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Interferon Induction: Tool for Establishing Interactions among

Homopolyribonucleotides

Abstract. Hitherto unrecognized interactions between homopolyribonucleotides
and complexes thereof are suggested by interferon induction data obtained in a
highly sensitive assay system of primary rabbit kidney cell cultures superinduced

by metabolic inhibitors.

Interferon induction can be con-
sidered a stringent biological test for the
double-strandedness of polyribonucleo-
tides, since double-stranded RNA’s are
markedly more effective as interferon

inducers than their single- and triple-

stranded counterparts (/—4). Primary
rabbit kidney cell cultures are among
the most sensitive cell types for assay-
ing the interferon-inducing capacity and
antiviral activity of double-stranded
RNA’s (5, 6), and their responsiveness
is even enhanced when the cells are
treated with metabolic inhibitors, such
as cycloheximide and actinomycin D,
sometime after their exposure to the
double-stranded RNA (7). This para-
doxical enhancement of interferon pro-
duction by judicious treatment with
metabolic inhibitors has been referred
to as “superinduction,” a term origi-
nally coined for the increase of tyrosine
aminotransferase in hydrocortisone-in-
duced cells wupon actinomycin D
treatment (8). In this report, we
demonstrate that this sensitive assay
system can be employed to identify
the occurrence of novel polynucleotide
interactions and to gain insight into
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the nature of the resultant product or
products.

In primary rabbit kidney cell cultures
superinduced with cycloheximide and
actinomycin D, the homopolymers (9)
polyadenylic acid [poly(A)] and poly-
uridylic acid [poly(U)], on the one
hand, and polyinosinic acid [poly(I)]
and polycytidylic acid [(poly(C)], on
the other hand, proved unable to reverse
the interferon-inducing capacity of the
respective duplexes poly(A) * poly(U)
and poly(I) * poly(C) when the du-
plexes were applied to the cells 1 hour
later (4).

It was concluded from these data
that single-stranded homopolymers did
not prevent the interaction of the
active homopolymer duplexes with the
postulated (2) cellular receptor site (or
sites) for interferon induction. How-
ever, single homopolymers were not
invariably inactive in reducing the inter-
feron-inducing capacity of the active
duplexes; depending on the kind of
homopolymer that was added first and
on the kind of the homopolymer com-
plex that was added second, the inter-
feron-inducing activity of the latter

was depressed, enhanced, or unaffected
(Table 1). For example, poly(I) and
poly(dUz) [poly(2’-azido-2’-deoxyuridyl-
ic acid)] (10, 11) caused a significant
reduction of the interferon-inducing ca-
pacity of poly(A) * poly(U) and
poly(A) * poly(rT) (polyribothymidylic
acid) applied to the cells 1 hour after
the homopolymers were applied. How-
ever, poly(I) and poly(dUz) did not
affect the activity of poly(I) * poly(C).
Poly(C) did not influence the inter-
feron-inducing activity of poly(A) *
poly(U) or poly(A) * poly(rT) but
boosted the interferon response to
poly(A) * poly(I) (a triple-stranded
polymer) up to the level generally ob-
served for poly(I) * poly(C). The in-
terferon-inducing activity of poly(A) °
poly(U) was not only reversed by
poly(I) and poly(dUz) but also by
analogous homopolymers, such as
poly(X) (I12) and poly(dUf) [poly(2’-
fluorodeoxyuridylic acid)] (/3) (data
not shown).

With most systems studied, similar
shifts- in interferon production were
noted regardless of whether the single
homopolynucleotide (a) was added to
the cells before the homopolynucleotide
complex (b) (that is, a— b), after
(b—a), or together (a4 b). These
data suggest that both in the test tube
and at the cellular level homopolynu-
cleotide complexes, such as poly(A) *
poly (U), must be equally susceptible to
fundamental structural transitions. That
poly(I) may cause such alterations at
the cellular level is no surprise, since
poly(I) has been shown previously to
form an active complex with poly(C)
after the polymers had been added to
cells separately in an interval of one
to several hours (6). Although poly(U)
reduced the activity of poly(A) *
poly(U) when mixed with, or applied
to, the cells after poly(A) * poly(U), it
failed to do so when applied to the cells
before poly(A) * poly(U). In marked
contrast, poly(dUz) reversed the activi-
ty of poly(A) * poly(U) when it was
applied to the cells before the duplex.
The differential behavior of poly(U)
and poly(dUz) may be accounted for
by differences in susceptibility to degra-
dation by nucleases. Poly(U) is very
susceptible, whereas poly(dUz) is not
(10). Poly(U) may have been degraded
by cellular nucleases before it could be
reached by poly(A) * poly(U).

Several lines of evidence indicate that
the shifts in interferon production by
the systems depicted in Table 1 orig-
inate from a specific interaction between
the single homopolynucleotide and the
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homopolynucleotide complex: First,
changes in interferon-inducing activity
were only seen when the single homo-
polymer was complementary to one of
the homopolymers of the complex; sec-
ond, it did not matter whether the
single homopolymer was added to the
cells before, after, or mixed with the
complex; and, third, the inhibitory ef-
fect of the single homopolymer [poly(I),
poly(dUz), and so forth] on the inter-
feron-inducing activity of the complex
[poly(A) * poly(U) and so forth] was
absent when the single homopolymers
had been complexed before use, for
example, to poly(A) 2 poly(I), poly-
(A) * poly(dUz), and so forth (I4)
(data not shown).

The question then arises as to how
this specific interaction between the
single homopolynucleotide and the
homopolynucleotide complex could be
visualized. Out of several possibilities
the following might be considered: (i)
triple-strand formation, (ii) strand dis-
placement, or (iii) strand displacement
and triple-strand formation. These may
be exemplified for the first system (first
item in Table 1) (I5):

(i) poly(I) + poly(A)-poly(U) —
poly(I) -poly(A) -poly(U)

(ii) 2 poly(I) + poly(A)-poly(U) —
poly(A)-2 poly(I) + poly(U)

(iii) 2 poly(I) 42 poly(A)-poly(U) —

poly(A) -2 poly(I) + poly(A)- 2 poly(U)

For the second system they are exem-
plified by the second item in Table 1:

(i) poly(dUz) + poly(A) - poly(U) —
poly(dUz) -poly(A) - poly (U)

(ii) poly(dUz) 4 poly(A)-poly(U) —
poly(A) -poly(dUz) + poly(U)

(iii) poly(dUz) + 2 poly(A)-poly(U) —

poly(A)-poly(dUz) + poly(A) - 2 poly(U)

All these reactions would result in a
significantly reduced interferon produc-
tion, since their reaction products are
known to be inactive as interferon in-
ducers [poly(A) * 2 poly(I) (3); poly-
(A) *2 poly(U) (4); poly(A) * poly-
(dUz) (I11)] or anticipated to be in-
effective [poly(A) * poly(U) ¢ poly(I),
poly(dUz) * poly(A) * poly(U)]  be-
cause of their triple-stranded structure
4).

To distinguish between the possibili-
ties outlined above, the reaction prod-
ucts were analyzed by different physico-
chemical and biochemical techniques
(ultraviolet absorption mixing curves
and melting profiles, ribonuclease sensi-

tivity, or sucrose velocity gradient sedi-
mentation, or all). It appears (I4) that
at least with the systems poly(I) +
poly(A) * poly(U), poly(dUz) + poly-
(A) * poly(U),  poly(I) + poly(A)
poly(rT), and poly(U) + poly(A) *2
poly(I) triple-stranded complexes were
formed [poly(A) ¢ poly(U) * poly(I),
poly(dUz) + poly(A) * poly(U), poly(l)
* poly(A) * poly(rT), and poly(A) *
poly(U) * poly(I), respectively], com-
plexes which have never been recog-
nized [possibility (i)]. Whether similar
triplexes  [poly(dUz) * poly(A) * poly-
(rT), . . .] were also formed in the
other systems is not yet known. How-
ever, the dramatic increase in interfer-
on inducing activity observed with the
system poly(C) + poly(A) * 2 poly(I)
can only be explained by a dismutation
reaction according to:

2 poly(C) + poly(A) -2 poly(I) —
poly(A) + 2 poly(I) - poly(C)
Physicochemical evidence for this reac-
tion has been provided previously (/6)
and has recently been confirmed by
sucrose velocity gradient sedimentation
studies (14).
The sensitive interferon assay de-
scribed herein may also be utilized in
the study of the interactions of self-

Table 1. Interactions among homopolynucleotides and homopolynucleotide complexes as monitored by interferon induction in primary rabbit
kidney cell cultures superinduced with cycloheximide and actinomycin D.

Interferon titer ratio* for

System o
Y sequence of additiont: Postulated reaction product
a b a—b a-+b b—a
Poly(I) Poly(A) *poly(U) 1/30 1/30 1/4 Poly(I)*poly(A)+poly(U)t
Poly(dUz) Poly(A)*poly(U) < 1/100 < 1/100 1/5 Poly(dUz) *poly(A) poly(U) {
Poly(C) Poly(A)*poly(U) 1/1
Poly(A) Poly(A)*poly(U) 1/1 1/1 1/1
Poly(U) Poly(A) *poly(U) 1/1 1/10 1/5 Poly(U) *poly(A)*poly(U) t
Poly (1) Poly(A)*poly(zT) 1/200 1/30 1/10 Poly(I) *poly(A)*poly(:T)#
Poly(dUz) Poly(A)*poly(zT) 1/30 1/40 1/5 Poly(dUz)*poly(A) *poly (rT) §
Poly(C) Poly(A) *poly (zT) 1/1
Poly(A) Poly(A)*poly(:T) 1/1 1/1 1/1
Poly(rT) Poly(A) *poly(rT) 1/5 < 1/20 1/15 Poly(rT)*poly(A)-poly(rT) §
Poly(U) Poly(A)*2 poly(I) 1/1 1/1 1/1 Poly(1)*poly(A) - poly(U)
Poly(rT) Poly(A)+2 poly(I) 1/1 5-10 1-2 Poly (1) *poly(A) *poly (rT) §
Poly(C) Poly(A)*2 poly(I) > 3000 = 3000 > 3000 Poly(I)*poly(C) %
Poly(I) Poly(I) *poly(C) 1/1
Poly(C) Poly(I)*poly(C) 1/1
Poly(A) Poly(I)*poly(C) 1/1 1/1
Poly(dUz) Poly(I) *poly (C) 1/1
Poly(U) Poly(A) *poly(dUz) 1/1 1/1 12 Poly(dUz) *poly(A)*poly(U)||
Poly(rT) Poly(A)*poly(dUz) 1/1 3-6 Poly(dUz) *poly(A) *poly (rT) ||

* Ratio of interferon titer obtained in cell cultures exposed to both a (homopolynucleotide) and & (homopolynucleotide complex) to interferon titer
obtained in cells exposed to b only. The interferon titers {titration procedure as described in (4)] obtained in cell cultures exposed to b alone averaged
1,590 unit/ml (range, 300 to 4,500) for poly(A) - poly(U); 3,120 unit/ml range, 1,000 to 10,000) for poly(A) - poly(rT); 13,360 unit/mi (range, 3,000 to
30,000) for poly(l) - poly(C); but only 3 to 10 unit/ml for poly(A)-2 poly(l) and poly(A) - poly(dUz). The interferon titers obtained with the single
homopolymers (@) were also insignificant (3 to 10 unit/ml). These interferon titers correspond well to previously reported data (3, 4, 1I). They represent
mean values for about 10 to 20 experiments.- The interferon titer ratios represent the mean values for at least three experiments. i All polymer
solutions were made up in Eagle’s minimal essential medium (MEM). If the homopolymers (a) and homopolymer complexes (b) were added to the
cell cultures in sequential order (a— b or b— a), the cells (in 60-mm Falcon plastic petri dishes) were incubated for 1 hour at 37°C with the first
polymer at 10 ug/ml (1 ml per petri dish), washed three times with MEM, and immediately thereafter exposed to the second polymer at 10 ug/ml
per petri dish for another hour at 37°C, washed again, and then processed for interferon production (I9). In another set of experiments (a 4 b), the
homopolymer (a) and homopolymer complex (b) were first mixed at final concentrations of 5 and 10 ug/ml, respectively, incubated for 1 hour at 37°C, and
then added to the cells (1 ml per petri dish). The cells were then incubated for 1 hour at 37°C, washed three times with MEM, and further processed
for interferon production (I19). i Proved by ultraviolet-mixing curves, ultraviolet-melting profiles, ribonuclease sensitivity experiments, or sucrose
velocity gradient sedimentation (or all) (II). § Assumed in analogy with the corresponding poly(U) triplexes. || Still hypothetical; formation of
these triplexes compatible with interferon induction data.

836 SCIENCE, VOL. 186



structured polynucleotides with one an-
other or with other polymers. For
instance, conventional spectrophotomet-
ric methods (mixing curves, melting
temperatures), as expected, fail to re-
veal any interaction of the highly or-
dered poly(G) with poly(A)-poly(U);
yet poly(G) brings about the same dra-
matic decreases in interferon titer as
does poly(U) or poly(I). One possible
explanation, the poly(A) ¢ poly(U) *
poly(G) triplex, would considerably ex-
pand the scope and importance of
triple-stranded structures in biological
systems.

Thus, interferon induction studies
suggest that triple-stranded complexes
among complementary homopolyribo-
nucleotides are readily formed both in
solution and at the cellular level. Fur-
ther investigation will be required to
determine whether similar RNA tri-
plexes (or their DNA equivalents) may
possess a biological function (17), for
example, in the tertiary structure of
RNA or control of gene expression
(18).
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Hypoxemia and the Sudden Infant Death Syndrome

Abstract. Infants with known chronic hypoxemia before death retained a large
proportion of the brown fat cells that are normally replaced by white fat cells
after birth. Many of these hypoxemic infants also had an abnormal retention of
extramedullary hematopoiesis. These same abnormalities were found in many
victims of the sudden infant death syndrome.

Prolonged apneic periods during
sleep, accompanied by cyanosis, have
been described in two sudden infant
death syndrome (SIDS) victims prior
to death (7). In several adult disorders
such episodes of sleep apnea are asso-
ciated with chronic alveolar hypoventi-
lation (2). Recently it was found that
the small pulmonary arteries of most
SIDS victims have more muscle than
do those of nonhypoxic controls (3).
This vascular abnormality is a charac-
teristic consequence of chronic alveolar
hypoventilation (4). Since such hypo-
ventilation induces arterial hypoxemia,
it is of importance to determine
whether SIDS victims have markers of
chronic hypoxemia. Brown fat reten-
tion appears to be one possible marker
and persistent extramedullary hema-
topoiesis is another.

Periadrenal brown fat is normally
replaced by white fat during the first
year of postnatal life, It has recently
been reported that brown fat reappears
in adults who are chronically hypox-
emic (5). The purpose of our study
was to determine whether brown fat
and extramedullary hematopoiesis are
good markers for chronic hypoxemia
in early infancy and if these markers
are present in SIDS victims.

The patients included 65 infants, 1
month to 1 year in age, who were
categorized as having died of SIDS
when the death was sudden and unex-
plained by any clinical or postmortem
findings. Also included were 26 infants
who were placed in the SIDS category
with pulmonary inflammation when the
infants had bronchopneumonia, trach-
eobronchitis, laryngitis, or interstitial

Table 1. Percent of periadrenal fat cells that are brown. The numbers of cases are shown in
parentheses; all values are =+ 1 standard deviation of the mean.

Brown fat (%) at age

Subjects
1 to 2 months 2.1 to 5§ months 5.1 to 12 months

Nonhypoxic controls 91 =10 (17) 60 =24 (17) 41 =25 (14)
SIDS

No pulmonary inflammation 93 = 7 (26) 90 += 18 (31)* 78 =22 (8)*

Pulmonary inflammation 89 =17 (8) 84+ 6 (12)* 41 =26 (6)
Hypoxemic controls

Cyanotic congenital heart disease 88 + 4 (6) 80 =11 (6)* 74+ 5 (6)*

Wilson-Mikity syndrome 89 =11 (6) 91+ 9 (4t

Werdnig-Hoffmann disease 79 (2)
Patients with central nervous

system lesions 82+ 5 (3)F 88+ 9 (4)*

* P < .02 by comparison with nonhypoxic controls of same age.

nonhypoxic controls of same age.

1P < .05 by comparison with

837



	Cit r183_c264: 


