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Introduction

The most commonly diagnosed non-Hodgkin lymphoma 
(NHL) is diffuse large B cell lymphoma (DLBCL). Molecular 
profiling studies have shown that DLBCL is a heterogeneous dis-
ease consisting of two predominant subtypes: germinal center B 
cell-like (GCB) and activated B cell-like (ABC).1 Overall, the 
current standard treatment, rituximab plus cyclophosphamide, 
doxorubicin, vincristine, and prednisone (R-CHOP), has pro-
longed survival in DLBCL patients.2,3 In general the GCB sub-
type is associated with a more favorable prognosis than the ABC 
subtype, yet significant fractions of patients with either subtype 
(30% GCB and 60% ABC) experience relapse within 3–5 years, 
which is associated with a high mortality rate.4 Much research 
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effort has been directed toward characterization of tumor fea-
tures that correlate with poor prognosis after R-CHOP therapy. 
Recent studies identified several indicators of inferior overall and 
progression-free survival after R-CHOP therapy including con-
current expression of MYC and BCL-25,6 or expression of mutant 
p53.7,8 This has initiated efforts to identify novel therapies that 
are targeted to patients with tumors such negative prognostic 
indicators.

Histone deacetylase inhibitors (HDACi) comprise a variety 
of chemicals that have shown promise in treatment of blood 
cancers. They are well-tolerated in clinical trials and show selec-
tivity toward cancer cells relative to normal cells. These drugs 
target class I and II histone deacetylases (HDACs) with some-
what differing potencies and specificities.9 HDACs 1 and 2 are 
critical for B cell development and are required for proliferation 
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HDACi are known to downregulate both c-Myc (MYC)19,20 
and BCL2 expression,21 suggesting that they could be effective 
against DLBCL positive for both proteins (double-positive). 
However, rational selection of synergistic therapeutics is chal-
lenging because the mechanistic bases of sensitivity and resis-
tance to HDACi in DLBCL are unknown.

In the current study we documented the response of a variety 
of DLBCL cell lines to PXD101 (belinostat), a representative of 
the hydroxamate class of pan-HDACi. We observed growth inhi-
bition in all cell lines which was due to either cytotoxicity or cell 
cycle arrest. The cytotoxic response was characterized by com-
mitment to apoptosis that did not require prolonged exposure to 
the drug. The cytostatic response was characterized uniformly 
by reversible G

1
 arrest. We contend that these distinct responses 

model sensitivity and resistance to HDACi in DLBCL. We also 
establish that all of the DLBCL cell lines tested are double- posi-
tive, expressing both MYC and BCL2, indicating that they share 
characteristics of DLBCL tumors that are associated with poor 
prognosis after R-CHOP treatment. Our comparative analysis of 
the sensitive and resistant cell lines has revealed a key difference 
in regulation of cyclin E/cdk2 and the cyclin-dependent kinase 
inhibitors (CKI), p21 and p27 that is independent of p53 sta-
tus and contributes to its effects on cell cycle progression. These 
findings suggest that HDACi may be used effectively against 
double-positive DLBCL in combination with other therapeutics 
that target cell cycle progression or arrest.

Results

Response to PXD101 in DLBCL cell lines. To characterize 
HDACi response in DLBCL, we performed a systematic exami-
nation of a variety of DLBCL cell lines representing both GCB 
and ABC subtypes exposed to PXD101, also known as belino-
stat. This drug has been evaluated in clinical trials16 and, like 
suberoylanilide hydroxamic acid (SAHA), is a member of the 
hydroxamic acid class of pan-HDACi. To document the growth 
effects of this drug we performed a dose response assessment 
using the MTS assay. We observed growth inhibition at 24 or 48 
h treatment over a wide range of PXD101 doses and calculated 
IC

50
s for the 24 h treatment period. All cell lines were growth 

inhibited with IC
50

s in the submicromolar range (Table 1) with 
a 5-fold difference between the IC

50
s of the most and least sensi-

tive lines, similar to observations made by Kalac et al.18 using a 
distinct set of DLBCL cell lines.

To examine the nature of the growth inhibition, we performed 
cell cycle analysis and apoptosis assays on a subset of these cell 
lines. Cells were treated with PXD101 for 0, 24, 48, or 72 h at 
the IC

50
 determined at 24 h treatment in the MTS assays. The 

Annexin V/propidium iodide (PI) assay was used to detect apop-
tosis and cell death. PXD101 induced significant levels of apop-
tosis in three GCB-type lines (DB, OCI-Ly19, and SUDHL6), 
as shown in Figure 1A, C, and E, as well as in the ABC-type 
OCI-Ly3 cells (not shown). Cell cycle analysis revealed that the 
cytotoxic response to PXD101 in DB, OCI-Ly19, and SUDHL6 
is associated with accumulation of cells in the G

2
/M phase of the 

cell cycle by 24 h treatment (Fig. 1B, D, and F). In all three cell 

induced by mitogens in mature B cells.10 Their expression in pri-
mary DLBCL samples of both ABC and GCB subtypes has been 
found to be elevated relative to normal lymphoid tissue.11,12 In 
preclinical experiments HDACi showed strong anti-proliferative 
and pro-apoptotic effects in a wide variety of cell types.9 Based 
on clinical trials, two HDACi, vorinostat and romidepsin, were 
approved to treat advanced cutaneous T cell lymphoma, a rela-
tively rare form of NHL. Their efficacy as single agents against 
the much more commonly-occurring DLBCL has been highly 
variable, ranging from a few complete/partial responses to some 
instances of stable disease. However, the majority of DLBCL 
patients did not respond to HDACi alone.13-16

The clinical results suggest that many relapsed DLBCL 
tumors are resistant to the apoptotic effects of HDACi and have 
spurred research aimed at identifying other therapeutics that act 
synergistically with HDACi to bring about tumor regression.17,18 

Table 1. IC50 concentrations for growth inhibition at 24 h PXD101 treat-
ment as determined by MTS assay

Cell line DLBCL subtype t(14;18) status IC50 (μM)

SUDHL6 GCB Positive 0.15

OCI-Ly19 GCB Positive 0.30

SUDHL4 GCB Positive 0.45

DB GCB Positive 0.77

SUDHL8 GCB Negative 0.40

OCI-Ly3 ABC Negative 0.63

U2932 ABC Negative 0.36

Figure 1. The cytotoxic response to PXD101. DB (A and B), OCI-Ly19  
(C and D), and SUDHL6 (E and F) cells were treated with PXD101 at the 
IC50 concentrations determined for each as shown in Table 1. At 0, 24, 
48, and 72 h treatment cells were harvested and subjected to Annexin 
V/PI assay (A, C, and E) or cell cycle analysis (B, D, and F). The graphs 
shown represent the results of 3–4 independent experiments. Error 
bars represent SEM.
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However, there is no clear relationship between relative levels of 
these two proteins and the cellular response to HDACi. In the 
case of MYC, the relative expression level was very similar in 
DB (PXD101-sensitive), SUDHL4, and U2932 (both PXD101-
resistant) (Fig.  4A and B). For BCL2, levels in the PXD101-
resistant cell lines were highly variable with SUDHL4 having 
the lowest levels of all 5 cell lines tested and U2932 having the 
highest (Fig.  4A and C). Interestingly, BCL2 from SUDHL8 
cells reproducibly had a slower mobility in SDS-PAGE gels 
(Fig. 4A). It has been shown that phosphorylation or mutation 
of BCL2 can slow its mobility23 and mutations in BCL2 occur 
in 10–37% of GCB-type DLBCL tumors.24,25 Of all the cell 
lines shown, SUDHL8 had the lowest levels of BCL2 mRNA 
by far (Fig. S1A), consistent with the fact that it does not have 
the t(14;18) translocation that deregulates BCL2 transcription. 
Thus, because BCL2 protein levels in SUDHL8 cells are similar 
to those observed in other cell lines, its expression is likely deter-
mined by post-transcriptional mechanisms.

Regulation of BCL2 and MYC after drug exposure was also 
examined, as shown in Figure 4E. Over the 72 h treatment 
period, Bcl-2 levels are slightly upregulated in all the cell lines 
examined with the exception of DB. In contrast, MYC levels are 
uniformly downregulated in all the cell lines. Transcription of 
the MYC gene has been reported to be downregulated by HDACi 
in a variety of cell types. In fact MYC mRNA levels decrease by 
50–60% in all the cell lines tested in the first 4–8 h of PXD101 
treatment (Fig. S1C and D). However, in all lines but U2932, this 
is a transient repression; MYC mRNA levels return to baseline 

lines, the percentage of cells in G
2
/M declines progressively at 48 

and 72 h and correlates with the onset of apoptosis, suggesting 
that the cells accumulate in G

2
/M and then undergo apoptosis.

In contrast, PXD101 induced no significant apoptosis rela-
tive to vehicle-treated controls in SUDHL4 and SUDHL8 cells 
(Fig. 2A and C). In the ABC-type line U2932 a greater amount 
of apoptosis was observed involving about 25% of cells as shown 
in Figure 2E. Cell cycle analysis showed that PXD101 triggers a 
cytostatic response in these lines characterized by accumulation 
of cells in the G

1
 phase of the cell cycle (Fig. 2B, D, and F). At 

least 75% of cells accumulate in G
1
 by 24–48 h treatment which 

is largely maintained with further drug exposure, indicating that 
PXD101 induces G

1
 arrest in these cell lines.

To investigate the relationship between the extent of drug 
exposure and the cellular response, we performed drug removal 
experiments. The cell lines which have a cytotoxic response to 
PXD101 were exposed to PXD101 for various times up to 24 h 
prior to drug removal. After 24 h further incubation in drug-free 
medium, they were examined for evidence of apoptosis (Fig. 3A 
and B). The results show that only 8–24 h exposure to PXD101 
is sufficient to induce similar amounts of cell death in DB and 
OCI-Ly19 cells as observed with 48 h of continuous exposure 
(compare with Fig.  1A and C, 48 h). This indicates that the 
cells become committed to the apoptotic program within 24 h 
of treatment such that continued exposure to PXD101 is not 
required. Thus, we classify this group of cell lines as sensitive to 
HDACi.

The cell lines which have a cytostatic response to PXD101 
were treated for 48 h to allow for G

1
 arrest. Drug was then washed 

out and the cells were incubated with drug-free medium for an 
additional 48 h prior to cell cycle analysis. Figure 3C–E shows 
that the PXD101-induced G

1
 arrest is fully reversible. Within 

48 h after drug removal, all of the cell lines revert to a cell cycle 
distribution that is indistinguishable from that of the controls 
treated with DMSO. Although PXD101 is anti-proliferative in 
these cell lines, the effect is not sustained once the drug is with-
drawn. Therefore, we classify this phenotype as a form of drug 
resistance that could be analogous to non-response in the clinic.

Expression of of c-Myc (MYC) and BCL2 in PXD101-
sensitive or -resistant cell lines. Expression of both MYC and 
BCL2 in DLBCL tumors has been associated with poor prog-
nosis.5 Thus, we asked whether the MYC and BCL2 proteins are 
co-expressed in any of the DLBCL cell lines tested above. Equal 
amounts of multiple, independently-generated whole cell extracts 
from each cell line were run on an SDS-PAGE gel and subjected 
to immunoblotting with antibodies against MYC, BCL2, and 
GAPDH. Figure 4A shows that all cell lines tested co-express 
MYC and BCL2. We then considered whether overall levels of 
MYC or BCL2 in the various cell lines correlated with sensitiv-
ity or resistance to PXD101 because overexpression of BCL2 in 
Eμ-myc tumors in mice caused them to arrest in G

1
 in response 

to vorinostat treatment.22 The graphs in Figure 4B–D show levels 
of each protein in the various extracts expressed relative to levels 
of the same protein in one of the OCI-Ly19 extracts. In con-
trast to relatively even expression of GAPDH (Fig. 4D), the cell 
lines express varying levels of MYC and BCL2 (Fig. 4B and C). 

Figure 2. The cytostatic response to PXD101. SUDHL4 (A and B), 
SUDHL8 (C and D), and U2932 (E and F) cells were treated with PXD101 
at the IC50 concentrations determined for each as shown in Table 1. 
At 0, 24, 48, and 72 h treatment cells were harvested and subjected to 
Annexin V/PI assay (A, C, and E) or cell cycle analysis (B, D, and F). The 
graphs shown represent the results of 3–4 independent experiments. 
Error bars represent SEM.
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to hypophosphorylated Rb. This shift was confirmed with the 
use of antibodies against the latter. Figure 5C and D show 
the accumulation of hypophosphorylated Rb in SUDHL4 and 
SUDHL8 cells. Surprisingly, PXD101 significantly downregu-
lated total Rb levels in all Rb-expressing cell lines (Fig. 5A). In 
contrast, Rb mRNA is not significantly downregulated in any of 
the cell lines with the exception of OCI-Ly19, where it decreases 
by about 40%. In DB and SUDHL4 cells Rb mRNA levels are 
upregulated by PXD101. This contrasts with an 80% decrease 
in total Rb protein, as shown for SUDHL4 and SUDHL8 cells 
(Fig. 5E and F). These results indicate that Rb levels are regu-
lated by post-transcriptional mechanisms in response to PXD101 
treatment. It is noteworthy that U2932 cells have Rb mRNA but 
little to no Rb protein, suggesting that the cells have at least one 
intact and actively-transcribed copy of the Rb gene. In fact Rb 
mRNA levels in U2932 cells are not significantly different from 
those measured in SUDHL8 (Fig. S1B). Altogether these obser-
vations imply that DLBCL cells have robust post-transcriptional 
mechanisms to regulate expression of Rb protein.

Phosphorylation of Rb is performed by the G
1
-specific cyclin-

dependent kinase complexes, cyclin D/cdk4/6 and cyclin E/cdk2. 

by 24–48 h treatment. This is not reflected by an increase in 
MYC protein levels indicating that PXD101 also represses MYC 
expression by post-transcriptional mechanisms. MYC protein 
can be acetylated at multiple sites26,27 but its functional impact 
is not clear. Acetylation of MYC has been reported to both pro-
long26,27 and decrease its half-life.28

Differential regulation of cell cycle regulatory proteins in 
PXD101-sensitive and -resistant DLBCL cell lines. Progression 
through G

1
 is unhindered in the PXD101-sensitive cell lines but 

blocked in the resistant lines. Therefore, we examined the expres-
sion and phosphorylation of proteins that regulate G

1
 progression. 

Inactivation of the retinoblastoma protein (Rb) through phos-
phorylation is a key event that allows G

1
 progression through the 

restriction point, and HDACi have been shown to cause decreased 
Rb phosphorylation in some cell types.29-32 Since phosphoryla-
tion of Rb slows its migration through SDS-PAGE gels, we first 
used an antibody against total Rb to determine whether PXD101 
changes Rb mobility. While we found that U2932 cells do not 
express detectable levels of Rb protein, Figure 5A shows that Rb 
mobility increases with the length of PXD101 treatment in all 
the other cell lines, indicating a shift from hyperphosphorylated 

Figure 3. Reversibility of PXD101 responses. (A and B) DB (A) or OCI-Ly19 (B) cells were treated at their respective IC50 concentrations for 0, 2, 4, 8, or 
24 h after which the cells were washed and resuspended in fresh medium without drug. After 24 h further incubation, the cells were harvested and 
subjected to Annexin V/PI assay. (C–F) SUDHL4 (C), U2932 (D), and SUDHL8 (E) were treated with either DMSO or PXD101 (at IC50 concentrations) for 
48 h. Cells were then washed and incubated in drug-free medium for a further 0, 24, 48, or 72 h. The cells were harvested and subjected to cell cycle 
analysis. The graphs shown represent the results of 3–4 independent experiments. Error bars represent SEM.
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The activity of the cyclin E/cdk2 complex is inhibited by 
association with the CIP/KIP family of cyclin-dependent kinase 
inhibitors (CKI), including p21, p27, and p57.36 HDACi have 
been shown to upregulate the expression of p21 in a wide variety 
of cell types, and there are several reports of increased p57 expres-
sion.35,37 Therefore, we treated cells for up to 72 h and monitored 
levels of the CKI by western blot. Levels of p57 were unchanged 
in all of the cell lines (not shown), but p21 and p27 levels were 
increased by PXD101 (Fig. 7A and B). Interestingly, in the cell 
lines sensitive to PXD101 p21 was only transiently upregulated 
(Fig. 7B), peaking at 6–8 h treatment in OCI-Ly19 and at 24 h 
in DB before returning to baseline levels. Levels of p27 were 

Rb serine 780 (S780) is specifically 
targeted by the cyclin D-containing 
complexes.33,34 Figure 5C and D show 
that phosphorylation of serine 780 
decreases dramatically in SUDHL4 
and SUDHL8 cells over the course of 
PXD101 treatment. This could be due 
to the loss of Rb protein but quanti-
tative analysis shows that S780 phos-
phorylation falls off more quickly than 
total Rb (Fig. 5E and F) suggesting a 
decrease in cyclin D complex activity. 
This could be due to decreased expres-
sion of cyclin D; HDACi have been 
shown to significantly downregulate 
levels of cyclin D1 and D2 in other 
cell types.31,35 Through PCR, we deter-
mined that DB, OCI-Ly19, SUDHL4, 
SUDHL8, and U2932 cells express 
cyclin D3 mRNA only; U2932 also has 
cyclin D1 but not cyclin D2 mRNA 
(not shown). We measured D cyclin 
levels in these cell lines by immunoblot 
(Fig. S2) and did not observe uniform 
downregulation of cyclin D3 across the 
five cell lines. In fact, there was no cor-
relation with its pattern of regulation 
by PXD101 and cellular response to 
the drug. In U2932 cells we found that 
cyclin D1 was expressed at very low 
levels which were moderately decreased 
in response to PXD101. Altogether the 
results suggest that downregulation of 
D cyclin levels is not a key mechanism 
by which PXD101 controls G

1
 progres-

sion in DLBCL cells.
Serine 795 in Rb (S795) can be 

phosphorylated by either cyclin D- or 
cyclin E-containing complexes.33,34 
S795 phosphorylation in SUDHL4 
and SUHDL8 cells was also dramati-
cally decreased by PXD101 treatment 
at a rate faster than the loss of total 
Rb (Fig.  5E and F), suggesting that 
activity of the cyclin E/cdk2 complex may decline. This complex 
is a major regulator of G

1
 progression; its activation allows cells 

to pass the restriction point in G
1
 and commit to DNA repli-

cation and mitosis. Therefore, we performed immunoprecipita-
tion (IP)-kinase assays with cyclin E antibody and histone H1 as 
substrate. The results show significant decreases in roscovitine-
sensitive kinase activity by 24 h of PXD101 treatment in all three 
resistant cell lines (Fig.  6A and B). By 48 h, when G

1
 arrest 

is achieved, kinase activity declined by at least 75% relative to 
untreated cells (Fig.  6B). In contrast, cyclin E/cdk2 activity 
increases significantly in DB cells by 24 h treatment. We did not 
measure activity at 48 h due to high levels of apoptosis.

Figure 4. Sensitivity or resistance to PXD101 is not correlated with expression of MYC or BCL2. 
(A–C) Whole cell extracts were generated from the cell lines shown in 2–3 independent experiments. 
Equal amounts of protein were separated by SDS-PAGE and subjected to western transfer and im-
munoblotting with c-myc, BCL2, or GAPDH antibodies. All of the samples shown were run on the same 
SDS-PAGE gel and blotted simultaneously to accurately measure relative levels of each protein. The re-
sults of analysis are shown graphically for c-myc (B) and BCL2 (C). Levels of each protein are expressed 
relative to those in Exp. One of OCI-Ly19 cells. (D) Cells were treated with PXD101 for the times shown. 
Whole cell extracts were generated and equal amounts of protein were separated by SDS-PAGE, 
and subjected to Western transfer and immunoblotting with MYC, BCL2, or GAPDH antibodies. BCL2 
shown for SUDHL8 correspond to the species with altered mobility as shown in (A). The results shown 
are representative of three independent experiments.
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damage response.43 However, as 
shown in Figure 7C and D, PXD101 
does not increase Thr18 phosphory-
lation in any of the DLBCL cell lines 
tested. As expected, doxorubicin 
causes a robust increase in Thr18 
phosphorylation while Nutlin-3A 
has little to no effect. PXD101 
also does not increase p53 acetyla-
tion with the exception of DB cells 
where we observed a small, but sig-
nificant increase in p53 acetylation. 
This does not strictly correlate with 
PXD101 sensitivity because p53 acet-
ylation did not change in OCI-Ly19 
cells (Fig.  7D). In contrast, doxo-
rubicin treatment resulted in clear 
increases in p53 acetylation in all cell 
lines, while Nutlin3A upregulated 
it in SUDHL4, DB, and OCI-ly19 
cells. Total p53 levels either did not 
change (SUDHL8, DB) or declined 
(SUDHL4, U2932, and OCI-ly19) 
in response to PXD101 treatment, 
but generally increased in response to 
doxorubicin treatment. We assayed 
p53 function by measuring expression 
of its downstream target, PUMA. 
Figure S4 shows that PUMA levels 
increase in response to doxorubicin, 
as expected, but decrease in response 
to PXD101 treatment in SUDHL4 
and OCI-Ly19 cells, both of which 

express wt p53 (Table S1). Altogether the data indicate that p53 is 
not activated by PXD101 in these DLBCL cell lines and thus, p21 
upregulation is p53-independent.

To determine whether the sustained upregulation of p21 and 
p27 observed in PXD101-resistant cell lines resulted in increased 
association with the cyclin E/cdk2 complex, we performed co-IPs 
in parallel with the IP-kinase assays shown in Figure 6 to mea-
sure the presence of the CKI in the complex. In the SUDHL4 
and U2932 cell lines, we observed increased levels of p21 in 
the cyclin E/cdk2 complex at 24 and 48 h PXD101 treatment 
(Fig. 8). Accordingly, in SUDHL8 cells, p27 association with the 
complex increased by 24 h and was highest at 48 h treatment. In 
contrast, the association of p21 with cyclin E/cdk2 in DB cells 
did not change over 24 h of treatment in spite of the fact that 
p21 levels are significantly elevated 24 h after PXD101 exposure. 
It is noteworthy that the amounts of cyclin E and cdk2 immu-
noprecipitated do not decrease over the course of the treatment 
period in any of the cell lines. Altogether the results strongly indi-
cate that sustained upregulation of the CKIs plays a role in the 
PXD101-induced G

1
 arrest through association with cyclin E/

cdk2 and subsequent inhibition of its kinase activity.

unaffected by PXD101 in OCI-Ly19 cells while in DB cells p27 
levels increased at 72 h treatment, after the onset of apoptosis 
(Fig. 1A). In contrast, p21 was upregulated in a sustained fash-
ion in the PXD101-resistant cell lines (Fig. 7A). p21 levels were 
increased by 6 h in SUDHL4 and U2932 cells and elevated lev-
els were maintained out to 72 h. SUDHL8 cells do not express 
detectable levels of p21. Levels of p27 increased significantly in 
all the PXD101-resistant cell lines by 24 h treatment.

Upregulation of p21 by HDACi has been found in other cell 
types to be either p53-independent31,38,39 or p53-dependent.40 
While HDACi are not directly genotoxic, they can induce a DNA 
damage response in some cell types by multiple mechanisms 
(reviewed in ref. 41). To determine whether PXD101 activates p53 
in any of the DLBCL cell lines, we evaluated changes in p53 levels 
and modification status and assayed p53 function. To examine 
p53 modifications we treated cells with PXD101, doxorubicin, or 
Nutlin-3A. Doxorubicin is a known genotoxic agent that induces 
p53 signaling while Nutlin-3A, which disrupts the p53-MDM2 
interaction,42 is a non-genotoxic inducer of p53. A recent report 
showed that the HDACi, romidepsin, induced p53 phosphory-
lation at Thr18,40 which is an indicator of an activated DNA 

Figure 5. PXD101 treatment induces loss of Rb protein and Rb phosphorylation. (A and B) The cell 
lines shown were treated with PXD101 for up to 72 h. (A) Whole cell extracts were subjected to western 
blotting with antibodies against total Rb protein or α-tubulin. (B) Total RNA was extracted from cells 
and used to measure levels of Rb mRNA by RT-qPCR. (C and D) Whole cell extracts from PXD101-treated 
SUDHL4 (C) or SUDHL8 (D) cells were subjected to western blotting with antibodies against Rb phos-
phorylated at either Ser780 or Ser795, hypophosphorylated Rb, or α-tubulin. (E and F) Levels of total 
Rb, pRb Ser780, and pRb Ser795 were quantitated from non-saturated images and normalized to levels 
of α-tubulin for SUDHL4 (E) and SUDHL8 (F) cells. Normalized values from each timepoint of PXD101 
treatment are expressed as fractions or multiples of the normalized value from untreated cells for each 
individual experiment. All of the results shown are representative of 2–4 independent experiments.
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have been shown to mediate HDACi-induced G
1
 arrest while 

in others the arrest is p21- and p53-independent.53 HDACi 
have also been shown to induce senescence.53,54 In the DLBCL 
cell lines tested, analysis of proteins that are key regulators 
of G

1
 progression showed that PXD101 had dramatic effects 

on Rb protein. Levels of total Rb were greatly decreased in 
response to PXD101 treatment in both sensitive and resistant 
cell lines by post-transcriptional mechanisms. To our knowl-
edge this has not been documented in other cell types. Rb can 
be acetylated55,56 but its functions may be context-specific. Rb 
acetylation is required for differentiation in muscle- and kera-
tinocyte-derived cell lines but has no impact on its cell cycle 
functions.56,57 Rb acetylation has also been shown to inhibit its 
phosphorylation55,58 and interaction with E2F1 in response to 
DNA damage signaling.58 Its role in regulating Rb turnover, if 
any, is unknown.

In agreement with reports of HDACi effects in other cell 
types,29-32 PXD101 induced dramatic loss of Rb phosphoryla-
tion in the Rb-expressing DLBCL cell lines tested. However, 
decreased Rb phosphorylation may have distinct causes and 
functions in the sensitive and resistant cell lines. Caspase-
induced Rb degradation has been found to make an important 

Discussion

In clinical trials evaluating HDACi as single agents, their action 
against relapsed DLBCL was found to be variable and mostly 
ineffective. However, since HDACi are generally well-tolerated 
and show selectivity toward tumor cells, there is interest in com-
bining them with other therapeutics to increase effectiveness 
against DLBCL.17,18,44 Rational selection of companion drugs 
is challenging because the mechanistic bases of resistance to 
HDACi exhibited by DLBCL tumors are unknown and no mod-
els have been developed to study them. With the current study we 
have progressed toward defining the determinants of resistance 
by establishing that resistance and sensitivity to a prototypi-
cal hydroxamate HDACi can be modeled in DLBCL cell lines 
which express genes significantly associated with poor prognosis 
in DLBCL patients. We then used this model system to reveal 
key differences in the response of sensitive and resistant cell lines 
to HDACi that impact cell cycle progression and may modulate 
cellular sensitivity to the pro-apoptotic effects of these drugs in 
DLBCL.

A variety of DLBCL cell lines have been found to be growth-
inhibited by HDACi,17,18,45-47 but it is not always clear whether 
this is due to cytotoxicity or to cell cycle arrest. We found that 
DLBCL cell lines did not respond uniformly to treatment with 
PXD101, having either a cytotoxic or cytostatic response. These 
responses did not correlate with DLBCL subtype (GCB vs. ABC) 
or the presence of the chromosomal translocation which deregu-
lates BCL2 expression. In addition, no correlation was observed 
with co-expression of MYC and BCL2 proteins, relative basal 
levels of these proteins, or their regulation by PXD101.

The cytostatic response to PXD101 was characterized uni-
formly by G

1
 arrest with little apoptosis. Because we found that 

it was fully reversible if PXD101 was removed, we contend that it 
is a form of resistance. In the clinic HDACi are generally admin-
istered in cycles with patients being exposed to a single dose for 
several days at a time followed by a period of recovery prior to the 
next cycle.15,16 Thus, during the time of treatment, resistant tumor 
cells may cease proliferating through G

1
 arrest and then re-enter 

the cell cycle once treatment has stopped. This idea is supported 
by a recent study using the Eμ-myc model of B cell lymphoma 
which concluded that the pan-HDACi vorinostat was most effec-
tive at prolonging survival in mice with Eμ-myc tumors when 
it induced tumor cells to undergo apoptosis.22 Overexpression 
of Bcl-2 or Bcl-X

L
 in these tumors caused G

1
 cell cycle arrest in 

response to vorinostat treatment rather than apoptosis. In mice 
with such tumors vorinostat did not prolong survival. Although 
we did not find a correlation between PXD101 resistance and 
BCL2 expression in the DLBCL cell lines, these results strongly 
indicate that G

1
 cell cycle arrest can be a form of resistance to 

HDACi in B cell lymphomas.
HDACi-induced G

1
 arrest has been observed in other cell 

types and is generally thought to be protective against the apop-
totic effects of these drugs.48 Interestingly, the mechanisms by 
which HDACi have been reported to induce G

1
 arrest appear 

to be cell type-specific. In some cell types upregulation of CKI 
(p21, p57, and p16)10,30,49,50 or downregulation of cyclin D131,51,52 

Figure 6. Differential effects of PXD101 on activity of cyclin E/cdk2. 
Whole cell extracts from cells treated with PXD101 for 0, 8, 24, and 48 h 
were used to perform immunoprecipitation with cyclin E antibody.  
(A) Bound fractions were subjected to kinase assay with purified his-
tone H1 as substrate. Roscovitine was added to one sample to ensure 
that the labeling detected was due to the activity of cyclin-dependent 
kinases. Following SDS-PAGE, gels were dried and exposed to phos-
phorimaging screens to visualize radiolabeled protein. Representative 
results from 3 independent experiments in each cell line. (B) Graphical 
summary of results from 3–4 independent replicates of IP-kinase assays 
(*P < 0.05, **P < 0.01).
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increases (Figs. 5A and 6B). Thus, in the 
cell lines which have a cytotoxic response 
to PXD101, loss of Rb phosphorylation 
may be due to dephosphorylation in 
preparation for programmed cell death.

In the cell lines which undergo a cyto-
static response to PXD101, we observe 
rapid and dramatic loss of Rb phosphory-
lation at both S780 and S795 (Fig.  5E 
and F). Since levels of the D cyclins are 
not strongly affected by PXD101 treat-
ment (Fig.  S2), the rapid decline in 
S780 phosphorylation is likely due to 
impaired activity of cyclin D complexes 
in resistant cells. Rb phosphorylation 
decreased by 80% over 48 h of PXD101 
treatment in SUDHL4 and SUDHL8 
cells (Fig.  5E and F), consistent with a 
decrease in cyclin E/cdk2 activity of a 
similar magnitude in all of the PXD101-
resistant cell lines (Fig.  6B). Since this 
is the same time period over which G

1
 

arrest is established (Fig. 2), we conclude 
that impaired activity of both cyclin D- 
and cyclin E-containing cdk complexes 
plays a key role in causing G

1
 arrest. In 

SUDHL4 and SUDHL8 cells this dual 
impairment results in the accumulation 
of hypophosphorylated, active Rb. In 
U2932 cells, which lack Rb expression, 
other substrates of these cdk complexes 
may contribute to the establishment of 
G

1
 arrest. It is noteworthy that PXD101 

induces a higher amount of apoptosis 
in U2932 cells than in the SUDHL4 
or SUDHL8 cells. One potential expla-
nation is that the lack of Rb expression 
makes for a less efficient G

1
 arrest, thereby 

allowing a small fraction of cells to escape 
G

1
 and proceed to G

2
/M, where HDACi 

are known to induce mitotic aberrations 
that cause apoptosis.62

The CKIs p21 and p27 can directly 
interact with cyclin D and cyclin 
E-containing cdk complexes to regu-
late their activity. The functional effect 
of p21 or p27 association with cyclin 

D-containing complexes is complicated; their interaction 
can be inhibitory or stimulatory to complex activity depend-
ing on variables such as stoichiometry or phosphorylation.63-65 
However, their association with the cyclin E/cdk2 complex is 
only inhibitory. Consistent with other reports,35,37 we found that 
PXD101 treatment strongly induced p21 expression within 24 
h in all the cell lines except SUDHL8, which have no detect-
able expression of the protein. In addition, the p21 upregula-
tion was p53-independent because we found little evidence of 

contribution to the induction of apoptosis under certain cir-
cumstances including exposure of cells to cytotoxic drugs.59 Rb 
dephosphorylation by protein phosphatase 1 (PP1) in response to 
pro-apoptotic stimuli precedes the onset of apoptosis and has the 
effect of making Rb a more efficient substrate of caspase-3.60,61 
Importantly, this loss of Rb phosphorylation occurred with no 
decrease in the activity of cyclin E- or A-cdk complexes. This is 
consistent with our analysis of DB cells, in which Rb phosphory-
lation decreases over a time frame in which cyclin E/cdk2 activity 

Figure 7. PXD101 effects on expression of cyclin-dependent kinase inhibitors (CKI) p21 and p27 
and modification of p53. (A and B) The cell lines shown were treated with PXD101 for 0, 2, 4, 8, 24, 
48, and 72 h. Whole cell extracts were generated and subjected to western blotting with antibod-
ies against p21, p27, hsp90, α-tubulin, or GAPDH. PXD101-resistant cell lines are shown in (A) while 
PXD101-sensitive cell lines are shown in (B). (C and D) Cells were treated with PXD101 (P), doxoru-
bicin (2 μM) (D), or Nutlin-3A (10 or 20 μM) (N) for 8 or 24 h. Whole cell extracts from treated and 
untreated cells were generated and subjected to western blotting with the antibodies indicated. 
PXD101-resistant cell lines are shown in (C) while PXD101-sensitive cell lines are shown in (D). The 
blots shown are representative of 3 independent experiments.
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strongly suggests that HDACi have excellent potential to be used 
effectively against relapsed DLBCL in combination with other 
therapeutics that circumvent mechanisms of HDACi resistance.

Since our study strongly indicates that sustained upregulation 
of p21 or p27 leads to G

1
 arrest and PXD101 resistance, HDACi 

might be combined effectively with therapeutics that target p21 
or p27 expression in DLBCL. In fact, the cdk inhibitor, flavo-
piridol, has been found to prevent HDACi-induced p21 expres-
sion and promote cell death in leukemia cell lines.72 In addition, 
HDACi might also be combined successfully with chemicals that 
induce the spindle assembly checkpoint, such as vincristine or 
paclitaxel.73 Because they do not arrest in G

2
/M it appears that 

PXD101 does not induce this checkpoint in the resistant cells.74,75 
However, in combination with drugs that can, PXD101 may 
cause the failure of the checkpoint and induce apoptosis.76 The 
model system we have developed will be used to test these drug 
combinations as well as to further define mechanisms of sensitiv-
ity and resistance that may reveal additional therapeutics which 
could be used effectively with HDACi against aggressive DLBCL 
tumors.

p53 activation by PXD101 in any of the cell lines. One major 
difference between the sensitive and resistant cell lines was in 
the kinetics of PXD101-induced p21 expression. In the sensitive 
lines, expression of p21 protein was transient but in the PXD101-
resistant lines it was sustained. Studies of the mechanism of p21 
upregulation by HDACi have focused exclusively on the initial 
activation of transcription (reviewed in ref. 66) so it is unclear 
why p21 mRNA levels decline in the PXD101-sensitive cell 
lines. Surprisingly, p27 expression was induced in all the resis-
tant lines by 24 h PXD101 treatment. In concordance with the 
PXD101-induced loss of cyclin E/cdk2 activity in resistant cell 
lines, increased association of p21 (SUDHL4 and U2932) or p27 
(SUDHL8) with this complex was detectable by 24 h treatment. 
Importantly, p21 association with the cyclin E/cdk2 complex 
in the PXD101-sensitive line, DB, was unaffected by PXD101 
treatment over a 24 h period, consistent with both the lack of 
cyclin E/cdk2 inhibition and G

1
 arrest in DB cells. Altogether 

we contend that the sustained upregulation of p21 and/or p27 
leads to increased association with the cyclin E/cdk2 complex 
to inhibit it from promoting G

1
 progression in PXD101-resistant 

DLBCL cell lines.
The cytotoxic response to PXD101 was characterized by G

2
/M 

arrest followed by apoptosis and did not require continuous expo-
sure to drug. Other cancer cell lines have been shown to undergo 
G

2
/M arrest in response to HDACi.62 It has been shown that 

HDACi can induce the spindle assembly checkpoint to cause an 
M phase arrest. However, in the continued presence of the drugs, 
the checkpoint fails to be maintained and the cells exit mitosis 
without properly partitioning their genomes (see ref. 67 and refer-
ences therein). This is thought to be a major mechanism by which 
HDACi cause cytotoxicity. It is noteworthy that the PXD101-
resistant cell lines do not arrest in G

2
/M. Expression of wild-type 

(wt) p53 has been shown to sensitize cells to paclitaxel, a drug 
which, like HDACi, can induce arrest in G

2
/M through activation 

of the spindle assembly checkpoint and cause subsequent apopto-
sis.68 Thus, the mutational status of p53 could distinguish between 
cell lines that are sensitive or resistant to PXD101. However, this 
does not appear to be the case because PXD101-sensitive cell lines 
differ in their p53 status (Table S1). OCI-Ly19 cells have wt p53 
while DB cells express mutant p53.69 The PXD101-resistant cells 
are also distributed between wt and mutant p53. Expression pro-
filing studies are underway to identify gene expression patterns 
linked to G

2
/M arrest and apoptosis in an effort to understand 

the underlying mechanisms. In addition, genes uniquely expressed 
in the sensitive cell lines may serve as predictive biomarkers of 
HDACi sensitivity in DLBCL. Currently only one such marker 
has been identified in CTCL70; more are needed.

There are several markers that predict poor prognosis in 
DLBCL patients after treatment with R-CHOP, including 
tumors of the ABC subtype, the presence of the t(14;18) BCL2 
translocation (specifically in tumors of GCB origin),71 co-
expression of MYC and BCL2,5,6 and the expression of mutant 
p53.7,8 It is significant that PXD101 is effective against cell lines 
with translocated BCL2 and co-expression of MYC and BCL2 
proteins (double-positive), regardless of their p53 status. This 

Figure 8. PXD101 induces association of CKI with cyclin E/cdk2 in resis-
tant DLBCL cell lines. Whole cell extracts from cells treated with PXD101 
for 0, 8, 24, and 48 h were used to perform immunoprecipitation with 
cyclin E antibody. Bound fractions were subjected to western blotting 
with antibodies against cyclin E and cdk2, and either p21 or p27. The 
results shown are representative of 3–4 independent experiments.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

958	C ancer Biology & Therapy	 Volume 14 Issue 10

transferred to 0.45 μm nitrocellulose membranes and subjected 
to immunoblotting.

RNA analysis. Total RNA was isolated from DLBCL cells 
treated with PXD101 or vehicle (DMSO) by the following 
method. Cells were washed once with D-PBS, pelleted, and 
mixed with Trizol (Invitrogen). Chloroform was added and 
the mixtures were vortexed for 15 s. Separation of aqueous and 
organic phases was achieved by pre-incubation at room temper-
ature for 3 min followed by centrifugation at 12 000 × g. The 
aqueous phase was transferred to a clean tube and slowly mixed 
with an equal volume of 70% ethanol. Samples were then applied 
to spin-columns and RNA was isolated according to manufac-
turer’s instructions (Nucleospin II, Clontech).

Synthesis of cDNA was performed using the iScript kit 
(BioRad). Measurement of gene expression was performed 
using quantitative PCR with 2× SyBr green buffer (Bioline) 
and gene-specific primers as per manufacturer’s instruc-
tions in a StepOnePlus instrument (ABI/Life Technologies). 
Gene-specific primer pairs were derived from PrimerBank 
(Harvard, http://pga.mgh.harvard.edu/primerbank/) and pur-
chased from Sigma-Aldrich. Primer sequences are as follows: 
BCL2 forward, 5'-GAACTGGGGG AGGATTGTGG-3', 
reverse, 5'-CCGGTTCAGG TACTCAGTCA; MYC for-
ward, 5'-CCACAGCAAA CCTCCTCACA G-3', reverse, 
5'-GCAGGATAGT CCTTCCGAGT G-3'; Rb forward, 
5'-TTGGATCACA GCGATACAAA CTT-3', reverse, 
5'-AGCGCACGCC AATAAAGACA T-3'; p21 forward, 
5'-GTCACTGTCT TGTACCCTTG TG-3', reverse, 
5'-CGGCGTTTGG AGTGGTAGAA A-3'; GAPDH for-
ward, 5'-CATGAGAAGT ATGACAACAG CCT-3', reverse, 
5'-AGTCCTTCCA CGATACCAAA GT-3'. For drug treatment 
studies the relative concentrations of mRNAs were calculated 
by the ΔΔC

t
 method using GAPDH and HPRT1 as reference 

housekeeping genes. Relative expression of a particular gene 
between cell lines was also calculated using the ΔΔC

t
 method 

except that one replicate from one cell line was used for normal-
ization purposes (ΔC

t
).

Immunoprecipitation and kinase assay. DLBCL cells were 
treated with PXD101 or vehicle (DMSO). After treatment, cells 
were washed once with cold D-PBS. Washed cell pellets were 
flash-frozen in liquid nitrogen and kept at −80 °C until use. 
Whole cell extracts were generated by resuspending cell pel-
lets in lysis buffer (50 mM HEPES pH 7.3, 250 mM NaCl, 
1 mM EDTA, 2.5 mM EGTA, 0.1% Tween-20, 10% glycerol, 
1 mM DTT, protease inhibitors [1× Complete, Roche] and 
phosphatase inhibitors [5 M NaF, 25 mM β-glycerophosphate, 
and 0.1 mM sodium orthovanadate]). After 30 min incuba-
tion on ice, cell debris was removed by centrifugation and 
protein concentration was determined by Bradford assay. For 
immunoprecipitations, 300 μg (kinase assays) or 700 μg (co-
immunoprecipitations) extract protein was diluted to 0.5 ml in 
wash buffer C (50 mM Hepes pH 7.3, 1 mM DTT, protease 
and phosphatase inhibitors). Samples were pre-cleared for 1 h 
at 4 °C with Gammabind G sepharose (GE Healthcare Life 
Sciences) and exposed to either 2 μg anti-cyclin E (C-19, Santa 
Cruz Biotechnology) or 2 μg anti-GFP (3E6, Invitrogen) along 

Materials and Methods

Cell lines and reagents. Seven DLBCL-derived cell lines were 
cultured in RPMI medium supplemented with1 10% FBS and 
gentamicin (SUDHL4, SUDHL6, and U2932),2 15% FBS, 
1mM sodium pyruvate, and gentamicin (DB and OCILY3),3 
10% FBS, 1 mM sodium pyruvate and gentamicin (OCILY19),4 
or 10% FBS, 1 mM glutamine, and gentamicin (SUDHL8). All 
cell lines were maintained at 37 °C in a humidified atmosphere 
containing 5% CO

2
. Prior to every experiment cells were seeded 

at 2 × 105 to 4 × 105cells/ml with a 50/50 mixture of conditioned 
and fresh medium.

PXD101 was obtained from the Cancer Therapy Evaluation 
Program (National Cancer Institute). Antibodies against 
Bcl-2 (50E3), MYC (D84C12), cyclin D3 (DCS22), cyclin 
D1 (92G2), p21, p27, p57, Rb (4H1), phospho-Rb (Ser 780), 
phospho-Rb (Ser 795), cyclin E (HE12), phospho-p53 (Thr18), 
and α-tubulin were obtained from Cell Signaling Technology, 
Inc. Underphosphorylated Rb antibody was purchased from 
BD Biosciences. GAPDH (FL-335), cdk2, cyclin E (C-19), p53 
(DO-1), and acetylated p53 (Lys382) antibodies were acquired 
from Santa Cruz Biotechnology, Inc. PUMA antibody was pur-
chased from Abcam.

Cell growth, cell cycle, and cell death assays. Cell growth 
was measured by MTS assay according to manufacturer’s speci-
fications (Cell titer 96® Aqueous One Solution, Promega). Cells 
were seeded in 96-well plates and treated in triplicate with a wide 
range of PXD101 doses. IC

50
s for growth inhibition were calcu-

lated using curve-fitting software (GraphPad Prism). The IC
50

 
concentrations determined at 24 h PXD101 treatment for each 
cell line were used in all subsequent experiments.

Apoptosis and cell cycle phase distribution were estimated 
from flow cytometric data using ModFit LT 3.0 (Verity Software 
House). Cells were treated either with DMSO or PXD101. After 
treatment, cells were washed once with cold 1X Dulbecco’s mod-
ified PBS (D-PBS); 1 × 106 cells were used to measure Annexin V 
positive cells according to manufacturer’s specifications (Annexin 
V-FITC kit, ENZO Life Sciences). For analysis of cell cycle 
distribution, cells were fixed with 70% ethanol, centrifuged at 
500× g for 15 min. Ethanol was removed and 0.5 ml of cold PBS, 
20 μl of propidium iodide and 12.5 μl of RNase A (20 mg/ml) 
were added. Samples were incubated at 37 °C for 30 min prior to 
flow cytometry.

Western blotting. After treatment, cells were washed once 
with cold D-PBS. Cell pellets were flash-frozen in liquid nitro-
gen and kept at −80 °C until use. Whole cell extracts were gen-
erated by resuspending cell pellets in RIPA buffer (150 mM 
sodium chloride, 1% NP-40, 0.5% sodium deoxycholate, 0.1% 
sodium dodecyl sulfate, 50 mM Tris, pH 8.0, protease inhibi-
tor cocktail (Roche) and phosphatase inhibitors [10 mM NaF, 
25 mM β-glycerophosphate]). Resuspended pellets were trans-
ferred into Qiashredder columns (Qiagen) and centrifuged at 
12 000× g for 5 min. Supernatants were collected and protein 
concentration was determined by Bradford method. For immu-
noblotting 100 μg of protein from each sample were separated 
by SDS-PAGE gel electrophoresis. Resolved proteins were 
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were incubated with antibodies against the following: cyclin E 
(HE12), cdk2, and p21 or p27.
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with Gammabind G sepharose for 3 h at 4 °C with rotation. 
Beads were pelleted by gentle centrifugation and washed as fol-
lows: 1× with wash buffer A (50 mM Hepes pH 7.3, 150 mM 
NaCl, 1.5 mM MgCl2, 1 mM EGTA, 1.0% Triton X-100, 10% 
glycerol, 1 mM DTT, protease and phosphatase inhibitors), 2× 
with wash buffer B (50 mM Hepes pH 7.3, 1 M NaCl, 1.5 mM 
MgCl2, 1 mM EGTA, 1.0% Triton X-100, 10% glycerol, 
1 mM DTT, protease and phosphatase inhibitors), and 3× with 
wash buffer C.

For kinase assays washed immunoprecipitates were suspended 
in kinase buffer (50 mM Hepes pH 7.3, 1 mM DTT, 10 mM 
MgCl2, 10 μM ATP, phosphatase inhibitors) containing 5 μg 
purified Histone H1 (SignalChem) and 10 μCi 32P-γ-ATP 
(Amersham). Roscovitine at a final concentration of 5 μM was 
added to an immunoprecipitate derived from untreated cells to 
ensure that the activity measured was derived from a cyclin-
dependent kinase. Samples were then incubated at 30 °C for 
30 min with vortexing every 5 min. Reactions were terminated 
by adding 5× SDS-PAGE buffer (0.2 M Tris, pH 6.8, 10% 
SDS, 50% glycerol, 0.25 M DTT, 0.01% Bromophenol Blue). 
After SDS-PAGE, gels were dried for 1 h at 80 °C under vac-
uum. Radioactive labeling was visualized using a Pharos Fx Plus 
Molecular Imager (BioRad) and quantitated using ImageLab 
software (BioRad).

For co-immunoprecipitations, washed immunoprecipitates 
were resuspended in 2× SDS-PAGE buffer (80 mM Tris pH 
6.8, 4% SDS, 20% glycerol, 0.1 M DTT, 0.004% Bromophenol 
Blue) and heated to 95 °C for 5 min. Supernatants were resolved 
with SDS-PAGE. Following western transfer, membranes 
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