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Abstract. Many features of the interferon y (IFN-y) signaling pathway would suggest that it is anti-tumorigenic.
The IFN-y signaling pathway leads to apoptosis and to the expression of immune function proteins that could
cooperate with T cells in the destruction of tumor. Various lines of experimental approach have, in generadl,
supported the hypothesis that the IFN-y signaling pathway is anti-tumorigenic. However, data aso indicate that
the idea that the IFN-y signaling pathway is exclusively anti-tumorigenic is too simplistic. Also, to date, very
little of the knowledge regarding the anti-tumor effects of the IFN-y pathway has been useful in the prognosis or
therapy of cancer. This review summarizes the current state of knowledge regarding the IFN-y signaling pathway
in tumorigenesis, with an emphasis on MHC class |1 induction in tumor cells and the induction of apoptosis in
tumor cells. The review aso indicates some future areas of investigation that offer hope for applying this
knowledge in reducing cancer mortality.
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The Main Branches of the Pathway IFN-y signaling pathway

IFN-y

The best-understood pathway of gene activation by reczpm'
interferon y (IFN-y) begins with IFN-y-mediated recep-
tor dimerization, cross phosphorylation of JAK1 and
JAK?2, and phosphorylation of STAT1 at the receptor
complex (Fig. 1) ®2. However, it is important to keep '
in mind that not al IFN-y-signaing goes through 'RF\'il _
STAT1> 4 23 3 STAT1 phosphorylation leads to e
STAT1 dimerization, trandocation to the nucleus, and
activation of promoters with STAT1 binding sites. MG @ one
Many of the end points of distinct branches of the path- trah ﬁ n

JAK1, 2

ICAM-1 «<—STAT1

IRF-2

Loss of Rb expression results
in a block to transcription

way represent the expression of genes that require only
STATZ1 for the IFN-y response (Fig. 1). One example
is intracellar adhesion molecule-1 (ICAM-1). STAT1

Fig 1. Basic IFN-y signaing pathway. IFN-y — interferon y, IRF-1
and -2 — interferon regulatory factors-1, 2, ICAM-1 — intracellular
adhesion molecule-1, CIITA — class Il transactivator, Rb — retino-
blastoma tumor suppressor protein
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facilitates a substantial upregulation of ICAM-1 tran-
scription, leading to a substantial increase in ICAM-1
function at the cell surface®. However, STAT1 can lead
to the activation of the transcription of genes that en-
code other transactivators, which can either function in
cooperation with STAT1 or independently. The most
prominent secondary transactivator is interferon regu-
latory factor 1 (IRF-1), which activates many IFN-y
responsive genes (Fig. 1)%. Among these is yet another
transactivator, termed class |1 transactivator (CIITA)®.
CIITA isrequired for the IFN-y activation of the MHC
class Il genes and of related immune function genes.
CIITA aso enhances the expression of the MHC class
| genes* *, There are no known transactivators that
require CIITA for expression and no other transactiva-
tors whose expression requires STAT1 and IRF-1.
Thus, MHC class Il gene activation by CIITA repre-
sents the longest branch in the IFN-y signaling pathway
(Fig. 1).

The components of the IFN-y signaling pathway can
also be expressed independently of IFN-y in various
cell-types, especially in immune function cells, such as
T cells, where IRF-1, for example, is required for de-
velopment of CD8" T cells?’. Also, CIITA is constitu-
tively expressed in B cells and in melanoma cells™ 2> %,

Tumorigenesis in Mice Lacking the IFN-y
Receptor

Mice lacking the IFN-y receptor have a higher in-
cidence of chemically induced tumors and of tumors
that arisein p537~ mice?. Also, transplantation of these
tumors indicates that tumors lacking the IFN-y receptor
are more aggressive than control tumors®. The basis
for this difference includes a reduced anti-tumor im-
mune response that is apparently dependent on a func-
tioning IFN-y signaling pathway in the tumor cells.
There are several likely connections between the func-
tioning of the IFN-y signaling pathway in tumor cells
and the generation of anti-tumor immunity. In particu-
lar, reconstitution of the MHC class | antigen presenta-
tion pathway is able to rescue the effect of the IFN-y
signaling pathway in preventing growth of mouse tu-
mors derived from mice lacking the IFN-y receptor®.

Tumor Cell MHC Induction
A tremendous body of data has revealed the import-

ance of tumor cell expression of the MHC class | and
class Il proteins in immune system-mediated eradica-
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tion of the tumor. In genera, these proteins have the
potential of binding to tumor antigens, thus forming
a complex that can be recognized by specific T cell
receptors. The MHC class | proteins mediate T cell
killing, thus lack of MHC class | represents a generally
accepted strategy of tumor cell evasion of the immune
system. The first linkage of MHC class | down-regula-
tion and tumorigenesis came from the study of tumor
viruses, the infection of which leads to either down-
-regulation of MHC class | expression or interference
in MHC class | function® 5. Eventualy, lack of MHC
class | expression in tumors was directly attributed to
mutations of the MHC class | genes’. The MHC class
| proteins are constitutively expressed, but can be up-
regulated by IFN-y. Also, accessory proteins, such as
the TAP peptide transporter proteins, are upregulated
by IFN-y. Like the MHC class | proteins, the MHC
class | antigen processing proteins have been demon-
strated to be unresponsive to IFN-y in human tumor
lines'®, although loss of the antigen processing proteins
without loss of IFN-y inducibility has been more com-
monly reported13v 29, 56, 57, 59

The role of MHC class Il expression on tumor cells
has been more controversial, but the basic data indicat-
ing that MHC class || expression on tumor cells has an
anti-tumorigenic function is compelling and over-
whelming* & 22 41 49.50.52 The controversy stems from
the question of exactly how tumor cell MHC class 11
expression leads to destruction of the tumor cell. In
general, MHC class Il molecules function to present
antigento T cell receptors of CD4* T cells, which then
leads to stimulation of tumor cell killing by CD8*
T cells. However, it is clear that professional antigen-
-presenting cells, such as dendritic cells, are much more
efficient at presenting antigen to CD4" T cells®. Also,
the status of potentia co-stimulatory molecules on
tumor cells has not been resolved. Without the express-
ion of co-stimulatory molecules, it is possible that
MHC class |1 expression could lead to tumor tolerance
rather than to an anti-tumor response. However, there
are potential co-stimulatory molecules expressed on so-
~called “non profesiona” antigen-presenting cells> 4 6L
and the fact remains that tumor cell expresion of MHC
class Il leads to a CD4" dependent anti-tumor immune
response®. It is worth noting that many human tumor
cell lines have lost the ability to express CIITA, the
transcriptional activator required for MHC class |1 pro-
moter activation, in response to IFN-y, while retaining
the main or “early” components of the signaling path-
way, such as STAT1 activation'® %, Unlike the MHC
class | genes, there has never been a report of a tumor
cell-related mutation directly affecting either the CIITA
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gene or the MHC class || genes. The MHC class || gene
response to |FN-y requires expression of the retinoblas-
toma (Rb) protein (see below), which is mutated in
many human tumors. Rb gene expression is not known
to be required for any other portion of the IFN-y sig-
naling pathway.

Apoptosis

Exposure of cells to IFN-y can result in apoptosis.
IFN-y treatment leads to the upregulation of numerous
proteins in apoptotic pathways, for example, IRF-1% 67 68,
DAPs*, DAP kinase'?, and CD95" 7% 73, |FN-y treat-
ment also leads to increased expression of the caspases
(and cathepsin D*°) that essentially represent endpoints
of apoptotic pathways. The promoter for caspase-1, for
example, is activated by IRF-1'" %, This has led to the
guestion of whether IFN-y induced apoptosis could
eradicate tumor cells. Many human tumor lines have
been shown to undergo apoptosis in response to | FN-y,
which might lead to more effective antigen presentation
and anti-tumor immunity™ 1% % %5 58 |n various mouse
model systems, IFN-y has been shown to reduce tumo-
rigenicity, but in no case has this reduced tumorige-
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nicity been directly attributable to increased tumor cell
apoptosis. In one case IFN-y inhibited angiogenesis,
and in another case IFN-y led to increased macrophage-
-dependent tumor eradication® %. Thus, it remains to
be determined whether |FN-y-induced apoptosis can be
relevant to tumor eradication in an anima model.

Mechanism of Repression of the Pathway
in Human Tumor Lines

Repression of MHC class Il expression
in Rb-defective tumor cells

As noted above, Rb is required for the IFN-y re-
sponse of the MHC class Il genes in human tumor
lines* %6 47 48 Rb is also required for the induction of
the mouse MHC class |1 gene, IAB™. Therole of Rbin
growth control and as a tumor suppressor protein has
been extensively studied, but the role of Rb in facilitat-
ing the IFN-y response of the MHC class Il genes is
unknown. Recent work has revealed some details about
the mechanism of MHC class |1 silencing in cells lack-
ing Rb” (Fig. 2). First, it is apparent that cells lacking
Rb have a high level of Oct-1 DNA binding activity,

State Il

DNase | hypersensitive
Promoter repressed by HDAC
No transactivators bound

Treatment with HDAC
inhibitors or re-constitution
with functional Rb

Oct-1
RFX

IFN-y treatment

(CIITA expression)
—_—
YY1

State il

State IV

MHC Il enhanceosome formed
Active transcription

Fig. 2. Proposa for distinct states of HLA-DRA promoter repression. Data from the study of bare lymphocyte syndrome (BLS), where
MHC class Il is not expressed and where the HLA-DRA promoter DNase | hypersensitive (HS) site is absent (State 1), have indicated
that RFX can destabilize a nucleosome at the HLA-DRA promoter. This is consistent with data indicating that RFX efficiently interacts
with the X1 promoter element when this element is part of a nucleosome®. (The X, Y and Oct-1 binding elements of the HLA-DRA
promoter are indicated.) NF-Y does not increase the efficiency of RFX interaction with the nucleosome, but NF-Y does substantially
increase the efficiency of RFX interaction with otherwise naked DNA®’, consistent with data indicating that mutation of the NF-Y binding
site (Y promoter element) eliminates RFX binding in vivo™. Interestingly, NF-Y includes a series of histone-like motifs. There is no
evidence of RFX defects in Rb-defective cells, consistent with the formation of the DNase | HS site in Rb-defective cells®. RFX does
not occupy the promoter in these cells, but this is consistent with lack of NF-Y occupancy’. In sum, in the Rb-defective cells (State 11),
RFX apparently functions to establish the DNase | HS site, but then dissociates from the promoter because NF-Y cannot interact with the
promoter. This interaction may be prevented by Oct-1 binding to the promoter, once the DNase | HS site has been formed, or by
histone-DNA contacts that are not affected by RFX. Rb expression or treatment of the Rb-defective cells with HDAC inhibitors leads to
the promoter occupancy required for transcription (States |11 and 1V)*®
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likely to be consistent with the role of Oct-1 in activat-
ing the transcription of genes required for rapid cell
growth, such as histone genes. Oct-1 has been shown
to repress | FN-y-induced activation of the promoter for
the human MHC class Il gene, HLA-DRA, which en-
codes the heavy chain of the MHC class Il DR hete-
rodimer. Repression of the HLA-DRA promoter is
mediated by an Oct-1 binding site located 5’ to the
TATA box and 3’ to the series of well-studied activator
binding sites required for formation of the HLA-DRA
enhanceosome. However, other MHC class || promo-
tersthat require Rb for activation by IFN-y do not have
an apparent Oct-1 binding site, raising the question of
whether Oct-1 plays arole in repressing these promoters
in Rb-defective cells.

Recent work has also revealed that histone deacety-
lase inhibitors can rescue the | FN-y activation of the
MHC class Il genes in Rb-defective cells® (Fig. 2).
Because Rb-defective cells have the main DNase
| hypersensitive site present in Rb-positive, normally
inducible cells, HDAC function in Rb-defective cells
must repress transcription at an intermediate, but stable
state in the de-repression of the promoter chromatin.
The acquisition of a DNase | hypersensitive site im-
plies either the elimination of a nucleosome from the
promoter or a significant ateration in nucleosome
structure that reduces the DNA-histone contacts. Thus,
HDAC function in Rb-defective cells could prevent fur-
ther nucleosome destabilization, i.e., a further reduc-
tion in the DNA-histone contacts that would be required
for loading the promoter binding proteins of the enhan-
ceosome. Or, HDAC function could prevent a second
step in de-repression that involves a sequence specific
DNA binding protein. Interestingly, Oct-1 DNA bind-
ing activity is eliminated by HDAC inhibitors, athough
there is no evidence for a direct link between Oct-1 and
HDAC function.

HDAC inhibitor treatment has also been shown to
lead to tumor cell expression of MHC class |1 on tumor
cells where the Rb status or the status of the IFN-y
signaling pathway is unknown®. However, these treat-
ments, unlike that summarized in the paragraph above,
were shown to lead to CI1 TA-independent expression
of MHC class|I, raising the question of whether HDAC
inhibitor treatments of different tumor types could lead
to MHC class |1 expression via different mechanisms.

Transient vs. sustained activation
of the IFN-y pathway

Many human tumor lines activate STAT1 and syn-
thesize IRF-1 in response to IFN-y, but do not express
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any detectable ClITA mRNA in response to |FN-y* %,
Although STAT1 activation and IRF-1 synthesis in
these human tumor lines can be reduced, compared
with normal cells, it was apparent that the reduction
was minor in comparison with the complete lack of
CHTA mRNA induction. Subsequently, it was deter-
mined that CIITA induction requires a saturating and
sustained level of STAT1 activation and a saturating
and sustained level of IRF-1 synthesis'. Thisis likely
due to the requirement that STAT1 and IRF-1 simulta-
neously occupy the type IV promoter of CIITA, the
promoter responsible for most, if not all, of the re-
sponse of CIITA to IFN-y*. Presumably, because the
above-mentioned human tumor lines achieve neither
saturating nor sustained levels of activated STAT1 or
IRF-1, simultaneous occupancy of the CIITA promoter
by STAT1 and IRF-1 does not occur. The molecular
basis for the transient activation of the IFN-y pathway
is unknown. In sum, transient activation of the IFN-y
pathway is an apparent tumor-associated mechanism
for minimizing the adverse effects of IFN-y on the
growth of the tumor.

Repression of IFN-y-induced apoptosis
in tumorigenicity

In several cases, it is apparent that tumor cells have
developed a mechanism to inhibit I FN-y-induced apop-
tosis, for example hypermethylation of the DAP kinase
gene promoter®®, which inhibits transcription of the
DAP kinase gene in response to IFN-y. Tumor-related
mutations in IRF-1 have also been reported® . Ma-
lignant T cell lines and hepatoma cells have been shown
to have low levels of the IFN-y receptor (IFN-yR)* %,
Interestingly, low levels of IFN-yR are associated with
IFN-y-induced proliferation rather than apoptosis in
T cells, athough there has yet to be a determination of
whether a specific reduction in the level of surface
IFN-yR could alter an IFN-y signal for apoptosis to
a signal for tumor cell proliferation. The relationship
between the amount of IFN-yR and the signal for apop-
tosis has not been fully elucidated, but it is apparent
that a durable, i.e. sustained, activation of the IFN-y
pathway is required for IFN-y-induced apoptosis, and
that a durable activation of the pathway is often lacking
in tumor lines®. The lack of a sustained activation of
the pathway has been shown to have specific effects on
gene regulation, such as the specific lack of a CIITA
response discussed above, but as yet none of these
gene-specific effects have been directly connected with
preventing apoptosis. This type of direct connection
awaits a more detailed molecular understanding of how



G. Blanck: IFN-y Signaling in Tumorigenesis

sustained vs. transient activation of the pathway affects
formation of promoter-protein complexes required for
promoter activation.

Emerging Issues

The most pressing goal in the field of tumor-asso-
ciated, IFN-y pathway defects is a more complete un-
derstanding of the molecular mechanisms underlying
the defects. As noted above, there is no explanation for
Rb’'s role in facilitating the MHC class |l response,
athough there have been recent advances in under-
standing the molecular basis of the repression of the
MHC class Il response in Rb-defective cells, as de-
scribed above (Fig. 2). There is no molecular basis to
explain (tumor-associated) transient activation of the
pathway in some cells vs. sustained activation of the
pathway in others, when the amount of 1FN-y exposure
is the same for the two different cell types'®. There is
a complete basic understanding of how IRF-2 muta-
tions can reduce the induction of CIITA (Fig. 1), but
these mutations are apparently very, very rare, in con-
trast with Rb mutations or with the frequency of tumor-
-associated, transient activation of the pathway™ .

Keeping in mind that MHC class Il expression is
associated with reduced tumorigenicity, the fact that
HDAC inhibitors can restore MHC class Il expression
leads to the question of whether these inhibitors can be
used for MHC class |1-dependent anti-tumor therapy.
This may amount to a situation where the technology
is preceding the science, as HDAC inhibitors are al-
ready in use in clinical trials. However, it will be very
important to know whether any patient responses in-
volve stimulation of patient T cells dependent on MHC
class Il expression. Further advances will likely come
from a determination of whether HDAC-mediated res-
cue of MHC class Il leads to the expression of MHC
class Il epitopes that represent peptides of tumor anti-
gens, as have been detected in cases where tumor cells
retain the expression of MHC class 1. If so, this would
lend considerable support to the idea that loss of MHC
class Il expression on tumor cells is a means of tumor
escape from the anti-tumor immune response.

Another important issue is which parts of the path-
way are anti-tumorigenic? It is possible that some parts
of the pathway are pro-tumorigenic. For example,
ICAM-1 expression is associated with metastasis™ .
Also, human tumor lines that are completely unrespon-
sive to IFN-y are very rare, although these lines do
exist®. IFN-y affects the expression of a very large
number of genes. Addressing the issue of which parts
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of the pathway are pro- or anti-tumorigenic will likely
require isolating specific effects of the pathway, such
as high-level ICAM-1 expression, in tumor-prone mice
and assaying for the effects of the isolated portions of
the pathway on tumor growth and metastasis. In par-
ticular, it will be of great interest to learn whether the
connection between a low-level of IFN-y receptor and
IFN-y-induced proliferation applies to tumor cells.

As noted above, components of the IFN-y signaling
pathway can be expressed in the absence of IFN-y in
certain cell types. This raises the question of whether
proteins such as IRF-1 are anti-tumorigenic in tumors
related to those cell types, such as lymphoma. Melano-
ma represents a particularly perplexing case, where
a very large percentage of tumors, derived from what
is apparently a non-professional antigen-presenting
cell, is constitutive for MHC class Il and CIITA. Be-
cause melanoma represents a clear example of a tumor
that can lead to an anti-tumor response, including an
MHC class I1-dependent anti-tumor response, the com-
mon CIITA constitutive phenotype in these tumors is
worthy of further investigation.

Reference

1. ALBERT M. L., SAUTER B. and BHARDWAJ N. (1998): Dendritic
cells acquire antigen from apoptotic cells and induce class I-re-
stricted CTLs. Nature, 392, 86-89.

2. ALSAYED Y., UDDIN S,, AHMAD S., MAJCHRZAK B., DRUKER
B. J, FisH E. N. and PLATANIAS L. C. (2000): IFN-y activates
the C3G/Rapl signaing pathway. J. Immunol., 164, 1800
1806.

3. BARATIN M., ZioL M., RoMIEU R., KAYIBANDA M., GOUILLEUX
F., BRIAND P., LEROY P., HADDADA H., RENIA L., VIGUIER
M. and GUILLET J. G. (2001): Regression of primary hepatocar-
cinoma in cancer-prone transgenic mice by local interferon-y
delivery is associated with macrophages recruitment and nitric
oxide production. Cancer Gene Ther., 8, 193-202.

4. BASKAR S., AZARENKO V., GARCIA MARSHALL E., HUGHES
E. and OSTRAND-ROSENBERG S. (1994): MHC class Il-trans-
fected tumor cellsinduce long-term tumor-specific immunity in
autologous mice. Cell. Immunol., 155, 123-133.

5. BASKAR S., CLEMENTS V., GLIMCHER L., NABAVI N. and Os
TRAND-ROSENBERG S. (1996): Rejection of MHC class I1-trans-
fected tumor cells requires induction of tumor-encoded B7-1
and/or B7-2 costimulatory molecules. J. Immunal., 156, 3821—
3827.

6. BASKAR S., GLIMCHER L., NABAVI N., JoNES R. T. and Os-
TRAND-ROSENBERG S. (1995): Major histocompatibility com-
plex class11"B7-1" tumor cells are potent vaccines for stimulat-
ing tumor rejection in tumor-bearing mice. J. Exp. Med., 181,
619-629.

7. BoeHM U., KLAMP T., GRooT M. and HowARD J. C. (1997):
Cellular responses to interferon-y. Annu. Rev. Immunol., 15,
749-795.

8. BROWN G. D., CHo! Y., PaMPENO C. and MERUELO D. (1988):



156

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

Regulation of H-2 class | gene expression in virally transformed
and infected cells. Crit. Rev. Immunal., 8, 175-215.

. CARETTI G., COCCHIARELLA F., SpoLI C., VILLARD J., PERETTI

M., ReITH W. and MANTOVANI R. (2000): Dissection of func-
tional NF-Y-RFX cooperative interactions on the MHC class ||
Ea promoter. J. Mal. Biol., 302, 539-552.

CHANG J. W, PENG M., VAQUERANO J. E., ZHOU Y. M., CLIN-
TON R. A.,, HYyuNn W. C., GIEDLIN M. A. and LEONG S. P.
(2000): Induction of Th1 response by dendritic cells pulsed with
autologous melanoma apoptotic bodies. Anticancer Res., 20,
1329-1336.

CHEN Z., MOYANA T., SAXENA A., WARRINGTON R., JA Z. and
XIANG J. (2001): Efficient antitumor immunity derived from
maturation of dendritic cells that had phagocytosed apop-
totic/necrotic tumor cells. Int. J. Cancer, 93, 539-548.

CoHEN O., FEINSTEIN E. and KiMcHI A. (1997): DAP-kinase is
aCa’*/calmoduli n-dependent, cytoskeletal-associated protein
kinase, with cell death-inducing functions that depend on its
catalytic activity. EMBO J., 16, 998-1008.

CroMME F. V., AIREY J.,, HEEMELS M. T., PLOEGH H. L.,
KEATING P. J, STERN P. L., MEIER C. J. and WALBOOMERS
J. M. (1994): Loss of transporter protein, encoded by the TAP-1
gene, is highly correlated with loss of HLA expression in cer-
vical carcinomas. J. Exp. Med., 179, 335-340.

DeB A., HAQUE S. J., MOGENSEN T., SILVERMAN R. H. and
WiLLIAMS B. R. (2001): RNA-dependent protein kinase PKR is
required for activation of NF-kB by IFN-y in a STAT1-inde-
pendent pathway. J. Immunol., 166, 6170-6180.
DEFFRENNES V., VEDRENNE J., STOLZENBERG M. C., PISKURICH
J., BARBIERI G., TING J. P., CHARRON D. and ALCAIDE-LORI-
DAN C. (2001): Constitutive expression of MHC class |1 genes
in melanoma cell lines results from the transcription of class |1
transactivator abnormally initiated from its B cell-specific pro-
moter. J. Immunol., 167, 98-106.

Deiss L. P., GALINKA H., BERIssl H., CoHEN O. and KIMCHI
A. (1996): Cathepsin D protease mediates programmed cell
death induced by interferon-y, Fas/APO-1 and TNF-a. EMBO
J., 15, 3861-3870.

DeTEN K. M., FARWIG K., WELZEL M., WIEDENMANN B. and
Rosewicz S. (2001): Interferon-y inhibits growth of human
pancreatic carcinomacellsvia caspase-1 dependent induction of
apoptosis. Gut, 49, 251-262.

DovHEY S. E., GHOsH N. S. and WRIGHT K. L. (2000): Loss of
interferon-y inducibility of TAP1 and LMP2 in arena cdl car-
cinoma cell line. Cancer Res., 60, 5789-5796.

EasoN D. D. and BLANCK G. (2001): High level class Il trans-
-activator induction does not occur with transient activation of
the IFN-y signaling pathway. J. Immunol., 166, 1041-1048.
FATHALLAH-SHAYKH H. M., ZHAO L. J, KAFROUNI A. |,
SMITH G. M. and FORMAN J. (2000): Gene transfer of IFN-y
into established brain tumors represses growth by antiangiogen-
esis. J. Immunol., 164, 217-222.

FERNANDEZ-REAL J. M., VILLABONA C., FEERNANDEZ-CAS
TANER M., SAGARRA E., GoMEz-SaEz J. M. and SOLER J.
(1996): Expression of ICAM-1 in distant metastatic thyroid
carcinoma. J. Endocrinol. Invest., 19, 183-185.

FrRey A. B. and CesTARI S. (1997): Killing of rat adenocarcino-
ma 13762 in situ by adoptive transfer of CD4" anti-tumor
T cells requires tumor expression of cell surface MHC class Il
molecules. Cell. Immunol., 178, 79-90.

GIL M. P.,BoHN E., O'GUIN A. K., RAMANA C. V., LEVINE B.,

24.

25.

26.

27.

28.

20.

31.

32.

36.

G. Blanck: IFN-y Signaling in Tumorigenesis

STARK G. R., VIRGIN H. W. and ScHREIBER R. D. (2001): Biol-
ogic consequences of Statl-independent IFN signaling. Proc.
Natl. Acad. Sci. USA, 98, 6680—6685.

GoBIN S. J. and VAN DEN ELSEN P. J. (2000): Transcriptional
regulation of the MHC class Ib genes HLA-E, HLA-F, and
HLA-G. Hum. Immunoal., 61, 1102-1107.

GoobwiIN B. L., XI H.,, TEaraM R., EAsoN D. D., GHOsH N.,
WRIGHT K. L., NAGARAJAN U., Boss J. M. and BLANCK G.
(2001): Varying functions of specific major histocompatibility
class | transactivator promoter |11 and IV elements in melano-
ma cell lines. Cell Growth Differ., 12, 327-335.

HARADA H., KONDO T., OGAWA S., TAMURA T., KITAGAWA M,
TANAKA N., LAMPHIER M. S., HIRAI H. and TANIGUCHI T.
(1994): Accelerated exon skipping of IRF-1 mRNA in human
myelodysplasia/leukemia; a possible mechanism of tumor sup-
pressor inactivation. Oncogene, 9, 3313-3320.

HubsoN J. M. and FRIED M. G. (1990): Co-operdtive interac-
tions between the catabolite gene activator protein and the lac
repressor at the lactose promoter. J. Mol. Biol., 214, 381-396.
KAPLAN D. H., SHANKARAN V., DIGHE A. S., STOCKERT E.,
AGUET M., OLD L. J. and ScHREIBER R. D. (1998): Demonstra-
tion of an interferon y-dependent tumor surveillance system in
immunocompetent mice. Proc. Natl. Acad. Sci. USA, 95, 7556—
7561.

KHANNA R., BurRrows S. R., ARGAET V. and Moss D. J.
(1994): Endoplasmic reticulum signal sequence feciliteted trans-
port of peptide epitopes restores immunogenicity of an antigen
processing defective tumour cell line. Int. Immunol., 6, 639—
645.

. Kim D. H., NELsoN H. H., WIENCKE J. K., CHRISTIANI D. C.,

WaIN J. C., MARK E. J. and KELseY K. T. (2001): Promoter
methylation of DAP-kinase: association with advanced stagein
non-small cell lung cancer. Oncogene, 20, 1765-1770.
LEITHAUSER F., DHEIN J., MECHTERSHEIMER G., KORETZ K.,
BRUDERLEIN S., HENNE C., ScHmMIDT A., DEBATIN K. M.,
KRAMMER P. H. and MoLLER P. (1993): Constitutive and in-
duced expression of APO-1, anew member of the nerve growth
factor/tumor necrosisfactor receptor superfamily, in normal and
neoplastic cells. Lab. Invest., 69, 415-429.

LEvY-STRUMPF N., DEISs L. P., BERISS H. and KimcHI A.
(1997): DAP-5, a novel homolog of eukaryotic translation in-
itiation factor 4G isolated as a putative modulator of gamma
interferon-induced programmed cell death. Mol. Cell. Bial., 17,
1615-1625.

. Look D., PELLETIER M. and HoLTZMAN M. (1994): Sdlective

interaction of a subset of interferon-y response element binding
proteins with the intercellular adhesion molecule-1 (ICAM-1)
gene promoter controls the pattern of expression on epithelial
cells. J. Biol. Chem., 269, 8952—-8958.

. Lu Y., BossJ. M., Hu S-X., Xu H.-J. and BLANCK G. (1996):

Apoptosis-independent retinoblastoma protein rescue of HLA
class Il messenger RNA IFN-y inducibility in non-small cell
lung carcinoma cells. J. Immunal., 156, 2495-2502.

. Lu Y., TsCHICKARDT M., SCHMIDT B. and BLANCK G. (1997):

IFN-y inducibility of class || transactivator is specifically lack-
ing in human tumor lines: relevance to retinoblastoma protein
rescue of IFN-y inducibility of the HLA class Il genes. Immu-
nol. Cell. Biol., 75, 325-332.

Lu Y., Ussery G. D., MUNCASTER M. M., GALLIE B. L. and
BLANCK G. (1994): Evidence for retinoblastoma protein (RB)
dependent and independent |FN-y responses: RB coordinately



G. Blanck: IFN-y Signaling in Tumorigenesis

37.

38.

39.

40.

41.

42.

43.

45,

46.

47.

48.

49,

50.

51.

rescues IFN-y induction of MHC class Il gene transcription in
noninducible breast carcinoma cells. Oncogene, 9, 1015-1019.
MAGNER W. J., KAzIM A. L., STEWART C., ROMANO M. A,,
CATALANO G., GRANDE C., KEISER N., SANTANIELLO F. and
TomAs T. B. (2000): Activation of MHC class |, Il, and CD40
gene expression by histone deacetylase inhibitors. J. Immunol.,
165, 7017-7024.

MARTIN B. K., CHIN K. C,, OLsEN J. C,, XINNER C. A., DEY A,
OzaTto K. and TING J. P. (1997): Induction of MHC class | ex-
pression by the MHC class Il transactivator CIITA. Immunity,
6, 591-600.

MIELE M. E., BENNETT C. F., MILLER B. E. and WELcH D. R.
(2000): Enhanced metastatic ability of TNF-a-treated malig-
nant melanoma cells reduced by intercellular adhesion mole-
cule-1 (ICAM-1, CD54) antisense oligonucleotides. Exp. Cell
Res., 214, 231-241.

MINCHEFF M. S. and MERYMAN H. T. (1990): Costimulatory
signas necessary for induction of T cell proliferation. Trans-
plantation, 49, 768-772.

MoNGINI C., LOCKHART M. S., WALDNER C. |., ALVAREZ E. M.
C., Gravisaco M. J, Roig M. |. and HAJos S. E. (1996): En-
hancement of anti-tumor immunity in syngeneic mice after
MHC class Il gene transfection. Br. J. Cancer, 74, 258-263.
MUHLTHALER-MOTTET A., DI BERARDINO W., OTTEN L. and
MAcH B. (1998): Activation of the MHC class Il transactivator
CIITA by interferon-y requires cooperative interaction of
STAT1 and USF. Immunity, 8, 157-166.

NAGAO M., NAKAJMA Y., KANEHIRO H., HISANAGA M.,
AOMATSU Y., KO S., TATEKAWA Y., IKEDA N., KANOKOGI H.,
URIZONO Y., KoBAYASHI T., SHIBAJ T., KANAMURA T.,
OGAwA S. and NAKANO H. (2000): The impact of interferon-y
receptor expression on the mechanism of escape from host im-
mune surveillance in hepatocellular carcinoma. Hepatology, 32,
491-500.

. NGUYEN H., LIN R. and HiscotT J. (1998): Activation of

multiple growth regulatory genes following inducible express-
ion of IRF-1 or IRF/RelA fusion proteins. Oncogene, 15, 1425~
1435.

NoveLLl F., ALLIONE A., BERNABEI P., RIGAMONTI L. and
ForNI G. (1997): Antiblastic chemotherapy drugs up-modul ate
interferon-y receptor expression on human malignant T cells.
Cancer Detect. Prev., 21, 191-195.

NozawA H., ObA E., UEDA S., TAMURA G., MAESAWA C.,
MuTo T., TANIGUCHI T. and TANAKA N. (1998): Functionally
inactivating point mutation in the tumor-suppressor IRF-1 gene
identified in human gastric cancer. Int. J. Cancer, 77, 522-527.
OsBORNE A., TSCHICKARDT M. and BLANCK G. (1997): Retino-
blastoma protein expression facilitates chromatin remodeling at
the HLA-DRA promoter. Nucleic Acids Res., 25, 5095-5102.

OSBORNE A., ZHANG H., YANG W. M., SeT0 E. and BLANCK
G. (2001): Histone deacetylase activity represses gamma inter-
feron-inducible HLA-DR gene expression following the estab-
lishment of a DNase I-hypersensitive chromatin conformation.
Mol. Cell. Bial., 21, 6495-6506.

OSTRAND-ROSENBERG S. (1994): Tumor immunotherapy: the
tumor cell as an antigen-presenting cell. Curr. Opin. Immunal.,
6, 722—727.

OSTRAND-ROSENBERG  S., THAKUR A. and CLEMENTS V.
(1997): Rejection of mouse sarcoma cells after transfection of
MHC class Il genes. J. Immunol., 144, 4068-4071.

PAABO S., SEVERINSSON L., ANDERSSON M., MARTENS I.,

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

157

NiLssoN T. and PETERSON P. A. (1989): Adenovirus proteins
and MHC expression. Adv. Cancer Res,, 52, 151-163.

Q' L., Rojas J M. and OSTRAND-ROSENBERG S. (2000):
Tumor cells present MHC class |I-restricted nuclear and mito-
chondria antigens and are the predominant antigen presenting
cellsinvivo. J. Immunol., 165, 5451-5461.

RamaNA C. V., GIL M. P., HAN Y., RANSOHOFF R. M.,
ScHREIBER R. D. and STARK G. R. (2001): Statl-independent
regulation of gene expression in response to IFN-y. Proc. Natl.
Acad. Sci. USA, 98, 6674-6679.

. REGULIER E., PAUL S., MARIGLIANO M., KINTZ J., POITEVIN Y .,

Lepoux C., RoeckLIN D., CAUET G., CALENDA V. and Ho-
MANN H. E. (2001): Adenovirus-mediated delivery of antian-
giogenic genes as an antitumor approach. Cancer Gene Ther.,
8, 45-54.

REITER |., KRAMMER B. and SCHWAMBERGER G. (1999): Cut-
ting edge: differential effect of apoptotic versus necrotic tumor
cells on macrophage antitumor activities. J. Immunal., 163,
1730-1732.

RestIFO N. P., EsQuIVEL F., KAwWAKAMI Y., YEWDELL J. W.,
MULE J. J., ROSENBERG S. A. and BENNINK J. R. (1993): Ident-
ification of human cancers deficient in antigen processing.
J. Exp. Med., 177, 265-272.

ROTEM-YEHUDAR R., WINOGRAD S., SELA S., CoLIGAN J. E.
and EHRLICH R. (1994): Downregulation of peptide transporter
genes in cell lines transformed with the highly oncogenic
adenovirus 12. J. Exp. Med., 180, 477-488.

RoVERE P., VALLINOTO C., BONDANZA A., CrROSTI M. C,, RES
CIGNO M., RicclARDI-CASTAGNOLI P., RUGARLI C. and MAN-
FREDI A. A. (1998): Bystander apoptosis triggers dendritic cell
maturation and antigen-presenting function. J. Immunol., 161,
4467-4471.

SELIGER B., MAEURER M. J. and FERRONE S. (2000): Antigen-
-processing machinery breakdown and tumor growth. Immunol.
Today, 21, 455-464.

SHANKARAN V., IKEDA H., BRUCE A. T., WHITE J. M., SWAN-
SoN P. E., OLD L. J and ScHREIBER R. D. (2001): IFN-y and
lymphocytes prevent primary tumour development and shape
tumour immunogenicity. Nature, 410, 1107-1111.

SHIMIZU Y., VAN SEVENTER G. A., HORGAN K. J. and SHAW
S. (1990): Roles of adhesion molecules in T-cell recognition:
fundamental similarities between four integrins on resting
human T cells (LFA-1, VLA-4, VLA-5, VLA-6) in expression,
binding, and costimulation. Immunol. Rev., 114, 109-143.
SHUAI K. (1994): Interferon-activated signal transduction to the
nucleus. Curr. Opin. Cell. Biol., 6, 253-259.

ScAL L. J, CrOTTY S, ANDINO R. and Rock K. L. (1999):
Cytotoxic T-cell immunity to virus-infected non-haemato-
poietic cellsrequires presentation of exogenous antigen. Nature,
398, 77-80.

. STEIMLE V., OTTEN L. A., ZUFFEREY M. and MACH B. (1993):

Complementation cloning of an MHC class Il transactivator
mutated in hereditary MHC class |1 deficiency (or bare lympho-
cyte syndrome). Cell, 75, 135-146.

STEIMLE V., SIEGRIST C. A., MOTTET A., LISOWSKA-GROS
PIERRE B. and MACH B. (1994): Regulation of MHC class |1
expression by interferon-y mediated by the transactivator gene
CIITA. Science, 265, 106-109.

TAMURA T., UEDA S., YOSHIDA M., MATSUZAKI M., MOHRI H.
and OkuBo T. (1996): Interferon-y induces Ice gene expression
and enhances cellular susceptibility to apoptosis in the U937



158

67.

68.

69.

70.

71

72.

73.

leukemia cell line. Biochem. Biophys. Res. Commun., 229,
21-26.

TANAKA N., ISHIHARA M., KITAGAWA M., HARADA H., KIMURA T.,
MATSUYAMA T., LAMPHIER M. S., AizAWA S., MAK T. W. and
TANIGUCHI T. (1994): Cellular commitment to oncogene-in-
duced transformation or apoptosisis dependent on the transcrip-
tion factor IRF-1. Cell, 77, 829-839.

TANAKA N., ISHIHARA M., LAMPHIER M., NOZAWA H., MAT-
SUYAMA T., MAK T., AizaAwA S., TokINO T., OrReN M. and
TANIGUCHI T. (1996): Cooperation of the tumor suppressors
IRF-1 and p53 in response to DNA damage. Nature, 382, 816—
818.

TANIGUCHI T., LAMPHIER M. S. and TANAKA N. (1997): IRF-1:
the transcription factor linking the interferon response and on-
cogenesis. Biochim. Biophys. Acta, 1333, M9-M17.

VAN SEVENTER G. A., SHIMIzU Y., HORGAN K. J. and SHAwW
S. (1990): The LFA-1 ligand ICAM-1 provides an important
costimulatory signal for T cell receptor-mediated activation of
resting T cells. J. Immunol., 144, 4579-4586.

WANG Z., SELIGER B., MIKE N., MOMBURG F., KNUTH A. and
FERRONE S. (1998): Molecular analysis of the HLA-A2 antigen
loss by melanoma cels SK-MEL-29.1.22 and SK-MEL-29.1.29.
Cancer Res., 58, 2149-2157.

WATANABE-FUKUNAGA R., BRANNAN C. I., ITOH N., YONEHA-
RA S., COPELAND N. G., JENKINS N. A. and NAGATA S. (1992):
The cDNA structure, expression, and chromosomal assignment
of the mouse Fas antigen. J. Immunoal., 148, 1274-1279.
WELLER M., FrRElI K., GROSCURTH P., KRAMMER P. H., YONE-

74.

75.

76.

7.

78.

G. Blanck: IFN-y Signaling in Tumorigenesis

KAWA Y. and FONTANA A. (1994): Anti-Fas/APO-1 antibody-
-mediated apoptosis of cultured human glioma cells. Induction
and modulation of sensitivity by cytokines. J. Clin. Invest., 94,
954-964.

WRIGHT K. L., VILEN B. J., ITOH-LINSTROM Y., MOORE T. L.,
LI G., CrisCITIELLO M., CoGSwWELL P., CLARKE J. B. and TING
J. P. (1994): CCAAT box binding protein NF-Y fecilitates in
vivo recruitment of upstream DNA binding transcription fac-
tors. EMBO J,, 13, 4042-4053.

X1 H. and BLANCK G. (2000): Interferon regulatory factor-2
point mutations in human pancrestic tumors. Int. J. Cancer, 87,
803-808.

X1 H., EAsoN D., GHosH D., DovHEY S., WRIGHT K. and
BLANCK G. (1999): Co-occupancy of the interferon regul atory
element of the class |1 transactivator (CIITA) type IV promoter
by interferon regulatory factors 1 and 2. Oncogene, 18, 5889—
5903.

ZHANG H., SHEPHERD A. T., EAson D. D, WEeI S, Diaz J. 1.,
DJu J. Y., Wu G. D. and BLANCK G. (1999): Retinoblastoma
protein expression leadsto reduced Oct-1 DNA-binding activity
and enhancesinterleukin-8 expression. Cell Growth Differ., 10,
457-465.

ZHU X., PATTENDEN S. and BREMNER R. (1999): pRB is re-
quired for interferon-y induction of the MHC class |l A-3 gene.
Oncogene, 18, 4940-4947.

Received in December 2001
Accepted in January 2002



