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HDAC isoenzyme expression is deregulated
in chronic lymphocytic leukemia B-cells
and has a complex prognostic significance
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Histone deacetylases (HDACs) play a crucial role in chromatin structure and, consequently, gene expression. Their
deregulation has been reported in various cancers. We performed a complete and comprehensive study of the expression
of 18 HDACs (including sirtuin; SIRT) by real-time PCR in a cohort of 200 chronic lymphocytic leukemia (CLL) patients with
a median follow-up of 77 mo, and compared it with the results obtained from normal B cells. We also compared HDAC
expression at diagnosis and after relapse. We observed significant deregulation (mostly upregulation) of HDACs in CLL. In
terms of clinical significance, only HDAC6 was significantly correlated with treatment-free survival (TFS), whereas HDAC3
and SIRT2, 3 and 6 were correlated with overall survival (OS). A multivariate Cox regression stepwise analysis indicated
that HDACS, 7 and 10 and SIRT3 were TFS independent predictors. Interestingly, poor prognosis was associated with an
overexpression of HDAC7 and 10 but an underexpression of HDAC6 and SIRT3. Therefore, these factors were combined
in a TFS score: patients with a score of 0-1-2, 3 and 4 had a median TFS of 107, 57 and 26 mo, respectively (HR = 4.03,
p < 0.0001). For OS, SIRT5 and 6 allowed stratification into 3 groups, with a median OS of > 360, 237 and 94 mo (HR =6.38,
p < 0.0001). However, we could not find statistical differences in HDAC expression after relapse. These results, validated
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by a 5-fold cross-validation, highlight the complex impact of HDAC expression in CLL clinical course.

Introduction

Epigenetic histone modifications play a crucial role in chromatin
structure. Among enzymes regulating these processes, histone
deacetylases (HDACs) can remove acetyl groups from histone
tails, thus increasing their interaction with DNA and leading to
chromatin condensation."”> HDAC can consequently regulate
gene expression by modifying epigenetic configuration in both
transformed and non-transformed cells.> To date, the HDAC
family is composed of 18 isoforms in humans, which can be clas-
sified into 4 classes based on their structure and cellular localiza-
tion:* class I (HDACI, 2, 3 and 8) and class II (HDAC4, 6, 7,
9 and 10) are the most studied, whereas little is known about
class IIT [sirtuin (SIRT) 1 to 7] and class IV, which comprises
only a single member (HDACI1). Recently, these enzymes have
attracted increased interest because HDAC inhibitors (HDAC:s)
have been considered as new and promising therapeutic agents
for the treatment of solid cancers and hematological malignan-
cies.’ In addition, deregulation of HDAC expression has been
observed in several cancer types, such as breast, lung, ovarian,
prostate cancer and lymphoma, highlighting the importance of
epigenetics in tumoral development (reviewed in ref. 6). However,

*Correspondence to: Basile Stamatopoulos; Email: bstamato@ulb.ac.be
Submitted: 09/03/12; Revised: 10/19/12; Accepted: 10/25/12
http://dx.doi.org/10.4161/epi.22674

www.landesbioscience.com

Epigenetics

the relationship between HDAC expression and clinicopatholog-
ical characteristics in different cancer types remains controversial
and complex: the overexpression of a specific HDAC could be
associated with a favorable prognosis in one cancer but with poor
prognosis in another.® An individual and comprehensive study of
HDAC expression is thus needed for each cancer type.

Chronic lymphocytic leukemia (CLL) is a disease character-
ized by a clonal accumulation of neoplastic B cells. This leukemia
displays two types of prognoses:” some patients rapidly progress
and die, while others remain asymptomatic for many years. This
clinical evolution can currently be predicted by several prognos-
tic factors, such as (-associated protein-70 (ZAP70), lipopro-
tein lipase (LPL) and CD38 molecule (CD38);® CLL is, up to
now, incurable, despite the introduction of new treatments. In
vitro studies have shown that HDAC inhibitors, such as valproic
acid (VPA)° and suberoylanilide hydroxamic acid (SAHA),"
can induce apoptosis of CLL cells, and clinical trials combin-
ing HDAC:is and classical chemotherapy are currently ongoing.!!
However, a comprehensive and complete study of HDAC expres-
sion in CLL is missing. Indeed, to our knowledge, no study has
correlated HDAC expression with the clinical evolution of CLL
patients.
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In the present study, we aimed to determine the mRNA
expression pattern of the 18 human HDAC isoforms by real-
time PCR in CD19* purified B cells isolated from a clinically
well-characterized CLL patient cohort and compare them with
20 normal CD19* purified B cell samples obtained from periph-
eral blood of healthy donors and CD19* purified B cells isolated
from 20 CD5* cord blood samples. These expressions levels were
subsequently correlated with classical and well-known prognostic
factors, treatment-free survival (TFS) and overall survival (OS)
in our cohort of 200 CLL patients, with a median follow-up of
77 mo.

Results

HDAC expression is deregulated in CLL compared with nor-
mal B cells. As presented in Figure 1, HDAC expression was
variable from one isoenzyme to another: although HDAC-1 and
-7 were highly expressed in CLL, HDACI11, SIRT4 and SIRT5
levels were low. These expressions levels were compared with
those of normal B cells purified from the peripheral blood of
healthy donors (PB) and purified B cells from umbilical cord
blood (UCB) as controls. UCB was chosen as the second con-
trol because these B cell samples were CD5*, which is similar
to the CLL samples. Compared with PB B cells, HDAC2 and
SIRT4 were significantly downregulated, whereas HDAC-6, -7
and -11 and SIRT-3, -6 and -7 were upregulated in CLL samples
(p < 0.05). Compared with UCB B cells, all of the isoenzymes
were significantly upregulated in CLL samples except HDACA4,
which was downregulated, and HDACI10, which was not sig-
nificantly different (Table S1). These results demonstrated that
HDAC expression was deregulated (mostly upregulated) in CLL
compared with normal B controls.

Association of HDAC expression with classical prognostic
factors and TFS/OS. We compared HDAC expression in dif-
ferent prognosis subgroups based on classical prognostic factors.
As shown in Table S2, there were sparing significant differences
between some prognostic subgroups. However, the fold changes
of HDAC expression had a small amplitude, from -1.5 to +1.6,
and no global conclusion could be reached. However, for the
majority of HDACs, patients who died generally had lower
HDAC expression, and these differences were significant for
HDAC-1, -3, -6 and SIRT-2 and -3.

Using ROC curve analysis to maximize the concordance
with the ZAP70 status and minimize the number of false nega-
tives, we defined HDAC cut-offs. Although these cut-offs were
not optimized for TES/OS prediction, they were sufficient to
observe the following significant differences: taken individually,
only HDAC6 was a significant TES predictor, while HDAC3
and SIRT-2, -3 and -6 could significantly predict OS (Fig. 2).
Interestingly, all of the good prognosis subgroups were character-
ized by a high expression of these HDACs, indicating that low
HDAC expression could be associated with unfavorable progno-
sis. Although the results obtained for HDAC7 (p = 0.0971) and
HDACI0 (p = 0.1066) were not significant, we observed that
their higher expression could be associated with a poor progno-
sis, suggesting that no general conclusions associating HDAC
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expression with prognosis could be drawn. Kaplan-Meier curves
and the median TES/OS for all HDAC subgroups are shown in
Figure S1 (TFS), Figure S2 (OS) and Table S3.

Univariate and multivariate Cox analysis and HDAC score
construction and validation. Univariate Cox analysis con-
firmed the Kaplan-Meier results (Table 1). Because treatment
and survival appeared to be influenced by several HDAC:,
we performed a multivariate stepwise Cox regression model
to evaluate the impact of all dichotomized HDACs (using
Table S3 cut-offs) on TFS and OS. Interestingly, for TFS pre-
diction, 4 HDACs were selected: HDAC-6, -7, -10 and SIRT3
(Table 1). However, only HDACG was a significant TFS predic-
tor in univariate Cox analysis. Regarding the hazard ratios (HR),
we observed that HDAC7 and 10 were higher than 1, indicat-
ing that the patient had an increasing chance to be treated when
these HDACs were highly expressed. In contrast, HDAC6 and
SIRT3 displayed an HR < 1, indicating that a positive status
for these HDAC: is associated with a good prognosis. We then
generated a TFS score based on these four HDACs. This score
varied from 0 to 4, according to the number of unfavorable fac-
tors (i.e., low expression of HDAC6 or SIRT3 and high expres-
sion of HDAC-7 or -10), and it was applied to our 200-patient
cohort. The presence of a poor prognostic marker corresponds
to an increase of 1 unit in the final TFS score. We thus gave
the same weight to all four factors. According to this score, the
patients were thus stratified into three groups (0-1-2/4, 3/4 and
4/4), and the hazard ratio (HR) of the three groups (named 0,
0.5 and 1, respectively) was calculated by univariate Cox analysis.
Thus, HR represents the hazard ratio between groups 0-1-2/4
and 4/4 considering the intermediate groups such that 0-1-2/4
< 3/4 < 4/4. Patients with a score of 0—1-2/4, 3/4, and 4/4 had
a median TFS of 107, 57 and 26 mo, respectively (HR = 4.03,
p < 0.0001). These results were still significant in Binet stage A
patients (HR = 4.64, p < 0.0001) (Fig. 3). For OS prediction, the
multivariate stepwise Cox model showed SIRT5 and SIRTG6 to
be independent predictors (Table 1). We subsequently generated
an OS score similar to the TFS score: when a patient was posi-
tive for SIRT5 or negative for SIRTG, one unit was added to the
score. Surprisingly, HDAC3, SIRT2, SIRT3 and SIRT7, which
were significant univariate predictors of OS, were not retained
in this score, while SIRTS5, which was not significant individu-
ally, was selected in multivariate analysis. Patients with an OS
score of 0/2, 1/2 and 2/2 had a median OS of > 360, 237 and
94 mo, respectively (HR = 6.38, p < 0.0001) (Fig. 3). In Binet
stage A, this score was close to the limit of significance but not
verified, most likely because of the small number of events in this
subgroup.

Concerned by the risk of over fitting, we performed a 5-fold
cross-validation study and observed a significant HR for the pre-
diction of TES (HR = 2.71, p = 0.0020) and OS (HR = 4.99,
p = 0.0020), reinforcing our previous results (Fig. S3): the com-
putation of this score was stable (concordance of 70.5% and
79.5% for TFES and OS, respectively). Additional details concern-
ing cross-validation can be found in the Supplemental Materials.

HDAC profile comparison between samples obtained at
diagnosis and after relapse. For eight patients, we compared
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Figure 1. HDAC expression in CLL, PB and UCB samples. The mean expression of the different HDACs in CLL (n = 200), PB (n = 20) and UCB (n = 20) was
plotted with the standard error of the mean (SEM) according to HDAC class | (A), class Il (B), class IIl (C) and class IV (D). HDAC values are expressed as
relative fold change normalized to cyclophilin gene expression and calibrated with a common value. Significant differences were assessed using the
Mann-Whitney non-parametric test. Statistical details can be found in Table S1.

samples obtained at diagnosis and after relapse in order to see
if a relapse signature could be obtained. After performing a
Wilcoxon non-parametric paired test, no significant differences

could be highlighted (p > 0.05) (Fig. 4).
Discussion

The aim of the present study was to evaluate the HDAC profile in
CLL, particularly its clinical impact. First, CLL HDAC expres-
sion levels were compared with PB normal B cells. The normal
counterpart of CLL cells is not clearly defined in the literature
and remains controversial.'”> We therefore decided to add UCB
samples in our experiments as a second control because they pre-
sented a higher proportion of CD5*CD19" cells, which is similar

www.landesbioscience.com

Epigenetics

to CLL cells. Other authors have used these cells as controls in
CLL-based experiments.”*'* In addition, Gary-Gouy et al. have
shown that CD5 molecule plays a role in the stimulation and
survival of CLL cells,” and Saunders et al. observed that protein
profiling classified CD5* cord blood as the closest non-malignant
counterpart of CLL."® Compared with both controls, HDAC-6,
-7 and -11 and SIRT-3, -6 and -7 were statistically overexpressed
in CLL samples. Overexpression of these genes has already been
observed in other cancer types, such as breast cancer,”'® oral squa-
mous cell carcinoma,” pancreatic adenocarcinoma® and chronic
myeloproliferative neoplasm,? suggesting that HDAC upregula-
tion is often associated with cancer development. However, some
HDACs (HDAC2 and SIRT4) were significantly downregulated
in CLL compared with PB samples. Similar results have been
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Figure 2. Significant TFS or OS power of HDAC expression. Representative TFS curves for HDAC6 (A) and OS curves for HDAC3 (B), SIRT2 (C), SIRT3 (D)
and SIRT6 (E). HDACs were measured by real-time PCR, and cut-offs were optimized to maximize ZAP70 concordance and minimize false negatives us-
ing ROC curve analyses. Significant differences between curves were calculated using the log-rank test. Statistical details can be found Table S3.

observed for SIRT4 in acute myeloid leukemia,?? but surprisingly,
HDAC?2 is generally upregulated in several cancer types.® These
observations indicated that HDAC expression is highly variable
from one cancer to another but also that their association with
prognosis is not always found in all cancer types. However, in the
present study, using combined analysis of HDAC, we were able
to find robust and highly significant correlation with prognosis.
Only one report has investigated HDAC expression in CLL;
however, our results are not in line with those obtained by Wang
et al.” These important discrepancies can be explained by several
parameters: the size of the CLL cohort (32 patients vs. 200 in our
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study), the purity of the samples (> 92% vs. a mean of 99%), the
statistical test used (parametric Student’s t-test vs. non-paramet-
ric Mann-Whitney test) and the sensitivity of the quantitative
real-time PCR (Ct mean values ranging from 34.3 to 39.2 vs. Ct
mean values ranging from 25.8 to 35.2 in our study). The study
of Wang et al. was most likely performed with too low cDNA
amounts or with inefficient PCR because our samples had from
44- 1o 2,240-fold higher HDAC molecules per reaction (corre-
sponding to 5.5 to 11.1 Ct difference compared with our study).
In addition, Wang et al. assumed that all HDAC expressions had
a Gaussian distribution, which is most likely not the case because
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Table 1. Univariate and multivariate cox analysis for TFS and OS

(A) Univariate TFS (B) Univariate OS
p value Hazard ratio 95.0% CI p value Hazard ratio 95.0% CI

HDAC1 0.4572 0.86 0.57 1.29 0.0866 0.58 0.32 1.08
HDAC2 0.4284 0.82 0.51 1.34 0.5638 1.23 0.60 2.53
HDAC3 0.0845 0.70 0.46 1.05 0.0146 0.41 0.20 0.84
HDAC4 0.0964 0.69 0.45 1.07 0.5133 0.80 0.41 1.57
HDAC5 0.6722 1.09 0.73 1.63 0.6175 117 0.63 2.18
HDAC6 0.0191 0.47 0.25 0.88 0.2670 0.56 0.20 1.57
HDAC7 0.0998 1.49 0.93 240 0.2825 1.50 0.72 3.15
HDAC8 0.9571 0.99 0.65 1.51 0.5420 0.81 0.41 1.59
HDAC9 0.5642 0.89 0.59 1.33 0.1223 0.59 0.31 1.15
HDAC10 0.1090 1.42 0.92 2.19 0.6467 0.86 0.46 1.61
HDAC11 0.6755 0.91 0.60 1.39 0.3567 0.74 0.40 1.39

SIRT1 0.4987 0.85 0.54 1.35 0.5284 0.79 0.39 1.62

SIRT2 0.2224 0.77 0.51 117 0.0127 0.39 0.19 0.82

SIRT3 0.0571 0.67 0.44 1.01 0.0190 0.48 0.26 0.89

SIRT4 0.5269 1.18 0.71 1.95 0.3522 1.47 0.65 3.33

SIRT5 0.4855 1.15 0.77 1.72 0.0588 1.82 0.98 341

SIRT6 0.8445 0.96 0.64 1.44 0.0106 0.41 0.20 0.81

SIRT7 0.1720 0.75 0.49 113 0.1202 0.59 0.30 1.15

(Q) Multivariate TFS (D) Multivariate OS
p value Hazard ratio 95.0% CI p value Hazard ratio 95.0% ClI

HDAC6 0.0062 0.40 0.20 0.77 SIRT5 0.0132 2.25 1.18 4.27
HDAC7 0.0449 1.74 1.01 2.98 SIRT6 0.0031 0.34 0.17 0.70
HDAC10 0.0091 1.99 1.19 3.35

SIRT3 0.0034 0.49 0.30 0.79

a D’Agostino-Pearson normality test performed with our data (n
=200) indicated that HDAC expression did not fit to a Gaussian
distribution (data not shown). We note the absence of data for
HDAC4 and SIRT4 in that study. For all of these reasons, the
results of Wang et al. are clearly debatable.

Because important variations exist between different HDAC
levels (for example, high level of HDAC?7, low level of SIRT4),
HDAC expression levels were compared in different prognostic
subgroups and correlated with TFS and OS data in our clinically
well-characterized cohort. Surprisingly, low differences in expres-
sion were observed between poor and good prognosis patients
according to several factors (ZAP70, CD38 and LPL), and a
small number of these differences was statistically significant.
Our results were again not in line with those of Wang et al.,”
who observed differences between ZAP70* and ZAP70" samples
for HDAC-1, -3, -6, -7, -9, -11 and SIRT6. These discordances
can again be explained by the small number of prognostic fac-
tor data (ZAP70, 20 cases vs. 200) and by the reasons reported
above.

Correlation with TES showed that a high level of HDAC6
was significantly associated with longer TFS, and a high level
of HDAC3, SIRT2, SIRT3 and SIRT6 were associated with a
longer OS. Overexpression of HDACG6 had also been associated

www.landesbioscience.com

Epigenetics

with good prognosis in breast cancer,” cutaneous T-cell lym-
phoma* and lung cancer.”” These observations are in accordance
with those of Jung et al., who suggested that HDACG6 could be
a tumor suppressor because ectopic overexpression of HDACG6
suppressed tumor cell growth and proliferation in various liver
26 In contrast, a high level of HDAC3 is often associ-
ated with poor prognosis in other cancers.® In the present study,

cancer cells.

SIRT?2 and SIRTG6 expression was also associated with good prog-
nosis. To our knowledge, no study has associated the expression
of SIRT6 with prognosis in any cancer, but interestingly, several
lines of evidence suggest that SIRT6 acts as a guardian of genome
stability, and it has therefore been proposed as a tumor suppres-
sor.”” Furthermore, Van Meter et al. demonstrate that overexpres-
sion of SIRT6 induces apoptosis in cancer cells but not in normal
cells.?® SIRT?2 expression was already used in a 4-gene molecular
prognostic signature in esophageal and junctional adenocarci-
noma, and similar to our study, a high expression of SIRT2 was
associated with good prognosis.”” These results are consistent
with the fact that SIRT2 can normally promote cell death, and its
overexpression can also mediate a delay in cellular proliferation.?’
In addition, SIRT2 has been shown to suppress tumorigenesis by
deacetylating co-activators of the anaphase-promoting complex/
cyclosome activity.”® SIRT3, meanwhile, has only been related
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hazard ratio (HR) was calculated with univariate Cox regression.

Figure 3. TFS and OS score based on selected HDAC expression. TFS scores composed of HDAC6, 7 and 10 and SIRT3 selected by a multivariate step-
wise Cox analysis were used to plot TFS with Kaplan-Meier curves for all Binet stages (A) and only Binet stage A (B). OS scores composed of SIRT5 and 6
selected by a multivariate stepwise Cox analysis were used to plot OS with Kaplan-Meier curves for all Binet stages (C) and only Binet stage A (D). The

in a study showing higher expression of this isoenzyme in node-
positive breast cancer.!® However, another team observed that
SIRT?3 protects against mitochondrial metabolism aberrations as
reactive oxygen species (ROS) and therefore prevents genomic
instability,* which could explain the prognostic advantage of this
isoenzyme in our study. In summary, we showed here for the
first time that high expression of HDAC-3, -6 and SIRT-2, -3

and -6 could have a positive effect on disease evolution. However,
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these results are counterintuitive since these HDACs are glob-
ally upregulated compared with one or both normal controls.
Similar situations have already been observed in brain cancer
where low HDACG is associated with high-grade glioma,® while
global tumor sample display an HDAC upregulation compared
with normal brain. The significance of these results is difficult to
explain since the function, the target gene, the activity of HDAC
could be different in malignant cells compared with normal cells.
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Figure 4. HDAC profile comparison between samples obtained at diagnosis and after relapse. Different HDAC isoenzyme expressions were plotted for
8 CLL patients for samples obtained at diagnosis and after relapse. HDAC values are expressed as relative fold change normalized to cyclophilin gene
expression and calibrated with a common value. Significant differences were assessed using the Wilcoxon signed rank test.
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However, if we consider that, in general, low level of HDAC is
associated with a higher level of global acetylation and conse-
quently related to higher transcriptional activity, we could predict
that gene transcription in CLL cells may be upregulated. In that
case, we could infer that some oncogenes (such as anti-apoptotic
genes) might be overexpressed and somehow leading to a poor
prognosis. Functional explanations underlining these observa-
tions should be further investigated.

Because treatment and survival seem to be influenced by
several HDACs, we combined HDAC-6, -7, -10 and SIRT3
(selected by a multivariate Cox stepwise analysis) in a TES score
and SIRTS and 6 in an OS score. Interestingly, high levels of
HDAC-7 and -10 and SIRT5 were associated with poor progno-
sis, whereas the opposite was observed for HDAC6 and SIRT-3
and -6. These observations are compatible with the work of Zhu
et al. who showed that HDAC?7 directly binds with c-Myc gene
and that HDAC?7 silencing decreased c-Myc mRNA highlight
ing the contribution of HDAC?7 in cell proliferation and thus
in tumor progression.** Moreover, HDACI10 have been shown
to regulate Hsp90,° which stabilizes ZAP70, one of the most
adverse prognosis factor in CLL patients.*® These scores were able
to clearly distinguish patients in three different subgroups, with
median TFS ranging from 107 to 26 mo and median OS ranging
from > 360 to 93 mo. These models were validated by a 5-fold
cross-validation,” indicating that they were stable when the pop-
ulation was modified and that these results will most likely also
be confirmed in another cohort. These data strongly suggested
that concomitant or alternative HDAC expression could have
an impact on CLL prognosis. This theory can be explained by
the fact that different HDACs could target different promoter
regions and could influence different gene expression. This sit-
uation is complicated by the fact that HDACs act in complex
with other co-repressors/activators and can also acetylate cru-
cial non-histone proteins (such as transcription factors like p53,
p300, E2F and Nf-kB?*), thus regulating their activation and sta-
bility. Interestingly, it should be noted that even if an HDAC
is expressed at low levels (such as SIRTS), it can still influence
prognosis. Taken together, these data demonstrated why it is so
difficult to explain the complex clinical significance of HDACs
in CLL. Functional investigations of each HDAC individually
are therefore needed.

The aim of this study was not to identify new prognostic fac-
tors but to highlight the role of epigenetic enzymes in the need
for treatment, the survival of CLL patients and thus disease evo-
lution. Functionally, HDAC inhibitors have already been shown

to induce apoptosis of CLL cells in vitro™!

and have been pro-
posed as a new treatment strategy in CLL."' We can thus hypoth-
esize that HDAC profiles could have an influence on treatment
response and could potentially become a predictive marker. This
question has not yet been addressed and should be validated in
future clinical trials. When we compared samples of the same
patients at diagnosis and after relapse, we were not able to find
a signature linked to relapse. We can thus conclude that, even
if some fluctuations could be observed, the emerging clone after
disease relapse is not significantly different from diagnosis clone
in terms of HDAC expression.
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This report is the first comprehensive and complete quantita-
tive study of HDAC expression linked to clinical data in CLL
patients. Our results showed that HDAC expression is deregulated
(mostly upregulated) in CLL patients compared with normal B
cells. We also demonstrated that HDAC-3 and -6 and SIRT-2, -3
and -6 have an impact on TES or OS when taken alone and that
the specific combination of HDAC-6 and -7 and SIRT-7 and -10
for TFS and SIRT-5 and -6 for OS had complex prognostic sig-
nificance. In conclusion, these data emphasize the important role
of HDAC:s in CLL evolution and show that high and low expres-
sion of some HDACs could be associated with poor prognosis.
These results could potentially be used in the future to predict the
response of CLL patients to HDAC inhibitor treatment.

Materials and Methods

Patients and sample collection. This study was approved by
the Bordet Institute Ethics Committee and conducted accord-
ing to the principles expressed in the Declaration of Helsinki. All
of the samples were collected after obtaining written informed
consent from 200 CLL patients who presented with a typical
CD19*CD5*CD23* phenotype. The median age of this popula-
tion was 63 y (range 34—89). All of the samples were collected at
the time of diagnosis before any treatment. For eight patients, we
also compared HDAC profiles on samples obtained at diagnosis
and after relapse. Control samples were obtained from periph-
eral blood (PB) of 20 age-matched healthy volunteers (median
age of 64 y; range: 46-90) after written informed consent was
obtained and from 20 umbilical cord blood (UCB) samples after
full-term delivery and after obtaining written informed consent
of the mothers. A summary of the patient characteristics is pre-
sented in Table S4. Treatment-free survival (TFS) and overall
survival (OS) were calculated from the time of diagnosis until
the date of first treatment and the date of death, respectively.
All of the deaths were CLL-related. Of the 98 (100%) patients
who received a treatment, 36 (37%) patients received alkylating
agent-based treatment (chlorambucil alone, mini-CHOP,...), 20
(20%) patients received fludarabine-based (without rituximab)
treatment (fludarabine alone, fludarabine-cyclophosphamide,...),
28 (29%) patients received FCR and finally 14 (14%) patients
received other treatment types (lenalidomide, lumiliximab,
campath,...). However no statistical impact of these treatments
was observed on OS (data not shown). The median TFS of this
cohort was 85 mo (range, 0.03-244), whereas the median OS
was 242 mo (range, 0.4-360). The median follow-up was 77 mo
(range 0.4-360).

RNA extraction, cDNA synthesis and quantification
of HDAC isoenzymes. Peripheral blood mononuclear cells
were isolated by density gradient centrifugation with Linfosep
(Biomedics). B cells were purified with a CD19* magnetic bead
system (MidiMACS, Miltenyi Biotec) according to the manu-
facturer’s instructions. The mean B cell purity for the 200 CLL
samples was 99.0% (range 94.2-100), 97.4% for the 20 PB
samples (range 95.7-99.0) and 98.6% for the 20 UCB samples
(range 96.4-99.5), as measured by flow cytometry. The mean
percentage of CD19*CD5* cells in CLL samples was 96.8%
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(range70.0-100),6.8%inPBsamples(range0.7-12.8),and 56.3%
in UCB samples (range 21.4-90.8). Total RNA was extracted
from purified CD19* cells in a single step using TriPure Isolation
Reagent (Roche Applied Science). cDNA was generated from
500 ng of RNA using qScript ¢cDNA supermix (Quanta
Biosciences) according to the manufacturer’s protocol.

The HDAC expression profile was quantified by real-time
PCR using custom Tagman® low density arrays (TLDA, Life
Technologies-Applied Biosystems): the “format 48” chosen
for this 384-well card included 8 lines of wells pre-coated (in
duplicate) with specific primers and a TagMan probe for the
18 HDAC:s and the cyclophilin (PPIA) gene as an endogenous
control. Each line was loaded with 100 pl containing 100 ng of
cDNA in 50 pl of water and 50 pl of TagMan® Universal PCR
Master Mix (Applied Biosystems). The card was centrifuged 2
times at 1,200 rpm for 1 min and sealed. Standard real-time PCR
was performed with a ViiA™ 7 Real-Time PCR System (Applied
Biosystems). To ensure that all expression levels were compa-
rable, HDAC expression was normalized with the cyclophilin
A gene as an endogenous control and calibrated by subtracting
10 (chosen arbitrarily) from the ACt. The comparative AACt
method was then applied for data analysis, and fold changes were
subsequently calculated (fold change = 2-44%).

Assessment of other prognostic factors. ZAP70 and LPL
were measured by real-time PCR as previously described.* CD38
expression was assessed by flow cytometry, sCD23 and $2-M
were assessed by ELISA, and IgVH gene mutational analysis was
performed as previously described.” LDT was assessed according
to Montserrat et al.”! Classical cytogenetics by standard karyo-
type analysis and additional interphase FISH were performed
to screen for the most common aberrations using Chromoprobe
Multiprobe® CLL System (Cytocell, Amplitech). Patients were
then classified according to D&hner’s recommendations.*?
Additional details can be found in the Supplemental Materials.
All of these factors were proven to be significant predictors of
TES and OS, indicating that our cohort is representative of a
CLL population (Fig. S4 and Table S4).

Statistical analysis. We performed ROC curves to deter-
mine the cut-off values of each HDAC that best distinguished
ZAP70* and ZAP70 cases and minimized the number of false
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