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Abstract

Neoplastic mouse lung epithelial cells contain greatly diminished
activity, protein, and mRNA for the type I isozyme of cyclic AMP-
dependent protein kinase (PKA I), while expression of the type II isozyme
(PKA II) is similar to that of normal lung cells. A time course of PKA
mRNA content in transcriptionally inhibited cells indicated that most
PKA mRNAs are more stable in the neoplastic E9 cell line than in
related nontumorigenic CIO cells. To address the basis of this differential
stability, we treated both cell lines with cycloheximide, an inhibitor of
protein synthesis, in the presence or absence of the transcriptional
inhibitor, 5,6-dichloro-l-e-ribofuranosyl-benzimidazole (DRB). The rate
of PKA II regulatory subunit a mRNA decay in the presence of DRB
was unaffected by cycloheximide treatment in E9 cells but decreased
upon the addition of cycloheximide to DRB-treated CIO cells. The
combination of these two agents markedly destabilized PKA II mRNAs
(PKA catalytic subunit a and PKA II regulatory subunit a) relative to
DRB treatment alone in neoplastic E9 cells, causing them to decay at a
rate equal to that in CIO cells. PKA II mRNA may be specifically
stabilized by a protein with a relatively short half-life in neoplastic E9
cells. These results suggest the involvement of tumor-specific factor(s) in
the regulation of PKA mRNA stability, a potential mechanism for
conferring the observed differential responsiveness of normal and neo
plastic lung cells to cyclic AMP.

Introduction

PKAs2 are important regulators of cellular growth and dif

ferentiation (1). The type I (PKA I) and type II (PKA II)
isozymes exist as inactive tetrameric holoenzymes consisting of
two C subunits and either a RI or RII regulatory subunit dimer,
respectively. The binding of cAMP to R subunits dissociates
the holoenzyme, thereby activating the C subunits (1, 2). Dis
tinct genes exist for each PKA subunit, encoding Â«and ÃŸ
isoforms of both RI and RII and the a, ÃŸand y isoforms of the
C subunit (3). Expression of these isoforms varies among spe
cies, is tissue specific and developmentally regulated, and fluc
tuates upon cellular perturbation (4-7). PKA II is predomi
nantly associated with changes in cellular differentiation, while
variations in PKA I often correlate with proliferative status (8,
9). However, no consistent role in these processes can yet be
clearly assigned to either isozyme.

Alterations in cAMP-mediated signal transduction are asso
ciated with neoplastic transformation of mouse lung epithelium,
an animal model of human bronchioloalveolar carcinoma (10).
Chemically induced mouse lung tumors are characterized by

Received 10/4/91 ; accepted 10/29/91.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1This work was supported by USPHS Grant ES02370.
2The abbreviations used are: PKA, cAMP-dependent protein kinase; cAMP,

cyclic AMP; PKA I, the type I isozyme of PKA; PKA II, the type II isozyme of
PKA; C, the catalytic subunit of PKA; RI. the regulatory subunit of PKA I; RII,
the regulatory subunit of PKA II; DRB, 5,6-dichloro-l-e-ribofuranosylbenzimi-
dazole; Chx, cycloheximide; ARE, AU-rich element; cDNA, complementary
DNA; poly(A), polyadenylate.

carcinogen-specific activating mutations of the K-ras protoon
cogene (11). These tumors also contain functional anomalies in
the stimulatory GTP-binding protein, GsÂ«, associated with
receptor-coupled adenylate cyclase (12). Smith et al. derived
immortalized nontumorigenic cell lines from normal mouse
lung epithelium (13) and selected spontaneous transformants
of these cells (14). CIO is a nontumorigenic cell line with
biochemical characteristics at early passage that resembled
those of alveolar type 2 cells (13), one of the cell types of lung
tumor origin (15). E9 is a tumorigenic variant of similar histo
lÃ³gica!origin. Neoplastic characteristics can thus be directly
compared to those of the nontumorigenic cells, providing an
excellent "normal" control. Tumorigenic E9 cells mimic mouse

lung tumors in exhibiting similar biochemical changes in both
K-rai (16) and GsÂ«(17), further emphasizing their significance
as an important in vitro model system.

Several independently derived tumorigenic cell lines from
both spontaneous and carcinogen-induced mouse lung tumors
express decreased PKA I (18); this isozyme is nearly absent
from neoplastic E9 cells. One important physiological conse
quence of this decreased PKA I expression is altered PKA I-
dependent phosphorylation of several cytosolic proteins (19).
The mechanism of this aberration most likely resides at the
transcriptional level, since neoplastic E9 cells actually contain
more stable PKA mRNAs than normal CIO cells (20). Differ
ential mRNA stability is now widely recognized as an important
means by which cells control gene expression (reviewed in Ref.
21). Little is known about how PKA mRNA levels are post-
transcriptionally regulated. Herein, the mechanism of differ
ential PKA mRNA stability in CIO and E9 cells is examined
via studies using transcriptional and translational inhibitors.
We find that otherwise stable PKA II mRNAs are markedly
destabilized by these treatments in neoplastic E9 cells. These
results suggest the involvement of a tumor-specific factor(s) in
the regulation of PKA mRNA stability.

Materials and Methods

Materials. Chx and DRB were obtained from Sigma and Calbiochem,
respectively.

Cell Culture. CIO, a nontumorigenic, immortal cell line, and E9, a
tumorigenic, spontaneous in vitro transformant, were derived from
normal adult BALB/cJ mouse lung epithelium (13, 14). CIO cells grow
slowly to confluence and are then contact inhibited, whereas E9 cells
grow more rapidly and do not display density-dependent inhibition of
growth at confluence (14). Both cell lines were maintained using CM RL
1066 (Irvine) medium supplemented with 10% fetal bovine serum,
grown in a humidified atmosphere of 5% CO2/95% air, and harvested
before confluence.

Preparation of Total RNA and Northern Analysis. The procedures
used for preparing cDNA probes, isolating total cellular RNA, and
Northern blotting were described by Shannon et al. (22). Expression
vectors containing mouse RIÂ«,RIIÂ«,and CÂ«cDNA inserts were kindly
provided by Dr. G. Stanley McKnight, University of Washington,
Seattle. Human /3-actin cDNA insert was generously supplied by Dr.
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John Shannon, National Jewish Center for Immunology and Respira
tory Medicine, Denver, CO.

Results

To determine whether decreased mRNA stability could ac
count for the lack of PKA I in E9 cells, the relative rates of
PKA subunit decay in CIO and E9 cells were assessed using the
transcriptional inhibitor, DRB. The half-lives of PKA subunit
mRNAs were estimated by examining the relative abundance
of each message following Northern blot analysis of total cell
ular RNA after 0-12 h of DRB treatment (Table 1; Fig. 1).
There was no evidence of cytotoxicity in either cell line after
12 h of treatment with 100 fiM DRB.

The half-life of 2.4-kilobase Ca mRNA was approximately 8
h in transcriptionally inhibited CIO cells, while this mRNA did
not significantly decay over a 12-h period of DRB treatment in
E9 cells (Table 1). The three species of Ria mRNA were slightly
more stable in E9 cells compared to CIO cells. The 3.2- and
3.0-kilobase doublet Ria mRNAs exhibited a 7-8-h half-life in
CIO cells, while at least one-half of these mRNAs remained
after 11 h in E9 cells. The 1.8-kilobase RIÂ«mRNA species was
stable in both cell lines, as was 0-actin mRNA. RIIÂ«exhibited
the shortest half-life of the PKA mRNAs examined; less than
50% remained after 4 h in CIO cells, while 40% was still present
after 12 h in E9 cells. Thus, following transcriptional inhibition
the mRNAs which encode both PKA isozymes decay less rap
idly in neoplastic E9 cells than in normal CIO cells, suggesting
that these mRNAs are more stable in E9 cells relative to CIO
cells.

Degradation rates of eukaryotic mRNAs are believed to be
determined by interactions between mRNA secondary structure
and specific nucleotide sequences with cellular proteins, al
though interactions with other RNAs have not been ruled out
(21). While most of the known determinants of mRNA stability
are located within 3'-untranslated regions of mature messages,
sequences in 5'-untranslated regions as well as the beginning
or end of the protein-coding regions appear to be important in
controlling mRNA degradation (21). To examine whether the
mechanism of differential PKA mRNA stability in CIO and E9
cells involved a protein factor(s), we treated cells with DRB in
the presence and absence of the translational inhibitor, Chx
(Fig. 1).

Chx alone increased the concentrations of all PKA messages
above that of DRB alone; this was most apparent for the three
Ria mRNAs, which rose well above untreated control levels, ÃŸ-
Actin mRNA content also increased slightly in CIO (data not

Table 1 PKA mRNA half-lives in DRB treated CIO and E9 cells
Cells were treated with 100 â€ž¿�,â€žDRB for 0-12 h and total cellular RNA was

isolated every 3 h and analyzed by Northern blotting as described in "Materials
and Methods." Blots were subjected to densitometric scanning and mRNA half-

lives were determined from linear regression of the resulting cunes. Data repre
sent the average of two independent experiments Â±range.

Half-life (h)

MessageCa

(2.4 kilobases)
Ria (3.2)'

Ria (3.0 kilobases)
Ria (1.8 kilobases)
Rila (6.0 kilobases)
0-ActinCIO

cells8.4

Â±1.5
6.8 Â±0.0
7.7 Â±0.7
(Stable)
4.1 Â±0.6
(Stable)E9

cells(Stable)"

11.3 Â±1.8
11.2Â± 1.9
(Stable)

9.5 Â±0.3
(Stable)

"(Stable) indicates that mRNA concentration did not change over 12 contin

uous h of DRB treatment.
* Mouse Ria mRNA consists of three different sized species of 3.2, 3.0, and

1.8 kolobases.

shown) and E9 cells (Fig. 3). Interestingly, RIIÂ«mRNA decayed
more rapidly in CIO cells that had been treated with Chx alone
as compared to control levels, while this mRNA remained stable
over 12 h in Chx-treated E9 cells.

In contrast to the results with Chx alone, addition of Chx to
DRB-treated E9 cells markedly destabilized both Ca and RIIo
mRNAs but had no effect on the rate of decay of these messages
in DRB-treated CIO cells (Figs. 1 and 2). Thus, in the presence
of both DRB and Chx, the mRNAs which encode Ca and RHa
are equally labile in the two cell lines (Fig. 2). Ria mRNA in
DRB-treated E9 cells was increased slightly by Chx treatment
(Fig. 2F). This mRNA was stabilized in CIO cells relative to its
half-life in the presence of DRB alone and failed to decay over
12 hours (Fig. 2C). Chx had no effect on ÃŸ-actinmRNA levels
in DRB-treated E9 cells (Fig. 3), suggesting that the changes in

Ca and Rila mRNA decay rates were specific.

Discussion

We previously demonstrated differential PKA mRNA stabil
ity in CIO and E9 cells (20). Herein we expanded this observa
tion and examined the basis of these differences under condi
tions used widely to study mRNA stability/regulation (23-25).
DRB interferes specifically with RNA polymerase II-mediated
transcription by enhancing premature transcriptional termina
tion, thus blocking the synthesis of heterogeneous nuclear RNA
(26). Inhibition is rapid and reversible (27), and protein synthe
sis is largely unaffected (26). In CHO cells, DRB caused little
cytotoxicity, and the rate of "A" mRNA turnover (28) was

equal to that using pulse labeling techniques (29). DRB has
been used successfully to determine the half-lives of relatively
short-lived mRNAs (28), such as those encoding regulatory
enzymes (30).

In the presence of DRB, PKA mRNAs exhibit different rates
of decay (20). Using actinomycin D, Knutsen et al. (31) dem
onstrated subunit-specific differences in PKA mRNA decay
following stimulation and removal of cAMP from cultures of
Sertoli cells. In our system, most PKA mRNAs exhibited longer
half-lives in neoplastic E9 cells than in normal CIO cells, while
the 1.8-kilobase Ria mRNA species and ÃŸ-actinmRNA were
equally stable in both cell lines. Degradation rates of relatively
stable mRNAs cannot accurately be determined using DRB due
to cytotoxicity during extended drug exposure (28). AU-rich
sequences in the 3'-nontranslated regions of mRNAs confer

instability by as yet unknown mechanisms (Ref. 23; reviewed
in Refs. 21 and 32). The instability motif, AUUU, appears 34
times in the 3.0-kilobase mRNA for human Ria, while only 2
of these sequences are found in the shorter 1.5-kilobase Ria
mRNA (33). Assuming homology between mouse and human
Ria mRNAs, this may account for the greater stability of the
1.8-kilobase Ria mRNA.

Treatment of CIO and E9 cells with Chx alone increased the
levels of most mRNAs examined, especially the Ria mRNAs.
The apparent induction of Ria mRNAs by Chx is consistent
with the finding that cAMP-mediated induction of PKA subunit
mRNAs in Sertoli cells is regulated by different mechanisms
(34). Synthesis of Ria mRNA induced by cAMP analogues in
that system does not require protein synthesis, while that of Ca
and Rila does. Thus, the increases in Ria mRNA that occur
when protein synthesis is inhibited by Chx may represent Ria
mRNA accumulation due to ongoing transcription. Chx may
not stabilize Ria mRNA to the same extent in neoplastic E9
cells because the basal Ria transcription rate is most likely
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C10 E9

Control DRB Chx DRB+Chx Control DRB Chx DRB+Chx

Fig. 1. Effect of eycloheximide on PKA
mRNA stability in normal CIO and neoplastic
E9 cells. CIO and E9 cells were placed in fresh
media alone (Control) or with media contain
ing one or more of the following additions:
100 Â»IMconcentration of the transcriptional
inhibitor, DRB, or 10 MM(CIO) or 1 MM(E9)
concentrations of the translational inhibitor,
Chx, or both, for 0-12 h. Since 10 MMChx
was cytotoxic to E9 cells, we used 1 MMChx
which produced the same magnitude of in
crease in all messages, including (J-actin, as
that found in CIO cells treated with 10 MM
Chx. Total mRNA was isolated every 3 h and
analyzed by Northern blotting as described in
"Materials and Methods."

Ccx 2.4kb

Rllot 6.0kb

3.2kb
3.0kb vwwv

Rio

1.8kb

0 12 369 12 369 12 369 12 0 12 369 12 369 12 369 12

Time (hrs) Time (hrs)

lower than in CIO cells (20). Analogous to lung epithelial cells,
Sertoli cells exhibited a 2-3-fold increase in the levels of RIÂ«
and Ca mRNA following treatment with Chx alone, with only
minor effects on the other PKA subunit mRNAs (31, 34). This
may reflect an increased stabilization of mRNAs on polysomes,
the site of Chx inhibition. Indeed, mRNA instability is tightly
coupled to translation (35). Stabilization of Ria mRNA in CIO

I
a

Control DRB Chx DRB+Chx

3 5
Time (hours)

3 6
Time (hours)

.
E
E

Â« '.
(hours) Time (hours)

I 6 I
Time (hours)

Time (hrs) O 12 3 69 12 369 12 36 9 12

3 6 9 12 C
Time (hours)

Fig. 2. Comparison of Chx effects on DRB-treated normal CIO and neoplastic
E9 cells. CIO and E9 cells were exposed to DRB in the presence (O) or absence
(â€¢)of Chx for 0-12 h. Total mRNA was isolated every 3 h and analyzed by
Northern blotting, as described in "Materials and Methods." Data are expressed
as the percentage of untreated control mRNA remaining at each 3-h time interval,
as determined by densitometry of bands on autoradiograms. A-C, Ca, Rila, and
Rio mRNA decay in CIO cells, respectively; D-F, Ca, RIIo, and Ria mRNA
decay in E9 cells, respectively.

6701

Fig. 3. Northern blot of the effect of DRB and Chx on (3-actin mRNA
expression. E9 cells were exposed to DRB in the presence or absence of Chx for
0-12 h and total mRNA was isolated every 3 h and analyzed by Northern blotting.
The /3-actin message was very stable over the 12-h time course of DRB treatment.
Chx alone slightly increased this message. Decay of/?-actin mRNA in the presence
of DRB was unaffected by the addition of Chx, as determined by densitometric
analysis of autoradiograms.

cells treated with both DRB and Chx resembles that increase
seen with Chx alone (Fig. 1). In contrast to the general increases
in mRNA levels in Chx-treated CIO and E9 cells, several
mRNAs, including those encoding tubulin (36) and histone
(37), are selectively stabilized by Chx. Rapid degradation of
many labile growth factor mRNAs including c-myc requires
protein synthesis (21).

When Chx is added to DRB-treated E9 cells, only the Co
and RHa mRNAs are markedly destabilized and decay at rates
similar to those in CIO cells. This is one of the few examples
of Chx-mediated destabilization of an mRNA species and the
first report of a difference in this effect between normal and
neoplastic cells. Addition of Chx to cAMP-treated Sertoli cells
strongly stabilized the mRNAs for RUÃŸand Rila and increased
the steady state levels of Ria and Ca (31). Perhaps a protein
factor(s) with a relatively short half-life selectively stabilizes

Rila and Ca mRNAs in neoplastic E9 cells. Since differential
PKA mRNA stability was observed in the presence of DRB
alone, the mRNA which encodes this putative EC-specific factor
must also be comparatively stable. E9 cells may preferentially
stabilize the mRNAs which encode PKA II to help compensate
for their nearly complete loss of PKA 1(18). Transferrin recep
tor mRNA is stabilized during iron starvation by a M, 90,000
cytoplasmic protein which binds to five iron response elements
located in the 3'-untranslated region of the message (38).

Eukaryotic mRNA stability is regulated in part by the poly(A)
binding protein, which binds to poly(A) tails of mature Iran-
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scripts, thereby protecting them from degradation by nucleases
(reviewed in Ref. 35). Other fra/is-acting factors interact with
destabilizing AREs located in the 3'-untranslated regions of
short-lived messages, such as those encoding several oncogenes
and lymphokines (35). These AREs are also found within the
transcribed portion of many labile messages encoding immedi
ate early gene products and promote rapid removal of the
poly(A) tail as a first step in mRNA decay (39). Indeed, little is
known about the regulation of PKA subunit mRNA stability,
other than the recent finding that cAMP can stabilize the
mRNA for RII0 in actinomycin D-treated Sertoli cells (31).
cAMP had no effect on PKA subunit mRNA decay rates in
CIO and E9 cells.'

The sequence determinants that govern PKA mRNA stability
are completely uncharacterized, but AU-rich regions may be
involved (33). Perhaps a protein which interacts with stabiliza
tion elements present in both Ca and Rila mRNA is overex-
pressed in neoplastic E9 cells. If so, then the stability of other
mRNAs containing analogous elements is likely to be affected,
inasmuch as common mechanisms are thought to mediate
mRNA-degradative pathways (21). This type of change, in
which several mRNAs encoding important regulatory proteins
are preferentially stabilized, could provide neoplastic cells with
their characteristic growth advantage. Thus, inappropriate
expression of a mRNA-regulatory factor or class of factors
could help to maintain the oncogenic state. In c-wyc-induced
mouse monocytic tumors, granulocyte-macrophage-colony-
stimulating factor mRNA, which contains AREs, is selectively
stabilized by a tumor-specific frans-acting factor (25). Granu-
locyte-macrophage-colony-stimulating factor production by
these monocytic tumor cells may represent an oncogenic lesion
promoting autonomous growth (40).

Coordinate control of cellular R and C subunit concentrations
occurs at the level of protein turnover (41, 42). The Chx-
mediated destabilization of both Ca and RIIÂ«mRNA evokes
the intriguing possibility of coordinate regulation at the mRNA
level as well. The question is whether these two mRNAs are
preferentially stabilized in neoplastic E9 cells via the same
mechanism. Basal expression of mRNA for both Ca and Ria
is low in E9 cells compared CIO cells, while that of Rila is
somewhat greater (19). This elevated basal expression of Rila
mRNA (as well as the specific stabilization of PKA II mRNAs)
could represent a compensatory or homeostatic adjustment.
The altered levels of PKA subunit mRNAs in neoplastic E9
cells may arise from a single lesion rather than through inde
pendent events. Possible candidates for such a lesion include
K-ras oncogene activation or retinoblastoma tumor suppressor
gene mutation, aberrations which have been associated with
lung tumorigenesis (11, 16, 43, 44). These hypotheses are
currently being tested in the mouse lung tumor system.
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