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Human promyelocytic leukemic (HL-60) cells (i) have 
amplified c-mycprotooncogene sequences which lead to an elevated 
level of c-myc gene expression (2,3). Induction of HL-60 cells 
by phorbol esters to undergo monocytic differentiation (4) 
results in the suppression of c-myc (5), but the activation of 
c-fos gene transcription (6). Chromatin structures of c-myc and 
c-f0s were compared by measuring their sequences in 
nucleosome-associated DNA fragments. These nucleosomal particles 
were released from chromatin by micrococcal nuclease digestion 
and subsequently analyzed with two dimensional gel 
electrophoresis. C-myc related sequences were detected in 
nucleosomal DNA fragments of differentiated cells only, while the 
c-fos related sequences were found in nucleosomal DNAs of 
noninduced HL-60 cells. Since the enzyme preferentially digests 
relaxed DNAs, these results suggest that nucleosomal subunits of 
c-myc and c-fos chromatin are relaxed during the state of active 
transcription, and reassembled once their transcription is 
repressed, o 1986 Academic Press, Inc. 

In eukaryotes, the physical properties of chromatin 

structures have been associated with transcriptional activity of 

genetic elements. Electron microscopic and nuclease digestion 

studies of actively transcribed genes in eukaryotic chromatin 

have revealed that a more relaxed and extended configuration 

occurs in these regions relative to adjacent nontranscribed 

sequences (7-9). Extensive nucleosome-free regions are seen on 

active Xenopus ribosomal genes and their spacers (i0). 

Reversible changes in nucleosome structure have been recently 

postulated in transcriptionally active and inactive states of 
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ribosomal DNA chromatin (Ii). Relaxation of the nucleosome as a 

required mechanism for gene expression also occurs in the 

minichromosome structure of SV40 viruses (12,13). When HL-60 is 

induced to undergo either myeloid or monocytic differentiation, 

the elevated expression of the c-m¥c gene is dramatically reduced 

(5,14,15). In addition, rapid activation of the expression of 

the c-los protooncogene is detected when HL-60 is induced by 

phorbol esters to differentiate into monocytes or macrophages 

(6). Changes of chromatin structures during differentiation of 

these cells have also been reported (16,17). Thus HL-60 provides 

a useful model to study the correlation between changes of the 

c-m¥c and c-fos chromatin structures and gene expression during 

the process of cell differentiation. First, if nucleosome 

relaxation indeed occurs at the sites of actively transcribed 

regions of chromatin, c-myc sequences in HL-60 and c-fos 

sequences in phorbol ester-induced HL-60 would be quickly 

digested by micrococcal nuclease, since the enzyme preferentially 

digests the linker DNA and those DNA regions which are free of 

nucleosome. However, inactive c-fos sequences in noninduced 

HL-60 would be protected from nuclease digestion. Second, if 

nucleosome relaxation is reversible after gene expression is 

suppressed, the c-myc sequences in differentiated cells should be 

protected from nuclease digestion by the reassembled nucleosome 

structures. Evidence is presented here to show that these two 

phenomena do occur in HL-60 cell differentiation. 

Methods 

Cell culture and phorbol ester-treatment: HL-60 cells were 
maintained in RPMI-1640 medium supplemented with 15.0% 
heat-inactivated fetal bovine serum. Cell morphology, density 
and viability were measured as described previously (24). 
Phorbol ester, 4-phorbol 12-myris~ate 13-acetate (PMA) induction 
was carried out by seeding 2 x I0 ~ cells/ml in medium containing 
10~M PMA .(Siqma. St. Louis. Mo~) fQr 6 days. Total Qf i x l0 ~ 
ceils each of HL-60 and PMA-ineucea cells were usea for each 
experiment. 
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Nuclei preparation and nucleease digestion of chromatin: 
Noninduced or PMA-induced cells (i x i0 ~) were lysed in TMB 
buffer (10.0 mM Tris-HCl, pH 8.0 at 25o; 1.0 mM MgCI2; 5.0 mM 
butyric acid) containing 1.0 mM phenylmethylsulfonylfluoride 
(PMSF) (Sigma) and 0.5% (v/v) Nonidet P-40 (Sigma), nuclei were 
isolated by centrifugation at 10,000 x ~ for i0 minutes at 4 ° and 
resuspended in a low ionic strength buffer (1.0 mM NaHEPES, pH7.5 
at 250). The nuclei preparation was then subjected to digestion 
with micrococcal nuclease (Sigma) at the concentration of 
approximately 125 units/600 ug DNA/ml at 37 ° for i0 minute. 
Under these conditions, about 10.0% of the total DNA became acid 
soluble (data not shown). 

separation o_~f nuclease-released nucleosomal particles: The 
nuclease-released nucleosomal particles were isolated from 
undigested chromatin fragments by centrifugation at 25,000 x 
for 5 minutes, and mono-, di- and oligo-nucleosomal particles 
were separated by electrophoresis on a 5.0% polyacrylamide tube 
gel using a low ionic strength buffer system (6.4 mM 
Tris-acetate, pH 8.0 at 25o; 3.2 mM Na-acetate; 0.32mM EDTA) as 
described (18). 

Protamine-displacement o_ffnucleosomal proteins: The nucleosomal 
proteins were subsequently displaced from nucleosomal particles 
in the tube gel by the in situ protamine displacement method and 
analyzed by a second dimension, 12.0% polyacrylamide gel 
electrophoresis (PAGE) in acid/urea buffer (5.0% acetic acid; 8.0 
M urea) as previously described (18). The proteins were revealed 
by staining the gel with Coomassie brilliant blue. 

Hybridization o_~f nucleosomal DNAs with c-myc probes: The 
protein-stripped DNA fragments remaining in the tube gel were 
further analyzed on a second dimension, 9.0% PAGE in the presence 
of sodium dodecyl sulfate (SDS-PAGE) and stained with ethidium 
bromide as described previously (19). The DNA fragments were 
transferred to a Nytran filter (Schleicher and Schuell Inc., 
Keene, NH) electrophoretically as described earlier (25). The 
Nytran filters were subsequently hybridized (Southern 
hybridization)(21) with [~zP]-plasmid probes containing human 
c-myc inserts (pHSR-I) (22) and revealed by autoradiography on 
X-Omat AR films (Kodak, Rochester, NY). 

Rehybridization of Nuclosomal DNAs with c-fos p~obes: Once the 
autoradiograms were obtained, the hybridized [JZP]-c-myc probes 
were dissociated by boiling the NytraDApaper in water for 20 

J2 minutes before rehybridization with [ P]-plasmid probes 
containing human c-fos inserts (pc-fos(human)-l)(23). The 
completeness of dissociation of original probes was monitored by 
autoradiography. Labelling of plasmids with [32p] was done by 
the nick translation procedure (26). The results of 
rehybridization were again revealed by autoradiography. 

Results 

Induction of HL-60 cells with PMA for 6 days resulted at 

least 95% of cells differentiated into macrophages. 

Electrophoresis of the digested chromatin products in a 5.0% 

polyacrylamide tube gel resulted in the isolation of monomer, 
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Two-dimensional electrophoresis of nucleosomal 
proteins isolated from nonindueed HL-60 cells (left) 
and cells induced with PMA for 6 days (right). The 
first dimensional tube gels from a parallel 
experiment were layered over the second dimensional 
slab gels and photographed together. Both gels were 
stained with Coomassie brilliant blue. Histones were 
designated according to the migration pattern of a 
mixture of purified histones run on the left sides of 
the slab gels (Std). Designation of mononucleosomal 
(MN) and dinueleosomal (DN) regions was according to 
the sizes of correlating DNA fragments which were 
resolved in the second-dimensional DNA gels (see 
Figure 2). 

dimer and oligomer nucleosomal particles as shown in the first 

dimensional gel pictures of Figure i. The first dimensional tube 

gels from a parallel experiment were photographed horizontally on 

the top of the second dimensional gels. Analysis of the protein 

components of these nucleosomal particles which were 

protamine-displaced from their binding sites by electrophoresis 

in a second dimensional slab gel resulted in the identification 

of H4 histone, three subtypes of H2a, two subtypes of HI, H2b, H3 

histones as well as numerous nonhistones with higher molecular 

weights as revealed in Figure i. No significant difference was 
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found when these protein patterns were compared between 

noninduced HL-60 and PMA-induced HL-60 cells. 

The protein-stripped nucleosomal DNA fragments remaining in 

the first dimensional tube gel were further characterized using 

electrophoresis in a second dimension, on a separate 9% SDS-PAGE 

as described in the "Methods". As expected for nucleosomal DNA 

composition (20), the major mononucleosomal DNA fragments 

migrated in the second dimensional gel at the regions of lengths 

between 140 base pairs (bp) and 200 bp, the dimer DNAs at the 

regions between 280 bp and 400 bp, and the oligonucleosomal DNAs 

retained at the top of the gel as revealed in the left panels of 

Figure 2. No significant difference in the distribution of DNA 

sizes between noninduced and induced cells was detected. 

The two-dimensionally mapped nucleosomal DNA fragments were 

subsequently transfered to nitrocellulose (NT) paper by 

electrophoresis in order to detect c-myc and c-fos sequences by 

Southern hybridization. After hybridization with c-myc probes, 

the same NT paper was denatured and rehybridized with c-fos 

probes as described in the "Methods". The autoradiographic 

patterns of the nucleosomal DNAs hybridized with c-myc and c-fos 

radioactive probes respectively are shown in the middle and the 

right panels of Figure 2. Positive hybridization with c-myc 

sequences was detected in PMA-induced cells as dark exposure 

spots (middle lower panel) on X-ray film which coincide with 

nucleosomal DNA fragments revealed by ethidium bromide staining 

of the gels (left lower panel). No c-myc hybridization was 

detected in those of noninduced HL-60 cells (middle upper panel). 

However, positive hybridization with c-fos sequences was detected 

in the nucleosomal DNA fragments of noninduced cells (right upper 

panel) but not in those of PMA-induced cells (right lower 

panel). 
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Figure 2. Southern hybridization analysis of nucleosomal DNA 
sequences resolved by two dimensional gel 
electrophoresis. The protein-stripped nucleosomal 
DNA fragments retained in the first dimension, tube 
gel were further analyzed by electrophoresis on a 
second dimension, 9% SDS-PAGE and stained with 
ethidium bromide as shown in the left panels. DNA 
fragments of mono-(MN) and di-nucleosomal (DN) 
particles were marked according to the sizes of DNA. 
The smeared patterns of larger DNAS above the MN and 
DN DNA regions were due to various amounts of 
proteins which were still bound to DNA fragments 
after protamine displacement. The DNA fragments were 
subsequently blotted to nitrocellulose paper, 
detected for c-myc and c-fos sequences by Southern 
hybridization and the radioactivities were detected 
by autoradiography as described in the "Methods". 
The middle panels are the hybridization patterns 
r v ~ e ealed by autoradiography using [ P]-myc prwbes 
and the right panels are the patterns using [JzP]-fos 
probes. Sizes (bp) of Hind III-digested Phi-X 174 
DNA fragments were also indicated. The top panels 
(Row A) are samples from noninduced HL-60 cells and 
the bottom panels (Row B) are from cells induced with 
PMA for 6 days. 

Discussion 

The hybridization signals could not be attributed to the 

random sequences of introns of the oncogenes or the host plasmid 
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sequences since no detectable hybridization was found either in 

noninduced HL-60 DNAs hybridized with c-my c probes or PMA induced 

HL-60 DNAs hybridized with c-fos probes. Although it is 

unlikely, we could not rule out the possibility that there may be 

unknown specific sequences in introns which are responsible for 

these results. The degree of hybridization of PMA-induced 

nucleosomal DNAs with c-myc probes is much greater than that of 

the noninduced DNAs with c-fos probes. Since the sizes of c-myc 

and c-fos inserts of plasmids are almost identical (9 kilo bp), 

this difference in the levels of hybridization are interpreted to 

indicate that c-myc sequences are amplified in HL-60 cells (2), 

whereas c-fos sequences are not (6). These data suggest that 

inactivation of c-myc gene expression results in the reassembly 

of nucleosomal particles at the c-myc gene loci, and that 

activation of c-fos gene expression results in the relaxation of 

the nucleosomal particles at the c-fos loci after HL-60 are 

induced with PMA to become macrophages. Whether a reversible 

mechanism to reassemble nucleosomes at the c-los loci exists in 

differentiated cells is not known at this stage. The dynamic 

activity of the three dimensional chromatin structure at oncogene 

sites as reported here may facilitate explanation of some known 

regulatory mechanisms such as the termination of transcript 

elongation within exon 1 site which may be modulated by the 

relaxation of fourth DNase I hypersensitive site of c-myc 

sequence in differentiated HL-60 cells reported by Bentley and 

Groudine recently (27). 

The fact that hybridization could be detected in 

mononucleosomal DNA fragments may also suggest that to detect 

nontranscribing gene sequences on nucleosomal DNA fragments may 

provide an advantage by increasing hybridization sensitivity. 
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The exons of each of human c-myc and c-fos protooncogenes are 

approximately 2.2 kilo bp (22,23) which theoretically span 

through ii mononucleosomal particles in the inactive state; and 

more particles could be involved if introns are also considered. 

Assuming each nucleosomal DNA anneals to one [32p]-gene probe, 

one can obtain at least an ll-fold increase in hybridization 

sensitivity when compared to using the purified DNA genome 

randomly sheared into large fragments in a standard hybridization 

assay. 

Acknowledgement 

We thank Steven J. Wieland for discussion. Supported by 
American Cancer Society Grant CH-285A. 

References 

i. Collins, S.,Gallo, R. C., and Gallagher, R. E. (1977) Nature 
270, 347-349. 

2. Collins, S., and Groudine, M. (1982) Nature 298, 679-681. 
3. Dalla Favera, R., Wong-Staal, F., and Gallo, R. C. (1982) 

Nature 299, 61-63. 
4. Rovera, G., O'Brien, T. G., and Diamond, L. (1979) Science 

204, 868-870. 
5. Grosso, L. E., and Pitot, H. C. (1985) Cancer Res. 45, 

847-850. 
6. Verma, I. M., Mitchell, R. L., Kruijer, W., Van Beveren, C., 

Zokas, L., Hunter, T., and Cooper, J. A. (1985) Cancer 
Cells 3, 275-287. 

7. Foe, V. E. (1978) Cold Spring Harbor Symp. Quant. Biol. 
42, 723-739. 

8. Grainger, R. M., and Ogle, R. C. (1978) Chromosoma 65, 
471-490. 

9. Scheer, U., Zentgraf, H., and Sauer, H.W. (1982) Chromosoma 
84, 279-290. 

i0. Labhart, P., and Koller, T. (1982) Cell 28, 279-292. 
ii. Prior, C. P., Cantor, C. R., Johnson, M., Littau, V. C., and 

Allfrey, V. G. (1983) Cell 34, 1033-1042. 
12. Wasylyk, B., Thevenin, F., Oudet, P., and Champon, P. 

(1979) J. Mol. Biol. 128, 411-440. 
13. Wasylyk, B., and Chambon, P. (1980) Eur. J. Biochem. 103, 

219-226. 
14. Westin, E. M., Wong-Staal, F., Gelman, E. P., Dalla Favera, 

R., Papas, T. S., Lautenberger, J. A., Eva, A., Premkumar 
Reddy, E., Tronick, S. R., Aaronson, S. A., and Gallo, R. C. 
(1982) Proc. Natl. Acad. Sci. USA 73, 2490-2494. 

15. Reitsma, P. H., Rothberg, P. G., Astrin, S. M., Trial, J., 
Bar-Shavit, Z., hall, A., Teitelbaum, S. L., and Kahn, A. J. 
(1983) Nature 306, 492-494. 

16. Chou, R. H., Chervenick, P. A., and Barch, D. R. (1984) 
Science 223, 1420-1423. 

17. Goldberger, A., Brewer, G., Knilica, L. S., and Briggs, R. 
C. (1984) Blood 63, 701-710. 

220 



Vol. 141, No. 1, 1986 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

18. Shaw, B. R., and Richards, R. G. (1979) Chromatin Structure 
and Function: Molecular and Cellular Biophysical Methods 
(Nicolini, C., ed.), NATO advan. Study Inst. Set. A, Life 
Sci., 21A), pp.125-136. 

19. Richards, R. G., Shaw, B. R. (1982) Anal. Biochem. 121, 
69-82. 

20. Kornberg, R. D., and Thomas, J. O. (1974) Science 184, 
865-868. 

21. Southern, E. M. (1975) J. Mol. Biol. 98, 503-517. 
22. Alitalo, K., Schwab, M., Lin, C. C., Varmus, H. E., and 

Bishop, J. M. (1983) Proc. Natl. Acad. Sci. USA 80, 
1707-1711. 

23. Curran, T., MacConnell, W. P., vanStraaten, F., and Verma, 
I. M. (1983) Mol. and Cell. Biol. 3, 914-921. 

24. Chou, R. H., and Chervenick, P. A. (1985) Cell and Tissue 
Kinet. 18, 387-397. 

25. Bittner, M., Kupferer, P., and Morris, C. F. (1980) Anal. 
Biochem. 102, 459-471. 

26. Maniatis, T., Jeffrey, A., and Kleid, D. G. (1975) Proc. 
Natl. Acad. Sci. USA 72, 1184-1188. 

27. Bentley, D. L., and Groudine, M. (1986) Nature 321, 
702-706. 

221 


