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Abstract

Chaga (Inonotus obliquus) is a parasitic fungus of birch trees used in the traditional medicine of Russia, China, and other
Eurasian countries. The secondary metabolites produced by I. obliquus are known to possess anticancer, anti-inflammatory,
antiviral, antioxidant, and hypoglycemic activity, while posing no known adverse effects. The therapeutic properties of
I. obliquus are thus of particular medical interest. Several studies have demonstrated that the triterpenoids produced by
I. obliquus provide the anticancer effects. Specifically, the triterpenoid inotodiol has demonstrated promising antitumor effects
in human cervical cancer HeLa cells. Unfortunately, the limited natural abundance of 1. obliquus impedes use of this fungus as
a source of inotodiol for clinical applications. Furthermore, attempts to culture 1. obliquus in a laboratory setting are limited by
the low expression of biosynthetic gene clusters. While chemical syntheses of inotodiol avoid these challenges, they are
hindered by low vyield, cost, and time. To address these challenges, we propose using CRISPR-mediated transcriptional
activation (CRISPRa) to boost the expression of the enzyme (squalene synthase (SQS)) that mediates the biosynthesis of
inotodiol in I. obliquus, thereby increasing production of the therapeutic metabolite. The level of inotodiol production achieved
by cultured I. obliquus cells treated with endonuclease deficient Cas9 fused to transcriptional activator domains (dCas9-VPR)
will be compared using three test groups with single guide RNAs (sgRNAS) varying in their distance upstream from the SQS
gene, and a control group with no sgRNA. To evaluate the proposed CRISPRa system, transcriptomic, proteomic, and
metabolomic analyses will be implemented. To our knowledge, CRISPRa methodology has not yet been used to improve the
yield of I. obliquus metabolites.
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Introduction phytochemicals—over 20,000  naturally  occurring

Fungi are an important source of bioactive secondary
metabolites (SMs) for drug discovery. SMs are small
molecules synthesized within an organism that provide a
selective advantage, but are not required for survival [1]. The
fungus Inonotus obliquus, popularly referred to as chaga, is
known to produce many SMs with therapeutic properties. I.
obliquus is found in several northern Eurasian countries,
where it is used in traditional medicinal practices. The most
clinically important SM produced by 1. obliquus is inotodiol,
a triterpenoid. Triterpenoids are a group of cyclic compounds
consisting of a six-isoprene unit structure, with many having
alcohol, aldehyde, or carboxylic acid functional groups [2]. In
fungi, triterpenoids are produced via biosynthesis from
squalene, a thirty-carbon, acyclic, triterpene hydrocarbon [2];
interestingly, triterpenoids are the largest group of
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triterpenoids have been characterized [3]. Despite established
use in traditional Eurasian medicine, triterpenoids have only
recently gained interest in modern medicine due to their
diverse pharmacological activities and low toxicity [3].
Importantly, several triterpenoids have exhibited cancer-
selective toxicity and antitumour efficacy in various cancer
cell lines and animal models [3]. With a structure similar to
that of cholesterol and lanosterol, the tetracyclic triterpenoid
inotodiol is unique in that it possesses an additional hydroxyl
group at carbon 22, which is believed to confer a variety of
therapeutic properties [4]. Moreover, inotodiol is only found
in 1. obliquus, where it is produced biosynthetically [4]. Of
particular interest is that, in study, inotodiol has demonstrated
potent antitumor effects against human cervical cancer
models [5, 6]. Specifically, it has been reported that in human
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cervical cancer HeLa cells, inotodiol inhibits cell migration,
invasion, and proliferation, even inducing apoptosis via a
p53-dependent pathway [5, 6]. The mechanism of such
anticancer effects includes downregulation of MMP-2 and
MMP-9 (migration and invasion) and Bcl-2 (antiapoptosis),
as well as upregulation of PARP, caspase 3, Bax, etc.
(proapoptosis) [5, 6]. Importantly, inotodiol-based drugs can
be engineered to selectively target cancer; a recent in vitro
study demonstrated that folate-targeting inotodiol liposomes
are cytotoxic to cancer cells while harming few healthy cells
[7]. Such selective toxicity is due to the high expression of
folate receptors in carcinomas (e.g, cervical cancer),
highlighting the potential of inotodiol as a targeted cancer
therapeutic. Encouragingly, several clinical experiments
involving I. obliquus SMs have reported additional
therapeutic activities (e.g., anti-inflammatory, antiviral,
antioxidant, and hypoglycemic) without adverse effects [8].
Specifically, the safety profile of inotodiol has been
established through several clinical experiments; in one such
study, administration of crude and pure inotodiol extract in
mouse models of cancer at 30 mg/kg and 20 mg/kg,
respectively, did not produce hepatoxicity or inhibition of
cytochromes [9]. Furthermore, inotodiol is not known to alter
any biochemical or hematological parameters or lipid
metabolism, and it has low blood-brain permeability [9].
While the clinical efficacy of inotodiol (and other I. obliquus
SMs) has been demonstrated, there are limitations to its
isolation. 1. obliquus is found in cold environments where it
grows very slowly, limiting its utility (it has been reported
that a practically sized I. obliquus conk requires up to 15 years
of growth) [10, 11].Moreover, in fungi, the genes responsible
for biosynthesis are clustered and have complex regulatory
mechanisms that are often only active in natural conditions
[12]. Consequently, attempts to isolate SMs via cell culture
result in only modest yields due to the low expression of
biosynthetic gene clusters (BGCs) in typical laboratory
conditions [11]. While chemical synthesis of inotodiol avoids
these challenges, it is significantly hindered by low yield (loss
of absolute configuration), cost (reagents, equipment, labor),
and time (multi-step synthesis) [13].

In 1. obliquus, inotodiol is synthesized through the fungal
mevalonate metabolic pathway [14]. This biosynthetic
pathway has three parts: precursor pathway, sesquiterpenoid
pathway, and triterpenoid pathway (Figure 1) [14]. In this
protocol, we are primarily interested in the sesquiterpenoid
pathway. In the sesquiterpenoid pathway, SQS catalyzes a
condensation reaction in which two farnesyl diphosphate
(FPP) molecules form a squalene molecule [14]. This reaction
is critical as squalene is the first committed precursor for the
biosynthesis of inotodiol. Furthermore, 1. obliquus
transcriptome studies have shown that in laboratory conditions
SQS is among the least expressed enzymes in this pathway,
probably due to a complex promoter [14]. It has also been
shown that downstream enzymes such as squalene epoxidase
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(SQE) are upregulated in the presence of increased
triterpenoid precursor (e.g., squalene), resulting in greater flux
through the triterpenoid pathway and thus increased inotodiol
production [14]. These findings, along with catalyzing the
formation of the first committed precursor, suggest an
essential role for SQS in inotodiol biosynthesis. Thus, to
overcome the limitation of laboratory silent BGCs, SQS is an
excellent target for artificially increasing gene expression.

To boost the expression of SQS, and thereby increase
the biosynthesis of inotodiol, we propose using clustered
regularly interspaced short palindromic repeats (CRISPR)-
mediated transcriptional activation (CRISPRa).
Traditionally, CRISPR is used as a genome editing tool in
which a CRISPR associated protein (Cas) performs targeted
DNA cleavage via its endonuclease domains; a customizable
single guide RNA (sgRNA) is used to direct Cas to a target
locus where Cas-induced double-stranded (CRISPR/Cas
nucleases) or single-stranded (base and prime editors) breaks
enable precision genome editing. However, in CRISPRa,
there is no DNA cleavage or genome editing; rather,
transcriptional activation of a target gene is achieved via a
mutant Cas9 lacking endonuclease activity (dCas9) fused to
transcriptional activators, complexed with a SgRNA [15]. As
alluded to above, the sgRNA is a short sequence that is
complementary to the target sequence, and it is used to
physically bring Cas to the target genomic site upon
hybridization with it. In CRISPRa, the sgRNA is designed to
be complementary to a sequence upstream of the target
gene’s transcriptional start site (TSS); specifically, the
sgRNA binds directly upstream of a Cas-specific protospacer
adjacent motif (PAM)—Cas9 recognizes the PAM sequence
NGG (where “N” is any nucleotide base). In CRISPRa
systems, fusion of transcriptional activator domains to dCas9
enables transcriptional activation of sgRNA-directed
genomic targets. In one such system, validated transcription
factors are fused to form a tripartite activator: four copies of
herpes simplex viral protein 16 (VP64), the 65 kDa subunit
of nuclear factor kappa B (p65), and Epstein-Barr virus R
transactivator (RTA) are fused to the C-terminus of dCas9,
giving dCas9-VP64-p65-RTA (VPR) [16]. Such a
combination of transcriptional activators results in
recruitment of various transcriptional machinery, including
transcription factors and chromatin remodelers (e.g., AP-1,
ATF/CREB, SP1, PC4, CBP/p300, SWI/SNF complex) [17].
In  study, dCas9-VPR has demonstrated robust
transcriptional activation, producing gene expression many-
fold higher than background and in one study, 320-fold
higher than other CRISPRa systems, such as dCas9-VP64
[18]. In essence, the customized sgRNA directs dCas9-VPR
to the target gene, where it binds within the promoter region,
inducing gene expression via recruitment of transcription
factors, chromatin remodelers, and ultimately RNA
polymerases by its fused activators [16, 17].
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Figure 1. Enzymes involved in the biosynthesis of inotodiol. Squalene synthase (SQS) is currently the only sequenced gene.
Future CRISPRa targets are labelled with a star (see Conclusion). Adapted from Fradj et al. [14].
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Figure 2. The CRISPR/dCas9-VPR system consists of a mutant Cas9 lacking endonuclease activity (dCas9) fused to
transcriptional activators (VPR) complexed with a sSgRNA. Created with BioRender.com.

Here, we propose using the pre-established the SQS gene. In previous studies, this CRISPRa system has
CRISPR/dCas9-VPR system to increase the expression of been successfully implemented to activate silent BGCs in

Jones et al. | URNCST Journal (2024): Volume 8, Issue 10 Page 3 0f 9
DOI Link: https://doi.org/10.26685/urncst.649



https://www.urncst.com/
https://doi.org/10.26685/urncst.649
https://www.biorender.com/

UNDERGRADUATE RESEARCH IN NATURAL AND CLINICAL SCIENCE AND TECHNOLOGY (URNCST) JOURNAL
Read more URNCST Journal articles and submit your own today at: https://www.urncst.com

other fungal species [1, 15]. Therefore, we hypothesize that
a CRISPR/dCas9-VPR system will boost the expression of
the SQS gene in cultured 1. obliquus cells, increasing the
yield of the anticancer SM inotodiol.

Methods

The following will be purchased from appropriate
providers: three differently customized sgRNAs (Table 1)
and DNA sequences for the dCas9-VPR protein complex.
These will be integrated into single-vector plasmids and
subsequently amplified using E. coli bacteria; antibiotic
resistance genes (AmpR) will also be integrated into the
plasmids, allowing for positive selection via antibiotic
treatment. 1. obliquus samples and all reagents necessary for

cell culture and various analytic techniques will also be
purchased. Samples will be cultured for 8 days in Petri
dishes, each starting from a single pellet in a liquid malt broth
medium at 28 °C and pH 6.2 [14, 19]. Cultures will then be
treated with antibiotic (ampicillin) to select for the desired
plasmids. Following the growth period, plasmid extraction
from E. coli will be performed; plasmids containing only the
dCas9-VPR complex will be added to the control group, and
plasmids containing dCas9-VPR complexes and one out of
three sgRNAs will be added to the test groups. The sgRNA
sequences for test groups one, two, and three will be
designed to bind to the following sites upstream of the TSS,
respectively: -97 bp, -255 bp, and -400 bp.

Table 1. sgRNAs Designed to Bind at Varying Distances Upstream of the SQS Gene's TSS

Test group Number of bp upstream of TSS Sequence (5°-3°)
1 97 GAATAGTCTGCGTCAGAGGT
2 255 CAAAGGTTCCCGTGTGAAGT
3 400 CGTTTGGAGGGGCAGCAAGC

To efficiently deliver plasmids to I. obliquus cells, the
commonly used polyethylene glycol (PEG)-mediated
transformation will be implemented as it has proved
successful in many fungal species [22]. To begin this
procedure, transformable 1. obliquus protoplasts will be
prepared by applying the following cell wall degrading
enzymes to cultured cells: cellulase, 1,3-glucanase, chitinase,
and driselase [22]. Plasmids will be pipetted into centrifuge
tubes in a 10:1 ratio to protoplasts, as determined by Mdzsik
et al [1]. A high concentration of PEG in the presence of
calcium ions will be added to facilitate uptake of plasmid
DNA (pDNA) [22]. These mixtures will be centrifuged to

pellet the protoplasts, allowing for efficient isolation [22].
Fungal pellets will be added to regeneration media and
incubated for 6 days to allow plasmid transformation and
accommodate CRISPR-associated cellular processes [1].
Subsequently, transcriptomic, proteomic, and metabolomic
analyses will be performed to assess the performed
experiments. Each culture will be aliquoted 3 times daily, for
5 days. Every day, one aliquot from each group will undergo
reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) to quantify mRNA transcripts of the SQS gene
(Table 2).

Table 2. RT-gPCR Primers for Amplification of SQS Gene Transcripts

Primer Sequence (5°-3%)
Forward ATGGGTGCGACAGACATGATG
Reverse CTACGAGAAATACTTCATAAC

Another aliquot from each group will undergo Western
blotting to detect and measure the relative quantity of
translated SQS enzymes. The final aliquot from each
test group will undergo high-speed counter-current
chromatography (HSCCC), evaporative light-scattering
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detection (ELSD), and tandem mass spectrometry (MS/MS)
to quantify synthesized inotodiol [23]. The three quantitative
techniques will also each be performed on a control aliquot,
allowing for direct comparison.
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Figure 3. Methods Summary Highlighting the Culturing of Fungal Cells, Experimental Design, and Quantitative Techniques.

Created with BioRender.com.

Results

There are no results to report as the outlined experiments
have not been performed. However, if performed, it is
expected that the three test groups will show significantly
increased levels of SQS transcript, SQS enzyme, and
inotodiol in comparison to the control group. The control is
not expected to show significant changes at any level of
expression as there is no SgRNA to direct dCas9-VPR to the
SQS gene.
Discussion

Implementation of RT-qgPCR; Western blotting; and
HSCCC, ELSD, and MS/MS in control group aliquots will
allow for approximation of background levels of SQS
transcript, SQS enzyme, and inotodiol, respectively. From
this data, we would expect the three test groups to exhibit
increased expression of the SQS gene and thus increased
levels of SQS enzyme, leading to greater flux through the
sesquiterpenoid pathway and ultimately, increased inotodiol
biosynthesis. Variation in the upstream distance (from the
TSS) of the test groups’ sgRNA binding site will provide
insight into the promoter region of the SQS gene, informing
future experiments with optimally binding sgRNAs. While
all three test groups are predicted to increase inotodiol
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production in comparison to the control, considerable
variation is expected and will be key for informing the
development of future CRISPRa systems targeted to SQS.
Rigorous statistical analyses will be performed to compare
collected data between test and control groups, ensuring that
any observed changes are not simply due to random
variation in background expression levels (p < 0.05).
Specifically, Kruskal-Wallis and post-hoc Dunn’s test will
allow for direct comparison between aliquot groups for each
of the five days of data collection.

Furthermore,  transcriptomic,  proteomic,  and
metabolomic analyses will allow us to scrutinize the
proposed system at all levels of expression to identify any
limitations in the current model. For instance, SQS’s
substrate, FPP, is also a substrate for muurolene synthase
(MUS) and protoilludene synthase (PRS), preventing
complete flux through SQS even with increased expression.
Additionally, downstream of SQS, the triterpenoid pathway
divides into three pathways as 2,3-oxidosqualene (formed
from squalene via squalene epoxidase (SQE)) is also a
substrate of amyrin synthase (AS) and lupeol synthase (LUS)
in addition to lanosterol synthase (LAS), the enzyme that
leads to inotodiol production. Altogether, the complexity of
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the pathways involved in inotodiol biosynthesis may
limit the efficacy of CRISPRa of SQS, despite its critical
role. Another foreseeable limitation is in the timing of the
aliquots used to collect data. It is unclear as to the timeframe
between plasmid uptake, the induction of SQS expression,
and the CRISPR-associated processes in between (i.e.,
assembly of dCas9-VPR/sgRNA effector complex, target
hybridization, gene expression, complex degradation); a
latency period of one day may not be optimal. Thus, future
studies should involve aliquot and analysis after a shorter
period (e.g., within hours of PEG-mediated transformation
of plasmids). While other CRISPR systems—particularly
those involving DNA cleavage—come with the limitation of
off-target effects, this is not the case with CRISPRa as off-
target sequences must not only match the target sequence but
also be part of a promoter region [24].

Conclusions

To overcome the challenges in isolating inotodiol from
I. obligquus (i.e., cold environment, silent BGCs, poor
chemical synthesis), a novel CRISPR/dCas9-VPR system
for boosting the expression of the SQS gene is proposed. The
predicted increased yields of inotodiol (and other clinically
relevant SMs) will facilitate drug discovery. Furthermore,
increased inotodiol availability will reduce research and
development costs, ultimately reducing future market prices
of drugs based on inotodiol. Specifically, inotodiol-based
drugs will offer a promising, novel therapeutic approach to
human cancers, particularly cervical cancer. Considering the
adverse effects and high costs associated with current cancer
therapies (e.g., chemotherapy), the safety and affordability
associated with inotodiol further supports its clinical
relevance and the dire need to address isolation challenges.

Currently, SQS is the only gene that has been isolated
and sequenced from the fungal mevalonate metabolic
pathway. Although SQS has an important regulatory role,
future research should be directed towards sequencing
downstream enzymes squalene epoxidase (SQE) and
lanosterol synthase (LAS) as they could be targets for a
similar CRISPRa system (see Figure 1). Moreover, a
multiplex CRISPRa system targeted to all three enzymes
could increase specificity and substantially boost inotodiol
production. Another future target for gene sequencing is 3-
hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR),
the rate-limiting enzyme in terpenoid biosynthesis. Boosting
HMGR expression would increase the formation of key
intermediate mevalonate, resulting in downstream increases
in inotodiol [14]. Finally, to simplify experimental
procedures and create opportunity for more continuous
inotodiol isolation, I. obliquus cell lines that stably express
dCas9-VPR should be generated. Such transgenic cell lines
would only require plasmid delivery of sSgRNAS, making for
a more robust CRISPRa system that would likely result in
greater yields of inotodiol over time [24].
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List of Abbreviations Used

AmpR: ampicillin resistance gene

AP-1: activator protein 1

AS: amyrin synthase

ATF/CREB: activating transcription factor/cyclic AMP
response element binding protein

Bax: bcl-2-associated X-protein

Bcl-2: B-cell lymphoma 2

BGCs: biosynthetic gene clusters

Cas: CRISPR-associated protein

Cas9: CRISPR-associated protein 9

CBP/p300: cyclic AMP response element-binding
protein/histone acetyltransferase protein 300
CRISPR: clustered regularly interspaced short palindromic
repeats

CRISPRa: CRISPR-mediated transcriptional activation
dCas9: endonuclease deficient Cas9

dCas9-VPR: VPR fused to dCas9

DNA: deoxyribonucleic acid

ELSD: evaporative light-scattering detection

FPP: farnesyl diphosphate

HMGR: 3-hydroxy-3-methylglutaryl-coenzyme A
reductase

HSCCC: high-speed counter-current chromatography
LUS: lupeol synthase

MMP-2: matrix metalloproteinase-2

MMP-9: matrix metalloproteinase-9

MUS: muurolene synthase

MRNA: messenger RNA

MS/MS: tandem mass spectrometry

PAM: protospacer adjacent motif

PARP: poly (ADP-ribose) polymerase

pDNA: plasmid DNA

PEG: polyethylene glycol

p65: 65 kDa subunit of nuclear factor kappa B
PC4: positive cofactor 4

PRS: protoilludene synthase

RNA: ribonucleic acid

RTA: replication and transcription activator
RT-gPCR: reverse transcription-quantitative polymerase
chain reaction

SgRNA: single guide RNA

SM: secondary metabolite

SP1: specificity protein 1

SQE: squalene epoxidase

SQS: squalene synthase

SWI/SNF: SWitch/sucrose non-fermentable

TSS: transcriptional start site

VVP16: herpes simplex viral protein 16

VP64: four copies of VP16

VPR: VP64-p65-Rta
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