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worldwide infected with HBV, more than 350 million remain chronically infected and become carriers
of the virus [3]. Epidemiological studies have uncovered chronic HBV infection as the major
etiological factor in the development of hepatocellular carcinoma (HCC) [4]. Despite the availability
of an efficient vaccine, persistent HBV infection remains a challenging global health issue. The recent
discovery of miRNAs involvement in HBV infection provides new insights into the virus biology and
pathogenesis [5,6].

This chapter will outline the roles of miRNAs in the HBV biology and associated pathogenesis. We
will also outline present and future miRNA-based strategies for the diagnosis, prognosis and treatment
of the HBV-related diseases.

2. Biogenesis and Functions of miRNAs

miRNAs are most commonly transcribed in the nucleus by the RNA polymerase II (Pol II), as
monocistronic or polycistronic pri-miRNAs that are further processed in pre-miRNAs (Figure 1).
These pre-miRNAs are exported to the cytoplasm where they undergo cleavage by the RNAse III
enzyme called Dicer that produces a miRNA duplex. This duplex splits to generate the single-stranded
mature miRNA that incorporates the RNA-induced silencing complex (RISC). Based on the
complementarity with its target gene sequence, the mature miRNA induce either translational
repression (partial complementarity) or mRNA degradation (perfect complementarity) [7]. Besides, the
mature miRNA can increase the expression of the target gene under growth arrest condition [8].
Finally, it has been recently reported that miRNA can also act in a RISC-independent manner on the
transcriptional level by interaction with ribonucleoprotein or direct binding to DNA [9-11].

One single miRNA has the ability to regulate multiple targets and thereby to affect a broad network
of genes (up to 100 genes) [12]. This specific characteristic makes the miRNAs key mediators of most
of the cellular events. In animal, miRNAs mainly regulate mRNAs by interacting with their 5' end (5p)
to the 3'-untranslated region (3'-UTR) of their target [13]. However, recent studies have revealed
miRNAs target sites in the 5-UTR, which interacts with the 3' end (3p) of miRNAs, and even
simultaneous 5'-UTR and 3'-UTR interaction sites [14,15].

The abnormal expression levels of miRNAs have been revealed in various diseases such as
cancer [16,17], inflammation [18,19], Alzheimer [20], cardiovascular disease [21] and viral infection
including HBV [2,22].

3. Role of miRNAs in HBV Infection

Despite the fact that HBV is a nuclear DNA virus, none viral-encoded miRNA has been so far
identified. Only one putative HBV miRNA, with hypothetical regulation role on its own genome, was
deduced by computational approach [23]. However, HBV can modulate the expression of several
cellular miRNAs in order to promote a favorable environment for its replication and survival. They are
presented in this section and summarized in Table 1.
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3.1. Brief Description of HBV Infection

The HBV infection is characterized by two phases; the acute and the chronic infection [24]. The
initial stages of the acute infection include virion attachment [25], uncoating and nucleocapsid
transport to the cell nucleus (Figure 2, steps 1 and 2). The 3.2 kb relaxed circular DNA genome is
released into the nucleus and converted into a covalently closed circular DNA (cccDNA) from which
all the viral RNAs are transcribed (Figure 2, steps 3 to 5). The pregenomic RNA (pgRNA) serves as
template for reverse transcription (Figure 2, steps 8 and 9). The subgenomic mRNAs comprise the
pre-surface (S) and S genes, the pre-core (C) and C genes, the polymerase gene, and the X gene. The
newly formed nucleocapsids can either assemble with envelope proteins in the endoplasmic reticulum
and form mature virions that will be secreted (Figure 2, steps 10 and 11), or return to the nucleus to
maintain the cccDNA amplification. When the immune system fails to clear the virus, the HBV
infection becomes chronic and it remains under a dormant state into the cell. Eventually, the viral
genetic material or sequences can integrate into the host cellular DNA. The integration has been
frequently observed and is associated with HCC [26,27].

Figure 1. Schematic representation of miRNA biogenesis. The mature miRNAs originate
from successive different steps. An initial DNA transcription generates pri-miRNAs that
are cleaved in pre-miRNAs before their exportation to the cytoplasm. There, an RNAse III
enzyme, Dicer, cleaves it to generate a miRNA duplex that subsequently joins an
RNA-induced silencing complex (RISC) to produce the mature miRNA. The sequence
complementarity to the target will decide its fate. Some miRNAs can act on the
transcriptional level independently from the RISC.
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Table 1. Cellular miRNAs and their effects on HBV infection or HBV related-diseases.
HBV (1): Promotes HBV replication; HBV (]): Inhibits HBV replication; HCC (1):
Development and/or growth of HCC; Fibrosis (1): Promotes liver fibrosis.

miRNA HBY or disease

miRNAs . Target genes Ref.
expression status
Cellular targets

miR-1 up- HDACH4 (histone deacetylase 4) HBV (1) [28]
miR-17-92 cluster up E2F1 (c-myc repressor) HBV (17), HCC (1) [29]
e~ up C/EBPB (CCAAT/enhancer binding protein) HCC (1) [30]
SOCS1 (JAK/STAT signaling) HBV (|) [31]

miR-181a up HLA-A? (MHC class 1) HBV (1) [5]
miR-372 up NFIB (nuclear factor I/B) HBV (1) [32]
miR-373 up NFIB (nuclear factor I/B) HBV (1) [32]
miR-501 up HBIP (HBx inhibitor) HBV (1) [33]

mir-29 family down collagen Fibrosis (1) [22,34]
miR-122 down cyclin G1 (p53 modulator) HBV (1), HCC (1) [6]
miR-152 down DNMT1 (DNA methyltransferase 1) HBV (]) [35]
let-7 family down STAT3 (transcription factor) HBV (17), HCC (1)  [36]
Viral targets

miR-122 up HBV DNA polymerase HBV (]) [(37]
miR-125a-5p up HBsAg (HBV surface antigen) HBV (}) [38]
miR-199-3p up HBsAg HBV ({) [39]
miR-210 up HBYV pre-S1 (pre-surface 1) HBV () [39]

3.2. Role of miRNAs in the HBV Replication

The role of miRNAs in HBV replication is therefore dependent on the phase of HBV infection.
During the acute phase, the virus must activate its replication while avoiding destruction by the
immune system. During the chronic phase, the virus reaches a “dormant” state where the viral
replication must be restricted and viral evasion maintained. This leads to a time-dependent intricate
interaction network in which miRNAs play an important role.

One of the best studied miRNAs in HBV infection and other liver-related diseases is miR-122. This
liver-specific miRNA is expressed at high levels in normal hepatocytes (about 70% of the total miRNA
population in the adult liver) [40] and is pivotal in numerous aspects of the liver function such as lipid
metabolism, liver development, differentiation, growth and neoplastic transformation [41]. While the
loss of miR-122 expression impedes hepatitis C virus (HCV) replication [42], it enhances the
replication in the circumstance of HBV infection [6]. However, miR-122 can negatively regulate the
viral gene expression and replication by direct binding to a highly conserved sequence of HBV [37].
This repression effect can apparently be impeded by a negative feedback loop involving the Heme
oxygenase-1 [43]. A recent study has reported the indirect implication of the HBV X protein (HBX) in
miR-122 dysregulation [44] that could, at least partially, explain the difference observed between the
two viruses.
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Figure 2. Schematic representation of HBV life cycle. The virus infects a cell by an initial
attachment to a cellular receptor that allows its internalization (step 1). In the cytoplasm,
the virus is uncoated and the nucleocapsid is transported to the nuclear membrane (step 2).
The viral genome is released into the nucleus under its relaxed circular form (rcDNA) and
converted into a covalently closed circular DNA (cccDNA) from which all the viral RNAs
are produced (steps 3 to 5). The viral RNAs transfer to the cytoplasm for traduction of the
different viral proteins (steps 6 and 7) or for subsequent reverse transcription of the
pregenomic RNA (pgRNA, steps 6, 8 and 9). All the viral components move to the proper
place and assemble together to form new mature virions (steps 8, 10 and 11). The virus
also produces non-infectious particles and extracellular antigen (HBeAg) as a decoy for the
immune system of the host (step 12). The nucleocapsid containing the rcDNA and the
HBV X protein (HBx) can go back to the nucleus in order to amplify the cccDNA and
maintain the viral production.
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On the other hand, miR-1 can enhance the HBV core promoter transcription by down-regulating the
expression of the histone deacetylase 4 (HDAC4) [45]. This miRNA might act complementary to the
nuclear HBx in order to mduce epigenetic modifications on the cccDNA and amplify the viral
genome [45,46].

miR-372, together with miR-373, also supports HBV gene expression by targeting the nuclear
factor I/B [47]. This cellular protein is known to be an important regulator of several viruses [48].

The let-7 family of miRNAs has been demonstrated to be negatively regulated by HBx [36].
The consequence of this down-regulation is the increase activity of the signal transducer and
activator of transcription 3 (STAT3) that supports cell proliferation, and potentially viral replication
and hepatocarcinogenesis.
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Finally, miR-501 has been suggested to work with HBx for the benefit of viral replication [33].
HBx itself has also the ability to dysregulate the cellular miRNAs expression. This small protein
is a key regulator of HBV infection. It is usually overexpressed in HCC and is involved in
hepatocarcinogenesis [48].

3.3. Role of miRNAs in the Immune Evasion of HBV

miRNAs are important in the development and function of immune system [49]. In particular,
miR-155 has multi-roles during innate immune response such as regulation of the acute inflammatory
response after recognition of pathogens by the toll-like receptors [50,51]. Su and collaborators
demonstrated that ectopic expression of miR-155 in human hepatoma cells could enhance the innate
immunity through promotion of the janus kinase (JAK)/STAT pathway and down-regulate HBx
expression [31].

On the other hand, a study analyzing the modified expression profiles of miRNAs in a stable
HBV-expressing cell line revealed the upregulation of miR-181a [5]. The dysregulation of this miRNA
in liver cell might participate to HBV replication through inhibition of the human leukocyte antigen A
(HLA-A)-dependent HBV antigen presentation.

It is now unclear if the miRNAs altered in the infected hepatocytes, such as miR-181a and
miR-146 [5], that have specific regulatory functions in the immune cells as well [49], could affect
directly these cells to support viral evasion. The presence of circulating miRNAs and the existence of
intercellular nanovesicle-mediated miRNA transfer that modulates the environment, could potentially
support that hypothesis [52-57].

3.4. Role of miRNASs in the Establishment of HBV Chronic Infection

The natural history of HBV infection shows often a transition from acute to chronic infection,
especially in young children. The virus reaches a “dormant” state into the infected hepatocytes, under
the cccDNA form, and survive until its eventual life cycle reactivation [3,35,45,58]. One study
reported the CpG islands methylation of the cccDNA by DNA methyltransferase 1 (DNMTT1) to
prevent the viral gene expression and therefore the viral antigen presentation. The DNMT1
overexpression is induced by a decrease of miR-152, under the effect of HBx [35].

miR-1 illustrates the duality of actions that can be observed in the course of HBV infection. As said
previously, this miRNA can promote viral replication but it can also inhibit the cell proliferation and
even induce a reverse cancer cell phenotype [28]. The effect on HCC was confirmed in another
study [59].

Also, miR-122 can bind directly to the polymerase region in order to repress its expression [37].
Similar observations were made for miR-125a-5p, miR-199a-3p that can affect the S region and
miR-210 that can affect the pre-S1 region [38,39]. Since the RNA intermediates of HBV (pgRNA and
transcripts) are good targets of miRNA action, it is not surprising to observe several cellular miRNAs
targeting them. However, it remains to be determined whether the targeting of HBV transcripts
represents an active anti-viral mechanism of the host or if the virus has evolved to hijack these cellular
miRNAs in order to reach its “dormant™ state.
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4. Role of miRNAs in HBV-Related Diseases

The modifications induced as a result of HBV infection profoundly alter the cellular and overall
organism homeostasis. They are usually associated with diseases, including liver cirrhosis with fibrosis
and HCC. The liver cirrhosis turns most of the time into HCC.

4.1. Role of miRNAs in HBV-Related Cirrhosis

Numerous studies have tried to identify and characterize the miRNAs involved in liver cirrhosis and
therefore differently expressed during this intermediate phase. Roderburg et al. investigated the role of
miRNAs in liver fibrosis on a carbon tetrachloride-induced hepatic fibrogenesis and bile-duct ligation
mouse models [34]. They observed a significant down-regulation of all the members of the miR-29
family in the two models. The decreased expression was induced by the transforming growth factor
beta (TGF-B), inflammatory signals and the nuclear factor kappa B (NFxB) pathways. miR-29¢ was
also identified in another report focusing on the miRNA expression profile in patients with
HCC-positive or HCC-negative chronic hepatitis B and hepatitis C virus [22] (Table 1).

Nevertheless, the global miRNA expression profile analysis of human liver tissues from different
inflammation, infection and cancer states are not always consistent. It sometimes revealed a particular
profile due to the association of both viral hepatitis and cirrhosis [60] or regarding to the type of viral
hepatitis [22] and sometimes showed no difference [61]. Further experiments are therefore required to
identify the exact molecular mechanisms implicating miRNAs and viral components in the
development of cirrhosis and in the transition from cirrhosis to HCC in the patients with chronic

viral hepatitis.
4.2. Role of miRNAs in HBV-Related HCC

When the cellular modifications and inflammation are too high and maintained for too long, the
liver cirrhosis usually evolves into HCC.

The miR-17-92 cluster is important in the HBV infection and associated HCC. This polycistron
includes six miRNAs (mir-17-5p, miR-18a, miR-19a, miR-19b, miR-20a and miR-92a-1) and its
upregulated expression is associated with malignancies [62]. By using human HBV-positive human
HCC tissues, hepatoma cell lines and woodchuck hepatitis virus-induced HCC animal model [63],
Connolly and colleagues were able to demonstrate the elevated expression of miR-17-92 cluster and its
implication in the malignant phenotype [29] (Table 1). The expression could be amplified by c-myc
activation [64], under HBx control [65], to contribute to HBV latency state [66]. The consequence is
the induction of liver oncogenesis.

Because of its role in immune response, miR-155 is also implicated in hepatocarcinogenesis.
Indeed, its upregulation can lead to prolonged exposure to inflammation, a well-known causal agent to
cancers like HCC [67]. Using HCC-induced mouse model, Wang and collaborators have demonstrated
the oncogenic role of miR-155 at the early stages of the tumorigenesis [30] (Table 1).

To conclude, the liver-specific miR-122 has been extensively studied in the liver-associated diseases.
Its expression is low in HCC tissues, including those with viral chronic hepatitis [6,68] (Table 1). As
described in point 3.2, the regulation of miR-122 is very complex and helps either promotion or
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inhibition of the HBV replication. In HCC cells, the “dormant” state of HBV implicates a replication
rate very low or inexistent [69]. The recent data accumulate evidence of miR-122 as a highly potential
linker between HBV infection and liver carcinogenesis [6,70]. Because of its characteristics, miR-122
is therefore a target of choice for future clinical applications.

5. miRNAs as Molecular Tools Against HBV Infection and HBV-Related Diseases

The significance of miRNAs in viral replication, antiviral immunity and liver carcinogenesis
emphasizes their values as diagnostic, prognostic and therapeutic targets for HBV infection and
HBV-induced diseases.

miR-122 and miR-18a are of particular interest for diagnostic and/or prognostic applications. They
are both released in the blood and could be used as potential non-invasive biomarkers for HBV-related
HCC screening [5,53,54]. Some other reports suggest the use of a miRNA panel in order to improve
the specificity of the test [55,56]. In addition with the current routinely used markers such as HBV
surface antigen (HBsAg), HBV extracellular antigen (HbeAg) and alanine aminotransferase (ALT), the
circulating miRNAs represent a significant clinical value for better evaluation of the HBV-infection
status, liver injury and early diagnosis of HCC. '

In the therapeutic perspective, the liver cirrhosis is an event prior to HCC development and being
able to interfere with this process would prevent carcinogenesis. For example, a strategy based on
administration of miR-29 mimic might prevent liver fibrosis (Section 4.1) [34]. However, the disease
is often discovered when hepatocarcinogenesis has already developed and HCC does not always show
underlying cirrhosis [71]. Finding therapeutic targets involved in HCC is thus a major issue.

For this purpose, the work of Ura’s group is valuable [22]. They analyzed the livers of HBV and
HCV positive patients with HCC to identify the miRNAs that are differentially expressed. Nineteen
miRNAs were clearly differentiated between HBV and HCV groups, six specific for HBV and thirteen
specific for HCV. Based on the miRNAs profile, they made a pathway analysis of candidate targeted
genes and were also able to distinguish the cellular mechanisms altered in HBV or HCV-infected
livers. The HBV infection alters mostly the pathways related to signal transduction, inflammation and
natural killer toxicity, DNA damage, recombination, and cell death, while HCV infection modifies
those involved in immune response involving antigen presentation, cell cycle and cell adhesion.
Although very interesting, their results are not consistent with those presented in other reports [60,61]
and confirmation of the targets needs to be done before considering their clinical application.

Finally, technological advances in the delivery of miRNA and RNA interference enable safe and
efficient in vivo miRNA gene therapy, as exemplify by the recent study from Kota and colleagues on
the liver cancer [72]. They used an adeno-associated virus to deliver miR-26a in a mouse model of
HCC. This resulted in the successful inhibition of the cancer cell proliferation, induction of the
tumor-specific apoptosis, and protection from disease progression without toxicity.

6. Conclusions

miRNAs have emerged as new key players in the control of gene expression in cells. Investigations
of their profiling have unveiled specific miRNA dysregulations in tumors and during viral infection.
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The HBV is a widespread pathogen that is implicated in HCC development. Numerous cellular
miRNAs interacting with HBV have been identified. They reflect the cellular pathways that are altered
as a result of the viral infection, viral infection that triggers the liver cirrhosis and carcinogenesis as
side effects. On the viral point of view, the dysregulated pathways mirror the strategies of the virus to
allow its replication and evade the host defense mechanisms to survive. On the cellular point of view,
they mirror the immune response that tries to get rid of the intruder and that becomes dysregulated.
The present and future knowledge about the interaction between miRNA, HBV infection and HCC
development and progress will probably allow developing strategies and tools to cope, efficiently and
at various steps, with the liver carcinogenesis induced by HBV infection.
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In the course of our screening program to find structurally unique
metabolites from microorganisms on the basis of spectral data
collected through LC/MS analysis, a new pyrrolizidinone metabolite,
pyrrolizilactone (1) (Figure 1), was discovered and isolated from an
uncharacterized fungus. The structure of 1 was determined from
spectroscopic results. Compound 1 showed moderate cytotoxic
activity against HL-60 and Hela cells.

Microorganisms have a tremendous capacity for producing
structurally diverse metabolites, which show various activities.!
They are important sources of pharmaceutical leads and
therapeutic agents,>* and are also used as bioprobes in chemical
biology for the exploration of biological functions.** To search for
and discover such structurally unique metabolites efficiently and
rapidly, we have constructed a microbial metabolite fraction library
with a spectral database on the basis of photodiode array detector-
attached LC/MS analysis.>” Through our methodology for the
construction of this fraction library, we discovered and identified a
16-membered macrolactam with an unusual B-keto-amide moiety,
verticilactam,® 6,6-spiroacetal polyketide, spirotoamides, A and B,’
the new fraquinocins, I and J,'° and 6-dimethylallylindole-3-
carbaldehyde.!! These results demonstrate the advantage of the
fraction library in isolating novel metabolites from natural sources.
We report herein the isolation of a novel compound from a fungi
fraction library.

An 18-liter culture broth of an uncharacterized fungus was
cultivated to obtain 16.1g of an ethyl acetate-soluble extract. This
was separated into eight fractions through a silica-gel column
chromatography, with a stepwise gradient of CHCl3/MeOH. The
second fraction eluted with CHCl3/MeOH (100:1) was further
separated by chromatography using a Sephadex LH-20 column with
CHCl3/MeOH (1:1) to afford three fractions. The second fraction,
showing an unidentified peak in LC/MS analysis, was purified by Cig-
HPLC to afford a colorless amorphous solid (1, 5.5 mg). Colorless
amorphous; [¢]539%% +5.9° (¢ 0.08, MeOH); UV (MeOH) A4« (log €)
209 (3.34), 236 (3.01) nm; IR (ATR) v,y (cm™1) 3410, 2920, 2875,
1790, 1715, 1685, 1575, 1450, 1375, 1335, 1280, 1160, 1110, 1020; 'H
NMR and '3C NMR data, see Table 1; HRESIMS m/z: 416.2433
M+ H]* (caled for CyyH34NOs: 416.2437).

Compound 1 had the molecular formula CyH33NOs, as deter-
mined by HRESIMS. The IR spectrum implied the presence of
hydroxyl (3410cm 1) and carbonyl (1685, 1715 and 1790cm ™)
groups. The 'H NMR spectrum showed five methyl signals, which
included a singlet, three doublets and a doublet of doublet
(1.71p.p.m., dd, J=0.9, 0.9 Hz) branched at an sp? carbon, and an
olefin signal (5.12 p.p.m., br s), suggesting that 1 contained a double
bond (Supplementary Figure S1). The *C NMR spectrum showed 24
signals including five methyls, four methylenes, nine methines
(including oxygenated and olefin carbons: 81.6 and 131.3 p.p.m.),

1 CJ-16264

Figure 1 Structures of compound 1 and related compounds.
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Table 1 H and !3C NMR chemical shifts with HMBC and NOESY correlations in CDCl3

position 8¢ Sp(Multiplicity, ) in Hz) HMBC NOESY
2 174.6 — —
2a 47.6 3.24 (dd, 9.2, 1.8) C-2,3,4,7b H-3a, H-3b
3 29.9 2.73 a (dddd, 14.2, 9.6, 5.0, 1.8) C-2, 23,9 e
2.56 b (m) C-2, 2a —
4 41.8 3.82 a (ddd, 11.9, 9.6, 5.5) — H-3b
3.35 b (ddd, 11.9, 9.6, 5.0) C-3,7b H-3a
167.6 — —
7 63.1 4.15 (s) C-6, 7a, 7b, 8 H-9, H-18
7a 81.6 4.65 (s) C-2,6,7,7b,8 H-2a, H-7, H-9
7b 100.7 — e
8 210.3 — —
9 58.8 2.85 (br s) C-8, 10, 11, 17, 18, Me-18 H-10, Me-11, Me-18
10 46.2 2.10 ax. (br d, 10.5) C-8,9,11, 15, 16, 18, Me-11 H-12ax, H-14ax, Me-11, Me-15
11 329 1.57 ax. (m) — Me-11, Me-18
12 44.4 0.78 ax. (br ddd, 12.4, 11.5, 11.5) — —
1.61 eq. (ddd, 12.4, 3.2, 3.2) —_ Me-13
13 28.3 1.43 ax. (m) — Me-13
14 50.3 0.98 ax. (dd, 12.4, 12.4) C-12, 15, 16, Me-15 Me-13, Me-15
1.40 eq. (dd, 12.4, 2.7) — Me-13, Me-15
15 37.5 — —_
16 131.3 5.12 (br s) C-10, 14, Me-15, Me-17 H-l4eq, Me-15, Me-17
17 133.0 — —
18 29.4 2.93 (m) C-8, 17, Me-18 Me-15, Me-17, Me-18
Me-11 21.0 1.04 (3H, d, 6.4) c-10, 11, 12 —
Me-13 22.3 0.81 (3H, d, 6.4) C-12, 13, 14 —
Me-15 29.8 0.62 (3H, s) C-10, 14, 15, 16 —
Me-17 21.7 1.71 (3H, dd, 0.9, 0.9) C-17, 18 —
Me-18 21.2 1.11(3H, d, 7.8) C-9,17,18 —_

1H and 13C NMR spectra were recorded at 500 and 125 MHz, respectively.

and six quaternary carbons including an olefin carbon (133.0 p.p.m.)
and three carbonyl ones (167.6, 174.6 and 210.3 p.p.m.), one of which
was a ketone (Supplementary Figure S2). These were confirmed by the
13C DEPT experiment and HSQC spectrum (Supplementary Figures S3
and $4). The spectrum also included an unusual quaternary carbon at
100.7 p.p.m., implied to bear both oxygen and nitrogen atoms or two
oxygen atoms. These data and the index of hydrogen deficiency of nine
suggested that compound 1 consisted of a five-ring system with three
carbonyls and one double bond. The planar structure was established
through the interpretation of the 2D NMR spectra (Figure 2a). The
connections between protons and carbons were confirmed by correla-
tions in the HSQC spectrum. Two proton-spin systems from H-2a to
H-4 and from Me-18 to H-14 with methyl branches at C-11 and C-13
were constructed from the correlations in the DQF-COSY and HSQC-
TOCSY spectra (Supplementary Figures S5 and S6). The overall
structure was established from the long-range correlations in the
HMBC spectrum (Supplementary Figure S7). The HMBC correlations
from Me-15 to C-10, C-14, C-15 and C-16 showed the attachment of
Me-15 at C-15, which was connected to C-10 to construct a
cyclohexane substructure, and connectivities from C-14 to C-16. These
were confirmed by the HMBC correlations from H-10 to C-15 and
C-16, and from H-14 to C-15 and C-16. Me-17, which should be
branched at an sp? carbon, showed HMBC correlations to C-16, C-17
and C-18, suggesting a methyl branch at C-17 and connectivities from
C-16 to C-18. These results in combination with the DQF-COSY result
indicated a pentamethyl-octahydronaphthalene structure; this was
confirmed by HMBC correlations from H-9 to C-15 and C-17, and
from both H-18 and Me-18 to C-17.

The Journal of Antibiotics

' A pyrrolizidinone moiety fused with y-lactone system was con-
firmed by HMBC correlations and NMR chemical shift values with
the consideration of the index of hydrogen deficiency, which
suggested the remaining substructure required a three-ring system.
The HMBC correlations from H-2a and H-3 to a carbonyl carbon C-2
and from H-2a to C-7b having the unusual *C NMR chemical shift
value of 100.7 p.p.m. were observed. The C-7b was also correlated
from H-7 and H-7a in the HMBC spectrum, both of which showed
HMBC correlations to another carbonyl carbon C-6. These HMBC
correlations and the connectivities from H-2a to H-4 was confirmed
by DQF-COSY, as described above, were allowing the connectivities
between C-4 and C-6 with a branch of the carbonyl carbon C-2 at
C-2a position. The connection between C-7 and C-7a, both of which
were observed as a singlet signal in the 'H NMR spectrum and did
not show COSY correlation, was confirmed by an HMBC correlation
from H-7 to C-7a and NOE between H-7 and H-7a in the phase-
sensitive NOESY spectrum (Supplementary Figure S8). An HMBC
correlation from H-7a to C-2 implied the presence of a ring system,
and it was confirmed as a y-lactone by the 3C NMR chemical shift
values of C-2 and C-7a (174.6 and 81.6 p.p.m., respectively). Based on
the above results and the consideration of molecular formula, the
C-7b was supposed to have both oxygen and nitrogen atoms. The *C
NMR chemical shift values of C-4 and C-6 (41.8 and 167.6 p.p.m.,
respectively) and the substructure being a tricyclo-system allowed the
construction of a pyrrolizidinone skeleton, which were also confirmed
by an HMBC correlation from H-4 to C-7b. The pyrrolizidinone
substructure was connected to the decalin moiety through the ketone
C-8, which was confirmed by HMBC correlations from H-7, H-7a,
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*- X NOESY

Figure 2 Selected DQF-COSY and HMBC correlations (a) and selected NOESY correlations (b).

H-9, H-10 and H-18 to the remaining carbonyl carbon at 210.3 p.p.m.
Therefore, the planar structure of compound 1 was determined.

The relative stereochemistry was examined by the phase-sensitive
NOESY spectrum (Figure 2b). H-10 showed NOEs with H-12 at 0.78
p-p-m. and H-14 at 0.98 p.p.m., and these correlations suggested that
the cyclohexane had a chair conformation and all three protons were
assigned as axials. H-10 also had NOESY correlations with Me-11 and
Me-15, allowing the assignments of their equatorial-orientations on
the cyclohexane part, and a cis-configuration of the decalin moiety,
which was also confirmed by NOEs between H-11 and Me-18,
between Me-11 and H-9, and between Me-15 and H-18. These NOEs
were also confirmed by B-orientation of Me-18 and o-orientation of
the pyrrolizidinone moiety at C-9 position. Me-13 was assigned as an
equatorial by the large coupling constants of >Jiy10ag1.13 and
3 JH-13/H- 14a0 Which suggested H-13 was an axial. It was also confirmed
by the NOEs with both H-14axial and H-14equatorial. In the
pyrrolizidinone moiety, an NOE between H-2a and H-7a was
observed suggesting B-orientations of them, which also allowed the
assignment of B-orientation of the hydroxyl group at C-7b. H-7 was
assigned as o-orientation by the dihedral angle of H-7-C-7—C-7a-H-
7a was approximately 90°, which were implied from the weak vicinal
coupling between H-7 and H-7a. Based on all the above results, the
structure of compound 1 was determined as shown in Figure 1 and
designated as pyrrolizilactone.

The configuration between the decalin and pyrrolizidinone
moieties could not be determined by NOESY spectrum due to free
rotation at C-7 and C-9 positions, but NOEs between H-7 and H-9
and H-7 and H-18 were observed (Table 1). Therefore, there are four
possible stereo-structures, which include two enantiomers and two
diastereomers by the same relative stereochemistry.

Cytotoxic and antibacterial activities of compound 1 were eval-
uated in vitro. Compound 1 showed moderate cytotoxicities against
human promyelocytic leukemia cell line HL-60 and human cervical
cancer cell line Hela with ICsy values of 1.1 and 3.1pgml~},
respectively. In contrast, it did not show antibacterial activity against
Escherichia coli up to 30 ugml ~L. Two compounds, CJ-1626412 and
UCS1025A,1% have been reported in the same class of metabolites
(Figure 1), and show broad antibacterial activities against Gram-
positive bacteria. It is worth evaluating such activities in future work.
We have also observed morphological changes on cancer cell lines,
and will report the findings elsewhere.

Compound 1 had a tricyclic skeleton composed of a pyrrolizidi-
none moiety fused with a y-lactone, which was connected to a decalin

moiety by a ketone. As mentioned above, only two compounds,
UCS1025A and CJ-16264, have been reported in the same class of
fungal metabolites, and the differences between them in terms of their
planar structure lie in the substitution pattern of methyl groups on
the decalin moiety. That of 1 was highly substituted with five methyl
groups. UCS1025A, on the other hand, had only one methyl group.
In terms of the stereochemistry, the pyrrolizidinone moiety had the
same relative configuration as UCS1025A, with a trans configuration
at H-7 and H-7a. The structure of CJ-16264 was shown to have a cis-
configuration at H-7 and H-7a.12 This could be a mistake, because
Sugie et al.'? determined the dihedral angle of H-7-C-7-C-7a-H-7a
to be 84.9° through molecular mechanics calculations, which
clearly suggests a trans configuration. The decalin unit of 1 had a
cis-configuration, which is consistent with CJ-16264 but not
with UCS1025A, which has a trans configuration.
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Introduction

In the development of anticancer drugs, natural products are
highly valued and are considered as an irreplaceable source of
novel drug candidates. Indeed, 74.9% of small-molecule anti-
cancer drugs that have been approved worldwide since the
instigation of chemotherapy at the beginning of 20th century
were either derived from natural products or nature-inspired
synthetic compounds.”

The discovery of structurally novel and biologically unique
natural products has become more challenging with every
year due, in part, to the limited number of screening lines. To
overcome this, our group and other investigators have recently
constructed and utilized a “microbial metabolite fraction li-
brary” as an effective way to promote a natural-product-based
drug discovery program.” For the microbial metabolite frac-
tion library, we made a systematic collection of chromato-
graphically semipurified samples of microbial fermentation
broths with various physicochemical properties (retention
time, UV absorption profile, and MS spectral data of each de-
tectable metabolite in the fractions), thereby forming an origi-
nal microbial metabolite database, NPPlot.”! By using a fraction
library and NPPlot, we successfully uncovered hidden valuable
metabolites based on their spectral data, despite their low
quantities in fractions. Subsequent easy isolation and re-sepa-
ration allowed us to identify novel and biologically potent
compounds in many instances.”!

Pyrrolizilactone is a novel fungal metabolite recently isolated
from our fraction library.®! This compound shows moderate cy-

[a]l Dr. Y. Futamura, Dr. M. Kawatani, Dr. M. Muroi, H. Aono, Prof. Dr. H. Osada
Antibiotics Laboratory, RIKEN
2-1 Hirosawa, Wako, Saitama 351-0198 (Japan)
E-mail: hisyo@riken.jp
[b] Dr. M. Muroi, Dr. T. Nogawa, Prof. Dr. H. Osada
Chemical Biology Research Group, RIKEN CSRS
2-1 Hirosawa, Wako, Saitama 351-0198 (Japan)

totoxic activities against various cancer cell-lines and induces
a unique morphological phenotype. The novel compound was
isolated based on phenotype screening, and we subsequently
sought to elucidate the mechanism of action. Two fundamen-
tally distinct approaches exist for identifying molecular targets
following phenotypic screening: direct and indirect.® The
direct approach uses affinity chromatography, often with com-
pound-immobilized beads. This approach can be exceptionally
powerful and effective when the compound can easily be im-
mobilized and the ligand compounds can be appropriately
chemically modified. However, in the case of natural products,
this is not often possible because of the low amounts available
and their high structural complexity. In such instances, an indi-
rect method can be more helpful in determining the mode of
action of an agent. Accordingly, we reported two indirect
target identification approaches—MorphoBase” and ChemPro-
teoBase® profiling systems—based on specific changes in cel-
lular morphology and on the intracellular proteome induced
by chemical manipulations. Both techniques can identify possi-
ble molecular targets of compounds of interest by comparing
their phenotypic responses to a reference dataset of the ob-
served phenotypes of well-characterized anticancer drugs.

In this study, we report the identification and characteriza-
tion of the molecular target of pyrrolizilactone with the aid of
these two indirect phenotype profiling systems.

Results

Target prediction of pyrrolizilactone by MorphoBase
profiling

We first investigated the growth inhibitory activity of pyrrolizi-
lactone (Figure 1A) against several cancer cell-lines: Hela
(human cervical carcinoma), HL-60 (human promyelocytic leu-
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pyrrolizilactone UCS1025A

B) vehicle pyrrolizilactone lactacystin UCS1025A

Hela

Figure 1. Structures and phenotype changes induced by pyrrolizilactone and
UCS1025A. A) Chemical structure of pyrrolizilactone and UCS1025A. B) Rep-
resentative images of morphological changes in src®-NRK and Hela cells at
48 and 24 h, respectively, after treatment with pyrrolizilactone, lactacystin, or
UCS1025A. Scale bars: 100 um.

kemia), tsFT210 (mouse temperature-sensitive cdc2 mutant
cell-line of the mammary carcinoma FM3A), and src®™NRK (rat
kidney cells infected with ts25, a T-class mutant of Rous sarco-
ma virus Prague strain). Pyrrolizilactone displayed moderate cy-
totoxic effects against these cell-lines with sub-micromolar ICs,
values (Table 1). Additionally, the cells exhibited unique mor-
phological changes, similar to those induced by proteasome
inhibitors, such as lactacystin (Figure 1B).

MorphoBase profiling was performed to elucidate the details
of the mechanism of action of pyrrolizilactone. Following treat-
ment, the nuclei were stained with Hoechst33342 and the re-
sulting morphological changes in src®-NRK and Hela cells were
distinguished and quantified by an IN Cell Analyzer (GE Health-
care). The obtained multiple phenotypic parameters were com-

0.6 .
« | UCs1025A = i-. .o
o - L. T e, - » . "
o oo : ws
. L. Pyrrolizilactone
15 .
0.9 PC1 2.1

Cell-line pyrrolizilactone UCS1025A Cell-line pyrrolizilactone UCS1025A

Hela 9.5 57.9 tsFT210 158 63.8
HL-60 25 17.0 srct- 1.7 18.8
NRK

pared against the reference dataset (a compilation of morpho-
logical features induced by 211 compounds) and subjected to
statistical analysis: principal component analysis (PCA), proba-
bility scores, and ranking of the top 15 nearest neighbors.
Regarding the projection of PCA scores, the phenotypic re-
sponses of pyrrolizilactone were visible near the cloud of pro-
teasome inhibitors in the PC1-PC2 scatter plots (Figure 2).
Based on the similarity analysis, pyrrolizilactone was also pre-
dicted to be associated with the inhibition of the proteasome
(Score greasome = 1.71; Table 2). Proteasome inhibitors were typi-
cal listed among most of its 15 closest neighbors (Table 2),
thus indicating that the molecular target of pyrrolizilactone is
putatively a proteasome.

A human telomerase inhibitor, UCS1025A (Figure 1A),>
was one of the few compounds that are structurally related to
pyrrolizilactone. Therefore, the effects of UCS1025A on cell
morphological changes in src™-NRK and Hela cells were exam-
ined. The observed ICg, values and phenotypes were distinct
from those of pyrrolizilactone (Table 1 and Figure 1B), thereby
generating a marked difference between pyrrolizilactone and
UCS1025A in the MorphoBase profiling results (Table 3).

Target prediction of pyrrolizilactone by ChemProteoBase
profiling

To verify these predictions, pyrrolizilactone was subjected to
ChemProteoBase profiling. The proteomic variation of 296
spots that matched on all gel images was quantified, followed
by the performance of hierarchical cluster analysis as previous-

HSP90
. UCS1025A e
Proteasome .

.
Y
)

0.3 PG 1.4

Figure 2. Target prediction of pyrrolizilactone by MorphoBase Profiling. src®-NRK and Hela cells were treated with pyrrolizilactone (20 and 10 um, respectively)
or UCS1025A (20 and 25 um, respectively), and the resulting phenotype multiparameters were subjected to MorphoBase analysis. PCA scores of pyrrolizilac-
tone and UCS1025A were projected onto PC1-PC2 2D scatter plots (PC = principal component).
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Probability scores® Similarity ranking™
Rank  Class Score | Rank  Sample Class Target MOA Distance
1 proteasome 1.71 1 ETB HSP60 HSP60 heat shock protein 0.530
2 DNA 1.78 2 MG132 proteasome 265 proteasome proteasome 0.630
3 ionophore 2.14 3 brefeldin A ARFGEF vesicle trafficking 0.710
4 HSP60 2.21 4 GN26361 HSP60 HSP60 heat shock protein 0.710
5 Eg5 249 5 purvalanol CDK1/2 cyclin dependent kinase 0.760
6 actin 2.82 6 lactacystin proteasome  20S proteasome proteasome 0.780
7 V-ATPase 3.17 7 ALLN proteasome  proteasome, calpain, cathepsin  proteasome 0.810
8 RNA 333 8 nigericin ionophore K+ vesicle trafficking 0.860
9 HSP90 3.54 9 terpendole E Eg5 Eg5 microtubule dynamics 0.870
10 tubulin 422 10 indirubin-3'-monoxime GSK3p GSK3pB 0.880
1 control 435 1 MDM2 inhibitor MDM2 MDM2 0.890
12 HDAC 5.52 12 manumycin A FTase/GGTase second messenger 0.890
13 protein 5.78 13 rotenone complex I, tubulin mitochondria respiration 0.900
14 PP2A 6.36 14 nutlin-3 MDM2 MDM2 0.900
15 TOP2 cat 6.45 15 reversine MPS1 mitotic kinase 0.910
[a] Probability scores show the ranking of the likely mode of action for pyrrolizilactone among 14 well-validated target classes in the training set. [b] The
similarity ranks of the 15 closest neighbors for pyrrolizilactone were determined by Euclidean distance between pyrrolizilactone and reference compounds.
[c] MOA =mode of action.

Probability scores®™ Similarity ranking®
Rank  Class Score | Rank Sample Class Target MOAH Distance
1 DNA 1.34 1 AZT reverse transcriptase reverse transcriptase 0.620
2 ionophore 1.89 2 dephostatin PTP phosphatase 0.690
3 proteasome 227 3 o-amanitin RNA RNA polymerase RNA synthesis 0.690
4 HSP90 249 4 MEK inhibitor | MEK MAPK pathway 0.700
5 RNA 2.56 5 nalidixic acid reverse transcriptase reverse transcriptase 0.710
6 Eg5 2.69 6 akt inhibitor X| AKT AKT 0.710
7 actin 3.32 7 benzylguanine DNMT epigenetics 0.720
8 control 3.32 8 fumonisin B1 sphingosine N-acyltransferase  sphingosine N-acyltransferase 0.720
9 V-ATPase 3.57 9 nutlin-3 MDM2 MDM2 0.730
10 HSP60 398 | 10 MDM2 inhibitor MDM2 MDM2 0.740
1 tubulin 4.02 1 nordihydroguaiaretic acid lipoxygenase lipoxygenase 0.750
12 HDAC 472 12 ABT-702 adenosine kinase anti-inflammatory 0.760
13 protein 6.15 13 control10 control 0.760
14 PP2A 6.24 14 mitomycin C DNA DNA DNA synthesis 0.770
15 TOP2 cat 6.35 15 BESpm SSAT SSAT 0.770
[a] Probability scores show the ranking of the likely mode of action for UCS1025A among 14 well-validated target classes in the training set. [b] The similar-
ity ranks of the 15 closest neighbors for UCS1025A were determined by Euclidean distance between UCS1025A and reference compounds. [c] MOA=
mode of action.

ly described® and calculation of cosine similarities of com-
pounds in the database against pyrrolizilactone. As expected
from MorphoBase profiling, hierarchical cluster analysis with 42
standard compounds revealed that pyrrolizilactone was in the
cluster of proteasome and HSP90 inhibitors (Figure 3). Pyrrolizi-
lactone shared predominant phenotypic features with MG-132
and proteasome inhibitor Il among the 110 compounds con-
tained in the ChemProteoBase; lactacystin also scored highly
in the similarity ranking (Table 4). Among the 296 spots, pro-
teins markedly increased or decreased in Hela cells treated
with pyrrolizilactone are listed in Table 5. HSP70 and HSP27
have been reported to be upregulated in cells treated with
proteasome or HSP90 inhibitors."" In pyrrolizilactone-treated
cells, the expression levels of spots 934, 949, and 1975 (identi-

fied as heat shock 70 kDa protein 1A/1B) were significantly
increased, as for cells treated with proteasome or HSP90 in-
hibitors. Spots 1754 and 1757 (identified as HSP27) were also
increased in cells treated with both proteasome and HSP90
inhibitors. However, in proteasome-inhibitor-treated cells, the
spots were observed to increase at a greater rate than those in
HSP90-inhibitor-treated cells. A similar trend was observed for
HSP27 spot expression in pyrrolizilactone-treated cells. These
data suggested that the proteasome is the most promising
target for pyrrolizilactone action.
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Figure 3. Analysis by ChemProteoBase profiling. Hela cells were treated with 20 pm pyrrolizilactone for 18 h. Proteomic analysis of cell lysates was performed
by the 2-D DIGE system. Quantitative data of the common 296 spots (x-axis) derived from pyrrolizilactone and those of 42 well-characterized compounds
were analyzed by hierarchical clustering. In the heat map, log-fold (natural base) of the normalized volume is shown on the colored scale.

Ranking Similarity Compound Target Similarity

1 0.72 MG-132 proteasome >0.8

2 0.72 proteasome inhibitor Il proteasome 0.7 t0 0.8 il

3 0.68 ethacrynic acid GST inhibitor 0.6 to 0.7 ExE

4 0.67 radicicol HSP90 0.5to 0.6 ki

5 0.63 lactacystin proteasome 0410 0.5 FERXERKRREX

6 0.58 MEK inhibitior | MEK 03to 04

7 0.58 rapamycin TOR 0.2t0 0.3

8 0.54 geldanamycin HSP90 0.1t0 0.2 HEERRFREXIRRIASRX SR

9 0.50 aclacinomycin A topo |, topo li, proteasome 0.0to 0.1 FHHERRER
10 0.50 novobiocin HSP90, GFP —0.1 to—-0.0 *

—0.2 to —-0.1

[a] Cosine similarity between pyrrolizilactone and each compound in ChemProteoBase was calculated, and a top-ten list of compounds similar to pyrrolizi-
lactone in ranking is displayed in the left-hand table. Based on the similarity, a histogram of the compounds in ChemProteoBase is displayed in the right-
hand figure.

Pyrrolizilactone inhibits proteasome activities

The results of our phenotypic profiling studies prompted spec-
ulation that pyrrolizilactone inhibits proteasome activity. To
test this hypothesis, human 20S proteasome was incubated
with the agent, and the chymotrypsin-like, trypsin-like, and
caspase-like activities of the proteasome were measured by
using specific fluorogenic peptides. Pyrrolizilactone markedly

inhibited proteasome activities in a dose-dependent manner,
especially for trypsin-like activity (ICs, (trypsin-like)=1.6 um;
ICs; (chymotrypsin-like) =29 um; ICs, (caspase-like)=84 um),
whereas UCS1025A minimally inhibited proteasome activity
(Figure 4 A and Table 6). Interestingly, MG-132 (as well as borte-
zomib)'" primarily inhibited chymotrypsin-like activity in vitro
(Figure 4A and Table 6), thus suggesting that pyrrolizilactone
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