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ABSTRACT

Multiple myeloma (MM) is the second most common hematologic malignancy.
While major advances have been made in the disease, it is still incurable. Although
antifolate-based drugs are not commonly used to treat myeloma, new generation
analogs with distinct patterns of preclinical and clinical activity may offer an
opportunity to identify new classes of potentially active drugs. Pralatrexate (PDX),
which was approved for the treatment of relapsed or refractory peripheral T-cell
lymphoma in 2009, may be one such drug. Pralatrexate exhibits a potency and pattern
of activity distinct from its predecessors like methotrexate (MTX). We sought to
understand the activity and mechanisms of resistance of multiple myeloma to these
drugs, which could also offer potential strategies for selective use of the drug. We
demonstrate that PDX and MTX both induce a significant decrease in cell viability in
the low nanomolar range, with PDX exhibiting a more potent effect. We identified a
series of myeloma cell lines exhibiting markedly different patterns of sensitivity to
the drugs, with some lines frankly resistant, and others exquisitely sensitive. These
differences were largely attributed to the basal RFC (Reduced Folate Carrier) mRNA
expression levels. RFC mRNA expression correlated directly with rates of drug uptake,
with the most sensitive lines exhibiting the most significant intracellular accumulation
of pralatrexate. This mechanism explains the widely varying patterns of sensitivity and
resistance to pralatrexate in multiple myeloma cell lines. These findings could have
implications for this class of drugs and their role in the treatment of multiple myeloma.

INTRODUCTION Incomplete eradication of the disease has been attributed,
at least in part, to heterogeneity and clonal evolution of

Multiple myeloma (MM) is a malignancy of the malignant plasma cell population [2, 3]. Recent studies
immunoglobulin-secreting plasma cells, and is considered utilizing advances in single-cell sequencing and whole
the second most common hematologic malignancy. Despite exome profiling have identified subclonal tumor cell
the introduction of many effective drugs over the past populations present at initial treatment which expand over
decades, the disease is widely considered incurable [1]. time, producing increasingly drug resistant phenotypes [4].
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Identification of functional biomarkers which correlate
with sensitivity or resistance to a particular drug or class of
drugs is a principle component of the “precision medicine”
approach to treat many malignant diseases, including
relapsed multiple myeloma [5]. In theory, the integration
of novel agents into a tailored treatment strategy based on
the patients’ disease biology could increase the probability
of favorable outcome.

Pralatrexate (PDX, 10-propargyl 10-deazaaminopterin)
is a folate analogue rationally designed to have greater
affinity (more than 10-fold greater affinity compared to
methotrexate) for RFC, and has proven more potent than
methotrexate (MTX) [6, 7]. The RFC transporter is an
oncofetal protein shown to be more highly expressed on
fetal and malignant tissue, and is the primary mechanism for
internalization of the drug into the tumor cell. The activity
of PDX in peripheral T-cell lymphoma (PTCL) likely goes
beyond its effects as an inhibitor of dihydrofolate reductase
(DHFR), a hypothesis supported by the observation that
leucovorin can be given concomitantly with pralatrexate
without compromise of its activity in both preclinical and
clinical settings [8, 9]. Additionally, pralatrexate has greater
affinity for folylpolyglutamate synthase (FPGS), which
mediates polyglutamylation of the drug, leading to prolonged
intracellular retention [10—13]. Pralatrexate inhibits tumor
growth with more potency than other antifolates across a host
of cancer cell models [14, 15]. In particular, pralatrexate has
exhibited marked activity in T-cell malignancies in both the
preclinical and clinical setting, which led to it becoming the
first drug approved for patients with relapsed or refractory
PTCL. The activity in PTCL appears out of proportion to what
has been described in B-cell malignancies and solid tumors
studied to date [16-24]. While the basis for this activity in
PTCL is a matter of continued research, it raises the question
as to why some malignant diseases exhibit such intrinsic
resistance, while others an intrinsic vulnerability to the drug.

A number of pharmacologic determinants
that correlate with methotrexate resistance have
been established, including DHFR, FPGS, gamma-
glutamyl hydrolase (GGH) and RFC [25-30]. The first
demonstration of a relationship between one of these
determinants and methotrexate resistance was established
by Bertino and Shimke, who described gene amplification
of DHFR as a mechanism of resistance to MTX in a colon
carcinoma and acute leukemia cell lines [31-33]. Several
papers have established a correlation between functional
RFC protein expression and MTX sensitivity, including
studies in human T-cell acute lymphoblastic leukemia cells,
and solid tumor cell lines [34]. In one study, treatment
with methotrexate reduced DHFR gene expression while
increasing RFC mRNA in sensitive cell lines, which did
not occur in MTX resistant cells [35]. While correlations
with these pharmacologic determinants and drug sensitivity
have been demonstrated in select disease settings for
MTX, little to no data have established these determinants
for pralatrexate in any biological setting.

Drug screens in our laboratory indicate that some
myeloma cell lines exhibit marked sensitivity to PDX and
MTX, while others maintain a more resistant phenotype.
Based on these findings, we sought to better understand
the mechanisms of intrinsic resistance and sensitivity, in
anticipation of identifying strategies to optimize the drug
in myeloma and other malignant diseases.

RESULTS

Comparison of MTX and pralatrexate
cytotoxicity

Figure 1 presents the concentration effect
relationships for MTX and pralatrexate in the panel of
myeloma lines. Both MTX and PDX caused significant
reduction in cellular ATP levels in a subset of myeloma
cell lines, with pralatrexate appearing about a log more
potent in sensitive lines compared to MTX. No cell
line exhibited sensitivity to only one antifolate, with
all lines either sensitive to MTX and pralatrexate, or
resistant to both agents The myeloma cell lines appeared
to segregate into two distinct groups based on their
patterns of sensitivity. The myeloma cells lines MM. 1s,
ARH-77, KMS-11 and PCNY-1B exhibited marked
sensitivity to both drugs, with pralatrexate exhibiting
higher potency compared to MTX for all lines (PDX IC:
1.7-9.7nM vs MTX IC, : 22.7-40.9 nM; Figure 1A, 1B).
Conversely, SK-MM2, U266, RPMI, ARP-1 and CAG
cell lines exhibited marked resistance with very high
IC,, concentrations or no sensitivity at all at the highest
concentrations (Figure 1C). All responses in the sensitive
myeloma cell lines were both time and concentration
dependent (Supplementary Figure 1). While select lines
exhibited cytotoxicity at 24 hours, the maximum effect
was achieved at 48 hours, with no increase in cell death
observed at 72 hours of incubation.

Induction of apoptosis

Loss of cell viability was corroborated by examining
induction of apoptosis in drug-treated cells through
Annexin V and caspase staining. In general, the same
patterns of sensitivity and resistance noted in the cell
viability experiments were observed in the apoptosis
assays. Across all cell lines studied, pralatrexate was
more potent than MTX, and no cell line exhibited
sensitivity to only one of the two drugs studied. For
example, as shown in Figure 2A, MM.1s cells exhibited
a concentration dependent induction of apoptosis to
both MTX and pralatrexate, with the latter occurring
at about a log lower than what was observed for MTX.
Treatment of MM.1s, KMS-11 and PCNY-1B cells with
increasing concentrations of pralatrexate or MTX for
48 hours resulted in a concentration dependent increase
in apoptosis, quantified as the AnnexinV" cell population
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Figure 1: Dose-response curves for antifolates in a panel of HMCLs. Human multiple myeloma cell lines (HMCLs) were
incubated with increasing concentrations of (A) pralatrexate (PDX) or (B) methotrexate (MTX) for 48 hrs. The HMCLs segregated into
sensitive (open icons: ARH-77, MM.1s, KMS-11, PCNY-1B) or resistant (filled icons: U266, CAG, RPMI 8226) groupings. (C) An ordered
list of half maximal inhibitory concentration (IC,) values for PDX and MTX in HMCLs. The values were determined using an ordinary
least squares nonlinear curve fitting method and the goodness of fit was determined valid with an R?> > 0. The curves were normalized to
untreated cells (100%) and bortezomib (10-50 nM) treated cells (0%). Data represent the mean + SD of at least three experiments. Cell
viability was determined by an ATP-dependent luciferase-based reporter assay.
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(Supplementary Figure 2A, 2B). Again, the same cell lines
classified as sensitive in the Cell Titer Glo Assay were
sensitive in the apoptosis assays. The resistant myeloma
cell lines, including U266, CAG and ARP-1 exhibited
no significant increases in apoptosis compared to vehicle
treated controls across a broad concentration range of
either MTX or pralatrexate. The differences observed
in apoptotic cell numbers between sensitive cell lines
(MM.1s and KMS-11) and resistant cell lines (U266, ARP-
1) were significant at 48 hours after exposure to 10 nM
PDX (Figure 2B). These data corroborate the cytotoxicity
results confirming the increased potency of pralatrexate
compared to MTX in antifolate-sensitive myeloma cell
lines.

We investigated the mechanisms of apoptosis by
examining the activation of pro-apoptotic proteins in
pralatrexate treated myeloma cell lines. After 48 hours
of pralatrexate exposure, the sensitive cell lines MM. s,
ARH-77 and PCNY-1B exhibited a concentration
dependent cleavage of caspase 3 and caspase 9, key
components of the cell-intrinsic apoptosis pathway,
compared to untreated negative controls (Figure 2C,
Supplementary Figure 2C). Exposure to 2 nM, 10 nM or
100 nM of pralatrexate did not induce any cleavage in the
resistant cell lines RPMI and U266. In addition, treatment
with pralatrexate caused a decrease in the anti-apoptotic
long form of Mcl-1 protein in sensitive cell lines. The Mcl-
1 protein, a Bcl-2 family member, has been demonstrated
to be particularly important for the survival of myeloma
cells [36, 37]. In the presence of increased pralatrexate
concentrations, the expression of the 40 kDa isoform of
Mcl-1 decreased in MM.1s, PCNY-1B and ARH-77 cells
(Figure 2C). While the responses were concentration
dependent, the range of Mcl-1 reduction spanned from
total elimination (MM.1s) to moderately lower levels as
seen for PCNY-1B. Incubation with pralatrexate did not
alter the relative quantity of Mcl-1 in RPMI and U266
cell lines, which is consistent across the cytotoxicity and
apoptosis data. The addition of the pan-caspase inhibitor
QVD (QVD-OPh: quinolyl-valyl-O-methylaspartyl-[-2,
6-difluorophenoxy]-methyl ketone) diminished the level
of apoptosis induced by PDX in the sensitive cell line
MM.1s (Figure 2D), producing no effect on apoptosis in
the non-responsive, resistant cell line U266.

Pralatrexate treatment blocks S-phase cell cycle
progression in sensitive myeloma cell lines

As shown in Figure 3A, MM.1s cells treated with
MTX or PDX exhibited a distinct pattern of cell cycle
events compared to untreated cells as early as 12 hours
after exposure to the drug. Pralatrexate or MTX treated
MM.1s cells accumulated in early G1/S phase transition,
as demonstrated through 7-AAD and Bromodeoxyuridine
(BrdU) co-staining (Figure 3A). Drug-treated MM.1s
cells were able to initiate DNA synthesis, visualized as

an increase in incorporation of pulsed BrdU (S-phase).
However, the cells were unable to progress through
S-phase, as visualized as by an increase in BrdU* diploid
(2n) cells. This effect was time and concentration dependent
(Figure 3B). The cell cycle analysis of resistant U266 cells
was unaltered following treatment with PDX or MTX (1,
3, 10 nM — data not shown). Interestingly, a similar effect
was reported by Ramirez ef al. who demonstrate resistance
of U266 cells to the multi-targeted antifolated pemetrexed
[38]. Across all sensitive cell lines, pralatrexate induced
cell cycle arrest in a concentration dependent manner.
These findings confirm the cell viability and apoptosis
data above, demonstrating that the patterns of sensitivity
and resistance remain intact across the assays, and that
pralatrexate is superior to MTX in all assays.

The microenvironment does not alter patterns of
sensitivity or resistance

Under normal host conditions, the bone marrow
microenvironment contributes to the maintenance and
progression of multiple myeloma tumor cells through
cellular interactions as well as secretion of soluble factors.
These stromal mediated mechanisms have been shown to
impart drug-resistance to select chemotherapeutic agents
[39, 40].

We examined the effects of IL-6 exposure, a
principle cytokine important for myeloma cell proliferation
and survival, on tumor cells treated with MTX and PDX.
Co-incubation of the drug sensitive cell lines MM.1s and
KMS-11 with IL-6 (5 ng/mL) and PDX did not cause a
significant shift in the concentration dependent response,
and did not change the IC, value compared to cultures in
the absence of cytokine (Figure 4A). Similarly, incubation
with IL-6 did not sensitize the drug resistant cell line U266
to PDX (Figure 4A). IL-6 did invoke an on target response
in each of the cell lines as demonstrated by the induction of
STAT3 phosphorylation at Tyr’® in MM.1s, KMS-11 and
U266 cells exposed to IL-6 (Figure 4B). It should be noted
that while each myeloma cell line exhibited distinctly
different basal levels of STAT3 activation [41, 42]; this did
not correlate with sensitivity to PDX nor MTX.

As myeloma is highly dependent on cell - cell
interactions and paracrine signaling provided by the bone
marrow microenvironment, co-culture experiments were
performed to determine the import of these variables on
drug sensitivity. Co-culture with the transformed HS-5
BMSC line is thought to recapitulate aspects of the
microenvironment influence and may mediate contact-
mediated drug resistance in some settings. PDX-sensitive
(MM.1s) and resistant (U266) myeloma cell line were
plated onto a layer of HS-5 cells and co-cultured for up
to 48 hours in the presence of increasing doses of PDX.
Those myeloma cell lines plated without stroma served as
a control. Myeloma cells were selected by staining for the
expression of the lymphocytic surface markers, including
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Figure 2: Antifolates induce apoptosis in a dose-dependent manner in sensitive HMCLs. (A) Sensitive HMCLs - MM.1s
(open square), KMS-11 (open diamond), PCNY-1B (open circle) and resistant HMCLs — U266 (filled square), CAG (filled triangle), ARP-
1 (filled inverted triangle) were incubated with increasing concentrations of either MTX or PDX for 48 hrs. Apoptosis was determined by
flow cytometry using a fluorochrome-conjugated-AnnexinV marker. Untreated cells (untr) served as a negative control and bortezomib
(10-50 nM) treated cells (not shown) served as a positive control for apoptotic cell death. (B) Sensitive HMCLs, MM.1s (white) and KMS-
11 (light gray), exhibit more apoptosis than resistant HMCLs, ARP-1 (dark gray) and U266 (black), after 48 hrs of exposure to 10 nM
PDX. The statistical analysis uses data from three separate experiments. Paired student #-test generated p values: "p < 0.02, “'p < 0.005, ™
p <0.001. (C) Western blot analysis depicting relative protein levels of full length and cleaved caspase 9, caspase 3, full length Mcl-1, and
B-actin. HMCLs (U266, RPMI 8226, ARH-77, PCNY-1B, and MM. Is) were treated with 2, 10 or 100 nM PDX for 48 hrs. Artifact observed
in U266 10 nM PDX treated Actin sample. When the X-ray film is pulled out it can cause scratches to appear on the film, causing such
artifacts. (D) MM.1s (/eft panels) and U266 (right) were incubated with increasing amounts of PDX (0.5 nM — 100 nM) in the presence
(black bars) or absence (white) of 100 uM of pancaspase inhibitor Q-VD-OPh (QVD). Data were collected at 24hrs (top panels) and 48hrs
(bottom) of incubation. U = vehicle control cells, B = bortezomib treated cells (10 nM).
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CD38 (MM.1s) and CD138 (U266). Tumor cell viability
was determined by the identification of the double positive
CD138+/annexinV+ or CD38+/annexinV+ populations
from the myeloma cell marker total subset (Figure 4D).
The kinetics and concentration response to PDX were
consistent with all the previous assays, confirming that
these conditions did not change the patterns of sensitivity
or resistance among the cell lines, nor did it affect the
differential potency of the two drugs. These data suggest
the protective effects of IL-6 and the bone marrow
microenvironment seen with some agents does not alter
patterns of PDX sensitivity.

A

Sensitivity to pralatrexate correlates with RFC
expression

To identify discrete biomarkers of sensitivity
and resistance to pralatrexate, we surveyed a panel of
pharmacologic determinants established as possibly
contributing to the phenotype. A subset of PDX-sensitive
(MM.1s, KMS-11) and resistant (U266, CAG) myeloma
cells were treated with increasing concentrations of PDX
and expression of DHFR protein were quantitated by
western blot over a 48-hour period (Figure 5A, 5B). Basal
levels of DHFR protein in each cell line were low, and in
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Figure 3: Antifolates cause cell-cycle disruption in MM.1s myeloma tumor cells. MM.1s cells were incubated with either PDX
(1 nM, 3 nM, 10 nM) or MTX (10 nM, 30 nM 100 nM) for 24 hrs. Time points were taken at 6, 12 and 24 hrs. Thirty minutes prior to
isolation at each time point MM. Is cells were pulsed with Bromodeoxyuridine (BrdU). (A) A flow cytometry dot plot array shows 7AAD/
aBrdU co-stained MM.1s cells at 6 hrs, 12 hrs, and 24 hrs at single dose - PDX (3 nM) and MTX (30 nM). The gates define cells in the
three stages of the cell cycle: G1, S-phase (S), and G2/mitosis (G2). (B) A graphical representation of the entire experimental data set. Drug

concentrations listed on the x-axis are in nM.
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Figure 4: HMCL:s retain sensitivity to PDX in the presence of microenvironment prosurvival factors. (A) A subset of
HMCLs were cultured in the presence of IL-6 (5 ng/ml) for 24 hrs prior to incubation with increasing concentrations of PDX (0.3 nM—100
nM). Cell viability was assayed after 48 hrs of PDX exposure. The curves are normalized to untreated cells (100%) and bortezomib (10-50
nM) treated cells (0%). Data represent the mean + SD of at least three experiments. (B) KMS-11, MM.1s and U266 cells were cultured
for 24 hrs with or without IL-6 (5 ng/ml) and whole cells lysates were analyzed by western blot for phospho-STAT3 Tyr’ (pSTAT3), total
STAT3 (STAT3). B-actin served as a loading control. (C) MM.1s and U266 cells were incubated on a monolayer of HS-5 bone marrow
stroma-derived cells (BMSC) and incubated with increasing concentrations of PDX (MM.1s: 1 nM, 2 nM, 100 nM; U266: 2 nM, 10 nM,
100 nM). Dual color flow cytometry plots depicting apoptotic (annexin V) MM.1s (CD38") cells at 24 hrs and 48 hrs. (D) The full data set
of the apoptotic HMCL population depicting MM.1s cells (AnnexinV* CD38") alone (white), U266 cells (AnnexinV* CD138") alone (gray)
and HS-5: HMCL co-culture respectively (black). Untr = untreated vehicle control cells.
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some cases even undetectable, in comparison to the drug
treated samples. This may reflect a generally lower rate
of proliferation compared to other lymphoproliferative
malignancies. As observed in Figure SA, the concentration
dependent stabilization of DHFR protein was found in
both sensitive and resistant cell lines, increases in DHFR
protein levels in response to drug were substantially higher
in the PDX resistant cell lines (U266, CAG) compared
to PDX-sensitive lines (MM.1s, KMS-11). This fits with
the established features of MTX resistance, wherein
amplification of DHFR, for example, strongly correlates
with MTX resistance.

To explore the significance of other pharmacologic
and genetic determinants of resistance, we quantitated
the expression levels of gene transcripts associated with
antifolate sensitivity. The relative mRNA expression
levels of four folate pathway genes (RFC, GGH, FPGS
and DHFR) were examined in eight myeloma cell lines,
including four resistant lines (ARP-1, CAG, RPMI
8228, U266) and four sensitive lines (ARH-77, KMS-
11, MM.1s, PCNY-1B). While expression of each gene
differed between the different cell lines (Supplementary
Figure 3A), when the lines were grouped based on their
pattern of sensitivity to PDX-sensitivity, a trend emerged
(Figure 6A). As shown in Figure 6B, pralatrexate-resistant
cell lines consistently expressed substantially lower levels
of RFC mRNA compared to sensitive cell lines, a finding
that was highly statistically significant (p < 0.0001). These
data suggest RFC expression in myeloma tumor cells is
the key biomarker of sensitivity to pralatrexate.

Efforts to corroborate the levels of RFC at the level
of the protein were complicated by the fact that there are
no reliable antibodies against RFC. Hence, we utilized a
functional assay to quantitate radiolabeled MTX influx,
as reported by Zhao ef al. with an intent to correlate the
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u Pl u P
DHFR'
MM.1s actin T S
DHFR] —
KMS-11 actin s
DHFR - - -
U266 actin
CAG DHFR T ——— ——

ACHN e e e aE——

rates of internalization with the pattern of pralatrexate
and MTX sensitivity and RFC mRNA expression
[43]. Cell lines were incubated with non-saturating
extracellular concentrations of methotrexate spiked with
[*H] MTX over one hour to measure the uptake of drug
as a function of time. The transport was performed at pH
7.4 to minimize the contribution of endogenous proton-
coupled folate transporter (PCFT) on MTX uptake [44,
45]. The equilibrium is achieved relatively quickly as
demonstrated by the flattening of the slope of intracellular
MTX influx over time (Figure 6C). Drug sensitive MM.1s
and KMS-11 cells exhibited significant internalization
of MTX as determined by intracellular concentrations of
MTX. Conversely, the drug resistant U266 cells, which
expressed relatively low RFC mRNA, demonstrated a
limited capacity to internalize MTX. The differential in
MTX intracellular concentration between the sensitive
cells and U266 was highly statistically significant (Figure
6C, 6D; MM.1s v. U266 — p = 0.0297; KMS-11 vs U266
—p =0.0078). Individual statistical analyses for each time
point within the linear range demonstrated that the influx
rate of MTX in pralatrexate-resistant and sensitive cell
lines differed substantially (Supplementary Figure 3B,
3C). As expected, the drug resistant cell lines (U266, CAG
and RPMI) exhibited lower intracellular concentrations
of MTX compared to the sensitive cell lines (KMS-11,
MM.1s and PCNY-1B; Figure 6C). Importantly, the results
at the extremes of the data range demonstrate a direct
correlation between increased RFC function and increased
sensitivity to PDX in myeloma tumor cells.

DISCUSSION

While multiple myeloma is not thought of as
a disease sensitive to antifolates, it is clear there are
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Figure 5: Antifolate-resistance in HMCLs correlates to the magnitude of DHFR protein upregulation in response to
PDX. (A) PDX-sensitive cells MM.1s, KMS-11 and PDX-resistant cells U266, CAG were incubated with increasing concentrations of
PDX (1, 2, 10, 100 nM) for 24 and 48 hrs. Whole cell lysates were run on a SDS-PAGE gel and protein expression analyzed by western
blot. (B) The semi-quantitative densitometry data for the relative expression levels of DHFR (ratio of DHFR band intensity/beta-actin band
intensity) for 48 hr samples in panel A. U = untreated cells, " denotes a non-specific band at 25 kDa in the KMS-11 & ARH-77 cell lines,

proper band is below (arrow).

www.oncotarget.com

Oncotarget


https://www.ncbi.nlm.nih.gov/pubmed/16467848
http://

a number of determinants that might influence the earlier analogs. Second, it is clear that at least RFC, and

conclusion. First, methotrexate has been consistently likely other pharmacologic determinant like DHFR and
shown to be inferior to pralatrexate, by at least a log- FPGS, can influence disease sensitivity to the class. It
fold across all the biochemical and physiological assays is likely that identifying a multiple myeloma ‘sensitive’
studied to date. Hence, it is possible this class of drugs population based on RFC expression would enrich for
is ‘overlooked’ based upon suboptimal experiences with patients likely to respond.
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0.25 p=<0.0001 0.4 p= 0.9363 0.20 p= 05246 0.5 p= 06568
s — s s s
@ 0.20 K [ e 04
o ° 0.3 ° 0.15 o
50.15 —|— K ] S 03
< < 02 < 010 z
(4 o ['4 o
£ 0.10 £ € £ 02
'g g 0.1 '2 0.05 g
Eo.ns J_ E E E 0.1 J_
0.00 0.0 S 0.00 0.0+
Resistant Sensitive Resistant Sensitive Resistant Sensitive Resistant Sensitive
.g p=00211 HMCLs
$ r=-0.7242 © KMS-11
o O MM.1s
< V ARH-77
w Y O PCNY-1B
(@] B U266
; A ® RPMI 8226
= - v Y ARP-1
(0]
o . A CAG
2 4 6
0G40 IC50 PDX nM
C oKkMs-11 D 51 o
O MM1.S £
c 0 PCNY1B 5
Falr] ® RPMI < g 47 1 —
= A CAG £ .
52 m U266 -5 34
5% §3 3
= = 1T
[} O
3] g o o 217
o ° g o
5
£E £ E
o o 17
: 1
Q
0

KMS-11 MM.1s U266

time (min)

Figure 6: RFC expression and function correlate with PDX-sensitivity in HMCLs. (A) Relative mRNA expression of folate
pathway genes in PDX-senstive (white) and PDX-resistant (black) HMCLs. The gene transcripts analyzed by RT-qPCR analysis were
RFC, FPGS, GGH and DHFR. Eight cell lines made up the panel of HMCLs, four resistant: CAG, U266, ARP-1, RPMI 8226 and four
sensitive: PCNY-1B, ARH-77, KMS-11 and MM.1s. Messenger RNA levels from each respective gene transcript were normalized to beta-
actin and cyclophilin B. The data represent a minimum of three individual experiments. The box whisker plot demarcations: mean (/ine),
box (25th-75th percentile), whiskers (minimium and maximium). The two-tailed p values were obtained through an unpaired Student #-test.
(B) Correlation between RFC mRNA expression levels in 8 HMCL lines (open symbols = PDX-sensitive, filled symbols = PDX-resistant)
and their respective IC, | values for PDX. The p value is one-tailed, r value = Pearson correlation coefficient. (C) The net uptake kinetics
of MTX in a panel of resistant (black, solid line) and sensitive (open, dashed line) HMCLs. Cells were exposed to 1 uM MTX spiked with
[*H-MTX] and samples were taken at 1, 2, 3, 5, 15, 30 and 60 min after the initial exposure. The main chart displays linear data obtained
from 0-5 mins; the inset shows all data points 0—60 mins. Data are from a single experiment, which is representative of repeat studies. (D)
Data compiled from a set of experiments comparing intracellular MTX level differences at 3 minutes after *H-MTX incubation in KMS-11,
MM.1s and U266 cells. The p-value was calculated by multiple #-test analysis and significance determined using the Holm-Sidak method
(alpha=5.0%) "p < 0.05, ""p < 0.005.
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These data have consistently demonstrated that
across all assays, there is a clear dichotomy among the
myeloma cells studied: they are either highly sensitive to
MTX and pralatrexate, or they are highly resistant to these
agents. The classification of these two types of cells was
corroborated across a variety of assays ranging from Cell
Titer Glo to Annexin V and caspase 3 and 9 cleavage, to the
cell cycle analysis. No cell line was found to be resistant
in one assay and sensitive in another. There was a clear
separation between the two phenotypes of myeloma cells.

Multiple myeloma is highly dependent on
cytokine signaling pathways, be it IL-6, other paracrine
pathways, or direct cell: cell mediated contact with the
stromal microenvironment. It has been well established
in a variety of myeloma models that all of these factors
can contribute to drug resistance, and identifying drugs
that maintain their activity irrespective of these stromal
factors is an important goal in myeloma research. It has
been demonstrated that the stromal environment plays an
important role in cellular resistance to drugs including
dexamethasone and doxorubicin. These factors did not
have any impact on pralatrexate or methotrexate sensitivity
in our analysis. Importantly, these data suggest that the
potent cytotoxicity of pralatrexate is mediated independent
of IL-6. Interestingly, IL-6 induced pSTAT3 expression,
which has also been correlated with anti-apoptotic, pro-
proliferation signaling pathways [46—48].

Differential expression of RFC appears to be
a critical pharmacologic determinant in pralatrexate
sensitivity in MM, which is notable since the drug was
optimized for affinity to this transporter. Consistent with
all the assay data, sensitive lines successfully internalized
higher quantities of anti-folate (MTX), while resistant cell
lines were found to have significantly lower intracellular
concentrations of MTX. These internalization experiments
correlated with the sensitivity pattern, RFC mRNA data
and all the cytotoxicity data. Ideally, it would be valuable
to know if RFC expression itself is prognostic, and
whether a rapid assay could be developed to identify MM
patient tumor cells as high versus low RFC expressers
in a clinical setting. Gene expression profiling of tumor
cells from patients may provide a means to study this
hypothesis in a prospective manner.

In conclusion, we demonstrate that pralatrexate has
promising pre-clinical activity in a subset of MM cell lines.
Baseline RFC mRNA expression and induced expression
of DHFR after exposure are functional pharmacologic
biomarkers in this setting. Clinically, these data create a
clinical trial scenario where pralatrexate could be studied
in an all-commerce phase 2 study, with analysis of
patient derived tissue for RFC and other pharmacologic
determinants. This study could then be followed by a study
where the biomarker of interest, in this case RFC, is used to
screen patients for eligibility. This approach could allow for
the identification of a novel drug in the disease, and establish
a means to treat only those patients likely to benefit.

MATERIALS AND METHODS

Cell lines

The human myeloma cell lines used in these studies
included U266, RPMI-8226 (obtained from American
Tissue Culture Collection - ATCC), MM.1s, ARP-1, ARH-
77, CAG, SK-MM2, KMS-11 (provided by S. Chen-
Kiang, Weill Cornell Medical College, New York, NY) and
PCNY-1B (provided by HJ Cho, Icahn School of Medicine
at Mt. Sinai). All myeloma cell lines, save PCNY-1B, were
cultured in RPMI-1640 (Life Technologies) supplemented
with 10% fetal bovine serum (FBS; Sigma-Aldrich), and
20 pg/ml Gentamycin (Life Technologies). PCNY-1B
was cultured in X-Vivo 15 (Lonza Walkersville, Inc.),
supplemented with 10% pooled human serum (Omega
Scientific, Inc.). The human bone-marrow stromal cell
line HS-5 (provided by S. Chen-Kiang) was cultured in
DMEM (ATCC) supplemented with 10% FBS and 20pg/
ml Gentamycin. All cell cultures were maintained at 37° C
with 5% CO2 in 95% relative humidity.

Drugs and reagents

Pralatrexate was purchased from Selleckchem. All
other drugs and chemical entities were purchased from
Sigma Aldrich. Antibodies for Western blotting were
obtained as follows: beta-actin (abcam ACTNO5), caspase
3 (Santa Cruz #7272); (Cell Signaling #9662), caspase 9
(Signaling #9502), DHFR (Sigma WHO0001714M1), Mcl-1
(Signaling #4572), Stat3 (Signaling #9132), Phospho-Stat3
(Signaling #9145), PARP (BD Biosciences #556362).

Cell viability assay

Cell viability was measured using a luciferase-
coupled ATP quantitation assay (CellTiter-Glo, Promega).
Cells were plated at a concentration of 1.5 x 10° cells/ml
at a final volume of 200 pl per well in a 96-well plate. The
assay plates were incubated for 24, 48 or 72 h at 37° C
in the presence or absence of drug. In order to determine
the impact of caspase cleavage on apoptosis cells were
incubated with 50 mM pan caspase inhibitor, QVD-OPH
(catalogue number OPH109, MP Biochemicals, Aurora,
OH). At the appropriate time points, cells were harvested
and transferred to opaque, white 96-well plates at which
time the CellTiter-Glo reagent was added at a volumetric
ratio of 1:1. The intensity of luminescence in the plates
was measured using a SynergyH|1 plate reader (BioTek).

Apoptosis assay

Apoptotic cells were determined by Annexin-V+
using a staining method described previously [49].
Cells were resuspended in a small volume (100 pL)
of 1x binding buffer (BD Bioscience), and incubated
with Annexin V-FITC (BD Biosciences) and 5 uL of
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7-Aminoactinomycin D (7-AAD; BD Biosciences) at
room temperature, in the dark for 20 minutes. Untreated
cells stained with Annexin V only or 7-AAD only served
as single color controls. Cells were then fixed in 100uL
of 4% paraformaldehyde (Sigma- Aldrich), collected by
flow cytometry on a FACSCalibur (BD Bioscience) using
CellQuest and analyzed by Flowjo.

Western blot analysis

Protein lysates were prepared by freeze-thawing
cells in lysis buffer (350 mmol/L NaCl, 20 mmol/L HEPES
(pH 7.9), 0.2% NP-40, 1 mmol/L MgCl2, 1 mmol/L
DTT, 20% glycerol, 2 mmol/L sodium orthovanadate,
10 mmol/L b-glycerol phosphate, and protease inhibitor
(Calbiochem). Protein concentration was determined
using the Bradford assay (Bio-Rad) according to the
manufacturer’s instructions. Lysates (10 pg) was run on
an SDS-PAGE gel and transferred to a polyvinylidene
difluoride membrane (Millipore). Blocking and antibody
dilutions were made in 5% nonfat dry milk (NFDM) in
TBS-T [10 mmol/L Tris base, 150 mmol/L NaCl, 0.01%
(v/ v) Tween 20; Sigma-Aldrich) or 5% bovine serum
albumin (BSA). Blots were visualized with Supersignal
West Femto Substrate (Thermo Scientific). Densitometry
analysis was performed on ImageJ (NIH. Bethesda, MD)
per the manufacturer’s recommendations using beta-actin
as a reference control.

Cell-cycle BrdU assay

The flow cytometry-based cell cycle progression
assay was carried out as described by the manufacturer
of BD BrdU FITC Assay (BD Biosciences). MM.1s cells
(2.0 x 10° cells/mL) were incubated with drug or vehicle
for specified durations. One hour prior to collection
of each time point the cells were incubated with BrdU
(10 uM). After incubation the cells were washed (1x
PBS), fixed, permeabilized and stained as described
by the manufacturer. The DNA was co-stained with
7-AAD and the cells were visualized on a FACSCalibur
cytometer.

RNA isolation

Cell pellets were solubilized in 1 ml TRI reagent
(MRC, Cincinnati, OH) and then sonicated for 10s
on ice with a Sonic Dismembrator (Model 100 Fisher
Scientific, Weltham MA). Each sample was mixed with
100 pl bromochlorophenol (MRC) and incubated at room
temperature for 10 min, centrifuged at 14,000 x g, 4° C for
10 min. The aqueous phase was collected, and RNA was
precipitated by adding 500ul isopropanol (Sigma-Aldrich,
St. Louis, MO) and incubated at room temperature for
10 min, followed by centrifugation at 13,000 x g, 4° C for
15 min. The RNA pellet was washed with 75% ethanol
(Sigma-Aldrich) and centrifuged again as in the previous

step. The RNA pellet was air-dried and then re-suspended
in 50-100 pl nuclease-free water and incubated at
70° C for 5 min. The concentration was determined
by measuring the optical density of diluted samples at
260 nm in a Beckman Coulter DU530 spectrophotometer
(Beckman Coulter Inc., Fullerton, CA).

Gene expression analysis

Quantitative real-time RT-PCR (qRT-PCR) was
carried out as previously described [50]. Tagman primer
sets (Applied Biosciences) for the genes of interest
in these experiments included the following: [-actin
(Hs00181698 ml), cyclophilin B (Hx00168719 ml),
SLC19al (Hs00953344 ml), FPGS (Hs00191956 ml),
GGH (Hs00914163 m1) and DHFR (Hs00758822 sl1).
Relative expression was calculated against the geometric
mean of the reference primers (-actin and cyclophilin B)
by the following formula: relative expression = 2-[ACt
(sample) - ACt (reference)], where ACt = Ct (test) — Ct
(baseline control).

Radiolabeled MTX membrane flux assay

Cells were pelleted and washed twice in HBS
buffer (20 mM HEPES, 140 mM NaCl, 5 mM KClI,
2 mM MgCl2, and 5 mM dextrose; adjusted with 1 N
NaOH to achieve a pH of 7.4). Cells were resuspended in
HBS buffer at the final density of 10-15 % 10e6 cells/ml,
transferred in stirrer-glass tubes and incubated in a 37° C
water bath for 20 min. Then, MTX spiked with [3H] MTX
was added to a final concentration of 1 uM and uptake was
performed at a pH 7.4. Aliquots from the cell suspension
were collected over time and the reaction was stopped by
injection of 10 volumes of ice-cold HBS buffer. The cells
were washed and digested with 500 ml 0.2 N NaOH at
65° C for 45 min. Lysates were assessed for tritium on
a liquid scintillation B-counter and protein concentration
was determined by BCA assay (Thermo Fisher Scientific,
Waltham, MA). Intracellular MTX was expressed as
picomoles per milligram of protein.

Statistical analyses

GraphPad Prism 5.0/6.0 was used to tabulate, chart
and calculate all data and statistics. Unless noted all p
values are obtained by implementing a paired Student’s
t-test, all values yielding a p < 0.05 are considered
significant values. Unless otherwise noted: “p < 0.05, “p
<0.01, ™p <0.001.

Author contributions

MM and HIJC designed study. CK, MM, and MV
conducted experiments. CK, MM, MV, LS OAO, HJC
analyzed and interpreted data. CK and MM wrote the

www.oncotarget.com

1586

Oncotarget


https://www.ncbi.nlm.nih.gov/pubmed/16467848
http://

manuscript. All authors contributed to data review and
edited manuscript.

CONFLICTS OF INTEREST

OAO receives research support from Spectrum
Pharmaceuticals. HIC is an employee of the Multiple
Myeloma Research Foundation, received commercial
research support from Agenus Inc. and Genentech Roche,
and compensation for consulting/advisory boards from
Genentech Roche, Celgene, Bristol- Myers Squibb, and
GlaxoSmithKline. All other authors declare no conflicts
of interests.

FUNDING

This work was in part funded by the International
Myeloma Foundation Brian D. Novis Award.

REFERENCES

1. Laubach J, Garderet L, Mahindra A, Gahrton G, Caers J,
Sezer O, Voorhees P, Leleu X, Johnsen HE, Streetly M,
Jurczyszyn A, Ludwig H, Mellqvist UH, et al. Management
of relapsed multiple myeloma: recommendations of the
International Myeloma Working Group. Leukemia. 2016;
30:1005-17. https://doi.org/10.1038/leu.2015.356. [PubMed]

2. Egan JB, Shi CX, Tembe W, Christoforides A, Kurdoglu A,
Sinari S, Middha S, Asmann Y, Schmidt J, Braggio E,
Keats JJ, Fonseca R, Bergsagel PL, et al. Whole-genome
sequencing of multiple myeloma from diagnosis to plasma
cell leukemia reveals genomic initiating events, evolution,
and clonal tides. Blood. 2012; 120:1060—66. https://doi.
org/10.1182/blood-2012-01-405977. [PubMed]

3. Bolli N, Avet-Loiseau H, Wedge DC, Van Loo P,
Alexandrov LB, Martincorena I, Dawson KJ, Iorio F, Nik-
Zainal S, Bignell GR, Hinton JW, Li Y, Tubio JM, et al.
Heterogeneity of genomic evolution and mutational profiles

in multiple myeloma. Nat Commun. 2014; 5:2997. https:/
doi.org/10.1038/ncomms3997. [PubMed]

4.  Corre J, Munshi N, Avet-Loiseau H. Genetics of multiple

myeloma: another heterogeneity level? Blood. 2015;
125:1870-76. https://doi.org/10.1182/blood-2014-10-
567370. [PubMed]

5. Mitsiades CS, Davies FE, Laubach JP, Joshua D, San
Miguel J, Anderson KC, Richardson PG. Future directions
of next-generation novel therapies, combination approaches,
and the development of personalized medicine in myeloma.
J Clin Oncol. 2011; 29:1916-23. https://doi.org/10.1200/
JC0.2010.34.0760. [PubMed]

6. Toner LE, Vrhovac R, Smith EA, Gardner J, Heaney M,
Gonen M, Teruya-Feldstein J, Sirotnak F, O’Connor OA.
The schedule-dependent effects of the novel antifolate

pralatrexate and gemcitabine are superior to methotrexate
and cytarabine in models of human non-Hodgkin’s

10.

I1.

12.

13.

14.

15.

16.

lymphoma. Clin Cancer Res. 2006; 12:924-32. https://doi.
org/10.1158/1078-0432.CCR-05-0331. [PubMed]

Visentin M, Unal ES, Goldman ID. The impact of
S-formyltetrahydrofolate on the anti-tumor activity of
pralatrexate, as compared to methotrexate, in HeLa cells
in vitro. Cancer Chemother Pharmacol. 2014; 73:1055-62.
https://doi.org/10.1007/s00280-014-2441-9. [PubMed]
Hagner N, Joerger M. Cancer chemotherapy: targeting
folic acid synthesis. Cancer Manag Res. 2010; 2:293-301.
https://doi.org/10.2147/CMR.S10043. [PubMed]

Marchi E, Paoluzzi L, Scotto L, Seshan VE, Zain JM,
Zinzani PL, O’Connor OA. Pralatrexate is synergistic with

the proteasome inhibitor bortezomib in in vitro and in vivo
models of T-cell lymphoid malignancies. Clin Cancer Res.
2010; 16:3648-58. https://doi.org/10.1158/1078-0432.CCR-
10-0671. [PubMed]

Izbicka E, Diaz A, Streeper R, Wick M, Campos D,
Steffen R, Saunders M. Distinct mechanistic activity profile
of pralatrexate in comparison to other antifolates in in vitro
and in vivo models of human cancers. Cancer Chemother
Pharmacol. 2009; 64:993-99. https://doi.org/10.1007/
$00280-009-0954-4. [PubMed]

Sirotnak FM, DeGraw JI, Colwell WT, Piper JR. A new
analogue of 10-deazaaminopterin with markedly enhanced

curative effects against human tumor xenografts in mice.
Cancer Chemother Pharmacol. 1998; 42:313—18. https://
doi.org/10.1007/s002800050823. [PubMed]

DeGraw JI, Colwell WT, Piper JR, Sirotnak FM.
Synthesis and antitumor activity of 10-propargyl-10-
deazaaminopterin. ] Med Chem. 1993; 36:2228-31. https:/
doi.org/10.1021/jm000672020. [PubMed]

Visentin M, Unal ES, Zhao R, Goldman ID. The
membrane transport and polyglutamation of pralatrexate:
a new-generation dihydrofolate reductase inhibitor. Cancer
Chemother Pharmacol. 2013; 72:597-606. https://doi.
0rg/10.1007/s00280-013-2231-9. [PubMed]

Serova M, Bieche I, Sablin MP, Pronk GJ, Vidaud M,
Cvitkovic E, Faivre S, Raymond E. Single agent and

combination studies of pralatrexate and molecular correlates
of sensitivity. Br J Cancer. 2011; 104:272—80. https://doi.
org/10.1038/5].bjc.6606063. [PubMed]

Wang ES, O’Connor O, She Y, Zelenetz AD, Sirotnak FM,
Moore MA. Activity of a novel anti-folate (PDX,
10-propargy!l
lymphoma is superior to methotrexate and correlates with

10-deazaaminopterin)  against human
tumor RFC-1 gene expression. Leuk Lymphoma. 2003;
44:1027-35. https://doi.org/10.1080/10428190310000771

24. [PubMed]

Amengual JE, Lichtenstein R, Lue J, Sawas A, Deng C,
Lichtenstein E, Khan K, Atkins L, Rada A, Kim HA,
Chiuzan C, Kalac M, Marchi E, et al. A phase 1 study of
romidepsin and pralatrexate reveals marked activity in
relapsed and refractory T-cell lymphoma. Blood. 2018;
131:397-407.  https://doi.org/10.1182/blood-2017-09-
806737. [PubMed]

www.oncotarget.com

1587

Oncotarget


https://www.ncbi.nlm.nih.gov/pubmed/16467848
http://
https://doi.org/10.1038/leu.2015.356
https://www.ncbi.nlm.nih.gov/pubmed/26710887
https://doi.org/10.1182/blood-2012-01-405977
https://doi.org/10.1182/blood-2012-01-405977
https://www.ncbi.nlm.nih.gov/pubmed/22529291
https://doi.org/10.1038/ncomms3997
https://doi.org/10.1038/ncomms3997
https://www.ncbi.nlm.nih.gov/pubmed/24429703
https://doi.org/10.1182/blood-2014-10-567370
https://doi.org/10.1182/blood-2014-10-567370
https://www.ncbi.nlm.nih.gov/pubmed/25628468
https://doi.org/10.1200/JCO.2010.34.0760
https://doi.org/10.1200/JCO.2010.34.0760
https://www.ncbi.nlm.nih.gov/pubmed/21482978
https://doi.org/10.1158/1078-0432.CCR-05-0331
https://doi.org/10.1158/1078-0432.CCR-05-0331
https://www.ncbi.nlm.nih.gov/pubmed/16467107
https://doi.org/10.1007/s00280-014-2441-9
https://www.ncbi.nlm.nih.gov/pubmed/24682532
https://doi.org/10.2147/CMR.S10043
https://www.ncbi.nlm.nih.gov/pubmed/21301589
https://doi.org/10.1158/1078-0432.CCR-10-0671
https://doi.org/10.1158/1078-0432.CCR-10-0671
https://www.ncbi.nlm.nih.gov/pubmed/20501616
https://doi.org/10.1007/s00280-009-0954-4
https://doi.org/10.1007/s00280-009-0954-4
https://www.ncbi.nlm.nih.gov/pubmed/19221750
https://doi.org/10.1007/s002800050823
https://doi.org/10.1007/s002800050823
https://www.ncbi.nlm.nih.gov/pubmed/9744777
https://doi.org/10.1021/jm00067a020
https://doi.org/10.1021/jm00067a020
https://www.ncbi.nlm.nih.gov/pubmed/8340923
https://doi.org/10.1007/s00280-013-2231-9
https://doi.org/10.1007/s00280-013-2231-9
https://www.ncbi.nlm.nih.gov/pubmed/23881211
https://doi.org/10.1038/sj.bjc.6606063
https://doi.org/10.1038/sj.bjc.6606063
https://www.ncbi.nlm.nih.gov/pubmed/21179031
https://doi.org/10.1080/1042819031000077124
https://doi.org/10.1080/1042819031000077124
https://www.ncbi.nlm.nih.gov/pubmed/12854905
https://doi.org/10.1182/blood-2017-09-806737
https://doi.org/10.1182/blood-2017-09-806737
https://www.ncbi.nlm.nih.gov/pubmed/29141948

17.

18.

19.

20.

21.

22.

23.

24.

Marchi E, Raufi AG, O’Connor OA. Novel Agents in the
Treatment of Relapsed or Refractory Peripheral T-Cell
Lymphoma. Hematol Oncol Clin North Am. 2017; 31:359—
75. https://doi.org/10.1016/j.hoc.2016.11.002. [PubMed]

Jain S, Jirau-Serrano X, Zullo KM, Scotto L, Palermo CF,
Sastra SA, Olive KP, Cremers S, Thomas T, Wei Y,
Zhang Y, Bhagat G, Amengual JE, et al. Preclinical
pharmacologic evaluation of pralatrexate and romidepsin
confirms potent synergy of the combination in a murine
model of human T-cell lymphoma. Clin Cancer Res. 2015;
21:2096-106. https://doi.org/10.1158/1078-0432.CCR-14-
2249. [PubMed]

Foss F, Horwitz SM, Coiffier B, Bartlett N, Popplewell L,
Pro B, Pinter-Brown LC, Shustov A, Furman RR, Haioun C,
Koutsoukos T, O’Connor OA. Pralatrexate is an effective

treatment for relapsed or refractory transformed mycosis
fungoides: a subgroup efficacy analysis from the PROPEL
study. Clin Lymphoma Myeloma Leuk. 2012; 12:238-43.
https://doi.org/10.1016/j.clm1.2012.01.010. [PubMed]
O’Connor OA, Hamlin PA, Portlock C, Moskowitz CH,
Noy A, Straus DJ, Macgregor-Cortelli B, Neylon E,
Sarasohn D, Dumetrescu O, Mould DR, Fleischer M,
Zelenetz AD, et al. Pralatrexate, a novel class of antifol with
high affinity for the reduced folate carrier-type 1, produces
marked complete and durable remissions in a diversity of
chemotherapy refractory cases of T-cell lymphoma. Br
J Haematol. 2007; 139:425-28. https://doi.org/10.1111/
j.1365-2141.2007.06658.x. [PubMed]

Marneros AG, Grossman ME, Silvers DN, Husain S,
Nuovo GJ, MacGregor-Cortelli B, Neylon E, Patterson M,
O’Connor OA, Zain JM. Pralatrexate-induced tumor cell

apoptosis in the epidermis of a patient with HTLV-1 adult
T-cell lymphoma/leukemia causing skin erosions. Blood.
2009; 113:6338-41. https://doi.org/10.1182/blood-2009-
03-210989. [PubMed]

O’Connor OA, Pro B, Pinter-Brown L, Bartlett N,
Popplewell L, Coiffier B, Lechowicz MJ, Savage KlJ,
Shustov AR, Gisselbrecht C, Jacobsen E, Zinzani PL,
Furman R, et al. Pralatrexate in patients with relapsed or
refractory peripheral T-cell lymphoma: results from the
pivotal PROPEL study. J Clin Oncol. 2011; 29:1182-89.
https://doi.org/10.1200/JC0O.2010.29.9024. [PubMed]

Horwitz SM, Kim YH, Foss F, Zain JM, Myskowski PL,
Lechowicz MJ, Fisher DC, Shustov AR, Bartlett NL,
Delioukina ML, Koutsoukos T, Saunders ME, O’Connor OA,
Duvic M. Identification of an active, well-tolerated dose of

pralatrexate in patients with relapsed or refractory cutaneous
T-cell lymphoma. Blood. 2012; 119:4115-22. https://doi.
org/10.1182/blood-2011-11-390211. [PubMed]

O’Connor OA, Horwitz S, Hamlin P, Portlock C,
Moskowitz CH, Sarasohn D, Neylon E, Mastrella J,
Hamelers R, Macgregor-Cortelli B, Patterson M,
Seshan VE, Sirotnak F, et al. Phase II-I-II study of two
different doses and schedules of pralatrexate, a high-affinity

substrate for the reduced folate carrier, in patients with

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

relapsed or refractory lymphoma reveals marked activity
in T-cell malignancies. J Clin Oncol. 2009; 27:4357—-64.
https://doi.org/10.1200/1C0.2008.20.8470. [PubMed]

Chang SE, Littlefield JW. Elevated dihydrofolate reductase
messenger RNA levels in methotrexate-resistant BHK
cells. Cell. 1976; 7:391-96. https://doi.org/10.1016/0092-
8674(76)90168-9. [PubMed]

van der Laan BF, Jansen G, Kathmann I, Schornagel JH,

Hordijk GJ. Mechanisms of acquired resistance to
methotrexate in a human squamous carcinoma cell line
of the head and neck, exposed to different treatment
schedules. Eur J Cancer. 1991; 27:1274—78. https://doi.
0rg/10.1016/0277-5379(91)90096-V. [PubMed]

Liani E, Rothem L, Bunni MA, Smith CA, Jansen G,
Assaraf YG. Loss of folylpoly-gamma-glutamate
synthetase activity is a dominant mechanism of resistance to
polyglutamylation-dependent novel antifolates in multiple
human leukemia sublines. Int J Cancer. 2003; 103:587-99.
https://doi.org/10.1002/ijc.10829. [PubMed]

Gorlick R, Cole P, Banerjee D, Longo G, Li WW,
Hochhauser D, Bertino JR. Mechanisms of methotrexate

resistance in acute leukemia. Decreased transport and
polyglutamylation. Adv Exp Med Biol. 1999; 457:543-50.
https://doi.org/10.1007/978-1-4615-4811-9_59. [PubMed]

Dixon KH, Lanpher BC, Chiu J, Kelley K, Cowan KH. A
novel ¢cDNA restores reduced folate carrier activity and

methotrexate sensitivity to transport deficient cells. J Biol
Chem. 1994; 269:17-20. [PubMed]

Gorlick R, Goker E, Trippett T, Steinherz P, Elisseyeff Y,
Mazumdar M, Flintoff WF, Bertino JR. Defective transport is
a common mechanism of acquired methotrexate resistance in
acute lymphocytic leukemia and is associated with decreased
reduced folate carrier expression. Blood. 1997; 8§9:1013—18.
https://doi.org/10.1182/blood.V89.3.1013. [PubMed]

Schimke RT, Alt FW, Kellems RE, Kaufman RJ, Bertino JR.
Amplification of dihydrofolate reductase genes in

methotrexate-resistant cultured mouse cells. Cold Spring
Harb Symp Quant Biol. 1978; 42:649-57. https://doi.
org/10.1101/SQB.1978.042.01.067. [PubMed]

Carman MD, Schornagel JH, Rivest RS, Srimatkandada S,
Portlock CS, Duffy T, Bertino JR. Resistance to
methotrexate due to gene amplification in a patient with
acute leukemia. J Clin Oncol. 1984; 2:16-20. https://doi.
org/10.1200/JC0O.1984.2.1.16. [PubMed]

Srimatkandada S, Schweitzer BI, Moroson BA, Dube S,
Bertino JR. Amplification of a polymorphic dihydrofolate

reductase gene expressing an enzyme with decreased
binding to methotrexate in a human colon carcinoma cell
line, HCT-8R4, resistant to this drug. J Biol Chem. 1989;
264:3524-28. [PubMed]

Gong M, Yess J, Connolly T, Ivy SP, Ohnuma T, Cowan KH,
Moscow JA. Molecular mechanism of antifolate transport-
deficiency in a methotrexate-resistant MOLT-3 human
leukemia cell line. Blood. 1997; 89:2494-99. https://doi.
org/10.1182/blood.V89.7.2494. [PubMed]

www.oncotarget.com

1588

Oncotarget


https://www.ncbi.nlm.nih.gov/pubmed/16467848
http://
https://doi.org/10.1016/j.hoc.2016.11.002
https://www.ncbi.nlm.nih.gov/pubmed/28340883
https://doi.org/10.1158/1078-0432.CCR-14-2249
https://doi.org/10.1158/1078-0432.CCR-14-2249
https://www.ncbi.nlm.nih.gov/pubmed/25677697
https://doi.org/10.1016/j.clml.2012.01.010
https://www.ncbi.nlm.nih.gov/pubmed/22542448
https://doi.org/10.1111/j.1365-2141.2007.06658.x
https://doi.org/10.1111/j.1365-2141.2007.06658.x
https://www.ncbi.nlm.nih.gov/pubmed/17910632
https://doi.org/10.1182/blood-2009-03-210989
https://doi.org/10.1182/blood-2009-03-210989
https://www.ncbi.nlm.nih.gov/pubmed/19389878
https://doi.org/10.1200/JCO.2010.29.9024
https://www.ncbi.nlm.nih.gov/pubmed/21245435
https://doi.org/10.1182/blood-2011-11-390211
https://doi.org/10.1182/blood-2011-11-390211
https://www.ncbi.nlm.nih.gov/pubmed/22394596
https://doi.org/10.1200/JCO.2008.20.8470
https://www.ncbi.nlm.nih.gov/pubmed/19652067
https://doi.org/10.1016/0092-8674%2876%2990168-9
https://doi.org/10.1016/0092-8674%2876%2990168-9
https://www.ncbi.nlm.nih.gov/pubmed/947547
https://doi.org/10.1016/0277-5379%2891%2990096-V
https://doi.org/10.1016/0277-5379%2891%2990096-V
https://www.ncbi.nlm.nih.gov/pubmed/1835598
https://doi.org/10.1002/ijc.10829
https://www.ncbi.nlm.nih.gov/pubmed/12494465
https://doi.org/10.1007/978-1-4615-4811-9_59
https://www.ncbi.nlm.nih.gov/pubmed/10500832
https://www.ncbi.nlm.nih.gov/pubmed/8276792
https://doi.org/10.1182/blood.V89.3.1013
https://www.ncbi.nlm.nih.gov/pubmed/9028333
https://doi.org/10.1101/SQB.1978.042.01.067
https://doi.org/10.1101/SQB.1978.042.01.067
https://www.ncbi.nlm.nih.gov/pubmed/277312
https://doi.org/10.1200/JCO.1984.2.1.16
https://doi.org/10.1200/JCO.1984.2.1.16
https://www.ncbi.nlm.nih.gov/pubmed/6583326
https://www.ncbi.nlm.nih.gov/pubmed/2914962
https://doi.org/10.1182/blood.V89.7.2494
https://doi.org/10.1182/blood.V89.7.2494
https://www.ncbi.nlm.nih.gov/pubmed/9116294

35.

36.

37.

38.

39.

40.

41.

42.

43.

Yoon SA, Choi JR, Kim JO, Shin JY, Zhang X, Kang JH.
Influence of reduced folate carrier and dihydrofolate
reductase genes on methotrexate-induced cytotoxicity.
Cancer Res Treat. 2010; 42:163-71. https://doi.org/10.4143/
crt.2010.42.3.163. [PubMed]

Le Gouill S, Podar K, Harousseau JL, Anderson KC. Mcl-1
regulation and its role in multiple myeloma. Cell Cycle.
2004; 3:1259-62. https://doi.org/10.4161/cc.3.10.1196.
[PubMed]

Yang Y, Li F, Saha MN, Abdi J, Qiu L, Chang H. miR-
137 and miR-197 Induce Apoptosis and Suppress

Tumorigenicity by Targeting MCL-1 in Multiple Myeloma.
Clin Cancer Res. 2015; 21:2399-411. https://doi.
org/10.1158/1078-0432.CCR-14-1437. [PubMed]

Ramirez JM, Ocio EM, San Miguel JF, Pandiclla A.
Pemetrexed acts as an antimyeloma agent by provoking cell

cycle blockade and apoptosis. Leukemia. 2007; 21:797—
804. https://doi.org/10.1038/sj.1eu.2404599. [PubMed]

McMillin DW, Delmore J, Weisberg E, Negri JM, Geer DC,
Klippel S, Mitsiades N, Schlossman RL, Munshi NC,
Kung AL, Griffin JD, Richardson PG, Anderson KC,
Mitsiades CS. Tumor cell-specific bioluminescence
platform to identify stroma-induced changes to anticancer
drug activity. Nat Med. 2010; 16:483—89. https://doi.
org/10.1038/nm.2112. [PubMed]

Grigorieva I, Thomas X, Epstein J. The bone marrow

stromal environment is a major factor in myeloma cell
resistance to dexamethasone. Exp Hematol. 1998; 26:597—
603. [PubMed]

Catlett-Falcone R, Landowski TH, Oshiro MM, Turkson J,
Levitzki A, Savino R, Ciliberto G, Moscinski L, Fernandez-
Luna JL, Nufiez G, Dalton WS, Jove R. Constitutive
activation of Stat3 signaling confers resistance to
apoptosis in human U266 myeloma cells. Immunity. 1999;
10:105-15. https://doi.org/10.1016/S1074-7613(00)80011-4.

[PubMed]

Ronchetti D, Greco A, Compasso S, Colombo G, Dell’Era P,
Otsuki T, Lombardi L, Neri A. Deregulated FGFR3 mutants
in multiple myeloma cell lines with t(4;14): comparative
analysis of Y373C, K650E and the novel G384D mutations.
Oncogene. 2001; 20:3553—62. https://doi.org/10.1038/
sj.onc.1204465. [PubMed]

Zhao R, Assaraf YG, Goldman ID. A mutated murine
reduced folate carrier (RFC1) with increased affinity for

44,

45.

46.

47.

48.

49.

50.

folic acid, decreased affinity for methotrexate, and an
obligatory anion requirement for transport function. J
Biol Chem. 1998; 273:19065-71. https://doi.org/10.1074/
jbc.273.30.19065. [PubMed]

Visentin M, Diop-Bove N, Zhao R, Goldman ID. The
intestinal absorption of folates. Annu Rev Physiol.
2014, 76:251-74. https://doi.org/10.1146/annurev-
physiol-020911-153251. [PubMed]

Visentin M, Zhao R, Goldman ID. The antifolates. Hematol
Oncol Clin North Am. 2012; 26:629-48, ix. https://doi.
org/10.1016/j.hoc.2012.02.002. [PubMed]

Binder S, Hosler N, Riedel D, Zipfel 1, Buschmann T,
Kampf C, Reiche K, Burger R, Gramatzki M,
Hackermiiller J, Stadler PF, Horn F. STAT3-induced
long noncoding RNAs in multiple myeloma cells display
different properties in cancer. Sci Rep. 2017; 7:7976.
https://doi.org/10.1038/s41598-017-08348-5. [PubMed]
Shi W, Yan D, Zhao C, Xiao M, Wang Y, Ma H, Liu T,
Qin H, Zhang C, Li C, Lin J, Li S, Lv J, Lin L. Inhibition of
IL-6/STAT3 signaling in human cancer cells using Evista.
Biochem Biophys Res Commun. 2017; 491:159-65. https:/
doi.org/10.1016/j.bbrc.2017.07.067. [PubMed]

Lamano JB, Lamano JB, Li YD, DiDomenico JD,
Choy W, Veliceasa D, Oyon DE, Fakurnejad S, Ampie L,
Kesavabhotla K, Kaur R, Kaur G, Biyashev D, et al.
Glioblastoma-Derived IL6 Induces Immunosuppressive
Peripheral Myeloid Cell PD-L1 and Promotes Tumor
Growth. Clin Cancer Res. 2019; 25:3643-57. https://doi.
org/10.1158/1078-0432.CCR-18-2402. [PubMed]

Nardiello T, Jungbluth AA, Mei A, Diliberto M, Huang X,
Dabrowski A, Andrade VC, Wasserstrum R, Ely S,
Niesvizky R, Pearse R, Coleman M, Jayabalan DS, et al.

MAGE-A inhibits apoptosis in proliferating myeloma
cells through repression of Bax and maintenance of
survivin. Clin Cancer Res. 2011; 17:4309-19. https://doi.
org/10.1158/1078-0432.CCR-10-1820. [PubMed]
Jungbluth AA, Ely S, DiLiberto M, Niesvizky R,
Williamson B, Frosina D, Chen YT, Bhardwaj N, Chen-
Kiang S, Old LJ, Cho HJ. The cancer-testis antigens CT7
(MAGE-C1) and MAGE-A3/6 are commonly expressed
in multiple myeloma and correlate with plasma-cell
proliferation. Blood. 2005; 106:167-74. https://doi.
org/10.1182/blood-2004-12-4931. [PubMed]

www.oncotarget.com

1589

Oncotarget


https://www.ncbi.nlm.nih.gov/pubmed/16467848
http://
https://doi.org/10.4143/crt.2010.42.3.163
https://doi.org/10.4143/crt.2010.42.3.163
https://www.ncbi.nlm.nih.gov/pubmed/20948922
https://doi.org/10.4161/cc.3.10.1196
https://www.ncbi.nlm.nih.gov/pubmed/15467463
https://doi.org/10.1158/1078-0432.CCR-14-1437
https://doi.org/10.1158/1078-0432.CCR-14-1437
https://www.ncbi.nlm.nih.gov/pubmed/25724519
https://doi.org/10.1038/sj.leu.2404599
https://www.ncbi.nlm.nih.gov/pubmed/17315026
https://doi.org/10.1038/nm.2112
https://doi.org/10.1038/nm.2112
https://www.ncbi.nlm.nih.gov/pubmed/20228816
https://www.ncbi.nlm.nih.gov/pubmed/9657134
https://doi.org/10.1016/S1074-7613%2800%2980011-4
https://www.ncbi.nlm.nih.gov/pubmed/10023775
https://doi.org/10.1038/sj.onc.1204465
https://doi.org/10.1038/sj.onc.1204465
https://www.ncbi.nlm.nih.gov/pubmed/11429702
https://doi.org/10.1074/jbc.273.30.19065
https://doi.org/10.1074/jbc.273.30.19065
https://www.ncbi.nlm.nih.gov/pubmed/9668089
https://doi.org/10.1146/annurev-physiol-020911-153251
https://doi.org/10.1146/annurev-physiol-020911-153251
https://www.ncbi.nlm.nih.gov/pubmed/24512081
https://doi.org/10.1016/j.hoc.2012.02.002
https://doi.org/10.1016/j.hoc.2012.02.002
https://www.ncbi.nlm.nih.gov/pubmed/22520983
https://doi.org/10.1038/s41598-017-08348-5
https://www.ncbi.nlm.nih.gov/pubmed/28801664
https://doi.org/10.1016/j.bbrc.2017.07.067
https://doi.org/10.1016/j.bbrc.2017.07.067
https://www.ncbi.nlm.nih.gov/pubmed/28711499
https://doi.org/10.1158/1078-0432.CCR-18-2402
https://doi.org/10.1158/1078-0432.CCR-18-2402
https://www.ncbi.nlm.nih.gov/pubmed/30824583
https://doi.org/10.1158/1078-0432.CCR-10-1820
https://doi.org/10.1158/1078-0432.CCR-10-1820
https://www.ncbi.nlm.nih.gov/pubmed/21565982
https://doi.org/10.1182/blood-2004-12-4931
https://doi.org/10.1182/blood-2004-12-4931
https://www.ncbi.nlm.nih.gov/pubmed/15761016

