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In brief

Mg?* is crucial for various cellular
functions, but the effect of intracellular
Mg?* decrease remains obscure.
Kawamura et al. show that the decrease
triggers massive cell death by activating
the NF-kB signal. Furthermore, cell death
is distinct from the known types of
regulated cell death, which are
characterized by actin-driven
protrusions.
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SUMMARY

Mg?* is an essential cofactor for numerous enzymes, supporting fundamental cellular processes. The phos-
phatase of regenerating liver (PRL) protein family, frequently upregulated in cancer, inhibits cyclin M (CNNM)
Mg?* efflux transporters. To elucidate the physiological role of PRL in Mg?* homeostasis at the cellular level,
we employed combined genetic knockout and knockdown approaches. PRL deletion led to marked reduc-
tion of intracellular Mg?* levels and triggered extensive cell death. Transcriptomic analysis revealed activa-
tion of the NF-kB pathway, and, accordingly, the genetic deletion of NF-kB p65 subunit abrogated cell death.
Similarly, CNNM overexpression triggered intracellular Mg?* decrease, NF-kB activation, and subsequent
cell death. Notably, this form of cell death exhibited characteristic morphological features, including actin-
driven fiber-like protrusions, distinguishing it from known cell death modalities. Our findings uncover a

distinct mode of NF-kB-dependent cell death triggered by intracellular Mg?* decrease.

INTRODUCTION

Magnesium ion (Mg®*) is the most abundant divalent cation in
cells, where it predominantly exists in a bound form with cellular
molecules, such as ATP, nucleic acids, proteins, and phospho-
lipids. As an essential cofactor for a wide range of enzymatic re-
actions, Mg?* is indispensable for a myriad of cellular functions,
including energy metabolism, nucleic acid synthesis, and
genome stability.” Intracellular Mg®* levels are tightly regulated
(~17-20 mM) by the coordinated activities of a series of Mg?*-
permeable channels and transporters, including transient recep-
tor potential melastatin 6 (TRPM6); TRPM7; magnesium trans-
porter 1; mitochondrial RNA splicing 2 and its prokaryotic
ortholog CorA, solute carrier family 41 member A1 (SLC41A1),
and MgtE; and cyclin M (CNNM) and CorB/CorC.?'® In particular,
the CNNM family of proteins plays a pivotal role in extruding Mg>*
for maintaining cellular Mg®* homeostasis, as supported by
studies showing that CNNM overexpression or its loss profoundly
impacts intracellular Mg?* levels.* 422

Importantly, phosphatase of regenerating liver (PRL) binds and
inhibits CNNM-dependent Mg?* efflux, thereby elevating intra-
cellular Mg?*."*?® Three PRL family genes (PRL1-3) are present
in mammals, which encode highly homologous proteins pos-
sessing a single protein tyrosine phosphatase (PTP) domain
and a C-terminal prenylation signal (CAAX) sequence for mem-
brane anchoring® (Figure 1A). Although initially identified in liver
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regeneration,”® PRLs have been implicated in metastatic pro-
gression of colorectal and other cancers.”® The expression level
of PRLs is frequently upregulated in tumor tissues,”’ and previous
studies indicated that PRL promotes tumor progression through
its interaction with CNNM.?? For instance, the overexpression of
PRLs elevates intracellular Mg?* levels and affects cellular phys-
iology, including increased levels of ATP and reactive oxygen
species, altered lysosomal dynamics, and modulation of key
signaling pathways such as AMPK, TORC1/2, and EGFR."*29%°

While loss-of-function studies have been performed in both
organisms and cell lines, the physiological functions of PRLs
remain incompletely defined, especially at the cellular level. Sin-
gle-gene knockout (KO) mice of Prl1 or Pri3 show only subtle
phenotypes,®**> while Pri2 KO mice show growth retarda-
tion.*5*” Pri1/Pri2 double KO results in embryonic lethality,**
suggesting compensatory functions among the PRL family pro-
teins. In addition, pri-7 mutation in Drosophila melanogaster and
Caenorhabditis elegans, which possess a single orthologous
gene of mammalian PRL (pri-1), did not affect body size and
morphology,®**® suggesting a complex role for PRL at the
organismal level. At the cellular level, earlier studies using KO
or knockdown (KD) approaches to target PRLs often failed to
achieve complete PRL depletion, leaving residual protein
expression with little impact on Mg?* levels or cell proliferation.*®
These results indicate that a more robust suppression of PRL
family expression is required to clarify the physiological role of
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(E) Indicated MDCK-derived cell lines were transfected twice with control siRNA (“—”) or PRL1-siRNA-1 (“+”). Total intracellular Mg contents were quantified at 6 h
after the second transfection with xylidyl blue (mean + SEM, n = 3 biological replicates). ***p < 0.01 and ****p < 0.0001 (one-way ANOVA).

See also Figure S1.

the PRL family in maintaining Mg?* homeostasis at the cellular
level.

In this study, we succeeded in achieving a near-complete sup-
pression of PRL family expression in Madin-Darby canine kidney
(MDCK) cells using a combined KO and KD strategy. This
approach led to a profound decrease in intracellular Mg>* levels
and triggered a striking form of cell death clearly different from
known cell death modalities but dependent on NF-«xB signaling.
Our findings therefore reveal an unexpected mode of intracel-
lular Mg?*-dependent cell death pathway.

RESULTS

Experimental setup to achieve near-complete deletion
of the PRL family
To be able to investigate the physiological role of the PRL family
in Mg?* homeostasis, we aimed to robustly delete the PRL family
expression in MDCK epithelial cells, which are frequently used in
cellular ion transport studies. In mammals, three PRL family
genes (PRL1-3) encode highly homologous proteins, sharing
77%-86% identity among their canine orthologs (Figure 1A).
Immunoblotting with an anti-PRL antibody that recognizes all
three isoforms’* revealed a lower band corresponding to PRL2
and an upper band representing PRL1 and/or PRL3
(Figure 1B). Subsequent immunoblotting using a PRL3-specific
antibody did not yield a detectable signal, suggesting negligible
PRL3 expression. Transcriptomic analysis of MDCK cells
confirmed this expression profile: PRL2 showed the highest
expression, PRL1 was moderately expressed, and PRL3 expres-
sion was negligible. Based on these findings, we targeted PRL1
and PRL2 to suppress total PRL activity in MDCK cells.

We first generated PRL2 KO (PRL27'7) clones by lentiviral de-
livery of Cas9 and a single guide RNA (sgRNA) targeting PRL2
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(Figure 1A). Successful PRL2 disruption in two independent
cell clones was confirmed (Figures 1C and 1D). PRL2™/~ clones
exhibited enhanced PRL1 expression, consistent with previous
observations in PRL2 KO or KD models.®**" We next attempted
to generate PRL2/PRL1 double-KO cells from PRL2 single-KO
cells. However, only heterologous PRL17 disruption clones
(PRL2~—; PRL1*'~ cells) were obtained, suggesting that com-
plete PRL1/2 ablation impairs cell viability. In support of this,
PRL1 single-KO clones could be generated from wild-type
(WT) cells using the same sgRNA (Figure S1), implying that
PRL1/2 double KO causes severely impaired proliferation or
cell death. To further reduce the remaining PRL1 expression,
we transfected the PRL17-specific siRNA (PRL7-siRNA-1) into
PRL2~'~; PRL1*~ cells. This combined KO and KD approach
(hereafter referred to as PRL KO + KD) markedly decreased
PRL1 protein levels (Figure 1C). Given that PRLs suppress
CNNM-mediated Mg?* efflux,'* we hypothesized that PRL
KO + KD would lead to decreased intracellular Mg2+. Indeed,
PRL KO + KD by introducing PRL7-siRNA-1 into either
PRL2~/~; PRL1*~ #1 or PRL2™/~; PRL1*~ #2 cells resulted in
a significant decrease in Mg content (Figure 1E), confirming a
critical role for PRLs in maintaining intracellular Mg levels.

PRL deletion triggers massive cell death

We found that PRL KO + KD cells exhibited a marked increase in
detached cells (Figure 2A), suggesting that PRL deletion impairs
cell proliferation and/or viability. For the subsequent analysis, we
reseeded the cells at a low density following the PRL7 siRNA
transfection and performed time-course experiments. In time-
lapse imaging, the control cells actively proliferated and reached
~80% confluence within 48 h, while PRL KO + KD cells largely
failed to proliferate (Figure 2B; Videos S1 and S2). Trypan blue
exclusion assays also demonstrated that PRL KO + KD cells
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Figure 2. Near-complete suppression of PRL causes cell death
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Indicated MDCK-derived cell lines were transfected twice with control siRNA (“—") or PRL7-siRNA-1 (“+”). (A) Phase-contrast images at 6 h after the second
transfection. Arrowheads: detached cells. (B) From 3 h after reseeding, phase-contrast images were acquired every 1 h for 48 h, and representative images at 6-h
intervals are shown. Arrowheads: cells that did not proliferate during image acquisition.

(C) Live cell number at indicated time points after reseeding (mean + SEM, n = 2 biological replicates). (D) Live cell number (left) and percentage of dead cells (right)
48 h after reseeding (mean + SEM, n = 2 biological replicates). (E) Left: cells 48 h after reseeding were subjected to either cleaved caspase-3 staining (red). Blue:
DNA. Arrowheads: cleaved caspase-3-positive cells. Right: cell number and percentage of cleaved caspase-3-positive cells per field (mean + SEM, n = 10 fields

from 2 independent experiments).

Scale bars, 100 pm. *p < 0.01, **p < 0.001, and ***p < 0.0001 (C: two-way ANOVA; D and E: one-way ANOVA).

See also Figure S2; Videos S1 and S2.

showed only minimal growth, while control and PRL single-KO
cells exhibited steady increases in viable cell numbers
(Figure 2C). We also performed PRL KO + KD with another siRNA
targeting a different site of PRL7 (PRL17-siRNA-2) and confirmed
that it also effectively reduced PRL1 expression (Figure S2A) and
suppressed the increase in viable cells (Figure S2B), as did
PRL1-siRNA-1. Notably, the proportion of dead cells was drasti-
cally increased in PRL KO + KD cells (Figure 2D). Furthermore,
immunofluorescence staining for cleaved caspase-3, a marker
of apoptotic cells, showed a significant increase in PRL KO +
KD cells (Figure 2E).

To evaluate the possibility that impaired proliferation may
contribute to the reduced cell numbers in PRL KO + KD cells,
we assessed DNA synthesis by 5-ethynyl-2’-deoxyuridine
(EAU) incorporation assay. The fraction of S-phase cells was
not significantly different between PRL KO + KD and control cells
(Figure S2C). Time-lapse analysis of individual dividing cells re-
vealed only a slight increase in cell cycle duration in PRL KO +
KD cells (Figure S2D). Additionally, flow cytometry analysis

showed a substantial accumulation of sub-G1 cells—indicative
of celldeath***—in PRLKO + KD cells (Figure S2E, 16% —23%).
However, the distribution of G1, S, and G2/M phases among
viable non-sub-G1 cells remained comparable across condi-
tions, indicating that cell cycle progression was not markedly
affected by PRL KO + KD. Collectively, these findings demon-
strate that comprehensive suppression of PRL family proteins
leads to massive cell death rather than impaired proliferation.

NF-kB activation downstream of intracellular Mg?*
decrease drives cell death

To investigate the mechanism underlying cell death induced by
PRL KO + KD, we first assessed whether Mg2+ decrease is the
actual trigger. Given that cellular Mg level was significantly
reduced in PRL KO + KD cells, we supplemented culture media
with excess Mg2* (20 mM) and confirmed the significant increase
in intracellular Mg levels (Figure 3A). The Mg?* supplementation
also significantly restored viable cell numbers and reduced the
proportion of dead cells and cleaved caspase-3-positive cells
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Figure 3. Mg?* supplementation rescues
cell death induced by PRL suppression

Indicated MDCK-derived cell lines were trans-
fected twice with control siRNA (“—”) or PRL1-
siRNA-1 (“+”) and cultured with normal culture
medium containing 0.9 mM Mg?* or medium sup-
plemented with 20 mM Mg?*. (A) Total intracellular
Mg contents were quantified at 6 h after the second
transfection with xylidyl blue (mean + SEM, n =3
biological replicates). (B) Live cell number (left) and
percentage of dead cells (right) were counted 30 h
after the second transfection (mean + SEM, n=4-5
biological replicates). (C) Cells were fixed 30 h after
the second transfection and stained for cleaved
caspase-3 (left, red). Blue: DNA. Right: percentage
of cleaved caspase-3-positive cells per field
(mean + SEM, n = 20 fields from 2 independent
experiments). Scale bars, 100 pm. *p < 0.05,
***p <0.001, and ****p < 0.0001 (one-way ANOVA).
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under PRL KO + KD conditions (Figures 3B and 3C), confirming
that intracellular Mg?* decrease is a key driver of cell death in this
condition.

We next performed transcriptomic analysis to profile the
changes in global gene expression by PRL KO + KD
(Figure 4A). A total of 295 genes were found to be upregulated
>2-fold in PRL KO + KD cells (Figure 4B, left). Enrichment analysis
identified related to NF-kB subunit RelA/p65*° as the top candi-
date (Figure 4C). Indeed, 10 of the 16 genes upregulated >5-
fold were known NF-xB targets, such as CCL5 and IL-6
(Figure 4B, right), suggesting robust activation of NF-xB signaling
following PRL deletion and Mg?* deprivation.

To validate NF-kB activation, we performed immunofluores-
cence staining of p65, a core subunit of the NF-xB complex,
which translocates from cytosol to nucleus upon signal activa-
tion®® (Figure S3A). While p65 was predominantly localized to
the cytoplasm in control cells, PRL KO + KD induced a strong nu-
clear accumulation of p65 (arrowheads, Figure 5A), confirming
NF-kB activation. Importantly, Mg?* supplementation sup-
pressed p65 translocation, indicating Mg2* decrease as the up-
stream trigger of NF-xB activation.

To directly assess the role of NF-kB in cell death by PRL KO +
KD, we next generated p65-KO cells derived from PRL2;
PRL1*~ cells (referred to as p65~'"; PRL2™'~; PRL1*'~,
Figures 5B and 5C). PRL1-siRNA was then introduced into the
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nase upstream of p65,® also effectively
blocked p65 nuclear translocation and
suppressed cell death and caspase-3
cleavage in PRL KO + KD cells
(Figures S3C and S3D). Collectively,
these findings demonstrate that intracellular Mg?* decrease ac-
tivates NF-«xB signaling, which is both necessary to drive cell
death following PRL deletion.

WT PRL2"; PRLZ";
PRL1"- PRL1""
#)  (#2)

CNNM overexpression triggers NF-kB activation and cell
death

In cellular Mg?* handling, PRLs suppress CNNM-mediated Mg?*
efflux. Thus, we next interrogated whether Mg®* decrease due to
forced CNNM overexpression triggers NF-xB activation and
subsequent cell death (Figure 6A). We focused on CNNM4,
which has been reported to exhibit the strongest Mg2* efflux ac-
tivity among mammalian CNNM family members.'® The overex-
pression of FLAG-tagged CNNM4 in WT MDCK cells caused a
substantial increase in nuclear p65 localization and cleaved cas-
pase-3-positive cells (Figures 6B and 6C). These effects were
reversed by supplementing excess Mg?* to the medium, indi-
cating that intracellular Mg®* decrease by CNNM4 overexpres-
sion also induced NF-kB activation and cell death.

To examine whether the Mg?* decrease-dependent cell
death is conserved across other cell types, we utilized HT-
1080 human fibrosarcoma cells, which are commonly used in
cell death studies.*”**®* We generated a cell clone stably ex-
pressing a doxycycline (DOX)-inducible CNNM4-FLAG expres-
sion (hereafter ICNNM4-FLAG cells, Figure 6D). Without DOX,
the intracellular Mg level of iICNNM4-FLAG cells was
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comparable to that of WT cells. Upon CNNM induction by DOX
treatment, intracellular total Mg levels dropped to approxi-
mately two-thirds of the baseline (Figure 6E). Doses of
0.1 pg/mL or higher induced near-complete cell death within
48 h (Figure 6F). The cell death was strongly suppressed by
Mg?* supplementation, mirroring the phenotype observed in
PRL KO + KD MDCK cells (Figure 3). Consistently, DOX treat-
ment led to the nuclear translocation of p65 in iCNNM4-FLAG
cells (Figure 6G). The expression levels of IkBa, whose degra-
dation is a marker of NF-xB activation,*® decreased upon
CNNM4 induction, though not as drastically as in response
to TNF-a treatment (a canonical NF-xB activator) (Figure 6D).
Collectively, these results indicate that the intracellular Mg2*
decrease induced by CNNM4 overexpression leads to NF-xB
pathway activation and cell death.

Cellular Mg?* decrease induces a non-canonical form of
cell death

To further characterize the mode of cell death induced by cellular
Mg?* decrease, we tested the effects of pharmacological inhib-
itors targeting the major regulated cell death pathways: Z-VAD-
FMK (apoptosis),*® liproxstatin-1 (Lip-1, ferroptosis),”® MCC950
or VX765 (pyroptosis),®’> and necrostatin-1 (Nec-1, necropto-
sis).>® None of these compounds rescued cell viability in DOX-
treated iCNNM4-FLAG cells (Figure 6F). PRL KO + KD cells
and CNNM4-overexpressing cells exhibited cleaved caspase-3
positivity, which is considered a bona fide apoptosis marker
(Figures 2E and 6C). Nonetheless, the emergence of lower levels
of cleaved caspase-3 can be observed as a secondary event in
other types of regulated cell death, such as ferroptosis and

itor, suggesting that the conventional
apoptotic pathway is unlikely to be
involved.

Given prior links between NF-xB activation and pyropto-
sis,”” we additionally examined gasdermin D (GSDMD) cleav-
age, a hallmark of pyroptotic execution.”® As expected,
GSDMD cleavage was detected in J774A.1 macrophages
following pyroptosis induction by lipopolysaccharide and
ATP stimulation (Figure S4A). In contrast, HT-1080 and
MDCK cells showed only marginal GSDMD expression,
and cleavage products were undetectable following CNNM4
overexpression or PRL KO + KD, respectively. Overall, these
results suggest that a decrease in cellular Mg?* triggers cell
death distinct from conventional regulated cell death, such
as apoptosis, ferroptosis, pyroptosis, and necroptosis. We
also utilized RNA sequencing (RNA-seq) data (Figure 4) and
analyzed genes with >2-fold downregulation by PRL KO +
KD (239 genes). We compared them with the gene set “pro-
survival,” which contains inhibitory genes of the known regu-
lated cell death but there was no significant overlap
(Table S1). We also did not find significant overlap with genes
known to be upregulated by the activation of prosurvival
MAPK, Akt, and mTOR pathways but some components of
these pathways were downregulated (Table S1).

We also tested the possible involvement of several known
causes of cell death via NF-kB signal activation, such as
excess/prolonged TNF-a exposure by the formation of a feed-
forward autocrine loop®® and oxidative/genotoxic stress®® in
Mg?* decrease-dependent cell death. Supplementation of
TNF-a-neutralizing antibody to the culture media failed to sup-
press cell death by CNNM4 induction (Figure S4B), excluding
the possibility of cell death via excess/prolonged TNF-a expo-
sure. As for the oxidative stress, we measured the intracellular
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Figure 5. Targeted deletion of the p65 subunit of NF-kB rescues cell death

(A) Left, indicated MDCK-derived cells were transfected twice with control siRNA (“—") or PRL7-siRNA-1 (“+”) and cultured with medium containing indicated
Mg?* concentrations. The cells were fixed 6 h after the second transfection and stained for p65 (left, green). Blue: DNA, red: F-actin. Scale bars, 50 um. Nuclear
p65 cells are marked with arrowheads. Right, percentage of nuclear p65 cells per field (mean + SEM, n = 20 fields from 2 independent experiments).

(B) Lysates of indicated MDCK-derived cells were subjected to immunoblotting with the indicated antibodies.

(C) Genomic sequencing analysis of indicated MDCK-derived cell lines. Detected sequences are shown below the reference WT sequence. Boxed letters: sgRNA

target sites. The amino acid sequence of WT p65 is also shown.

(D) Live cell number (left) and dead cell percentage (right) of the indicated MDCK-derived cells 30 h after the second transfection (mean + SEM, n = 4-5 biological

replicates).

(E) Left: indicated MDCK-derived cells were fixed 30 h after the second transfection and stained for cleaved caspase-3 (red). Blue: DNA. Right: percentage of

cleaved caspase-3-positive cells per field (mean + SEM, n = 19-20 fields from 2

independent experiments).

Scale bars, 50 pm (A) or 100 pm (E). **p < 0.01 and ***p < 0.0001 (two-way ANOVA).

See also Figure S3.

levels of general reactive oxygen species (ROS) and H,0, us-
ing fluorescent sensor molecules DCFH-DA and HyPer,®'
respectively, and found that neither increased in CNNM4-
induced cells (Figures S4C and S4D). In contrast, immunofluo-
rescence staining of yH2AX, a well-known marker of damaged
DNA,®? showed the emergence of yH2AX-positive foci in the
nucleus of both CNNM4-induced cells and H,O,-treated cells
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(Figure S4E). Since ATM plays a crucial role in NF-xB signal
activation upon DNA damage,®*®* we treated cells with its in-
hibitor KU-55933. Cell death and p65 nuclear translocation by
CNNM4-induction were not suppressed by KU-55933 treat-
ment, suggesting that DNA damage is not related to the
Mg?* decrease-mediated activation of NF-kB signaling and
subsequent induction of cell death (Figure S4F).
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Figure 6. Overexpression of the Mg?* exporter CNNM4 recapitulates features induced by near-complete suppression of RPL

(A) Schematic of intracellular Mg?* decrease by PRL KO + KD and CNNM overexpression.

(B and C) WT MDCK cells were transfected with indicated expression constructs, fixed 30 h (B) or 36 h (C) after transfection, and stained for FLAG (red) and p65 (B,
green) or cleaved caspase-3 (C, green). Blue: DNA. Cells with nuclear p65 localization (B) and positive for cleaved caspase-3 (C) are indicated with arrowheads,
and their percentages relative to either total cells (for empty vector-transfected cells) or CNNM4-FLAG expressing cells are also indicated (n = [from left to right]
227, 216, 201, 217, 206, and 216).

(D-G) Indicated HT-1080-derived cell lines were cultured in the presence (“+”) or absence (“—") of indicated DOX concentrations. (D) Lysates of cells 30 h after
DOX treatment were subjected to immunoblotting with the indicated antibodies. Cells were treated with TNF-a for 30 min. (E) Total intracellular Mg contents at
30 h after DOX treatment were quantified using xylidyl blue (mean = SEM, n = 3 biological replicates). (F) Cell viability after 48 h either with 20 mM Mg?* sup-
plementation or various compounds at indicated concentrations (mean + SEM, n = 3 biological replicates). (G) Left: cells fixed 30 h after DOX treatment were
stained for FLAG (red) and p65 (green). Blue: DNA. Cells with nuclear p65 localization were indicated with arrowheads. Right: percentage of nuclear p65 cells per
field (mean + SEM, n = 20 fields from 2 independent experiments).

Scale bars, 50 pm in (B and G) and 100 pm in (C). **p < 0.01 and ****p < 0.0001; NS, not significant (E: one-way ANOVA and G: two-way ANOVA).

See also Figure S4 and Table S1.

Mg?2* decrease induces a morphologically distinct form
of cell death characterized by actin-based elongated
structures

which subsequently collapsed prior to cell rupture. To visualize
these structures in greater detail, we employed holotomo-
graphic microscopy, which provides label-free imaging based

Each form of regulated cell death exhibits distinct morpholog-
ical changes.®®*® To investigate the morphological features
of Mg®* decrease-induced cell death, we first analyzed
iCNNM4-FLAG HT-1080 cells by phase-contrast microscopy
(Figure 7A, Video S3). Upon CNNM4 induction by DOX, cells
exhibited a characteristic morphological feature: following
shrinkage and membrane blebbing, they formed numerous
elongated, fiber-like structures (arrowheads in Figure 7A),

on refractive index contrast.®” During the cell death process,
all observed cells (n = 20) formed elongated protrusions within
1 h of initial shrinkage and blebbing (Figure 7B, top; Video S4).
Many protrusions extended beyond the original cell boundary
(dotted lines in Figure 7B), indicating that these structures
were not retraction fibers; the thin structure of membrane-
substrate attachment remained after the retraction of cell
boundaries.®®
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Figure 7. Mg?* deprivation-induced cell death shows unique morphological features

(A) ICNNM4-FLAG cells (HT-1080 derived) were cultured in 3 pg/mL DOX for 24 h. Phase-contrast images were acquired every 1 min, and representative images
at the indicated time points (“0 min” indicates the time point before cell shrinkage starts) are shown. Arrowheads: elongated structures.

(B-D) Indicated HT-1080-derived or MDCK-derived cell lines were either transfected twice with PRL7-siRNA-1 and reseeded (PRL2~/~; PRL1*~ cells [#1]) or
treated with indicated compounds (others). (B and C) Representative maximum intensity projection views of holotomographic images at the indicated timepoints.
“0 min” indicates either the time point after the RSL3 treatment (WT MDCK cells + RSL3) or before the cell shrinkage starts (others). Arrowheads: elongated
structures. Dotted lines: cell area at 0 min. (D) Cells were labeled for F-actin with siR-actin, and fluorescence images were acquired under a confocal scanning
laser microscope. Corresponding phase-contrast images were acquired and shown with confocal fluorescence images of the bottom and middle horizontal
sections. Side projection views from the 3D reconstituted images are also shown as vertical images. Arrowheads: elongated structures. Arrows: position of the
middle horizontal section.

(E) ICNNM4-FLAG cells (HT-1080 derived) were cultured in 3 ug/mL DOX for 24 h. Blebbing cells were treated with cytochalasin B, and the phase-contrast images

were acquired every 1 min. Representative images at the indicated time points are shown. 0 min is the time point after the cytochalasin B treatment.

Scale bars, 10 pm.

See also Figure S5; Table S2; and Videos S8, S4, S5, S6, S7, S8, S9, and S10.

To determine whether these features are specific to Mg?*
decrease-mediated death, we compared the morphology of cells
treated with staurosporine (STS; apoptosis inducer) or RSL3 (fer-
roptosis inducer).?*’? STS-treated cells also formed elongated
structures, but these appeared during cell shrinkage and re-
mained within the original cell area (Figure 7B, middle; Video
S5). RSL3-treated cells exhibited balloon-like morphology without
elongated projections (Figure 7B, bottom; Video S6). These re-
sults suggest that Mg?* decrease-mediated cell death is morpho-
logically distinct from both apoptosis and ferroptosis.

We then examined PRL KO + KD MDCK cells (Figure 7C, top;
Video S7). Most of the cells (10 out of 14) developed similar elon-
gated structures after blebbing. In contrast, STS-treated MDCK
cells displayed typical apoptotic morphology: cell shrinkage and
the resultant appearance of retraction fiber-like structures
(Figure 7C, middle; Video S8). MDCK cells were resistant to
RSL3 treatment and cell death was not observed (Figure 7C, bot-
tom and Video S9).
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To further characterize the nature of the elongated struc-
tures observed in Mg®* decrease-mediated cell death, we
performed live-cell confocal microscopy using SiR-actin, a
fluorescent probe that detects the actin filament. Notably, in
iCNNM4-FLAG HT-1080 cells, elongated structures were
SiR-actin-positive and were present not only in the confocal
plane at the bottom of the cells but also in the upper planes
(“middle”) (Figure 7D). Actin-positive protrusions above the
basal plane were also observed in PRL KO + KD MDCK cells,
but not in STS-treated cells. To exclude the possibility that
the elongated structures were neutrophil extracellular traps
(NETs),”" we stained cells with a DNA labeling dye. However,
no DNA signal was detected in the elongated structures
(Figure S5), ruling out NETosis as their origin. Collectively,
these results suggest that Mg?* decrease-mediated cell death,
triggered by either CNNM4 expression or PRL KO + KD, shows
characteristic morphological features, including actin-driven,
fiber-like protrusions.
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Given the presence of actin filaments in the elongated struc-
tures, we tested the effect of cytochalasin B, an inhibitor of actin
polymerization, on the formation of elongated structures and
blebbing. Blebbing is generally driven by a cycle of transient
detachment of the actin-cell membrane interaction and subse-
quent reconstruction of the actin filaments.”® Notably, cytocha-
lasin B treatment completely abolished the formation of
elongated structures in all three time-lapse analyses (Figure 7E;
Video S10). In addition, cytochalasin B treatment caused bleb-
bing to persist throughout the 12-h imaging period, whereas in
untreated cells, blebbing quickly resolved within 23.9 + 1.2 min
(n = 20; Figure 7A; Video S3). These results suggest the impor-
tance of actin polymerization not only for generating elongated
structures but also for progression through the terminal phase
of Mg?* decrease-induced cell death process. Together, our find-
ings reveal an actin-dependent cell death morphology distinct
from known forms of regulated cell death.

DISCUSSION

In the present study, we investigated the physiological role of the
PRL family in cellular Mg?* homeostasis. By employing a combi-
nation of the KO and KD approaches targeting PRLs, we
achieved near-complete suppression of PRL expression in
MDCK cells. We revealed that intracellular Mg>* decrease by
PRL deletion or CNNM overexpression triggers an NF-kB-
dependent cell death that exhibits characteristic morphological
features, including actin-driven fiber-like protrusions.
Mechanistic analyses revealed that Mg?* decrease-induced
cell death, triggered either by PRL KO + KD or CNNM4 overex-
pression, involves activation of the NF-kB pathway. The impact
of NF-kB activation on cell death is context-dependent. While it
typically suppresses caspase-8- and caspase-3-mediated
apoptosis or RIPK1-, RIPK3-, and MLKL-dependent necropto-
sis,”®" its aberrant activation can promote inflammasome and
gasdermin D-mediated pyroptosis.®® However, in our system,
NF-xkB acts as a pro-death mediator in the context of cellular
Mg?* deficiency, through a mechanism distinct from known cell
death modalities including apoptosis, ferroptosis, pyroptosis,
and necroptosis. The NF-kB pathway can be activated by diverse
stimuli, including inflammatory cytokines, microbial products,
and genotoxic stress,”® all of which converge on the activation
of the IKK complex, leading to IkBa degradation and p65 nuclear
translocation. The suppression of PRL KO + KD-induced cell
death by the IKKp inhibitor IMD-0354 implicates IKK signaling
as a downstream effector of Mg?* decrease. Identifying Mg?*-
sensitive components upstream of IKK may provide insights
into the signaling axis responsible for NF-kB-dependent cell
death. Related to this point, we found the occurrence of genotoxic
stress in CNNM4-induced cells but it is unlikely to be the cause of
NF-kB activation and subsequent induction of cell death, since
the cell death and p65 nuclear translocation were not suppressed
by supplementing an inhibitor of ATM, the kinase crucial for NF-xB
activation upon DNA damage. Further studies are therefore
needed to clarify the cell death-promoting mechanism through
NF-kB activation during Mg?* decrease-mediated cell death.
Morphological analyses revealed that Mg?* decrease-medi-
ated cell death exhibited characteristic actin-based elongated
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protrusions that were distinct from those observed in other forms
of regulated cell death. In addition, an actin polymerization inhib-
itor cytochalasin B abolished the formation of the elongated
structures and delayed the resolution of blebbing. While actin dy-
namics are known to modulate multiple forms of cell death, our
findings suggest that these actin-based protrusions may also
play a functional role in signal amplification or cell disassembly
in Mg?* decrease-mediated cell death. Cytochalasin B treatment
has been known to suppress the release of NET in NETosis.”®"”
Since the inhibition of actin polymerization suppressed not only
the emergence of elongated structures but also the completion
of Mg?* decrease-mediated cell death in our study, the elongated
structures might play analogous roles as NET, possibly in signal
amplification or cell disassembly. Gene ontology (GO) analysis
with RNA-seq data (Figure 4) showed that among genes upregu-
lated or downregulated by PRL KO + KD (>2-fold), 4 of them are
both related to the regulation of actin filament-based processes
and listed as NF-xB target genes (Table S2). Notably, the upregu-
lation of actin-bundling protein Fascin 17® and downregulation of
actin-severing protein Scinderin’® may account for the emer-
gence of fiber-like protrusions upon intracellular Mg?* decrease
by bundling and stabilizing actin filaments, and further studies
may clarify their contribution.

Cleaved caspase-3, a classical marker of apoptosis, was de-
tected in cells undergoing Mg?*-mediated death. However, cas-
pase inhibition with Z-VAD-FMK failed to rescue cell viability.
Moreover, classical apoptotic features such as nuclear fragmen-
tation were absent, further suggesting that caspase activation is
likely a secondary event following other types of cell death.>*">®

In conclusion, our studies unveiled a distinct mode of cell
death initiated by intracellular Mg?* decrease, which is charac-
terized by NF-kB activation and the formation of actin-depen-
dent, fiber-like protrusions.

Limitations of the study
To decrease intracellular Mg?* levels, we employed two strate-
gies, PRL KO + KD and CNNM4 expression, both of which
induce cell death characterized by NF-«xB activation and cellular
protrusions. However, the cell death rate by PRL KO + KD was
markedly lower than that by CNNM4 expression, which achieved
an almost 100% rate. Such a substantial difference is presum-
ably due to the incomplete suppression of PRL expression by
PRL KO + KD. Ideally, we should have generated PRL2/PRL1
double-KO cells, instead of minimizing PRL expression by com-
bined KO and KD approaches. To accomplish PRL2/PRL1 dou-
ble KO, more elaborate strategies may be required, such as the
introduction of a Tet-off-type PRL2/PRL1 rescue construct for
cells to survive under the PRL2/PRL 1 double-KO background®’;
subsequent DOX addition halts PRL expression from the rescue
construct and results in complete depletion of PRL expression.
As for the importance of NF-kB signaling in Mg?* decrease-
dependent cell death, we showed that both p65 nuclear translo-
cation and cell death are triggered by PRL KO + KD or CNNM4
expression. We also demonstrated the requirement of p65 in
cell death by generating and analyzing p65-KO cells. However,
these data cannot distinguish the role of NF-«xB signaling as a
direct inducer of cell death or as a prerequisite, making cells
prone to cell death. Live monitoring p65 localization over time
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may solve these issues; if NF-kB signaling directly drives Mg?*
decrease-dependent cell death, the cell death should consis-
tently follow p65 nuclear translocation within the same cell after
a certain time interval. We have tried to generate cell lines stably
expressing GFP-tagged p65 in the cytosol but failed to observe
p65 nuclear translocation and cell death upon CNNM4 expres-
sion for unknown reasons. It has been pointed out that excess
pB5 expression disrupts the dynamics of p65°%' and, thus, anal-
ysis with more sophisticated methods, such as knockin of GFP
to the endogenous p65 locus, would be required.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit polyclonal anti-PRL Funato et al., 2014'* N/A

Mouse monoclonal anti-FLAG (clone M2)
Mouse monoclonal anti-p-actin (clone 2D4H5)

Rabbit monoclonal anti-cleaved caspase-3
(clone 5A1E)

Rabbit monoclonal anti-p65 (clone D14E12)
Mouse monoclonal anti-PRL3 (clone 318)
Rabbit polyclonal anti-lkBa

Rabbit monoclonal anti-Gasdermin D (GSDMD) (clone
E4M2W)

Rabbit polyclonal anti-TNFa
Rabbit polyclonal anti-yH2AX

Alkaline phosphatase (AP)-conjugated
anti-mouse IgG

AP-conjugated anti-rabbit IgG

Horseradish peroxidase (HRP)-conjugated
anti-rabbit 1IgG

HRP-conjugated anti-mouse IgG

Alexa Fluor 568-conjugated anti-mouse IgG
Alexa Fluor 568-conjugated anti-rabbit IgG
Alexa Fluor 488-conjugated anti-rabbit IgG

Merck
Proteintech
Cell Signaling Technology

Cell Signaling Technology
Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology

Abcam
Abcam
Promega

Promega
Promega

Promega

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Cat#F1804; RRID: AB_262044
Cat#66009-1-Ig; RRID: AB_2687938
Cat#9664; RRID: AB_2070042

Cat#8242; RRID: AB_10859369
Cat#sc-130355; RRID: AB_2193531
Cat#9242; RRID: AB_331623
Cat#46451; RRID: AB_2921367

Cat#ab6671; RRID: AB_305641
Cat#ab11174; RRID: AB_297813
Cat#S3721; RRID: AB_430871

Cat#S3731; RRID: AB_430872
Cat#W4011; RRID: AB_430833

Cat#W4021; RRID: AB_430834
Cat#A-11004; RRID: AB_2534072
Cat#A-11036; RRID: AB_10563566
Cat#A-11008; RRID: AB_143165

Chemicals, peptides, and recombinant proteins

Z-VAD-FMK
liproxstatin-1 (Lip-1)
MCC950

VX-765

necrostatin-1 (Nec-1)
KU-55933

IMD-0354

Human TNFa
Lipopolysaccharide (LPS)
ATP

(1S, 3R)-RSL3
staurosporine (STS)
cytochalasin B
SiR-actin

Resazurin

Peptide Laboratory

Sigma

TCI

TCI

StressMarq Biosciences
Sigma

Selleck Biotechnology
PeproTech

Sigma

Sigma

Cayman Chemical
FUJIFILM Wako Chemicals
FUJIFILM Wako Chemicals
Cytoskeleton

Sigma

Cat#3188-v ; CAS: 187389-52-2
Cat#SML1414; CAS: 950455-15-9
Cat#M3396; CAS: 256373-96-3
Cat#V0176; CAS: 273404-37-8
Cat#SIH-213; CAS: 4311-88-0
Cat#SML1109; CAS: 587871-26-9
Cat#S2864; CAS:978-62-1
Cat#300-01A

Cat#L.2630; CAS: 93572-42-0
Cat#A2383; CAS: 34369-07-8
Cat#19288; CAS: 1219810-16-8
Cat#197-10251; CAS: 62996-74-1
Cat#030-17551; CAS: 14930-96-2
Cat#CY-SC001

Cat# R7017; CAS: 62758-13-8

Critical commercial assays

Magnesium B-test kit

Click-iT EdU Imaging Kit
miRNeasy Mini Kit

ROS Assay Kit -Photo-oxidation
Resistant DCFH-DA-

FUJIFILM Wako Chemicals
Thermo Fisher Scientific
QIAGEN

DOJINDO

Cat#274-83901
Cat#C10337
Cat#217004
Cat#R253
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REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

Raw RNA-seq data This study GEO: GSE309910

Experimental models: cell lines

HEK293T Funato et al., 2020* N/A

J774A1 RIKEN BioResource Research Cat#RCB0434
Center

HT-1080 Mishima et al., 2022% N/A

MDCK A gift from Dr. Y. Fujita N/A
(Kyoto University)

Oligonucleotides

Target sequences for CRISPR-

Cas9-mediated KO

Canine PRL1 sgRNA: This paper N/A

5-ATTGCTGTCCATTGTGTTGC-3

Canine PRL2 sgRNA: This paper N/A

5-TAATGAACCGTCCAGCCCCT-3’

Canine p65 sgRNA: This paper N/A

5-CCGTCGACAACTCTGAGTTT-3

Primers for amplifying genomic region

spanning the sgRNA target site

PRL1-KO forward: This paper N/A

5 -TCATTCTTTTGATTTAGGATTGGCC-3'

PRL1-KO reverse: This paper N/A

5-GCTGTCCTGGAATACATTATTCTATT-3'

PRL2-KO forward: This paper N/A

5'-AGAAAAACACTGATCGATATTAGGCA-3'

PRL2-KO reverse: This paper N/A

5-TGGCTTTGTGATAAGAGATTTCTTT-3

p65-KO forward: This paper N/A

5'- CTGACAGAGGCCCTGCTACAG-3’

p65-KO reverse: This paper N/A

5 ATGTCTGCAATGGAGGAGAAGTCTT-3'

siRNAs

Canine PRL1-1: Sigma N/A

5-GCAACTTCTGTATTTGGAGAAGTAT-3'

Canine PRL1-2: Sigma N/A

5'-CCAACCAAUGCGACCUUAAACAAAU-3'

Control: Thermo Cat#12935200

5'- AGTTCGATACCGACACTTTCGTCGC-3'

Recombinant DNA

pLVX-TetOne-Puro-GFP
pLVX-TetOne-CNNM4-FLAG
pCMV tag 4A-CNNM4
lentiCRISPR v2-hygro
lentiCRISPR v2-puro
lentiCRISPR v2-blast
pCAG-HIVgp
pCMV-VSV-G-RSV-Rev
pMD2.G

psPAX2

pHyPer-cyto

Lukow et al., 2021%°
This paper

Yamazaki et al., 2013*
Stringer et al., 2019
Sanjana et al., 2014%°
Mohan Babu

Miyoshi et al., 1998%°
Miyoshi et al., 1998°°
Didier Trono

Didier Trono

Evrogen

Addgene plasmid #171123

N/A

N/A

Addgene plasmid #98291

Addgene plasmid #52961

Addgene plasmid #83480

RIKEN BioResource Center plasmid #RDB04394
RIKEN BioResource Center plasmid #RDB04393
Addgene plasmid #12259

Addgene plasmid #12260

Cat#FP941

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Prism (version 9.5.1) GraphPad http://www.graphpad.com

MetaMorph (version 7.8.4.0)
Imaged (version 1.54d)

FCS express (version 7.24.0024)
Eve (version 1.8.2)

STEVE (version 1.6.3496)
iDEP (version 0.96)

BioJupies

Enrichr

Molecular Devices

National Institute
of Health (NIH)

De Novo Software
Nanolive

Nanolive
South Dakota State University

Icahn School of
Medicine at Mount Sinai

Icahn School of

https://www.moleculardevices.com

https://imagej.nih.gov/ij/

https://denovosoftware.com/

https://www.nanolive.com/products/live-cell-
analytics/
eve-analytics/

https://www.nanolive.com/microscopy-software/
http://bicinformatics.sdstate.edu/idep/
https://maayanlab.cloud/biojupies/

https://maayanlab.cloud/Enrichr/

Medicine at Mount Sinai

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

HEK293T and HT-1080 cells were used as reported previously.®?%? J774A.1 cells were purchased from RIKEN BioResource
Research Center. MDCK cells were gifted by Dr. Yasuyuki Fujita of Kyoto University.

METHOD DETAILS

Cell culture and transient transfection

Cells were cultured in Dulbecco’s Modified Eagle medium (DMEM, Shimadzu, 05919, for MDCK, HEK293T, and HT-1080 cells) sup-
plemented with 10% fetal bovine serum (FBS), 50 unit/mL penicillin, and 50 pg/mL streptomycin or in Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco, 31800, for J774A.1 cells) supplemented with 10% FBS, 50 unit/mL penicillin, and 50 pg/mL strepto-
mycin. The expression plasmids were transfected using Lipofectamine 2000 (Thermo Fisher Scientific, 11668019), according to
the manufacturer’s instructions.

Generation of expression constructs

The complementary DNA (cDNA) of human CNNM4 was subcloned in a previous study.* For transient expression in mammalian cells,
CNNM4 cDNA was inserted into pCMV tag 4A (Agilent Technologies). For DOX-inducible expression in mammalian cells, the GFP-
encoding region of pLVX-TetOne-Puro-GFP (gifted by Dr. Jason Sheltzer through Addgene, 171123%%) was replaced with the CNNM4
cDNA fused to an N-terminal FLAG tag. The resulting expression construct is hereafter called pLVX-TetOne-CNNM4-FLAG.

Generation of KO cell lines

To establish PRL1-, PRL2-, or p65-KO MDCK cells, sgRNA constructs were generated by inserting oligonucleotides targeting
canine PRL1, PRL2, or p65 gene into lentiCRISPR v2-hygro (gifted by Brett Stringer through Addgene, 9829124, lentiCRISPR
v2-puro (gifted by Feng Zhang through Addgene, 52961%°), or lentiCRISPR v2-blast (gifted by Mohan Babu through Addgene,
83480), respectively. The target sequences are described in the key resources table. Each sgRNA construct was cotransfected
with pCAG-HIVgp and pCMV-VSV-G-RSV-Rev (developed by H. Miyoshi of Keio University and provided from RIKEN
BioResource Center, RDB04394 and RDB04393, respectively®®) into HEK293T cells using PEI MAX (Polysciences, 24765). The
cell culture supernatant containing the lentiviruses was collected 48 h after transfection, and used to infect MDCK cells (with
6 pg/mL polybrene supplementation, for 48 h). Transduced cells were then selected with the corresponding antibiotics
(8-5 pg/mL puromycin, 0.4 mg/mL hygromycin, or 10 pg/mL blasticidin) for 3—7 days, and cell clones were isolated by limiting
dilution. For each cell clone, the genomic region spanning the target site was amplified via PCR amplification by using the primers
described in the key resources table, ligated into the pMD20 plasmid (Takara, 3270), and analyzed via Sanger sequencing. At least
eight independent plasmids were sequenced for each cell clone, and the absence of plasmids containing the wild-type sequence
was confirmed.
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Transient KD experiments

Duplex siRNAs against canine PRL1 or the negative control (Thermo Fisher Scientific, 1299003) were transfected twice with Lipofect-
amine RNAIMAX (Thermo Fisher Scientific, 13778150) at 24 h intervals. The target sequences of each siRNA are described in the key
resources table.

Generation of inducible C-terminal FLAG tagged CNNM4 (CNNM4-FLAG)-expressing cell lines
pLVX-TetOne-CNNM4-FLAG was co-transfected with pMD2.G and psPAX2 (gifted by Didier Trono through Addgene, 12259 and
12260, respectively) into HEK293T cells using PEI MAX (Polysciences). Lentivirus-containing supernatants were collected 48 h
post-transfection to infect HT-1080 cells (with 10 pg/mL protamine supplementation). Transduced cells were selected with
1 pg/mL puromycin for 48 h, and then single-cell clones were isolated by limiting dilution.

Cell counting

Trypan blue exclusion assays were used to determine the viable cell number and dead cell percentage of MDCK-derived cell lines ina
time-course manner. Cells were trypsinized immediately after the second siRNA transfection, and 1.0 x 10° cells were reseeded on
36 mm-dishes and cultured for the period indicated in each figure. In experiments with Mg?* supplementation and p65-KO cells,
siRNA-transfected cells were used for analyses without reseeding. After collecting the floating cells from the culture supernatants,
the attached cells were collected by trypsinization. Solutions containing floating and attached cells were combined and centrifuged
at 1,000 rpm for 5 min at 4°C. The cell pellet was resuspended in trypan blue solution, and the number of trypan blue excluded and
incorporated cells was counted using a hemocytometer and determined as viable and dead cells, respectively.

Cell viability of HT-1080-derived cell lines were evaluated by resazurin reduction assay (Sigma, R7017).%” Cells (3.0 x 10°) were
seeded on 96-well plates with various compounds. After 12 h-incubation, DOX was added to the medium with final concentrations
indicated in each figure, and cultured for 48 h. Then, the medium was replaced with a growth medium containing 0.004% resazurin
and incubated for 3 h at 37°C. Fluorescence signals were measured at an excitation/emission wavelength of 540/590 nm using the
SpectraMax M5 microplate reader (Molecular Devices) or the SH-9000Lab microplate reader (Corona). Cell viability was calculated
as follows:

signal of each well — background (signal of well without cells)

Il viability ratio (%) =
Cell viability ratio (%) signal of well with cells without DOX treatment — background x

100

Quantification of intracellular Mg

For the MDCK-derived cell lines, 8 x 10° cells were seeded on 60-mm dishes, and used 6 h after the second siRNA transfection. For
the HT-1080-derived cell lines, 3 x 10° cells were seeded on 100-mm dishes, and used 30 h after the addition of DOX. The cells were
washed with PBS and collected by trypsinization. After centrifugation (1,000 rpm, 5 min, 4°C), the cell pellet was resuspended in lysis
buffer [50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS]. For cellular Mg measure-
ment, 6 M HCl was added to the lysates to adjust the pH to 0—2 using a pH test paper and then centrifuged at 15,000 rpm for 10 min at
4°C. The Mg level in the supernatant was quantified using the Mg-sensitive dye xylidyl blue in the Magnesium B-test kit (FUJIFILM
Wako Chemicals, 274-83901), according to the manufacturer’s instructions. For normalization, protein levels in the lysates (before
pH adjustment) were measured using a BCA Protein Assay Kit (Thermo Fisher Scientific, 23225).

Labeling of S-phase cells

Cells in the S-phase were identified using the Click-iT EAU Imaging Kit (Thermo Fisher Scientific, C10337), according to the manu-
facturer’s instructions. Briefly, 1 x 10 cells 6 h after the second siRNA transfection were reseeded on 36-mm dishes containing glass
coverslips, and cultured for 48 h. Cells were then incubated with 10 pM EdU for 30 min at 37°C and fixed in 3.7 % formaldehyde in PBS
for 15 min at room temperature. After permeabilization and blocking with 0.5% Triton X-100 and 3% BSA in PBS for 1 h at room tem-
perature, the incorporated EdU was covalently attached to Alexa Fluor 488 dye via a copper-catalyzed azide-alkyne cycloaddition
reaction. Cells were washed three times with PBS and incubated with 1 pg/mL 4/,6-diamidino-2-phenylindole (DAPI, Roche,
10236276001) for DNA staining and then viewed under the confocal scanning laser microscope FLUOVIEW FV1000 (OLYMPUS).
Quantification of each image was performed using ImagedJ software [version 1.54d, National Institute of Health (NIH)].

Cell cycle analysis

Six hours after the second siRNA transfection, the cells (1.0 x 10°%) were reseeded on 36-mm dishes and cultured for the period indi-
cated in each figure. After collecting both floating and adherent cells (see Cell counting), the cells were washed with ice-cold PBS and
fixed in ice-cold 70% ethanol for 30 min. Fixed cells were washed with PBS and resuspended in staining solution containing 1 pg/mL
DAPI and 0.1% Triton X-100 in PBS. The samples were then incubated at room temperature for 30 min in the dark. Fluorescence
intensity in each cell was measured (10,000 cells per sample) using a flow cytometer (Attune NxT, Thermo Fisher Scientific). The pop-
ulation of cells in each cell phase was determined by using FCS express software (version 7.24.0024, De Novo Software).
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Immunofluorescence microscopy

The cells were fixed in PBS containing 3.7% formaldehyde for 15 min at room temperature. After three washes with PBS, the cells
were permeabilized and blocked with 0.2% Triton X-100 and 3% FBS in PBS for 1 h at room temperature. The cells were then incu-
bated overnight with the primary antibody in PBS. After three washes with PBS, cells were incubated with the secondary antibody in
PBS, and 25 pM rhodamine-conjugated phalloidin (FUJIFILM Wako Chemicals, 165-21641, for F-actin staining) or 1 pg/mL DAPI (for
DNA staining) for 30 min at room temperature. After three washes with PBS, the coverslips were mounted on glass slides using a
mounting solution [0.5% o-phenylenediamine in 20 mM Tris-HCI (pH 8.8), 90% glycerol] and viewed under a confocal scanning laser
microscope FLUOVIEW FV1000 or Nikon AX. Quantitative analysis of each image was performed using ImagedJ software. The cell
number was determined based on the number of nucleic DNA signals. Cells with nuclear p65 localization were defined as cells
with a stronger mean nuclear p65 signal intensity per pixel than mean cytoplasmic signal intensity per pixel.

Live cell imaging

For phase-contrast time-lapse imaging, IX81 [OLYMPUS, controlled with MetaMorph software (version 7.8.4.0, Molecular Devices)]
or Nikon AX confocal scanning laser microscope were used, which were both equipped with an environmental chamber to maintain a
humidified atmosphere of 5% CO, at 37°C (Tokai Hit). For MDCK cell lines under PRL suppression, 1 x 10* cells were reseeded on
36-mm glass-based dishes immediately after the second siRNA transfection, and image acquisition was started 3 h after seeding. For
HT-1080 cell lines with inducible CNNM4-FLAG expression, 2 x 10° cells were seeded on 36-mm glass-based dishes and treated
with 3 pg/mL DOX 12 h after seeding. Image acquisition was initiated 24 h after the DOX treatment. Cytochalasin B was added imme-
diately after the initiation of cell blebbing.

For holotomographic time-lapse imaging, 3D Cell Explorer [Nanolive, controlled with Eve (version 1.8.2) or STEVE (version
1.6.3496) software] was used, which was equipped with an environmental chamber to maintain a humidified atmosphere of 5%
CO, at 37°C (Okolab). For MDCK cell lines under PRL suppression, 2 x 10° cells after the second siRNA transfection were reseeded
on 35-mm p-Dishes (Ibidi), and image acquisition was initiated 3 h after reseeding. For HT-1080 cell lines with inducible CNNM4-
FLAG expression, 2 x 10° cells were seeded on 35-mm p-Dishes, and treated with 3 pg/mL DOX 12 h after seeding. Image acquisition
was initiated 24 h after the DOX treatment. For apoptosis or ferroptosis induction, 2 x 10° cells were seeded on 35-mm p-Dishes, and
image acquisition was started immediately after the addition of 0.3 pM STS or 1 uM RSL3 at 12 h after seeding. Maximum intensity
projection images were generated using horizontal section images acquired at 0.5 pm intervals in the z-direction.

For live-cell fluorescence imaging, the Nikon AX confocal scanning laser microscope equipped with an environmental chamber
was used to maintain a humidified atmosphere of 5% CO, at 37°C (Tokai Hit). For MDCK cell lines under PRL suppression,
2 x 10° cells after the second siRNA transfection were reseeded on 36-mm glass-based dishes, and images were acquired at
3—6 h after reseeding. For HT-1080 cell lines with inducible CNNM4-FLAG expression, 2 x 10° cells were seeded on 36-mm
glass-based dishes, treated with 3 pg/mL DOX at 12 h after seeding. Images were acquired at 20—28 h after DOX treatment. For
apoptosis induction, 2 x 10° cells were seeded on 36-mm glass-based dishes, treated with 0.3 uM STS at 12 h after seeding,
and images were acquired at 4—6 h after STS treatment. To label actin filaments, SiR-actin (Cytoskeleton, CY-SC001; 100 nM for
HT-1080 cells and 200 nM for MDCK cells) was added 12 h before image acquisition. For DNA staining, 1 pg/mL Hoechst 33342 (Na-
calai tesque, 0491581) was added 10 min before image acquisition. 3D reconstituted images were generated by stacking horizontal
section images acquired at 1 um intervals in the z-direction.

RNA-seq analysis

The cells (3 x 10* were seeded on 36-mm dishes and subjected to siRNA transfection. Eighteen hours after the second transfection,
RNA was extracted from the cells using the miRNeasy Mini Kit (QIAGEN, 217004), according to the manufacturer’s instructions. Next-
generation sequencing (NGS) analysis was performed at the NGS Core Facility of the Research Institute for Microbial Diseases
(Osaka University). Data analysis was performed with the following online software: iDEP (version 0.96, http://bioinformatics.
sdstate.edu/idep/), BioJupies (https://maayanlab.cloud/biojupies/), and Enrichr (https://maayanlab.cloud/Enrichr/).

Quantification of intracellular H,0, level using HyPer

Intracellular H,O, measurement with ratiometric fluorescent H,O»-probe HyPer was performed according to the previous studies.
Briefly, 1.5 x 10° cells were seeded on 36-mm glass-based dishes, and pHyPer-cyto (evrogen, FP941) was transfected using
LipofectAmine2000. 0.1 pg/mL DOX was added 2 h after transfection, and image acquisition was performed 30 h after the DOX treat-
ment with OLYMPUS IX81 microscope. Fluorescence was measured (excitation at 425-445 nm and 470-490 nm; emission at 505-
545 nm) using the MetaMorph software. The fluorescence signal intensities of both excitation wavelengths were measured for
each cell and the ratio of signal intensity with 470-490 nm excitation to that of 425-445 nm excitation was calculated using MetaMorph.

88,89

Measurement of general ROS level using DCFH-DA

General ROS levels in cells were measured using DCFH-DA was performed with ROS Assay Kit -Photo-oxidation Resistant DCFH-
DA- (DOIJINDO, R253). Breifly, 3 x 10° cells were seeded on 36 mm dishes, and 0.1 pg/mL DOX was added 12 h after seeding. The
cells were trypsinized 30 h later and labeled with DCFH-DA dye for 30 min, and then analyzed by AttuneNxT flow cytometer (Invitro-
gen). A minimum of 10,000 cells were analyzed in each sample.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical data are presented as mean = standard error of the mean (SEM), and n value and what each n represents are described
in each figure legend. All p values, except for those indicated in Figure 4C and Table S1 were determined using one-way or two-way
analysis of variance (ANOVA) using Prism software (version 9.5.1, GraphPad). Holm-Sidak’s tests were used for all post hoc tests.
p values in Figure 4C were determined by Fisher’s exact test with Enrichr software. p values in Table S1 were determined by Fisher’s
exact test with Prism software.
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