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Background: Anthraquinone drugs are widely used in the treatment of tumors. However, multidrug resistance and severe cardiac
toxicity limit its use, which have led to the discovery of new analogues. In this paper, 4-Deoxy-e-pyrromycinone (4-Deo), belonging to
anthraquinone compounds, was first been studied with the anti-tumor effects and the safety in vitro and in vivo as a new anti-tumor
drug or lead compound.

Methods: The quantitative analysis of 4-Deo was established by UV methodology. The anti-cancer effect of 4-Deo in vitro was
evaluated by cytotoxicity experiments of H22, HepG2 and Caco2, and the anti-cancer mechanism was explored by cell apoptosis and
cycle. The tumor-bearing mouse model was established by subcutaneous inoculation of H22 cells to evaluate the anti-tumor effect of
4-Deo in vivo. The safety of 4-Deo was verified by the in vitro safety experiments of healthy cells and the in vivo safety experiments
of H22 tumor-bearing mice. Tumor tissue sections were labeled with CRT, HMGBI, IL-6 and CD115 to explore the preliminary anti-
cancer mechanism by immunohistochemistry.

Results: In vitro experiments demonstrated that 4-Deo could inhibit the growth of H22 by inducing cell necrosis and blocking cells in
S phase, and 4-Deo has less damage to healthy cells. In vivo experiments showed that 4-Deo increased the positive area of CRT and
HMGBI, which may inhibit tumor growth by triggering immunogenic cell death (ICD). In addition, 4-Deo reduced the positive area of
CSF1R, and the anti-tumor effect may be achieved by blocking the transformation of tumor-associated macrophages (TAMs) to M2
phenotype.

Conclusion: In summary, this paper demonstrated the promise of 4-Deo for cancer treatment in vitro and in vivo. This paper lays the
foundation for the study of 4-Deo, which is beneficial for the further development anti-tumor drugs based on the lead compound of
4-Deo.
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Introduction
According to the International Agency for Research on Cancer, there were close to 20 million new cases of cancer
alongside 9.7 million cancer deaths in 2022." These data show that the threat of cancer to human life and health is
increasing, so the search for new drugs or new therapeutic targets is essential for the treatment of cancer. Even though
macromolecular drugs have been attracting more and more attention, especially since the occurrence of novel corona-
virus pneumonia,> the development of small molecular drugs is still one of the focuses of new drug development.
Compared with macromolecular drugs, small molecule drugs can avoid the local or systemic adverse reactions caused by
excipients and the sensitivity of proteins to pH, have higher stability, and in particular, reduce the cost of drug
development.* What’s more, small molecule drugs can be obtained in more diverse ways.

When our team subjected Streptomyces sp. BG-11 to large-scale fermentation, which was isolated from rhizosphere
soils of the plant Atractylodes macrocephala Koidz from Zhejiang Province, China, we found that the fermentation
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products had antitumor ability. After several isolation screens and comparison with the literature, we found it is the
4-Deoxy-¢-pyrromycinone (4-Deo).”® 4-Deo belongs to anthraquinone compounds. As we all know, anthraquinone
drugs, including daunorubicin, doxorubicin, epirubicin, pirarubicin, aclamycin, etc. are widely used in the treatment of
hematological malignancies and solid tumors.””® However, regardless of its therapeutic effects, multidrug resistance and
severe cardiac toxicity are important limitations of anthracycline drug therapy, which have led to the discovery of new
analogues.'®'? The structure of 4-Deo is similar to that of commonly used clinical compounds, both of which have
a four membered ring mother nucleus. However, 4-Deo has an additional carboxyl group in its structure, making it a lead
compound for anti-tumor drugs. More importantly, through literature review, we found that current research only
determined the structure of the compound® and only Aiai’s paper has proved its anticancer activity in vitro.'*> Based
on the previous research foundation of our team and the good anti-tumor effects of anthraquinone compounds, we
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decided to systematically study the anti-tumor effects and the safety of 4-Deo, as a new anti-tumor drug or lead
compound, in vitro and in vivo for the first time.

Materials and Methods

Materials

4-Deoxy-¢-pyrromycinone (4-Deo) was isolated and confirmed by the laboratory (see Supporting Information
Experimental section 1.1 and 1.2). Doxorubicin hydrochloride (DOX) (cat. no. S17092-100mg) was purchased from
Shanghai yuanye Bio-Technology Co., Ltd. 3-(4,5-dimethylthiazol-2)-2,5-diphenyltetrazolium bromide salt (MTT)
(cat. no. ST316), Erythrocyte lysate (cat. no. C3702) and trypsin-EDTA solution (0.25% trypsin) (cat. no. C0201-
500mL) were purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China). Cell cycle and apoptosis analysis
kit (cat. no. BL114A) and cell counting kit-8 (CCK-8) (cat. no. BS350B) were purchased from Beijing Labgic
Technology Co., Ltd. (Beijing, China). Annexin V-FITC apoptosis detection kit (cat. no. C1062M) and CD115/CSF-
1R Rabbit Monoclonal Antibody (cat. no. AG1701) were purchased from Beyotime Biotechnology Co., Ltd.
(Shanghai, China). Anti-Calreticulin antibody (cat. no. AB92516) and Anti-HMGBI antibody (cat. no. AB79823)
were purchased from Abcam (Cambridge, UK). Anti-CD86 Rabbit mAb (cat. no. GB13585) and Anti-IL-6 Rabbit pAb
(cat. no. GB11117) were purchased from Servicebio Biotechnology Co., Ltd. (Wuhan, China). All chemicals are of
analytical grade.

Cell Culture

L929 cells were purchased from National Collection of Authenticated Cell Cultures (Shanghai, China) and cultured in
MEM medium supplemented with 10% (v/v) HI horse serum and 1% (v/v) non-essential amino acids. Mouse liver cancer
cells (H22), human hepatocellular carcinoma cells (HepG2), human colorectal adenocarcinoma cells (Caco2), mouse
monocyte macrophage leukemia cells (RAW264.7), immortalized rat renal proximal tubule cells (NRK-52E), human
bronchial epithelial cells (BEAS-2B), rat liver epithelial cells (WB-F344) and hepatic stellate cells (HSC) were
purchased from National Collection of Authenticated Cell Cultures (Shanghai, China) and cultured in DMEM medium
supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin. All cells were cultured in 5% CO, at 37°C.
HepG2 cells have been authenticated by STR profile before the experiment.

Animals

Male Kunming (KM) mice (weight 25 + 10 g) were provided by the Laboratory Animal Research Center, Zhejiang
Chinese Medical University (Hangzhou, China). The protocol was approved by the Animal Experimental Ethics
Committee of Zhejiang Chinese Medical University. The experimental animal welfare ethics is implemented according
to the national standard of the People’s Republic of China (GB/T 42011-2022). The ethical number is TACUC-
20190527-02.

Ultraviolet Methodology Study

Since 4-Deo did not peak in conventional HPLC, it was analyzed by UV-visible spectrophotometer.

Determination of Maximum Absorption Wavelength
The maximum absorption wavelength (An.x) of the 4-Deo was obtained by scanning 40 pg/mL 4-Deo in the range of
230-999 nm using Synergy H1 Enzyme Labeler (Burton, USA) at room temperature.

Drawing of 4-Deo Standard Curve
The 4-Deo of 5, 10, 15, 20, 24 pg/mL were used to draw the standard curve by measuring the absorbance at A, using
a UV-visible spectrophotometer (UV2600A, Unico Instrument Co., Shanghai, China).
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Durability
The 4-Deo with concentrations of 10, 16, 20 pg/mL were used the same method to prepare, and the absorbance was
measured at A at 0, 1, 2, 4, 8, 12, 24, 48, 72 h, respectively.

Accuracy and Precision
The accuracy and precision of the detection method were investigated with 4-Deo at concentrations of 10, 15 and 20 pg/mL.

In vitro Effectiveness Assay of 4-Deo
In vitro, the effect of 4-Deo on cancer cells was investigated through cytotoxicity, cell cycle, and apoptosis experiments.
DOX was used as a positive control for all experiments.

Cell Viability Assay

CCKS assay on H22 cells: In 96-well plates, H22 cells were placed at 1x10* cells per well in 100 uL DMEM medium,
and then treated with 4-Deo of 0.625, 1.25, 2.5, 5, 10 and 20 pg/mL at 37°C and 5% CO, for 24 h. CCK8 (cat. no.
BS350B) was added to each well and incubated for 4 h, finally, the absorbance was detected at 450 nm by using Synergy
H1 Enzyme Labeler (Burton, USA).

MTT assay on HepG2 and Caco?2 cells: In 96-well plates, HepG2 cells were placed at 5x10° cells per well in 100 pL
DMEM medium, and then treated with 4-Deo of 0.3125, 0.625, 1.25, 2.5 and 5 pg/mL at 37°C and 5% CO, for 24
h. MTT was added to each well for co-incubation. After 4 h, the supernatant was removed, and 100 pL. DMSO was added
to dissolve the crystals. The absorbance was detected at 570 nm by using Synergy H1 Enzyme Labeler (Burton, USA).
Caco2 cells were treated with 4-Deo of 1.25, 2.5, 5, 10 and 20 pg/mL.

Cell Apoptosis

H22 cells were placed in 2.5 mL DMEM medium with 5x10° cells per well, and then respectively incubated with 0.25 mL,
2.2 pg/mL 4-Deo for 24 h at 37°C and 5% CO,. Subsequently, Annexin V-FITC apoptosis detection kit (cat. no. C1062M)
was used for treatment. The treated H22 cells were centrifuged at 1000 g for 5 min, and the precipitate obtained after
washing with PBS was resuspended with Annexin V-FITC binding buffer. Annexin V-FITC and PI staining solution were

added in order and incubated in dark at 25°C for 20 min and detected by CytoFlex flow cytometry.'*'3

Cell Cycle Assay

H22 cells were placed in 2.5 mL DMEM medium with 5x10° cells per well, and then respectively incubated with
0.25 mL, 2.2 ng/mL 4-Deo for 24 h at 37°C and 5% CO,. Cell cycle and apoptosis analysis kit (cat. no. BL114A) were
then used for processing. The treated H22 cells were centrifuged at 1000 g for 5 min, and the precipitate obtained after
washing with PBS was resuspended with 70% ethanol. After overnight fixation, H22 cells were centrifuged at 1000 g for
5 min, and the precipitate was washed with PBS, re-suspended with PI staining solution and incubated at 37°C for 30 min
in the dark, and detected by CytoFlex flow cytometry.

In vitro Safety Assay of 4-Deo

NRK-52E, BEAS-2B, WB-F344, HSC and 1.929 cells were used to evaluate the safety of 4-Deo. All cells were incubated
overnight in 96-well plates with 1x10* cells per well and then incubated with 4-Deo of 2.5, 5, 10, 20 and 40 pg/mL at
37°C and 5% CO, for 24 h. Subsequent operations were treated by MTT assay and the absorbance was detected at 570
nm by using Synergy H1 Enzyme Labeler.'®

In vivo Tumor Growth Assay

H22 cells were inoculated subcutaneously into the right forelimb of mice at 3x10° / mouse. When the tumor volume grew
to ~ 150 mm?, the mice were randomly divided into three groups with 5 mice in each group: control group, DOX group
and 4-Deo group. Every three days, the body weight and tumor volume of tumor-bearing mice were recorded, and then
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0.1 mL DOX or 4-Deo (4 mg/kg) was injected into the tail vein of corresponding group, and the control group was
injected with physiological saline solution. According to animal ethics, the endpoint of the experiment was determined
when the tumor diameter exceeded 15 mm or when the tumor site became ulcerated or infected. The mice were
euthanized, and their tumors, hearts, livers, spleens, lungs, and kidneys were removed and stored in 4% paraformalde-
hyde. The therapeutic effect of 4-Deo on liver cancer was investigated by comparing the size of tumor volume. The
tumor volume was calculated according to the width® x length / 2.

In vivo Safety Assay of 4-Deo

At the end of the experiment, the mice were euthanized and their hearts, livers, spleens, lungs, and kidneys were
removed, fixed in 4% paraformaldehyde, and embedded in paraffin to make tissue sections. First, the sections were
placed in hematoxylin staining solution to stain the nucleus, then put it into the eosin staining solution to stain the
cytoplasm, and the effects of 4-Deo on the main organs were observed by HE staining.

Mechanism Exploration

Immunohistochemical analysis of tumor sections was performed using antibodies for CD86 (cat. no. GB13585), CRT
(cat. no. AB92516), HMGBI (cat. no. AB79823), IL-6 (cat. no. GB11117) and CD115/CSF-1R (cat. no. AG1701). At the
end of the experiment, the mice were euthanized, and their tumors were fixed with 4% paraformaldehyde and embedded
in paraffin. Tissue sections were dewaxed and rehydrated, and then sections were incubated with the primary antibody in
a humid environment at 4°C overnight and rinsed with PBS three times. Then the secondary antibody of the same genus
as the primary antibody was added dropwise and incubated at room temperature in dark for 50 min. After immunostain-
ing, the sections were incubated with 1 pg/mL DAPI in the dark for 5 min to label the nucleus. ImageJ software was used
to analyze the positive rate area.

Statistical Analysis

The experimental data were expressed as mean £ SD. We used GraphPad Prism 8 software to perform independent #-test
and one-way analysis of variance (ANOVA) on the results. P < 0.05 was considered statistically significant (ns: p > 0.05,
*p < 0.05, *¥*p < 0.01, ***p < 0.001).

Results and Discussion
Ultraviolet Methodology Study

The maximum absorption wavelength (A,.x) of the 4-Deo was determined and the standard curve was established to facilitate
the quantification of 4-Deo concentration in subsequent experiments. The A, of the 4-Deo was determined to be 492 nm by
wavelength scanning (Figure 1A), and the OD value of anhydrous ethanol was lower than 0.05 under this condition
(Figure 1B), which met the requirements of the Chinese Pharmacopoeia 2020 Edition (Volume IV 0401) for solvents in UV-
visible spectrophotometry. The standard curve of the 4-Deo was Y=0.03169X+0.009179 (R?=0.9996), which has a good
linear relationship in the range of 5-24 pg/mL (Figure 1C). Precision, accuracy and durability are in accordance with the
requirements of the Chinese Pharmacopoeia 2020 Edition (Volume IV 9101) (Supplementary Table S1-S3).

In vitro Efficacy and Safety Evaluation of 4-Deo

The quality characteristics of a drug include safety and efficacy. The problems caused by drug safety and efficacy are
harmful to social harmony, so ensuring drug safety and efficacy are one of the most important problems at present. In this
paper, the efficacy and safety of 4-Deo were investigated in vitro. The cytotoxicity, apoptosis and cell cycle assays were
used to investigate the efficacy of 4-Deo. Both CCK8 assays and MTT assays showed that the cytotoxicity of 4-Deo on
tumor cells was concentration-dependent. The 4-Deo could achieve the similar effect as DOX at high concentrations
(Figure 2A-C). Cytotoxicity experiments showed that 4-Deo had an inhibitory effect on cancer cells in vitro, which was

consistent with Aiai’s paper.'
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Figure | The maximum absorption wavelength and standard curve of 4-Deo. (A) The wavelength scanning of 4-Deo (40 pug/mL) in 230-999nm. (B) The wavelength scanning
of anhydrous ethanol in 230-999 nm. (C) The standard curve of 4-Deo in the range of 5-24 pg/mL.

In the apoptosis assay, it could be seen that under high concentration (5, 10, 20 pg/mL) (see Supporting Information
Experimental section 1.3), both 4-Deo and DOX caused almost total apoptosis of H22 cells (Supplementary Figure S1).
At the concentration of 0.2 pg/mL, the results of Annexin V-FITC/PI double staining showed that 4-Deo could induce

more apoptosis than DOX, which may be caused by the regulation of apoptosis-related proteins, such as down-regulation
of BCL-2 expression and up-regulation of BAX expression.'*!”'® DOX can inhibit cancer cell proliferation through
reactive oxygen species production (ROS), apoptosis, senescence, autophagy, ferroptosis and pyroptosis induction, while
4-Deo inhibits cancer cell proliferation by different ways.'® It could be seen that 4-Deo induced almost 60.2% cells
necrosis, while DOX only 1.13% (Figure 2D), which may be due to the fact that 4-Deo activated the receptor-interacting
protein kinase and mixed lineage kinase-like pseudokinase related pathway (RIPK1-RIPK3-MLKL pathway).?>*' The
results showed that 4-Deo mainly inhibited proliferation by inducing cell necrosis, which was different from DOX-

2223 apoptosis can

induced apoptosis.'®'® However, some studies have shown that tumor cells have apoptosis resistance,
even promote tumor progression by stimulating repair and regeneration in the tumor microenvironment,** so that drugs
could not achieve the expected effect. And papers have shown that inducing necroptosis has advantages in overcoming
apoptosis resistance, thereby improving anti-tumor efficiency.>> >’ Therefore, 4-Deo may have an anti-tumor effect by
inducing cell necrosis to overcome the apoptosis resistance of tumor cells. Cell cycle is an important evaluation index of
anticancer drugs,”® which was used to explore the effect of 4-Deo on the proliferation of H22 cells in this study. The cell
cycle assay showed that both 4-Deo and DOX blocked H22 cells in the S phase (Figure 2E), which may be caused by up-
regulating the expression of cell cycle regulatory proteins, as like P53 and P21.2**° In summary, it was speculated that
4-Deo may play an anti-tumor role by inducing necrosis of H22 cells and blocking them in S phase, but the specific
mechanism was not clear, which needed the further investigation.

The safety of 4-Deo and DOX were examined in the next step. It is well known that chemotherapy drugs can easily cause
strong liver and kidney toxicity, which limits their clinical application.*!*? Therefore, BEAS-2B, WB-F344, HSC, NRK-
52E and L929 cells were used to investigate the safety of 4-Deo. The results showed that all cells are consistent with the
concentration dependence of DOX™* and 4-Deo had more significant safety than DOX (Figure 3).

In conclusion, considering the efficacy and safety of 4-Deo in the treatment of liver cancer at the cellular level, its
research prospects are surprising.
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Figure 2 In vitro efficacy evaluation of 4-Deo. (A) The cytotoxicity of DOX or 4-Deo on H22 cells was determined by CCK8 assay. Data are presented as mean * SD (n
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In vivo Tumor Growth Assay of 4-Deo
Cell apoptosis and cycle assays of 4-Deo demonstrated its inhibitory effect on tumor cells. In addition, the damaging
effect of 4-Deo on healthy cells was significantly lower than that of DOX. Therefore, the tumor-bearing mouse assay was
designed to further investigate the possibility of 4-Deo as a promising lead compound through in vivo assays. The tumor-
bearing mice with tumor volume up to ~ 150 mm® were randomly divided into three groups with 5 mice in each group.
The tumor volume and body weight of the mice were recorded every three days, and physiological saline solution, DOX
or 4-Deo were injected into the tail vein, respectively.

From Figure 4A, compared with the control group, both 4-Deo and DOX significantly played a role in inhibiting
tumor growth, and both inhibition effects were comparable. As can be seen from the survival curves of the mice, at the
end of the experiment, there was an 80% survival rate in the 4-Deo group, which was much higher than the 40% in the
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Figure 4 In vivo tumor growth assay of 4-Deo. (A) Tumor volume at different time points, data are presented as mean * SD (n = 5). (B) Survival curve of mice for different
treatment groups. (C) Body weight change rate of different treatment groups during the assay schedule, data are presented as mean * SD (n = 5). (D) Image of solid tumor
at end of life or experiment in mice. (E) Histological examination at the end of the experiment. *p < 0.05.
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DOX group and the 20% in the control group (Figure 4B). Figure 4D was a picture of a solid tumor at the end of the
experiment. Compared to the initial body weight, at the endpoint of the experiment, there was an increase in body weight
in the control, DOX and 4-Deo groups. This was due to the fact that as the tumor grew, its weight occupied an increasing
proportion of the mice’s body weight. However, the mice in the 4-Deo group did not show significant changes in body
weight, which indicated that it had a good inhibitory effect on hepatocellular carcinoma, which was corroborated with the
data on tumor volume (Figure 4C). As we all know, multidrug resistance and severe cardiac toxicity are important
limitations of anthracycline drug therapy.***> Fortunately, HE results showed that 4-Deo could alleviate the cardiotoxi-
city of DOX to a certain extent, and there was no significant difference between the groups for other organs, indicating
that it did not produce significant damage to the mice and that the safety of 4-Deo is acceptable (Figure 4E). 4-Deo has
a similar therapeutic effect with DOX but does not cause serious damage to important organs, which is a unique
advantage of 4-Deo different from DOX. In summary, 4-Deo is similar to DOX in terms of tumor-suppressing effects,
and it has an acceptable safety that will not limit its use, so the promise of 4-Deo research is surprising.

4-Deo Induced Immune Response

After animal experiments demonstrated that 4-Deo was a significant tumor suppressor, preliminary explorations of how
4-Deo exerted its pharmacological effects in vivo were developed. After treatment of tumor tissue sections with different
antibodies, it was found that 4-Deo exhibited potential in inhibiting tumor growth by triggering immunogenic cell death
(ICD) and regulating tumor-associated macrophages (TAMs) polarization.

Immunogenic cell death (ICD) is a form of cancer cell death that can be triggered by certain chemotherapy drugs.*®
The main feature of ICD is the release of damage-associated molecular patterns (DAMPs) from dying tumor cells, such
as calreticulin (CRT), adenosine triphosphate (ATP) and high mobility group box 1 (HMGB1).*’° These DAMPs can
directly bind to and activate dendritic cells (DCs), thereby attracting T cells into tumor microenvironment (TME).*
Anthracyclines are the representative drugs of ICD, they can not only induce cancer cell death but also stimulate anti-
tumor immunity by inducing ICD.*"*** However, since DOX-induced ICD is too weak and tumor recurrence is often
observed, it is necessary to develop new anticancer drugs or lead compounds.”® Since 4-Deo has a similar parent
structure to DOX, CRT and HMGBI1 antibodies were used to test whether 4-Deo has the potential to induce ICD.
Antibody labeling of CRT and HMGB1 showed that 4-Deo was able to induce ICD, but its induction was lower than that
of DOX (Figure 5A and B). Thus, 4-Deo may also play a role in tumor inhibition through other pathways.

Unique TME exists in hepatocellular carcinoma, and TAMs are major components of the TME.**** TAMs may exhibit two
activation phenotypes: a classically activated state (M1) and an alternatively activated state (M2).* TAMs of the M1 phenotype
promote inflammation and are thought to have antitumor activity, whereas TAMs of the M2 phenotype have anti-inflammatory
and tumor growth-promoting effects.*>*” Therefore it is speculated that 4-Deo may modulate the phenotypes of TAMs thereby

achieving tumor suppression. CD86 is a marker of M1,#84°

so the sections were labeled with CD86 antibody. It can be seen that
the mice in the 4-Deo group had a strong signal of CD86 at the tumor site, and the positive area was significantly more than the

control and DOX (Supplementary Figure S2). Interleukin 6 (IL-6) is a pro-inflammatory factor secreted by M1.* Figure 5D

shown that compared with the control group, IL-6 in the 4-Deo group increased but there was no significant difference.
Therefore, we speculate that 4-Deo may have the ability to induce TAMs to M1. Stimulation of Colony Stimulating Factor-1
(CSF-1) causes TAMs often tend to be polarized to an M2-like state, which in turn promotes angiogenesis and massive secretion
of tumorigenic cytokines to promote tumor growth.>'** Therefore, using antibodies to label Colony-Stimulating Factor-1
Receptor (CSFIR), the results showed that the CSFIR in the 4-Deo group was less obvious than that in the control group
(Figure 5C), which could significantly reduce the expression of CSF-1, block the transformation of TAMs to M2 phenotype, and
then play a role in suppressing tumors. Compared with M1 phenotype, M2 usually accounts for a larger proportion of TME in
solid tumors and leads to tumor immune escape,” so inhibiting the conversion of TAMs to the M2 phenotype is helpful for tumor
suppression.

Conclusions
4-Deo, isolated from the fermentation product of Streptomyces sp. BG-11, has a certain anti-tumor ability. It is worth our
attention that the safety of 4-Deo was far superior to DOX and has the potential to be a promising anti-cancer drug or
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lead compound. In vitro experiments have proved that 4-Deo can inhibit the proliferation of tumor cells by inducing cell
necrosis and blocking cells in S phase. In vivo assays showed that 4-Deo exhibited great potential in inhibiting tumor
growth by triggering immunogenic cell death (ICD) and regulating tumor-associated macrophages (TAMs) polarization.
In summary, this paper demonstrated the promise of 4-Deo as a drug or lead compound for cancer treatment, filling the
current gap in the research on the pharmacological effects of 4-Deo.
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