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ABSTRACT

Background

The loss of cell cycle regulation due to abnormal function of cyclin-dependent kinases
(cdk) occurs in tumors and leads to genetic instability of chemotherapy-resistant cells. In
this study, we investigated the effect of the cdk inhibitor flavopiridol in anaplastic large
cell lymphomas, in which unrestrained proliferation depends on NPM-ALK tyrosine
kinase activity.

Design and Methods

Effects of flavopiridol were examined in ALK-positive and -negative anaplastic large cell
lymphoma cells by means of immunoblotting and immunofluorescence analyses to assess
cdk expression and activity, quantitative real time reverse transcriptase polymerase chain
reaction to measure drug-induced changes in transcription, and FACS analyses to monitor
changes in proliferation and survival.

Results

Treatment with flavopiridol resulted in growth inhibition of anaplastic large cell lym-
phoma cells, along with accumulation of subG: cells and disappearance of S phase with-
out cell cycle arrest. Consistent with flavopiridol activity, phosphorylation at cdk2, cdk4,
cdk9 sites on RB and RNA polymerase II was inhibited. This correlated with induction of
cell death through rapid mitochondrial damage, inhibition of DNA synthesis, and down-
regulation of anti-apoptotic proteins and transcripts. Notably, flavopiridol was less active
in ALK-positive cells, as apoptosis was observed at higher concentrations and later time
points, and resistance to treatment was observed in cells maintaining NPM-ALK signaling.
NPM-ALK inhibition affected proliferation but not survival of anaplastic large cell lym-
phoma cells, whereas it resulted in a dramatic increase in apoptosis when combined with
flavopiridol.

Conclusions

This work provides the first demonstration that targeting cdk is effective against anaplas-
tic large cell lymphoma cells, and proves the critical role of NPM-ALK in the regulation of
responsiveness of tumor cells with cdk dysregulation.
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The effect of flavopiridol on ALCL

Introduction

Cyclin-dependent kinases (cdk) are a family of
serine/threonine kinases that, in complex with cyclins,
regulate cell cycle progression. Unlike cyclins, which
fluctuate to ensure proper timing of complex formation,
cdk remain stable during the cell cycle but their activa-
tion is transient due to rapid downregulation of cyclins or
changes in their phosphorylation state.! Four of the cdk
so far identified are active during the cell cycle (cdkl,
cdk2, cdk4 and cdko), one acts as an activating kinase for
the others (cdk7), and three are involved in transcription-
al regulation (cdk7, c¢dk8 and cdk9). In association with
cyclins D, E and A, cdk4/6 and cdk2 govern Gi- and S-
phase progression respectively, through sequential phos-
phorylation of retinoblastoma tumor suppressor protein
(RB) and E2F1 transcription factor,” whereas the cyclin
B1-cdkl complex promotes G:-phase traversal and exit
from mitosis.? In complex with cyclins H and T, cdk? and
cdk9, instead, act as direct regulators of the transcription-
al machinery, promoting initiation and elongation of nas-
cent transcripts through phosphorylation of the RNA
polymerase II enzyme.* Inhibition of cdk7/9 primarily
affects general transcription and cell survival, whereas
inhibition of cdkl, 2 and 4/6 accounts mostly for growth
arrest or delay in phase progression.” Deregulated cdk
activity is a hallmark of human cancer, and a variety of
genetic and epigenetic events, such as overexpression of
cyclins, diminished levels of cdk inhibitors or gain-of-
function mutations in cdk, have been described to cause
overactivity of these enzymes and provide a selective
growth advantage in tumor cells.*® This renders cdk suit-
able targets for anti-cancer therapy and has prompted
great interest in the development of specific inhibitors.”"

Flavopiridol is a semisynthetic ATP-competitive
inhibitor of cdk,"" capable of inducing either cell cycle
arrest or apoptosis, through inhibition of cdk 1, 2 and
4/6, or cdk?7 and 9, but without a direct effect on protein
stability.®* The primary response of tumor cells to
flavopiridol is cytostatic growth arrest with delayed
cytotoxicity, but cell cycle arrest and apoptosis may
occur concomitantly, and cell death can be the preferen-
tial response. However, due to effects on multiple cellu-
lar targets and actions beyond cdk inhibition, flavopiri-
dol has antitumor activity on a variety of cancer cells,
but lacks an univocal mechanism of action that explains
selective cell killing. Here, we studied the effect of
flavopiridol and examined its potential mechanism of
action on proliferation and survival of anaplastic large
cell lymphomas (ALCL), a subset of T-cell lymphomas
characterized by chromosomal translocations involving
the ALK gene, which gives rise to the fusion oncopro-
tein NPM-ALK, characterized by constitutive active
tyrosine kinase activity."”' NPM-ALK signals through a
multitude of downstream survival pathways
(JAK/STAT, PISBK/AKT, RAS/ERK and JNK) and is
responsible for the enhanced transcription and expres-
sion of several anti-apoptotic molecules, cell-cycle regu-
lators, ribosomal proteins and transcription factors, as
well as for the inactivation of their corresponding
inhibitors (RB, p21"*, p27%")."” However, little is known

about the effects of simultaneous interruption of sur-
vival signaling and cell cycle regulatory pathways on the
behavior of ALCL cells, and cdk inhibitors have not
been studied in ALCL nor have they been shown to
modulate NPM-ALK signaling. We, therefore, studied
the effects of flavopiridol on these aspects.

Design and Methods

Cell culture

Human ALK-positive ALCL cell lines Karpas299,
SUDHLI1, and ALK-negative FE-PD cells were main-
tained in RPMI 1640 medium containing 15% heat-
inactivated fetal calf serum (FCS), 2 mmol/L glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin
under standard tissue-culture conditions.

Reagents and antibodies

The cdk inhibitor flavopiridol (NSC 649890) was
obtained from the Developmental Therapeutics
Program (National Cancer Institute, NIH, Bethesda,
MD, USA), dissolved in dimethylsulfoxide (DMSO) and
stored at -80°C until use. WHI-154 was purchased from
Calbiochem (Calbiochem, USA). Antibodies were pur-
chased from Cell Signaling (PARP; E2F1; RB; cyclin B1;
cdk2; cdk4: cdk7, cdk9; STAT3V”; Akt and Akt™%; INK
and JNK™®; ERK1/2 and ERK1/2™*"" p38a and
p38a1®1%, NPM-ALK¥*) (Cell Signaling Technology,
Inc., USA); SIGMA (y-tubulin; RB**; RB*"; RB™")
(SIGMA-Aldrich Co., USA); Calbiochem (cyclin E)
(Oncogene Research Products, USA); Santa Cruz (Mcl-
1; Bax [N20]; cytochrome-c [7H8.2C12]; cyclin D3; RNA
Pol II; STAT3) (Santa Cruz Biotechnology, Inc., USA);
BD Transduction laboratories (p21"** and p27) (BD
Biosciences Pharmingen, USA); Upstate (Bax [6A7]; Bak;
cyclin A) (Upstate Biotechnology, NY, USA); Alexis (cas-
pase-3) (Axxora Life Science, USA); Covance (RNA Pol
II*** [H5]) (Covance, CA, USA). Caspase inhibitor z-vad-
fmk was purchased from Biomol (Biomol International
LP, USA). PMSF was purchased from SIGMA (SIGMA-
Aldrich Co., USA), whereas leupeptin and aprotinin
protease inhibitors were obtained from CAPPEL (ICN
Biomedicals Inc., USA). DAPI nucleic acid stain, fluo-
rophore-conjugated goat anti-rabbit Alexa488 and goat
anti-mouse Alexa546 antibodies were bought from
Molecular Probes (Molecular Probes Inc., USA).
Horseradish peroxidase-conjugated sheep anti-mouse
and donkey anti-rabbit antibodies were purchased from
GE Healthcare (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden), as were protein A-sepharose beads
and protein G-sepharose Fast-Flow™ beads. The BCA
protein assay was from PIERCE (Pierce Chemical Co.,
USA) while western blot chemiluminescence reagents
were purchased from Chemicon (Chemicon
International, Inc., USA). Nitrocellulose and PVDF
membranes were from Schleicher & Schuell. All of the
other chemicals used were purchased from SIGMA.

Cell viability assay
ALCL cell viability was assessed by MTT. Briefly,
0.1x10°mL cells were seeded in 96-well plates. The
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cells were grown in the presence or absence of the drug
at 37°C for up to 72 h and reduction of the MTT salt was
measured every 24 h at 540 nM. MTT salt (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
SIGMA Co., USA) was added for 4 h. Values represent
the mean (+SD) of triplicate cultures of three independ-
ent experiments. The median-effect dose (ICs) was cal-
culated using CalcuSyn software (Calcusyn, Biosoft,
MO, USA) and applying Chou’s median-effect equation.

Cell lysis, immunoblotting and immunoprecipitation

ALCL cells were treated with flavopiridol or left
untreated as indicated. The cells were then washed
twice in ice-cold 1x phosphate-buffered saline (PBS) and
lysed by addition of TritonX-100 sample buffer (10 mM
Tris-HCI [pH 7.5); 130 mM NaCl; 1% TritonX-100; 5
mM EDTA; 1 mg/mL BSA; 20 mM sodium phosphate
[pH 7.5]; 10 mM sodium pyrophosphate [pH 7.0]; 25
mM glycerophosphate; 1 mM sodium orthovanadate; 10
mM sodium molybdate; 1 mM PMSF; 20 pg/mL leu-
peptin; 20 pg/mL aprotinin). The lysates were clarified
by high-speed centrifugation, and 30 pg of lysate were
fractionated by sodium dodecylsulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to nitro-
cellulose. To assess processing and cleavage of caspase 3
flavopiridol-treated and untreated cells were lysed with
200 uL of urea-buffer [62.5 mM Tris-HC, (pH 6.8); 6 M
urea; 10% glycerol; 2% SDS; 5% B-mercaptoethanol].
Samples were prepared for western blotting as described
above, and normalized for the expression of y-tubulin.
Proteins were visualized by chemiluminescence using a
commercial kit (Chemicon). Immunoprecipitation was
performed as described previously. Briefly, the cells were
lysed as above, and 0.5 mg of protein lysates were pre-
cipitated, overnight at 4°C, with 1 pg specific primary
antibodies. The immunocomplexes were adsorbed onto
30 uL protein G sepharose beads, incubated at 4°C for
120 min and then resuspended in sample buffer before
fractionation by SDS gel electrophoresis. Western blot-
ting was performed as above.

Assessment of apoptosis

After flavopiridol treatment and induction of apopto-
sis, 0.5x10° cells were harvested and washed with tem-
perate PBS. The cells were resuspended in 1 mL of 1X
annexin-binding buffer (10 mM HEPES, pH 7.4; 140 mM
NaOH; 2.5 mM CaCl), stained with 5 uL annexin-V-flu-
orescein isothiocyanate (FITC) and 5 pl of 5 ug/mL pro-
pidium iodide (PI), and then incubated for 15 min at
room temperature in the dark (Immunostep Research,
Spain). The apoptotic cells were determined using a
Beckam Coulter FC500 flow cytometer. Both early
apoptotic (annexin-V-positive, PI-negative) and late
(annexin-V-positive and PI-positive) apoptotic cells were
included in cell death determinations.

BrdU analysis

Flavopiridol-treated and untreated cells (1x10%) were
pulse-labeled with 10 uM BrdU for 45 min before collec-
tion (FITC BrdU Flow Kit, BD Pharmingen). Briefly, after
BrdU labeling the cells were washed in 1X DPBS, fixed
in 4% paraformaldehyde and permeabilized with

saponin detergent for 30 min on ice, according to the
instructions provided with the kit. The cells were then
treated with DNase for 1 h at 37°C, to expose incorpo-
rated BrdU, washed with 1X DPBS and stained with
FITC-conjugated anti-BrdU antibody (1/50), for 20 min
at room temperature. At the end, total DNA was stained
with 7-amino-actinomycin D (7-AAD) fluorescent dye
for 15 min at room temperature in the dark, and then,
once resuspended in staining buffer, analyzed by two-
color flow cytometry.

Real-time polymerase chain reaction

ALCL cells were untreated or treated with 200 nM
flavopiridol for the indicated time periods. After treat-
ment, the cells were lysed, and total RNA was isolated
using Trizol (Invitrogen, Carlshad, CA, USA) following
the manufacturer’s instructions. Contaminating DNA
was removed with a DNA-free™ Kit (AMBION Inc.,
USA) according to the manufacturer’s instructions. One
microgram of RNA was reverse transcribed using
SuperScript II reverse transcriptase (Invitrogen) and ran-
dom hexamers. The following primers and probe
sequences were designed using Primer Express version
2.0 (Applied Biosystems) for TagMan- based quantita-
tive real-time polymerase chain reaction (RQ-PCR)
experiments: human Mc/-1, forward 5-TAAGGA-
CAAAACGGGACTGG-3’, reverse 5-ACATTCCT-
GATGCCACCTTCTAG-3’, Tagman probe 5-FAM-
CTGGGATGGGTTTGTGGAGTTCTTCCA-TAMRA-
3. The thermal cycler conditions were 2 min at 50°C for
uracil N-glycosylase treatment and 10 min at 95°C for
inactivation of uracil N-glycosylase and activation of
AmpliTaq Gold Polymerase, followed by 50 cycles of 15
seconds at 95°C and 1 min at 60°C. All reactions were
performed on the ABI Prism 7000 Sequence Detection
System (Applied Biosystems, CA, USA). To compare
RQ-PCR assays from different runs, the threshold was
set at 0.1. To identify the most appropriate endogenous
control gene for the quantification of Mcl-1 expression
in ALCL cell lines, we conducted a preliminary expres-
sion analysis of 11 house-keeping genes in these cell
lines, by RQ-PCR using 5" nuclease technology, and
Human TagMan® pre-developed assay reagent endoge-
nous controls (ABI, Foster City, CA, USA). 18S was the
best candidate control gene because its expression
showed the lowest variability across the test samples.
Each sample was tested in triplicate, and Mcll mRNA
levels were normalized to that of 18s rRNA.

Subcellular fractionation

Lysates were obtained by resuspending ALCL cells in
digitonin-lysis buffer [250 mM sucrose; 20 mM Hepes,
(pH 7.4); 5 mM MgCl; 10 mM KCl; 1 mM EDTA; 0.05%
digitonin; 1 mM EGTA; 1 mM PMSE 20 ug/mL apro-
tinin, and 20 ug/mL leupeptin]. After a 20-minute incu-
bation on ice, the cells were centrifuged for 10 min at
13,000 g, and the supernatant (mitochondria-free,
cytosolic fraction) was recovered and frozen at -20°C for
subsequent use. Enriched mitochondrial pellets were
washed in ice-cold 1xPBS and then lysed in CHAPSO-
buffer (5 mM MgCly; 137 mM KCI; 1 mM EDTA; 1 mM
EGTA; 1% CHAPSO [3-([3-cholamidopropyl]dimethy-
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lammonio)-2-hydroxy-1-propanesulfonate]; 1.4 wM
pepstatin; 1 mM PMSE 20 pug/mL aprotinin, and 20
ug/mL leupeptin). Samples were then clarified as above
and supernatants isolated. Proteins from both fractions
were then resolved by 12-15% SDS-PAGE and western
blotted as described previously.

Cell cycle analysis and cell sorting

Cell cycle analysis was performed on ALCL cells treat-
ed with 200 nM Havopiridol or left untreated (DMSO).
The cells were washed in ice-cold 1x PBS, fixed in cold
70% ethanol, pelleted and resuspended in staining buffer
(8.8 mM sodium citrate, 0.5 mg/mL RNase, 0.01 mg/mL
PI) and incubated on ice, according to the manufacturer’s
instructions (Coulter DNA Prep™ Reagents kit; Beckam
Coulter Inc., USA). Samples were analyzed on a
Beckham Coulter FC500 flow cytometer. DNA his-
tograms were analyzed using MultiCycle® for Windows
(Phoenix Flow Systems, USA). To purify viable cells after
24h-treatment with flavopiridol, Karpas299 were ana-
lyzed in a FACSVantage fluorescence-activated cell sorter
(Becton Dickinson), and forward (ESCA-A, Y axes) versus
side scatter (SSC-A, X axes) dot plot analysis performed.
As shown in Figure 5B, 30x10° events were analyzed
after flavopiridol treatment, and the viable cells were
sorted out from the apoptotic cell population or the cel-
lular debris. The cells were then stained with PI for DNA
content analysis or processed for immunofluorescence as
described previously. Cell cycle analysis and immunoflu-
orescence studies were done in parallel in intact cells
sorted from untreated controls (DMSO).

Fluorescence microscopy

ALCL cells were treated with 200 nM flavopiridol or
left untreated (DMSO). The cells were then spotted
onto 12-well multitest slides (ICN Biomedicals, Inc.,
USA), fixed in 3.7% formaldehyde, permeabilized in
0.2% TritonX-100 and blocked in 100 mM glycin, fol-
lowed by incubation in 10% FCS-PBS. Permeabilized
cells were incubated for 1 h at 37°C with the specific
primary antibodies indicated and, after washing in PBS,
incubated with fluorophore-conjugated secondary anti-
bodies Alexa488 or Alexa546, at a 1:1000 dilution of 2
mg/mL stock. Cells were then washed in PBS, mounted
onto slides with 1:1 PBS/glycerol, with the addition of
DAPI nucleic acid stain (1:1000). The cells were
observed at 63x/0.75 NA in a Leica DMBL microscope.
Images were acquired with a Leica DC 300F digital
camera and prepared for reproduction with Leica
IM1000 software (Leica Mycrosystem Ltd., Germany).

Mitochondrial membrane permeabilization assay

To measure changes in mitochondrial transmembrane
potential (A%m), ALCL cells were treated with 200 nM
flavopiridol, in the presence or in the absence of 30 uM
z-vad-fmk caspase inhibitor. The cells (1x10°) were then
harvested, washed and incubated for 20 min at room
temperature with 40 nM 3,3-dihexyloxacarbocyanine
(DiOC6 Molecular Probes) and analyzed by flow
cytometry, with excitation and emission settings of 488
nm and 525 nm, respectively. The percentage of cells
exhibiting low fluorescence, reflecting loss of inner

mitochondrial membrane potential, was determined by
comparison with untreated controls.

Results

Flavopiridol inhibits growth and induces
mitochondrial apoptosis in anaplastic large cell
Iymphoma cells in vitro

We first investigated the dose- and time-dependent
effect of treatment with flavopiridol (25-500 nM) on the
growth of human ALK-positive (Karpas299, SUDHL1)
and -negative (FEPD) ALCL cells by MTT assay, assess-
ing viability every 24 h for 3 days. Treatment with
flavopiridol decreased viability in a dose- and time-
dependent manner (112.7nM<ICx<169.1 nM at 24 h;
73.9 nM<IC#<153.8 nM at 48 h; 53.2 nM<IC=<109.6
nM at 72 h), with maximal inhibition at 24 h with doses
of 200 nM or higher, and more pronounced effects at
later time points (Figure 1A). Dose- and time-dependent
differences among ALK-positive and -negative cells in
growth and survival were observed at lower concentra-
tions of flavopiridol, with ALK-negative FEPD cells
being the most sensitive among all, as confirmed by
PARP cleavage analysis, a hallmark of apoptosis, and
retinoblastoma (RB) state of phosphorylation, a well-
known cdk downstream target, 24 h after treatment
(Figure 1B). Based on these data, we selected 200 nM
flavopiridol as an effective cytotoxic concentration for
our study, assessing drug response as a function of time
of exposure. Annexin-V staining was performed to
determine apoptotic cells following drug treatment, and
we found that apoptosis increased rapidly in flavopiri-
dol-treated cells, ranging between 20% and 60% after 8
h (up to 50-90% at 24 h), with cell-type specific differ-
ences in timings of caspase-3 activation and activity as
shown by immunoblot analysis (Figure 2A).

Modulation of caspase activation in flavopiridol-treat-
ed cells is determined by release of cytochrome c into
the cytosol, which results from dysfunction of mito-
chondrial homeostasis via loss of membrane permeabil-
ity after downregulation of Bcl-2 family proteins. Mcl-1
plays a significant role in maintaining mitochondrial
outer membrane permeability; we, therefore, studied
the effect of treatment with flavopiridol on constitutive
Mcl-1 expression and transcription in ALCL cells. The
immunoblot analysis revealed a significant, time-
dependent decrease in Mcl-1 expression in all three cell
lines following treatment with flavopiridol; this
decrease strictly correlated with Mcl-1 transcriptional
inhibition following cdk9-dependent RNA polymerase
II dephosphorylation (Figure 2B). Under these condi-
tions the number of cells exhibiting low uptake of
lipophilic dye DiOCs increased markedly after flavopiri-
dol treatment, being up to 80% in ALK-negative FEPD
cells, and up to 30-50% in ALK-positive Karpas 299 and
SUDHL1 cells (Figure 2C, graph). This was observed
both in the presence and absence of z-vad-fmk caspase
inhibitor, and correlated with accumulation of Bax and
cytochrome ¢ into mitochondria and the cytosol,
respectively, in cells undergoing apoptosis (Figure 2C
and Online Supplementary Figure S1).
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Figure 1. Dose- and time-dependent cytotoxicity profile of ALCL cells exposed to flavopiridol. (A) Exponentially growing Karpas299,
SUDHL1 and FEPD cells were treated with flavopiridol (25, 50, 100, 200 and 500 nM) and cell proliferation was assessed after 24 h (0O),
48 h (A) or 72 h (0) by MTT assay. Points, mean absorbance of three replicate wells, of three independent experiments, relative to
untreated controls (bars+SD). Time-dependent dose-effect responses (ICs0)) are reported. (B) Western blotting of 24-hour ALCL cell
extracts treated with increasing concentrations of flavopiridol (50, 100, 200 and 500 nM). Steady-states of full-length PARP protein,
cleaved PARP (arrowhead) and phosphorylated RB tumor suppressor protein were measured, and normalized to y-tubulin for equal pro-

tein loading.

Effects of flavopiridol on cell cycle progression and
regulation

To assess whether flavopiridol-induced growth inhibi-
tion and apoptosis are mediated via alterations in cell
cycle, we evaluated the effect of flavopiridol on cell
cycle distribution. We performed DNA cell cycle analy-
sis using ALK-positive and -negative cells, and found
that flavopiridol treatment resulted in a significant time-
dependent increase of cell populations in the subG1l
phase of the cell cycle, accompanied by a pronounced
decrease of those in the S phase (50-90%) in the absence
of cell cycle arrest (Figure 3A). In contrast, ALCL cell
lines grown in the absence of the cdk inhibitor flavopiri-
dol distributed roughly 90% of the asynchronous popu-
lations between the G1 and S phases. Nevertheless,
when ALCL cells were exposed to flavopiridol for 6 or
24 h and viability measured by BrdU/7AAD incorpora-
tion into DNA, FACS analysis confirmed the time-
dependent decline of S-phase cells after treatment, and
the higher sensitivity of cells progressing through the S-
phase to apoptosis following cdk dysfunction (Figure
3B). We also performed annexin-V analysis to demon-
strate that the apoptotic population derived primarily
from cells in S phase, using the DNA polymerase-

inhibitor aphidicolin to synchronize cells at the G1-S
boundary (Table 1) before looking at flavopiridol-
induced cytotoxicity. As shown in Figure 3C, synchro-
nized ALCL cells released into DMSO continued to
grow, whereas release into flavopiridol enhanced apop-
tosis compared with asynchronous flavopiridol-treated
cells. In particular, sequential combination of aphidicol-
in and flavopiridol increased cell death significantly in
ALK-positive Karpas299 and SUDHL1 cells, reducing
vitality 12 h after treatment to 14.5% and 26.9% respec-
tively, compared to non-synchronized flavopiridol-treat-
ed Karpas299 and SUDHLI1 cells (43.8% and 45.4%,
respectively). In contrast, the percentage of viable FEPD
cells remaining after flavopiridol treatment was similar
both in the presence (20.7%) and absence (21.6%) of
aphidicolin.

To assess whether flavopiridol-determined changes in
cell cycle distribution and transcription depend on its
inhibitory activity, we determined steady-state and
activity of cdk after treatment. As shown in Figure 4A,
flavopiridol treatment of FEPD cells caused a marked
decrease in cdk protein expression (except for cdk?) in
caspase-dependent and -independent manners, while
the decrease in ALK-positive Karpas 299 and SUDHL1
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cells was less evident with increasing time. However,
using immunoblot analysis we found that treatment
with flavopiridol resulted in time-dependent loss of
RB*7® RB™*' and RNA polymerase II** phosphoryla-

The effect of flavopiridol on ALCL

tion in all three ALCL cell lines, due to inhibition of

cdk4, cdk2 and cdk9 activity (Figure 4B). In contrast,
despite cdk inhibition, flavopiridol induced time-
dependent phosphorylation of RB at Ser612 at early
time points and binding to E2F-1, perhaps to prevent
apoptosis under stress conditions (Online Supplementary
Figure S2)."* However, this did not prevent caspase-
dependent cleavage of both partner proteins with

DMSO Gl142.7
5493

G28.0

G153.5
S546.5
G2 0.0

Aphidicolin®

Table 1. Recruitment to S-phase sensitizes ALCL cells to flavopiridol.
Synchronization of ALCL cells at the G1-S boundary was induced by
24h-treatment with the DNA-polymerase inhibitor aphidicolin, and
confirmed by DNA content analysis by FACS.
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Figure 2. (A) Growing ALCL cells
were treated with 200 nM
flavopiridol and harvested for
apoptosis assays at 1, 2, 4, 8
and 24 h. Flavopiridol-treated
and untreated cells were
stained with annexin-V and pro-
pidium iodide (AV/PI), and ana-
lyzed using FACS. Viable (AV-)
and apoptotic (AV*) cells are
simultaneously reported in the
graph, with the sum of annexin-
V-positive quadrants providing
the total percentage of apoptot-
ic cells. Time-dependent activa-
tion of caspase-3 was also
assessed by western blotting,
probing membranes with anti-
bodies recognizing both full-
length (33 kDa) and low molec-
ular-weight active forms of cas-
pase-3 (17 and 12 kDa active
caspase-3, arrowheads). (B)
Mitochondrial dysfunction in
flavopiridol-treated ALCL cells.
Time-course analysis of Mcl-1
protein and mRNA expression
was measured by western blot-
ting and RQ-PCR, respectively, in
ALCL cells treated or not with
200 nM flavopiridol. Cytosolic
and membrane-bound Mcl-1
was obtained by differential
lysis with 0.05% digitonin, while
Mcl-1 mRNA was obtained after
the removal of endogenous
DNA as described in the Design
and Methods section. RQ-PCR
values for each time point are
expressed as the percentage of
specific Mcl-1/18S mRNA, nor-
malized to levels corresponding
to those in untreated cells.
Changes in phosphorylation of
RNA polymerase Il (RNA Pol
11?) were also assessed as a
function of time exposure and
visualized by western blotting.
(C) Mitochondrial membrane
potential (ym) was monitored
using DiOCs lipophilic dye. ALK-
positive (Karpas299 and
SUDHL1) and -negative (FEPD)
cells, were exposed to 200 nM
flavopiridol for 24 h, with or
without caspase inhibitor z-vad-
fmk (30 uM).

The cells were stained with DiOCs, and changes in dye uptake were analyzed by flow cytometry. The percentages of cells showing low
ym are reported in the graph, with values representing the means of separate experiments + SD. Changes in the location of proteins
involved in the maintenance of mitochondrial membrane permeability of ALCL cells were assessed by western blotting after differential
lysis with digitonin. Cytosolic and mitochondrial extracts were analyzed for Bax and cytochrome c, using membrane-bound Bak as a load-

ing control for fraction integrity.
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Figure 3. Flavopiridol inhibits ALCL cell survival
without inducing cell cycle arrest. (A) Cell cycle
profiles of ALCL cells treated with 200 nM
flavopiridol or left untreated were determined
by FACS analysis as a function of time exposure
(0, 2, 4, 6, 8,12 and 24 h). After treatment the
cells were collected, fixed and stained with pro-
pidium iodide to determine their DNA content,
including in the analysis also the cells undergo-
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increasing time, and cells continued to undergo apopto-

sis (Online Supplementary Figure S2 and Figure 4B).

Inhibition of ALK enzymatic activity sensitizes
anaplastic large cell lymphoma cells
to flavopiridol-induced cell death

Accumulating evidence shows that dysregulation of
several signal transduction pathways other than the
cdk/cyclin pathway play an essential role in cell prolifer-
ation, survival and cell cycle control. We, therefore, eval-
uated the effect of flavopiridol on expression and activa-
tion of signal transducers relevant for the growth and
survival of ALCL cells, such as Akt, JNK, ERK and
STAT3."? Western blot analysis revealed that flavopiri-
dol affected phosphorylation of STAT3V%, Akt
p88T180/Y182) INKT183/Y1857 ERI<1/2T202/Y204 11’1 ALI<‘negat1Ve
FEPD cells because of caspase-dependent proteolysis,

0 6 12 1824 0 6 12 1824 0 6 12 18 24 30

+—+ -4+ — + Aphidicolin
P & Y Flavopiridol
LESKK Vitality (%)
hours

ing apoptosis (SubG1). (B) Changes in cell cycle
distribution were evaluated by FACS, after BrdU
staining of flavopiridol-treated (200 nM for O, 6
and 24 h) and untreated ALCL cells. The per-
centage of BrdU-incorporating cells in G1, S and
G2-M phase are reported in the graph. (C) G1-S
synchronization sensitizes ALCL cells to
flavopiridol-induced apoptosis. ALCL cells were
recruited to G1/S boundary after 24 h-treat-
ment with aphidicolin as described in Table I.
After synchronization ALCL cells were released
in the presence or absence of flavopiridol for 6
and 12 h, and analyzed for apoptosis after
AV/PI staining (AV*, early apoptotic cells; PI,
late apoptotic cells). In Karpas299 and SUDHL1
cells, the effect of flavopiridol with aphidicolin
at 12 h was significantly less than that without
Aphidicolin (p<0.05, determined by Student’s t
test), whereas it was not significant in FEPD at
this point (p=0.054), or in Karpas299 and
SUDHL1 at earlier time points (data not shown).
Percentages of viable cells (vitality) are also
reported.

AV: cells
PI* cells

O

but not in ALK-positive cells despite the occurrence of
apoptosis (Figure 4C). Indeed, phosphorylation of NPM-
ALK and STAT3 was maintained in Karpas299 and
SUDHL1 cells, while the levels of JNK™&/Y,
ERK1/27%7% and p38"*™* were increased (Figure 4C).
Both ERK and JNK kinases are phosphorylated by NPM-
ALK, and control cell growth. In contrast, the role of
p38MAPK in ALCL cells is still unclear. In general, the
ERK cascade is believed to mediate both cell prolifera-
tion and survival, whereas p38MAPK and JNK are acti-
vated in response to cellular stress. Most of the data pub-
lished point to a role of p38MAP kinase activity in
restraining uncontrolled cell proliferation, whereas the
elevated activity of JNK mostly results in cell death.
Accordingly, p38MAPK inhibits G1/S or G2/M transi-
tion by differential regulation of cdk target proteins,
such as p21" and Cdc25, and JNK affects cell survival
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through deregulation of Bcl-2 family member proteins
and mitochondrial dysfunction.”** However, depending
on the cell type, the threshold for activation of MAP
kinases may be different in response to stress, and thus
also the propensity of cells to undergo cell cycle arrest
or apoptosis. In NPM-ALK positive cells we observed an
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increase of ERK, JNK and p38MAPK phosphorylation
both in cells undergoing apoptosis and arrested at G1-
phase after flavopiridol treatment (Figure 4C and D).
However, activation of p88MAPK was dramatic mostly

after cell cycle arrest (Figure 4D, western blotting),
whereas ERK1/2 and JNK1/2 phosphorylation increased

Figure 4. Effect of flavopiridol on expression and

= % = = = = % = = = = % zvadfmk activity of molecular determinants of growth

and survival of ALCL cells. (A) ALCL cell lines
were treated with 200 nM flavopiridol for 6 or
24 h, in the presence or absence of z-vad-fmk
caspase inhibitor. Whole cell extracts were
resolved by SDS-PAGE, and the steady-state of
cell cycle-related proteins assessed by probing
membranes with the indicated antibodies. (B)
Changes in the levels of expression and phos-
phorylation of RB and RNA polymerase Il were
also investigated in ALCL cells exposed to
flavopiridol for 6 and 24 h, in the presence or
absence of z-vad-fmk inhibitor, as were changes

- - -+ - - - -+ 7vad-fmk in NPM-ALK status and activity (C). The state of

phosphorylation of different signal transducers

- —— = ~  RNAPollI=® was also included as described in the figure,
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et saas - . RB against activated STAT3, Akt, JNK, ERK1/2 and
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Karpas 299 cells were analyzed by flow cytome-
try from both untreated and treated samples,
and sorted as described in the Design and
Methods section. Flavopiridol-treated viable
cells were stained with Pl for DNA content analy-
sis (G1-S-G2), or processed for immunofluores-
cence to assess chromatin integrity (DAPI) and
subcellular localization of phosphorylated RNA
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mostly in apoptotic cells (Figure 4C). Besides, downreg-
ulation of cdk activity in Gl-arrested cells was still
observed, as was the accumulation of inactive RNA
polymerase II in dot-like structures typical of transcrip-
tionally inhibited cells,” suggesting that flavopiridol
uptake and inhibitory activity were unaffected (Figure
4D, western blotting and immunofluorescence).
Whether the phosphorylation of MAP kinases is
involved in the regulation of flavopiridol-induced apop-
tosis, or simply a secondary response to deregulation of
signaling, is not known. However, when used in combi-
nation with flavopiridol, p38 MAPK inhibitor,
SB202190, but not JNK and ERK inhibitors SP600125
and PD98059, caused a robust increase in annexin V

NPM-ALKYe

STAT3™s

staining, suggesting a possible negative effect of phos-
phorylated p38 MAPK on flavopiridol-mediated apopto-
sis (unpublished data).

To assess whether flavopiridol-induced apoptosis was
NPM-ALK dependent, we next examined the role of
NPM-ALK on drug response, measuring apoptosis in the
presence or absence of the ALK small-molecule inhibitor
WHI-154." As shown in Figure S5A, expression of
NPM-ALK** in Karpas299 cells was inhibited by WHI-
154 in a dose-dependent manner, under conditions that
reduced stability of the total protein without cytotoxic
effects (see below). Inhibition of key signaling proteins
was concentration-dependent and showed a strong cor-
relation with NPM-ALK inactivation. As expected, phos-

Figure 5. WHI-154 inhibitor-
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downregulation of proteins
involved in growth and survival of
ALCL cells. Karpas299 cells were
exposed to 200 nM flavopiri-
dol+20 uM WHI-154 for 24 h.
Thirty mg of proteins of whole
cell lysates from treated and
untreated samples were resolved
by SDS-PAGE and analyzed by
western blotting for the proteins
indicated in the figure. Blots
were stripped and probed for y-
tubulin to ensure equivalent
loading and transfer. Karpas299
cells, untreated or treated with
flavopiridol or WHI-154 were also
stained with Pl for DNA content
analysis of diploid and sub-
diploid cells. (C) Striking potenti-
ation of apoptosis in ALCL cells
co-exposed to flavopiridol and
WHI-154. Karpas299 and FEPD
cells were treated with WHI-154
for 12 h, prior to addition of
flavopiridol (200 nM) for the indi-
cated time periods (6 and 12 h).
After treatment the cells were
stained with annexin-V and pro-
pidium iodide for apoptosis
analysis by FACS. Percentages of
early apoptotic (AV*), late apop-
totic (PI') and viable cells (vitali-
ty) are reported.




The effect of flavopiridol on ALCL

phorylation of STAT3 was strongly impaired, but so too
was the expression of cdk2, cdk4 and cdk-phosphory-
lated RB, whereas cdk? and cdk9 levels were mostly
unaffected (Figure 5A). In contrast, changes of protein
expression in ALK-negative FEPD cells treated with
WHI-154 were not significant. At concentrations for
which complete inhibition of NPM-ALK autophospho-
rylation was observed, WHI-154 caused G1 cell cycle
arrest in the absence of apoptosis in ALK-positive
Karpas299 cells, whereas perturbations of the cell cycle
by flavopiridol reflected the induction of apoptosis pre-
viously demonstrated (Figure 5B). The advantage of a
combination of these drugs was, therefore, investigated,
and compared to the ability of single agents to perturb
the expression of proteins critical for signaling
(STAT3"", JNK™®™s ERK1/27%%%)  growth (cyclin A
and B1, cdk2 and 4, p27*?, RB¥* and RB**”) and survival
(PARP). As shown by immunoblot analysis, upon co-
administration of WHI-154 with flavopiridol, all regula-
tors of proliferation and survival were totally depleted
from ALCL cells, including active NPM-ALK**, activat-
ed STAT3®, INK"®"*® and ERK1/2™"***" and apoptosis
was strongly induced as shown by PARP cleavage
analysis (Figure 5B). When cells were stained with
annexin-V and examined by FACS, apoptosis was
enhanced in WHI-154/flavopiridol-treated Karpas299
cells, but not in ALK-negative FEPD cells (Figure 5C).
When used alone, WHI-154 did not cause apoptosis in
either ALK-positive or -negative ALCL cells. When
WHI-154 was added to flavopiridol, however, flavopiri-
dol-dependent apoptosis increased in Karpas299 cells
from 11% to ~50% after 6 h, and from 44% to ~70%
12 h post-treatment, indicating the role of NPM-ALK in
modulating tumor cell responsiveness to cdk inhibition.
Conversely, the combined treatment had minimal
effects in FEPD cells, and apoptosis was mainly due to
flavopiridol (~45% and ~75%, at 6 and 12h in flavopiri-
dol-treated cells; ~48% and ~80% in flavopiridol/WHI-
154-treated cells).

Discussion

Cyclin-dependent kinases are attractive targets for
drug development since their activity, required for the
correct timing and ordering of the cell cycle, is fre-
quently deregulated in cancer.” Numerous small mole-
cule inhibitors of cdk have been identified and proven
effective in treating tumors, based on the increased
sensitivity of the transformed cells to changes in the
levels and activity of cdk.”® However the conse-
quences of cdk inactivation are complex and can result
in disparate outcomes depending on the tumor type
and the genetic context that drives their expression.
Besides, cdk inhibition per se is not sufficient for selec-
tive tumor cell killing, and relies on changes in the
activity of signal transduction pathways critical for
survival, or in the balance of pro- and anti-apoptotic
signals.®* Competitive inhibitors of both cell-cycle and
transcriptional cdk exert a more potent antitumor
activity in different preclinical models than com-
pounds with selective cdk inhibitory activity, due per-

haps to the functional compensation between cdk
family members.** Tumor cells engineered to silence
cdk2 do not necessarily arrest or die, as they may com-
pensate for lower cdk2 activity with cdkl or cdk4/6,
while cell-cycle arrest caused by combined depletion
of cdkl and cdk2 likely results in cell death, occurring
even more rapidly if other cdk are concomitantly
impaired.”* As ALCL cells proliferate rapidly and cell
cycle deregulation has recently been shown to con-
tribute to lymphomagenesis, we investigated whether
targeting the cyclin/cdk axis could inhibit tumor
growth, and assessed this hypothesis using the multi-
ple cdk inhibitor flavopiridol, alone or combined with
NPM-ALK kinase inhibitors.

ALCL is a highly aggressive subtype of non-
Hodgkin’s lymphoma characterized by expression and
constitutive activity of the NPM-ALK tyrosine kinase.
NPM-ALK controls functional activation of both
upstream regulators (RAS, ERK1/2, JNK and AKT) and
downstream effector proteins (Myc, c-Jun, Fos, and
STAT3/5) of ALCL signaling, and has direct or indirect
activity on growth, survival, migration and cell shap-
ing.” Consistently, a differential expression and activa-
tion of various regulatory proteins, including D-type
cyclins, cyclins A and E, as well as cdk inhibitors p21%"*,
p27** and RB has been observed in NPM-ALK-express-
ing cells, as a result of enhanced AP-1, STAT3 or MYC
transcriptional activity by JNK and ERK kinases, or
reduced FOXO3A activity by AKT.”** We proved
here that cdk inactivation leads to mitochondrial dam-
age, caspase activation and apoptosis in ALCL cells, in
time- and dose-dependent manners, through inhibition
of DNA synthesis and RNA transcription, selective
killing of S-phase cells, and the engagement of different
growth-inhibitory pathways. Our study revealed that
ALCL cells do not display cell cycle arrest in the pres-
ence of flavopiridol, but undergo preferential death of
the S-phase population at drug concentrations that cor-
relate with cdk inhibition. They stall in G1 or G2-M
phase when apoptosis is prevented by z-vad-fmk cas-
pase inhibitor, whereas they die rapidly when allowed
to enter S phase after recruitment to G1/S boundary.
Due to flavopiridol inhibitory activity, RB tumor sup-
pressor protein was dephosphorylated at cdk sites
Ser780 and Thr821, and associated with E2F1 early
after drug addition, before caspase-dependent cleavage.
Cdk inhibition also reduced phosphorylation and tran-
scriptional activity of RNA polymerase II, causing a
concomitant decrease in protein expression, likely due
to degradation of the enzyme.

The transcripts most sensitive to reduced RNA poly-
merase II phosphorylation are those with short half-
lives, including transcripts encoding anti-apoptotic pro-
teins. Depletion of the corresponding proteins in
response to the inhibition of transcriptional cdks (i.e.
cdk9) may induce cell death and, in some instances,
may sensitize cells to other apoptotic stimuli. In this
context, flavopiridol caused strong inhibition of Mcl-1
transcription and expression in ALCL cells, which
resulted in the collapse of mitochondrial membrane
potential. When Mcl-1 expression was abolished, pro-
apoptotic Bax protein accumulated at mitochondria,
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and release of cytochrome c into the cytoplasm correlat-
ed with caspase-3 activation.

Known advantages of cdk inhibition are unrestrained
E2F-1 activity during S phase which leads to aberrant
expression of pro-apoptotic genes and predisposes cells
to death, as well as reduced regulatory phosphorylation
of RNA polymerase II which affects short half-life tran-
scripts of rapidly turned-over anti-apoptotic proteins.*
* Nonetheless, problems of this approach can be factors
that favor cell cycle arrest over apoptosis, such as func-
tional RB, EGFR and AKT, which impede E2F1-mediat-
ed apoptosis, or JNK and ERK1/2 kinases, which affect
transcription and expression of anti-apoptotic proteins.
We, therefore, looked at additional events contributing
to flavopiridol antitumor activity, assessing the steady-
state of primary downstream mediators of NPM-ALK
transforming activity in ALCL, whose inhibition
improves flavopiridol cytotoxicity as recently
shown.*” We found that ALCL cells treated with
flavopiridol alone did not display a significant decline in
NPM-ALK protein expression and activity, and exhibit-
ed a pronounced activation of ERK1/2 and JNK kinases,
not observed in ALK-negative ALCL cells. Consistently,
differences in the extent and time of flavopiridol-
induced apoptosis were observed between the ALK-
negative and -positive cell lines, with the latter also
showing viable cells after treatment. These cells, when
isolated, were found to maintain NPM-ALK status and
activity despite the downregulation of cdk activity,
which ruled out any lack of flavopiridol activity because
of differential drug saturation or efflux, though suggest-
ing a context-dependent model able to modulate drug
effectiveness and sensitivity in ALK-positive cells.*

The possibility that the interruption of NPM-ALK sig-
naling could increase the response to flavopiridol was

investigated by targeting NPM-ALK, as shown with

other oncogenic kinases.**** Our study demonstrated
that the cytoreductive activity of the NPM-ALK small-
molecule inhibitor WHI-154 resulted in downregulation
of cell cycle-related proteins, including cdk, as well as in
near-complete depletion of NPM-ALK-activated down-
stream signal proteins. This led to cell cycle arrest in the
absence of apoptosis when WHI-154 was used as a sin-
gle agent, whereas it caused an increase in cell death
when administered with the cdk-inhibitor flavopiridol.
The onset of apoptosis was extremely fast and robust
with the combination of those two drugs, perhaps due
to enhanced efficacy on the molecular determinants
controlling proliferation and survival of ALCL cells.
Pharmacological interruption of NPM-ALK signaling
dramatically lowered the ALCL threshold for caspase
activation by flavopiridol, proving the critical role of the
oncogenic kinase in preventing drug-induced apoptosis.
These cells became particularly vulnerable when cell
cycle and survival signal events were simultaneously
disrupted, strengthening the hypothesis that targeting
cyclin/cdk signaling is an effective anti-tumor approach
against ALCL, and supporting the evidence that, in
combination with NPM-ALK inhibition, this strategy is
even more promising in ALK-positive malignancies.
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