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ABSTRACT

Tumor cells may alter the expression of proteins involved in antigen
processing and presentation, allowing them to avoid recognition and
elimination by cytotoxic T cells. In this study, reverse transcription-PCR

was used to assess the expression in human tumor cell lines of mRNA for
multiple components of the class I MHC antigen-processing pathway,

including several proteasome subunits that have been implicated in anti
gen processing but have not been previously examined in this context (e.g.,
low molecular weight polypeptide proteasome subunit (LMP) 10, protea
some activator (PA) 2Sa, and PA28ÃŸ).Deficiencies in the expression of
antigen-processing genes were demonstrated in 9 of 27 cell lines, repre

senting u variety of histolÃ³gica! types. In some cases, virtually complete
deficiencies were observed in the expression of the four genes encoded
within the MHC (TAPI, TAP2, LMP2, and LMP7), as well as LMPIO,
which is encoded outside the MHC. Combined deficiencies of these gene
products were common, and marked deficiency of LMPIO was found in
five of the nine cell lines with deficits. The existence of deficiencies in the
expression of genes at dispersed loci suggested that the basis for the
deficiencies was a regulatory mechanism, as opposed to mutation or
deletion of these genes. Furthermore, most of the deficiencies were re
versed by treatment with II N-y. In contrast to such extreme deficiencies,

we found unaltered or only partially decreased expression of PA28<* and
PA28ÃŸin tumor cell lines. Thus, tumors may evade immune surveillance
by simultaneously down-regulating multiple components of the MHC-I
antigen-processing pathway, thereby altering the processing and presen

tation of tumor antigens. Expression of essential proteasome subunits,
however, may still be maintained.

INTRODUCTION

The immune system can recognize tumor-specific antigens, and

CTLs specific for tumor antigens have been detected in animals and
patients with tumors (1). However, the development of tumors in
immunocompetent hosts indicates that the immune system is unable to
recognize or eliminate many tumors, suggesting that tumors can evade
the immune system. Several different mechanisms may contribute to
this. One possibility is that some tumor cells may lack costimulatory
signals required for optimal T-cell stimulation. Thus, it has been

shown that supplementation of some tumor cells with costimulatory
molecules or cytokines can increase the immunogenicity of tumors
and enhance their rejection (2). A second possibility is that tumor cells
may decrease expression of MHC-I, as observed with some tumor

types (3, 4). A third possibility is that tumor cells may alter expression
of components of the MHC-I antigen-processing pathway and poten

tially decrease the processing and presentation of tumor antigens.
Presentation of antigens by MHC-I molecules requires the produc

tion of peptides by the proteasome, a multisubunit cytosolic proteo-
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lytic complex (5). The core of the proteosome is the 20S particle,
which is composed of four stacked rings (6-8). Each of the two outer

rings contains seven different a subunits, which may have structural
or regulatory functions. Each of the two inner rings contains seven
different ÃŸsubunits, three of which contain catalytic sites (9). LMP19,
LMP17, and LMP9 are constitutively expressed catalytic ÃŸsubunits,
but in some proteasomes, one or more of these may be replaced by
regulated catalytic ÃŸsubunits (LMP2 can replace LMP19, LMP7 can
replace LMP17, and LMPIO can replace LMP9; Refs. 10-14). LMP2

and LMP7 are encoded in the class II region of the MHC. The
incorporation of LMP2 und LMP7 into proteasomes alters proteasome
activity and enhances the proteolytic production of certain peptides,
depending on the nature of the amino acid immediately preceding the
cleavage site (15, 16). Although these subunits are not absolutely
required for MHC-I antigen processing (17-20), LMP2- and LMP7-
knockout mice have subtle defects in MHC-I restricted T-cell re

sponses (21, 22). The LMPIO gene is located on a different chromo
some from the MHC (23), and its precise regulatory role is not yet
known, although it appears to be a catalytic subunit (14). LMPIO has
also been referred to as MECL-l (6).

For full, regulated proteasome function, the 20S proteasome core
must assemble with other proteasome components, such as the 19S
cap complex (also known as PA700)1 to form the 26S proteasome (7.

24), or the 1IS proteasome regulator (also known as PA28) to form
the PA28-proteasome complex (7, 25-27). PA28 regulator complexes
are composed of two subunits, PA28a and PA28ÃŸ(27-29), which
form ring-like complexes that bind to the ends of the cylindrical 20S

proteasome (30). PA28 binding changes both the quality and quantity
of peptides produced by the proteasome (12. 31, 32). Increased
expression of PA28a enhances recognition by antigen-specific cyto

toxic T cells (32), and the association of PA28 with the 20S protea
some favors the generation of immunogenic peptides (31).

Following proteolytic production of antigenic peptides by the pro
teasome, these peptides must be transported into the lumen of the
endoplasmic reticulum to reach and bind to MHC-I molecules. This is
achieved by TAP. an ATP-dependent peptide transporter that is com

posed of two subunits, TAPI and TAP2 (5), which are encoded in the
class II region of the MHC, tightly linked to LMP2 and LMP7. Cells
deficient in either TAPI or TAP2 are markedly deficient in MHC-I

expression and antigen processing (5).
Thus, there are numerous proteins that influence the MHC-I anti

gen-processing pathway, including TAPI. TAP2, LMP2. LMP7.

LMPIO, PA28Â«,and PA28ÃŸ,and alterations in the expression of these
proteins may affect the immune surveillance of tumor cells. Several
previous studies have demonstrated absence of TAP expression in
some tumor cell lines and tissues (33-50). In four of these studies,

deficits in LMP2 and LMP7 expression were noted in combination
with TAP defects (34, 38,42, 48). Selective deficiencies in LMP2 and
TAPI (37) and LMP2 alone (51) have also been described. The

*The abbreviations used are: PA. proteasome activator; TAP. transporter lor antigen

presentation; LMP. low molecular weight polypeptide proteasome subunit; ATCC. Amer
ican Type Culture Collection; RT, reverse transcription; FACS. fluorescence-activated
cell sorting; NK. natural killer.
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expression levels of LMP10, PA28a, and PA28/3 in tumor cells have
not been evaluated.

This study examines tumor cell expression of LMP proteasome
subunits (including LMP 10) and PA28 proteasome subunits, as well
as TAPI and TAP2. Of 27 tumor cell lines, 9 had deficiency of one
or more of these components of the MHC-I antigen-processing path

way, and combined deficiency of multiple components was common.
Deficiencies were noted both for components with genes located
within the MHC (e.g., TAPI, TAP2, LMP2, or LMPT), and for
LMP10, which is encoded on another chromosome (23). In contrast to
the other components, PA28a and PA28ÃŸwere expressed in all of the
tumor cell lines, although expression levels appeared decreased in
some cell lines. We propose that a regulatory mechanism may be used
to simultaneously decrease expression of multiple components of the
class I MHC antigen-processing pathway in tumor cells, while main

taining the expression of other components that are required for
viability and growth of these cells.

MATERIALS AND METHODS

Cells. Tl and T2 cells are T/B hybrids that were derived by in vitro
selection (52-54) and were used as controls for these studies. Table 1 lists the
tumor-derived cell lines, which are available from ATCC (Manassas, VA). All

cell lines were maintained in DMEM (Life Technologies, Inc., Grand Island,
NY) supplemented with 10% PCS (Hyclone, Logan, UT), nonessential amino
acids (Life Technologies, Inc.), and antibiotics. In addition, MDA-MB-435S
and BT-549 cultures were supplemented with ITS (Life Technologies, Inc.),
containing insulin, transferrin, and selenium, and NCI-H1092 cultures were

supplemented with ITS, 10 nM hydrocortisone (Sigma Chemical Co., St. Louis,
MO), and 10 nM estradici (Sigma). Adherent cells were removed with 0.05%
trypsin/0.53 mM EDTA (Life Technologies, Inc.). In some experiments, cells
were treated with 1000 units/ml recombinant human IFN-y (Genzyme, Cam
bridge, MA) for 40-48 h.

RT-PCR. RNA was isolated from cells using the protocol supplied with

the Trizol reagent (Life Technologies, Inc.). Trypsinized adherent cells or

Table 1 Cell linesstudiedCell

linenameTlT2SK-MEL-1SK-MEL-2SK-MEL-3SK-MEL-28SK-MEL-3

1WM-115WM

266-4Hs

294TMDA-MB-157MDA-MB-231MDA-MB-435SMDA-MB-468BT-549SK-BR-3ZR-75-1HCT-8CEMK-562NCI-H82NCI-HI

46NCI-H209NCI-HI

092SK-NEP-IG-401IMR-32DU

145LNCaP.FGCTumor

oforiginT/B

hybridT/B
hybrid with a homozygous deletioninthe

MHC IIregionMelanoma,
thoracic ductmetastasisMelanoma,
skinmetastasisMelanoma,
lymph nodemetastasisMelanomaMelanomaMelanoma,

primarytumorMelanoma,
metastasis from same patientasWM-115Melanoma,

lymph nodemetastasisMedullary
breast carcinoma, pleuraleffusionBreast

adenocarcinoma. pleuraleffusionDuctal

breast carcinoma, pleuraleffusionBreast

adenocarcinoma. pleuraleffusionDuctal

breastcarcinomaBreast
adenocarcinoma. pleura]effusionDuctal
breast carcinoma, asciticeffusionIleocecal

adenocarcinomaAcute
lymphoblastic leukemia, peripheralbloodChronic

myelogenous leukemia, pleuraleffusionSmall
cell lung carcinoma, pleuraleffusionSmall
cell lung carcinoma, pleuraleffusionSmall
cell lung carcinoma, bonemarrowSmall
cell lungcarcinomaWilms'

tumor, pleuraleffusionWilms'
tumorNeuroblastoma,

abdominalmassProstate
carcinoma, brainmetastasisProstate
carcinoma, lymph node metastasisSourceRefs.

52-54Refs.
52-54ATCC

HTB67ATCC
HTB68ATCC
HTB69ATCC
HTB72ATCC
HTB73ATCC
CRL1675ATCC
CRL1676ATCC

HTB140ATCC
HTB24ATCC

HTB26ATCC

HTB129ATCC

HTB132ATCC

HTB122ATCC
HTB30ATCC
CRL1500ATCC
CCL244ATCC
CCL 119ATCC
CCL243ATCC
HTB175ATCC
HTB173ATCC
HTB172ATCC
CRL5855ATCC
HTB48ATCC
CRL1441ATCC
CCL127ATCC
HTB81ATCC
CRL 1740

suspension cultures were harvested from a T75 culture flask, pelleted, and

lysed in 2 ml of the Trizol reagent. The samples were incubated at room
temperature for 5 min. Chloroform (0.4 ml) was then shaken with the homo-
genate. After a 2-min incubation at room temperature, the phases were sepa

rated by centrifugation. The upper aqueous phase was then mixed with an
equal volume of isopropyl alcohol and incubated for 10 min at room temper

ature. The RNA was pelleted by centrifugation and was washed once with 75%
ethanol. The pellet was resuspended in diethyl pyrocarbonate-treated water.

For reverse transcription, 2 /Â¿mof RNA were combined with 5 jul of 1.5 mM
Random Primers (Life Technologies, Inc.), 5 ju,lof 5 X RT First Strand Buffer
[250 mM Tris-HCl (pH 8.3), 375 HIMKC1, 15 mM MgClJ (Life Technologies,
Inc.), and 11.5 /xl of diethyl pyrocarbonate-treated water. This mixture was
incubated at 70Â°Cfor 5 min and then combined with 5 /il of 200 units//nl of

Moloney murine leukemia virus reverse transcriptase, 5 /nl of 0.1 M DTT, 0.25
/nl of each 100 mM deoxynucleotide triphosphate (Life Technologies, Inc.). and
1.5 /A!of 33 units//j.l RNasin RNase inhibitor (Promega, Madison. WI). The
reverse transcriptase mixture was incubated at room temperature for 10 min.
42Â°Cfor 50 min, and 99Â°Cfor 5 min.

The resulting cDNA was amplified by PCR by combining 2.5 /j.1 of the
cDNA solution, 0.75 /Â¿Iof 50 mM MgCl2, 0.05 (xl of each 100 mM deoxynucie-

otide triphosphate, 0.25 /j.1of Taq DNA polymerase (Life Technologies, Inc.),
0.1 /j.1of 25 fj.Mprimers for ÃŸ-actin(Stratagene, La Jolla, CA), 0.5 /Â¿Iof each
50 /AMprimer, 2.5 /u.1of 10X PCR buffer (200 mM Tris-HCl, pH 8.4, 500 mM

KC1) (Life Technologies, Inc.), and water to achieve a final volume of 25 /j.1.
PCR samples were incubated in a PTC-100 Thermal Controller (MJ Research
Inc.. Watertown MA) at 94Â°C for 1 min, followed by 25 cycles of the
following: 30 s at 94Â°C,30 s at 60Â°C,and 1.5 min at 72Â°C.After these cycles,

the samples were incubated at 72Â°Cfor 5 min. For amplification of LMP 10. a

Perkin-Elmer thermal cycler (Roche Molecular Systems, Inc., Branchburg. NJ)
was used with the following program: 94Â°Cfor 5 min and then 25 cycles of 1
min at 94Â°C,1 min at 60Â°C,and 1.5 min at 72Â°C,followed by incubation at
72Â°Cfor 5 min. PCR products were electrophoresed at 90 V in 1.5-2% agarose

gels with 0.5% Tris-borate-EDTA buffer solution. The primers used are the

following: TAP! (55), GGGCTGTAAGCAGTGGGAACC and CAAGGCC-

CTCCAAGTGTAAGGG; TAP2 (55), CACGGCTGAGCTCGGATACCAC
and CAGCTCAGCATCAGCATCTGC; LMP2 (55), GGGATAGAACTGG-
AGGAACC and AGATGACACCCCCGCTTGAG; LMP7 (55), GAACACT-
TATGCCTACGGGGTC and TTTCTACTTTCACCCAACCATC: LMP 10."

ATTCTGGGCGCCGATACGCG and GCCAGGGCCGCGTCCTGACC;
PA28a (28), GAGCCAGCTCTCAATGAAGCC and CACCAGCTGCCGAT-
AATCACC; and PA28/3 (27), CACCCAAGGATGATGAGATGG and GCT-

CAGCATAGAAGGCCCTCAG.
We used a strategy to ensure that contaminating genomic DNA would not

generate specific RT-PCR signals in these experiments. All of the primer pairs

spanned an intron in a known genomic sequence, except for those for PA28.

Thus, the expected sizes (in bp) of products from genomic DNA and RNA are
different, as follows: TAPI, 346 (DNA) and 216 (RNA): TAP2, 2903 (DNA)
and 428 (RNA); LMP2, 1428 (DNA) and 321 (RNA); LMP7, 655 (DNA) and
173 (RNA); LMP10, 829 (DNA) and 372 (RNA). The predicted sizes for
products from DNA were confirmed by PCR amplification of genomic DNA.
In addition, although the genomic sequences for the PA28 subunits are not
available, PCR of genomic DNA showed that our PA28Â« primers apparently
span an intron, although the PA28ÃŸprimers probably do not. Thus, amplifi
cation of sequences spanning introns allowed us to distinguish DNA and RNA
products for all analyses except PA28ÃŸ,and RT-PCR produced results con

sistent only with products of RNA. In addition, controls with and without the
reverse transcriptase enzyme were used to confirm that PA28a and PA28ÃŸ
RT-PCR signals were not the result of contamination with genomic DNA.

The results of the RT-PCR studies were quantitated relative to the signals

obtained for each product with Tl cells. For simplified representation in Table
2, + + indicates a signal close to that with Tl cells. + indicates a signal greatly
decreased relative to that of Tl cells (in many cases barely detectable).
and â€”¿�indicates no detectable signal.

Flow Cytometry. Adherent cells were removed with 0.53 mM EDTA alone
or with 0.05% trypsin/0.53 mM EDTA (Life Technologies, Inc.), both of which

4 F. Larsen. direct submission, European Molecular Biology Laboralory/GenBank/

DDBJ databases. 1993 (accession number X71874).
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Table 2 Summary of RNA expression for MHC-I antigen-processing genes in cell lines showing deficits"

TAP 1 TAP 2 LMP2 LMP7 LMP10 PA28a PA28/3

Cell lines
NCI-H82
NCI-HI 46
NCI-H209
NCI-HI 092
G-401
SK-NEP-I
IMR-32

DU 145
LNCaP.FGC

Cell lines + IFN-y stimulation
NCI-H82
NCI-HI46
NCI-H209
NCI-H1092
G-401
SK-NEP-I
IMR-32

LNCaP.FGC
' + + , signal equivalent to Tl; +. signal decreased relative to Tl; -. undetectable (see "Materials and Methods").

gave similar results for class I MHC staining. Cells (IO5) were pelleted;

washed once in FACS buffer (PBS/1% rabbit serum/0.1% BSA); incubated for
30 min at 4Â°Cwith 10 /j.m/ml affinity-purified W6/32 antihuman lymphocyte

antigen-A, -B, and -C (generously provided by Drs. John Fayen and Mark

Tykocinski, Case Western Reserve University) or 10 /urn/ml of isotype control
antibody (purified mouse IgG2a, Caltag Laboratories, Burlingame, CA) in a
volume of 0.1 ml; washed three times in FACS buffer; and then incubated for
30 min at 4Â°Cin 0.1 ml of FITC-conjugated (Fab')2 goat antimouse IgG

(H + L; Zymed, South San Francisco, CA) at 1:50 final dilution. Cells were

washed again three times with FACS buffer and then analyzed on a FACScan
flow cytometer (Becton Dickinson Labware, Lincoln Park, NJ). Dead cells
were excluded by staining with 1 fig/ml propidium iodide (Sigma).

RESULTS

TAPI and TAP2 Expression Is Decreased in Some Tumor Cell
Lines. RNA was isolated from eight melanoma cell lines, seven
breast carcinoma cell lines, four small lung cell carcinoma cell lines,

two prostate carcinoma cell lines, two Wilms' tumor cell lines, two

leukemia cell lines, one colon carcinoma cell line, and one neuroblas
toma cell, as well as two control cell lines with normal expression or
characterized defects in expression of certain antigen-processing com

ponents (Table 1). The control cell lines were T2, which has a
homozygous deletion in the MHC encompassing the TAPI, TAP2,
LMP2, and LMP7 genes, and Tl, which retains expression of these
genes (52-54). The RNA was reverse transcribed, and the resulting

cDNA was used as a template for PCR amplification. Strategies
wereused to ensure that the products did not result from the amplifi
cation of genomic DNA sequences (see "Materials and Methods").

ÃŸ-Actinprimers were included as an internal PCR control. The PCR

products were analyzed by agarose gel electrophoresis and detected
with ethidium bromide staining. Using this protocol, differences in
cDNA yield as small as 2-fold could be detected (as judged by studies

with varying amounts of cDNA from the Tl cell line; data not shown).

Fig. I. TAPI and TAP2 expression in human
tumor cell lines. RNA was prepared from cells
grown in the presence or absence of recombinan!
human IFN-y. and agarose gel electrophoresis and

ethidium bromide staining were used to examine
the products of RT-PCR for TAPI (A) and TAP2
(B). Primers for /3-actin were included in each re

action as an internal control. Neg. Control, a sample
in which no RNA was added to the reverse tran-
scriptase reaction. The expected sizes of the RT-

PCR products were as follows: TAPI, 197 bp;
TAP2, 428 bp; and ÃŸ-actin,661 bp. The molecular
weight markers in the first lane of each gel indicate
multiples of 100 bp from 100 to 1500 bp (with the
500-bp marker at higher intensity).
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Fig. 2. LMP2 and LMP7 expression in human
tumor cell lines. After the growth of cells in the
presence or absence of recombinant human IFN-y.
RT-PCR analysis was performed as in Fig. 1 to

assess expression of mRNA for LMP2 (A) and
LMP7 (ÃŸ).The expected sizes of the RT-PCR prod
ucts were as follows: LMP2, 321 bp; LMP7, 174
bp; and ÃŸ-actin,661 bp.

ÃŸ-ACTIN

LMP7

ÃŸ-ACTIN

LMP7

RT-PCR analysis revealed defects in the expression of certain

genes in a subset of the tumor cell lines. TAPI mRNA expression was
not detected in NCI-H82, NCI-H146, NCI-H209, NCI-H1092, or
IMR-32 cells (Fig. U). All other cell lines gave a TAPI signal similar

to that of Tl (Fig. \A and data not shown). Furthermore, similar
results were obtained for TAP2. NCI-H82, NCI-HI46, and IMR-32
also showed no detectable expression of TAP2, whereas NCI-H209
and NCI-HI092 showed greatly decreased expression relative to Tl,
and SK-NEP-1 showed slightly decreased expression (Fig. IÃŸ).All

other cell lines gave a TAP2 signal similar to that of Tl (Fig. IB and
data not shown). Thus, complete or partial loss of signal was seen for
both TAPI and TAP2 in NCI-H82, NCI-H146, NCI-H209, NCI-
HI 092, and IMR-32. The effects of IFN-y on the expression of these

genes are discussed below.
LMP2 and LMP7 Expression Is Decreased in Some Tumor Cell

Lines. The products of RT-PCR for LMP2 and LMP7 were similarly
analyzed. The four small cell lung carcinoma cell lines (NCI-H82,
NCI-H146, NCI-H209, and NCI-H1092) and IMR-32 were all nega
tive for LMP2, and SK-NEP-1, G-401, and LNCaP.FGC showed
decreased signal for LMP2 (Fig. 2A). For LMP7, NCI-H82, NCI-
H146, G-401, and IMR-32 lacked detectable signal; NCI-H209 had
only a marginally detectable signal; and NCI-H1092, SK-NEP-1, and

LNCaP.FGC had decreased signal relative to Tl (Fig. 2B). Therefore,
NCI-H82, NCI-HI46, NCI-H209, NCI-HI092, and IMR-32 had com
bined deficiencies for TAPI, TAP2, LMP2, and LMP7. SK-NEP-1

and LNCaP.FGC had decreased signal for LMP2 and LMP7 but not
TAPI or TAP2, excepting a slight decrease in TAP2 signal for
SK-NEP-1. G-401 expressed TAPI and TAP2 but had decreased

signal for LMP2 and no detectable expression of LMP7. All other cell
lines showed LMP2 and LMP7 signals similar to those of Tl (data not
shown).

LMP10 Expression Is Decreased in Some Tumor Cell Lines.
LMP10 expression was also evaluated by RT-PCR. NCI-H82, NCI-
H146, NCI-H209, SK-NEP-1, and IMR-32 showed no detectable
LMP10 expression, and LMP10 signal was decreased in G-401 and

LNCaP.FGC (Fig. 3). All other cell lines showed no deficiency in
LMP10 expression relative to Tl (data not shown).

Expression of PA28Â«and PA28ÃŸIs Relatively Preserved in the
Panel of Tumor Cell Lines. As shown in Fig. 4A, RT-PCR analysis
revealed a signal for PA28a in IMR-32 that was only marginally
decreased relative to Tl (SK-NEP-1 was also marginally decreased in

Ã¼ +
+ (O (CCMt *r

GO T- l-

xxx

ÃŸ-ACTIN

LMP10

ji-ACTIN

LMP10

Fig. 3. LMPIO expression in human tumor cell lines. Analysis was performed as in Fig.
1. The expected sizes of the RT-PCR products were as follows: LMPIO, 369 bp. and
/3-actin. 661 bp.
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Fig. 4. PA28Â«and PA28/3 expression in human
tumor cell lines. Analysis was performed as in Fig.
1. A, PA28a: B. PA28ÃŸ.The expected sizes of the
RT-PCR products were as follows: PA28a. 467 bp:
PA28/3. 431 bp; and ÃŸ-actin.661 bp.
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some experiments). All other cell lines demonstrated PA28a expres
sion close to that of Tl (Fig. 4A and data not shown). The signal for
PA28ÃŸwas only marginally decreased in NCI-H82, SK-NEP-1, IMP-

32, DU 145, and LNCaP.FGC, and the other cell lines had PA28ÃŸ
expression similar to Tl (Fig. 4B). We conclude that alterations in
constitutive PA28 expression by tumor cells were limited to partial
deficits in a subset of the cell lines.

Decreased MHC-I Expression on Tumor Cell Lines. MHC-I

surface expression was determined by flow cytometry using a mono
clonal antibody (W6/32) specific for a nonpolymorphic epitope of
human MHC-I. Representative histograms from this analysis are
shown in Fig. 5. Whereas MHC-I surface expression was decreased

relative to Tl for all tumor cell lines examined, certain cell lines had
striking deficiencies. For example, NCI-HI46, NCI-HI092, and
IMR-32 had almost no detectable MHC-I expression.

Most Antigen Processing DÃ©ficitsAre Reversed by Treatment
with IFN-y. Treatment with IFN-y is known to enhance the expres
sion of MHC-I. TAPI, TAP2, LMP2, LMP7, LMP 10, and both

PA28a and PA28/3. We investigated whether the deficits in these
regulated antigen-processing components in tumor cells could be
reversed by IFN-y. Treatment with IFN-y increased MHC-I expres
sion and reversed constitutive deficiencies in antigen-processing gene
expression in all tumor cell lines, except that IFN-y did not increase
expression of LMP10 or MHC-I by LNCaP.FGC. IFN-y produced no
detectable change in MHC-I expression by Tl or T2 cells, consistent
with the high constitutive synthesis of MHC-I in these cells. We
conclude that most of the antigen-processing gene expression deficits
were reversed by treatment with IFN-y.

DISCUSSION

Previous studies have investigated tumor cell expression of four
tightly linked genes, TAPI, TAP2, LMP2, and LMP7, that are located
within the class II region of the MHC and encode proteins involved in
MHC-I antigen processing. Our experiments evaluated a large panel

of tumor cell lines of different histological types for expression of

these genes, as well as genes for three other proteasome subunits,
LMP10, PA28ct, and PA28ÃŸ, that have been implicated in MHC-I
antigen processing but are encoded outside of the MHC. Antigen-

processing gene expression defects were observed in 9 of 27 tumor
cell lines, including multiple histological types of tumor (summarized
in Table 2). These defects appeared to occur via regulatory mecha
nisms that caused simultaneous down-regulation of multiple antigen-

processing genes spanning different loci. However, not all of the
proteasome subunits were equally affected. Although marked defi
ciencies in LMP10 were often combined with marked deficiencies in
the expression of TAPI, TAP2, LMP2, and LMP7, expression of
PA28a and PA28/3 was maintained.

The defects in LMP2, LMP7, and LMP10 found in our study would
be expected to alter the spectrum of peptides that are produced by the
proteasome for subsequent transport into the endoplasmic reticulum
and loading onto MHC-I molecules. Defects in the expression of these

genes may not greatly influence the total level of MHC class I
molecules on the cell surface but could change which tumor antigen
peptides are presented by MHC-I molecules. Defects in TAPI and

TAP2 would be expected to decrease the loading of peptides onto
MHC class I molecules and decrease cell surface MHC-I expression.

Therefore, defects in either proteasome subunits or the TAP trans
porter would be expected to change the nature and/or quantity of
peptides presented by the tumor cell lines.

The existence of deficits in tumor cell expression of MHC-I anti
gen-processing components suggests that tumors are exposed to im

mune surveillance and in vivo immune selection that favors tumor
cells with altered MHC-I antigen-processing mechanisms. In vivo

antitumor immune mechanisms and selection pressures may vary with
different types of tumor, such that these deficits may be less common
in some tumor types. For example, we did not detect deficits in any of
the eight melanoma cell lines, consistent with the data of Thor Straten
et al. (56).

Other observations suggest that deficits in the expression of anti
gen-processing components are not simply the result of in vitro
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MHC-I

Fig. 5. Flow cylometric analysis of MHC-1 on human tumor cell

lines. Human tumor cells were grown in the presence or absence of
recomhinant human IFN-y and stained with either W6/32 (anti-human
lymphocyte antigen-A. -B. and -CI or an isotype control antibody.
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selection. First, the expression pattern for these genes has remained
stable in all of the tumor cell lines for almost 1 year of study in our
laboratory, with the lines undergoing at least several months of
extended passage in vitro. Second, previous publications support the
existence of TAP expression deficiencies not only in tumor cell lines
maintained in vitro (33, 37-40,42, 46, 48, 50). but also in tumor cells
in tissue taken directly from in vivo tumors (35, 36, 43-45, 49).

Previous studies of tumor cell lines have used both RT-PCR and

Northern analysis to detect gene expression. Both techniques have
limitations. Northern analysis is more quantitative but less sensitive
than RT-PCR. and RT-PCR may reveal levels of gene expression that

are undetectable by Northern analysis. Thus, a negative reading using
a well-characterized RT-PCR assay may indicate a more complete

lack of expression than is assured by a negative reading by Northern
analysis. In addition, careful attention must be paid to parameters that
may affect sensitivity in both assays.

Our panel of tumor cell lines includes some that have previously
been studied by various techniques for a subset of the genes evaluated
here. Thus, Restifo et cil. previously found the small cell lung carci
noma lines NCI-H82, NCI-HI46, and NCI-HI092 to have decreased

TAPI, TAP2, LMP2, and LMP7 by Northern blot analysis (42). In
contrast. Singal et ill. used RT-PCR to study expression of these genes
and reported that NCI-H146 cells were deficient in TAPI and LMP2
but not TAP2 or LMP7 (37). Our RT-PCR protocols were extensively
tested and modified to provide detection of 2-fold differences over a
range of message levels, and the results presented here for NCI-HI46

cells agree with the Northern analysis by Restifo et al. (42). However,
our analysis demonstrated only partial deficiency of TAP2 and LMP7
in NCI-H1092 (weak but detectable signal), whereas expression of

TAPI and LMP2 was undetectable in this cell line in our studies. In
addition, our results for the breast carcinoma cell lines differed some
what from those published previously by Alpan et al. (40), who
reported that MDA-MB-157, BT-549, MDA-MB-231, and ZR-75-1

all had decreased expression of TAPI and TAP2 relative to a mam
mary epithelial cell line by Northern blot analysis. It is possible that
our RT-PCR analysis has underestimated the prevalence of partial
down-regulation of antigen-processing gene expression in tumor cells.

Simultaneous deficiency in expression of multiple antigen-process

ing components was observed, particularly for the TAPI, TAP2,
LMP2. and LMP7 genes, which are tightly clustered in the class II
region of the MHC on human chromosome 6 in the following order:
LMP2. TAPI. LMP7. and TAP2 (57). One novel finding was that such
coordinated deficits were implicated for these genes plus LMPIO,
which is encoded at a separate locus on human chromosome 16 (23).
Although a deletion in the MHC could explain combined deficiency
of TAPI, TAP2, LMP2, and LMP7, as well as MHC-I, this mechanism

cannot account for deficiency of LMPIO. This suggests the existence
of a regulatory mechanism that governs expression of these genes at
dispersed loci and that can cause simultaneous deficiency in the
expression of these genes. In some cases, the defects do not coordi-

nately affect all TAP and LMP genes to the same degree, even where
a shared bidirectional promoter has been implicated (TAPI and
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LMP2; Ref. 58). However, there may be mechanisms to differentially
affect the expression of TAPI and LMP2, despite a shared promoter;
e.g., these two genes may have different sensitivities to regulatory
mechanisms that control transcription. Furthermore, all of the expres
sion defects observed in this study could be ameliorated by IFN-y,

except for LMP10 expression in LNCaP.FGC. This confirms that the
mRNA deficiencies are not the result of genetic deletions, but rather
result from altered regulation of constitutive expression.

Whereas striking defects were observed in the expression of the
LMP proteasome subunits and the TAP transporter, the expression of
PA28 was relatively conserved. Although down-regulating MHC-I

processing function may be advantageous for survival of a tumor
clone, PA28 may provide essential cellular functions independent of
antigen processing, necessitating its continued expression. Thus,
PA28 expression may be regulated by mechanisms different from
those used for TAP and the regulated LMP subunits to ensure its
constitutive expression.

Antitumor immune responses may include multiple different mech
anisms of both cellular and humoral immunity and involve both innate
and acquired immunity. The gene expression defects observed in these
studies are predicted to disrupt MHC-I antigen presentation, which

may help tumor cells to evade killing by CTLs. This could also be
achieved by simply decreasing MHC-I expression (4, 47, 59). How
ever, decreased MHC-I expression may actually make tumor cells

more susceptible to killing by NK cells (60, 61). Thus, CTL and NK
cytotoxicity may impose at least partially conflicting selection pres
sures on tumor cells, and the balance of these selection pressures may
vary between different tumors. Alteration of antigen-processing func
tion may allow a balance between sustained MHC-I expression (albeit

sometimes at reduced levels) to prevent NK susceptibility while
providing a blockade of tumor antigen processing and presentation to
prevent CTL susceptibility. Further understanding of the mechanisms
whereby tumor cells may evade immune responses is essential to
proper design of an effective strategy for immunotherapy for cancer.
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