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Molecular basis of shikonin-induced immunogenic cell death:
insights for developing cancer therapeutics
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Identification of hnRNPA1 as a protein target provides
pharmacological
biochemical activities of SK

Shikonin (SK) and its derivatives are active components
isolated from the root tissues of a traditional Chinese
medicinal herb, Lithospermum erythrorhizon, and have been
broadly studied as bioactive phytochemicals

Shikonin, a natural plant product isolated from the herb Lithospermum erythrorhizon, has been found to
strongly stimulate immunogenic cell death (ICD) of tumor cells, which induced a potent immune response by
dendritic cells (DCs) to suppress tumor growth and/or metastasis. Recently, specific intracellular protein targets
including heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) and pyruvate kinase-M2 (PKM2) have been
demonstrated to act as candidate receptors for shikonin. Among them, direct binding-interference with
hnRNPA1 was found to be critical for shikonin-induced immunogenicity of mammary tumor cells, which can
result in strong suppression of tumor metastasis. Mechanistic studies have further revealed that specific
damage-associated molecular patterns (DAMPs) associated with immunogenicity, including heat shock proteins
70 (HSP-70), calreticulin (CRT) and high mobility group box 1 (HMGB]1) in tumor cell lysate (TCL), can play
important and comprehensive roles in activating specific immunities of tumor cell lysate (TCL)-pulsed DCs. In
this brief review article, we present these findings together and further provide a molecular mode of action as
the pharmacological basis of SK-induced ICD.
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previous studies, we showed that SK can confer a broad
spectrum of specific cellular and biochemical activities.
These include the inhibition of promoter/transcriptional
activities of the pro-inflammatory cytokines TNF-a * and
GM-CSF P!, the blockade of splicing of TNF-a pre-mRNA ),
the induction of epithelial-to-mesenchymal transition (EMT)
activity in skin wound-healing !, and a differential effect on
the genomic expression of cytokine/chemokine genes in

basis for pursuit of the diverse
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Figure 1. Mode of action for SK-mediated post-transcriptional regulation via direct binding-interference with
hnRNPAA1. On the left, the electrostatic surface of intracellular hnRNPA1 in complex with pre-mRNA (orange) is shown. In
untreated tumor cells, hnRNPA1 mediates several post-transcriptional processes of mMRNA, including nuclear exploration,
alternative splicing and expression. On the right, because hnRNPA1 function was suppressed by SK, various
hnRNPA1-mediated post-transcriptional processes or activities are regulated or modified in SK-treated tumor cells.

human monocytes .. Recently, a molecular target of SK,
namely heterogeneous nuclear ribonucleoprotein Al
(hnRNPA1), was identified to play a key role in SK-induced
ICD in mammary tumor cells ", Specifically, nRNPA1 was
shown to act as an important substrate of GzmA that can
impair the nuclear export activity of newly synthesized RNA,
and this resulted in a specific type of immune-mediated
programmed cell death ®. This finding along with many
previous studies suggests that SK can confer a spectrum of
apparently related molecular and intracellular effects on
post-transcriptional processing of RNAs, including nuclear
export and pre-mRNA splicing activities (Figure 1). In
addition, we consider that dysfunction of hnRNPA1 caused
by SK can also provide a pharmacological basis for potential
application of SK-induced ICD in cancer therapeutics, e.g.,
cancer vaccines.

Previously, in vivo and in situ treatment with SK (>50
ig/site/mice) was found to suppress skin tissue inflammation
) and expression of TNF-a4 >*. On the other hand, topical
treatment with SK was found to also confer a potent
stimulatory effect on EMT and many pro-inflammatory
activities, such as the increase in expression of MMP2,
MMP-9 and vimentin, during wound-healing of skin tissues
15 These results indicate that SK may exhibit both pro- and
anti-inflammatory activities at the tissue/organ levels. The
identification of hnRNPAI ! may provide a plausible
mechanistic explanation for this seemingly contradictory
“Yin vs. Yang” regulation, and the diverse effects of SK on

epithelial tissues. We suggest that by targeting hnRNPA1
activity via binding with SK the splicing and nuclear export
activities of specific inflammation-related genes may be
efficiently, but transiently, suppressed, and this highly
temporal action may result in an interruption of the acute
“cytokine storm”, effecting timely control of the “resolution”
of inflammation activities. On the other hand, the interaction
between SK and hnRNPA1 molecules may also negatively
regulate the control of specific tissue wound-healing
processes, such as regulation of the expression of 200 family
microRNAs . These seemingly contradictory bioactivities
of SK at the tissue and organ levels may hence represent an
elegant control at the temporal and spatial levels of the pro-
versus anti-inflammatory activities evolved in various
mammalian systems, including humans.

SK-induced ICD of tumor cells can efficiently activate
various immunities of DC-based vaccine and suppress
metastatic activities of tumor cells

Immunogenic cell death (ICD) is a cell death modality that
can effectively stimulate an immune response against dying
or dead cell antigens, in particular when they are derived
from cancerous cells ¥ ' The molecular phenotype of ICD
has been characterized by changes in damage-associated
molecular patterns (DAMPs) associated with
immunogenicity, including heat shock proteins (HSP),
calreticulin (CRT), high mobility group box 1 (HMGBI),
glucose-related protein (GRP) and others "''"'*!. Among
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Figure 2. Diagrammatic presentation of various stimulatory activities of specific DAMP components in SK-treated TCL,
resulting in activation of a spectrum of DC immunities. Three specific DAMP constitutes in SK-treated TCL (HSP70, CRT and
HMGB1) have been demonstrated to play different and comprehensive roles in stimulating important DC immunities, including T
cell-priming, chemokine secretion and DAMP receptor expression activities. Among them, HSP70 is shown as most critical for the
anti-metastatic activity of DCs, which can be activated by SK-treated TCL [16].

various ICD inducers, SK can effectively induce ICD activity
of tumor cells and increase the expression of DAMPs in the
resultant tumor cell lysate (TCL), which could then be used
to stimulate strong anti-tumor activity in a DC-based cancer
vaccine approach "7, Recently, the targeting of hnRNPA 1
by SK has been proven to play a key role in SK-induced ICD
in mammary tumor cells and the derived anti-metastatic
activities of vaccinated DCs ", Moreover, three specific ICD
proteins were shown to exhibit distinguishable or
comprehensive activities in activating DCs (Figure 2).
Specifically, HSP70 and CRT can mediate a key role in
SK-TCL-induced DC immunity resulting in both CD4" and
CD8" T cell proliferation in vitro. HSP70 is the most
important component, followed by CRT, in facilitating
DC-induced immunity that suppresses metastasis of mouse
4Tl mammary tumors. Only HSP70, but not CRT or
HMGBI, is effective in suppressing both granulocytic and
monocytic MDSC populations in vivo. Both HSP70 and
HMGBI, but not CRT, are essential for activating the
expression of three key DAMP-associated receptors, CD91,
TLR2 and TLR4, on test DCs. Finally, each of the three ICD
components can exhibit distinguishable stimulatory activities
in stimulating the secretion of chemokines in test DCs '
Based on these recent findings, we believe that research is
urgently needed to explore and employ phytochemicals for
ex-vivo induction, engineering or/and reconstitution of
custom-made or re-constituted DAMPs. For cancer vaccines
or other clinical cancer applications, these ex-vivo assembled
tumor-derived DAMPs and specific immune cell (e.g., DC)
preparations could be applied as tailor-made combination
therapeutics for specific individual patients as personalized
medicines, aiming at optimizing the DC functions for
priming of T cells against specific metastatic tumor cells.

In related studies, SK and its analogs have been shown to

act as potent inhibitors of a tumor-specific pyruvate
kinase-M2 (PKM2) "®1 a suggested molecular target for
disrupting glucose metabolism in cancer cells " ! or
proteasome subunits in cancer cell *!!. However, the possible
role of these candidate targets in activating ICD of tumor cell
has not been reported. We believe it is important for future
studies to comparatively investigate the possible coordinated
roles of hnRNPA1, PKM2 and proteasome activities in
expression and regulation of various ICD components or
features in SK-treated tumor cells. We consider this
information will provide additional networking and
mechanistic modes of action for SK in activating tumor cell
ICD. Since shikonin can confer an act without a genetic
modification, it is drastically different from most other ICD
inducers, including doxorubicin, mitoxantrone, oxaliplatin,

UVC irradiation and anthracyclines "> **7.

A selected therapeutic approach may be needed for
application of SK in the development of cancer therapy

In addition to the strong stimulatory effect of shikonin on
ICD of tumor cells "> > ' 22 many previous studies have
also indicated that in vivo treatment of SK could also be
considered as an approach for suppressing tumor growth or
metastasis " 2" ** ?1. However, up to now the candidate
cellular targets identified for SK are not specific for cancer
cells. In addition, accumulating evidence also shows that SK
does not exhibit differential cytotoxicity to malignant cells,
as compared to non-malignant or normal cells. Our in vivo
studies have shown that SK treatment (via both intravenous
and intraperitoneal injections) could significantly suppress
tumor growth (B16 or 4T1 xenografts) only at a relatively
high dosage (5 mg/kg/day), as compared with other clinically
used anticancer drugs (e.g., Docetaxel, Doxorubicin and
MG-132). In addition, a decrease in mouse body weight was
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also detected (20-30%) for SK-treated mice. These results
thus suggest that the strategy of using the “cytotoxicity of SK
on tumor cells” will most likely not be competitive as a
chemotherapy drug. In contrast, SK has been considered as a
highly efficient inducer for activating ICD of various treated
carcinoma cells "> "> #!. For clinical and biotechnology
application, the combination of SK-treated tumor cell lysate
(SK-TCL) and dendritic cell (DC)-based vaccines have been
shown to induce strong in vivo anti-tumor activity including
anti-metastatic activities !'>?*. We therefore suggest that the
SK-induced immunogenicity in tumor cells and the resultant
activation of the immune system in the host patient may be a
compelling approach for cancer immunotherapy.

Recently, we also observed that topical treatment of
mouse skin with SK conferred a potent stimulatory effect on
EMT activity and effectively suppressed the expression of
associated microRNAs (200 family microRNAs) during the
subsequent skin wound-healing activity ™. In normal somatic
tissues, epithelial-to-mesenchymal transition (EMT) activity
is not only instrumental in facilitating wound-healing activity
but also in promoting tissue fibrosis °°**. In addition,
hnRNPA1 has been shown to play an important role in
control of specific splicing activity of tyrosine kinase
receptor (Ron), and can thus further promote the MET
activity **!. Taking these findings together, we contemplate
that SK-induced EMT and the related changes in microRNA
expression in vivo may also reflect the dysfunction of
hnRNPA1 activity ). Therefore, the application of SK in
promoting tissue wound-healing activity after clinical
resection of tumors in cancer patients may constitute another
avenue of research to aid the recovery of cancer patients.
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