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ABSTRACT
Myc (c-Myc) counteracts p27 effects, and low p27 usually correlates with high Myc 

expression in human cancer. However there is no information on the co-expression 
of both genes in chronic lymphocytic leukemia (CLL). We found a lack of correlation 
between RNA and protein levels of p27 and Myc in CLL cells, so we determined the 
protein levels by immunoblot in 107 cases of CLL. We observed a high p27 protein 
expression in CLL compared to normal B cells. Ectopic p27 expression in a CLL-derived 
cell line resulted in cell death resistance. Surprisingly, Myc expression was very low 
or undetectable in most CLL cases analyzed, with a clear correlation between high 
p27 and low Myc protein levels. This was associated with low Skp2 expression, which 
is consistent with the Skp2 role in p27 degradation and with SKP2 being a Myc target 
gene. High Myc expression did not correlate with leukemia progression, despite 
that cell cycle-related Myc target genes were upregulated. However, biochemical 
analysis showed that the high p27 levels inhibited cyclin-Cdk complexes even in Myc 
expressing CLL cells. Our data suggest that the combination of high p27 and low Myc 
is a marker of CLL cells which is mediated by Skp2.

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is the most 
common leukemia in the Western countries and it is 
characterized by the progressive accumulation of clonal 

B lymphocytes in peripheral blood bone marrow and 
lymph nodes [1-3]. CLL is a heterogeneous disease with 
variable clinical presentation and evolution. Some patients 
have an indolent course with long survival without need 
for treatment while others experience an aggressive 
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disease. Patients with no mutation in the variable region of 
the immunoglobulin genes (IGH) or with high expression 
of CD38 or ZAP70 had an aggressive course, whereas 
patients with mutated IGH clones or low expression 
of CD38 or ZAP70 cells usually show an indolent 
course [1, 3].

It has been reported alterations of cell cycle 
regulatory molecules in CLL, such as cyclin E, cyclin D, 
cyclin-dependent kinase (Cdk) 4 and Cdk2 [4, 5]. The 
Cdk inhibitor p27KIP1 (p27), that negatively controls 
cell-cycle progression, has been observed overexpressed 
in CLL cells [6-8]. This is in contrast to the majority 
of human tumors, where low levels of p27 are found  
[9-11]. p27 down-regulation in cancer has been associated 
with its function as an inhibitor of cell cycle. Indeed, a 
marked reduction in the abundance of p27 is common in 
many human tumors. In most cases where p27 regulation 
is described, the levels of p27 are mainly regulated at 
posttranslational level. This is mostly carried out by the 
SCFSkp2 ubiquitin ligase complex, where Skp2 acts as the 
p27-recogninzing subunit [12-14].

c-Myc (Myc herein after) is an oncogenic 
transcription factor or the helix-loop-helix/leucine zipper 
protein family. Myc forms dimers with the protein Max. 
These heterodimers bind to specific sequences called 
E-boxes in regulatory regions of target genes as well 
as intergenic regions. Myc-Max dimers bind to 15% of 
genomic loci and regulate about 1000 genes [15, 16]. 
Myc function integrating multiple signals, mediating 
transcriptional response that impinges on a wide array 
of biological functions such as cell cycle control, 
genomic instability, energetic metabolism, protein 
synthesis, intercellular communication and control of cell 
differentiation [17-22]. Consistent with these functions, 
high levels of this protein has been found in many 
human tumors [18, 23], and prominently in leukemia and 
lymphoma [24, 25].

In CLL, contradictory results on Myc mRNA levels 
in peripheral blood cells have been published. Some 
studies reported low Myc mRNA levels whereas high 
expression levels have been described in other [26-28]. 
MYC amplification and chromosomal rearrangements 
are very rare in CLL (less than 3%) but gains at 
8q23.3-q24.3 (where MYC maps) was identified as a poor 
prognostic marker [29]. The frequency of MYC mutation, 
amplification and translocation increase in a subset of CLL 
with aggressive disease (30% of the cases) [30, 31] and in 
the CLL transformation to high grade lymphoma known 
as Richter syndrome [30, 32-34].

In cellular models, Myc blocks p27 antiproliferative 
activity and in most tumors there is an inverse correlation 
between Myc and p27 levels. Myc abrogates p27 function 
in proliferation arrest. This antagonism occurs through 
at least three levels. First, Myc represses p27 gene 
(CDKN1B) expression [35, 36]. Second, Myc induces 
cyclins and CDKs which can sequester p27 in CDK-

Cyclin complexes [37-40]. Third, Myc induces the 
transcription of Skp2 [41]. The F-box protein Skp2 is the 
p27-recognizing subunit and the major responsible for p27 
ubiquitination and degradation [42-44].

Despite their functional interactions, it is unknown 
whether Myc and p27 are coexpressed in CLL and whether 
Myc can compensate the reported high p27 expression. 
Here we studied the regulation of p27 and Myc in tumoral 
peripheral CLL cells and their correlation with the clinical 
features of the leukemia. In a cohort of more than 100 
patients we analysed protein and mRNA expression of 
p27 and Myc. We found that p27 and Myc levels were 
inversely correlated, being p27 overexpressed and Myc 
downregulated. This correlation appears inverted in CLL 
with respect to conversely to most tumors. The excess 
in p27 counteracts Myc effect on cell cycle in the small 
number of samples with high Myc expression. We also 
found that low p27 and high Myc expression correlated 
with Skp2 suggesting a mechanistic explanation for 
Myc and p27 inverse correlation in CLL. Moreover, the 
enforced expression of p27 in a CLL-derived cell line 
resulted in resistance to apoptosis.

RESULTS

High p27 protein expression in CLL

We first studied the mRNA levels of p27 in a cohort 
of 67 CLL patients by RT-qPCR or Northern blot analysis 
(Supplementary Table S1). The results revealed an increase 
(~5 fold as a mean) in p27 mRNA in CLL samples, as 
compared to controls (tonsil and peripheral blood B 
lymphocytes) (Figure 1A) The analysis of the mRNA data 
loaded in the Oncomine databank (www.oncomine.org) 
revealed a high heterogeneity among different studies. In 
some studies CLL samples showed higher levels of p27 
mRNA with respect to controls, whereas these differences 
were not observed in other studies. Supplementary 
Figure S1 show two discordant studies. As previous 
results from our lab and others demonstrated an intense 
post-transcriptional regulation of p27 in human leukemia 
cells [45], we compared p27 mRNA (by RT-qPCR) and 
p27 protein (by immunoblot) levels in a subset of CLL 
cases. We confirmed the lack of correlation between 
both mRNA and protein levels in some samples (Figure 
1B). In view of this result we decided to analyse p27 at 
the protein level in peripheral blood cells from 107 CLL 
cases by immunoblot. p27 signals were quantified by 
densitometry analysis and normalized against actin levels 
of each sample. The results showed that p27 protein is 
clearly overexpressed in CLL cells compared to normal 
B cells (86% of samples) (Figure 1C). A representative 
immunoblot showing p27 protein expression is shown 
in the Figure 1D. CLL cells showed a mean of 3-fold 
higher levels of p27 than controls. Only a minority of 
CLL samples showed levels of p27 protein similar to those 
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Figure 1: p27 expression in CLL samples. (A) p27 mRNA expression in CLL cells and in healthy B-cells determined by RT-qPCR. 
(B) Comparison of p27 mRNA expression (determined by RT-qPCR) and p27 protein expression (determined by immunoblot) in the same 
CLL samples. The black bars show the densitometric quantification of p27 protein levels normalized to actin expression. (C) p27 protein 
expression in CLL cells and in healthy B-cells (controls). (D) A representative immunoblot showing p27 and actin expression. The arrows 
mark examples of CLL patient samples with low p27 expression. T, tonsils. (E) Immnofluorescence analysis showing nuclear p27 in CLL 
cells from four patients. Nuclei are stained with DAPI.

observed in healthy control B cells. The high p27 levels in 
CLL cells is a striking finding because of the well-known 
role of p27 as inhibitor of the cell cycle progression. It 
is also in contrast to the situation in the rest of human 
tumors, where p27 is down-regulated, However, high 
p27 levels have been described in some tumors (breast, 
colon, melanoma, ovary, thyroid and lymphomas) where 
an aberrant cytoplasmic expression of p27 was observed  
[46-48]. Thus we explored the possibility of a 

p27 cytoplasmic localization in CLL cells. The 
immunofluorescence analysis revealed that p27 localization 
was mainly nuclear in the 9 fresh CLL samples analyzed. 
Some representative cases are shown in Figure 1E.

We next asked for a possible correlation of p27 
protein expression and some CLL prognostic markers. 
We found that low p27 was associated to high ZAP70 
expression and absence of 13q14 deletion (Supplementary 
Figure S2). No significant correlation was found in the 
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others markers tested (expression of CD38, p53 deletion 
and ATM deletion), Furthermore we did not detect in our 
cohort of CLL patients a significant association of high 
p27 with Rai staging (P = 0.88, n = 85), progression of the 
leukemia (P = 0.69, n = 86) and with overall survival (P = 
0.4, n = 86) (not shown).

Low Myc protein expression in CLL

In view of the involvement of Myc in B-cell 
malignancies and the Myc-p27 functional antagonism 
described in most models, we set out to examine Myc 
expression in our CLL cases (Supplementary Table S1). 
Myc mRNA levels were clearly down-regulated in CLL 
samples (n = 83) with respect to controls (Figure 2A). 
The Myc mRNA data loaded in the Oncomine databank  
(www.oncomine.org) revealed also contradictory results 
(two discordant studies are shown in Supplemental 

Figure S3). Our analysis revealed a poor correlation 
between Myc mRNA and protein levels (P = 0.39, n = 31)  
(Figure 2B). We analyzed Myc protein levels in 102 
CLL samples by immunoblot and the Myc protein levels 
were quantified by densitometry and normalized against 
the actin levels. Most of patients showed undetectable 
or low levels of Myc protein, as compared to controls 
(Figure 2C, D). Only 18.6% of our samples (19 samples) 
showed a Myc expression higher than in control samples. 
It is noteworthy that only five patients (5% of cases) 
showed Myc levels ≥2-fold above control level. This low 
number of Myc-positive specimens makes it difficult to 
generate statistically significant data. However, we did not 
found any correlation between Myc expression and any 
of the bad prognosis markers analyzed (CD38 or ZAP70 
expression, trisomy 12, ATM deletion, p53 deletion and 
13q14 deletion). We also failed to detect a close correlation 
between high Myc protein levels and NOTCH mutation 

Figure 2: Myc expression in CLL cells. (A) Myc mRNA expression in CLL cells and in healthy B-cells determined by RT-qPCR. 
(B) Comparison of Myc mRNA expression (determined by RT-qPCR) and p27 protein expression (determined by immunoblot) in the same 
CLL samples. The black bars show the densitometric quantification of Myc protein levels normalized to actin expression. (C) Myc protein 
expression in CLL cells and in healthy B-cells (controls). (D) Representative immunoblot showing Myc and actin expression. T, tonsils
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or overexpression (not shown). We did not detect a 
significant difference in the overall survival between Myc 
protein overexpressors and the rest of patients (P = 0.10, 
n = 82). Moreover we did not detect a significant impact 
of Myc protein levels on the progression of the disease 
(P = 0.15, n = 83). The main clinical characteristics of the 
patients with high Myc expression are summarized in the 
Supplementary Table S2.

We next studied the expression of Myc and p27 in 
the same samples to explore the correlation between the 
Myc and p27 levels in CLL cells in a cohort of 102 CLL 
cases. Immunoblot studies revealed an inverse pattern 
of expression between p27 and Myc (Figure 3A shows 
a representative blot). The majority of the samples with 
low p27 expression showed high Myc levels (Figure 3B). 
The densitometric analysis of MYC signals in the blots 
revealed that most of the patients with low Myc expression 
(96%) showed high p27 expression (Figure 3B). Although 
it there was not a linear correlation between the levels 
of the two proteins, the Spearman’s coefficient showed 
that Myc and p27 levels showed an inverse correlation 
(Spearman’s Rho = – 0.2047, P = 0.03, not shown).

Lymph nodes from CLL patients (n = 124) were 
also analyzed for the expression of p27 and Myc by 
immunohistochemistry. A marked nuclear p27 signal 

was observed in the non-proliferative center area of the 
node in all cases (representative micrographs are shown 
in Supplementary Figure S4). Myc was only expressed 
in the proliferative centers in a subset of nodes. Only 
16% of the nodes showed expression of Myc in the 10% 
or more of the cells. Similarly to peripheral blood cells, 
there was no correlation between high Myc expression 
and Rai stage or disease progression (i.e., requiring 
treatment).

p27 induces Myc downregulation and protects 
from apoptosis in CLL-derived cells

To further investigate the mechanisms that could 
explain the striking expression pattern of Myc and p27 in 
CLL and their functional effects, we over-expressed p27 
in the MEC1 cell line, a cell line derived from CLL cells. 
A p27 expression vector was transiently transfected into 
MEC1 cells, resulting in a dramatic increase in p27 levels 
with respect to empty vector-transfected cells (Figure 4A). 
Unlike peripheral blood CLL cells, proliferating MEC1 
cells expressed high levels of Myc, but Myc expression 
was blunted by the over-expression of p27 (Figure 4A). 
We next tested the cell cycle profile of these p27-
transfected cells to assess their functionality. As expected, 

Figure 3: p27 and Myc coexpression in CLL cells. (A) Representative immunoblot showing p27, Myc and actin expression in cells 
from CLL patients and from tonsil cells (T, tonsils). (B) Expression levels of Myc and p27 in CLL patients. The protein levels of p27 and 
Myc as determined by film densitometry and normalized to actin, were classified in three categories with respect to the mean of expression 
in controls. (C) Classification of patients with low and high Myc protein expression according to their p27 levels.
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p27-transfected cells were arrested in G0/G1 (Figure 4B). 
These results are consistent with the observations in 
vivo, where the majority of peripheral blood CLL cells 
are arrested in G0/G1, and high levels of p27 and low 
levels of Myc were observed. The gradual accumulation 
of immunologically dysfunctional B lymphocytes (most of 
them in G0 phase of the cell cycle) observed in CLL has 
been ascribed to defective apoptosis [49-51]. Therefore 
we explored whether p27 over-expression may also play a 
role in the resistance to apoptosis, a typical characteristic 
of CLL cells. For this purpose we generated a p27-YFP 
construct and transfected it into MEC1. As apoptotic 
stimulus we chose fludarabine, a drug commonly used 
in CLL treatment [52, 53] and which induces a decrease 
in p27 expression in CLL-derived cells in culture [5]. 
Apoptosis was determined after treatment of MEC1 
cells transfected with the p27 expression vector with 
fludarabine. MEC1 cells with high p27 levels were more 

resistant to fludarabine-induced cell death than control 
cells as assessed by cell viability analysis using trypan 
blue (Figure 4C). We also measured the apoptosis in 
MEC1 p27-expressing cells by annexin V-binding by flow 
cytometry. The results showed that p27-expressing cells 
were more resistant to apoptosis (Figure 4D). The same 
result was observed by analyzing the expression of active 
caspase 3 (Figure 4E). Altogether these results show that 
p27 confers apoptosis resistance in MEC1 cells suggesting 
that the high p27 levels in CLL cells may contribute to 
the accumulation of leukemic cells. Overexpression of the 
anti-apoptotic protein Blc2 is a hallmark of CLL [54, 55] 
and therefore it may be expected a correlation between 
the p27 and Bcl2 levels in the CLL. We analyzed by 
immunoblot the expression of Bcl2 in our cohort of CLL 
samples and we found a direct correlation between Bcl2 
and p27, showing that samples with low p27 expression 
also have low Bcl2 protein levels (Figure 4F).

Figure 4: p27 and Myc are mutually regulated in MEC1 cells. (A) Immunoblot showing p27 and Myc expression in MEC1 
cell line transfected with a p27 expression vector (pCEFL-p27) and the corresponding empty vector. Proteins were analyzed 24 h after 
transfection. Actin levels are shown to asses protein loading. (B) MEC1 cells were transfected with pEYFPp27 vector and 24 h later the cell 
cycle of transfected cells was analysed by flow cytometry. The empty vector (pEYFP) was used as controls. The percentage of cells in the 
G0/G1 phase is indicated. (C) p27 expression rescued fludarabine-induced cell death. Cells were transfected with pEYFPp27 and pEYFP 
vector and 24 h after transfection the cells were treated with 10 μM fludarabine and cell death was determined 24 h later by trypan blue 
exclusion assay. (D) MEC1 cells were transfected and treated as in C, and the apoptosis was determined by annexin V binding, assessed by 
flow cytometry. (E) MEC1 cells were transfected and treated as in C and the levels of active caspase 3 were determined by immunoblot. 
(F) Correlation of high expression of p27 protein with higher Bcl2 levels in CLL cells.
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Cyclins and Skp2 regulation in Myc-expressing 
CLL cells

Given the role of Myc as an oncoprotein, the 
low Myc expression in most CLL cells was intriguing. 
We explored the possibility that perhaps Myc was not 
functional in these CLL cells. As Myc function as a 
heterodimer with the protein Max, we first asked for 
the expression of Max in our CLL samples. We showed 
that Max mRNA and protein were present in all samples 
analyzed (n = 78 and 26, respectively) and, interestingly, 
Max mRNA (Supplementary Figure S5A) and Max 
protein expression was higher in CLL than in controls 
(Supplementary Figure S5B). We next asked for the 
functionality of Myc in CLL cells expressing Myc. We 
first analyzed the expression of cyclins A and E, which 
are cell cycle regulators known to be induced by Myc 
[17, 18]. We selected three CLL cases with high and six 
with low Myc levels and the results clearly showed that 
in the cells with high Myc levels, protein expression of 
cyclin A and E were also higher (Figure 5A). Indeed, there 
was a clear correlation between Myc and cyclin A levels 
(Figure 5B).These results suggested that Myc is functional 
in CLL cells. Thus we next asked whether in CLL cells 
expressing both p27 and Myc, p27 was also functional, 
and can bind to and inhibit Cdk-cyclin complexes. Two 
approaches were used. First, the total lysate of B cells 
from two CLL cases expressing p27, one with high Myc 
levels and the other with low Myc levels (Figure 5C) were 
chromatographed through a gel filtration column on a 
FPLC apparatus. The results showed that in the presence of 
Myc there was a displacement of p27 from free forms into 
high-molecular weight fractions containing cyclins and 
Cdks complexes (Figure 5D), suggesting the formation 

of p27-Cdk-Cyclin complexes and thus the inhibition of 
Cdk2. To confirm the presence of these complexes we 
performed immunoprecipitations with anti-Cdk2 antibody 
and the results showed that p27 was bound to Cdk in 
Myc-expressing CLL cells (Figure 5E, upper panel). The 
previous results strongly suggested that p27 was inhibiting 
Cdk2 in CLL cells. To support this hypothesis, we directly 
determined Cdk2 activity in CLL lysates expressing both 
Myc and p27, as well as the ability of these lysates to 
inhibit Cdk2. First, we immunoprecipitated Cdk2 and its 
kinase activity was assayed by determining the level of 
phosphorylation at threonine 187 of recombinant inactive 
p27. The results show that the p27 present in the CLL cells 
was able to inhibit the endogenous Cdk activity, regardless 
the expression level of Myc (Figure 5E, lower panel). In 
a second approach we asked whether the p27 present in 
the CLL cells was able to inhibit exogenous Cdk2, using 
MEC1 extracts as the source of active Cdk2. This was 
performed in two ways. First we showed that lysates from 
p27-expressing CLL cells inhibited the Cdk2 purified 
by immunoprecipitation from MEC1 cells (Figure 5F). 
Second, we mixed lysates from MEC1 and two CLLs 
(with p27), and we showed that the immunoprecipitated 
Cdk2 from this mixtures was inactive, whereas the Cdk2 
from MEC1 lysates was active (Figure 5G). This result is 
in line with the proposal that p27 overrides the effects of 
Myc as cell cycle stimulator, and are in line with the lack 
of a clear correlation between high Myc expression and 
progression of the leukemia. We conclude that, although 
Myc induces S-phase cyclins in CLL cells where it is 
expressed, the high p27 levels bind to most cyclin-Cdk 
complexes formed. Thus, the results suggest that the p27 
present in the Myc-expressing cells would impair cell 
cycle progression.

Figure 5: Expression of cell cycle regulators and cyclin-Cdk-p27 complexes in CLL cells. (A) Representative immunoblot 
showing the levels of cyclins A and E in CLL cells with and without Myc/p27. Actin levels were also determined to assess protein loading.
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We were intrigued by the inverse correlation 
between Myc and p27 in CLL, which follows the 
opposite pattern than in most tumors. Samples with 
high levels of Myc (11%) (Figure 3B) show lower p27 
levels, suggesting a mechanistic connection between the 
expression of both proteins. To explore this mechanism 
found in CLL we studied Skp2 expression. Skp2 is 
the main protein involved in p27 degradation and we 
previously reported that SKP2 is a Myc-target gene [41]. 
Thus, we determined Skp2 protein expression, along with 

p27 and Myc, in our CLL cohort. The immunoblot results 
showed that high Skp2 levels correlated with high Myc 
and low p27 in almost all analyzed cases (a representative 
blot is shown in Figure 6A). In the samples with low 
Skp2 expression the mean levels of p27 protein were 
significantly higher (Figure 6B) whereas the mean levels 
of Myc protein were significantly higher in samples with 
high Skp2 (Figure 6C). The results argue for a pathway   
Myc-Skp2-p27 to explain the inverse correlation of Myc 
and p27 in CLL.

Figure 5: (B) Correlation between Myc and cyclin A protein levels in CLL cells. (C) Immunoblot showing Myc and p27 protein 
levels in four patient’s cells selected for the experiments shown in D. (D) Molecular filtration chromatographic separation of 
CLL protein extracts followed by immunoblot for cyclins A, E and Cdk2. The elution of the 55 and 30 kDa proteins is shown 
at the top. (E) Immunoblot (IB) showing the levels of Myc and p27 in three CLL samples and MEC1 cells and kinase assay of 
Cdk2 in the same extracts. Proteins were immunoprecipitated with anti Cdk2 and the presence of both cyclin E, p27 and Cdk2 
were determined by immunoblot. Lower panel: kinase assays were performed using HisCK- as kinase substrate. M, mock 
kinase reaction without extract. (F) Immunoprecipitation of Cdk2 and kinase assay of the immunoprecipitates of MEC1 cells 
and MEC1 cells incubated with lysates from a CLL sample (#01). (G) Immunoprecipitation of Cdk2 and kinase assay from 
MEC1 cells and from mixed lysates prepared with MEC1 cells and two CLL samples (#01 and #10).



Oncotarget4702www.impactjournals.com/oncotarget

DISCUSSION

It has been reported that expression of p27 has 
both prognostic and therapeutic implications in several 
tumors [9-11]. In sharp contrast to the scenery found in 
most or all human tumors including other leukemia we 
have found in CLL a high p27 expression and low Myc 
expression. We also found that p27 mRNA levels did not 
always correlate with p27 protein, which is in line with 
previous studies describing the intense posttranscriptional 
[8, 56, 57] and posttranslational regulation of p27 [10, 45, 
58]. This argues against the relevance of mRNA-based 
studies. Therefore, we determined the p27 levels in 107 
CLL samples by immunoblot and signal densitometry. 
The results showed a high p27 protein expression by 
immunoblot in a majority the CLL cases. These results 
agree with previous studies [6-8]. However, in contrast to 
previous reports [5], p27 was predominantly nuclear in 
our samples. High p27 expression has been reported to 
mark rapid progression of the disease [7] but we could 
not confirm these results in full as we we only observe 
a correlation between cases with ZAP70 expression and 
absence of 13q14 deletion with low p27 expression.

Why is p27 so highly expressed in CLL, despite 
the well-known activity of p27 as inhibitor of cell cycle 

progression? It is accepted that inherent defects in 
cell death of CLL lymphocytes are responsible for the 
accumulation of leukemic cells, the majority of them are 
arrested in G0 phase of the cell cycle [3, 49]. G0 arrest 
is consistent with the Cdk inhibition brought about by 
p27, particularly Cdk2. We hypothesize that p27 could 
contribute to the resistance to cell death of CLL cells, 
either as a consequence of the cell cycle arrest or through 
other less defined mechanisms. To explore this hypothesis 
we generated and transfected p27 expression vectors 
into the CLL-derived MEC1 cells, and we found that 
p27 overexpression resulted in resistance to apoptosis. 
The correlation beween high p27 and low apoptosis was 
also consistent by the correlation between p27 and Bcl2 
expression that we found in CLL patients.

Myc is upregulated in leukemia and lymphoma 
[25] and Myc counteracts the p27-mediated inhibition of 
proliferation in many models. However, the correlation 
between Myc and p27 in CLL cells has never been 
analyzed. Previous studies have reported controversial 
data so as Myc mRNA expression in peripheral blood 
CLL cells [26-28, 59-61]. However, Myc protein stability 
is also under intense postransductional regulation [62-64] 
and, as in the case of p27, mRNA-base studies can offer 
misleading information so as the levels of Myc protein in 

Figure 6: Overexpression of Skp2 in Myc-expressing CLL cells. (A) Representative immunoblot showing the protein levels of 
Myc, p27 and Skp2 in CLL cells. Actin levels are also shown as protein loading control. (B) p27 protein levels in CLL cells with high or 
low expression of Skp2. (C) Myc protein levels in CLL cells with high or low expression of Skp2.
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CLL cells. Therefore we studied the Myc protein levels by 
immunoblot. The results showed a very low expression 
of Myc protein in CLL cells. Actually, in a 49% of our 
CLL samples, Myc was under our level of detection by 
immunoblot. Moreover in most of our patients classified as 
“Myc positive”, Myc levels were not higher than in normal 
tonsil B-cells. We observed the opposite correlation in 
CLL, i.e., high p27 and low Myc in the peripheral blood 
CLL lymphocytes of most patients (78%) whereas only 
45% of the patients with p27 expressed Myc above the 
level detectable in our immunoblots. The low Myc and 
high p27 expression that we observed in a majority of 
CLL cases is the opposite pattern observed in most human 
tumors. It is noteworthy that in the small subset of CLL 
samples with high Myc expression we did not detect a 
significantly faster disease progression, despite that those 
cells show molecular hallmarks of Myc-transformed cells, 
i.e., high levels of cyclins A and E. Furthermore, in these 
Myc-expressing cells, p27 was found in complexes with 
Cdk-cyclins and Cdk2 kinase activity was efficiently 
inhibited. We hypothesize that in those cases with 
concomitant p27 and Myc expression, p27 overrides the 
activity of Myc-as cell cycle stimulator. The hypothesis 
is in line with the lack of a clear correlation between high 
Myc expression and progression of the leukemia.

We explored whether there is a mechanistic link 
between the low Myc and high p27 expression in CLL. 
Our results show very low levels of Skp2 in the majority 
of CLL cases, in correlation with low p27. Moreover, Skp2 
mRNA and protein levels were elevated in those cases with 
high Myc expression. This is in full agreement with SKP2 
being a Myc target gene which expression in proliferating 
cells depends on Myc [41]. As Skp2 is a subunit of the 
SCFSKP2 complex that promotes p27 degradation [12, 13], 
Skp2 levels could explain the inverse correlation between 
Myc and p27 in CLL. Therefore, we suggest that in CLL 
cells Myc induces p27 degradation through up-regulation 
of Skp2 mRNA in CLL cells. Altogether, the results offer 
an explanation for the striking Myc and p27 expression 
pattern found in CLL. Further work is necessary to 
dissect out the contribution of the Myc-p27 axis to CLL 
pathogenesis and their use as markers of the disease.

MATERIAL AND METHODS

Patient samples and progression criteria

Peripheral blood lymphocytes from 159 CLL 
patients were studied at the mRNA level, protein level 
or both (Supplementary Table S1). CLL samples were 
obtained from the Hospital Universitario Marqués 
de Valdecilla of Santander (138 samples), Hospital 
Universitario Dr Negrín of Las Palmas (28 samples) 
and from Hospital Clínic of Barcelona (10 samples). 
Written informed consent in accordance with the Ethics 
Committee of each hospital and the Declaration of 

Helsinki were obtained. The biological characteristics 
of the patients (age, sex, clinical stage according to Rai 
classification, cytogenetic alterations, treatment and 
number of samples analyzed for RNA and protein) or 
11q14) are summarized in Supplementary Table S1. 
Control samples were obtained from healthy donors 
(peripheral blood lymphocytes) and from tonsillectomy of 
patients with tonsillitis (tonsils). CLL cells were isolated 
by Ficoll-Paque or flow cytometry using anti CD19. Most 
of patients (60 %) were diagnosed in an early stage of the 
disease (stages 0 and I). 43 % of patients progressed, most 
of these (81%) required treatment. Progressive disease 
was considered when at least one of the following criteria 
was present: a) evidence of progressive marrow failure 
manifested by the development anemia (Hb <10g/dL) and/
or thrombocytopenia (<100x109/L); b) massive (i.e., at 
least 6 cm below the left costal margin) or progressive or 
symptomatic splenomegaly; c) massive nodes (i.e., at least 
10 cm in longest diameter) or progressive or symptomatic 
lymphadenopathy; d) progressive clonal lymphocytosis 
with an increase of more than 50% over a 2-month period 
or lymphocyte doubling time of less than 6 months.; e) 
autoimmune cytopenia that is poorly responsive to 
standard therapy; f) constitutional symptoms. 124 lymph 
nodes of CLL with ganglionar affectation were also 
included in the study. Samples were obtained from the 
Biobank of the IDIVAL-Hospital Universitario Marques 
de Valdecilla. 16 samples of non-metastatic nodes in 
surgical specimens were used as controls.

Analysis of leukemia markers

The percentage of tumoral cells (CD19+, CD5+) 
as well as the expression levels of ZAP70 and CD38 
was analyzed by flow cytometry as follow. A hundred 
microliters of whole peripheral blood in EDTA were 
incubated with CD38-FITC (Citognos), CD19-PERP-Cy5, 
CD20-APC and CD5-PE-FITC (antibodies from Becton-
Dickinson) to identify surface membrane antigens. Then 
cells were fixed and permeabilized using the Fix & Perm 
kit (Caltag Laboratories, Burlingame, CA) and incubated 
with the ZAP70 monoclonal antibody (R-phycoerythrin 
conjugated; clone 1E 7.2, Caltag Laboratories). After, 
cells were analyzed by flow cytometry (BD FACSCanto, 
Becton Dickinson Immunocytometry Systems, San Jose, 
CA). ZAP70 results were expressed as the percentage of 
CD5/CD19 positive cells compared to T cells (cut-off 
20%). CD38 expression was defined as positive when 
identified in more than or equal to 30% of the gated CD19/
CD5 positive cells. Cytogenetic alterations were assessed 
by fluorescence in situ hybridization (FISH) using the 
FISH LLC Multicolor Kit (LSI D13S319-13q14)/13q34/
CEP12, LSI p53/LSI ATM) (Vysis-Abbott Molecular, 
USA) At least 100 intact, non-overlapping nuclei were 
analyzed. Control values were previously established 
based on samples of 10 controls X±3SD (mean plus three 
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standard deviations). The cut-offs value for p53, 13q14 or 
ATM deletion was 10%, and for trisomy 12 was 3%.

Cell culture and transfection

MEC1 cells (DSMZ-497), derive from human 
CLL in prolymphocytic transformation [65], were grown 
in RPMI 1640 medium supplemented with 10% fetal 
calf serum and antibiotics at 37ºC and 5% CO2. MEC1 
were transiently transfected by nucleofection (Amaxa 
electroporator) with pCEFL-p27, pEYFP-p27, pRS-shMyc 
or the corresponding empty vector. A green fluorescent 
protein vector (pmaxGFP, Amaxa) was co-transfected to 
assess transfection efficiency. pEYFP-p27 was constructed 
by inserting the human p27 cDNA into the BamHI and 
XbaI restriction sites of pEYFP-C1 vector (Clontech). 
A hemocytometer was used to count the concentration 
of cells. Dye exclusion method was used for assessment 
of cell viability. Trypan Blue was the vital stain used to 
selectively color dead cells. MEC1 transfected with a p27 
expression vector and with empty vector were treated with 
10 μM fludarabine (Sigma-Aldrich) for 24 hours.

RNA analysis

RNA was extracted by Trizol or RNeasy kit 
(Qiagen). First-strand cDNA was synthesized from 
1 μg of total RNA using Script reverse transcriptase 
(BioRad). Quantitative RT-PCR was performed with the 
SYBR Green PCR kit (BioRad). The expression levels 
were normalized to the expression of ribosomal protein 
RPS14 mRNA. The following primers were used: for 
Myc 5’- TCGGATTCTCTGCTCTCCTC-3’ and 5’- 
GAGCCTGCCTCTTTTCCAC3’; p27 5’- CCGGCTAAC 
TCTGAGGACAC-3’ and 5’- AGAAGAATCGTCGGT 
TGCAG-3’; RPS14: 5’- TATCACCGCCCTACACA 
TCA-3’ and 5’- GGGGTGACATCCTCAATCC-3’. The 
mean value of Myc and p27 mRNA from of 16 control 
samples (tonsils and CD19+ cells) were assigned value =1. 
mRNA levels of the CLL samples were normalized against 
this value Northern blot analysis for p27, Myc anc Max 
was performed as described previously [45, 66].

Immunoblots

CLL and MEC1 cells were lysed in lysis buffer 
(1% NP40, 0.5% SDS, 50 mM Tris-HCl pH 7.5, 
150 mM NaCl, 1 mM EDTA, 10% glycerol, 10 mM 
NaF and protease inhibitors) for 20 minutes at 4ºC. 
Lysates were cleared by centrifugation. 40 μg of 
lysates were subjected to SDS-PAGE and immunoblot 
as described previously [45]. The antibodies used 
were anti-Actin (I-19, goat polyclonal, sc-1616), 
anti-MYC (N-262, sc-764), anti-SKP2 (H-435,  

sc-7164), anti-p27 (C-19, sc-528 and sc-528-G, rabbit 
and goat polyclonal respectively) anti cyclin E (M-20,  
sc-481) or anti-cyclin E (HE12, mouse monoclonal, 
sc-247), anti-cyclin A (H-432, sc-751), or anti-CDK2 
(M2, sc-163) (unless otherwise indicated, all rabbit 
polyclonals from Santa Cruz Biotechnology), anti-p27 
monoclonal antibody (K-25020; Transduction Labs), 
and anti-Thr(P)-187-p27 (rabbit polyclonal, 71-7700; 
Invitrogen). The blots were developed with secondary 
antibodies conjugated to IRDye680 and IRDye800  
(Li-Cor Biosciences) and visualized in an Odyssey 
scanner. Immunoblots quantification and densitometry 
analysis were carried out using the ImageJ software. p27 
and Myc values were normalized to the actin protein level 
in each sample. The mean value of Myc and p27 protein 
from of 15 control samples (tonsils and CD19+ cells) were 
assigned value =1. Proteins levels of the CLL samples 
were normalized against this value

Immunoprecipitations and kinase assays

For immunoprecipitations, cells were lysed in non-
denaturing lysis buffer (50 mM Tris pH7.5, 150 mM NaCl, 
0,5% NP40, 1mM EDTA and protease inhibitor cocktail) 
and protein extracts were cleared by centrifugation. 
Protein extracts (1 mg per assay) were immunoprecipitated 
with 1 μg of anti-CDK2 (M2, Santa Cruz Biotechnology) 
and collected on protein G-Dynabeads (Invitrogen). 
After extensive washing with non-denaturing lysis 
buffer, immunocomplexes were subjected to SDS-
PAGE and immunoblot analysis as previously described. 
For kinase assays, after washing with non-denaturing 
lysis buffer, immunocomplexes were additionally 
washed in kinase buffer (50 mM Hepes-NaOH pH7.2, 
150 mM NaCl, 10 mM MgCl2, 2.5 mM EGTA, 1 mM 
EDTA, 1 mM dithiothreitol, 10% glycerol, 10 mM  
β-glycerophosphate and 10 mM NaF) and resuspended in 
kinase buffer (40 μl) supplemented with 50 μM ATP and 
0.1 μg of recombinant His6-p27CK- peptide (HisCK-), 
as described [67]. HisCK- vector was constructed by 
subcloning the cDNA into the pET28a vector (Novagen), 
and the peptide was expressed in E. coli BL21 strain upon 
IPTG induction, and purified through Ni affinity columns 
(Macherey-Nagel). The kinase reaction was incubated 
for 60 min at 30ºC and stopped by addition of Laemmli 
loading buffer to the reaction mixture. Samples were then 
heated at 95ºC for 5 min and subjected to SDS-PAGE 
and immunoblot analysis with anti-p-Thr187-p27 (rabbit 
polyclonal, 71-7700, Invitrogen) first and with anti-p27 
(Goat polyclonal, sc-528-G, Santa Cruz Biotech.) later. 
The signals were revealed with anti-rabbit and anti-
goat secondary antibodies conjugated to IRDye680 
and IRDye800, respectively (Li-Cor Biosciences). 
Immunoblots were scanned in an Odyssey scanner.
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Immunofluorescence and immunohistochemistry

Cytospin preparations were fixed with 
paraformaldehyde 3.7% in PBS for 10 minutes to room 
temperature and permeabilized with 0.2% triton X-100 
(10 minutes). Anti-p27 (C-19) and anti-Myc antibodies 
(N-262, all antibodies were rabbit polyclonals from Santa 
Cruz Biotech.) were incubated overnight, and Texas Red 
or FITC-conjugated secondary antibody (Dako) were 
used to detect the presence of p27 and Myc. Samples 
were mounted with Vectashield (Vector) containing 
4’-6-diamidino-2-phenylindole (DAPI) to stain nuclei 
and photographed under a fluorescence microscope. For 
immunohistochemistry, the CLL, sections of CLL lymph 
nodes were arrayed into a new paraffin block using a tissue 
microarray (TMA) workstation (Beecher Instruments, 
Silver Spring, MD). Immunohistochemical staining for 
Myc (Y29 rabbit polyclonal antibody from Dako) and 
p27 (SX53G8 monoclonal antibody fom Dako) was 
performed following conventional automated protocols in 
a Autostainer Plus device (Dako).

Gel filtration chromatography

CLL cells were lysed in a 0.5% Triton X-100, 50 
mM Hepes/NaOH pH 7.4, 150 mM NaCl, 1 mM EDTA, 
2,5 mM EGTA, 1 mM dithiothreitol (DTT), 1 mM 
phenylmethylsulphonyl fluoride (PMSF), 10% glycerol 
(w/v). and 1/100 protease inhibitor cocktail (Calbiochem) 
and 2 mg protein samples in a volume of 200 μl were 
applied onto a Superdex 200 10/300 GL column (GE 
Healthcare) equilibrated with chromatography buffer 
(50 mM Hepes pH 7.4, 150 mM NaCl, 1 mM EDTA, 2,5 
mM EGTA, 1 mM DTT, 1 mM PMSF and 10% glycerol) 
and subjected to fast-performance liquid chromatography 
in an ÄKTA apparatus (GE Healthcare) with a flow rate 
of 0.4 ml/min at 4°C. 500 μl fractions were collected 
and subjected to western blot or immunoprecipitation. 
Molecular mass standards for the gel filtration column 
were: apoferritin (443 kDa), catalase (232 kDa), BSA (66 
kDa) and ovalbumin (45 kDa).

Apoptosis assays

MEC1 were transfected with p27 and treated 
with fludarabine (Sigma). Percentage of death cells was 
determined by the Trypan Blue dye exclusion test, by 
annexin V binding detected by flow cytometry (kit of 
Immunostep Research) and by immunobloting with anti-
active caspase 3 (Immunostep Research).

Statistical analysis

Spearman’s rank correlation, Pearson’s correlation, 
t-test and distribution were used to determine correlations, 
dependence and statistical significance. Survival curves 

were analyzed according to the Kaplan and Meier method. 
SPSS Statistics 17.0 and GraphPad Prism software were 
used to different analysis.

ACKNOWLEDGEMENTS

The work has been funded by grants SAF11-
23796 from MINECO and RD12/0036/0033 (to JL), and 
RD12/0036/0004 (to DC) and RD12/0036/0060 (to MAP) 
from Instituto Carlos III. These funding was co-sponsored 
by the European Union FEDER program. JC was recipient 
of a Fellowship from Fundación Marqués de Valdecilla 
and from the University of Cantabria. We are grateful 
to Rosa Blanco, Maria Aramburu y Elida del Cerro for 
excellent technical assistance, to Angeles García-Pardo for 
reagents and to Andrés Insunza, Mercedes Colorado and 
Carlos Richard for help in cytometry analysis and critical 
comments and discussions.

Conflict of Interest statement

The authors declare no conflict of interest

REFERENCES

1. Chiorazzi N, Rai KR and Ferrarini M. Chronic lymphocytic 
leukemia. N Engl J Med. 2005; 352:804–815.

2. Bertilaccio MT, Scielzo C, Muzio M and Caligaris-Cappio F.  
An overview of chronic lymphocytic leukaemia biology. 
Best Pract Res Clin Haematol. 2010; 23:21–32.

3. Zenz T, Mertens D, Kuppers R, Dohner H and Stilgenbauer S. 
From pathogenesis to treatment of chronic lymphocytic leu-
kaemia. Nat Rev Cancer. 2010; 10:37–50.

4. Decker T, Hipp S, Hahntow I, Schneller F and Peschel C. 
Expression of cyclin E in resting and activated B-chronic 
lymphocytic leukaemia cells: cyclin E/cdk2 as a potential 
therapeutic target. Br J Haematol. 2004; 125:141–148.

5. Sanhes L, Tang R, Delmer A, DeCaprio JA and Ajchen-
baum-Cymbalista F. Fludarabine-induced apoptosis of B 
chronic lymphocytic leukemia cells includes early cleavage 
of p27kip1 by caspases. Leukemia. 2003; 17:1104–1111.

6. Vrhovac R, Delmer A, Tang R, Marie JP, Zittoun R and 
Ajchenbaum-Cymbalista F. Prognostic significance of the 
cell cycle inhibitor p27Kip1 in chronic B-cell lymphocytic 
leukemia. Blood. 1998; 91:4694–4700.

7. Wolowiec D, Wojtowicz M, Ciszak L, Kosmaczewska A,  
Frydecka I, Potoczek S, Urbaniak-Kujda D, Kapelko-
Slowik K and Kuliczkowski K. High intracellular con-
tent of cyclin-dependent kinase inhibitor p27(Kip1) in  
early- and intermediate stage B-cell chronic lymphocytic 
leukemia lymphocytes predicts rapid progression of the dis-
ease. Eur J Haematol. 2009; 82:260–266.

8. Frenquelli M, Muzio M, Scielzo C, Fazi C, Scarfo L, Rossi C,  
Ferrari G, Ghia P and Caligaris-Cappio F. MicroRNA and 



Oncotarget4706www.impactjournals.com/oncotarget

proliferation control in chronic lymphocytic leukemia: 
 functional relationship between miR-221/222 cluster and p27.  
Blood. 2010; 115:3949–3959.

9. Chu IM, Hengst L and Slingerland JM. The Cdk inhibitor 
p27 in human cancer: prognostic potential and relevance 
to anticancer therapy. Nat Rev Cancer. 2008; 8:253–267.

10. Slingerland J and Pagano M. Regulation of the cdk  inhibitor 
p27 and its deregulation in cancer. J Cell  Physiol. 2000; 
183:10–17.

11. Philipp-Staheli J, Payne SR and Kemp CJ. p27(Kip1): 
 regulation and function of a haploinsufficient tumor sup-
pressor and its misregulation in cancer. Exp Cell Res. 2001; 
264:148–168.

12. Carrano AC , Eytan E, Hershko A and Pagano M. SKP2 
is required for ubiquitin-mediated degradation of the CDK 
 inhibitor p27. Nat Cell Biol. 1999; 1:193–199.

13. Sutterluty H, Chatelain E, Marti A, Wirbelauer C, Senften M,  
Muller U and Krek W. p45SKP2 promotes p27Kip1 degra-
dation and induces S phase in quiescent cells. Nat Cell Biol. 
1999; 1:207–214.

14. Tsvetkov LM, Yeh KH, Lee SJ, Sun H and Zhang H 
p27(Kip1) ubiquitination and degradation is regulated by 
the SCF(Skp2) complex through phosphorylated Thr187 in 
p27. Curr Biol. 1999; 9:661–664.

15. Zeller KI, Zhao X, Lee CW, Chiu KP, Yao F, Yustein  
JT, Ooi HS, Orlov YL, Shahab A, Yong HC, Fu Y,  
W  eng Z, Kuznetsov VA, Sung WK, Ruan Y and Dang  
CV. Global mapping of c-Myc binding sites and target 
gene networks in human B cells. Proc Natl Acad Sci U S A. 
2006; 103:17834–17839.

16. McMahon SB. Emerging Concepts in the Analysis of 
 Transcriptional Targets of the MYC Oncoprotein: Are the 
Targets Targetable?. Genes Cancer. 2010; 1:560–567.

17. Lutz W, Leon J and Eilers M. Contributions of Myc to tu-
morigenesis. Biochim Biophys Acta. 2002; 1602:61–71.

18. Meyer N and Penn LZ. Reflecting on 25 years with MYC. 
Nat Rev Cancer. 2008; 8:976–990.

19. Eilers M and Eisenman RN. Myc's broad reach. Genes Dev. 
2008; 22:2755–2766.

20. Leon J, Ferrandiz N, Acosta JC and Delgado MD.  Inhibition 
of cell differentiation: A critical mechanism for MYC-me-
diated carcinogenesis?. Cell Cycle. 2009; 8:1148–1157.

21. Dang CV. MYC on the path to cancer. Cell. 2012;  
149:22–35.

22. Conacci-Sorrell M, McFerrin L and Eisenman RN. An 
Overview of MYC and Its Interactome. Cold Spring Harb 
Perspect Med. 2014; 4:1–24.

23. Vita MwHenriksson M. The Myc oncoprotein as a thera-
peutic target for human cancer. Semin Cancer Biol. 2006; 
16:318–330.

24. Sanchez-Beato M, Sanchez-Aguilera A and Piris M A. 
Cell cycle deregulation in B-cell lymphomas.  Blood. 2003;  
101:1220–1235.

25. Delgado MD and Leon J. Myc roles in hematopoiesis and 
leukemia. Genes Cancer. 2010; 1:605–616.

26. Korz C, Pscherer A, Benner A, Mertens D, Schaffner C, 
 Leupolt E, Dohner H, Stilgenbauer S and Lichter P. Evi-
dence for distinct pathomechanisms in B-cell chronic 
lymphocytic leukemia and mantle cell lymphoma by quan-
titative expression analysis of cell cycle and apoptosis-as-
sociated genes. Blood. 2002; 99:4554–4561.

27. Halina A, Artur P, Barbara MK, Joanna S and Anna D. 
 Alterations in TP53, cyclin D2, c-Myc, p21WAF1/CIP1 and 
p27KIP1 expression associated with progression in B-CLL. 
Folia Histochem Cytobiol. 2010; 48:534–541.

28. Zhang W, Kater AP, Widhopf GF 2nd, Chuang HY,  
Enzler T, James DF, Poustovoitov M, Tseng PH,  
Janz S, Hoh C, Herschman H, Karin M and Kipps TJ.  
B-cell activating factor and v-Myc myelocytomatosis 
 viral oncogene homolog (c-Myc) influence progression of 
chronic lymphocytic leukemia. Proc Natl Acad Sci U S A.  
2010; 107:18956–18960.

29. Rinaldi A, Mian M, Kwee I, Rossi D, Deambrogi C,  
Mensah AA, Forconi F, Spina V, Cencini E, Drandi D,  
Ladetto M, Santachiara R, Marasca R, Gattei V, Cavalli F  
and Zucca E. Genome-wide DNA profiling better 
 defines the prognosis of chronic lymphocytic leukaemia.  
Br J  Haematol. 2011; 154:590–599.

30. Huh YO, Lin KI, Vega F, Schlette E, Yin CC, Keating MJ,  
Luthra R, Medeiros LJ and Abruzzo LV. MYC 
 translocation in chronic lymphocytic leukaemia is associ-
ated with increased prolymphocytes and a poor prognosis.  
Br J Haematol. 2008; 142:36–44.

31. Put N, Van Roosbroeck K, Konings P, Meeus P,  
Brusselmans C, Rack K, Gervais C, Nguyen-Khac F,  
Chapiro E, Radford-Weiss I, Struski S, Dastugue N,  
Gachard N, Lefebvre C, Barin C and Eclache V. Chronic 
lymphocytic leukemia and prolymphocytic leukemia with 
MYC translocations: a subgroup with an aggressive disease 
course. Ann Hematol. 2012; 91:863–873.

32. Scandurra M, Rossi D, Deambrogi C, Rancoita PM, Chi-
grinova E, Mian M, Cerri M, Rasi S, Sozzi E, Forconi F, 
Ponzoni M, Moreno SM, Piris MA, Inghirami G, Zucca E 
and Gattei V. Genomic profiling of Richter's syndrome: re-
current lesions and differences with de novo diffuse large 
B-cell lymphomas. Hematol Oncol. 2010; 28:62–67.

33. Rossi D. Myc Addiction in Chronic Lymphocytic Leuke-
mia. Leuk Lymphoma. 2013; 54:905–906.

34. Monti S, Deambrogi C, Rinaldi A, Bertoni F, Gaidano G 
and Rossi D. MYC network mutations in high-risk  chronic 
lymphocytic leukaemia. Hematol Oncol. 2014; DOI: 
10.1002/hon.2117.

35. Chandramohan V, Mineva ND, Burke B, Jeay S, Wu M,  
Shen J, Yang W, Hann SR and Sonenshein GE.   
c-Myc  represses FOXO3a-mediated transcription of the 
gene  encoding the p27(Kip1) cyclin dependent kinase in-
hibitor. J Cell Biochem. 2008; 104:2091–2106.



Oncotarget4707www.impactjournals.com/oncotarget

36. Kim JW, Mori S and Nevins JR. Myc-induced  microRNAs 
integrate Myc-mediated cell proliferation and cell fate. 
 Cancer Res. 2010; 70:4820–4828.

37. Bouchard C, Thieke K, Maier A, Saffrich R, Hanley-
Hyde J, Ansorge W, Reed S, Sicinski P, Bartek J and  
Eilers M. Direct induction of cyclin D2 by Myc contributes 
to cell cycle progression and sequestration of p27. EMBO J.  
1999; 18:5321–5333.

38. Perez-Roger I, Solomon DL, Sewing A and Land H.  
Myc activation of cyclin E/Cdk2 kinase involves 
 induction of cyclin E gene transcription and inhibition of  
p27(Kip1) binding to newly formed complexes. Oncogene.  
1997; 14:2373–2381.

39. Vlach J, Hennecke S, Alevizopoulos K, Conti D and Amati B.  
Growth arrest by the cyclin-dependent  kinase inhibi-
tor p27Kip1 is abrogated by c-Myc. Embo J. 1996; 15: 
6595–6604.

40. Acosta JC, Ferrandiz N, Bretones G, Torrano V, Blanco R,  
Richard C, O'Connell B, Sedivy J, Delgado MD and  
Leon J. Myc inhibits p27-induced erythroid differentiation 
of leukemia cells by repressing erythroid master genes with-
out reversing p27-mediated cell cycle arrest. Mol Cell Biol. 
2008; 28:7286–7295.

41. Bretones G, Acosta JC, Caraballo JM, Ferrandiz N, 
Gomez-Casares MT, Albajar M, Blanco R, Ruiz P,  
Hung WC, Albero MP, Perez-Roger I and Leon J. SKP2 
oncogene is a direct MYC target gene and MYC down- 
regulates p27(KIP1) through SKP2 in human leukemia 
cells. J Biol Chem. 2011; 286:9815–9825.

42. Kitagawa K, Kotake Y and Kitagawa M. Ubiquitin-mediated  
control of oncogene and tumor suppressor gene products. 
Cancer Sci. 2009; 100:1374–1381.

43. Kossatz U, Dietrich N, Zender L, Buer J, Manns M P  
and Malek NP. Skp2-dependent degradation of p27kip1 
is essential for cell cycle progression. Genes Dev. 2004; 
18:2602–2607.

44. Gstaiger M, Jordan R, Lim M, Catzavelos C, Mestan J, 
Slingerland J and Krek W. Skp2 is oncogenic and over-
expressed in human cancers. Proc Natl Acad Sci U S A.  
2001; 98:5043–5048.

45. Munoz-Alonso MJ, Acosta JC, Richard C, Delgado MD,  
Sedivy J and Leon J. p21Cip1 and p27Kip1 induce distinct 
cell cycle effects and differentiation programs in myeloid 
leukemia cells. J Biol Chem. 2005; 280:18120–18129.

46. Liang J, Zubovitz J, Petrocelli T, Kotchetkov R,  
Connor MK, Han K, Lee JH, Ciarallo S, Catzavelos C,  
Beniston R, Franssen E and Slingerland JM. PKB/Akt  
phosphorylates p27, impairs nuclear import of p27 and  
opposes p27-mediated G1 arrest. Nat Med. 2002;  
8:1153–1160.

47. Rosen DG, Yang G, Cai KQ, Bast RC Jr, Gershenson DM, 
Silva EG and Liu J. Subcellular localization of p27kip1 
 expression predicts poor prognosis in human  ovarian 
 cancer. Clin Cancer Res. 2005; 11:632–637.

48. Viglietto G, Motti ML, Bruni P, Melillo RM, D'Alessio A,  
Califano D, Vinci F, Chiappetta G, Tsichlis P, Bellacosa A,  
Fusco A and Santoro M. Cytoplasmic relocalization 
and  inhibition of the cyclin-dependent kinase inhibitor 
p27(Kip1) by PKB/Akt-mediated phosphorylation in breast 
cancer. Nat Med. 2002; 8:1136–1144.

49. Caligaris-Cappio F and Ghia P. Novel insights in 
chronic lymphocytic leukemia: are we getting closer to 
 understanding the pathogenesis of the disease?. J Clin 
 Oncol. 2008; 26:4497–4503.

50. Lanasa MC. Novel insights into the  biology of 
CLL. Hematology Am Soc Hematol Educ  Program.  
2010; 2010:70–76.

51. Billard C. Apoptosis inducers in chronic lymphocytic leu-
kemia. Oncotarget. 2014; 5:309–325.

52. Ghia P, Ferreri AM and Caligaris-Cappio F. Chronic 
lymphocytic leukemia. Crit Rev Oncol  Hematol. 2007;  
64:234–246.

53. Wierda WG and O'Brien SM. Initial therapy for  patients 
with chronic lymphocytic leukemia. Semin  Oncol. 2006; 
33:202–209.

54. Roberts AW, Seymour JF, Brown JR, Wierda WG,  
Kipps TJ, Khaw SL, Carney DA, He SZ,  
Huang DC, Xiong H, Cui Y, Busman TA, McKeegan EM,  
Krivoshik AP, Enschede SH and Humerickhouse R. 
 Substantial susceptibility of chronic lymphocytic leukemia 
to BCL2 inhibition: results of a phase I study of  navitoclax 
in patients with relapsed or refractory disease. J Clin  Oncol. 
2012; 30:488–496.

55. Karan-Djurasevic T, Palibrk V, Zukic B, Spasovski V,  
Glumac I, Colovic M, Colovic N, Jurisic V, Scorilas A,  
Pavlovic S and Tosic N. Expression of Bcl2L12 in chronic 
lymphocytic leukemia patients: association with clinical and 
molecular prognostic markers. Med Oncol. 2013; 30:405.

56. le Sage C, Nagel R, Egan DA, Schrier M, Mesman E,  
Mangiola A, Anile C, Maira G, Mercatelli N, Ciafre SA,  
Farace MG and Agami R. Regulation of the p27(Kip1) 
 tumor suppressor by miR-221 and miR-222 promotes can-
cer cell proliferation. EMBO J. 2007; 26:3699–3708.

57. Cho S, Kim JH, Back SH and Jang SK. Polypyrimidine 
tract-binding protein enhances the internal  ribosomal entry 
site-dependent translation of p27Kip1 mRNA and modu-
lates transition from G1 to S phase. Mol Cell Biol. 2005; 
25:1283–1297.

58. Alessandrini A, Chiaur DS and Pagano M. Regulation of 
the cyclin-dependent kinase inhibitor p27 by degradation 
and phosphorylation. Leukemia. 1997; 11:342–345.

59. Haferlach T, Kohlmann A, Wieczorek L, Basso G,  
Kronnie GT, Bene MC, De Vos J, Hernandez JM,  
Hofmann WK, Mills KI, Gilkes A, Chiaretti S,  
Shurtleff SA, Kipps TJ, Rassenti LZ and Yeoh AE.  Clinical 
utility of microarray-based gene expression profiling in the 
diagnosis and subclassification of leukemia: report from the 



Oncotarget4708www.impactjournals.com/oncotarget

International Microarray Innovations in Leukemia Study 
Group. J Clin Oncol. 2010; 28:2529–2537.

60. Haslinger C, Schweifer N, Stilgenbauer S, Dohner H, 
 Lichter P, Kraut N, Stratowa C and Abseher R. Microar-
ray gene expression profiling of B-cell chronic lymphocytic 
leukemia subgroups defined by genomic aberrations and 
VH mutation status. J Clin Oncol. 2004; 22:3937–3949.

61. Alizadeh AA, Eisen MB, Davis RE, Ma C, Lossos IS,  
Rosenwald A, Boldrick JC, Sabet H, Tran T, Yu X,  
Powell JI, Yang L, Marti GE, Moore T, Hudson J Jr and Lu L.  
Distinct types of diffuse large B-cell  lymphoma identified 
by gene expression profiling. Nature. 2000; 403:503–511.

62. Sears RC. The life cycle of C-myc: from synthesis to deg-
radation. Cell Cycle. 2004; 3:1133–1137.

63. Hann SR. Role of post-translational modifications in 
 regulating c-Myc proteolysis, transcriptional activity and 
biological function. Semin Cancer Biol. 2006; 16:288–302.

64. Vervoorts J, Luscher-Firzlaff J and Luscher B. The ins and 
outs of MYC regulation by posttranslational mechanisms.  
J Biol Chem. 2006; 281:34725–34729.

65. Stacchini A, Aragno M, Vallario A, Alfarano A,  
Circosta P, Gottardi D, Faldella A, Rege-Cambrin G,  
Thunberg U, Nilsson K and Caligaris-Cappio F. MEC1 and 
MEC2: two new cell lines derived from B-chronic lympho-
cytic leukaemia in prolymphocytoid transformation. Leuk 
Res. 1999; 23:127–136.

66. Delgado MD, Lerga A, Canelles M, Gomez-Casares MT 
and Leon J. Differential regulation of Max and role of 
 c-Myc during erythroid and myelomonocytic differentiation 
of K562 cells. Oncogene. 1995; 10:1659–1665.

67. Vlach J, Hennecke S and Amati B. Phosphorylation-depen-
dent degradation of the cyclin-dependent kinase  inhibitor 
p27. EMBO J. 1997; 16:5334–5344.


