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Abstract

Necroptosis is a programmed lytic cell death involving active cytokine production and plasma membrane
rupture through distinct signaling cascades. However, it remains challenging to delineate this inflamma-
tory cell death pathway at specific signaling nodes with spatiotemporal accuracy. To address this chal-
lenge, we developed an optogenetic system, termed Light-activatable Receptor-Interacting Protein
Kinase 3 or La-RIPKS3, to enable ligand-free, optical induction of RIPK3 oligomerization. La-RIPK3 activa-
tion dissects RIPK3-centric lytic cell death through the induction of RIPK3-containing necrosome, which
mediates cytokine production and plasma membrane rupture. Bulk RNA-Seq analysis reveals that RIPK3
oligomerization results in partially overlapped gene expression compared to pharmacological induction of
necroptosis. Additionally, La-RIPK3 activates separated groups of genes regulated by RIPK3 kinase-
dependent and -independent processes. Using patterned light stimulation delivered by a spatial light mod-
ulator, we demonstrate precise spatiotemporal control of necroptosis in La-RIPK3-transduced HT-29
cells. Optogenetic control of proinflammatory lytic cell death could lead to the development of innovative
experimental strategies to finetune the immune landscape for disease intervention.

© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Cell death is an essential mechanism for
maintaining homeostasis in multicellular
organisms. Apoptosis, a form of programmed cell
death, involves the fragmentation of cellular
contents engulfed by phagocytic cells. Apoptosis
is considered a “quiet death” because of the
containment and clearance of apoptotic corpses.’

Necrosis, on the other hand, releases intracellular
contents, such as damage-associated molecular
patterns (DAMPs), through the ruptured plasma
membrane, and the released DAMPs often induce
an immune response.” Necroptosis is a pro-
grammed lytic cell death integrating features from
apoptosis and necrosis.® Compared with necrosis,
necroptosis can be more immunogenic due to its
active production of inflammatory cytokines during
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cell death in addition to passive rupture of the
plasma membrane.”” Indeed, necroptosis appears
more potent in activating T cells than necrosis or
apoptosis.” Although necroptosis is commonly
believed to guard against viral infection, mounting
evidence suggests that necroptosis is a pathogenic
factor for various inflammatory diseases, such as
inflammatory bowel diseases (IBD)° and neurode-
generative disorders.” In particular, necroptosis
was activated in postmortem human Alzheimer’s
disease brain® as well as the xenografted human
neurons in mouse brains containing amyloid
plaques.’

Tumor necrosis factor alpha (TNFa) is a well-
established ligand that initiates necroptosis and
apoptosis. TNFa binding to its receptor, TNF
receptor 1 (TNFR1), recruits the cytosolic
Receptor Interacting Protein Kinase 1 (RIPK1)
and other proteins to form a receptor complex
called ‘complex-I’ at the plasma membrane. When
apoptosis is blocked by the broad-spectrum
caspase inhibitor zVAD-fmk, cells die by
necroptosis, as is seen with TNFa + Smac
mimetics + zVAD-fmk (TSZ) treatment. Under
these conditions, RIPK1 dissociates from the
complex-l and forms a hetero-oligomer complex
termed ’necrosome’ with Receptor Interacting
Protein Kinase 3 (RIPK3) via their C-terminal RIP
Homotropic Interaction Motif (RHIM) domain.™®
Oligomerized necrosomal RIPK3 undergoes
autophosphorylation and, in turn, phosphorylates
the executioner protein, Mixed Lineage Kinase
domain-Like (MLKL), which ruptures the plasma
membrane to release intracellular contents.'’'?
This TNF-RIPK1-RIPK3-MLKL axis regulates the
canonical RIPK1-dependent necroptosis pathway.
Alternatively, necroptosis can be activated in a
manner that does not involve RIPK1.*"' For
example, Z-DNA-binding protein 1 (ZBP1, also
called DAI) and cytoplasmic dsDNA induce necrop-
tosis through RIPK3."® TLR3/4 and dsRNA or
lipopolysaccharide (LPS) induce RIPK3-
dependent necroptosis during viral and bacterial
infections.'”'® These non-canonical necroptosis
pathways can bypass RIPK1 activation but con-
verge at RIPK3-centric necrosome formation.
Therefore, RIPK3 plays a role in canonical and

non-canonical necroptosis pathways. However, it
remains challenging to dissect RIPK3-centric sig-
naling outcomes during necroptosis. Thus, new
strategies that specifically delineate RIPK3 signal-
ing can provide detailed insights into the lytic cell
death mechanism.

Optogenetics  utilizes  light-induced protein
conformational changes to modulate molecular
functions'®*? and allows for spatiotemporal control
of signal transduction in live cells and animals.?*?*
Several optogenetic systems have been developed
that activate necroptosis bg optically induced
oligomerization of RIPK1,> RIPK3,>>?° and
MLKL.?>2” Nevertheless, spatiotemporal regula-
tion of gene expression and cytokine production
from these signaling nodes is lacking. Here, we
developed light-activatable RIPK3 (La-RIPK3) sys-
tem based on CRY2olig, an Arabidopsis thaliana
crytochrome variant undergoing blue-light inducible
oligomerization. La-RIPK3 activation causes MLKL-
mediated upregulation of cytokine production and
plasma membrane rupture in HT-29 cells. A bulk
transcriptomics analysis showed that RIPK3
oligomerization upregulates genes involved in cellu-
lar stress response and cytokine signaling but
downregulates those in cell survival pathways.
When a patterned light illumination is applied, local-
ized lytic cell death occurs within user-defined
regions of interest. Our study employs optogenetic
approaches to delineate signaling output from
RIPK3-centric necrosomes during inflammatory
lytic cell death. This strategy can be generalized
to dissect distinct contributions from other signaling
nodes within the cell death pathway.

Results

Construction of photoactivatable systems for
RIPK3 oligomerization

Because RIPKS is the common signaling node in

the canonical (RIPK1-dependent) and non-
canonical (RIPK1-independent) necroptosis
pathways (Figure 1A), we target RIPK3 for

optogenetic control via light-inducible association
(Figure 1B). Optogenetic induction of RIPK3
association should lead to its autophosphorylation

>

Figure 1. Construction of the light-activatable RIPK3 (La-RIPK3) systems. A. Schematic of canonical and non-
canonical necroptosis pathways. B. An illustration of blue-light-activated necroptosis via activation of RIPK3.
Pharmacological and optogenetic activation of RIPK3 causes its oligomerization to form necrosomes, which regulate
cytokine production and phosphorylates downstream executioner protein, MLKL, for plasma membrane rupture. C.
Schematic illustration of light-activatable RIPK3 (La-RIPK3) constructs by fusing cryptochrome (left) and AuLOV
(right) variants to RIPK3. The control modules have either optogenetic proteins only or RIPK3 only (bottom). An
abbreviation for each construct is in the parenthesis. D. Time-lapse imaging of light-induced protein puncta formation
of mCherry-tagged CC and RCC in live HEK293T cells. Cells were transiently transfected and cultured for 24 h prior to
imaging. One second of blue light (472 nm) was treated to the cells every 30 s. E. Quantitation of light-activated
puncta formation using the normalized fluorescence intensities in 0 s and 120 s post-irradiation images in (D).
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and the formation of necrosomes, which regulates
cytokine production and phosphorylates the
downstream executioner protein, MLKL, for
plasma membrane rupture. Here, we constructed
nine photoactivatable RIPK3 association systems
based on two photoactivatable proteins,
Arabidopsis thaliana cryptochrome 2 (CRY2) and
Vaucheria frigida Aureochrome light-oxygen-
voltage (AuLOV) variants, codon-optimized for
mammalian cell expression (Figure 1C). Five out
of nine systems were based on cryptochrome
(RIPK3-CRY2WT or RCW),**?? its photolyase-
homology region (RIPK3-CRY2PHR or RCP),*° its
derivative CRY2Clust (RIPK3-CRY2Clust or
RCC)®*' or CRY20lig (RIPK3-CRY20lig or
RCO),* and the hybrid of CRY2clust and the N ter-
minal truncate of CRY2-interacting-basic-helix-loo
p-helix (CIBN-RIPK3-p2A-CRY2Clust or CIBRC).*"
The other four systems used AuLOV, including R-
IPK3-AuLOV (RA),** AuLOV with basic region/leu-
cine zipper (RIPK3-bZIP-AuLOV or RbA), and
tandem AuLOV with different linkers — RIPK3-2A-
uLOV-Rigid (R2A R) and RIPK3-2AuLOV-Short
(R2A S). The bZIP domain was chosen because,
as part of the original AuLOV protein, it could aid
the AuLOV dimerization based on in vitro character-
ization.>* The amino acid sequences of the rigid and
short linkers are EAAAKEAAAK® and GG,*°
respectively. Control modules include mCherry-
CRYZ2clust (CC), mCherry-RIPK3 (RIPKS3),
mCherry-AuLOV (AuLOV), or mCherry-AuLOVx2
(2AuLOV) (Figure 1C). Expression of these nine
optogenetic systems in HEK293T cells was con-
firmed by Western blot (Sup. Figure 1A). The aver-
age transfection efficiency for AuLOV systems
(65%) was slightly higher than cryptochrome-
based systems (50%), likely due to the slightly lar-

ger size of the latter. However, the variation of
transfection efficiency within each photoactivatable
protein group is less than 5% (Sup. Figure 1B), min-
imizing the expression level-dependent variation of
necroptosis phenotypes to be used in the following
screening procedure. CC was chosen as the nega-
tive control because CRY2clust shows the most
potent oligomerization among each CRY2 variant
and is expected to calibrate the “upper limit” for
effect arising from cryptochrome oligomerization
alone. We validated that RIPK3 fusion to CRY2 vari-
ants does not disrupt their light-inducible oligomer-
ization. In HEK293T cells transfected with CC and
RCC, evident puncta formation was observed fol-
lowing blue light stimulation (Figure 1D—E).

System screening based on light-inducible
cytokine production and plasma membrane
rupture

Necroptosis produces active cytokines, including
the C-X-C motif chemokine ligands (CXCLs) and
C-C-L motif chemokines (CCLs).**" Thus, we
screened the optogenetic RIPK3 systems based
on their dynamic range of cytokine production and
membrane rupture between light and dark treat-
ment using HEK293T cells as a heterologous
expression system. Proinflammatory cytokines,
including Cxcl1 (Figure 2A), Cxcl2 (Sup. Figure 2A),
and Cxcl8 (Sup. Figure 2B), were chosen as a
benchmark because upregulation of these genes
has been reported in chemical-induced necropto-
sis. Quantitative reverse transcription PCR
(QRTPCR) analysis showed that light stimulation
resulted in upregulated cytokine production from
all optogenetic RIPK3 systems, but the potency
and dynamic range varied among the candidates.

>

Figure 2. Optimization of the La-RIPK3 system and temporal profile of chemokine production and plasma
membrane rupture. A. gRTPCR analysis of the Cxc/T mRNA level in response to optogenetic activation of each
optogenetic system. Transiently transfected HEK293T cells were treated with blue light (0.6 mW/cm?, 15 s on/off) for
6 h from a lab-built blue LED box (465 nm). Gapdh mRNA was used for normalization. Relative mRNA fold change
was calculated by the delta-delta Ct method, normalized to non-transfected (no TF) cells in the dark. Three biological
replicates (each with two to three technical replicates) were used for each analysis. B. Images of transiently
transfected (mCherry, TXR filter) cells and dead cells (SytoxGreen, GFP filter) were captured after 12 h of blue light
treatment to the transfected cells with the same light dose described in panels A and B. Scale bar is 50 um.
Quantification of plasma membrane rupture. The percentage of ruptured cells was calculated using the equation
(numbers of SytoxGreen-stained cells/numbers mCherry transfected cells) * 100%. Representative images are
shown in Sup. Figure 2D. D, E. The level of Cxcl1 (D) and Cxcl8 (E) in La-RIPK3-expressing HEK293T cells was
measured at 0.5, 2, 6, and 12 h after blue light stimulation quantified by gRTPCR. F. Quantification of time-dependent
plasma membrane rupture in HEK293T cells. Live cells transiently transfected with La-RIPK3 were imaged for plasma
membrane rupture (SytoxGreen-stained) in a controlled imaging chamber. Cells were illuminated with an amenable
light dose (<0.5 mW/cm?) from blue LED over 16 h. Representative images for temporal analysis are shown in Sup.
Figure 3C. Data for qPCR analysis represent the Mean + SEM. Data for cell death rate represent Mean + SD. In
panels (A) and (C), the dynamic range (light-over-dark ratio) and P values (two-tailed t test) are marked as blue and
black numbers above each pair of bars, respectively. In panels (D-F), P values (two-tailed t test) were marked as
black numbers near each pair of bars. *P < 0.05.
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The RCO module stood out with a 10.9-fold upreg-
ulation of Cxcl1 expression compared to its dark
control (Figure 2A). The CIBRC module showed
the most potent production of chemokines. How-
ever, the light-to-dark contrast was slightly lower
than the COR module due to higher basal activity
in the dark. The AuLOV-RIPKS variants resulted in
a 2.9-6.5 fold increase of Cxcl1 expression, slightly
less than CRY2 variants, likely due to a weaker
oligomerization potential of AuLOV. A similar trend
was observed for Cxcl2 and Cxcl8 production
(Sup. Figure 2A, B).

The other benchmark for La-RIPK3 assessment
is the plasma membrane rupture, which underpins
the immunogenicity of necroptosis due to the
subsequent release of inflammatory molecules,
such as the damage-associated-molecular-patterns
(DAMPs).*® As reported in previous work, we used
SytoxGreen, a lytic cell death stain, to quantify
membrane rupture.*®°”3° We first confirmed that
SytoxGreen reliably stained lytic cells. Significant
staining was observed in HT-29 cells treated with
TSZ (necroptosis inducer) but not in the sickened
cells from TNFa + Smac mimetics (TS, apoptosis
inducer)*®*! (Sup. Figure 2C). The plasma mem-
brane rupture rate was calculated by dividing the
number of green speckles (SytoxGreen-stained)
by the number of transfected cells (mCherry-
positive, Figure 2B). Cryptochrome-based optoge-
netic systems induced a dynamic range of 1.6—
4.4, whereas AuLOV-based systems showed a
smaller dynamic range of 1-1.7 (Figure 2C). No sig-
nificant SytoxGreen staining was found in any neg-

images of each optogenetic system were compiled
in Sup. Figure 2D. Ranking the dynamic range of
cytokine production and membrane rupture rate,
we chose RCO as the optimal optogenetic system
and referred to it as La-RIPKS in the following stud-
ies. Because of the strong potency of the CIBRC,
we also used it to validate some crucial findings.

La-RIPK3 and tumor necrosis factor exhibit
distinct potency to induce proinflammatory
gene expression

To benchmark the absolute potency of La-RIPK3
in cytokine production, we compared the induction
of Cxcl1, Cxcl2, and Cxcl8 between La-RIPK3 and
tumor necrosis factor o (TNFa). In HEK293T cells,
TNFo induced an approximately 300-fold increase
of Cxcl1, whereas La-RIPK3 induced about 250-
fold (Figure 2A). CIBRC showed a 450-fold
increase under light treatment. However, La-
RIPK3 induced significantly higher level of Cxcl2
(90-fold) compared to TNFa (20-fold) (Sup.
Figure 2A). A similar trend was observed in Cxcl8
induction (La-RIPK3 1500-fold vs. TNFa 400-fold)
(Sup. Figure 2B). These results suggest that La-
RIPK3 and TNFa differentially allocate cellular
machinery for cytokine production. A drastic case
is Ccl2, which was upregulated 27-fold by TNFa
but showed no significant changes by any
optogenetic RIPK3 systems (Sup. Figure 2E). This
distinctive induction pattern highlights that La-
RIPK3 could delineate the RIPKS3-centric,
necrosomal contribution to gene expression that is

distinct from that of the other signaling pathways
induced by TNFa, for example, the NF-xB
pathway triggered by RIPK1 ubiquitination in the

>

Figure 3. La-RIPK3 activation induces RIPK3 kinase-dependent cytokine production and MLKL-dependent
membrane rupture. A. Immunofluorescence staining against phosphor-RIPK3(Thr231/Ser232) in pharmacologically
treated (TNF + zVAD) mCherry-RIPK3-expressing NIH/3T3 cells (left), La-RIPK3-expressing NIH/3T3 cells in dark
(middle) and after 3 h light stimulation (right). Transiently transfected cells were recognized by mCherry fluorescence
(red channel, top). Levels of phosphor-RIPK3 were probed with Alexa Fluor 488 labeled secondary antibody (Green
channel, middle). Overlaid images of red, green, and DAPI (cell nucleus staining) channels are presented at the
bottom row. B. Analysis of pRIPK3 puncta formation under various conditions. The whole panel of representative
images is shown in Sup. Figure 4A, B) The percentage of pRIPK3 puncta-positive cells was calculated using the
equation (numbers of pRIPK3 puncta containing cells/total number of transfected cells) * 100%. C. Western blot
analysis of phosphor-La-RIPK3, pan-La-RIPK3, caspase8, caspase3, and GAPDH in lentivirus-transduced cells
expressing La-RIPK3 under various conditions. The concentration of RIPK3 kinase inhibitor (R3i, GSK’843) was
3 uM. D. Quantification of phosphor-La-RIPK3 level (top) and cleaved caspase8 (bottom) in conditions listed in (C). E.
The mRNA levels of Cxcl1 (top) and Cxcl8 (bottom) were quantified via gPCR in La-RIPKS3-transduced HT-29 cells in
various conditions normalized to the level of h36B4. F. Western blot analysis of MLKL expression in wild-type and HT-
29(MlIkl KO) cells. G. Kinetics of membrane rupture in HT-29 cells with Mikl depletion or intact, transiently transfected
with La-RIPK3 or CC. The percentage was calculated using the equation: (numbers of SytoxGreen-stained cells/
numbers mCherry transfected cells) * 100%. Cells were illuminated with continuous blue light (<0.5 mW/cm?) in an
environmentally controlled chamber for 10 h. H. The endpoint quantification of light-induced cell rupture in La-RIPK3-
transfected HT-29 cells, transiently, with or without pan-caspase inhibitor (zVAD, 20 uM) treatment. Cells were
illuminated with 50 ms blue light (34 mW total power after the 10 x objective) at a 5 min intervals for 22 h in an
environmentally controlled chamber. Cells in (A-E) were illuminated with blue LED (465 nm, 0.6 mW/cm?, 15 s on/off).
Data for gPCR analysis represent the Mean + SEM. Bars represent the Mean + SD in (B), (D), (G), and (H). The black
number near each pair of bars indicates the P value (two-tailed t-test).

ative controls, indicating minimal phototoxicity at
the excitation power (0.5 mW/cm?). Representative

6
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complex-1."* In the later section, we will revisit La-
RIPK3-regulated gene expression by a comprehen-
sive transcriptomic analysis.

RIPK3 oligomerization induces distinct
kinetics of cytokine production and plasma
membrane rupture

TNFa induces rhythmic shuffling of the NF-xB
transcription factor between the nucleus and the
cytoplasm.*>“*3 A major wave of cytokine transcrip-
tion peaks around 1 h after TNFa treatment. TSZ
treatment results in two waves of cytokine transcrip-
tion: the first wave peaks at 1 h (likely from complex-
), while the second wave peaks at 6 h (likely from
necrosomes).” La-RIPK3 directly induces necro-
some formation via oligomerization of RIPK3; there-
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w
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fore, it is expected to reveal the kinetics of the
necrosome-mediated gene expression. In La-
RIPK3 transfected HEK293T cells, expression of
Cxcl1 (Figure 2D) and Cxcl8 (Figure 2E) was initi-
ated at 3 h, peaked at 6 h, and regressed around
12 h post-illumination. CIBRC activation produced
cytokine transcription kinetics similar to La-RIPK3
(Sup. Figure 3A, B). On the other hand, plasma
membrane rupture initiated around 8 h post-
illumination and monotonically intensified afterward
in La-RIPKS-transfected HEK293T cells (Figure 2F).
Photoactivation of CIBRC also showed a compara-
ble cell death (Sup. Figure 3C, D) to La-RIPKS. The
optogenetically induced plasma membrane rupture
kinetics is comparable to that induced by TNFR1
activation, which initiates around 6 h, reported by
lactate dehydrogenase release.®> As expected,
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Figure 4. Conditioned medium from La-RIPK3-activated cells induces THP-1 cell migration. A. Schematic of
undifferentiated THP-1 cell trans-well migration assay. B. The percentage of migrated THP-1 cells was calculated
using the equation: (total number of migrated cells / total number of plated cells) * 100%. HT-29 cell conditioned
medium was obtained from different conditions, including the lentivirus-transduced cells expressing La-RIPK3 or CC
treated with blue light (0.5 mW/cm?, 15 s on/off) or kept in the dark for 12 h. C. Quantification of secreted CXCL8 in the
conditioned medium of La-RIPK3-transduced HT-29 cells in panel (B). D. Western-blot analysis of HMGB1 level in the
conditioned medium of HEK293T cells, transiently transfected with La-RIPK3 or CC in dark or light for 12 h. The black
number near each pair of horizontal bars indicates the P value (two-tailed ftest).
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La-RIPK3-transfected HEK293T cell in the dark, or
CC, RIPK3-transfected cells showed minimal
plasma membrane rupture (Sup. Figure 3E).

La-RIPK3 activation promotes the formation of
necrosomes

Auto/trans-phosphorylation of RIPK3 is crucial in
mediating its functional outcome.’"'%'*%* To deter-
mine the phosphorylation status of RIPK3, we per-
formed an immunofluorescence assay using a
primary antibody against pRIPK3 (Thr231/Ser232)
in NIH/3T3 cells (containing endogenous MLKL)
transfected with RIPK3 or La-RIPKS. Like cells trea-
ted with TNFo and zVAD (TZ), a necroptosis indu-
cer, cells with active La-RIPK3 showed pRIPK3
puncta formation and sickened spherical cell mor-
phology (Figure 3A). In contrast, CC-transfected
cells showed light-dependent mCherry puncta for-
mation but not RIPK3 phosphorylation or sickened
cell morphology (Sup. Figure 4A). RIPK3 expres-
sion alone, either under light or dark, induced 25%
pRIPK3 puncta formation or sickened cell morphol-
ogy (Figure 3B, Sup. Figure 4A, B).

To determine if RIPK1 colocalizes with RIPKS3-
containing necrosomes, we performed co-
immunostaining against RIPK3 and RIPK1.
NIH/3T3 cells expressing mCh-RIPK3 alone
showed less than 10% colocalization with RIPK1
in both light and dark. TZ treatment significantly
increased the colocalization rate to approximately
60%. La-RIPK3 activation increased the
colocalization rate to 35% compared to cells kept
in the dark (Sup. Figure 4C, D). However,
phosphor-RIPK1 colocalizes with RIPK3 in TZ-
treated cells but stays diffusive irrespective of the
La-RIPKS activation state (Sup. Figure 4E, F).

La-RIPK3 activation involves minimal cleavage
of caspases 8 and 3

RIPK3 can activate both  MLKL-driven
necroptosis and FADD-mediated apoptosis
following viral infection.*> To further characterize
apoptosis, we probed caspases 8 and 3 cleavage
in HT-29 cells expressing La-RIPK3 using Western
blot. First, we confirmed that exposure to blue light
(0.5 mW/cm?) in HT-29 cells expressing La-RIPK3
resulted in upregulation of phosphor-RIPK3. When
treated with a RIPK3 kinase inhibitor (RS3i),
GSK’843,C the light-induced phosphor-RIPK3 level
was significantly reduced (Figure 3C, top two rows,
Figure 3D, top). However, we only observed a faint
band at the size of cleaved caspase 8 (Figure 3C,
third row), and this level is not significantly different
across all conditions (Figure 3D, bottom). Addition-
ally, no detectable caspase 3 cleavage was
observed in any condition (Figure 3C, fourth row
from the top). These results indicate that La-

RIPKS3 activation elicits a minimal level of apoptosis
and prefers to activate the necroptosis signaling
axis in HT-29 cells.

La-RIPK3 induces kinase-dependent gene
expression and MLKL-mediated plasma
membrane rupture in HT-29 cells

To further define the downstream signaling
outcomes of La-RIPK3 activation, we determined
the gene expression of typical inflammatory
cytokines. As expected, La-RIPKS increased the
production of Cxcl1 and Cxcl8 (Figure 3E) in a
kinase-dependent way. The rupture of the plasma
membrane during RIPK3-mediated necroptosis is
regulated by MLKL, the executioner protein and a
known substrate of RIPK3. To determine if MLKL
mediates La-RIPK3-induced membrane rupture,
we deleted Mikl by CRISPR-knockout and created
a stable HT-29 cell line, HT-29(MikI KO)
(Figure 3F). Compared to WT HT-29 cells, the
plasma membrane rupture rate in HT-29(Mlki KO)
dropped by more than 60% after La-RIPK3
activation (Figure 3G), confirming MLKL-mediated
membrane rupture. We further confirmed that
such membrane rupture results from necroptosis
instead of apoptosis because the treatment of
apoptosis inhibitor (zZVAD) did not affect the cell
membrane rupture rate (Figure 3H). Additionally,
Mikl knockout significantly reduced the transcript
(Sup. Figure 5A) and protein level (Sup.
Figure 5B) of CXCLB8, consistent with previous
findings that MLKL is partially resPonsibIe for
cytokine induction during necroptosis.

La-RIPK3-activated necroptosis promotes
monocyte migration

To determine if light activation of La-RIPK3 can
induce chemotactic migration of immune cells, we
performed a monocyte (THP-1 cells) trans-well
migration assay*’ (Figure 4A). As expected, com-
pared to the dark control, the conditioned medium
from La-RIPK3-activated HEK293T cells increased
THP-1 cell migration approximately 2-fold compard
to controls (Figure 4B). Conditioned medium from
CC-transfected cells caused approximately 4%
migration rate, either in light or dark medium, which
was likely due to the effect of serum (Figure 4B).
Enzyme-linked immunosorbent assay (ELISA) con-
firmed that La-RIPK3 activation increased the level
of CXCLS8 in the conditioned medium (Figure 4C).
Western blot analysis showed a higher level of
High-Mobility-Group-Box 1 (HMGB1), a common
damage-associated molecular pattern (DAMP)
molecule,”® in the supernatant of La-RIPK3-
activated HEK293T cells than controls (Figure 4D).
Therefore, we confirmed that La-RIPK3 activation
triggered chemotactic migration of THP-1 cells,
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Figure 5. Spatiotemporal induction of plasma membrane rupture in La-RIPK3-transduced HT-29 cells. A. HT-29
cells transduced with lentivirus carrying La-RIPK3 were treated with SytoxGreen and stimulated with spatially patterned light
in an environmentally controlled chamber. To spatially pattern the illumination area (2 x 2 grid, left top and bottom right
boxes are the “light-on” area), the Mightex Polygon1000-G coupled with the GFP and TXR filter was used. The grid was
created using the Mightex software (PolyScan2) using the PolyScan2 sequence profiler. Before cell stimulation, cells were
imaged with a wide field (left column). Cells were exposed to spatially patterned light delivered through a 10x objective in
GFP (55 ms exposure time) and TXR (100 ms exposure time) channels together with a wide-field illumination from a
transmitted bright-field light source every 5 min for 13.5 h (middle columns), then imaged with the final wide field (right
column). During all imaging sessions, bright field light was not spatially patterned. B. HT-29 cells transduced with lentivirus
encoding CC were treated with SytoxGreen and similarly illuminated and imaged as in (A). Scale bar: 20 pm.
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Figure 6. Transcriptomic analysis reveals distinct genes and pathways in HT-29 cells expressing La-RIPK3
under various treatments. A. Left: Venn diagram of the upregulated genes in three pairwise comparisons: 1) La-RIPK3
oligomerization (La-RIPK3 + Light vs. La-RIPK3 + Dark), 2) TSZ (TSZ vs. DMSO), 3) TNFa (TNFa vs. DMSO). Right.
Enrichment analysis of common upregulated genes ranked by the Logqo(P-value). B. Left. Heatmap of upregulated and
downregulated genes treated by La-RIPKS3 light (sample of interest or SOI) over La-RIPK3 dark (reference or REF).
Right. Enrichment analysis of upregulated and downregulated genes ranked by the Logo(P-value). C. Same as B but
with SOI of La-RIPK3 (Light) and REF of La-RIPK3 + RG3i treatment (GSK’'843, 3 uM). D. Analysis of RIPK3’s
oligomerization-dependent, kinase-independent and kinase-dependent effect. Leff. Venn diagram of RIPK3 oligomer-
ization effect (La-RIPK3 Dark vs. La-RIPK3 Light) and RIPK3 kinase effect (La-RIPK3 Light + R3i vs. La-RIPK3 Light).
The La-RIPKS in light is the common reference. Right: Enrichment analysis of the kinase-independent and kinase-
dependent effects of the oligomerized RIPK3. E-H. Cell-cell adhesion was one of the common processes identified in A,
B, C, and D. Validation of mMRNA levels of Hhla2, Ceacam6, Cd55, and Plaurby gRTPCR. The P values (two-tailed ttest)
are black numbers near each horizontal bar of sample pairs. Error bars represent the Mean + SEM.
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likely due to the synergistic effect of DAMPs leak-
age and active secretion of a pool of proinflamma-
tory cytokines from the necroptotic cells.

Spatial control of RIPK3-mediated necroptosis
using user-defined patterned illumination

To further demonstrate the spatial accuracy for
optogenetic induction of necroptosis, we applied
patterned illumination by integrating a spatial light
modulator into an epi-illumination microscope
equipped with an environmental chamber. This
system allows for user-defined spatial patterns by
projecting light through an array of digital
micromirror devices (DMD). We created a 2 x 2
checker board illumination pattern where cells in
the diagonal axis are illuminated, whereas cells in
the antidiagonal axis were kept in the dark. HT-29
cells were transduced with lentivirus encoding La-
RIPK3, followed by fluorescence-activated cell
sorting (FACS) to enrich La-RIPK3 expressing
cells based on the mCherry expression level.
Cells were intermittently stimulated every 5 min for
138.5 h. Cell death (SytoxGreen positive) was
initiated in the two diagonal regions of interest
(ROIs) after 4.5 h of light illumination. By the end
of the data acquisition, the majority of cells in the
diagonal ROIs underwent necroptosis. In contrast,
cells in the antidiagonal ROIs remained viable.
The overlaid bright-field images show distinct cell
morphology for cells in the illuminated and dark
ROIs.  Necroptotic cells show balled-up
morphology with rupture membranes, whereas
viable cells in the dark ROIs maintain a stretched
shape and smooth cell—cell contact (Figure 5A,
Supplementary Movie 1). As a negative control,
HT-29 cells transduced with CC (no RIPK3)
showed no detectable cell death under the same
illumination pattern, excitation power, and duration
(Figure 5B).

Transcriptomic analysis of La-RIPK3-activated
HT-29 cells

As noted before, Ccl2 expression was
differentially regulated by TNFa and La-RIPKS3,
indicating that its expression is more likely
regulated by complex-I| rather than the necrosome
(Sup. Figure 2E). Furthermore, La-RIPK3 and
TNFa showed distinct potency for upregulating
Cxcl2 and Cxcl8 (Sup. Figure 2A, B). To gain
deeper insights into La-RIPK3's regulation on
gene expression, we performed a transcriptomic
analysis to identify differentially expressed genes
(DEGs) in HT-29 cells. Cells were freshly
transduced with the corresponding lentivirus
before sample preparation for RNA-seq. RNA
samples were treated with DNase to remove
genomic DNA. We also compared gene regulation
between La-RIPKS activation and pharmacological
induction of necroptosis using a published dataset
(accession number GSE 108621).
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DEGs analysis revealed up-regulation of 114
genes in oligomerization-induced La-RIPK3
activation (Fold-change > 1.2, p,q < 0.05), 1887
genes in TSZ treatment (Fold-change > 1.5,
Pagj < 0.01), and 254 genes in TNFa treatment
(Fold-change > 1.5, p.q < 0.05). La-RIPK3
activation and TSZ treatment induce gene
expression involved in inflammatory processes,
such as oxidative stress, legionellosis, ferroptosis,
and Ebola virus infection. In contrast, commonly
upregulated genes common to La-RIPK3
activation and TNFa treatment cover the
Corticotropin-Releasing Hormone (CRH) signaling
pathway, cell migration, and humoral/innate
immune responses. Notably, 36% (41 out of 114)
genes are commonly upregulated by La-RIPK3
and TSZ, whereas 15% (17 out of 114) genes are
commonly upregulated by La-RIPK3 and TNFa,
indicating La-RIPK3 activation better resembles
TSZ than TNFao treatment. However, La-RIPK3
activation elicits a unique set of genes compared
to these chemical inducers (Figure 6A).

Next, we focus on the comparison between two
conditions: La-RIPK3 Light vs. La-RIPK3 Dark and
La-RIPK3 Light vs. La-RIPK3 light + R3i. The
former comparison will yield insights into La-
RIPK3 activation (oligomerization)-regulated gene
expression, whereas the latter delineates the
effects of RIPK3 kinase activity. DEGs analysis of
La-RIPKS Light vs. La-RIPK3 Dark revealed up-
regulation of 114 genes (Fold-change > 1.2 and
Pagj < 0.05) and down-regulation of 42 genes
(Fold-change < 0.8 and paq < 0.05) (Figure 6B).
Upregulated genes involve processes such as
oxidative  phosphorylation, ferroptosis, and
response to oxidative stress, consistent with
RIPK3’s ability to induce reactive oxygen
species.***° Down-regulated processes include
cell survival pathways and metabolic homeostases,
such as the smoothened pathway, phospholipase D
pathway, cellular catabolic process, and PISK-AKT-
mTOR pathway.

To further explore the effect of RIPK3 kinase
activity, we compared La-RIPK3 Light and La-
RIPKS3 Light + R3i (GSK’843, 3 uM) (Figure 6C). A
total of 118 genes were upregulated (Fold-chang
e > 2.0, pag < 0.05), and 128 genes were down-
regulated (Fold-change < 0.5, p,q; < 0.05). Several
inflammatory processes, such as secretion, IL-10
signaling, cellular response to cytokine stimulus,
and TGF-B production, were upregulated by La-
RIPK3. Notably, RIPK3 kinase inhibition does not
change the mRNA level of genes involved in
oxidative  phosphorylation, ferroptosis, and
response to oxidative stress. On the other hand,
cell survival and proliferation-related processes,
including the notch pathway, metabolic processes,
the MAPK cascade, and the mTOR pathway,
were downregulated (Figure 6C). Interestingly,
activation of these cell survival pathways, such as
Notch,>’ mTOR,*?*°® or MAPK pathway,** sup-
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presses necroptosis. Our results suggest that the
activity of La-RIPK3 conversely suppresses these
survival pathways.

A side-by-side comparison between La-RIPK3
Light versus La-RIPK3 Dark (Figure 6B) and La-
RIPK3 Light versus La-RIPK3 Light + R3i La-
RIPK3 (Figure 6C) revealed only 22 commonly
upregulated genes (Sup. Figure 6), representing
19% out of 114 genes. To ensure that genes were
not excluded because of the stringent threshold,
we set the La-RIPK3 Light as a common
reference set and included genes that were below
0.8 fold change (Fold-change < 0.8, p,q; < 0.05) in
La-RIPK3 Dark and La-RIPK3 Light + RS3i,
increasing the number of genes affected by the
kinase inhibitor from 118 to 2083. Although the
number of overlapped genes increases to 53%
(47 out of 89), 42 genes stay in the non-
overlapped pool, indicating these genes might be
regulated in a RIPK3-oligomerization-dependent
but kinase-independent way (Figure 6D), or they
might be more resistant for R3i treatment at the
current dosage (GSK’843, 3 uM). Gene ontology
analysis of these 42 genes indicates processes
related to energy production and stress response,
such as oxidative phosphorylation in mitochondria,
ferroptosis, response to toxic substances, and
nuclear events mediated by NFE2L2. As
expected, the 47 common genes are involved in
signal transduction and immunogenic responses,
such as the FRA (Fos-related antigen) pathway,
Whnt signaling, antiviral response, and salmonella
infection (Figure 6D).

Notably, upregulation of cell-cell adhesion was
found in several comparisons, including those
commonly upregulated in La-RIPK3 activation and
TSZ treatment (Figure 6A), La-RIPK3 activation
(oligomerization) (Figure 6B), and kinase activity
(Figure 6C, D). We thus confirmed RNA-seq
results by qRTPCR analysis of four representative
genes, Hhla2 (HERV-HLTR-associating 2),
Ceacamé (carcinoembryonic antigen cell adhesion
molecule 6), Cd55 (cluster of differentiation 55),
and Plaur (plasminogen activator urokinase
receptor), under La-RIPK3 activation and kinase
inhibition. All four genes were upregulated upon
La-RIPK3 activation in HT-29 cells, significantly
reduced under RIPK3 inhibitor treatment
(Figure 6E-H). We speculate that RIPK3
oligomerization could positively regulate cell—cell
contact or elicit paracrine signaling, which is
investigated in an ongoing follow-up study.
Results from this transcriptomic analysis highlight
gene expression specifically regulated through
RIPK3 oligomerization and kinase activity in HT-
29 cells.

Discussion

In this work, we developed La-RIPK3 by
screening 9 systems based on cryptochrome and
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AuLOV variants and selected CRY2olig as the
oligomerization  module.  Although  several
optogenetic systems were developed that induce
lytic cell death, for example, by oligomerizing
RIPK1,%° RIPK3,?>?° and MLKL,?> " comparative
analysis between different optogenetic protein vari-
ants is lacking. For example, Arabidopsis thaliana
CRY2PHR was used to induce oligomerization of
RIPK1, RIPK3, and MLKL,”® whereas CRY2olig
(cryptochrome E490G) was used to caspase,
GSDMD, RIPK3, MLKL.?® Additionally, Previous
work focused on the induction of plasma membrane
rupture instead of cytokine production, the distinct
feature underlying the potent immunogenicity of
necroptosis. Our screening criteria used a frame-
work that assessed the dynamic range and basal
activity in inducing cytokine production and plasma
membrane rupture. Although different model sys-
tems and functional readouts may vary depending
on the applications, we recommend following a sim-
ilar assessment procedure to select optimal optoge-
netic systems. Besides the selected La-RIPK3
system, this work also developed a variety of other
optogenetic RIPK3 systems, each blessed with tun-
able potency of necroptosis induction, that could
serve as a wide range of benchmarks to calibrate
the correlation between necrosomal morphology
(e.g., spherical or rod-shaped) and necroptotic sig-
naling outcomes.”®> We observed notable basal
activity in cytokine production and membrane rup-
ture, even in dark conditions in all optogenetic sys-
tems. However, such basal activity is likely
attributed to the effect of RIPK3 overexpression,
which could induce RIPKS3 oligomerization through
its RHIM domain instead of the spillover effect of
photoactivatable proteins. Indeed, RIPK3 overex-
pression induces a higher fold induction than all
optogenetic RIPK3 systems (Figure 2A). This effect
was less significant in the plasma membrane rup-
ture rate, as RbA and RCC induce a higher rupture
rate than RIPK3 expression (Figure 2B). RIPK3
oligomerization and phosphorylation play a role in
recruiting partner proteins in necroptosis signaling.
Both TZ- and La-RIPKS3-induced necroptosis
caused the formation of necrosomes containing
phosphor-RIPK3 (Sup. Figure 4A), likely through
RIPK3 autophosphorylation. RIPK1 is typically con-
sidered an upstream regulator for necrosome for-
mation in the canonical necroptosis pathway.'*
Indeed, when RIPK3-expressing NIH/3T3 cells
were treated with TZ, more than 60% of RIPK3
granules were co-stained by antibodies against
RIPK1 (Sup. Figure 4C, D). On the other hand, evi-
dence suggests that RIPK1 can work downstream
of RIPK3 because RIPK3-driven necrosome can
recruit RIPK1°° to promote the expression of inflam-
matory genes and immune responses.® Our result
supports this idea because RIPK1 colocalizes with
La-RIPKS granules after blue light stimulation, likely
via interactions of their RHIM domains, which is
required for activation of downstream pathways
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(Sup. Figure 4C, D). However, the distribution of
phosphor-RIPK1 was different between TZ- and
La-RIPKS3-induced necroptosis — In TZ-treated
cells, phosphor-RIPK1 colocalized with RIPK3
(Sup. Figure 4E, F, column RIPK3 + TZ), whereas
phosphor-RIPK1 was diffusive irrespective of the
La-RIPKS activation state (Sup. Figure 4E). A previ-
ous study showed that RIPK3 phosphorylates
RIPK1 in complex-l and attenuates TNFa-induced
NF-kB activation.”® Our results suggest that oligo-
meric RIPK3 per se does not phosphorylate RIPK1
in the cell, but RIPK3 functionality might depend on
its subcellular localization, e.g., when associated
with the complex | or in a necrosome. This differ-
ence in phosphor-RIPK1 necrosomal distribution
between TZ-treated and La-RIPK3-activated HT-
29 cells might underpin the minimal apoptosis acti-
vation in the latter case because RIPK1 can func-
tion as an apoptosis adaptor downstream of
RIPK3.45,57,58

La-RIPK3-induced cell death requires MLKL, the
downstream executioner protein, as the knockout
of MLKL reduced the plasma membrane rupture
rate significantly in HT-29 cells. The slight residual
plasma membrane rupture in HT-29(MiIkl KO) cells
suggests that RIPK3 could function in an MLKL-
independent way, a scenario reported in several
studies. For example, in RNA-editing enzyme
adenosine deaminase acting on RNA1 (ADAR1)
mutant mice, RIPK3 causes partial cell death
downstream of ZBP1 in the absence of MLKL.>®
Deletion of Mikland Casp8, but not Mlkl alone, pro-
tects immortalized MEF cells from ZBP1-RIPK3-
dependent cell death.®® On the other hand, MLKL
can also function independently of RIPK3. For
example, MLKL drives the lectin concanavalin A
(ConA)-induced hepatocyte necroptosis in a
RIPK3-independent way.®":®? In kidney ischemia—
reperfusion injury (IRI) and from TNFa-induced sev-
ere inflammatory response syndrome (SIRS), two
models of RIPK3-dependent injury, MikI KO mice
were protected at a level that is statistically signifi-
cant exceeding that of RIPK3-deficient mice.®®
Our work and previous studies demonstrated com-
plex interdependence between RIPK3 and MLKL in
regulating cell death signaling pathways.

Compared with the well-established canonical
TNF-induced necroptosis, La-RIPK3 activation
similarly upregulates the expression of mRNAs
encoding inflammatory chemokines, e.g., Cxcl1,
Cxcl2, and Cxcl8. However, certain chemokines,
such as Ccl2, specifically respond to TNF
stimulation but not La-RIPK3 activation. This
difference highlights that La-RIPK3 allows
delineation of signaling roles of the RIPK3-centric
necrosomes. Transcriptomic analysis reveals that
La-RIPKS3 activation in HT-29 cells upregulates
partially overlapped genes as TSZ treatment. La-
RIPK3 activation also downregulates pro-survival
pathways such as the Notch, PISBK-AKT-mTOR,
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and MAPK pathways. However, a distinct pool of
genes was upregulated in a RIPKS3-specific way
compared to TSZ treatment.

Intriguingly, within the scope of RIPK3-regulated
genes, a unique pool of genes seems to be
regulated in a RIPK3 kinase-independent way,
indicating diverging routes of gene regulation from
RIPK3 (oligomerization- and kinase-dependent).
Indeed, RIPK3 oligomerization could occur
independently of its kinase activity, as shown by
recent super-resolution imaging work.”®> The
enriched terms associated with kinase-
independent roles concern energy production,
stress response, and nuclear events mediated by
nuclear factor erythroid 2 like 2 (NFE2L2). This find-
ing is consistent with RIPK3’s involvement in aero-
bic metabolism,’**°> as well as its role in kidney
inflammation via NRF2 (encoded by NFE2L2).%°
However, whether such processes were regulated
independently of RIPK3 kinase activity is unclear.
It is also possible that kinase-dependent and inde-
pendent pathways could co-regulate certain cell
processes. For example, ferroptosis can be sensi-
tized upon RIPK3 kinase inactivation in mice®” but
can also be triggered by RIPK3 kinase activity
through  the inactivation of  Ferroptosis-
Suppressor-Protein 1 (FSP1).°® Finally, we recog-
nize that different genes could display different
resistance or sensitity to kinase inhibitor treatment.
Transcriptomics analysis from dose-dependent
RIPK3 kinase inhibitor treatment and kinase-dead
mutants of RIPKS is required to gain insights into
the regulatory role of RIPK3.

Positive regulation of cell—cell adhesion was
observed in multiple pair-wise comparisons
between La-RIPK3 and TSZ treatment, as well as
the kinase-dependent role of RIPK3. Upregulation
of the involved genes (e.g., Hhla2, Ceacame,
Cd55, and Plaur) was validated by gRTPCR
analysis. Although the function of Hhla2,°°"" Cea-
camé,”*"® Cd55,"*"> and Plaur’®’" genes in cell-
cell adhesion and cell-extracellular matrix interac-
tion were known, their potential functions in necrop-
tosis were unclear. As HT-29 cells are derived from
colonic epithelia with strong cell—cell adhesion to
prevent pathogen entry, cell—cell adhesion may
play a role in the necroptosis of colon cells. Another
consistent finding was the upregulated FRA path-
way upon La-RIPK3 activation, likely due to FRA-
mediated gene expression as. However, no studies
currently link the FRA pathway with necroptosis,
which warrants further investigation.

Immunotherapy has achieved significant efficacy
against hematological malignancy (e.g., leukemia,
lymphoma, and multiple myeloma) using
engineered T cells that recognize cancer-specific
antigens. In contrast, solid tumors pose a daunting
challenge for immunotherapy because the tumor
microenvironment (TME) could create a severely
immune-suppressive landscape. Cytokines and



T.-J. Oh, V. Krishnamurthy, J.W. Han, et al.

Journal of Molecular Biology 436 (2024) 168628

chemokines are immune system proteins that can
modulate the host immune response toward
cancer cells or even directly kill cancer cells.
However, direct administration of cytokines and
chemokines could lead to systemic inflammation,
such as Cytokine Release Syndromes (CRS). The
capacity to control necroptosis locally (e.g.,
through light) could offer an alternative strategy to
modulate the immune landscape of TME. Indeed,
La-RIPKS activation significantly increases DAMP
levels in the conditional medium, further
enhancing monocyte migration in vitro. Inspired by
this result, ongoing efforts continue to benchmark
the performance of La-RIPK3 in mice models. We
expect that a multi-tonged approach synergizing
T-cell engineering, checkpoint inhibition, and
immuno-landscape finetuning through optogenetic
induction of inflammatory lytic cell death would
offer an improved prognosis to enhance the
outcome of immunotherapy against solid tumors.

Methods and Materials

Generation of stable MIki Knockout (MIki KO)
HT-29 cell lines by CRISPR-KO

To knock out Miklin HT-29 cells, MIkl gRNA and
Cas9 encoding lentivirus were packaged from
HEK293T cells and transduced to HT-29 cells.
After seven days of transduction (five days of
puromycin selection), resulting cells were used for
downstream assays. The gRNA sequences for
Mkl knockout wused in this study were
TTGAAACGGGATATCTCCAG and ATCCCCGT
GGATTCTGCTAA.

Live cell imaging

For the light-mediated formation of protein
puncta, HEK293T cells were transfected with
CRY2clust (CC) and CRY2Clust-RIPK3 (CCR)
and recovered for 24 h before fluorescence
imaging. An epi-illumination inverted fluorescence
microscope (Leica DMI8) with a 40x objective and
light-emitting diode illuminator (SOLA SE Il 365)
was used to image transfected cells. Cells were
stimulated with blue light using the GFP filter cube
(Leica, excitation filter 472/30, dichroic mirror 495,
and emission filter 520/35, 500 ms exposure).
Protein puncta (mCherry-tagged CC and CCR)
was imaged before and after blue light treatment
using the Texas Red filter cube (Leica, excitation
filter 560/40, dichroic mirror 595, and emission
filter 645/75, 200 ms exposure).

Wide-field blue light stimulation

Cells were exposed to intermittent blue light
(455 nm, 0.4-0.6 mW/cm?, 15 s on/off duration)
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stimulation from the home-built blue-light
stimulator using 6, 12, 24, or 36 blue LEDs
(Chanzon, AA0049) installed on a breadboard
(Elegoo) powered by a tunable power supply
(Eventek, KPS3010D). The cell plate was placed
on a light diffuser approximately 2.5 inches above
LEDs in a 5% CO, incubator.

Cell death assay by SytoxGreen chromosome
counterstain

SytoxGreen staining was performed immediately
after light stimulation. Specifically, 10x stock
solution (2.5 uM) of SytoxGreen was prepared in
HBSS. If needed, Hoechst 33342 nuclear stain
was supplemented to this 10x SytoxGreen
solution to make 10x SytoxGreen/Hoechst
solution (2.5 pM SytoxGreen and 50 ug/mL
Hoechst). Cells were stained by applying the 10x
staining solution dropwise to cell culture media,
followed by 10-30 min incubation in a 5% CO,
incubator. Fluorescence images of stained cells
were acquired by an epi-illumination inverted
fluorescence microscope (Leica DMI8) equipped
with a 10x objective using GFP, TXR, Cy5, and
DAPI filters. If needed, environmental control for
long-term imaging was set prior to the initiation of
imaging. High-throughput imaging and analysis
were performed on an ImageXpress Pico
(Molecular Devices) imaging station.

Quantification of lytic cell death

Cell counting was performed by Cellprofiler.”®
IdentifyPrimaryObjects was used as a module to
identify SytoxGreen and mCherry positive cells
through color-coding of green, magenta, and yel-
low. Green signifies the counted objects, while
magenta and yellow signify discarded objects.
Advanced settings were used, and “global’ was
selected as a threshold strategy to calculate a sin-
gle threshold value based on the foreground and
background pixels. Furthermore, Otsu-aided auto-
matic image thresholding, which calculates addi-
tional thresholds, was used to minimize variance
within each class. The calculated threshold was
adjusted for each construct via the “threshold cor-
rection factor” between values 0 and 1, where a
smaller value indicated a more lenient threshold.
The percentage of primary cell death was calcu-
lated as

Primary necroptosis rate = # of SytoxGreen-positive cells/
# of mCherry-positive cells

RNA-seq

HT-29 cells transduced with LaRIPK3-encoding
lentivirus were stimulated with intermittent blue
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light for 12 h (455 nm, 0.5-0.7 mW/cm?, 15 s on and
15 off) controlled by Arduino. Three biological
replicates were prepared for each condition. Total
RNA was extracted using the RNA purification kit
and treated with DNase for 1 h in a 37 °C
incubator, followed by re-purification of RNA.
Finally, the integrity of each RNA sample (300 ng)
was assayed through 1% Bleach agarose gel with
ethidium bromide. Further quality checks of RNA
(AATI Fragment Analyzer), PolyA-selected mRNA
library construction, MiSeq Titration, and RNA-seq
(NovaSeq 6000 SP lane 100 nt single-read) were
carried out in the UIUC Roy J. Carver
Biotechnology Center. The read counts were
quantified using Salmon (version 1.9.0)”° indexed
with Genome assembly GRCh38.p14 (NCBI
RefSeq Sequence GRCh38.p14.
GCF_000001405.40). The count quant.sf files were
analyzed using the R package DESeq [https://
github.com/hbctraining/DGE_workshop_salmon].
Lists of up or down-regulated genes from differen-
tially expressed genes (DEGs) analysis were piped
to the “Metascape” for cellular pathway and process
enrichment analysis.®° The raw data and processed
files are accessible at NCBI GEO database, acces-
sion GSE268650.

THP-1 trans-well migration assay

Conditioned media from HT-29 cells under
various treatments were collected, followed by
centrifugation at 500 rpm for 5 min to remove cell
debris. The THP-1 human monocytes (less than
10 passages) were plated in 5 um trans-well
inserts on the 24-well plate at a density of 200,000
cells/well. In the bottom chamber of the 24-well
plate, different conditioned medium was pipetted
into the bottom chamber. Migration was allowed to
proceed for 4 h in the mammalian cell culture
incubator. The bottom chamber medium was
transferred to 1.5 ml tubes, followed by
centrifugation at 500 rpm for 5 min. After removing
the supernatant, 40 pL of DPBS was added into
each tube to resuspend the migrated THP-1 cells.
The numbers of migrated THP-1 cells were
counted by the automated cell counter (Applied
Biosystems, Countess 3).

Patterned light stimulation through a spatial
light modulator

For all blue light stimulation, the cells were
stimulated using a GFP filter cube (Leica,
excitation filter 472/30, dichroic mirror 495, and
emission filter 520/35, 70 ms exposure). For
intermittent spatial illumination of blue light, the
Mightex Polygon1000-G coupled with the GFP
filter was used. Using the Mightex software
(PolyScan2), a 2 x 2 grid was created with
stimulated/unstimulated areas using the
PolyScan2 sequence profiler. Of these areas,
individual ROIs were selected using the LAS-X
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(Leica) Mark and Find feature. Before cell
stimulation (t = 0 h), cells were imaged with no
grid in the wide field. Cells were exposed to the
grid every 5 min for 13.5 h, then imaged with no
grid in the wide field.

Statistical analysis

P-values were determined by performing a two-
tailed, unpaired ttest using GraphPad Prism.
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