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Interferons have been shown to exert antiviral, cell growth
regulatory, and immunomodulatory effects on target cells (16,
37). Both type I (a and b) and type II (g) interferons regulate
cellular activities by specifically inducing the expression or
activation of endogenous proteins that perform distinct biolog-
ical functions. The HIN-200 (hematopoietic interferon-induc-
ible nuclear proteins with a 200-amino-acid repeat) gene fam-
ily found on human and mouse chromosome 1 is positively
regulated by type I and II interferons (15, 27, 30). The HIN-
200 family of proteins consists of a number of highly homolo-
gous human and murine proteins with similar primary amino
acid sequences and biological characteristics. The human HIN-
200 family members include IFI 16 (39), the myeloid nuclear
differentiation antigen (MNDA) (2, 18), and AIM-2 (absent in
melanoma) (17), while the mouse HIN-200 family members
include p202 (3), p203 (20), p204 (3), and D3 (38). There are
a number of reviews that elegantly outline the biochemical
characteristics of these proteins and their patterns of expres-
sion (15, 27, 30). Recently, there have been a number of re-
ports examining possible cellular functions of HIN-200 pro-
teins. It is now clear that these proteins play a role in
modulating cell growth and perhaps in vivo differentiation, and
the newest member of the HIN-200 family, AIM-2, has been
identified as a possible tumor suppressor protein. Some family
members are transcriptional regulators, acting either directly
by binding DNA at a promoter or indirectly by modulating the
function of other cellular transcription factors. Clearly, there is
much still to learn about the biological functions of these
proteins and how significant a role they play during an inter-
feron response. While it is clear that the human and mouse
family members share many biochemical and structural char-
acteristics, it is unclear which, if any, of the currently identified
murine HIN-200 proteins are functional homologs of the dif-
ferent human HIN-200 family members. This review will
briefly cover the structural and biochemical properties of HIN-
200 proteins but will concentrate on the molecular and biolog-
ical functions of these molecules.

STRUCTURE AND EXPRESSION OF THE
HIN-200 PROTEINS

A structural motif found in all members of the HIN-200
family is a 200-amino-acid domain present singly or in dupli-
cate (Fig. 1). There are two contiguous 200-amino-acid do-

mains (A and B) in p202 and p204, while the two repeats are
separated by a serine-threonine-proline (S/T/P)-rich spacer re-
gion in IFI 16. The size of the spacer region in IFI 16 is
regulated by mRNA splicing and can contain one, two, or three
copies of a highly conserved 56-amino-acid S/T/P domain en-
coded by distinct exons (23). In contrast, MNDA, AIM-2,
p203, and D3 contain only one 200-amino-acid domain (3, 17,
18, 20). The amino acid composition of the A domains ex-
pressed in different HIN-200 proteins is highly conserved, as
are the B domains expressed in different family members. For
example, there is approximately 55 and 50% sequence identity
between the A and B domains, respectively, found in p202 and
p204 (30). In contrast, sequence comparison reveals only 27%
identity between the A and B domains of p202 and 34% iden-
tity between the p204 A and B segments. These findings are
consistent with the duplication of a primordial gene encoding
the ancestral 200-amino-acid segment giving rise to the second
domain. These 200-amino-acid regions are unique to the HIN-
200 proteins and contain no known functional motifs that
could provide some clue to their physiological relevance. How-
ever, there are stretches of amino acids, such as the sequence
MFHATVAT, that exhibit almost complete identity across the
A and B domains of all family members. The conservation of
these domains throughout evolution points to a functional or
structural requirement for these regions. Recent studies have
investigated the functional significance of the 200-amino-acid
domains, and the findings from these studies will be discussed
later in this review.

In addition to the 200-amino-acid repeat they have in com-
mon, all members of the HIN-200 family, except p202, show a
high degree of amino acid homology in the amino-terminal
region. Of particular interest are the highly conserved leucine
and basic residues (Fig. 2). The leucine residues are thought to
form an imperfect leucine zipper motif. Both IFI 16 and
MNDA have been shown to homodimerize via their amino-
terminal leucine zipper and basic regions (23, 42), and the
conservation of these residues throughout the HIN-200 pro-
teins indicates the possibility of homo- and heterodimerization
of all family members except, possibly, p202. Interestingly,
p202 was recently shown to be able to self-associate and a
highly conserved motif (MFHATVAT) within the two 200-
amino-acid domains of p202 was necessary and sufficient for
the homodimerization (26). This report is in contrast to two
others showing that the 200-amino-acid repeats of IFI 16 and
MNDA are dispensable for self-interaction (23, 42). Consen-
sus nuclear localization signal sequences are found within the
amino-terminal regions of IFI 16, MNDA, p204, and D3, con-
sistent with the constitutive nuclear expression of these mole-
cules (4, 15). In contrast, p202 does not contain such a motif
and the expression of p202 differs from that of other family
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members in that it is expressed within the cytoplasm following
interferon induction and then translocates to the nucleus over
time (5). The subcellular expression of p203 and AIM-2 has yet
to be determined.

All HIN-200 family members are expressed in hematopoi-
etic cells, with some molecules showing a tightly regulated
expression pattern in certain cell types. For example, IFI 16 is
expressed in precursor CD341 stem cells and remains strongly
expressed throughout lymphoid development and within
monocyte precursors and peripheral blood monocytes. How-
ever, IFI 16 is not expressed in mature macrophages, nor is it
found in cells of the erythroid and polymorphonuclear lin-
eages. This is in contrast to MNDA, which is found in mature
granulocytes and monocytes but not in lymphoid cells or un-
differentiated myeloid cell lines (11, 12). This expression pat-
tern is similar to that of p204, which is constitutively expressed
in myelomonocytic cells of the mouse (19).

As their name suggests, all HIN-200 genes can be positively
regulated by type I and/or type II interferons (Table 1). The
responses of individual HIN-200 genes to the two classes of
interferon can differ greatly, and the molecular basis for these
differences has yet to be clearly defined. In addition, genes
such as IFI 16 can be strongly upregulated in promyelocytic
cell lines treated with differentiation agents such as dimethyl

sulfoxide or retinoic acid (13) and proliferative agents such as
lipopolysaccharide (LPS) and phorbol myristate acetate have
been used in vitro to upregulate the expression of D3 (38) and
MNDA (1), respectively. These data further suggest a possible
role for HIN-200 proteins in the regulation of cell growth and
differentiation in vivo.

TRANSCRIPTION REGULATION BY HIN-200 PROTEINS

Clues to some of the possible cellular functions of HIN-200
proteins can be drawn from the physical and biochemical char-
acteristics of the molecules. All HIN-200 proteins translocate
to the nucleus following induction of expression by interferons,
although there do appear to be some differences in the kinetics
of nuclear translocation, as p202 can initially be detected in the
cytosol after interferon treatment. While the molecular mech-
anisms involved in nuclear translocation of the HIN-200 family
members have not been extensively studied, recent evidence
suggests that IFI 16 has a bipartite nuclear localization se-
quence whose activity may be regulated by phosphorylation of
a key serine residue located within the nuclear localization
signal by protein kinase CK2 (1a). In addition, IFI 16 (14),
p202 (30), and MNDA (18) can all bind double-stranded DNA
through their amino-terminal leucine or charged regions.
However, specific DNA elements capable of binding these
molecules have yet to be defined and it is possible that these
molecules can bind DNA in a nonspecific manner or are bound
to a specific DNA element via their interaction with a cellular
transcription factor(s). Thus, it seems reasonable to postulate
that HIN-200 molecules might regulate gene expression and it
appears that some HIN-200 proteins do, albeit possibly by
different mechanisms.

Full-length IFI 16 fused to the heterologous GAL4 DNA
binding domain can act as a potent transcriptional repressor
when positioned in proximity to a promoter containing con-
sensus GAL4 DNA elements (22). Each of the two 200-amino-

FIG. 1. Schematic structural representation of HIN-200 proteins. Black
boxes indicate amino-terminal regions with amino acid sequence homologies,
and putative nuclear localization sequences are indicated by a white line within
this region. The type A and B 200-amino-acid domains are shaded grey. For IFI
16, the S/T/P-rich spacer domains between the A and B 200-amino-acid repeats
are shown as white boxes. The IFI 16A, -B, and -C isoforms arise due to
alternative RNA splicing in exons encoding the S/T/P domains. Amino acid
numbers are shown below each structure.

FIG. 2. Conservation of leucine, isoleucine, and basic amino acids within the
N-terminal region of the HIN-200 family. The amino-terminal 90 amino acids of
all known HIN-200 proteins except p202 are aligned. Amino acid residues ca-
pable of forming a functional leucine zipper (including leucine, isoleucine, va-
line, and methionine residues) and basic amino acids are shaded. Conservation
of acidic residues is denoted by an asterisk.
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acid repeat regions was independently capable of directing this
repression activity; however, the amino-terminal 160 amino
acids were dispensable for the repression function (22). Thus,
IFI 16, like many cellular and viral transcription factors, has a
modular structure. There is a distinct DNA binding domain
(amino terminus) which also contains a functional nuclear lo-
calization signal sequence and two “active” transcription reg-
ulatory domains (A and B 200-amino-acid domains) that are
fully functional when fused to a heterologous DNA binding
domain. The molecular mechanisms underpinning transcrip-
tional repression by IFI 16, such as chromatin remodelling, are
unknown but under investigation.

Significantly, wild-type IFI 16 could also function as a tran-
scriptional repressor. It had been shown that IFI 16 forms a
stable complex with the cellular transcriptional activator SP1 at
a key DNA element (inverted repeat 1 [IR1]) located within
the cytomegalovirus (CMV) DNA polymerase gene promoter
(32). A functional IR1 is necessary for transcription of the
CMV DNA polymerase gene and efficient viral replication
(24). IFI 16 was able to repress transcription of a reporter gene
containing wild-type IR1 within the upstream promoter, while
mutation of IR1, resulting in loss of binding of the SP1/IFI 16
complex, caused a loss of IFI 16-mediated transcriptional re-
pression (22). These studies showed for the first time that a
member of the HIN-200 family of proteins is capable of ac-
tively modulating gene expression. From these studies, one
might think that IFI 16 could negatively regulate CMV DNA
polymerase gene expression and therefore inhibit viral repli-
cation. However, also necessary for CMV DNA polymerase
gene activation are the immediate-early CMV gene products
IE72 and IE86, which function synergistically as transcriptional
activators of the CMV DNA polymerase gene yet do not bind
IR1, and SP1, which can bind IR1 but does not interact with
IE72 or IE86 (32). Thus, a current working model is that in the
absence of IE72 and IE86, IFI 16 can repress transcription of
CMV DNA polymerase when complexed with SP1 at IR1 (Fig.
3A). However, expression of IE72 and/or IE86, possibly result-
ing in direct binding of these molecules to IFI 16, could result
in activation of the CMV DNA polymerase gene (Fig. 3A). In
this model, viral proteins (IE72 and/or IE86) modulate the
function of a cellular protein (IFI 16) to the advantage of the

pathogen. There are precedents for reversal by viral proteins of
transcriptional repression mediated by cellular factors. For
example, the cellular protein YY1 can repress transcription
when bound to its cognate DNA binding sequence at a pro-
moter (37). However, coexpression of the adenovirus onco-
protein E1A converts YY1 from a transcriptional repressor to
a transcriptional activator (37). Studies are currently under
way to determine if IE86 and/or IE72 can modulate IFI 16-
mediated transcriptional repression of the CMV DNA poly-
merase gene and, if so, how this occurs.

These experiments indicate that IFI 16 can function as a
transcriptional repressor at a specific promoter. The sequence
of IR1 (AGGCTCCG) is a nonconsensus GC box, the proto-
type of which is capable of binding SP1 with high affinity. It is
unclear whether functional IR1 elements or related sequences
are present within the promoter regions of cellular genes, but
if they are, this raises the possibility of the regulation of those
cellular genes by SP1/IFI 16.

In contrast to IFI 16, the GAL4-p202 and GAL4-p204 fusion
proteins had no effect on the expression of a reporter gene
containing GAL4 DNA elements within the promoter (30).
However, p202 can modulate transcriptional activation medi-
ated by the transcription factors E2F-1/DP-1 (7), E2F-4/DP-1
(8), MyoD (10), NF-kB (33), and p53 via interaction with
p53-binding protein (9) and the AP-1 complex consisting of
c-Jun/c-Fos heterodimers (33). The effect of p202 on transcrip-
tion activation by E2F-1/DP-1, E2F-4/DP-1, MyoD, p53, and
AP-1 appears to reside in its ability to inhibit the binding of
these transcription factors to their cognate DNA elements
(7–10, 33). Thus, p202 can regulate the ability of distinct tran-
scription factors to bind to specific DNA sequences and can
therefore regulate the expression of particular cellular genes
(Fig. 3B). However, binding of p202 to NF-kB also inhibits the
ability of NF-kB to transactivate but does not prevent NF-kB
from binding double-stranded DNA (33). It is unclear how
p202 inhibits the transcriptional activity of NF-kB, but it can be
postulated that p202 may modulate transcription by interfering
with the assembly of the basal transcription machinery at the
promoter site. Likewise, it is possible that under certain cir-
cumstances and in particular promoter conformations, p202,

TABLE 1. Physical and biochemical properties of HIN-200 moleculesa

Protein Chromosomal
localization

No. of
200-amino-acid
repeat copies

Molecular
mass (kDa) Gene inductionb DNA

binding
Subcellular
localization Cellular expression

IFI 16 1q22 2 85–95 IFN-a, -g, RA, DMSO,
vitamin D3

Yes Nucleus Lymphocytes, CD341

stem cells, monocytes
MNDA 1q21-22 1 55 IFN-a, PMA, PHA Yes Nucleus Granulocytes,

monocytes
AIM-2 1q22 1 40c IFN-a, -g Unknown Unknown Spleen, peripheral

blood leukocytes,
small intestine

p202 1q21-23 2 52 IFN-a, -b, -g, LPS,
poly(rI-rC)

Yes Cytoplasm/nucleus Spleen, heart, brain,
skeletal muscle, liver,
kidney

p203 1q21-23 1 48 IFN-a Unknown Nucleus Unknown
p204 1q21-23 2 72 IFN-a, -b, -g, LPS,

poly(rI-rC)
Unknown Nucleus Monocytes,

megakaryocytes
D3 1q21-23 1 47 IFN-a, -b, -g, LPS,

poly(rI-rC)
Unknown Nucleus Monocytes,

granulocytes

a The biochemical properties shown are described in published reports and may change or expand. The cellular expression does not include that seen in tumor cell
lines and is based on protein expression data for all molecules but p202 and AIM-2, whose expression was analyzed by Northern blotting.

b RA, retinoic acid; DMSO, dimethyl sulfoxide; PHA, phytohemagglutinin; PMA, phorbol myristate acetate.
c Estimated mass.
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like IFI 16, may function as a transcriptional repressor and can
therefore affect transcriptional activation by NF-kB.

Unlike IFI 16 and p202, MNDA appears to play a positive
role in transcription regulation by modulating the activity of a
known cellular transcription factor. MNDA can physically as-
sociate with the transcriptional activator-repressor YY1 and
stimulates the binding of YY1 to its cognate DNA element
(43). Binding of MNDA to YY1 increased the rate of DNA-
protein association and decreased the rate of YY1 dissociation
from DNA (Fig. 3C). It is unclear whether MNDA increases
the affinity of YY1 for its cognate DNA element by also form-
ing a protein-DNA interaction or whether binding of MNDA
to YY1 alters the conformation of YY1, thereby enabling a
higher-affinity interaction between YY1 and DNA. Interest-
ingly, YY1 has been shown to physically associate with the
nuclear proteins nucleolin and nucleophosmin (NPM/B23),
which can regulate the transcriptional activities of YY1.
Nucleolin can function as a transcriptional repressor (45),
while NPM can relieve YY1-mediated transcriptional repres-
sion (21). Independently, it was shown that MNDA can also
bind nucleolin and NPM (41) and thus it is possible that these
four molecules may form large multimeric complexes contain-
ing various combinations of these proteins to positively or
negatively regulate the expression of cellular genes. YY1 has
been shown to regulate the expression of key growth regulatory
genes, including those for c-myc, p53, c-fos, and gamma inter-
feron (IFN-g) (36). The necessity for MNDA to induce the
YY1-mediated regulation of these genes encoding proteins
that regulate cell growth and differentiation is not known but
warrants further investigation.

REGULATION OF CELL PROLIFERATION AND THE
CELL CYCLE BY HIN-200 PROTEINS

Treatment of human and mouse cell lines with interferons
causes a decrease in cell cycle progression with a reduced rate
of transition of cells from G1 into S phase (38). Although the
growth regulatory effects of type I and II interferons have been
well documented in a variety of different human and mouse
cell lines, the molecular mechanisms and proteins responsible
for this regulatory function remain largely unknown. As stated
above, p202 can interact with many key transcription factors
that are known to regulate the cell cycle. In addition, p202 has
been shown to interact with hypophosphorylated pRb (6), p107
(8), and p130 (8), all of which are members of the retinoblas-
toma tumor suppressor family which have previously been
shown to play a fundamental role in cellular growth and tran-
scription regulation (34). These findings, together with those of
many previous studies demonstrating cell growth regulation by
interferons, led to experiments designed to determine the pos-
sible growth regulatory function of p202. It has been shown
that overexpression of p202 in transfected cell lines results in a
decrease in the growth rate of these cells (5, 28, 44) and loss of
the ability of transfected cells to grow in soft agar (44). Further
studies revealed that constitutive expression of p202 inhibited
progression of the cell cycle from G0/G1 to S phase. It is
important to note that members of the E2F/pRb family of
proteins are key players in the regulation of the progression of
cells through the G1/S checkpoint and thus the functional con-
sequence of p202 interacting with these cell cycle regulatory
proteins and with the E2F/DP-1 transcription factors may be to
enforce cell cycle arrest at this point.

p202 can regulate transcriptional activation mediated by
p53, and overexpression of p202 resulted in an increase in p53
protein levels (9). Activation of p53 usually leads to the induc-
tion of one of two cellular events: (i) cell cycle inhibition with

FIG. 3. (a) Transcriptional repression by IFI 16 and potential modulation by
viral transcription factors. IFI 16 and SP1 can bind the IR1 element within the
CMV DNA polymerase (POL) promoter. Binding of IFI 16 at this site results in
transcriptional repression. The expression of the CMV immediate-early proteins
IE72 and/or IE86 is necessary for activation of the CMV DNA polymerase gene,
possibly due to interaction of IE72 and/or IE86 with IFI 16, resulting in modu-
lation of the repression activity of IFI 16. (b) Transcriptional regulation by p202.
p202 can interact either directly or indirectly with a range of different transcrip-
tion factors, including E2F-1/DP-1, E2F-4/DP-1, MyoD, NF-kB, p53, and c-Jun/
c-Fos. In most cases, this results in a block in the binding of the transcription
factor to its cognate DNA element. Shown is an example of p202 binding to the
Jun/Fos heterodimer and blocking the binding of this complex to an AP1 site,
thereby inhibiting transcriptional activation of the target gene. (c) MNDA stim-
ulates YY1 DNA binding. YY1 can bind DNA in a sequence-specific manner to
direct transcriptional repression or, in some cases, transcriptional activation.
Binding of MNDA to YY1 increases the affinity of YY1 for its cognate DNA
element by increasing the rate of YY1-DNA association and decreasing the rate
of dissociation.
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a block in the transition from G1 to S phase or (ii) programmed
cell death (31). As overexpression of p202 can also inhibit cell
cycle progression, in particular, movement of cells from G1 to
S phase, it was possible that in addition to the role of p202 in
regulating the function of E2F and pRb family members to
affect the cell cycle, it might also modulate cell proliferation via
p53. The molecular mechanisms underlying cell cycle regula-
tion by p53 have been well defined. p53 transcriptionally up-
regulates the p21/waf1/cip1 gene, the protein product of which
inhibits the kinase activity of cdk4/cyclin D (31). Activation of
cdk4/cyclin D results in phosphorylation of pRb, release of
pRb from the pRb/E2F/DP-1 complex, and movement from
the cell from G1 to S phase via the activation of genes regu-
lated by E2F/DP-1 (34). It therefore follows that an increase in
the levels or activity of p53 by p202 could increase transcription
of p21, resulting in a cell cycle block at G1/S. This, however,
was shown not to be the case, as various p202-overexpressing
cell lines demonstrated unaltered p21 expression even though
there was a significant decrease in the growth rate of p202-
expressing cells (9). These experiments indicate that p21 is not
a mediator of retarded cell proliferation by p202, although it is
possible that other genes regulated by p53/p202 may be in-
volved. Surprisingly, inhibition of endogenous p202 production
in murine cell lines using tetracycline-induced expression of
antisense RNA to the p202 gene did not result in an increase
in cell proliferation (25). In fact, decreased endogenous levels
of p202 in asynchronously growing cells inhibited cell prolifer-
ation and increased the susceptibility of cells to programmed
cell death (25). Thus, tightly regulated levels of p202 are nec-
essary to maintain cellular homeostasis and altered expression
of the protein can result in cell cycle arrest or apoptosis.

In contrast to p202, p204 does not appear to bind key cel-
lular transcription factors such as E2F proteins, c-Jun/c-Fos,
MyoD, or NF-kB. However, constitutive or induced overex-
pression of p204 in mouse cell lines led to growth retardation
with a block in the G1/S phase transition (29). Overexpression
of p204 correlated with an increase in the relative levels of
hypophosphorylated pRb, a form of Rb that binds E2F and
inhibits cell cycle progression. That p204 does not bind pRb,
p107, or p130 indicates that p204 probably has an indirect
effect on this family of proteins that induces cell cycle arrest.
Interestingly, constitutive overexpression of p204 in transgenic
mice leads to a block in embryonic development after the
four-cell stage (27). This highlights the potential physiological
importance of the tightly regulated lineage and stage-specific
expression of HIN-200 proteins, indicating that coordinated
expression of these proteins at certain times of development is
necessary for accurate programming of cell growth and differ-
entiation.

We have shown that like p202, IFI 16 can bind p53 and pRb
both in vitro and in vivo (23a). When overexpressed in human
cell lines that do not normally express the protein, IFI 16
retards cell growth by delaying progression from G1 to S phase
(23a). The effect of IFI 16 on p53- or E2F-mediated transcrip-
tional activation is still not clear; however, IFI 16 now joins the
growing list of HIN-200 proteins that can regulate the cell
cycle. In addition, the most recent addition to the HIN-200
family, AIM-2, was cloned by using a genetic screen for poten-
tial tumor suppressor proteins. A human melanoma cell line
with a deletion of part of chromosome 6 was transfected with
a wild-type copy of chromosome 6, resulting in a reduction of
cell growth in vitro and a loss of in vivo tumorigenicity (40).
Cloning of the genes positively or negatively regulated in re-
sponse to introduction of chromosome 6 into the melanoma
line resulted in the identification of AIM-2 as a putative tumor
suppressor protein (17, 35). It remains to be determined

whether AIM-2 is indeed necessary and/or sufficient for mod-
ulation of the transformed phenotype and whether AIM-2 can
also regulate cell cycle progression. That AIM-2 might be ex-
pressed in melanocytes and the possibility of downregulation
of expression in melanoma are currently under investigation in
our laboratory.

CONCLUSIONS

The cellular effects induced by type I and II interferons are
brought about by the functional activities of the proteins which
respond to stimulation by interferon. The HIN-200 gene family
appears to be one of probably many which operate as func-
tional proteins in response to the binding of interferon to its
cellular receptor. Clearly, both human and mouse HIN-200
proteins can regulate gene transcription and cell growth. It is
unclear whether cell cycle regulation by HIN-200 proteins oc-
curs as a direct consequence of transcription regulation (i.e.,
modulation of transcriptional activities of, say, p53 or E2F/
DP-1) or whether this is induced indirectly by binding of HIN-
200 proteins to cell regulatory proteins such as pRb. While
some of the biochemical properties and molecular interactions
of many HIN-200 proteins have been delineated, the biological
roles of these proteins have not been determined. The future
production of gene knockout mice in which one or more of the
murine HIN-200 genes have been functionally deleted should
provide great insight into the roles of HIN-200 proteins in the
physiological control of cell growth and differentiation.
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