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SUMMARY

PhenolaTi is an advanced non-toxic anticancer chemotherapy; this inert bis(phe-
nolato)bis(alkoxo) Ti(IV) complex demonstrates the intriguing combination of
high and wide efficacy with no detected toxicity in animals. Here we unravel
the cellular pathways involved in its mechanism of action by a first genome study
on Ti(IV)-treated cells, using an attuned RNA sequencing-based available technol-
ogy. First, phenolaTiinduced apoptosis and cell-cycle arrest at the G2/M phase in
MCF?7 cells. Second, the transcriptome of the treated cells was analyzed, identi-
fying alterations in pathways relating to protein translation, DNA damage, and
mitochondrial eruption. Unlike for common metallodrugs, electrophoresis assay
showed no inhibition of DNA polymerase activity. Reduced in vitro cytotoxicity
with added endoplasmic reticulum (ER) stress inhibitor supported the ER as a pu-
tative cellular target. Altogether, this paper reveals a distinct ER-related mecha-
nism by the Ti(lV) anticancer coordination complex, paving the way for wider
applicability of related techniques in mechanistic analyses of metallodrugs.

INTRODUCTION

Chemotherapeutic drugs are essential in the treatment of a variety of cancers with mechanisms ranging
from DNA alkylation to antimetabolites. Specifically, metallodrugs can serve as effective anti-neoplastic
agents, as first discovered with the pioneering Pt-based drug cisplatin (CDDP). Nearly 50% of patients
with cancer worldwide receive platinum-based drugs to cope with testicular, ovarian, head and neck,
and other cancer types (Brabec et al., 2017; Komeda and Casini, 2012; Mjos and Orvig, 2014; Riddell
and Lippard, 2018). The mode of action of cisplatin was widely explored and is presumed to involve inter-
action of the Pt center with the N atoms of the purine bases of adjacent DNA nucleotides, eventually lead-
ing to apoptosis (Riddell and Lippard, 2018). A limiting drawback of cisplatin and its derivatives, similarly to
other chemotherapies, is the severe side effects accompanying their administration, resulting from toxicity
to, among other things, the kidneys, liver, and brain. Other metals studied as alternatives include essential
(Fe, Cu, Ni, Zn, etc.) and non-essential (Pt, Ru, Ti, etc.) elements, with Ti being the first non-platinum metal
reaching clinical trials as an appealing candidate for anticancer chemotherapy.

The first generation of anticancer Ti(IV) compounds with diketonato- and cyclopentadenyl-based ligands
showed activity both in vitro and in vivo, with reduced toxicity and side effects (Képf and Képf-Maier,
1979). Nevertheless, their utility in the clinic was hampered by rapid decomposition in biological environ-
ments (Caruso and Rossi, 2004; Caruso et al., 2001; Christodoulou et al., 1998; Cini et al., 2017; Ellahioui
et al., 2017; Keppler et al., 1991; Koepf-Maier and Koepf, 1987, Loza-Rosas et al., 2017; Manohari Abey-
singhe and Harding, 2007; Meléndez, 2002; Ott and Gust, 2007; Peri et al., 2009; Toney and Marks, 1985,
Tshuva and Ashenhurst, 2009; Tshuva and Miller, 2018), as occurs often with coordination complexes of
the labile and oxophilic Ti(IV) metal. Insoluble and undefined O-bridged aggregates of different sizes
and nuclearities are formed instantaneously upon interaction with water, leading to uncontrolled solution

TInstitute of Chemistry, The
Hebrew University of
Jerusalem, Jerusalem
9190401, Israel

2Department of
Developmental Biology and
Cancer Research, Institute of
Medical
Research-Israel-Canada, The
Hebrew University of
Jerusalem, Jerusalem
9112102, Israel

3Department of Cell and
Developmental Biology,
Alexander Silberman Institute
of Life Science, The Hebrew
University of Jerusalem,
Jerusalem 9190401, Israel

“These authors contributed
equally
5Lead Contact

*Correspondence:
chemistry, difficult to monitor and analyze. Therefore, despite some mechanistic clues gained throughout edit.tshuva@mail.huji.ac.il
the years, the cellular mode of action of these compounds is yet unknown (Cini et al., 2017). Still, a major EY.T), o

L. . . . . . L. . . yuvaltab@ekmd.huji.ac.il
benefit in using Ti(IV)-based coordination compounds is the biofriendly nature of the metal: its lability, Y.T)
although responsible for the rapid hydrolysis in biological environments, turns into an advantage with https://doi. org/10.1016/].isci.
the ultimate hydrolysis product being the safe titanium dioxide, often found in a variety of daily products 2020.101262
m .
et iScience 23, 101262, July 24, 2020 ©® 2020 The Authors. 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:edit.tshuva@mail.huji.ac.il
mailto:yuvaltab@ekmd.huji.ac.il
https://doi.org/10.1016/j.isci.2020.101262
https://doi.org/10.1016/j.isci.2020.101262
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2020.101262&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience
OPEN ACCESS

(e) Scheme 1. PhenolaTi
/—|Q

(e.g., sunscreen, food coloring, drugs). Thus, advanced Ti(IV) coordination compounds with enhanced hy-
drolytic stability were developed to prolong the anticancer activity window before titanium dioxide is
formed and is safely excreted. Specifically, the phenolato-based Ti(IV) complexes that we introduced
showed a wide range of in vitro cytotoxic effects with no signs of in vivo toxicity; importantly, their high hy-
drolytic stability facilitates investigation of their molecular mechanisms of action (Barroso et al., 2015; Glas-
ner and Tshuva, 2011, 2014; Immel et al., 2010, 2011, 2012; Manna et al., 2012; Meker et al., 2012, 2014, 2015;
Miller et al., 2016; Peri et al., 2011a, 2011b; Shavit et al., 2007; Tinoco et al., 2012; Tshuva and Tzubery, 2017;
Tzubery and Tshuva, 2012). In particular, we recently showed that a bis(phenolato)bis(alkoxo)Ti(IV) com-
pound (phenolaTi, Scheme 1), conveniently synthesized from available starting materials, demonstrates
high activity toward all cancer cell lines in the NCI-60 panel of the NIH with an average growth inhibition
value (Gl 50) of 4.6 + 2 uM (slightly better activity than cisplatin: 5.6 uM; Figure S1) (Meker et al., 2016).
No correlations in the cytotoxicity pattern to known drugs in the NIH database, as deduced from
COMPARE analysis, implies a distinct mechanism of action. PhenolaTi also demonstrates the following:
(1) high cytotoxicity toward cisplatin-resistant and multi-drug-resistant cell lines (Ganot and Tshuva,
2018; Meker et al., 2016); (2) in vivo efficacy with no indication of toxicity (Ganot et al., 2018); (3) high water
stability for weeks in biological medium (Meker et al., 2016); (4) cellular accumulation and induction of
apoptosis within 24-48 h following administration to human colon HT-29 cancer cells (Meker et al., 2016,
Miller et al., 2016).

Herein we aimed to elucidate the mechanism of action of phenolaTi, as a lead anticancer complex, repre-
sentative of Ti(IV)-based metallodrugs. To that effect, we applied RNA sequencing (RNA-seq) using CEL-
Seg2 methodology (Hashimshony et al., 2016) on cell populations at different time points (up to 72 h)
following exposure to the drug. Despite the significance of RNA-seq as a research tool, to our knowledge,
only a single work used RNA-seq and a few more used microarray analyses to study the effect of metallo-
drugs (Bergamo et al., 2015; Grozav et al., 2015; Jovanovi¢ et al., 2016; Velma et al., 2016), whereby no
studies were reported on Ti(lV) cytotoxicity pathways. Genes related to cell-cycle checkpoints, protein
translation, and the endoplasmic reticulum (ER) pathway were significantly altered, thus introducing the
first indication of ER involvement in the distinct action of anticancer Ti(IV) phenolato compounds.

RESULTS

To perform in-depth mechanistic analysis of phenolaTi, we aimed to map its dose- and time-dependent
effects on the MCF7 human breast adenocarcinoma cell line and analyze the cellular behavior (Figure 1).
Breast cancer is the most frequent malignancy in females; therefore, MCF7 cells are widely employed as
an in vitro model in cancer research (Comsa et al., 2015) and were thus selected for this study. PhenolaTi
was synthesized as previously described, from Ti(OiPr), and the ligand precursor; the latter had been syn-
thesized by a single-step condensation reaction from available starting materials (Meker et al., 2016). Pre-
liminary cytotoxicity studies showed no evident toxicity for the first 6 h of exposure and maximal effect was
detected at 72 h (Figure S2). Therefore, we incubated the cells with phenolaTi (54 uM; selected according to
the cytotoxicity curves; Figure S2) and analyzed cell-cycle effects, cytotoxicity, apoptosis, and expression
profiles, untreated (time 0) and after 3, 6, 15, 24, and 48 h of exposure.

PhenolaTi Induces Apoptosis and Cell-Cycle Arrest

The effect of phenolaTi on MCF7 cells was first measured using flow cytometry to determine cell kinetics,
proliferation, and apoptosis. Cells accumulated at the G2/M phase (from 27% to 42%; whereby some accu-
mulation also at S phase can’t be ruled out) with major reduction in the percentage of cells in the G1 phase
(from 67% to 49%) (Figures 2A and S3A), suggesting inhibition of cell-cycle checkpoints. Additionally,
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Figure 1. General Experimental Procedure

(A) Experimental in vitro workflow; MCF7 cells were seeded overnight, phenolaTi was added at 54 uM at different time
points, harvesting was generated at the same time point to obtain 3, 6, 15, 24, and 48 h of incubation (with untreated
control samples, 0). (B) Generated samples were sequenced, aligned, annotated, clustered, and functionally analyzed.
MCF7 cells undergo changes in response to phenolaTi treatment.

apoptosis induction was evident: (1) double staining with Annexin V-FITC and propidium iodide (PI) re-
vealed an increase in the percentage of late and early apoptotic cells within 24 h (Figures 2B and S3B);
(2) characteristic morphological changes indicative of regulated cell death were detected (Figure 2C).
These observations overall point to regulated, programmed cellular death executed by the cellular ma-
chinery in response to treatment with phenolaTi (Manna et al., 2012; Meker et al., 2016; Miller and Tshuva,
2018; Miller et al., 2016).

Cellular Pathways Identified by Transcriptomic Characterization

After establishing the effect of phenolaTi on cell viability and proliferation, we aimed to offer a plausible
mechanism of action by mapping transcriptomic changes following phenolaTi treatment, namely, changes
in transcribed mRNA molecules. To that effect, MCF7 cells were treated with phenolaTi (54 uM) and incu-
bated for O (untreated), 3, 6, 15, 24, and 48 h in triplicates. Then, the mRNA was extracted and sequenced.
Both upregulation and downregulation compared with time zero (untreated cells) were considered for
analysis, as shown in the heatmap. The 5,000 most variably expressed genes were further analyzed. These
genes were divided into five main clusters, applying hierarchical clustering methodology to group similarly
behaving genes (Figure 3).

The five clusters, according to their pattern of expression, are the following (Figure 3) (large to small): (1)
cluster (1) of 1,426 genes that were upregulated at 48 h; (2) cluster (V) of 1,284 genes that were downregu-
lated within 3 h; (3) cluster (II) of 684 genes that were upregulated at 15 h; (4) cluster (lll) of 406 genes that
were locally upregulated at 15 h; (5) cluster (IV) of 251 genes that were downregulated at 15 h. GeneAna-
lytics (Ben-Ari Fuchs et al., 2016) was employed to annotate the genes in each cluster and associate it with
the biological function. Figure 3 presents the most relevant results; full data are provided in the Supple-
mental Information (Table S1).

The first event following exposure to phenolaTi was downregulation within 3 h and then low expression
across all time points (Figure 3 cluster (V)). The genes in this cluster are significantly associated with
DNA repair (p value < 3.79 x 107%) and cell cycle (p value < 2.07 x 10719 (e.g., CHEK2, RAD51, BRIP1,
and FANCL). The second transcriptional event was downregulation of mitochondrial translation genes after
a 15-h incubation period (Figure 3 cluster (IV)). Simultaneously, temporary upregulation was observed of
genes related to different mitochondrial processes (e.g., respiration, electron transport, ATP synthesis),
as well as those related to ribosome subunits and other proteins required for translation (Figure 3 cluster
(I1)). From the 15th h onward upregulation of multiple translational processes included genes associated
with ER and the ribosome, which were constantly high (Figure 3 cluster (I1). These processes include
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Figure 2. MCF7 Cells undergo Changes in Response to PhenolaTi Treatment

(A) Cell-cycle distribution following incubation with phenolaTi at 54 pM at different time points. (B) Time-dependent effect of phenolaTi at 54 uM on
apoptosis in MCF7 cancer cells, as recorded using flow cytometry. (C) Microscopic images of MCF7 cells () untreated cells, control (ll) treated with phenolaTi
at 54 uM for 36 h of incubation. Gene expression alteration in response to phenolaTi in MCF7 cells.

cytoplasmic translation, ribosomal small/large subunit assembly and biogenesis and translational elonga-
tion. Lastly, at 48 h time, mRNA transcription, transport, and splicing were also upregulated (Figure 3 clus-
ter (1)). Among the most significantly altered genes during the course of the measurement were ATXN7 (p
value 6.4 x 107'%), GABRAZ (p value 2.4 x 10™""), and PLCG2 (p value 7.3 x 107'2), which relate to ER pro-
cesses (Dai et al., 2009; Kurosaki et al., 2000; Nagy et al., 2009).

The transcriptomic analysis correlated with the cell cycle and apoptosis experiments (Figures 2 and 3). As
supported by flow cytometry, genes related to cell cycle were affected (Figure 3 cluster (I11)/(V)), such as cy-
clin dependent kinase 1 (CDK1), responsible for progression of cells into the M phase (DiPaola, 2002; Kha-
zaeietal.,, 2017; Wang et al., 2016), which is downregulated within 3 h (Figure 3 cluster (V)). Moreover, pro-
apoptotic genes, such as Growth Arrest and DNA Damage 45 (GADDA45) and Activating Transcription Fac-
tor 4 (ATF4) were upregulated within 48 h (Figure 3 cluster (1)), in agreement with the observed changes
(Figures 2B and 2C). Importantly, ATF4 is a key player in the cellular response to hypoxia evolved in ER
stress (Rzymski et al., 2009).

Overall, phenolaTi treatment upregulated processes related to the translation of proteins in the ER and ri-
bosomal biogenesis (Figure 3 cluster (I1)/(1)). A variety of ribosomal genes (RPL and RPS) were upregulated
within 15 h, among which some were consequently downregulated, and others were continuously highly
expressed at 24/48 h. Moreover, significant upregulation of EIF3C gene (p value 6.7 x 10~7) was observed,
a key player in translation initiation within cells (Wagner et al., 2014); together with high expression of ATF4,
this observation supports involvement of ribosome and ER in the cellular response to phenolaTi.

Short-Term Effect (3-15 h) of PhenolaTi Supports Hypoxia and ER Stress

The analysis points to major changes in gene expression, mainly observed 15 h or more following treat-
ment. To focus on the short-term effect of the drug, gene expression in the first 15 h following exposure
(3, 6, and 15 h) was specifically analyzed relative to control (0 h), looking at genes most variable at short
time points (Figure S4). The most significantly altered gene already within 3 h of exposure was SLC30A1
(p value 4.7 x 107%%), associated with cation transmembrane activity; interestingly, this gene is involved in
zinc efflux through the ER membrane (Barresi et al., 2018). Additional altered genes within 6 h of expo-
sure include EGLN2 (p value 4.66 x 107%), involved in oxygen sensing related to hypoxia tolerance;
PNRC2 (p value 5.6 x 10724, associated with energy balance/storage; and TMEM177 (p value 2.2 X
10722), a mitochondrial respiratory chain complex assembly factor. This gene signature further supports
the effect on mitochondria previously observed for related Ti phenolato compounds, accumulated in the
mitochondria organelle (Schur et al., 2013). Inspecting the genes altered within 15 h of treatment, the
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Figure 3. Gene Expression (RPM, Reads per Million) Alteration in Response to PhenolaTi in MCF7 Cells at 54 pM
MCF7 were treated with 54 M phenolaTi and sequenced in triplicates or duplicates after O (untreated), 3, 6, 15, 24, and 48
h. Expression analysis included CEL-seq2, Z-scoring, and hierarchical clustering. Roughly, the genes can be divided into
five main clusters with distinct expression and significant biological functions. The biological functions of the genes were
analyzed using GeneAnalytics, an integrative gene set analysis tool (Ben-Ari Fuchs et al., 2016). Blue, increased gene
expression; red, decreased gene expression. Changes in expression of ER/hypoxia-related genes in response to
phenolaTi in MCF7 cells.

downregulated genes relate to cell-cycle checkpoints (e.g., CDC23) and DNA damage (e.g., BRCA1).
Overall, examining the most significant genes over the entire short time course of 3/6/15 h, three genes
are constantly upregulated: CYP1A1, SLC30A1, and PYGM (Figures S4D and S4E). The first two genes
relate to cellular response to metal ions (Chen and Chan, 2016; Zogzas and Mukhopadhyay, 2018),
whereby CYP1A1 is a member of cytochrome p450 superfamily enzymes, which are localized mainly in
the inner membrane of the mitochondria or the ER and are associated with cancer susceptibility (Agun-
dez, 2004; Brignac-Huber et al., 2016; Kawajiri et al., 1993; Sharma et al., 2014). The alterations in CYP1A1
together with those of SLC30A1 again focused our attention specifically on the ER as a putative cellular
target.

Analysis of Pathway-Related Genes: PhenolaTi Causes Changes in Hypoxia and Endoplasmic
Reticulum-Related Genes

Known metallodrugs, particularly cisplatin and its Pt-based derivatives, operate by direct DNA binding
(Meier-Menches et al., 2018; Riddell and Lippard, 2018). For any similarly operating metallodrug, upregu-
lation of genes related to DNA damage would be expected, such as the homologous recombination repair
(HRR)-related genes. In contrast, our data show downregulation of DNA damage-related genes (Figure 3
cluster (V)). This indication implies that direct DNA damage is not induced by phenolaTi. Nonetheless, pre-
vious studies showed connection between downregulation of HRR genes and hypoxia (Bindra et al., 2004,
2005; Chan et al., 2008; Meng et al., 2005), which in turn can correlate with ER stress.

Owing to the aforementioned results, we evaluated specifically the possible induction of hypoxic mimetic
conditions by phenolaTi. Interestingly, from a set of 51 genes previously reported to be strongly related to
hypoxia (Buffa et al., 2010), 26 genes were significantly altered herein (p value < 0.0005 based on hypergeo-
metric distribution) (Figure 4A). Of these 26 genes, 12 were strongly upregulated within 15 h and the rest
were downregulated. The downregulated genes are annotated to mitochondrial translation processes,
whereas the upregulated genes relate to the glucose metabolism pathway or hypoxia inducing factor 1
(HIF1) signaling pathway (Figure 4B), further supporting phenolaTi-induced hypoxia. The mechanism by
which phenolaTi mimics hypoxia induction remains to be elucidated; but it may also relate to the altered
expression of mitochondrial genes and reduction in oxygen levels (Figure 3 clusters (I1))/(IV)).

iScience 23, 101262, July 24, 2020 5
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Figure 4. Changes in Expression of ER/Hypoxia-Related Genes in Response to PhenolaTiin MCF7 Cells at 54 pM
(A) A 26-gene cluster of the total 51 genes previously reported to be overexpressed in hypoxia (Buffa et al., 2010); these
were significantly altered over time in our experiment (p value < 0.05). (B) Expression of genes ENO1, ALDOA, and ADM,
relating to hypoxic conditions. (C) A 52-gene cluster of the total 575 genes previously reported to be related to ER stress
(Han et al., 2013); these were upregulated over time in our experiment (p value < 0.05). (D) Expression of genes ATF4,
HspA5, PPP1R15A/B, DDIT3. and NRBF2, relating to ER stress. In vitro validation assays support ER-related mechanism of
phenolaTi with no direct DNA binding.

As mentioned above, a variety of genes related to ribosome biogenesis (RPL/RPS/CYP1A1) and transla-
tional process were significantly changed (Figure 3 cluster (I1)/(Ill)), pointing to ribosome translation pro-
cesses and the ER as vital participants in the mechanism of phenolaTi. Therefore, 575 genes previously re-
ported to be related to ER stress (Han et al., 2013) were closely examined. A total of 232 genes were
significantly altered (p value < 0.05), 95 were clustered (p value < 0.001) (Figure S11), whereby 52 of the
most variable genes were upregulated within 48 h (Figure 4C), and the rest were downregulated within
the first 3 h. Specifically, upregulation within 48 h occurred for HSPA5, DDIT3, PPP1R15A, and PPP1R15B,
namely, of proteins that are usually localized in the ER and elevate in response to ER stress (Figure 4D).
Interestingly, Pop1r15a/b are phosphatase regulators that promote dephosphorylation of elF2a enabling
control of translation processes during cellular stress. Also, it has been reported that, among the 575 genes
previously analyzed as ER-related, the majority (472) correlated with expression of ATF4 (Han et al., 2013).
Therefore, further analysis was employed herein as well, using HOMER search motif (Heinz et al., 2010), to
independently look for a possible common transcription factor (TF) for each cluster (Figure 3). Interestingly,
ATF4 was identified here as well as a TF regulating the transcription of the genes upregulated within 48 h
(Figure 3 cluster (1)) with a p value of 1 x 1072, This observation joins the overall data in pointing to involve-
ment of ER in the cellular mechanism of phenolaTi.

ER Stress Is Putative Mechanism of Action of PhenolaTi, rather Than Direct DNA Interaction

Owing to the overall negative charge of the DNA, it is often suspected as the primary direct target of
metallodrugs, as occurs for platinum compounds (Riddell and Lippard, 2018). Our transcriptomics dem-
onstrates the opposite. Thus, to directly evaluate possible interactions between DNA and phenolaTi, the
effect on DNA polymerase activity was measured using polymerase chain reaction (PCR). The reaction
was carried out in the presence of phenolaTi or other drugs with known DNA-related or -unrelated mech-
anisms. The interaction of cisplatin and doxorubicin with DNA fragments is well established, and there-
fore, these drugs served as positive controls (Jamieson and Lippard, 1999; Wang and Lippard, 2005;
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Figure 5. In Vitro Validation Assays Support ER-Related Mechanism of PhenolaTi with No Direct DNA Binding
(A) Agarose gel electrophoresis of the PCR products for detection of actin after co-incubation with (1) cisplatin, (I1)
doxorubicin, (Ill) 5-fluorouracil, (IV) phenolaTi, (V) control, at 27 (left 2 bands) or 54 (right 2 bands) uM of each tested
compound in duplicates (showing one of three repeats); phenolaTi, as 5-fluorouracil, does not interact directly with DNA.
(B-D) (B) Cytotoxicity curves of phenolaTi toward human MCF7 cancer cells, with and without the addition of salubrinal,
using the MTT assay following 72 h of incubation; activity of phenolaTi is abolished with the ER-stress inhibitor. (C)
Expression of PERK, p-EIF2a, ATF4, and p-IRE1 levels (evaluated using immunoblotting) in MCF7 cells following
incubation with phenolaTi; positive control Thapsigargin (Tg, a known ER Ca®* ATPase inhibitor; 4 nM for 16 h); GAPDH as
a loading control (inactivated PERK is observed at a lower molecular weight at time point 0, whereas activated PERK is
observed upon treatment). (D) gPCR levels of XBP1s form over time in MCF7 cells exposed to phenolaTi at 54 uM
concentration.

Yang and Wang, 1999). In contrast, 5-fluorouracil is a thymidylate synthase inhibitor (Rustum et al., 1997)
and hence served as a negative control. DNA was isolated from MCF7 cancer cells at a concentration of
0.4 ng/pL, amplifying the fragments of the gene that codes for actin. The tested compounds at concen-
trations of 27 and 54 uM were separately added to PCR tubes for evaluation of possible interaction with
DNA, by inspecting inhibition of the DNA polymerase activity, as manifested by inhibition of gene ampli-
fication. The results are depicted in Figure 5A. As expected, the actin bands were absent for the drugs
operating on DNA: cisplatin and doxorubicin, indicative of inhibition to the DNA polymerase activity due
to DNA-drug interaction. The well-detected bands for 5-fluorouracil and phenolaTi imply that, as for fluo-
rouracil, DNA may not be the major target of Ti(IV) phenolato compounds in their cytotoxic effect, sup-
porting the transcriptomics data.

The gene expression analysis pointed to ER as a target involved in the mechanism of action of phenolaTi.
ER stress is characterized by disruption of ER homeostasis, which is responsible mainly for production and
folding of cellular proteins, storage and regulation of calcium, and glucose metabolism. In response to ER
stress, the cell activates a signaling pathway called the unfolded protein response (UPR), which aims to help
the cell cope with the induced stress. There are three major sensors (proteins) controlling the UPR: inositol
requiring enzyme 1 (IRE1), protein kinase RNA-activated (PKR)-like ER kinase (PERK), and activating tran-
scription factor 6 (ATF6). IRE1 activation induces X-box binding protein 1 (XBP1) splicing. The downstream
proteins of PERK are eukaryotic initiation factor 2 (EIF2) and activating transcription factor 4 (ATF4)
proteins.

To further analyze the effect of phenolaTi on ER stress as suggested by the transcriptomics, the cytotoxicity
of phenolaTi was tested on MCF7 breast adenocarcinoma cells, with and without 70 uM of salubrinal, a
known ER-stress inhibitor (Boyce et al., 2005; Suntharalingam et al., 2013, 2014) that inhibits elF2a dephos-
phorylatoin, using the MTT assay (Ganot et al., 2013). The results are presented in Figure 5B.

The activity of phenolaTi was abolished in the presence of salubrinal. The protective effect of salubrinal
on cell viability suggests that ER stress has a role in inducing cell death. We then aimed to characterize
the alterations in the different components of the phenolaTi-induced ER-stress response pathway. As
mentioned above, there are three main ER-stress regulating proteins: IRE1, PERK, and ATFé. Their acti-
vation has both pro-apoptotic and pro-survival effects, depending on stress duration and intensity. At
~16 and 24 h post phenolaTi treatment, activated IRE1 and XBP1s expression was observed (Figures
5C and 5D). Additionally, activated PERK leads to phosphorylation of the protein Eif2¢. and, in turn, to
ATF4 translation. Again, activated PERK and Eif2a. phosphorylation were detected along with ATF4
expression at the same time points (Figure 5C). These results strongly support the hypothesis pointing
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to ER as at least one of the main molecular targets associated with the apoptotic cell death induced by
phenolaTi.

DISCUSSION

In this study, we present the first in-depth mechanistic analysis of a Ti(IV)-based anticancer drug. The scarce
genomic analyses reported previously for Pt- and Ru-based metallodrugs involved microarray or conven-
tional RNA-seq methodologies (Bergamo et al., 2015; Grozav et al., 2015; Jovanovi¢ et al., 2016; Velma
etal.,, 2016). Herein, the advanced CEL-Seg2 methodology (Hashimshony et al., 2016), which has optimized
primers, reagents, clean-up, and library preparation steps, was employed on cell populations rather than
applied as a single-cell sequencing technique, enabling conveniently gaining new insights on the pathways
involved within the mode of action of the Ti(lV) drug.

A variety of essential signaling pathways were significantly changed over the tested time course. Cell cycle
was erupted at G2/M phase, and apoptosis initiation via a mitochondrial pathway is proposed based on
microscopically detected changes, buildup of apoptotic cells, and alterations in mitochondria-related
genes, all in agreement with some reports in the literature on mechanistic aspects of Ti-based metallo-
drugs (Manna et al.,, 2012; Meker et al.,, 2016; Miller et al., 2016). All of the above support a well-pro-
grammed cell death initiated by phenolaTi.

Inspecting correlations to the genomic analyses of other anticancer metallodrugs (Bergamo et al., 2015;
Grozav et al., 2015; Jovanovic¢ et al., 2016; Velma et al., 2016), it is evident that, despite some similarities
relating to apoptosis induction, cell-cycle arrest, and p53-based mediated pathways, phenolaTi operates
distinctively as implied previously by the NCI-60 reactivity pattern (Meker et al., 2016). The ancestor drug
cisplatin operates directly on DNA (Riddell and Lippard, 2018; Wang and Lippard, 2005), whereas the
downregulation of DNA double-strand break pathway within the first hours of exposure to phenolaTi sug-
gests fundamentally different cellular behaviors. The lack of interference with DNA polymerase activity also
supports an indirect interaction between phenolaTi and DNA under the tested conditions. Interestingly,
downregulation of DNA repair genes is associated with hypoxic conditions in cells (Bindra et al., 2004,
2005; Chan et al., 2008; Meng et al., 2005), which was corroborated through direct analysis of hypoxia-
related genes (Buffa et al.,, 2010). Also, when comparing the results with those previously reported for
Ru-based compounds, phenolaTi does not activate similar metastasis-related TFs (Bergamo et al., 2015),
thus further confirming its distinct cellular impact.

The main pathways that stand out as particularly influenced by phenolaTi are those related to the ER, as
proposed previously for osmium-based anticancer drugs (Boyce et al., 2005; Suntharalingam et al., 2013,
2014). A variety of proteins and metabolic processes were altered, ATF4 was identified in one cluster (up-
regulation at 48 h), and genes associated with ER function based on previous work were upregulated
following phenolaTi treatment. Notably, in vitro cytotoxicity toward MCF7 cells was abolished upon addi-
tion of salubrinal, a known ER-stress inhibitor (Boyce et al., 2005), which further supports ER involvement in
the mechanism of action of phenolaTi. Upregulation of both IRET and PERK pathways further validate ER-
stress activation. Interestingly, previous cell imaging studies with fluorescent salen-type Ti(IV) complexes
have suggested possible accumulation of the fluorescent species near the ER region in the cell (Tzubery
et al.,, 2018). Since the ER membrane mainly comprises phospholipids (Brignac-Huber et al., 2016), direct
interaction of the oxophilic Ti(IV) metal with the ER to give strong Ti(IV)-phosphate bonds is plausible,
although such interaction would not be ER specific.

To conclude, unlike cisplatin and related known drugs, ER stress and hypoxia appear to govern Ti(lV)-based
cytotoxic reactivity, conditions that could be related (Corazzari et al., 2017; Pereira et al., 2014). Neverthe-
less, additional pathways activated in parallel or on different lines/by different derivatives cannot be ruled
out. The specific interactions between the drug and its direct target are yet to be elucidated, as well as the
source for cancer selectivity as manifested by the unique combination of wide activity and no toxic effects
for phenolaTi (Ganot et al., 2018). ATF4 was previously reported to contribute to tumor progression (Fels
and Koumenis, 2006), as well as malfunction or overexpression of phosphorylation process (Ardito et al.,
2017), all of which may serve a plausible explanation for cancer selectivity observed in vivo for phenolaTi.
Overall, being a highly promising new-generation anticancer chemotherapeutic drug, the mechanistic in-
sights provided herein for phenolaTi promote the understanding and advancing of modern non-toxic
chemotherapy. Lastly, the wide applicability and availability of the RNA-seq methodology applied on
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cell populations as described herein should progress more rapid, economical, and in-depth mechanistic
analyses of various metallodrugs operating by various mechanisms, for a marked leap in cancer research
and better accessibility of various tolerable chemotherapies.

Limitations of the Study

The study was performed on breast adenocarcinoma MCF7 cell line and therefore is limited by the muta-
tional status of the current tested cells.

Resource Availability
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Figure S1: PhenolaTi is a lead anticancer metallodrug. Related to Scheme 1. (a) Relative ICso values
(uUM) towards HT-29, A2780 and A2780cp (cisplatin resistant) human cancer cell lines of phenolaTi,
cisplatin and carboplatin (Meker et al., 2016) (after 72 hours of incubation) (b) In vivo effect of phenolaTi
(1.6 mg/kg), cisplatin (5 mg/kg), and oxaliplatin (5 mg/kg) on survival of Balb/c mice (Ganot et al., 2018)
(c) Relative sensitivity of ca. 60 human cancer cell lines of the NCI-60 panel to phenolaTi, Glso 4.6 + 2
UM (equivalent to ICso; the equation for Glso derivatization is given in following reference (Meker et al.,
2016)).
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Figure S2: Cytotoxicity curves of phenolaTi. Related to Figure 1. Viability curves of phenolaTi toward
human MCF7 breast adenocarcinoma cells using the methylthiazolydiphenyl-tetrazolium bromide (MTT)
(Ganot et al., 2013) assay following different incubation times. Relative ICso at 72 hours is 0.65 + 0.30 uM.

MCF7 cells were selected due to their relative sensitivity to phenolaTi, as deduced from the results
previously published on the reactivity toward the NCI-60 panel of the NIH (Meker et al., 2016). The results
depict that MCF7 cells were most sensitive to phenolaTi after 72 hours, although some activity was also
observed following shorter incubation times. No evident toxicity was observed for at least 6 hours, indicating
an anti-neoplastic effect executed through regulated molecular signaling pathways.
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Figure S3: MCF7 cells undergo changes in response to phenolaTi treatment. Related to Figure 2.; (a) Cell
cycle distribution following a 54 pM at different time points: (I) control (0 hours- untreated); and after (II) 3
(1 6 (IV) 15 (V) 24 (VI) 48 hours of incubation (showing one of three repeats). (b) Time dependent effect
of phenolaTi at 54 UM on apoptosis in MCF7 cancer cells, as recorded using flow cytometry, (I) control (0



hours- untreated); and after (11) 3 (Ill) 6 (V) 15 (V) 24 (VI) 48 hours of incubation (showing one of three
repeats).
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Figure S4: Short term changes in genes expressions after treatment with phenolaTi. Related to Figure 2.
(a-c) The volcano plots describe the fold change expression of the genes (x-axis) and the p-value for
significant changes in expression (blue dots present significant change, up-left or down-right regulated,
between the selected time point and 0- untreated cells) at three time points (a) 3 (b) 6 and (c) 15 hours of
exposure relative to control (untreated cells) (d) Venn diagram describes overlap of altered genes at
different time points divided into up and down regulated genes (e) Gene expression of CYP1Al, PYGM
and SLC30A1 over time.

Nine genes showed significant changes (Q-value< 0.05, and fold change >2) already within 3 hours of
exposure, followed by 46 genes at 6 hours, and subsequently 702 genes after 15 hours of incubation. The
most significantly altered gene (p-value 4.7e-35) SLC30A1 is associated to cation transmembrane
transporters and calcium channel inhibitor activity. Interestingly, upregulations of this and related genes
are involved in zinc efflux localized in the endoplasmic reticulum membrane (Barresi et al., 2018). Another
significantly upregulated gene is PYGM, an enzyme in carbohydrate metabolism. Of the 46 genes
changed within 6 hours, 19 genes were upregulated, and 27 genes were downregulated (Fig. S4a-e);
among the downregulated genes, EGLN2 (p-value 4.66e-6) is involved in oxygen sensing related to
hypoxia tolerance. Additional downregulated genes are PNRC2 (p-value 5.6e-24) associated with energy
balance/storage, and TMEM177 (p-value 2.2e-22) — a mitochondrial respiratory chain complex assembly
factor. This gene signature further supports the effect on mitochondria previously observed for related Ti
phenolato compounds, accumulated in the mitochondria organelle (Schur et al., 2013). Examining the 702
genes that were changed at 15 hours, 272 were upregulated and 430 downregulated. The downregulated
genes relate to cell cycle checkpoints such as CDC23 gene, and DNA damage such as BRCAL gene.
The upregulated genes relate to cellular response to metal ions such as CYP1A1.

CYP1A1 is a member of cytochrome p450 superfamily enzymes, which are involved in drug metabolism
and monooxygenase reactions (from NAD(P)H). These proteins are localized mainly in the inner
membrane of the mitochondria or the endoplasmic reticulum and are associated with cancer susceptibility
(Agundez, 2004; Brignac-Huber et al., 2016; name Kawajiri et al., 1993; Sharma et al., 2014). CYP1Al
together with PYGM (see above) and SLC30A1 genes (Fig. S4e) are immediately upregulated in response
to phenolaTi, stay highly expressed through the short times (3,6,15 hours). PYGM relates to
phosphorylase activity in glycogen metabolism (Smutna et al., 2014) and SLC30AL1 relates to cellular



metal transport (Guo and Cousins, 2009). Interestingly, two out of three proteins (SLC30A1 and CYP1A1)
are functionally related to the endoplasmic reticulum.

Gene Set Enrichment Analysis (Liberzon et al., 2011; Subramanian et al., 2005)
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Figure S5: Gene set enrichment analysis using Molecular Signatures Database (MSigDB) for gene
expressed in Cluster |. Related to Figure 3. Two representative pathways and our corresponding expressed
genes (pink): direct p53 effectors and mMRNA cis splicing, via spliceosome pathways.
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Figure S6: Gene set enrichment analysis using Molecular Signatures Database (MSigDB) for gene
expressed in Cluster Il. Related to Figure 3. One representative pathway and our corresponding expressed
genes (pink): cytoplasmic ribosomal proteins pathway.
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Figure S7. Gene set enrichment analysis using Molecular Signatures Database (MSigDB) for gene
expressed in Cluster Ill. Related to Figure 3. One representative pathway and our corresponding expressed
genes (pink): electron transport chain (OXPHOS system in mitochondria) pathway.
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Figure S8: Gene set enrichment analysis using Molecular Signatures Database (MSigDB) for gene
expressed in Cluster Ill. Related to Figure 3. Two additional representative pathways and our corresponding
expressed genes (pink): cytoplasmic ribosomal proteins and mitochondrial respiratory chain complex 1

pathways.
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Figure S9: Gene set enrichment analysis using Molecular Signatures Database (MSigDB) for gene
expressed in Cluster V. Related to Figure 3. One representative pathway and our corresponding expressed
genes (pink): ATP synthesis coupled proton transport pathway.
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Figure S10: Gene set enrichment analysis using Molecular Signatures Database (MSigDB) for gene
expressed in Cluster V. Related to Figure 3. Two representative pathways and our corresponding
expressed genes (pink): cell cycle G2/M phase transition and Fanoconi anemia pathways.

Analysis of pathway related genes: PhenolaTi causes changes in hypoxia and endoplasmic
reticulum related genes
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Figure S11: Changes in expression of ER related genes in response to phenolaTi in MCF7 cells at 54 pM.
Related to Figure 4. A 95-gene cluster of the total 575 genes previously reported to relate to ER stress (Han
et al., 2013); these genes were significantly altered over time in our experiment (p-value < 0.001).



Gene validation- ddPCR
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Figure S12: Gene expression alteration in response to phenolaTi in MCF7 cells: RNA-seq correlates with
ddPCR results. Related to Figure 4. Cells were treated with 54 uM phenolaTi and sequenced in duplicate
after 0 (untreated), 3, 6, 15, 24 and 48 hours. Expression analysis included ddPCR. Normalization was
performed relative to the maximal expression of each gene. (a) Five representative genes related to
endoplasmic reticulum stress are depicted (ATF4, GADD34, DDIT3, ATG5, XBP1). Upper level (minimized
graph) expression illustrates the results obtained through RNA-seq of the corresponding genes. (b) Two
representative genes, related to apoptosis are depicted (BID, AKT1). Upper level (minimized graph)
expression illustrates the results obtained through RNA-seq of the corresponding genes. (c) Two
representative genes, related to hypoxia are depicted (HIF1A, IDH1). Upper level (minimized graph)
expression illustrates the results obtained through RNA-seq of the corresponding genes for comparison.



Independent p53 cytotoxicity
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Figure S13: In vitro validation assay is independent of p53 cellular status. Related to Figure 5. Cytotoxicity
curves of phenolaTi toward human MCF7 and CRL-5803 cancer cells using the MTT assay following 72
hours of incubation, showing similar activity. Relative ICso of phenolaTi on MCF7 and CRL-5803: 4.59+1.78
and 6.66 = 1.75 pM, respectively.

The cell cycle arrest and altered DNA repair pathways, as well as the apoptotic response, suggest the
involvement of TP53. The transcriptomic analysis points to participation of p53 protein in the cellular
response to phenolaTi in three main clusters (Fig. 3 cluster (I)/(111)/(V)). Whereas some p53 regulating
genes are downregulated (Fig. 3 cluster (V)), such as CHEK2, CDK1 and RAD51, most related genes are
upregulated within 15 or 48 hours (Fig. 3 cluster (111)/(1)), among which are GADD45 and BCL6. To measure
dependency of the cytotoxic effect of phenolaTi on p53 status, cell viability was compared for two cell lines,
based on the methylthiazolydiphenyl-tetrazolium bromide (MTT) assay (Ganot et al., 2013): MCF7 cells
with wild type p53 gene (Wasielewski et al., 2006), and CRL-5803 lung carcinoma p53 null-cell line
(Blandino et al., 1999) (Supplemental Fig. S7).

Both cell lines responded similarly to the phenolaTi treatment. This result may suggest a p53 independent
mode of action of phenolaTi and may point to an alternative DNA-damage and apoptotic-response
pathways, e.g. the AKT pathway (Roos et al., 2016). This observation agrees with the cytotoxic effect of
phenolaTi on all lines in the NCI-60 panel, comprising both wild type and mutated TP53 cell lines
(Supplemental Fig. Slc), as well as with previous reports suggesting upregulation of p53 amounts in
response to Ti(IV) phenolato-based compounds (Miller et al., 2016).



Transparent Methods

General: Complex phenolaTi was synthesized according to published procedures (Meker et al., 2016). In
all experiments, the compounds were first dissolved in DMSO and then diluted in medium as appropriate.

Cell lines and culture conditions: All experiments were conducted on human MCF7 (breast
adenocarcinoma, genetic characterization can be found at https://www.atcc.org/products/all/HTB-
22.aspxi#specifications, or CRL-5803 (NCI-H1299; lung carcinoma) cells obtained from American Type
Culture Collection (ATCC) Inc. Cells were grown in 75-cm? culture flasks as adherent monolayer cultures
in Dulbecco’s Modified Eagle’s Medium (DMEM) or Roswell Park Memorial Institute (RPMI) 1640 medium,
respectively, supplemented with 10% fetal bovine serum, 1% L-glutamine and 1% penicillin/streptomycin
(Biological Industries).

Cytotoxicity: Cells were grown in 96-well plate at density of ~9,000 cells per well, allowed to attach
overnight, and incubated for O (untreated), 3, 6, 15, 24, 48 and 72 hours with phenolaTi. Then, the MTT
assay was applied as previously described (Ganot et al., 2013). Each measurement was repeated at least
3x3 times, namely, three repeats per plate, all repeated three times on different days (9 repeats
altogether). Relative 1Csp values with standard error of means were determined by a nonlinear regression
of a variable slope (four parameters) model by the Graph Pad Prism5.0 program.

Experiments conducted on CRL-5803 cells were measured after 72 hours of incubation, according to a
published procedure (Ganot et al., 2013).

Experiments conducted with salubrinal (purchased from Sigma) included 70 uM substrate added to the
cells, 12 hours prior to addition of phenolaTi, based on previous studies suggesting rapid cellular
penetration of phenolaTi (Meker et al., 2016).

Cell cycle analysis: Cells were cultured in a 6-well plate at a density of ~200,000 cells per well and
allowed to attach overnight. PhenolaTi was added at a 54 uM concentration and incubated for O
(untreated)/3/6/15/24/48 hours, such that all samples were harvested at the same time. Cells were
trypsinzed and medium was added. The samples were then centrifuged at 2,000 RPM for 5 minutes,
washed twice with PBS, and fixed at least overnight in a 1:3 PBS to ethanol solution at 4 °C. Cells were
then centrifuged at 2,000 RPM for 5 minutes and washed with 0.4 ml PBS. Afterwards, 3.5 ul of RNAse A
were added, and the cells were incubated for 15 min at 37 °C, stained with propidium iodide at 4 °C for 30
minutes, and analyzed by flow cytometry (Becton-Dickinson Excallibar Fluorescence Activated Cell
Sorter) using the FlowJo program (Treestar, San Carlos, CA, USA). Each experiment was conducted at
least 3 times on different days.

Annexin V/propidium iodide assay: Apoptosis was measured using the Annexin V FITC Apoptosis
detection kit (Calbiochem). Cells were cultured in a 6-well plate at a density of ~300,000 cells per well and
allowed to attach overnight. PhenolaTi was added at a 54 uM concentration and incubated for O
(untreated)/3/6/15/24/48 hours, so that all samples were harvested at the same time. All procedures were
conducted according to the manufacturer’s instructions. The samples were analyzed by flow cytometry
(Becton-Dickinson Excallibar Fluorescence Activated Cell Sorter).

Microscopy: Cells were cultured in a 6-well plate at a density of ~300,000 cells per well and allowed to
attach overnight. The next day, phenolaTi (54 uM) or DMSO (0.5%) were added and the cells were
incubated for 72 hours. The cell response was recorded every 15 minutes for 72 hours by Nikon eclipse-
Ti.

RNAseq analysis: RNA was purified from MCF7 cells treated with 54 pM phenolaTi for different
incubation periods (0-untreated/3/6/15/24/48 hours), in three biological replicates (one sample each for
15 and 24 incubation time points were omitted) and sequenced using the Cel-Seq2 method (Hashimshony
et al., 2016). The results were analyzed as follows: 1) The pair-end samples were demultiplexed as
previously published (Hashimshony et al., 2016); 2) Adapters were trimmed by cutadapt; 3) The reads
were mapped to the human genome version GRCh38 using STAR (Dobin et al., 2013); 4) The reads were
counted by HTseg-count (Anders et al., 2015); 5) The count matrix was normalized to the size of all the
libraries analyzed; 6) The z-score of the normalized data was calculated. A one-way ANOVA test was
employed to identify the genes that had a similar expression within the biological replicates but the highest
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level of variation with the other samples. The results were ordered by their p-values and the top 5,000
genes were selected for in-depth analysis. These genes were clustered into 5 groups according to their
expression levels. These groups were analyzed with HOMER (Heinz et al., 2010) in order to find common
transcription factors.

ddPCR: The same samples used for RNA-sequencing were used for the ddPCR procedure, employed on
the selected genes. Reverse transcription was performed using a cDNA reverse transcript kit (iScriptTM
cDNA Synthesis kit; Bio-Rad), according to manufactures instructions. The mRNA expression levels were
measured by using QX200Tm Bio-Rad digital droplet PCR. Primers for each gene were purchased from
Sigma Aldrich accordingly:

ATF4 (F: AGGAGGAAGACACCCCTTCA, R: ATCGTAAGGTTTGGGACGGG), GADD34 (F:

CTGGCTGGTGGAAGCAGTAA, R: TATGGGGGATTGCCAGAGGA), DDIT3 (F:
TTCTCTGGCTTGGCTGACTG, R: TCCTCCTCTTCCTCCTGAGC), ATGS (F:
TTTGGTGGAGGCAACCTGAC, R: CCAGCCCAGTTGCCTTATCT), XBP1 (F:
TGACATCCAGCAGTCCAAGG, R: GCAAGCCAGGATGCCAAAAA), BID (F:
CCAGAACCTACGCACCTACG, R ACCACATCGAGCTTTAGCCA), AKT1 (F:
GGACAAGGACGGGCACATTA, R: CGACCGCACATCATCTCGTA), HIF1A (F:

GGCAGCAACGACACAGAAAC, R: TTTTCGTTGGGTGAGGGGAG) and IDH1 (F:
ACGGAACCCAAAAGGTGACA, R: GCCAACCCTTAGACAGAGCC).

Polymerase chain reaction (PCR): MCF7 cells were grown in 75-cm? cell culture flasks (NuncTM,
Thermo Fisher Scientific). About 3x108 cells were trypsinzed and DNA was extracted and purified using
NucleoSpin® Tissue (Macherey-Nagel), according to the manufacturer's instructions. The DNA
concentration was 60 ng/ul. The DNA concentration was set to 0.4 ng/pul, correlating to 20,000 cells. For
the PCR protocol, the REDTaq® ReadyMixTM PCR reaction mix (R2523, Sigma Aldrich) was used. The
actin gene was used as the housekeeping gene for evaluation of possible interaction. Primers
(F:AGACTCTGTCGTGGCAGTTG, R: CAGCTGGTAAGGGGGACTTG) were purchased from Sigma.
Cisplatin, doxorubicin and 5-fluorouracil were purchased from Sigma. The concentration used for all tested
compounds was 27 and 54 pM, in duplicates; all repeated at least three times.

Immunoblotting assay: Cells were cultured in 6-well plate at density of ~200,000 cells per well and
allowed to attach overnight. PhenolaTi was added at 54 uM and the wells were incubated for 16 and 24
hours. Cell protein extracts were obtained by adding Laemmli sample buffer (Bio-Rad, #161-0747)
supplemented with 10% B-mercaptoethanol. About 40 pg of total protein (determined by BCA method)
was loaded on gradient 4-20% Mini-Protean® TGX Stain-Free protein gel (Bio-Rad), in tris-glycine-SDS
running buffer, resolved at 25 mA (per gel) and electroblotted to nitrocellulose or activated polyvinylidene
fluoride (PVDF) membrane at Trans-Blot Turbo Transfer system (Bio-Rad). The membranes were blocked
with 3% non-fat milk solution in Tris buffered saline and Tween 20 (TBST) for 1 hour at room temperature.
Membranes were incubated for overnight at 4 °C with either anti- PERK (1:400, #3192, Cell Signaling),
GAPDH (1:400, ab181602, EPR16891, ABCAM), p-EIF2a (1:400, ab32157, E90, ABCAM), ATF4 (1:400,
ab184909, EPR18111, ABCAM), p-IRE1 (1:400, ab124945, EPR5253, ABCAM), primary antibody diluted
in blocking solution. Membranes were washed and then incubated with peroxidase conjugated secondary
antibodies (1:10,000, Sigma) diluted in blocking solution for 1 hour at room temperature. The membranes
were washed with TBST and proteins were visualized using enhanced chemiluminescence (ECL) solution
(Bio-Rad) using Gel DocTM imaging system (Bio-Rad).

Gene expression (QPCR): Total RNA was extracted from MCF7 cells similarly to RNA-seq analysis.
Reverse transcription was performed using iScript cDNA synthesis kit (Bio-Rad), and mRNA expression
levels were measured with gPCR. SYBR-Green (Bio-Rad, USA) was used in a CFX-384 Real-Time PCR
system (Bio-Rad). Data were analyzed using the AACt method. Relative quantities of gene transcripts
were normalized to actin (same primer as in PCR section). Primers for the spliced variant of XBP1 protein
were specifically designed on the 26 base gap differentiated between the long and spliced variants, using
the NCBI Primer Blast (F: CTGAGTCCGCAGCAGGTGCAG, R: GAGATACCCAGCTCCGGAACG).
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