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Abstract B23/NPM is a multifunctional nucleolar protein

frequently overexpressed, mutated, or rearranged in neo-

plastic tissues. B23/NPM is involved in diverse biological

processes and is mainly regulated by heteroligomer asso-

ciation and posttranslational modification, phosphorylation

being a major posttranslational event. While the role of B23/

NPM in supporting and/or driving malignant transformation

is widely recognized, the particular relevance of its CK2-

mediated phosphorylation remains unsolved. Interestingly,

the pharmacologic inhibition of such phosphorylation event

by CIGB-300, a clinical-grade peptide drug, was previously

associated to apoptosis induction in tumor cell lines. In this

work, we sought to identify the biological processes

modulated by CIGB-300 in a lung cancer cell line using

subtractive suppression hybridization and subsequent func-

tional annotation clustering. Our results indicate that CIGB-

300 modulates a subset of genes involved in protein synthesis

(ES = 8.4, p\0.001), mitochondrial ATP metabolism (ES =

2.5, p\0.001), and ribosomal biogenesis (ES = 1.5, p\
0.05). The impairment of these cellular processes by CIGB-300

was corroborated at the molecular and cellular levels by Wes-

tern blot (P-S6/P-4EBP1, translation), confocal microscopy

(JC-1, mitochondrial potential), qPCR (45SrRNA/p21, ribo-

some biogenesis), and electron microscopy (nucleolar struc-

ture, ribosome biogenesis). Altogether, our findings provide

new insights on the potential relevance of the CK2-mediated

phosphorylation of B23/NPM in cancer cells, revealing at the

same time the potentialities of its pharmacological manipula-

tion for cancer therapy. Finally, this work also suggests several

candidate gene biomarkers to be evaluated during the clinical

development of the anti-CK2 peptide CIGB-300.

Keywords B23/NPM � CK2 inhibitor � CIGB-300 �
Nucleophosmin phosphorylation

Introduction

B23/NPM is a multifunctional nucleolar protein frequently

overexpressed, mutated, or rearranged in neoplastic tissues

[1]. B23/NPM is composed of different functional domains

which sustain the ribonuclease and molecular chaperone

activities of this protein, as well as its shuttling between the

nuclear and cytoplasmic cellular compartments [2–4]. B23/

NPM is involved in several cellular processes like ribo-

some biogenesis, response to stress stimuli, maintenance of
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genomic stability, and regulation of DNA/RNA transcrip-

tion [5–10]. These diverse roles are mainly regulated by

heteroligomer composition and posttranslational modifica-

tions, phosphorylation being a major posttranslational

event [8, 11–13]. Interestingly, at interphase cells, the

major phosphorylatable residue on B23/NPM has been

mapped to the casein kinase 2 (CK2)-phosphoaceptor site

Ser125 [14, 15]. Such phosphorylation event seems to

modulate the dynamic nature of B23/NPM and also con-

tributes to maintain nucleolar integrity in the cell [16, 17].

Unlike most of the CK2 inhibitors which target the

catalytic (a or a0) or regulatory subunits (b) of the

holoenzyme (aa/bb), CIGB-300 is a clinical-grade in-

hibitor that impairs CK2-mediated phosphorylation by

targeting the conserved phosphoaceptor domain on CK2

substrates [18, 19]. Interestingly, pulldown experiments in

tumor-derived cell lines indicated that B23/NPM is a major

target for CIGB-300 in cancer cells [20, 21]. In these ex-

periments, the peptide impaired the CK2-mediated phos-

phorylation of B23/NPM in a dose-dependent manner,

leading to cell death by apoptosis. However, the sequence

of events that connect such pharmacological inhibition

with the observed cellular demise needs to be clarified.

Using subtractive suppression hybridization (SSH) and

subsequent Functional Annotation Clustering of differen-

tially expressed genes [22, 23], we uncover here the bio-

logical processes disturbed by pharmacologic inhibition of

the CK2-mediated phosphorylation of B23/NPM in cancer

cells. Our results indicate that CIGB-300 modulates a

subset of genes involved in protein synthesis, mitochon-

drial metabolism, and ribosomal biogenesis, in agreement

with the functional roles ascribed to B23/NPM and with a

previous proteomic analysis [24]. Since the enrichment

analysis was done at gene level, we further corroborated

the impairment of these cellular processes using suitable

molecular and cellular markers. Importantly, as CIGB-300

consistently impaired the CK2-mediated phosphorylation

of B23/NPM in different tumor cells [21], this peptide

becomes a pharmacological tool to assess the potential

relevance of such phosphorylation event for cancer cell

biology.

Materials and methods

Cell culture and commercial inhibitors

The mycoplasma-free human lung cancer cell line NCI-H125

was originally acquired from the ATCC (Rockville, MD,

USA). Cells were routinely cultured in RPMI 1640 (Invitro-

gen, 11875-119) supplemented with 10 % fetal bovine serum

(FBS; PAA, A15-703) and Gentamicin (Sigma, G1264) at

37 �C and 5 % CO2. In some experiments, the commercial

B23 oligomerization inhibitor NSC348884 (Sigma, N3414),

the CK2 inhibitor CX-4945 (Selleck Chemicals, S2248), or

the mTOR inhibitor RAD001 (Sigma, 07741) were used at

selected concentrations.

Sulforhodamine B-based antiproliferative assay

Antiproliferative assays were performed as described pre-

viously [25]. Dose–response curves were fitted to the me-

dian-effect equation, and the IC50 was estimated using the

software Calcusyn (Biosoft, Cambridge, UK). Simulated

curves were visualized using the software GraphPad Prims

v4 (GraphPad Software, San Diego, CA, USA).

Cellular extracts and Western blot experiments

NCI-H125 cells were seeded and cultured as described above.

Next day, the cells were incubated with CIGB-300 (100 lM)

or vehicle (PBS) during 0.5, 2, or 5 h, or with NSC348884

(5 lM), CX-4945 (5 lM), RAD001 (0.02 lM), and CIGB-

300mut (100 lM) during 5 h. The cells were collected by

tripsinization, washed with PBS, and lysed in RIPA buffer

(#89901) supplemented with protease (#78410) and phos-

phatase cocktail inhibitors (#78420) from Thermo Scientific

(Pierce). The total protein concentration was estimated for

each cellular lysate using the Bio-Rad Protein Assay kit

(Bio-Rad, 500-0006), and 20 lg/lane of proteins was re-

solved in conventional SDS-PAGE gels (12.5 %), transferred

to nitrocellulose membranes (Amersham Biosciences,

RPN203E), and submitted to Western blot experiments using

the following antibodies: P-B23/NPM (Ser125) (Abcam,

ab109546), B23 (Zymed, 32-5200), S6 (Cell signaling,

2217S), P-S6 (S235/236) (Cell signaling, 4857S), or

P-4EBP1 (T37/46) (Cell signaling, 9459). The fluorescent

signal was developed using luminol (Sigma, A8511) and

registered on X-ray films (Amersham, 28906837). Image

analysis from the X-ray films was done with ImageJ 1.37v

(NIH, Bethesda, Maryland, USA). Alpha-tubulin protein

levels (Cell Signaling, 2144) were used to normalize protein

load per lane.

Subtractive suppression hybridization, sequence

analysis, and functional annotation clustering

NCI-H125 cancer cells were grown for 20 h and subse-

quently incubated with 100 lM of CIGB-300 for 30 min.

Then, total RNA from CIGB-300-treated or vehicle-treated

cells was isolated with Trizol (Invitrogen, 15596-026) and

3 lg was used to synthesize corresponding cDNAs with

200 U of SuperScript II RT (Invitrogen, 18064-014). The

dscDNA obtained from CIGB-300-treated (population 1)

and PBS-treated (population 2) cells was used as tester and

driver, respectively, in a first hybridization (SSH1) and
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they were exchanged in a second hybridization (SSH2).

This strategy allowed us to obtain CIGB-300’s upregulated

(SSH1) and downregulated (SSH2) genes in NCI-H125

cells. Both subtractive libraries were constructed using the

Clontech PCR-Select cDNA Subtraction kit (Clontech,

637401). The amplified products from both subtraction

samples were independently ligated into a pGEMTeasy

vector (Promega, A1360) and transformed into E. coli

strain DH10B. From both libraries, a total of 400 white

colonies were randomly selected and inoculated into

96-well plates. The DNA from 378 successfully grown

colonies was purified, sequenced, and submitted to Blast

analysis using the software Chromas v2.13 (Technelysium

Pty Ltd. Australia). Identified genes were submitted to

Functional Annotation Clustering using the software

DAVID (http://david.abcc.ncifcrf.gov/) [24].

Quantitative real-time PCR

Total RNA was isolated from 3 9 106 CIGB-300-treated

or vehicle-treated cells using Tri-reagent (Sigma, T9424).

Subsequently, mRNA was obtained and reverse transcribed

using the SuperScript III Reverse Transcriptase kit (Invit-

rogen, 18080-051). Primers to amplify selected genes were

designed using Primer3 (http://frodo.wi.mit.edu/primer3/)

and preliminarily tested for amplification efficiency and

specificity (Online Resource 1) [26]. The absence of ge-

nomic DNA contamination in RNA samples was confirmed

by qPCR reactions with primers that amplify the u1a gene,

whereas to verify the absence of qPCR inhibitors, cDNA

samples were contaminated with 5 9 103 copies of the

pGEMTeasy vector and subsequently amplified with pri-

mers (50-AGCGGATAACAATTTCACACAGGA-30 y 50-C
GCCAGGGTTTTCCCAGTCACG AC-30) [27]. All qPCR

reactions were performed in triplicate on a Rotor Gene 6000

equipment (Corbett Life Science, UK) using the QuantiTect

SYBR Green PCR Kit (Qiagen, 204243) and the following

parameters: 95 �C for 15 min, 40 cycles at 95 �C for 15 s,

60 �C for 30 s, and 72 �C for 30 s. The analysis of ex-

perimental runs, using Cq and efficiency values, was per-

formed using the Rotor Gene 6000 v1.7 Software (Qiagen,

Germany). The putative housekeeping genes (HSKG) u1a,

ywhaz, hmbs, and hprt1 were preliminarily assessed to select

the best HSKG pair using the Genorm software [28]. Such

pair was subsequently used as reference genes for the cal-

culation of relative expression using the REST 2009 v2.0.13

software [29].

Electron microscopy

CIGB-300-treated and vehicle-treated cells were fixed by

incubation with a solution containing 4 % formaldehyde

(v/v), 0.2 % glutaraldehyde (v/v), 0.1 M phosphate buffer

pH 7.3, during 2.5 h at 4 8C. Subsequently, the cells were

washed with phosphate buffer, dehydrated by incubation

with increasing ethanol concentrations (28–80 % v/v),

mixed with Spurr resin, and polymerized during 24 h at

37 8C. Ultrathin sections obtained from each sample were

layered onto a cupper grid, stained with a contrast agent,

and observed in the transmission electron microscopy MET

JEOL JEEM 2000EX. A total of 20 different micropho-

tographs were taken for each experimental variant and

subsequently analyzed to evidence nucleolar disassembly.

Mitochondrial membrane potential assay

The JC-1 Mitochondrial Membrane Potential Detection Kit

(Cell Technology, JC100) was used to estimate changes in

mitochondrial membrane potential by confocal microscopy.

JC-1 dual-fluorescence emission was measured after incu-

bating cells with 100 lM of CIGB-300 during 0.5, 1, or 2 h.

The experiments were performed using an Olympus

FLUOVIEW FV1000 confocal laser scanning microscope

(Olympus, Japan) equipped with a LD473 laser source and a

BA490-590 detection filter. Images were acquired with an

immersion objective UPLSAPO 60xS and subsequently

processed using the software Olympus Fluoview v4.0

(Olympus, Japan).

Results

CIGB-300 impairs the CK2-mediated

phosphorylation of B23/NPM in lung cancer cells

To identify the genes regulated by CIGB-300 in the lung

cancer cell line NCI-H125, first we determined the half

maximal inhibitory concentration (IC50) or potency of this

peptide using the Sulforhodamine B-based assay (SRB)

(Fig. 1a). CIGB-300 exhibited a dose-dependent antipro-

liferative effect with an estimated IC50 of 38.6 lM.

Moreover, we also tested the B23/NPM oligomerization

inhibitor NSC348884 (IC50 = 1.3 lM), the CK2 inhibitor

CX-4945 (IC50 = 2.9 lM), the mTOR inhibitor RAD001

(IC50 = 12.4 lM), and a CIGB-300 mutant peptide which

lacks inhibitory activity [21].

Based on these dose–response curves, we selected

100 lM of CIGB-300 to demonstrate by Western blot (WB)

that the peptide inhibits the CK2-mediated phosphorylation

of B23/NPM using a phosphospecific antibody against the

Ser125 residue (Fig. 1b). Additionally, equipotent concen-

trations of drugs targeting NPM oligomerization, CK2 en-

zymatic activity, or mTOR activity were also tested in order

to assess the specificity of the inhibitory effect. Interestingly,

a slight phosphorylation inhibition was observed after 0.5 h

of incubation with CIGB-300, whereas a more pronounced
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effect was registered after 2–5 h of treatment with this

peptide (Fig. 1b). On the other hand, only the CK2 inhibitor

CX-4945 impaired to some extent the CK2-mediated

phosphorylation of B23/NPM after 5 h of treatment, thus

confirming the specificity of the observed inhibitory effect.

Identification of CIGB-300 differentially regulated

genes in NCI-H125

The subtractive cloning strategy generated 398 clones with

cDNA insert sizes ranging from 100 to *1600 bp (data not

shown). The analysis of the corresponding sequences al-

lowed us to identify 48 putative differentially regulated

genes in CIGB-300-treated cells (Table 1). The remaining

clones comprised sequences without DNA inserts (7 %) or

DNA fragments with no significant homology in the

database (34 %) (data not shown). Moreover, 19 % of the

genes were represented in the library by more than four

different clones, whereas six sequences codified for un-

known or hypothetical proteins without official gene names

assigned (Table 1). Finally, 41 differentially regulated ge-

nes were subsequently subjected to functional annotation

clustering to identify major biological processes modulated

by CIGB-300.

Functional annotation clustering of identified genes

To determine the biological processes more represented or

enriched in the SSH library, the obtained gene list was sub-

jected to functional annotation clustering using the DAVID

tools. Importantly, 24 of 37 genes with mapped DAVID’s ID

were clustered to five biological processes: protein synthesis,

mitochondrial ATP synthesis, ribosome biogenesis, cell

cycle, and regulation of protein metabolism (Fig. 2a; Online

Resource 2). Noteworthy, the first three processes included

more than 80 % of clustered genes with enrichment scores

above the conservative cutoff 1.3 (Fig. 2a).

To verify whether the identified genes were indeed

differentially expressed in the presence of CIGB-300, we

analyzed the expression levels of a subset of genes by

qPCR. A total of 14 genes spanning different annotation

clusters and representing roughly 30 % of the SSH library

were selected for such expression analysis (Fig. 2b). The

results indicated that 11 of the 14 selected genes changed to

some extent its expression levels after the incubation of

cancer cells with 100 lM of CIGB-300 during 0.5 h. These

variations were statistically significant for 4 of the 7 genes

included in the top three annotation clusters: protein syn-

thesis (2/4), mitochondrial ATP synthesis (1/1), and ribo-

some biogenesis (1/2).

Molecular and cellular features of disturbed

biological processes

To assess whether CIGB-300 actually impairs the biological

processes identified from differentially expressed genes, we

evaluated molecular and cellular markers of these processes

(Figs. 3, 4). Western blot experiments using phosphospecific

antibodies against markers of translational control evidenced

that as early as 0.5 h following the addition of CIGB-300,

the levels of P-4EBP1 consistently decreased on treated

cells, reaching roughly 40 % inhibition after 5 h of incu-

bation (Fig. 3a). Moreover, the levels of P-S6 also decreased

under these experimental conditions. However, such inhi-

bition was milder, transient in nature, and well below that

observed with CX-4945 and RAD001. As expected, the

mTOR inhibitor completely abolished the phosphorylation

of S6 and reduced 4EBP1 phosphorylation, which is in line

with the localization of both proteins downstream mTORC1

signaling complex (Fig. 3a).

Fig. 1 Inhibitory effects of CIGB-300 peptide and selected small

molecule inhibitors over cell proliferation and the CK2-mediated

phosphorylation of B23/NPM in NCI-H125 lung cancer cells.

a CIGB-300, NSC348884, CX-4945, and RAD001 were incubated

with NCI-H125 cells during 48 h and their antiproliferative effect

determined by the SRB-based assay. Dose–response curves were

fitted to the median-effect equation and the potency for each drug

(IC50) estimated using the software Calcusyn. b Inhibition of B23/

NPM’s phosphorylation evidenced by Western blot using phos-

phospecific antibodies against the CK2 phosphoaceptor residue

Ser125. The cells were incubated with 100 lM of CIGB-300 during

the indicated time intervals. NSC348884, 5 lg/ml; CX-4945, 5 lM;

RAD001, 0.02 lM; CIGB-300mut (c-), 100 lM. Alpha-tubulin was

used for normalization purposes
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Table 1 CIGB-300’s differentially regulated genes identified by SSH in NCI-H125 lung cancer cells after 30 min of treatment with 100 lM of

the CIGB-300 peptide

Seq. Accessiona Gene name Description Score E value Recovery

frequencyb

1 gi|86450659|gb|ABC96597.1| ATP6 ATP synthase F0 subunit 6 153 8.00E-36 24

2 gi|55665435|emb|CAH73371.1| H3F3A H3 histone, family 3A 89.4 2.00E-16 17

3 [gi|119380263|gb|ABL73299.1| COX2 Cytochrome c oxidase subunit II 106 1.00E-21 12

4 gi|89243544|gb|AAI14378.1| – Unknown (protein for MGC:134704) 140 7.00E-32 12

5 gi|4588085|gb|AAD25980.1|AF095770_1 BBS9 PTH-responsive osteosarcoma D1 protein 52.8 2.00E-05 7

6 gi|119221174|gb|ABL61722.1| CYTB Cytochrome b 126 2.00E-27 7

7 gi|30585339|gb|AAP36942.1| ATP5A1 ATP synthase, H? transporting,

mitochondrial F1 complex, alpha sub.

291 3.00E-77 6

8 gi|56181368|gb|AAV83778.1| NACA HSD48 212 2.00E-53 5

9 gi|52783077|sp|Q8IVG9|HUNIN_HUMAN MTRNR2L1 Humanin 50.8 8.00E-05 5

10 gi|62897609|dbj|BAD96744.1| TUBA1C Tubulin alpha 6 variant 102 2.00E-20 4

11 [gi|119593494|gb|EAW73088.1| RPL5 Ribosomal protein L5, isoform CRA_b 183 8.00E-45 2

12 [gi|20381196|gb|AAH27620.1| RPS6 Ribosomal protein S6 347 4.00E-94 2

13 gi|83282419|ref|XP_729762.1| – Senescence-associated protein

[Plasmodium yoelii yoelii str.]

89.7 3.00E-19 2

14 gi|12006209|gb|AAG44787.1|AF271776_1 – DC48 100 6.00E-20 2

15 gi|3123174|sp|Q16465|YZA1_HUMAN – Very hypothetical protein 145 2.00E-33 2

16 gi|4506743|ref|NP_001003.1| RPS8 Ribosomal protein S8 194 6.00E-48 2

17 gi|62897725|dbj|BAD96802.1| RPL19 Ribosomal protein L19 variant 58.5 4.00E-07 1

18 gi|113201653|gb|ABI33033.1| ND1 NADH dehydrogenase subunit 1 60.1 1.00E-07 1

19 gi|41471962|gb|AAS07418.1| DBF4 Unknown 93.6 1.00E-17 1

20 gi|30410790|ref|NP_839952.1| TUSC3 Tumor suppressor candidate 3 isoform b 149 1.00E-34 1

21 gi|62089150|dbj|BAD93019.1| UBC Ubiquitin C variant 179 2.00E-43 1

22 gi|34531284|dbj|BAC86100.1| FUT1 Unnamed protein product 137 6.00E-31 1

23 gi|33987931|gb|AAH07327.1| HSP90AB1 HSP90AB1 protein 139 2.00E-31 1

24 gi|5138926|gb|AAD40380.1| SPCS1 HSPC033 140 1.00E-31 1

25 gi|30584593|gb|AAP36549.1| GAPDH Glyceraldehyde-3-phosphate

dehydrogenase

294 1.00E-84 1

26 gi|38570357|gb|AAR24619.1| GNB2L1 Proliferation-inducing gene 21 266 1.00E-69 1

27 gi|62897625|dbj|BAD96752.1| ACTB Beta actin variant 180 6.00E-44 1

28 gi|18148478|dbj|BAB83275.1| – Core protein, Hepatitis C virus 58.9 6.00E-10 1

29 gi|22538467|ref|NP_002787.2| PSMB4 Proteasome beta 4 subunit 92.4 2.00E-17 1

30 gi|111072199|emb|CAJ97597.1| COX1 Cytochrome c oxidase subunit I 263 8.00E-69 1

31 gi|90819907|gb|ABD98705.1| ND4 NADH dehydrogenase subunit 4 110 1.00E-22 1

32 gi|34531176|dbj|BAC86070.1| – Unnamed protein product 75.1 4.00E-12 1

33 [gi|119628808|gb|EAX08403.1| GTF3A General transcription factor IIIA, isoform

CRA_a

94 8.00E-18 1

34 [gi|119608470|gb|EAW88064.1| RPL7A Ribosomal protein L7a, isoform CRA_d 305 2.00E-81 1

35 gi|3088339|dbj|BAA25818.1| RPS11 Ribosomal protein S11 100 9.00E-20 1

36 gi|60299991|gb|AAX18645.1| ST13 Aging-associated protein 14b 103 1.00E-20 1

37 gi|119621461|gb|EAX01056.1| RPS7 Ribosomal protein S7, isoform CRA_a 148 2.00E-34 1

38 gi|66911843|gb|AAH96826.1| DDX24 DDX24 protein 281 2.00E-74 1

39 gi|106322|pir||B34087 – hypothetical protein (L1H 30 region) 102 2.00E-20 1

40 [gi|119591124|gb|EAW70718.1| TUBA4A Tubulin, alpha 1 (testis specific), isoform

CRA_a

54.3 7.00E-06 1

41 gi|2981233|gb|AAC06259.1| BUB1 Mitotic checkpoint kinase Bub1 90.1 1.00E-16 1

42 gi|119594429|gb|EAW74023.1| EEF1G Eukaryotic translation elongation factor 1

gamma, isoform CRA_a

191 3.00E-47 1
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On the other hand, to evidence that CIGB-300 impairs the

ribosomal biogenesis, we measured the levels of the riboso-

mal RNA precursor 45SrRNA by qPCR. Our results

demonstrated that CIGB-300 significantly decreases the

levels of this precursor rRNA in a time-dependent manner

(p \ 0.05) (Fig. 3b). Moreover, the analysis of the nucleolar

structure of CIGB-300-treated cells by electron microscopy

also evidenced the impairment of ribosomal biogenesis

(Fig. 3c). In such cells, the nucleolar morphology was

severely changed from a typical compact structure to frag-

mented foci.

Taking into account that p53 has been recently involved

in a ribosomal biogenesis checkpoint, the levels of p21 and

bax mRNA were also measured. After 4 h of incubation with

CIGB-300, the levels of the proapototic gene bax decreased

(p \ 0.05), while p21 mRNA levels seemed to increase

(p [ 0.05). Interestingly, the peptide also increased the

transcript levels of its own molecular target (B23/NPM), a

finding that has been reported for other molecular target

therapies [30]. The expression of above-mentioned genes in

cells incubated with CIGB-300mut was unaltered, indicat-

ing that such changes were not stochastic (Fig. 3b).

Fig. 2 Biological processes modulated by CIGB-300 and expression

analysis of select genes in the NCI-H125 cell line. a After sequencing

the clones from the SSH library, the final cured identified gene list

was submitted to enrichment analysis using the functional annotation

clustering tool from DAVID software. The black solid line indicates

the probability assigned to each annotation cluster, p \ 0.05 denotes a

significant clustering. Values in brackets indicate the enrichment

scores for each cluster; ES [ 1.3 denotes a significant enrichment in

genes which participates in the annotated processes. b Expression

analysis by qPCR of selected genes included in annotation clusters

1–4 (n = 9) or connected to other biological processes (n = 5)

according to a. The graph shows changes in relative levels of mRNA

for each gene using PBS-treated cells as reference and the HSKG u1a

and ywhaz for normalization (mean ± EE). Relative mRNA levels

and statistical analysis were performed using the REST software.

Asterisk significant changes in relative mRNA levels (p \ 0.05). In all

the experiments, the cells were incubated during 0.5 h with 100 lM

of CIGB-300. The results shown correspond to one representative of

three independent experiments. EE standard error

Table 1 continued

Seq. Accessiona Gene name Description Score E value Recovery

frequencyb

43 gi|56078799|gb|AAH53371.1| RPS27 Ribosomal protein S27a 83.6 1.00E-14 1

44 gi|67508866|emb|AJ973596.1| PQBP1 mRNA for polyglutamine binding protein

variant 4

829 0.00E?00 1

45 gi|129395718|gb|EF362804.1| EEF1A1 EF1a mRNA, complete cds 859 0.00E?00 1

46 gi|5714635|gb|AF159295.1|AF159295 MARK3 Serine/threonine protein kinase Kp78

splice variant CTAK75a mRNA

724 0.00E?00 1

47 gi|206725537|ref|NR_024163.1| CKS1B CDC28 protein kinase regulatory subunit

1B (CKS1B), transcript variant 2

919 0.00E?00 1

48 gi|225637497|ref|NR_003286.2| RN18S1 18S ribosomal RNA (LOC100008588),

non-coding RNA

724 0.00E?00 1

a BLASTN nr (GenBank ? EMBL ? DDBJ ? PDB sequences)
b Number of times each clone was identified in the library
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Finally, concerning the mitochondrial ATP synthesis,

the shifting of the JC-1 red fluorescence toward green

fluorescence in CIGB-300-treated cells revealed that this

peptide inhibitor disturbed the mitochondrial membrane

potential. In these experiments, the cells incubated with

CIGB-300 showed a diminished cytoplasmic red fluores-

cence and a consistent increase in the green signal in the

same cellular compartment, when compared to the negative

control peptide CIGB-300mut (Fig. 4).

Discussion

While the role of B23/NPM in supporting and/or driving

malignant transformation is currently recognized, as far

as we know the particular relevance of the CK2-medi-

ated phosphorylation of B23/NPM in this cellular con-

text remains unsolved [1, 31, 32]. Pioneering in vitro

experiments conducted by Szebeni et al. demonstrated

that B23/NPM displays molecular chaperone activities

which depend on CK2 phosphorylation [33]. Subse-

quent genetic experiments comprising the substitution

of the CK2 phosphorylatable residue on B23/NPM

evidenced that such phosphorylation modifies the nu-

clear protein dynamics and the nucleolar structure of the

cell [16, 17].

Altogether, these findings pointed out to a role for the

CK2-mediated phosphorylation of B23/NPM in ribosomal

biogenesis, probably by modulating its molecular chaper-

one activity at the different stages where it seems to be

involved [5, 34, 35]. However, as B23/NPM is a multi-

functional protein which is involved in several cellular

functions, we aimed to identify the full array of biological

processes modulated by the pharmacologic inhibition of

this major posttranslational event [11]. At the same time,

we expected to gather new molecular and cellular clues

Fig. 3 Detection of molecular and cellular features of disturbed

biological processes in NCI-H125 lung cancer cells treated with

100 lM of CIGB-300 during indicated time intervals. a Western blot

analysis of phosphorylation events connected with translational

control downstream of mTORC1 signaling complex. The rest of

compounds were used as in (Fig. 1). b Changes in the expression

levels of genes related to rRNA synthesis, p53- response, and the

CIGB-300’s target B23/NPM measured by qPCR. Relative mRNA

levels and statistical analysis were done as described above.

c Changes in the nucleolar structure of CIGB-300-treated cells

revealed by transmission electron microscopy. The pictures are

representative of 20 microphotographs for each sample
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that help explain the cellular demise that follows CIGB-

300 incubation with tumor cells [19–21].

Firstly, we demonstrated that CIGB-300 but not the B23

oligomerization inhibitor NSC348884, the mTORC1 in-

hibitor RAD001 or the control peptide CIGB-300mut,

significantly impairs the CK2-mediated phosphorylation of

B23/NPM. Otherwise, the inhibitory effect of the CK2

inhibitor CX-4945 over the phosphorylation of this par-

ticular substrate was mild, which is in line with a previous

report [36]. Having demonstrated that CIGB-300 inhibited

the CK2-mediated phosphorylation of B23/NPM, we gen-

erated the SSH library to identify differentially regulated

genes in CIGB-300-treated lung cancer cells.

Functional annotation clustering analysis indicated that

CIGB-300 impairs protein synthesis. Roughly 30 % of the

identified genes clustered to such biological processes

with enrichment scores (ES) above the recommended

value (ES [ 1.3) [24]. Therefore, to corroborate at the

molecular level the disturbance of protein synthesis, we

used two established markers, the downstream mTOR

signaling proteins 4EBP1 and S6 [37, 38]. In agreement

with the identification of protein synthesis as a cellular

process modulated by CIGB-300, we observed a partial

inhibition of the phosphorylated 4EBP1. As hypophos-

phorylated 4E-BP1 strongly interacts with eIF4E thus

preventing protein translation, such finding corroborates

the disturbance of this cellular process by CIGB-300.

Interestingly, under the same experimental conditions

P-S6 protein levels only marginally/transiently decreased.

Considering that S6 phosphorylation by S6K correlates

with 50TOP mRNAs translation, which includes

components of the translational machinery and the B23/

NPM target itself [39], a compensatory feedback loop

might explain this particular finding. Overall, our results

suggest that CIGB-300 and the related inhibitors

NSC348884 and CX-4945 could affect protein synthesis

at different levels, thus uncovering mechanistic differ-

ences between these inhibitors.

CIGB-300 also modulated ribosome biogenesis in NCI-

H125 cancer cells. This finding was somehow expected

since B23/NPM has been involved in three of the four

major steps of such cellular processes. B23/NPM par-

ticipates in the Pol I-mediated transcription of the precursor

45S-rRNA molecule, its subsequent maturation and ribo-

some subunit export to the cytoplasm [5, 34, 35]. Of note,

we demonstrated by qPCR that CIGB-300 significantly

decreased the levels of 45S-rRNA. As the synthesis of such

precursor rRNA constitutes the rate-limiting step of ribo-

somal biogenesis, this finding corroborates that the CIGB-

300 peptide is impairing the ribosomal biogenesis [40].

Such notion was further reinforced by the loss of the nu-

cleolar structure in CIGB-300-treated cells, an effect al-

ready reported for this peptide [20]. Moreover, the

observed induction of p21 in these cells may also indicate

the activation of a ribosome biogenesis checkpoint which

results in p53 protein stabilization following a nucleolar

stress [41]. In NCI-H125 cells, such induction was prob-

ably mild since this cell line harbors a mutated p53 with

residual DNA binding activity [42]. Overall, our results

with CIGB-300 parallel to some extent those obtained by

Louvet et al. using the phosphomutant construct S125A

B23/NPM in HeLa cells [17].

Fig. 4 Mitochondrial

impairment in NCI-H125 lung

cancer cells after short-term

treatment with CIGB-300. JC-1

fluorescence emission in the

Red and Green channel was

registered by confocal

microscopy after 1 h of

incubation with 100 lM of

CIGB-300 or the control peptide

CIGB-300mut. Inserted bar

30 lm. (Color figure online)
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Ribosome biogenesis is a demanding cellular process

which consumes 80 % of cellular energy [43]; hence, it is

tempting to speculate that the observed regulation of the

ATP mitochondrial metabolism may be linked to its im-

pairment. Both, JC-1 and the previously reported prohibitin

marker [24], corroborated disturbances at the mitochon-

drial membrane potential which may explain the identifi-

cation of the Mitochondrial ATP Synthesis as a biological

processes modulated by CIGB-300.

Although gene transcription and proteomic profiles

usually display low degree of correlation [44], the func-

tional annotation clustering of SSH-identified genes

showed considerable overlap with a previous proteomic

study [24]. Remarkably, both at gene and protein levels,

protein synthesis and ribosomal biogenesis were identified

as biological processes modulated by CIGB-300 in cancer

cells. As ribosomal biogenesis builts the translational ma-

chinery, which ultimately determines cell growth and

proliferation, its pharmacological inhibition could explain

the antineoplastic effect of CIGB-300 in tumor cells.

Despite the fact B23/NPM has been proposed as a major

target for CIGB-300 in solid tumors, at present we cannot

completely rule out this peptide may also blocks the

phosphorylation of other CK2 substrates. Particularly, in

the cell nucleolus at least other five CK2 substrates with

functional roles in ribosomal biogenesis have been reported

[45]. This raises the possibility that others, yet unidentified

CIGB-300’s targets, might also contribute to the observed

cellular phenotype.

Finally, our results also provided potential candidate

gene biomarkers, which have been mechanistically con-

nected to CIGB-300’s antineoplastic effect, could represent

suitable pharmacodynamic biomarkers for the clinical de-

velopment of this anti-CK2 peptide (i.e. NACA, GTFIIIA,

45SrRNA, NPM). Importantly, the suitability of the above-

proposed gene biomarkers needs to be explored in further

preclinical models and ultimately validated in human

clinical trials.
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(2004) Antitumor effect of a novel proapoptotic peptide that

impairs the fosforilación by the protein kinase 2 (casein kinase 2).

Cancer Res 64:7127–7129

20. Perera Y, Farina HG, Gil J, Rodriguez A, Benavent F, Castel-
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