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Abstract 
CHEK2 (Checkpoint kinase homolog 2) encodes a protein involved in pathways that arrest the cell 
cycle in response to genomic stress such as DNA damage or replication blocks. Carriers of some of 
the CHEK2 mutations are at an increased risk of breast cancer. A mutation in the kinase domain of 
the CHEK2 gene resulting in the R406H substitution has been reported. However, it is currently 
unknown whether the substitution alters the function of CHEK2 in vitro. We evaluated the effect of 
the R406H substitution on the normal function of CHEK2 using a yeast complementation assay. 
The yeast cells lacking Rad53, the yeast homologue of human CHEK2 were transformed with the 
wild type as well as plasmids carrying mutations resulting in the R406H, 1100delC, and S428F va-
riants. Yeast cells carrying the R406H variant grew at a rate similar to those carrying the wild type 
CHEK2, whereas the yeast carrying the S428F and 1100delC mutants grew at a slower rate. These 
results suggest that, unlike the well-known pathogenic alleles such as 1100delC and S428F, the 
R406H substitution does not abrogate the function of CHEK2. Therefore, this variant is probably 
not important in development of breast cancer in women. 
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1. Introduction 
Comprising 31% of all cancers seen in women, breast cancer is one of the most common cancers [1]. Although 

 

 

*Corresponding author. 

http://www.scirp.org/journal/abb
http://dx.doi.org/10.4236/abb.2014.54046
http://dx.doi.org/10.4236/abb.2014.54046
http://www.scirp.org
mailto:weiqiang.zhao@osumc.edu
http://creativecommons.org/licenses/by/4.0/


A. Yilmaz et al. 
 

 
387 

mostly sporadic, 15% of cases show some type of familial aggregation and 5% are clearly inherited [2]. Ger-
mline mutations in BRCA1/2 genes account for approximately 30% of inherited breast cancers [3]. The search 
for possible genetic causes of the remaining cases of inherited breast cancer without any mutation in BRCA1/2 
has resulted in the discovery of rare germline mutations in several genes including CHEK2 (Checkpoint kinase 
homolog 2) [4]. 

CHEK2 encodes a protein that arrests the cell cycle in response to DNA damage. The halt in the cell cycle 
provides the cell with the time required for cellular repair of DNA, ensuring inheritance of only repaired or in-
tact DNA [5]. The CHEK2 protein is divided into three distinct SQ/TQ, forkhead-associated, and serine/threo- 
nine kinase domains. The serine/threonine kinase domain is important in phosphorylating and activating target 
proteins. 

Lost or reduced kinase activity due to deletion of a cytosine at position 1100 of CHEK2 was first reported in 
Li-Freaumani syndrome patients who did not carry any mutation in TP53 [4]. The 1100delC variant has since 
been well-studied in patients with breast cancer [6]. The impaired CHEK2 activity is additionally linked to de-
velopment of other types of cancers including ovarian [7], prostate [8], colorectal [9], and bladder [10] cancer. 

Two previous studies identified the R406H variant in Indian [11] and French-Canadian [12] women with 
breast cancer. Although in silico studies showed the loss of a turn in CHEK2 protein with the R406H substitu-
tion [11], it is currently unknown whether the substitution alters the function of CHEK2 in vitro. 

The R406H variant was not associated with a change in breast cancer risk in the French-Canadian women 
[12]. However, the sensitivity to breast cancer due to mutations in CHEK2 is likely different in varied popula-
tions. For example, the well-known 1100delC allele that confers 1.4- to 4.7-fold increase in breast cancer risk in 
Northern or Eastern European women is not pathogenic in Asian populations [13] [14]. Therefore, the possibili-
ty of the R406H allele still being a breast cancer risk in other populations should not be ignored. 

Large epidemiologic studies, which are expensive and time consuming, are needed to achieve satisfactory sta-
tistical power to investigate such possibility. Instead, a functional assay to measure CHEK2 activity in cells car-
rying the R406 substitution can be used to evaluate this possibility because both the S428F and 1100delC va-
riants, the two well-known pathogenic alleles, decrease CHEK2 activity in functional assays. A change in func-
tion of CHEK2 in cells carrying the R406 variant could then be used to justify the need to screen populations 
other than the French-Canadian women. The objective of this study was to investigate effects of the R406H 
substitution on the function of CHEK2 in yeast cells. 

2. Materials and Methods 
2.1. Yeast Strains, Plasmids, Cloning, and Site-Directed Mutagenesis 
Yeast strain S. Cerevisae lacking Rad53, yeast homolog of CHEK2, was kindly provided by Dr. Rodney Roth-
stein [15]. In order to suppress lethality due to deletion of Rad53, a second gene, Sml1, an inhibitor of ribonuc-
leotide reductase, was also deleted in this strain. The deletion of Sml1 results in increased dNTP pools available 
for DNA replication to keep the cells viable and should not affect the results obtained in this study because sim-
ilar results were obtained when yeast strains carrying Rad53 -/- and/or Sml1 -/- deletion were treated with MMS 
(methyl methane sulphonate) [16]. The plasmid pMH267 (pBAD101 2 micron LEU2 GAL-CHEK2) carrying 
the wild type human CHEK2, kindly provided by Dr. Steven Elledge [17], was used in site-directed mutagenesis 
to create plasmids carrying mutations resulting in the 1100delC, S428F, and R406H variants. 

The site-directed mutagenesis reactions were performed following manufacturer’s instructions (Quik Change 
XL kit, Stratagene La Jolla CA). A region of 800 bp around the desired mutation of all plasmids was sequenced 
to verify the identity of the plasmids. The enzyme pfu ultra we used in the site-directed mutagenesis reactions 
has a negligible rate of introducing an undesired mutation (1.3 × 10−6 per duplication) [18]. Expression of 
CHEK2 by all plasmids was confirmed using RNA isolated from yeast cells treated with lyticase. The RNA was 
digested with DNAse I before use in RT-PCR reactions. Absence of contaminating plasmid DNA in RNA prep-
arations was confirmed using at least 60 ng of DNAse I-digested RNA as a template in a 25 µL PCR reaction. 
No bands were observed when the PCR products were run on an agarose gel. 

2.2. Yeast Culture and Transformation 
The transformation procedure used in this study has been described previously [19]-[21]. Briefly, the cells 
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grown overnight in 2 X YPDA media were collected by centrifugation and resuspended in 100 µL of water. 
Salmon sperm DNA was used as the single-stranded carrier DNA. One-hundred µgr of the DNA was added to 
the cells after being boiled and cooled on ice for five minutes. After vortexing, 500 µL of PLATE solution [PEG 
3500 (25% v/v), 1 M LiOAc, 1 M Tris-HCl (pH7.5), and 0.5 M EDTA] was added and the mix was vortexed 
and incubated overnight at 30˚C. After incubating the samples at 42˚C for 1 hour the next day, the cells were 
collected by centrifugation, and resuspended in 100 µL of sterile water. One to ten and 1:100 dilutions of the 
re-suspended yeast cells were made and 100 µL of each dilution, as well as 100 µL of undiluted samples, were 
plated on His-Ura-Leu- plates containing 2% galactose as the carbon source. Plates were incubated at 30˚C for 4 
to 6 days until colonies reached approximately 1 mm in size. Three colonies from each plate were picked and 
inoculated into 2 mL of His-Ura-Leu- liquid media in disposable cuvettes (Sigma). The cuvettes were incubated 
at 30˚C with shaking at 200 or 250 rpm until all cuvettes reached a density of above 0.500 OD600 nm. Yeast cul-
tures were then diluted to 0.500 ± 0.001 OD600 nm and 20 µL of the diluted culture was inoculated into cuvettes 
containing 2 mL of fresh His-Ura-Leu- media. Twenty µL of the diluted samples were also inoculated into cu-
vettes containing the same media but with 0.00125% or 0.00250% of MMS (v/v; Sigma) added to induce DNA 
damage in separate experiments. In addition, we added 20 µL of the diluted samples on His-Ura-Leu- liquid 
media containing glucose, instead of galactose, to suppress CHEK2 expression from the plasmids. All cuvettes 
were incubated at 30˚C with shaking at 200 or 250 rpm and optical density readings were recorded every 5 hours 
for approximately 30 hours. Experiments were conducted in duplicates, repeated, and similar results were ob-
tained. As a control for the transformation reactions, the nontransformed yeast was plated on His-Ura-Leu- 
plates or inoculated into His-Ura-Leu- liquid media after growing on His-Ura- plates in separate experiments. 
No growth was observed in either case. 

3. Results 
Cells transformed with the R406H variant grew at a rate slightly lower than those carrying the wild type CHEK2 
but higher than both of those carrying S428F or 1100delC variants. Therefore, the CHEK2 protein with the R406H 
substitution almost fully complemented lost functions due to deletion of Rad53 in the yeast cells (Figure 1). 
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Figure 1. Transformation of the Rad53 -/- Sml1 -/- strain of the yeast S. Cerevisae 
with wild-type (wt) CHEK2, but not with the 1100delC variant, reverses the reduced 
growth due to Rad53 deletion. Cells transformed with the R406H variant grew at a 
rate similar to those transformed with the wild-type CHEK2, suggesting that the 
R406H substitution did not result in a major change in normal CHEK2 function. The 
x-axis represents the time of measurement after inoculation of 20 µL of samples di-
luted to obtain readings of 0.500 ± 0.001 OD600 nm into 2 mL of fresh media. 
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Cells transformed with the 1100delC variant grew at a rate lower than those transformed with the S428F va-
riant. This result does not agree with the observation by Shaag et al. [22] who reported that the S428F and 
1100delC variants proliferated at similar rates. However, the results obtained in the current study are more in 
line with the observation that the 2% risk conferred by S428F is approximately half of the 5% risk conferred by 
the 1100delC variant in breast cancer patients with wild type BRCA1/2 [22]. 

CHEK2 expression by all of the plasmids used in this study was under the control of the GAL promoter, 
which induces and represses the expression of CHEK2 when galactose and glucose, respectively, are present in 
the growth media. Growth rate in cells carrying all variants, including those carrying the 1100delC variant and 
the wild type CHEK2, were similar when the carbon source in the media was switched from galactose to glucose, 
suggesting that differences observed in growth rates when galactose was present in the media were due to the 
expression of CHEK2 from the plasmids (Figure 2). Growth seen in cultures containing glucose despite sup-
pression of CHEK2 expression is a result of the shorter doubling time of yeast in glucose than in galactose. 

Treatment of cells with genotoxic concentrations of MMS showed that all of the variants, with the exception 
of 100delC, followed a similar pattern of growth (Figure 3). MMS is an alkylating agent that induces DNA 
damage by methylating N7-deoxyguanine and N3-deoxyadenine residues [23]. These results are in agreement 
with previous reports suggesting that cells with reduced Rad53 expression follow a different growth pattern 
when treated with MMS probably due to stronger stabilization of replication forks [16]. 

4. Discussion 
This study investigated effects of the R406H substitution on the function of CHEK2. CHEK2 is needed to arrest 
the cell cycle in response to DNA damage, an important step in ensuring inheritance of only intact DNA. 

It is reasonable to assume that the substitution of arginine by histidine in CHEK2 may have an impact on its 
function because of differences in the chemical characteristics of these amino acids. Histidine has a low pKa of 
6, and thus, its charge mostly depends on the cellular pH. Arginine, on the other hand, has a strong pKa of 12 
due to a guanidium group at the end of one of its straight chains. Therefore, it is almost always positively 
charged regardless of the cellular pH. Arginine, but not histidine, can be a target for protein methyltransferases. 
Arginine methylation is known to be an important regulator of function in proteins carrying this amino acid [24] 
and the substitution could deprive the protein of such regulations if they did exist. In addition, the geometry of  
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Figure 2. Cells transformed with all plasmids, including the wild type (wt) CHEK2, grew at similar rates when expression of 
CHEK2 from the plasmids was repressed by replacing galactose in the media with glucose, suggesting that the differences 
seen in growth rate of cells transformed with various plasmids in Figure 2(a) are due to expression of CHEK2. The x-axis 
represents the time of measurement after inoculation of 20 µL of samples diluted to obtain readings of 0.500 ± 0.001 OD600 

nm into fresh media. 
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Figure 3. Treatment of transformed Rad53 -/- Sml1 -/- strain of the yeast cells with MMS. The cells transformed with the 
CHEK2*1100delC variant followed a growth pattern different from the rest of the variants probably due to reduced kinase 
activity in those cells. The x-axis represents the time of measurement after inoculation of 20 µL of samples diluted to obtain 
readings of 0.500 ± 0.001 OD600 nm into fresh media. 
 
arginine, but not that of histidine, allows for multiple hydrogen bonds and strong binding to negatively charged 
proteins [25]. 

Use of yeast lacking Rad53 to investigate effects of amino acid substitutions on the normal function of 
CHEK2 has been successful [17] [21] [22]. Introduction of wild type human CHEK2 into Rad53 -/- yeast strain 
restores decreased growth due to Rad53 deletion. However, cells transformed with the 1100delC variant grow at 
a significantly lower rate [22]. The deletion of cytosine at position 1100 introduces a premature stop codon, re-
sulting in translation of a shorter CHEK2 protein with impaired kinase activity and potential loss of its functions 
in controlling the cell cycle. 

Yeast can be used as a model system to investigate effects of mutations in human genes important in cell 
cycle regulation because it possesses most of the essential components of the DNA damage checkpoints found 
in higher eukaryotes [26]. The G1 checkpoint that prevents replication of damaged DNA and the G2 checkpoint 
that monitors the chromosome integrity before mitosis are the two main surveillance systems that maintain ge-
nomic integrity. Both of these checkpoints have been well studied in yeast [27]. Linkage of ATM to the cell 
cycle through CHEK2 [17], as well as most of the CDKs and cyclins, two groups of molecules critical for proper 
maintenance of the cell cycle, were originally identified in yeast [28]. 

The basic mechanisms involved in DNA damage checkpoints in yeast and higher eukaryotes are similar. 
Briefly, the initial steps in DNA damage checkpoint pathways in yeast are activation of Rad17 or Rad24, and 
Mec1, in that order. Chek1/Rad53, phosphorylated by Mec1, downregulates CDC5 which may also be ubiquiti-
nylated by APC/C, resulting in cell cycle arrest [29]. Regulation of the cell cycle in higher eukaryotes is more 
complex but the basic principles to arrest the cell cycle remain the same. CHEK1/2, phosporylated by the 
ATM/ATR complex, downregulates CDC25B/C which is additionally regulated by APC/C. However, the regu-
lation by APC/C requires activation of additional molecules such as CDK1 [30]. 

5. Conclusion 
Data presented here indicate that the R406H substitution in CHEK2 identified in recent studies in breast cancer 
patients does not result in a significant change in the normal function of CHEK2. It is already known that this 
variant is not a breast cancer risk in French-Canadian women and the results presented in the current study sug-
gest that there is insufficient evidence to warrant studying this variant in other populations as a potential breast 
cancer risk. 
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