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Abstract

Ferroptosis is a recently discovered mechanism of regulated cell death that occurs

due to the excessive peroxidation of plasma membrane lipids. This reaction depends

on catalysis by intracellular ferrous iron (Fe2+) and is counteracted by antioxidant

defense systems. Transferrin receptor 1 (TFRC) is an essential contributor to

intracellular iron metabolism because it facilitates the import of extracellular iron.

Unsurprisingly, the overexpression of TFRC is an accurate marker of ferroptosis.

Recent findings highlight the potential involvement of TFRC recycling in ferroptosis

regulation. In particular, sorting nexin 3 (SNX3), a component of the retromer

complex responsible for retrograde trafficking of TFRC, has been implicated in

ferroptosis-induced cardiomyopathy. This makes SNX3 a potential target for

therapeutic intervention or a marker of ferroptosis sensitivity. SNX3 expression is

correlated with increased iron burden and epithelial–mesenchymal transition in

breast cancer patients. Therefore, we hypothesize that SNX3 could play a role in

promoting cancer development by increasing the amount of intracellular iron.

Moreover, SNX3 might also sensitize cancer cells to ferroptosis-inducing agents.



Introduction

1. Cell death

Cell death is a fundamental biological process inherent to all living organisms. In

animals, it has diverse functions in development, homeostasis, and pathology. Cell

death pathways can be broadly classified as accidental (ACD) or regulated cell death

(RCD) pathways (Galluzzi et al., 2018). ACD is uncontrollable and occurs when cells

are exposed to harsh conditions, such as toxic chemicals or mechanical stresses. It

causes permanent cell injury and is characterized by organelle swelling, plasma

membrane rupture, and the release of intracellular components into the surrounding

environment. In contrast, RCD is tightly regulated by genetically programmed

mechanisms.

The first discovered and most extensively characterized type of RCD is apoptosis

(Kerr et al., 1972). Apoptosis plays a central role in embryonic development,

maintenance of tissue equilibrium, disease, and ageing. It is also the body’s primary

mechanism for the controlled removal of unwanted or damaged cells. The

morphology of apoptotic cells includes membrane blebbing, cell shrinkage, nuclear

condensation, and the formation of apoptotic bodies (Galluzzi et al., 2018). The

mechanism of apoptosis involves the action of proteolytic caspases. In contrast to

RCD, it is tightly controlled and accurate, ensuring mostly nonimmunogenic and

clean removal of cells.

Dysregulation of apoptosis leads to a variety of pathological conditions. Most notably,

disruption of apoptosis is a necessary step in the development of cancer (Hanahan &

Weinberg, 2000). Cancer cells rely on the suppression of apoptotic mechanisms to

survive and proliferate. Consequently, controlled induction of apoptosis is a

commonly used strategy for cancer treatment.

In recent decades, many discoveries have been made in relation to other kinds of

RCD. Pathways such as ferroptosis, pyroptosis, and parthanatos occur in specific

contexts and employ mechanisms distinct from apoptosis (Galluzzi et al., 2018).

These new pathways have been implicated in many diseases, including

neurodegenerative disorders, cardiomyopathy, autoimmune and infectious diseases,

and cancer. These pathways offer new targets for therapeutic interventions.

https://www.zotero.org/google-docs/?3MDaRS
https://www.zotero.org/google-docs/?BJq3RP
https://www.zotero.org/google-docs/?QHoz1v
https://www.zotero.org/google-docs/?1tFn9O
https://www.zotero.org/google-docs/?1tFn9O
https://www.zotero.org/google-docs/?QXqqNw


Particularly in the context of cancer treatment, drugs targeting new types of RCD can

help us overcome frequent cases of resistance to drugs that promote apoptosis.

2. Ferroptosis

Ferroptosis is a distinct mechanism of RCD that depends on iron, a process first

characterized by Stockwell and his team in 2012 (Dixon et al., 2012). Unlike

apoptosis, pyroptosis, and necroptosis, which are governed by genetically

programmed cascades of protein interactions, ferroptosis operates through metabolic

pathways. This form of cell death is marked by the accumulation of lethal lipid

peroxides, leading to alterations in mitochondrial morphology and, ultimately, the

breakdown of the plasma membrane. (Stockwell, 2022).

Mechanistically, ferroptosis involves the peroxidation of polyunsaturated fatty acid

phospholipids (PUFAs) facilitated by redox-active iron (Fe2+), which acts as a catalyst

(Gaschler & Stockwell, 2017). The reaction of iron with endogenous hydrogen

peroxide or superoxide, known as the Fenton reaction, produces highly reactive

radicals (Gaschler & Stockwell, 2017). These radicals can initiate a self-propagating

chain reaction, abstracting hydrogen atoms from membrane-localized PUFAs to

create toxic lipid peroxides (Gaschler & Stockwell, 2017). Further progression of this

reaction can be terminated upon the action of antioxidants, the cell’s primary defence

against oxidative damage, which work to scavenge radicals (Gaschler & Stockwell,

2017). Therefore, the balance between reactive oxygen species (ROS) production

and antioxidant defence mechanisms determines whether a cell will undergo

ferroptosis or survive (see Fig.1)

Figure 1. Mechanism of lipid peroxidation (adapted from Gaschler & Stockwell, 2017)

https://www.zotero.org/google-docs/?8P0ShO
https://www.zotero.org/google-docs/?3xPyZk
https://www.zotero.org/google-docs/?GsnXQd
https://www.zotero.org/google-docs/?sg8q36
https://www.zotero.org/google-docs/?z0s8OS
https://www.zotero.org/google-docs/?vEaYtf
https://www.zotero.org/google-docs/?vEaYtf
https://www.zotero.org/google-docs/?itvBjI


2.1. Ferroptosis and disease

Dysregulation of ferroptosis is linked to degenerative disorders such as Alzheimer’s

disease (AD), Parkinson’s disease (PD), Huntington's disease (HD), and amyotrophic

lateral sclerosis (ALS). Furthermore, it has been associated with complications

arising in ischemia-reperfusion diseases of the kidney and heart, as well as

autoimmune and infectious diseases (Amaral et al., 2019; Angelova et al., 2020; Bao

et al., 2021; Friedmann Angeli et al., 2014; Hambright et al., 2017; P. Li et al., 2021;

Sun et al., 2021; D. Wang et al., 2023; T. Wang et al., 2022). Conversely, the

suppression of ferroptosis can contribute to tumorigenesis (Ubellacker et al., 2020; Yi

et al., 2020). In fact, many types of cancers rely on antiferroptotic defence

mechanisms to survive metabolic and oxidative stresses that are intrinsic to their

distinctive biology (Lei et al., 2022). Therefore, developing therapeutic strategies that

either induce ferroptosis in cancer cells or inhibit ferroptosis in other disorders holds

considerable promise. However, realizing this potential requires substantial

improvement in our understanding of the mechanisms of ferroptosis and the context

in which it occurs.

2.2. The system Xc-—GSH—GPX4 axis is the central regulator of ferroptosis

Ferroptosis inhibition is primarily carried out by the enzyme glutathione peroxidase 4

(GPX4) (Friedmann Angeli et al., 2014; W. S. Yang et al., 2014). It is capable of

reducing toxic lipid hydroperoxides to nontoxic lipid alcohols (Brigelius-Flohé &

Maiorino, 2013; Gaschler & Stockwell, 2017).

The function of GPX4 relies on the activity of an upstream cell membrane protein

called the system Xc- (Sato et al., 1999). The system Xc- imports one molecule of

cystine into the cell while exchanging it for one molecule of intracellular glutamate.

The imported cystine molecule is then reduced to cysteine. Cysteine is in turn used

for the synthesis of glutathione (GSH). Then, GPX4 employs GSH as a substrate for

reducing lipid peroxides, a reaction that is unique even among glutathione

peroxidases (Brigelius-Flohé & Maiorino, 2013).

Additionally, GPX4 was found to regulate the activity of lipoxygenases (LOXs) —

enzymes that foster the peroxidation of PUFAs — underscoring the pivotal role of

GPX4 as a key regulator of ferroptosis (Kühn & Borchert, 2002; Seiler et al., 2008).

https://www.zotero.org/google-docs/?xofepP
https://www.zotero.org/google-docs/?xofepP
https://www.zotero.org/google-docs/?xofepP
https://www.zotero.org/google-docs/?a9XSLE
https://www.zotero.org/google-docs/?a9XSLE
https://www.zotero.org/google-docs/?UmXC5s
https://www.zotero.org/google-docs/?pPtDZu
https://www.zotero.org/google-docs/?E8BCni
https://www.zotero.org/google-docs/?E8BCni
https://www.zotero.org/google-docs/?gGwRhY
https://www.zotero.org/google-docs/?d8YLPV
https://www.zotero.org/google-docs/?OgXjrv


Consequently, the inhibition of the system Xc-—GSH—GPX4 axis represents a key

event in the initiation of ferroptosis. For example, inhibition of the uptake of cystine,

increased export of endogenous glutathione and upregulation of cysteine catabolism

have all been shown to deplete GSH reserves and subsequently induce ferroptosis

(Dixon et al., 2012; W. S. Yang et al., 2014). Similarly, inhibition of GPX4 — directly

or by RNA interference — is capable of promoting ROS accumulation and

subsequent ferroptosis (W. S. Yang et al., 2014).

On the other hand, maintaining the integrity and functionality of the system

Xc-—GSH—GPX4 axis is vital for ferroptosis evasion. This phenomenon is linked to

drug resistance in cancers and diminished cell mortality in degenerative disease

models (Banjac et al., 2008; L. Chen et al., 2022; Friedmann Angeli et al., 2019;

Viswanathan et al., 2017).

Figure 2. The system Xc-—GSH—GPX4 axis negatively regulates ferroptosis by

suppressing excessive peroxidation of phospholipids. Created using BioRender.com

https://www.zotero.org/google-docs/?LPMy3c
https://www.zotero.org/google-docs/?FT2kiB
https://www.zotero.org/google-docs/?4T1EIs
https://www.zotero.org/google-docs/?4T1EIs


2.3. Lipid metabolism generates drivers of ferroptosis

Execution of ferroptosis requires the peroxidation of membrane-localized PUFAs, a

process that is enabled through the inhibition of GPX4 (Hadian & Stockwell, 2023;

Stockwell, 2022). Nonetheless, the loss of GPX4 function alone is not sufficient for

inducing lipid peroxidation and subsequent ferroptosis. The functions of two more

enzymes, acyl-CoA synthetase long-chain family member 4 (ACSL4) and

lysophosphatidylcholine acyltransferase 3 (LPCAT3) are critical for the onset of

ferroptosis (Hashidate-Yoshida et al., 2015; Kagan et al., 2017; Kuwata et al., 2019).

These two enzymes facilitate the remodelling of PUFAs to PUFA-containing

phospholipids (PUFA-PLs) and their insertion into cellular membranes. Then,

processed and integrated PUFA-PLs can be oxidized and form toxic lipid peroxides

(see Fig. 3).

Functional ACSL4 and LPCAT3 were shown to be essential for the occurrence of

ferroptosis in GPX4-deficient cells (Dixon et al., 2015). Consequently, the inhibition of

either ACSL4 or LPCAT3 can result in ferroptosis resistance even in GPX4-deficient

cells (Doll et al., 2017; Reed et al., 2022). On the other hand, the upregulation of

ACSL4 has been associated with increased sensitivity to ferroptosis in a number of

disease models (Cheng et al., 2020; L. Liu & Kang, 2022; Miao et al., 2022; Qu et al.,

2021; Wu & Liu, 2021; Zhang et al., 2022).

Recent research identified that calcium-independent phospholipase A2β (iPLA2β)

can independently suppress ferroptosis (Chen et al., 2021). It reduces lipid

peroxidation by specifically hydrolyzing peroxidized phospholipid tails (Chen et al.,

2021; Sun et al., 2021). This suggests that the execution of ferroptosis is driven

specifically by membrane-incorporated lipid peroxides. For example, supplementing

ACSL4-deficient cells with PUFA-PL peroxides — but not PUFA peroxides —

significantly enhanced cell death from ferroptosis (Kagan et al., 2017).

To sum up, the processes of PUFA remodelling and incorporation into phospholipids

generate PUFA-PLs, primary substrates of peroxidation in ferroptosis. The resulting

membrane-localized lipid peroxides are the drivers of ferroptosis.

https://www.zotero.org/google-docs/?I1lr4e
https://www.zotero.org/google-docs/?I1lr4e
https://www.zotero.org/google-docs/?lUB7Nx
https://www.zotero.org/google-docs/?oalqEi
https://www.zotero.org/google-docs/?HWiDPx
https://www.zotero.org/google-docs/?89d4tV
https://www.zotero.org/google-docs/?89d4tV
https://www.zotero.org/google-docs/?E8YF6y
https://www.zotero.org/google-docs/?k0eTKx
https://www.zotero.org/google-docs/?k0eTKx
https://www.zotero.org/google-docs/?PI3vdA


Figure 3. Lipid metabolism generates substrates for lipid peroxidation in ferroptosis. Created

using BioRender.com

2.4. Role of iron metabolism and transferrin receptor in ferroptosis

The deposition of PUFAs onto cellular membranes and the impairment of antioxidant

defences do not culminate in the generation of toxic lipid peroxides on their own. The

initiation and progression of ferroptosis fundamentally rely on the accumulation of

intracellular iron, hence the name of this death pathway (Stockwell, 2022). Excessive

accumulation of intracellular iron has been linked to ferroptosis in studies of various

diseases, including cardiomyopathy, multiple sclerosis, and diabetic osteoporosis

among other disorders (Fang et al., 2019; Van San et al., 2023; Yang et al., 2022).

Moreover, elevated iron load is intrinsic to many types of cancer, such as liver and

breast cancers, presenting a significant vulnerability that is not typically targeted by

apoptosis-inducing therapies (Chen et al., 2021; Hino et al., 2022; Pinnix et al.,

2010).

Iron facilitates the oxidation of membrane-embedded PUFAs in several major ways:

1) by direct catalysis of the Fenton reaction by ferrous iron, and 2) by enabling

enzymes such as LOXs, which contain iron, to catalyze the oxidation of PUFAs

https://www.zotero.org/google-docs/?XQiHdu
https://www.zotero.org/google-docs/?Aeg3fB
https://www.zotero.org/google-docs/?sfCPQf
https://www.zotero.org/google-docs/?sfCPQf


(Dixon et al., 2012; Shah et al., 2018; Stockwell, 2022; W. S. Yang et al., 2016).

Accordingly, the neutralization of redox-active iron using iron chelators can effectively

inhibit ferroptotic cell death (Dixon et al., 2012; Kagan et al., 2017).

The intracellular metabolism of iron can roughly be categorized into import, storage,

utilization, and export of iron. Recognition of extracellular iron and its entry into the

cell is largely facilitated by the transferrin receptor 1 (TFRC) (Aisen, 2004). Iron in the

blood is bound by transferrin, a natural chelating plasma protein, which can be bound

by TFRC on the cell surface. The resulting transferrin-TFRC complex is then

endocytically internalized via the clathrin-mediated mechanism. Within the

endosome, the lower pH of the environment prompts iron (Fe3+) to dissociate from

transferrin. Then a ferrireductase STEAP3 colocalized on the endosomal membrane

reduces released iron to Fe2+. Subsequently, the divalent metal transporter 1 (DMT1),

also present on the endosomal membrane, relocates Fe2+ into the cytosol (see Fig. 4)

(Aisen, 2004; Ohgami et al., 2005). The TFRC and transferrin undergo recycling to

return back to the cell surface.

Within the cell, iron can exist in the form of redox-active ferrous iron (Fe2+) and

contribute to the labile iron pool. However, it is mostly stored in a complex with

ferritin, an iron-sequestering protein, due to labile iron’s ability to induce oxidative

stress (Arosio et al., 2009; Dixon & Stockwell, 2014). Excess ferrous iron can be

removed through ferroportin, an intermembrane exporter of unbound iron, in addition

to the sequestration by ferritin (Drakesmith et al., 2015). On the other hand, stored

iron can be released when needed via the autophagy-dependent degradation of

ferritin called ferritinophagy, as an additional source of ferrous iron besides the

TFRC-mediated import (Mancias et al., 2014). These and other mechanisms of iron

intake, storage, release, and export are carefully orchestrated by iron-regulatory

proteins (IRPs) and determine the redox balance of the cell, and by extension, its

susceptibility to ferroptosis (X. Chen et al., 2020; Feng et al., 2020; Gao et al., 2015;

Hou et al., 2016; L. Li et al., 2018). As such, cellular iron metabolism can be

modulated to selectively increase the susceptibility to ferroptosis in cancer or

decrease it in the context of other diseases.

https://www.zotero.org/google-docs/?7IXAQ1
https://www.zotero.org/google-docs/?t6O2vV
https://www.zotero.org/google-docs/?rcqEqq
https://www.zotero.org/google-docs/?SGXOTT
https://www.zotero.org/google-docs/?kgpifK
https://www.zotero.org/google-docs/?4e4wUF
https://www.zotero.org/google-docs/?FaEMXJ
https://www.zotero.org/google-docs/?u1w1UL
https://www.zotero.org/google-docs/?u1w1UL


Figure 4. Iron metabolism facilitates lipid peroxidation in ferroptosis. Created using

BioRender.com

3. Regulation of the iron metabolism by the retromer complex

Cells can regulate the intracellular concentration of iron in a number of ways. One of

them is by decreasing or increasing the presence of TFRC on the surface of the

plasma membrane, e.g., by altering the expression of TFRC. For instance, iron

regulatory proteins (IRPs) can promote TFRC expression by stabilizing its mRNA

(Anderson et al., 2012). Alternatively, the abundance of TFRC on the cell’s surface

can be affected by the activity of the endosomal sorting machinery.

When a cell surface receptor such as TFRC is endocytosed, it can either be recycled

back to the plasma membrane or undergo lysosomal degradation (Cullen &

Steinberg, 2018). The fate of the receptor is regulated in part by the retromer

complex, a highly conserved complex of proteins VPS26, VPS29, and VPS35. This

https://www.zotero.org/google-docs/?44tdhK
https://www.zotero.org/google-docs/?QCqqn6
https://www.zotero.org/google-docs/?QCqqn6


complex can associate with different cargo adaptor proteins called sorting nexins

(SNXs), which confer binding specificity to different internalized receptors.

The recycling of TFRC in particular is mediated by a complex of the retromer and

sorting nexin 3 (SNX3) (C. Chen et al., 2013). SNX3-deficiency in red blood cells

leads to the accumulation of TFRC in early endosomes, which hinders iron uptake

and causes haemoglobin defects. The SNX3-retromer recognizes a sorting motif of

TFRC, such as the Øx[L/M/V], in a pocket between SNX3 and VPS26 (Lucas et al.,

2016). The binding of SNX3-retromer leads to membrane tubulation (Leneva et al.,

2021). The resulting tubules undergo fission to produce cargo-transporting vesicles

(see Fig. 5) (Cullen & Steinberg, 2018). Finally, TFRC-containing vesicles are

directed to fuse with the plasma membrane by the exocyst complex (M. Chen et al.,

2022). The lack of SNX3 signalling marks the receptor for degradation by default.

Figure 5. Recycling of TFRC to the membrane is mediated by SNX3. Created using

BioRender.com

https://www.zotero.org/google-docs/?CxSBf6
https://www.zotero.org/google-docs/?Alr7E6
https://www.zotero.org/google-docs/?Alr7E6
https://www.zotero.org/google-docs/?OYU1sn
https://www.zotero.org/google-docs/?OYU1sn
https://www.zotero.org/google-docs/?nL0vZG
https://www.zotero.org/google-docs/?fUSJJw
https://www.zotero.org/google-docs/?fUSJJw


4. Role of SNX3 in ferroptosis

The accumulation of TFRC on the plasma membrane has been established as a very

accurate marker of ferroptosis (Feng et al., 2020). This could not be explained by

impaired internalization of the receptor. Therefore, it is possible that SNX3-mediated

recycling of TFRC is involved in ferroptosis. Indeed, recent findings indicate that this

exact mechanism is involved in doxorubicin-induced cardiomyopathy (Yu et al.,

2023). It was demonstrated that the silencing of SNX3 alleviated Dox-induced

cardiomyopathy. On the other hand, overexpression of SNX3 facilitated ferroptosis

and exacerbated cardiomyopathy by increasing the recycling of TFRC to the plasma

membrane.

This is an important implication for the development of cancer treatment as the

expression of SNX3 could be correlated with susceptibility to ferroptosis. For

example, in triple-negative breast cancer (TNBC) the expression of SNX3 is elevated

(Öyken, 2020). Similarly, breast cancer typically has a significantly increased iron

burden, possibly due to the SNX3-mediated recycling of TFRC. It is possible that

higher iron levels may upregulate the function of some histone demethylases, and

the initiation of subsequent epithelial-mesenchymal transition (EMT). This

mechanism has been described for CD44, another protein implicated in importing

extracellular iron (Müller et al., 2020). High expression of CD44 in breast cancer can

lead to increased tumorigenesis and metastases (X. Liu et al., 2019). Interestingly,

CD44 expression was shown to correlate with the expression of SNX3 in other

models of cancer (Cingöz, 2019). SNX3 is known to regulate the retrograde transport

of Wnt, which was also shown to regulate the activity of CD44 (Harterink et al., 2011;

Walter et al., 2022). Therefore, SNX3 might promote iron accumulation required for

cancer development via two distinct mechanisms, which at the same time might

render cells more sensitive to ferroptosis induction. Still, details of the relationship

between SNX3 expression, ferroptosis, and cancer progression remain unclear and

require further investigation.
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Hypothesis and aims

SNX3 is a protein that controls the recycling of TFRC, a receptor that imports

extracellular iron. Recent findings suggest that SNX3 induces ferroptosis by

increasing the recycling of TFRC. Both SNX3 and iron levels are elevated in breast

cancer, suggesting increased sensitivity to drug-induced ferroptosis. The functional

relation between SNX3 and ferroptosis in cancers remains to be elucidated. It is

possible that the facilitation of iron uptake by SNX3 allows cancer progression and

EMT. However, the excessive iron load associated with this process might render

cells more sensitive to ferroptosis-inducing agents. Therefore, the expression of

SNX3 might be a potential marker for ferroptosis sensitivity in tumors.

Hypothesis

We hypothesize that SNX3 might be involved in ferroptosis by promoting the

recycling of TFRC, thus facilitating iron uptake in breast cancer cells (See Fig. 6).

Figure 6. The hypothesized mechanism by which SNX3 is involved in ferroptosis. Created

using BioRender.com



Aim

This project aims to investigate the relationship between the expression of SNX3 and

the susceptibility of breast cancer cells to erastin-induced ferroptosis.

Objectives

To achieve the aim, the following objectives have been selected:

● Establish the effective concentrations of erastin

● Observe the effect of erastin treatment on cell viability, morphology, and signs

of ferroptosis

● Produce breast cancer cell lines with varying levels of SNX3 via

overexpression and knockout

● Investigate the relationship between levels of SNX3 expression and

susceptibility to ferroptosis by flow cytometry

● Investigate the relationship between SNX3 expression and TFRC expression

● Investigate whether SNX3 could be involved in ferroptosis induction via direct

association with TFRC



Materials and Methods

Table 1. List of reagents used

Material Description

Cell culture medium Gibco DMEM, high glucose, GlutaMAX (cat. #10566016)
with 10% Gibco FBS (cat. #16000044), 1% Gibco
Penicillin-Streptomycin (cat. #15140122), and 1% Cytiva
HyClone Non-Essential Amino Acids (cat. #11591861)

1X PBS Prepared from ChemCruz Phosphate Buffered Saline: 500
ml of 10X (cat. #sc-362298)

Trypsin 0.25 % - EDTA Aliquoted from Trypsin 0.25 % - EDTA in HBSS w/o
Calcium w/o Magnesium w/ Phenol Red (cat. #L0931) and
stored at -20°C long-term, +4°C short-term.

DMSO Pierce Dimethylsulfoxide (DMSO), Sequencing Grade (cat.
#20688)

Cell freezing medium Plain Gibco DMEM with 20% FBS and 10% DMSO

10X Running buffer 29 g of Trizma base (cat. #T1503-500G), 144 g of Glycine
(cat. #1610718), and 10 g of SDS (Sodium Dodecyl
Sulfate) (cat. #1610301) dissolved in 1 L of deionized
water. 12N HCl was used to adjust the final pH to 8.3

10X Transfer buffer 3.03 g of Trizma base and 14.4 g of glycine dissolved in
500 mL deionized water and 200 mL pure methanol. The
final volume was adjusted to 1 L with deionized water

10X Tris Buffered Saline
(TBS)

24 g of Trizma base and 88 g of NaCl (cat. #S9625-1KG)
dissolved in 900 mL of deionized water. 12N HCl was used
to adjust the pH to 7.6. The final volume was adjusted to 1
L with deionized water

1X Tris Buffered Saline
with Tween 20 (TBST)

100 mL of 10X TBST and 1 mL of Tween 20 (Cat.
#9005-64-5)

Blocking buffer (3% BSA) 3 g of Bovine Serum Albumin (cat. #A4503-100G) dissolved
in 100 mL of 1X TBST

1.5M Tris-HCl, pH 8.8 9.1 g of Trizma base dissolved in 50 mL deionized water.
12N HCl was used to adjust the final pH to 8.8



0.5M Tris-HCl, pH 6.8 3 g of Trizma base dissolved in 50 mL deionized water. 12N
HCl was used to adjust the final pH to 6.8

10% SDS 5 g of SDS dissolved in 50 mL of deionized water

10% Ammonium
persulfate (APS)

5 g of Ammonium persulfate, 98+% (cat. #401165000)

TEMED N,N,N',N'-Tetramethylethylenediamine, Electrophoresis
Grade (cat. #J63734.AC)

12% separating gel 6 mL 30% Acrylamide/Bis Solution 29:1 (cat. #1610156),
3.75 mL 1.5M Tris-HCl, pH 8.8,
150 uL 10% SDS,
75 uL 10% APS,
5.03 mL deionized water,
7.5 uL TEMED

4% stacking gel 1.98 mL 30% Acrylamide/Bis Solution 29:1,
3.78 mL 0.5M Tris-HCl, pH 6.8
150 uL 10% SDS,
75 uL 10% APS,
9 mL deionized water,
15 uL TEMED

1X RIPA buffer Prepared from 10X RIPA Lysis Buffer (cat. #20-188) with
the addition of 1% Halt Protease Inhibitor Cocktail (100X)
(cat. #78429)

Loading buffer 1 volume of Laemmli SDS sample buffer, reducing (6X)
(cat. #AAJ61337AD) was added to 5 volumes of total
protein sample before loading to the gel

Pierce BCA Protein Assay
Kit (cat. #23225)

Was used for quantification of total protein

PageRuler Prestained
Protein Ladder (cat.
#26616)

Was used for visualizing protein molecular weights during
Western blotting

Primary antibodies Rabbit polyclonal Anti-SNX3 antibody (cat. #ab56078),
Rabbit polyclonal Anti-Transferrin Receptor antibody (cat.
#ab193188),
Mouse monoclonal Anti-beta Actin antibody [AC-15] (cat.
#ab6276),



Antibodies were diluted in 3% BSA in 1X TBST or 1X PBST
for Western blotting or in 1% BSA, 0.05% Triton X-100 in
PBS for immunofluorescence staining

Secondary antibodies Goat Anti-Rabbit IgG H&L (HRP) (cat. #ab6721),
Goat Anti-Mouse IgG H&L (HRP) (cat. #ab6789),
Goat Anti-Rabbit IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ Plus 647 (cat. #A32733)

Antibodies were diluted in 3% BSA in 1X TBST or 1X PBST
for Western blotting or in 1% BSA, 0.05% Triton X-100 in
PBS for immunofluorescence staining

Clarity Western ECL
Substrate (cat. #1705060)

Was used to visualize protein labeled with HRP-conjugated
secondary antibodies

Erastin Erastin (1 mg) (cat. #ab209693) was diluted in 1 mL DMSO
and filtered with a 0.22 uM filter to yield a stock solution
with a final concentration of 1.828 mM. The stock solution
was aliquoted and stored at -20°C.

Ferrostatin-1 5 mg Ferrostatin-1 (cat. #SML0583-5MG) was diluted in
DMSO to yield a stock solution with a final concentration of
10 mg/ml. The stock solution was aliquoted and stored at
-20°C.

Deferoxamine mesylate
(DFO)

5 mg of DFO (cat. #ab120727) was diluted in deionized
water to yield a stock solution with a final concentration of
10 mg/ml. The stock solution was aliquoted and stored at
-20°C.

BODIPY 581/591 C11 BODIPY 581/591 C11 Lipid Peroxidation Sensor (cat.
#D3861) was aliquoted and diluted to a final concentration
of 15 mM. The solution was stored at -20°C in the dark.

MitoSOX 50 ug of MitoSOX Mitochondrial Superoxide Indicator (cat.
#M36008) was dissolved in 13 uL of deionized water to
yield a stock solution with the final concentration of 5 mM.
The solution was aliquoted and stored at -20°C in the dark.

Alamar blue alamarBlue Cell Viability Reagent (cat. #DAL1025)

Perforation buffer 0.5% Triton X-100 in 1X PBS



Blocking buffer for
immunofluorescence
staining

1% BSA, 0.2% Triton X-100 in PBS

Antibody dilution buffer for
immunofluorescence
staining

1% BSA, 0.05% Triton X-100

Mounting medium
containing DAPI

ProLong Diamond Antifade Mountant with DAPI (cat.
#P36971)

PureZOL RNA Isolation
Reagent (cat. #7326890)

Was used to isolate total RNA for RT-qPCR

LunaScript RT SuperMix
Kit (cat. #NEB #E3010)

Was used to synthesize cDNA from total RNA

SYBR Green PCR Master
Mix (cat. #4309155)

Was used to perform qPCR

Agarose (cat.
#A9539-10G)

Was used for agarose gel electrophoresis

DirectLoad 1 kb DNA
Ladder (cat. #D3937-1VL)

Was used for agarose gel electrophoresis

DreamTaq Green PCR
Master Mix (2X) (cat. #
K1081)

Was used for genomic PCR

SNX3 Human Gene
Knockout Kit (CRISPR)

SNX3 - KN2.0, Human gene knockout kit via CRISPR,
non-homology mediated (cat. #KN402354)

TransFectin Lipid
Reagent (cat. #1703351)

Transfection reagent used for knockout and overexpression
of SNX3

Opti-MEM Reduced
Serum Medium (cat.
#31985070)

Used for diluting plasmid DNA and TransFectin during
transfection

Puromycin
dihydrochloride (cat.
#ab141453)

Was used as a selection agent for cells transfected with the
CRISPR kit

LB agar, Miller
(L3027-250G)

Was used for solid bacterial cultures



LB broth, Miller (cat.
#L3152-1KG)

Was used for liquid bacterial cultures

SNX3-pEGFP plasmid Provided by the lab (ligated in house)

Table 2. List of cell lines used

Abbreviation Description

MDA-MB-231 Human breast adenocarcinoma

MDA-MB-436 Human breast adenocarcinoma

MDA-MB-468 Human breast adenocarcinoma

MCF-7 Human breast adenocarcinoma

HeLa Human cervical adenocarcinoma

Cell culture

Cells were cultured at 37°C, 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM)

supplemented with 10% fetal bovine serum (FBS), 1% Penicillin-Streptomycin, and

1% non-essential amino acids.

Cell passaging

At around 70% confluency the culture medium was aspirated, and the cells were

washed twice with pre-warmed 1X PBS and incubated in Trypsin-EDTA 0.25% for 3

minutes at 37°C, 5% CO2. Trypsin was neutralized with pre-warmed

serum-containing DMEM. The cell suspension was collected into a 15 mL Falcon

tube and centrifuged at 1000 g for 5 min at room temperature. The trypsin-containing

medium was aspirated and the cell pellet was resuspended in 10 mL 1X PBS for

counting. The PBS was removed by centrifugation at 1000 g for 5 min at room

temperature. After counting, the cells were resuspended in the appropriate amount of

complete culture medium, seeded to a fresh culture dish, and incubated at 37°C, 5%

CO2.



Erastin and ferrostatin-1 treatment

Aliquoted stock solutions were further diluted to a lower concentration in DMSO

before treatment. Before treatment, cells were washed twice with 1X PBS, and the

medium was replaced with a fresh complete culture medium. Erastin treatment was

applied at around 70% confluency, or at least 24 hrs post-transfection. Ferrostatin-1

was added 1 hour prior to erastin treatment. Cells were incubated at 37°C, 5% CO2.

Cell viability assay

The cell viability was measured with alamarBlue Cell viability reagent. 10,000

MDA-MB-231 cells were seeded onto each well of a 96-well plate in 200 uL of

complete culture medium and incubated at 37°C, 5% CO2. Erastin treatment was

applied the following day, and cells were incubated 37°C, 5% CO2. After 12 h of

incubation, 20 uL of alamarBlue cell viability reagent were added to each well. The

cells were incubated for an additional 4 hours in the dark at 37°C, 5% CO2. The

absorbance readings were taken at 570 nm and 600 nm using the iMark Microplate

Absorbance Reader.

Flow cytometry

150,000 cells/well were seeded to a 6-well plate and incubated at 37°C 5% CO2. The

following day or upon reaching 70% confluency, the cells were treated with

appropriate concentrations of erastin with or without Fer-1 pre-treatment, and

incubated for 24 h at 37°C 5% CO2. The cells were then stained with 1.5 mM

BODIPY C11, according to the protocol by Martinez et al. (2020). Additionally, the

cells were stained with SYTOX Blue according to the reagent manual. Flow

cytometry analysis was performed using an Attune NxT Flow Cytometer. The results

were analyzed using the FCS Express program.

SNX3 overexpression

One day before transfection, 150,000 cells (MDA-MB-231) were seeded on a 6-well

plate in 2 mL of an antibiotic-free culture medium and incubated at 37°C, 5% CO2. 6

uL of TransFectin lipid reagent was diluted in 250 uL Opti-MEM or serum-free DMEM

per each well. Similarly, 1 ug of plasmid DNA was diluted in 250 uL Opti-MEM or

serum-free DMEM per well. The diluted TransFectin and plasmid were mixed and

incubated at room temperature for 20 min. The mixture was then added directly to

https://www.zotero.org/google-docs/?2919Yl


cells in a serum-containing culture medium. Cells were incubated at 37°C, 5% CO2

for 4 hours or overnight, after which the transfection medium was replaced with a

fresh complete culture medium.

SNX3 knockout

Cells were simultaneously transfected with 1 ug of pCas-Guide plasmid and 1 ug of

linear donor using the same transfection protocol. The cells were passaged 48 hours

post-transfection. After an additional 24 hours, the cells were treated with puromycin.

Cells were allowed to grow for an additional 10 days, before further passaging.

Quantitative reverse transcription PCR

Total RNA was extracted from MDA-MB-231, MDA-MB-436, MDA-MB-468, MCF-7,

and HeLa cells using PureZOL RNA Isolation Reagent according to the reagent

manual. The purity of the RNA was assessed using Nanodrop 2000. The cDNA was

produced from the RNA using LunaScript RT SuperMix Kit, according to the reagent

manual. The qPCR reaction was performed using the SYBR Green PCR Master Mix,

according to the reagent manual. The expression of SNX3 in different cell lines was

normalized against GAPDH. Analysis of the expression data was performed using

Microsoft Excel and GraphPad Prism 8.0.

Western blot

To isolate total protein, cells were lysed by adding 1X RIPA buffer containing 1X Halt

Protease and Phosphatase inhibitors for 30 minutes on ice. The lysate was

centrifuged at 15,000 rpm for 10 minutes, and the supernatant was collected. The

total protein concentration of the samples was measured using the Pierce BCA

Protein Assay Kit according to the manual. The samples were boiled with 1X

Laemmli buffer at 95°C for 5 min prior to loading. 10 ug of the total protein was

loaded into each well. The gels were run at 120V for 1-1.5 hours. Proteins from the

gel were transferred to a PVDF membrane at 18V overnight in the transfer buffer.

The membrane was blocked with 3% BSA in TBST for 1 hour, followed by three

washing steps with TBST. The membrane was incubated with primary antibodies

diluted in the blocking buffer for 1 hour at room temperature, followed by three

washing steps with TBST. The membrane was incubated with secondary

HRP-conjugated antibodies diluted in the blocking buffer for 1 hour at room



temperature, followed by three washing steps with TBST. The proteins were

visualized using Clarity Western ECL Substrate and ChemiDoc MP imaging system.

Immunofluorescence staining

10,000 MDA-MB-231 cells were seeded per each well of an ibidi µ-Slide 8 Well

chamber slide with ibiTreat coating. The following day, upon proper adhesion, the

cells were incubated with 4% PFA for 10 min for fixation, washed, and incubated with

the perforation buffer for 10 min, followed by washing with PBST. The cells were

incubated with the blocking buffer for 30 min, followed by overnight incubation at

+4°C with diluted primary antibodies. Cells were washed again, and incubated with

the diluted secondary antibody for 2 hours in the dark at room temperature. Cells

were washed again, and one drop of ProLong Diamond Antifade Mountant with DAPI

was added to each well. The cells were imaged with Zeiss LSM 780 Confocal

Microscope and EVOS M7000 imaging system. The images were analyzed using

ImageJ.

Live cell staining

10,000 MDA-MB-231 cells were seeded per each well of an ibidi µ-Slide 8 Well

chamber slide with ibiTreat coating. Upon reaching 70% confluency, cells were

treated with 10 uM erastin and incubated at 37°C, 5% CO2 for 6 hours. 1 mL of

0.5uM MitoSOX was then added to the cell medium. DAPI was added to stain the

nuclei. The cells were imaged with the EVOS M7000 imaging system.

Genomic PCR

Total genomic DNA was extracted from cells at around 90% confluency using the

PureLink Genomic DNA Mini Kit according to the manual. Primers were diluted in

nuclease-free water to a concentration of 10 mM. Each PCR reaction tube contained

12.5 uL of DreamTaq Green PCR Master Mix (2X), 1.25 uL of diluted forward primer

(final concentration of 0.5 mM), 1.25 uL of diluted reverse primer, and 300 ng of

genomic DNA. The mixture was made up to a total volume of 25 uL with PCR-grade

water. The following cycle parameters were used:



Table 3. PCR cycle parameters

Temperature Time

95°C 3 min

95°C 30 s 45x

50°C or 52°C 30 s

72°C 1 min

72°C 20 min

4°C Infinite hold

Data collection and statistical analysis

Data from the cell viability assay and qPCR was collected and analyzed using

Microsoft Excel. Statistical analyses for normality and significance, as well as

visualization, were done in GraphPad Prism 8.



Results

Choice of cell line

To determine the appropriate cell line for experiments, expression of SNX3 in

MDA-MB-231, MDA-MB-436, MDA-MB-468, and MCF-7 triple-negative breast cancer

cell lines was assessed with qPCR. Unfortunately, no non-cancerous breast tissue

cell lines were available, so HeLa was used as a baseline control. qPCR results

revealed that the expression of SNX3 was significantly increased in MDA-MB-436,

MDA-MB-468, and MCF-7 cells compared with HeLa (see Fig. 7A). There was no

significant difference in the level of SNX3 between MDA-MB-231 cells and HeLa.

The result is consistent with the RNA-seq expression data from the Expression Atlas

and The Human Protein Atlas databases (see Fig. 7B and C respectively) (Karlsson

et al., 2021; Moreno et al., 2022).

Figure 7. Relative expression of SNX3 in different cell lines. A. Log transformed values of

2-∆∆Ct for SNX3 obtained from qPCR. The expression was normalized to GAPDH. The

statistical significance was determined using ordinary one-way ANOVA (P=0.0006). The

normality of the data was assessed using Shapiro-Wilk and Kolmogorov-Smirnov tests. The

significance between different samples was assessed using Tukey's multiple comparisons

test. B. Expression data obtained from the Expression Atlas database. TPM - transcripts per

million. C. Expression data obtained from The Human Protein Atlas database. hTERT-HME1

and MCF-10A are non-cancerous immortalized cell lines obtained from the mammary gland

tissue (Karlsson et al., 2021). nTPM - normalized TPM.
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Based on the moderate level of SNX3 expression, suitable for overexpression and

knockout, as well as the fact that this cell line has been extensively used in

SNX3-related research, the MDA-MB-231 cell line was chosen for further

experiments (Cicek et al., 2022; Öyken, 2020).

Effective concentrations of erastin and ferrostatin-1

To induce ferroptosis in the MDA-MB-231 cells, erastin was used. Erastin is a

small-molecule compound which disrupts the import of cystine by system Xc- (Dixon

et al., 2012). Therefore, erastin treatment leads to the depletion of GSH and impairs

the activity of the GPX4-mediated antioxidant defence. This makes cells susceptible

to the buildup of lipid hydroperoxides and subsequent ferroptotic cell death.

To establish the effective concentration of erastin for treatment experiments,

MDA-MB-231 cells were incubated for 24 hours with different concentrations of

erastin (2.5 uM, 5 uM, 10 uM, and 15 uM). Since ferroptosis has a negative effect on

cell viability, the effect of erastin was assessed with the Alamar Blue cell viability

assay (H. Wang et al., 2022). DMSO was used as a solvent control. It was

determined that there was no significant difference between 2.5 uM and 5 uM

concentrations of erastin and DMSO (see Fig. 8). On the other hand, treatment with

10 uM and 15 uM erastin significantly decreased cell viability in relation to DMSO.

Based on this result, 10 uM erastin was chosen for further treatment experiments.

Figure 8. Effect of erastin treatment on viability in MDA-MB-231 cells after 24 h incubation.

The cell viability was assessed using the Alamar blue reagent. DMSO was used as a solvent
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control. NT - no treatment. Letters “a”, “b”, and “c” indicate statistically significant differences

between treatment groups. There is no significant difference between groups labelled with

the same letters. The statistical significance was determined using ordinary one-way ANOVA

(P<0.0001). The normality of the data was assessed using the Shapiro-Wilk test. The

significance between different samples was assessed using Tukey's multiple comparisons

test.

Ferrostatin-1 prevents morphological changes induced by erastin treatment

Ferrostatin-1 (Fer-1) is a highly effective inhibitor of ferroptosis (Skouta et al., 2014).

It is a synthetic antioxidant capable of scavenging lipid ROS and decreasing levels of

intracellular ferrous iron. Therefore, ferrostatin acts downstream of erastin and is

expected to prevent erastin-induced ferroptosis (see Fig. 9) . In our experiments, we

planned to use Fer-1 to counteract the effects of erastin, and eventually map where

SNX3 may act in the ferroptosis pathway.

Figure 9. Ferroptosis regulation pathway. Ferrostatin exerts its anti-ferroptotic effects
downstream of erastin (adapted from Abdalkader et al., 2018).

MDA-MB-231 cells were treated with varying concentrations of erastin (2.5 uM, 5 uM,

10 uM, and 15 uM) and incubated for 24 hours. Fer-1 (2.5 uM or 5 uM) was added 1

h prior to erastin treatment. DMSO treatment was used as a solvent control.

Microscopic observation revealed that erastin-only treatment leads to significant

changes in morphology, causing increased granularity, irregular shape, and cell
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detachment in a concentration-dependent manner (see Fig 10 and Appendix fig. 9).

These effects were partially or completely prevented in cells pre-treated with Fer-1,

with higher efficiency at 5uM concentration. Based on these results, 5 uM Fer-1 was

chosen for further experiments.

Figure 10. Effects of erastin treatment on the morphology of MDA-MB-231 cells are
prevented by Fer-1 pre-treatment. DMSO was used as a solvent control.



Erastin treatment induces lipid peroxidation in MDA-MB-231 cells

To confirm that the effects of erastin treatment on MDA-MB-231 cells are indeed

associated with ferroptosis, the cells were further analyzed for levels of lipid

peroxidation. Accumulation of toxic lipid peroxides in the cellular membranes is one

of the main hallmarks of ferroptosis (Stockwell, 2022). This process was visualized

using the BODIPY 581/591 C11 fluorescent lipid peroxidation sensor. The dye

contains a polyunsaturated hydrocarbon part and localizes to the membranes of live

cells (Martinez et al., 2020). In the event of ferroptosis, the probe becomes oxidized

and shifts its fluorescence from red (581/591 nm) to green (488/510 nm).

Unfortunately, at the time I was not aware that BODIPY C11 would produce green

fluorescence in cells undergoing ferroptosis, and the fluorescence was imaged in the

red spectrum.

MDA-MB-231 cells were stained with 1.5 uM C11 BODIPY 12 hours after 10 uM

erastin treatment. Live imaging revealed that erastin treatment resulted in reduced

fluorescence emitted by the BODIPY C11 probe, suggesting that the probe was

oxidized due to the accumulation of lipid peroxides. Additionally, treated cells have

significant changes in morphology, compared with the untreated cells.

Figure 11. Live fluorescence staining images of untreated and 10 uL erastin-treated
MDA-MB-231 cells. Left - bright field image. Middle - BODIPY C11 fluorescence. Right -

DAPI fluorescence.
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Ferrostatin-1 prevents lipid peroxidation induced by erastin treatment

MDA-MB-231 cells were treated with varying concentrations of erastin (2.5 uM, 5 uM,

10 uM, and 15 uM) 24 hours prior to staining. 5 uM Fer-1 was added 1 h before

erastin treatment. DMSO was used as a solvent control. The cells were stained with

BODIPY 581/591 C11 to assess the extent of lipid peroxidation and SYTOX Blue

dead cell stain to assess the effect on cell viability. Similarly to the previous

experiment, the reduction in the red signal was used as an indicator of ferroptosis.

Measurements were taken on the Attune NxT flow cytometer using the 585/16 nm

YL-1 filter for BODIPY C11 and 450/40 nm VL-1 filter for SYTOX Blue.

The analysis revealed that erastin treatment notably decreased cell viability and

increased the amount of lipid peroxidation, as shown by the increase of the SYTOX

Blue signal and the decrease of the BODIPY C11 signal (see Fig. 12 and Appendix

fig. 12). The effect was completely reversed in cells pre-treated with 5 uM Fer-1, and

the resulting plots resemble the results of DMSO treatment. It is therefore likely that

treatment with erastin specifically induces ferroptosis in MDA-MB-231 cells.



Figure 12. Flow cytometry density plots demonstrating the effects of 10 uM erastin treatment

with and without 5 uM Fer-1 pre-treatment. DMSO was used as a solvent control. Higher

values of the SYTOX Blue signal indicate decreased viability and increased cell death. Lower

values of the BODIPY C11 indicate an increased level of lipid peroxidation. The signal was

gated on the FSC-A vs. SSC-A plot around the major cell cluster to exclude cell debris.

FSC-A - area of the forward scatter signal. SSC-A - area of the side scatter signal. The data

was analyzed and plotted using the FCS Express software.



Erastin treatment leads to the accumulation of mitochondrial superoxide

Another hallmark of ferroptosis is deregulated mitochondrial metabolism. It has been

reported that cells undergoing ferroptosis have irregularly shaped and sized

mitochondria, in some cases enlarged, in others, shrunken (Stockwell, 2022). One of

the markers of ferroptosis in mitochondria is the accumulation of mitochondrial

superoxide (G.-H. Chen et al., 2022; Lyamzaev et al., 2023). To further confirm that

erastin treatment of MDA-MB-231 cells specifically induces ferroptosis, cells were

stained with 2.5 uM MitoSOX Red mitochondrial superoxide stain, 12 hours after 10

uM erastin treatment. Oxidation of the MitoSOX reagent by mitochondrial

superoxides produces bright red fluorescence.

Live imaging has revealed some changes in the nuclear and cellular morphology and

the accumulation of superoxides in the mitochondria of erastin-treated cells, as

indicated by red fluorescence (see Fig. 13). The effects were not observed in

untreated cells. Notably, no DNA fragmentation was observed, which is common for

other cell death modalities. The results provide further evidence that erastin

treatment in MDA-MB-231 cells specifically induces ferroptosis.

Figure 13. Live fluorescence staining images of untreated and 10 uL erastin-treated
MDA-MB-231 cells. Left - bright field image. Middle - MitoSOX Red fluorescence. Right -

DAPI fluorescence.

https://www.zotero.org/google-docs/?J9HFWc
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Overexpression of SNX3 with a SNX3-containing plasmid was unsuccessful

To investigate the relationship between SNX3 and ferroptosis, it was important to

produce MDA-MB-231 cells with varying levels of SNX3 expression. To achieve

SNX3 overexpression, we decided to conduct transient transfection of the cells with

an SNX3-pEGFP-containing plasmid (see Appendix fig. 13). The plasmid was

transfected using the TransFectin lipid reagent according to the reagent manual.

Transfection efficiency of around 40-50% was achieved the next day (see Fig 14A).

Despite the relatively high efficiency of transfection, most of the transfected cells

would start exhibiting abnormal round morphology and detach by 48 h

post-transfection (see Fig. 14B).

Figure 14. MDA-MB-231 cells after transfection with an SNX3-pEGFP plasmid. A. Around
40-50% of the cells 24 h post-transfection expressed GFP. B. By 48 h post-transfection,

GFP-expressing cells started exhibiting round morphology, detaching, and dying.

To try to overcome the issue, a number of solutions have been tried one by one,

ranging from changing the incubation conditions to altering the compositions of

culture and transfection media (see Table 4). In 2015, Gao et al. reported that the

presence of transferrin and glutamate in the medium was necessary and sufficient for

the induction of ferroptosis. Since we were using a GlutaMAX culture medium, which

was further supplemented with 1% non-essential amino acids; and since Opti-MEM

contains transferrin, it was hypothesized that the abnormal cell death could be

ferroptosis, caused by the dramatic increase in the level of SNX3.

https://www.zotero.org/google-docs/?H4HtT6


Table 4. List of tested transfection conditions

Condition Parameters

Incubation time in the
transfection medium

Overnight, 12 hrs, 4hrs

Plasmid SNX3-pEGFP, empty vector, from stock or newly
isolated with Miniprep

Plasmid concentration 1 ug/mL, 0.5 ug/mL, 0.25 ug/mL, 0.1 ug/mL

TransFectin concentration 3 uL/mL, 1.5 uL/mL, 1 uL/mL, 0.5 uL/mL

Antibiotics in the medium 1% Pen/Strep or without antibiotic

Medium for the dilution of DNA
and TransFectin

DMEM (without serum) or Opti-MEM

Transfection medium DMEM (10% FBS) or Opti-MEM

Iron in the medium Normal or chelated with Deferoxamine

Amino acid supplementation With or without the addition of non-essential
amino acids

To test the hypothesis, Opti-MEM was replaced with plain DMEM for plasmid and

TransFectin dilution. Additionally, the iron in the medium was chelated prior to

transfection with deferoxamine, a potent iron chelator known to inhibit ferroptosis.

Unfortunately, none of the conditions tested yielded an improvement in cell survival

or transfection efficiency. Therefore, no further experiments with SNX3

overexpression were conducted.

CRISPR-mediated knockout of SNX3 requires further verification

To see if the lack of SNX3 would affect the susceptibility or resistance to ferroptosis,

the MDA-MB-231 cells were transfected with 1 ug of pCas-Guide vector and 1 ug of

linear donor sequence from the OriGene KN2.0 non-homology mediated CRISPR

knockout kit (see Fig. 15), using the same transfection protocol. Two transfections

were made, one for each gRNA.



Figure 15. Diagram of the KN2.0 non-homology-mediated CRISPR knockout kit. A. The kit

includes two pCas-Guide constructs, each with a different guide RNA sequence, and a linear

donor. The linear donor contains genes for puromycin resistance and GFP. The linear donor

can integrate into the site of Cas-generated cleavage in two directions. B. Cell passaging
protocol after transfection suggested by the manufacturer.

The cells were split 48 post-transfection. Due to time restrictions, the selection with

puromycin was started early, after the second split. The cells expressing GFP (see

Fig. 16) were allowed to grow to around 80% confluency before further passages.

Figure 16. Green fluorescence image of transfected expression at >90% prior to total DNA

isolation. A. Cells transfected with the gRNA1-containing construct. B. Cells transfected with
the gRNA2-containing construct.



Since there was a possibility that the donor remained episomal, genomic PCR was

conducted to screen for potential integration of the linearized cassette. Since the

donor could be integrated in two directions, five pairs of primers were tested (see Fig.

17 A, C). A band of matching size was detected with the primer pair 5, indicating

potential reverse integration of the linear donor in some of the gRNA1-transfected

cells. However, the possibility of an incomplete (heterozygous) knockout cannot be

excluded. The primer pair 1, which was expected to show a band in all samples, did

not produce any product. This result was not affected by using different annealing

temperatures, suggesting a fault in the primer design or manufacturing.

Figure 17. Setup and results of PCR. A. Scheme of primer locations used for PCR. B.
Agarose gel electrophoresis of the resulting PCR product. The yellow arrow points at the

band indicating potential reverse integration of the donor C. Combinations of primers used
for PCR. The annealing temperature was set to 50°C.

Making any conclusive statements regarding the success of the knockout requires

isolating and expanding single colonies with further confirmation of the biallelic

knockout with PCR. To this end, a portion of the cells was seeded onto 96-well plates

by serial dilution.



Immunofluorescence staining and Western blotting experiments were unsuccessful
due to faulty antibodies

To assess the expression and localization of SNX3 and TFRC in the knockout cells,

immunofluorescence staining experiments were conducted. Cells were fixed,

permeabilized, incubated overnight with either anti-SNX3 or anti-TFRC (Abcam

primary antibodies, and finally incubated for 2 hours with a secondary antibody

conjugated to AlexaFluor 647. The nuclei were stained with a DAPI-containing

mounting medium. The cells were imaged using a Zeiss laser scanning confocal

microscope.

Interestingly, the obtained images show that SNX3 is uniformly dispersed throughout

the cytoplasm of both the normal and gRNA-transfected cells (see Fig. 18). This is in

contrast to the expected pattern of SNX3 staining, which is supposed to be localized

to intracellular membranes (see Appendix fig. 14). Additionally, the red signal coming

from the secondary antibody was detected in every cell present in the culture (see

Appendix fig. 15).



Figure 18. Immunofluorescence staining of SNX3 in normal and gRNA-transfected

MDA-MB-231 cells. Nuclei were visualized with DAPI (blue). SNX3 was visualized with a

secondary antibody conjugated to AlexaFluor 647 Plus (red).



On the other hand, images of TFRC show unexpected fluorescence inside the

nucleus (see Fig 19). This was confirmed by taking z-stacks of the nuclear cross

section (see Appendix fig. 16). This is also different from the images provided by the

manufacturer (see Appendix fig. 17).

Figure 19. Immunofluorescence staining of TFRC in normal and gRNA-transfected

MDA-MB-231 cells. Nuclei were visualized with DAPI (blue). TFRC was visualized with a

secondary antibody conjugated to AlexaFluor 647 Plus (red).



Interestingly, prior Western blot analyses of SNX3 and TFRC expression in breast

cancer cell lines consistently showed nonspecific binding, despite multiple attempts

under different conditions (see Fig. 20). Additionally, the anti-SNX3 antibody

(#ab56078) has been discontinued by the manufacturer and is no longer in sale. This

led us to the conclusion that the issue was in the quality of the antibodies. Due to

time restrictions, it was not possible to repeat the experiments with a different set of

antibodies.

Figure 20. Nonspecific binding of the anti-SNX3 and anti-TFRC antibodies during Western

blot. HRP-conjugated secondary antibodies were used. The proteins were visualized using

the ECL substrate.



Discussion

During the course of the study, expression levels of SNX3 were compared between

several breast cancer cell lines using RT-qPCR. According to the obtained data,

there was a significantly higher expression of SNX3 in MDA-MB-436, MDA-MB-468,

and MCF-7 cells compared to the baseline control (HeLa), but not in MDA-MB-231

cells. The result was consistent with data previously deposited to Expression Atlas

and Human Cell Atlas databases. Due to its moderate levels of SNX3 expression and

a history of being used for SNX3-related research, the MDA-MB-231 cell line was

chosen for further experiments.

The optimal concentration of a ferroptosis-inducing molecule erastin was determined

to be 10 uM using a cell viability assay. Interestingly, other studies identify the IC50

value of erastin to be as little as 2.2 uM or as large as 40 uM specifically for the

MDA-MB-231 cells (M. Li et al., 2020; H. Wang et al., 2022). Notably, the 2.5 uM

concentration of erastin was able to induce changes in morphology, decrease in cell

viability, and accumulation of lipid ROS (see Appendix fig. 9 and 11).

Morphologically, treatment with erastin caused such changes as cell shrinkage,

detachment, and increased granularity (see Fig. 9). The effect of erastin on cell

morphology was also noticeable during flow cytometry, as the tight cluster of cells

became more dispersed upon treatment, indicating increased granularity and

changes in cell size (see Fig. 12 and Appendix fig. 11).

Erastin treatment was also shown to specifically induce ferroptosis, as indicated by

the noticeable increase in lipid peroxidation, buildup of mitochondrial ROS, and lack

of fragmentation of the cellular and nuclear membranes. Additionally, pre-treatment

with 5 uM Fer-1 was shown to effectively inhibit the negative effects of erastin on cell

morphology, viability, and ROS accumulation.

To investigate the hypothesis that SNX3 might be involved in ferroptosis via its role in

the regulation of TFRC recycling, overexpression of SNX3 by transfection with the

SNX3-pEGFP plasmid was attempted, albeit unsuccessfully. A large number of

transfection conditions have been tested with no noticeable improvement. One of the

possible explanations for such a result might be the toxicity of the plasmid itself.

https://www.zotero.org/google-docs/?b9Jprd


As another way to test the relationship between SNX3 expression and susceptibility

to ferroptosis, SNX3 was knocked out in MDA-MB-231 cells with a CRISPR kit. In

this study, the knockout procedure was attempted quite late, so the time for the

isolation and expansion of clones was insufficient. However, the results of the

genomic PCR indicate potential knockout in at least some of the cells. Lastly,

immunofluorescence staining and Western blotting experiments suggest that the

antibodies against SNX3 and TFRC are unsuitable for future use.

Further research should involve the optimization of the transfection protocol for the

overexpression of SNX3; confirmation of biallelic knockouts in isolated clones with

PCR; and the comparison of SNX3 and TFRC expression levels in the obtained cells

with RT-qPCR. The cells should subsequently be subjected to erastin treatment, and

the response assessed with Alamar Blue, SYTOX Blue, and MitoSOX. The use of

BODIPY C11 should be avoided in cells expressing GFP. Western blotting and

immunofluorescence studies should be repeated with fresh antibodies to assess the

effect of SNX3 overexpression and knockout on the levels of TFRC protein and its

localization. Since SNX3 is responsible for the rescue of TFRC from early

endosomes, it is possible that in SNX3-deficient cells, TFRC could be localized to

late endosomes and lysosomes. As such, colocalization of TFRC with lysosomal

markers like Lamp1 could be assessed. Additionally, other ferroptosis inducers and

inhibitors acting at different steps of the ferroptosis pathway could be used to

establish, whether SNX3 acts up or downstream of GPX4.



Conclusion

In the present study, it was hypothesized that sorting nexin 3, an adaptor of the

retromer complex, could play a role in ferroptosis due to its involvement in the

recycling of transferrin receptor 1, TFRC, an accurate marker of ferroptosis. Several

objectives put forward at the beginning of the study have been accomplished. First,

the effective concentration of erastin treatment in MDA-MB-231 cells was established

to be 10 uM using the Alamar blue cell viability assay. Second, the effects of erastin

on cellular morphology, viability and biochemical markers such as lipid ROS and

mitochondrial ROS have been clearly demonstrated. Additionally, it was shown that

pre-treatment with 5 uM Fer-1 was able to prevent all of those effects of erastin

treatment, suggesting that erastin treatment specifically induces ferroptosis in

MDA-MB-231 cells.
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Appendix

Figure 1. Test for normal distribution for the RT-qPCR data

Figure 2. Results of ordinary one-way ANOVA for the RT-qPCR data



Figure 3. Tukey’s multiple comparisons test for the RT-qPCR data

Figure 4. Normal QQ plot for the RT-qPCR data

Figure 5. Normality test for the Alamar blue cell viability assay



Figure 6. Results of ordinary one-way ANOVA for the Alamar blue cell viability assay

Figure 7. Tukey’s multiple comparisons test for the Alamar blue cell viability assay

Figure 8. Normal QQ plot for the Alamar blue cell viability assay



Figure 9. Effects of 2.5 uM and 5 uM erastin treatment on the morphology of
MDA-MB-231 cells.

Figure 10. Effects of 10 uM and 15 uM erastin treatment with 2.5 uM Fer-1
pre-treatment on the morphology of MDA-MB-231 cells.



Figure 11. Flow cytometry density plots showing the effects of 2.5 uM, 5 uM, and 15
uM erastin treatment on MDA-MB-231 cells

Figure 12. Flow cytometry density plots showing the effects of 5 uM and 15 uM
erastin treatment with 5 uM Fer-1 pre-treatment on MDA-MB-231 cells



Figure 13. Map of the SNX3-pEGFP plasmid. The map was visualized using
SnapGene Viewer.

Figure 14. Manufacturer’s image of SNX3 fluorescence (green color) using the
Anti-SNX3 (ab56078) primary antibody. Nucleus was countersained with DAPI (blue).
Red is tubulin.



Figure 15. gRNA1-transfected cell imaged for SNX3. SNX3 was labelled with
Anti-SNX3 (ab56078) primary antibody and AlexaFluor 647-conjugated secondary
antibody

Figure 16. Z-stack through the nucleus of wild-type MDA-MB-231 cells labelled with
Anti-TFRC (ab193188) primary antibody (red).



Figure 17. Manufacturer’s image of TFRC fluorescence (green color) using the
Anti-TFRC (ab56078) primary antibody. Nucleus was countersained with DAPI (blue).

Figure 18. Sequences of primer used for RT-qPCR

Figure 19. Sequences of primers used for genomic PCR


