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Fly Strains. The transgenic lines Aug21-Gal4, Jhamt-Gal4, FKHGal4, UAS-grim, UAS-Jhamt, UAS-Jhamt-RNAi, JHRR-lacZ, and
the double mutant Met27gce2.5k were reported previously (3, 24,
27, 33, 36). Phm-GAL4::UAS-GFP and PTTH-Gal4 were presented by Dr. Michael O’Connor. Esg-Gal4 was presented by
Dr. Steven X. Hou; Met-GFP (56190), Kr-h1k04411 (10381), UASEcR-RNAi (9327), and Tub-Gal80ts (7017) were obtained from the
Bloomington Drosophila Stock Center. UAS-Met-RNAi (v45854),
UAS-gce-RNAi (v11178), and UAS-Kr-h1-RNAi (v51282) were
obtained from the Vienna Drosophila Resource Center. All flies
were crossed with the wild-type w1118 eight times to minimize the
genetic background.
The UAS-Kr-h1-V5 construct was generated using the pUAST
vector. Transgenic flies were produced by P-element–mediated
germline transformation. Larvae were normally reared at 25 °C
unless otherwise stated. For efficient expression of RNAi
transgenes, larvae were raised at 29 °C. For temperature control
of gene expression using Gal80ts, larvae were first reared at 18 °C
and then were shifted to 29 °C to allow gene expression.
Immunostaining and Imaging. Dissected tissues were fixed and
stained with antibodies according to standard procedures (3, 24,
27, 33, 36). The primary antibodies used were as follows: mouse
anti-β-galactosidase [1:200, 40-1a; Developmental Studies Hybridoma Bank (DSHB)], rabbit anti-GFP (1:200, 632592; Clontech), mouse anti-GFP (1:200, 12A6-s; DSHB), rabbit anti-Spok
(1:500, gift from Dr. Michael O’Connor), mouse anti-Br-C core
(1:200, 25E9.D7; DSHB, detecting all isoforms), mouse antiEcR-B1 (1:200, AD4.4; DSHB), goat anti-CycE (1:50, sc15903; Santa Cruz), and rabbit anti-JHAMT (1:100; gift from
Dr. Tetsu Shinoda). Secondary antibodies used were Alexa Fluor
647 goat anti-mouse IgG (A21235; Invitrogen), Alexa Fluor 594 goat
anti-mouse IgG (A11032; Invitrogen), Alexa Fluor 488 goat antimouse IgG (A11029; Invitrogen), Alexa Fluor 594 goat anti-rabbit
IgG (A11037; Invitrogen), Alexa Fluor 488 goat anti-rabbit IgG
(A11008; Invitrogen), and CruzFluor bovine anti-goat IgG-CFL 555
(sc-362264; Santa Cruz). All secondary antibodies were diluted
1:200. Nuclei were stained with DAPI at 1:100,000 (C1002; Beyotime). Actin was visualized using Rhodamine-phalloidin (1:200;
Sigma). Confocal images were collected on an Olympus Fluoview
FV1000 confocal microscope. Images of pupae were captured using
an Olympus SZX16 fluorescence stereomicroscope.
In Situ Hybridization. Digoxigenin (DIG)-labeled RNA probes
were generated by in vitro transcription following the manufacturer’s instructions (DIG RNA Labeling Mix, #11 277 065 910;
Roche). Larvae were dissected in ice-cold PBS and fixed in 4%
paraformaldehyde at 4 °C overnight. Tissues were prehybridized
in hybridization buffer for 3 h at 56 °C and RNA probes were
denatured for 3 min at 80 °C. Probe hybridization was performed for 18 h at 58 °C, followed by extensive wash steps at
58 °C. After cooling, tissues were incubated with Anti-DigoxinPOD antibody (Anti-Digoxigenin-POD, Fab fragments, #11
207 733 910, 1:500 dilution; Roche) at 4 °C overnight. Before
tyramide signal amplication (TSA), tissues were washed in PBS
with Tween 20 (PBST). Tyramide reagents (TSA Plus Cyanine 5
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Kit, #NEL754001KT; PerkinElmer) were diluted 1:1,000 in 1×
amplification buffer provided by the kit. TSA reactions were
performed for 2 h at room temperature and washed six times for
1 h in PBST at room temperature. Tissues were mounted in 80%
glycerol/PBS and analyzed by confocal microscopy (Olympus
Fluoview FV1000).
Developmental Timing Analysis. Eggs were collected at 25 °C for
2–4 h on standard food in bottles. For RNAi and UAS-Jhamt
experiments, these bottles were first kept at 25 °C for 24 h to
allow egg hatching and then transferred to 29 °C for 24 h to
allow developing into the second instar, and 15–20 larvae per
vial were transferred to and raised at 29 °C. For experiments
using tub-Gal80ts, eggs collected at 25 °C were immediately
transferred to 18 °C, and after 120 h, 15–20 larvae per vial were
transferred to and raised at 29 °C. Pupariation was recorded by
counting pupa number every 12 or 24 h.
Ecdysteroid Titers. To measure ecdysteroid titers, Drosophila larvae were collected at multiple time points and briefly rinsed and
dried. Selected groups of larvae (10–15) were combined in 1.5-mL
plastic tubes, flash-frozen in 300 μL methyl alcohol, and stored
at −80 °C. For measurements of ecdysteroid titers in the whole
body of larvae, we used enzyme immunoassay (Cayman Chemical)
as described previously (52).
20E Feeding. Flies were allowed to lay eggs at 25 °C for 2 h on
standard food in glass bottles. These bottles were immediately
transferred to 18 °C, and after 120 h, 15–25 larvae per vial were
transferred to 29 °C. After 24 h, these larvae were transferred to
vials containing food supplemented with 20E. The final concentration of 20E in food was 2.5 μg/uL, which was diluted from
a 500 μg/uL 20E stock solution in DMSO, and DMSO was used
as a control.
Cell Culture and 20E Treatment. Drosophila Kc cells were cultured
in Schneider’s medium. Cell transfection was performed using
Effectene according to the manufacturer’s instructions (Qiagen)
(24, 36, 51, 52). EGFP and Kr-h1 expression constructs were
generated using the pUAST vector. Actin-Gal4 vector was
cotransfected into cells with pUAS-EGFP or pUAS-Kr-h1 vector.
Thirty-six hours after transfection, old medium was replaced with
fresh medium with or without 2 μM 20E. After 12 h of incubation,
mRNA was isolated and determined by qRT-PCR analysis.
qRT-PCR. Total RNA samples were prepared from whole Dro-

sophila larvae or Kc cells. qRT-PCR was performed using the IQ
SYBR Green supermix (Bio-Rad). qRT-PCR was carried out in
triplicate using rp49 as an internal control. See Table S1 for a list
of all primers used.

Statistics. The experimental data were analyzed using Student’s
t test and ANOVA. For the t test: *P < 0.05; **P < 0.01; ***P <
0.001. ANOVA: bars labeled with different lowercase letters are
significantly different (P < 0.05). Throughout the study, values
are represented as the mean ± SD of three to five independent
experiments.
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Fig. S1. Expression patterns of JHRR-LacZ (Kr-h1) and Met-GFP during the early wandering stage, when the JH titers are high. JHRR-LacZ and Met-GFP are
expressed in the larval fat body, larval salivary glands, PG, and adult midgut progenitors. Note: JHRR-LacZ (Kr-h1) is abundantly expressed in the PG. (Left)
JHRR-LacZ (red), DAPI (blue). (Right) Met-GFP (green), DAPI (blue).
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Fig. S2. Met and Gce are required for JHRR-LacZ expression. (A–B′) JHRR-LacZ expression in the PG is high in the wild-type larvae but barely detected in the
Met gce double mutants. JHRR-LacZ (red), DAPI (blue). (C and C′) In situ hybridization was performed using kr-h1 sense probes in Phm-Gal4 UAS-GFP larvae as a
negative control.

Liu et al. www.pnas.org/cgi/content/short/1716897115

3 of 11

Fig. S3. Down-regulation of Met and Gce or Kr-h1 in PTTH-producing neuron (PTTH-Gal4), fat body (Lsp2-Gal4 and Ppl-Gal4), adult midgut progenitors (EsgGal4), or salivary gland (FKH-Gal4) has no effects on pupariation and eclosion of Drosophila.
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Fig. S4. Changes in ecdysteroid titers and expression of ILPs, 4E-BP, and InR in the indicated genotypes. (A) Ecdysteroid titers of in the wild-type and Met gce
double larvae. (B–D) Expression of ILPs, 4E-BP, and InR when Met and Gce or Kr-h1 is down-regulated in the PG (B and C) and in the Met gce double mutants (D).
For the t test: **P < 0.01; ***P < 0.001. ANOVA: bars labeled with different lowercase letters are significantly different (P < 0.05).
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Fig. S5. Br-C protein levels increase when Met and Gce are down-regulated, and EcR-B1 protein levels increase when Met and Gce or Kr-h1 is down-regulated, in
the PG at 72 h AEL. (A–C′′) Br-C and CycE protein levels in the PG. Br-C (purple), CycE (red), GFP (green), and DAPI (blue). Note: Br-C nuclear localization was detected
when Met/Gce was depleted by RNAi. (D–F′′) EcR-B1 protein level in the PG. EcR-B1 (red), GFP (green), and DAPI (blue). Note: Nuclear EcR-B1 in D′′, E′′, and F′′.
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Fig. S6. Kr-h1 overexpression directly inhibits the expression of EcR, Br-C, and E75 in Drosophila Kc cells regardless of 20E. ANOVA: bars labeled with different
lowercase letters are significantly different (P < 0.05).
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Fig. S7. Changes in RG size, PG cell size, and PG cell nuclear size in PG-specific overexpression of Kr-h1 (A–C) and RNAi knockdown of Met/Gce or Kr-h1 (D) as
well as CA-specific RNAi knockdown of EcR (E and F). For the t test: ***P < 0.001.

Fig. S8. Down-regulation of EcR in the PG does not reduce PG size and the protein level of CycE. (A–B′′′′) Br-C and CycE protein levels in the PG. Br-C (purple),
CycE (red), GFP (green), and DAPI (blue). (C–D′′′′) EcR-B1 protein level in the PG. EcR-B1 (purple), Kr-h1 (red, V5), GFP (green), and DAPI (blue).
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Fig. S9. Down-regulation of EcR in the CA results in elevated JH biosynthesis, which further decreases ecdysone biosynthesis and 20E signaling. (A) Animal
ecdysteroid titers. (B) qRT-PCR measurements of indicated gene expression of whole animals. Fold changes are relative to control. (C–H′) CA-specific EcR
depletion decreased EcR-B1 and Br-C protein levels, but not CycE protein level, in PG. EcR-B1, Br-C core, and CycE (red); DAPI (blue). PG is encircled by white
dotted lines and CA by yellow dotted lines. (I–J′) EcR depletion in CA deceased Br-C protein levels in the fat body. Br-C core (red), DAPI (blue). For the t test: *P <
0.05; **P < 0.01; ***P < 0.001.
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Fig. S10. Low ecdysteroid titer and 20E signaling caused by CA-specific EcR depletion are rescued by concurrent Jhamt depletion in CA. (A) Animal ecdysteroid
titers. (B) qRT-PCR measurements of indicated gene expression of whole animals. Fold changes are relative to control. (C–F′′′) EcR-B1, Br-C, and CycE protein
levels in the PG. EcR-B1, Br-C, and CycE (red); DAPI (blue). (G–H′) Br-C protein levels in the fat body. Br-C (red), DAPI (blue). Note: EcR-B1 protein level in PG and
Br-C protein level in both PG and fat body are comparable between control animals and animals of CA-specific EcR/Jhamt double RNAi. For the t test: *P < 0.05.

Fig. S11.

Overexpression of Jhamt in the CA increased Kr-h1 mRNA levels at 6 h after prepupa formation (APF). For the t test: ***P < 0.001.
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Table S1. Primers used in this study
Genes
rp49
Spok
Dib
Sad
EcR
USP
Br-C
E74
E75
E93
Jhamt
Hmgcr
4E-BP
InR
dilp1
dilp2
dilp3
dilp5
dilp6
dilp7
Kr-h1
Kr-h1-probe
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Forward, 5′-3′

Reverse, 5′-3′

GACAGTATCTGATGCCCAACA
TATCTCTTGGGCACACTCGCTG
TGCCCTCAATCCCTATCTGGTC
CCGCATTCAGCAGTCAGTGG
TTAATTTGGTACCAGGATGG
GCACTGCCGCCTGGAACA
GATGTCAACTTCATGGACCT
GCGTCAGCTACGATCTCTCC
ACATTGTCGCCCAGAATAGG
GAGTACAAGGTCAAGGAACG
TTTCTTGAGCGAATGCCTGC
CAGCGACATCTCCGAACT
CAGATGCCCGAGGTGTACT
GACAAGGAGCGAATCAAACC
AATGGCAATGGTCACGCCGACTGG
ACGAGGTGCTGAGTATGGTGTGCG
GTCCAGGCCACCATGAAGTTGTGC
TGTTCGCCAAACGAGGCACCTTGG
TGCTAGTCCTGGCCACCTTGTTCG
GAGCTGTACTCCTGTTCGTCCTGC
GAATACGACATAACAGCC
ACCTATGCAGACGAGGAG

CTTCTTGGAGGAGACGCCGT
GCCGAGCTAAATTTCTCCGCTT
ACAGGGTCTTCACACCCATCTC
ACCTGCCGTGTACAAGGAGAG
TGTAAACGCTGGTAGACCTT
GGTAATGCGGAAGAGGAACA
ATGGCTGTGTGTGTCCTC
GATCCTGGAGCAGTTTGAGG
GTCCTCCATGGACCACATCT
GATTGTTTTGGTTCTTGAGG
AGGAGTCTTGCGAGCATAGGC
ACGCACCACAGACATATCAA
GAAAGCCCGCTCGTAGATAA
TGATTGAAGTGCGACACCAT
GCTGTTGCCCAGCAAGCTTTCACG
CACTTCGCAGCGGTTCCGATATCG
CTTTCCAGCAGGGAACGGTCTTCG
CACGATTTGCGGCAACAGGAGTCG
GGAAATACATCGCCAAGGGCCACC
TCCAAGCCTCATCATTGCCCGTCC
CGATTTCCGTGAATATGTTCT
CGCAGGCCGATGGCCGCC
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