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We studied the effects of gamma interferon (IFN--y) on HLA class I gene expression, differentiation, and
proliferative capacity of K562 human leukemia cells. In the uninduced state, K562 cells show little or no class
I gene expression but actively express the erythroid-specific -y-globin gene as well as genes associated with cell
proliferation, including the transferrin receptor, c-myc, and a-actin genes. At both the surface protein and
mRNA levels, IFN--y induces class I and 112-microglobulin gene expression, but does not alter the expression of
the -y-globin, transferrin receptor, c-myc, or a-actin genes. A 10-fold maximal induction of both class I surface
protein and mRNA occurs at 48 h and is reversible upon withdrawal of IFN--y from the culture medium. In
vitro nuclear run-on transcription assays were performed to directly establish that IFN-y exerts an early effect
at the level of transcription, with maximal transcription rates occurring within 4 h. The difference between the
time course of transcription induction and that of mRNA accumulation suggests that the regulation of class I
gene expression in this human leukemic cell line also involves posttranscriptional mechanisms. Measure-
ments of cell proliferation rates and cell cycle distribution, as well as the reversibility of the effects of
IFN-'y, demonstrate that the selective induction of class I genes in these cells occurs in the absence of
differentiation.

The human major histocompatibility complex consists of a
large family of genes which encode cell surface molecules
involved in immune regulation and function. Since HLA
class I and class II antigens are involved in recognition of
non-self and immune responsiveness to virally infected cells
and are associated with certain disease states, modulation of
HLA expression could have dramatic biologic effects. There
is increasing evidence that the oncogenicity of certain human
and animal tumors is closely associated with the degree of
class I gene expression. This is felt to be related to the ability
of tumor cells with altered class I expression to evade the
immune system (7, 44, 49, 51).

Interferons have been reported to induce major histocom-
patibility complex gene expression and to cause differentia-
tion in several hematopoietic cell lines (3, 4, 37, 41, 48), in
normal hematopoietic cells (15, 26), in nonhematopoietic
transformed cell lines (6, 12, 38), and in vivo in patients with
lung cancer (36). In other studies it has been shown that class
I genes can be induced by gamma interferon (IFN-,y) in
neuroblastoma cell lines without shifting the population
towards more differentiated neuronal forms (29). While the
increased steady-state HLA class I mRNA levels reported in
many cases are consistent with a transcriptional effect, this
has not been directly demonstrated.
The K562 human cell line, which was derived from the

pleural effusion of a patient with chronic myelogenous
leukemia in terminal blast crisis (31), is one of several
leukemic cell lines used as model systems to study hemato-
poietic cell differentiation and gene expression. Most
sublines of K562 cells can be induced to differentiate via the
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erythroid pathway by more than 20 agents (32, 43). A
noteworthy feature of this cell line is that it has markedly
decreased or absent class I gene expression.
We used the K562 cell line as a model to study the effects

of IFN--y on class I gene expression and differentiation. The
purposes of these studies were (i) to determine at what level
IFN--y induces class I antigen expression in the K562 cell line
and (ii) to determine whether IFN--y alone or in combination
with 5-azacytidine (5-Aza) could discernibly alter the state of
differentiation in K562 cells. We found from immunofluores-
cence and Northern blot mRNA quantitation that IFN--y
alone increases class I antigen expression by fivefold and
that the addition of 5-Aza results in a further twofold
increase. In vitro nuclear transcription run-on assays were
carried out to directly establish for the first time that IFN--y
exerts a regulatory effect on class I gene expression at the
transcriptional level. However, kinetic analyses demon-
strated a disparate time course for maximal class I gene
transcriptional rate compared with stable cytoplasmic
mRNA levels, thus suggesting that IFN--y also exerts part of
its regulatory effect at the posttranscriptional level. In con-
trast to class I genes, the mRNA levels of the erythroid-
specific -y-globin gene, as well as other genes which are
usually regulated during differentiation, remained un-
changed. In addition, neither the cell cycle position nor the
proliferative capacity of the total cell population was modi-
fied by the IFN-y treatment employed in these experiments.
Our results indicate that IFN--y alone or in combination with
5-Aza does not alter the state of differentiation in the K562
cell line used in these studies, but that this agent is capable
of selectively inducing expression of specific genes, such as
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the class I heavy chain and P2-microglobulin (P2m) genes, at
the transcriptional level.

MATERIALS AND METHODS

Cells. The K562 cell line was obtained from J. Minowada
and maintained in RPMI 1640 medium supplemented with
10% heat-inactivated fetal bovine serum, glutamine, and
gentamicin (complete medium). The cell line was documented
to be free of mycoplasma.

Reagents. Propidium iodide, 5-Aza, and RNase were pur-
chased from Sigma Chemical Co. (St. Louis, Mo.). Affinity-
purified human IFN-y was obtained from Interferon Sci-
ences, Inc. (New Brunswick, N.Y.). Fluorescein-conjugated
F(ab')2 fragments of goat anti-mouse immunoglobulin G
were obtained from Cooper Biomedical, Inc. (West Chester,
Pa.).
Monoclonal antibodies. The 5E9 monoclonal antibody

(MAb) detects the human transferrin receptor (22). The
W6/32 MAb detects a nonpolymorphic determinant on the
heavy chain of human class I molecules (5). The BBM.1
MAb is specific for human P2m (9). The 5E9, W6/32, and
BBM.1 hybridomas were obtained from the American Type
Culture Collection, Rockville, Md. SG157 is an MAb (ob-
tained from S. Goyert) that is specific for HLA-DR mole-
cules (19). The Leu-10 MAb (Becton Dickinson, Mountain
View, Calif.) is specific for HLA-DQ molecules.

Culture conditions. K562 cells were cultured at 3 x 105 to
4 x 105 cells per ml in complete medium with the following
additives: (i) 5-Aza only, 2 p.M; (ii) IFN--y only, 100 U/ml;
(iii) 5-Aza + IFN--y; and (iv) no additives (referred to as
uninduced). In the experiments to study the decrement of
the induced changes after removal of the additives, samples
of cells were removed from each culture condition after 48 h,
washed twice in complete medium, and cultured at S x 105
cells per ml in complete medium without additives in new
cell culture flasks. Samples of cells cultured in this manner
were collected after 4, 24, 48, and 144 h for analysis.
Flow cytometric analysis. The surface immunofluorescence

and DNA content of individual cells were analyzed by flow
cytometry with log amplification utilizing a fluorescence-
activated cell sorter (FACS IV, Becton Dickinson). Samples
of 2 x 106 cells to be analyzed for surface immunofluores-
cence were first incubated with human immunoglobulin for
30 min at 4°C to decrease nonspecific binding of the MAbs to
Fc receptors. The cells were washed once, incubated with
saturating amounts of various MAbs or the mouse immuno-
globulin-negative control, followed by fluorescein-
conjugated goat anti-mouse immunoglobulin G, and ana-
lyzed by flow cytometry as previously described (18). The
median channel fluorescence (MCF) reported for the exper-
imental samples represents the MCF of the sample minus the
MCF of the appropriate control. Under saturating condi-
tions, fluorescence intensity as measured by MCF is an
indication of antigen density on the cell surface (35). In this
system, a change of MCF equal to 66 channels represents a
log-fold difference in intensity. Cells for simultaneous sur-
face immunofluorescence and DNA content (cell cycle)
analysis using propidium iodide were prepared as described
by Kehrl et al. (25). For each sample, 30,000 cells were
analyzed. The percentage of positive cells and MCF with
each MAb were determined separately for cells in the GWG1,
S, and G2/M phases of the cell cycle, based on propidium
iodide staining.
RNA isolation. RNA was isolated from 107 to 108 cells by

a rapid nuclear-cytoplasmic fractionation method conducted

at 4°C using diethylpyrocarbonate-treated reagents. Cells
were washed in NTM buffer (140 mM NaCl, 10 mM Tris
chloride, pH 8.4, 1.5 mM MgCl2) in Microfuge tubes and
spun in a Microfuge at 12,000 x g for 10 s. The pellets were
suspended in 2 ml of NTM buffer-0.5% Nonidet P-40-250 U
of RNasin (Promega Biotec) per ml, and the suspensions
were spun in a Microfuge for 20 s. Immediately the super-
natants (cytoplasmic fraction) were removed to fresh
Microfuge tubes, and sodium dodecyl sulfate (SDS) was
added to a final concentration of 0.3%. The RNA was
extracted with neutral phenol and chloroform, ethanol pre-
cipitated, and stored at -20°C until ready for use. Poly(A)+
mRNA was isolated by oligo(dT)-cellulose column (Be-
thesda Research Laboratories) chromatography as described
by Maniatis et al. (34).

Quantitation of mRNA. Poly(A)+ RNA, measured
spectrophotometrically at 260 nm, was glyoxylated by the
method of Thomas (50) and loaded at approximately 5 ,ug per
lane on 1% agarose gels. Electrophoresis, transfer to nitro-
cellulose (Schleicher & Schuell; 0.45->m pore size), and
hybridization to 32P-labeled nick-translated probes were as
previously described (17). Washes were at 65°C in 2x SSC
(lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1%
SDS-5 mM sodium pyrophosphate for 15 min and O.1x
SSC-0.1% SDS for 30 min. For rehybridizations, old probe
was melted off the filters in 10 mM Tris chloride (pH 8.0)-i
mM EDTA-50% formamide at 65°C for 2 h. This treatment
removed 95 to 100% of the bound probe.

Probes used for quantitation of nmRNA. The following
cloned human DNAs were used as probes: (i) HLA-B7,
1.4-kilobase (kb) cDNA from clone pDPOOi (46); (ii) P2m,
0.55-kb cDNA (47); (iii) HLA-DRa, 3.1-kb genomic DNA
from clone pP34-RI-3 (11); (iv) a-actin, 1.5-kb cDNA from
clone pHMaA-1 (21); (v) transferrin receptor, 4.9-kb cDNA
from clone pCD-TR1 (28); (vi) y-globin, 1.1-kb cDNA from
clone JW151 (52); (vii) pE3-myc, 1.7-kb ClaI-EcoRI genomic
DNA fragment from clone X hRl-15 (42).

Nuclear run-on transcription assay. Nuclear transcription
and RNA isolation were performed with the following mod-
ifications of published procedures (8, 20). IFN-y- and 5-Aza-
treated K562 cells were washed twice with RPMI 1640
containing no fetal bovine serum and twice with 0.32 M
sucrose-2 mM MgCl2-1 mM sodium phosphate (pH 6.8).
The cells were suspended in 10 mM NaCI-1 mM sodium
phosphate (pH 6.8), spun at 800 x g for 10 min, suspended
in 0.32 M sucrose-1 mM MgCl24.04% Triton X-100-1 mM
PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)] (pH
6.4), and lysed in a Dounce homogenizer with five strokes
using pestle A. The mixture was spun at 800 x g for 10 min
and washed twice with RB (0.1 M NaCl, 50 mM Tris
chloride, pH 8.0, 3 mM MgC92, 5 mM butyrate, 0.1 mM
phenylmethylsulfonyl fluoride). Nuclei were suspended in
RB at a concentration of 40 jil ofRB and 40 t1d of glycerol per
108 cells and stored at -80°C. Transcription reactions (200
pAl, total volume) contained 108 nuclei, 30o glycerol, 80 U of
RNasin, 2.5 mM dithiothreitol, 1 mM MgCl2, 70 mM KCI, 10
mM phosphocreatine, 0.25 mM each UTP and CTP, 0.5 mM
ATP, and 250 pCi of [a-32P]GTP (Amersham; 410 Ci/mmol).
Transcripts were deproteinized, DNase I treated, and fur-
ther purified by chromatography on a G-50 Sephadex spin
column (8, 20). Aqueous hybridization to Southern blot
Nytran (Schleicher & Schuell) filters containing 3 to 5 p.g of
HLA-B7 or a-actin cDNA insert in each lane was at 65°C for
48 h. Filters were washed first in 2x SSC-0.1% SDS for 30
min at 65°C and then in O.lx SSC-0.1% SDS for 30 min at
65°C. Filters were further washed in 2 x SSC, 20 ,ug of
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FIG. 1. Fluorescence histograms of IFN--y + 5-Aza induction of transferrin receptor, class I, f2m, and DR antigens. Nonspecific staining
with the negative control antibody is shown as a dotted line. Specific staining with each MAb is shown as a solid line. The corresponding MCF
values are given in Table 1.

pancreatic RNase A per ml, and 8 U of RNase T1 per ml for
30 min at 37°C, in 0.1 x SSC-0.1% SDS-50 ,ug of proteinase
K per ml for 30 min at 37°C, and then in 0.1 x SSC-0.1% SDS
for 1 to 2 h at 65°C.

Cell proliferation analysis. At the times indicated during
the cultures, samples of cells were removed for determina-
tion of cell number, viability, and proliferative capacity. Cell
number was determined using a Coulter counter (Coulter
Electronics, Hialeah, Fla.), and viability was determined by
trypan blue exclusion. Proliferative capacity was assayed by
[3H]thymidine incorporation. Samples of cells (2 x 105) in
200 ,ul of the medium in which they had been cultured were
placed in round-bottom 96-well microtiter plates (Costar).
One microcurie of [3H]thymidine (Amersham; specific activ-
ity, 5 Ci/mmol) was added to each well, and plates were
incubated for 4 h at 37°C in 95% air-5% CO2. All assays were
performed in triplicate. At 4 h, plates were harvested onto
fiberglass filters by standard techniques and [3H]thymnidine
incorporation was measured by counting in a liquid scintil-
lation counter. Results are presented as counts per minute
per 105 viable cells.

RESULTS
IFN--y and 5-Aza additively induce HLA class I and P2m

surface expression and mRNA levels. K562 cells were cul-
tured, and the cell surface expression of the transferrin
receptor, class I molecules, 12m, and the DR and DQ HLA
class II molecules was analyzed by indirect immunofluores-
cence and flow cytometry as described in Materials and

Methods. The fluorescence histograms of a representative
experiment are shown in Fig. 1; the percentage of K562 cells
positive with each MAb and the corresponding MCF values
for multiple experiments are given in Table 1. Uninduced
K562 cells expressed the transferrin receptor at high levels:
94% of the cells were positive with an MCF of 83. In
contrast, uninduced K562 cells expressed very low levels of
class I molecules, 12m, and DR and DQ molecules. After
culture in 2 ,uM 5-Aza for 48 h, K562 cells continued to
express the transferrin receptor at high levels. In most
experiments, the expression of class I molecules and 02m
increased slightly in the 5-Aza-treated cells; in contrast,
there was no change in the DR or DQ expression with 5-Aza.
IFN-ly produced a marked increase in the expression of class
I molecules and 12m: over 50% of the cells were positive for
class I and 32m, with corresponding increases in the MCFs.
IFN--y produced no change in the expression of DR or DQ
molecules or the transferrin receptor. Interestingly, the
combination IFN-y + 5-Aza induced the greatest increase in
class I and 32m expression by K562 cells: 78% were class I
positive, and 84% were P2m positive. There was also a
corresponding increase in the MCF values for both class I
and P32m compared with the values for IFN--y alone. On the
other hand, the addition of 5-Aza to IFN-y caused no change
in expression of the transferrin receptor or DR or DQ
molecules. Therefore, our results show that IFN--y induces
expression of class I molecules and A2m on the K562 cell
surface, in agreemeent with a recent report (48). In addition,
these data document that the combination of IFN--y + 5-

TABLE 1. Flow cytometric analysis of cell surface antigen expression
Treatment

Antigen MAb Uninduced 5-Aza IFN-y 5-Aza 4 IFN-'y

Positive' MCFb Positivea MCPb Positive' MCFb Positive' MCFb

Transferrin receptorc 5E9 94 ± 0.5 83 ± 2.0 93 ± 1.0 94 ± 20.4 95 ± 0.5 99 ± 14.5 89 ± 5.0 89 ± 27.0
Class Id W6/32 5 2.6 3 3.3 18 ± 6.1 18 ± 5.2 57 ± 11.1 33 ± 5.5 78 ± 6.7 57 ± 5.0
2md BBM.1 17 7.0 9 9.0 25 ± 4.5 17 ± 5.0 56 ± 15.0 31 ± 7.5 84 2.0 54 ± 1.5
DRd SG157 1 0.6 0 2 ± 2.3 2 ± 2.0 1 ± 1.0 0 2 1.5 4 ± 2.2
DQc Leu-10 1 1.0 0 3 ± 3.0 3 ± 3.0 1 ± 1.0 2 ± 1.5 4 3.5 5 ± 4.5

aPercent cells positive with given MAb + standard error.
b MCF for cells positive with given MAb ± standard error.
' Two experiments.
d Three experiments.

MOL. CELL. BIOL.



HLA CLASS I GENE EXPRESSION 1701

Class 132m

kb a bcd abcd

DR a-actin Y-globin Transf.
Rec.

abc d ab c d ab c d abc d

4.4-

0.5-

a. e*0

*

W. i~~~~~~~~~~

W.I:
_..'

t

FIG. 2. mRNA quantitation by Northern blotting. A sample of 5 p.g of glyoxylated poly(A)+ mRNA was loaded in each lane. Each panel
is the same filter, sequentially hybridized to seven probes as indicated. Treatments: lanes a, uninduced; lanes b, 5-Aza (48 h); lanes c, IFN-y
(48 h); lanes d, 5-Aza + IFN--y (48 h). The corresponding densitometric quantitation of band intensities is given in Table 2.

Aza produces an increase that exceeds the effect of IFN-y
alone.
Northern blotting was performed to determine whether

mRNA levels correlate with cell surface expression to rule
out possible translational or posttranslational regulation.
Figure 2 shows that class I, HLA-DRa, and 12m mRNAs
were induced by 5-Aza and IFN-y, whereas no induction
was seen for a-actin, y-globin, transferrin receptor, or c-myc
mRNAs. Quantitatively, IFN-y alone caused an increase in
mRNA levels of 4.9-fold for class I genes, 2.4-fold for the
32m gene, and 1.5-fold for the HLA-DRa gene (Table 2). In

combination with 5-Aza, IFN--y caused a 10-fold increase for
class I genes, a 3-fold increase for P2m genes, and a 2-fold
increase for the HLA-DRa gene. It is interesting that both
the mRNA level and the surface expression (MCF) for class
I genes were increased by IFN-y + 5-Aza by about a log-fold
(Table 1), whereas the mRNA level for 12m did not increase
in exact proportion to the surface immunofluorescence. The
constant -y-globin mRNA level is consistent with the absence
of differentiation either via the erythroid pathway, which
should be accompanied by increased globin RNA, or via a

nonerythroid pathway, which should be accompanied by
decreased globin RNA.

In the Friend erythroleukemia, U937, and HL-60 cell
lines, there is a close link between reduction of c-myc
expression and GO/G1 arrest when either phorbol myristate
acetate or dimethyl sulfoxide is used to trigger terminal
differentiation (14). The lack of down-regulation of c-myc by
IFN--y in K562 cells in our studies is most consistent with a

lack of terminal differentiation. The constant transferrin
receptor mRNA level is consistent with the observation that
the rate of cell proliferation is constant under all conditions
studied, as shown in Table 4 and discussed below.

Kinetics of class I gene induction as determined by immu-
nofluorescence, Northern blotting, and nuclear run-on tran-
scription assays. To gain further insight into the possible
levels of class I gene regulation in this system, we examined
the kinetics of class I induction at the levels of protein, stable
steady-state mRNA, and transcription rate. K562 cells were

induced with 100 U of IFN-y per ml plus 2 p.M 5-Aza for 48
h (2 days) before the two agents were removed from culture
for the following 144 h (6 days). The class I surface expres-
sion and mRNA levels began to rise within 24 h of induction,
peaked at 48 h, and dropped to near the uninduced levels by
144 h after 5-Aza + IFN--y were withdrawn (Fig. 3). The
same time course was observed in cells treated with IFN-y
alone (data not shown). Induction, therefore, is reversible,
which is consistent with selective modulation of class I genes
in the absence of true differentiation. The transferrin recep-
tor gene was used as a negative, noninducible control, and
the lack of change in its expression reflects the constant rate
of cell division and the availability of adequate iron in the
medium throughout the 8-day time course.
The observations that the class I surface expression and

mRNA levels continue to rise even after 24 h yet do not
exactly parallel one another suggested that both transcrip-
tional and posttranscriptional mechanisms may be involved

TABLE 2. Relative intensities of Northern hybridization bandsa
Treatment:

Band 5-Aza IFN- 5-Aza +
Uninduced (2 days) (2 days) IFN--y(2days)(2 days) (2 days)

Class I (HLA- 1.0 0.9 4.9 10.0
B7)

12m 1.0 1.3 2.4 3.0
Class II 1.0 1.3 1.5 1.9
(HLA-DRa)

a-Actin 1.0 0.9 1.1 1.3
y-Globin 1.0 0.9 1.1 0.8
Transferrin 1.0 0.4 1.0 0.8

receptor
c-myc 1.0 0.6 0.7 0.6

a Autoradiograms were scanned at 550 nm on a Beckman DU-8 absorbance
scanner. Triplicate peaks were integrated by cutting out and weighing on an
analytical balance. For a given probe, all intensities are relative to the
uninduced K562 cell band intensity, which is assigned the value 1.0.

c-myc

ab c d
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FIG. 3. Kinetics of class I and transferrin gene expression in IFN-y + 5-Aza-treated K562 cells. Solid lines, immunofluorescence
intensities; dashed lines, mRNA levels. The numbers 0, 4, 24, and 48 on the horizontal scale refer to the number of hours for which the cells
were continually grown in 5-Aza + IFN-y. At 48 h, the two agents were removed from culture. The numbers 48-4, 48-24, 48-48, and 48-144
refer to the number of hours after the 48-h time point in which the cells were cultured without the agents. For mRNA quantitation, scanning
densitometry was performed on autoradiograms of a filter which was sequentially hybridized to the HLA-B7, transferrin receptor, and
y-globin probes. The relative mRNA level was calculated by dividing the value obtained from scans for HLA-B7 and transferrin genes by the
value obtained from scans for the y-globin gene at each time point. This was done to correct for variable amounts ofRNA loaded in each lane;
-y-globin was arbitrarily chosen as the denominator since it is not induced by 5-Aza or IFN--y.

in class I gene regulation in this model. To directly test this
hypothesis, in vitro run-on transcription assays using nuclei
isolated at various time points of IFN--y + 5-Aza treatment
were performed. No class I transcripts were detectable in
uninduced cells (0 h) (Fig. 4). Since some class I mRNA is
detectable in these cells, this most likely indicates a very low
amount of class I transcription which is below the level of
sensitivity of our assay. By 30 min of IFN--y + 5-Aza
treatment, class I transcripts could be detected, and the level
became maximal by 4 h. The increased class I transcription
level at 4 h was most likely caused by IFN--y only, since no
transcripts were detected when nuclei isolated from cells
treated for 4 h with 5-Aza alone were assayed (data not
shown). The high level of class I transcription continued at
48 h of IFN--y + 5-Aza treatment. For each assay performed,
transcription of class I (Fig. 4, lanes a) and a-actin (Fig. 4,
lanes b) was measured. The a-actin transcription levels were

FIG. 4. Nuclear run-on transcription assay using nuclei isolated
after 0, 0.5, 4, and 24 h of IFN-y + 5-Aza treatment. Transcripts
were hybridized to filters containing cDNAs as described in Mate-
rials and Methods. Lanes a, HLA-B7 cDNA; lanes b, a-actin
cDNA.

measured to correct for any technical variability between
assays, assuming that the level of transcription of a-actin is
constant throughout the 48-h time course, which seems a
reasonable assumption given the constant level of a-actin
mRNA at all time points.
IFN-y and 5-Aza induction do not alter cell cycle position

nor cell proliferation rate. One original aim ofour studies was
to determine the effect of IFN--y and 5-Aza on K562 cell
differentiation. Previous studies have suggested that a major
mode of action of both of these agents involves induction of
cell differentiation and that specific genes, including that for
HLA, are activated as a part of a differentiation program (24,
48). The exact mechanisms of action of IFN-y are not well
understood (30), but it has been shown to exert cytostatic or
cytotoxic effects. 5-Aza is a cytotoxic drug with pleiotropic
effects on cells, including inhibition of cytosine methyltrans-
ferase (10), induction of certain genes, and modulation of cell
surface antigen expression and metastatic behavior (40).
Therefore, one possible mechanism by which these agents
may act alone or in concert could involve selective toxicity,
resulting in the enrichment of a subpopulation of cells which
already manifest high levels of class I gene expression or are
spontaneously entering a state of differentiation character-
ized by high class I gene expression. Alternatively, these
agents could shift the distribution of cells to the Go or G1
phase of the cell cycle as a part of the process of commit-
ment to differentiation (14). To rule out these possible
mechanisms, we examined the effect of IFN--y and 5-Aza on
cell cycle position and cell proliferation. Table 3 shows the
results of a comparison of cell cycle position and cell surface
expression of the transferrin receptor, class I molecules, and
f2m, using flow cytometry. Importantly, the percentages of
cells in each phase of the cell cycle that were positive for
class I or P2m were very similar within each culture condi-
tion. In addition, the percentage of cells in each phase of the
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TABLE 3. Comparison of cell cycle position and immunofluorescence
Treatment:

Cell Uninduced 5-Aza IFN-y 5-Aza- + IFN--y
Antigen MAb cycle

phase % b%b
Positive' MCF Total Positivea MCFb Total Positivea MCFb Total Positivea MCFb Total

cells' oitv cells' cells' cells'
Transferrin 5E9 GJG1 93 52 43 88 44 30 93 62 40 85 44 24

receptor S 94 47 34 91 44 39 92 52 39 85 44 45
G2/M 94 44 23 92 44 31 92 49 21 89 45 31

Class I W6/32 GoG, 18 6 40 18 8 28 76 26 41 86 42 29
S 22 7 40 18 8 40 71 21 39 81 37 44
G2/M 20 5 20 25 9 32 73 19 20 91 38 27

02M BBM.1 GJG1 16 6 40 17 8 31 81 27 40 84 40 28
S 15 6 38 15 7 37 74 22 38 77 34 43
G2/M 13 4 22 20 9 32 78 20 22 90 35 29

a Percent cells positive with given MAb.
b MCF for cells positive with given MAb.
C Percent total cells in indicated cell cycle phase.

cell cycle did not reflect Go/Gl arrest as would be expected in
terminal differentiation (14).
The lack of cytotoxic cell selection was corroborated by

determination of the number of viable K562 cells and the cell
proliferation rates as measured by [3H]thymidine incorpora-
tion. In a representative experiment (Table 4), cell viability
and [3H]thymidine incorporation did not change with any of
the various culture conditions as compared with the
uninduced control cells. Therefore, by these parameters,
there is no evidence that IFN-y, with or without 5-Aza,
either selects a subpopulation of cells which already ex-
presses high levels of the class I genes or induces or selects
for differentiation.

DISCUSSION
We have found that induction of HLA class I genes in

K562 cells can occur as a separate phenomenon from any
discernible program of differentiation. IFN--y alone or in
combination with 5-Aza induces class I gene expression, but
does not induce the expression of y-globin, c-myc, a-actin,
or transferrin receptor genes. While it is possible that at
higher and most likely toxic concentrations of IFN-y and
5-Aza some degree of cell differentiation might occur, the
induction of class I gene expression in these studies appears
to be a direct and selective modulation. We have also shown
by nuclear run-on assays that IFN--y exerts at least part of its
effect at a transcriptional level. Results of recently reported
studies of class I gene regulation in a human cell line treated
with IFN-a are consistent with the involvement of both
transcriptional and posttranscriptional mechanisms (16).
However, given the fact that IFN-y binds to a different
receptor than IFN-a or -P (30), and given the delayed time
course of class I transcriptional activation shown here com-

pared with that observed in studies of IFN-a and -1 (16), it
is reasonable to expect that the mechanisms of class I gene
regulation by these different types of interferons may be
quite distinct. In support of this possibility, indirect analyses
of 2',5'-oligo(A) polymerase mRNA induction have also
shown a delayed time course for IFN--y compared to IFN-a
or -, (2). On the other hand, it has been demonstrated that
IFN--y can induce rapid transcriptional activation of at least
one gene in the U937 cell line (33). This finding, along with
the delayed time course of transcription induction seen in
our studies, raises the possibility that the effect of IFN--y on
class I gene transcription may require, or be mediated by,
the product of some early response gene. Alternatively, the
delayed time course of induction of class I transcription
described here could reflect a mechanism in which IFN--y
down-regulates a labile repressor. These possibilities are
currently under study.

In these studies, 132m expression paralleled class I expres-
sion, although induction at the mRNA level by IFN--y +
5-Aza was greater for class I (10-fold) than for j32m (3-fold).
At the surface level, class I increased 10-fold and P2m
increased 6-fold. One explanation for this difference in the
class I heavy chain/P2m ratio for mRNA versus the surface
protein is that there are 132m molecules that are not associ-
ated with HLA heavy chains on the surface. It has been
shown that on lymphocyte cell surfaces, there may be
10-fold as many 132m molecules as HLA molecules (1).

Exactly what role 5-Aza played in inducing class I expres-
sion in our experiments is not yet known, but since the effect
is additive with IFN--y, it presumably acts by a separate
mechanism. 5-Aza is known to alter the differentiation state
of certain cells (39), to modulate certain aspects of the tumor
phenotype and antigen expression, and to selectively induce

TABLE 4. Analysis of proliferation by ['H]thymidine incorporation
Oh 24h 48h

Treatment Viable 3Hlthymidine Viable ['H]thymidine Viable [3H]thymidinecells per LJpflfl cells per cp'cells per ['Hthmidn
ml (10') cpml (10') cmml(10')cm

Uninduced 3.0 95,355 + 11,465 6.9 83,918 ± 3,383 14.0 66,312 + 1,937
5-Aza 4.0 5.0 65,527 ± 6,042 11.0 89,018 ± 2,789
IFN-y 3.0 4.9 101,194 t 5,889 14.0 79,397 ± 1,663
5-Aza + IFN-y 4.0 4.6 81,840 t 9,227 12.0 73,507 ± 5,305

a Per 10' viable cells.
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certain genes; most of these effects are felt to be due to
demethylation of DNA (23, 24). Even at the low, nontoxic
drug concentrations used here, 5-Aza treatment results in
demethylation of the cytosines in the DNA of particular
genes, and may in so doing alter the ability of any trans-
acting factors which are induced by IFN--y to affect class I
gene transcription. When DNA from K562 cells was digested
with HpaII and MspI followed by Southern blot analysis
using the HLA-B7 probe, we observed that some of the
methylated CCGG sites in the class I gene cluster that were
methylated in uninduced K562 DNA became demethylated
after IFN--y + 5-Aza treatment but not after treatment with
IFN--y alone (data not shown). However, these results are
difficult to interpret since the HLA-B7 probe used in these
studies cross-hybridizes with a multitude of class I-like
genes (46), so that specific sites in the complex Southern blot
band patterns cannot be precisely mapped to determine
whether they lie in expressed or nonexpressed gene se-
quences. As reported in our previous studies of embryonic
globin gene regulation in vivo (17) and as reviewed else-
where (23), demethylation by 5-Aza is not confined to
actively expressed genes, and thus it is often not sufficient to
cause gene activation. Studies are presently under way to
identify which HLA class I genes are expressed in induced
K562 cells, to determine whether 5-Aza treatment results in
demethylation or induction, or both, of additional class I
type genes which are not affected by IFN--y treatment alone,
or whether it merely increases the expression of IFN-
induced genes.
The reason for low class I gene expression in K562 cells is

as yet unknown. Like the K562 cell line, certain human
neuroblastoma, small-cell lung carcinoma, and lung adeno-
carcinoma cell lines have been reported to express low levels
of class I genes (12, 29). This has been associated with
amplified levels of a c-myc-related oncogene, N-myc (12). In
our experiments, c-myc mRNA detected by the c-myc probe
was not elevated, even at low hybridization stringency,
which should detect related N-myc expression (data not
shown). Therefore, low class I gene expression in the K562
cell line does not appear to be related to cellular myc
proto-oncogene expression. An alternative cause for the low
class I gene expression observed in these cells may be the
presence of another cellular gene product analogous to the
ElA gene product of adenovirus 12, which has been shown
to control the level of MHC expression in some cell lines
transformed with that virus. This effect of the adenovirus 12
ElA product can be reversed by IFN-y treatment (7, 13).
Such a factor could act by a trans-acting blocking effect (27),
and current technology should allow this hypothesis to be
tested. On the other hand, low class I gene expression in
K562 cells may result from the absence of a positive regu-
latory factor. Finally, in light of the indirect evidence for
posttranscriptional regulation of HLA class I expression in
K562 cells presented here, it is possible that part of the effect
resides at the posttranscriptional level.

In summary, we have shown that in K562 human leukemia
cells, IFN--y with or without the addition of 5-Aza selectively
induces class I gene expression in a dose-dependent way in
the absence of discernible differentiation. While we have
directly established that IFN-y, like IFN-a and -,B, is a
potent inducer of class I gene transcription, our kinetic
analyses indicate that the mechanism by which IFN--y in-
duces transcription of class I genes may be different from
that for INF-a or -P. Studies are under way to analyze
further the mechanisms of regulation of class I gene activa-
tion by IFN--y in human leukemia cells, as well as to

determine the relationship between class I gene expression
and oncogenicity.
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