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Abstract

Hsp90 is often overexpressed with activated form in cancer cells, and many key cellular proteins are dependent upon the Hsp90
machinery (these proteins are called “client protein”). Nowadays, more client proteins and more inhibitors of Hsp90 are being
discovered. Chaetocin has been identified as an inhibitor of histone methyl transferase SUV39H1. Herein, we find that Chaetocin
is an inhibitor of Hsp90 which binds to the C-terminal of Hsp90a.. Chaetocin inhibited a variety of Hsp90 client proteins including
AMI1-ETO and BCL-ABL, the mutant fusion-protein in the K562 and HL-60 cells. SUV39H1 mediates epigenetic events in the
pathophysiology of hematopoietic disorders. We found that inhibition of Hsp90 by Chaetocin and 17-AAG had ability to induce
degradation of SUV39H1 through proteasome pathway. In addition, SUV39H1 interacted with Hsp90 through co-chaperone HOP.
These results suggest that SUV39H1 belongs to a client protein of Hsp90. Moreover, Chaetocin was able to induce cell differen-
tiation in the two cells in the concentration range of Hsp90 inhibition. Altogether, our results demonstrate that SUV39H1 is a new
client protein of Hsp90 degradated by Chaetocin as a novel C-terminal inhibitor of Hsp90. The study establishes a new relation-
ship of Chaetocin and SUV39H1, and paves an avenue for exploring a new strategy to target SUV39H1 by inhibition of Hsp90 in
leukemia.
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INTRODUCTION Hsp90 is often overexpressed with activated form (Jackson,
2012), and many proteins in tumor cells are dependent upon

Hsp90 is an ubiquitous and conserved molecular chaper- the Hsp90 protein folding machinery, especially those overex-
one molecule which plays an essential role in many cellular pressed, or activated by mutation or translocation (Howes et
processes including cell cycle control, cell survival, hormone al., 2014) Inhibition of Hsp90 targets client proteins associated

and other signaling pathways (Makhnevych and Houry, 2012; with multiple hallmarks of cancer (Donnelly and Blagg, 2008;
Mellatyar et al., 2018). Hsp90 is required for the correct matu- Khandelwal et al., 2016). Thus, Hsp90 has been a promising

ration and activation of a number of key cellular proteins and target for the treatment of cancer.

protein complexes. These protein called “client protein” and Leukemia is characterized by the presence of blasts in the

many of them play important roles in signal transduction path- bone marrow and deficient hematopoiesis (Orkin and Zon,

ways (Mclaughlin et al., 2002; Li and Buchner, 2013). The first 2008). There is increasing evidence that, in addition to genetic

Hsp90 client protein discovered was the viral kinase v-Src (vi- mutations, epigenetic events play a critical role in the patho-

ral sarcoma) (Rohl et al., 2013). Later, Hsp90 was found to physiology of hematopoietic disorders (Plass et al., 2008).

facilitate the maturation, stability, activation of more than 300 Human SUV39H1, the main methyl transferase responsible

client proteins, and more client proteins are being discovered for the trimethylation of Lys9 in histone H3, is the main deter-

(Penkler et al., 2018). minant of heterochromatin formation and also plays an impor-
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tant role in other processes, such as the inhibition of myod1-
stimulated differentiation and regulation of the cell cycle, cell
differentiation, and telomere length (Melcher et al., 2000; Rao
et al., 2017). SUV39H1 interacts with oncogenes involved in
acute myeloid leukemia (AML) and acts as a transcriptional
repressor in hematopoietic differentiation and immortalization
(Yang et al., 2010; Albacker et al., 2013). SUV39H1 inter-
acts with the proto-oncogenes AML1, EVI-1 and PML-RARa,
which play critical roles in the development of AML by influ-
encing the transcriptional repression of target genes involved
in hematopoietic differentiation and bone marrow immortaliza-
tion (Carbone et al., 2006; Lakshmikuttyamma et al., 2009;
Goyama et al., 2010).

Chaetocin, which is produced by Chaetomium sp., is an
antibiotic having the thiodioxopiperazine structure (a disulfide-
bridged piperazine) (Saito et al., 1988; Rombo et al., 2016).
Chaetocin displayed anticancer properties against AML via
oxidative stress induction (Chaib et al., 2012). Chaetocin
was also previously identified as a specific inhibitor of his-
tone methyltransferase SUV39H1 (Zhang et al., 2018). How-
ever, another report shows that Chaetocin was a nonspecific
SUV39H1 inhibitor (Cherblanc et al., 2013). In our efforts to
search new type inhibitor of Hsp90, we found that Chaeto-
cin may be a new inhibitor. Herein, our results demonstrate
that Chaetocin is a novel C-terminal inhibitor of Hsp90, and
SUV39H1 is a new client protein of Hsp90 with HOP as a
cruiter co-chaperone. SUV39H1 is induced to degradate by
Chaetocin.

MATERIALS AND METHODS

Reagents

Roswell park memorial institute (RPMI) 1640 medium,
fetal bovine serum (FBS) and trypsin were obtained from
Gibco Invitrogen (Grand Island, NY, USA). Antibodies used
to detect C-ABL, AML1-ETO, c-Raf, Akt, phosphorylated-Akt,
phosphorylated-Erk, Erk, BCR-ABL, heat shock protein 90
(Hsp90), HOP, pp5, p23, Hsp70, SUV39H1, HOP, and me-
H3K9 were purchased from Cell Signaling Technology (Bos-
ton, MA, USA). Primary antibodies (against Tubulin, Actin and
GAPDH) and secondary antibodies were purchased from
HuaBio (Hangzhou, China). Anti-Hsp90 antibody and protein
A/G agarose were purchased from Santa Cruz Biotechnology,
Inc (Dallas, TX, USA). Anti-Hsp90 (AC88) antibody, anti-p23
antibody and full-length Hsp90a. (FL-Hsp90a) were purchased
from Abcam (Cambridge, UK). 17-Allyl-17-demethoxygeldan-
amycin (17-AAG) was purchased from Apollo Scientific Limited
(Stockport, UK). 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT), TPCK-treated trypsin, adenosine
5'-triphosphate (ATP)-agarose and alcohol dehydrogenase
equine (ADH) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Cell lysis buffer for Western blotting (WB) and im-
munoprecipitation (IP), PMSF, MG132, a BCA Protein Assay
Kit and 1gG antibody were purchased from Beyotime Institute
of Biotechnology (Shanghai, China).

Cell culture

The HL-60 and K562 cell lines were purchased from the
Shanghai Cell Bank (Shanghai, China) and cultured in RPMI
1640 medium. All cell lines were maintained in medium with
10% FBS under 5% CO, at 37°C.
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Cell activity assay

MTT assays were used to measure the inhibition of can-
cer cell proliferation. For the MTT assays, suspended cells
were seeded in a 96-well plate at a density of 6,000 cells per
well. The cells were incubated with 17-AAG or Chaetocin (dis-
solved in 1% DMSO) at the indicated concentrations for 72
h. Twenty microliters of MTT solution was added to each well
and incubated for 4 h at 37°C. Then, DMSO was added to
the wells and incubated overnight at 37°C. The absorbance
at 570 nm was measured using a microplate reader (BioTek,
Winooski, VT, USA).

WB

HL-60 and K562 cells were incubated with 17-AAG or
Chaetocin or other reagents at the indicated concentrations,
washed twice with PBS, disrupted on ice for 45 min in loading
buffer, and boiled for 10 min. The protein concentration was
determined with a BCA Protein Assay Kit (Beyotime Institute
of Biotechnology). Cell lysates containing equal amounts of
protein were separated by SDS-PAGE, transferred to mem-
branes, immunoblotted with the indicated primary and sec-
ondary antibodies, and detected by chemiluminescence with
enhanced chemiluminescence (ECL) detection reagents. D
means DMSO, NC means Negative control.

IP assays

HL-60 and K562 cells were cultured with 17-AAG, Chae-
tocin, CHX, MG132 or siRNA, washed twice with PBS, and
disrupted on ice for 40 min. The lysates were centrifuged at
10,000x%g for 15 min, and the supernatants were then harvest-
ed. Next, the lysates were incubated with control IgG or other
corresponding antibodies overnight at 4°C. The mixtures were
incubated with a 40 pL of protein A/G agarose slurry for 2-3 h
at 4°C. The immunoprecipitates were harvested by centrifuga-
tion and then washed six times with wash buffer (50 mM Tris-
HCI, 150 mM NaCl, 1% Triton, pH 7.5). Finally, loading buffer
was added, and the immunoprecipitates were boiled. Protein
levels were assessed by WB.

Surface plasmon resonance spectroscopy (SPR)-based
biomolecular interaction analysis

With Arrayit, the SpotBot3 Microarrayer control software in
the SpotBot3 pinpoint platform (Kx5, Plexera, WA, USA) ap-
plied the compound to the surface of the biochip Graft-to-PCL
and cross-linked UV light for 15 min to crosslink the compound
onto the surface of the chip. The initial concentration of the
protein was 10 mmol-L"". Dilute with PBS buffer according to a
certain ratio, and configure different concentrations of protein
injection test. The injection flow rate was 1 pL/min, the injec-
tion time was 180 s, the dissociation flow rate was 1 pLes™,
the injection time was 200 s, the regeneration flow rate was
2 plLes™, and the regeneration time was 200 s. The obtained
data were analyzed and fitted according to the PLEXERA SPR
Date Analysis Module (DAM) analysis software (Plexera) to
obtain a binding kinetic constant Ka.

Proteolytic fingerprinting assay

A proteolytic fingerprinting assay was conducted as de-
scribed previously (Li et al., 2009). Briefly, CTD-Hsp90a (0.6
ug) was incubated with novobiocin (20 uM) or Cheatocin (0.5-
2 mM) in assay buffer (10 mM Tris-HCI, 50 mM KCI, 5 mM
MgCl,, 0.1 mM EDTA, pH 7.4) on ice for 1 h. The samples



were digested on ice with TPCK-treated trypsin at concentra-
tions of 10 and 30 pg/mL for 6 min. The reactions were termi-
nated by the addition of SDS sample buffer, followed by boiling
for 3-5 min. The digested products were analyzed by WB with
the indicated antibody.

Plasmid constructs and protein expression and
purification

GST-NTD-Hsp90a (9-236) was purchased from Addgene
(Watertown, MA, USA). GST-CTD-Hsp90a construct contain-
ing CTD of Hsp90a. encodes amino acids 535-732. Each in-
sert was ligated into the BamH1 and Xho1 sites of pGEX-4
T3-GST. The inserts were transfected into BL21 cells. CTD-
Hsp90a fusion protein expressions were induced by IPTG.
Proteins were affinity purified with BeaverBeads GSH (San-
gon Biotech, Shanghai, China). Protein aliquots were made
and stored at —80°C. The primers for CTD-Hsp90a (535-732)
were 5-CGCGGATC CTTTGAGGGGAAGACTTTAGTGTC-3'
and 5-CCGCTCGAGTTAGTCTA CTTCTTCCATGCGTG-3'.

ADH aggregation assays

ADH aggregation assays were conducted under the follow-
ing conditions: ADH (6.2 uM) was incubated with GST-CTD-
Hsp90a (1 uM), to which Chaetocin at different concentrations
was added. Aggregation was induced at 55°C while the absor-
bance was measured at 360 nm every minute using a micro-
plate reader for 60 min.

Hsp90a fragment vectors construction

FLAG-tagged Hsp90a N-, M-, and C-domains (encodes
amino acids 9-236, 237-520, 535-732, respectively) were
cloned from pGEX-4T3-GST-Hsp90a expression vector (Ad-
dgene) and inserted into the Xhol and BamH]I sites of PLVX-
IRES-ZsGreen1 vector. Then, these constructs were trans-
formed into DH5a, amplified and extracted using Endo-free
Plasmid Mini Kit | (Omega Bio-Tek, Inc., Norcross, GA, USA).
Hsp90a domain-specific plasmids were amplified using the
primer sequences used in this study (Table 1).

HEK 293T cells were transfected with these plasmids us-
ing Lipofectamine 3000 transfection reagents (Thermo Scien-
tific, MA, USA) according to the manufacturer’s instructions.
After 48 h, cells with transfection efficiency >90% by detecting
green fluorescence under the microscope (OLYMPUS, Tokyo,
Japan) were utilized for further study.

Nitroblue tetrazolium (NBT) assays

HL-60 and K562 cells were incubated with Chaetocin at
different concentrations for 72 h, collected, centrifuged at
1,000 r/min and 4°C for 5 min and washed with PBS twice,
following which 1x108 cells from each group were reserved.
One milliliter of NBT dye (plus 1 pL of 0.5 mg/mL PMA) was
added to each group and dyed for 1 h at 37°C without light.
The cells were collected after centrifugation and washed twice
with PBS, following which 1 mL of 10% SDS (containing 0.04
M HCI) was added. The cells were allowed to stand for 12 h
at 37°C, and the absorbance at a wavelength of 540 nm was
detected.

Statistical analysis

Data are presented as the mean values * standard devia-
tions. Statistical comparisons among groups were performed
by Student’s t-test. A p-value <0.05 was considered statisti-
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cally significant.

RESULTS

Chaetocin inhibits Hsp90

To determine if Chaetocin is a new inhibitor of Hsp90, an
MTT assay was first used to measure the inhibitory effects of
Chaetocin on the viability of HL-60 and K562 cells. As shown
in Fig. 1A and 1B, Chaetocin inhibited the two cell lines with
ICso values of 25, 48, and 125 nM (K562 cells) and 7.8, 16.4,
and 62.4 nM (HL-60 cells) after 24, 48, and 72 h of treatment,
respectively.

The Hsp90 chaperone complex regulates many client on-
coproteins that play key roles in tumor growth and progression
(Yin et al., 2005; Song et al., 2015) and inhibition of Hsp90
causes client proteins to subsequent degradation by the pro-
teasome (Ochel and Gademann, 2002; Banerji, 2015). There-
fore, we next examined whether Chaetocin induced degrada-
tion of Hsp90 client oncoproteins. As shown in Fig. 1C and
1D, study with western blot analysis showed that Chaetocin
inhibited the content and phosphorylation level of a variety of
Hsp90 client proteins in the K562 and HL-60 cells including
C-ABL, c-Raf, Akt, p-Akt, Erk and p-ERK, which are all cli-
ent protein of Hsp90. We then treated HL-60 and K562 cells
with Chaetocin for 24 h and detected the association of clients
and co-chaperones with Hsp90 by IP assays. As shown in Fig.
1E and 1F, cell lysates were co-immunoprecipitated by Hsp90
antibody and detected with indicated antibody by western blot,
Chaetocin was revealed to significantly inhibit the interaction
of Hsp90 with the client proteins c-Raf, Akt in HL-60 and K562
cells. It also noted that the interaction of Hsp90 with the co-
chaperones HOP, pp5 were dose-dependently inhibited by
Chaetocin in the two cell lines. Altogether, these results show

Table 1. Primer sequence

X Primer .
Plasmid name Primer sequence
name
Flag-C-Hsp90 F1  GGACGACGATGACAAGTTTGAGGGGAAGACT
TTAGTGTC
F2 CCGCTCGAGATGGATTACAAGGACGACGAT
GACAAG
R CGCGGATCCTTAGTCTACTTCTTCCATGCGTG
Flag-N-Hsp90 F1 GGACGACGATGACAAG GACCAACCGATG
GAGGAGGAG
F2 CCGCTCGAGATGGATTACAAGGACGACGAT
GACAAG
R CGCGGATCCTCATTCAGCCTCATCATCGCTTA
Flag-M-Hsp90 F1  GGACGACGATGACAAGAAGGAAGACAAAGAA
GAAGAAAAAG
F2 CCGCTCGAGATG GATTACAAGGACGACGAT
GACAAG
R  CGCGGATCCTCACATATAGATCACTTCTAAG
cC
Flag- Hsp90 F1  GGACGACGATGACAAGCCTGAGGAAACCCA
GACCCAA
F2 CCGCTCGAGATGGATTACAAGGACGACGATG
ACAAG

R CGCGGATCCTTAGTCTACTTCTTCCATGCGTG
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Fig. 1. Chaetocin inhibits the activities of cancer cells and displays potent Hsp90 inhibition effects. (A, B) Chaetocin inhibits activities of
K562 and HL-60 cells. Cells were treated with Chaetocin at the indicated concentrations for 24 h, 48 h, and 72 h. Cell vitality was deter-
mined by a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay. Data are presented as the mean + SD from
three independent experiments. (C, D) Chaetocin inhibits the expression and activation of some client proteins in K562 and HL-60 cells.
Cells were treated with Chaetocin at the indicated concentration for 24 h. Protein levels were analyzed by WB. (E, F) Chaetocin at different
concentrations was incubated with K562 and HL-60 cells for 24 h, following which the interaction of Hsp90 with its co-chaperones and client
proteins were tested with IP by Hsp90 antibody. Results are representative of at least three independent experiments.

that Chaetocin is a new kind of Hsp90 inhibitor.

Chaetocin interacts with the C-terminal of Hsp90a

The chemical structure of Chaetocin is similar to that of
HDN-1, which targets the C-terminal of Hsp90a (Song et al.,
2015). Analogically, we speculate that the Chaetocin binds to
C-terminal of Hsp90a.. We first determined whether Chaetocin
interacted directly with the C-terminal of Hsp90a by surface
plasmon resonance (SPR) technology with immobilized puri-
fied FL-Hsp90a and CTD-Hsp90a chips. The obtained sensor
grams showing the Chaetocin-FL-Hsp90a and Chaetocin-
CTD-Hsp90a interactions were enhanced in a concentration-
dependent manner, with comparative dissociation constants
(KD values) of 8.96 uM (Chaetocin-CTD-Hsp900) and 2.82
uM (Chaetocin-FL-Hsp90a), respectively (Fig. 2A, 2B), indi-
cating that Chaetocin binds to the C-terminal of Hsp90. In ad-
dition, our studies showed that Chaetocin did not cause an
increase in Hsp70 expression detected by western blot (As
show in Fig. 1C and 1D). To further make sure the Chaeto-
cin-binding domain in Hsp90, we performed a proteolytic fin-
gerprinting assay to detect the interaction of Chaetocin with
recombinant GST-CTD-Hsp90. The trypsin cuts specifically
at arginine and lysine sites within prot which supported that
Chaetocin bound to the C-terminal of Hsp90. Proein in the
presence of TPCK, whereas these sites may be resistant to
hydrolysis of trypsin due to protein conformation change by
a small molecule binds to (Yu et al., 2016). After the GST-
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CTD-Hsp90 was incubated with Chaetocin, it was treated with
TPCK-processed trypsin, and finally analyzed by WB for pro-
tein fingerprint detection. We used novobiocin, which inhibits
the C-terminal of Hsp90, as a control. As shown in Fig. 2C,
similar to novobiocin , Chaetocin protected the C-terminus of
the Hsp90 protein from trypsin hydrolysis. The results further
suggested that Chaetocin bound to the C-terminal of Hsp90.
We then used ADH polymerization experiment to observe ef-
fect of Cheatocin on chaperone-like activity CTD of the Hsp90
to confirm whether Chaetocin interacted with the C-terminus
of Hsp90. As shown in Fig. 2D, it was found that ADH proteins
aggregated when the temperature rose and the aggregation
could be measured using light absorption at 360 nm. The ag-
gregation of ADH proteins was substantially reduced in the
presence of CTD-Hsp90, which was reversed after treatment
with Chaetocin in a dose-dependent manner.

SUV39H1 is a client protein of Hsp90

As referred above, Chaetocin is a new kind of Hsp90 C-ter-
minal inhibitor. We wondered if its target molecule SUV39H1
was a client protein of Hsp90. With Hsp90 inhibitors 17-AAG
and Chaetocin, we found that the protein level of SUV39H1
was reduced in a concentration- and time-dependent man-
ner (Fig. 3A-3H), and SUV39H1 was more sensitive than c-
Raf and Akt to concentration- and time-dependent inhibition
by Chaetocin (Fig. 31, 3J). Inhibition of Hsp90 blocks Hsp90
client proteins to mature, eventually leading to their degrada-
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Fig. 2. Chaetocin interacts with the C-terminal of Hsp90a.. (A, B) FL-Hsp90 (A) and CTD-Hsp90«. (B) at various concentrations (500-2,000
nM) was injected onto an Cheatocin-immobilized chip, and RU values were recorded. (C) Proteolytic fingerprinting assay assessed the in-
teraction of Chaetocin on CTD-Hsp90a.. Hsp90a (0.6 ng) was incubated with Chaetocin (2, 1, and 0.5 mM) or novobiocin (20 uM), digested
with TPCK-treated trypsin and analyzed by WB with anti-GST antibody. (D) Effect of Chaetocin on the anti-aggregation function of CTD-
Hsp90a. Equine ADH (ADH, 6.2 uM) was incubated with GST-CTD-Hsp90a (1 uM) and Chaetocin at the indicated concentration. Aggrega-
tion was induced at 55°C while the absorbance at 360 nm was measured every minute for 60 min. Results are representative of at least

three independent experiments.

tion by the proteasome pathway. To ensure the SUV39H1 was
degradation via proteasome pathway, the Hsp90 inhibitors
Chaetocin and 17AAG were incubated with HL-60 cells for
8 h, and the cells were treated with the proteasome inhibitor
MG132 for 2 h, then amount of SUV39H1 was determined by
western blot. As shown in Fig. 3K and 3L, after HL-60 cells
were exposed to Chaetocin and 17AAG for 8 h, the protein
levels of SUV39H1 were significantly reduced, while in the
presence of MG132, the protein levels of SUV39H1 recovered
to the same level as control group. The same results were ob-
tained in K562 cells (Fig. 3M, 3N). Furthermore, we detected
SUV39H1 ubiquitination level by SUV39H1 antibody pulldown
assay after treatment of Hsp90 inhibitor. As shown in Fig. 30,
compared with the group treated with only MG132, the ubig-
uitination of SUV39H1 significantly increased in the presence
of MG132 and 17AAG. This finding supported that SUV39H1
was degraded through the proteasome pathway when Hsp90
was inhibited. To confirm that the decrease in the SUV39H1
protein level after Hsp90 inhibition was not the result of re-
duced SUV39H1 protein synthesis, we conducted further
experiments with cycloheximide (CHX) to inhibit protein syn-
thesis. Compared with the group treated with CHX alone, in
HL-60 cells incubated with both CHX and 17AAG, the protein
level of SUV39H1 was further decreased (Fig. 3P), suggesting
that the decrease in SUV39H1 content was independent of

gene transcription and translation.

These results suggest that inhibitor of Hsp90 has ability to
induce degradation of SUV39H1 through proteasome path-
way. To confirm that SUV39H1 is a client protein of Hsp90,
we further observed the effect of Cheatocin on interaction of
SUV39H1 through IP assay with Hsp90 antibody. Immunob-
loting analyses of Hsp90 immunoprecipitates showed that
Hsp90 were associated with SUV39H1, and Cheatocin ob-
viously inhibited the Hsp90-SUV39H1 interaction compared
with the control group (Fig. 3Q, 3R). Reciprocal IP with an
anti- SUV39H1 antibody confirmed SUV39H1 were associat-
ed with Hsp90, and effect of Cheatocin on the two molecules
interaction. Overall, the above results indicate that SUV39H1
is not properly folded when the binding of it to Hsp90 impaired
by Hsp90 inhibitor, leading to ubiquitinated of SUV39H1 that is
eventually degraded through the proteasome pathway. Thus,
we demonstrate that SUV39H1 is a client protein of Hsp90.

SUV39H1 interacts with Hsp90 through co-chaperone
HOP

It has been known that Hsp90 requires co-chaperones to
transport, fold and stability of its client proteins (Condelli et al.,
2019). To study how SUV39H1 interacts with Hsp90, co-chap-
erones involved in the interaction of SUV39H1 with Hsp90
were investigated. We first conducted IP assay with SUV39H1
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Fig. 3. SUV39H1 is a client protein of Hsp90. (A, C, E, G) The protein level changes of SUV39H1 with concentrations of Chaetocin or
17AAG. After the incubation of HL-60 or K562 cells with Chaetocin or 17AAG at different concentrations for 24 h, the amount of SUV39H1
was detected by WB. (B, D, F, H) The protein level changes of SUV39H1 with time in the presence of Chaetocin or 17AAG. After the incu-
bation of HL-60 or K562 cells with Chaetocin or 17AAG at indicated time, the amount of SUV39H1 was detected by WB assay. (I, J) HL-60
cells were treated with 17AAG (2 uM) for different times (l) and different concentrations (J), the amount of different client proteins of Hsp90
and the SUV39H1 protein were detected using WB assay. (K-N) The decreases of SUV39H1 were reversed by MG132. The expression of
SUV39H1 was detected in HL-60 or K562 cells treated by Chaetocin or 17AAG for 8 h after preincubated with MG132 (2 uM and 10 uM) for
2 h, and the levels of different client proteins SUV39H1 were detected using WB assay. (O) HL-60 cells were treated by 17AAG (2 uM) for 8
h with or without MG132 (2 uM). The ubiquitination of SUV39H1 was detected by immunoprecipitation assay. (P) The decrease of SUV39H1
protein level by 17-AAG was not due to reduction of SUV39H1 protein synthesis 17AAG (2 uM) were incubated with HL-60 for different time
with or without CHX (2 uM) , WB assay was used to observe the amount of SUV39H1. (Q, R). HL-60 cells were treated with Chaetocin at
different concentrations for 4 h, following which the interaction of Hsp90 with SUV39H1 was detected by Hsp90 antibody (Q) or SUV39H1
antibody (R). Results are representative of at least three independent experiments.

antibody, and found that co-chaperones Hsp70, HOP, pp5 and we speculate that SUV39H1 interacts with Hsp90 through
p23 bound to SUV39H1 (Fig. 4A). Meanwhile, recombinant HOP. SiRNA-mediated Hop depletion was further performed
Flag-CTD, -NTD and -MD of Hsp90 fragment plasmids were to verify this assumption. As shown in Fig. 4C, the expres-

separately transfected into 293T cells to explore which domain sion levels of HOP and SUV39H1 were significantly reduced
of Hsp90 that SUV39H1 binds to. As shown in Fig. 4B, immu- after HOP was knock-downed, suggesting that the SUV39H1
noblotting analyses of immunoprecipitates with flag antibody binding to Hsp90 was probably impaired and degradated sub-

showed SUV39H1 was found to bind to the CTD and MD of sequently due to be lack of HOP transport. To further confirm
Hsp90, rather than to NTD of Hsp90. Given that Hop was re- that the interaction of Hsp90 with SUV39H1 is mediated by
ported to deliver client protein to Hsp90 and bind with C-termi- HOP, we further carry out co-immunoprecipitation assay with
nal and M-terminal of Hsp90 (Onuoha et al., 2008). Therefore, SUV39H1 antibody. Compared with the control group, after
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Fig. 4. SUV39H1 interacts with Hsp90 through co-chaperone HOP. (A) HL-60 cells were collected, and the interaction of SUV39H1 with
Hsp90 co-chaperones was detected by SUV39H1 antibody. (B) SUV39H1 was found to bind to the CTD and MD of Hsp90. The Plasmids
of Hsp90 CTD, NTD, and MD and the FL-Hsp90a. protein were constructed and transfected to HEK293 cells, and their interactions with SU-

V39H1 were detected by IP assay. (C) The siRNA1, 2, 3 were used

to deplete the HOP, and protein levels of HOP and SUV39H1 were then

detected by WB assay. (D) The decrease of SUV39H1 by HOP depletion was reversed by MG132. HOP was blocked by siRNA3 with or
without MG132 for 2 h, and protein expression was detected by WB assay. (E) After HOP was knocked out with siRNA 1, 2, 3, the interac-
tion of Hsp90 with SUV39H1 was detected by IP. (F) After HOP was depleted by siRNA3 with or without MG132 for 2 h, and then collected
to assess the interaction of Hsp90 with SUV39H1 by Hsp90 antibody. It is under the same conditions as Fig. 4D. Results are representa-

tive of at least three independent experiments. (G, H) The siRNA1
SUV39H1 were then detected by WB assay.

the knockout of HOP, the interaction of SUV39H1 with Hsp90
was significantly reduced (Fig. 4E), while MG132 did not re-
verse the reduction in the interaction of SUV39H1 with Hsp90
(Fig. 4F) although degradation of SUV39H1 was inhibited by
MG132 (Fig. 4D). These results indicate that SUV39H1 inter-
acts with Hsp90 mediated by HOP, further confirm that SU-
V39H1 is a client protein of Hsp90. To make sure SUV39H1
is a new client of Hsp90, we detect SUV39H1 after Hsp90
was knock-downed, as shown in Fig. 4G and 4H, we could
find that the expression levels of Hsp90 and SUV39H1 were
significantly reduced.

Chaetocin induces HL-60 and K562 cell differentiation

To investigate if Chaetocin induces HL-60 and K562 cell
differentiation in indicated concentration of Hsp90 inhibition.
NBT reduction assay was further performed. Differentiation
was measured by induction of superoxide production as moni-
tored by percentage of cells able to reduce NBT (Kumagai et
al., 2005). As shown in Fig. 5A, 5B, compared with the con-
trol group, NBT-reducing activity was significantly increased
after Chaetocin treatment, and the amount of NBT reduction

, 2, 3 were used to deplete the Hsp90, and protein levels of Hsp90 and

by K562 and HL-60 cells was found to be directly proportional
to the concentration of Chaetocin, suggesting Chaetocin was
able to induce cell differentiation in two cells in the concentra-
tions with Hsp90 inhibition.

We also detected the C/EBPp, the family of C/EBP has
shown to be involved in different stages of myeloid develop-
ment, and C/EBPp are important in the late process of granu-
locytic differentiation. As shown in Fig. 5C and 5D.

We detected the methylation level of H3K9 after Chaetocin
treatment, the result showed that me-H3K9 was obviously in-
hibited accompanied by decrease of SUV39H1 (Fig. 5E, 5F).
These results indicate that Chaetocin binds to Hsp90 and im-
paired the function of Hsp90, thereby induces the degradation
of SUV39H1, resulting in cell differentiation of K562 and HL-60
cells.

DISCUSSION

The data presented here establish in detailed Chaetocin
as an inhibitor of Hsp90, and SUV39H1 as a strong Hsp90
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Fig. 5. Chaetocin has ability to induce cell differentiation with decrease of H3K9 methylation in the concentration of Hsp90 inhibition. (A,
B) After the incubation of HL60 cells (A) and K562 cells (B) with Chaetocin at different concentrations for 72 h, cells were collected, centri-
fuged at 1,000 r/min and 4°C for 5 min and washed with PBS for twice. 1x10° cells in each well was added 1ml NBT dye (add 0.5 mg/ml
PMA 1 pL) for 1 h at 37°C without light. Cells were collected, and 1 mL 10% SDS (containing 0.04 M HCL) was added for 12 h at 37°C, then
the absorbance was detected at the wavelength of 540 nm. Data are presented as the mean + SD from three independent experiments.
(*p<0.05,**p<0.01 vs. DMSO). (C, D) After the incubation of HL60 cells and K562 cells with Chaetocin at different concentrations for 24 h,
cells were collected. The protein levels of CEBP/B were analyzed by WB. Results are representative of at least three independent experi-
ments. (E, F) HL-60 and K562 cells were treated with Chaetocin for 24 h. The protein levels of me-H3K9 and SUV39H1 were analyzed by
WB. Results are representative of at least three independent experiments.

client. Our findings provide a new context for understanding
Chaetocin biological activity, and for treating SUV39H1-relat-
ed disease. Histone lysine methyl transferases (HKMTs) are
important epigenetic enzymes and exciting new drug gable
targets for drug discovery (Copeland et al., 2009; Cherblanc et
al., 2012). The fungal metabolite Chaetocin has identified as
the first inhibitor of a lysine-specific histone methyltransferase
SUV39H1 (Greiner et al., 2005). Chaetocin was found to have
inhibitory activity with IC50 value at 0.11-0.8 uM on purified hu-
man SUV39H1 in vitro and obviously inhibitory effect at 0.1 uM
in cells, although specificity on inhibition of Chaetocin is still in
dispute (Cherblanc et al., 2013). Moreover, the level of AMI1-
ETO and BCL-ABL, which is mutant fusion-protein recognized
as a client protein of Hsp90 (Wang et al., 2009; Li et al., 2013;
Roh et al., 2016), were also inhibited by Chaetocin on HL-60
and K562 cells, respectively. These results imply Chaetocin
may be an inhibitor of Hsp90. Hsp90 inhibitor affects the bind-
ing of Hsp90 to its client protein and co-chaperones to some
extent. In our study, we demonstrate that Chaetocin is an in-
hibitor of Hsp90 associating with the C-domain. We found that
Chaetocin significantly inhibited the amount or phosphoryla-
tion levels of a variety of Hsp90 client proteins, including Akt,
c-Raf, C-ABL, BCR-ABL and AML1-ETO, and even SUV39H1
at very low concentrations (with lowest concentration at 12.5
nM). SUV39H1 was verified by us to be a new client protein of
Hsp90. Based on these reports and our findings, we think that
Chaetocin inhibits Hsp90 displays stronger inhibitory activity
on Hsp90 than on SUV39H1, indicating that Chaetocin inhib-
its Hsp90. Our results also supported that Chaetocin bound
to the C-terminal of Hsp90, as inhibition of Hsp90 by target-
ing its N-terminus but not its C-terminus is often compensated
by increased expression of Hsp70 (Mcconnell et al., 2015).
Previous studies showed that C-terminal inhibitors inhibit the
anti-aggregation function of C-terminus of Hsp90a (Allan et
al., 2006). Determining anti-aggregation function is a standard
method used to evaluate the chaperone-like activity of a pro-
tein (Gliniewicz et al., 2019). Our results indicate that Chaeto-
cin has the ability to inhibit the chaperone function of Hsp90,
consolidating that Chaetocin binds to C-terminus of Hsp90,
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and is a new kind of C-terminal inhibitor of Hsp90.

Hsp90 is involved in initial protein folding as well as in sta-
bilizing proteins and its constitutively active with unstable do-
mains (Makhnevych and Houry, 2012). Many Hsp90-stabilized
proteins are oncogenic, which has led to the development of
Hsp90 inhibitors for cancer therapy (Kim et al., 2009). Hun-
dreds of client proteins in the eukaryotic cytosol has identified,
and new clients are still being discovered (see http://www.
picard.ch/downloads/Hsp90 inter actors.pdf). In the client
proteins, AKT and c-RAF was recognized to be “strong client”
which is more depend on Hsp90 constitutively for their stability
(Xu et al., 2005; Theodoraki et al., 2007). In the presence of
paper, we ensure that SUV39H1 is a new strong client protein.
SUV39H1 was revealed to bind to Hsp90, and degrade after
treatment of 17-AAG and Chaetocin by proteasome pathway.
SUV39H1 as a histone H3K9 methyltransferase is responsible
for the trimethylation of Lys9 in histone H3, and interacts with
proto-oncogenes which play critical roles in the development
of AML (Yang et al., 2010; Albacker et al., 2013). The degrada-
tion of SUV39H1 is more sensitive to Hsp90 inhibitor than that
of AKT and c-RAF. SUV39H1 is the main HMT responsible for
the accumulation of histone H3 containing a tri-methyl group
at its lysine 9 position (H3K9me3) in heterochromatin (Chaib
et al., 2012). SUV39H1 interacts with proto-oncogenes which
play critical roles in the development of leukemia, influencing
aberrant gene silencing of target genes related to hematopoi-
etic differentiation and survival (Goyama et al., 2010). Consis-
tently, our data show that Chaetocin decreases the amount of
SUV39H1 accompanied by reduction of H3K9 methylation, in
turn inducing the differentiation and apoptosis of HL-60 and
K562.

In the eukaryotic cytosol, Hsp90 operates with the help
of numerous co-chaperones (Sahasrabudhe et al., 2017).
Considering their influence on Hsp90 and client maturation,
co-chaperones can be divided into three categories: client
recruiters, remodelers of Hsp90, and late-acting co-chaper-
ones. One of common client recruiters is the TPR protein Hop
(stress inducible 1/Hsp70-Hsp90 organizing protein), which
delivers substrates from Hsp70 to Hsp90 (Scheufler et al.,



2000). Cdc37 (cell division cycle 37 homolog) is another com-
mon Hsp90 ATPase-inhibiting co-chaperone that has been
implicated in client recruiting, but clients recruited by Cdc37
seem to be limited to kinases (Taipale et al., 2012). In line
with these references, we demonstrate that SUV39H1 bind-
ing to Hsp70, Hsp90 and Hop, and Hop is a client recruiter of
SUV39H1, which was responsible for transferring SUV39H1
from Hsp70 to Hsp90.

Altogether, our results demonstrate that SUV39H1 is a new
client protein of Hsp90 degradated by Chaetocin as a novel
C-terminal inhibitor of Hsp90. The study establishes new re-
lationship of Chaetocin and SUV39H1, and paves an avenue
for exploring a new strategy to target SUV39H1 by inhibition
of Hsp90 in leukemia.
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