
Translational Oncology 13 (2020) 100780

F

Contents lists available at ScienceDirect

Translational Oncology

j ourna l homepage: www.e lsev ie r .com/ locate / t ranon
The Novel Phospholipid Mimetic KPC34 Is Highly Active Against Acute
Myeloid Leukemia with Activated Protein Kinase C☆
Peter M. Alexander a, Gregory L. Kucera a,b, Kristin M. Pladna a, Timothy S. Pardee a,b,⁎

a Internal Medicine, Section on Hematology and Oncology, Wake Forest Baptist Health, Winston-Salem, NC
b Cancer Biology, Comprehensive Cancer Center of Wake Forest University, Winston-Salem, NC
☆ Scientific Category:Small Molecule Therapeutics
⁎ Address all correspondence to: Timothy S. Pardee, Comp
orest University, Medical Center Blvd, Winston-Salem, NC, 2

E-mail address: tspardee@wakehealth.edu. (T.S. Pardee).

http://dx.doi.org/10.1016/j.tranon.2020.100780
1936-5233/© 2020 The Authors. Published by Else
creativecommons.org/licenses/by-nc-nd/4.0/).
A B S T R A C T
A R T I C L E I N F O
Article history:
Received 10 January 2020
Accepted 6 April 2020
Available online xxxx
Acute myeloid leukemia (AML) is an aggressive malignancy with poor outcomes. Nucleoside analogs are subject to re-
sistance mechanisms including downregulation of equilibrative nucleoside transporter (ENT1) and deoxycytidine ki-
nase (dCK). KPC34 is a novel phospholipid mimetic that when cleaved by phospholipase C (PLC) liberates
gemcitabine monophosphate and a diacylglycerol mimetic that inhibits the classical isoforms of protein kinase C
(PKC). KPC34 acts independently of ENT1 and dCK. KPC34 was active against all AML cell lines tested with IC50s in
the nanomolar range. Enforced expression of PLC increased response to KPC34 in vivo. In an orthotopic, xenograft
model, KPC34 treatment resulted in a significant increase in survival compared to control animals and those treated
with high-dose cytarabine. In a PDX model with activated PKC, there was a significant survival benefit with KPC34,
and at progression, there was attenuation of PKC activation in the resistant cells. In contrast, KPC34 was ineffective
against a syngeneic, orthotopic AMLmodel without activated PKC. However, when cells from that model were forced
to express PKC, therewere significantly increased sensitivity in vitro and survival benefit in vivo. These data suggest that
KPC34 is active against AML and that the presence of activated PKC can be a predictive biomarker.

© 2020 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Acutemyeloid leukemia (AML) is characterized by resistance to therapy
and poor outcomes. AML is an aggressivemalignancy that leads to the accu-
mulation of immature myeloid precursors, resulting in progressive marrow
failure and death [1]. It affects approximately 20,000 people per year in the
United States, and despite decades of research, the overall 5-year survival
remains a disappointing 27% [2–4]. Standard treatment is intensive induc-
tion chemotherapy followed by consolidation using chemotherapy or a
stem cell transplant [2]. Most patients achieve a complete, but transient,
remission. Once AML has relapsed, 1-year survival is estimated at 26%
and 5-year survival at 11% [5]. This is secondary to increased resistance
with salvage remission rates less than 50% [6]. There have been several
new FDA approvals for the treatment of AML in the last several years.
These include targeted agents like gilteritinib, enasidinib, and ivosidinib
[7–9]. These agents have complete remission rates in the 20% range,
have median survivals of less than a year, and are only active in patients
that harbor specific mutations [7–9]. There remains a need for additional
therapies that circumvent common resistance mechanisms.
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Nucleoside analogs are important treatments in AML. Cytarabine,
azacytidine, and decitabine are cytidine analogs that are central in the treat-
ment of AML [10–13]. They are hydrophilic molecules that gain entry into
cells mainly by facilitated diffusion via the human ENT1 protein [14]. As a
result, downregulation of ENT1 leads to cytarabine resistance in vitro and in
patients [15,16]. Once inside the cell, cytidine analogs must be phosphory-
lated by the rate-limiting enzyme deoxycytidine kinase (dCK), and levels of
dCK are prognostic in AML [17] and can alter sensitivity to these agents
[18,19].

Protein kinase C (PKC) is a novel target in AML. PKC is a family of at
least 12 related proteins with diverse cellular functions whose dysregula-
tion has been implicated in oncogenesis (reviewed by Griner et al. [20]).
The classic members (PKCα, β1, β2, and γ) require calcium and diacylglyc-
erol (DAG) for activity. Theα and β familymembers are highly expressed in
many AML cell lines and patient samples, and targeting these kinases is cy-
totoxic [21,22]. PKC isoforms have also been implicated in resistance to
DNA damaging agents, including cytarabine in AML cells [23,24]. This is
thought to occur via phosphorylation and activation of the antiapoptotic
protein BCL-2. Active PKCα and BCL-2 phosphorylation is also associated
with a poor prognosis in AML [25].

KPC34 is a novel gemcitabine phospholipid conjugate (Supplemental
Figure 1) previously shown to have activity in cytarabine-resistant acute
lymphoblastic leukemia models [26]. It is orally bioavailable, crosses the
blood brain barrier, does not require ENT1 for cellular uptake, and is not
ress, Inc. This is an open access article under the CC BY-NC-ND license (http://
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Table 1
Cell Line IC50 Values

Cell Line Properties IC50, nM (95% CI)

HL60 Human promyelocytic leukemia, p53−, myc+ 144.9 (85.0-247.0)
MFL2 Murine MLL-ENL AML, FLT3 ITD+ 54.36 (18.83-157.0)
KG1a Human AML, CD34+, MDR+ 195.8 (163.5-234.4)
OCI-AML3 Human AML, mutated NPM1 and DNMT3A 22.44 (17.94-28.07)
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a substrate for the MDR-1 efflux pump [26,27]. Once acted on by phospho-
lipase C (PLC), it is converted to gemcitabine monophosphate and an
amide-containing DAG mimetic that inhibits the classical forms of PKC in-
cluding the α and β family members. Conversion of the prodrug to the
monophosphate form of gemcitabine bypasses the need for dCK. This
study reports the preclinical activity of KPC34 against preclinical AML
models.

Materials and Methods

Reagents

KPC34was synthesized as previously published in [27]. Cytarabine was
purchased from NOVAPLUS (New York, NY); gemcitabine was purchased
from Millipore-Sigma (St. Louis, MO). For animal studies, all chemothera-
peutic agents were dissolved in saline prior to treatment.

Cell Culture

The mouse leukemia cell lines MFL2 and MR2were maintained in 45%
DMEM, 45% IMDM, and 10% FBS supplemented with iL3, iL6, SCF, L-
glutamine, penicillin, and streptomycin (stem cell media). The human leu-
kemia cell lines OCI-AML3, HL60, and K562 were maintained in RPMI
media (Gibco, Carlsbad, CA) supplemented with 10% FBS, penicillin, and
streptomycin. OCI-AML3 cells were luciferase tagged by lentiviral infection
with a luciferase-expressing vector by the Cell Virus and Vector Laboratory
and subjected to clonal derivation by limiting dilution.

PKCα and PLCγ2 Overexpression

MFL2 cells were grown in stem cell media at 37°C with 5% CO2 as in
Pardee et al. [28]. OCI-AML3 and HL60 cells were grown in RPMI media
at 37°C with 5% CO2. Cells were infected with the nuclease dead Cas9
VP64 fusion-expressing vector pMSCV-LTR-dCAS9-VP64-BFP (a gift from
StanleyQi& JonathanWeissman, Addgene plasmid# 46912), and infected
cells were selected with puromycin. Resistant cells were then transfected
with sgRNA-expressing vector LRG Lenti_sgRNA_EFS_GFP (a gift from
Christopher Vakoc, Addgene plasmid # 65656) tagged with GFP targeting
either PKCα or PLCγ2. Overexpression was confirmed by Western blot.

Patient Samples

All patient samples were collected during routine clinical care under a
protocol approved by the Wake Forest School of Medicine Institutional Re-
view Board. All patients provided written informed consent. Mononuclear
cells from bonemarrow biopsies or peripheral bloodwere isolated by Ficoll
gradient separation and stored at −80°C until use.

Cell Viability

Viability assays were performed in 96-well plates using the Cell Titer-
Glo assay (Promega,Madison,WI) according to themanufacturer's protocol
after 72-hour exposure to indicated drug concentration. Murine cell lines
were plated at 50,000 cells/ml and human cell lines were plated at
100,000 cells/ml prior to drug exposure. Both types of cells were plated
at 100-μl volume in triplicate for each treatment group.

Flow Cytometry Assays

Cells were seeded in 24-well plates at 100,000 cells/ml in 0.5ml, grown
for 2 days, and treated with drug for 48 hours. After centrifugation and
washing in cold PBS, cells were stained with propidium iodide (PI)
(Sigma Aldrich, St. Louis, MO) and allophycocyanin-conjugated Annexin
V in a binding buffer [0.1 M Hepes (pH 7.4), 0.14 M NaCl, and 25 mM
CaCl2 solution] (BD Pharmingen, San Jose, CA) according to the manufac-
turer's protocol. Flow cytometric analysis was conducted on an Accuri C6
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cytometer (BD Pharmingen, San Jose, CA) with the FCS Express software
(De Novo Software, Los Angeles, CA).

Western Blotting

Cells were lysed in Laemmli buffer (1.6 ml 10% SDS, 500 μl 1 M Tris-
HCl [pH 6.8], 800 μl glycerol, 400 μl 2-mercaptoethanol, 4.7 ml H2O),
and samples separated by SDS-PAGE before transfer to an Immobilon
polyvinylidene difluoride membrane (Millipore, Billerica, MA). Primary
antibodies against caspase 3 (#9662 Cell Signaling, Beverly, MA), actin
(AC-15, 1:10,000; Abcam, Cambridge, MA), and phospho-PKC α/βII
(Thr638/641) (#9375, 1:1000; Cell Signaling, Beverly, MA) and a second-
ary antibody anti-mouse (#7076, 1:5000; Cell Signaling, Beverly, MA) or
anti-rabbit (#7074, 1:5000; Cell Signaling, Beverly, MA) were used.

Mice

The Comprehensive Cancer Center of Wake Forest University Institu-
tional Animal Care and Use Committee approved all mouse experiments.
Luciferase-tagged OCI-AML3 leukemia cells were transplanted into 6- to 8-
week-old recipient NSG or C57Bl/6 mice by tail vein injection of 1 × 106

viable cells. Mice were monitored by bioluminescent imaging using an
IVIS100 imaging system (Caliper LifeSciences, Hopkinton, MA). Mice were
injected with 150 mg/kg D-luciferin (Gold Biotechnology, St. Louis, MO),
anesthetized with isoflurane, and imaged for 2 minutes. Chemotherapy was
initiated upon clear detection of signal. Mice were randomly assigned to
treatment groups and treated as described. For the duration of treatment,
drinkingwaterwas supplementedwith 1mg/ml neomycin. Animalswere eu-
thanized upon onset of hind limb paralysis, hunched posture, or difficulty
breathing.

Statistical Analysis

Groups of three or more were analyzed using a one-way analysis of var-
iance. All means were compared by a Student's two-tailed t test. The in vivo
survival graphs were generated with the Kaplan-Meier method, with P
values determined by the log-rank test. Multiple measures were analyzed
using a two-way analysis of variance. All analyses were performed using
GraphPad Prism Version 6.05 (GraphPad Software). A P value ≤ .05 was
considered to be significant.

Results

KPC34 Is Highly Active Against AML Cell Lines In Vitro

In order to determine if KPC34 has activity against preclinical models of
AML, its activity was tested against several human and murine AML cell
lines. HL60, MFL2, KG1a, and OCI-AML 3 cells were incubated with
increasing amounts of KPC34 for 72 hours, and then viability was assessed.
The IC50 values of KPC34 ranged from 22 to 195 nM (Table 1). Previously,
KPC34 has been shown to induce apoptosis in acute lymphoblastic leuke-
mia (ALL) cells [26]. In order to determine if apoptosis was being induced,
HL60 cells were incubatedwith KPC34 for 48 hours and stainedwith PI and
Annexin V, and viable cells were assessed by flow cytometry. Consistent
with the results in ALL cell lines, KPC34 exposure resulted in a dose-depen-
dent increase of PI and Annexin V–positive cells (Figure 1, A and B). This
was confirmed by treating HL60 cells with KPC34 for 72 hours andWestern



Figure 1.KPC34 induces apoptosis in AML cells. (A) Flow cytometry of PI andAnnexin V assay. HL60 cells were treatedwith the indicated amount of KPC34 for 48 hours and
then labeled with Annexin V and PI. Representative dot plots are shown. (B) Quantification of apoptosis induction. Mean percentage of dual-negative cells from three
independent experiments is shown. ** = P value of .0015 (C) Western blot analyses of apoptotic induction. HL60 cells were treated with increasing amounts of KPC34
(0, 75, 150, and 225 nM) for 48 hours and blotted for caspase 3. Arrow denotes cleaved caspase 3. Actin was used as a loading control.
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blotting for cleaved caspase 3. There was a dose-dependent increase in
cleaved caspase 3, further supporting an apoptotic response to treatment
with KPC34 (Figure 1C). These data demonstrate that KPC34 efficiently in-
duces apoptosis in AML cell lines with nanomolar concentrations.

PLC Expression Induces Sensitivity to KPC34

KPC34 is predicted to be cleaved by PLC into its two active metabolites:
gemcitabine monophosphate and a DAG mimetic. If this is the case in vivo,
then AML cells with higher expression of PLC should bemore responsive to
KPC34. In order to assess this, MLF2 cells with catalytically dead Cas9 fused
to the transcriptional activator VP64 were infected with vectors expressing
sgRNAs targeting either the safe harbor locus ROSA26 or PLCγ2. Clones
with increased PLC expression were identified (Figure 2A). ROSA26- or
PLC-expressing cells (1 × 106) were then tail vein injected into syngeneic
C57Bl/6 mice. Animals were monitored for engraftment and then treated
with saline or KPC34 and followed for survival. KPC34 treatment did not re-
sult in a significant survival advantage for ROSA26 sgRNA cells. In contrast,
there was a significant increase in survival when animals with PLC sgRNA
cells were treated with KPC34 (Figure 2B). To extend and confirm this re-
sult, a human AML model, HL60 cells expressing a Cas9-VP64 fusion, was
infected with vectors expressing sgRNAs targeting either PLCγ2 or a control
nontargeting sgRNA. Control or PLC-expressing cells (1 × 106) were then
tail vein injected into NSG mice. KPC34 treatment resulted in a median
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survival of 31 days for mice injected with control sgRNA cells compared
to 34 days for mice with PLC sgRNA cells (P = .0224, Supplemental
Figure 2B). These data support the role of PLC in activating KPC34
in vivo.

KPC34 Inhibits PKC In Vitro and Is Active Against AML In Vivo

After being activated by PLC, KPC34 is converted into gemcitabine
monophosphate and an amide-containing diacylglycerol mimetic
shown to inhibit PKC in ALL [26]. The classical isoforms of PKC are
autophosphorylated upon activation. To determine if KPC34 would in-
hibit the activation of PKCα and β, OCI-AML3 cells were incubated
with KPC34 for 4 hours, harvested, and subjected to Western blotting
with an antibody specific for the phosphorylated form of PKC. KPC34 in-
cubation resulted in a time-dependent loss of PKC phosphorylation con-
sistent with its inhibition (Figure 3A). These data demonstrate that
KPC34 can inhibit PKC in AML cells. In order to determine if this
would result in antileukemic activity in vivo, luciferase-expressing
OCI-AML3 cells were tail vein injected into sublethally irradiated NSG
recipients. Upon engraftment, mice were treated with saline (control),
cytarabine (Ara-C) intraperitoneally (IP) at 50 mg/kg (the maximally
tolerated dose), or KPC34 (KPC) orally at 10 mg/kg once daily for
4 days. After completion of treatment, mice were followed for survival.
Treatment with KPC34 resulted in a highly significant increase in

Image of Figure 1


Figure 2. PLC-expressing AML is more sensitive to KPC34 in vivo. (A) Cas9-VP64 expressing murine AML cell line MFL2was infected with virus expressing sgRNAs targeting
PLCγ2 or the control safe harbor locus ROSA26 were blotted for PLC expression. (B+ C) Syngeneic C57Bl/6 mice were injected with 1× 106 cells. Upon engraftment, mice
were treated with saline (PBS) or 20 mg/kg KPC34 (KPC34) and followed for survival. P value from log-rank test.
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survival when compared to controls and cytarabine (Figure 3B). Treat-
ment with cytarabine at the maximally tolerated dose only provided a
2-day increase in median survival. In contrast, KPC34 treatment re-
sulted in a median survival of 44.5 days (P = .0007). Since AML is
treated with repeated courses of chemotherapy, NSG animals were
injected with OCI-AML3 cells and subjected to the same initial course
of four daily treatments of KPC34 followed by two additional treatments
administered weekly until criteria for euthanasia were met. Doses were
held if animals showed signs of toxicity or weight loss of 10% total body
weight or more. Animals treated with the repeat dosing regimen had a
highly significant increase in overall survival compared to control-
treated and single-course KPC34-treated animals with a median survival
of 78.5 days (P = .0001, Figure 3C). These data demonstrate that
KPC34 is highly active against an orthotopic model of AML with acti-
vated PKC and that repeat dosing is both well tolerated and provides a
significant increase in survival.
Activated Protein Kinase Is Detectable in a Subset of AML Patient Samples and
Cell Lines

Previous reports have demonstrated that the classic isoforms of PKC are
highly expressed in human AML samples [22,29]; however, what percent-
age of AML samples and cell lines has activated PKC is less well known.
To address this, patient samples and several myeloid leukemia cell lines
were subjected to Western blotting for phosphorylated PKC α and βII
using the commercially available antibody. See Table 2 for patient charac-
teristics. Of the eight patient samples analyzed, five had detectable phos-
phorylated PKC albeit at highly variable levels (Figure 4A). Cell lines
likewise displayed variable expression of phosphorylated PKC, with OCI-
AML3, K562, and HL60 having detectable pPKC, while the murine lines
MFL2 and MR2 did not (Figure 4B). Phosphorylated PKC levels for most
samples mirrored total PKCα levels, suggesting that this isoform is mainly
responsible for the detectable activated PKC. These data demonstrate that
activated PKC is detectable in a subset of AML patient samples and cell
lines.
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KPC34 Treatment Selects for Cells with Reduced PKC in a PDX Model

To further establish the efficacy of KPC34 in AML, a PDXmodel derived
from a 56-year-old female with therapy-related AML in second relapse was
tested for response to KPC34. This model was chosen as it displayed readily
detectable phosphorylated PKC. NSG mice were sublethally irradiated and
injectedwith 1×106 cells.When human CD33+cells were detected in pe-
ripheral blood, treatment with either saline (control) or KPC34 at 10mg/kg
once daily for 4 days followed by twice weekly was initiated. KPC34 treat-
ment resulted in a significant survival benefit despite the small number of
animals treated (P= .0389, Figure 5A). When moribund animals were eu-
thanized, bone marrow cells were harvested and subjected toWestern blot-
ting for phosphorylated PKC. Both control-treated animals displayed
similar levels of phosphorylated PKC, while all KPC34-treated animals
had lower levels of phosphorylated PKC consistent with selection against
high levels of activated PKC in the KPC34-resistant cells (Figure 5B).

KPC34 Activity Is Affected by Levels of Activated PKC

To determine if detectable levels of phosphorylated PKC were associ-
ated with response to KPC34, C57bl/6 mice were sublethally irradiated
and injected with the murine AML cell line MFL2. This line was chosen as
it displayed minimal levels of phosphorylated PKC (Figure 4B). Upon con-
firmation of engraftment by luciferase imaging, animals were treated
with either saline (control) or KPC34 at 20 mg/kg once daily for 4 days.
Treatment with KPC34 was not effective against MFL2-injected animals
(Figure 5C), consistent with activated PKC playing a role in response to
KPC34 in vivo. In order to further support this conclusion, MFL2 cells ex-
pressing Cas9-VP64 were infected with vectors that expressed an sgRNA
targeting PKCα or the safe harbor locus Rosa26. A dramatic increase in
phosphorylated PKC was detected in the PKCα-targeted cells compared to
controls (Figure 5D).When tested against KPC34, there was a significant in-
crease in sensitivity for PKC-expressing cells compared to Rosa26 controls
(Figure 5E). To further expand this result, the PKC-expressing cells were
then tail vein injected into sublethally irradiated C57bl/6 mice. Upon con-
firmation of engraftment by luciferase imaging, animals were treated with

Image of Figure 2


Figure 3. KPC34 is active in vivo against an orthotopic model of AML expressing
phosphorylated PKC. (A) KPC34 inhibits PKC phosphorylation. Western blots of
phosphorylated PKCα and βII. OCI-AML3 cells were treated with 200 nM KPC34
for the indicated time and were blotted with an antibody that recognizes
phosphorylated PKCα and PKCβII (p-PKC). Actin was used a loading control.
(B) Kaplan-Meier curves for transgenic NSG mice tail vein injected with OCI-
AML3 cells and treated with saline (control) or KPC34 at 10 mg/kg per os (PO) or
cytarabine at 50 mg/kg IP once daily for 4 days. (C) Kaplan-Meier curves for
transgenic NSG mice tail vein injected with OCI-AML3 cells and treated with
saline (control) or KPC34 at 10 mg/kg PO once daily for 4 days followed by
2 days every week until moribund.

Table 2
Patient Sample Characteristics

ID # Age Gender Diagnosis

16 65 F AML, initial diagnosis
17 66 M AML, initial diagnosis
18 59 F AML, initial diagnosis
19 33 F AML, initial diagnosis
24 53 M AML, initial diagnosis
25 89 F AML, initial diagnosis
26 59 F AML, initial diagnosis
27 69 M AML, initial diagnosis
210 56 F AML, second relapse

ITD, internal tandem duplication; ND, not determined.

Figure 4. A subset of AML patients and cell lines expresses detectable
phosphorylated PKC. (A) AML cells from patient samples were subjected to
Western blotting with an antibody that recognizes phosphorylated PKCα and
PKCβII (pPKC). Actin was used a loading control. (B) HL60, K562, MFL2, MR2,
and OCI-AML3 cells were harvested and subjected to Western blotting with an
antibody that recognizes phosphorylated PKCα/βII (pPKC) as well as total PKCα
(PKCa). Actin was used a loading control.
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either saline (control) or KPC34 at 20 mg/kg once daily for 4 days. In con-
trast to the parental line, KPC34 treatment resulted in a significant increase
in survival (Figure 5F). These data suggest that phosphorylated PKC has
utility as a predictivemarker for AML cells most likely to respond to KPC34.

Discussion

AML is an aggressivemalignancy that is characterized by relapse and re-
sistance to therapy. The outcomes in relapsed AML are extremely poor, and
novel therapies are desperately needed.

Recently, the FDA approved the combination of the hypomethylating
agent decitabine or azacytidine and the BCL-2 inhibitor venetoclax based
on encouraging clinical efficacy in older AML patients [11].While this ther-
apy provided an impressive response rate and median survival of
Source Karyotype FLT3 Status

Leukapheresis 47XX, +8, iso13 ND
Leukapheresis 46XY, del 6q FLT3 ITD
Leukapheresis 46XX, inv16 ND
Leukapheresis 45XX, del 7, inv3 ND
Leukapheresis 46XY FLT3 ITD
Leukapheresis 47,XX,der(4) add(4)(p16.1), +8 ND
Leukapheresis 46XX ND
Leukapheresis 46XY FLT3 ITD
Bone marrow 46,XX,t(3;12)(q26;p13) [3] ND

Image of &INS id=
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Figure 5. KPC34 activity is modulated by PKC status. (A) KPC34 is active in vivo against a PDX model of AML expressing phosphorylated PKC. Kaplan-Meier curves for
transgenic NSG mice tail vein injected with CD34 selected cells from patient sample #210 and treated with saline (control) or KPC34 at 10 mg/kg PO once daily for
4 days followed by 2 days every week until moribund. (B) KPC34-resistant cells have decreased activated PKC. Cell lysates from harvested bone marrow of moribund
mice treated in A were subjected to Western blotting with an antibody that recognizes phosphorylated PKCα and PKCβII (pPKC). Actin was used a loading control. PKC
phosphorylation status correlates with response to KPC34. (C) Kaplan-Meier curves for C57Bl/6 mice tail vein injected with MFL2 cells and treated with saline (control)
or KPC34 at 20 mg/kg PO once daily for 4 days. (D) MFL2 cells expressing Cas9-VP64 and an sgRNA targeting the ROSA or PKCα loci were harvested and subjected to
Western blotting with an antibody that recognizes phosphorylated PKCα and PKCβII (pPKC). Actin was used a loading control. (E) Viability assays of the cells in D treated
with the indicated amount of KPC34 for 72 hours. * = P value < .05 by Sidak's multiple-comparisons test. (F) Kaplan-Meier curves for C57Bl/6 mice tail vein injected
with PKCα 1.18 cells and treated with saline (control) or KPC34 at 20 mg/kg PO once daily for 4 days.
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17.5 months, it is not curative and all patients will progress at some point.
Both decitabine and azacytidine are cytidine analogue prodrugs. Addition-
ally, venetoclax in combination with another cytidine analogue prodrug,
cytarabine, was also recently approved for older and unfit adults with
AML [30]. Therapy for younger patients and fit older patients also includes
cytarabine [31]. This means that virtually all AML patients who undergo
treatment will be exposed to a cytidine analogue prodrug. Azacytidine,
decitabine, and cytarabine all require the activity of hENT1 and dCK for
6

cell entry and activation, and downregulation of these enzymes is a source
of resistance [19,32,33]. KPC34 delivers the cytidine analogue gemcitabine
monophosphate independent of both ENT1 and dCK, making it an ideal
candidate for testing in patients who have failed previous treatment with
cytidine analogues.

Additional recent FDA approvals for therapies in AML include
gilteritinib for FLT3 mutated patients, ivosidenib for IDH1 mutated pa-
tients, and enasidenib for IDH2 mutated patients [7,8,34]. These agents

Image of Figure 5
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are important new options for patients and orally administered, adding to
patient convenience; however, they are limited to patients with the specific
mutations, complete remission rates are in the 20% range, and median sur-
vival is less than a year. KPC34 is orally bioavailable and appears to have
increased efficacy in AML cells that have activated PKCα or β, making
this a possible biomarker that would be independent of the mutational sta-
tus of the patient.

Expression of the classical isoforms of PKC has been associated with en-
hanced AML cell survival and worse prognosis [25,35], and its inhibition is
cytotoxic [22]. Despite these encouraging preclinical data, only one PKC
targeted therapy has been successfully translated into the clinic for the
treatment of AML. Ironically, midostaurin (formally PKC412), though ini-
tially developed as a PKC inhibitor, was only tried clinically in AML after
it was also found to have inhibitory effects against the FLT3 protein kinase
[36], and this is currently thought to be the main mechanism of action
against AML cells [37]. When used as a single agent, midostaurin produced
only transient responses and rapid progression [38]. However, when paired
with DNA-damaging agents, significant survival benefits were observed
[39], leading to FDA approval. This suggests that kinase inhibition should
be paired with DNA-damaging agents, and administration of KPC34 simul-
taneously delivers both.

Lipid nucleoside conjugates that bypass hENT1 have also been tested in
AML. The novel cytarabine lipid conjugate elacytarabine enters the cell in-
dependent of hENT1 activity andwas tested in patientswith advancedAML
[40]. In one study, elacytarabine was given by continuous IV infusion on
days 1 to 5; there was a response rate of 18%, with a median survival of
5.3 months. However, in a randomized phase 3 study for patients with re-
lapsed AML, elacytarabine was not significantly better than investigators’
choice [41]. This study illustrates that while nucleoside lipid conjugates
have clinical activity, they are limited by low remission rates and short me-
dian survival. Although elacytarabine does not require ENT1-mediated up-
take, it still requires the action of dCK. Indeed, one documented resistance
mechanism against this compound is downregulation of dCK [42]. This
may explain the negative outcome and suggests that agents need to be inde-
pendent of both ENT1 and dCK, like KPC34, to bemaximally effective in the
relapse setting.

Gemcitabine causes inhibition of DNA polymerization. However, unlike
cytarabine, it has several additional “self-potentiating” activities, including
the inhibition of ribonucleotide reductase leading to increased DNA incor-
poration, chain termination after the addition of another nucleotide leading
to “masked” chain termination resistant to proofreading repair enzymes, in-
hibition of thymidylate synthase, and prolonged cellular retention
(reviewed by Mini et al. [43]). KPC34 delivers gemcitabine in a manner
that is independent of both ENT1 and dCK. It has the potential to take ad-
vantage of the multiple mechanisms of cytotoxicity of gemcitabine while
not being subjected to its resistance mechanisms.

In summary, KPC34 represents a novel approach of combining both a
targeted agent and a cytotoxic chemotherapy in one molecule. It has activ-
ity in multiple preclinical AML models, and activated PKCα or βmay serve
as a predictive biomarker. This study justifies the further translation of
KPC34 in the clinic.
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