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Muta tions affect ing Bru ton’s tyro sine kinase (Btk) cause dis rup-

tion in B-lym pho cyte devel op ment, lead ing to X-linked aga mma-

glob u lin emia (XLA) in humans [1,2] and the less severe X-linked 

immu no de fi ciency (Xid) in mice [3,4]. Mice defi cient in both Btk 

and the related kinase Tec have an XLA-like phe no type [5]. Btk is a 

non-recep tor tyro sine kinase belong ing to the Tec fam ily [6–8]. Btk 

fea tures, from the N-ter mi nal, a PH domain, a Tec homol ogy (TH) 

and Src homol ogy domains 3 (SH3), 2 (SH2), and 1 (SH1) [9]. Muta-

tions affect ing any of Btk’s domains cause XLA and the strik ing fea-

ture of B-cells lack ing func tional Btk is that they fail to expand. Btk 

is highly con served dur ing evo lu tion appear ing in the uni cel lu lar 

cho a no flag el late Mo nos i ga brev i col lis [10] and also found in Dro

soph ila mel a no gas ter [11] and other ver te brates. A sign of the con-

ser va tion is the fact that the human BTK gene can partly substitute 

for loss-of-func tion of the D. mel a no gas ter Btk29A gene [12].

Expres sion pro fil ing has enhanced the under stand ing of cel-

lu lar sig nal ing mol e cules and their down stream tar gets in health 

and dis ease. Btk-defi ciency is ideal for expres sion pro fil ing, since 

the defect is intrin sic to the B-cell line age. To deter mine effects 

on the tran scrip tome, we used the Af fyme trix Gene chip® micro-

array tech nol ogy to com pare avian DT40 cells with Btk KO as well 

as dele tion mutants recon sti tuted with Btk. Overt dif fer ences in 

the expres sion pattern were observed. How ever, they did not seg-

re gate accord ing to the pres ence and absence of func tional Btk, but 

instead as a result of clonal selec tion. This poten tially has impor-

tant impli ca tions for the use of micro array anal y sis of cell-lines 

and sug gests that this issue should be sub ject to fur ther stud ies.

Mate ri als and meth ods

Celllines: DT40 cell-lines were gen er ated in Dr. T. Kuro sa ki’s 

lab o ra tory at RI KEN Research Cen ter for Allergy and Immu nol ogy 

in Japan [13]. The cell-lines used in this study were the paren tal 

DT40, Btk knock out, B7.10; Btk KO recon sti tuted with human wild-

type Btk, B41.13 or kinase-inac tive Btk, B46.5.

Cell cul ture: The DT40 cells were cul tured in RPMI 1640 Gluta max 

medium with 10% FBS, 1% chicken serum, Pen i cil lin-Strep to my cin, 

4 mM glu ta mine, and 50 lM 2-mercap toethanol (2-ME). DT40 and 

B7.10 cells were cul ti vated in three dif fer ent fetal calf serum batches, 

while B41.13 and B46.5 were grown in a sin gle serum batch. Both 

un-stim u lated and stim u lated cells were grown in the same way, 

start ing in 1 ml serum-free medium for 15 min at 37 °C with 5% CO2. 

Stim u la tions were dur ing that time done with 5 ll super na tant of 

the hybrid oma cell-line M4 (a kind gift from Dr Max D. Coo per, Uni-

ver sity of Bir ming ham, AL). After 15 min incu ba tion, 49 ml medium 

was added and cells were cul ti vated for 2, 6 or 24 h with, or with out, 

stim uli. In total the exper i ment was repeated ten times and rep li-

cates were pooled prior to expres sion pro fil ing.
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The DT40 cell-line has been exten sively used to cre ate dele tion mutants, one of which lacks Bru ton’s 

tyro sine kinase (Btk). Btk is a cyto plas mic tyro sine kinase impor tant for B-lym pho cyte mat u ra tion. It 

was pre vi ously shown that there are dif fer ences in gene expres sion between wild-type and Btk-defi cient 

ani mals. Global gene expres sion pro fil ing of the avian B-lym phoma DT40 cell-line was used as a model 

to dif fer en ti ate among Btk knock out (KO) and Btk KO cells recon sti tuted with human Btk. Dif fer ences in 

the gene expres sion pattern showed sta tis ti cally sig nifi  cant changes between paren tal DT40 and all the 

Btk KO cell pop u la tions irre spec tive of whether they are recon sti tuted or not. These results imply that in 

the pro cess of gen er at ing a knock out cell-line, sub-clones are selected, which have multiple changes in 

their gene expres sion pattern (p < 0.01). Although other param e ters could also influ ence the expres sion 

pro file, this poten tially has impor tant impli ca tions when inter pret ing micro array data from gene-deleted 

cell-lines.
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RNA iso la tion and oli go nu cleo tide array hybrid iza tion: Total RNA 

was extracted with RNeasy Mini Kit (Qiagen, Valen cia, CA, USA). 

The RNA amount and the qual ity were mea sured with a Nano Drop 

spec tro pho tom e ter (Wil ming ton, USA) and an Ag i lent Bio an a-

lyzer 2100 (Ag i lent Tech nol o gies, Palo Alto, CA, USA). Five micro-

grams from each of the ten rep li cates (per sam ple) were pooled 

and hybrid ized to Chicken Genome arrays Gene chips®; in total 28 

arrays were run. The cRNA syn the sis and hybrid iza tions were per-

formed in the BEA core facil ity at Depart ment of Bio sci ences, Kar-

o linska In sti tu tet at Novum, Hudd in ge, Swe den.

Data and sta tis ti cal anal y sis strat egy for gene selec tion: In order to 

opti mize the use of micro array chips, all the 28 sam ples were gen-

er ated as a pool of 10 dif fer ent rep li cates in each [14–16]. Qual ity 

con trol (QC) was checked using Af fyme trix® Expres sion Con sole 

soft ware. In order to find dis tinct pat terns in our data set, DNA-

Chip Ana lyzer “dChip” (www.dchip.org) was exer cised [17]. dChip 

uses an inten sity-mod el ing approach for data anal y sis and clus ters 

micro array probe sets exhib it ing sim i lar expres sion pro files. Data 

were nor mal ized across all the arrays using probes of ‘invari ant 

set’ and ‘Run ning median’ smooth ing. Model-based expres sion 

val ues were obtained using ‘Model-based expres sion’ method and 

‘5th per cen tile of region (PM-only)’ as back ground. The genes were 

fil tered accord ing to the var i a tion across sam ples: 0.20 < Stan dard 

devi a tion/mean < 100.00. 8,835 of 38,439 probe sets sat is fied the 

fil ter ing cri te ria. In addi tion, the upper and lower thresh old ratio 

was set to 1.8 while performing pair-wise com par i sons. Hier ar chi-

cal clus ter ing of the gene expres sion pro file was per formed using 

Pear son’s cor re la tion with a thresh old of p < 0.005 for call ing sig nifi -

cant clus ters. Clus ter den dro gram was gen er ated in ‘R’ (www.r-pro-

ject.org). Three dif fer ent sets of mouse B-cell data were con verted 

into chicken ortho logs using the Ne taffx® (www.af fyme trix.com). 

En sem bl (www.en sem bl.org), a pub lic data base, was used to find 

out the num ber of probe sets used by Af fyme trix for each indi vid-

ual gene or tran script for this spe cific array.

Results

Global gene expres sion pattern in wildtype DT40 and dif fer ent Btk 

mutants

The data sets were ini tially val i dated by the pres ence of inter-

nal con trols, neo my cin phos pho trans fer ase, used for selec tion as a 

positive marker for Btk KO cells and Btk itself as a neg a tive marker 

(Sup ple men tary Fig. 1). The expres sion of neo my cin phos pho trans-

fer ase was influ enced by cell cul tur ing, being reduced 0.3-fold at 

24 h com pared to 6 h of cul ture, while the decreased sig nal from 

the Btk tran scripts did not dif fer sig nifi  cantly (nota bly, tran scripts 

from the trans fec ted human Btk genes are unde tect able by avian 

probe-sets). Unsu per vised clus ter ing showed that the B7.10 and 

the wild-type (WT) B41.13 and kinase-inac tive B46.5 recon sti tuted 

vari ants segregated into the same arm, while the paren tal DT40 

formed its own (Fig. 1). Thus, all KO-derived cell-lines, irre spec-

tive of recon sti tu tion, showed a more sim i lar expres sion pattern as 

com pared to the paren tal DT40 cells. This led us to inves ti gate the 

clonal effect of the pop u la tions used for the array study.

Five hun dred and forty two probe-sets were found dif fer en-

tially expressed between DT40 and B7.10. Those spe cific probe-sets 

were cho sen as selec tion mark ers in order to reveal the spe cific 

expres sion pattern in B41.13 and B46.5, respec tively. A set of 49 

tran scripts, con sist ing of 62 probe-sets, was found to be very sim-

i lar. Among those, Insu lin like growth fac tor 2 mRNA bind ing pro-

tein 3 (IGF2BP3) was up-reg u lated in all the dele tion mutants. On 

the other hand, as many as 48 tran scripts were found down-reg-

u lated at the mRNA expres sion level (Fig. 2; Sup ple men tary Table 

I). Thus, the num ber of tran scripts that was down-reg u lated was 

much higher. The Af fyme trix probe-set ID was used to track the 

total num ber of probe-sets used for those 49 tran scripts, rep re-

sent ing 49 dif fer ent genes pres ent in our expres sion data. Among 

those, IGF2BP3 and USH2A were found sev eral times. Using the 

En sem bl data base for Gal lus gal lus, we iden ti fied 8 tran scripts in 

the cor rect ori en ta tion for USH2A and 4 probe-sets for IGF2BP3 that 

were included on the array. Among those, 4 probe-sets for USH2A 

and 3 probe-sets for IGF2BP3 were affected in our data sets. The 

loca tions of those spe cific probe-sets were iden ti fied and aligned 

along the cor re spond ing gene (Fig. 3). One impor tant obser va tion 

here was that the affected probe-sets behaved in the same way. 

For exam ple, in USH2A, out of the 8 probe-sets, those sig nifi  cantly 

reduced in Btk KO were all located at one end of the gene (Fig. 3). 

This dis tri bu tion was highly sig nifi  cantly dif fer ent (p value = 0.014) 

from a random loca tion of the probe-sets.

The cell-lines were com pared to each other in order to ver ify 

the degree of clonal selec tion among the dele tion mutants. The 

num ber of dif fer en tially expressed tran scripts in each com par i-

son was graph i cally pre sented in the form of “inverse” Venn dia-

grams depict ing non-over lap ping tran scripts (Fig. 4). In DT40 and 

B7.10 com par i sons, the num ber of dif fer en tially expressed tran-

scripts was 903 and 1938 after 6 and 24 h of cul ti va tion, respec-

tively. On the other hand, among the dif fer en tially expressed tran-

scripts between Btk KO (B7.10) cells and such cells recon sti tuted 

with either WT or kinase-inac tive Btk, the num ber was reduced to 

a sim i lar extent. In each com par i son, includ ing both time points, 

fewer tran scripts dif fered as to the num ber in DT40 ver sus B7.10. 

Thus, in the 3 com par i sons made (pan els C and D) an aver age of 

705 and 1158 dif fer en tially expressed tran scripts were found after 

6 and 24 h, respec tively.

Crossval i da tion of the gene expres sion study

A com par a tive strat egy was taken to cross-val i date the hypoth-

e sis that clonal changes were the ori gin of dif fer en tially expressed 

tran scripts rather than the pres ence or absence of Btk. A list of 

878 dif fer en tially expressed probe-sets was gen er ated with a fold 

change cut-off value of 2 between DT40 and B7.10 after 6 h of cul-

Fig. 1. Clus ter ing pattern of DT40 and Btk KO mutants. Spe cific pattern of clus ter ing 

among the mutants.
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