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Abstract

Dexamethasone negatively regulates insulin gene expression in
HIT-15 cells. In vivo, however, an excess of glucocorticoids
results in an increase in insulin biosynthesis and peripheral
hyperinsulinemia. To resolve this contradiction, we have stud-
ied the effects of dexamethasone in primary rat islet cells. We
show here that dexamethasone decreases insulin mRNAlevels
in single islet cells, as in HIT-15 cells, but does not affect these
levels in reaggregated islet cells and increases them in intact
islets of Langerhans. Because cAMPis an important regulator
of insulin gene expression and intracellular cAMPcontent may
be decreased in single (3 cells, we investigated whether cAMP
could prevent the inhibitory effect of dexamethasone on insulin
mRNAlevels. In the presence of cAMPanalogues, the inhibi-
tory action of dexamethasone was not only prevented, but insu-
lin mRNAincreased to levels comparable to those observed
when cAMPanalogues were used alone. Weconclude that the
insulin gene is negatively regulated by dexamethasone in single
islet cells, but that other factors such as cAMPprevent this
effect when the native environment of islet cells is preserved.
Our results indicate that insulin gene regulation is influenced
by cell to cell contacts within the islet, and that intracellular
cAMP levels might be influential in this regulation. (J. Clin.
Invest. 1992. 90:2228-2233.) Key words: cyclic adenosine
monophosphate * glucocorticoids * insulin

Introduction

Glucocorticoids are antagonistic to insulin and have major ef-
fects on glucose homeostasis (1). Increased production and
decreased utilization of glucose account for the impaired glu-
cose tolerance during glucocorticoid treatment. The decrease
in glucose utilization is acompanied by elevated fasting and
glucose-stimulated insulin levels reflecting insulin resistance of
target organs. Furthermore, peripheral hyperinsulinemia corre-
lates with islet ( cell hyperplasia. Despite numerous in vitro
studies, it is still unclear whether glucocorticoids directly affect
insulin biosynthesis and secretion (for review, see reference 1).

The 1 cells are the only islet cell type expressing the gluco-
corticoid receptor (2). Using HIT- 15 cells, we and others have
recently shown that insulin biosynthesis is inhibited by dexa-
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methasone (3, 4). This effect is mediated by glucocorticoid
receptors, occurs posttranscriptionally, and necessitates "de
novo" protein synthesis. These in vitro observations are some-
what contradictory to those made in vivo, where both in-
creased insulin production and islet hyperplasia are observed.
This apparent discrepancy may be explained if hyperinsuline-
mia were an indirect consequence of the glucocorticoid-in-
duced changes in glucose production which would then
override the direct inhibitory effects on insulin biosynthesis,
and/or if HIT- 15 cells were not an adequate model to explore
insulin production. To investigate these possibilities, we stud-
ied insulin gene regulation in single islet cells, reaggregated islet
cells, intact islets, and HIT- 15 cells. Weshow here that the
negative regulation of the insulin gene by dexamethasone that
is observed in HIT- 15 cells is also seen in isolated islet cells but
not in reaggregated islet cells or intact islets. This difference
may be at least partly explained by a change in the intracellular
cAMPconcentration.

Methods

Cell culture. HIT- 1 5 cells, a gift from Dr. A. E. Boyd III (Baylor College
of Medicine, Houston, Tx), were cultured in RPMI-1640 with 11 mM
glucose, supplemented with 10% fetal calf serum, 100 U/ml penicillin,
and 100 zg/ml streptomycin, under an atmosphere of 5% CO2. 1 h
before the experiments, culture medium was switched to RPMI-1640
supplemented with 0.5% BSA. Experimental plates were exposed to
dexamethasone (Sigma Chemical Co., St. Louis, MO)at different con-
centrations, plus or minus lo-3 M 8-bromoadenosine 3',5'-cyclic
monophosphate and I0-s M3-isobutyl- l-methyl-xanthine (both from
Sigma Chemical Co.), together referred to as 8-BMP.' Dexamethasone
(Sigma Chemical Co.) was dissolved in ethanol at a stock concentra-
tion of lo-3 M.

Preparation of rat islets. Rat islets were isolated from the pancreas
of male Sprague-Dawley rats weighing 250-350 g by ductal injection of
collagenase and Histopaque purification (5). Islets from one rat were
used for each experimental condition. After isolation, the islets were
cultured in RPMI-1640 supplemented with 11 mMglucose and serum
(as for HIT-15 cells) for 3 h and switched to 0.5% BSA-containing
RPMI- 1640 medium 1 h before the experiments.

Isolation of islet cells. Islets of Langerhans were isolated from
Sprague-Dawley rats as outlined above. To prepare single cells (6), the
islets were incubated 15 min at room temperature in a Krebs-Ringer
bicarbonate medium prepared without Ca2l and supplemented with
11.2 mMglucose, 0.5% BSA, and 3 mMEGTA. They were then
disrupted by sequential aspirations through 18-, 21-, and 25-gauge nee-
dles (three aspirations per needle). The mixture of single cells and
clumps obtained was incubated 3 min at room temperature within a
slow rotating spinner flask containing a calcium-free medium and 0. 1%
trypsin ( 1:250; Difco Laboratories, Inc., Detroit, MI) (7). The result-
ing suspension was diluted with an excess of RPMI- 1640 supplemented
with penicillin and streptomycin and centrifuged for 5 min at 130 g.

1. Abbreviation used in this paper: 8-BMP, 8-bromoadenosine 3',5'-
cyclic monophosphate.
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Cells were washed with the same medium three times and, for isolated
cells, aliquots of 170,000-250,000 cells were seeded in 4 ml of RPMI
medium within 60-mm dishes which prevented cell attachment (No.
1007, Falcon Plastics, Oxnard, CA). Eight such dishes were prepared
for each experimental condition and the experiments were repeated
three times. To prepare reaggregated islet cells, aliquots of 1,350,000
cells were diluted in 3 ml of RPMI medium. After 24 h of culture at
370C, dexamethasone and/or 8-BMP were added for a further 24-h
period. After 48 h of culture, more than 90% of the cells were aggre-
gated and for single cell plates, - 80% of the cells were still single.

Northern blot analysis. Cells (single islet cells, reaggregated islet
cells, isolated islets, or HIT-1 5 cells) were collected, lysed in guanidine
thyocyanate, and sonicated before centrifugation through a cesium
chloride gradient. S gg (single islet cells, reaggregated islet cells, and
isolated islets) or 20 Ag (HIT- 15 cells) of total RNAwere electropho-
resed, size-fractionated on a 1.4% agarose gel, and electroblotted onto a
nylon membrane (Nytran, Schleicher & Schuell, Inc., Keene, NH).
RNAwas fixed to the membrane by ultraviolet light. Prehybridization
was carried out in 1 MNaCl, 1%SDS, 10%dextran sulfate at 60'C for 2
h and hybridized with cDNAprobes ( - 5 X I0 5 cpm/ ml) in the same
buffer and at the same temperature for 24 h. Blots were washed at 60°C
in 1 X SSC (0.15 MNaCl, 0.0 15 M sodium citrate), 1% SDS (4).
cDNA probes (hamster insulin, rat glucagon, somatostatin, and ,B-ac-
tin) were labeled by random primer labeling according to the manufac-
turer's recommendations (Promega Corp., Madison, WI) (4).

Results

Dexamethasone has opposite effects on insulin gene expression
in single islet cells compared to intact pancreatic islets. Wefirst
investigated dexamethasone effects on insulin gene expression
in intact isolated rat islets. Total RNAwas extracted from both
control and dexamethasone ( 10-6 M)-treated islets (24 h) and

subjected to Northern analysis. Dexamethasone increased in-
sulin mRNAlevels by 42% in isolated islets without affecting
glucagon and somatostatin mRNAs(Fig. 1). Because these
results differed from those we reported in cultures of HIT-15
cells (4), we tested whether the insulin gene would be regulated
in a similar fashion in primary rat islet cells dispersed from
isolated islets. For each experimental condition single islet cells
were isolated from six rats and dispersed in eight 60-mm cul-
ture plates. Under these conditions, < 20% of the cells formed
aggregates after 2 d of culture, the time at which total RNAwas
extracted. In the dexamethasone-treated cells, insulin mRNA
levels were decreased to 46%of control value (Fig. 2), an effect
qualitatively similar to that observed in cultures of HIT- 15 cells
(see Fig. 4). This decrease was specific for insulin mRNAinas-
much as neither glucagon nor somatostatin mRNAswere con-
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Figure 1. Dexamethasone increases insulin mRNAlevels in isolated
islets. Total RNAwas extracted from isolated islets cultured for 24
h in the absence (control) or presence of dexamethasone (10-6 M).
(Left panel) Each lane contains 5 gg of total RNA: lane 1, control
islets; lane 2, islets treated with dexamethasone. Blots were hybridized
with hamster 32P-labeled insulin cDNAprobes. The arrowhead points
to insulin mRNA.(Right panel) Quantification of mRNAsby densi-
tometric scanning of the autoradiograms. Results are given as
means±SEM of three experiments and expressed as percentage of
controls. Open columns show the levels of insulin (INS)-, glucagon
(GLU)-, and somatostatin (SMS)-specific mRNAswhich were
corrected by the relative amounts of ,B-actin mRNAin each respective
lane. Solid columns show the corresponding values in the islets ex-
posed to dexamethasone.* Statistically significant differences (P
< 0.05).
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Figure 2. Dexamethasone effect on insulin gene expression in single
rat islet cells. Total RNAwas extracted from isolated islet cells cul-
tured for 24 h in the absence (control) or presence of 10-6 Mdexa-
methasone and analyzed by Northern blot. (Top left panel) Each lane
contains 5 ,ug of total RNA: lane 1, control islet cells; lane 2, islet
cells treated with dexamethasone. Blots were hybridized with hamster
insulin and rat glucagon 32P-labeled cDNAs. The arrowhead indicates
insulin mRNAand the arrow indicates glucagon mRNA. (Top right
panel) After elimination of the insulin and glucagon-specific probes,
blots were hybridized with rat somatostatin and rat 32P-labeled 13-actin
cDNAs. > indicates somatostatin mRNAand the arrow indicates
/3-actin mRNA. (Lower panel) Quantification of each mRNAby
densitometric scanning of the autoradiograms. Values are
means±SEMof three experiments and are expressed as percentage of
controls. Open columns show the levels of insulin (INS)-, glucagon
(GLU)-, and somatostatin (SMS)-specific mRNAswhich were
corrected for the corresponding level of f-actin. Solid columns show
the values observed in the presence of dexamethasone. *Statistically
significant differences (P < 0.01 )
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sistently modified by dexamethasone (Fig. 2). Similarly, the
level of the f3-actin signal, used as an internal control, did not
change significantly in the presence of dexamethasone (Fig. 2).
These data are compatible with the hypothesis that insulin gene
expression can be differentially modulated depending on
whether # cells are single or aggregated within an islet.

cAMPanalogues prevent the dexamethasone effect on insu-
lin gene expression. A major difference between single 1 cells
and f3 cells of intact islets is intracellular cAMPcontent. Dis-
persed /3 cells indeed contain 40% less cAMPthan reported in
isolated islets (8). In addition, dispersed 3 cells exhibit an insu-
lin secretory response to glucose or amino acids that is two- to
fivefold lower when compared with that of 3 cells within intact
islets (8, 9). This impaired response can be normalized by the
addition of cAMPanalogues to purified 3 cells (8). Thus, we
have investigated whether the inhibitory action of dexametha-
sone on insulin gene expression can also be modulated by
cAMP. Single /3 cells were incubated with dexamethasone
alone ( o0-6 M), 8-BMP alone, or dexamethasone and 8-BMP
for 24 h. Dexamethasone decreased insulin mRNAlevels by
52% (Fig. 3). By contrast, 8-BMP induced a 3.7-fold increase.
Whencells were treated with both 8-BMP and dexamethasone
(10-6 M), the negative effects of dexamethasone were no
longer observed. Rather, the insulin mRNAchanges were simi-
lar to those seen with 8-BMP alone (Fig. 3). Thus insulin
mRNAwas fourfold higher than in control cells. To investigate
the effect of cell contacts on insulin gene expression, isolated
islet cells were plated at high density to favor spontaneous reag-
gregation. Under conditions causing the clustering of > 90%of
the islet cells, insulin mRNAlevels were increased threefold
compared to levels observed in isolated cells and dexametha-
sone had no effect. Interestingly, glucagon mRNAalso in-
creased by twofold in islet cells reaggregated compared to single
islet cells and no change was caused by dexamethasone. In
these experiments, isolated islet cells thus behaved similarly to
HIT- 15 cells.
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Figure 3. cAMPand cell reaggregation prevent the dexamethasone-
induced inhibition of insulin gene expression. Single (lanes 1-4) and

reaggregated (lanes 5 and 6) primary islet cells were isolated and
seeded as described in Methods. Total RNAwas extracted after 24 h

of cultures in the absence (lanes I and 5) or presence of dexametha-
sone at 10-6 M(lanes 3 and 6), 8-BMP (lane 2), 8-BMP and dexa-

methasone at 10-6 M(lane 4). Each lane contains 5 ,ug of total RNA.

Blots were hybridized with 32P-labeled rat fl-actin (A), hamster insulin

(B), and rat glucagon (C) cDNAs.
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Figure 4. cAMPprevents the dexamethasone-mediated inhibition of
insulin gene expression in HIT- 15 cells. HIT-1 5 cells were incubated
for 6, 12, and 24 h with dexamethasone (10-6 M), 8-BMP, or dexa-
methasone ( 10 -6 M) + 8-BMP. Total RNAwas extracted at the dif-
ferent time points and subjected to Northern analysis. (Top panel)
Each lane contains 20 ,ug of total RNA: control cells, lane 1; cells
treated with dexamethasone, lane 2 (6 h), lane 5 (12 h), and lane 8
(24 h); cells treated with 8-BMP, lane 4 (6 h), lane 7 (12 h), and
lane 10 (24 h); cells treated with dexamethasone and 8-BMP, lane 3
(6 h), lane 6 (12 h), and lane 9 (24 h). Blots were hybridized with
32P-labeled hamster insulin (arrowhead) and fl-actin (arrow) cDNAs.
(Bottom panel) Quantification of insulin mRNAlevels by densito-
metric analyses of the autoradiograms. Results are means±SEMof
three experiments and are expressed as in Figs. 1 and 2. Levels of
insulin mRNAswere corrected for the relative f3-actin mRNAsignals.

The kinetics of the changes in insulin mRNAlevels in re-
sponse to dexamethasone and cAMPwere studied in HIT- 15
cells. As previously reported (4), dexamethasone markedly de-
creased insulin mRNAat 12 and 24 h as opposed to 8-BMP
which resulted in a progressive rise which was significant after 6
h and maximal at 24 h (Fig. 4). The combination of 8-BMP
and dexamethasone induced changes comparable to those seen
with 8-BMP alone (Fig. 4).

Wealso examined how different concentrations of dexa-
methasone combined to cAMP analogues would affect the
abundance of insulin mRNAin HIT-15 cells. 10 1- Mdexa-
methasone together with 8-BMP had the same effect as 8-BMP
alone (Fig. 5). However, increasing concentrations of dexa-
methasone ( 10 -8 and 10 -6 M) resulted in an inhibition of insu-
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Figure 5. The effect of 8-BMP on insulin gene expression is modu-
lated by dexamethasone concentration. HIT-15 cells were incubated
with 8-BMP and different concentrations of dexamethasone ( 10 -6,
10-8, and 10-'0 M) for 24 h. Total mRNAwas then analyzed by
Northern blot. (Top panel) Each lane contains 20 ,g of total mRNA.
Blots were hybridized with 32P-labeled insulin cDNAprobe (arrow-
head): control cells, lane 1; cells treated with 8-BMP, lane 2; cells
treated with dexamethasone, lane 3 ( 10o6 M), lane 5 ( 10o8 M), and
lane 7 ( 10-°0 M); cells treated with 8-BMP and dexamethasone, lane
4 (10-6 M), lane 6 ( 10-8 M), and lane 8 ( 010 M). (Bottom panel)
Quantification of insulin mRNAlevels by densitometry. Values are
means±SEMof three different experiments and are expressed as in
Fig. 3. The open columns show the control levels equal to 100%. The
solid columns show the effects of dexamethasone alone. The cross-
hatched columns indicate the effects of 8-BMP alone and the hori-
zontally-hatched columns those of the combination of dexametha-
sone (column 1, 10-' M; column 2, 108 M; column 3, 10-6 M)
and 8-BMP. *Statistically significant differences (P < 0.002 between
control and 8-BMP; P < 0.05 between 8-BMP and 8-BMP + dexa-
methasone 10-8 M; P < 0.05 between 8-BMP and 8-BMP + dexa-
methasone 10-6 M). Levels of hormone-specific mRNAswere
corrected for the fl-actin mRNAsignal.

lin gene expression (Fig. 5), although insulin mRNAlevels
remained at least threefold above controls. These results indi-
cate that insulin gene expression is modulated in opposite ways
by dexamethasone and cAMPanalogues and that cAMPana-
logues have a dominant effect.

Discussion

Wehave found that dexamethasone inhibits insulin gene ex-
pression in single islet cells and HIT- 15 cells but increases it in

intact pancreatic islets. Wehave also found that an analogue of
cAMPnot only prevents the inhibitory effects of dexametha-
sone on single islet cells and HIT- 15 cells but actually results in
a net increase in insulin mRNAlevels, which are then compara-
ble to those observed when the cAMPanalogue is used alone.
These findings suggest that the insulin gene is regulated differ-
ently depending on the environment of 1 cells, and that cAMP
plays a predominant role in this regulation. The importance of
the environment for insulin gene expression is reinforced by
the observation that the basal level of insulin mRNAis higher
in reaggregated than in single islet cells. Cell environment may
also be critical to maximize glucagon gene expression as the
level of glucagon mRNAwas also higher in reaggregated cells.
In this context, it is of interest to note that the glucagon gene
like the insulin gene, is regulated by a protein kinase A-acti-
vated pathway ( 10, 1 1 ).

Intracellular cAMPcontent is critical in the process of insu-
lin secretion and also of insulin biosynthesis through direct
effects on insulin gene expression. Analogues of cAMPstimu-
late insulin mRNAlevels in normal rat and human islets as
well as in HIT- 15 and RIN 5-F insulinoma cells ( 12-15). We
have recently characterized a cAMP-responsive DNAelement
within the 5'-flanking sequences of the rat insulin I gene which
mediates the regulation of insulin gene transcription in re-
sponse to changes in intracellular cAMP levels ( 15). Under
both basal and stimulated conditions, cAMPlevels appear im-
portant for maximal insulin gene expression, inasmuch as dele-
tion of the cAMP-responsive DNA element results in de-
creased expression of the gene ( 1 5). The mechanisms by which
cAMPanalogues abolish the effects of dexamethasone on sin-
gle islet cells or HIT- 15 cells are not clear. The cAMP-induced
increase in transcriptional rate of the insulin gene we previ-
ously reported in HIT- 15 cells (fourfold over basal activity)
( 15) would be expected to compensate for the decreased stabil-
ity of the insulin mRNAin the presence of dexamethasone (4).
However, because the net effect of the dexamethasone-cAMP
combination is at least a threefold increase in insulin mRNA, it
is likely that additional mechanisms are involved. Phosphory-
lation and functional activation of steroid receptors by cAMP-
dependent protein kinase A have been clearly documented ( 16,
17). Thus, direct interactions between the cAMP-dependent
pathway and steroid receptor activation may be operative in
modulating gene expression. In addition, the synthesis of the
cAMP-responsive element binding protein that mediates the
cAMP-induced changes in gene transcription is markedly in-
creased by dexamethasone ( 18). Our data, however, do not
distinguish between these possibilities leaving presently unan-
swered the question of whether the dexamethasone-cAMP
combination affects insulin gene transcription through a tran-
scriptional, a posttranscriptional, or both mechanisms.

The observation that dexamethasone caused a decrease in
the expression of the insulin gene in both HIT- 15 cell cultures
and dispersed islet cells is in apparent contradiction with the in
vivo observation that glucocorticoids increase insulin biosyn-
thesis ( 1 ). Our data indicate that this discrepancy is mostly due
to the in vitro conditions under which islet cells were tested.
Indeed, using intact pancreatic islets, a preparation in which
3-cells retain at least in part their native in situ environment,
we have found that dexamethasone increases insulin mRNA
levels. This change may result in part from the lack of the
glucocorticoid-induced inhibition, presumably due to the pro-
moting effect of coexisting cAMP. However, it is unlikely that
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such a lack of inhibitory effect alone could account for the 40%
increase in the steady state levels of insulin mRNAwe oW
served. Rather, it is most likely that this net increase reflects
also the involvement of other positive factors, such as the in-
creased synthesis of the cAMP-responsive element binding
protein ( 18). Because the regulation of the insulin gene is de-
fective in dispersed islet cells, these factors should be somehow
dependent on the maintenance of the contacts : cells normally
establish within the islets of Langerhans. The absence of inhibi-
tory effects of dexamethasone on reaggregated islet cells
strengthen this hypothesis.

In view of the stimulatory effects of glucose on insulin bio-
synthesis, which may be partly mediated by an increase in gene
transcription, it is of importance to note that our data on pri-
mary islet cells were obtained in the presence of 11 mMglu-
cose. Wepreviously postulated that increased transcription in
response to glucose could occur through the cAMP-responsive
DNAelement of the insulin gene, thus implicating cAMPas
the second messenger. This view has, however, been recently
challenged by the characterization of a more distal DNAcon-
trol element responsible for the glucose-induced effects on gene
transcription ( 19). Furthermore, in this study, but not in an-
other (20), calcium was proposed as a possible mediator. Our
present data indicate that in single islet cells 11 mMglucose
was not sufficient to upregulate the insulin gene and that cell to
cell contacts were critical. It is thus possible that glucose in-
volves both a Ca2+- and cAMP-dependent mechanism which
may be linked inasmuch as increases in cAMP levels allow
more calcium to enter the (3cell through the voltage-dependent
calcium channel ( 19).

Whatever the additional mechanisms by which glucose ex-
erts its effects, it is likely that they participate in the response of
the insulin gene to dexamethasone. Single (3 cells are known to
release less insulin compared to aggregated # cells and intact
islets (8, 9). Homologous contacts have been shown to pro-
mote the recruitment of secreting ( cells and to increase two- to
fivefold their individual release of insulin in the presence of
glucose (9). The reasons for these changes remain to be fully
elucidated. Intracellular levels of cAMPhave been shown to be
decreased in dispersed islet cell preparations (8), and this de-
crease may contribute to the poor glucose-stimulated insulin
release of isolated (3 cells. Indeed, insulin secretion is at least
partially corrected by cAMPanalogues (8). In view of the pro-
moting effect of cAMPon the expression of the insulin gene, it
is therefore possible that a low intracellular level of cAMPalso
contributes to decreased levels of insulin mRNA.No data com-
paring intracellular cAMPin HIT- 15 cells and intact islets are
available. However, previous studies suggest that HIT- 15 cells
have a cAMPmetabolism which is different from that of intact
islets, particularly in response to glucose (21-23). Further-
more, HIT- 15 cells show a low basal level of insulin gene tran-
scription and no transcriptional response to glucose ( 19).

Recent evidence suggests that junctional communications
rapidly improve the insulin release of individual A cells (24).
Because these communications have the potential of ensuring
that # cells share diffusible mediators and second messengers of
the cAMPsize at specialized cell-cell contacts (25), they could
be influential in regulating the expression of the insulin and
glucagon genes. One would then expect that this regulation is
pertubed when gap junction contacts are disrupted or not es-
tablished. This is precisely the case in preparations of dispersed
islet cells and in monolayer cultures of HIT- 15 cells, respec-

tively (26). The hypothesis that junctional cell-cell contacts
are important for the proper regulation of the insulin gene can
now be tested experimentally. Wemust stress however that the
present experiments do not allow us to distinguish the respec-
tive roles of homologous (a-:, a-a) and heterologous (a-fl) cell
to cell contacts in upregulating insulin and glucagon gene ex-
pression.

In any case, regulation of the insulin gene appears to in-
volve both dexamethasone and cAMP. The glucocorticoid ex-
erts a direct inhibitory effect on insulin gene expression as ob-
served in single islet cells but this effect is prevented by the
dominant positive action of cAMP. Furthermore, our data indi-
cate that the net effect on insulin biosynthesis will be modu-
lated both by the glucocorticoid concentration and the intracel-
lular level of cAMP. The relevance of these in vitro findings to
the situation prevailing in vivo remains to be assessed. In the
presence of excess glucocorticoids, increased glucose produc-
tion might upregulate insulin biosynthesis by further increas-
ing intracellular cAMPlevels (27, 28). This upregulation could
contribute to the marked hyperinsulinemia observed during
glucocorticoid treatment.

In conclusion, our studies indicate that the regulation of the
insulin gene is modulated by the environment of ( cells, sug-
gesting that cell to cell interactions are critical to maximize
gene expression.
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