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D

NA methylation is an essential element in differentiation
during embryogenesis (1) and has been implicated in T
cell differentiation as well. For example, changes in the
methylation status and chromatin structure in the regulatory regions of the IL-4 and IL-13 genes are involved in the differentiation
of Th2 cells (2), whereas similar changes affect the IFN-␥ gene but
not the IL-4 and IL-13 genes in Th1 cells (3). Other molecules
selectively expressed in T cell subsets may similarly be regulated
by DNA methylation and chromatin structure. To identify additional methylation sensitive genes, we performed oligonucleotide
array analyses on T cells treated with the irreversible DNA methyltransferase inhibitor 5-azacytidine (5-azaC).3 One transcript that
reproducibly increased was perforin.
Perforin, encoded by the PRF1 gene, is a pore-forming molecule
expressed by cytotoxic lymphocytes and involved in immune mediated cell lysis. Perforin is expressed primarily in NK cells and
effector CD8⫹ T cells, and only in some CD4⫹ T cell lines (4 –7).
Whereas IL-2 has been implicated in enhancing perforin expression through NF-B and STAT5 signaling pathways and two enhancers (8, 9), additional control mechanisms must exist. For example, mice that are transgenic for the perforin promoter and
upstream region express the promoter in all lineages physiologi-
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cally able to express perforin irrespective of the expression status
of the endogenous gene, implying negative control mechanisms
not meditated by, but probably acting on, the promoter and flanking region (10). In the context of our observation of increased
perforin levels in T cells treated with 5-azaC, we hypothesized that
epigenetic mechanisms and chromatin structure might be involved
in the regulation of perforin.
To test this hypothesis, we examined DNA methylation and
chromatin structure of the perforin promoter and 5⬘ flanking sequences in primary T cells as well as in representative cell lines
with differential perforin expression. We also determined how the
methylation status affects the function of the perforin gene promoter. The results indicate an important role of DNA methylation
and chromatin structure in regulating expression of this molecule
in T lymphocyte subsets.

Materials and Methods
Cells and cell culture
The perforin-expressing SAM-19, derived from the mouse CTL/rat thymoma hybrid PC60, and human dermal and synovial fibroblasts, were cultured as previously described (8, 11). YT cells, a perforin-expressing NK
cell line, were obtained from Dr. Y. Tagaya (National Cancer Institute,
Bethesda, MD) and cultured in RPMI 1640 supplemented with 10% FCS,
penicillin, and streptomycin. Human PBMC were isolated by density gradient centrifugation, and CD4⫹ and CD8⫹ T cells were isolated using
Miltenyi beads and protocols provided by the manufacturer. Purity, assessed by flow cytometry, was typically ⬎90%. Where indicated, purified
T cells were stimulated with 1 g/ml PHA for 24 h and then cultured with
1 M 5-azaC (Sigma-Aldrich, St. Louis MO) in RPMI 1640/10% FCS/
IL-2 for an additional 72 h. This protocol has been shown to be optimal for
inducing expression of other methylation-sensitive T cell genes (12).

Oligonucleotide array analyses
RNA was isolated from untreated and 5-azaC-treated T cells and then
analyzed using Affymetrix (Santa Clara, CA) U95A chips and protocols
provided by the manufacturer. Results are presented as the mean ⫾ SEM
of two independent experiments.
0022-1767/03/$02.00
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Perforin is a cytotoxic effector molecule expressed in NK cells and a subset of T cells. The mechanisms regulating its expression
are incompletely understood. We observed that DNA methylation inhibition could increase perforin expression in T cells, so we
examined the methylation pattern and chromatin structure of the human perforin promoter and upstream enhancer in primary
CD4ⴙ and CD8ⴙ T cells as well as in an NK cell line that expresses perforin, compared with fibroblasts, which do not express
perforin. The entire region was nearly completely unmethylated in the NK cell line and largely methylated in fibroblasts. In
contrast, only the core promoter was constitutively unmethylated in primary CD4ⴙ and CD8ⴙ cells, and expression was associated
with hypomethylation of an area residing between the upstream enhancer at ⴚ1 kb and the distal promoter at ⴚ0.3 kb. Treating
T cells with the DNA methyltransferase inhibitor 5-azacytidine selectively demethylated this area and increased perforin expression. Selective methylation of this region suppressed promoter function in transfection assays. Finally, perforin expression and
hypomethylation were associated with localized sensitivity of the 5ⴕ flank to DNase I digestion, indicating an accessible configuration. These results indicate that DNA methylation and chromatin structure participate in the regulation of perforin expression
in T cells. The Journal of Immunology, 2003, 170: 5124 –5132.
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Real time RT-PCR

Statistical analysis

Real time RT-PCR was performed using a LightCycler (Roche, Indianapolis, IN) and previously published protocols (13). The primers used to
amplify the perforin transcripts were as follows: forward: 5⬘-CAC CCT
CTG TGA AAA TGC CCT AC-3⬘; reverse: 5⬘-TCC AGT CGT TGC GGA
TGC TAC-3⬘.
Results are expressed relative to ␤-actin transcripts measured as previously described (12). The identity of all amplified fragments was confirmed
by melting curve analysis.

The significance of differences in the dmC content of specific sequences
was tested using a two-sided paired t test comparing the mean dmC content
of each CG pair within the sequence.

Flow cytometric analysis

Bisulfite sequencing
Deoxycytosine (dC) and deoxymethylcytosine (dmC) bases in the perforin
gene promoter and 5⬘ flanking sequences were identified by bisulfite treatment of purified DNA (12) followed by nested PCR amplification of a
453-bp fragment located immediately 5⬘ to the perforin gene transcription
start site (⫺457 to ⫺4, containing the most proximal 17 CG pairs) and a
more distal 679-bp fragment (⫺1326 to ⫺599, containing 12 CG pairs).
The primers were designed to account for the conversion of dC to deoxyuracil by the bisulfite, and EcoRI sites were added to the forward primers
and XbaI to the reverse to facilitate cloning. The primers used were as
follows: proximal first: forward: 5⬘-ATTGAATTCTAATTTTTAGGGTT
TATATGATTTATAATTTT-3⬘; reverse: 5⬘-TCCTCTAGAAATAACAT
CAACCCCCCAAACAACCCACTATAA-3⬘; proximal second: forward:
5⬘-AAGGAATTCAGGTATAGTGAGGTTGAAGAATTTTATTAGTTT-3⬘;
reverse: 5⬘-TCCTCTAGACAACCACCACTCACATCACTTCTACTTC
CTA-3⬘; distal first: forward: 5⬘-AGTGAATTCTGAAGTTGGGATTA
GAATTTGTTTAGATTTTGT-3⬘; reverse: 5⬘-TAATCTAGAACCTA
ACCCTTCTTAAATATCAAAACCTATAA-3⬘. distal second: forward: 5⬘TTTGAATTCAGATATTTTGTAGGATTTTTATGTTTTTTAAAT-3⬘;
reverse: 5⬘-TCTTCTAGACCACTTCCTACTCAACCTACATCCCACCCT
AA-3⬘.
The amplified fragments were cloned, and five fragments were sequenced for each amplified region of each cell type as described (12).

DNase I sensitivity
DNase I-sensitive sites in the perforin gene promoter were identified as
previously described (11). Briefly, nuclei were treated with 0, 40, 80, or
160 U/ml DNase I (Worthington Biochemical, Lakewood, NJ) at room
temperature for 3 min. Then the reaction was stopped, and DNA was isolated, digested with EcoRI, fractionated by agarose gel electrophoresis, and
transferred to nylon filters. The filters were hybridized with a 277-bp fragment excised with EcoRI and XbaI from a 1459-bp fragment encoding the
perforin gene promoter and 5⬘ flanking region (⫺1400 to ⫹59) previously
described (8).

Patch methylation and cellular transfection
These studies used the previously described 1459-bp perforin gene promoter fragment (8) cloned into the EcoRI site of pGL3 (Promega, Madison,
WI) containing a firefly luciferase reporter gene. NdeI and StuI sites were
engineered into the fragment at the indicated sites using the QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA) as previously described (12). The regions of interest were excised using the appropriate
restriction endonucleases, gel purified, methylated with SssI and S-adenosylmethionine as described (12), and then religated back into the perforin
gene-pGL3 construct. Controls included mock methylated constructs similarly generated but omitting the SssI (12). Methylation was confirmed by
digestion with AciI. The methylated or mock methylated constructs were
transfected into SAM-19 cells by electroporation using previously described protocols (12) and previously described ␤-galactosidase (12) or a
Renilla luciferase expression construct (pRL-CMV; Promega) as transfection controls. Where indicated, recombinant murine IL-2 (Endogen,
Woburn, MA) was added to SAM-19 cells at 1000 U/ml.

Perforin protein and mRNA are induced by 5-azaC in primary T
cell subsets
Preliminary studies used oligonucleotide arrays to identify T cell
genes affected by DNA methylation inhibition. Purified T cells
were stimulated with PHA for 24 h and then treated with the DNA
methyltransferase inhibitor 5-azaC. Three days later gene expression was compared in treated and untreated cells using oligonucleotide arrays. Overall, 118 genes reproducibly increased 2-fold
or more, and 12 decreased 2-fold or more. Of these, perforin expression was found to increase 4.3 fold ⫾ 0.6-fold. To confirm
these results, T cells were similarly stimulated with PHA and
treated with 5-azaC. Three days later the cells were stained for
perforin, CD4, and CD8 and analyzed by flow cytometry. Fig. 1A
shows perforin expression in untreated CD4⫹ T cells, whereas Fig.
1B shows perforin expression in 5-azaC-treated CD4⫹ cells. The
5-azaC causes a modest increase in perforin expression. Fig. 1C
shows that CD8⫹ T cells express higher levels of perforin than
CD4⫹ cells as previously reported (15). The 5-azaC causes a further increase in perforin expression in these cells (Fig. 1D). Fig. 1E
shows the level of perforin mRNA in PHA-stimulated CD4⫹ and
CD8⫹ T cells similarly cultured with and without 5-azaC for 3
days, measured by real time RT-PCR and expressed relative to
␤-actin (mean ⫾ SEM, n ⫽ 3). Because 5-azaC increased perforin
mRNA, and as perforin mRNA is regulated at the transcriptional
level (7), we addressed the possibility that demethylation of the
perforin promoter and/or upstream enhancer participate in this
process.
Perforin mRNA levels correlate with the methylation status and
accessibility of the promoter and its 5⬘ flank
To this end we used cell line models representing perforin permissive vs unpermissive cell lines as well as primary, unstimulated
CD8⫹ T cells vs CD4⫹ T cells. Initial experiments used real time
RT-PCR to quantitate perforin mRNA levels in YT, an NK cell
line that constitutively expresses perforin (16), and fibroblasts,
which do not. Using ␤-actin as an internal standard, YT cells expressed 22.68 arbitrary units of perforin mRNA vs 0.0027 arbitrary
units detected in a dermal fibroblast line and 0.00075 arbitrary
units detected in a synovial fibroblast line. Perforin transcripts
were then measured in CD4⫹ and CD8⫹ T cells. Freshly isolated
CD8⫹ T cells expressed ⬃7 times more perforin mRNA than did
CD4⫹ T cells (CD8 15.6 ⫾ 3.49 (mean ⫾ SEM, n ⫽ 9) vs CD4
1.93 ⫾ 0.44 (n ⫽ 10), p ⬍ 0.001 by t test). This confirms differential perforin mRNA expression in YT cells relative to fibroblasts
and freshly isolated CD8⫹ T cells relative to CD4, and its correlation to perforin protein expression analyzed by FACS (Fig. 1, A
and C), similar to a previous report (15).
Key elements of the human perforin gene promoter and 5⬘ flanking region are shown in Fig. 2A. The first 1300 bp 5⬘ to the transcription initiation site contains 29 potentially methylatable CG
pairs. The first 55 bp 5⬘ to the start site contains a core promoter
with a GC box. A series of repetitive elements is located between
⫺396 and ⫺83, and a region containing enhancer elements is located between ⫺1136 and ⫺983 (8, 17, 18). Relevant transcription
factor binding sites are also shown. The methylation pattern of the
region shown in Fig. 2A was then compared in YT cells and fibroblasts. DNA was isolated from YT cells and the two fibroblast
lines, treated with bisulfite, and then the region shown in Fig. 2A

Downloaded from http://journals.aai.org/jimmunol/article-pdf/170/10/5124/1160124/5124.pdf by guest on 07 December 2022

PBMC or purified T cells were stained with anti-CD4-FITC and anti-CD8CyChrome (BD PharMingen, San Diego, CA) and fixed with paraformaldehyde using previously published protocols (14). For perforin staining,
CD4- and CD8-stained cells were permeabilized by suspension in 3 ml of
5% human serum/0.1% saponin/1% FBS/PBS followed by incubation at
4°C for 10 min in a light-protected vessel. The cells were then washed in
0.1% saponin/1% FBS/PBS, stained with anti-perforin-PE or a PE-conjugated isotype control (BD PharMingen) at 4°C for 30 min in 0.1% saponin/1% FBS/PBS, washed with the same buffer, suspended in 0.5 ml PBS,
and then analyzed using a FACSCalibur (BD Biosciences, Franklin Lakes,
NJ) flow cytometer and three-color analysis.

Results
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was amplified in two fragments as described in Materials and
Methods. The amplified fragments were cloned, and four to five
independent clones per cell line were analyzed by sequencing. Fig.
2B shows the average of the 10 determinations for each CG pair in
the two fibroblast lines, whereas Fig. 2C shows the average methylation of each CG pair for four to five fragments sequenced from
the YT cells. The region is largely methylated in fibroblasts. In
contrast, only a single methylated dC base was detected in perforin-expressing YT cells.
Fig. 2D shows the methylation of this region in CD4⫹ T cells
similarly determined using five clones for each of seven (bp
⫺1326 to ⫺599) or six (bp ⫺457 to ⫺4) healthy individuals, for
a total of 35 or 30 fragments, respectively. The region from ⫺1326
through the CG pair at ⫺650 is relatively heavily methylated,
whereas the more proximal CG pairs become progressively less
methylated the closer they are to the transcription start site, with
most of the methylated residues in the proximal sequences located

in the region containing repetitive elements (Fig. 2A). Fig. 2E
shows the average methylation status of the same region in CD8⫹
T cells isolated from five (bp ⫺1326 to ⫺599) and four (bp ⫺457
to ⫺4) healthy individuals, for a total of 25 and 20 independent
clones, respectively. Overall, the entire region tends to be less
methylated in CD8⫹ T cells compared with CD4⫹ cells (mean
fraction methylated 0.23 vs 0.48, CD8 vs CD4, p ⬍ 0.001 by
paired t test). The region from ⫺1326 to ⫺1000 is less methylated
than the corresponding region in the CD4⫹ T cells (0.89 vs 0.52
for the analyzed region, CD4 vs CD8, p ⫽ 0.003). The region from
⫺1000 to ⫺599 flanking the enhancer elements (Fig. 2A) is also
significantly ( p ⫽ 0.001) less methylated in CD8⫹ T cells relative
to CD4⫹ T cells (mean fraction methylated 0.41 vs 0.71), although
there is one exception at ⫺720. The region from ⫺457 to the
transcription start site was also less methylated in the CD8⫹ T cells
(0.21 vs 0.07, CD4 vs CD8, p ⬍ 0.001).
The differences in methylation between the CD4⫹ T cells and
the CD8⫹ T cells is largely on a clonal basis, i.e., most CG pairs
within a given allele are either methylated or not. Fig. 3 compares
representative methylation patterns of the most distal 12 CG pairs
(⫺1300 to ⫺600) in CD4⫹ and CD8⫹ cells from two healthy
individuals. The methylation status of each CG pair in five cloned
fragments from the CD4⫹ T cells of one individual is shown in
Fig. 3A, and from the CD8⫹ cells of the same subject in Fig. 3B.
The 12 CG pairs are completely methylated in all five clones from
the CD4⫹ cells, whereas three clones from the CD8⫹ cells were
largely demethylated, and two were more methylated (B). Similar
results are also shown in DNA isolated from a second individual
(Fig. 3, C and D). Similar clonality was also observed for the distal
portion of the region from ⫺600 to 0 (data not shown).
Chromatin structure near the perforin promoter was compared in
YT cells, fibroblasts, and CD4⫹ and CD8⫹ T cells using DNase I
digestion. Nuclei were isolated and digested with increasing
amounts of DNase 1. Then, DNA was isolated, digested with
EcoRI, and the fragments analyzed by Southern blotting, schematically shown in Fig. 4A. Fig. 4B shows two experiments, one comparing the results of YT cells vs fibroblasts and the other CD4 vs
CD8 T cells. A 2.65-kb EcoRI-EcoRI fragment is seen in all cells.
DNase I digestion of YT cells releases 1.2-, 0.6-, 0.5-, and 0.4-kb
fragments. In contrast, fibroblast DNA is resistant to DNase I in
this region. The same 1.2-kb fragment is seen in both CD4⫹ and
CD8⫹ T cells; however, at the highest DNase 1 concentration
tested, the ratio of the intensity of the 1.2:2.65-kb bands is 4-fold
greater in the CD8⫹ T cells relative to the CD4⫹ population, indicating that the chromatin from the CD8⫹ cells is relatively more
susceptible to DNase I digestion. The smaller fragments also appear in the CD8⫹ cells, but are only faintly visible in DNA from
the CD4⫹ cells. Again, the 0.6:2.65-kb band ratio is 4-fold greater
in the CD8⫹ cells relative to the CD4⫹ cells at the highest DNase
1 concentration. Interestingly, in YT cells the ratio of the 0.6:
1.2-kb fragments is 0.62, whereas the 0.6:1.2-kb band ratio in the
CD8⫹ T cells is 0.09, suggesting that the region containing the
smaller fragments is less accessible to DNase 1 than the 1.2-kb site
in CD8⫹ T cells relative to YT cells. Similar results were seen in
a confirming experiment for each comparison (data not shown).
Fig. 4C maps the DNase I-sensitive sites relative to the perforin
promoter. The 1.2-kb fragment corresponds to cleavage at bp
⫺200, a region completely demethylated in CD8⫹ T cells but partially methylated in CD4⫹ T cells. The 0.4-, 0.5- and 0.6-kb fragments map to bp ⫺1000, ⫺900, and ⫺800, respectively. The
⫺1000 accessibility corresponds to the upstream enhancer shown
in Fig. 2A (⫺1136 to ⫺983), a region hypomethylated in CD8⫹ T
cells relative to CD4, and in YT cells relative to fibroblasts.
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FIGURE 1. Perforin expression in 5-azaC-treated T cells. T cells were
stimulated with PHA for 24 h, cultured alone or with 5-azaC for another 3
days, and then stained with anti-CD4-FITC, anti-CD8-CyChrome, and antiperforin-PE or an isotype-matched control. A, Perforin expression in untreated CD4⫹ T cells. The heavy line represents anti-perforin-PE, whereas
the lighter line represents the isotype control. The mean fluorescence intensity of the perforin staining is shown. B, Perforin expression in 5-azaCtreated CD4⫹ T cells, presented as in A. C, Perforin expression in CD8⫹ T
cells, presented as in A. D, Perforin expression in 5-azaC-treated CD8⫹ T
cells, presented as in A. E, PHA-stimulated and purified CD4⫹ and CD8⫹
T cells were treated with 5-azaC, and 3 days later perforin transcripts were
measured relative to ␤-actin using real time RT-PCR. f, Transcript levels
in 5-azaC-treated cells; 䡺, transcript levels in untreated cells. Results represent the mean ⫾ SEM of three independent experiments using cells from
three different donors.

DNA METHYLATION REGULATES PERFORIN EXPRESSION

The Journal of Immunology

Downloaded from http://journals.aai.org/jimmunol/article-pdf/170/10/5124/1160124/5124.pdf by guest on 07 December 2022

FIGURE 2. Methylation profile of the perforin gene promoter. A, The positions of the transcription initiation site, transcription factor binding sites, repetitive elements, and enhancer
elements are identified. Each shaded circle identifies a potentially
methylatable CG pair. B, DNA was isolated from two fibroblast
lines and bisulfite treated. Then the region shown in Fig. 1 was
amplified in two fragments (⫺1326 to ⫺599 and ⫺457 to ⫺4).
For each amplified fragment, five fragments from each line were
cloned and sequenced. F on the x-axis, each potentially methylatable CG pair; the height of the lines represent the mean fraction methylated of each dC base in these pairs, using 10 sequenced fragments from the two lines. C, DNA was isolated
from YT cells, and the mean methylation of each CG pair was
determined as in B. Results represent the mean of four determinations for the distal portion, and five determinations for the
proximal portion. D, DNA was isolated from primary CD4⫹ T
cells, and the average methylation for each methylatable dC was
determined as in B. Results represent the mean methylation of
35 fragments from seven donors (⫺1326 to ⫺599) or 30 fragments from six donors (⫺457 to ⫺4). E, DNA from primary
CD8⫹ T cells was analyzed as in D. Results represent the
mean methylation of 30 fragments from six donors (⫺1326 to
⫺599) or 25 fragments from five donors (⫺457 to ⫺4).
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DNA METHYLATION REGULATES PERFORIN EXPRESSION

5-azaC changes the methylation pattern of the perforin 5⬘ flank
in primary T cell subsets, and regional methylation of the
affected area reduces promoter activity
Fig. 5 shows the perforin gene methylation patterns in T cells from
the same three donors shown in Fig. 1E, again sequencing five
clones/donor. Fig. 5A shows the methylation pattern in untreated
PHA-stimulated CD4⫹ T cells, and Fig. 5B shows the pattern in
the same cells treated with 5-azaC. 5-azaC had no significant effect
on the methylation of CpG pairs between bp ⫺1300 and ⫺1000
(fraction methylated 0.67 vs 0.68, untreated vs treated, p ⬎ 0.05).
In contrast, the region from ⫺1000 to ⫺600 containing the enhancer 3⬘ flanking region decreased the total fraction methylated
(0.76 vs 0.48, untreated vs treated, p ⫽ 0.006). The most proximal
region (⫺600 to 0) showed no significant decrease in the total
fraction methylated (0.18 vs 0.17, untreated vs treated, p ⬎ 0.05).
This suggests that demethylation of sequences linking the enhancer to the promoter may increase perforin expression in
5-azaC-treated CD4⫹ T cells.
Fig. 5, C and D, similarly compare perforin gene promoter
methylation in untreated and 5-azaC-treated CD8⫹ T cells. As in
the CD4⫹ T cells, there was no significant difference in the methylation patterns in the region of ⫺1300 to ⫺1000. Also, the region
from ⫺1000 to ⫺600 contained significantly less dmC in the
treated compared with the untreated cells (0.13 vs 0.33, p ⫽ 0.02).
There was also a small but significant difference in the region from
⫺600 to 0 (0.03 vs 0.08, p ⫽ 0.008). However, the effect of this
small change in methylation status is uncertain. Together these
results suggest that 5-azaC may increase perforin expression by
demethylating sequences linking the enhancer to the promoter in
CD8⫹ T cells as well.
Fig. 5, E and F, show the clonal methylation patterns of the
distal 12 CG pairs in untreated and 5-azaC-treated CD4⫹ T cells
from one of the individuals studied in Fig. 5, A and B. The distal
region is nearly completely methylated in the PHA-stimulated

CD4⫹ T cells, similar to that observed in unstimulated cells (Fig.
3). The 5-azaC demethylated the region between ⫺600 and ⫺900
in three clones, whereas the more distal portion was demethylated
in only one. Fig. 5, G and H, show similar studies in untreated and
5-azaC-treated CD8⫹ T cells. Again, there is a preferential demethylation of the region between ⫺600 and ⫺900.
The functional effects of methylation on perforin gene promoter
and enhancer function was tested using regional or “patch” methylation. These studies used a previously described 1459-bp fragment comprising the perforin promoter and upstream enhancer
driving a firefly luciferase reporter gene (8). A NdeI site was engineered into the distal promoter at ⫺290, and a StuI site at ⫺14.
Transfection of the wild-type and mutated constructs into SAM-19
cells with ␤-galactosidase or Renilla controls demonstrated no significant effect on promoter function (luciferase:control ratios of
0.57 ⫾ 0.15 vs 0.59 ⫾ 0.20, wild type vs mutant, mean ⫾ SEM of
four experiments). The region from ⫺1410 to ⫺290 was then excised with EcoRI and NdeI, and the region from ⫺1410 to ⫺14
was excised with EcoRI and StuI. The excised fragments were
purified, methylated in vitro with Sss1 and S-adenosylmethionine,
religated back into their respective reporter constructs, purified,
and transfected into SAM-19 cells using a ␤-galactosidase or Renilla luciferase reporter constructs as a transfection control. Mock
methylated constructs, similarly generated but omitting the Sss1,
were applied as the comparison. Methylation of both regions inhibited promoter function, with methylation of ⫺1410 to ⫺14 giving slightly greater suppression (Fig. 6A). This suggests that the
perforin gene promoter/enhancer fragment is methylation sensitive
and that the methylation differences observed between YT cells
and fibroblasts and between CD4 and CD8⫹ T cells may be functionally significant. Further, hypomethylation of the core promoter
appears to contribute little to expression if the remainder of the
fragment is methylated.
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FIGURE 3. Methylation pattern clonality. F, Methylated dC bases; E, unmethylated bases. A, The figure shows the distal perforin promoter methylation
pattern for each of the five cloned fragments from CD4⫹ T cells of one of the donors shown in Fig. 2C. B, The methylation pattern of the five cloned
fragments from CD8⫹ T cells from the same individual shown in A. C, Methylation pattern of the same region in the five cloned fragments from CD4⫹
T cells of a second individual. D, The methylation pattern of the five cloned fragments from CD8⫹ T cells from the same individual shown in C.
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The functional effects of selectively methylating the enhancer
flanking sequences was tested by patch methylation as before. An
NdeI site was engineered at ⫺979, and a StuI site at ⫺527. The
region from ⫺1410 to ⫺979 was excised with EcoRI and NdeI,
and the region from ⫺979 to ⫺527 with NdeI and StuI. Both
fragments were methylated in vitro, then methylated and mock
methylated constructs were transfected into SAM-19 cells using
Renilla luciferase as a control. Fig. 6A also shows that methylation
of ⫺979 to ⫺527 decreased promoter function by ⬃70%. In contrast, methylating the 5⬘ flanking region (⫺1410 to ⫺979) only
decreased function by ⬃10%.
Previously, we reported that IL-2R signals can augment perforin
expression, mediated by STAT5 and NF-B and elements in the
upstream enhancer region (8, 9). Hence, we tested whether signals
from the IL-2R could overcome methylation-induced perforin
gene suppression. Transfection of the perforin gene reporter constructs into SAM-19 cells with and without IL-2 demonstrated that
IL-2 induced reporter activity 2.7-fold and 2.3-fold in two independent experiments, similar to our previous results (8). Methylated or mock methylated constructs were then transfected into untreated or IL-2-treated SAM-19 cells. Methylation of the region
from ⫺1410 to ⫺14 as well as the region from ⫺1410 to ⫺290
completely inhibited IL-2-induced promoter function (Fig. 6B),
indicating that IL-2 does not overcome inhibition by methylation.

Discussion
DNA methylation modifies gene expression through at least three
mechanisms. Methylation of target sequences will prevent the
binding of some transcription factors like AP-2, potentially sup-

pressing expression (19). Methylcytosine binding proteins may
also prevent the binding of transcription factors and can suppress
gene expression from a distance (20). Methylcytosine binding proteins also attract chromatin remodeling complexes that modify adjacent histones, resulting in a condensed nucleosome structure inaccessible to transcription factors (21).
The studies described in this report indicate that DNA methylation and chromatin structure play a role in regulating perforin
expression. Previous studies indicated that the perforin gene
5-flanking region contains a minimal promoter and an upstream
IL-2-dependent enhancer (8, 17, 18). The present studies demonstrate that the proximal promoter region is relatively heavily methylated in nonpermissive fibroblasts, but constitutively demethylated in permissive YT cells and CD4⫹ and CD8⫹ primary T cells.
However, expression was incomplete in both T cell subsets, with
relatively less expression in the CD4⫹ population. This is consistent with the relatively low expression observed in reporter constructs containing only the minimal promoter (8, 17) and also suggests that promoter hypomethylation is not sufficient for full gene
expression.
In contrast to the promoter, the enhancer 3⬘ flanking region was
significantly hypomethylated in CD8⫹ T cells relative to CD4⫹
cells, correlating with expression and suggesting that methylation
of this region may suppress expression in the CD4⫹ population.
Interestingly, this area is also adjacent to an Ets element (bp ⫺497)
that is involved in the expression of perforin in NK cells via the
transcription factor MEF (22). The reason for the differential methylation patterns in CD4⫹ and CD8⫹ T cells is unclear, but the
patterns must be under the control of regulatory domains that are
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FIGURE 4. Perforin gene promoter chromatin structure. A, Map of the region analyzed, indicating the 2.65-kb EcoRI fragment, the transcription start site (arrow), and the location of
the fragment used to probe the blot. The distance from the 5⬘ EcoRI site to the transcription
start site is 1.4 kb. B, Nuclei were isolated from
YT cells or fibroblasts (left), or CD4⫹ and
CD8⫹ T cells (right). The chromatin was digested with 0, 40, 80, or 160 U/ml DNase I.
Then Southern analysis was performed as described in Materials and Methods. Fragment
size in kilobases is shown in the middle of the
figure. C, The arrows identify cleavage sites
producing the 1.2-, 0.6-, 0.5-, and 0.4-kb fragments shown in B. F, CG pairs.
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not present in the analyzed DNA. Notably, clonal heterogeneity
was observed both in perforin expression and perforin gene methylation in CD8⫹ cells, suggesting that methylation may play a role
in regulating perforin expression in the CD8⫹ population as well.
The relative effects of methylation on the function of the enhancer
vs methylation of both the enhancer and promoter was tested by
methylating both the enhancer and promoter elements or the region
from ⫺290 to the 5⬘ end of the 1410-bp fragment containing the

enhancer and promoter. Almost complete suppression was observed when the enhancer and 3⬘ flanking region was methylated,
with relatively little further suppression from methylating the promoter as well, suggesting that methylation of the region 5⬘ to the
promoter plays a major role in suppressing gene expression in both
the CD4⫹ and CD8⫹ populations. Further, IL-2 did not reverse
suppression, suggesting that neither STAT5 nor NF-B, which are
activated by IL-2R signals and control the upstream enhancer (8,
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FIGURE 5. Effect of 5-azaC on perforin gene promoter methylation. A, DNA was isolated from the same three PHA-stimulated CD4⫹ T cell lines shown
in Fig. 1E, and methylation patterns were determined as in Fig. 2, sequencing five cloned fragments from each of the three lines. Results represent the mean
fraction methylated of the 15 determinations. B, DNA was isolated from the same three PHA-stimulated, 5-azaC-treated CD4⫹ T cell lines shown in Fig.
1E. Methylation patterns were determined as in A. C, Methylation patterns were determined in the same three PHA-stimulated CD8⫹ T cells shown in Fig.
1E, using the approach described in A. D, Methylation patterns were determined in the same three PHA-stimulated, 5-azaC-treated CD8⫹ T cells shown
in Fig. 1E, using the approach described in A. E, The clonality of the methylation pattern in the distal 12 CG pairs is shown in five independent clones
from CD4⫹ cells isolated from one donor. F, Methylated dC bases; E, unmethylated dC bases. F, The methylation pattern of five clones derived from
CD4⫹, 5-azaC-treated T cells from the same cell line shown in E is shown. G, The clonality of the same region is shown, analyzed as in E using CD8⫹
T cells from one donor. H, The cells shown in G were treated with 5-azaC, and clonality was analyzed as above.
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9, 17), are able to overcome the methylation-dependent repressed
state, at least in transient transfections.
The 5-azaC was used to further probe the role that DNA methylation plays in regulating perforin expression. The 5-azaC increased perforin expression at the protein and mRNA levels in
both CD4⫹ and CD8⫹ T cells. Because 5-azaC is a DNA methylation inhibitor (23), this further argues that DNA methylation
plays a role in regulating perforin expression in T cells. Bisulfite
sequencing demonstrated that 5-azaC selectively decreases methylation of the enhancer 3⬘ flanking region in CD4⫹ and CD8⫹ T
cells, suggesting that methylation of this region alone might be
sufficient to suppress expression of the entire enhancer/promoter
fragment. Regional methylation of the enhancer 3⬘ or 5⬘ flanking
sequences confirmed that methylation of the 3⬘ sequences, but not
the 5⬘, was sufficient to suppress expression. This suggests that the
methylation status of the region linking the enhancer and promoter
may have greater functional consequences on perforin expression
than does methylation of the more 5⬘ region. Some methylcytosine
binding proteins can suppress gene expression from a distance
(20), and it is possible that methylation of the linking region suppresses both the promoter and enhancer more efficiently than methylation of more distant sequences.
Current evidence also indicates a prominent role of DNA methylation in directing the chromatin inactivation complexes to spe-

cific regions, causing chromatin condensation into a transcriptionally inactive complex, inaccessible to transcription factors (21).
Although this mechanism is unlikely to contribute significantly to
suppressing expression of the reporter constructs, it may well play
a role in cells. The DNase I studies demonstrated that in fibroblasts, the entire perforin gene promoter/enhancer fragment was
inaccessible to the enzyme, implying a condensed configuration. In
contrast, DNase I cleaved in the enhancer and promoter regions in
YT cells, consistent with a more open configuration at both sites.
Similar studies in CD4⫹ and CD8⫹ T cells demonstrated that
DNase 1 cleaved at the same site near the core promoter in both
cell types, suggesting that the promoter was in an accessible configuration. The CD4⫹ population was somewhat less susceptible to
digestion at this site than the CD8, and the promoter flanking region was also more heavily methylated, suggesting that the methylation may have promoted condensation in some nonexpressing
cells. However, the enhancer 3⬘ flanking region in the CD4⫹ cells
was almost completely resistant to digestion, although it was distinctly more susceptible in the CD8 cells. Similarly, the enhancer
region in the YT cells was more sensitive to digestion than the
CD8⫹ cells. This correlates well with the methylation profiles and
suggests that in YT and in some CD8⫹ T cells the enhancer is in
a more open configuration than in CD4⫹ cells, accessible to DNase
I as well as transcription factors, and that demethylation of the
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FIGURE 6. Effect of methylation on perforin gene promoter function. A, A 1459-bp perforin gene promoter fragment was cloned into a reporter construct
containing a firefly luciferase reporter gene. The indicated regions, numbered as in Fig. 2A, were excised, methylated in vitro, religated into the reporter
construct, and then transfected into SAM-19 cells. f, Methylated construct; 䡺, mock methylated constructs. Results are expressed relative to ␤-galactosidase or Renilla luciferase reporter constructs and are standardized to the mock methylated control. Results represent the mean ⫾ SEM of four independent
experiments for the first two data sets, and the mean ⫾ SEM of two independent experiments for the second two data sets. B, The experiment shown in
the first two data sets of A was performed in the presence of 1000 U/ml IL-2. Results are presented as in A and represent the mean ⫾ SEM of two
independent experiments.
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flanking sequences may promote a more open configuration. In
addition, formation of DNase I hypersensitive sites is an all or
nothing phenomena and occurs on a clonal basis, similar to the
methylation supporting this model.
In conclusion, perforin expression is increased in T cells following treatment with 5-azaC. This increase is associated with
hypomethylation of the region residing between the upstream enhancer and the promoter in model cell lines. Methylation of this
DNA suppresses promoter function, suggesting that methylation
plays a role in regulating perforin expression in T cells. Also, the
differential methylation patterns in the CD4⫹ and CD8⫹ subsets
suggests that enhancer flanking region methylation is involved in
the differential expression. Notably, this region is very well conserved with the mouse gene, and a part of it acts positively vs
negatively in permissive vs unpermissive cells, (24) further highlighting the importance of this region. Our results are similar to
those observed with specific cytokines associated with T cell differentiation (2, 3) and support the concept that DNA methylation
plays a role in T cell differentiation. These results also suggest that
perforin may be abnormally expressed in conditions associated with T
cell DNA hypomethylation, such as lupus and aging (25, 26).
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