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SUMMARY

The transporter associated with antigen processing 1 and 2 (TAP1 and TAP2) genes belong to

the ATP-binding cassette family of transporter genes. They provide peptides necessary for the

assembly of major histocompatibility complex (MHC) class I molecules by transporting these

peptides into the endoplasmic reticulum. As MHC class I protein expression increases with age,

we have explored the effect of age on the transcription of MHC class I genes (Kb) and TAP1

and TAP2 genes in C57BL/6 mice. Blood and spleen lymphocytes were isolated from mice aged

from 3 months to over 24 months. RNA was extracted and mRNA for K
b
, TAP1, TAP2 was

quantified using slot-blot hybridization followed by densitometry. There was a parallel age-

related increase (1Æ5-fold) in blood lymphocyte mRNA of these genes from 3 months to

21 months. In mice over 24 months old there was a decrease in K
b
and TAP1 mRNA, but an

increase in TAP2 mRNA. In spleen lymphocytes an age-related increase in all three mRNA

species occurred throughout life. While MHC class I and Tap genes underwent very similar age-

related changes, MHC class I mRNA was about 50 times more abundant than either TAP1 or

TAP2 mRNA.

Keywords age; MHC; mouse: Tap genes; transcription

INTRODUCTION

The transporter associated with antigen processing 1 and 2

(TAP1 and TAP2) genes have been discovered in several
species.1,2 They are located in the class II region of the
major histocompatibility complex (MHC). Evidence has

been accumulating showing that MHC class I proteins
present antigens of viral or intracellular origin.3 Unlike
MHC class II, MHC class I protein stability depends on its

binding of peptide antigen. This binding in vivo occurs intra-
cellularly, as reviewed by Townsend et al.4 The discovery
of Tap genes constitutes a leap forward in the under-

standing of the processing of MHC class I genes. Monaco
et al. have published a review of the structure and function
of the Tap genes.5 The mouse T-cell line RMA-S, which has
normal MHC genes but does not express class I, was the

major tool used in the discovery of Tap genes.6 This T-cell
line lacks a TAP1 gene in the MHC class II region, which is

associated with a lack of MHC class I expression. MHC
class I expression in an RMA-S cell line was restored by the
transfection of the TAP1 gene.6,7 The Tap genes have the

characteristic structure of the widely distributed ATP-
binding cassette (ABC) gene, and include molecules like the
protein encoded by the multiple drug-resistant genes. Their

function is ATP-driven transport across membranes. Tap
proteins have been found to be located in the endoplasmic
reticulum (ER).5 They are believed to transport peptides

into the ER lumen to make them available to bind MHC
class I molecules. The peptides are proposed to result from
a proteolysis of self-protein or viral protein by a low-
molecular-weight proteasome (LMP).8 LMP protein is a

large multimer composed of several subunits. The genes for
two LMP subunits (LMP-2 and LMP-7) have been mapped
to the MHC class II region, next to the Tap genes.

We have reported that the cell surface expression of
MHC class I protein increases with age.9 Since MHC class I
surface expression depends on Tap genes, we sought to

investigate the relationship between age and the transcrip-
tion of Tap genes. We have also explored the transcription
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of MHC class I (Kb) genes as a function of age, with the
aim of elucidating the relationship between MHC class I
gene expression and Tap gene expression. This work may
constitute a basis for the study of the regulation of the

expression of MHC and Tap genes and improve under-
standing of age-related changes in immune function.

MATERIALS AND METHODS

Mice
C57BL ⁄6 mice from our own colony were selected for this

study. The colony consists of the offspring of C57BL ⁄6
male and female mice purchased from the Jackson Labor-
atory (Bar Harbor, ME) twice a year. Two sets of mice were

studied. Experiments on peripheral blood mononuclear
cells (PBMCs) were carried out on one set of 24 mice,
obtained by randomly selecting six mice from each of the
following age groups: 2–4, 8–10, 18–21 and >24 months.

Experiments on spleen lymphocytes were carried out on a
second set of mice, containing 36 individuals obtained by
randomly selecting nine mice from each of the following age

groups: 3–6, 9–12, 18–21 and >24 months. All the groups
were used in the study of MHC (Kb) and Tap gene
expression in lymphocytes.

Probes
The probes used are summarized in Table 1.

Actin probe
An actin cDNA probe in the pRSaA3 plasmid (Table 1)

obtained from Dr Peter A. Rubeinstein (University of
Iowa, Iowa City, IA) was prepared following a modifi-
cation of the procedure described by Sambrook et al.10

Escherichia coli containing the plasmid pRSaA3 was
cultured in 500 ml of 2x Luria–Bertani (LB) medium and
ampicillin (Sigma Aldrich, St Louis, MO) contained in a

2-l flask at 37� with constant agitation for 18 hr. The
medium was then centrifuged at 5300 g at 4� for 10 min.
The supernatant was discarded and the pellet was resus-

pended in 10 ml of an ice-cold 10% sucrose, 50 mm Tris-
HCl solution. Plasmids containing inserts were digested by
the HindIII restriction enzyme. A 1% agarose gel was
then used to separate electrophoretically the insert from

the plasmid. The portion of the gel containing the insert
was excised and the insert was then retrieved by electro-
elution as described by Sambrook et al.10 Fifty to 100 ng

was then used for each hybridization reaction.

TAP1 and TAP2 probes
The mouse TAP1 and TAP2 probes (Table 1) in plasmids
in E. coli were obtained from John Monaco (Virginia
Commonwealth University, Richmond, VA). E. coli was

grown and the plasmid was extracted as described above for
the actin probe. Each plasmid was then digested with the
EcoRI restriction enzyme and the probe insert was isolated

by agarose gel electrophoresis followed by electroelution.

Kb probe

DNA template preparation and polymerase chain reac-
tion. The Kb probe was prepared using polymerase chain
reaction (PCR). The DNA template was prepared by the

method described by Kawasaki.11 The PCR for the
amplification of exon 2 of the Kb gene was carried out as
previously described.12–14 Each tube received 10 ll of Taq
polymerase buffer from Promega (Madison, WI), 0Æ1 lg of
primer #10 (5¢-GCCCACACTCGCTGAGGTAT-3¢) in
10 ll, 0Æ1 lg of primer #11 (5¢-CTGGTTGTAGTAGCC

GAGCA-3¢) in 10 ll, 1 ll of 25 mm dNTP, 0Æ5 ll of Taq
DNA polymerase from Promega, and 10 ll of DNA tem-
plate solution obtained as described above. The total vol-
ume was brought to 100 ll with sterile water. The primers

were designed to produce a 260-bp PCR product (from
nucleotide +185 to nucleotide +444) (Table 1). Paraffin oil
(100 ll) was added to each tube before starting the PCR

using a Perkin-Elmer Cetus Thermocycler (Perkin-Elmer,
Norwalk, CT). The PCR was carried out for 35 cycles with
the following settings: denaturation at 95� for 90 s,

annealing at 66� for 1 min, extension at 72� for 2 min, plus
5 s per additional cycle. The 260-bp PCR product was then
isolated by electrophoresis on a 1% agarose gel followed by

electroelution (Fig. 1).
DNA sequencing. The sequencing reaction was carried out
using the DNA sequencing kit from Gibco BRL (Life
Technologies Inc., Gaitherburg, MD) following the

manufacturer’s instructions and the procedure of Innis
et al.15 A partial sequence was then read and compared to
the published sequence of exon 2 of the H-2 Kb gene using

the Microgenie program (Beckman, Fullerton, CA). Our
sequence for the H-2 Kb PCR product was identical to the
published one.12

Isolation of peripheral blood mononuclear cells
Blood was withdrawn from a retro-orbital sinus of the mice

using heparinized capillary tubes. Briefly, 0Æ3 ml of blood
was mixed with mixed 7 ml of a phosphate-buffered saline
(PBS) solution containing 0Æ1% ethyleneglycoltetraacetic

acid (EGTA) and 25 units of heparin (Sigma). This sus-
pension was then layered on a Ficoll-Hypaque solution
(Sigma) and centrifuged. The white cell layer was then
removed and resuspended in ammonium chloride to lyse

the red blood cells. The white blood cells were washed, and
were then ready for use in the RNA extraction procedure.

RNA extraction
A total of 106 cells were resuspended in 300 ll of

lysis buffer (NTE-SDS; sodium chloride, Tris, EDTA-
sodium dodecyl sulphate) at 37� for 30 min. The lysate

Table 1. Characteristics of probes used in the study

Probe

Host

bacterium Vector

Size of

insert (bp)

Actin E. coli Plasmid (pRSaA3) 1500

Kb NA NA 260

TAP1 E. coli Plasmid (Pgem3Zf+) 1400

TAP2 E. coli Plasmid (Pgem3Zf+) 900

NA, not applicable.
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was then extracted with 300 ll of phenol:chloroform:
isoamyl alcohol (50 : 50 : 1). The samples were then mixed
and centrifuged for 3 min at 13 500 g. The upper aqueous

phase was collected into 1Æ5-ml Eppendorf tubes and saved
on ice. One hundred ll of NTE-SDS was added to the
phenol phase and re-extracted as above. The second

aqueous phase was collected and pooled with the first.
Forty ll of 3 m sodium acetate (pH 5Æ2) and 1100 ll of
)20� 95% ethanol were added to each tube. The tubes
were then mixed and incubated overnight at )70�. Samples

were then centrifuged at 13 500 g for 30 min at 4�. The
ethanol was then discarded and the pellet was dried using
a Speed Vac (GMI Inc, Abbotsville, MN). Each pellet

was then resuspended in 15 ll of 0Æ1 NaCl, 10 mm Tris
(pH 7Æ5), 5 mm MgCl2 and 20 lg ⁄ml DNAse I. The DNA
digestion was carried out at 37� for 15 min. The resulting

samples were used as the source of RNA for the slot-blot
hybridization protocols.

Slot blot of RNA and hybridization

Slot blot was carried out following a procedure previously
described.16 RNA samples were first denatured with
20 mm Na2HPO4, 1 mm EDTA, 12Æ5 ll of 12Æ3 m for-

maldehyde and 35 ll of formamide, and heated at 60� for
5 min. Each sample was diluted with 30x sodium chloride,
sodium citrate and blotted onto a nylon filter using a slot

blotter from Schleicher & Schuell (Keene, NH). Filters
were air-dried and kept dried until hybridization. Probes
were labelled with 32P by the random labelling method,

using the oligolabelling kit from Pharmacia (Piscataway,
NJ). Hybridization was performed according to published
methods.10,17 Samples were placed in sealed plastic bags
containing prehybridization solution (5 ml formamide,

1 ml 10% SDS solution, 2 ml 50% dextran sulfate solu-
tion and 2 ml H2O). The radiolabelled probe (107 dpm)

was then added to the prehybridization solution in the
bag. The hybridization was allowed to proceed with con-
stant agitation in a water bath at 42� for 12–15 hr. The
filters were then washed and exposed to X-ray film.

The quantification of mRNA was performed by reading
the X-ray film with a GS 300 scanning densitometer
(Hoefer Scientific Instruments, San Francisco, CA) linked

to an IBM PC computer (IBM, Whit). The results,
expressed as areas, were subsequently stastistically analysed.

Statistical analysis

Results were analysed statistically using analysis of variance
in the statgraphics computer program (STSC, IBM) for

the IBM-PC.

RESULTS

Standard DNA probes

Slot-blot hybridization of each probe (actin, exon 2 of

Kb, TAP1 and TAP2) showed a linear relationship
between the amount of probe used and the density of the
signal on the autoradiogram. These results were used to

ensure that the correct exposure time was used for each
autoradiogram as well as to estimate the amount of
mRNA in the samples.

TAP1 mRNA expression in blood PBMCs according to age

Because actin mRNA levels have been shown to remain
constant with age,16 we have normalized the results for

TAP1, TAP2 and Kb gene transcripts in each sample
to actin mRNA content. Transcripts of TAP1 genes
increased with age in C57BL ⁄6 mice from 3 to

24 months. The amount of TAP1 mRNA divided by the
amount of actin showed a significant increase with age
(1Æ5–2-fold). However, this amount decreased in very old

mice. (Table 2; Fig. 2).

TAP2 mRNA expression in blood PBMCs according to age

TAP2 mRNA also significantly increased with age. The
ratio of TAP2 mRNA to actin mRNA increased steadily
with age to reach a level three times higher in >24 month
old mice than in 4 month old mice (Table 2; Fig. 2).

1

369 bp

246 bp

123 bp

2 3 4 5 6 7 8

Figure 1. Electrophoresis of the product of PCR amplification of

exon 2 of the Kb gene. Lane 1, 123-bp ladder. Lane 3, PCR product

showing a 260-bp product.

Table 2. Effect of age on mRNA levels of MHC class I (Kb), TAP1,

and TAP2 in peripheral blood mononuclear cells

Age

(months) n

mRNA level

MHC class I TAP1 TAP2

2–4 9 43 ± 7Æ5 0Æ99 ± 0Æ13 0Æ58 ± 0Æ13
8–10 9 55Æ5 ± 3Æ5 0Æ80 ± 0Æ05 0Æ60 ± 0Æ06
18–21 9 68Æ5 ± 8 1Æ48 ± 0Æ24 1Æ62 ± 0Æ23
>24 9 38 ± 5 0Æ91 ± 0Æ10 1Æ66 ± 0Æ34
P-value <0Æ02 ns <0Æ01

ns, not significant.
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Kb mRNA expression in PBMCs according to age

Kb mRNA in PBMCs was 1Æ5-fold higher in mice
18–21 months old than in mice 2–4 months old. However,
this increase was reversed in old mice, in which mRNA

levels were similar to those found in very young mice
(Table 2; Fig. 2).

TAP1 mRNA expression in spleen cells according to age

Transcripts of TAP1 genes increased with age in spleen cells
of C57BL ⁄6 mice from 3 to 24 months. The amount of
TAP1 mRNA divided by the amount of actin showed a

significant (3-fold) increase with age (Table 3; Fig. 3).

TAP2 mRNA expression in spleen cells according to age

TAP2 mRNA also significantly increased with age in mouse
spleen cells. The ratio of TAP2 mRNA to actin mRNA
increased steadily with age to reach levels 2Æ5 times higher

in > 24 month old mice than in 3–6 month old mice
(Table 3; Fig. 3).

Kb mRNA expression in spleen cells according to age

Kb mRNA in spleen cells was 1Æ5-fold higher in mice
18–21 months old than in mice 3–6 months old. The ratio
of Kb mRNA to actin mRNA increased steadily with age to

reach levels 2Æ5 times higher in > 24 month old mice than
in 3–6 month old mice (Table 3; Fig. 3).

Comparison of the levels of MHC class I Kb mRNA

and Tap mRNA

The time needed to visualize mRNA from filters probed
with either the TAP1 probe or the TAP2 was about 3 times
longer than the time needed to visualize mRNA for Kb. The
standard curve obtained by hybridizing a known amount

of probe blotted onto filters gives an estimation of the
approximate amount of message in the samples. While the
levels of TAP1 mRNA and TAP2 mRNA were similar, they

were about 50 times lower than the levels of MHC class I
mRNA (Figs 2 and 3).

DISCUSSION

Numerous studies have analysed MHC class I transcrip-
tion.18–23 However, only a few studies have addressed

changes in MHC transcription with age.10,16 MHC class I
protein expression increases with age in mice.16 This
increase is also observed at the transcription level. Janick-
Buckner et al. showed a 6–9-fold increase in MHC mRNA

in old mice.16 Our data reveal a 3-fold increase with age in
MHC mRNA. We may have obtained a lower increase
because we used a different probe (exon 2 of Kb), which is

more specific for Kb mRNA than the all-class-I probe used
by Janick-Buckner et al.16 However, the increase in cell
surface MHC protein was lower (1Æ5–2-fold). This suggests
that there is a post-transcriptional age-dependent regula-
tion of MHC class I expression. Our mRNA study and
our protein study using an antibody specific for Kb offer a

focused way of analysing the expression of the Kb gene. The
stability of MHC class I protein depends on b2 micro-
globulin and peptide.7,24–26 MHC class I proteins are
known to assemble in the lumen of the endoplasmic reti-

culum.27,28 Peptide transporters play an important role in
this system by bringing peptide to the rough endoplasmic
reticulum where the association takes place.

The TAP1 and TAP2 genes belonging to the ATP-
binding cassette family of transporter genes, and encode
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Figure 2. Summary of changes in MHC class I Kb mRNA (n),

TAP1 mRNA (s), and TAP2 mRNA (•) in resting C57BL ⁄6
mouse PBMCs according to age.

Table 3. Effect of age on mRNA levels of MHC class I (Kb), TAP1,

and TAP2 in spleen lymphocytes

Age

(months) n

mRNA level

MHC class I TAP1 TAP2

3–6 6 44 ± 6Æ5 0Æ73 ± 0Æ08 1Æ02 ± 0Æ13
9–12 6 45Æ5 ± 8 1Æ02 ± 0Æ21 1Æ05 ± 0Æ29
18–21 6 42Æ5 ± 10Æ5 1Æ36 ± 0Æ31 1Æ76 ± 0Æ91
>24 6 113Æ5 ± 30 2Æ61 ± 0Æ69 2Æ38 ± 0Æ55
P-value <0Æ02 <0Æ03 ns

ns, not significant.
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Figure 3. Summary of changes in MHC class I Kb mRNA (n),

TAP1 mRNA (s), and TAP2 mRNA (•) in resting C57BL ⁄6
mouse spleen lymphocytes according to age.
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proteins which provide peptides necessary for the assembly
of MHC class I molecules by transporting these peptides
into the endoplasmic reticulum. As MHC class I expression
changes with age, we explored the effect of age on the

transcription ofMHC class I (Kb), TAP1 and TAP2 genes in
C57BL ⁄6 mice. We found that peptide transporter gene
expression also increased with age. There was a parallel age-

related increase (1Æ5-fold) in blood lymphocyte mRNA for
these genes from 3 to 21 months. However, in mice over
24 months old there was a decrease in Kb and TAP1mRNA,

but an increase in TAP2 mRNA. In spleen lymphocytes
there was an increase in all three mRNA species throughout
life. The difference between blood lymphocyte and spleen

may be attributed to the difference in the T-cell ⁄B-cell ratio.
Also, a preferential homing effect of lymphocytes expressing
high levels of Kb mRNA, TAP1 and TAP2 mRNA in the
spleen may explain the difference. While MHC class I and

Tap genes underwent similar age-related changes, MHC
class I mRNA was about 50 times more abundant than
either TAP1 or TAP2 mRNA. This increase was in parallel

with the increase inMHC class I expression. The transporter
genes may be under the same type of regulation as the MHC
class I genes. In fact, like MHC genes, their transcription

is dramatically increased by gamma interferon.5 The body
distribution of their expression mirrors the distribution of
MHC class I expression. Their role in the expression of
MHC protein is crucial as it has been found that mutant cells

having a deletion in TAP1 or TAP2 lack cell surface MHC
class I proteins.6,25 Polymorphisms in both TAP1 and TAP2
genes have been found.29–31 As it has been shown that cer-

tain MHC haplotypes are associated with long life and
others are associated with short life,32–38 it would be inter-
esting to explore whether there is any relationship between

Tap alleles and lifespan.
It is possible that coordinated expression of MHC

class I and TAP1 or TAP2 may predispose an animal to

better antigen presentation and a longer life. In addition to
transporter genes, genes of the proteasome, the enzyme
complex responsible for generating peptide by cutting
proteins, should be investigated.39 Two of these genes,

LMP-7 and LMP-2, have been located in the MHC
complex.40,41 Much more work is needed on proteasomes;
for example, the existence of polymorphism in protea-

somes needs to be explored. The peptide transporters and
the proteasomes may work in close association to make
available to the MHC class I protein the right type of

peptide which is crucial both for MHC protein stability
and for antigen presentation. Defect or polymorphism in
Tap genes has been associated various diseases, such as
cystic fibrosis and Sjogren’s disease.42,43 Regulation of the

expression of Tap genes is influenced by various cytokines,
such as interferon (IFN)-c, IFN-a and tumour necrosis
factor (TNF)-a.43,44 However, in a recent report, a defect

in Tap gene expression was found to remain asympto-
matic, raising the possibility of compensatory mecha-
nisms.45 Our study shows a parallel up-regulation of

MHC and Tap genes. It is possible that the age-related
up-regulation of Tap transcription followed by translation
would allow an increase in the assembly of MHC

molecules and therefore an increase in the density of these
molecules on the cell surface.
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