYATL1 Expression under Estrogen-Deprived Conditions

Despite the role of estrogen in the regulating of GLYATL1 expression, | further ob-
served the involvement of ER itself and FOXA1 in GLYATL1 gene expression regula-
tion, as the knockdown of these transcription factors negatively influences GLYATL1
expression (Figure 15, Figure 16). Since the promoter region of GLYATL1 harbors
binding sites for both transcription factors (Figure 14), this regulation might be guided

directly.

Considering that the LTED cells were cultivated in estrogen-depleted media, the ER-
mediated GLYATL1 transcription seems to be independent of estrogen. The ESR1
MRNA levels are increased in the LTED compared to wildtype, particularly in MCF7.
This upregulation of ESR1 has been commonly observed in LTED cells and is associ-

ated with estrogen-independent ER-mediated growth [126, 127].

In the group of Prof. Dr. Magnani, from which we kindly got the MCF7 cell lines, they
performed ChIP sequencing studies to analyze ER-bound chromatin with peak-calling
techniques. In the LTED cells, they identified several peaks in the regulatory elements
of genes indicating an activated estrogen-independent ER signaling. While no peaks
were detected in the GLYATL1 promoter of wildtype cells, a distinct peak in LTED cells
was identified that corresponded with the peaks in the GLYATL 1 promoter region found
in the ATAC sequencing results by Dr. Emre Sofyali [131]. This suggest that ER could
bind directly to the promoter region of GLYATL1 solely in the LTED cells and induce
GLYATL1 expression in an estrogen-independent manner.
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Furthermore, they demonstrated that cholesterol biosynthesis is highly upregulated in
the MCF7 LTED cells compared to the parental wildtype cells. This constitutive activa-
tion can lead to the accumulation of cholesterol deriver, including 27-hydroxycholes-
terol, which can induce ER chromatin binding and downstream gene expression [201].
Preliminary analysis of proteomic and transcriptomic data by Luisa Schwarzmdller and
me confirmed the significant upregulation of cholesterol biosynthesis in the used MCF7
LTED cells compared to wildtype cells (Data not shown). Further inhibition of central
players in cholesterol synthesis, such as 3-hydroxy-3-methyl-glutaryl-coenzyme A re-
ductase by statins [202], and subsequent expression analysis could verify the influence

of cholesterol biosynthesis on GLYATL1 expression in the used cellular context.

Since the estrogen response signaling is significantly downregulated in the LTED cells
compared to wildtype cells (compare Figure 41B, Figure 42E, Table 11) and the
GLYATL1 expression is significantly downregulated in response to estrogen supply
(compare 5.1), these observations could suggest that the ER transcription factor activ-
ity is limited to a specific subset of genes and could indicate the involvement of addi-

tional regulatory mechanisms.

One regulatory mechanism could comprise the ER “pioneer” factor FOXA1. In contrast
to the upregulation of ESR1, FOXA1 mRNA levels remained unchanged in the LTED
cells suggesting that FOXA1 might be recruited to the GLYATL1 promoter region
through additional regulatory mechanisms. The binding of FOXA1 to chromatin is en-
hanced by DNA hypomethylation within the promoter region [203], methylation of his-
tone residue H3K9 [204], and posttranslational modification of FOXA1 by O-GIcNAcyl-
ation [205]. Indeed, recent studies in the group by Dr. Emre Sofyali identified aug-
mented hypomethylated CpGs in the promoter region of GLYATL1 in the LTED cells
compared to wildtype cells [131]. These changes in the DNA methylation status could
consequently lead to alternative FOXA1 recruitment to the promoter locus, which sub-
sequently facilitated ER-binding by remodeling chromatin structure and induced the
expression of specific genes [206, 207] including GLYATL1 in the LTED cells.
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5.3 Downregulation of GLYATL1 but not Overexpression

Influences Cell Proliferation

Upregulation of GLYATL1 exclusively in LTED under estrogen-deprived conditions in-
dicates a distinct role in resistance towards aromatase inhibition. In this study, | could
show that the knockdown of GLYATL 1 significantly diminished the proliferative capac-
ity of LTED cells in both MCF7 and T47D cells under estrogen-depleted conditions
(Figure 18). Moreover, GLYATL1 knockout further exacerbated the negative effects on
cell proliferation (Figure 20), indicating that residual GLYATL1 levels in the knockdown

might partially compensate for the cellular function related to proliferation.

In contrast to the observed influence of GLYATL1 knockdown and knockout, stable
overexpression of GLYATL1 in MCF7 and T47D wildtype did not enhance cell prolifer-
ation under estrogen-depleted conditions with proliferation rates comparable to those
of the empty vector control (Figure 22). Thus, GLYATL1 is required for proliferation in
LTED cells; however, overexpression of GLYATL1 is not sufficient to confer resistance

within nine days under antiestrogen conditions.

During resistance development in the used T47D cells, RNA sequencing revealed that
GLYATL1 mRNA levels were only modestly elevated during the initial two months but
showed a significant increase at later stages of resistance acquisition [131]. This tem-
poral expression pattern together with the missing effect of GLYATL1 overexpressing
on proliferation could indicate that GLYATL1 plays a resistant-supportive rather than a

driving role, potentially acting on maintaining the established resistance phenotype.

5.4 GLYATL1 Contributed to Succinic Acid Accumulation,
however, does not Influence Glutamine Dependency

The gene GLYATL1 encodes the Glutamine N-acyltransferase-like protein 1, which
catalyzes the transfer of an acyl group to the a-amino group of glutamine. This enzy-
matic capability could consequently influence cellular metabolism as observed in pre-
vious studies, where GLYATL1 was found to influence metabolic pathways, such as

glycolysis and gluconeogenesis in prostate cancer cell lines [138, 139].
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Glutamine is the most abundant amino acid with concentrations in the human plasma
ranging from ~500 to 800 uM and even higher concentrations in some tissues such as
the liver and skeletal muscle [208, 209]. In this study, the cells were cultured in com-
mercially available DMEM media with standard 2 mM glutamine, which highly exceeds
the physiological glutamine levels. However, | could show that under low glutamine
concentrations, the proliferation rates of MCF7 and T47D are not significantly altered

compared to the growth in standard cell culture media during eight days (Figure 26).

Furthermore, it is commonly observed that in cell culture media the glutamine levels
are lower than prescribed due to the decay of glutamine to ammonia and pyrrolidine
carboxylic acid [210]. As a result, the actual glutamine concentrations in the media may
have been lower than initially assumed, aligning more closely with physiological levels.
Based on the usage of glutamine as an educt, GLYATL1 upregulation in the LTED
cells could correlate with increased glutamine dependency. Indeed, | could observe a
dependency of the LTED on glutamine, as the proliferation rate significantly dropped
with glutamine depletion (Figure 26, 0mM). However, the GLYATL1 knockout cells ex-
hibited the same diminished proliferation behavior with no significant difference com-
pared to LTED indicating that the observed glutamine dependency might be independ-
ent of GLYATL1. Instead, it appears that adaptation to long-term estrogen deprivation
induces alterations affecting the requirement of glutamine supply that is maintained
after GLYATL1 knockout.

In the literature, increased glutamine demand and dependency was commonly asso-
ciated with drug resistance including resistance towards antiestrogen treatment in
breast cancer [211]. In resistant breast cancer cells, increased glutamine dependency
could be correlated with increased MYC signaling regulating enzymes involved in glu-
tamine uptake and catabolism. Consequently, the increase in glutamine catabolism
could lead to metabolic reprogramming to induce dependency on glutamine to promote

tumor growth and survival [212, 213].

Further metabolic analysis revealed that both GLYATL 1 knockout cell lines, particularly
clone 1, exhibited a metabolic profile highly similar to LTED, while the wildtype cells
showed a pronounced deregulation of several metabolites (Figure 29). A diminished

abundance of all tricarboxylic acid cycle intermediates except succinic acid could be
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commonly observed in the LTED cells. The accumulation of succinic acid was signifi-
cantly reverted in the GLYATL1 knockout cell lines. In line with this observation, mMRNA
levels of the succinate dehydrogenase subunits, especially SDHB, are significantly di-
minished in the LTED cells and conversely elevated in the GLYATL1 knockout cell
lines. The MRNA levels of SDHC and partially SDHD showed similar trends, however,
not reaching significant levels. Downregulation of these subunits in the LTED cells
could lead to decreased oxidation of succinate, the dianionic form of succinic acid, to
fumarate and consequently to the observed accumulation of succinate. In line with this,
the fumarate levels are significantly lower in the LTED cells and significantly restored
in the GLYATL1 knockout cell lines. Given that the levels of succinate are tightly cor-
related with the expression of GLYATL1, it might be possible that GLYATL1 directly or

indirectly influences the succinate metabolism in the LTED cells.

Besides the role in metabolism, recent studies revealed a novel role of SDH and suc-
cinate in biological processes including tumorigenesis. Altered functions of the SDH
complex such as mutations in the SDH subunits, diminished expression, or post-trans-
lational modifications, which result in decreased activity and consequently in accumu-
lation of succinate were found in several cancer entities. Thus, SDH was recently char-
acterized as a tumor suppressor gene, while succinate was defined as oncometabolite
[214]. In cancer cells, accumulation of succinate can cause inhibition of several alpha-
ketoglutarate (aKG)-dependent dioxygenases, which influence diverse biological pro-
cesses including epigenetic modification. Chromatin structure is influenced by several
enzymes including aKG-dependent dioxygenases such as the ten-eleven-transloca-
tion (TET) enzymes and several histone demethylases [215]. Thus, accumulation of
succinate can induce histone hypermethylation and lead to a decrease of hydroxylation
of 5mC consequently resulting in DNA hypermethylation [216-218]. Congruent with the
accumulation of succinate, | could observe an alteration in histone methylation, which

will be discussed in section 5.6. in detail.

Furthermore, succinate accumulation can activate the TGFR signaling pathway ulti-
mately promoting cell migration and invasion, which was reverted by SDHB overex-
pression [219]. | could observe a similar effect on the TGFR pathway by knocking out
GLYATL1, which will be discussed in section 5.9.
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Taken together, the tight correlation of GLYATL1 expression and the accumulation of
succinate suggests that GLYATL1 could influence succinate metabolism by for exam-
ple promoting the synthesis of succinate or inhibiting the subsequent processing to
fumarate. Specifically, GLYATL1 could affect anaplerotic reaction to replenish TCA
cycle intermediates that subsequently will be catalyzed to succinate. Furthermore, it
might be possible that educts of the GLYATL1-catalyzed reaction directly or through
alteration of SDH cofactor availability could inhibit the function of SDH. Consequently,
succinate accumulation in the LTED cells can promote several biological changes,
which ultimately promote tumor growth and disease progression. However, further re-

search is necessary to elucidate the influence of GLYATL1 on succinate.

To analyze potential acyl-donors for the GLYATL1 catalyzed reaction, | analyzed the
abundance of several acyl-CoA species in the different MCF7 cell lines. However, none
of the measured acyl-CoAs were accumulated in both GLYATL1 knockout cell lines
(Figure 27). This pattern suggests that GLYATL1 might utilize other substrates, which
were not analyzed in this experimental setup. Previous study revealed that purified
GLYATL1 could bind phenyl-acyl-CoA with high affinity [134] pointing that aryl-group

containing CoA species might serve as a substrate for GLYATL1.

The proteomic analysis provided further clues of potential GLYATL1 substrates. The
expression of Acyl-CoA Synthetase Long-Chain Family Member 3 (ACSL3) was shown
to be elevated in LTED cells and reduced in wildtype and GLYATL1 knockout cells.
ACSL3 catalyzes the synthesis of fatty acyl-CoA esters from long-chain fatty acids
[220]. Thus, the upregulation of ACSL3 in LTED cells could be an indicator of potential
fatty acyl-CoAs as GLYATL1 substrates, which were not examined in the conducted

metabolome study.

Overall, these findings suggest that GLYATL1 influences the abundance of succinate,
which consequently might induce biological processes contributing to tumor growth
and disease progression. Future studies, including mutational analysis of the catalytic
center in GLYATL1, further exploration of potential acyl-donors, and tracing of gluta-
mine within the cell could clarify the role of GLYATL1 on succinate synthesis and its

interaction with broader metabolic networks in endocrine therapy-resistant cells.
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5.5 Mitochondrial GLYATL1 Modulates Oxidative Stress Levels

Despite the role of mitochondrial proteins in metabolic pathways, several mitochondrial
proteins are well known for their dual role in generating ROS as byproducts of respira-
tion and managing oxidative stress through antioxidant defense mechanisms. In Dro-
sophila melanogaster, the glycine N-acyltransferase (GLYAT) was found to modulate
the JNK-mediated ROS activation [221], thereby highlighting the influence of acyltrans-

ferases on redox balance.

Flow cytometry analysis using the CellROX probe revealed diminished basal oxidative
stress levels in the LTED cells compared to wildtype and GLYATL 1 knockout cell lines,
particularly in GLYATL1 KO2 cells (Figure 30). Further experiments using the roGFP2-
Orp1 sensor, which specifically measures H202 ROS species, revealed that GLYATL1
knockout did not significantly affect H20z2 levels in the cytoplasm or mitochondria. This
suggests that GLYATL1 plays a crucial role in maintaining low levels of ROS under
estrogen-deprived conditions. However, this effect is exclusive to ROS species other

than H202, such as superoxide or hydroxyl radicals.

Given GLYATL1's ability to transfer an acyl group to glutamine (Figure 9), GLYATLA1
may contribute to antioxidant synthesis, possibly through the production of N-acyl
amino acids. In literature some N-acyl amino acids, for instance, N-acetyl-cysteine, are
known for their antioxidative properties, mimicking natural ROS scavengers and effec-
tively reducing basal stress levels [222, 223]. Thus, the GLYATL1-catalyzed reaction
could contribute to increasing the antioxidative capacity and consequently diminish the

intracellular ROS levels. However, this hypothesis requires experimental confirmation.

Elevated ROS production or impaired antioxidative defense can trigger oxidative stress
and damage to proteins, lipids, nucleic acids, membranes, and organelles. This dam-
age can impair the proper cellular function and initiate death processes such as apop-
tosis, ferroptosis, or autophagy [224-227]. Consequently, elevated antioxidant synthe-
sis can enable the tumor to evade cell death and survive under therapeutic stress con-
ditions. Similarly, significantly lower ROS levels and an increased antioxidative capac-
ity were found in tamoxifen-resistant cell lines compared to wildtype [228], supporting
the hypothesis that endocrine-resistant tumors potentially evolve mechanisms to main-
tain low ROS levels with a pivotal role of GLYATL1. This antioxidative capacity poten-

tially modulates the activation of downstream effector pathways.
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5.6 GLYATL1 Contributed to Epigenetic Reprogramming

One possible influence of altered oxidative stress levels is on the activity of histone
modifiers and downstream histone modifications. Epigenetic-focused cytometry by
Time-of-Flight (EpiTOF) revealed significant alterations in H3K27 acetylation and de-
methylation, H3K4 trimethylation, and H3K64 acetylation (Figure 37). These histone
residues showed enhanced modification levels in the MCF7 LTED cells compared to
wildtype cells and decreased levels in response to GLYATL1 knockout. Thus,
GLYATL1 not only influences the previously analyzed H3K9 and K14 acetylation status
[131] but also causes the remodeling of more histone residues in endocrine therapy-

resistant breast cancer cell lines.

H3K27 acetylation was found associated with enhancer and promoter regions trigger-
ing activation of target gene expression. Remodeling of H3K27 acetylation status was
previously observed in the context of endocrine therapy resistance, as tamoxifen and
fulvestrant-resistant cells both demonstrated gained acetylation, which resulted in
gained chromatin interaction with high enrichment in active enhancer marks [229]. Fur-
thermore, inhibition of EP300/CREBBP, which primarily catalyzes H3K27 acetylation,
significantly suppressed breast cancer growth in vitro and in vivo [230, 231], strength-
ening the importance of H3K27 acetylation in tumor growth and progression. Thus, the
GLYATL1-influenced H3K27 acetylation in the LTED cells could promote the re-

sistance phenotype and contribute to accelerated tumor growth.

While EP300 expression was not significantly altered in response to GLYATL1 disrup-
tion, CREBBP was found to be significantly downregulated in response to GLYATL1
knockdown and borderline not significant in GLYATL1 knockout cell lines compared to
LTED cells (Figure 44). Although altered expression does not imply altered activation,
the expression pattern could hint at possible drivers acting on the histone residues.
Furthermore, the expression of HDAC2 and HDAC3, which were found to deacetylate
H3K27 histone residue [232, 233], were upregulated in GLYATL1 knockout cell lines
compared to LTED cells. Elevated ROS levels, as observed in the knockout cell lines,
have been shown to contribute to HDAC activity including activation of HDAC3 [234].
Thus, GLYATL1 could influence H3K27 acetylation by diminishing oxidative stress lev-
els and consequently decreasing the activity of HDACs. Conversely, the downregula-
tion and missing activation of HDAC2 and HDAC3 accompanied by the upregulation
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of CREBBP in the LTED cells could shift the balance of H3K27 residue to a more

acetylated status.

My results also indicate that H3K27 dimethylation follows the same trend as H3K27ac.
Since the same H3K27 residue could only be either acetylated or methylated, this re-
sult indicates, that the changes were potentially not globally homogenous but rather
locally distinct. In contrast to acetylation of this residue, dimethylation is a marker of
gene repression, which could promote breast tumorigenesis by negatively regulating
tumor suppressor gene expression [235]. However, downstream analyses are neces-
sary, to identify the affected genes by H3K27 acetylation and demethylation in LTED

cells.

H3K27me2 is mainly demethylated by KDM6 [236, 237]. In the cell, the activity of
KDM6 is regulated by various factors including succinate, which has been shown to
inhibit the activity of KDMG6 [238]. As described in section 5.4, succinate is accumulated
solely in the LTED cells, and this accumulation was reverted in the GLYATL 1 knockout
cells. Therefore, elevated levels of succinate potentially inhibited the function of KDM6,
thereby maintaining H3K27 dimethylation in the LTED cells. Conversely, GLYATL1
knockout led to diminished succinic acid abundance within the cells, which could ef-
fectively reverse the inhibitory effect and enable KDM6 to demethylate H3K27 as ob-

served in the EpiTOF experiment.

Furthermore, the EpiTOF experiment revealed significant changes in H3K4 trimethyl-
ation, a marker related to active transcription. High trimethylation of this residue, as
observed in the LTED cells, significantly correlated with shorter survival rates, shorter
progression-free survival, and oncogenic progression in breast cancer [239, 240]. Re-
cent studies in melanoma cells revealed that H3K4 trimethylation contributed to drug
resistance by upregulation of the proliferative capacity in slow-cycling drug-tolerant
persister cells [241]. In line with this study, downregulation of H3K4me3 enhanced re-
sponse to fulvestrant and reduced tumor growth and invasiveness in breast cancer cell
lines by regulating cancer stemness [242]. Thus, the partial re-sensitizing to antiestro-
gens in response to GLYATL1 knockout could partially be induced by H3K4 demethyl-

ation.
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In prostate cancer, the H3K4 trimethylation was found to be influenced by the TGF(3
pathway [243]. Similar mechanistic influence could be possible in the resistant cells,

as TGFp signaling was predicted to be more active in the LTED cells (Figure 42).

Histone H3K4 is primarily methylated by complexes of histone methyltransferase 2
(KMT2) family proteins. The activity of these complexes was shown to be triggered by
H2B ubiquitination [244]. Although the ubiquitination levels of H2B were not determined
in this study, proteome data potentially hint at alterations in the ubiquitination status of
H2B. In the proteome data, LEO1 expression was found to be elevated in the LTED
and downregulated in both GLYATL1 knockout cell lines. LEO1, also known as RNA
Polymerase-associated protein LEO1 homolog, is a component of the RNA Polymer-
ase ll-associated factor (PAF) complex involved in promoting histone modifications
such as H2B ubiquitination [245-247]. Thus, the upregulation of LEO1 in the LTED
cells might indicate increased ubiquitination of H2B, which further could stimulate
H3K4 trimethylation in the resistant MCF7 cell line.

Moreover, the KDM5 family of demethylases plays a crucial role in modifying the meth-
ylation status of histone H3 at lysine 4 [248]. The mRNA levels of KDM5B and KDM5C
were increased in the GLYATL1 knockout cell lines (Figure 44), which could conse-
quently lead to diminished H3K4me3 levels as observed in the EpiTOF experiment.
Similar to KDMB6, the activity of KDM5 proteins is inhibited by elevated succinate levels
in the cell [215, 249]. Thus, GLYATL1-influenced succinate accumulation could lead
to the inhibition of KDM5 abolishing H3K4 demethylation, which results in the observed

increase of H3K4me3 levels in the LTED cells.

The final histone residue that showed significant changes in response to GLYATL1
knockout in both EpiTOF runs was H3K64. Acetylation of H3K64 is associated with
open chromatin and active transcription, particularly enriched at enhancer regions
where it colocalizes with H3K27ac [250]. In MCF7 cells, both H3K64 and H3K27 acet-
ylation levels followed a similar pattern, with lower levels observed in both wildtype and
GLYATL1 knockout cells. Furthermore, Spearman correlation analysis correlation
analysis revealed a strong positive link between H3K27ac and H3K64ac in MCF7 cell
lines (Figure 38). This suggests that H3K64 acetylation might enhance and amplify the

resistance-promoting effects of H3K27ac target genes.
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Further exploration of the downstream effects of these histone markers through ChIP-
Sequencing could provide deeper insights into their potential roles in resistance mech-
anisms. Furthermore, RNA sequencing uncovered further deregulated histone modifi-
ers, which are not known to directly influence the four histone modifications previously
discussed (Figure 44). While this study did not assess the activity of these histone
modifiers, their deregulation could imply a broader level of epigenetic reprogramming
that was not fully detected in this study. As already indicated, these histone residues
are potentially not globally reprogrammed, but rather local. Thus, the expected
changes could be rather small and masked by limitations in for example antibody qual-

ity or reproducibility between the runs, making them difficult to analyze.

To address distinct clusters with specific epigenetic characteristics, we performed an
unsupervised clustering approach based on the histone modifications. However, the
batches significantly varied between the two EpiTOF runs, and no common trend could
be observed. Although the EpiTOF method allows high-dimensional and detailed data
generation on a single-cell level, it is highly sensitive to variability between runs. To
improve reproducibility normalization beads and anchor samples can help to estimate

batch effects and achieve reliable data sets [251, 252].

Moreover, the cytometry by time-of-flight technology is mostly used to characterize
heterogeneous samples, such as immune cell subsets or the cellular diversity in com-
plex cell populations. In this scenario, high diversity between the different cell popula-
tions which are characterized by distinct marker expressions is expected. However,
the diversity of cell populations within one cell line, as | used, is substantial smaller.
This reduced diversity within a cell line compared to across different cell types likely

makes it more challenging to define distinct clusters using unsupervised methods.

5.7 GLYATL1 Expression Negatively Influence p53 Pathway

Activation

To evaluate the downstream effects of GLYATL71-influenced accumulation of succin-
ate, diminished ROS levels, and the identified histone modifications, | performed RNA

sequencing and full proteome analysis with subsequent pathway and gene set enrich-
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ment analysis and pathway analysis. The principal component analysis using the pro-
teome data revealed a significant distinction between wildtype cells and the LTED
cells, as well as the two GLYATL1 knockout cell lines, primarily along the PC1 axis,
which accounts for nearly 40% of the total variance (Figure 45A). Additionally, the PC2
axis further differentiated the LTED cells from the GLYATL1 knockout lines; however,
it did not provide additional separation between the knockout lines and the wildtype
cells. Since the GLYATL1 knockout cell lines were derived from the LTED cells, this
could explain their closer proximity and the major separation to the wildtype cells.
Moreover, knockout of GLYATL1 reverted, to some extent, the status of the gene ex-
pression network back to the wildtype state as indicated by the absence of a significant
shift on the PC2 axis. This reversion could indicate that GLYATL1 seems to have major
impact on this network. Furthermore, the reversion of protein expression could be ob-

served in the downstream pathway analysis for example the p53 pathway.

In the LTED cells, p53 pathway-associated genes were negatively enriched compared
to wildtype cells. Conversely, genes of this gene set showed a positive enrichment in
the comparison of GLYATL1 KO2 versus LTED cells (Table 11). This significant posi-
tive enrichment could be further validated and expanded to both GLYATL7 knockout
cell lines and in response to GLYATL 1 knockdown using the transcriptomic data (Fig-
ure 41). Furthermore, analysis of this data set predicted p53 as the only shared upreg-
ulated pathway in response to GLYATL1 knockdown and knockout (Figure 42) and a
predicted upregulation of TP53 transcription factor activity in GLYATL1 KO2 cells (Fig-
ure 43). Collectively, high GLYATL1 expression, as observed in the LTED cells, nega-
tively influenced p53 pathway activation. This negative influence is abolished upon
GLYATL1 knockdown and persisted even after long-term adaptation to GLYATL1

knockout.

The tumor suppressor protein p53, commonly referred to as the “guardian of the ge-
nome”, is a crucial regulatory protein and plays a major role in maintaining genome
stability and preventing cancer development [253]. In response to cellular stress, p53
transcriptionally activates genes involved in various biological responses including
DNA damage response [254], cell cycle inhibition [255], senescence [256], and apop-
tosis [257, 258].
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Given that GLYATL1 is localized in the mitochondria, its effect on p53 activation is
likely indirect, potentially involving a signaling cascade or second messengers. P53
can be activated by several stimuli, including DNA damage, and stress-activated ki-
nases. Elevated oxidative stress levels can induce DNA damage and mediate phos-
phorylation of p53 ultimately leading to activation of p53 [259, 260]. Therefore,
GLYATL1 disruption could induce p53 pathway activity by increased oxidative stress
levels due to potential low antioxidative capacity. The activation of this tumor suppres-
sor pathway may contribute to abolishing cancer development and re-sensitization to
antiestrogen treatment by activating cellular checkpoints and damage response mech-

anisms.

MDM2, a negative regulator of p53, promotes p53 degradation and inhibits its tumor-
suppressive function [261, 262]. Inhibiting MDM2 has emerged as a promising thera-
peutic strategy in cancer treatment, especially for overcoming challenges associated
with directly targeting nuclear p53 [263]. MDMZ2 inhibition in combinational therapy with
fulvestrant successfully induced cell cycle arrest through inhibition of E2F targets and
G2M checkpoint signaling, and significantly reduced tumor growth accompanied by
reduced Ki-67 levels in resistant patient-derived xenografts models [264]. Similar ef-
fects on cell cycle and proliferation were observed in GLYATL1 knockout and knock-

down cell line models.

5.8 GLYATL1 Contributed to Proliferation in Endocrine Therapy-

Resistant Cells

Negative enrichment scores were consistently observed for genes of the G2M check-
points and E2F target gene sets in both knockout cell lines and following GLYATL1
knockdown using the RNA sequencing data (Figure 41) and partially validated using
proteome data (Table 11). Specifically, the E2F transcription factors (E2F1-4), which
are pivotal for driving the cell cycle from G1 to S phase [265-267], showed reduced
activity in response to GLYATL1 disruption (Figure 43). High E2F activity has been
linked to poor response to Al treatment and resistance, as E2F transcriptional activity
can drive cell cycle progression and proliferation in an estrogen-independent manner

[268, 269]. This estrogen-independent E2F activation allows cancer cells to bypass the
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growth-inhibitory effects of endocrine therapies. Therefore, GLYATL1 downregulation
may reduce the proliferative capacity of LTED cells by decreasing the activity of E2F
transcription factors and G2M checkpoint genes, potentially through p53 pathway ac-

tivation, which could indicate a proliferation-supportive role of GLYATLA1.

Moreover, EpiTOF analysis revealed Ki-76 highest levels in wildtype cells and de-
creased levels in LTED cells, with a further decrease upon GLYATL 1 knockout (Figure
37). As a maker of cell proliferation [270, 271], high Ki-67 levels in wildtype cells indi-
cate higher proliferative properties compared to LTED cells. The reduction of Ki-67
levels upon GLYATL1 knockout is consistent with the experimental observation of re-
duced proliferative behavior in the GLYATL1 knockdown (Figure 18) as well as the
GLYATL1 knockout cells (Figure 20).

5.9 GLYATL1 Modulates Activity of TGF Pathway and Associated

Effectors

Pathway analysis following the disruption of GLYATL1 using PROGENYy identified ad-
ditional altered pathway activities. This analysis predicted a significant upregulation of
the TGF signaling pathway in the LTED compared to wildtype cells. Conversely, a
consistent downregulation of TGFp was the only pathway observed in both knockout
clones and knockdown cells (Figure 42). This anti-correlation of GLYATL1 expression
and TGF activation suggests an inhibitory effect of GLYATL1 on the TGF[ activity.

TGFB is known for its dual role in cancer, acting as a tumor suppressor in the early
stage and a promoter of tumor progression and drug resistance in the advanced stage
[272, 273]. In advanced and resistant cancer cells, TGF[ signaling promotes epithelial-
mesenchymal transition, angiogenesis, and immune suppression, thereby facilitating
invasion, metastasis, and tumor growth [274, 275]. The observed downregulation of
TGF activity upon GLYATL1 knockdown and knockout suggests a reduction in these
tumor-promoting effects, which could potentially enhance antiestrogen treatment effi-

cacy.

TGF signaling is initiated by dimerization of TGF[3 receptors, leading to the phosphor-
ylation of downstream receptor-regulated SMAD proteins (SMAD1, 2, 3, 5, 8). These
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phosphorylated SMADs then form a complex with SMAD4 and translocate into the nu-
cleus, where the complex regulates the expression of target genes in a cofactor-de-

pendent manner [276].

In this study, transcription factor activity predictions indicated significant downregulated
activities of several SMAD transcription factors following GLYATL1 disruption (Figure
43). Specifically, the activity of SMAD5 was downregulated in both GLYATL1 knock-
down and knockout cells, while SMAD1 activity was downregulated only in knockout
cell lines, and SMAD3/4 activity was uniquely downregulated in the GLYATL1 KOZ2 cell

line.

This altered SMAD activity pattern could suggest a pronounced impact on bone mor-
phogenetic protein (BMP) signaling, particularly through SMAD1/5/8, which are key
mediators of BMP-responsive gene expression. Consistent with this, | observed signif-
icant downregulation of BMP7 and BMP4 following GLYATL1 disruption, although
BMP4 downregulation was not statistically significant in knockdown cells (Data not
shown). This downregulation of this pathway is further supported by the decreased
activation of the transcription factors Inhibitors of Differentiation 1-4 (ID1-4) in both
GLYATL1 knockout cell lines (Figure 43), whose expression is regulated by BMP4 and
BMP7 signaling [277].

Despite a potential activation of the BMP signaling, transcription factor activity predic-
tion indicated a significant downregulation of GLI2 activity in response to both
GLYATL1 knockdown and knockout. GLI2, which is activated downstream of SMAD3,
regulates the expression of genes including GLI1, which are involved in various re-
sponses including migration and cell growth [278-280]. The activation of this cellular
pathway is further supported by the predicted downregulation of GLI1 transcription fac-

tor activity observed in GLYATL1 knockdown cells (Figure 43).

These findings imply that GLYATL 1 upregulation in MCF7 LTED cells could modulate
the cellular response to endocrine therapy by upregulating the tumor-promoting TGFf3

pathway and affecting key downstream effectors such as BMPs and GLI2.

However, the precise mechanism of how GLYATL1 influences TGF( pathway activity

remains unclear. A possible mechanism for how increased GLYATL1 levels could me-

diate TGFB activation is through the accumulation of succinate as observed in the

LTED cells (compare section 5.4). In colorectal cancer, the knockdown of SDHB and
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the consequent accumulation of succinate led to hyperactivation of the TGFR signaling
pathway [219]. Thus, a similar mechanism could happen in the LTED cells, where

GLYATL1 elevates the succinate levels and consequently activates the TGFR signal-

ing.

5.10 GLYATL1 Expression Anticorrelates with JAK-STAT Signaling

In addition to the discussed deregulated pathways, cytokine-mediated pathways that
trigger JAK-STAT activation were commonly overrepresented in the GLYATL1 knock-
out cell lines and showed a reverse enrichment in the LTED compared to wildtype
levels (Figure 41A and Table 11). Consistently, the PROGENYy algorithm revealed a
strong activation of the JAK-STAT signaling pathway in both GLYATL1 knockout cell
lines and the reverse pattern in LTED compared to wildtype cells (Figure 42). Addition-
ally, STAT1 and STAT2 transcription factors were predicted to be more active in the
knockout cell lines (Figure 43) underlining the negative influence of GLYATL1 expres-
sion on JAK-STAT signaling. In contrast, the STAT2 transcription factor activity is sig-
nificantly reduced in the LTED cells compared to wildtype (see 4.15) supporting the
inhibitory effect of GLYATL1 expression on JAK-STAT signaling.

The JAK-STAT signaling pathway is activated in response to ligand binding to mem-
brane receptor tyrosine kinases. The noncovalently bound cytosolic Janus kinases
(JAKs) get activated and phosphorylate tyrosine residues of the cytosolic domain of
the receptor. This phosphorylation residue provides a docking site for the signal trans-
ducers and activators of transcription (STATs), which are subsequently phosphory-
lated by JAK. Consequently, STATs can dimerize in homo- or heterodimers and trans-

locate into the nucleus to mediate transcription of target genes [281, 282].

Beyond activation of antiviral response, JAK-STAT signaling is known for its antitumor
effects. Activated STATSs, especially STAT1 and STAT2, control tumor growth by sup-
pressing transcription of major cell cycle components, such as cyclins or c-Myc [283],
or promoting transcription of the CDK inhibitor p21 [284, 285]. Additionally, the anti-
tumor response mediated by JAK-STAT signaling can promote cell death by inducing
the formation of protein caspase 1 and 11 [286] and inhibiting the expression of anti-
apoptotic Bcl-2 and Bcl-x genes [287]. Therefore, the diminished JAK-STAT signaling
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in the LTED cells could contribute to tumor progression by promoting cell cycle pro-
gression and inhibiting apoptosis. Conversely, GLYATL1 knockdown and knockout
could abolish this effect, which is consistent with the observed reduction in proliferation

(Figure 18, Figure 20) and the enrichment of genes involved in apoptosis (Figure 41).

However, the role of JAK-STAT signaling in cancer is complex and highly dependent
on the cellular context. Enhanced JAK-STAT was shown to contribute to Al-resistant
phenotype by direct interaction and activation of the estrogen receptor by STAT1 [288].
This contradictory finding highlights the need for further studies to validate the cellular
response to JAK-STAT deregulation in the LTED and GLYATL1 knockout cell lines.
Targeting different players of the JAK-STAT pathway, such as JAK1/2 by the specific
inhibitor Ruxolitinib [289], could help to understand the effect on cell cycle progression,
apoptosis, and tumorigenesis in this specific cellular context. Additionally, the mecha-
nism of how GLYATL1 influences the activation of STATs remained elusive. Since
members of the STAT family, such as STAT1, were shown to be activated in response
to increased ROS levels [290], a similar activation mechanism could be possible as a

GLYATL1-dependent decrease in ROS levels was observed in LTED cells.

5.11 Clonal Heterogeneity in GLYATL1 Knockout Cell Lines

While both GLYATL1 knockout cell lines exhibited disruptions in the discussed path-
ways, principal component analysis of transcriptomic and proteomic data revealed sig-
nificant differences between two GLYATL1 knockout cell lines. In the PCA analysis
utilizing transcriptomic data, the knockout cell lines exhibited a shift along the PC2 axis,
which accounted for 17.82% of the total variance (Figure 40A). Since wildtype samples
were included in the proteomic data, a clear separation of the two knockout cell lines
was observed along the PC3 axis explaining 13.9% of the variance (Figure 45A).
These shifts indicate distinct alterations between the two knockout cell lines, which led
to significant changes in downstream analyses of transcription factor and pathway ac-

tivation, including the activation of the estrogen-signaling pathway.

Specifically, the GLYATL1 KO2 cell line shows downregulated estrogen signaling, as
indicated by PROGENYy pathway predictions (Figure 42) and GSEA using proteome
data (Table 11). In contrast, the GLYATL1 KO1 cell line demonstrates an upregulation
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of estrogen signaling. This increase in estrogen signaling is further supported by GSEA
analysis using transcriptomic data (Figure 41) and increased ESR1 transcription factor
activity, as predicted by the DoRothEA algorithm (Figure 43). Additionally, the estrogen
receptor exhibited the highest levels in GLYATL1 knockout clone 1 in the EpiTOF ex-

periment (Figure 37), whereas clone 2 showed similar low levels as LTED cells.

As already discussed, the estrogen receptor could be activated by metabolites of the
cholesterol biosynthesis and STAT1 (compare 5.2 and 5.10). Compared to the LTED
cells, cholesterol biosynthesis was not further upregulated in the GLYATL1 KO1 cell
lines (Data not shown). Furthermore, the STAT1 expression levels and activity levels
are similar in both knockout cell lines. Thus, the upregulation of estrogen receptor sig-
naling is potentially a result of other cellular adaptations, which are exclusive in the
GLYATL1 KO1 cell line, highlighting a clonal heterogeneity between the two knockout
cell lines. This heterogeneity is further evidenced in the metabolome data, where
GLYATL1 KO2 shows significant metabolic alterations compared to LTED, while these
changes could not be observed in GLYATL1 KO1 (Figure 29).

Based on Sanger sequencing both clones share the same 20 bp homozygous deletion
in exon 4 (Figure 19), raising the question of whether the two clones originated from
the same progenitor cell and diverged over time, or if the clones originated from differ-
ent progenitor cells. In the case of different progenitor cells, possible off-target effects

of the sgRNA have to be taken into account.

The discrepancy in behavior between the two knockout cell lines raises the possibility
that the observed unique differences might not be attributable to GLYATL1 knockout
but could also involve compensatory mechanisms unique to each clone. Further stud-
ies involving additional GLYATL1 knockout cell lines are necessary to determine
whether the unique patterns observed in these clones are directly related to the func-
tion of GLYATL1 or resulted from other adaptive processes. Furthermore, whole ge-
nome sequencing could indicate possible mutations that drive unique downstream pat-

terns.
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5.12 Adaptive Cellular Responses to Partial versus Complete
GLYATL1 Loss

In addition to the observed discrepancy between the two GLYATL 1 knockout cell lines,
the comparison of partial versus complete loss of GLYATL 1 expression reveals signif-
icant transcriptomic changes and differences in activated pathways and transcription
factors. While GLYATL1 knockout induces maijor transcriptomic changes as indicated
by the shift at the PC1 axis explaining over 50% of the variance in the PCA plot, the
knockdown samples (siGLYATL1) and the transfection control (siControl) are only
slightly separated as indicated by a minor shift along the PC2 axis (Figure 40A). Spe-
cifically, the transcriptomic analysis identified the deregulation of approximately 200
genes unique to GLYATL 1 knockdown conditions. In contrast, more extensive changes
were observed in both GLYATL1 knockout cell lines, with over 700 consistently dereg-
ulated genes with a relative fold change of at least 1. Only 42 genes (27 downregulated
and 15 upregulated) were commonly affected by partial and complete loss of GLYATL1
expression, indicating a limited overlap in the gene expression profiles between these

two models (Figure 40).

Consequently, this expression pattern also influences transcription factors and path-
way activities. For instance, the WNT signaling pathway was predicted to be downreg-
ulated (Figure 42) in line with less active transcription factors like R-catenin, SOX9,
MYC, and FOXO3 in knockdown cells (Figure 43), potentially leading to reduced cell
proliferation and differentiation. However, this pathway activity was not significantly
altered in the LTED cells or in response to GLYATL1 knockout. Furthermore, GSEA
analysis highlighted the upregulation of Notch signaling and downregulation of Hedge-
hog signaling in GLYATL 1 knockdown conditions (Figure 41). The inverse correlation
of these enrichments suggests an interplay between these pathways, where Notch
signaling negatively influences Hedgehog signaling. This interaction has been previ-
ously documented, indicating that Notch signaling can suppress the expression of

Hedgehog components [291].

Furthermore, among the unique deregulated transcription factors in response to

GLYATL1 knockdown, nine transcription factors exhibited a reverse activation pattern
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in either one GLYATL1 knockout cell line or in both, suggesting that GLYATL1 knock-
out induces an adaptive response that partially alters the initial effects seen with knock-

down.

Taken together, these transcriptomic changes suggest that short-term reduction of
GLYATL1 via RNAI induces a distinct and potentially transient cellular response that is
partially retained, or even reversed in GLYATL1 knockout conditions over time. This
could indicate an adaptive mechanism in response to complete GLYATL1 knockout
over time, allowing the cells to compensate for the loss of GLYATL1 expression. The
exclusive deregulation in knockout cell lines could further indicate that the residual
GLYATL1 expression in the knockdown conditions could retain some protein function

that is entirely lost in the GLYATL1 knockout cell lines.
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6 Conclusion and Outlook

In my study, | revealed functional insights into a previously under-characterized pro-
tein, GLYATL1, within the context of endocrine therapy resistance. My findings demon-
strate that GLYATL1 expression is significantly elevated in resistant cell lines and reg-
ulated by estrogen supply and the luminal transcription factors ESR1 and FOXA1.
While overexpression of GLYATL1 alone did not induce a resistant phenotype, knock-
out led to notable epigenetic reprogramming, specifically affecting the H3K27, H3K4,
and H3K64 histone marks. This reprogramming was accompanied by the activation of
p53 and JAK-STAT signaling pathways and the downregulation of E2F targets and the
TGFB pathway, which ultimately could contribute to the observed partial re-sensitiza-

tion to endocrine therapy.

Due to the distinct localization of GLYATL1 in the mitochondria, the alterations in path-
way activation and epigenetic modifications might be due to a secondary effect trig-
gered by GLYATLA1. | could observe that GLYATL1 contributed to succinate accumu-
lation and played a role in modulating basal oxidative stress levels, potentially by cat-
alyzing the generation of antioxidants. Further studies are necessary to elucidate the
direct mechanism and the involvement of GLYATL1 in the complex interplay of succin-
ate, ROS, epigenetic modifications, and deregulation of signaling pathways. Expanded
analysis of potential substrates of GLYATL1, such as aryl-CoA or long-chain fatty acyl-
CoA, and glutamine tracing could provide deeper mechanistic insights into endocrine
therapy-resistant cell lines. Moreover, the possible direct effect of diminished oxidative
stress and accumulated succinate on downstream effector pathways requires further
investigation. Based on the literature possible connections of the observed deregula-
tion of p53, TGFB, and JAK-STAT pathways could be mediated by altered ROS or
succinate levels, however, this needs to be experimentally verified in the used cellular

context.

The activation of the potential downstream pathways is predicted by several algorithms
based on RNA sequencing and full proteome data. Further analysis of the involved
proteins using Western blots or phospho-proteomics to determine the activation of key
kinases could further support the deregulation of these pathways to strengthen the

predicted findings.
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Conclusion and Outlook

Additionally, conducting ChIP-sequencing with the identified histone marks could pro-
vide valuable insights into the role of epigenetic regulation at the individual gene and

at specific pathway levels.

Identification of the missing link in the role of GLYATL1 as a potential maintenance
protein of the endocrine therapy-resistant phenotype could help to understand the mo-
lecular reshaping in resistant cells and provide potential targeting strategies for the

treatment of resistant tumors.
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Supplementary Data

Supplementary Table 1: Gene set enrichment analysis of RNA sequencing data
using the hallmark gene collection from the Molecular Signature Database.
Analysis was performed with significant (padj<0.05) expressed genes across the in-
dicated comparisons. Normalized Enrichment Score (NES) and the False Discovery
Rate (FDR) g-value are indicated with statistically significant scores (FDR g-
value < 0.25) written in bold text.

siGLYATL1 GLYATL1 GLYATL1

vs siControl KO1 vs LTED KO2 vs LTED

FDR FDR FDR
Pathway NES NES NES

q-val q-val q-val
MITOTIC_SPINDLE -1.52 0.108 -1.01 0.778 -0.97 0.91
G2M_CHECKPOINT -1.49 0.097 -1.44 0.161 -1.70 0.008
E2F_TARGETS -1.48 0.081 -1.44 0.225 -1.92 0.001
TNFA_SIGNAL- 119 0.281 1.23 0.210 1.34 0.158
ING_VIA_NFKB
INFLAMMATORY _ 1.61 0.064 1.17 0.272 1.72 0.004
RESPONSE
INTERFERON_ALPHA _ -1.06 0.705 1.97 <0.0001 2.51 <0.0001
RESPONSE
INTERFERON_GAMMA _ 1.31 0.176 1.8 0.004 2.54 <0.0001
RESPONSE
P53 PATHWAY 1.61 0.045 1.3 0.192 143 0.077
APOPTOSIS 116 0320 1.43 0.111 1.52 0.051
IL2_STATS5_SIGNALING -1.29 0312 14 0.125 145 0.075

IL6_JAK_STAT3_SIGNALING 1.39 0.146 096 0.567 1.77  0.002
ANGIOGENESIS 1.54 0.059 1.51 0.065 1.83 0.001

ESTROGEN_RE- 1.25 0.213 1.65 0.022 1.11 0473
SPONSE_EARLY

164



Supplementary Data

ESTROGEN_RE-
SPONSE_LATE

EPITHELIAL_MESENCHY-
MAL_TRANSITION

NOTCH_SIGNALING

HEDGEHOG_SIGNALING

1.34

1.65

-1.40

0.369

0.172

0.082

0.150

1.39

1.31

-1.23

1.03

0.118

0.199

0.669

0.523

0.459

0.413

0.447

0.748
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