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Abstract

Background: Currently, multiple myeloma (MM) is still an incurable plasma cell malignancy in urgent need of novel
therapeutic targets and drugs.

Methods: Bufalin was known as a highly toxic but effective anti-cancer compound. We used Bufalin as a probe to
screen its potential targets by proteome microarray, in which AHSAT was the unique target of Bufalin. The effects of
AHSAT on cellular proliferation and drug resistance were determined by MTT, western blot, flow cytometry, immu-
nohistochemistry staining and xenograft model in vivo. The potential mechanisms of Bufalin and KU-177 in AHSA1/
HSP90 were verified by co-immunoprecipitation, mass spectrometry, site mutation and microscale thermophoresis
assay.

Results: AHSA1 expression was increased in MM samples compared to normal controls, which was significantly asso-
ciated with MM relapse and poor outcomes. Furthermore, AHSA1 promoted MM cell proliferation and proteasome
inhibitor (PI) resistance in vitro and in vivo. Mechanism exploration indicated that AHSA1 acted as a co-chaperone of
HSP90A to activate CDK6 and PSMD2, which were key regulators of MM proliferation and Pl resistance respectively.
Additionally, we identified AHSA1-K137 as the specific binding site of Bufalin on AHSA1, mutation of which decreased
the interaction of AHSAT with HSP90A and suppressed the function of AHSAT on mediating CDK6 and PSMD?2.
Intriguingly, we discovered KU-177, an AHSAT1 selective inhibitor, and found KU-177 targeting the same site as Bufalin.
Bufalin and KU-177 treatments hampered the proliferation of flow MRD-positive cells in both primary MM and recur-
rent MM patient samples. Moreover, KU-177 abrogated the cellular proliferation and Pl resistance induced by elevated
AHSAT, and decreased the expression of CDK6 and PSMD?2.
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Conclusions: We demonstrate that AHSAT may serve as a promising therapeutic target for cellular proliferation and

proteasome inhibitor resistance in multiple myeloma.
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Background

Multiple myeloma (MM) is still an incurable plasma cell
malignancy, though the advanced development of chemi-
cal and biological therapeutic drugs and methods, like
proteasome inhibitors (PI) and Chimeric Antigen Recep-
tor T Cell Therapy (CART) et al., has greatly improved
MM overall survival (OS) [1-3]. MM patients typically
responded to the initial treatments, but mostly acquired
drug-resistance, failed in the treatment and died of the
illness eventually. Therefore, seeking for novel therapeu-
tic targets and developing effective drugs to overcome
MM drug-resistance and relapse is of extreme impor-
tance [4-8].

Bufalin, an anticancer molecular extract from tradi-
tional Chinese medicine [9], exerts significantly experi-
mental anticancer effects in various cancers including
MM by inducing cellular apoptotic, autophagic and anti-
inflammatory activities [10, 11]. However, the potential
side effects and toxicities of Bufalin such as hematologi-
cal, gastrointestinal, mucocutaneous and cardiovascu-
lar adverse reactions limit the clinical setting of Bufalin
[12]. To avoid the side effects and toxicities of Bufalin,
we designed the experiments to discover the specific
target of Bufalin in MM and explore the potential anti-
cancer effect by employing the correspondingly selective
inhibitor. By using Bufalin as a probe labelled with CY5,
AHSA1 was screened out as a potential target by pro-
teome microarray combined with microarray cohorts of
MM patients.

AHSAL1 (Activator of HSP90 ATPase Activity 1) serving
as a co-chaperone of HSP90A activates the ATPase activ-
ity of HSP90A leading to the elevation of its chaperone
activity, and thereby provides a regulatory mechanism
for chaperoning of client proteins [13]. HSP90A is consti-
tutively expressed higher levels (2- to 10-fold) in cancer
cells relative to their normal counterparts [14], and the
interaction with its client proteins is involved in tumori-
genesis through the regulation of oncoproteins including
signaling proteins, receptors, and transcriptional fac-
tors [15]. For instance, mass spectrometry (MS) analysis
on the pulldown-proteins with PU-H71- and GA-con-
jugated beads indicates that many proteins are highly
enriched in key oncogenic signaling pathways, such as
the PIBK-AKT-mTOR, CDK6, and MYC transcriptional
activity. HSP90 can bind to these proteins and influence
their conformation resulting in the activation of these
pathways [16—18]. Hsp90 has been known as a cancer

therapeutic target for several decades [15]. More than 20
inhibitors of Hsp90 have entered clinical trials for cancer
treatment, however most of them encountered deleteri-
ous side effects and toxicities [19]. The wide spectrum
inhibitory effect of HSP90 inhibitors on the client pro-
teins is one of the primary causes for the failure of these
inhibitors in the clinical trials [20]. Intriguingly, AHSA1
selectively mediates the recruitment of client proteins to
Hsp90 system as an adaptor co-chaperone suggesting the
therapeutic potential of targeting AHSA1 in cancer treat-
ment [18, 21, 22].

In present study, we explored the function of AHSA1
in MM cell proliferation and PI resistance, revealed the
mechanism on how Bufalin targeted AHSA1 to suppress
MM development, and identified the potential therapeu-
tic effects of KU-177 as a selective AHSA1 inhibitor [23].

Methods

Gene expression profiling (GEP)

GEP cohorts were collected using the GEO database as
previously described [24, 25]. The total therapy 2 (TT2),
the Dutch-Belgian Cooperative Trial Group for Hematol-
ogy Oncology Group-65 (HOVONG65) trial patient cohort
and the Assessment of Proteasome Inhibition for Extend-
ing Remission (APEX) patient cohort were included in
these analyses, which utilized publicly available gene
expression profile data for each patient cohort [26-28].

Antibodies and reagents
Antibodies were as follows: AHSA1 (83036, Abcam, UK);
HSP90 (13171-1-AP, ProteinTech Group, China); PSMD2
(14748-1-AP, ProteinTech Group, China); CDK6 (14052-
1-AP, ProteinTech Group, China); HA (51064-2-AP, Pro-
teinTech Group, China); MYC (16286-1-AP, ProteinTech
Group, China); FLAG (F-4020, Merck KGaA, Germany);
GAPDH (60004-1-Ig, ProteinTech Group, China); PARP
(9542S, Cell Signaling Technology, USA); Caspase-3
(96625, Cell Signaling Technology, USA); -actin (4970S,
Cell Signaling Technology, USA); Rabbit IgG (a7016, Bey-
otime Institute of Biotechnology, China) and mouse IgG
(a7028, Beyotime Institute of Biotechnology, China).
Doxycycline (DOX) was purchased from the Beyo-
time Institute of Biotechnology (Shanghai, China). Puro-
mycin was purchased from Merck KGaA (Darmstadt,
Germany). Bortezomib (BTZ) and Adriamycin (ADR)
were purchased from Selleck Chemicals (Houston,
TX). KU-177 was synthesized and characterized in Dr.
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Nianguang Li’s lab. Carfilzomib (CZ) was obtained from
APEXBIO Technology LLC (Houston, TX, US).

Celllines and cell culture

Human MM cell lines ARP1 and H929, and mouse MM
cell line 5TMM3VT were cultured in RPMI-1640 (Bio-
logical Industries, Israel). HEK293 cells were cultured in
DMEM (Thermo Fisher Scientific, USA). ANBL6 cells
were also cultured in RPMI-1640 and BT Z-resistant (BR)
capacity was generated by long-term BTZ selection. Flow
MRD-positive cells were collected from peripheral blood
of newly diagnosed and relapsed MM patients in the
Nanjing Drum Tower Hospital, the Affiliated Hospital
of Nanjing University of Chinese Medicine. The culture
medium was supplemented with 10% fetal bovine serum
(Gibco, USA), 100 U/mL penicillin, and 100 pg/mL strep-
tomycin (HyClone, USA). All cells were cultured at 37°C
in 5% CO, incubator.

Plasmids and transfection

The plasmids containing human AHSA1l c¢DNA and
AHSA1 shRNA cassettes were purchased from Gen-
eray Biotech Co., (Shanghai, China). The AHSA1 coding
sequence was cloned into a lentiviral vector, CD513B-1.
AHSA1-targeting shRNA under the control of a DOX-
inducible promoter was cloned into the pTRIPZ vector.
Lentiviruses were produced by co-transfection of the
expression vector of interest with the packaging plasmids
PLP1, PLP2, and VSVG into HEK293 cells using Hieff
Trans Liposomal Transfection Reagent (Cat#40802,
Yeasen, China). Virus supernatant was collected at 48 h.
Transfected MM cells were selected by puromycin resist-
ance. Transduction efficiency was determined by western
blotting (WB).

Cell proliferation, colony formation, and cell cycle assays
Cell proliferation was determined by MTT assay. Briefly,
the cells were seeded into 96-well plates (6x 10® cells per
well). Then, 20 pL of MTT reagent (5 mg/mL; Sigma-
Aldrich, USA) was added into each well after incubated
for 24, 48 or 72 h. The formazan was dissolved in DMSO
and the absorbance was measured spectrophotometri-
cally at 570 nm by a microplate reader (Thermo Fisher,
USA).

For colony formation assays, clonogenic growth was
determined by plating 1 x 10* cells in 0.5 mL of 0.33%
agar/RPMI 1640 supplemented with 10% FBS. The cul-
ture medium was changed twice weekly, and the cells
were cultured for around 14 days. Clusters of cells were
considered to be a clonogenic colony if >40 cells were
present. The colonies were imaged, and colony numbers
were counted using Image].
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For cell cycle assays, MM cells were fixed using 70%
ethanol and washed with PBS and treated with propid-
ium iodide (PI) solution (Yeasen, China) for 30 min. The
cell samples were analyzed using flow cytometry (Merck
Millipore, Germany).

Annexin V/PI staining assay was used to detect apop-
tosis of cells. The cells were harvested and resuspended
in 100 pL of binding buffer and stained with 5 pL of APC
Annexin V (Biolegend, USA) and PI (Solarbio, China) in
darkness at room temperature for 15 min. Flow cytom-
etry was performed by Guavaeasy Cyte (Merck Millipore,
USA) and Annexin V positive cells were quantitated.

WB and co-immunoprecipitation (Co-IP)

WB was performed as previously described [29]. Co-IP
was conducted by using a Pierce Direct Magnetic IP/
Co-IP kit (Thermo Scientific) in accordance with the
manufacturer’s instruction.

Mass spectrometry (MS) analysis

SDS-PAGE was used to separate proteins, and gel bands
were excised and digested with sequencing-grade trypsin
(Promega, USA). The resulting peptides were analyzed
using a QExactive mass spectrometer (Thermo Fisher
Scientific). Fragment spectra were analyzed according to
the National Center for Biotechnology Information non-
redundant protein database.

Construction of hHsp90a-hAHSA1 structure

The crystal structures of hHsp90p (PDB code: 5FWK
[30]) and yAHSA1 (PDB code: 1USU [31]) were retrieved
from Protein Data Bank (https://www.rcsb.org/) and
prepared by the Molecular Operating Environment
(MOE) software (Chemical Computing Group, ver-
sion 2014.0901, Inc.: Montreal, Canada). The sequences
of hHsp90a and hAHSA1 were obtained from UniProt
[32] and aligned to the crystal structure sequences of
hHsp90p and yAHSA1, respectively. A three-dimensional
model of hHsp90a was constructed using the MOE soft-
ware based on the prepared crystal structure of hHsp90p,
and used as “Induced Fit” atoms when building hAHSA1
model using yAHSA1 as a template. Amber99 [33] was
selected as force field, and an optimal structure was
refined and selected based on the best-scoring intermedi-
ate model.

Small molecule-AHSA1 binding mode prediction

The complex model was used to perform binding site
prediction using Schrodinger SiteMap [34, 35] algorithm
(version 4.6.011). We mainly focused on the cavity which
was composed by hHsp90 and hAHSA1. The correspond-
ing glide docking grids were prepared using defaults. The
small molecule ligands (in SMILES format) preparation
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calculations were performed with LigPre panel in Maes-
tro 11.5. The most energetically favorable conformations
were docked using Glide [36] (version 78011) XP (extra
precision). In order to investigate detailed binding infor-
mation between KU-177 and hAHSA1, we performed
more computational cost Induced Fit docking. The bind-
ing mode between Bufalin and hAHSA1 was manually
built and refined by MOE.

MM Murine models

All animal studies were conducted in accordance with the
Government-published recommendations for the Care
and Use of Laboratory Animals, and they were approved
by the Institutional Ethics Review Boards of Nanjing
University of Chinese Medicine (Ethics Registration no.
201905A003).

MM xenografts

1 x 10° wild type (WT) and AHSA1l-overexpression
(AHSA1-OE) cells were injected subcutaneously into the
left and right abdominal flanks of 6-8 weeks old SCID/
NOD mice, respectively. Then, the mice were treated with
intraperitoneal (IP) administration of BTZ (1 mg/kg) or
ADR (1 mg/kg) twice weekly [37-39]. Tumor diameter
was measured 6-7 times weekly using calipers. Once the
tumor diameter reached 20 mm, the mice would be sac-
rificed, then tumor tissues were collected, weighed, and
photographed.

5TMM3VT mouse model

5TMM3VT mouse myeloma cells (1 x 10°) were injected
intravenously into the tail vein of 6-week old C57BL/
KaLwrij mice. After 2 days, KU-177 and BTZ were intra-
peritoneally injected at the dose of 1mg/kg twice a week
till the mice were sacrificed or dead. The mice would be
sacrificed once they exhibited signs of hindlimb weak-
ness. The survival time of the mice in each group was
recorded. In another experiment, the 5TMMVT mouse
model was replicated, and the toxicity of KU-177 treat-
ment for 4 weeks was evaluated in the main organs.

Hematoxylin eosin (HE) staining

HE staining was performed on 3 pm paraffin tissue sec-
tions mounted on APES-coated slides. The main process
was as follows: The slides were conventional dewaxing
and rehydration. The tissues were stained with Hematox-
ylin for 5 min. After washed with distilled water, the tis-
sues were stained with eosin for 10 min. Then the slides
were washed with distilled water again, and the tissues
were dehydrated and sealed neutral gum.
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Immunohistochemistry analysis (IHC)

IHC staining was performed on 3 um paraffin tissue sec-
tions mounted on APES-coated slides. The main pro-
cess was as follows: The slides were incubated with the
primary antibody overnight at 4°C. Afterwards, the sec-
ondary antibody was applied and kept for 45 min at 37°C,
followed by dropping SABC at 37°C for 30 min, DAB col-
oring, and finally counterstaining with hematoxylin.

Statistical analyses

Statistical analyses were performed using SPSS version
22.0 or GraphPad Prism 6.01 software, and all values
were expressed as mean + SD unless otherwise speci-
fied. A two-tailed Student’s t-test (2 groups) or one-way
analysis of variance (ANOVA) with Tukey’s post-hoc
comparison (>3 groups) was utilized to evaluate statis-
tical significance. A Kaplan—Meier curve and Log-rank
test were employed to determine MM patient survival.
p<0.05 was considered statistically significant.

Results

Elevated AHSA1 expression indicates poor outcomes

in MM patients and promotes MM cell proliferation

To explore the potential therapeutic target of Bufalin in
MM, we labeled Bufalin with Cy5, a fluorescent probe,
then performed HuProt" 20K Proteome Microarray Chip
to detect the protein target binding to Bufalin. 428 pro-
teins showed significant interaction with Bufalin on the
chip (Fig. 1A). We screened all the targets by using the
GEP cohorts of MM patients. Among the top 5 targets,
only AHSA1 expression was increased in MM samples
compared to the normal plasma cells (Fig. 1B) and sig-
nificantly associated with poor outcomes of MM patients
in both TT2 (GSE2658) and HOVONG65 (GSE19784)
cohorts (Fig. 1C & D). In agreement of above results,
IHC assay showed that AHSAIL strongly expressed in
MM primary samples relative to the normal control tis-
sues (Fig. 1E). Furthermore, microscale thermophoresis
(MST) analysis displayed that Bufalin evidently interacted
with human AHSA1l recombination protein (Fig. 1F).
Here we inferred AHSA1 might be a novel target of
Bufalin in MM. Therefore, we further explored the func-
tion of AHSA1 in MM cells. Initially, we forced AHSA1
expression in ARP1 and H929 MM cell lines by lentivirus
system. Western blot confirmed the overexpression effi-
ciency and MTT assay showed that elevation of AHSA1
promoted MM cell growth (Fig. 1G). AHSA1-OE cells
were characterized by increased fraction of G2/M phase
in cell cycle compared to WT cells (Fig. 1H). In addition,
AHSA1-OE cells also showed increased long-term cell
growth by colony formation assay compared to WT cells
(Fig. 1I). Inversely, knockdown of AHASI1 expression by
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Fig. 1 Elevated AHSA1 expression confers poor survival of MM patients and promotes MM cell proliferation. A HuProt™20K Proteome Microarray
Chip indicated the top 5 protein targets binding to Bufalin. The yellow arrow indicated positive protein interacted with Bufalin, and the blue arrow
represented the negative control. B Among the top 5 proteins, AHSAT was the exclusive gene. The signal level of AHSAT was shown on the y-axis.
Patients designated as healthy donors with normal bone marrow plasma cells (NP, n=22), monoclonal gammopathy of undetermined significance
(MGUS, n=44) or multiple myeloma (MM, n = 351) were sorted on the x-axis. C-D Increased AHSAT mRNA expression was positively associated
with poor overall survival (OS) in first diagnosis and relapsed MM patients from (C) TT2 and (D) HOVONG65 patient cohort. Events/N means events of
death/total patients. E Representative Immunohistochemistry staining on primary MM samples (n=14) and normal controls (n = 5). F Microscale
thermophoresis (MST) analysis for the interaction of Bufalin with human AHSA1 recombination protein. G Validation of AHSAT overexpression in
AHSA1-OE ARP1 and H929 cells relative to control cells. H Cell cycle analysis for WT and AHSA1-OE cells. | Representative images of cell colonies of
WT and AHSAT1-OE cells in soft agar. J Confirmation of AHSA1 protein knockdown in ARP1 and H929 cells after transfection with AHSA1 shRNA. K
Representative images of cell colonies of WT and AHSA1-KD cells in soft agar. L Cell cycle analysis for WT and AHSA1-KD cells. M WB analysis of PARP
and Caspase 3. The data are expressed as mean =+ SD.*p<0.05, **p<0.01, ***p<0.001

shRNA abrogated these features in cells growth (Fig. 1] &
K) and cell cycle (Fig. 1L), and induced MM cell apopto-
sis (Fig. 1M).

AHSAT1 is a MM high-risk marker and induces proteasome
inhibitor resistance in vitro and in vivo

We further detected the distribution of AHSAL in the
molecular classification of MM subgroups [24]. AHSA1
exhibited the highest expression in PR subgroup, the
worst and high-risk subgroup featured by high prolifera-
tion in MM (Fig. 2A). Consistently, the similar positive
association between AHSA1 and MM cell proliferation
was observed by performing IHC in MM primary tis-
sues with application of Ki67, a marker of proliferation
(Fig. 2B). As most of MM patients eventually developed
relapse, we also tested AHSA1 expression in relapsed
MM samples. As shown in Fig. 2C, AHSA1 expression
was increased in 88 paired MM samples collected at
relapse and newly-diagnose stage of the same patients,

which was consistent with the result of IHC staining
at protein level (Fig. 2D). Intriguingly, AHSA1 expres-
sion was significantly associated with poor outcome
of MM relapse patients in TT2 by long-term following
up (GSE31161) and APEX cohorts (Fig. 2E & F). Since
relapse MM patients usually acquired drug resistance, we
continued to detect if AHSA1 was related to drug resist-
ance in MM patients. The IC,, of three classic chemo-
drugs for MM treatment, Bortezomib (BTZ), Carfilzomib
(CZ) and Doxorubicin (ADR), was tested by MTT assay.
Overexpression of AHSA1 induced proteasome inhibi-
tor resistance, while there was no bias to ADR (Fig. 2G &
H). Apoptosis analysis also supported above result indi-
cating that striking anti-apoptosis effect was observed in
AHSA1-OE cells relative to WT cells (Fig. 21 & J, Supple-
mentary Fig. 1A & B). Consistently, AHSA1 expression
was higher in ANBL6 BTZ-resistant cells than ANBL6
WT cells, while Bufalin abrogated the BTZ resistance
induced by AHSA1 and inhibited cellular growth of both
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WT and BTZ-resistant cells (Fig. 2K). In addition, Bufa-
lin treatment hampered the proliferation of flow MRD-
positive cells in both primary and recurrent MM patient
samples (Fig. 2L & Supplementary Fig. 1C). Finally, MM
xenograft model confirmed above findings in vivo and
demonstrated that upregulation of AHSA1 promoted
MM cell growth and BTZ resistance in vivo (Fig. 2M &
Supplementary Fig. 1D-F).

AHSA1 promotes MM cell proliferation and BTZ resistance
through activating CDK6 and PSMD2, respectively

To identify the mechanism on how AHSA1/HSP90 com-
plex promoted MM cell proliferation and BTZ resistance,
we performed a Co-IP assay followed by MS method to
determine the proteins interacting with HSP90 in ARP1
WT, AHSA1-OE cells, AHSA1-OE cells treated with
Bufalin or BTZ. The abundance of proteins promot-
ing cellular growth was increased in AHSA1-OE cells
relative to WT cells tested by Co-IP/MS methods, and
CDK®, a key proliferative factor [37, 40, 41], was in the

candidate list (Fig. 3A & B). Using the similar strategy, we
screened out PSMD2 (26S proteasome non-ATPase reg-
ulatory subunit 2) as the BTZ-resistant candidate protein
[42], while Co-IP/MS tests validated that its abundance
was increased in AHSA1-OE cells and AHSA1-OE cells
treated with BTZ, but decreased in AHSA1-OE cells with
Bufalin treatment compared to WT cells (Fig. 3A & C).
WB analysis showed that increased AHSA1 upregulated
CDK6 and PSMD2 expression, in contrast decreased
AHSA1 downregulated both two factors correspondingly
in MM cells (Fig. 3D). Co-IP assay further confirmed
the interaction between HSP90 with CDK6 and PSMD2
in ARP1 and H929 cells using HSP90 antibody as bait
(Fig. 3E). In turn, HSP90 was blotted in these cells using
CDKG6 as bait (Fig. 3F) that indicated CDK6 was a client
protein of AHSA1/HSP90 to promote MM cell growth.
Similarly, HSP90 was also co-immunoprecipitated
by PSMD2 antibody in MM cells (Fig. 3G). Since the
upregulation of 26S proteasome subunits could induce PI
resistance [42, 43] by elevating the proteasome activity,
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Fig. 3 AHSA1 promotes MM proliferation and BTZ resistance through activating CDK6 and PSMD?2 respectively. A-C Using Co-IP assay followed

by MS, CDK6 and PSMD2 were selected among candidate genes of the proliferation-related and drug-resistance genes in ARP1T WT, AHSA1-OE

cells, AHSA1-OE cells treated with Bufalin or BTZ, respectively. D WB analysis showed the expressions of CDK6 and PSMD2 in AHSA1-OE (Left) and
AHSA1-KD cells (Right). E Co-IP experiment further confirmed the interaction between HSP90 with CDK6 and PSMD2 in ARP1 and H929 cells using
HSP90 antibody as bait. F Co-IP experiment showed that CDK6 directly interacted with HSP90 in ARP1 and H929 cells. G Co-IP assay confirmed that
PSMD2 interacted with HSP90 in ARP1 and H929 cells. H Proteasome activity assay showed that overexpression of AHSA1 in ARP1 and H929 cells
resulting in high proteasome activity. I Validation of PSMD2 overexpression in ARP1 and H929 PSMD2-OE cells relative to WT cells. J Proteasome
activity assay showed that overexpression of PSMD2 in ARP1 and H929 cells led to high proteasome activity. K-L Effects of BTZ on the cell viability of
ARP1 (K) and H929 (L) cells with or without PSMD2 overexpression. The data are expressed as mean £ SD.*p<0.05, **p<0.01, ***p<0.001

we first validated that overexpression of AHSA1 pro- without Bufalin, and found that Bufalin interfered the
moted the ChT-L activity of proteasome in MM cells interaction between AHSA1 and HSP90 utilizing each
(Fig. 3H). Then we verified that increased expression of antibody as bait mutually (Fig. 4E & F). We also con-
PSMD2 in MM cells upregulated the ChT-L activity of firmed that interfering the interaction between AHSA1
proteasome (Fig. 3I & J) and exerted Pl-resistant activity = and HSP90 by Bufalin decreased the expression of CDK6
(Fig. 3K & L). Now we may conclude that AHSA1 pro- and PSMD2, the AHSA1/HSP90 client proteins (Fig. 4@G).

motes BTZ resistance via activating PSMD2 in MM. In addition, the activated form of CDK®6, phosphoryla-

tion of Y13 site at CDK6 [44], was also abated by Bufa-
Bufalin decreases cellular proliferation and PI resistance lin treatment (Fig. 4G). We further proved the effect of
induced by AHSA1/HSP90 in MM Bufalin on PI resistance and corroborated Bufalin inhibit-

To test if Bufalin could decrease MM cell proliferation  ing the ChT-L activity of proteasome in ANBL6 WT/DR
and PI resistance induced by AHSA1/HSP90, we per-  cells (Fig. 4H), AHSA1 WT/OE cells (Fig. 4I) and PSMD2
formed Annexin V/PI staining assay in MM cells treated =~ WT/OE cells (Fig. 4]).

with BTZ and Bufalin. As shown in Fig. 4A-C, AHSA1-

OE cells were significantly resistant to BTZ-induced cel- = AHSA1-K137 is identified as the site-specific targeting
lular apoptosis compared with WT cells, while Bufalin  of Bufalin and KU-177

treatment could reverse PI resistance caused by over- We established hHsp90a-AHSA1 binding model
expressed AHSA1. Next, western blot analysis demon- based on hHsp90p (PDB code: 5FWK [45], shared
strated that Bufalin decreased MM cell proliferation and  94.5% sequence similarity with hHsp90a) and AHSA1
PI resistance by reducing CDK6 and PSMD2 expression  (PDB code: 1USU [31]) structures to further explore
in both AHSA1 WT/OE cells (Fig. 4D). To identify how the potential targeting site of AHSA1 with Bufalin.
Bufalin mediated CDK6 and PSMD2, we performed As shown in Fig. 5A, Hsp90a was well-conserved but
Co-IP assay using AHSA1-OE cells treated with or highly dynamic [46, 47], and each hHsp90 monomer
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Fig. 4 Bufalin decreases cellular proliferation and Pl resistance induced by AHSA1/HSP90 in MM cells. A-B Effects of Bufalin (60nM) and BTZ (10nM)
incubation for 48h on cell apoptosis of ARP1 (A) and H929 (B) WT and AHSA1-OE cells. C The rate of drug-induced apoptosis was shown in the
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contained four structural domains (Fig. 5A, a): a N-ter-
minal domain (NTD), a linker, a middle domain (MD)
and a C-terminal domain (CTD). The NTD of hAHSA1
contained 2 a-helixes, 5 -sheets and 3 loops (Fig. 5A,
b). The interfaces of two proteins were relatively open
and polar which might form extensive network of sol-
vent bridges, and a complementary pattern of charged
patches on the opposing surfaces. The core of the inter-
actions with AHSA1 was provided by polar residues
from hHsp90a. Higher up on the first domain of MD of
hHsp90a, D393 and G333 on the exposed loop region
interacted with K74 from hAHSA1. Polar residues
K407, K414, N415 and K418 of the helical coil segment
of the hHSP90a MD formed an extensive network of
hydrogen bonding and ion-pair interactions with S69,
E82 and E111 of B-sheet section on hAHSA1. The lower
loop segment of hHsp90a MD interacted via hydrogen-
bond/ionic interaction involving Q454 and K457 from
hHsp90a, and P106, N107 and E116 of loo3 of AHSAL.
Apart from the MD, CTD (E535 and H490) of hHsp90«a
also could form interactions with a2 helix of hRAHSA1
(K137 and N131).

Next, molecular modeling study revealed that the
main interaction between Bufalin and hAHSA1l was
located at a hydrogen bond linking the carbonyl with
K137. Additionally, another hydrogen bond appeared
between the hydroxyl group and the backbone of N131
(Fig. 5B). Mutation of K137A led to a 10.1-fold reduction
in affinity of Bufalin (Fig. 5C). Moreover, double muta-
tions of K137A/N131F resulted in 14.4-fold decrease in
affinity of Bufalin (Fig. 5C). Consistently, AHSA1-K137
was involved in hydrogen bond interactions with its co-
chaperone HSP90a and AHSA1/HSP90 client proteins
CDK6 and PSMD2. These hydrogen bond interactions
disappeared when mutation of alanine or double muta-
tion K137A/N131F was applied, as described by Co-IP
method (Fig. 5D-E).

Due to severe side-effects and toxicities of Bufalin
[12, 48] which limited its application for clinical treat-
ment, we synthetized the selective inhibitor KU-177 of
AHSA]1, the target of Bufalin [23] (Fig. 5F). As shown in
Fig. 5G, KU-177 exclusively bound to the a2 helix and
loop2 region of hAHSA1. The main interactions between
KU-177 and hAHSA1 was located between: i) methoxy
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Fig. 5 AHSA1-K137 is identified as the site-specific targeting of B
(left) interacted with hAHSAT (right, colored in yellow). Both hHsp90a and hAHSAT were represented in colored cartoon and corresponding
transparent surface. The N-terminal (15-287), linker (288-323), middle domain (324-476), and C-terminal (477-698) domain of hHsp90a were colored
in cyan, red, blue and green, respectively. b Detailed information of hHsp90a binding with hAHSA1. The key residues corresponding to hAHSAT1
bound with hHsp90a were shown as orange and blue sticks, respectively. The key interactions between residues were depicted by red dotted lines.
B Predicted binding modes of Bufalin targeting hAHSA1. Bufalin was shown in red sticks, and hAHSAT was shown in yellow cartoon. Key residues
were shown in gray sticks, and hydrogen bonds were depicted by dotted lines. Phenylalanine in mutation of AHSA1-N131F was shown in magenta
sphere. C MST results of Bufalin on wild and site-directed mutagenesis (SDM) of hAHSA1. AHSA1-K137 was involved in hydrogen bond interactions

with Bufalin, and this hydrogen bond interaction disappeared with mutation to alanine. D-E AHSA1-K137 was involved in hydrogen bond
interactions with its co-chaperone, HSP90, and AHSA1/HSP90 client protein, CDK6 and PSMD2, and this hydrogen bond interaction disappeared
while mutation to alanine or double mutation K137A/N131F, as demonstrated by Co-IP using HA antibody as bait in ARP1 HSP90-OE cells followed
by WB. AHSA1-OE plasmid was linked with HA tag, while HSP90-OE plasmid was linked with FLAG tag. F The chemical structure of KU-177. G
Structural details of the predicted binding modes of KU-177. KU-177 was shown in green sticks, and key residues of hHsp90a (green cartoon)

and AHSAT (yellow cartoon) were shown in orange and gray sticks, respectively. Conformational changes from a hHsp90a-binding conformation
(blue transparent cartoon) to a KU-177 “Induced Fit" conformation (yellow cartoon), as well as corresponding residues, K137 and N131, were also
presented. H Predicted binding modes of KU-177 targeting hAHSAT. KU-177 was shown in green sticks, and hAHSA1 was shown in yellow cartoon.
Key residues were shown in gray sticks, and hydrogen bonds were depicted by dotted lines. Phenylalanine in mutation of N131F was indicated

in magenta sphere. | MST results of KU-177 on wild and site-directed mutagenesis (SDM) of hAHSA1. K137 was involved in hydrogen bond
interactions with KU-177, and this hydrogen bond interaction would disappear with mutation to alanine

group interacted with K137; ii) the carbonyl of coumarin
and the amide group contacted with N131 through two
hydrogen bonds; iii) the acetyl group formed a hydro-
gen bond with S93. Next, Mutation of K137A, N131F
resulted in a 65.9-fold and 15.4-fold decrease in affinity of
KU-177 evaluated in hAHSA1 studies, respectively. The
double mutation of K137A/N131F caused a significant
1086.9-fold reduction in affinity of KU-177.

As indicated in Fig. 5B, C, G, H, I, K137 was involved
in hydrogen bond interactions with both KU-177 and
Bufalin, and this hydrogen bond interaction would dis-
appear with mutation of alanine, resulting in a decrease

in affinity of both compounds. In addition, mutation of
N131F also showed a moderated decrease in affinity, for
the disappear of hydrogen bonds between small mol-
ecules and N131, as well as steric and conformational
compatibility (Fig. 5B and H).

KU-177 and Bufalin were bound to AHSA1 through
interacting with key residue (K137 and N131) and occu-
pied corresponding binding site resulting in disturb-
ing the interaction with hHsp90«, which suggested that
it was the biologically relevant unit. Moreover, binding
to exogenous molecules would induce conformational
change of hAHSAL. These data demonstrated how small
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molecules bound to hAHSA1 and interfered its biological
function.

KU-177 decreases MM cell proliferation and Pl resistance
induced by AHSA1/HSP90 in vitro

KU-177 inhibited cell growth (Fig. 6A & B) and induced
cellular apoptosis in both WT and AHSA1-OE cells
(Fig. 6C-E). In addition, MTT assay demonstrated that
KU-177 treatment hampered cellular proliferation of
flow MRD-positive cells in both primary and recurrent
MM patient samples (Fig. 6F-G). Thus, we assumed that
Bufalin and KU-177 exerted anti-MM activity in primary
patients’ cells. Similar to Bufalin, KU-177 interfered the
interaction between AHSA1 and HSP90 in MM cells con-
firmed by Co-IP assay (Fig. 6H-K). Consistently, KU-177
inhibited the ChT-L activity of proteasome in AHSA1
WT/OE cells (Fig. 6L), PSMD2 WT/OE cells (Fig. 6M)
and ANBL6 WT/DR cells (Fig. 6N).

The combination treatment of KU-177 and BTZ extends

the survival of 5TMM3VT MM mice

Finally, we examined the inhibitory effect of KU-177 on
AHSA1 in 5TMM3VT mouse model, which reflected
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the MM bone marrow microenvironment in vivo [49].
At first, we testified the dosage of KU-177 for the treat-
ment of 5TMM3VT mice, and identified that KU-177
at the dosage of 1mg/kg, twice per week could improve
the survival outcome significantly relative to 2mg/kg
dosage (Fig. 7A). Then we found that the combination
treatment of KU-177 (1mg/kg, twice per week) and BTZ
(Img/kg, twice per week) greatly extended the survival
of 5TMM3VT mice compared to the control and sin-
gle treatment group (Fig. 7B). Interestingly, KU-177 also
inhibited the xenograft tumor growth of both ANBL6
WT/BTZ-DR cells (Fig. 7C-E). The tumor volume sta-
tistics (Fig. 7D) and tumor weight plots (Fig. 7E) dem-
onstrated that KU-177 was potent on both ANBL6 WT/
BTZ-DR cells. The microscopic changes of organs were
evaluated histologically in different treatment groups.
Main organs including heart, liver, spleen, lung and
kidney were not observed histopathological abnormi-
ties or lesions in Bufalin and KU-177 groups compared
with control group (Supplementary Fig. 1G), suggest-
ing that there was no significant toxicity of Bufalin and
KU-177 treatments on the mice. In this study, Bufalin
and KU-177 were applied as 1mg/kg, twice per week for 4

A C KU-177 (uM) D KU-177 (uM) E
< 150+ ARP1WT IC5y=22.14uM 3 1507+ H929 WT IC5,=25.80uM ‘ 0 50 .0 50
5 ARP1 AHSAT-OE IC5o=38.03uM ™ T oo aisa a2 |c5ogze.46pm : i = . T g
3 2 100 | * | r J 2 #‘m g
> > 4 3 [
= = < T ®
3 3 Pl s e Pl P
: g % N 1
k= k= = 7 a
2 2 g | ¢ v g g
3 2 4 0 1 2 3 2 4 0 1 2 | S o | | o
Log KU-177 concentration (uM) Log KU-177 concentration (uM) Annexin V Annexin V 0 50nM 0 50nM
F I Primary MM (patient 1 G B Primary MM (patient 2) H I J
I Primary MM (patient 1) + KU-177 I Primary MM '(\Fatleqt 2) + KU-177
.. I Recurrent MM (patient 1) .. I Recurrent MM (patient 2) ARP1-AHSA1-OE
£ 4 Recurrent MM (patient 1) + KU-177 £ 4 M Recurrent MM (pgtlenLZH KU-177 ARP1-AHSA1-OE H929-AHSA:F:£ _ARP1-AHS ""7
§ 3 § 3 P Input KHSM Input AHSA1 Input Hsp90
= 3 KU-177 - + IgG - + KU-177 - + IgG - + KU-177 - + IgG - +
82 82 Avsat [ W] AHsat [See|[ sw ]| Hspso [e]
'% 1 E 1 Hspoo [ | e o Hspgo [ B - AHsat [sm e[ = o]
g go
K L M N
g20 - ARPIWT Zz20 = ARP1-WT E = ANBL6-WT
g B ARP1-AHSA1-OE 2 Hm ARP1-PMSD2-OE 2 m ANBL6-DR
—H929-AHSA1-OF @15 . H929-WT 815 - H929-WT S
| - B H929-AHSA1-OE 2 = H929-PMSD2-0E 4
Input Hsp90 0 ':E 1.0 =
KU-177 -+ IgG - B G 5
Hspgo (- 205 2os 2
0.0 © 0.0 &
é? 4(\ ‘Sc? Q’\ é? N _56 L Control KU-177
S o§ N ¢ & o§ &
Fig. 6 KU-177 decreases MM cell proliferation and Pl resistance induced by AHSA1/HSP90 in vitro. A-B Effects of 48 h treatment with KU-177 on
cell viability of ARP1 (A) and H929 (B) WT and AHSA1-OE cells. C-E Effects of 48 h treatment with KU-177 (50 uM) on cell apoptosis of ARP1 (C) and
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diagnosed and relapsed MM patients. H-K Co-IP assay revealed that 48 h treatment with KU-177 (30 uM) inhibited the interaction between HSP90
and AHSAT in AHSA1-OE cells. L-N Proteasome activity assay showed that 48 h treatment of KU-177 (30 uM) inhibited proteasome activity in AHSA1
WT/OE cells (L), PSMD2 WT/OE cells (M) and ANBL6 WT/DR (N) cells. The data are expressed as mean % SD.*p<0.05, **p<0.01, ***p<0.001. The data
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weeks. These findings indicates that AHSA1 may serve as
a novel target for cellular proliferation and PI resistance,
and specific AHSH1 inhibitor is promising for the treat-
ment of MM (Fig. 7F).

Discussion

MM remains an incurable disease, due to the adverse
features, such as heterogeneity, acquired drug-resist-
ance and severe malignancy et al. MM patients typically
respond to the initial treatment, however most of them
eventually developed resistance and relapsed. Our group
insists on the discovery of novel diagnostic and thera-
peutic targets in MM. Primarily, we performed high-
throughput screening for novel targets in MM patient
microarray and RNA sequencing cohorts [26, 37]. As
previously reported, we proved NEK2 acting as a MM
drug-resistant gene by comparing 9 pairs sequential MM
samples that were collected from the same patients at 4
sequential treatment stages, newly-diagnostic, before the
1% autologous stem cell transplantation (ASCT), before
the 24 ASCT and after the 2" ASCT stages [50]. We
also found that RARalpha2 expression conferred mye-
loma stem cell features via analyzing paired samples col-
lected from newly diagnose and relapse MM patients
respectively [51]. In present study, we further improved

our strategy on target screening by combining proteome
microarray and microarray cohorts in MM.

Traditional Chinese Medicine (TCM) has made great
contribution to the advanced achievements in modern
medicine [52, 53], like the discovery of arsenic trioxide on
leukemia and Arteannuin on malaria, which were derived
from ancient Chinese Medicine records. Inspired by the
“like cures like” principle on cancer treatment in Chinese
Medicine, we utilized the bioactive anti-cancer molecule
Bufalin as a probe, which was originally extracted from
Venenum Bufonis, a typical toxic Chinese Medicine to
screen out AHSA1 as the potential target in MM by pro-
teome microarray and MM microarray cohorts. Further
studies showed that AHSA1 expression was elevated in
MM samples compared to normal plasma controls, and
significantly associated with MM relapse and poor out-
comes. Increased AHSA1 promoted MM cell prolifera-
tion and PI resistance in vitro and in vivo compared to
WT cells. Our mechanism exploration disclosed that
AHSA]1 acted as a co-chaperone of HSP90A to activate
CDK6 and PSMD2, which were key regulators of cellular
proliferation and PI resistance respectively.

Furthermore, we identified AHSA1-K137 as the spe-
cific binding site of Bufalin in AHSA1, mutation of which
decreased the interaction of AHSA1 with HSP90A and
suppressed the function of AHSA1 on mediating CDK6
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and PSMD2. Bufalin possesses severe side-effects and
toxicities in animal studies and clinical trials includ-
ing hematological, gastrointestinal, mucocutaneous and
cardiovascular adverse reactions [12, 48] that limit the
further utility of Bufalin into clinics. We synthetized an
AHSAL1 selective inhibitor KU-177 [23] and detected its
inhibitory effect on MM cells instead of Bufalin. Intrigu-
ingly, KU-177 suppressed cell growth in vitro, mediated
HSP90 functions and retarded the growth of both WT
and Pl-resistant MM cells in vivo. As KU-177 or other
AHSAL1 inhibitors may be more specific to AHSA1 com-
pared with Bufalin, we believe that KU-177 has the prop-
erties of low toxicity and high efficacy in MM treatment.
As documented, HSP90 has been recognized as a can-
cer therapeutic target for several decades and over 20
HSP90 inhibitors have entered clinical trials for cancer
treatment [19]. However, even now none of the inhibi-
tors was approved eventually for the clinical application
due to formulation, off-target, toxicity and cost issues
[54]. Our work first demonstrated that AHSA1 was sig-
nificantly increased in MM samples compared to nor-
mal controls and positively associated with MM patients’
outcomes in three independent cohorts including over
1000 patient samples, suggesting that AHSA1 might
be a MM-specific target. Furthermore, we inferred that
selective inhibition of AHSA1 in MM could attenuate the
activity of HSP90 instead of HSP90 inhibitors to avoid
side effects. Collectively, our study underlies AHSA1 as
a novel target on mediating cellular proliferation and PI
resistance in MM, and demonstrates that specific AHSH1
inhibitors have promising prospects in MM treatment.

Conclusion

Our exploration establishes a strategy to discover novel
therapeutic targets in MM from the treasure trove of
TCM for bioactive molecules and other effective com-
pounds, which are limited for clinical application as
a result of severe side effects. Due to the fact that the
chosen probes indeed possess significant bio-activity in
cancer treatment, our strategy may be superior to the
high-throughput drug screening which consumes a lot of
time and finance resources, and greatly reduces the risk
for drug development.

Abbreviations

GEO: Gene expression omnibus; GEP: Gene expression profiling; MS: Mass
spectrometry; IF: Immunofluorescence; OS: Overal survival; MM: Multiple
myeloma; MGUS: Monoclonal gammopathy of undetermined significance;
BM: Bone marrow; TT2: Total therapy 2; PI: Propidium iodide; IHC: Immuno-
histochemistry analysis; OE: Overexpression; WT: Wild type; TCM: Traditional
Chinese Medicine; BTZ: Bortezomib; CZ: Carfilzomib; ADR: Doxorubicin (ADR);
MST: Microscale thermophoresis.
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Additional file 1: Figure S1. AHSAT induces proteasome inhibitor
resistance in vitro and in vivo. (A) Effects of Bortezomib on cell apoptosis
in H929 cells with or without overexpression of AHSAT. (B) The analysis of
bortezomib-induced apoptosis. (C) Effects of Bufalin (60nM) on the cell
viability in flow MRD-positive peripheral cells from first diagnosed and
relapsed MM patients. (D) Photographic images of ARP1 AHSA1T WT/OE
xenografts taken from NOD-SCID mice treated with vehicle, BTZ, or ADR.
(E) Mean tumor weight in the six experimental groups at day 32 after
implantation of MM cells. (F) Western blot analysis of AHSA1 expression of
the tumors in the experimental groups. (G) Images of representative HE
staining of heart, liver, spleen, lung and kidney from control and 5TMM
mouse model with or without Bufalin or KU-177 treatment.
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