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Our heat-activated caspase 8 system offers a precise and controllable method to initiate apoptosis
by heating, with potential applications in targeted cancer therapies. The successful implementation
of this approach validates thermogenetics and opens avenues for novel therapeutic strategies.

This study aimed to develop a thermogenetic tool that utilizes heat to
control protein functions for the manipulation of cellular processes. For the proof of concept, we
developed a heat-activated human caspase 8 for programmed cell death. We fused a temperature-sensing

domain with a human caspase 8 and expressed it in HEK293T cells. Upon heating, the
temperature-sensing domain underwent coacervation, bringing two caspase 8 molecules into close
proximity to induce dimerization and activation, thereby promoting cell death. For control, we
introduced a C360A mutation in caspase 8 to inhibit its activation. When heated, HEK293T cells
expressing the caspase 8 mutant remained alive, and cell division occurred. These results indicate
the successful development of a heat-activated human caspase 8 for programmed cell death.
Additionally, we developed a caspase 8 indicator to monitor its activation.
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Controlling protein function is essential for in situ cellular applications, allowing
precise temporal and spatial manipulation of protein activities. This capability is
crucial for studying and understanding target protein functions. Optogenetics has
emerged as a powerful tool for precisely manipulating protein activities using specific
wavelengths of light. For example, blue light can open channelrhodopsins to allow ion
flow and depolarize neurons (Deisseroth 2010), alter the conformation of light-oxygen-
voltage-sensing domains (Niopek et al. 2016), or induce dimerization of the Vidvid
fungal photoreceptor (Kawano et al. 2015). However, blue light often struggles with
poor tissue penetration. Although near-infrared (NIR) upconversion nanoparticle-
mediated optogenetics has achieved stimulation depths of approximately 4.2 mm in mouse
brains (Chen et al. 2018), this is inadequate for clinical therapy. Recently,
thermogenetics, which utilizes temperature-gated ion channels such as transient
receptor potential (TRP) channels, has garnered significant attention as an alternative
to optogenetics. For example, Bath et al. achieved rapid thermogenic control of neuronal
activity in freely moving Drosophila using the TRPA1 channel (Bath et al. 2014).
Temperature can be controlled both globally and spatially at significant depths using
technologies such as focused ultrasound or magnetic particle hyperthermia, making
thermogenetics a promising candidate for clinical applications. However, the current
availability of thermogenetic tools is limited, and existing tools using TRP channels
are only capable of manipulating cations (e.g., Na", K, and Ca*) to study neural
activities. Therefore, there is a pressing need for innovative techniques that leverage
temperature changes as an external stimulus to achieve thermodynamic control of
cellular proteins. These techniques should allow activation of proteins at varying
levels (e.g., 10%, 50%, or 100%) with high spatiotemporal resolution and reversibility.

In this study, we aim to develop a platform for thermodynamic control of cellular
protein functions through temperature changes. This will be achieved by employing: (1)
the phase transition behavior of thermal-responsive elements, which undergo reversible
coacervation at temperatures above their phase transition temperature (7). This
process will bring two fusion proteins into close proximity, inducing dimerization or
reconstitution to activate them; and (2) near-infrared (NIR) local heating technology.
As a proof-of-concept, a 980 nm laser will be used to spatiotemporally modulate
temperature increases at the subcellular level (Figure 1).
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Figure 1. Schematic illustration of the concept of temperature-controlled protein
function exploiting thermal-responsive domain and NIR heating technology.

To demonstrate the concept of temperature-controlled protein functions, we aimed to
develop a heat-activated human caspase 8 system to regulate programmed cell death.
Caspase 8 1is a critical member of the cysteine protease family and serves as the
initiator caspase in the extrinsic apoptosis pathway. Its activation is crucial for
the initiation of the apoptotic cascade, and it has been demonstrated to undergo
autoactivation through homo-dimerization (Oberst et al. 2010). To utilize this
mechanism, we fused a caspase 8 to an end of a temperature-sensing domain. Upon heating,
the temperature-sensing domain undergoes coacervation, bringing two caspase 8 molecules
into close proximity. This spatial arrangement promotes their dimerization, a necessary
step for their autoactivation. The dimerized caspase 8 undergoes autocleavage,
producing the active form of the enzyme, which then triggers the apoptotic pathway
leading to cell death (Figure 2).
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Figure 2. Concept of heat-activated human caspase 8. Caspase 8 molecule is fused with
a temperature-sensing domain. Upon increasing the temperature higher than the phase
transition temperature T7¢, the temperature-sensing domain forms coacervation. This
process brings two caspase 8 molecules into close distance, facilitating dimerization-
triggered autocleavage of caspase 8 to promote cell death.

(1) Development of caspase 8 indicator

To monitor caspase 8 activation, we developed a caspase 8 indicator by fusing a red
fluorescent protein mCherry with a caspase 8 substrate (IETD) and a triple nuclear
export signal (3xNES) (Figure 3A). When expressed in cells, the indicator localized in
the cytoplasm. Upon cleavage by caspase 8, mCherry translocated from the cytoplasm to
the nucleus. We demonstrated the performance of the caspase 8 indicator in live cells
in response to apoptosis-inducing drug staurosporine. To monitor cell apoptosis in
real-time, we utilized Annexin X1l conjugated with a polarity-sensitive dye that turns
on green fluorescence on the cell membrane of apoptotic cells. After treatment with
staurosporine, we observed the fluorescence signal in the nucleus and the green
fluorescence from Annexin XI1 on the cell membrane, indicating cell apoptosis (Figure
3B,C). This result demonstrated the capability of the caspase 8 indicator to monitor
caspase 8 activation in real-time.
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Figure 3. Development of the caspase 8 indicator. (A) Gene design. A red fluorescent
protein mCherry is fused with a caspase 8 substrate (IETD) and a triple nuclear export
signal (3XNES). Upon cleavage by caspase 8, mCherry translocated from the cytoplasm to
the nucleus. (B) Fluorescence images of mCherry, Annexin XIl, and bright field (BF) of
HeLa cells expressing the caspase 8 indicator. (C) Normalized nucleus fluorescence
against time in response to apoptosis-inducing drug staurosprorine (2 uy M). Arrows
indicate caspase 8-activating cells. Scale bar, 50 um.

(2) Heat-modulated programmed cell death in mammalian cells

We transfected HEK293T cells with the heat-activated caspase 8 system. To track the
expression, we introduced a fluorescent marker, mTagBFP2, along with a self-cleavage
peptide, P2A (Figure 4A,B). This was done to ensure that we could monitor the expression
of the system without interfering function of caspase 8. As shown in Figure 4C, we
detected no green fluorescence signal from Annexin XII, and the caspase 8 indicator
resided in the cytoplasm, indicating that the cells were healthy and caspase 8 had not



been activated. Upon heating, we observed cell apoptosis through the Annexin XII
fluorescence signal on the cell membrane, as well as the translocation of the caspase
8 indicators into the nucleus. Furthermore, for control experiment, we introduced C360A
mutation in caspase 8 to inactivate its function. As shown in Figure 4D, E,F, no green
fluorescence signal from Annexin XI1 was detected, and the caspase 8 indicator remained
in the cytoplasm, indicating the cells were healthy. These results collectively
demonstrate that caspase 8 was activated by heat, leading to induced cell apoptosis.
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Figure 4. Heat-activated human caspase 8 in HEK293T cells. (A) Gene design; a
fluorescent marker, mTagBFP2, along with a self-cleavage peptide, P2A, are fused
upstream the temperature-sensing domain and caspase 8 (casp 8). (B) BF and fluorescence
images of HEK293T cells co-expressing the system and the caspase 8 indicator. (C) BF
and fluorescence images before and after heating. (D) Gene design; a C360A mutation of
casp 8 is introduced to inhibit its activation.(E) BF and fluorescence images of
HEK293T cells co-expressing the control system and the caspase 8 indicator. (F) BF and
fluorescence images before and after heating. Annexin XII indicates cell apoptosis.
Arrows indicate caspase 8-activating cells. Scale bar, 50 um.

(3) Conclusion and future perspectives

In this study, we successfully developed heat-activated human caspase 8 as a
thermogenetic tool and demonstrated its functionality in live cells by simply changing
the medium temperature. Our heat-activated caspase 8 system provides a precise and
controllable method to initiate apoptosis, offering potential applications in targeted
cancer therapies where controlled induction of cell death is desirable. By changing
the temperature, we can modulate the activation of caspase 8, thereby inducing cell
death. This method also exemplifies the broader potential of thermogenetics for
regulating various protein functions through temperature-induced structural changes.
The successful implementation of this approach not only validates the concept of
temperature-controlled protein functions or thermogenetics but also opens avenues for
developing novel therapeutic strategies. By employing similar thermosensitive elements,
we can design a wide range of protein-based systems that respond to temperature changes,
providing high specificity and control in both research and clinical applications.
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