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Epichaperome inhibition targets TP53-mutant AML
and AML stem/progenitor cells
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• The HSP90
epichaperome is
detected in TP53-
mutant AML and AML
stem/progenitor cells
but not in healthy BM.

• Targeting the
epichaperome prevents
outgrowth of TP53-
mutant AML and kills
AML bulk and stem/
progenitor but not
healthy BM cells.
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TP53-mutant acute myeloid leukemia (AML) remains the ultimate therapeutic challenge.
Epichaperomes, formed in malignant cells, consist of heat shock protein 90 (HSP90) and
associated proteins that support the maturation, activity, and stability of oncogenic
kinases and transcription factors including mutant p53. High-throughput drug screening
identified HSP90 inhibitors as top hits in isogenic TP53–wild-type (WT) and -mutant AML
cells. We detected epichaperomes in AML cells and stem/progenitor cells with TP53
mutations but not in healthy bone marrow (BM) cells. Hence, we investigated the ther-
apeutic potential of specifically targeting epichaperomes with PU-H71 in TP53-mutant
AML based on its preferred binding to HSP90 within epichaperomes. PU-H71 effectively
suppressed cell intrinsic stress responses and killed AML cells, primarily by inducing
apoptosis; targeted TP53-mutant stem/progenitor cells; and prolonged survival of TP53-
mutant AML xenograft and patient-derived xenograft models, but it had minimal effects
on healthy human BM CD34+ cells or on murine hematopoiesis. PU-H71 decreased MCL-1
and multiple signal proteins, increased proapoptotic Bcl-2-like protein 11 levels, and
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synergized with BCL-2 inhibitor venetoclax in TP53-mutant AML. Notably, PU-H71 effectively killed TP53-WT and
-mutant cells in isogenic TP53-WT/TP53-R248W Molm13 cell mixtures, whereas MDM2 or BCL-2 inhibition only
reduced TP53-WT but favored the outgrowth of TP53-mutant cells. Venetoclax enhanced the killing of both TP53-WT
and -mutant cells by PU-H71 in a xenograft model. Our data suggest that epichaperome function is essential for TP53-
mutant AML growth and survival and that its inhibition targets mutant AML and stem/progenitor cells, enhances
venetoclax activity, and prevents the outgrowth of venetoclax-resistant TP53-mutant AML clones. These concepts
warrant clinical evaluation.
4

Introduction
TP53-mutant acute myeloid leukemia (AML) has an extremely
poor prognosis and, essentially, does not respond to available
therapies,1-4 including BCL2 inhibition by venetoclax combined
with hypomethylating agents or chemotherapy.5,6 After expo-
sure to therapeutic agents, TP53 mutations become dominant,
conferring resistance to multiple therapies.7,8 Molecular ana-
lyses of venetoclax/hypomethylating agent–treated samples
from patients with AML helped identify mutations in TP53,
23 | VOLUME 142, NUMBER 12
FLT3, PTPN11, and RAS as key determinants of resistance and
early relapse.5 Thus, therapies that are effective regardless of
the mutation status of TP53 and kinases in the cells constitute
an urgent unmet need.

Heat shock protein 90 (HSP90) chaperone is a key regulator of
proteostasis in healthy cells and assists in the folding and
maturation of “client” proteins, including kinases and transcrip-
tion factors.9,10 Epichaperome complexes, formed in malignant
cells,11-13 consist of HSP90, other HSPs, cochaperones, and
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associated proteins that support disease phenotypes by
stabilizing oncogenic kinases, including FLT3, SHP2, and
RAF,14-17 and transcription factors such as mutant p53.9,18,19

Thus, epichaperomes maintain aberrant signaling networks
essential for the growth, survival, and therapy resistance of
malignant cells. In AML, many oncogenic kinases20-23 are
associated with and supported by epichaperomes. Moreover,
stem cells from TP53-mutant AML have activated JAK/STAT
signaling,24 and epichaperomes can potentiate oncogenic
mutations in TP53-mutants,18,25 thereby contributing to
leukemogenesis and drug resistance. We previously reported
that HSP90 regulator heat shock factor (HSF)-1 can be tar-
geted in AML and that HSP90 inhibition effectively targets
FLT3-mutant AML, even those with acquired venetoclax
resistance.26,27

Although HSP90 has been recognized as a promising anti-
cancer target for decades, previous efforts to target HSP90
clinically had limited success, partially, because of toxicities
related to the lack of specificity for cancer cells.28 Unlike other
adenosine triphosphate–competitive HSP90 inhibitors, PU-H71
(zelavespib) selectively binds to the altered adenosine
triphosphate–binding site of HSP90 when incorporated into
epichaperomes, with greatly reduced binding affinity for free
HSP90. PU-H71 potently kills cancer cells by targeting cancer-
specific signaling pathways and has a broader therapeutic
window in animal models than nonselective HSP90 inhibi-
tors.13,29-35 Importantly, PU-H71 has limited activity against
healthy CD34+ cells and peripheral blood (PB) leukocytes,13,35

and it was well tolerated in clinical trials, in which changes in
cancer-associated protein levels demonstrated its target
engagement.36,37 A phase 1b clinical trial of PU-H71 in com-
bination with ruxolitinib in patients with myelofibrosis was
conducted at MD Anderson Cancer Center.38 Additionally, a
patient with relapsed/refractory AML with a PML-SYK fusion
gene who had progressed from myeloproliferative neoplasm
achieved long-lasting complete remission after receiving
compassionate PU-H71 treatment.39 These data support ther-
apeutically targeting epichaperomes with PU-H71 in TP53-
mutant AML, an activity that has not been investigated.

In this study, we identified epichaperomes in TP53-mutant AML
and AML stem/progenitor cells and demonstrated that selective
targeting of epichaperomes with PU-H71 has antileukemia
activity, synergizes with venetoclax in AML and AML stem/
progenitor cells with TP53-mutations, and has minimal effects
on normal hematopoiesis in vitro and in vivo. Importantly, we
mimicked the clinical situation of initially infrequent TP53-
mutant cells that outgrow under therapeutic selection pressure
and demonstrated that PU-H71, but not BCL-2 or MDM2 inhi-
bition, was able to suppress both TP53–wild-type (WT) and
-mutant cells.

Methods
Cells, cell culture, and treatment
Molm13 cells (FLT3-mutant) were purchased from the German
Collection of Microorganisms and Cell Cultures. TP53-R248W
Molm13 cells,40 MCL-1 overexpression/knockdown cells,41 and
TP53-knockout (KO) and TP53-mutant (R175H, Y220C, M237I,
R248Q, R273H, and R282W) Molm13 and K562 cells42 were
generated as previously described. Samples from patients with
TARGETING EPICHAPEROMES IN TP53-MUTANT AML
TP53-mutant AML (supplemental Table 1; available on the
Blood website) and healthy bone marrow (BM) donors were
obtained after written informed consent following protocols
approved by MD Anderson’s institutional review board and in
accordance with the Declaration of Helsinki. Healthy BM-
derived mesenchymal stromal cells (MSCs) were obtained as
described previously.43 Cell lines and mononuclear cells iso-
lated from primary samples via density-gradient centrifugation
were cultured as previously described.44 Cell lines and primary
cells cocultured with MSCs (AML:MSC ratio, 4:1) were treated
with PU-H71, venetoclax, venetoclax/PU-H71, or nutlin3a. PU-
H71, fluorescein isothiocyanate (FITC)-PU-H71, and FITC-
control were provided by Samus Therapeutics Inc. Clonogenic
assay was conducted as described.45

High-throughput drug screening
We performed high-throughput drug screening to identify
compounds that kill cells independent of TP53 mutation status.
TP53-WT and -mutant (R175H and R248Q, respectively)
Molm13 cells42 were treated with 2398 compounds/drugs
(supplemental Table 2) as detailed in the supplemental
Methods.

Epichaperome detection
Epichaperomes were identified as previously described,46 using
FITC-PU-H71 as probe. Results were expressed as the mean
fluorescence intensity difference between FITC-PU-H71 and
FITC-control.

Cell viability was determined as previously described.44,47

For AML cells cocultured with MSCs, annexin V/7-
aminoactinomycin D positivity was determined in leukemia
cells (CD45+) and stem/progenitor cells (CD34+CD38–/
CD34+CD38+) and expressed as specific apoptosis as previ-
ously described.48

Immunoblot analysis
Protein levels were determined via immunoblot analysis, as
previously described.44 Sources of antibodies are listed in
supplemental Table 3.

High-parametric cell death assay
We used a high-parametric cell death assay,49 modified from
the one previously described,50 to assess cell fates. Briefly, cells
treated with PU-H71 at specified concentrations were stained
with a collection of antibodies for detecting various cell death
modes and cell stress responses and subjected to multi-
parametric flow cytometry analysis. Details are shown in the
supplemental Methods.

In vivo experiments
Mouse experiments were conducted following MD Anderson’s
Institutional Animal Care and Use Committee–approved pro-
tocols. NSG mice (females, aged 9-10 weeks) injected with
luciferase-/green fluorescent protein (GFP)-labeled TP53-
R248W Molm13 cells (0.45 × 106 cells) via tail veins were
treated with vehicle (n = 4), 30 mg/kg PU-H71 (n = 3), or 50
mg/kg PU-H71 (n = 3) (intraperitoneal) every other day (3 times
per week) after engraftment confirmed via noninvasive lucif-
erase imaging, using the IVIS-200 system (Xenogen). Disease
progression and treatment responses were monitored via the
21 SEPTEMBER 2023 | VOLUME 142, NUMBER 12 1057
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Figure 1. HSP90 is a therapeutic target independent of TP53 gene mutation status, and the epichaperome is present in TP53-mutant AML cells and AML stem/
progenitor cells. (A) High-throughput screening of ~2400 approved drugs identified ~200 compounds with activity in TP53-WT, TP53-R248Q, and TP53-R175H Molm13 cells
independent of TP53mutation status (left, red indicates HSP90 inhibitors). The error bars are the SEM of AOC_LD of the 3 cell lines. Three agents targeting HSP90 are top hits
(right). Viable cell counts were normalized to the median cell count at the time of drug addition. A value of 1 represents negative control-like growth, values between 0 and 1
represent cyto-suppression, and negative values denote loss of cells from baseline. (B-D) The epichaperome was identified in Molm13 cells with variable TP53 status: (B) (left) a
representative experiment and (right) quantification of triplicate experiments in primary AML cells and stem progenitor cells from patients; (C) a representative result from a
patient with TP53-mutation (left) and results from TP53-mutant (right), TP53-/RAS-mutant, or kinase-mutant samples and samples without TP53/kinase mutations; and in normal
BM controls (D). The epichaperome was identified via flow cytometry using FITC-labeled PU-H71 as probe. AOC_LD, area over the curve lethal dose; MFI, mean fluorescence
intensity; SEM, standard error of the mean.
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Figure 2. PU-H71 effectively induces cell death in TP53-mutant AML cells and stem/progenitor cells and prevents the outgrowth of TP53-mutant AML cells. (A) TP53-
WT and TP53-R248W Molm13 cells were treated with PU-H71 or BH3 mimics targeting either BCL-2 (venetoclax [VEN]) or MCL-1 (AZD5991). (B-D) TP53-WT, -KO, and -mutant
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imaging. Mouse survival was tracked. Leukemia-free NSG mice
(6- or 8-week-old females) were treated with vehicle or 50
mg/kg PU-H71 (n = 3/group), 3 times per week. Red and white
blood cell counts and hemoglobin levels in PB were deter-
mined using an ABX Pentra 60 C+ hematology analyzer (Horiba
Medical). NSG mice (6- or 8-week-old females) injected with
luciferase-/GFP-labeled TP53-WT Molm13 (0.40 × 106 cells)
plus blue fluorescent protein (BFP)-labeled TP53-R248W
Molm13 cells (0.04 × 106 cells) were treated with vehicle, 50
mg/kg venetoclax (5 days with and 2 days without it, oral
gavage), 50 mg/kg PU-H71 (3 times per week), or the combi-
nation (n = 5 per group). Disease progression and treatment
responses were monitored with luciferase imaging. Addition-
ally, mice (n = 3 per group) were treated as described earlier
and euthanized at the end of the 3-week treatment. GFP+ and
BFP+ cells in the PB and BM were determined via flow cytom-
etry. NSGS mice (6- or 8-week-old males) bearing TP53-mutant
patient-derived xenograft cells (2 × 106 cells per mouse) were
treated with vehicle, venetoclax, PU-H71, or the combination
(n = 10 per group) after engraftment.48 Disease progression and
treatment responses were monitored via flow cytometry of
human CD45+ cells. All mice were obtained from The Jackson
Laboratory.

Statistics
Cell line experiments were performed in triplicates, unless
otherwise specified; results were expressed as mean ± standard
errors of the mean. We used CalcuSyn software to determine
the mean combination index (CI) values51 for the median
effective dose (ED50), ED75, and ED90. CI < 1 indicated a syn-
ergistic; CI = 1, an additive; and CI > 1, an antagonistic effect.
Drug screening was performed in duplicates. Results were
expressed as area over the curve lethal dose, a value that
describes the toxic effect of the drug, with 0 as nontoxic and 1
as highly toxic, calculated by integrating the values over the
curve and dividing them by the lethality area. Student t test was
used to assess differences between groups, and P values ≤ .05
were considered statistically significant. Mouse survival was
estimated using the Kaplan–Meier method. Survival data were
analyzed using the log-rank test.
ain.pdf by guest on 09 M
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Results
HSP90 is a therapeutic target in AML cells
independent of TP53 status
High-throughput drug screening revealed ~200 agents out of
2400 with pan-toxicity in TP53-WT, TP53-R175H, and TP53-
R248Q Molm13 cells (ranked from the most to the least effec-
tive; supplemental Table 2). HSP90 inhibitors AT13387,
PU-H71, and 17-AAG were ranked as 2.1%, 3.4%, and 3.6% of
the top-most active drugs based on the area over the lethal (ie,
negative) region of the growth rate index vs concentration
response curves (area over the curve lethal dose; Figure 1A).
This metric specifically emphasizes drugs that can suppress
viable cell counts from baseline and not those that are
cytostatic.

The epichaperome is present in TP53-mutant AML
cells and stem/progenitor cells
Using FITC-PU-H71 as a probe, we identified epichaperomes
in TP53-WT Molm13, consistent with FLT3-internal tandem
1060 21 SEPTEMBER 2023 | VOLUME 142, NUMBER 12
duplication (ITD)–driving high signaling activity in Molm13 cells.
Epichaperome levels were even higher in TP53-KO or -mutant
Molm13 cells (Figure 1B). Immunoblot analysis revealed high
levels of HSP90 in Molm13 and even higher levels of HSP90 and
several signaling proteins in TP53-KO and -mutant Molm13
cells (supplemental Figure 1). Epichaperomes were detected in
bulk, CD34+, and CD34+CD38– AML stem/progenitor cells
from patients (supplemental Table 1) with TP53-mutant AML
(TP53-mutant, n = 6; TP53/RAS-mutant, n = 4) and in samples
with oncogenic kinase mutations (n = 7), again consistent with
epichaperome-dependency of AML with hyperactive signal-
osomes.35 Epichaperome levels were significantly higher in
TP53-/kinase-mutant AML than in AML without TP53/kinase
mutations (Figure 1C). Importantly, healthy BM or stem/pro-
genitor cells lack epichaperomes (Figure 1D).
Targeting epichaperomes effectively kills TP53-
mutant AML and AML stem/progenitor cells and
prevents their outgrowth
PU-H71, at subclinical doses, effectively induced cell death in
both TP53-WT and TP53-R248W cells, whereas apoptosis
induced by BCL-2 (venetoclax) or MCL-1 (AZD5991) inhibitors,
at doses effective in TP53-WT cells, lost activity in TP53-R248W
cells (Figure 2A). PU-H71 also effectively induced cell death and
decreased viable cell numbers in TP53-WT, TP53-KO, and
various hotspot TP53-mutant Molm13 and K562 cells as well as
leukemia cells with or without TP53 mutations, largely inde-
pendent of TP53 mutation status (Figure 2B; supplemental
Figure 2).

Next, primary TP53-mutant AML PB cells (n = 3) (supplemental
Table 1) and healthy BM cells (n = 3) cocultured with MSCs were
treated with PU-H71. PU-H71 induced cell death and decreased
viable cells in AML and AML stem/progenitor cells (Figure 2C).
However, it had minimal toxicity in normal BM and stem/pro-
genitor cells (Figure 2D), in agreement with the presence of
epichaperomes in TP53-mutant AML cells and stem/progenitor
cells and the lack thereof in healthy BM cells and stem/
progenitor cells.

To mimic the clinical situation that a minor TP53-mutant clone
within a majority of TP53-WT AML cells becomes dominant
after exposure to therapies and determine whether PU-H71
effectively kills and prevents the outgrowth of TP53-mutant
cells, we treated isogenic GFP-labeled TP53-WT and BFP-
labeled TP53-R248W Molm13 cell mixtures (1000:1 ratio) with
either PU-H71 or the MDM2 inhibitor nutlin3a. Nutlin3a effec-
tively induced apoptosis and decreased TP53-WT cells initially.
However, its activity diminished over time. On day 11, and
more so on day 28, fewer cells were apoptotic, and TP53-
R248W cells were dominant. In stark contrast, PU-H71 potently
induced cell death and eliminated both TP53-WT and TP53-
R248W cells by day 28 (Figure 2E). We then treated the cell
mixture with PU-H71 or venetoclax. Although initially
decreasing because of venetoclax, the cell numbers subse-
quently rose even with increased venetoclax concentrations.
The starting numbers of TP53-WT cells and TP53-R248W cells
were 10 × 106 and 10 × 103, respectively, but after 24 days of
venetoclax treatment they increased to 16 × 106 and 8 × 106,
respectively. In contrast, after 24 days of PU-H71 treatment,
only 335 TP53-WT and 26 TP53-R248W cells remained
CARTER et al
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(Figure 2F). Hence, PU-H71 was able to almost eradicate both
isogenic TP53-WT and -mutant cells, whereas nutlin3a and
venetoclax became completely inefficient.
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Baseline cellular stress and proliferation state, not
TP53 status, determine sensitivity to PU-H71–
induced cell death
To assess PU-H71–driven stress responses and cell death
modes, PU-H71–treated TP53-WT, TP53-KO, and TP53-mutant
(R175H and Y220C) Molm13 cells were subjected to high-
parametric flow cytometry analysis. Singlets from 16 experi-
mental conditions (4 cell types, untreated or treated with 40,
100, or 250 nM PU-H71) were pooled and subjected to uniform
manifold approximation and projection (UMAP) dimension
reduction to project and visualize cells into 2 dimensions, fol-
lowed by clustering using FlowSOM to identify cell commu-
nities with similar proteomic profiles (Figure 3A; supplemental
Figure 3). FlowSOM identified 10 different cellular pop-
ulations with 2 distinct clusters, CL1 and CL2, corresponding to
live cells (Figure 3A-C). We observed that expression patterns of
features of interest differed across and within live and dead cell
compartments (Figure 3C). ATF4, RIP3, Ki-67, LC3B, and
γ-H2AX expressions were mainly localized in the live-cell
compartment. Live untreated cells exhibited DNA damage
response (γ-H2AX), particularly in proliferating cells with Ki-67
expression, endoplasmic reticulum (ER) stress (ATF4), and
autophagy (LC3B), illustrating the baseline cellular stress
response present in the cells. Live-cell clusters CL1 and CL2
were detected at varying frequencies before and after treat-
ment. No other live-cell clusters emerged or significantly
increased in samples treated with PU-H71 (Figure 3B), sug-
gesting that PU-H71 did not induce a distinct, divergent stress
response based on cellular features assessed in the multi-
parametric assay.

We quantified the fractions of clusters identified via FlowSOM
clustering (Figure 3A-B), and clustering analysis revealed that
the PU-H71 concentration was the main driver for grouping of
leukemia cells; that is, cells treated with the same PU-H71
concentration clustered together irrespective of their TP53
status (Figure 3D). Untreated isogenic TP53-WT, -KO, and
-mutant leukemia cells and cells treated with 40 nM PU-H71
clustered together, indicating that therapy pressure at this
dose had no significant effect on cluster composition. Treat-
ment with 100 and 250 nM PU-H71 resulted in the clustering of
leukemia cells distinct from untreated cells (Figure 3D).
Figure 3. PU-H71 targets baseline cellular stress responses to induce cell death. (A) Is
or treated with 40, 100, or 250 nM PU-H71; stained with an array of antibodies; and sub
FlowSOM algorithm to identify clusters. Cells were then subjected to UMAP dimensional
(B) Bubble plot of the FlowSOM cluster frequencies from panel A across TP53-WT, -KO
markers. (D) The FlowSOM cluster frequencies shown in panel B were used for UMAP di
TP53-WT, -KO, and -mutant (R175H and Y220C) leukemia cells to PU-H71 treatment. Shap
protein expression heatmap showing expression of the indicated markers (rows) across
cells that were untreated or treated with 40, 100, and 250 nM PU-H71) and the 10 FlowS
markers between CL1 and CL2 live cells. Dashed vertical lines indicate the fold change c
untreated CL1 cells and CL1 cells treated with 40 or 100 nM PU-H71. Dashed vertical lines
the indicated markers in untreated CL1 cells (bluish gray) and CL1 cells treated with 40 nM
-KO, and -mutant leukemia cells plotted against 4 different treatment conditions. The Flow
TP53-WT, -KO and -mutant leukemia cells were used to calculate CL2/CL1 ratios. (J) Si
(rows) across control CL2 cells and residual CL2 cells detected after treatment of TP53-K
indicates scaled marker expression levels. (K) Violin plots summarize expression of the i
mutant leukemia cells (bluish gray) vs residual CL2 in TP53-KO, and -R175H and -Y220C
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Particularly, 250 nM PU-H71 significantly depleted live cells
(CL1 and CL2) across all leukemia cells. These findings indicate
that PU-H71 elicited similar proteomic alterations in leukemia
cells irrespective of TP53 status, which provides the rationale for
using PU-H71 in the treatment of TP53-deficient AML, regard-
less of gene loss or specific mutations.

To assess the proteomic alterations induced by different PU-
H71 concentrations, we extracted data from 653 392 single
cells (both live and dead) from 16 different experimental con-
ditions (Figure 3B) and generated a heatmap of single-cell
proteomic expression levels to delineate the proteomic archi-
tecture, map therapy–driven proteomic alterations, and identify
PU-H71 associated stress responses and cell death modes
(Figure 3E). TP53-WT leukemia cells treated with ONC-201,
cytarabine, or both were used in parallel as controls because
these agents are known to induce ER stress, autophagy, DNA
damage, and cell cycle arrest (supplemental Figure 4).52 We
observed that dead cell compartments contained hierarchically
organized, distinct subpopulations displaying differential
expression of cleaved caspase-3, cleaved poly(ADP-ribose)
polymerases (PARP), γ-H2AX, RIP3, and live/dead aqua dye.
The induction of active caspase-3 and cleaved PARP indicated
that the mode of cell death induced by PU-H71 is mainly
apoptosis. Dampened DNA damage response, measured
based on γ-H2AX levels, and reduced RIP3 expression in
treated compared with that in untreated live cells ruled out
parthanatos and necroptosis,50 respectively, as the mechanisms
of PU-H71–induced cell death (Figure 3E). PU-H71–induced cell
death was significantly suppressed by caspase but was largely
unaffected by necroptosis or ferroptosis inhibition in TP53-WT,
-KO, or -mutant (R175H, Y220C) Molm13 cells (supplemental
Figure 5), further supporting that apoptosis is the primary
mechanism of cell death, independent of TP53 status. We
previously reported that γ-H2AX upregulation marks the earliest
event in cell death through trajectory analysis.52 As expected,
we identified γ-H2AXhi cells in hierarchically organized dead cell
compartment.

The live-cell proteomic landscape was heterogeneous
(Figure 3C), and the expression of features (ATF4, RIP3, Ki-67,
LC3B, p21, cleaved PARP, and γ-H2AX) varied across live cells
and treatment conditions. CL1, the major live-cell cluster,
differed from CL2, a less dominant live-cell cluster, and
expressed higher levels of Ki-67 and ER stress, assessed using
ATF4 (Figure 3F). We, then, mapped how PU-H71 altered
proteomic profiles of CL1 and CL2 cells. To this end, we filtered
ogenic TP53-WT, -KO, and -mutant (R175H and Y220C) Molm13 cells were untreated
jected to flow cytometry analysis. Cells from all experiments were subjected to the
reduction and projected on 2-dimensional plots with live (blue) and dead (gray) cells.
, and -mutant (R175H and Y220C) Molm13 cells. (C) UMAP plots for the indicated
mension reduction to map similarities and dissimilarities in the response of isogenic
es indicate the cell types and colors indicate the treatment conditions. (E) Single-cell
16 different experimental conditions (TP53-WT, -KO, -R175H, and -Y220C leukemia
OM clusters identified in panel A. (F) Volcano plot showing differentially expressed
utoff ratio of 0.5. (G) Volcano plot showing differentially expressed markers between
indicate the fold change cutoff ratio of 0.5. (H) Violin plots summarize expression of
(yellow) or 100 nM (blue) PU-H71. (I) Log2-transformed CL2/CL1 ratios in TP53-WT,
SOM CL1 and CL2 frequencies, shown in panel B, of untreated and PU-H71-treated

ngle-cell protein expression heatmap showing expression of the indicated markers
O and -mutant (R175H and Y220C) leukemia cells with 250 nM PU-71. The scale bar
ndicated markers in CL2 clusters from untreated TP53-KO, and -R175H and -Y220C
mutant leukemia cells treated with 250 nM PU-H71.
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live cells, CL1 and CL2, and performed differential expression
analysis to compare the proteomic profiles of untreated TP53-
WT, -KO, and -mutant cells vs those of PU-H71–treated cells (40
and 100 nM). Because treatment with 250 nM PU-H71 induced
considerable cell death and significantly depleted CL1 and CL2
TARGETING EPICHAPEROMES IN TP53-MUTANT AML
clusters, we excluded them from differential expression anal-
ysis. We found that 40 and 100 nM PU-H71 induced neither cell
death nor reduced live-cell counts (Figure 3C), which permitted
an assessment of PU-H71–driven proteomic alterations. We
observed at either 40 or 100 nM PU-H71 more pronounced
21 SEPTEMBER 2023 | VOLUME 142, NUMBER 12 1063
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changes in the expression of ATF4, RIP3, p21, and LC3B
(Figure 3G) in CL1 cells (treatment vs control) than in CL2 cells,
resulting in the downregulation and compromise of autophagy
and ER stress/unfolded protein response (Figure 3H;
supplemental Figure 6). CL1 cells were proliferating with high
Ki-67 expression (Figures 3C and 4E-F) and higher levels of
baseline ER stress. Therefore, we concluded that proliferating
cells with higher ER stress are most susceptible to PU-H71 than
those with low ER stress. Collectively, PU-H71 suppresses
baseline cell stress responses, leading to apoptosis induction.

A fraction of Ki-67–low CL2 cells survived, whereas CL1 cells
were more sensitive to PU-H71 treatment. The finding high-
lights that PU-H71, at 40 and 100 nM, elicited only marginal
proteomic alterations in CL2 cells. Higher fractions of TP53-KO
(supplemental Figure 6) and -mutant CL2 cells survived with 250
nM PU-H71 treatment (Figures 3B and 4I) than TP53-WT cells.
Of note, CL1 cells in all groups were almost completely elimi-
nated independent of TP53 status, and we were unable to
detect TP53-WT CL2 cells after 250 nM PU-H71 (Figure 3B,I).
Next, we delineated the proteomic profiles of CL2 cells that
survived 250 nM PU-H71 (resistant cells) by pooling the sur-
viving TP53-KO and -mutant CL2 cells and generating a single-
cell protein expression heatmap (Figure 3J). Untreated CL2 cells
were used as the control. Remarkably, surviving/PU-H71 resis-
tant TP53-KO or -mutant cells had significantly lower levels of
ER stress, autophagy, and DNA damage responses (Figure 3J-
K). This may suggest that apoptosis induction in cells with
compromised baseline cell stress response is partially p53-
dependent, and loss of p53 function could confer a marginal
survival advantage under PU-H71 therapy pressure.

PU-H71 has antileukemia activity and extends the
survival of mice bearing TP53-mutant AML
xenografts, with minimal toxicity for normal
hematopoiesis
PU-H71 decreased leukemia burden in NSG mice bearing
TP53-R248W Molm13 (Figure 4A). The median survival of mice
treated with 30 or 50 mg/kg PU-H71 were 32 and 35 days,
respectively; the latter was significantly longer than that of
controls (27 days) (P = .012; Figure 4B). Assessments of red and
white blood cell counts and hemoglobin levels in leukemia-free
NSG mice revealed that treatment with PU-H71 (50 mg/kg; 4
weeks) had only minimal effects on normal hematopoiesis
(Figure 4C). We did not detect epichaperomes in either bulk or
Lin–Sca1+c-Kit+ stem/progenitor BM cells from leukemia-free
NSG mice (Figure 4D).

PU-H71 plus venetoclax synergistically induces cell
death in AML cells and stem/progenitor cells
independent of TP53 mutation status
Immunoblot analysis of BCL-2 proteins showed that PU-H71
decreased MCL-1 and increased Bcl-2-like protein 11 (BIM) in
TP53-WT and -mutant Molm13 cells (Figure 5A), suggesting
Figure 7. PU plus VEN has enhanced antileukemia activity against both TP53-WT and
TP53-WT Molm13 cells and BFP-labeled TP53-R248WMolm13 cells (10:1 ratio) or NSGS m
PU (50 mg/kg), VEN (50 mg/kg), or both. (A) Luciferase imaging of leukemia burden in NSG
of all mice per treatment group). (B) Flow cytometry was used to identify TP53-WT and -R
spleen weight after 4-week treatment (left) and mouse survival in NSGS mice (right). PD
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that PU-H71 can enhance venetoclax activity. Indeed,
compared with either agent alone, the combination induced
significantly more cell death in TP53-R175H Molm13 cells
(Figure 5B). To validate the role of MCL-1, we treated MCL-1
overexpressing Molm13 cells and found that MCL-1 over-
expression reduced not only venetoclax but also PU-H71 and
venetoclax/PU-H71 activity (Figure 5C); conversely, MCL-1
knockdown in both TP53-WT and -R175H Molm13 cells sensi-
tized to venetoclax, PU-H71, and venetoclax/PU-H71
(Figure 5D), supporting the notion of MCL-1 as a resistance
factor and that PU-H71–mediated MCL-1 reduction contributes
to the observed synergy. Additionally, PU-H71 treatment
decreased the levels of multiple signaling proteins in both
TP53-WT and -mutant cells, including p-STAT3, p-protein
kinase B (AKT), phosphorylated extracellular signal-regulated
kinase, c-Myc, heat shock factor (HSF)-1, and hypoxia
inducing factor (HIF)-1α (supplemental Figure 7).

In TP53-mutant primary AML samples cocultured with MSCs
(n = 9; many from patients with comutations and/or venetoclax
resistance/relapse; supplemental Table 1), treatments with PU-
H71 or venetoclax significantly induced cell death. The com-
bination was significantly more effective (Figure 6A) and highly
synergistic in both bulk and AML stem/progenitor cells (CI < 1;
supplemental Table 4). This synergism was also observed in a
sample (#13) from a patient who relapsed and was resistant to
venetoclax-based therapy and had failed compassionate PU-
H71 monotherapy (Figure 6A; supplemental Tables 1 and 4).
Similarly, PU-H71 suppressed blast colony formation, which was
significantly enhanced when combined with venetoclax
(Figure 6B; n = 3; supplemental Table 1). Additionally, although
more effective in Ki-67–high primary cells, PU-H71 also killed Ki-
67–low cells. The combination with venetoclax was more
effective in both Ki-67–low and –high AML cells and stem/
progenitor cells than each single agent (Figure 6C). Each agent
and their combination had minimal toxicity against healthy BM
CD45+ and CD34+ stem/progenitor cells and did not reduce
colony numbers (Figure 6D-E).
Targeting epichaperomes has antileukemia activity
and enhances venetoclax efficacy in vivo in TP53-
mutant AML
We examined the in vivo effects of PU-H71, venetoclax, and
their combination in TP53-WT cells spiked with isogenic TP53-
mutant cells. After 3-week treatment, in vivo imaging demon-
strated (Figure 7A) significantly reduced leukemia burden in
PU-H71–treated mice compared with that in controls (P = .025),
which was further reduced in mice treated with PU-H71/
venetoclax (P = .0077). Leukemia burden of mice treated with
venetoclax was not significantly different (P = .33). After 4
weeks, 4 PU-H71–treated and all combination-treated mice with
significantly lower leukemia burden (P = .030) were still alive.
After 5 weeks, all mice had died, except 2 combination-treated
mice. In a separate experiment, flow cytometry analysis
-mutant AML in vivo. NSG mice injected with a mixture of luciferase-/GFP-labeled
ice injected with a PDX TP53-mutant cells (2 × 106 cells per mouse) were treated with
mice: (left) images of individual mice and (right) quantification of luciferase imaging
248W Molm13 cells in PB and BM after 3-week treatment. (C) Circulating blasts and
X, patient-derived xenograft.
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demonstrated that PU-H71 and PU-H71/venetoclax significantly
suppressed circulating and BM-resident TP53-WT and TP53-
R248W AML cells after 3-week treatment (n = 3 per group).
Moreover, PU-H71/venetoclax was significantly more effective
than venetoclax alone against TP53-WT and TP53-R248W cells in
PB and BM (Figure 7B). These findings suggest that inhibition of
epichaperomes enhances venetoclax efficacy independent of
TP53 mutation status. In a patient-derived xenograft model
generated from a chemorefractory/multitherapy resistant patient
who was also resistant to venetoclax with TP53/NRAS/KRAS
mutations and complex cytogenetics, PU-H71 prolonged survival
(80 vs control 67 days; P = .0001) and was significantly more
effective than venetoclax in decreasing circulating leukemia cells
(P = .0005) and spleen weight (P = .007) while increasing survival
(P = .004; Figure 7C). Although effectively reducing circulating
leukemia cells and spleen weight, PU-H71/venetoclax did not
extend survival of NSGS mice, likely because of toxicity, because
weight loss was observed (supplemental Figure 8).
m
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Discussion
We demonstrate that epichaperomes are essential for TP53-
mutant AML growth and survival and can be targeted by
epichaperome-specific inhibitor PU-H71. PU-H71 kills TP53-
mutant AML and AML stem/progenitor cells, synergizes with
venetoclax, and prevents the outgrowth of venetoclax-resistant
TP53-mutant AML clones, with limited toxicity to healthy cells.
Our data support the clinical development of PU-H71 plus
venetoclax as a treatment in TP53-mutant AML.

A previous study demonstrated that mutant TP53 promotes cell
proliferation, invasion, and motility by stimulating signaling
pathways, which, in turn, induce HSP90 expression that further
stabilizes signaling proteins and mutant TP53.53 We have shown
that STAT3 and mutant TP53 engage in a positive feedback
loop involving HSP90.54 Mutant TP53 prevents SHP2-mediated
STAT3 deactivation.25 Consistent with previous studies, we
demonstrate that TP53-mutant and -KO cells have higher levels
of epichaperomes and signaling proteins such as p-STAT3 than
TP53-WT cells, which can be inhibited by PU-H71.

A high-parametric cell death assay and single-cell analysis
reveal that PU-H71 suppresses baseline cellular stress
responses and induces apoptosis as prevalent mode of cell
death and proliferating cells are more sensitive to PU-H71,
suggesting that agents that induce cell proliferation or
augment cell stress could enhance PU-H71 efficacy and target
quiescent leukemia cells. Indeed, we demonstrate that cotar-
geting epichaperomes and BCL-2 is synergistic in inducing
death of both Ki-high and -low AML cells and stem/progenitor
cells and further decreases colony-forming capacities.

Epichaperome inhibition by PU-H71 was reported to alter BCL-
2 family protein levels and overcome BCL-2–mediated resis-
tance in cancer cells.55 We observed that PU-H71 decreases
antiapoptotic MCL-1 while increasing proapoptotic BIM,
thereby contributing to the synergistic effect of PU-H71/
venetoclax. We validated MCL-1 reduction as a mechanism of
PU-H71/venetoclax synergism by genetically altering its
expression. PU-H71 alters BCL-2 protein levels likely by
1068 21 SEPTEMBER 2023 | VOLUME 142, NUMBER 12
decreasing epichaperome-regulated signaling proteins. Indeed,
PU-H71 decreased p-AKT and AKT levels, in agreement with a
recent report showing that other HSP90 inhibitors increase BIM
and decrease p-AKT levels.56 Furthermore, PU-H71 decreases
many signaling proteins in both TP53-WT and -mutant cells
including HIF1α, which is known to be regulated by HSP90.57

HIF1α reduction may also contribute to PU-71–incuded cell
death, supported by previous studies showing that HIF1α inhi-
bition targets TP53-mutant AML.58

Clinically, an agent that targets cells independent of specific
mutations, such as PU-H71, has a distinct advantage over
agents that selectively target only cells with certain mutations,
and, thus, it has potentially broader applications in AML and
cancer therapy in general, because it prevents the outgrowth of
subclones driven by additional mutations. This is particularly
relevant in the context of BCL-2 and FLT3 inhibition, in which
subclones evolve with lethal driver mutations. Epichaperome
targeting may also suppress cells with mutations other than
TP53 and FLT3, and these mechanisms are presently under
investigation.
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