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 BRIT1/MCPH1 Expression in Chronic 
Myeloid Leukemia and Its Regulation of 
the G2/M Checkpoint 

 C. Giallongo    a     D. Tibullo    a     P. La Cava    a     A. Branca    a     N. Parrinello    a     P. Spina    a     
F. Stagno    a     C. Conticello    a     A. Chiarenza    a     P. Vigneri    b     G.A. Palumbo    a     
F. Di Raimondo    a  

 Department of Clinical and Molecular Biomedicine,  a    Section of Hematology, Ferrarotto Hospital and
 b    Section of Pathology, University of Catania,  Catania , Italy 

found that CML cells have a low BRIT1/MCPH1 level and show 
a defective G2/M arrest, confirming that these cells have a 
constitutive genomic instability. 

 Copyright © 2011 S. Karger AG, Basel 

 Background 

 Chronic myeloid leukemia (CML) is characterized by 
a reciprocal translocation between chromosomes 9 and 
22 (t(9;   22)(q34;q11)), resulting in the BCR/ABL   fusion 
gene, which encodes an oncoprotein with tyrosine kinase 
activity, which is necessary and sufficient for cell trans-
formation  [1, 2] . Molecular signaling is highly complex in 
CML since the BCR/ABL cytoplasmic localization allows 
the activation of several proliferation and survival path-
ways  [3] . The natural history of CML is characterized by 
the evolution from a chronic phase to progression, 
through an accelerated phase, to a fatal blast crisis. The 
last phase is characterized by a differentiation arrest, ge-
nomic instability, telomere shortening, loss of tumor sup-
pressor genes and resistance to chemotherapy  [4] . The in-
creased genomic instability is caused by the alteration of 

 Key Words 

 Chronic myeloid leukemia  �  DNA repair  �  Genomic 
instability  �  Microcephalin 

 Abstract 

 BRIT1 (BRCT-repeat inhibitor of hTERT expression), also 
known as microcephalin (MCPH1), is a crucial gene in the 
complex cellular machine that is devoted to DNA repair and 
acts as a regulator of both the intra-S and G2/M checkpoints. 
The most important role of BRIT1/MCPH1 in the regulation 
of cell cycle progression appears to be the G2/M checkpoint. 
The K562 and peripheral blood cells of chronic myeloid leu-
kemia (CML) patients at diagnosis were found to downregu-
late BRIT1/MCPH1. However, we could not find any correla-
tion between bcr/abl activity and the BRIT1/MCPH1 level. In 
order to study the genomic instability of CML cells, we evalu-
ated the ability of these cells to arrest mitotic division after 
exposure to hydroxyurea, a known genotoxic agent. We 
showed that CML cells continue to proliferate without the 
activation of the G2/M cell cycle checkpoint arrest or of the 
apoptotic mechanism. This behavior may predispose the 
cells to accumulate genomic defects. In conclusion, we 
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mechanisms for surveying the genome for DNA damage 
and repairing these lesions  [4] . The genomic instability 
that is intrinsic to CML cells is also responsible for the 
development of mutations that can occur in patients re-
sistant to treatment with tyrosine kinase inhibitors. In 
addition, BCR/ABL could favor mutations in genes re-
sponsible for maintaining genomic integrity, thus ampli-
fying the genomic instability  [5] .

  The BRCT-repeat inhibitor of hTERT expression or 
microcephalin (BRIT1/MCPH1) is a recently described 
crucial DNA damage regulator  [6]  since it acts as a regu-
lator of both the intra-S and G2/M checkpoints and is 
involved in chromatin remodeling during DNA repair 
 [7–9] . It has been demonstrated that in some solid tumors 
the levels of BRIT1/MCPH1 are inversely correlated with 
genomic instability and the progression of disease  [6] .

  In our study, we evaluated BRIT1/MCPH1 expression 
in a BCR/ABL-positive cell line (K562) and in primary 
samples obtained from the peripheral blood cells of CML 
patients at diagnosis. In addition, in order to study the 
genomic instability of CML cells, we evaluated the ability 
of these cells to arrest mitotic division after exposure to 
hydroxyurea (HU), a known genotoxic agent.

  Material and Methods 

 Cells and Cultures 
 Peripheral blood cells of 20 CML patients at diagnosis were 

obtained using Ficoll-Hypaque gradients. All patients signed an 
informed consent form. The characteristics of these patients are 
summarized in  table 1 . Primary CML cells and K562 were cul-
tured in RPMI-1640 (CELBIO) with 10% fetal bovine serum (FBS) 
and 1% penicillin-streptomycin and incubated at 37   °   C and 5% 
CO 2 .

  K562 cells were cultured in RPMI-1640 with 10% FBS and 1% 
penicillin- streptomycin at a final concentration of 15  !  10 4  cells/
ml. TonB.210 cells were cultured in RPMI-1640 supplemented 
with 10% FBS, 1% penicillin-streptomycin and 10% WEHI-con-
ditioned medium as the source of interleukin 3 (IL-3), at a final 
concentration of 15  !  10 4  cells/ml. All the cell lines were incu-
bated at 37   °   C in 5% CO 2 .

  K562 cells at a concentration of 15  !  10 4 /ml were treated with 
IM 1  �  M  (Novartis) for 24 and 48 h. TonB.210 cells, a clone of 
BaF3 with tetracycline-dependent BCR/ABL expression, were 
grown in RPMI-1640 supplemented with IL-3 with or without 
doxycycline (DOX) 1  � g/ml (Sigma) for 3 days, and then treated 
with IM 1  �  M  for 24 and 48 h.

  RNA Extraction and qRT-PCR 
 Total RNA was isolated using Trizol. First strand cDNA was 

synthesized with Applied Biosystem reverse transcription re-
agents. Total RNA (1  � g) was analyzed by real-time PCR.

  BRIT1/MCPH1 mRNA expression was assessed by TaqMan 
Gene Expression (Applied Biosystem) and quantified using a

fluorescence-based real-time detection method by LightCycler 
(Roche). The gene target   and an internal reference gene ABL were 
detected in triplicate in every CML sample and in a group of 20 
healthy donors (control). The results for every sample were nor-
malized using the ABL values. Subsequently, the relative quanti-
fication was obtained comparing the CML sample with the con-
trol by means of the calculation of 2 – ��   Ct .

  Western Blot Analysis 
 The CML patients’ cells were washed with PBS. The pellets 

were lysed in buffer (Tris-Cl 50 m M , EDTA 10 m M , Triton X-100 
1% v/v, phenylmethylsulfonyl fluoride 1%, pepstatin A 0.05 m M  
and leupeptin 0.2 m M ) and, after mixing with sample loading
buffer (Tris-Cl 50 m M , sodium dodecyl sulfate 10% w/v, glycerol 
10% v/v, 2-mercaptoethanol 10% v/v and bromophenol blue 
0.04%) in a ratio of 4:   1, were boiled for 5 min. Samples (150  � g 
protein) were loaded onto 12% gels and subjected to electropho-
resis (150 V, 80 min). The separated proteins were transferred to 
nitrocellulose membranes (Bio-Rad; 1 h, 200 mA). After transfer, 
the blots were incubated overnight with 5% fat-free milk in Tris-
buffered saline followed by overnight incubation with the pri-
mary antibody. The antibody directed against the human BRIT1/
MCPH1 was obtained from Santa Cruz Biotechnology, Inc. After 
washing with Tris-buffered saline, the blots were incubated for 
2 h with a secondary anti-goat antibody and conjugated with al-
kaline phosphatase. An anti-mouse antibody against actin (Sig-
ma) was used to assess equal loading. Finally, the blots were de-

Table 1. C linical data at diagnosis of patients enrolled in the study

Patient
No.

Age Sex Hb
g/dl

PLT
109/l

WBC
109/l

Spleen
cm

1 39 F 10.1 333 130 0
2 49 F 10.3 297 425 0
3 73 M 12.7 271 132.4 5
4 74 F 11.8 568 40.51 0
5 52 M 13.1 248 86.82 0
6 59 F 12.9 219 228 0
7 61 F 10 540 36.3 6
8 48 M 11.5 745 91 0
9 50 F 10 711 45.49 8

10 59 M 10.3 184 237 0
11 49 F 14 738 8.69 14
12 51 M 13.9 509 117.68 0
13 57 F 11.7 597 22.98 14
14 70 M 11.2 226 126 0
15 58 M 14 622 231 7
16 55 F 12 113 93.55 10
17 56 F 11.9 540 590 13
18 55 F 11.7 219 228.9 6
19 58 M 14.2 248 86.8 0
20 70 F 10.3 184 237 14

T he last column lists how many centimeters below the costal 
margin the spleen was to be found.

Hb = Hemoglobin; PLT = platelets; WBC = white blood cells.
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veloped using a premixed solution containing 0.56 m M  5-bromo-
4-chloro-3-indolyl phosphate and 0.48 m M  nitro blue tetrazolium 
in buffer (Tris-HCl 10 m M , NaCl 100 m M , MgCl 2  59.3  � M  , pH 9.5). 
The blots were scanned and the optical density of the bands was 
measured using Scion Image software (New York, N.Y., USA).

  Cytokinesis Block Proliferation Index Assay 
 K562 and CML cells were analyzed for regulation of mitotic 

entry by cytokinesis block proliferation index (CBPI) assay as de-
scribed previously  [10, 11] . Briefly, cells were preincubated for 2 h 
with 0.2 m M  HU and subsequently pelleted, washed and incu-
bated for 72 h with 5  � g/ml cytochalasin B (Cyt-B), an inhibitor 
of cytokinesis. After cytospin, the cell preparations (three for ev-
ery condition) were stained with Giemsa and evaluated using 
standard light microscopy. Treated and untreated conditions were 
scored for the percentage of binucleate/mononucleate cells.

  Annexin V/Propidium Iodide and Dual Staining 
 To evaluate the possible apoptotic effect of treatments, both 

healthy donor cells and primary CML cells were collected, washed 
twice with cold PBS, and resuspended in 1 !  binding buffer at a 
concentration of 1  !  10 6  cells/ml. Then 5  � l of FITC annexin V 
and 5  � l propidium iodide (PI) were added, the cells were vor-

texed gently and incubated for 15 min at RT in the dark. Four 
hundred microliters of 1 !  binding buffer were added. Flow-cy-
tometric analysis was performed within 1 h with a FC500 Beck-
man Coulter (FITC Annexin V Apoptosis Detection Kit I was 
purchased from BD Pharmingen). At least 15,000 cells were ac-
quired for each sample.

  The biparametric analysis of annexin V (x-axis) versus PI (y-
axis) is represented by a cytogram in which live cells are negative 
for both fluorescent probes (lower left quadrant), early apoptotic 
cells are annexin V-positive and PI-negative (lower right quad-
rant), late apoptotic cells are positive for both fluorescent probes 
(upper right quadrant) and necrotic cells are PI-positive and an-
nexin V-negative (upper left quadrant).

  Statistical Analysis 
 The data are expressed as mean  8  SD. Statistical analysis was 

carried out by using the paired Student t test or the ANOVA test. 
A p value  ! 0.05 was considered to show a pronounced difference 
between the experimental and control groups.

  Results 

 BRIT/MCPH1 Expression Is Downregulated in CML 
Patients 
 SPARC (secreted protein acidic and rich in cysteine) 

mRNA and protein were detected in CML cells from pa-
tients at diagnosis ( fig. 1 ). The average value of 2 – ��   Ct  cal-
culated for the 20 CML patients was 5-fold less than that 
of the control ( fig. 1 a). K562 cells showed mRNA levels 
8-fold lower in comparison to those of the control. BRIT1/
MCPH1 protein expression was studied by Western blot 
analysis. CML cells showed a significant decrease in 
BRIT1/MCPH1 protein expression compared to the 
healthy donor cells (p  !  0.001).

  BRIT1/MCPH1 Downregulation Is Independent of 
BCR/ABL Activity 
 To investigate if the results were linked to BCR/ABL 

activity, we incubated K562 cells with IM. BRIT1/MCPH1 
expression did not change at either 24 or 48 h. To confirm 
that BRIT1/MCPH1 downregulation was not linked to 
BCR/ABL, we performed the same experiment on 
TonB.210 cells, a clone of BaF3, where the expression of 
the BCR/ABL gene is induced by a tetracycline (DOX). 
Neither the induction of BCR/ABL expression (TonB + 
DOX = 1.2-fold  8  0.7-fold vs. untreated cells) nor IM 
caused any variation in BRIT1/MCPH1 expression (TonB 
+ IM = 1.9-fold  8  0.9-fold   and TonB + DOX + IM = 1.3-
fold  8  0.6-fold vs. untreated cells),   irrespective of the tet-
racycline treatment and therefore of the induction of 
BCR/ABL.
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  Fig. 1.  BRIT1/MCPH1 expression.  a  qRT-PCR analysis was per-
formed on peripheral blood cells from 20 CML patients at diag-
nosis. For K562 cells the results represent the mean of four inde-
pendent experiments. Error bars denote SD. RQ = Respiratory 
quotient.  b  Densitometric analysis of Western blot was performed 
on peripheral blood cells from 8 CML patients at diagnosis com-
pared to 8 healthy donors. Error bars denote SD. Western blot im-
age is representative of 4 CML samples and 4 healthy donors. Ac-
tin was used as a loading control.  *  *  p ! 0.002;  *  *  *  p ! 0.0001. 
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  CBPI Assay 
 A prerequisite to allow the repair of DNA is a slowing 

down of the mitotic speed of the cells through the activa-
tion of G2/M cell cycle checkpoint arrest. The CBPI assay 
is a procedure that examines G2/M arrest by counting the 
number of mono- and binucleate cells in the presence of 
Cyt-B at 72 h posttreatment with different DNA-damag-
ing agents  [12] . Cyt-B is an inhibitor of actin polymeriza-
tion necessary for the formation of the microfilament 
ring that constricts the cytoplasm between the daughter 
nuclei in cytokinesis  [13] . Therefore, Cyt-B allows the ac-
cumulation of dividing cells at the binucleate stage. These 
cells have, in fact, progressed through the G2/M check-

point and mitosis but have failed to divide into daughter 
cells due to the presence of Cyt-B. Following DNA dam-
age, normal cells show a decrease in the percentage of 
binucleate cells due to an activation of the G2/M cell cycle 
checkpoint arrest. In our experiments the genotoxic 
agent was HU exposure and the CBPI assay was applied 
to the cells of 3 healthy donors, 5 CML patients at diag-
nosis and K562 cells. Only 1 of the 5 CML patients showed 
mRNA expression levels similar to the control, while all 
the others expressed BRIT1/MCPH1 mRNA levels lower 
than the control.

  More than 50% of the cells treated with Cyt-B alone 
were binucleate, demonstrating that they had progressed 
through mitosis during the 72-hour incubation. After 
HU treatment, the percentage of mononucleate cells 
(MNCs) increased by 29.6  8  4, 27.5  8  5.5 and 34  8  7.2% 
with respect to Cyt-B alone in healthy donors 1, 2 and 3, 
respectively. This increase of MNCs, also observed in pa-
tient 1 (22.9  8  7%), indicated the presence of a G2/M 
checkpoint activation (p  !  0.001 after HU vs. Cyt-B treat-
ment alone) ( fig.  2 ). Following treatment with HU, in 
K562 and in patients 2, 3, 4 and 5, this increase was not 
observed.

  We also analyzed HU-induced apoptotic effects by 
FITC-annexin V/PI staining. In all 3 healthy donors and 
in CML patients apoptosis did not increase with respect 
to cells treated with Cyt-B alone (data not shown).

  On the whole, these data indicate that, unlike normal 
cells, CML cells continue to proliferate without the acti-
vation of the apoptotic machinery and without the activa-
tion of G2/M cell-cycle checkpoint arrest and this behav-
ior may predispose the cells to accumulate genomic de-
fects.

  Discussion 

 In this paper we demonstrated that peripheral blood 
cells from patients affected by CML at diagnosis had low-
er BRIT1/MCPH1 mRNA and protein levels than those 
of the control. The same reduction was present in the 
K562 cell line that harbors the BCR/ABL gene. However, 
either IM exposition on K562 or induction of BCR/ABL 
in TonB.210 cells did not change BRIT1/MCPH1 expres-
sion, leading to the conclusion that BRIT1/MCPH1 
downregulation is not linked to BCR/ABL activity.

  Since BRIT1/MCPH1 acts as a regulator of both the 
intra-S and G2/M checkpoints  [14] , we also assessed the 
capacity of K562 and CML cells to control the G2/M 
checkpoint by the CBPI assay. With this assay we ob-
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  Fig. 2.   a  Evaluation of G2/M checkpoint activation by CBPI assay. 
Each triplicate was analyzed for the number of MNCs and data 
are expressed as percentages with respect to the total number of 
analyzed cells. Error bars denote SD.  b  BRIT1/MCPH1 mRNA 
levels for K562 cells and CML patients at diagnosis with respect 
to the control. In all CML patients with lower BRIT1/MCPH1 
mRNA levels, MNCs did not increase after HU exposure. p1–5 = 
Patients 1–5. 
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served that after a genotoxic stimulus such as HU, CML 
cells fail to slow down their mitotic speed in order to have 
time to activate faithful DNA repair mechanisms. This 
behavior seems to be related to the amount of BRIT1/
MCPH1, since the only patient with a BRIT1/MCPH1 
mRNA content comparable to those of the control showed 
a response to HU, evaluated using the CBPI assay, similar 
to that observed in cells from healthy donors. In addition, 
effects on the S-phase cannot be excluded and must be 
investigated in further studies.

  The heart of the genome surveillance system in eu-
karyotic cells is the ATR (ataxia telangiectasia and RAD3-
related) and ATM (ataxia telangiectasia-mutated) nuclear 
protein kinases that function as DNA damage sensors. 
Once the DNA damage is recognized, mammalian cells 
repair double strand breaks (DSBs) through two mecha-
nisms, nonhomologous end-joining and homologous re-
combination. BRIT1/MCPH1 has recently been described 
as a crucial gene in the complex cellular machine that is 
devoted to DNA repair  [15] . It is required for the recruit-
ment of sensors and early mediators to damaged DNA 
loci and for the activation of these molecules in the ATM/
ATR pathway  [6] . The most important role of BRIT1/
MCPH1 in the regulation of cell cycle progression ap-
pears to be the G2/M checkpoint  [6, 16] . A recent study 
indicates that protein deficiency results in a defect of DSB 
repair due to both a defective homologous recombination 
repair and a reduction in nonhomologous end-joining ef-
ficiency. This is probably due to the requirement of 
BRIT1/MCPH1 in chromatin relaxation that is necessary 
to allow DNA repair after DNA damage  [9] . BRIT1/
MCPH1 functions as an early DNA-damage-response 
protein that forms ionizing irradiation-induced nuclear 
foci  [14] . Recent data suggest that BRIT1/MCPH1 inter-
acts with SWI-SNF  [9] , an ATP-dependent chromatin-
remodeling complex that uses ATP hydrolysis to relax 
chromatin in DNA repair  [17] . This interaction is en-
hanced in response to DNA damage through an ATM/
ATR-dependent phosphorylation of the complex SWI-
SNF subunity BAF170  [9] . BRIT1/MCPH1 is probably re-
quired for the recruitment and maintenance of SWI-SNF 
at DNA lesions and to facilitate the recruitment of DNA 
repair proteins to DNA lesions for efficient repair. A loss 
of BRIT1/MCPH1 would therefore lead to impaired chro-
matin relaxation and DNA repair, which may contribute 
to the development of human disease  [9] . BRIT1 mRNA 
and protein levels are inversely correlated with genomic 
instability and metastasis in several types of human can-
cer (breast, ovarian and prostate). Therefore, BRIT1/
MCPH1 functions as a cancer suppressor gene that con-

tributes to both cancer initiation and cancer progression 
in a variety of cancer lineages  [6] .

  BCR/ABL leukemia cells display higher levels of spon-
taneous DNA damage caused by high levels of reactive 
oxygen species  [18, 19] . Genomic instability in CML is 
manifested by the accumulation of chromosomal aberra-
tions and mutations leading to disease progression and 
the acquisition of drug resistance  [20] .

  It has been demonstrated that BCR/ABL alters normal 
cellular responses to DNA damage through an interac-
tion with ATR and a consequent inactivation of its sub-
strate, the checkpoint kinase 1, which is an essential com-
ponent of the intra-S-phase  [4, 21] , and G2 cell cycle 
checkpoints  [22] . Although a direct activity of BCR/ABL 
on ATM protein kinase has not been demonstrated, it has 
been shown that an ATM substrate, BRCA1 (breast can-
cer 1), is downregulated in CML by the chimeric protein 
through a posttranscriptional mechanism  [23] , thus fur-
ther reducing the cellular response to DNA damage. In 
addition, both nonhomologous end-joining and homolo-
gous recombination have been found to induce a less 
faithful repair of the DSBs induced in BCR/ABL-harbor-
ing cells compared to normal cells  [19, 24] . All these de-
fects favor genomic instability and lead to drug resistance 
and disease progression in CML. In addition, in this dis-
ease, it has been suggested that there may be an accumu-
lation of chromosomal anomalies even before cancer is 
clinically diagnosed, resulting from unfaithful repair of 
an elevated level of DNA DSBs  [25] . Penserga and Skorski 
 [20]  hypothesized that the t(9;   22) translocation and the 
consequent fusion tyrosine kinase genes result from the 
unfaithful repair of DNA DSBs and encoded hybrid pro-
teins are able to initiate malignant transformation.

  The observation of reduced levels of BRIT1/MCPH1 
not linked to BCR/ABL activity led us to hypothesize that 
a link between low BRIT1/MCPH1 protein levels, genome 
instability and the development of disease with t(9;   22). In 
this scenario, low levels of BRIT1/MCPH1 may be consid-
ered as both a cause and a consequence of the genomic 
instability that characterizes CML. This defect might work 
in concert with BCR/ABL promoting an unfaithful DNA 
repair mechanism that eventually accelerates genomic in-
stability, leading to malignant progression of the disease 
and resistance to tyrosine kinase inhibitor treatment.

  In conclusion, we confirmed that CML cells have a 
constitutive genomic instability and the observation of 
reduced BRIT1/MCPH1 levels in these cells adds another 
piece of knowledge to the complex defects induced by 
BCR/ABL on the galaxy of the DNA reparative mecha-
nisms.
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