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ABSTRACT

The development and survival of cancer cells require adaptive mechanisms to stress.
Such adaptations confer intrinsic vulnerabilities, enabling the selective targeting of
cancer cells. Through a pooled in vivo shRNA screen, we identified the AAA-ATPase
VCP as a top stress-related vulnerability in acute myeloid leukemia (AML). We
established that AML was the most responsive disease to chemical inhibition of VCP
across a panel of 16 cancer types. The sensitivity to VCP inhibition of human AML cell
lines, primary patient samples, and syngeneic and xenograft mouse models of AML
was validated using VCP-directed shRNAs, overexpression of a dominant negative
VCP mutant, and chemical inhibition. By combining a mass spectrometry-based
analysis of the VCP interactome and phospho-signaling studies, we determined that
VCP is important for ATM kinase activation and subsequent DNA repair in AML.
Finally, we report a second-generation, clinical candidate VCP inhibitor, CB-5339, and
validate its efficacy in multiple AML models, providing data to support the clinical
testing of single agent CB-5339 or its combination with standard of care AML DNA

damaging chemotherapy.
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Single sentence summary: AML cell dependency on the DNA repair function of the
AAA-ATPase VCP offers a therapeutic avenue.



INTRODUCTION

The past two decades of basic and translational cancer research have brought
into the clinic a myriad of small molecules targeting oncogenic dependencies driven by
oncogene mutations. The treatment of acute myeloid leukemia (AML) has seen recent
progress with the FDA-approval of drugs for patients with mutations in FLT3
(midostaurin and gilteritinib), IDH2 (enasidenib) and IDH1 (ivosidenib) (1-3).
Although conceptually attractive and clinically effective in a subset of patients,
targeting mutated oncogenes is not always feasible, for reasons such as loss-of-function
mutations, difficult to drug oncogenic drivers, or lack of identified mutated drivers.
Additionally, clonal evolution under targeted selective pressure frequently results in

drug-resistant clonal outgrowth (4).

An emerging alternative therapeutic approach relies on targeting non oncogenic
driver pathways essential for tumor survival, such as cellular stress response (5, 6).
Systematic functional genomic screens, using sShRNA or CRISPR/Cas9, have recently
revealed such new therapeutic targets in a number of cancers not suggested by their
mutational profiles (7). In some cases, in vitro screens are sufficient to identify high
fidelity dependencies subsequently validated both in vitro and in vivo. In other cases,
particularly in the context of metabolic, immunologic, proteotoxic, or DNA damage
stress response targets, an in vivo approach may enhance the identification of true

positives.

These evolutionaly conserved stress response pathways are rewired in cancers,
such as AML, to permit tumorigenesis and cancer cell survival in the face of oncogenic

stress. Indeed, these escape mechanisms allow the clonal selection of cells which can



proliferate despite accumulation of damage, thus increasing the risk of full
transformation in a premalignant cell (8). Although necessary for leukemogenesis,
these adaptive mechanisms also confer an intrinsic vulnerability and an attractive
therapeutic opportunity to selectively target AML cells. Indeed, cellular survival under
such unfavorable conditions becomes highly dependent on proficient stress response
pathways. Disrupting this common hallmark of cancer through stress sensitization
and/or stress overload should ultimately result in cancer cell death (5). For example,
targeting oxidative and metabolic stress through BCL-2 inhibition has been shown to
have anti-leukemic activity in multiple preclinical models (9). These studies have been
recently validated with the promising efficacy of the selective BCL-2 inhibitor
venetoclax, now FDA-approved for a subset of patients with AML, combined with low
dose cytarabine or hypomethylating agents (10-13). Therefore, developing functional
approaches to unravel such cellular mechanisms to evade stress surveillance may open
new therapeutic avenues for AML treatment. Here, we performed an in vivo pooled
ShRNA screen in an AML mouse model driven by the MLL-AF9 translocation to

identify new druggable targets involved in cellular stress reponse pathways.



RESULTS

An in vivo sShRNA screen identifies VCP as an AML dependency.

To find therapeutic gene candidates in AML, we designed a custom shRNA library of
2,115 shRNAs targeting 429 genes implicated in various adaptive stress response
pathways. This library, cloned into a doxycycline-inducible vector, was transduced as
a pool into L-GMP primary MLL-AF9 cells reinjected into sub-lethally irradiated
secondary syngeneic recipient mice (14, 15) (Fig. 1A). Using an EdgeR/RIGER
comparative analysis of the relative representation of the library hairpins between the
two groups of mice treated with and without doxycycline, we identified Vcp, an AAA-
ATPase family member, as a top scoring hit (Fig. 1B and table S1). As expected,
multiple hairpins directed against the tumor suppressor gene, PTEN (16), as well as a
previously described metabolic cancer dependency gene, LDHA, scored among the top
enriched and depleted genes respectively (17), providing support for the overall screen
quality. We first validated the dependency of the MLL-AF9 blasts on Vcp using two
Vcp-directed shRNAs whose efficiency was validated by western blot (Fig. 1C).
Doxycycline-induced Vcp knockdown reduced the MLL-AF9-driven disease burden in
mouse bone marrow, spleen and peripheral blood as evaluated by flow cytometry (Fig.
1D) and prolonged survival, thereby confirming Vcp dependency in this AML model
(Fig. 1E). Because mice ultimately succumbed to AML despite the initial disease
burden clearance following Vcp knockdown, we further evaluated disease relapse
characteristics in this murine model. Interestingly, at time of death, Vcp knocked down
mice harbored a leukemic burden mainly composed of non shRNA-expressing cells,
suggesting that disease relapse may result from a positive selection of leukemic cells
that have escaped the doxycycline-induced shRNA knock-down (Fig. 1F and fig. S1,

A-C). These results thus further validate AML cell dependency on Vcp.



VCP is an ATPase protein chaperone which adopts a homo-hexameric conformation
comprising six identical subunits arranged in a ring. Each monomeric subunit contains
two tandem AAA-ATPase domains responsible for ATP binding and hydrolysis (D1
and D2). The main ATPase activity is contained in the D2 domain. We further evaluated
the VCP dependency in the MLL-AF9 cells using a previously reported ATPase-
deficient, mutant form of VCP (E305Q, E578Q). This mutant VCP is unable to
hydrolyze ATP but still incorporates into WT hexamers, and thus exhibits a dominant
negative (DN) function on the complex by abrogating its ATPase activity (18, 19). VCP
DN was tagged with a ligand-dependent destabilization domain (DD) whose function
was to constitutively destabilize VCP DN. Treatment with the membrane-permeable
DD ligand, Shield-1, was then used to block the DD function and stabilize VCP DN in
MLL-AF9 cells (Fig. 1G). Shield-1-induced VCP DN overexpression was sufficient to
impair the MLL-AF9-driven disease expansion (Fig. 1H) in vivo and prolonged mice
survival, thereby establishing that the ATPase activity of VCP is required for AML

progression (Fig. 11).

AML is preferentially sensitive to VCP inhibition.

To evaluate whether VCP inhibition elicited a preferential response in AML, we
expanded our investigation to a panel of 131 human cancer cell lines, representing 16
cancer types, with the ATP-competitive, small-molecule VCP inhibitor CB-5083 (20,
21). AML was more sensitive to CB-5083 compared to other cancer subtypes,
suggesting that AML is highly dependent on VCP (Fig. 2A and table S2). To further
validate these results, we treated a panel of 16 AML cell lines with CB-5083 and a

highly-selective allosteric VCP inhibitor NMS-873 (22). The sensitivity of the AML



cell lines to these two VCP inhibitors was strongly correlated (Spearman score = 0.8),
supporting their on-target effect (Fig. 2B). Moreover, expression of a mutated form of
VCP (A530T), which confers resistance to NMS-873 (23), in UT-7 cells rescued the
loss of viability induced by NMS-837, thereby confirming the selectivity of NMS-873

for VCP in an AML context (Fig. 2C).

The anti-leukemic effect of reduced VCP expression and activity was then investigated
in three human AML cell lines expressing VCP-directed shRNAs (Fig. 2D) or
overexpressing the WT or DN VCP (Fig. 2E). Impairment of VCP expression or
function markedly decreased viability of the AML cell lines MV4-11 and UT-7,
whereas the NOMO-1 cell line was relatively resistant to VCP inhibition, suggesting
that all AML subtypes are not equally dependent on VCP (Fig. 2, D and E). The
decreased cell viability observed is specific to the loss of VCP function, as the
overexpression of WT VCP did not impair cell growth. Of note, the profile of sensitivity
of these cell lines to VCP knockdown and VCP DN overexpression matched their
sensitivity to VCP chemical inhibition, supporting on-target activity of both the genetic
and chemical tools.

Additionally, VCP impairment through either chemical inhibition or VCP DN
overexpression resulted in a decreased colony forming ability (Fig. 2F). Finally, using
Annexin V/propidium iodide staining and flow cytometry analysis of the two most
VCP-dependent AML cell lines, MV4-11 and UT-7, we determined that inhibition of
VCP ATPase activity using either NMS-873 or overexpression of exogenous VCP DN

induced Annexin-positive cell death consistent with apoptosis (Fig. 2G).



VCP inhibition efficiently targets leukemic cells in multiple in vivo AML models
and primary AML patient samples.

In order to confirm the anti-leukemic effect of VCP impairment in human AML in vivo,
we first induced VCP DN overexpression using Shield-1 in MV4-11 cells injected into
immunocompromised NSG mice. As we observed in Fig. 1, G-H in the MLL-AF9
syngeneic mouse model, VCP DN overexpression delayed disease progression and
improved survival in this MV4-11 orthotopic xenograft model (Fig. 3, A and B).
Because NMS-873 does not possess pharmacokinetic properties suitable for in vivo
testing, we then evaluated the efficacy of the orally-bioavailable drug candidate
recently tested in a phase I clinical trial in patients with advanced solid tumors : CB-
5083, in both the MLL-AF9 syngeneic and MV4-11 xenograft mouse models (20, 21)
(NCT02243917). CB-5083 treatment decreased disease burden (Fig. 3, C-E) and
prolonged mice survival in both AML models (Fig. 3, F and G). Importantly, no major
weight loss or hematopoietic toxicity based on complete blood counts was observed

upon CB-5083 treatment (fig. S2, A-D).

To further demonstrate the clinical potential of VCP inhibition as an anti-AML therapy,
we then treated leukemia cells from five patients with AML and established that the
blockade of VCP activity, using either NMS-873 or CB-5083, impaired the capacity of
AML blasts to form colonies in methylcellulose (Fig. 3, H-1 and table S3). In line with
this data, CB-5083 also substantially decreased disease burden in an orthotopic patient-
derived xenograft (PDX) model of therapy-related MLL-AF9 positive AML (Fig. 3J

and table S3).



Together, these results indicate that primary patient AML blasts and AML cell lines are
dependent on the enzymatic activity of VCP for survival and proliferation, both in vitro

and in vivo.

Inhibition of the nuclear function of VCP alters AML cell line viability through
impairment of DNA repair.

VCP is reported to have many functions in the cell, but the mechanism promoting the
exquisite dependency in AML was unclear. Previous studies demonstrated that VCP
inhibition triggers the endoplasmic reticulum (ER)-associated protein degradation
pathway, promotes accumulation of poly-ubiquitinated proteins and generation of
proteotoxic stress associated with activation of the unfolded protein response pathway
(24, 25). In contrast to these reports, neither NMS-873 treatment nor overexpression of
VCP DN induced accumulation of poly-ubiquitinated proteins (Fig. 4A and fig. S3A)
or promoted accumulation of the ER stress marker GRP78 (fig. S3B) at a concentration
of NMS-873 observed to impair viability in AML. Poly-ubiquitinated proteins start to
accumulate when AML cells are exposed to 5 uM (100-fold the 1C50) of NMS-873
(fig. S3C). Moreover, in the panel of 16 AML cell lines tested, sensitivity to NMS-873
did not correlate with sensitivity to bortezomib, a proteasome inhibitor (fig. S3D), and
VCP inhibition did not result in any marked changes in the caspase-, trypsin-, or
chymotrypsin-like enzymatic activities of the proteasome at concentrations altering

cellular viability (fig. S3E).

To further investigate the mechanism of action by which VCP inhibition may alter
AML growth, we exploited the fact that VCP is present in both the nucleus and

cytoplasm of AML cells in order to ask whether AML cell survival relies more on the



nuclear or the cytoplasmic pool of VCP. Therefore, we depleted endogenous VCP
concomitantly with overexpression of a codon optimized non shRNA targetable
exogenous VCP WT or VCP WT fused to a Nuclear Export Signal (NES), in the MV4-
11 AML cell line. We validated by subcellular fractionation that this NES mutant VCP
WT remained largely absent from the nucleus of MV4-11 AML cell lines (Fig. 4B). As
expected, VCP knockdown decreased cellular viability in the MVV4-11 AML cell line.
Although this effect was significantly abolished by codon optimized VCP WT
overexpression (p<0.0001), VCP WT NES failed to restore MV4-11 cell viability to
the same extent as its WT counterpart, thus suggesting an essential role for VCP in
nuclear signaling pathways in AML (Fig. 4C). To further support the nuclear
essentiality of VCP in AML, we fused a Nuclear Export Signal (NES) to the VCP DN
mutant to drive its constitutive export from the nucleus (Fig. 4D). Restricting VCP DN
localization to the cytoplasm abrogates its cytotoxic effects on these cells, therefore

arguing again for a role of the nuclear fraction of VCP in AML cells survival (Fig. 4E).

To investigate the nuclear functions of VCP in AML, we performed an unbiased mass
spectrometry-based characterization of the VCP interactome in the MV4-11 AML cell
line, one of the most sensitive cell lines to VCP inhibition. MV4-11 cells were infected
with either a V5-tagged VCP or an empty control vector before V5
immunoprecipitation and mass-spectrometry analysis. A total of 735 VCP protein
partners were identified (table S4). Two previously described critical VCP substrate
adapters, NPLOC4 and UFDLL, scored as top VCP interactors in our screen, thereby
acting as internal positive controls and validating our mass-spectrometry approach (fig.
S4A). The 92 top scoring hits (p-value < 0.05 and logz (FC) > 0.5) are represented in

the interactome network in Fig. 4F. We interrogated this list of top scoring hits with
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published, validated gene signatures for enrichment by pathway analysis (table S5) and
established that VCP interacts with 41 nuclear proteins markedly enriched among DNA
damage recognition and repair pathways (Fig. 4F and table S5). To better explore the
VCP interactome in an AML context, we compared our data with previously reported
VCP interactome data in HEK-293T cells (26). The overlap and differences between
both cellular contexts are highlighted in fig. S4, B and C and table S6. Eighty high
confidence VCP-interacting proteins were only identified in the MV4-11 AML cell line
(fig. S4C). Interestingly, this AML interactors were markedly enriched among DNA
repair and replication pathways in an unbiased enrichment overlapping analysis (fig.
S4D). In a similar enrichment analysis, VCP-interacting proteins only detected in the
HEK-293T cellular context were mainly enriched among mRNA processing and not

DNA repair pathways (fig. S4E).

Based on these results, we then assessed phosphorylation of the histone H2AX (termed
as YH2AX), which reflects accumulation of double-strand breaks (DSB) in DNA.
Inhibition of VCP using either NMS-873 treatment or VCP DN overexpression
increased YH2AX in MV4-11 and UT-7 AML cell lines as was observed in cells treated

with etoposide, a topoisomerase inhibitor that induces DSBs (Fig. 4,G and H).

Given that the two major DNA repair pathways in response to DSB are homologous
recombination (HR) and non-homologous end-joining (NHEJ), we then explored the
effects of VCP impairment on these pathways. We used two reporter systems to
evaluate induction of either HR or NHEJ in response to I-Scel overexpression. This
endonuclease creates a targeted DSB in an eGFP or CD4 reporter sequence. Successful

repair of the DSB by either HR or NHEJ results in the reconstitution of functional eGFP
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or CD4, which can be quantified using flow cytometry (Fig. 4, I and J). As expected,
we observed that pharmacological inhibition of the serine/threonine kinase ATM, a key
component of the HR repair pathway (27, 28), impaired HR-mediated DSB repair.
Inhibition of VCP with NMS-873 also led to an impairment of HR, whereas it did not

impair NHEJ, suggesting that VVCP plays an important role in HR DSB repair.

Taken together, these results suggest that VCP inhibition impedes the activation of HR
DNA repair pathways, thereby promoting DNA damage accumulation in leukemic

cells.

VCP inhibition impairs ATM phosphorylation and downstream signaling
resulting in increased sensitivity to DNA damaging agents.

Many key mammalian DNA damage response signaling pathways stem from activation
of the canonical serine/threonine kinase ATM (27, 28). Interestingly, we observed that
the pattern of sensitivity to pharmacological inhibition of this key genome guardian
using the ATM inhibitor KU-55933, in a panel of 16 AML cell lines (Fig. 5A) and 16
primary AML patient samples (Fig. 5B and table S3), was highly correlated with their
sensitivity to NMS-873 (Spearman score = 0.8 and 0.7 respectively). To evaluate the
impact of VCP impairment on the DNA damage signaling response, we used etoposide
to induce DSBs. We then evaluated the downstream DNA repair signaling cascade after
either genetic (VCP DN overexpression) or chemical inhibition of VCP. These
experiments were performed using short-term VCP impairment, to allow the evaluation
of early effects on DNA repair signaling, before high cellular DNA damage
accumulation. Consistent with our previous results, we established that VCP inhibition

blocked DSB-induced activation of ATM signaling (Fig. 5, C and D) and ATM’s well-
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reported protein substrates, BRCA1, SMC1 and KAP1 (Fig. 5E), suggesting that VCP
plays a central role in DNA damage sensing and repair in AML. Moreover, in line with
a role for VCP at the crosstalk between DNA damage response pathways and AML
growth, we established that VCP inhibition sensitizes AML cells to DNA damaging
agents, such as irradiation (Fig. 5, F and G) and the anthracycline doxorubicin (Fig. 5,

HandI).

Together, these results suggest that the anti-leukemic effect of VCP inhibition might
result from inefficient DNA damage recognition and repair. Therefore, these findings
nominate VCP inhibition as a potential therapeutic avenue to treat patients with AML
and support further preclinical studies to test it in combination with standard

chemotherapy regimens using anthracyclines.

CB-5339, a second-generation, potent and selective VCP small-molecule inhibitor
offers a promising therapeutic avenue for AML.

CB-5083 is a first-in-class ATP-competitive VCP inhibitor that was recently tested in
two phase | clinical trials in solid tumors and multiple myeloma (20, 21)
(NCT02243917, NCT0223598). The clinical development of this drug candidate was
halted due to an unexpected off-target inhibitory action on phosphodiesterase 6 (PDE6),
a key regulator of the retinal phototransduction cascade (29), thus resulting in
ophthalmological side effects. This finding is reminiscent of the vision disturbances
caused by PDES5 inhibitors, which were developed for the treatment of erectile

dysfunction and had cross-reactivity with PDE6 (30).
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In order to translate our findings into the clinic, a second-generation, highly selective
and potent ATP-competitive, oral, small molecule inhibitor of VCP, CB-5339, was
developed (Fig. 6A). CB-5339 is 15-fold less active on the human cone PDE6 (PDEGC)
in in vitro biochemical assays, and displays a 31-times lower Cmax in vivo in rat retina
compared to CB-5083, thus addressing the off-target limitations of the first-generation
compound (Fig. 6B). Importantly, CB-5339 retains the high on-target potency of CB-
5083 and displays a similar sensitivity profile across a panel of 138 cell lines (Fig. 6C).
To further characterize the molecular inhibition of VCP using this second-generation
drug candidate, the previously established HCT116 colon cancer CB-5083 resistant cell
lines were treated with either CB-5083 or CB-5339 (20). These resistant cell lines
harbor VCP mutations mainly located in or adjacent to the D2 ATPase domain of VCP.
Both compounds showed a comparable biochemical efficacy profile, thus arguing for a
similar molecular inhibitory mechanism, and retention of the on-target effect of the
first-generation compound on VCP (Fig. 6D). The efficacy of CB-5339 was then
assessed in our panel of 16 AML cell lines and was accordingly correlated to the first-
generation inhibitor CB-5083 (Fig. 6E). Importantly, CB-5339 efficacy was also
validated on a panel of 16 primary AML patient samples harboring diverse genetic
backgrounds (table S3). The median IC50 was 375 nM among these samples, thus

supporting the translational potential of CB-5339 (Fig. 6F).

To further validate our mechanistic hypothesis using the clinical candidate CB-5339,
we first studied its effects on polyubiquitin protein accumulation and the activation of
the unfolded protein response (UPR) in an AML context. CB-5339 treatment induced
dose-dependent polyubiquitin protein accumulation at concentrations > 0.4 uM (fig.

S5A). Similarly, the ER stress marker GRP78 accumulated at concentrations > 0.4 uM,
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while spliced XBP-1 and ATF-4 accumulated after treatment with CB-5339 at
concentrations > 1.6 pyM and 0.8 pM respectively (fig. S5B) arguing for a
concentration-dependent increase in proteotoxic stress. We also explored DNA damage
response signaling after CB-5339 treatement to evaluate whether CB-5339 also
impaired DNA repair at concentrations impacting cellular viability in AML (MV4-11
ICs0 = 0.18 uM). Importantly, CB-5339 treatment impaired ATM phosphorylation
upon etoposide DSBs induction (fig. S5C) and increased yH2AX accumulation at 0.2
MM (fig. S5D). Accordingly, CB-5339 also synergized with doxorubicin in the MV4-
11 AML cell line (fig. S5E). CB-5339 thus displays both a nuclear and a cytoplasmic
effect on AML cell lines. Lower concentrations impair DNA repair while higher
concentrations result in proteotoxic stress, with both potentially contributing to the
viability effect observed with CB-5339 treatment of AML cells. To further evaluate the
relative importance of each effect on AML cellular viability, we studied the pattern of
sensitivity of 16 AML cell lines to CB-5339 compared to either the proteasome
inhibitor bortezomib or the ATM inhibitor KU-55933. Cellular sensitivity to CB-5339
across this panel of AML cell lines was not correlated with bortezomib response while
it was strongly correlated with KU-55933 sensitivity (Spearman score = 0.67) (fig. S5,
F and G). These results are similar to those observed with the allosteric inhibitor of
VCP; NMS-873 and are in line with our rescue experiments arguing for a strong

dependency of AML on the nuclear function of VCP.

Compared to CB-5083, CB-5339 has a lower clearance in preclinical studies in multiple
species, thus providing for a higher bioavailability (fig. S6A). In order to confirm that
the highly conserved on-target activity of CB-5339 against VVCP translated into a

similar in vivo efficacy, we used a MLL-AF9 driven patient derived xenograft (PDX)
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AML mouse model. As observed with CB-5083, CB-5339 treatment resulted in
decreased bone marrow leukemic infiltration and prolonged mice survival (Fig. 6,G

and H).

Similar to the results obtained with this PDX model, CB-5339 treatment decreased
circulating leukemic cells and prolonged survival in the MLL-AF9 syngeneic mouse
model (Fig. 6, I and J). Moreover, CB-5339 synergized in vivo with standard of care
AML chemotherapy, a combination of an anthracycline and cytarabine. This triple
combination regimen resulted in decreased leukemia burden and prolonged mouse
survival compared to each regimen alone (Fig. 6, K and L). Importantly, CB-5339 was
well tolerated as evidenced by stable weight curves and absence of substantial

myelosuppression (fig. S6, B-E).

At time of disease relapse, no marked difference in disease burden or cell surface
myeloid differentiation markers were observed (fig. S6, F and G). Consistently,
differentiation markers were not substantially increased at time of initial disease burden
evaluation post-CB-5339 treatment (fig. S6H). These results suggest that CB-5339
does not induce phenotypic differentiation of myeloid leukemia cells and are in
agreement with our mechanistic model based on leukemic cell apoptosis rather than

cell differentiation.

Together, these data suggest that the nuclear function of VCP is critical for AML cell
survival and uncover a promising therapeutic avenue for the use of the second-
generation inhibitor, CB-5339, in combination with standard of care AML

chemotherapy regimens.
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Co-occurrence of RAS oncogene activation and TP53 deficiency is associated with
impaired response to VCP inhibition.

One fundamental step to accelerate the clinical translation of our findings relies on the
identification of the most or least responsive AML subgroups to VVCP inhibition. To
address this question, we first evaluated VCP mRNA expression based on the publicly
available Cancer Cell Line Encyclopedia (CCLE) database
(https://depmap.org/portal/download/; (31, 32)). No correlation was observed between
VCP expression and cancer cell line sensitivity to CB-5339 in our panel of AML cell
lines (12 available in CCLE) nor in our pan-cancer sensitivity screen (91 cell lines
available in CCLE) (Fig. 7, A and B). VCP is thus ubiquitously expressed with very
low variation among different cancer cellular contexts and does not explain the

differential sensitivity to VCP inhibition.

Because of the role of DNA repair impairment in the underlying mechanism of AML
growth blockade by VCP inhibition, we next evaluated both y-H2AX and pATM basal
expression using a quantitative flow cytometry approach in two sensitive and two
resistant AML cell lines. Neither of these DNA damage-related markers was correlated

with VCP sensitivity (Fig. 7, C and D).

To further assess for biomarkers of VCP sensitivity or resistance in AML, we then
analyzed the mutational profiles of the 16 AML cell lines screened for sensitivity to the
VCP inhibitor NMS-873 using the CCLE database
(https://depmap.org/portal/download/; (31, 32)). Because our initial screen was
performed in an MLL-driven mouse model, we first evaluated the impact of MLL

rearrangement on VCP dependency. The MLL status was not associated with increased
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sensitivity to NMS-873. No specific single mutation was associated with VCP

sensitivity nor with VCP resistance.

Given the poor prognosis of TP53 and RAS mutations in AML and their potential effect
on the DNA repair pathways, we then explored whether the combination of these
mutations was associated with resistance to VCP inhibition. We found that harboring
co-occurring activating mutations in one of the RAS family genes (KRAS or NRAS) and
deleterious mutations in the TP53 gene is associated with decreased response to VCP
inhibition (two tailed Fisher exact test odds ratio = 2.67, P-value = 0.002) (Fig. 7E and
table S7). Consistently, the top 4 sensitive cell lines EOL-1, MV4-11, U937 and UT-7
harbor at most a single splice site mutation for TP53 and no mutation for KRAS or
NRAS. KRAS/NRAS and TP53 mutational co-occurrence was associated with decreased

response to VCP inhibition using NMS-873, CB-5083 and CB-5339 (Fig. 7F).

Using the pan-cancer TCGA database (https://cancergenome.nih.gov/publications;
(33)), we observed that the frequency of TP53 and RAS mutations co-occurrence in
AML was among the lowest across the 33 TCGA cancer cohorts (Fig. 7G and table
S8), potentially generating a preferential VCP vulnerability in AML. This observation
was validated using recently developed functional classifiers allowing identification of

TP53 deficiency (34) and RAS activation (35) (Fig. 7H and table S8).

Together, this data suggests that co-occurrence of TP53 deficiency and RAS pathway

activation renders cancer cells less sensitive to VCP inhibition and highlights a useful

biomarker that could inform future clinical trials.
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DISCUSSION

Our studies revealed a strong dependency of AML on the multifunctional AAA-
ATPase VCP. VCP recently has been reported to play a role in solid tumors and
multiple myeloma progression through regulation of protein homeostasis and ER stress
(20, 22, 36). In contrast to these prior studies focused on the role of VCP in proteotoxic
stress, our data provide evidence that impairing this multifunctional AAA-ATPase in

an AML context also targets another key cancer hallmark: genomic instability (5, 37).

Previous studies have determined that the yeast homolog of VCP - Cdc48 - and
VCP play a key role in regulation of DNA damage tolerance and repair pathways (38-
41). VCP has been implicated in extracting proteins, such as trapped Ku70/80 rings and
the CMG (Cdc45, MCM2-7, and GINS) replicative helicase from chromatin, to
maintain genome stability (42-47). Here, we demonstrate that VCP inhibition plays a
key upstream function in DNA repair in an AML context, through the impairment of
the canonical DNA repair kinase ATM. Using mass spectrometry-based interactome
analysis, we highlighted the broad role of VCP in AML as a key interactor at the
crosstalk of many nuclear signaling cascades, including DNA repair, synthesis and

replication.

Emerging evidence suggests that targeting non-oncogene addictions, such as
stress response pathways (5, 6), represents a promising cancer therapy. Among these
cancer cell vulnerabilities, targeting DNA damage tolerance and repair pathways has
emerged as a valuable therapeutic avenue. Indeed, the success of Poly(ADP-ribose)
polymerase inhibitors in the treatment of cancers deficient for homologous

recombination, such as BRCA1-2 deficient ovarian and breast cancers, prompted
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researchers to develop and test new therapeutic strategies to target the DNA damage
response (DDR) in cancer (48). In AML, despite the fact that germ-line mutations in
DDR genes are very rare, recent reports demonstrate that defective DDR can result
from replication and oxidative stress, gene polymorphisms and transcriptional
deregulation of key DDR players (49, 50). For example, mutations in IDH1 have been
reported to downregulate the DNA damage sensor ATM by altering histone
methylation, leading to impaired DNA repair and increased sensitivity to DNA damage
(51). Recent studies established that pharmacological inhibition of the two
serine/threonine kinases ATR and ATM represent potential therapeutic strategies for
the treatment of AML, especially MLL-driven leukemias (52). Our own results, using
genetic and pharmacological tools in primary AML patient samples and cell lines, and
in syngeneic and xenografted AML mouse models, uncovered a strong dependency of
AML on the nuclear function of the AAA-ATPase VCP through its regulation of ATM
kinase signaling and subsequent DNA repair. VCP inhibition thus represents another
approach to inhibiting DNA damage repair in AML. Although complete Vcp knockout
(KO) is embryonic lethal in mice (53), Vcp heterozygous KO is notably viable and no
specific dysfunctional phenotype has been reported (53), suggesting a dosage effect,
and offering a therapeutic window for the selective targeting of cancer cells particularly
addicted to VCP-driven cellular processes. Given the heightened sensitivity of AML
cells to VCP inhibition, we hypothesize that impairment of DNA repair through VCP
inhibition could offer a therapeutic window to selectively target AML cells while
sparing normal tissues. In line with this hypothesis, CB-5083 and CB-5339 treatments
did not markedly alter normal peripheral blood counts and weight curves in C57/BL6
mice. Accordingly, CB-5083 was not myelosuppressive in the recently conducted

phase I clinical trial (NCT02243917).
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The rewiring of DNA repair pathways by cancer cells plays an important role
both in disease progression and response to chemotherapy (49). On one hand, the
impairment of DDR can be beneficial to cancer cells in the initial steps of tumorigenesis
and in tumor evolution, leading to the DNA DSBs responsible for genomic
rearrangements and accumulation of somatic driver and passenger mutations (54). On
the other hand, these features can be detrimental to cancer cells exposed to
chemotherapeutic drugs, which interfere with DNA replication and cause DNA damage
themselves, and render cells vulnerable to damage as they progress through the S-phase
of the cell cycle (55, 56). Compromised DDR can thus both promote cancer
development and influence cancer cell response to chemotherapy. While the molecular
basis of the DNA damage and DNA repair coordination that enables a tolerable
mutational burden in cancer cells is only partially understood, DNA-damaging agents,
such as chemotherapy or radiation, are widely used in the clinic and tend to exploit the
inability of cancer cells to correctly repair DNA. DDR upregulation can provide cancer
cells with escape mechanisms and explain the chemotherapy resistance of some cancer
subtypes. For instance, high expression of the DNA replication checkpoint gene
CHEKZ1 in AML cells was associated with an increased risk of relapse and poor survival
in a cohort of patients with AML who had received first-line cytarabine and
anthracycline chemotherapy (57). Thus, the combination of standard AML
chemotherapy with inhibitors of DNA damage repair, such as VCP inhibitors, is a
therapeutic strategy of interest. Our data suggests that targeting the DNA damage
response through VCP inhibition might also sensitize AML cells to DNA damaging
agents, such as anthracyclines and cytarabine, currently used as frontline therapy in
AML (58). Such a synergistic combination strategy should thus simultaneously help to

avoid compensatory pathways activated in response to either chemotherapy regimens
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alone or single agent VCP inhibitors. Additionally, a better understanding of the role
of VCP in DDR may implicate synthetic lethal mechanisms in diverse cancers

dependent on specific DDR defects.

To more effectively target cancer cells vulnerability to DNA damage, one of the
major current translational challenges is the identification of biomarkers predicting
response to DNA repair pathway-targeted cancer therapy. Our data demonstrated that
the sensitivity to VCP inhibitors varies across and within a tumor type. In our study,
we did not identify any specific mutational susceptibility to VCP impairment,
suggesting that VCP dependency relies on a broader DDR-mediated vulnerability.
However, we did observe a strong correlation of co-occuring RAS and TP53 mutations
with resistance to VCP inhibition. RAS/MAPK pathway mutations leading to an
oncogenic proliferative signal are frequently observed in myeloid neoplasms. These
activating mutations induce oncogenic replicative stress and can result in DDR
pathways activation and modulation (59-61). For example, it has been recently reported
that KRAS mutated leukemic cells rely on the error prone alt-NHEJ pathway to repair
their DNA and present a delayed DSB resolution (62). TP53 inactivating mutations are
mainly reported in secondary myeloid malignancies and result in delayed DNA DSB
resolution and a better DNA damage tolerability (63). Oncogenic RAS activates a TP53
dependent DNA damage response and checkpoints resulting in cellular senescence
(64). TP53 deficiency could thus cooperate with RAS through overcoming TP53-
mediated senescence in order to promote tumorigenesis (65, 66). Taken together, this
data suggests that such a double mutated context results in a modulated DDR and a
better DNA damage tolerability potentially explaining resistance to VCP inhibition.

Association of both TP53 and RAS mutations is only described in a small number of
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patients with AML (0.6 to 3.1%) (66) suggesting that a large majority of patients with
AML may benefit from VCP inhibition. Our findings could thus inform future VCP
inhibitor clinical trials by excluding patients harboring both TP53 and RAS pathway

mutations.

Translating preclinical studies into the clinic is challenging and relies on the
ability to develop tractable drug candidates (67). Many small molecule inhibitors have
been reported to target the AAA-ATPase VCP (20, 21, 68-70). Among these, the most
selective reported to date are two mechanistically divergent small molecules: NMS-873
and CB-5083. NMS-873 is a highly selective allosteric inhibitor that lacks appropriate
pharmacological and bioavailability properties and thus is not expected to move
forward into clinical trials (22). CB-5083 is an ATP-competitive, highly selective VCP
inhibitor that has been recently tested into a phase I clinical trial in solid tumors, based
on promising preclinical data (21) (NCT02243917). This small molecule’s drug
development journey was unfortunately curtailed by an unanticipated off-target
ophthalmological toxicity. A comprehensive set of biochemical studies pointed to a
PDEG6 inhibitory off-target action as responsible for this side effect. Strongly
encouraged by our preclinical data in AML, a second-generation VCP inhibitor, CB-
5339, was characterized for advancement into clinical studies. We report here the
structure and biochemical properties of CB-5339, the lead drug candidate for future
clinical trials. Beyond the dissection of the PDE6 off-target effect, CB-5339 drug
development will also benefit from the lessons learned from the CB-5083 previous
phase | trial. The current study offers an opportunity to repurpose this unique class of
VCP inhibitors, potentially at a lower dose, for AML, a disease highly dependent on

VCP and with a strong unmet clinical need. Moreover, future studies will evaluate CB-
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5339’s therapeutic potential in solid tumors and neurodegenerative disorders where

VCP represents a promising therapeutic target (36, 71).

Limitations of our study include a potentially narrow therapeutic window given
the essential and ubiquitous role of VCP in various biological processes. Careful
pharmacokinetic and pharmacodynamic studies will be needed to account for inter-
individual variability and ensure exposure to an effective and non-toxic dose of CB-
5339. Additionaly, redundance in the DNA repair pathways may be responsible for
resistance mechanisms that will need to be carefully monitored and mechanistically

dissected during future clinical trials.

In conclusion, we identified and validated VVCP as a therapeutic target in AML
using multiple in vivo and in vitro models. Dissecting the molecular mechanisms
underpinning this dependency in AML led us to the identification of a nuclear DNA
repair function of VCP in leukemia, thereby providing a therapeutic avenue for AML.
Our findings thus provide the preclinical and physiopathological basis for the CB-5339
AML phase | clinical trial as a single agent and in combination with standard of care

AML chemotherapy regimens.
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MATERIALS AND METHODS

Experimental design

This study sought to identify stress-related AML dependencies and validate the use of
a second-generation clinical candidate VCP inhibitor as a targeted therapy in AML. An
in vivo pooled shRNA screen pointed to the ATPase VCP as an exquisite dependency
in AML. Biochemical and functional studies, in murine models, human AML cell lines,
and primary patient AML samples, using genetic and chemical tools, were developed
to validate the critical role of this ATPase in leukemia. A mass spectrometry-based
analysis of the VCP interactome, combined with phospho-signaling studies revealed
the essential role of VCP’s involvement in DNA replication, damage recognition and
repair pathways for leukemic cells survival. To further translate these results to the
clinic, a selective ATP-competitive VCP inhibitor was identified. Effects of first-
generation (CB-5083) and second-generation (CB-5339) VCP inhibitors in AML were
studied in vitro in AML cell lines and primary patient AML samples and in vivo in
human cell line or patient-derived orthotopic xenograft and syngeneic mouse models.
Sample size was chosen in light of the fact that these in vivo models were historically
highly penetrant, aggressive, and consistent. Blinded observers visually inspected mice
for obvious signs of illness, such as loss of appetite, hunched posture, and lethargy.
Mice were randomly assigned to each treatment group. The number of experimental
replicates is specified in each figure legend.

Statistical analysis

Statistical analysis was performed using PRISM 8.0.1 (GraphPad), or the indicated
software for more dedicated analysis. Data were analyzed using a nonparametric Mann-
Whitney test (with the assumption of no Gaussian distribution of the group) unless

otherwise specified, and the threshold of significance (o) was always set at 0.05.
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