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Abstract To date, our knowledge of apoptosis regulation

in insects comes almost exclusively from the model

organism Drosophila melanogaster. In contrast, despite the

identification of numerous genes that are presumed to

regulate apoptosis in other insects based on sequence

homology, little has been done to examine the molecular

pathways that regulate apoptosis in other insects, including

medically important disease vectors. In D. melanogaster,

the core apoptosis pathway consists of the caspase negative

regulator DIAP1, IAP antagonists, the initiator caspase

Dronc and its activating protein Ark, and the effector

caspase DrICE. Here we have studied the functions of sev-

eral genes from the mosquito disease vector Aedes aegypti

that share homology with the core apoptosis genes in

D. melanogaster. Silencing of the iap1 gene in the A. aegypti

cell line Aag2 caused spontaneous apoptosis, indicating that

IAP1 plays a role in cell survival similar to that of DIAP1.

Silencing A. aegypti ark or dronc completely inhibited

apoptosis triggered by several different apoptotic stimuli.

However, individual silencing of the effector caspases

CASPS7 or CASPS8, which are the closest relatives to

DrICE, only partially inhibited apoptosis, and silencing both

CASPS7 and CASPS8 together did not have a significant

additional effect. Our results suggest that the core pathway

that regulates apoptosis in A. aegypti is similar to that of

D. melanogaster, but that more than one effector caspase is

involved in apoptosis in A. aegypti. This is interesting in light

of the fact that the caspase family has expanded in mosqui-

toes compared to D. melanogaster.
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Introduction

Apoptosis is a type of programmed cell death that is

important for many processes in metazoan organisms,

including immunity, development, and tissue homeostasis.

The molecular pathways that regulate apoptosis have been

mainly studied in organisms that serve as genetic models:

the nematode Caenorhabditis elegans, the insect Dro-

sophila melanogaster and the laboratory mouse. From

studies done in these organisms, a conserved core apoptosis

pathway has emerged [1]. Central to this core pathway are

the caspases, a family of cysteine proteases that are present

in most cells as inactive zymogens and become activated

following a death signal. Activated caspases cleave cellular

substrates, leading to the stereotypical morphological

changes associated with apoptotic cell death, and so their

activation by adaptor proteins must be carefully regulated.

The first caspases that are activated following an apoptotic

signal are initiator caspases, which auto-activate following

binding to oligomerizing adaptor proteins, such as Apaf-1

in mammals or Ark in D. melanogaster. Once activated,

initiator caspases cleave and activate effector caspases,

which are responsible for cleaving numerous substrates in

the cell, leading to apoptosis.

In flies and mammals, the main negative regulators of

caspases are inhibitor of apoptosis (IAP) proteins, which
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inhibit caspases through direct binding and ubiquitination.

Positive regulators of caspase regulation include the IAP

antagonists, which bind to IAP proteins and destabilize IAP

proteins, and also prevent them from binding to caspases.

Together, caspases, IAPs, and IAP antagonists make up a

core pathway in which the central players are largely

conserved between flies and mammals.

In the 1990s, genetic studies in D. melanogaster began

to define the molecules that were involved in the regulation

of apoptosis in this model insect. Since then, work by many

research groups has established the core apoptosis pathway

in D. melanogaster (Fig. 1). At the heart of this pathway is

the initiator caspase Dronc, which is required for nearly all

apoptotic cell deaths in the fly [2–4]. One of the notable

exceptions where Dronc was not required was cell death in

the midgut during the larval to pupal molt [3]; however, it

was later reported that the cell death in this situation is due

to autophagy, and is caspase-independent [5]. Dronc acti-

vation requires the adaptor protein Ark, the D. melano-

gaster ortholog of mammalian Apaf-1, which binds to

Dronc and forms a complex known as the apoptosome

which promotes Dronc dimerization and activation [6].

Unlike mammalian cells, which require release of cyto-

chrome c from mitochondria in order for apoptosome

assembly to occur, Ark-dependent Dronc activation

appears to occur at a low constitutive level in D. melano-

gaster cells, since continuous expression of the IAP protein

DIAP1 is required for cell survival in both the embryo and

in S2 cells [7–10]. DIAP1, which contains a RING domain,

functions as an E3 ubiquitin ligase and inactivates Dronc,

as well as the effector caspase DrICE, by both degradative

and non-degradative ubiquitylation [11]. A negative feed-

back mechanism appears to regulate the levels of both

Dronc and Ark, wherein either protein can lower the levels

of the other in a DIAP1-dependent fashion [12].

The initiation of apoptosis involves an increase in either

the expression level or the activity of IAP antagonists, such

as Reaper, Hid, and Grim (reviewed in [11]). The IAP

antagonists inactivate DIAP1 by two mechanisms: first, by

displacing caspases from DIAP1 due to their ability to bind

to the same sites on DIAP1 as caspases, and second, by

inducing DIAP1 auto-ubiquitination. Following an apop-

totic signal, IAP antagonists become activated through a

combination of transcriptional and/or post-transcriptional

mechanisms, and prevent DIAP1 from inhibiting Dronc.

Activated Dronc cleaves and activates DrICE, which is the

main effector caspase involved in apoptosis. Another clo-

sely related effector caspase, DCP-1, has an effect only in

certain cell types and only when DrICE is mutated [13, 14].

The importance of DrICE was also supported by experi-

ments utilizing in vivo RNAi to assess the contribution of

effector caspases to suppressing death due to RNAi of

DIAP1, in which co-silencing of DrICE, DCP-1, Decay and

Damm was only slightly more effective at rescuing the

phenotype due to DIAP1 silencing than silencing DrICE

alone [15].

Unlike in mammals, where there are at least two distinct

pathways of caspase activation, the intrinsic and the

extrinsic pathways, a single core pathway appears to be

involved in all apoptotic cell deaths in D. melanogaster.

Although there is a role for the tumor necrosis factor

homolog Eiger in certain apoptotic events, downstream

apoptosis signaling by Eiger still occurs via the same

core pathway as other death signals, involving Dronc and

Ark [16].

The mosquito Aedes aegypti is the main vector involved

in the transmission of yellow fever and Dengue fever.

Sequencing of the A. aegypti genome allowed for the

identification of a number of proteins which are predicted

to play roles in regulating apoptosis, based on their

homology to D. melanogaster proteins [17, 18]. These

include A. aegypti IAP1, Ark, Dronc, the IAP antagonists

Mx and IMP, a number of effector caspases, and several

other proteins more peripheral to the core apoptosis path-

way [17]. To date, functional studies of these proteins have

been limited. Overexpression of Mx or IMP has been

shown to induce apoptosis in heterologous species [17, 19].

Introduction of A. aegypti IAP1 dsRNA into adult mos-

quitoes results in death of the mosquito, but a role in

apoptosis has not been directly established [20]. A. aegypti

Dronc has been shown to be an active caspase, and to be

regulated by hormonal signaling [21]. To date no studies

have examined the overall apoptosis pathway in A. aegypti.

Here, we have undertaken a functional analysis of sev-

eral of the A. aegypti genes that are predicted to be

important in the core apoptosis pathway by examining the

effects of silencing iap1, ark, dronc, and the effector

caspases casps7 and casps8 in an A. aegypti cell line.

DIAP1 (AeIAP1)

Dronc + Ark (AeDronc + AeArk)

DrICE and Dcp1 (AeCASPS7 and AeCASPS8)

Reaper, Hid, and Grim 
(AeMichelob_x and AeIMP)

Apoptosis

Fig. 1 Genes that constitute the core apoptosis pathway in

D. melanogaster, and their corresponding homologs in A. aegypti.
Genes that constitute the core apoptosis pathway in D. melanogaster
and their corresponding homologs in A. aegypti (in parentheses) are

shown. Negative regulation is illustrated by blunt symbols, while

positive regulation is indicated by arrows
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A functional analysis of the IAP antagonist genes Imp and

Mx is the subject of a separate study (H. Wang and R.J.

Clem, in preparation). Our results demonstrate that the core

apoptotic pathway is intact in A. aegypti and is regulated in

a manner largely similar to that of D. melanogaster, but

that at least two effector caspases appear to play non-

redundant roles in apoptosis in A. aegypti.

Materials and methods

Cell culture

The A. aegypti cell line Aag2 [22] was obtained from Carol

Blair (Colorado State University) and propagated at 27�C

in Schneider’s medium (Invitrogen) supplemented with

10% heat-inactivated fetal bovine serum (FBS) (Atlanta

Biologicals).

Production of dsRNA

The open reading frames (ORFs) of A. aegypti ark, dronc,

casps7, casps8, iap1 and the control baculovirus gene

polyhedrin were cloned into the plasmid pCRII� (Invitro-

gen) and templates were amplified by PCR using primers

bearing T7 polymerase binding sites both upstream

(CTAATACGACTCACTATAGGGCAGGAAACAGCTA

TGAC) and downstream (CAGTCACGACGTTGTAAAA

CGACGGCC) of the ORFs of interest. The resulting PCR

products were purified by phenol–chloroform-isoamyl

alcohol extraction and were transcribed to synthesize

complementary RNA strands using AmpliScribeTM T7

Transcription Kit (EPICENTRE Biotechnologies). The

transcription products were treated with DNase I (37�C,

15 min) and then subjected to phenol–chloroform-isoamyl

alcohol extraction. The purified complementary RNA

strands were heated to 65�C for 15 min followed by

cooling slowly to room temperature to obtain dsRNA

which were then stored at -80�C.

RNAi

Aag2 cells were plated in six well plates (1 9 106 cells/

well in 2 ml Schneider’s medium supplemented with 10%

FBS) and incubated at 27�C overnight. The following day,

the medium was replaced by 1 ml serum free medium and

40 lg dsRNA per gene being silenced was added into the

medium and incubated at 27�C for 2 h, followed by the

addition of 1 ml medium supplemented with 20% FBS

bringing the final concentration of FBS to 10%. Control

Aag2 cells were subjected to the same procedure except

that no dsRNA or control (baculovirus polyhedrin) dsRNA

was added. The cells were incubated for the indicated time

period to induce the RNAi effect.

Semi-quantitative RT-PCR

Total RNA was isolated from mock-treated or dsRNA-

treated Aag2 cells using Trizol reagent (Invitrogen) as

described in the protocol by the manufacturer. 1 lg of total

RNA was used in the first strand cDNA synthesis by using

ImProm-IITM Reverse Transcription System (Promega)

according to the instructions provided by the manufacturer.

Estimation of relative mRNA levels of specific genes was

performed by PCR in the linear range of amplification

using gene-specific primers. The number of PCR cycles

was kept in the linear range by testing an increasing

number of cycles (18, 21, 23, 25, 28, and 32) for each set

of template and primers, and then choosing a cycle num-

ber where the amount of product was still increasing.

The housekeeping gene used was the actin paralog

AAEL001673.

Induction of apoptosis

To induce apoptosis, Aag2 cells with or without the indi-

cated RNAi treatment were subjected to UV irradiation

(254 nm) by placing the plates on a transilluminator for

15 min, or by treating the cells with cycloheximide (CHX,

at a final concentration of 100 ng/ml, Sigma), stauro-

sporine (STS, at a final concentration of 1 lM, Sigma) or

actinomycin D (Act D, at a final concentration of 50 ng/ml,

Sigma) for the amount of time indicated.

Assessment of apoptosis

Observation of morphological change

At the indicated time points after RNAi treatment or

induction of apoptosis, cells and apoptotic bodies were

photographed by bright field microscopy at 4009

magnification.

DNA fragmentation assay

Equal numbers (1 9 106) of Aag2 cells treated with iap1 or

polyhedrin dsRNA for 24 h were collected by centrifuga-

tion at 5009g for 5 min and apoptotic bodies were col-

lected from the cell supernatant by centrifugation at

14,0009g for 10 min. Cells and apoptotic bodies were

combined and suspended in 100 ll lysis buffer (10 mM

Tris–HCl, pH 8.0, 150 mM NaCl, 10 mM EDTA, 0.4%

SDS, 1 mg/ml proteinase K, 200 lg/ml RNase A) and

incubated at 56�C for 3 h. After phenol–chloroform-iso-

amyl alcohol extraction, total DNA was isolated by
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precipitation with 3 M NaAc and ethanol and dissolved in

TE buffer (10 mM Tris–HCl, 1 mM EDTA). Low molec-

ular weight DNA was visualized under ultraviolet light

after being subjected to electrophoresis on a 1.5% agarose

gel in the presence of 0.5 lg/ml ethidium bromide.

Caspase activity assay

Aag2 cells and apoptotic bodies were collected as descri-

bed above for the DNA fragmentation assay and suspended

in lysis buffer containing 10 mM HEPES, pH 7.0, 2 mM

EDTA, 0.1% CHAPS and 5 mM dithiothreitol, supple-

mented with one complete mini EDTA-free protease

inhibitor tablet (Roche Molecular Biochemicals) per 50 ml

lysis buffer. Cells and apoptotic bodies were lysed by

one cycle of freeze–thaw followed by centrifugation at

14,0009g for 15 min. Cell lysate (20 lg total protein/

sample) was added to reaction mixture containing 25 mM

HEPES, pH 7.5, 1 mM EDTA, 0.1% CHAPS, 10%

sucrose, 10 mM dithiothreitol and 50 lM Ac-DEVD-AFC

(MP Biochemicals) as substrate in a total volume of 100 ll.

Fluorescence was measured in a Perkin Elmer Victor 3

multilabel counter at 37�C for 2 h and final values of the

measurements were used to evaluate the caspase activities

of the according cell lysates.

Results

Expression of apoptosis-related genes in the A. aegypti

cell line Aag2

The core apoptosis pathway in D. melanogaster includes

initiator and effector caspases, as well as other proteins

which positively or negatively regulate caspase activation

(Fig. 1). A number of A. aegypti genes have been identified

that share sequence homology with D. melanogaster

apoptotic regulatory genes, and thus are predicted to par-

ticipate in regulating apoptosis in A. aegypti [17, 18].

These include eleven caspases (dronc, dredd, casps7–8,

and casps15–21); three IAPs (iap1, 2, and 5); two IAP

antagonists (mx and imp); and ark, BG4 (fadd) and dnr1.

To determine whether these genes are expressed in the

A. aegypti cell line Aag2, RT-PCR was performed on total

RNA from Aag2 cells. Transcripts for all 19 of the genes

tested were amplified by RT-PCR (data not shown), indi-

cating that all of these genes are expressed in Aag2 cells.

Aag2 cells are able to take up dsRNA and mount

a specific RNAi response

When dsRNAs corresponding to iap1, dronc, ark, casps7,

or casps8 were individually added to Aag2 cells, a

dramatic decrease in steady-state level of transcripts was

observed in each case (Figs. 2 and 3a). In the case of iap1,

dronc, and casps8, transcripts were undetectable by

RT-PCR as soon as 7 h after addition of dsRNA, and the

level of transcript remained undectable through at least

33 h (Figs. 2 and 3a). ark transcript levels were unchanged

at 7 h, rose slightly at 11 h, but were greatly reduced after

27 and 33 h (Fig. 2). Although we observed in two inde-

pendent experiments that ark transcript levels rose slightly

at 11 h, this did not seem to affect the results in later

experiments (see Figs. 5 and 6). casps7 transcript levels

were dramatically lowered from 7 till 33 h but not com-

pletely silenced as seen with transcript levels of iap1,

dronc and casps8 (Fig. 2). In order to find out if higher

amounts of dsRNA would completely silence casps7

transcription, we increased the amount of dsRNA used, but

casps7 transcript levels were not completely silenced even

when the amount of dsRNA was increased by 2-fold

(80 lg) or 5-fold (200 lg) (data not shown). Treatment

with any of the dsRNAs did not have any effect on levels of

any of the other transcripts (Fig. 2), suggesting that the

silencing response was specific. These results demonstrate

that Aag2 cells are able to take up dsRNA and mount a

robust and specific RNAi response, which makes them

useful for studying apoptosis regulation in A. aegypti.

Silencing of A. aegypti IAP1 induces rapid,

spontaneous apoptosis in Aag2 cells

In cells from D. melanogaster and the lepidopteran insect

Spodoptera frugiperda, RNAi of the IAP1 orthologs

DIAP1 or Sf-IAP induces spontaneous apoptosis, indicat-

ing that continuous expression of IAP1 is necessary to

maintain cell viability [8–10]. We therefore first examined

the effect of silencing expression of A. aegypti iap1.

Addition of iap1 dsRNA to Aag2 cells successfully

iap1

dronc

casps8

casps7

ark

actin

7 11 27 33 7 11 27 33 7 11 27 33 7 11 27 33 un
tr

ea
te

d

casps7 casps8 dronc arkdsRNA
hrs

Fig. 2 Silencing of apoptosis-related genes in Aag2 cells. Total RNA

was prepared from untreated Aag2 cells or Aag2 cells treated with the

indicated dsRNAs for 7, 11, 27, or 33 h. Total RNA was subjected to

RT-PCR using gene-specific primers for A. aegypti iap1, dronc,

casps7, casps8, ark, or actin. The RT-PCR products were analyzed by

agarose gel electrophoresis and visualized under UV light
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silenced iap1 expression, as seen by a dramatic reduction

in the level of iap1 transcripts within 7 h (Fig. 3a).

Accordingly, we observed plasma membrane blebbing,

indicative of apoptosis, in Aag2 cells treated with iap1

dsRNA for 7 h (Fig. 3b). By 11 h, clear apoptosis was

observed, including apoptotic body formation, and by 27 h,

nearly all of the cells had undergone apoptosis (Fig. 3b).

Cells treated with control dsRNA remained unchanged

(Fig. 3b). In addition to the stereotypical morphological

changes that accompany apoptosis, we also confirmed that

the iap1 dsRNA-treated cells underwent DNA fragmenta-

tion into oligonucleosomal ladders (Fig. 3c), and iap1

dsRNA-treated cells contained high levels of effector cas-

pase activity as measured by cleavage of the effector

caspase substrate DEVD-afc (Fig. 3d). Thus, silencing of

A. aegypti iap1 induced rapid, spontaneous apoptosis in

Aag2 cells, similar to what has been previously observed in

D. melanogaster S2 cells and S. frugiperda Sf21 cells.

Silencing Dronc or Ark completely blocks apoptosis,

while silencing the effector caspases CASPS7

or CASPS8 partially blocks apoptosis induced

by various apoptotic stimuli

Aedes aegypti contains clear one-to-one orthologs of

D. melanogaster Ark and Dronc; however, there is no clear

ortholog of DrICE, since DrICE and Dcp-1 resulted from

duplication of an ancestral effector caspase after the

divergence of mosquitoes and flies [23]. The two caspases

most related to DrICE in A. aegypti are CASPS7 and

CASPS8, which also arose by duplication after the diver-

gence of mosquitoes and fruitflies [23]. We therefore tested

whether silencing A. aegypti Ark, Dronc, CASPS7,

or CASPS8 can rescue apoptosis induced by silencing

A. aegypti IAP1. dsRNAs corresponding to these genes

were added to Aag2 cells, followed 27 h later by addition

of iap1 dsRNA. Silencing of each gene was effective, as

judged by RT-PCR (Fig. 4a). As expected, addition of ark,

dronc, casps7, or casps8 dsRNA alone had no effect on cell

viability (Fig. 4b). However, when these genes were

silenced prior to addition of iap1 dsRNA, apoptosis was

either completely inhibited (in the case of silencing ark and

dronc) or delayed and partially inhibited (in the case of

silencing casps7 and casps8) (Fig. 4c). Prior addition of

control dsRNA had no effect on apoptosis induced by

silencing of iap1 (data not shown). By 6 h after iap1

dsRNA addition, cell blebbing was evident in the cells

treated only with iap1 dsRNA, but no blebbing was

observed in cells that had been pre-treated with ark, dronc,

casps7, or casps8 dsRNA (Fig. 4c). By 20 h, extensive

apoptosis was observed in the cells treated only with iap1

dsRNA, and no apoptosis was observed in the cells pre-
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actin

iap1

iap1 RNAi control RNAi

7      11    27     33    unt 7      11    27     33     unt hrs

iap1 RNAi control RNAi untreated
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Fig. 3 Silencing iap1 induces

apoptosis in Aag2 cells. a Total

RNA was prepared from

untreated Aag2 cells (unt) or

Aag2 cells treated for 7, 11, 27

and 33 h with iap1 dsRNA or

control polyhedrin dsRNA and

then semi-quantitative RT-PCR

was performed using gene-

specific primers for iap1 or

actin. b Untreated Aag2 cells or

cells treated with iap1 or

polyhedrin dsRNA were

photographed at the indicated

hours after treatment. c–d Aag2

cells were treated with iap1
dsRNA or polyhedrin dsRNA

for 24 h, after which the cells

were harvested and subjected to

DNA fragmentation assay (c) or

caspase activity assay (d). In

(d), the values shown represent

the mean ± SE of three assays

performed on each of two

independent samples (six assays

total)
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treated with ark or dronc dsRNA, indicating that silencing

these genes completely inhibited the apoptosis stimulated

by loss of iap1 (Fig. 4c). However, at 20 h after addition of

iap1 dsRNA, some apoptosis was observed in cells pre-

treated with casps7 or casp8 dsRNA, although less than

in cells treated with iap1dsRNA alone (Fig. 4c). Thus,

CASPS7 and CASPS8 both appear to play a role in

apoptosis stimulated by silencing IAP1.

The roles of these apoptotic regulatory genes was also

examined in response to several other treatments that

induce apoptosis, namely ultraviolet radiation (UV) and the

drugs cycloheximide (CHX), staurosporine (STS), and

actinomycin D (Act D). Similar to the results with iap1

RNAi, silencing of ark or dronc resulted in excellent pro-

tection against all of these stimuli (Table 1). Also similar

to iap1 RNAi, silencing of casps7 or casps8 provided only

partial protection against CHX, Act D, and UV. casps7

RNAi provided partial protection against STS, but casps8

RNAi did not in the time frame examined (Table 1).

Silencing of casps7 also seemed to provide more protection

than silencing of casps8 against CHX-induced apoptosis

(Table 1), suggesting that CASPS7 may play a somewhat

more important role in apoptosis, at least in the case of

certain stimuli. However, this would depend on the effi-

ciency of silencing at the protein level, which is unknown

in the current study.

To verify these results and obtain more quantitative

information, we examined effector caspase activity in cells

subjected to RNAi and treated with Act D or UV.

Consistent with what was observed by cell morphology

(Table 1), RNAi of ark or dronc prevented effector caspase

activation in response to Act D, with levels of caspase

activity remaining similar to mock-treated cells through

24 h after Act D treatment (Fig. 5a). RNAi of casps7 or

casps8 partially inhibited effector caspase activity follow-

ing treatment with Act D, with RNAi of casps7 having

more of an effect than casps8 RNAi at 6 and 12 h, but the

level of effector caspase activity was similar in the two

treatments at 24 h.

With respect to UV treatment, RNAi of ark or dronc

decreased effector caspase activity, although not as effec-

tively as against Act D (Fig. 5b). Silencing of casps8 or

casps7 was again less effective than silencing ark or dronc,

mock ark dronc casps7 casps8

2 hrs

6 hrs

20 hrs

a b

iap1
ark

+ iap1
dronc
+ iap1

casps7
+ iap1

casps8
+ iap1

2 hrs

6 hrs

20 hrs

c

iap1

dronc

casps8

casps7

ark

actin

Fig. 4 Effect of silencing ark,

dronc, casps7 or casps8 on

apoptosis induced by silencing

of iap1. a Aag2 cells were

mock-treated or treated with

dsRNAs corresponding to

casps7, casps8, dronc, or ark for

24 h and then were treated with

iap1 dsRNA. 20 h later, the

cells were harvested and

subjected to semi quantitative

RT-PCR using gene specific

primers for iap1, casps7,

casps8, dronc, ark or actin.

b–c Aag2 cells were mock-

treated or treated with the

indicated dsRNAs for 24 h,

and then the cells were

photographed at the indicated

times after being treated with

control polyhedrin dsRNA

(b) or iap1 dsRNA (c)

Table 1 Silencing of dronc, casps7, casps8 or ark delayed or

inhibited apoptosis induced by multiple stimuli

Gene silenced CHX STS Act D UV

dronc ??? ??? ??? ???

casps7 ?? ? ? ?

casps8 ? – ? ?

ark ??? ??? ??? ???

Aag2 cells were treated with dsRNAs corresponding to dronc, casps7,

casps8 or ark for 24 h and then were treated with cycloheximide

(CHX), staurosporine (STS), actinomycin D (Act D) or ultraviolet

radiation (UV). 20 h later, cell viability was assessed by morphology.

Symbols: -: \5% viable; ?: 5–25% viable; ??: 25–50% viable;

???: [50% viable
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with casps8 RNAi being slightly less able to decrease

effector caspase activity than casps7 RNAi (Fig. 5b).

Both of the DrICE-related effector caspases, CASPS7

and CASPS8, are involved in apoptosis in Aag2 cells

Since silencing of casps7 or casps8 individually had only a

partial inhibitory effect, we considered whether these two

effector caspases exhibit functional redundancy. To test

this, we silenced casps7 and casps8 either separately or

together, and then induced apoptosis by treating the cells

with either Act D or UV. Again, in response to either

stimulus, silencing of casps7 had more effect on caspase

activity than silencing casps8 (Fig. 6). In the case of Act D,

silencing both casps7 and casps8 reduced caspase activity

further than casps7 alone, although not completely to

background levels (Fig. 6). In response to UV, silencing

both caspases resulted in caspase activity that was similar

to silencing casps7 alone, and still higher than background

(Fig. 6). The observation that silencing both casps7 and

casps8 still did not completely eliminate caspase activity

suggests that either silencing of at least one of these

effector caspases was not completely effective, or there

may be other effector caspases that are activated following

treatment with Act D or UV. Regardless, the observation

that silencing either casps7 or casps8 partially inhibits

apoptosis demonstrates that there are at least two effector

caspases involved in the core apoptosis pathway in Aag2

cells.
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Fig. 5 Effect of silencing ark, dronc, casps7 or casps8 on caspase

activity induced by Act D or UV treatment. Aag2 cells were treated

with the indicated dsRNAs for 24 h and then apoptosis was induced

by Act D (a) or UV (b) treatment. At the indicated times after

apoptosis induction, the cells were harvested and subjected to caspase

activity assay. Mock-treated Aag2 cells (Mock) or Aag2 cells treated

with Act D or UV were used as controls. The values shown represent

the mean ± SE of three assays performed on each of two independent

samples (six assays total)
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Fig. 6 Effect of co-silencing casps7 and casps8 on caspase activity

induced by Act D or UV treatment. Aag2 cells were treated with

dsRNA of casps8 or casps7 alone or together (CASPS8/7) for 24 h

and then apoptosis was induced by Act D or UV treatment. 12 h after

apoptosis induction, the cells were harvested and subjected to caspase

activity assay. Mock-treated cells or cells treated with Act D or UV

were used as controls. The values shown represent the mean ± SE of

three assays performed on each of two independent samples (six

assays total)
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Discussion

In this study we have performed the first comprehensive

functional examination of the core apoptosis pathway in a

disease vector, and indeed, to our knowledge the first in

any insect other than D. melanogaster. Our results indicate

that the core apoptosis pathway in A. aegypti functions in a

manner that is overall similar to that in D. melanogaster

but with some differences. As in D. melanogaster, con-

tinuous expression of A. aegypti IAP1 is required to pre-

vent spontaneous apoptosis. Although we did not examine

the roles of the IAP antagonists Mx and IMP in this study,

results from an accompanying study indicate that these

proteins also function similarly in the two species

(H. Wang and R. J. Clem, in preparation). We also found

that apoptosis in A. aegypti requires the initiator caspase

Dronc, along with the activator protein Ark. Downstream

of A. aegypti Dronc and Ark, CASPS7 and CASPS8 both

appear to play roles in apoptosis. However, some questions

remain concerning the effector caspases that are involved

in apoptosis and their exact roles in A. aegypti.

In D. melanogaster, DrICE is the predominant effector

caspase involved in apoptosis, while DCP-1 plays only a

minor role, which is only evident when DrICE is lacking

[13, 14]. Phylogenetic analysis of caspases from twelve

Drosophila and four mosquito species indicates that DrICE

and DCP-1 arose by duplication after the divergence of

fruitflies and mosquitoes [23]. This would seem to suggest

that DrICE is the ancestral effector caspase responsible for

carrying out apoptosis, and DCP-1 arose more recently and

only plays a minor role.

In A. aegypti, CASPS7 is the closest relative to DrICE

and DCP-1, while CASPS8 is in a closely related mos-

quito-specific clade that appears to have arisen by dupli-

cation after the divergence of fruitflies and mosquitoes [17,

23]. Our results suggest that CASPS7 may play a some-

what more important role than CASPS8, but both caspases

appear to be involved in regulating apoptosis in A. aegypti.

This is different from the situation in D. melanogaster,

where a single effector caspase, DrICE, plays a predomi-

nant role in apoptosis. Interestingly, there have also been

expansions in the numbers of other effector caspases in

mosquitoes compared to D. melanogaster [17]. In addition,

it is noteworthy that silencing both CASPS7 and CASPS8

did not completely protect Aag2 cells against apoptosis, as

silencing Dronc or Ark did. At this time we cannot dis-

tinguish whether additional effector caspases also are

involved in apoptosis in A. aegypti, or whether silencing of

CASPS7 and/or CASPS8 was not completely effective at

the protein level. The other effector-type (short prodomain)

caspases in A. aegypti include the outlier CASPS20, and

caspases that are closest phylogenetically to D. melano-

gaster Decay (CASPS18 and CASPS19) and Damm

(CASPS15, 16, 17, and 21). In vivo RNAi of D. melano-

gaster Decay and Damm did not reveal a significant role in

apoptosis [15], so these additional A. aegypti caspases

would not be expected to have roles in apoptosis, but this

possibility cannot be ruled out. Overexpression of CAS-

PS19 in Aag2 cells results in high levels of caspase activity

but no apoptosis is observed, suggesting that this caspase

may serve a non-apoptotic function, while CASPS18 acts

as a decoy caspase and enhances the activity of CASPS19,

both in cells and in vitro [23].

For all of the genes examined, gene silencing was less

effective at inhibiting apoptosis induced by UV than by Act

D (compare Fig. 5a and b). The short wavelength UV used

in these experiments (254 nm) causes DNA damage

through the formation of pyrimidine dimers and other

photoproducts, and also causes the formation of reactive

oxygen species. UV has a myriad of effects on cellular

processes, since it inhibits both DNA replication and

transcription, and also stimulates DNA repair pathways and

cellular stress pathways, including JNK and p38 MAPK

signaling [24]. Act D is an antibiotic and chemotherapeutic

agent that intercalates into both single-stranded and dou-

ble-stranded DNA and inhibits cellular transcription by

RNA polymerases [25]. There is also evidence, however,

suggesting that Act D causes DNA damage in cells [26].

While Act D is commonly used in experiments to inhibit

transcription, it has the ability to induce apoptosis in many

mammalian and insect cell lines. Inhibition of gene

expression at either the transcriptional or translational

levels induces apoptosis in many types of insect cells,

presumably at least in part because of the requirement for

expression of IAP1. However, the mechanisms involved in

induction of apoptosis by either UV or Act D are likely to

be complex, and are also likely to vary depending on the

type of cell and dosage used, making it difficult to

draw any conclusions about why gene silencing was less

effective at inhibiting UV-induced apoptosis in these

experiments.

It has been shown in vivo that topical application of

A. aegypti IAP1 dsRNA causes lethality in adult mosqui-

toes, and although it was presumed that the lethality was

due to induction of apoptosis, the mechanism was not

explored [20]. Our results clearly indicate for the first time

that silencing iap1 induces apoptosis in A. aegypti cells.

There are advantages to using a cell line for these types of

studies, namely ease of performing the experiments and the

reduced complexity of assaying only a single cell type. In

Drosophila research, cell lines have been exploited in

numerous studies that have contributed to our under-

standing the core apoptosis pathway in flies. However,

there are of course also limitations to using cell lines, since

cells may respond differently in the context of an intact

tissue, and different cell types may utilize different
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pathways. It will be interesting, therefore, to determine the

roles of these core pathway genes in regulating apoptosis

in vivo, especially casps7 and casps8.

Acknowledgments This work was supported by NIH grant R21

AI067642 (to R.J.C.) and by the Kansas Agricultural Experiment

Station. This is contribution number 10-342-J from the Kansas

Agricultural Experiment Station.

Conflict of Interest None.

References

1. Oberst A, Bender C, Green DR (2008) Living with death: the

evolution of the mitochondrial pathway of apoptosis in animals.

Cell Death Differ 15:1139–1146

2. Chew SK, Akdemir F, Chen P, Lu WJ, Mills K, Daish T, Kumar

S, Rodriguez A, Abrams JM (2004) The apical caspase dronc
governs programmed and unprogrammed cell death in Dro-
sophila. Dev Cell 7:897–907

3. Daish TJ, Mills K, Kumar S (2004) Drosophila caspase DRONC

is required for specific developmental cell death pathways and

stress-induced apoptosis. Dev Cell 7:909–915

4. Xu D, Li Y, Arcaro M, Lackey M, Bergmann A (2005) The

CARD-carrying caspase Dronc is essential for most, but not all,

developmental cell death in Drosophila. Development 132:

2125–2134

5. Denton D, Shravage B, Simin R, Mills K, Berry DL, Baehrecke

EH, Kumar S (2009) Autophagy, not apoptosis, is essential for

midgut cell death in Drosophila. Curr Biol 19:1741–1746

6. Yu X, Wang L, Acehan D, Wang X, Akey CW (2006) Three-

dimensional structure of a double apoptosome formed by the

Drosophila Apaf-1 related killer. J Mol Biol 355:577–589

7. Wang SL, Hawkins CJ, Yoo SJ, Muller H-AJ, Hay BA (1999)

The Drosophila caspase inhibitor DIAP1 is essential for cell

survival and is negatively regulated by HID. Cell 98:453–463

8. Muro I, Hay BA, Clem RJ (2002) The Drosophila DIAP1 protein

is required to prevent accumulation of a continuously generated,

processed form of the apical caspase DRONC. J Biol Chem

277:49644–49650

9. Zimmermann KC, Ricci J-E, Droin NM, Green DR (2002) The

role of ARK in stress-induced apoptosis in Drosophila cells.

J Cell Biol 156:1077–1087

10. Igaki T, Yamamoto-Goto Y, Tokushige N, Kanda H, Miura M

(2002) Downregulation of DIAP1 triggers a novel Drosophila cell

death pathway mediated by Dark and Dronc. J Biol Chem

277:23103–23106

11. Orme M, Meier P (2009) Inhibitor of apoptosis proteins in Dro-

sophila: gatekeepers of death. Apoptosis 14:950–960

12. Shapiro PJ, Hsu HH, Jung HH, Robbins ES, Ryoo HD (2008)

Regulation of the Drosophila apoptosome through feedback

inhibition. Nat Cell Biol 10:1387–1388

13. Muro I, Berry DL, Huh JR, Chen CH, Huang H, Yoo SJ, Guo M,

Baehrecke EH, Hay BA (2006) The Drosophila caspase Ice is

important for many apoptotic cell deaths and for spermatid

individualization, a nonapoptotic process. Development 133:

3305–3315

14. Xu D, Wang Y, Willecke R, Chen Z, Ding T, Bergmann A (2006)

The effector caspases drICE and dcp-1 have partially overlapping

functions in the apoptotic pathway in Drosophila. Cell Death Diff

13:1697–1706

15. Leulier F, Ribeiro PS, Palmer E, Tenev T, Takahashi K, Rob-

ertson D, Zachariou A, Pichaud F, Ueda R, Meier P (2006)

Systematic in vivo RNAi analysis of putative components of the

Drosophila cell death machinery. Cell Death Diff 13:1663–1674

16. Moreno E, Yan M, Basler K (2002) Evolution of TNF signaling

mechanisms: JNK-dependent apoptosis triggered by Eiger, the

Drosophila homolog of the TNF superfamily. Curr Biol

12:1263–1268

17. Bryant B, Blair CD, Olson KE, Clem RJ (2008) Annotation and

expression profiling of apoptosis-related genes in the yellow fever

mosquito, Aedes aegypti. Insect Biochem Mol Biol 38:331–345

18. Waterhouse RM, Kriventseva EV, Meister S, Xi Z, Alvarez KS,

Bartholomay LC, Barillas-Mury C, Bian G, Blandin S, Chris-

tensen BM, Dong Y, Jiang H, Kanost MR, Koutsos AC, Lev-

ashina EA, Li J, Ligoxygakis P, Maccallum RM, Mayhew GF,

Mendes A, Michel K, Osta MA, Paskewitz S, Shin SW, Vlachou

D, Wang L, Wei W, Zheng L, Zou Z, Severson DW, Raikhel AS,

Kafatos FC, Dimopoulos G, Zdobnov EM, Christophides GK

(2007) Evolutionary dynamics of immune-related genes and

pathways in disease-vector mosquitoes. Science 316:1738–1743

19. Zhou L, Jiang G, Chan G, Santos CP, Severson DW, Xiao L

(2005) Michelob_x is the missing inhibitor of apoptosis protein

antagonist in mosquito genomes. EMBO Rep 6:769–774

20. Pridgeon JW, Zhao L, Becnel JJ, Strickman DA, Clark GG,

Linthicum KJ (2008) Topically applied AeIAP1 double-stranded

RNA kills female adults of Aedes aegypti. J Med Entomol

45:414–420

21. Cooper DM, Thi EP, Chamberlain CM, Pio F, Lowenberger C

(2007) Aedes Dronc: a novel ecdysone-inducible caspase in the

yellow fever mosquito, Aedes aegypti. Insect Mol Biol

16:563–572

22. Lan Q, Fallon AM (1990) Small heat shock proteins distinguish

between two mosquito species and confirm identity of their cell

lines. Am J Trop Med Hyg 43:669–676

23. Bryant B, Ungerer MC, Liu Q, Waterhouse RM, Clem RJ (2010)

A caspase-like decoy molecule enhances the activity of a para-

logous caspase in the yellow fever mosquito, Aedes aegypti.
Insect Biochem Mol Biol 40:516–523

24. Batista LFZ, Kaina B, Meneghini R, Menck CFM (2009) How

DNA lesions are turned into powerful killing structures: insights

from UV-induced apoptosis. Mutat Res 681:197–208

25. Sobell HM (1985) Actinomycin and DNA transcription. Proc

Natl Acad Sci USA 82:5328–5331

26. Mischo HE, Hemmerich P, Grosse F, Zhang S (2005) Actino-

mycin D induces histone c-H2AX foci and complex formation of

c-H2Ax with Ku70 and nuclear DNA helicase II. J Biol Chem

280:9586–9594

Apoptosis (2011) 16:105–113 113

123


	Defining the core apoptosis pathway in the mosquito disease vector Aedes aegypti: the roles of iap1, ark, dronc, and effector caspases
	Abstract
	Introduction
	Materials and methods
	Cell culture
	Production of dsRNA
	RNAi
	Semi-quantitative RT-PCR
	Induction of apoptosis
	Assessment of apoptosis
	Observation of morphological change
	DNA fragmentation assay
	Caspase activity assay


	Results
	Expression of apoptosis-related genes in the A. aegypti cell line Aag2
	Aag2 cells are able to take up dsRNA and mount a specific RNAi response
	Silencing of A. aegypti IAP1 induces rapid, spontaneous apoptosis in Aag2 cells
	Silencing Dronc or Ark completely blocks apoptosis, while silencing the effector caspases CASPS7 or CASPS8 partially blocks apoptosis induced by various apoptotic stimuli
	Both of the DrICE-related effector caspases, CASPS7 and CASPS8, are involved in apoptosis in Aag2 cells

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


