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SUMMARY

Peptidyl-prolyl cis/trans isomerases (PPIases) accelerate proline peptide bond isomerization, affecting sub-

strate protein function. In this study, through RNAi-based behavioral screening of PPIases in Drosophila mel-

anogaster, we identified CG5808, termed Drosophila peptidyl-prolyl cis/trans isomerase-like 4 (dPPIL4), as

crucial for circadian rhythm regulation. Knockdown of dppil4 in clock cells lengthened the circadian rhythm

period and decreased rhythmicity, accompanied by a significant reduction of core clock protein PERIOD

(PER). dppil4 knockdown downregulated per transcription and reduced phosphorylation at Ser5 in the

RNA polymerase II C-terminal domain, critical for transcription elongation. In addition, dPPIL4 stabilized

Cullin1 of the Skp1-Cullin1-F-box protein complex, a key regulator of PER degradation. Our findings suggest

that dPPIL4 supports high-amplitude PER oscillation by enhancing both synthesis and degradation pro-

cesses in a timely manner. In conclusion, our study underscores the importance of high-amplitude PER

oscillations in PER for robust circadian rhythms and highlights the critical role of dPPIL4 in this process.

INTRODUCTION

The circadian timing system enables organisms to manifest

circadian (approximately 24-h) rhythmic physiology and

behavior, synchronized with environmental cycles such as

light/dark and temperature fluctuations.1 At the molecular and

cellular levels, the circadian rhythms are governed by transcrip-

tional-translational feedback loops (TTFLs) involving core clock

proteins. While specific proteins may vary, the underlying mech-

anism is conserved across species.2,3 In the core TTFL of

Drosophila, the transcription factors CLOCK (CLK) and CYCLE

(CYC) activate the transcription of the period (per) and timeless

(tim) genes. The translated PER and TIM proteins then repress

CLK/CYC, inhibiting their own expression.4,5 In the secondary

loop, CLK/CYC activates the transcription of vrille (vri) and

PAR-domain protein 1ε (pdp1ε). VRI and PDP1ε repress and

activate Clk transcription, respectively, to stabilize the TTFL.6,7

Additionally, in the tertiary loop, clockwork orange is rhythmically

expressed by CLK/CYC and modulate its activity.8–11

In addition to the transcriptional control, posttranslational

modifications (PTMs) of clock proteins are crucial for generating

precise circadian rhythm. Particularly, time-dependent interac-

tions of PTMs, including phosphorylation and ubiquitination,

determine the proper rhythms of PER abundance, driving the

molecular clock’s pace. PER is progressively phosphorylated

throughout the day by kinases such as DOUBLE TIME and

NEMO.12–14 Ultimately, PER phosphorylation at Ser47 is recog-

nized by supernumerary limbs (Slimb), a component of the Skp1-

Cullin1-F-box (SCF) ubiquitin ligase complex, leading to PER

degradation and cycle termination.15–17

Peptidyl-Prolyl cis/trans isomerases (PPIases) accelerate cis/

trans isomerization of proline peptide bond,18 a naturally slow

process. PPIases categorized into cyclophilin,19 FK506-binding

proteins (FKBPs),20 Parvulin,21 and Ser/Thr phosphatase 2A ac-

tivators (PTPAs),22 facilitate nascent protein folding and induce

conformational changes in mature proteins, impacting their

functions. Acting as molecular switches, PPIases alter the fate

of substrate proteins and significantly impact several cellular

processes such as transcription, ion channel gating, protein

degradation, PTM, and enzymatic activity.23,24 Consequently,

dysfunctions in PPIases are associated with various human dis-

eases, including neurodegenerative disease,25 cancer,26,27 car-

diovascular disease,28 and viral infection.29,30

Given the broad involvement of PPIases in cellular processes,

we hypothesized that they might also influence the circadian

timing system. In a previous study, we found that dodo (dod), a

homolog of mammalian PPIase Pin1, affected the circadian

period length by interacting with hyper-phosphorylated PER
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Figure 1. Downregulation of dppil4 in clock cells lengthened the free-running period

(A) w1118 (w) or UAS-ppiase RNAi flies were crossed with UAS-dicer2;tim(UAS)-Gal4 (TUG>d2) flies. Flies were entrained with a 12:12-h light-dark cycle (LD) for

4 days and maintained in a constant dark (DD) condition at 25◦C. The locomotor activity rhythms of flies analyzed in the DD and free-running periods are shown.

Values indicate the mean ± SEM. Statistically significant differences between control and KD flies were analyzed using one-way ANOVA followed by Dunnett’s

multiple comparisons test (**p < 0.01, #p < 0.0001, n = 11–31). See Table S1 for additional details of behavior analysis.

(B) Three independent dppil4 RNAi lines were crossed with TUG>d2 flies, and their locomotor activity rhythms were analyzed. The free-running periods are

shown. Please denote that all three KD fly lines showed a long period. 40D: 40D-UAS (VDRC60101); V1: VDRC103789; V2: VDRC22199, and Trip: BDSC55208.

Values indicate the mean ± SEM. Statistically significant differences between control and KD flies were analyzed by one-way ANOVA followed by Dunnett’s

multiple comparisons test (*p < 0.05, **p < 0.01, ****p < 0.0001, n = 7–56). See Table S2 for additional details of behavior analysis.

(legend continued on next page)
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and affecting its stability in Drosophila.31 In mammals, cyclophi-

lin-type PPIases catalyze the conformational change of Pro-

line625 in BMAL1, a circadian transcription factor, within its

transactivation domain region. Inhibition of this isomerization

by cyclosporin A, a cyclophilin blocker, lengthened the circadian

period.32 Motivated by these findings, we conducted targeted

RNAi-based behavioral screening by knocking down PPIases

in clock cells and analyzing the circadian rhythm behavior. We

discovered that CG5808 (dppil4) is required to maintain a 24-h

circadian rhythm period. Knockdown (KD) of dppil4 lengthened

the circadian rhythm period to 29 h and significantly reduced

PER levels in clock neurons. We further revealed that dPPIL4

modulates per RNA transcription by regulating the phosphoryla-

tion status of the RNA polymerase II (RNAPII) C-terminal domain

(CTD). Additionally, dPPIL4 stabilizes Cullin1 (CUL1) of the SCF

complex, a key regulator controlling PER degradation. Overall,

dPPIL4 is required to set the circadian rhythm period by support-

ing high-amplitude PER oscillations.

RESULTS

Downregulation of dppil4 in clock cells lengthens the

free-running period

To investigate whether PPIases are involved in circadian rhythm

regulation, we conducted behavioral RNAi screening using the

Gal4-UAS system (Table S1). The Drosophila genome contains

23 annotated PPIase genes. We crossed each PPIase RNAi

line with the tim(UAS)-Gal4 (TUG) driver. Most PPIase knock-

down (KD) flies exhibited a lengthened period compared to con-

trol flies (Figure 1A). Specifically, downregulation of CG5808

lengthened the period by 0.6 h (V2 line) and 4.8 h (V1 line).

Another CG5808 KD fly line produced using Trip RNAi also

showed a long period (Figures 1B and 1C; Table S2). Since the

V1 RNAi line is inserted at the 40D locus, causing ectopic over-

expression of tiptop (tio) gene, we analyzed TUG driven 40D-

UAS control flies to determine if the long-period phenotype

was due to tio overexpression.33,34 Although tio overexpression

slightly lengthened the circadian period, the effect was not pro-

nounced as the period extension observed in CG5808 KD flies.

Therefore, we concluded that the long-period phenotype in

CG5808 KD flies expressing V1 line is primarily due to CG5808

KD and not tio overexpression. This long-period phenotype

was previously noted in a study screening circadian rhythm-

related RNA binding protein,35 but the role of CG5808 in the

circadian clock had not been mechanistically investigated. Daily

locomotor activity profiles under light-dark (LD) conditions

showed that V1 line CG5808 KD flies exhibited reduced morning

anticipation, and a delayed evening activity peak compared to

two control lines, TUG>d2 and TUG>d2, UAS-40D (Figure S1).

Similarly, CG5808 KD flies expressing the V2 line showed

reduced morning anticipation, while those expressing the Trip

line exhibited reduced morning anticipation and a slightly de-

layed evening activity peak, consistent with their lengthened

circadian period (Figure S1).

The Drosophila CG5808 gene is an ortholog of mammalian

PPIL4, hence we termed CG5808 as Drosophila PPIL4 (dPPIL4).

dppil4 mRNA levels were reduced in all three KD lines, although

the Trip line reduction was not statistically significant (Figure 1D).

Consistent with the period-lengthening effect, the V1 line

showed the most significant mRNA decrease (Figure 1D). To

confirm that dppil4 downregulation caused the long period, we

expressed dppil4 in the dppil4 KD background using the TUG

driver. While TUG-driven dppil4 overexpression lengthened the

period by approximately 1 h, dppil4 overexpression restored

the long period induced by dppil4 KD, indicating that dppil4 is

an on-target of RNAi and is responsible for the long-period

phenotype (Figures 1E and 1F; Table S2).

To confirm the role of dppil4 for circadian function, we gener-

ated dppil4 loss-of-function mutant flies by imprecise excision of

the P element inserted in the P{EY13836} fly line. Three lines of

deletion mutants were obtained and designated as dppil4ex81,

dppil4ex88, and dppil4ex170 (Figure S2A). Genomic DNA PCR

and sequencing confirmed the deleted regions of the chromo-

some (Figure S2B). Unfortunately, flies carrying null alleles

were unable to survive to adulthood, indicating that the dppil4

gene is essential for development. Consequently, we performed

behavioral analysis using dppil4ex88 heterozygote flies and pre-

cisely excised control flies. Heterozygous dppil4ex88 flies ex-

hibited normal circadian period and rhythmicity, suggesting

that a single functional copy of dppil4 is sufficient to maintain

its role in regulating circadian rhythm (Figure S2). Next, to

address potential developmental effects of dppil4 KD on the

circadian phenotype, we employed a temporal and regional

gene expression targeting (TARGET) system to restrict KD until

behavioral analysis. At 18◦C, where temperature-sensitive

GAL80 inhibits GAL4 activity, the circadian period was compara-

ble between control and dppil4 RNAi lines. However, at 29◦C, the

restrictive temperature where GAL80 inhibition is relieved, the

circadian period was significantly lengthened in RNAi lines

compared to controls (Figures 1G and 1H; Table S2). This dem-

onstrates that dppil4 KD during adulthood is sufficient to

lengthen the circadian period, which negates the developmental

(C, F, and H) Actograms of flies during seven consecutive days of the DD condition after 4 days of LD entrainment. Actograms are double-plotted to better

visualize the rhythmic behavior. Hatched horizontal bars represent subjective day, and black horizontal bars represent subjective night. The dotted red lines

connect the evening peaks for each day of the experiment. n = 29–56 for (C), n = 30–32 for (F), and n = 30–32 for (H).

(D) The dppil4 mRNA levels were quantified in control (TUG>d2) and dppil4 KD (TUG>d2, dppil4 Ri-V1 or V2 or Trip) flies’ head using real-time qRT-PCR. Values

indicate the mean ± SEM. Statistically significant differences were analyzed using Mann-Whitney test (**p < 0.01, ***p < 0.001, n = 8).

(E) w1118, UAS-dppil4 Ri, UAS-dppil4, or UAS-gfp flies crossed with TUG>d2 flies singly or in combination as shown on the bottom. Values indicate the mean ±

SEM. Statistically significant differences were analyzed with one-way ANOVA followed by Sidak’s multiple comparisons test (****p < 0.0001, n = 12–32). See

Table S2 for additional details of behavior analysis.

(G) dppil4 was downregulated in an adult-specific manner using the TARGET system. Flies were reared at 18◦C, and the locomotor activity rhythms of adult flies

were analyzed at 18◦C and 29◦C. Please denote that the locomotor activity period was normal at 18◦C, when Gal80ts inhibited Gal4 activity, but was lengthened at

29◦C when dppil4 was downregulated. Values indicate the mean ± SEM. Statistically significant differences were analyzed using one-way ANOVA followed by

Sidak’s multiple comparisons test (****p < 0.0001, n = 26–32). See Table S2 for additional details of behavior analysis.
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role of dPPIL4. Collectively, these results clearly indicate that

dPPIL4 is required in clock cells to regulate the circadian period.

dPPIL4 is broadly expressed in brain cells, including

clock neurons, and is localized in the nucleus

We examined whether dppil4 expression is rhythmic under the

LD cycle. dppil4 mRNA levels were constant throughout the

day in control flies, indicating that dppil4 expression is not regu-

lated by the circadian clock. In dppil4 KD flies, we confirmed a

reduction in dppil4 mRNA levels (Figure 2A). Similarly, dPPIL4

protein abundance was constant throughout the day, and signif-

icantly reduced in dppil4 KD flies (Figures 2B and 2C; Figure S3).

Next, to assess the involvement of dPPIL4 within circadian

clock neuronal network, we performed immunostaining of con-

trol fly brains with a dPPIL4 antibody. dPPIL4 was broadly ex-

pressed in the soma and predominantly localized in the nucleus

(Figures 2D and 2E). Co-staining of the core clock protein PER

showed that dPPIL4 was expressed in clock neurons including

sLNvs, lLNvs, LNds, and DNs (Figures 2E and 2F). In dppil4 KD

flies, dPPIL4 signals were markedly diminished in clock neu-

rons (Figure S4). Notably, the reduction in dPPIL4 levels was

more pronounced in the LNds and DN1s compared to the

sLNvs, and lLNvs, although the differences were not statistically

significant (Figure S4). Given that the dPPIL4 levels were

consistent across clock neurons in control flies, this variability

likely reflects differences in the effectiveness of RNAi-mediated

knockdown among clock neurons, potentially contributing to

the residual dPPIL4 signals observed in the sLNvs, and lLNvs

(Figure S4).

In addition, although dPPIL4 protein levels in whole head ex-

tracts were constant throughout the day (Figure 2B), they might

still be rhythmically expressed in clock neurons. To examine this

possibility, we measured dPPIL4 levels in sLNvs throughout the

day (Figure 2G) and found that dPPIL4 was not rhythmically ex-

pressed in sLNvs (Figure 2H).

Reduction of PER levels is responsible for the long

period of dPPIL4 KD flies

Within the clock neuron network, sLNvs play a crucial role in gov-

erning free-running rhythms, thereby determining the circadian

period.36–39 To understand the mechanism underlying circadian

rhythm defects induced by dppil4 KD, we examined the molec-

ular rhythms of core clock proteins in sLNvs under the LD cycle

condition (Figures 3A–3H). In dppil4 KD flies, PER levels were

greatly reduced throughout the day, and the oscillation phase

was slightly delayed compared to control flies (Figures 3A and

3B). However, the TIM levels in dppil4 KD flies were comparable

to those in control flies (Figures 3C and 3D). Additionally, while

TIM protein was mostly located in the nucleus at ZT 22 in control

flies, TIM protein was still in the cytoplasm in dppil4 KD flies, indi-

cating delayed nuclear accumulation of TIM (Figure 3C;

Figure S5). Given that PER levels were lower in the dppil4 KD

flies, this is consistent with the previous reports that PER is

required for nuclear entry of TIM.13,40,41 Next, we examined the

CLK and VRI levels at their respective peak and trough time

points and found no differences between control and dppil4

KD flies (Figures 3E–3H). Collectively, among the core clock pro-

teins examined, only the PER level was greatly reduced in dppil4

KD flies. Under DD condition, the PER levels in sLNvs of dppil4

KD flies were lower and showed a delayed oscillation phase

compared with control flies, which is consistent with the long

period of these flies (Figure 3I).

To investigate whether PER level reduction caused the long

period of dppil4 KD flies, we overexpressed the UAS-per trans-

gene using TUG in the dppil4 KD background and analyzed the

circadian rhythm behavior. To ensure an equivalent dosage of

the UAS transgene, we expressed UAS-gfp instead of UAS-per

in control conditions. Flies expressing UAS-gfp or UAS-per alone

manifested a quasi-normal period with comparable rhythmicity.

Downregulation of dppil4 lengthened the period to 28.9 h. When

the UAS-per transgene was expressed in dppil4 KD background,

the long periodicity was significantly attenuated to 25.6 h

(Figure 3J; Table S4). Taken together, these results indicate

that dPPIL4 controls the circadian rhythm speed by affecting

the PER level in Drosophila.

dPPIL4 regulates both per RNA and protein levels

To investigate how dPPIL4 regulates PER levels in flies, we

measured pre-mRNA and mRNA levels of per during the LD cy-

cle. Both per pre-mRNA and mRNA levels were reduced in

dppil4 KD flies compared to control flies, suggesting that

dPPIL4 regulates per transcription (Figure 4A). Consistent with

the lack of effects on other clock protein levels by dPPIL4 KD,

tim pre-mRNA and mRNA levels showed no difference between

the control and dppil4 KD conditions (Figure 4B). per transcrip-

tion is initiated by binding of CLK and CYC at its promoter. To

determine whether dPPIL4 is involved in this process, we ex-

pressed the per7.2:9 transgene, which lacks the 5′ flanking re-

gion, first exon (noncoding), and most of the first intron of per,

in the per01 background and monitored the effect of dppil4

KD.42,43,44 (Figures 4C and 4D; Table S5). As a control, 13.2-

kb genomic per was expressed instead of the mutant per.

Consistent with previous findings, expression of 13.2-kb

genomic per rescued the arrhythmicity of per01 and restored

the period to 24.3 h.45 Downregulation of dppil4 in this genetic

background lengthened the period by 4.6 h. In flies with the

per7.2:9 transgene in the per01 background, per7.2:9 mRNA

was rhythmically expressed through post-transcriptional

regulation. PER protein exhibited reduced levels and a delayed

phase, resulting in a long circadian rhythm period of 26.3 h.43,44

Downregulation of dppil4 in the per7.2:9 transgene-expressing

background further lengthened the period by approximately

4.5 h, similar to the effect observed in flies expressing the

13.2-kb genomic per. Two-way ANOVA analyses validated

that the period lengthening effect of dppil4 KD and per7.2:9

transgene expression was additive (Figure 4E). PER levels in

sLNvs were measured during the early night (ZT18), when PER

is actively synthesized, and early morning (ZT2), when PER

degradation is predominant. In flies expressing the 13.2-kb

genomic per, dppil4 KD greatly reduced PER levels in sLNvs

at both ZT18 and ZT2 (Figures 4G and 4H). Similarly, in flies

with the per01;per7.2:9 genetic background, PER levels in

sLNvs were lower under dppil4 KD. Because promoterless

per7.2:9 transgene-induced per expression was affected by

dppil4 KD, we concluded that dPPIL4 does not regulate the

CLK/CYC-dependent transcription initiation process.
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Figure 2. dPPIL4 was broadly expressed in brain cells, including clock neurons, and localized in the nucleus

(A) The dppil4 mRNA levels were quantified throughout the daily cycle in control (TUG>d2) and dppil4 KD (TUG>d2, dppil4 Ri) flies using real-time qRT-PCR. ZT =

zeitgeber time. Statistically significant differences were analyzed using two-way ANOVA followed by Sidak’s multiple comparisons test (*p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001, n = 4).

(B) Protein extracts were prepared from the heads of indicated flies throughout the daily cycle and were analyzed by immunoblotting with an anti-dPPIL4 (Gp2)

antibody. β-Tubulin served as the loading control. A representative image from four independent experiments is shown. See Figure S3 for anti-dPPIL4 antibody

validation result.

(C) Quantification of dPPIL4 levels, which are normalized to β-Tubulin levels, is shown. Statistically significant differences were analyzed using two-way ANOVA

followed by Sidak’s multiple comparisons test (*p < 0.05, n = 3).

(D) Control flies were dissected at ZT2 and stained with anti-dPPIL4 (Gp1, green) and anti-nc82 (magenta) antibodies. Scale bars represent 100 μm.

(E and F) Control and dppil4 KD flies were dissected at ZT2 and stained with anti-dPPIL4, anti-PER, and anti-PDF antibodies. Scale bars represent 20 μm.

(E) dPPIL4 was broadly expressed in the cell bodies in the brain. (F) dPPIL4 was expressed in the nuclei of clock neurons, including sLNvs, lLNvs, LNds, and DN1s.

In addition, dPPIL4 levels were greatly reduced in the clock cells of dppil4 KD flies (white dotted circles). n = 13–49 (G) Control (TUG>d2) flies were dissected at the

indicated times, and the brains were processed for whole-mount immunohistochemistry with anti-dPPIL4, anti-PER, and anti-PDF antibodies. Scale bars

represent 20 μm.

(H) The fluorescence intensities of dPPIL4 in sLNvs were quantified. Values indicate the mean ± SEM (Brain = 8-10 and n = 25–38). Metacycle analysis was

conducted to assess the rhythm of dPPIL4 (BH q = 0.380).
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Figure 3. PER levels were reduced in dppil4 KD flies and per expression restored the long period of dppil4 KD flies

(A–D) Control (TUG>d2) and dppil4 KD (TUG>d2, dppil4 Ri) flies were dissected at the indicated times, and the brains were processed for whole-mount

immunohistochemistry with anti-PER or anti-TIM and PDF antibodies. The fluorescence intensities of sLNvs are shown. Scale bars represent 10 μm. (B) PER

fluorescence intensities were quantified. Values indicate the mean ± SEM. Statistically significant differences were analyzed using two-way ANOVA followed by

Sidak’s multiple comparisons test (**p < 0.01, ***p < 0.001, ****p < 0.0001, n = 23–38). The phase, determined using Metacycle analysis, is indicated in pa-

rentheses (BH q < 0.0001). Notably, the phase in dppil4 KD flies is significantly delayed compared to control flies. (D) TIM fluorescence intensities were quantified.

Values indicate the mean ± SEM. Statistically significant differences were analyzed using two-way ANOVA followed by Sidak’s multiple comparisons test

(**p < 0.01, ***p < 0.001, n = 16–20). The phase, determined using Metacycle analysis, is indicated in parentheses (BH q < 0.0001).

(E–H) Control (TUG>d2) and dppil4 KD (TUG>d2, dppil4 Ri) flies were dissected at the indicated times, and the brains were processed for whole-mount

immunohistochemistry with anti-CLK or anti-VRI and anti-PDF antibodies. Fluorescent images of sLNvs are shown. (F) CLK fluorescence intensities were

quantified. Values indicate the mean ± SEM. Statistically significant differences were analyzed using Mann-Whitney test (n = 19–35). (H) VRI fluorescence in-

tensities were quantified. Values indicate the mean ± SEM. Statistically significant differences were analyzed using Mann-Whitney test (n = 19–35). Please note

that there were no significant differences in CLK or VRI levels between control and dppil4 KD flies.

(legend continued on next page)
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Next, we analyzed whether dPPIL4 is involved in the post-

translational regulation of PER using flies in which per was ex-

pressed by the UAS-per31 cDNA construct under the control

of TUG. TUG-driven expression of per cDNA rescued the ar-

rhythmicity of per01 flies and restored the period to 23.9 h.

Knockdown of dppil4 in these flies lengthened the period to

26.9 h (Figure 4D; Table S5). Interestingly, the extent of period

lengthening due to dppil4 KD in UAS-per31-expressing flies

was less pronounced than in other lines. Two-way ANOVA anal-

ysis confirmed that the period lengthening effect of dppil4 KD

was significantly reduced in the UAS-per31-expressing flies

(Figure 4F). PER levels under dppil4 KD in UAS-per31 expressing

flies were comparable to control flies at ZT18 and even higher at

ZT2 (Figures 4G and 4H). These results suggest that per tran-

scription driven by the per cDNA construct is less affected by

dppil4 KD, and the regulatory role of dPPIL4 likely depends on

the genomic structure of per including both exons and introns.

This dependency might explain why the PER level at ZT18 was

not reduced by knocking down dppil4. Moreover, dPPIL4 ap-

pears to destabilize the PER protein in the early morning when

PER is actively degraded in the nucleus. To confirm that the

increased PER levels were not simply a result of delayed degra-

dation due to the lengthened circadian period, we compared

the PER levels in control and dppil4 KD flies at the same

internal time, accounting for their circadian period differences

(Figure S6). PER levels in dppil4 KD flies expressing per cDNA

were higher than in control flies, indicating that dPPIL4 enhances

the degradation of PER protein. Collectively, we concluded that

dPPIL4 regulates PER abundance at both the RNA and protein

levels.

dPPIL4 supports per transcription by augmenting

RNAPII CTD phosphorylation

Several studies have indicated that dPPIL4 orthologs regulate

RNAPII activity in C.elegans, A.thaliana, and S.pombe.47–50

Since dppil4 KD reduced per mRNA levels without affecting

CLK/CYC-dependent transcription initiation (Figures 4C and

4D), we hypothesized that dPPIL4 enhances per transcription

by influencing RNAPII activity. RNAPII, a multi-subunit complex,

includes the core subunit Rpb1 encoded by Polr2A and smaller

subunits Rpb5, Rpb6, Rpb8 encoded by Polr2E, Polr2F, and

Polr2H respectively.51,52 Activation of RNAPII involves phos-

phorylation of the Rpb1 C-terminal domain (CTD) heptapeptide

repeats at Ser5 and Ser2 residues.53,54 Ser5 phosphorylation fa-

cilitates the transition from initiation to early elongation,

5′-capping while Ser2 phosphorylation promotes elongation

and the maturation process.55–57

To investigate whether RNAPII activity is affected by dPPIL4,

we measured Ser5 (pSer5) and Ser2 (pSer2) phosphorylation

on the RNAPII CTD in control and dppil4 KD flies at ZT12 and

ZT24. In control flies, although the total RNAPII CTD pSer2 level

was similar at ZT12 and ZT24, the pSer5 level was higher at ZT12

than at ZT24, indicating that early elongation of transcription was

more active at ZT12 than at ZT24 (Figures 5A and 5B). Impor-

tantly, RNAPII CTD pSer5 level in dppil4 KD flies was reduced

compared to control flies at ZT12. Given that per transcription

actively occurs during the mid-day, this result correlates with

the reduction of per pre-mRNA levels in dppil4 KD flies

(Figure 4A). CTD pSer2 and total RNAPII levels were not affected

by dppil4 downregulation. To confirm whether dPPIL4 interacts

with RNAPII, we performed an immunoprecipitation (IP) assay.

dPPIL4 antiserum specifically pulled down RNAPII protein at

both ZT12 and ZT24. These results suggest that dPPIL4 sup-

ports per transcription by augmenting RNAPII CTD Ser5

phosphorylation.

To test whether RNAPII subunit knockdown replicates the

circadian phenotypes observed in dppil4 KD flies, we performed

RNAi-mediated knockdowns of Polr2A, Polr2E, Polr2F, and

Polr2H using the TUG driver (Table S6; Figures 5D and 5E).

RT-PCR confirmed efficient knockdown (Figure S7). Polr2A (en-

coding core subunit Rpb1) KD rendered flies arrythmic, while

Polr2E or Polr2F (encoding Rpb5 and Rpb6, respectively) KD

lengthened the circadian period by approximately 1h. Polr2H

(encoding Rpb8) KD had no effect. The stronger phenotype

observed in Polr2A KD flies compared to dppil4 KD flies may

result from a global dysfunction of RNAPII from reduction in

Rpb1 levels, as compared to modulation of RNAPII activity via

CTD phosphorylation. Notably, the period lengthening observed

in Polr2E or Polr2F KD flies, which modulate RNAPII activity,58–60

aligns with the long period phenotype of dppil4 KD flies although

the effect was smaller.

Because RNAPII CTD pSer5 levels were reduced by dPPIL4

KD, it might affect transcription more globally. To assess this,

we performed RNA-Seq analysis on RNA extracted from fly

heads at ZT8 and ZT16 (Figure 5F). The analysis revealed that

dPPIL4 KD significantly influenced gene expression. 60 genes

downregulated and 215 genes upregulated up at ZT8 (BH

p < 0.05) and 172 genes downregulated and 128 genes upregu-

lated up at ZT16 (BH p < 0.05) (Supplemental file 1). Importantly,

among clock genes, per mRNA levels were consistently and

significantly reduced at both time points. In contrast, tim and

vri mRNA levels were selectively reduced at ZT8 and ZT16,

respectively, while the expression of other clock genes (Clk,

cyc, pdp1) remained unaffected. We propose that the reductions

in tim and vri mRNA levels were insufficient to significantly

impact TIM and VRI protein levels. However, the persistent

reduction in per mRNA correlated with the pronounced decrease

in PER protein levels. These results underscore a more pro-

nounced transcriptional defect in per regulation caused by

dPPIL4 KD.

(I) Control (TUG>d2) and dppil4 KD (TUG>d2, dppil4 Ri) flies were dissected at the indicated times after 2 days of the DD condition. The fluorescence intensities of

PER in sLNvs are shown. The PER oscillation amplitude was greatly reduced, and the phase was delayed in dppil4 KD flies compared with those in control flies.

Values indicate the mean ± SEM. Statistically significant differences were analyzed using two-way ANOVA followed by Sidak’s multiple comparisons test

(**p < 0.01, ****p < 0.0001, n = 10–27).

(J) Graph represents the period lengths in Ctrl (TUG>d2) and dppil4 KD (TUG>d2, dppil4 Ri) flies with UAS-GFP or UAS-per31 expression. Values indicate mean ±

SEM. two-way ANOVA showed significant effects of dppil4 knockdown (F(1,182) = 858.6, p < 0.0001), per overexpression (F(1,182) = 441.5, p < 0.0001), and their

interaction (F(1,182) = 120.7, p < 0.0001). n = 16–72.
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Given that RNAPII CTD interacts with the spliceosome to facil-

itate gene expression,55 and that orthologs of dPPIL4 are known

to interact with splicing factor,47,50,61,62 we investigated whether

dPPIL4 specifically affects per transcription among core clock

genes through splicing. However, DEXseq analysis revealed no

statistically significant changes in per exon junctions in dppil4

KD flies compared to controls (Figures 5G and 5H). These find-

ings suggest that dPPIL4-dependent regulation of per transcrip-

tion is unlikely to involve splicing mechanisms.

In conclusion, our results demonstrate that dPPIL4 supports

per transcription by enhancing RNAPII CTD Ser5 phosphoryla-

tion, particularly during periods of active transcription.

dPPIL4 stabilizes Cullin1 to promote PER degradation

While dppil4 KD did not upregulate PER levels expressed from

the genomic construct, PER levels expressed from UAS-per31

transgene were increased in the sLNvs of dppil4 KD flies

compared to controls at ZT2 (Figures 4G and 4H). This sug-

gests that dPPIL4 facilitates PER degradation during the early

morning after PER translocates to the nucleus. The lack of

increased PER levels in the genomic per context under dppil4

KD may be due to inherently low PER levels from reduced

mRNA expression, limiting the substrate available for degra-

dation. To directly assess whether dPPIL4 regulates PER

degradation during the early morning. we compared the PER

degradation rate between control and dppil4 KD flies following

CHX treatment. After 3 h of fasting, flies were fed either

vehicle (EtOH) or 5 mM CHX in high-sucrose food starting

from ZT0. Both control and dppil4 KD flies ingested compara-

ble amounts of CHX-containing food (Figure 6A). PER levels

in sLNvs were quantified every hour following treatment. In

CHX-treated control flies, PER degradation was accelerated

compared to EtOH-treated control, confirming effective inhibi-

tion of PER translation by CHX (Figures 6B and 6C). However,

CHX-treated dppil4 KD flies exhibited much slower PER

degradation than controls, indicating that dPPIL4 facilitates

PER degradation in the early morning when PER is in the

nucleus.

To investigate whether dPPIL4 physically interacts with PER to

influence its degradation, we performed reciprocal IP assays at

ZT22, 0, and 2 when PER is predominantly nuclear. These as-

says revealed no physical interaction between PER and dPPIL4

(Figure S8). This suggests that dPPIL4 regulates PER degrada-

tion indirectly.

Hyper-phosphorylated PER is targeted for degradation by the

26S proteasome after ubiquitination by the SCF ubiquitin ligase

complex.15–17 In dppil4 KD flies, the levels of CUL1, a core

SCF component, were reduced compared to controls

(Figures 6D and 6E). The specificity of CUL1 antiserum was vali-

dated in CUL1-overexpressing and KD flies (Figure S9). Further-

more, IP assays in control flies demonstrated a physical interac-

tion between CUL1 and dPPIL4 (Figure 6F). These results

indicate that dPPIL4 stabilizes CUL1, thereby maintaining the

SCF complex’s activity to facilitate PER degradation. Given

that reduction in CUL1 could broadly impair SCF complex activ-

ity in dPPIL4 KD flies, we analyzed the levels of Cubitus interrup-

tus (Ci), another SCF complex substrate.63,64 Ci levels were

elevated in dPPIL4 KD flies, compared to controls (Figure S10).

These findings highlight the essential role of dPPIL4 in maintain-

ing SCF complex stability and function, ensuring the proper

degradation of multiple substrates, including PER and Ci.

In conclusion, we propose a model where dPPIL4 regulates

the circadian rhythm by dual mechanisms. In the clock cell nu-

cleus, dPPIL4 supports per transcription by augmenting

RNAPII activity during mid-day. dPPIL4 also secures the SCF

complex by increasing the CUL1 level, resulting in efficient

degradation of PER in the early morning. These processes

collectively produce high-amplitude PER oscillations, essential

for robust 24-h rhythmicity (Figure 6G).

DISCUSSION

In this study, we identified that dPPIL4, a member of the cyclo-

philin family, plays a crucial role in regulating the circadian

rhythm in Drosophila. KD of dppil4 significantly dampened the

amplitude of the PER molecular rhythm in core clock neurons,

Figure 4. dPPIL4 regulated both per RNA and protein levels

(A and B) Control and dppil4 KD flies were entrained under a 12L:12D cycle. Flies were collected at the indicated times and processed for real-time qRT-PCR to

measure pre-mRNA and mRNA levels of per (A) and tim (B). Values represent the mean ± SEM. (A) For per mRNA, statistically significant differences were

analyzed using two-way ANOVA followed by Sidak’s multiple comparisons test (**p < 0.01, ***p < 0.001, n = 5). For per pre-mRNA, statistically significant dif-

ferences were analyzed using two-way ANOVA followed by Sidak’s multiple comparisons test (*p < 0.05, n = 8). (B) For tim mRNA, statistically significant dif-

ferences were analyzed using two-way ANOVA followed by Sidak’s multiple comparisons test (n = 5). For tim pre-mRNA, statistically significant differences were

analyzed using two-way ANOVA followed by Sidak’s multiple comparisons test (n = 5).

(C) Schematic diagram of period transgenes. per-wt indicates the genomic per transgene, which has a 13.2-kb wild-type per locus. per7.2:9 is a promoterless

transgene, and per is expressed by an enhancer-trapped gene promoter42,43 UAS-per31 consists of per cDNA downstream of UAS, which is thereby expressed

by GAL4.46 (D–F) per-wt, per7.2:9, or UAS-per31 was expressed in the per01 background in combination with control (− ) or dppil4 Ri (+). (D–F) The free-running

periods of flies are shown, with genotypes indicated below. Values indicate the mean ± SEM. AR = arrhythmic. Statistically significant differences were analyzed

using one-way ANOVA followed by Sidak’s multiple comparisons test (****p < 0.0001, n = 21–77). See Table S5 for additional details of behavior analysis. (E and F)

two-way ANOVA analyses of the free-running periods shown in D revealed significant effects of dppil4 knockdown (F(1,180) = 415.7, p < 0.0001), and per transgene

expression (F(1,180) = 59.74, p < 0.0001), but no significant interaction (F(1,180) = 0.1673, p = 0.6830). n = 21–77. (E) Significant effects of dppil4 knockdown (F(1,191) =

390.9, p < 0.0001), per transgene expression (F(1,191) = 39.67, p < 0.0001), and their interaction (F(1,191) = 17.48, p < 0.0001). n = 26–77. (F).

(G and H) Flies were dissected at the indicated times, and isolated brains were processed for whole-mount immunohistochemistry. Brains were co-stained with

anti-dPPIL4, anti-PER, and anti-PDF antibodies. Fluorescent images of sLNvs are shown. The white dotted circles indicate sLNvs of dPPIL4 KD flies. The scale bar

represents 10 μm. (H) PER fluorescence intensities were quantified. Values indicate the mean ± SEM. For ZT18, Statistically significant differences were analyzed

using one-way ANOVA followed by Sidak’s multiple comparisons test (**p < 0.01, ****p < 0.0001, n = 32–143). For ZT2, Statistically significant differences were

analyzed using one-way ANOVA followed by Sidak’s multiple comparisons test (****p < 0.0001, n = 32–143). See Figure S6 for comparison of PER levels at the

same internal CT.
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resulting in a long circadian period. We further revealed that KD

of dppil4 was associated with attenuated RNAPII CTD Ser5

phosphorylation and reduced levels of CUL1 in the SCF com-

plex. These findings suggest a unique regulatory role for dPPIL4

in regulating PER abundance by influencing both its synthesis

during the early phase and its degradation during the later phase

of the circadian cycle. We propose that this dual regulatory role

of dPPIL4 ensures precise control over PER levels, thereby sup-

porting a robust circadian rhythm.

KD of dppil4 reduced both per pre-mRNA and mRNA levels,

indicating that per transcription is influenced by dPPIL4

(Figure 4A). Regarding the mechanism through which

dPPIL4 supports per transcription, we initially hypothesized

that dPPIL4 might regulate the activity of the circadian transcrip-

tion factors CLK/CYC because several PPIases interact with

transcription factors and modulate the expression of down-

stream target genes.24 However, this possibility was excluded

because per expression driven by promoterless per7.2:9 trans-

gene, which bypasses CLK/CYC mediated initiation, was also

affected by dppil4 KD (Figures 4D and 4H). We then proposed

that dPPIL4 modulates RNAPII activity to regulate per transcrip-

tion, based on the following evidence. First, dPPIL4 orthologs in

other organisms, such as SIG-7 in Caenorhabditis elegans and

Rct1 in Saccharomyces pombe, enhance RNAPII activity by

increasing pSer2 and pSer5 level,48,50 while AtCyp59 in Arabi-

dopsis reduces RNAPII pSer5 levels and overall activity.47 These

studies underscore the conserved role of dPPIL4 orthologs in

regulating RNAPII. Similarly, our data show that dPPIL4 influ-

ences RNAPII pSer5 levels in Drosophila (Figures 5A and 5B).

Second, dPPIL4 physically interacts with RNAPII (Figure 5C),

further supporting its role in RNAPII regulation. Third, the

mammalian ortholog PPIL4 interacts with Jumonji domain-con-

taining 6 (JMJD6), a key regulator of RNAPII pause-release at

promoter,65 and increase JMJD6 levels, linking PPIL4 to tran-

scriptional regulation.66 Additionally, functional analysis of

RNAPII subunits further supports the role of dPPIL4 in RNAPII

activity. Knockdown of the core RNAPII subunit Rpb1 caused

severe behavioral defects, making flies arrhythmic, likely due

to a global dysfunction of RNAPII. KD of Rpb5 and Rpb6, which

plays a modulatory role of RNAPII activity, resulted in a length-

ened circadian period, resembling the phenotype of dPPIL4

KD (Figures 5D and 5E). Collectively, our findings suggest that

dPPIL4 supports per transcription by modulating RNAPII activ-

ity. Nonetheless, the observed reduction in RNAPII pSer5 levels

and per mRNA levels remains correlative, more definitive studies

are warranted to clarify the causal relationship between RNAPII

pSer5 levels and per mRNA/PER protein abundance.

Although dPPIL4 influenced per RNA transcription it did not

consistently affect the mRNA levels of other core clock genes

(Figures 4B and 5F). We initially hypothesized that splicing fac-

tors might mediate the per-specific transcriptional regulation

by dPPIL4, given that the effect of dPPIL4 KD on PER levels

depended on a genome structure including exons and introns

and was minimal when PER was expressed from per

cDNA (Figures 4D and 4F). Supporting this idea, several

PPIases are known to associate with splicing factors24,67

including PPIL4, which is a component of the human spliceo-

some68,69 and dPPIL4 orthologs in Arabidopsis thaliana47 and

Caenorhabditis elegans50 which regulate co-transcriptional

splicing. However, our splicing analysis of the per gene showed

no significant splicing differences in dppil4 KD compared to con-

trols (Figures 5G and 5H), suggesting that our initial hypothesis

may not hold. Interestingly, phosphorylation of the RNAPII CTD

has been shown to influence multiple transcriptional stages,

with its role varying significantly among genes. For instance, in-

hibiting CTD Ser-5 phosphorylation kinase results in gene-

specific downregulation rather than a uniform effect.70,71

Furthermore, genome-wide mapping of CTD phosphorylation

dynamics in Saccharomyces cerevisiae revealed variability

among genes based on promoter structure and expression

levels.72 Notably, gene-specific effects of CTD phosphorylation

have been observed not only for Ser5 but also for Ser2, further

highlighting the complexity of its regulation.73 Collectively, these

results suggest that the effect of RNAPII CTD Ser5 phosphoryla-

tion might vary in a gene-specific manner, with per being partic-

ularly sensitive to such regulation.

How might dPPIL4 regulate RNAPII CTD phosphorylation?

Given that dPPIL4 interacts with RNAPII (Figure 5C) and func-

tions as a PPIase, we propose that dPPIL4 could induce confor-

mational changes in RNAPII through isomerization, thereby

Figure 5. dPPIL4 interacted with and regulated RNAPII CTD phosphorylation

(A) Control (− ) and dppil4 KD (+) flies were collected at ZT12 and ZT24, and head protein extracts were analyzed by western blotting with anti-RNAPII-pSer2,

anti-RNAPII-pSer5, anti-RNAPII-total, and anti-dPPIL4 antibodies. O-GlcNAc transferase (OGT) and β-Tubulin served as loading controls. Representative images

of seven independent experiments are shown.

(B) Relative levels of RNAPII-pSer2, RNAPII-pSer5, and RNAPII-total are quantified. Values represent the mean ± SEM. Statistically significant differences were

analyzed using Student’s t test or Mann-Whitney test. (*p < 0.05, ***p < 0.001, n = 7).

(C) w1118 flies were collected at ZT12 and ZT24. Head protein extracts were processed for immunoprecipitation with an anti-dPPIL4 antibody (Gp1). Asterisks

indicate non-specific band of dPPIL4. Immune complexes were analyzed by immunoblotting with an anti-RNAPII-total and an anti-dPPIL4 antibody. Hyper-

phosphorylated isoforms = IIO, hypo-phosphorylated isoforms = IIA.

(D) RNAPII subunit RNAi lines were crossed with TUG>d2 flies, and their locomotor activity rhythms were analyzed. The free-running periods are shown. Values

indicate the mean ± SEM. Statistically significant differences between control and KD flies were analyzed by one-way ANOVA followed by Dunnett’s multiple

comparisons test (****p < 0.0001, n = 14–15). See Table S6 for additional details of behavior analysis.

(E) Actograms of flies during seven consecutive days of the DD condition after 4 days of LD entrainment. Actograms are double-plotted to better visualize the

rhythmic behavior. Hatched horizontal bars represent subjective day, and black horizontal bars represent subjective night. The dotted red lines connect the

evening peaks for each day of the experiment. n = 13–16.

(F) Expression levels of core clock genes were quantified using RNA-seq, represented as Transcripts Per Million (TPM). Values represent the mean ± SEM (**BH

p < 0.01, *** BH p < 0.001, and *** BH p < 0.0001). n = 3.

(G and H) Exon usage of per (FBgn0003068) at ZT8 (G) and ZT16 (H) was analyzed using RNA-seq data processed through DEXSeq. n = 3.
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modulating its accessibility to enzymatic activity. For instance,

RNAPII Ser5 is primarily phosphorylated by CDK7 in the TFIIH

complex54,74,75 and dephosphorylated by the phosphatase

Ssu7.76 Conformational changes mediated by dPPIL4 might

enhance RNAPII’s interaction with kinases like CDK7 or reduce

its interaction with phosphatases like Ssu72 leading to an in-

crease in RNAPII-pS5 levels. Alternatively, dPPIL4 might indi-

rectly influence RNAPII by modulating the activity or stability of

CDK7 and/or Ssu72, Further studies are necessary to identify

specific substrate affected by the conformational changes

induced by dPPIL4.

Given the reduction in PER levels in dppil4 KD flies, it is plau-

sible that this could indirectly affect the expression of other clock

genes such as Clk and vri through the interlocked feedback loop.

In per01 flies, CLK levels are reported to be low, while VRI levels

are high or intermediate.6,77 However, in dPPIL4 KD flies under

LD conditions, the levels of CLK and VRI were comparable to

those in control flies. It might be because the reduction in PER

levels in dPPIL4 KD flies may not have been substantial enough

to alter the transcription of other core clock components.

Despite this, a delay in TIM nuclear accumulation was observed

in dPPIL4 KD flies, similar to the phenotype reported in per01

flies. The delayed nuclear accumulation of TIM may depend on

a stochiometric interaction with PER, highlighting the functional

dependency of TIM nuclear accumulation on sufficient TIM

levels.

When per was expressed using UAS-per31, dppil4 KD

increased the PER level at ZT2 (Figures 4G and 4H), suggesting

dPPIL4’s involvement in the ubiquitination proteasome system

(UPS)-mediated PER degradation. As a result, we revealed that

dPPIL4 interacted with and stabilized CUL1 (Figures 6D–6F).

CUL1, a key scaffold protein in the SCF E3 ligase comple,78,79

is essential for its activity.80,81 Reduction of CUL1 by dppil4 KD

would limit the functional SCF complex and thereby slow the

PER degradation process as observed in TUG-driven UAS-

per31 flies. Supporting this idea, another substrate degraded

by SCF complex, Ci was also increased in dppil4 KD flies

(Figure S10). Nonetheless, when per was expressed using the

genomic per gene, dppil4 KD did not increase PER levels.

We reasoned that although functional SCF E3 ligase complex

was reduced, the lower amount of PER from decreased per

mRNA could be fully degraded by the reduced SCF E3 ligase

complex (Figures 3A and 4G). In addition to PER, another

core clock protein, TIM, is polyubiquitinated by the SCFJETLAG

E3 ligase complex and targeted for degradation by the

UPS.82 Because CUL1 can function as a scaffolding protein

of the SCFJETLAG E3 complex as well, TIM protein levels could

have been affected by dppil4 KD, but this was not the case

(Figures 3C and 3D). Intriguingly, TIM is also targeted by a

CUL3-based ubiquitin ligase complex different from that asso-

ciated with PER.83 Moreover, the same study demonstrated

that CUL3 could affect TIM degradation in the cytoplasmic

compartment in the absence of PER, similar to the effect of

dppil4 KD (Figures 3A and 3C). Thus, we reasoned that a

CUL3-based UPS degrades TIM. Therefore, the limited amount

of CUL1 produced by dppil4 KD had a minimal effect on TIM

degradation.

In summary, our study demonstrates that PPIase is involved in

circadian clock regulation. dPPIL4 regulates both per RNA and

protein in a time-dependent manner, thereby supporting high-

amplitude PER oscillations. To the best of our knowledge,

dPPIL4 is the first component found to regulate clock compo-

nents at both the RNA and protein levels in a time-dependent

manner. The preservation of high-amplitude oscillations in clock

proteins is pivotal for the robustness of the circadian clock.

Conversely, the dampening of the circadian rhythm amplitude

is closely associated with aging and various disease conditions.

In conclusion, our study not only enhances the understanding of

the molecular mechanisms underlying high-amplitude oscilla-

tions of clock proteins but also provides new possibilities to

explore therapeutic interventions targeting dysfunctional circa-

dian systems.

Limitations of the study

Although we observed alterations in RNA Pol II CTD phosphory-

lation and CUL1 levels following dppil4 KD, the isomerization of

RNA Pol II and CUL1 by dPPIL4 was not confirmed. Therefore,

Figure 6. dPPIL4 regulated PER protein by stabilizing CUL1 in the SCF complex

(A) The amount of food intake in flies were analyzed. UAS-per31 was expressed in the per01 background singly or in combination with dppil4 KD. Values represent

the mean ± SEM. Statistically significant differences were analyzed using Student’s t test (n = 6). There are no significant differences between the genotypes.

(B and C) UAS-per31 was expressed in the per01 background singly or in combination with dppil4 KD. Flies were exposed to vehicle (EtOH) or CHX-containing

food after 3 h of fasting, collected at the indicated times, and processed for whole-mount immunohistochemistry. Brains were co-stained with anti-dPPIL4, anti-

PER, and anti-PDF antibodies. Fluorescence images of sLNvs are shown. The white dotted circles indicate sLNvs of dPPIL4 KD flies. The scale bar represents

10 μm. (C) The PER levels were quantified. Statistically significant differences were analyzed using two-way ANOVA followed by Tukey’s multiple comparisons

test (**p < 0.01, ****p < 0.0001, n = 11–56).

(D) Control (− ) and dppil4 KD (+) flies were collected at ZT12 and ZT24, and head protein extracts were analyzed by western blotting with anti-CUL1 and anti-

dPPIL4 antibodies. Actin and β-Tubulin served as loading controls. Representative images of six independent experiments are shown. See Figure S9 for anti-

CUL1 antibody validation result.

(E) Relative levels of CUL1 were quantified. Values represent the mean ± SEM. Statistically significant differences were analyzed using Student’s t test (**p < 0.01,

***p < 0.001, n = 6).

(F) w1118 flies were collected at ZT12 and ZT24. Head protein extracts were processed for immunoprecipitation with an anti-dPPIL4 (Gp1) antibody. Asterisks

indicate non-specific band of dPPIL4. Immune complexes were analyzed by immunoblotting with an anti-CUL1 and an anti-dPPIL4 antibody.

(G) A schematic diagram of our model shows how dPPIL4 regulates the PER molecular rhythmic amplitude in clock cells. During the mid-day, when per is actively

transcribed, dPPIL4 regulates the RNAPII pSer5 level, thereby increasing the per mRNA level. Later in the morning, when hyper-phosphorylated PER is degraded,

dPPIL4 enhances the degradation of PER by supporting the Slimb-containing SCF complex via stabilizing the CUL1 level. As a result, dPPIL4 plays a crucial role

in controlling the circadian rhythm by augmenting the PER molecular amplitude in Drosophila. This figure was created with BioRender.com (license to S.W.K).
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establishing a direct link between dPPIL4, RNA Pol II/CUL1, and

circadian rhythm regulation requires further investigation.
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Goat anti-Rabbit HRP Thermo Fisher Scientific Cat# G-21234, RRID:AB_2536530

Goat anti-Mouse HRP Thermo Fisher Scientific Cat# G-21040, RRID:AB_2536527

Goat anti-Guinea pig HRP Abcam Cat# ab6908, RRID:AB_955425

Goat anti-Rabbit Alexa Flour 488 Thermo Fisher Scientific Cat# A-11008, RRID:AB_143165

Goat anti-Rabbit Alexa Flour 555 Thermo Fisher Scientific Cat# A-21428, RRID:AB_2535849

Goat anti-Mouse Alexa Flour 555 Thermo Fisher Scientific Cat# A-21424, RRID:AB_141780

Goat anti-Mouse Alexa Flour 633 Thermo Fisher Scientific Cat# A-21050, RRID:AB_2535718

Goat anti-Guinea pig Alexa Flour 488 Thermo Fisher Scientific Cat# A-11073, RRID:AB_2534117

Experimental models: Organisms/strains

Drosophila/dcr2;tim(UAS)-Gal4 Kim et al.84 N/A

Drosophila/tub-Gal80ts;tim(UAS)-Gal4 Kim et al.84 N/A

Drosophila/wper0;dcr2;tim(UAS)-Gal4 This journal N/A

Drosophila/wper0;;per(wt-13.2HAHis), M16 Kim et al.45 N/A

Drosophila/per01;;per7.2:9 Gift from Paul E. Hardin42,43 N/A

Drosophila/UAS-dppil4-V5 This journal N/A

Drosophila/dppil4ex81 This journal N/A

Drosophila/dppil4ex88 This journal N/A

Drosophila/dppil4ex170 This journal N/A

Drosophila/w1118 Bloomington Drosophila Stock Center RRID: BDSC 5905

Drosophila/yw per01 Bloomington Drosophila Stock Center RRID: BDSC 80917

Drosophila/UAS-CG5808 Ri (Trip) Bloomington Drosophila Stock Center RRID: BDSC 55208

Drosophila/UAS-GFP.nls Bloomington Drosophila Stock Center RRID: BDSC 4776

Drosophila/w*;P(UAS-per.Y)3-1 Bloomington Drosophila Stock Center RRID: BDSC 80685

Drosophila/UAS-Fkbp12 Ri-1 Vienna Drosophila Resource center VDRC 45015

Drosophila/UAS-Fkbp14 Ri-1 Vienna Drosophila Resource center VDRC 101932

Drosophila/UAS-CG5071 Ri-1 Vienna Drosophila Resource center VDRC 12863

Drosophila/UAS-Cyp40 Ri Vienna Drosophila Resource center VDRC 45986

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Drosophila/UAS-Fkbp14 Ri-2 Vienna Drosophila Resource center VDRC 23729

Drosophila/UAS-CG11858 Ri Vienna Drosophila Resource center VDRC 39071

Drosophila/UAS-CG17266 Ri Vienna Drosophila Resource center VDRC 110097

Drosophila/UAS-Cyp1 Ri Vienna Drosophila Resource center VDRC 12828

Drosophila/UAS-CG14715 Ri Vienna Drosophila Resource center VDRC 104005

Drosophila/UAS-CG5071 Ri-2 Vienna Drosophila Resource center VDRC 34925

Drosophila/UAS-Fkbp39 Ri Vienna Drosophila Resource center VDRC 103035

Drosophila/UAS-CG11777 Ri Vienna Drosophila Resource center VDRC 104435

Drosophila/UAS-CG2852 Ri Vienna Drosophila Resource center VDRC 20669

Drosophila/UAS-shu Ri Vienna Drosophila Resource center VDRC 15069

Drosophila/UAS-Fkbp12 Ri-2 Vienna Drosophila Resource center VDRC 105832

Drosophila/UAS-Moca-cyp Ri-1 Vienna Drosophila Resource center VDRC 45014

Drosophila/UAS-Moca-cyp Ri-2 Vienna Drosophila Resource center VDRC 20670

Drosophila/UAS-CG3511 Ri-1 Vienna Drosophila Resource center VDRC 21863

Drosophila/UAS-Fkbp59 Ri Vienna Drosophila Resource center VDRC 21735

Drosophila/UAS-dod Ri-1 Vienna Drosophila Resource center VDRC 25209

Drosophila/UAS-dod Ri-2 Vienna Drosophila Resource center VDRC 25210

Drosophila/UAS-cyp33 Ri Vienna Drosophila Resource center VDRC 108734

Drosophila/UAS-Cypl Ri Vienna Drosophila Resource center VDRC 104316

Drosophila/UAS-CG5808 Ri-2 Vienna Drosophila Resource center VDRC 22199

Drosophila/UAS-CG3511 Ri-2 Vienna Drosophila Resource center VDRC 110015

Drosophila/UAS-CG7747 Ri Vienna Drosophila Resource center VDRC 105644

Drosophila/UAS-CG10907 Ri Vienna Drosophila Resource center VDRC 103623

Drosophila/UAS-CG7768 Ri Vienna Drosophila Resource center VDRC 109900

Drosophila/UAS-CG5808 Ri-1 Vienna Drosophila Resource center VDRC 103789

Drosophila/40D-UAS Vienna Drosophila Resource center VDRC 60101

Drosophila/UAS-Polr2A Ri Vienna Drosophila Resource center VDRC 110340

Drosophila/UAS-Polr2E Ri Vienna Drosophila Resource center VDRC 105248

Drosophila/UAS-Polr2F Ri Vienna Drosophila Resource center VDRC 105937

Drosophila/UAS-Polr2H Ri Vienna Drosophila Resource center VDRC 106838

Chemicals

PierceTM Protein A Magnetic Beads Thermo Fisher Scientific Cat# 88845

Formaldehyde Thermo Fisher Scientific Cat# 28906

QIAzol Qiagen Cat# 79306

TB Green Premix Ex Taq TaKaRa Cat# RR420A

Cycloheximide Sigma-Aldrich Cat# C7698

Oligonucleotides

dppil4 mRNA forward

5’-TTAGTAGCTTCGGCGTGCTT-3’

Macrogen N/A

dppil4 mRNA reverse

5’-CTTTGAAACGGATTGGGAGA-3’

Macrogen N/A

per mRNA forward

5’-GACCGAATCCCTGCTCAATA-3’

Macrogen N/A

per mRNA reverse

5’-GTGTCATTGGCGGACTTCTT-3’

Macrogen N/A

per pre-mRNA forward

5’-GTGAGAGCGAGAGCGAGTGT-3’

Macrogen N/A

per pre-mRNA reverse

5’-TATGTAAGCTGCCTGCCCAA-3’

Macrogen N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fly stocks

dcr2;tim(UAS)-Gal,84 tub-Gal80ts;tim(UAS)-Gal,84 and dcr2;tim(UAS)-Gal4 were crossed with yw per01 to generate wper0;dcr2;tim

(UAS)-Gal4 flies. wper0;;per(wt-13.2HAHis), M16 was described previousl.45 per01;;per7.2:9 flies were a gift from Paul E. Hardin

(Texas A&M University, USA).42,43 The following lines were obtained from the Bloomington Drosophila Stock Center: w1118

(BL5905), UAS-CG5808 Ri (BL55208), UAS-GFP.nls (BL4776), and w*;P(UAS-per.Y)3-1 (BL80685).46 The following fly stocks were

obtained from the Vienna Drosophila Resource Center: UAS-Fkbp12 Ri-1 (VDRC45015), UAS-Fkbp14 Ri-1 (VDRC101932), UAS-

CG5071 Ri-1 (VDRC12863), UAS-Cyp40 Ri (VDRC45986), UAS-Fkbp14 Ri-2 (VDRC23729), UAS-CG11858 Ri (VDRC39071), UAS-

CG17266 Ri (VDRC110097), UAS-Cyp1 Ri (VDRC12828), UAS-CG14715 Ri (VDRC104005), UAS-CG5071 Ri-2 (VDRC34925),

UAS-Fkbp39 Ri (VDRC103035), UAS-CG11777 Ri (VDRC104435), UAS-CG2852 Ri (VDRC20669), UAS-shu Ri (VDRC15069),

UAS-Fkbp12 Ri-2 (VDRC105832), UAS-Moca-cyp Ri-1 (VDRC45014), UAS-Moca-cyp Ri-2 (VDRC20670), UAS-CG3511 Ri-1

(VDRC21863), UAS-Fkbp59 Ri (VDRC21735), UAS-dod Ri-1 (VDRC25209), UAS-dod Ri-2 (VDRC25210), UAS-cyp33 Ri

(VDRC108734), UAS-Cypl Ri (VDRC104316), UAS-CG5808 Ri-2 (VDRC22199), UAS-CG3511 Ri-2 (VDRC110015), UAS-CG7747

Ri (VDRC105644), UAS-CG10907 Ri (VDRC103623), UAS-CG7768 Ri (VDRC109900), UAS-CG5808 Ri-1 (VDRC103789), 40D-

UAS (VDRC60101), UAS-Polr2A Ri (VDRC110340), UAS-Polr2E Ri (VDRC105248), UAS-Polr2F Ri (VDRC105937), and UAS-Polr2H

Ri (VDRC 106838).

Transgenic fly generation

To generate transgenic flies harboring pUAST-dppil4 (CG5808)-V5, full-length dppil4 (CG5808) cDNA was amplified by PCR using

the Drosophila Genomics Resource Center clone GH01073 (RRID: DGRC_5607) as a template, and the product was subcloned

into the pUAST vector via EcoRI and NotI digestion. PhiC31 integrase-mediated transgenesis was used to insert the pUAST-dppil4

(CG5808)-V5 plasmid into the VK00018 attP site on chromosome 2 (BestGene Inc.).88,89 We employed P element excision mutagen-

esis to generate a dppil4 (CG5808)-null allele. A fly line harboring the P element near the dppil4 (CG5808) gene, P{Epgy2}

CG5808EY13836, was mated to Dr/TM3,p{Δ2-3} flies. Two fly lines harboring a precisely excised chromosome (control) and three

fly lines harboring small and large deletions, named dppil4ex81, dppil4ex88, and dppil4ex170 were obtained. The primer sequences

used for genomic DNA PCR were as follows: primer-1-forward, 5’-TCGCGCCCGGCACAATCAAGT-3’; primer-2-reverse,

5’-GCGCCGAATGTGCTGACCACTGTA-3’. The precision of deleted regions was confirmed by sequencing.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

tim mRNA forward

5’-TGATCGAGTTGCAGTGCTTC-3’

Macrogen N/A

tim mRNA reverse

5’-CCCTTATACCCGAGGTGGAT-3’

Macrogen N/A

tim pre-mRNA forward

5’-GTTTCGGTCAGTGTGTGTATCT-3’

Macrogen N/A

tim pre-mRNA reverse

5’-GCTCAACGAACCGCTTACT-3’

Macrogen N/A

cbp20 forward

5′-GTATAAGAAGACGCCCTGC-3′

Macrogen N/A

cbp20 reverse

5′-TTCACAAATCTCATGGCCG-3′

Macrogen N/A

Software and algorithms

Drosophila Activity Monitoring System 3 Trikinetics N/A

FaasX Trikinetics N/A

Image J Image J N/A

Rotor-Gene Q-Pure Detection Qiagen N/A

Zen Carl Zeiss N/A

Prism9 GraphPad N/A

Metacycle Wu et al.87; https://CRAN.R-project.org/

package=MetaCycle

RRID: SCR_025729

Deposited data

RNA-seq data This paper GSE292592
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METHOD DETAILS

Locomotor behavior analysis

The locomotor activity of individual flies was determined using Drosophila Activity Monitoring System 3 software (Trikinetics, version

1.02). 2-5 days old male flies were used for the analysis and maintained in glass tubes containing 2% agar and 5% sucrose. The flies

were exposed to 12 h of light and 12 h of dark (LD) for 4 days and then were maintained in constant darkness (DD) for 7 days at 25◦C.

The locomotor data analysis was performed using FaasX software (Fly Activity Analysis Suite for MacOSX), which was generously

provided by Francois Rouyer (Centre National de la Recherche Scientifique, France). Periods were calculated for each fly using χ2

periodogram analysis, and data were pooled to obtain an average value. The power was calculated by quantifying the relative

strength of the rhythm during the DD condition. Individual flies with a power ≥10 and width ≥2 were considered rhythmic. Actograms

represent the double-plotted locomotor activities throughout the experimental period and were acquired using Actogram J

software.90

Western blotting and immunoprecipitation

We produced guinea pig anti-dPPIL4 antiserum (Gp1 and Gp2) using the N-terminal amino acids (1–550) of the protein as an antigen

(Young In Frontier Co. Ltd.). We verified that Gp1 and Gp2 antiserum specifically recognized dPPIL4 proteins in Drosophila S2 cells

and flies (Figure S3). Gp1 antiserum was mainly used for immunoprecipitation, and Gp2 antiserum was used for western blotting.

For western blotting, protein extracts were prepared in radioimmunoprecipitation assay (RIPA) lysis buffer [25 mM Tris-HCl, pH7.5,

50 mM NaCl, 0.5% sodium deoxycholate, 0.5% NP-40, and 0.1% sodium dodecyl sulfate (SDS)] with a freshly added protease and

phosphatase inhibitor mixture (Sigma-Aldrich) and were then briefly sonicate.91 Protein extracts were resolved by SDS-polyacryl-

amide gel electrophoresis (PAGE). Primary antibodies were used at the following dilutions: anti-dPPIL4 (Gp2), 1:3000; anti-Tubulin

(DSHB Cat# E7, RRID: AB_528499), 1:10,000; anti-RNA Polymerase II, ARNA-3 (Millipore Cat# CBL221, RRID: AB_2167489), 1:2000;

anti-RNA Polymerase II CTD phosphor Ser2 (Abcam Cat# ab5095, RRID: AB_304749), 1:10,000; anti-RNA Polymerase II CTD phos-

phor Ser5, 4H8 (Abcam Cat# ab5408, RRID: AB_304868), 1:10,000; anti-OGT, H300 (Santa Cruz Biotechnology Cat# sc-32921,

RRID: AB_2156938), 1:3000; anti-CUL1 (Thermo Fisher Scientific Cat# 71-8700, RRID: AB_2534002), 1:1000; and anti-Actin

(Sigma-Aldrich Cat# A2066, RRID: AB_476693), 1:5000. The band intensity was quantified using ImageJ software (National Institutes

of Health, RRID: SCR_003070).

For immunoprecipitation, protein extracts were prepared in modified RIPA lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1%

NP-40, and 0.25% sodium deoxycholate) and were briefly sonicated. Then, 2 μl of anti-dPPIL4 (Gp1) was added to the extract de-

pending on the target protein, and the mixture was incubated overnight at 4◦C with end-over-end rotation. Pre-immune serum was

used as a negative control. Finally, 20 μl of PierceTM Protein A Magnetic Beads (Thermo Fisher Scientific Cat# 88845) was added, and

the mixture was further incubated for 3 hours at 4◦C with end-over-end rotation. The immune complexes were then eluted from the

beads using SDS-PAGE sample buffer.

Immunohistochemistry and confocal imaging

Immunostaining was performed as described previously with minor modifications.85 Fly heads were cut open, fixed in 2% formalde-

hyde, and washed with PAXD buffer (1X phosphate-buffered saline, 5% bovine serum albumin, 0.03% sodium deoxycholate, 0.03%

Triton X-100.92 The fixed heads were dissected, and the isolated brains were permeabilized in 1% PBT (1% Triton X-100 in PBS) for

20 min and then blocked in PAXD containing 5% horse serum for 1 hour. Anti-dPPIL4 (Gp1) serum was antigen-affinity purified and

used for immunohistochemistry. The following primary antibodies were added directly to the mixtures and incubated for 2 days at

4◦C: anti-dPPIL4 (Gp1), 1:700; anti-PDF (DSHB Cat# PDF C7, RRID: AB_760350), 1:200; anti-PER (Rb1),84 1:200; anti-TIM

(Rb1),85 1:200; anti-CLK (Gp2),86 1:2000; anti-VRI (Gp2),7 1:1000; and anti-NC82 (DSHB Cat# nc82, RRID: AB_2314866), 1:150.

The brains were washed with PAXD and incubated overnight with secondary antibodies in a blocking solution at 4◦C. The following

secondary antibodies were used at a 1:200 dilution: goat anti-rabbit Alexa-488 (Thermo Fisher Scientific, RRID: AB_143165), goat

anti-rabbit Alexa-555 (Thermo Fisher Scientific, RRID: AB_2535849), goat anti-guinea pig Alexa-488 (Thermo Fisher Scientific,

RRID: AB_2534117), goat anti-mouse Alexa-555 (Thermo Fisher Scientific, RRID: AB_141780), and goat anti-mouse Alexa-633

(Thermo Fisher Scientific, RRID: AB_2535718). Stained brain samples were washed with PAXD, incubated in 0.1 M phosphate buffer

containing 50% glycerol for 30 min, and mounted using a mounting medium. Confocal images were obtained using an LSM 800

confocal microscope (Carl Zeiss) and were processed using Zen software (Zen Digital Imaging for Light Microscopy, Carl Zeiss,

version 3.1). For signal quantification, the pixel intensity of each cell was determined using ImageJ software. The intensity was re-

corded as the average of at least six brains for each genotype.

Real-time quantitative reverse transcription-PCR (qRT-PCR)

Total RNA was extracted from fly heads using the QIAzol reagent (QIAGEN). The total RNA (1 μg) was reverse transcribed using an

oligo(dT) 20 primer (for mRNA) or a random hexamer primer (for pre-mRNA) and PrimeScript rTase (TaKaRa). Real-time qRT-PCR

was performed using a Rotor-Gene 6000 (QIAGEN) device with TB Green Premix Ex Taq (Tli rNase H Plus, TaKaRa). The following

primers were used: dppil4 mRNA forward, 5’-TTAGTAGCTTCGGCGTGCTT-3’; dppil4 mRNA reverse, 5’-CTTTGAAACGGATTGG

GAGA-3’; per mRNA forward, 5’-GACCGAATCCCTGCTCAATA-3’; per mRNA reverse, 5’-GTGTCATTGGCGGACTTCTT-3’; per
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pre-mRNA forward, 5’-GTGAGAGCGAGAGCGAGTGT-3’; per pre-mRNA reverse, 5’-TATGTAAGCTGCCTGCCCAA-3’. tim mRNA

forward, 5’-TGATCGAGTTGCAGTGCTTC-3’; tim mRNA reverse, 5’-CCCTTATACCCGAGGTGGAT-3’; tim pre-mRNA forward,

5’-GTTTCGGTCAGTGTGTGTATCT-3’; tim pre-mRNA reverse, 5’-GCTCAACGAACCGCTTACT-3’. Non-cycling mRNA encoding

cbp20 was used to normalize gene expression using the following primers: cbp20 forward, 5′-GTATAAGAAGACGCCCTGC-3′

and cbp20 reverse, 5′-TTCACAAATCTCATGGCCG-3′. The data were analyzed using Rotor-Gene Q-Pure Detection software

(version 2.2.3), and the relative mRNA levels were quantified using the 2− ΔΔCt method, in which ΔΔCt = [(Ct(target) − Ct(cbp20)) of

the experimental group] − [(Ct(target) − Ct(cbp20)) of the control group].

PER degradation rate analysis: Cycloheximide (CHX) treatment

To score the degradation rate of PER, wper01,TUG>d2,UAS-per31 and wper01,TUG>d2,UAS-per31, dppil4 Ri flies were fed with the

protein synthesis inhibitor CHX (Sigma-Aldrich Cat#. C7698) dissolved in sweet food (20% sucrose and 2% agar). Flies were en-

trained to 12:12 LD cycle at 25◦C. On the fourth day under LD conditions, before transferring the flies to the vehicle (ethanol,

EtOH) or 5 mM CHX-containing food, flies were starved for 3 hours to promote feeding. The flies were maintained on either vehicle

or CHX-containing food, collected at the indicated times, and processed for brain immunostaining for PER.

Feeding assay

To quantify the feeding amount of the flies, the absorbance of ingested dye was measured. Flies were entrained to 12:12 LD cycle at

25◦C. On the fourth day under LD conditions, before transferring the flies to the 5 mM CHX-containing food, flies were starved from

zeitgeber time (ZT) 21 to ZT0 for 3 hours to promote feeding. At ZT0, the flies were allowed to feed on 20% sucrose and 2% agarose

food containing 5mM CHX and 1% blue dye (McCormick). Subsequently, flies were collected at each time point and homogenized in

PBS, centrifuged for 3min, and the absorbance of the blue dye in the supernatant was measured at 620nm.

RNA-Sequencing and data analysis

Flies were entrained to 12:12 LD cycle at 25◦C. On the fourth day under LD conditions, flies were collected at ZT8 and ZT16. Total

RNA from fly heads were extracted using QIAzol reagent (QIAGEN). To assess the integrity of the total RNA, samples are run on the

TapeStation RNA screentape (Agilent, #5067-5576). Only high-quality RNA preparations, with RIN greater than 7.0, were used for

RNA library construction. A library was independently prepared with 1ug of total RNA for each sample by Illumina TruSeq Stranded

mRNA Sample Prep Kit (Illumina, Inc., San Diego, CA, USA, #20020595). A library was independently prepared with 1ug of total RNA

for each sample by Illumina TruSeq Stranded mRNA Sample Prep Kit (Illumina, Inc., San Diego, CA, USA, #20020595). Indexed li-

braries were then submitted to an Illumina NovaSeq6000 (Illumina, Inc., San Diego, CA, USA), and the paired-end (2×100 bp)

sequencing was performed by the Macrogen Incorporated. The cleaned reads were aligned to the Drosophila melanogaster

(dm6) using STAR v2.6.0c.93 The reference genome sequence and gene annotation data were downloaded from NCBI Genome as-

sembly and NCBI RefSeq database respectively. Aligned data (SAM file format) were sorted and indexed using SAMtools v 1.9. After

alignment, the transcripts were assembled and quantified using RSEM v1.3.1.94 Statistical analyses of differential gene expression

were performed by DESeq2 v 1.38.95 using raw counts as input. Filtered data set was applied with RLE normalization to correct the

variation of library sizes among samples. Statistical significance of differential expression gene was determined using DESeq2 nbi-

nom WaldTest95 Fold change and p-value were extracted from the result of WaldTest. All p-values are adjusted by Benjamini-

Hochberg algorithm to control false discovery rate (FDR).

DEXseq

DEXSeq (v1.44.0)96 in R (v4.2.3) was utilized to obtain the exon usage values. Ensembl gene annotations (version 72) were used in the

DEXSeq workflow to ensure consistency with the AltAnalyze workflow. Bam files generated by AltAnalyze were used as input for the

standard DEXSeq workflow. Since AltAnalyze retains counts for both properly paired and singleton reads, this settings was pre-

served by setting ‘‘fragments = TRUE’’ when running ‘‘summarizeOverlaps’’ from the GenomicAlignments package (v1.34.1).97

QUANTIFICATION AND STATISTICAL ANALYSIS

For the statistical analysis, we used Prism9 software (GraphPad by Dotmatics). For comparisons among multiple groups, we used

One-way ANOVA followed by Dunnett’s multiple comparisons test. To compare two groups, the datasets were assessed for

normality using Shapiro-wilk test. If the normality test was passed, we used Student’s t-test. If the normality test failed, we used

Mann-Whitney test. For experiments involving both time series and different genotypes, we used Two-way ANOVA followed by
�Sidák’s multiple comparisons test.
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