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Abstract
MLL leukemias are characterized cytogenetically by reciprocal translocations of the MLL gene at
11q23 and clinically by unfavorable outcomes. Evidence indicating that MLL leukemias are resistant
to apoptosis encourages the identification of agents that induce cell death by other mechanisms. The
AF4-mimetic peptide PFWT induces necrosis in the t(4;11) leukemia cell line, MV4-11. Treatment
of MV4-11 cells with PFWT in combination with four chemotherapeutic compounds results in
sequence-dependent synergy, induction of both apoptotic and necrotic cell death, and inhibition of
MV4-11 clonogenicity. Therefore, PFWT holds promise as a therapy for MLL leukemias that
augments effects of several clinically available chemotherapeutic agents.
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1. Introduction
The prognosis for patients with specific sub-types of leukemia, including those involving
rearrangements of the Mixed Lineage Leukemia (MLL) gene at the 11q23 locus, remains poor.
Leukemias with MLL gene rearrangements account for approximately 5–10% of all cases of
acute leukemia and in infants the incidence of MLL-associated leukemias rises to 80% [1,2].
Current treatment protocols have been successful in increasing remission rates, however, when
treated with aggressive multi-agent chemotherapy, remission duration in infants with MLL
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leukemia is typically brief [3]. Identification of the cellular functions of MLL fusion proteins
may provide a new avenue for therapeutic interventions to substantially alter the natural history
of the disease. In its native state, MLL is a critical component in chromatin remodeling
complexes that maintain the expression of a large number of genes [4–8]. Several studies have
begun to characterize the cellular role of MLL fusion proteins. Two of the most commonly
encountered fusion proteins, MLL-AF4 and MLL-AF9, have been shown to alter the cell cycle
or cell cycle proteins possibly rendering leukemias more resistant to cell cycle-specific
antineoplastic drugs [9,10,11]. Expression of the fusion proteins in a controlled setting has also
been shown to interfere with p53-mediated response to DNA damage providing another
possible mechanism for resistance to chemotherapy [12]. The expression of many putative
oncogenes is dysregulated both in clinical specimens and in experimental systems expressing
MLL fusion proteins. Best studied are the Hox genes, several of which are highly expressed
in MLL leukemias, but abnormal regulation of other genes that may contribute to the malignant
phenotype has also been described [13–16]. In sum, MLL fusion proteins arising from MLL
gene rearrangements may not only contribute directly to leukemogenesis but may impart
resistance to cytotoxic chemotherapeutics.

Our understanding of the normal function of MLL fusion partners is also expanding. AF4, the
most commonly encountered MLL fusion partner in acute lymphoblastic leukemia (ALL), is
a member of the AF4/FMR2/LAF4/AF5 family of proteins [17]. AF4 has roles in neuronal and
early lymphoid development [18,19]. Recently, AF4 was identified as an integral part of a
complex containing the RNA polymerase II (Pol II) transcription elongation factor b (P-TEFb).
AF4, in complex with other recognized MLL fusion partners, AF9, ENL and AF10, mediates
histone H3-K79 methylation via recruitment of Dot1 to the Pol II elongation machinery [20,
21].

Previously, our laboratory identified a direct physical interaction between AF4 and AF9. The
interaction site between AF4 and AF9 is maintained in MLL-AF4 fusion proteins, and the
MLL-AF4 protein is capable of redirecting nuclear localization of AF9 [22]. While the
functional significance of the AF4-AF9 interaction in MLL-related leukemias is currently
unknown, a peptide capable of blocking the interaction of AF4 and AF9 both in vitro and in
vivo demonstrated cytotoxicity toward leukemia cell lines exhibiting t(4;11) translocations.
Moreover, the activity of the peptide is correlated with its ability to disrupt AF4-AF9 complexes
[23]. More recent studies show that PFWT induces necrotic cell death in the MLL leukemia
cell lines MV4-11 and MOLM-13. Cell death is unaffected by caspase inhibitors but can be
blocked by the protease inhibitor TLCK suggesting that serine proteases contribute to
cytotoxicity [24]. Given that MLL leukemias are relatively resistant to currently available pro-
apoptotic therapies, we wished to determine the effect of combinations of PFWT and several
important chemotherapeutic agents currently used in clinical studies. These include etoposide,
an inhibitor of topoisomerase II, cytarabine, a nucleoside analog, an inhibitor of HSP-90, 17-
(Allylamino)-17-demethoxygeldanamycin (17AAG), and an ATP-competitive
thienylcarboxamide FMS-like tyrosine (Flt-3) kinase inhibitor [25-28]. In this report, we
demonstrate that combination treatment of MV4-11 cells with PFWT and these
chemotherapeutic agents results in synergistic cytotoxicity that is dependent upon the order of
exposure. Furthermore, combination treatment decreased clonogenic proliferation of MV4-11
cells. Interestingly, characteristics of both necrotic and apoptotic cell death were observed in
MV4-11 cells treated with PFWT and etoposide. The findings suggest that compounds that
interfere with AF4-AF9 interactions may improve the clinical response of MLL leukemias to
currently available drugs.

Bennett et al. Page 2

Leuk Res. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2. Materials and Methods
2.1 Reagents

Reagents were purchased from suppliers as indicated: Thiazolyl blue tetrazolium bromide
(MTT) and beta-actin antibody, Sigma, St. Louis, MO; 17AAG and etoposide, A.G. Scientific,
San Diego, CA; cytarabine and 5-Phenyl-thiazol-2-yl)-(4-(2-pyrrolidin-1-ylethoxy)-phenyl)-
amine (hereafter designated Flt-3 inhibitor), EMD Biosciences, La Jolla, CA; RPMI-1640,
ATCC, Manassas, VA; fetal bovine serum (FBS), and penicillin/streptomycin (P/S),
Invitrogen, Carlsbad, CA; caspase-3 antibody, Cell Signaling, Boston, MA; MethoCult
medium, Stem Cell Technologies, Vancouver, British Colombia. PFWT-13 (Penetratin-
LWVKIDLDLLSRV) and PFmut (Penetratin-LWEKSDLDLLSRV) were synthesized by
Global Peptide, Fort Collins, CO, and purified to >80% by HPLC. Peptides were dissolved 25
mg/ml in DMSO. Cytarabine was dissolved in H20; all other chemotherapeutic drugs were
dissolved in DMSO.

2.2 Cell Lines
The MV4-11, KOPN-8 and RAJI cell lines were obtained from ATCC, and the MOLM-13 cell
line was obtained from from DSMZ, Braunschweig, Germany. IMCD3 cells were provided by
Dr. Samir El-Dahr, Tulane University. Leukemia cell lines were maintained in RPMI-1640
with 10% FBS, 2% P/S and IMCD3 cells were grown in DMEM with 10% FBS, 2% P/S. Cells
were incubated at 37°C/5% CO2 in a humidified incubator.

2.3 Cell Viability Assays
Assays were performed at a final cell number of (1) 2.5×105 in 500 μL for MV4-11, MOLM-13
and RAJI cell lines; (2) 5.0×105 for the KOPN-8 cell line, and (3) 1.25×105 in 500 μl for the
IMCD3 kidney ductal cell line. Cell lines were treated with various concentrations of PFWT
(μg/mL), 17AAG (nM), Flt-3 inhibitor (nM), etoposide (nM) and cytarabine (nM) to determine
IC50 values. The final DMSO concentration was 0.5% for all assays performed.

Samples were plated in quadruplicate in 96 well plates in a final volume of 100 μL and
incubated for 72 h at 37°C/5% CO2 in a humidified incubator. Viability was assayed using 3-
(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide detection at 550 nm after
incubation of samples for 6 h at 37°C with MTT at a concentration of 0.5 mg/mL. All
experiments were performed in quadruplicate and individually repeated three times.

2.4 Synergy Assays and Analysis
Cells were incubated in RPMI 1640 with 10% FBS and P/S for 72 h at 37°C/5% CO2 in a
humidified incubator. Cell numbers were as described in Section 2.3. Culture medium
contained drugs at concentrations of 0.5X, X, 2X, where “X” is the IC50 for each drug as
determined by cell viability assays. For drugs that did not exhibit a dose response, doses at the
higher end of the titration were utilized. The experimental design for multiple drug combination
studies is as follows: (1) simultaneous treatment for 72 h, (2) pre-treatment with PFWT for 24
h followed by addition of chemotherapeutic agent for 48 h or (3) pre-treatment with
chemotherapeutic agent for 24 h followed by addition of PFWT for 48 h. Cell viability was
determined by MTT assay as described above and median effect analysis performed using the
CalcuSyn program (Biosoft) based upon previously described methods [29,30]. All
experiments were performed in quadruplicate and individually repeated three times. The
combination index values (CI) values >1.0 are antagonistic, equal to 1.0 are additive and <1.0
are synergistic.
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2.5 Cell Cycle Analysis
MV4-11 cells at 5.0×105 cells/mL were treated for 6 h or for 24 h in medium containing DMSO,
PFWT (25 μg/mL), or PFmut (25 μg/mL) and were kept in a 37°C/5% CO2 humidified
incubator. Following drug exposure, samples were rinsed with PBS and fixed in 70% ethanol
4h to overnight at −20°C. Cells were subsequently prepared for analysis by further washes with
cold PBS + 1% FBS + 0.09% NaN3, pH 7.20, followed by staining for 15 min. at 37 °C in the
dark with 50 μg/mL propidium iodide (PI) + 100 μg/mL RNase A. Samples were processed
on a BD FACS Canto using FACS DIVA software and further analyzed using FlowJo software
(Tree Star, Inc., Ashland, OR).

2.6 Western blotting
MV4-11 cells were treated with etoposide and PFWT alone or in combination for a total of 48
h, at dosages corresponding to the respective IC50 values for both agents. Western blotting for
caspase-3 was performed on whole cell lysates of treated cells, using an antibody capable of
detecting both the proenzyme and active forms of caspase-3. Beta-actin was probed as a loading
control.

2.7 Ultrastructural Studies
Electron microscopic studies were performed on 1.0×107 MV4-11 cells. Cells were incubated
in medium containing etoposide (or controls) for 24 h after which PFWT (or controls) was
added and incubation was continued for an additional 24 h. After treatment, samples were
washed in PBS and processed by Professional Histology Services (New Orleans, LA) as
previously described [24]. Samples were visualized on a Philips CM-10 transmission electron
microscope and images captured using Advanced Microscopy Techniques Corp imaging
program and a XR111 (11 Megapixel) Bottom Mount, CCD Camera System.

2.8 Clonogenic Proliferation Assays
A total of 5.0×105 MV4-11 cells were treated with PFWT and cytarabine, etoposide, 17AAG,
or Flt-3 inhibitor alone or in combination at respective IC50 values determined by MTT assays.
Cells were incubated for a total of 72 h at 37°C/5% CO2 in a humidified incubator. Cells were
pre-treated with cytarabine or etoposide for 24 h prior to the addition of PFWT for the final 48
h of incubation. Co-treatment of MV4-11 cells with PFWT and 17AAG or Flt-3 inhibitor was
performed simultaneously for the entire 72 h treatment. After incubation, treated cells were
rinsed in PBS, resuspended in 5.0 mL RPMI-1640 and 30 μL of cell suspensions was diluted
into a final volume of 400 μL RPMI. The 400 μL cell suspensions were then added to 4.0 mL
of MethoCult H4320, plated in triplicate, and incubated at 37°C/5% CO2 in a humidified
environment for 10 d prior to counting. Colonies with ≥ 50 cells were enumerated.

3. Results
3.1 Co-treatment of t(4;11) and t(9;11) leukemia cells with PFWT and antineoplastic agents
results in synergistic cytotoxicity

Prior analysis of MV4-11 and MOLM-13 cells demonstrated susceptibility to the peptide
PFWT by a necrotic death pathway [24]. Given that most antineoplastic agents induce
apoptosis, we reasoned that the combination of clinically available chemotherapeutic
compounds with PFWT is unlikely to be associated with cross resistance. We chose to examine
the interaction between PFWT and cytarabine, etoposide, 17AAG, and 5-Phenyl-thiazol-2-yl)-
(4-(2-pyrrolidin-1-yl-ethoxy)-phenyl)-amine (a Flt-3 kinase inhibitor). These drugs represent
a wide spectrum of clinically relevant anti-leukemic compounds with differing mechanisms of
action, but which all cause cell death through apoptosis (see Discussion).
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For in vitro cytotoxicity assays of drug combinations, we first determined whether different
sequences of drug exposure influenced cell killing. A sequence-dependent increase in
cytotoxicity was observed for combination treatment of MV4-11 cells with PFWT plus
cytarabine and etoposide. This effect was not seen for combination treatments of PFWT plus
17AAG and Flt-3 inhibitor. Based on these results, combinations of PFWT and 17AAG or
Flt-3 inhibitor were performed by simultaneous drug addition, whereas MV4-11 cells were
pre-treated with either cytarabine or etoposide for 24 h prior to addition of PFWT. Pilot studies
also established the IC50 for each of the drugs. Drug interaction studies were then performed
using three fixed dose combinations-0.5X the IC50, 1X the IC50, and 2X the IC50.

Combined treatment of MV4-11 cells resulted in an increase in cytotoxicity for all drug
combinations tested when compared to individual drugs alone (Figure 1). Combined drug
effects were analyzed according to the methods of Chou and Talalay and combination indices
(CI) were determined for each drug pair and dose. Using a CI threshold of <1.0 as an indicator
of synergy, a synergistic cytotoxic effect was observed for MV4-11 cells treated with PFWT
and all four chemotherapeutic drugs (Figure 2).

To extend our analysis to other leukemia cell lines with MLL rearrangements, the t(9;11) cell
line MOLM-13 was tested with combinations of PFWT and cytarabine, etoposide, 17AAG,
and Flt-3 inhibitor. MOLM-13 cells express the MLL-AF9 chimeric oncoprotein, and PFWT
was previously demonstrated to induce necrotic cell death in this cell line [24]. Combination
treatment of MOLM-13 cells resulted in an increase in cytotoxicity for all combinations
compared to individual treatment alone (Figure 1). Dependence on the sequence of treatment
was again observed and required initial exposure to 17AAG, Flt-3 inhibitor, cytarabine or
etoposide prior to the addition of PFWT to achieve maximum cytotoxicity (data not shown).
Combination treatments of PFWT and cytarabine or etoposide resulted in synergistic
cytotoxicity at 0.5X and 1X concentrations (Figure 2). However, for MOLM-13 cells, the
combination of PFWT and 17AAG or Flt-3 inhibitor resulted in cytotoxicity that was only
additive or slightly antagonistic (with the exception of 17AAG and PFWT at 1X IC50) (Figure
2). These results support the potential utility of combination treatment with PFWT and
cytarabine or etoposide for leukemias with t(9;11) translocations.

3.2 Combination treatment of t(11;19) and a non MLL-rearranged cell lines results in additive/
antagonistic cytotoxicity

The MLL rearranged leukemia cell line KOPN-8 and B-cell lymphoma cell line RAJI were
chosen for analysis to more broadly assess the effect of combination treatment using PFWT.
KOPN-8 expresses the MLL-ENL fusion gene as a consequence of a t(11;19) translocation.
Importantly, ENL is a close homolog of AF9 [31]. Initial cytotoxicity experiments
demonstrated that KOPN-8 cells did not exhibit a dependence upon the order of addition of
PFWT and cytarabine, etoposide, 17AAG, or Flt-3 inhibitor. Treatment of KOPN-8 cells with
PFWT resulted in cytotoxicity at concentrations similar to other MLL-rearranged cell lines.
However, synergistic cytotoxicity was not observed with combination treatment of KOPN-8
cells with PFWT and chemotherapeutic agents. Further analysis of these effects illustrated that
the majority of drug combinations resulted in additive to antagonistic cytotoxicity compared
to PFWT treatment alone. Only combination treatment of PFWT and cytarabine at the 0.5X
concentration induced a synergistic effect upon cytotoxicity (Figures 2 and 3). The KOPN-8
cell line was relatively resistant to treatment with Flt-3 Inhibitor in contrast to other MLL-
rearranged cell lines. In the absence of a dose-response to the Flt-3 inhibitor, synergy analysis
could not be performed.

The non MLL-rearranged cell line, RAJI, exhibited slight sensitivity to PFWT treatment that
was not dose-dependant. Without a relationship between dose and response to PFWT, drug
synergy could not be analyzed. A dependence upon the sequence of addition of PFWT and
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chemotherapeutic agents was observed for RAJI cells exposed to the combination of PFWT
and both cytarabine and etoposide. The results of cells exposed sequentially to PFWT and
cytarabine or etoposide are shown (Figure 3).

While the data imply that PFWT exhibits minimal toxicity toward cells lacking MLL
rearrangements, we wanted to more broadly define the activity of PFWT in other cell types.
We examined the effects of combination treatment with PFWT and both etoposide and
cytarabine upon the inner medullary collecting duct kidney cell line, IMCD3. Initial studies to
determine IC50 values for PFWT in IMCD3 cells revealed a plateau with greater than 50% cell
viability at higher drug concentrations precluding formal calculation of this parameter (data
not shown). An arbitrary value of 50 μg/mL PFWT was therefore assigned for combination
experiments with etoposide and cytarabine. It is noteworthy that over the PFWT concentration
range 25–100 μg/ml, a measurable dose response was observed. In combination with etoposide
or cytarabine, no dependence upon order of addition was observed for PFWT in IMCD3 cells
(Figure 4A). Therefore cells were treated simultaneously with drugs for 72 h. Analysis of
cytotoxicity using Calcusyn program demonstrated moderate synergy to antagonism for PFWT
and etoposide as well as PFWT and cytarabine (Figure 4B). Although PFWT is only minimally
toxic to IMCD3 cells in vitro, it has the potential to augment the cytotoxic effects of other drugs
for these particular cells.

3.3 The penetratin transport sequence does not contribute to drug synergy
The effect of the penetratin peptide alone and in combination with 17AAG, Flt-3 Inh, cytarabine
and etoposide was also examined to determine the potential influence of the protein
transduction domain (PTD) on the combined cytotoxicity with these chemotherapeutic agents.
MV4-11 cells were treated as described previously with the exception that penetratin alone (50
μg/mL) was substituted for PFWT in all combination treatments. Specifically, MV4-11 cells
were treated with penetratin and either 17AAG or Flt-3 Inh simultaneously for 72 h while cells
were treated with cytarabine or etoposide for 24 h prior to addition of penetratin peptide for a
total of 72 h. With the exception of the Hsp90 inhibitor 17AAG, there was no increased
cytoxicity when penetratin was combined with the chemotherapeutic drugs (Figure 5A–B).
Surprisingly, penetratin did augment the toxicity of 17AAG. Therefore it is possible that the
synergy observed for the combination of PFWT and 17AAG in MV4-11 cells is attributable
to the activity of the penetratin PTD. However, for Flt-3 Inh, cytarabine, and etoposide, the
penetratin PTD contained within PFWT peptide likely contributes little to the observed drug
synergy.

3.4 PFWT induces accumulation of MV4-11 cells in G1
Many cytotoxic agents target rapidly dividing cells. Etoposide and cytarabine, in particular,
act on cells during the S/S-G2 phases of the cell cycle [32,33]. When combined with drugs
whose actions lead to arrest of cells in a specific phase of the cell cycle, these cell cycle-specific
antineoplastic drugs may be rendered less potent. The sequence dependence required to achieve
maximal cell killing in drug combination studies led us to hypothesize that PFWT induces cell
cycle arrest that interferes with the activity of etoposide and cytarabine. To test this, MV4-11
cells were exposed to 25 μg/ml PFWT (or control) and flow cytometric cell cycle analyses of
PI-stained cells were performed (Figure 6). When compared to cells exposed to PFmut peptide
or DMSO controls, PFWT treated cells exhibit an increase in the sub-G1 population. Excluding
the sub-G1 population of dead and dying cells, the fraction of cells in G1 increases from
approximately 60% to 70% for cells exposed to PFWT for 24 h. The effect on cell cycle
distribution is even more pronounced at 6 h with 84% of cells exposed to PFWT in G1 and a
reduction of cells in S phase from 26.6% (DMSO-treated) to 5.7% (PFWT-treated). The
reduction of cells in S phase following PFWT treatment may account, in part, for a diminution
in cell killing by cytarabine and etoposide. However these findings are descriptive rather than
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mechanistic and it is unclear whether PFWT-induced alterations in cell cycle control affect the
toxicity of cytarabine and etoposide.

3.5 MV4-11 cells exhibit features of necrotic and apoptotic cell death after combined
treatment with PFWT and etoposide

In light of the synergistic cytotoxicity observed for MV4-11 cells co-treated with PFWT and
pro-apoptotic chemotherapeutic agents, we were interested in determining the effects of co-
treatment on the mechanism of cell death. To date, the most unambiguous method for
determining cell necrosis and for distinguishing it from apoptosis is transmission electron
microscopy (TEM). We utilized TEM to examine the ultrastructural features of MV4-11 cells
treated with PFWT and etoposide for 24–48 h. As we have previously shown, MV4-11 cells
undergo necrotic cell death characterized by loss of membrane integrity and cytoplasmic
swelling following treatment with PFWT. Treatment of MV4-11 cells with etoposide resulted
in a classic apoptotic phenotype including nuclear and cytoplasmic shrinkage and chromatin
condensation. Following co-treatment of MV4-11 cells with PFWT and etoposide, both
necrotic and apoptotic phenotypes were observed (Figure 7A). Interestingly, characteristics of
apoptosis and necrosis were simultaneously apparent in the same cell.

To expand upon the TEM results, MV4-11 cells were treated in combination with PFWT and
etoposide and analyzed to identify a marker of apoptosis, the activated (cleaved) form of
caspase-3. Caspase-3 is a crucial mediator of apoptosis and would be anticipated to be present
in MV4-11 cells treated with the pro-apoptotic compound, etoposide. As expected from the
observed ultrastructural changes indicating apoptosis, the activated form of caspase-3 was
identified in MV4-11 cells treated with etoposide alone. When exposed to both PFWT and
etoposide, TEM analysis indicated that both apoptosis (condensed nuclei) and necrosis (cell
membrane breakdown) took place. Immunoblot again showed that caspase-3 was activated. In
contrast, there is no caspase-3 cleavage in cells exposed to PFWT despite disintegration of the
cell membrane (Figure 7B). These results were not predicted. We had anticipated that the
PFWT-etoposide drug combination would stimulate either apoptotic or necrotic cell death- but
not both- within individual cells and the collective cell population.

3.6 Clonogenic proliferation of MV4-11 cells is inhibited by combination treatment with PFWT
and cytarabine or 17AAG

A critical characteristic of successful anti-cancer therapies is the ability to inhibit proliferation
of neoplastic progenitors. Given the synergistic cytotoxicity observed for MV4-11 cells treated
with PFWT and cytarabine, etoposide, 17AAG, or Flt-3 inhibitor, the effects of these drug
combinations on MV4-11 cell clonogenicity was examined using methylcellulose-based
colony forming assays. MV4-11 cells were treated at the relative IC50 (1X) value for each drug
alone and in fixed combinations for 72 h prior to plating. Cells were then dispersed in
methylcellulose medium for 10 d. Treatment of MV4-11 cells in combination with PFWT and
chemotherapeutic agents caused a reduction in colony formation greater than PFWT treatment
alone (Figure 8A–B). Furthermore, combined treatment of MV4-11 with PFWT and either
17AAG or cytarabine resulted in a significant reduction in colony formation compared to
treatment with either agent. In contrast, at the drug concentrations selected for these
experiments, combined treatment with PFWT and Flt-3 inhibitor or etoposide did not
significantly affect the number of clonogenic cells when compared to Flt-3 inhibitor or
etoposide treatment alone (Figure 8A–B). We conclude not only that PFWT monotherapy
inhibits MV4-11 cell clonogenicity, but also that, when combined with 17AAG or cytarabine,
PFWT further suppresses colony formation. However, these assays were not designed to
formally test a synergistic effect on leukemia clonogenicity.
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4. Discussion
Due to the well-documented resistance of MLL-rearranged leukemias to chemotherapeutic
regimens available in the clinic, there is a need for the development of new drugs and drug
combinations to effect more prolonged remissions in these patients. Our laboratory has
designed a synthetic peptide, PFWT, which targets the AF4-AF9 protein-protein interaction
that seems to be important for the survival of t(4;11) and t(9;11) MLL leukemia cells. Through
a series of experiments, we have previously demonstrated that this peptide preferentially kills
t(4;11) and t(9;11) leukemias, yet shows minimal toxicity toward non-MLL leukemias and
other non-transformed cell lines, and does not inhibit colony-forming potential of
hematopoietic progenitors. We have further established that PFWT-mediated cell death is
necrotic in character, in contrast to most standard cytotoxic agents in use today. We anticipated
that combining PFWT with other useful chemotherapeutic drugs would enhance the
effectiveness of these agents against MLL leukemia cells. It was this hypothesis that we tested
here.

For the purposes of this study, we chose to examine the effects on t(4;11), t(9;11), and t(11;19)
cell lines of combination treatments of PFWT and cytarabine, etoposide, the HSP-90 inhibitor
17AAG, or an inhibitor of the Flt-3 kinase. Cytarabine and etoposide were chosen as they are
routinely included in front-line chemotherapeutic regimens applied to MLL-associated
leukemias. 17AAG and Flt-3 kinase inhibitors are under clinical investigation for treatment of
drug-resistant leukemia including MLL leukemias with activating mutations of Flt-3 kinase
[13,26,34–40]. Each of the four drugs has also been demonstrated to be cytotoxic to MV4-11
cells individually and to induce synergistic cytotoxicity in combination with each other in
MV4-11 and MOLM-13 cell lines [3,28,41–43]. Of the agents examined, 17AAG, etoposide
and cytarabine have been shown to induce apoptotic cell death, while the death pathway
induced by the Flt-3 inhibitor used for this study has not been characterized in MV4-11 cells
[28,44–46]. Other Flt-3 inhibitors such as CEP701 and PKC412 induce apoptosis in the
MV4-11 cell line [41,47]. However, leukemia cells with MLL translocations appear to be
intrinsically resistant to pro-apoptotic agents; indeed, MLL translocations have been directly
implicated in inhibiting apoptosis [12,15,16,48–50]. Therefore, drugs that induce cell death by
mechanisms other than apoptosis are of particular interest as alternative means of treating
leukemias that are resistant to traditional chemotherapeutic agents.

Our findings indicate that PFWT does synergize, although to different degrees, with each of
the four agents studied to kill MLL-rearranged leukemia cell lines harboring t(4;11) and t(9;11)
translocations. In most cases, this synergy was sequence dependent; the cytotoxic agent had
to be applied to the cells 24 h prior to addition of PFWT in order for the drug combination to
have maximum toxicity. This was true for all drug combinations when tested on the t(9;11)
leukemia cell line MOLM-13, while only etoposide combined with PFWT and cytarabine plus
PFWT demonstrated this relationship in the t(4;11) leukemia cell line MV4-11. The t(11;19)
cell line KOPN-8, expresses a MLL-ENL fusion transcript that is highly homologous to MLL-
AF9. While KOPN-8 cells exhibit a dose dependent response to PFWT and an IC50 that is less
than the other MLL-rearranged cell lines tested, synergy was not observed for most of the
PFWT-drug combinations. Thus while MLL-rearrangements appear to predict sensitivity to
the PFWT peptide, PFWT-drug synergy is a more variable feature of the specific cell lines.

One possible explanation for the enhanced cytotoxicity associated with combing PFWT and
other drugs is that the penetratin PTD affects cell membrane dynamics and drug uptake.
Penetratin may simply facilitate the uptake of other drugs thereby increasing potency. At least
two lines of evidence indicate this is not the case. First, while all MLL-rearranged cell lines
examined are sensitive to PFWT in a dose-dependant manner, PFWT-drug synergy varied
among the cell lines. If PFWT acts by non-specifically increasing drug uptake, drug synergy
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is to be expected in all cell lines that transport PFWT across the membrane. Second, the
penetratin peptide was minimally toxic to MV4-11 cells, and in combination with
chemotherapeutics exhibited no increased toxicity for three of four drugs tested (17AAG was
the exception).

We hypothesized that the observed sequence dependence for drug exposure is due to PFWT
blocking progression through the cell cycle, since many cytotoxic agents act on actively cycling
cells during the S phase of the cell cycle. Flow cytometric cell cycle analysis demonstrated
that PFWT treatment resulted in an accumulation of MV4-11 cells in the G0/G1 phase of the
cell cycle and depleted cells in S phase. While these results were reproducible over multiple
independent analyses, we are not able to conclusively determine that peptide-induced cell cycle
block renders S phase-specific drugs less active when administered simultaneously with
PFWT. Nevertheless, this possibility must be considered in the design of experimental
therapeutic studies.

The ability of the drug combinations to inhibit clonogenic proliferation was examined. Colony
formation assays demonstrated that combined treatment of MV4-11 cells with PFWT and
17AAG or PFWT and cytarabine resulted in a significant reduction of a clonogenic cell
population compared to treatment with either of the drugs alone. However, no significant
reduction in colony formation was observed following combination treatment with either
PFWT and Flt-3 inhibitor or PFWT and etoposide when compared to treatment with single
agents. Of note, at the dosage used for our experiments, treatment of MV4-11 cells with either
Flt-3 inhibitor or etoposide alone resulted in higher cytotoxicity to leukemic colony forming
cells than either 17AAG or cytarabine alone. This could account for the minimal increase in
cytotoxicity observed for combination treatments with PFWT and these two drugs. In sum,
when measured by colony formation in methylcellulose, PFWT alone or in combination with
chemotherapeutic agents effectively reduced the colony forming potential of MV4-11 cells.
These results suggest a therapeutic benefit of targeting the MLL-AF4/AF9 complex in these
types of MLL leukemia cells.

As each of the chemotherapeutic drugs that we studied induces apoptosis whereas PFWT
causes necrotic cell death in t(4;11) and t(9;11) leukemia cell lines, we were interested in
determining if either one or the other death phenotype predominated with combined treatment.
Unexpectedly, both necrotic and apoptotic cells were observed in MV4-11 samples treated
with PFWT and etoposide. A similar phenomenon was observed for combination treatment of
MV4-11 cells with PFWT and Flt-3 inhibitor suggesting that no single cell death program
predominates in response to these specific pro-necrotic and pro-apoptotic stimuli (data not
shown). Ultrastructural characteristics of two types of cell death within individual cells indicate
that induction of necrosis does not block apoptosis or vice versa.

In this study, we have identified chemotherapeutic agents that exhibit synergistic cytotoxicity
in conjunction with PFWT peptide in MV4-11 (MLL-AF4) and MOLM-13 (MLL-AF9) cell
lines. In addition, rather than observing a predominant mechanism of cell death, we determined
that combination treatment of these cell lines results in both necrotic and apoptotic cell death.
The results demonstrate that PFWT can effectively augment the in vitro activity of other
chemotherapeutic agents. Molecular targeting of AF4-AF9 interactions may warrant further
study with the goal of developing effective new approaches to treat MLL leukemia.
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Figure 1.
Treatment of MV4-11 and MOLM-13 cells with PFWT in combination with chemotherapeutic
drugs results in an overall decrease in cell viability compared to treatment with PFWT or
chemotherapeutic drug alone. MV4-11 cells were treated simultaneously (SIMT) with PFWT
(μg/mL) and either 17AAG (nM) or a Flt-3 Inhibitor (nM) for 72 h or sequentially (SQT) with
PFWT (μg/mL) and either cytarabine (nM) or etoposide (nM) for 72 h. In the latter case (SQT),
cells were pretreated with either cytarabine or etoposide for 24 h prior to the addition of PFWT.
MOLM-13 cells were treated sequentially with PFWT (μg/mL) and either 17AAG (nM),
cytarabine (nM), a Flt3 inhibitor (nM) or etoposide (nM) for 72 h. For combined drug treatment
of MOLM-13 cells, cells were pre-treated with individual drugs 24 h prior to the addition of
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PFWT. Data is a combination of at least three experiments and standard error of the mean
(SEM) is represented by error bars. AraC = cytarabine; VP-16 = etoposide.

Bennett et al. Page 14

Leuk Res. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Combination indices (CI) for drug interactions were calculated from cytotoxicity assays. CI
values are plotted as a function of drug concentration for each of the respective cell lines and
drug combinations. CI>1: antagonistic; CI=1: additive; CI<1: synergistic. Drugs were
administered in fixed dose combinations where X = IC50 for each drug. AraC = cytarabine;
VP-16 = etoposide. The CI values were generated using Calcusyn software as described in
Materials and Methods.
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Figure 3.
Treatment of KOPN-8 and RAJI cells with PFWT in combination with chemotherapeutic drugs
induces a modest decrease in cell viability compared to treatment with PFWT or drugs alone.
KOPN-8 cells were treated simultaneously (SIMT) with PFWT (μg/mL) and either 17AAG
(nM), a Flt-3 Inhibitor (nM), cytarabine (nM) or etoposide (nM) for 72 h. RAJI cells were
treated simultaneously (SIMT) with PFWT (μg/mL) and either 17AAG (nM) or a Flt-3
Inhibitor (nM) for 72 h. They were treated sequentially (SEQ) with PFWT (μg/mL) and either
cytarabine (nM) or etoposide (nM) for 72 h. In sequentially treated cells (SEQ), cells were
pretreated with either cytarabine or etoposide for 24 h followed by the addition of PFWT.

Bennett et al. Page 16

Leuk Res. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Standard error of the mean (SEM) is represented by error bars. AraC = cytarabine; VP-16 =
etoposide.
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Figure 4.
Treatment of IMCD3 cells with PFWT in combination with chemotherapeutic drugs induces
a modest decrease in cell viability compared to treatment with PFWT or drugs alone. (A)
IMCD3 cells were treated simultaneously (SIMT) with PFWT (μg/mL) and either cytarabine
(nM) or etoposide (nM) for 72 h. Standard error of the mean (SEM) is represented by error
bars. AraC = cytarabine; VP-16 = etoposide. (B) CI values are plotted as a function of drug
concentration and drug combinations. CI>1: antagonistic; CI=1: additive; CI<1: synergistic.
Drugs were administered in fixed dose combinations where X = IC50 for each drug. AraC =
cytarabine; VP-16 = etoposide. The CI values were generated using Calcusyn software as
described in Materials and Methods.

Bennett et al. Page 18

Leuk Res. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Treatment of MV4-11 with penetratin transport sequence in combination with
chemotherapeutic drugs did not contribute to drug cytotoxicity. MV4-11 cells were treated
simultaneously (SIMT) with penetratin (μg/mL) and either 17AAG (nM) or a Flt-3 Inhibitor
(nM) for 72 h or sequentially (SQT) with penetratin (μg/mL) and either cytarabine (nM) or
etoposide (nM) for 72 h. In the latter case (SQT), cells were pretreated with either cytarabine
or etoposide for 24 h prior to the addition of PFWT. Data is a combination of at least three
experiments and standard error of the mean (SEM) is represented by error bars. AraC =
cytarabine; VP-16 = etoposide.
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Figure 6.
PFWT treatment causes accumulation of MV4-11 cells in the G0/G1 phase of the cell cycle.
MV4-11 cells were treated for 6h (a) or 24h (b) with 25 μg/mL PFWT, PFmut, or equivalent
volume DMSO. Percentages of the singlet population in each phase of the cell cycle are shown
as insets for each graph. Note that the y-axis scales for PFWT-treated samples are different
from those of control samples, due to fewer events in the live singlet gates.
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Figure 7.
MV4-11 cells undergo both necrotic and apoptotic cell death after co-treatment with PFWT
and etoposide. (A) MV4-11 cells were treated at the IC50 for PFWT and etoposide alone and
in combination for a total of 48 h. Ultrastructural changes were observed by transmission
electron microscopy. Note nuclear condensation (apoptosis) and membrane disintegration
(necrosis) occurring simultaneously in cells treated with PFWT and etoposide in combination.
Magnification is 2950x and bars represent 2 μm. (B) MV4-11 cells were treated with VP-16
and PFWT alone or in combination for a total of 48h, at dosages corresponding to the respective
IC50 values for both agents. Western blotting for caspase-3 was performed on whole cell lysates
of treated cells, using an antibody capable of detecting both the proenzyme (35 kDa, arrow)
and active caspase-3 (12 kDa). Beta-actin was probed as a loading control.
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Figure 8.
Clonogenic proliferation of MV4-11 cells is inhibited by combined treatment with PFWT and
17AAG or cytarabine. MV4-11 cells were treated with PFWT and chemotherapeutic agents
alone and in combination. For these experiments, the in vitro IC50 for each individual
compound was used. After 72h drug exposure, cells were plated in methylcellulose medium
and incubated for 10 days, as described in Section 2.7. (A) PFWT (μg/mL) and 17AAG (nM)
or Flt-3 inhibitor (nM) or (B) PFWT (μg/mL) and cytarabine (Ara-C) (nM) or etoposide
(VP-16) (nM). Schematics of the sequence of treatment are shown as inlays in the upper right
hand corner of graphs. One asterisk (*) indicates decreased colony number relative to PFWT
alone; two asterisks (**) indicates decreased colony number relative to both PFWT and
chemotherapeutic agent alone (p < 0.05). Significance was determined using Student’s t-test
with two sample unequal variance and one-tailed distribution.
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