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Correlated Measurements of DNA, RNA, and Protein in 

correlation of DNA, RNA, and protein 
content in individual cells (6). The cyto- 
chemical reaction incorporates modified 
procedures for staining DNA with 
Hoechst 33342 (7,  RNA with pyronin Y 
(PY) (a), and protein with fluorescein 
isothiocyanate (FITC) (3). Stained cells 
are analyzed with a three-laser excitation 
flow system (9). 

One of the main difficulties in multicol- 
or fluorescence analysis arises from the 
overlap in the fluorescence excitation 
and emission spectra of the individual 
dyes. With spatially separated laser 

Individual Cells by Flow Cytometry beams, each set at a wavelength near the 
optimum for excitation of a given dye 

Abstract. A cytochemical method was developed to difSerentially stain cellular and appropriate filter arrangements, we 
DNA, RNA, and proteins with fluorochromes Hoechst 33342, pyronin Y ,  and have achieved good color separation. 
fluorescein isothiocyanate, respectively. The fluorescence intensities, reflecting the Figure 1 illustrates the analytical sc leme 
DNA, RNA, and protein content of individual cells, were measured in a flow used for analyzing three color-stained 
cytometer after sequential excitation by three lasers tuned to different excitation cells. The flow system is equipped with 
wavelengths. The method offers rapid analysis of changes in the cellular content of three lasers tuned to specified wave- 
RNA andprotein as well as in the RNA-protein, RNA-DNA, andprotein-DNA ratios lengths and focused at points 250 km 
in relation to cell cycle position for large cell populations. An analysis of cycling cell apart on the cell stream, allowing prefer- 
populations (exponentially growing CHO cultures) and noncycling CHO cells ential excitation and emission analysis of 
arrested in the GI phase by growth in isoleucine-free medium demonstrated the each dye over a preselected wavelength 
potential of the technique. region and ensuring the fluorescence col- 

or resolution necessary for high sensitiv- 
Flow cytometric analysis of DNA con- ed to cell cycle, quiescence, differentia- ity and accuracy. The three fluorescence 

tent in single cells provides a rapid and tion, transformation, or sensitivity to signals and ratio signals, obtained with 
accurate method for determining the cell drug treatment, and may offer a new analog divider circuits (lo), from each 
cycle frequency distribution of a given method for recognizing and classifying stained cell are collected and stored in 
population (1). Determinations based on tumor cells. correlated list mode in a Digital Equip- 
DNA content alone, however, cannot We report here a flow cytometric ment Corp. PDP11123 computer (11) for 
discriminate among the many metabolic method for the direct determination and subsequent analysis of DNA, RNA, and 
states related to a cell's capacity to prog- 
ress through the cell cycle. Distinctions 
between quiescent and cycling cells or 

F luorescence  
among cells in various stages of differen- l w  measurement regions 

tiation, and the relation between cell 
growth and DNA division, can be better 
assessed by multiparametric analysis of 

1 , ,fl!,/q - ; '?: 

Cel l  s t ream m , a l  a 
DNA and RNA (2) or DNA and protein 0 

(3). For instance, in certain cell systems Fluorescence 
>I 
r 100 F luorescence  emtsslon 

quiescent (Go, GIQ) or differentiating 

g 1 (GID) cells can be distinguished from s 
cycling GI cells on the basis of RNA *- 

m 
2 
m content (4). In other systems some cells - a o \, 

may be characterized by an S-phase 
F luorescence  e x c l t a t l o n  

DNA content but may not traverse the S 
phase or traverse it very slowly; such A"rn, 1 cells (SQ) can also be recognized by 
multiparametric analysis (4). A critical exc i ta t ion  F e  :a 
RNA content and, perhaps, also a pro- '300 400 500 600 700 

tein content for cells in GI  discriminates Wave leng th  (nm) 

between two function all^ distinct Corn- Fig. 1. (A) Three-laser excitation and fluorescence emiss~on measurement scheme for analysis 
partments of GI ,  GIA and GIB, believed of DNA, RNA, and prote~n in three color-stained cells. The laser beams, tuned to the 
to have different roles in the cell cycle des~gnated wavelengths, are spaced 250 pm apart. Excitation and emiss~on analysis are thus 
(5).  To our knowledge, a method has not performed preferentially for each dye at a different polnt on the cell stream. Measurements are 

correlated on a cell-to-cell basis. The three-color fluorescence detector consists of colored glass 
been found measure and dichroic color separating filters for measuring blue (400 to 500 nm), green (515 to 575 nm), 
DNA, RNA, and protein in the same and red (>580 nm) fluorescence emiss~on from cells. Fluorescence s~gnals, including ratio 
cells. Such measurements, especially signals (lo), are directed to signal-processing electronics for storage (correlated l~st mode) in a 
when combined with an assessment of PDPI 1123 computer (11) and subsequently are displayed as single-parameter frequency distribu- 
the ratio of RNA to DNA or RNA to t~on histograms and two-parameter contour diagrams. (B) Fluorescence excitation and emission 

spectra and wavelength measurement reglons for Hoechst 33342 (-), FITC (- - -), and PY 
protein Per cell, can provide additional (@). Arrows In the fluorescence excitation regions are laser beam wavelengths preselected for 
information on cell metabolism as relat- sequentla1 excltation of each dye in stained cells. 
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protein content as well as ratios of RNA 
to DNA and RNA to protein on a cell-to- 
cell basis. 

To test the reliability of the system for 
quantitative determinations of cellular 
DNA, RNA, and protein, we analyzed 
CHO cells stained with only one of each 
of the dyes or with all three dyes in 
combination. In all cases cells were ex- 
cited by all three laser beams and fluo- 
rescence analysis was performed in the 
blue, green, and red channels to deter- 
mine the degree of nonspecific fluores- 
cence in each channel. The fluorescence 
of each dye was detected in the appropri- 
ate analysis channel; only in the case of 
cells stained only with PY was a minimal 
amount of fluorescence detected in the 
green (FITC) channel. This indicates 
that PY is excited to a very small extent 
also at 457 nm. Green fluorescence in 
three color-stained cells was slightly less 
intense than that observed when cells 
were stained with FITC alone, perhaps 
because of energy transfer from FITC 
molecules to PY. This was also reflected 
by a small increase in PY fluorescence. 

Enzyme studies have shown that ap- 
proximately 90 percent of the PY fluo- 
rescence of CHO cells is sensitive to 
ribonuclease A, indicating a degree of 
stain specificity comparable to that of 
another RNA fluorochrome, acridine or- 
ange (4, 5). RNA content as measured in 
whole cells is mostly a reflection of ribo- 
some concentration, since approximate- 
ly 80 percent of the RNA in the average 
cell is ribosomal (4). 

The technique was used to character- 
ize exponentially growing as well as non- 
cycling CHO cells in cultures deprived of 
isoleucine (12, 13). Isoleucine depriva- 
tion is a generally accepted method of 
achieving cell synchronization in G1 (13), 
but the metabolic state of individual cells 
thus arrested has not yet been deter- 
mined. The results, presented in Table 1 
and Fig. 2, are for samples stained and 
analyzed on the same day. Experiments 
were repeated at least three times with 
similar results. 

The patterns of cell distribution with 
respect to RNA and protein content 
were strikingly similar both in exponen- 
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Fig. 2. (A and B) Contour isometric maps (a, b,  c ,  e ,  and f) and DNA frequency histograms (d) 
representing the distribution of cells with respect to DNA, RNA. and protein content of CHO 
cells from exponentially growing cultures (A) and from cultures deprived of isoleucine for 30 
hours (B). The shaded areas and the sequential contours represent increasing isometric levels 
equivalent to 5, 10, 50, 250, 500, and 1500 cells, respectively; 4 x lo4 cells were measured per 
sample. In the exponentially growing population 57, 24, and 19 percent of the cells were in G , ,  
S, and G2 + M, respectively, compared to 95, 2, and 6 percent in the isoleucine-deprived 
population. The arrows indicate the threshold RNA or  protein content of GI  cells; cells with 
RNA o r  protein below the threshold values did not immediately enter the S phase. 

tially growing (Fig. 2A) and noncycling 
(Fig. 2B) populations. The populations, 
however, were more heterogeneous on 
the basis of protein than RNA content. 
This is evident from the width of the G I ,  
S, or GZ + M clusters (Fig. 2) and from 
the standard deviations for these sub- 
populations (Table 1). The range in vari- 
ability of the values in Table 1 is similar 
to that reported previously for the ratio 
of DNA to RNA (8)  or DNA to protein 
(14). 

The characteristic feature of the GI  
population was the presence of a thresh- 
old RNA or protein content (arrows in 
panels a and b of Fig. 2A). It is evident 
that cells with a subthreshold content of 
these macromolecules do not immediate- 
ly enter the S phase. As described before 
( 3 ,  this threshold discriminates between 
GIA and GIB. The GIA compartment 
represents the growth or "equalization" 
(competence) phase of the cycle, where- 
as during GIB cells both grow and prog- 
ress through the division cycle (5). In 
the exponentially growing population 
about half of G1 cells were in GIA (that 
is, were characterized by the subthresh- 
old RNA or protein content) (panels a 
and b in Fig. 2A). There was a remark- 
ably constant relation between the RNA 
and protein contents of individual cells in 
the cycling population (panel c in Fig. 
2A). However, the threshold RNA or 
protein content in GI ,  so evident in expo- 
nentially growing populations, is not an 
absolute requirement for entrance to the 
S phase (15). 

Analysis of the RNA-DNA ratio (pan- 
el e in Fig. 2A) in relation to cell cycle 
position as represented by DNA content 
reveals a characteristic pattern of chang- 
ing rates of DNA replication versus tran- 
scription. Thus during G1, when DNA 
content was constant, cells accumulated 
increasing quantities of RNA, which is 
reflected by the high heterogeneity of the 
RNA-DNA ratio and by the fact that the 
late G1 cells had a maximum RNA-DNA 
ratio before entering the S phase. The 
RNA-DNA threshold (arrow in panel e 
of Fig. 2A) indicates the previously dis- 
cussed RNA threshold that cells must 
attain before they enter the S phase. 
During progression through that phase, 
the rate of DNA replication exceeded 
that of RNA accumulation, giving rise to 
a nonvertical, negative slope in the 
RNA-DNA ratio for the S phase cell 
cluster. Cells in G2 + M had, on aver- 
age, an RNA-DNA ratio similar to that 
of most G1 cells. 

The ratio of RNA to protein is a novel 
parameter for individual cells. Correlat- 
ed measurements of DNA, RNA, and 
protein make it possible not only to 
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estimate this ratio, but also to relate it to 
cell cycle position. The RNA-protein ra- 
tio thus provides a useful parameter that 
can detect unbalanced growth when the 
rates of RNA and protein accumulation 
(reflecting DNA transcription and RNA 
turnover as well as protein synthesis and 
degradation) vary with respect to each 
other. No such variability was detected 
during progression through the cell cy- 
cle; as a matter of fact, the RNA-protein 
ratio remained strikingly constant for all 
cells regardless of their DNA content 
(panel f in Fig. 2A). This pattern is 
expected because a very good correla- 
tion between RNA and protein content 
was seen in individual cells (panel c in 
Fig. 2A). 

Noncycling cells arrested in GI  by 
isoleucine deprivation (13) showed a 
much higher heterogeneity in RNA con- 
tent (panel a in Fig. 2B) and protein 
content (panel b in Fig. 2B) than cycling, 
exponentially growing cells. A threshold 
RNA or protein content similar to that 
observed in the cycling population was 
also evident for the GI population in the 
isoleucine-deprived cells (arrows in pan- 
els a and b of Fig. 2B). Over 90 percent 
of these cells had the subthreshold RNA 
content and may be characterized as 
GIA cells (5). The mean RNA content of 
the G1 population, however, was only 
slightly lower than that of cycling cells 
(Table 1). Unlike S cells from the expo- 
nentially growing cultures, the very few 
cells still in the S phase in isoleucine-free 
cultures did not show an increased RNA 
content during progression through that 
phase, as shown by the vertical slope of 
the S cluster. A good correlation was 
also observed between RNA and protein 
content of individual cells (panel c in Fig. 
2B), although the distribution was more 
asymmetric than in exponentially grow- 
ing cultures. 

Similarly, both the RNA-DNA (panel 
e in Fig. 2B) and RNA-protein (panel f in  
Fig. 2B) ratio distributions of noncycling 
isoleucine-deprived cells showed higher 
heterogeneity in the GI population than 
in the exponentially growing population. 
Cell distribution with respect to the 
RNA-protein ratio was less symmetrical 
than in cycling populations; the skew of 
the distribution indicates the presence of 
G1 cells with lowered protein content but 
still relatively high RNA. The mean val- 
ues of RNA and protein, however, were 
proportionally lower in the cells de- 
prived of isoleucine, as reflected by the 
nearly identical RNA-protein ratios for 
these cultures and for cells growing ex- 
ponentially (Table 1). Thus, by the crite- 
rion of RNA-protein ratio, the noncy- 
cling cells exhibited, in general, a state of 

Table 1. RNA and protein content and RNA-DNA and RNA-protein ratios for GI, mid-S, and 
G2 + M populations of CHO cells from exponentially growing and isoleucine-deprived cul- 
tures. The samples were stained (6) and measured as described in the text and in the legend to 
Fig. 1. Populations of GI, mid-S, and G2 + M cells were selected on the basis of differences in 
DNA content by computer iterative programs. The results are expressed in arbitrary units of 
mean fluorescence intensity (standard deviation) or as ratios of intensities (channel number). 

Cell cycle RN A Protein 
phase content content RNA-DNA RNA-protein 

Exponentially growing cells 
GI 57.3 (12.9) 67.4 (16.2) 44.0 (8.8) 35.6 (4.9) 
Mid-S 82.7 (12.5) 94.7 (16.0) 46.2 (6.9) 36.9 (4.9) 
G2 + M 100.7 (17.1) 115.1 (21.8) 39.3 (6.3) 36.8 (4.9) 

Noncycling (isoleucine-deprived) cells 
GI 51.3 (13.5) 59.1 (16.6) 40.3 (9.4) 35.4 (6.7) 
Mid-S 72.3 (15.0) 83.6 (20.9) 40.6 (9.3) 36.4 (8.7) 
G2 + M 103.8 (26.0) 119.2 (30.9) 38.9 (8.3) 37.1 (6.3) 

balanced growth despite the fact that 
their RNA-DNA ratio or protein content 
was somewhat diminished. It should be 
emphasized here that the RNA-protein 
ratio is a sensitive measure of unbal- 
anced growth and, for instance, short 
treatment of cells with drugs inhibiting 
either RNA, protein, or DNA synthesis 
produces a marked change in this ratio 
(16). This novel parameter (RNA-protein 
ratio versus DNA distribution) may be of 
particular interest in analysis of growth 
perturbation induced by drugs. 

One of the advantages of the multivari- 
ate correlated data (as shown in Fig. 2) is 
the possibility of identification of partic- 
ular cell subpopulations by gating analy- 
sis. For instance, we attempted to learn 
whether the GI subthreshold (GIA) sub- 
population discriminated by RNA con- 
tent is identical with the subthreshold G1 
subpopulation recognized by protein 
content (panels a and b in Fig. 2A). By 
gating the subthreshold cells during anal- 
ysis of DNA and RNA distributions, 
subsequent reprocessing of the data, and 
replotting the gated subpopulation in ac- 
cordance with the DNA and protein dis- 
tributions, we were able to confirm the 
identity of these subpopulations. Al- 
though this was expected on the basis of 
the close relation between RNA and 
protein content (panel c in Fig. 2A), the 
multivariate gating analysis proved the 
identity of these subpopulations. 

This method has several advantages 
over currently available techniques. Bio- 
chemical estimates of the correlations 
among DNA, RNA, and protein cannot 
provide information on individual cells 
and population heterogeneity; also, it is 
impossible to correlate RNA-protein ra- 
tios with position in the cell cycle. Auto- 
radiography is cumbersome, does not 
allow the study of large cell populations, 
and makes it difficult if not impossible to 
correlate RNA-protein ratios with posi- 
tion in the cell cycle. Use of FITC- 
labeled antibodies against particular cel- 

lular proteins in place of FITC as a 
general protein stain can allow the con- 
tent of these specific proteins to be esti- 
mated in relation to RNA and DNA. 

Changes in RNA content during quies- 
cence may be related to the "depth" of 
quiescence (17) and the type of cell ex- 
amined (4). The metabolic state of non- 
cycling cells obtained from isoleucine- 
deprived CHO cultures is different from 
that of quiescent lymphocytes or 3T3 
fibroblasts, which remain in a quiescent 
state with a markedly depressed RNA 
and protein content (4). Thus by criteria 
proposed before (4), noncycling CHO 
cells from isoleucine-deprived cultures 
should be considered as being arrested in 
GIA rather than as being in deep quies- 
cence (GIQ). In using this technique to 
investigate tumor cell growth, differenti- 
ation, and drug sensitivity, we have ob- 
served that the method offers a powerful 
approach for analyzing cell heterogene- 
ity and for discriminating among the dis- 
tinct metabolic states characterized by 
changeable rates of DNA transcription 
and translation. 
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Angiogenesis Induced by Degradation Products of 

Hyaluronic Acid 

Abstract. Partial degradation products of sodium hyaluronate produced by the 
action of testicular hyaluronidase induced an angiogenic response (formation of new 
blood vessels) on the chick chlorioallantoic membrane. Neither macromolecular 
hyaluronate nor exhaustively digested material had any angiogenic potential. 
Fractionation of the digestion products established that the activity was restricted to 
hyaluronate fragments between 4 and 25 disaccharides in length. 

Hyaluronic acid has been implicated in 
cell-cell interaction, cell-matrix adhe- 
sion, cell motility, and the ordering of 
the extracellular matrix (1, 2). In many 
developing or remodeling tissues a hya- 
luronate-rich stroma accompanies cell 
migration (1). Subsequent differentiation 
and vascular ingrowth are associated 
with an increase in tissue hyaluronidase 
activity and a decrease in hyaluronic 
acid concentration (3). Hyaluronate in- 
hibits vascularization of chick embryo 
limb buds (4) and delays or reduces 
development of granulation tissue and 

newly formed capillaries around subcu- 
taneous implants (5). In this report we 
describe a further regulatory role for 
certain products of hyaluronate degrada- 
tion. 

Preparations of both human umbilical 
(Miles Scientific 36-242-1 ; Sigma H 175 1) 
and bovine vitreous (Sigma H7630) hyal- 
uronic acid were used to minimize the 
possibility of artifacts produced by con- 
taminating species. Because the major 
contaminants in such preparations are 
normally chondroitin 4- and 6-sulfate, a 
mixed preparation of these (Sigma 

Table 1. Angiogenic activity of hyaluronidase digests. Numbers in parentheses give the number 
of preparations tested. 

Material 
tested 

Number of eggs showing positive 
angiogenesisltotal number of eggs* 

No 1 to 2 4 to 10 
digestion hours hours >24 hours 

Hyaluronic acid 3123 (9) 28145 (18) 41145 (18) 41 19 (7) 
Chondroitin 4- 118 (5) 3124 (10) 21 16 (7) 0110 (5) 

and 6-sulfate 

*Control results: heat-inactivated hyaluronidase, 4118 (7); hyaluronidase buffer, 1113 (6); native hyaluronate, 
3125 (10); native chondroitin 4- and 6-sulfate, 4119 (7). 

C3219) was also tested. Each glycos- 
aminoglycan preparation was subjected 
to enzymatic digestion. Testicular hyal- 
uronidase (Miles Scientific 32-042-1) di- 
gests were carried out in 0.1M acetate 
buffer and 0.15M NaCl (pH 5.4) at an 
enzyme-to-substrate ratio of 1 to 2 by 
weight (125 to 250 turbidity-reducing 
units per milligram of substrate). These 
were incubated at 37°C for the periods 
indicated in Table 1, and the reaction 
was stopped by inactivating the enzyme 
at 100°C for 5 minutes. The digests were 
then centrifuged at 2000g for 10 minutes, 
filtered through a glass fiber filter (pore 
size, 1 pm), and freeze-dried. 

We determined angiogenic activity by 
the chick chorioallantoic membrane 
(CAM) assay (Fig. 1) (6). Hyaluronic 
acid preparations digested with testicular 
hyaluronidase for 1 to 10 hours consis- 
tently gave a significantly higher propor- 
tion of positive responses than undigest- 
ed control preparations (P  < 0.0003, X 2  

test). However, 24-hour digests showed 
largely negative responses and did not 
differ significantly from the controls. 
CAM assays with hyaluronic acid and 
heat-denatured hyaluronidase were also 
negative. Commercial preparations of 
hyaluronidase have been reported to be 
contaminated with a vascular permeabil- 
ity factor (7). However, the negative 
results with denatured hyaluronidase, 
undigested hyaluronic acid, and the 24- 
hour digest eliminate this as a major 
factor in the angiogenic response ob- 
served. The possibility that chondroitin 
sulfate contaminants caused the angio- 
genic activity is not supported by the 
results (Table 1). 

To further test the hvpothesis that the - & 

angiogenic activity was due to hyaluron- 
ate fragments, we incubated 16 mg of the 
angiogenic hyaluronate digest for 16 
hours with 1000 U of streptomyces hyal- 
uronidase (Sigma H1136) at pH 5.0 and 
60°C. The reaction was stopped by add- 
ing cold trichloroacetic acid, the digest 
was centrifuged (2000g for 30 minutes at 
4"C), and the supernatant was exhaus- 
tively dialyzed against distilled water 
and freeze-dried. Hyaluronate digest 
was also carried through the same proce- 
dure without the hyaluronidase. The lat- 
ter preparation was still angiogenic in the 
CAM assay, but the streptomyces hyal- 
uronidase digest was not. Since strepto- 
myces hyaluronidase is specific for hyal- 
uronic acid, this is further evidence that 
the angiogenic component of the original 
digests is derived from hyaluronate. 

An exhaustive digest (24 hours) of 
hyaluronate with testicular or streptomy- 
ces hyaluronidase yields essentially a 
mixture of tetra- and hexasaccharides. 
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