
EXPLORING THE FUNCTION OF THE CDK8 MODULE IN DROSOPHILA 

A Dissertation 

by 

XIAO LI 

Submitted to the Office of Graduate and Professional Studies of 
Texas A&M University 

in partial fulfillment of the requirements for the degree of 

DOCTOR OF PHILOSOPHY 

Chair of Committee,  Jun-Yuan Ji 
Committee Members, Vytas Bankaitis 

Sarah Bondos 
Pingwei Li 

Head of Department, Carol Vargas 

December 2020 

Major Subject: Medical Sciences 

Copyright 2020 Xiao Li 



ABSTRACT 

The Mediator complex, consisting of the head, middle, tail and CDK8 (Cyclin-Dependent 

Kinase 8) kinase module, is required by almost all the protein coding gene and a variety of non-

coding gene transcription in eukaryotic cells. Dysregulation of subunits of the only enzymatic 

submodule, CKM (CDK8 kinase module), has been linked to diverse human diseases such as 

cancer. Thus, it is essential to understand the function of CKM in both normal development and 

tumorigenesis.  

To identify interactors of CDK8, we performed a dominant modifier genetic screen in 

Drosophila based on the defects in vein patterning caused by specific depletion or 

overexpression of CDK8 or CycC in developing wing imaginal discs. We identified the genetic 

interactions between the CDK8-CycC and the components of the Decapentaplegic (Dpp, the 

Drosophila homolog of TGFβ) signaling pathway, where CDK8-CycC positively regulates 

transcription activated by Dpp signaling pathway primary transcription factor Mad (Mothers 

against Dpp).  

To understand the roles of the four CKM subunits, we depleted different combinations of 

the four subunits and identified their antagonistic roles in regulating Drosophila eye 

development, that Med12-Med13 pair is essential for the eye development and depletion CDK8-

CycC can partially rescue the defects caused by removal of Med12-Med13. In addition, the 

asymmetric interdependency of the four subunits was identified. 

Finally, we further explore the negative role of CDK8-CycC in regulating SREBP (sterol 

regulatory element-binding protein). Mutation of CDK8 phosphorylation site on SREBP resulted 

in stabilized SREBP protein level, stronger binding to chromosome, hyper activation of target 

gene transcription, and finally more lipid accumulation in vivo in Drosophila. In addition, we 
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identified six amino acids from the N-terminal of SREBP is essential for the interaction between 

CDK8 and SREBP, which could be required by the phosphorylation.  

Taken together, this work expands our knowledge of CDK8 or the CKM function in vivo, 

which advances our understanding about their roles in regulating transcriptions in different 

physiological or pathological contexts.  
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CHAPTER I 

INTRODUCTION* 

Composed of up to 30 conserved subunits, the Mediator complex plays critical roles in 

modulating RNA polymerase II (Pol II)-dependent gene expression by functioning as a 

molecular bridge linking transcriptional activators and the general transcription machinery in 

almost all eukaryotes [1-5]. Biochemical purification of the human Mediator complex has 

revealed the Cyclin-Dependent Kinase 8 (CDK8) module (CKM), composed of CDK8 (or its 

paralogue CDK19, also known as CDK8L), CycC, Med12 (or Med12L), and Med13 (or 

Med13L), and the small Mediator complex, composed of 26 subunits that are divided into the 

head, middle, and tail modules [6-9]. The CKM can inhibit the transcription through the 

interaction between the CKM and the small Mediator complex. In addition, the CKM can 

function as a kinase to phosphorylate different substrates to modulate specific transcription 

processes differently. Both roles of the CKM highlight its fundamental function in regulating 

transcription, which is the first step of gene expression, and dysregulation of the CKM subunits 

are correlated to a variety of human diseases, such as cancers [10-14]. 

I.1. Pathological relevance of the CDK8 module in human cancers

 A recent cBioPortal analysis with 40199 tumor samples showed that one or multiple 

genes among CDK8, CDK19 or CCNC (gene encodes CycC in human) are amplified in different 

types of tumor samples, namely, prostate neuroendocrine cancers (19.6%), castration-resistant 

prostate cancers (18.6%), tubular stomach adenocarcinoma (5%), dedifferentiated liposarcoma 

(4.8%), bladder/urinary tract cancer (4.11%), colon adenocarcinoma (3.9%), intestinal type 

stomach adenocarcinoma (3.7%), rectal adenocarcinoma (3.6%), and breast invasive ductal  

*Part of this chapter is reprinted with permission from “"Understanding Obesity as a Risk Factor for Uterine Tumors Using Drosophila" by Xiao 
Li et al. ,The Drosophila Model in Cancer. Springer, Cham, 2019. 129-155. Copyright 2019 by Springer Nature.
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carcinoma (3%) [15]. Consistently, a large percentage of CDK8 amplification was identified in 

colon cancer from other studies based on different patient samples, 47% (N=123) in one study 

[16] and 70% (N=470) in another report [17]. In addition, a meta-study of Affymetrix HGU

array data, based on samples from 3491 breast cancer patients, has revealed that higher CDK8 

expression was correlated with shorter survival rates in breast cancer patient [18]. In the same 

study, the cBioPortal analysis revealed several subunits of CKM expression, CDK8 (2%), 

CDK19 (3%), CCNC (2%), and Med13 (11%), are amplified in 968 breast cancer samples [18]. 

Opposite to these amplifications of CDK8/CDK19, CCNC, or Med13 as described above, 

mutations (instead of amplification) of Med12 have been observed in 3% of the same 968 breast 

cancer samples. Furthermore, somatic MED12 mutations were identified in exon 1 and exon 2, 

particularly the highly conserved codon 44 in exon 2, in nearly 70% of uterine leiomyomas [19]. 

The prevalence of MED12 mutations, either missense changes or in-frame indels, in uterine 

leiomyomas has been subsequently confirmed by many groups across countries, including 

Australia [20], Austria [21], Brazil [21, 22], China [23-25], Finland [26-29], France [30], 

Germany [31], Japan [32], Iran [33, 34], Italy [35], Netherlands [36], Rassia [37], Saudi Arabia 

[38], South Africa [19], South Korea [39, 40], Spain [41], and the United States [42-49]. As 

summarized in Table I.1, MED12 gene is mutated in approximately 62% of 3445 uterine 

leiomyoma samples that were analyzed, regardless of the race or ethnicity of the patient. In 

addition to MED12 mutations, several recurrent mutations have been revealed in uterine 

leiomyomas, including rearrangements of high mobility group AT-hook 1 and 2 (HMGA1 and 

HMGA2), biallelic inactivation of fumarate hydratase (FH), and deletions in collagen type IV α5 

and type IV α6 (COL4A5-COL4A6) [29, 50, 51]. Mutations of these genes occur in a mutually 

exclusive manner, with the MED12 mutations representing the most frequent genetic alteration 
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in uterine leiomyomas [29, 50-52]. Moreover, somatic MED12 mutations were also identified in 

nearly 15% of 218 uterine leiomyosarcomas samples analyzed [21, 25, 28, 30, 32, 36, 44, 53, 

54]. 

Table I.1 The prevalence of MED12 mutations in uterine leiomyomas across countries. 

Author and year of 
publication   

The nationality 
of the patients 

Number of 
patients 

Number of 
samples 

# with MED12 
mutations 

% with 
MED12 

mutations 

Mäkinen et al., 2011 Finland 80 225 159 70.7 

Mäkinen et al., 2011 South Africa 18 28 14 50.0 

Je et al., 2012 South Korea 53 67 35 52.2 

Perot et al., 2012 France NA 9 6 66.7 

McGuire et al., 2012 the United States NA 148 100 67.6 

Markowski et al., 2012 Germany 50 80 47 58.8 

Matsubara et al., 2013 Japan NA 55 39 70.9 

Ravegnini et al., 2013 the United States NA 19 3 15.8 

de Graaff et al., 2013 Netherlands NA 19 11 57.9 

Heinonen et al., 2014 Finland 28 164 138 84.1 

Bertsch et al., 2014 the United States 134 178 133 74.7 

Schwetye et al., 2014 the United States NA 28 15 53.6 

Di Tommaso et al., 2014 Italy NA 36 12 33.3 

Zhang et al., 2014 China NA 40 30 75.0 

Halder et al., 2015 the United States 135 143 92 64.3 

Shahbazi, et al., 2015 Iran NA 23 11 47.8 

Wang et al., 2015 China NA 181 93 51.4 

Sadeghi et al., 2016 Iran NA 103 32 31.1 

Mehine et al., 2016 Finland NA 94 34 36.2 

Osinovskaya et al., 2016 Rassia NA 122 63 51.6 

Liegl-Atzwanger et al., 2016 Austria 15 20 9 45.0 

Wu et al., 2017 China NA 362 158 43.6 

Heinonen et al., 2017 Finland 244 763 599 78.5 

Mäkinen et al., 2017 Finland NA 65 37 56.9 

Lee et al., 2018 South Korea NA 60 40 66.7 

Mello et al., 2018 Brazil 56 69 34 49.3 

Galindo et al., 2018 Spain NA 20 15 75.0 

Jamaluddin et al., 2018 Australia 14 65 39 60.0 

Hayden et al., 2018 the United States NA 40 30 75.0 

Park et al., 2018 the United States 76 219 121 55.3 

Total 903 3445 2149 62.4 

Note: Case reports with less than 5 cases or samples analyzed were not included in this Table. NA: not available. 
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Taken together, in different type of cancers, the CKM subunits are dysregulated 

differently, suggesting that the CKM subunits may play distinct roles in a variety of biological 

contexts.  

I.2. Potential roles of CDK8 in different types of human cancers

Several studies focused on different type of cancers or cell lines suggest that CDK8 may 

function as an oncogene. For example, depletion of CDK8 eliminates the higher cell proliferation 

caused by hyperactivation of beta-catenin in colon cancer cells. On the contrary, overexpression 

of CDK8 can induce immortal murine fibroblasts (NIH 3T3) focus formation. These 

observations suggest that gain of CDK8 is sufficient to promote tumorigenesis of colorectal 

cancers [16].  

Similarly, CDK8 also acts as an oncogene during the progression of malignant 

melanoma. It was reported that the histone variant macroH2A (mH2A) inhibits malignant 

melanoma progression and that loss of mH2A leads to increased expression of CDK8, which 

promotes the proliferation of the melanoma. Importantly, depletion of CDK8 in the cancer cells 

can suppress the effect caused by reduction of mH2A level, indicating oncogenic effects of 

CDK8 in melanoma. Gain of CDK8 in BxPC-3 cells, a pancreatic cancer cell line, increases the 

cell migratory, invasion capability and proliferation [55].  

More recently, inhibition of CDK8 by selective CDK8/19 inhibitor, Senexin A, decreased 

transcriptional activity of ER (Estrogen receptor) in T47D-ER/Luc cells [56]. Similarly, 

knocking down of CDK8 in BT474-shCDK8 cells or knocking out of CDK8 in BT474-CRSIPR-

CDK8 cells suppressed estrogen-dependent transcription. Furthermore, applying another 

CDK8/19 inhibitor, fulvestrant, or a combination of two inhibitors, fulvestrant and Senexin B, 

significantly reduce tumor volume in mice bearing MCF7 xenograft tumor, which suggests that 



5 

CDK8 may also act as an oncoprotein in breast cancer, and that CDK8 may be required by ER-

dependent tumor growth [56].  

Because of these discoveries, there is a considerable interest in developing drugs 

targeting the CDK8 kinase for cancer treatment in recent years [57, 58]. However, exactly how 

amplification of CDK8 in these cases contribute to tumorigenesis remains further addressed. 

Thus, it is essential to reveal the function and regulation of CDK8 activity in different 

developmental, physiological, and pathological contexts. 

I.3. CDK8 and other CKM subunits functions

The CKM has been proposed to function in two modes. First, it can reversibly bind with 

the small Mediator complex to form the large Mediator complex, thereby physically blocks the 

interaction between the small Mediator complex and the general transcription machinery. 

Second, CDK8 can function as a kinase that phosphorylates different substrates, particularly 

transcriptional activators such as E2F1 [59, 60], N-ICD (intracellular domain of Notch) [61], p53 

[62], Smad proteins [63, 64], SREBP (sterol regulatory element-binding protein) [65], and 

STAT1 (signal transducer and activator of transcription 1) [66].  

For example, E2F1 can directly interact with CDK8 and be phosphorylated at Serine 375 

by CDK8 [60]. Depletion of CDK8 reduced S375 phosphorylation level and elevated E2F1 

targets, such as p73 and CTNNBIP1 expression level in both SW480 and HCT-116 cells. 

Conversely, ectopic expression of CDK8 in HCT116 cell line increases the phospho-S375 E2F1 

and decreases p73 and CTNNBIP1 expression level. Taken together, CDK8 is not only sufficient 

but also required for E2F1 S375 phosphorylation and for playing as a negative regulator of E2F1 

dependent transcription [67]. These results are consistent with the genetic interactions between 

CDK8 and E2F1 observed in Drosophila. Specifically, reducing CDK8 can strongly suppress the 
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phenotypes caused by depleting E2F1, a key transcription factor that regulates the G1 to S phase 

cell-cycle transition [68]. These results suggest that CDK8 can indirectly regulate cell-cycle 

progression by directly inhibiting E2F1-dependent transcription.  

Another example is that CDK8 can also directly interact with Mastermind (MAM), which 

forms a transcription factor complex with Notch-ICD and CBF1 to activate target genes 

expression [69]. This indirect interaction between CDK8 and Notch-ICD through MAM allows 

CDK8 to phosphorylate Notch-ICD, resulting the degradation of Notch-ICD. This work also 

represent an elegant example illustrating how CDK8 serves as a negative regulator of gene 

transcription [69].  

In addition, CDK8 phosphorylates STATs and causes different alterations of different 

IFN-γ induced genes. Flavopiridol treated HepG2 cells or mouse fibroblasts with depletion of 

CDK8 showed reduced phosphorylation of STAT1 at serine 727 and tyrosine 701. Mutating 

STAT1 serine 727 to alanine abolished the recruitment of STAT1 to IFN-γ target genes loci in 

IFN-γ treated MEFs. In addition, microarray analysis revealed that nearly half of 256 IFN-γ-

induced genes were altered in mutant cells comparing with WT cells [66].  

Besides these two major functions of CDK8 or CKM as a physical block or a kinase 

module, some of the CKM subunits were also reported to have unique functions. For example, 

Med12 and Med13 were reported to be required by Wnt signaling targets transcription. Somatic 

homozygous clones of Med12 or Med13 mutation in Drosophila wing imaginal discs, abolished 

expression of Wnt signaling target genes, such as Dll (Distal less) and Sens (Senseless). 

Immunoprecipitations results suggests that Med12 and Med13 may interact with Lgs/Arm/TCF 

complex to function as a molecular bridge between this transcription factor complex and the 

small Mediator complex for the target genes transcription [70].  
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Taken together, CDK8 or the other three CKM subunits function differently depend on 

different physiological or pathological context. Thus, it is important to further investigate the 

function of CDK8 or the CKM in vivo to understand how the CKM contributes to tumorigenesis. 

I.4. Summary

To extend the knowledge of the CKM subunits function, it is important to identify the 

upstream regulators and downstream effectors of CKM. In this work, I have been using 

Drosophila as a model system for the following reason: First, the CKM subunits and many other 

regulation networks are highly conserved but much simpler in Drosophila. Second, there are a 

variety of genetic tools available and genetic manipulation is convenient and faster comparing 

with mammalian system. Third, short life cycle of Drosophila allows large scale tests. 

To study the function and regulation of CDK8-CycC in an unbiased manner, we 

conceived and performed a genetic screen looking for factors that can genetically interact with 

CDK8-CycC in vivo. As described in Chapter 2, we identified components from Dpp 

(Decapentaplegic)/TGFβ (Transforming Growth Factor-β) signaling pathway can consistently 

modify the unique phenotypes caused by altering CDK8-CycC. With further cellular level tests, 

we concluded the positive role of the CKM subunits and four other small Mediator complex 

subunits in regulating Dpp downstream transcription factor, Mad (Mother against dpp) regulated 

transcription.  

In Dpp signaling transduction, the CKM subunits all serve as positive regulator for Mad 

dependent transcription and may function as a complete complex. However, previous 

observation suggests the four subunits may play distinct roles in Drosophila eye, leg and thorax 

development [71]. In addition, it remains poorly understood how the four CKM subunits regulate 

each other. To understand the regulation and interplay among the four subunits of CKM, we 
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generated RNAi Drosophila lines to deplete different combinations of the CKM subunits. As 

summarized in Chapter3, we observed antagonistic impacts on eye development by depleting 

different combinations of the CKM subunits and distinct functions of pairs of the subunits 

CDK8-CycC and Med12-Med13 on cell proliferation. In addition to the different roles of the 

CKM subunits in development, the four subunits are asymmetrically interdependent to each 

other. 

Besides the role the CKM in regulating development, CDK8-CycC was also found 

playing critical roles in regulating lipid metabolism [65]. In Chapter 4, I present our work 

analyzing the role of CDK8 in regulating lipogenesis in Drosophila. Previously, we have 

reported that CDK8 or CycC mutants increased the fat accumulation caused by increased 

expression of important enzymes for fatty acid synthesis, which are activated by SREBP. Further 

biochemistry analysis suggests that CDK8 may negatively regulate SREBP protein stability 

through phosphorylation of T402 [72]. As summarized in Chapter 4, this phosphorylation is 

likely dependent on the physical interaction between CDK8 and SREBP through N-terminal 

AA36-41 of SREBP. To test the in vivo biological consequences of this phosphorylation, I 

generated overexpression lines of wild type SREBP and phospho-mutant form SREBP and 

analyses of these two lines suggest that the phospho-mutation stabilize SREBP level, enhance its 

chromosome binding, target transcription and is more potent in lipid accumulation.  

These characterized functions of CDK8 and the CKM highlight their fundamental roles in 

regulating transcription. Firstly, I have validated and extended our understanding of Mad 

dependent transcription in vivo, which suggests that several but not all of the Mediator complex 

subunits are required in regulating Mad-dependent gene expression, the final output for TGFβ 

signaling in a variety of biological and pathological contexts. Secondly, I have observed distinct 
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roles of the four CKM subunits in regulating Drosophila eye development and cell proliferation. 

Taken together with their asymmetric interdependency, these complicated regulations may leave 

insights on explanations of different amplifications or mutations of the four subunits function in 

different pathological contexts, especially in different types of cancers. Finally, I validated the 

role of CDK-CycC in negatively regulating SREBP in vivo and extended the knowledge of the 

interaction basis of the two proteins.  

Taken together, the four CKM subunits are asymmetrically interdependent on each other 

and function differently in different biological contexts. Depletion of Med12-Med13 causes 

severe developmental defects and they are required by gene expressions, while CDK8-CycC 

modulate different transcription factors activity in different manner dependent on the 

phosphorylation.  
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CHAPTER II  

THE MEDIATOR CDK8-CYCLIN C COMPLEX MODULATES WING VEIN 

PATTERNING IN DROSOPHILA BY STIMULATING MAD-DEPENDENT 

TRANSCRIPTION** 

II.1 Introduction

Composed of up to 30 conserved subunits, the Mediator complex plays critical roles in 

modulating RNA polymerase II (Pol II)-dependent gene expression by functioning as a 

molecular bridge linking transcriptional activators and the general transcription machinery in 

almost all eukaryotes [1-5]. Biochemical purification of the human Mediator complex has 

revealed the Cyclin-Dependent Kinase 8 (CDK8) module, composed of CDK8 (or its paralogue 

CDK19, also known as CDK8L), CycC, Med12 (or Med12L), and Med13 (or Med13L), and the 

small Mediator complex, composed of 26 subunits that are divided into the head, middle, and tail 

modules [6-9]. CDK8 is the only Mediator subunit with enzymatic activities. The CDK8 kinase 

module (CKM) has been proposed to function in two modes. First, it can reversibly bind with the 

small Mediator complex to form the large Mediator complex, thereby physically blocking the 

interaction between the small Mediator complex and the general transcription machinery 

(notably with RNA Pol II itself). Second, CDK8 can function as a kinase that phosphorylates 

different substrates, particularly transcriptional activators such as E2F1 [59, 60], N-ICD 

(intracellular domain of Notch) [61], p53 [62], Smad proteins [63, 64], SREBP (sterol regulatory 

element-binding protein) [65], and STAT1 (signal transducer and activator of transcription 1) 

[66]. These characterized functions of CDK8 highlight fundamental roles of the CKM in 

regulating transcription. 

**Reprinted with permission from "The Mediator CDK8-Cyclin C complex modulates Dpp signaling in Drosophila by stimulating Mad-
dependent transcription." by Li, Xiao, et al. PLoS Genetics 16.5 (2020): e1008832. Copyright 2020 by Xiao Li et al. 
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Besides its roles in specific developmental and physiological contexts, the CKM subunits 

are dysregulated in a variety of human diseases, such as cancers [10-14]. For example, CDK8 

has been reported to act as an oncoprotein in melanoma and colorectal cancers [16, 55, 59]. 

Moreover, CDK8 and CDK19 are overexpressed in invasive ductal carcinomas, correlating with 

shorter relapse-free survival in breast cancer [73]. Gain or amplification of CDK8 activity is 

sufficient in driving tumorigenesis in colorectal and pancreatic cancers in human, as well as in 

skin cancer in fish [16, 63, 74-76]. Because of these discoveries, there is a considerable interest 

in developing drugs targeting the CDK8 kinase for cancer treatment in recent years [57, 58]. 

However, exactly how CDK8 dysregulation contributes to tumorigenesis remains poorly 

understood. Thus, it is essential to reveal the function and regulation of CDK8 activity in 

different developmental, physiological, and pathological processes.  

The major bottleneck for addressing these critical gaps in our knowledge is the lack of in 

vivo readouts for CDK8-specific activities in metazoans. We overcame this challenge by 

generating tissue-specific phenotypes caused by varying CDK8 activities in Drosophila. After 

validating the specificity of these phenotypes using genetic, molecular, and cell biological 

approaches, we performed a dominant modifier genetic screen to identify factors that interact 

with CDK8 in vivo based on these unique readouts for CDK8-specific activities. From the 

screen, we identified Dad (Daughters against dpp), which encodes an inhibitory Smad in the Dpp 

(Decapentaplegic)/TGFβ (Transforming Growth Factor-β) signaling pathway, as well as 

additional components of the Dpp signaling pathway including dpp, tkv (thickveins, encoding 

the type I receptor for Dpp), Mad (Mothers against dpp) and Medea (encoding the Smad1/5 and 

Smad4 homologs, respectively) in Drosophila. Consistent with the previous biochemical 

analyses suggesting that CDK8 may phosphorylate Drosophila Mad or human Smad1 [63, 64, 



77], thereby regulating their transcriptional activities [63, 64, 77], our results have validated and 

further advanced our understanding of this conserved regulatory mechanism in vivo. 

Furthermore, our analyses have revealed additional Mediator subunits and protein kinases 

involved in regulating the Mad/Smad-dependent transcription. These results, together with 

previous studies, suggest that concerted recruitment of the Mediator complexes and other 

cofactors play a pivotal role in regulating Mad/Smad-dependent gene expression, a critical 

process for TGFβ signaling to function in a variety of biological and pathological contexts.  

II.2 Material and methods

II.2.1 Fly strains

Flies were raised on a standard cornmeal, molasses and yeast medium, and all genetic 

crosses were maintained at 25˚C. The UAS-Cdk8+ and UAS-Cdk8KD lines were generated using 

the pUASt vector [71]. The construct allowing conditional expression of a kinase-dead CDK8 

form (D173A; [78]) was generated through site-specific mutagenesis by double PCR, using the 

overlap extension method. The UAS-Cdk8-RNAi and UAS-CycC-RNAi lines were generated 

using the pVALIUM20 vector [79], and the UAS-Cdk8-RNAi CycC-RNAi line was generated 

using the pNP vector [80]. The vgQE-lacZ line was received from Gary Struhl [81, 82].  

We obtained the following strains from the Bloomington Drosophila Stock Center: ap-

Gal4 (BL-3041), nub-Gal4 (BL-25754), sal-lacZ (BL-11340), UAS-Cdk7-RNAi (BL-57245), 

UAS-Cdk9-RNAi (BL-34982), UAS-CycT-RNAi (BL-32976), UAS-dpp-RNAi (BL-33618), UAS-

2xEGFP (BL-6874), UAS-erk-RNAi (BL-34744), UAS-Mad-RNAi (BL-31315), UAS-Mad-RNAi 

(BL-43183), UAS-Medea-RNAi (BL-43961), UAS-rl-RNAi (BL-34855), UAS-sgg-RNAi (BL-

38293), UAS-yki-RNAi (BL-34067), and all deficiency (Df) lines (Table B.II.1). Of the two 

transgenic RNAi lines targeting Mad, the BL-31315 line (Fig. A.II.4B/A.II.4B’, Fig. II.6B) 
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generated stronger effects than the BL-43183 line when expressed using the ap-Gal4 driver. In 

addition, we tested the following mutant alleles of the Dpp signaling pathway: Dadj1E4/TM3, Sb1 

(BL-10305), DadMI04922/TM3 Sb1, Ser1 (BL-37913), dppd6/CyO (BL-2062), dpphr92/SM6a (BL-

2069), dpps11/CyO (BL-2065), Mad1-2/CyO (BL-7323), Mad12/CyO (BL-58785), Mad8-2/CyO 

(BL-7324), Madk00237/CyO (BL-10474), MadKG00581/CyO (BL-14578), Medea1/TM3 Sb1, Ser1 

(BL-9033), Medea13/TM3 Sb1 (BL-7340), tkv7/CyO (BL-3242), and tkvk16713/CyO (BL-11191). 

The following RNAi stocks, generated by the Drosophila TRiP project [79], were used to 

deplete the subunits of the Mediator complex: UAS-Med1-RNAi (BL-34662), UAS-Med4-RNAi 

(BL-34697), UAS-Med6-RNAi/TM3 Sb1 (BL-33743), UAS-Med7-RNAi (BL-34663), UAS-Med8-

RNAi (BL-34926), UAS-Med9-RNAi (BL-33678), UAS-Med10-RNAi (BL-34031), UAS-Med11-

RNAi/TM3 Sb1 (BL-34083), UAS-Med12-RNAi (BL-34588), UAS-Med13-RNAi (BL-34630), 

UAS-Med14-RNAi (BL-34575), UAS-Med15-RNAi (BL-32517), UAS-Med16-RNAi (BL-34012), 

UAS-Med17-RNAi (BL-34664), UAS-Med18-RNAi (BL-42634), UAS-Med19-RNAi (BL-33710), 

UAS-Med20-RNAi (BL-34577), UAS-Med21-RNAi (BL-34731), UAS-Med22-RNAi (BL-34573), 

UAS-Med23-RNAi (BL-34658), UAS-Med24-RNAi (BL-33755), UAS-Med25-RNAi (BL-42501), 

UAS-Med26-RNAi (BL-28572), UAS-Med27-RNAi (BL-34576), UAS-Med28-RNAi/TM3 Sb1 

(BL-32459), UAS-Med29-RNAi (BL-57259), UAS-Med30-RNAi/TM3 Sb1 (BL-36711), and UAS-

Med31-RNAi (BL-34574). 

To facilitate the dominant modifier genetic screen and the subsequent analyses, we 

generated the following strains using the standard Drosophila genetics: “w1118; nub-Gal4>UAS-

Cdk8+/CyO” (i.e., “nub>Cdk8+/CyO” line), “w1118; nub-Gal4; UAS-Cdk8-RNAi” (i.e., 

“nub>Cdk8-i” line), “w1118; nub-Gal4; UAS-CycC-RNAi” (i.e., “nub>CycC-i” line), “w1118; nub-



Gal4; UAS-Cdk8-RNAi CycC-RNAi” (i.e., “nub>Cdk8-i CycC-i” line), and “w1118; ap-Gal4, sal-

lacZ/T(2:3)”.  

For the Df lines in the X chromosome, we crossed Df female virgins with males of with 

the “nub>Cdk8+/CyO”, “nub>Cdk8-i”, “nub>CycC-i”, or “nub>Cdk8-i CycC-i” stocks. For the 

Df lines in the second and third chromosomes, the Df males were crossed with female virgins of 

the afore-described stocks carrying the CDK8-specific phenotypes. The control crosses were 

performed using w1118 males and female virgins. For each of these crosses, the wing vein patterns 

in ~10 F1 females without any balancer chromosomes were inspected under dissecting 

microscopes for potential dominant modifications. With few exceptions (Table B.II.1), the wing 

vein phenotypes and dominant modifications are generally stereotypical with high penetrance. 

For instance, we crossed Df(1)BSC531, w1118/FM7h female virgins with “w1118/Y; 

nub>Cdk8+/CyO” males, and then scored F1 females with the following genotype: “w1118,

Df(1)BSC531/ w1118; nub>Cdk8+/+”. Similarly, we crossed “w1118; nub-Gal4; UAS-Cdk8-RNAi” 

female virgins with “Df(2R)Exel6064/CyO” males, and then scored F1 females with the 

following genotype: “w1118/+; nub-Gal4/Df(2R)Exel6064; UAS-Cdk8-RNAi/+”. Df lines that 

caused lethality in F1 were considered as the enhancers. 

II.2.2 Adult Drosophila wing imaging

The wings from adult females were dissected onto slides, briefly washed using 

isopropanol, and then mounted in 50% Canada balsam diluted in isopropanol. Images were taken 

under 5X objective of a microscope (Leica DM2500) and then processed by Adobe Photoshop 

CS6 software. 
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II.2.3 Immunocytochemistry

Wing discs from third instar larvae at the late wandering stage were dissected and fixed 

in 5% formaldehyde at room temperature for 30 minutes. After rinsing with PBS-Triton X-100 

(0.2%), the samples were blocked in PBS-Triton X-100-NGS-BSA (PBS+0.2% Triton X-

100+5% Normal Goat Serum+0.2% Bovine Serum Albumin) at room temperature for one hour. 

For immunostaining of Drosophila CDK8 and CycC, we used anti-dCDK8 (1:2000) and anti-

dCycC (1:2000) antibodies [83-85], diluted in PBS-Triton X-100-NGS-BSA. Expression of the 

lacZ reporter expression was detected using an anti-β-galactosidase monoclonal antibody (1:50 

in PBS-Triton X-100-NGS-BSA; obtained from the Developmental Studies Hybridoma Bank, 

DSHB-40-1a-s). C-terminal phosphorylated Mad (equivalent sites to human Smad3 S423+S425) 

was detected by anti-pSmad3 (1:500 in PBS-Triton X-100-NGS-BSA; purchased from Abcam, 

ab118825). Wing discs were incubated with these primary antibodies overnight at 4˚C on a 

rotator. After rinsing with PBS-Triton X-100, the discs were then incubated with the fluorophore 

conjugated secondary antibodies: goat anti-guinea pig (106-545-003), goat anti-mouse (115-545-

003), or goat anti-rabbit (111-545-003) (all purchased from Jackson Immunological 

Laboratories). These secondary antibodies were diluted 1:1000 in PBS-Triton X-100-NGS-BSA, 

and incubated with the samples for one hour at room temperature. Discs were then stained with 1 

μM DAPI at room temperature for 10 minutes, rinsed two more times with PBS-Triton X-100, 

and mounted in the Vectashield mounting media (Vector Laboratories, H-1000). Confocal 

images were taken with a Nikon Ti Eclipse confocal microscope system, with images processed 

using the Adobe Photoshop CS6 software.  

Quantification of anti-β-galactosidase was performed with Nikon NIS software and 

Microsoft Excel: a single section of the wing discs was selected for the following quantification 
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based on the DAPI channel, which indicates the cell nucleus are on the same focal plat. Three 

lines around 50μm long, 10-15μm apart, were drawn along the dorsal-ventral boundary. The 

line-scan profile of intensity for each line was calculated along each line (Fig. A.II.5A, A.II.5B; 

genotype: ap-Gal4, sal-lacZ/+; UAS-Cdk8-i/+). The area below the intensity index profile 

represents the Sal-lacZ expression levels along the line (Fig. A.II.5B). To obtain the average 

intensity of dorsal or ventral compartment, the dorsal or ventral compartment index area was 

divided by the dorsal or ventral length of the line (Fig. A.II.5C). The intensity for three lines was 

normalized and averaged in dorsal and ventral compartments (Fig. A.II.5C, Fig. A.II.5D). 

Following this approach, five wing discs for each genotype were analyzed to quantify the 

expression of Sal-lacZ in dorsal and ventral compartments, and statistical significance was 

calculated using Student’s one-tailed t-test (Fig. A.II.5E).  

To validate the afore described quantification method, we also measured the signaling 

intensity by selecting 20x20μm squares in the dorsal and the ventral compartments of the same 

wing disc using the Nikon NIS software (Fig. A.II.6A, A.II.6B; genotype: ap-Gal4, sal-lacZ/+; 

UAS-Med15-i/+). We then calculated the dorsal to ventral ratios of the signal intensities of three 

different discs (Fig. A.II.6B), followed by statistical analyses using the Student’s one-tailed t-test 

(Fig. A.II.6C, A.II.6D). We obtained similar results to the quantification based on the line 

profiles as described above.  

II.2.4 GST-pull down assay

Full-length CDK8 fused with a N-terminal GST tag was described previously [71]. The 

primers Mad-5.1 (F: 5’-caccATGGACACCGACGATGTGGA-3’) and Mad-3.3 (F: 5’-

ctaTTAGGATACCGAACTAATTG-3’) were used for full-length Mad (AA1-455), Mad-5.1 and 

Mad-3.1 (F: 5’-ctaCGGGAGCACCGGACTCTCCA-3’) were used for a “Mad-N1” fragment 
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(AA1-150) that contains MH1 domain (AA10-133), Mad-5.1 and Mad-3.2 (F: 5’-

ctaATCCTCCGAGGGACTGTAGG-3’) were used for the “Mad-N2” fragment (AA1-230) that 

contains the MH1 domain and part of the linker region, Mad-5.2 (F: 5’-

caccatgCCAGTACTCGTTCCTCGCCA-3’) and Mad-3.3 were used for the “Mad-C2” fragment 

(AA151-455) that contains the MH2 domain (AA255-455) and part of the linker region, and 

Mad-5.3 (F: 5’-caccatgGGCAACTCCAACAATCCGAA-3’) and Mad-3.3 were for the “Mad-

C1” fragment (AA231-455) that contains the MH2 domain. These coding sequences were 

amplified from a cDNA clone of the Mad gene (LD12679) using PrimeStar Max premix (Takara, 

R045A). The amplified products were inserted into the pENTR/D-TOPO vector (ThermoFisher, 

K240020) and recombined into the pDEST17 vector (N-terminal 6XHis tag) using the Gateway 

LR Clonase II Enzyme mix (ThermoFisher, 11791100) in E. coli strain DH5α. The constructs 

were transformed to E. coli strain Rosetta for protein expression using standard protocols.  

GST or GST-CDK8 was purified with Glutathione Sepharose 4B (GE Healthcare, 17-

0756-01) beads with standard purification protocol. After a final wash, the buffer was replaced 

by the GST pull-down buffer (20mM Tris-HCl pH 7.5, 10mM MgCl2, 100mM NaCl, 1mM DTT, 

0.1% NP-40). His-tagged Mad fragments were extracted from the pull-down buffer by 

sonication. 50μL GST or GST-CDK8 coated beads (0.5-1μg protein) was mixed with 500μL of 

Mad fragments cell lysate and incubated at 4˚C for 3 hours. These samples were then washed 

with 1mL pull-down buffer at 4˚C for 5 times, 1 minute each. The interaction was detected by 

Western Blot with the primary antibody, anti-His (1:3000; Sigma, H1029), and the secondary 

antibody, anti-mouse (1:2000; Jackson Immunological Laboratories, 115-035-174). 



II.2.5 Yeast two-hybrid (Y2H) assay

Full-length CDK8 was amplified from a pBS-CDK8 cDNA clone using primers CDK8-

5.1 (F: 5’-caccATGGACTACG ATTTCAAGAT-3’) and CDK8-3.1 (F: 5’-

TCAGTTGAAGCGCTGGAAGT-3’), and then inserted into the pENTR/D-TOPO vector. The 

Gateway LR Clonase II Enzyme mix was used to recombine CDK8 cDNA into the pGADT7-

GW (prey) vector, a gift from Yuhai Cui (Addgene plasmid # 61702) [86]. The linker region of 

Mad was amplified with Mad-5.2 and Mad-3.2 primers from a cDNA clone of the Mad gene 

(LD12679) using PrimeStar Max premix and inserted into the pENTR/D-TOPO vector. All 

pENTR Mad fragments were recombined into the pGBKT7-GW (bait) vector, a gift from Yuhai 

Cui (Addgene plasmid # 61703) [86], using the Gateway LR Clonase II Enzyme mix. The Y2H 

assay was performed using the AH109 yeast strain, as described previously [86]. 

II.2.6 Statistical analysis

Standard deviation and Student’s one-tailed t-tests were performed using Microsoft 

Excel. Statistical significance (* p<0.05; ** p<0.01; *** p<0.001) was shown in figures and all 

error bars indicate standard deviation. 

II.3 Results

II.3.1 Wing vein patterning defects caused by varying the levels of CDK8, CycC, or both

To study the function and regulation of CDK8 and CycC in vivo, we have generated 

transgenic lines to either deplete them by RNA interference (RNAi) or conditionally overexpress 

the wild-type CDK8 kinase using the Gal4-UAS system [87, 88]. Normal Drosophila wings 

display stereotypical vein patterns, consisting of six longitudinal veins, dubbed L1 to L6, and 
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two crossveins, the anterior crossvein and the posterior crossvein (Fig. II.1A). Knocking down of 

CDK8 using the nubbin-Gal4 line (nub-Gal4) (see Materials and Methods for details), which is 

specifically expressed in the wing pouch area of the wing imaginal discs [89], results in the 

formation of ectopic veins in the intervein region, especially around L2 and L5 (Fig. II.1B). 

Similar phenotypes were observed with the depletion of CycC (Fig. II.1C) or both CDK8 and 

CycC (Fig. II.1D). In contrast, overexpression of wild-type CDK8 (UAS-Cdk8+) disrupts the L3 

vein, the L4 vein, and the crossveins (Fig. II.1E), opposite to the phenotypes caused by depleting 

CDK8, CycC, or both. However, overexpression of a kinase-dead (KD) CDK8 form (UAS-

Cdk8KD) using the same approach does not affect the vein patterns (Fig. II.1F), suggesting that 

the effects of CDK8 on vein phenotypes are dependent on the kinase activity of CDK8. These 

observations show that CDK8 and CycC are involved in regulating the vein patterning in 

Drosophila.  

Fig. II. 1 Wing vein patterning defects caused by varying the levels of CDK8, 
CycC, or both.  Adult female wings of (A) nub-Gal4/+ (control), note the 
longitudinal veins L1-L6, anterior crossvein (ACV), and posterior crossvein (PCV); 
(B) w1118/+; nub-Gal4/+; UAS-Cdk8-RNAi/+; (C) w1118/+; nub-Gal4/+; UAS-CycC-
RNAi/+; (D) w1118/+; nub-Gal4/+; UAS-Cdk8-RNAi CycC-RNAi/+; (E) w1118/+; nub-
Gal4>UAS-Cdk8+/+; (F) w1118/+; nub-Gal4/UAS-Cdk8KD; (G) w1118/+; nub-
Gal4>UAS-Cdk8+/+; cdk8K185; and (H) w1118/+; nub-Gal4/+; UAS-Cdk8-
RNAi/cdk8K185.
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Interestingly, depletion of CDK8 (Fig. II.1B), CycC (Fig. II.1C), or both (Fig. II.1D) 

increase the size of the wings, correlating to a significant increase of total cell numbers but a 

reduction of cell sizes (Fig. A.II.1). In contrast, overexpression of wild-type CDK8 reduces the 

size of wings and total cell numbers, but no obvious effects on cell size (Fig. II.1E and Fig. 

A.II.1). The effects of CDK8 on wing size can also be visualized using ap-Gal4 (apterous-Gal4),

Fig. II.2 Validation of the specificity of the vein defects caused by depletion or 
overexpression of CDK8-CycC.  Representative confocal images of the wing pouch area 
of a L3 wandering larval wing disc: (A) ap-Gal4/UAS-2XGFP with DAPI (blue) and GFP 
(green); (B) ap-Gal4/+ with anti-CDK8 (red) staining; (C) ap-Gal4/+ with anti-CycC (red) 
staining; (D) ap-Gal4/+; UAS-Cdk8-RNAi/+ with anti-CDK8 (red) staining; (E) ap-Gal4/+; 
UAS-CycC-RNAi/+ with anti-CycC (red) staining; (F) ap-Gal4/+; UAS-Cdk8-RNAi CycC-
RNAi/+ with anti-CDK8 (red) staining; (G) ap-Gal4/+; UAS-Cdk8-RNAi CycC-RNAi/+ 
with anti-CycC (red) staining; (H) ap-Gal4/UAS-Cdk8+ with anti-CDK8 (red) staining; and 
(I) ap-Gal4/UAS-Cdk8KD with anti-CDK8 (red) staining. Note that the gain for confocal
imaging in H and I is lower than the others to avoid over saturation of the signals. At least
five wing discs were examined for each genotype. The dorsal/ventral (D/V) boundary is
shown in A, D and H. Scale bar in I: 25μm.



which is specifically expressed within the dorsal compartment of the wing discs (Fig. II.2A) 

[90]. Ap-Gal4-induced depletion of CDK8 and CycC caused the adult wing to curl downwards 

(Fig. A.II.2C), indicating the overgrowth of the dorsal compartment compared to the ventral 

compartment; while overexpression of CDK8 led to the adult wing to curve upwards (Fig. 

A.II.2D), suggesting reduced growth of the dorsal compartment. We have previously reported 

that CDK8 inhibits the transcriptional activity of E2F1, a key transcription factor that controls 

the expression of factors required for the G1 to S-phase transition of the cell cycle [59, 60]. Thus, 

the effects of CDK8 levels on wing size and cell numbers are likely through E2F1-regulated cell-

cycle progression.  

II.3.2 Validation of the specificity of the vein defects caused by depletion or overexpression of 

CDK8-CycC 

To verify the specificity of these phenotypes, we recombined the nub-Gal4 line with the 

CDK8-RNAi, CycC-RNAi, or CDK8-overexpression lines, and then tested whether these vein 

phenotypes could be dominantly modified by cdk8K185, a null allele of cdk8 [71]. As shown in 

Fig. II.1G, reducing CDK8 by half in a ‘cdk8K185/+’ heterozygous background suppresses the 

vein defects caused by CDK8 overexpression. However, heterozygosity of cdk8K185 does not 

obviously enhance the vein phenotype caused by CDK8-RNAi (Fig. II.1H), indicating that the 

RNAi of CDK8 may have depleted most of the CDK8 protein pool.  

To further validate the specificity of the CDK8-directed phenotypes at the cellular level, 

we analyzed the protein levels of CDK8 and CycC in wing discs at the third instar wandering 

larval stage by immunostaining with CDK8 or CycC specific antibodies. Normally, both the 

CDK8 (Fig. II.2B) and CycC (Fig. II.2C) proteins are niformly distributed in the nuclei of all 

wing disc cells. Depletion of CDK8 (Fig. II.2D), CycC (Fig. II.2E), or both (Fig. II.2F and 2G) 
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using the ap-Gal4 line significantly reduced CDK8 or CycC proteins in the dorsal compartment. 

The ventral compartment of the same discs serves as the internal control. In contrast, 

overexpression of either wild-type (Fig. II.2H) or kinase-dead (Fig. II.2I) CDK8 using ap-Gal4 

specifically increased the levels of CDK8 protein in the dorsal compartment. Taken together, 

these genetic and cell biological analyses have validated the specificity of both the antibodies 

and transgenic lines, demonstrating that these vein phenotypes are caused by a specific gain or 

reduction of CDK8 activity in vivo.  

II.3.3 Identification of deficiency lines that can dominantly modify the vein phenotypes caused 

by varying CDK8 

Based on these CDK8-specific vein phenotypes, we performed a dominant modifier 

genetic screen to identify gene products that can functionally interact with CDK8 in vivo. The 

idea of using phenotypic modifications to identify multiple genes involved in determining a 

specific trait or a phenotypic endpoint was initially developed by Calvin B. Bridges, when he 

analyzed mutant genes that could interact with the eosin mutant in regulating eye color in flies 

[91]. This genetic modifier approach has been employed to reveal the functional and inter-

molecular networks for proteins of interest in Drosophila (for instances, [92-96]), and to provide 

insights into the phenotypic and genetic variability in mammals [97, 98]. The approach posits 

that if a protein interacts with CDK8-CycC in vivo in defining the wing vein patterns, then 

reducing its level by half may either enhance or suppress the sensitized wing vein phenotypes 

caused by specific alteration of the CDK8 activities. Accordingly, we can survey through the fly 

genome to search for factors that interact with CDK8-CycC using single genetic crosses. 

To facilitate this screen approach, we generated three stocks with the following 

genotypes: “w1118; nub-Gal4; UAS-Cdk8-RNAi” (designated as “nub>Cdk8-i” for simplicity), 
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“w1118; nub-Gal4; UAS-CycC-RNAi” (“nub>CycC-i”), and “w1118; nub-Gal4, UAS-Cdk8+/CyO” 

(“nub>Cdk8+”). We then conducted a dominant modifier genetic screen by crossing these three 

lines in parallel with a collection of 490 deficiency (Df) lines (Table B.II.1), which uncovers the 

majority of the euchromatic genome [99, 100]. Any alteration of the wing vein patterns can be 

readily discerned under dissecting microscopes, allowing us to search for Df lines that could 

modify the vein phenotypes caused by specific alteration of CDK8 activities.  

Fig. II.3 Identification of deficiency lines that can dominantly modify the vein 
phenotypes caused by varying CDK8. (A-F) Adult wings showing the examples of 
dominant modifiers. (A) nub-Gal4/Df(2R)Exel6064; UAS-Cdk8-RNAi (a suppressor of 
the CDK8-RNAi phenotype); (B) nub-Gal4/+; UAS-Cdk8-RNAi/Df(3R)Exel6176, (an 
enhancer of the CDK8-RNAi phenotype); (C) nub-Gal4/Df(2R)Exel6064; UAS-CycC-
RNAi/+ (a suppressor of the CycC-RNAi phenotype); (D) nub-Gal4/+; UAS-CycC-
RNAi/Df(3R)Exel6176 (an enhancer of the CycC-RNAi phenotype); (E) nub-Gal4>UAS-
Cdk8+/+; Df(3R)Exel6176 /+  (a suppressor of the CDK8-overexpression phenotype); 
and (F) nub-Gal4>UAS-Cdk8+/Df(2R)Exel6064 (an enhancer of the CDK8-
overexpression phenotype). Scale bar in F: 0.4mm. (G and H) The Venn diagrams 
summarize the numbers of suppressors and enhancers of the CDK8-specific phenotypes. 
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We inspected the vein patterns of the F1 females for enhancers and suppressors based on 

the following criteria: suppressors of the CDK8- or CycC-RNAi phenotypes are expected to 

display fewer or no ectopic veins (e.g., Fig. II.3A and 3C), while enhancers of the CDK8- or 

CycC-RNAi phenotypes show more or longer ectopic veins (e.g., Fig. II.3B and 3D). To score 

the strength of the modifications, we define strong suppressors as the Df lines that eliminate all 

of the ectopic veins, while the Df lines that only shorten the length of the ectopic veins are scored 

as weak suppressors. Similarly, we define strong enhancers to cause more or longer ectopic veins 

than CDK8- or CycC-RNAi phenotypes, while the Df lines causing less severe vein defects are 

designated as the weak enhancers. Conversely, the strong suppressors of the CDK8-

overexpression phenotype are expected to have vein patterns similar to those of wild-type wings 

(particularly the L3/L4; e.g., Fig. II.3E, compared to the control shown in Fig. II.1E). If the Df 

lines only partially restore the missing veins, then they are scored as the weak suppressors. In 

contrast, the strong enhancers of the CDK8-overexpression phenotype are defined by further 

disrupting the vein patterns, with the entire L3 or L4 missing, often accompanied with strong 

disruption on other veins (e.g., Fig. II.3F); while the weaker enhancers further disrupted the vein 

defects compared to the CDK8-overexpression phenotype, but less severe than the strong 

enhancers.  

From these screens, we identified 57 suppressor and 90 enhancer Df lines for the CDK8-

RNAi phenotype, and 62 suppressor and 98 enhancer Df lines for the CycC-RNAi phenotype. In 

addition, we identified 63 enhancer and 98 suppressor Df lines for the CDK8-overexpression 

phenotype (Fig. II.3G and 3H). The results for all of these Df lines are summarized in Table 

B.II.1. Of these dominant modifier Df lines, four of them suppressed the CDK8-RNAi and

CycC-RNAi phenotypes but enhance the CDK8-overexpression phenotype (Fig. II.3G, Table 
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II.1),

while 22 of them enhance the CDK8-RNAi and CycC-RNAi phenotypes but suppress the 

CDK8-overexpression phenotype (Fig. II.3H, Table II.1). To further validate this genetic 

approach, we generated a transgenic line that allowed us to simultaneously deplete CDK8 and 

CycC (“w1118; nub-Gal4; UAS-Cdk8-RNAi, CycC-RNAi”, referred to as “nub>Cdk8-i CycC-i”) 

Table II.1. Deficiency lines that dominantly modify the CDK8- or CycC-specific phenotypes 

Stock # Deficiency lines Cytogenetic 
breakpoints 

nub>CDK8+ 
backrgound 

nub>CDK8-RNAi 
background 

nub>CycC-RNAi 
background 

nub>CDK8-
RNAi, CycC-

RNAi 
background 

901 Df(1)svr 1A1;1B9--10 weak suppressor strong enhancer enhancer lethal 

25059 Df(1)BSC531 3C3;3E2 enhancer strong suppressor strong suppressor enhancer 

3196 Df(1)Sxl-bt 6E2;7A6 suppressor strong enhancer strong enhancer strong enhancer 

1581 Df(2L)JS31 23A3--4;23D strong suppressor enhancer enhancer enhancer 

9718 Df(2L)BSC244 32F2;33B6 enhancer strong suppressor strong suppressor strong suppressor 

7512 Df(2L)Exel6030 33A2--33B3 suppressor enhancer enhancer enhancer 

7546 Df(2R)Exel6064 53C11;53D11 strong enhancer suppressor strong suppressor suppressor 

25430 Df(2R)BSC597 58A2;58F1 suppressor strong enhancer enhancer weak enhancer 

27352 Df(2R)BSC780 60C2;60D14 strong suppressor strong enhancer strong enhancer strong enhancer 

7561 Df(2R)Exel6082 60C4--60C7 suppressor enhancer enhancer enhancer 

25436 Df(2R)BSC603 60C7--60D1 strong suppressor enhancer enhancer enhancer 

24413 Df(3L)BSC389 66C12;66D8 suppressor enhancer enhancer enhancer 

27577 Df(3L)BSC816 66D9;66D12 weak suppressor enhancer strong enhancer enhancer 

26525 Df(3L)BSC673 67C7;67D10 suppressor enhancer weak enhancer enhancer 

7945 Df(3L)Exel9011 76B8;76B9 suppressor weak enhancer enhancer enhancer 

2596 Df(3L)6B-
29+Df(3R)6B-29 81Fa;81Fa suppressor enhancer enhancer NE 

7623 Df(3R)Exel6144 83A6-83B6 strong suppressor enhancer enhancer strong enhancer 

9215 Df(3R)ED5495 85F16;86C7 enhancer suppressor suppressor weak suppressor 

7965 Df(3R)Exel7310 86E18;87A1 suppressor strong enhancer enhancer enhancer 

7976 Df(3R)Exel8159 88A4;88B1 suppressor enhancer enhancer weak enhancer 

7655 Df(3R)Exel6176 89E11;89F1 strong suppressor weak enhancer weak enhancer weak enhancer 

26846 Df(3R)BSC748 89E5;89E11 strong suppressor enhancer enhancer enhancer 

7657 Df(3R)Exel6178 90F4;91A5 supressor enhancer enhancer enhancer 

2352 Df(3R)X3F 99D1--2;99E1 suppressor enhancer enhancer lethal 

2155 Df(3R)A113 100A;3Rt suppressor strong enhancer enhancer enhancer 

7918 Df(3R)Exel8194 100A4;100A7 suppressor weak enhancer enhancer strong enhancer 

NE, no effects. 
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with nub-Gal4, and observed identical phenotypes to the ones caused by depleting either Cdk8 or 

CycC alone (Fig. II.1D). With the exception of one Df line, the rest of these 25 Df lines have 

consistently modified the ectopic vein phenotype caused by depletion of both CDK8 and CycC: 

four of the Df lines behaved as suppressors and 21 of them as enhancers (Table II.1). These 

results show that the CDK8-specific vein phenotypes are modifiable and can be used to identify 

factors that functionally interact with CDK8-CycC in vivo. 

Fig. II.4 Identification of the Dad gene and genes encoding other components of 
the Dpp signaling pathway as dominant modifiers of the CDK8-specific 
phenotypes. (A) Schematic diagram of the genome region of Df(3R)BSC748 and 
Df(3R)Exel6176, which uncover the gene dad. Adult wings with the following 
genotypes: (B) nub-Gal4/+; UAS-Cdk8-RNAi/DadMI04922; (C) nub-Gal4/+; UAS-
CycC-RNAi/DadMI04922; (D) nub-Gal4/+; UAS-Cdk8-RNAi CycC-RNAi/DadMI04922; 
(E) nub-Gal4>UAS-Cdk8+/+; DadMI04922/+; (F) nub-Gal4/tkvk16713; UAS-Cdk8-
RNAi/+; (G) nub-Gal4>UAS-Cdk8+/tkvk16713; (H) nub-Gal4/Mad12; UAS-Cdk8-
RNAi/+; (I) nub-Gal4>UAS-Cdk8+/Mad12; (J) nub-Gal4/+; UAS-Cdk8-
RNAi/Medea13; and (K) nub-Gal4>UAS-Cdk8+/+; Medea13/+; Scale bar in K:
0.4mm.



II.3.3 Identification of Dad as an enhancer of the nub>Cdk8-i and nub>CycC-i phenotypes but 

a suppressor of the Cdk8-overexpression phenotype 

To identify the specific genes uncovered by these dominant modifier Df lines, we 

analyzed these 26 genome regions with partial overlapping Df lines (Table II.1). Interestingly, 

two partially overlapping Df lines, Df(3R)BSC748 and Df(3R)Exel6176, enhanced the CDK8-

RNAi and CycC-RNAi phenotypes, but suppressed the CDK8-overexpression phenotype (Fig. 

II.3B, 3D, and 3E; Table II.1). The overlapping region uncovers one specific gene, Dad

(Daughter against Dpp), encoding the Drosophila homolog of Smad6/7 (Fig. II.4A). Thus, to 

test whether Dad is the specific gene that accounts for the modification of the CDK8-specific 

phenotypes by these two Df lines, we performed similar genetic tests with two mutant alleles of 

Dad: DadMI04922, a MiMIC (Minos Mediated Integration Cassette) insertion in an intron of the 

Dad gene [101], and Dadj1E4, an insertion of the P{lacW} element in an intron of the Dad gene 

[102]. Indeed, both Dad mutant alleles dominantly enhanced the CDK8-RNAi (Fig. II.4B), 

CycC-RNAi (Fig. II.4C), and CDK8-RNAi plus CycC-RNAi (Fig. II.4D) phenotypes, but 

suppressed the CDK8-overexpression phenotype (Fig. II.4E, Table II.2). These effects on the 

CDK8-specific vein phenotypes are similar to those observed for Df(3R)BSC748 and 

Df(3R)Exel6176, suggesting that Dad is the specific gene that genetically interacts with CDK8 in 

vivo.   
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II.3.4 Mutants of multiple components of the Dpp signaling pathway genetically interact with 

CDK8-CycC 

The protein Dad functions as an inhibitory Smad in the Dpp/TGFβ signaling pathway, 

which plays critical roles in regulating cell proliferation and differentiation during the 

development of metazoans [103-108]. During the development of the wing discs, Dpp spreads 

from the anterior-posterior boundary to the anterior and posterior halves [103-105, 109]. Upon 

the binding of the Dpp ligand to the Tkv-Punt receptor complex on the cell membrane, the TGFβ 

type II receptor Punt phosphorylates and activates the type I receptor Tkv. This results in the 

phosphorylation of Mad by Tkv at its C-terminal SSXS motif, known as the phospho-Mad 

protein or pMad. Medea, the unique co-Smad protein in Drosophila, associates with pMad in the 
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Table II.2. Mutant alleles of genes encoding components of the Dpp 
signaling that modify the CDK8- or CycC-specific phenotypes. 

Mutant 
alleles 

nub>Cdk8+ nub>Cdk8-i nub>CycC-i nub>Cdk8-i 
CycC-i 

dppd6 NE Suppressor Suppressor Suppressor 
dpphr92 NE Suppressor Suppressor Suppressor 
dppS11 NE Suppressor Suppressor Suppressor 
tkv7 Enhancer NE Suppressor Suppressor 
tkvk16713 Enhancer Suppressor NE Suppressor 
Madk00237 Enhancer NE Suppressor Suppressor 
Mad1-2 NE Suppressor NE Suppressor 
Mad8-2 NE Suppressor NE Suppressor 
Mad12 Enhancer Suppressor NE NE 
MadKG00581 Enhancer NE NE Suppressor 
Medea1 Enhancer NE Suppressor Suppressor 
Medea13 Enhancer Suppressor No Effect Suppressor 
DadMI04922 Suppressor Enhancer Enhancer Enhancer 
Dadj1e4 Suppressor Enhancer Enhancer Enhancer 
NE, no effects. 



cytoplasm, and then this heteromeric Smad complex translocates into the nucleus and regulates 

the expression of its target genes [107, 109-111].  

The genetic interactions between CDK8-CycC and Dad prompted us to test whether 

mutant alleles of other components of the Dpp signaling pathway could also genetically interact 

with CDK8 and CycC. For this, we crossed multiple mutant alleles of these components with the 

CDK8-CycC depletion or overexpression lines. As summarized in Table II.2, mutants of 

multiple components of the Dpp signaling pathway could either dominantly enhance or suppress 

the CDK8-specific vein phenotypes. For instance, dppd6, tkv7, tkvk16713 (Fig. II.4F), Mad12 (Fig. 

II.4H), Madk00237, Medea1, and Medea13 (Fig. II.4J) all dominantly suppress the ectopic vein 

phenotype caused by depletion of CDK8, or both CDK8 and CycC (Table II.2). However, tkv7, 

tkvk16713 (Fig. II.4G), Madk00237, Mad12 (Fig. II.4I), Medea1, and Medea13 (Fig. II.4K) enhance the 

CDK8-overexpression phenotype (Table II.2). Testing additional mutant alleles of these genes 

have revealed that most of them can also dominantly modify the CDK8-specific phenotypes 

(Table II.2). Dpp is activated in a specific pattern in the middle part of the wing pouch area, 

while the nub-Gal4 display a well-characterized pattern in the entire wing pouch area. These two 

patterns differ, arguing against the possibility that Dpp signaling may affect nub-Gal4 expression 

pattern. In addition, reducing Mad or Dad by half has little effects on the expression of a UAS-

RFP reporter driven by nub-Gal4 (Fig. A.II.3), suggesting that the expression and activity of 

nub-Gal4 are not affected by Dpp signaling. Taken together, these genetic interactions suggest 

that CDK8-CycC may affect vein patterning by modulating Dpp signaling.  

II.3.5 CDK8-CycC positively regulates Mad-dependent transcription

Given that CDK8 and CycC are known subunits of the Mediator complex, which serves 

as a scaffold complex mediating the interactions between the RNA Pol II basal transcription 
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machinery and a number of gene-specific transcription activators [3, 7, 112]. Thus, the simplest 

model to explain the genetic interactions between Dpp signaling and CDK8-CycC is that the 

CDK8-CycC complex may directly regulate the transcriptional activity of Mad in the nucleus. To 

test this model, we analyzed the effects of CDK8-CycC depletion on the expression of spalt 

major (salm), a well-characterized direct target gene of Mad involved in vein differentiation 

[113-116]. The sal-lacZ (P{PZ}salm03602) is a enhancer trap line derived from an insertion of a 

P{PZ} element in the promoter region of the salm gene [117, 118], and the expression of sal-

lacZ can serve as a reporter for the transcriptional activity of Mad [119].  

Because the expression of sal-lacZ is symmetric along the dorsal-ventral boundary of the 

wing pouch area of the wing discs (Fig. II.5A), we tested whether specific depletion of CDK8 or 

CycC within the dorsal compartment of the wing discs could affect the transcriptional activity of 

Mad by detecting the transcription level of sal using an anti-β-galactosidase (anti-β-Gal) 

antibody. For this, we depleted genes of interest using the ap-Gal4 driver, and then compared the 

β-Gal expression between the dorsal and ventral compartments. As expected, depleting Mad with 

two transgenic RNAi lines (BL-43183 (Fig. II.5B) and BL-31315 (Fig. A.II.4B and A.II.4B’)), 

Medea (Fig. II.5C), or Dpp (Fig. A.II.4A) using this approach reduced the expression of the sal-

lacZ reporter in the dorsal compartment. Importantly, depletion of CDK8 (Fig. II.5D), CycC 

(Fig. II.5E), or both (Fig. II.5F), in the dorsal compartment significantly decreased the β-Gal 

expression level in the dorsal compartment compared with the ventral compartment of the same 

disc. After quantifying the line-scan profiles of the Sal-lacZ levels in the wing porch area, we 

calculated the relative signal intensity of dorsal to ventral Sal-lacZ levels for 5 wing discs of each 

genotype (Fig. A.II.5; see Materials and Methods for details), which validated the effects of 
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Fig. II.5 CDK8-CycC positively regulates Mad-dependent transcription. Confocal 
images of the wing pouch area of a L3 wandering larval wing disc of (A) ap-Gal4, sal-
lacZ/+ (control); (B) ap-Gal4, sal-lacZ/UAS-Mad-RNAi (BL-43183); (C) ap-Gal4, sal-
lacZ/UAS-Medea-RNAi; (D) ap-Gal4, sal-lacZ/+; UAS-Cdk8-RNAi/+; (E) ap-Gal4, sal-
lacZ/+; UAS-CycC-RNAi/+; and (F) ap-Gal4, sal-lacZ/+; UAS-Cdk8-RNAi CycC-
RNAi/+. All signals presented were from anti-β-galactosidase staining. Scale bar in F: 
25μm. Dorsal (D)-ventral (V) boundaries are marked using a short line in these images. 
(G) Quantification of Sal-lacZ expression. The black columns represent the average of
Sal-lacZ expression in the ventral compartment of the indicated genotypes (N=5 for each
genotype), and light green columns represent the measurements in the dorsal
compartments. (H) Western Blots of a GST pull-down assay between GST-CDK8 and
His-tagged Mad fragments. The amino acids (AA) positions of MH1 and MH2, separated
by the linker region, are based on a BLAST search of Drosophila Mad-RA isoform
(455AA). The other isoform, Mad-RB (525AA), has additional 70AA at the N-terminus.
We focused on the Mad-RA isoform in this work. (I) Y2H assay showing the specific
interaction between CDK8 and the linker region of Mad. SD/-Leu/-Trp and SD/-Leu/-
Trp/-His are synthetic dropout (SD) media lacking “Leu and Trp”, or “Leu, Trp, and His”,
respectively. The co-transformed yeast cultures were spotted on SD/-Leu/-Trp and SD/-
Leu/-Trp/-His plates, positive interactions result in yeast growth on the SD/-Leu/-Trp/-His
plate. AD, GAL4-activation domain (prey); BD, GAL4-DNA-binding domain (bait); AD- 
or BD-protein, AD- or BD-fusion proteins.
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CDK8-CycC on sal-lacZ expression (Fig. II.5G). Similar observations were observed by 

quantifying the pixel intensities in areas in the dorsal and ventral compartments (Fig. A.II.6). 

To further validate the effects of CDK8-CycC depletion on Mad-activated gene 

expression, we analyzed the expression of the quadrant enhancer (QE) of the selector gene 

vestigial (vgQE-lacZ) in wing discs. Similar to Sal-lacZ reporter, vgQE-lacZ also  displays a 

symmetric expression pattern along the D-V boundary in the wing pouch (Fig. II.6A) [81, 82]. 

As expected, depleting Mad (BL-31315) using ap-Gal4 driver significantly reduced the 

Fig. II.6 Effects of various Mediator subunits on the expression of the vgQE-lacZ 
reporter. Representative confocal images of anti-β-Gal staining of wing discs of the 
following genotypes: (A) ap-Gal4/+; vgQE-lacZ/+; (B) ap-Gal4/+; vgQE-lacZ/UAS-
Mad-RNAi (BL-31315); (C) ap-Gal4/+; vgQE-lacZ/UAS-Cdk8-RNAi; (D) ap-
Gal4/+; vgQE-lacZ/UAS-CycC-RNAi; (E) ap-Gal4/+; vgQE-lacZ/UAS-Cdk8-RNAi, 
CycC-RNAi; (F) ap-Gal4/+; vgQE-lacZ/UAS-Med12-RNAi; (G) ap-Gal4/+; vgQE-
lacZ/UAS-Med13-RNAi; (H) ap-Gal4/+; vgQE-lacZ/UAS-Med15-RNAi; (I) ap-
Gal4/+; vgQE-lacZ/UAS-Med23-RNAi; (J) ap-Gal4/+; vgQE-lacZ/UAS-Med24-
RNAi; (K) ap-Gal4/+; vgQE-lacZ/UAS-Med31-RNAi; (L) ap-Gal4/+; vgQE-
lacZ/UAS-Med30-RNAi. At least five wing discs were examined for each genotype. 
Scale bar in L: 25μm.  



expression of vgQE-lacZ in the dorsal compartment (Fig. II.6B). Although depleting CDK8 

alone only marginally reduced the vgQE-lacZ expression in the dorsal compartment (Fig. II.6C), 

a more obvious effect was observed with the depletion of CycC (Fig. II.6D), and a stronger 

reduction of the reporter expression was detected with the depletion of both CDK8 and CycC 

(Fig. II.6E) using the same approach. We note that the interpretation of the data presented in Fig. 

II.6 is compounded by the fact that the transcription of the vg in different compartments of wing 

discs is controlled by Wingless  (Wg) and Dpp signaling, as well as a feed-forward regulation by 

Vg itself [81, 82]. Nevertheless, the most parsimonious model to explain the observations based 

on Sal-lacZ and vgQE-lacZ reporters is that CDK8-CycC positively regulates Mad-dependent 

transcription.  

One caveat of these analyses is that the CKM could affect ap-Gal4 activities. As shown 

in Fig. A.II.7B, we observed that depleting CDK8 and CycC reduces the ap-Gal4-dependent 

expression of UAS-GFP in the dorsal compartment of wing discs (compared to the control shown 

in Fig. A.II.7A). This observation suggests that the positive effects of depletion of CDK8 and 

CycC on wing vein patterning are hypomorphic, representing an under-estimation of the positive 

effects of CDK8-CycC in regulating Mad-dependent transcription. In addition, we observed that 

depleting Ap protein using ap-Gal4 has no effects on the sal-lacZ expression in the dorsal 

compartment (Fig. A.II.7C), suggesting that the expression of sal-lacZ is independent of the 

levels of Ap or Gal4. 

II.3.6 Direct interactions between CDK8 and Mad

 Since Mad phosphorylation at its C-terminus (pMad) by the Tkv-Punt receptor complex 

marks the activation of Mad, we tested whether CDK8 affects the pMad level. For this, we 

depleted CDK8, CycC, or both, with the ap-Gal4 line, and then detected the levels of the 
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activated Mad with an anti-pMad antibody. In the wing pouch area of the control discs, the pMad 

protein is symmetrically distributed along the dorsal-ventral boundary (Fig. A.II.8A). However, 

depletion of CDK8-CycC did not affect pMad levels when comparing the dorsal compartment 

with the ventral compartment (Figs. A.II.8B-A.II.8D), suggesting that CDK8-CycC does not 

affect the phosphorylation of Mad at its carboxy terminus in the cytoplasm. These results support 

the idea that the CDK8-CycC complex directly regulates the transcriptional activity of Mad in 

the nucleus.  

R-Smads are characterized by a highly conserved amino-terminal MH1 (Mad homology

1) domain that binds to DNA and a C-terminal MH2 domain that harbors the transactivation

activity, separated by a serine- and proline-rich linker region (Fig. II.5H) [120]. It was previously 

reported that CDK8 and a few other kinases (see below) may phosphorylate Smad proteins in 

both Drosophila and mammalian cells [63, 64, 77, 109, 120], but whether and how CDK8 

interacts with Smads remain unknown. To determine whether CDK8 directly interacts with Mad, 

we performed a GST-pulldown assay. As shown in Fig. II.5H, purified GST-CDK8 can directly 

bind with His-tagged full length Mad (Mad-FL, AA1-455) expressed in E. coli. We then mapped 

the specific domain of Mad that interacts with CDK8 using His-tagged fragments of the Mad 

protein. We observed that the “Mad-N2” fragment (AA1-230) and the “Mad-C2” fragment 

(AA151-455), but not the “Mad-N1” fragment (AA1-150) or the “Mad-C1” fragment (AA231-

455), can interact directly with CDK8 (Fig. II.5H). We validated the interaction between CDK8 

and the linker region using the yeast two-hybrid (Y2H) assay: the “Mad-N2” fragment, but not 

the “Mad-N1” fragment, as the bait can interact with full-length CDK8 as the prey (Fig. II.5I). It 

is not feasible to use this Y2H approach test with Mad-FL or Mad-C1/C2 fragments as bait, since 

they auto-activate as the baits; while the full-length CDK8 can also auto-activate as the bait (Fig. 



A.II.9). Taken together, these results suggest that CDK8 directly interacts with part of the linker 

region of Mad protein (AA151-230). Implications of these physical interactions are discussed 

below.  

II.3.7 Involvement of additional Mediator complex subunits in regulating the Mad/Smad-

dependent transcription 

The Med15/ARC105 subunit of the Mediator complex has been previously shown to 

directly interact with the transactivation MH2 domain of Smad2/3, thereby mediating the 

Smad2/3-Smad4-dependent transcription in Xenopus [121], and Med15 is required for the 

transcription of Dpp target genes in Drosophila [122]. However, whether other Mediator 

subunits are involved in regulating the Mad/Smad-dependent transcription remains unknown. To 

address this question, we depleted individual subunits of the Mediator complex upon conditional 

expression of interfering RNAs with ap-Gal4, and then analyzed the expression of the sal-lacZ 

reporter. Of the 30 Mediator subunits tested (Table II.3), we have observed that depletion of six 

additional Mediator subunits, Med12 (Fig. II.7B), Med13 (Fig. II.7C), Med15 (Fig. II.7D), 

Med23 (Fig. II.7E), Med24 (Fig. II.7F), and Med31 (Fig. II.7G), by ap-Gal4 significantly 

reduced the expression of sal-lacZ in cells of the dorsal compartment compared with the cells in 

the ventral compartment of the same wing discs (Fig. II.7J); similar to depletion of CDK8 or 

CycC (Fig. II.5). The effects of these six Mediator subunits were further validated using the 

vgQE-lacZ reporter: their depletion using ap-Gal4 also reduces the vgQE-lacZ expression in the 

dorsal compartment (Fig. II.6F-6K). These results suggest that these Mediator subunits are 
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required for the Mad-activated gene expression. However, RNAi depletion of the remaining 15 

Mediator subunits using ap-Gal4 driver did not significantly affect sal-lacZ expression (Table 

II.3), as β-Gal expression remained symmetric along the dorsal-ventral boundary as exemplified

for depletion of Med1 (Fig. II.7A, and 7J) and Med25 (Fig. II.7H) on sal-lacZ expression. 

Similarly, depletion of Med30 using ap-Gal4 does not obviously affect the expression of sal-

Fig. II.7 Effects of the additional Mediator subunits on the expression of the sal-
lacZ reporter. Representative confocal images of anti-β-Gal staining of wing discs 
of the following genotypes: (A) ap-Gal4, sal-lacZ/+; UAS-Med1-RNAi/+; (B) ap-
Gal4, sal-lacZ/+; UAS-Med12-RNAi/+; (C) ap-Gal4, sal-lacZ/+; UAS-Med13-
RNAi/+; (D) ap-Gal4, sal-lacZ/+; UAS-Med15-RNAi/+; (E) ap-Gal4, sal-lacZ/+; 
UAS-Med23-RNAi/+; (F) ap-Gal4, sal-lacZ/+; UAS-Med24-RNAi/+; (G) in ap-Gal4, 
sal-lacZ/+; UAS-Med31-RNAi/+; (H) ap-Gal4, sal-lacZ/UAS-Med25-RNAi; and (I) 
ap-Gal4, sal-lacZ/+; UAS-Med7-RNAi/+. (J) Quantification of Sal-lacZ expression. 
The black columns represent the average of Sal-lacZ expression in the ventral 
compartment of five wing discs of the indicated genotypes (N=5 for each genotype), 
and light green columns represent the measurements in the dorsal compartments. 
Scale bar in A: 25μm. For (H) and (I), at least five wing discs were examined for 
each genotype.   
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lacZ and vgQE-lacZ reporters, which remains symmetric along the dorsal-ventral boundary (Fig. 

II.6L, Table II.3).

Table II.3. The effects of depleting different Mediator subunits on the expression of the Sal-lacZ and vgQE-lacZ 
reporters in wing discs during the third instar larval stage, as well as the wing and eye phenotypes in adult flies. 

Mediator subunit Effect on sal-
lacZ expression 

Effect on vgQE-
lacZ expression 

 Phenotypes using 
the nub-Gal4 driver 

 Phenotypes using 
the ey-Gal4 driver 

Terriente-Felix et 
al. (2010) (nub-

Gal4) 
CDK8 decrease decrease ectopic vein NE ND 

CycC decrease decrease ectopic vein NE ND 

CDK8&CycC decrease decrease ectopic vein NE ND 

Med12 decrease decrease pupal lethal small eye small wing 
Med13 decrease decrease pupal lethal small eye ND 

Med15 decrease decrease cell death small eye ND 
Med23 decrease decrease vein defects NE ND 
Med24 decrease decrease NE small eye ND 
Med31 decrease decrease cell death pupal lethal ND 

Med7 deformed ND wingless pupal lethal ND 

Med8 deformed ND pupal lethal pupal lethal ND 
Med14 deformed ND wingless pupal lethal ND 
Med16 deformed ND pupal lethal small eye small wing 
Med17 deformed ND wingless pupal lethal ND 
Med21 deformed deformed pupal lethal pupal lethal ND 
Med22 deformed ND cell death eyeless ND 

Med1 NE ND cell death NE ND 
Med4 NE ND vein defects NE ND 
Med6 NE ND larval lethal small eye ND 
Med9 NE ND NE NE ND 
Med10 NE ND NE NE small wing 
Med11 NE ND cell death eyeless ND 

Med18 NE ND NE NE ND 
Med19 NE ND ectopic vein NE ND 
Med20 NE ND vein defects small eye cell death 
Med25 NE ND small wing NE small wing 
Med26 NE ND NE small eye ND 
Med27 NE ND cell death eyeless small wing 

Med28 NE ND cell death small eye ND 
Med29 NE ND NE NE ND 

Med30 NE NE cell death small eye cell death 

NE, no effects. 

ND, not determined. 



Furthermore, depleting the remaining Mediator subunits, including Med7 (Fig. II.7I), Med8 (Fig. 

A.II.10A), Med14 (Fig. A.II.10B), Med16 (Fig. A.II.10C), Med17 (Fig. A.II.10D), Med21 (Fig. 

A.II.10E), and Med22 (Fig. A.II.10F), severely disrupted the morphology of the wing discs, 

making it difficult to determine their roles in regulating sal transcription. Taken together, these 

observations suggest that multiple Mediator subunits, but apparently not all of them, are required 

for Mad-dependent transcription in Drosophila.  

II.3.8 CDK9 and Yorkie also positively regulate the Mad/Smad-dependent transcription

Besides CDK8, several other kinases, such as CDK7, CDK9, GSK3 (Glycogen synthase 

kinase 3), and MAPKs (mitogen-activated protein kinases) such as ERK (extracellular signal-

regulated kinase) and ERK2, have been implicated to phosphorylate and regulate the 

transcriptional activity of Smads [63, 64, 120, 123] (Fig. II.8A, see below). The four 

phosphorylation sites (Ser or Thr residues) within the linker region of Smads appear to be 

conserved from Drosophila to mammals (Fig. II.8B; see Discussion). The phosphorylation of 

Smads within the linker region may facilitate the subsequent binding with transcription co-

factors, such as YAP (Yes-associated protein) [63]. However, it is still unclear whether all of 

these kinases regulate Smads activity in vivo. With the exception of YAP (Yorkie or Yki, in 

Drosophila), it is also unclear whether these regulatory mechanisms are conserved during 

evolution.  

To validate the relevance of these kinases in regulating Mad-dependent gene expression, 

we depleted the Drosophila orthologs of CDK7, CDK9, Shaggy (Sgg, the GSK3 homolog in 

Drosophila), Rolled, and dERK2 (MAPK/ERK homologs in Drosophila), in the dorsal 

compartment of wing discs (using ap-Gal4 as above), and then analyzed sal-lacZ expression in 
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Fig. II.8 Validation of additional transcriptional cofactors for their roles in 
regulating Mad-dependent transcription. (A) Model: linker region of pMad may 
be phosphorylated by CDK8, CDK9, or MAPKs as priming kinase recruiting 
Yki/YAP binding to pMad to drive target gene, such as sal transcription; and further 
phosphorylation by Sgg/GSK3 at the linker region may switch the binding to dSmuf1 
and causes pMad degradation. (B) Sequence alignment of part of the Mad/Smad1 
linker region from different species showing the conservation of the potential 
phosphorylation sites by CDKs, MAPKs, and GSK3. Representative confocal images 
of anti-β-Gal staining of wing discs of the following genotypes: (C) ap-Gal4, sal-
lacZ/+; UAS-yki-RNAi/+; (D) ap-Gal4, sal-lacZ/UAS-Cdk9-RNAi; (E) ap-Gal4, sal-
lacZ/+; UAS-CycT-RNAi/+; (F) ap-Gal4, sal-lacZ/UAS-Cdk7-RNAi; (G) ap-Gal4, 
sal-lacZ/+; UAS-rl-RNAi/+; (H) ap-Gal4, sal-lacZ/+; UAS-ERK2-RNAi/+; and (I) 
ap-Gal4, sal-lacZ/UAS-sgg-RNAi. Scale bar in D: 25μm. (J) Quantification of Sal-
lacZ expression. The grey columns represent the average of Sal-lacZ expression in 
the ventral compartment of the indicated genotypes, and light green columns 
represent the measurements in the corresponding dorsal compartments. N=5 for the 
quantification of sal-lacZ expression after depleting Yki, Cdk9, or CycT in the dorsal 
compartment; N=3 for the quantification of sal-lacZ expression after depleting Cdk7 
or Sgg in the dorsal compartment. At least five wing discs were examined for 
depletion of Rl (G) and ERK2 (H), and the represented images were shown. 
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the wing pouch. As expected for a positive role of Yki in regulated Mad-dependent transcription 

[63], depletion of Yki in the dorsal cells significantly reduced the expression of sal-lacZ 

compared to the cells in the ventral compartment of the same discs (Fig. II.8C and 8J). Using the 

same approach, we have observed that depleting CDK9 (Fig. II.8D and 8J) and its partner Cyclin 

T (CycT, Fig. II.8E and 8J; [124]) also reduced sal-lacZ expression. These observations suggest 

that both Yki and CDK9-CycT are required for Mad/Smad-dependent transcription in 

Drosophila, which is consistent to the previous reports [63, 77]. However, depletion of CDK7 

(Fig. II.8F and Fig. II.8J) or Drosophila MAPK homologs, either Rolled (Fig. II.8G) or dERK2 

(Fig. II.8H), did not affect the expression of sal-lacZ. Although depletion of Sgg increased the 

size of the dorsal compartment, the intensity of anti-β-Gal staining remained similar to the 

ventral compartment (Fig. II.8I and 8J). We note that depleting CDK9 (Fig. A.II.7D), Med12 

(Fig. A.II.7E), or Med13 (Fig. A.II.7F) have no obvious effects on the expression of UAS-GFP 

reporter, suggesting that their effects on sal-lacZ expression are independent of the Gal4 activity 

per se. Together with the previous reports [63, 120], our in vivo analyses have validated the 

conserved roles of CDK8-CycC, CDK9-CycT, and Yki/YAP on Mad/Smad-dependent 

transcription. 

II.4 Discussion

To study the function and regulation of CDK8 in vivo, we have developed a genetic 

system that yields robust readouts for the CDK8-specific activities in developing Drosophila 

wings. These genetic tools provide a unique opportunity to perform a dominant modifier genetic 

screen, allowing us to identify multiple components of the Dpp/TGFβ signaling pathway that can 

genetically interact with the CDK8-CycC complex in vivo. Our subsequent genetic and cellular 

analyses reveal that CDK8, CycC, and six additional subunits of the Mediator complex, as well 



as CDK9 and Yki are required for the Mad-dependent transcription in the wing discs. In 

addition, CDK8 can directly interact with the linker region of Mad. These results have extended 

the previous biochemical and molecular analyses on how different kinases and transcription 

cofactors modulate the Mad/Smad-activated gene expression in the nucleus. Further mapping of 

specific genes uncovered by other deficiency lines may also open up the new directions to 

advance our understanding of the conserved function and regulation of CDK8 during 

development.  

II.4.1 Multiple subunits of the Mediator complex are required for Mad/Smad-dependent 

transcription 

The Mediator complex functions as a molecular bridge between gene-specific 

transcription factors and the RNA Pol II general transcription apparatus, and diverse 

transactivators have been shown to interact directly with distinct Mediator subunits [4, 6-9, 125]. 

However, it is unclear whether all Mediator subunits are required by different transactivators to 

regulate gene expression, or whether Mediator complexes composed of fewer and different 

combinations of Mediator subunits exist in differentiated tissues or developmental stages. Gene-

specific combinations of the Mediator subunits may be required in different transcription 

processes, as not all Mediator subunits are simultaneously required for all transactivation process 

[126]. For instance, ELK1 target gene transcription requires Med23, but lacking Med23 does not 

functionally affect some other ETS transcription factors, such as Ets1 and Ets2 [127]. Similarly, 

Med15 is required for the expression of Dpp target genes, but does not appear to affect the 

expression of EGFR (epidermal growth factor receptor) and Wg targets in Drosophila [122]. 

It has been previously reported that the Med15 subunit is required for the Smad2/3-

Smad4 dependent transcription, as its removal from the Mediator complex abolishes the 
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expression of Smad-target genes and disrupts Smad2/3-regulated dorsal-ventral axis formation in 

Xenopus embryos [121]. Further biochemical analyses showed that increased Med15 enhances, 

while its depletion decreases, the transcription of Smad2/3 target genes, and that the Med15 

subunit can directly bind to the MH2 domain of Smad2 or Smad3 [121]. In Drosophila, loss or 

reduction of Med15 reduced the expression of Dpp targets, resulting in smaller wings and 

disrupted vein patterning (mainly L2) [122]. We also observed that depletion of Med15 or CDK8 

reduces the expression of a Mad-target gene. These observations support the idea that CDK8 and 

Med15 play a conserved and positive role in regulating Mad/Smad-activated gene expression. 

Aside from Med15 and CDK8, it remains unclear whether other Mediator subunits are 

also involved in Mad/Smad-dependent transcription. We identified six additional Mediator 

subunits that are required for the Mad-dependent transcription, including CycC, Med12, Med13, 

Med23, Med24, and Med31 (Fig. II.5, Fig. II.6, Fig. II.7, and Table II.3). Interestingly, aside 

from Med23 and Med24 being specific to metazoans, counterparts of the other six subunits are 

not essential for cell viability in the budding yeast [5]. The similar effects of the four CKM 

subunits on Mad-activity suggest that they may function together to stimulate Mad-dependent 

transcription. We note that depletion of seven Mediator subunits, Med7, Med8, Med14, Med16, 

Med17, Med21, and Med22, severely disrupts the morphology of the wing discs (Fig. II.7I and 

Fig. A.II.10), making it difficult to assay their effects on the transcriptional activity of Mad in 

vivo. Consistently, all corresponding subunits, except Med16, are critical for cell viability in the 

budding yeast [5]. In contrast, reducing expression of the 15 remaining subunits of the 

Drosophila Mediator complex did not significantly alter the expression of a Mad-dependent 

reporter (Table II.3). Med1 and Med25 are loosely associated to the small Mediator complex in 

human cell lines [5]. A caveat for these negative results is that depleting these subunits using the 



existing RNAi lines may not be sufficient to affect sal-lacZ expression, even though the majority 

of these transgenic RNAi lines can generate severe phenotypes in the eye, wing, or both (Table 

II.3). Further analyses are necessary to validate these negative data in the future. Taken together, 

our results indicate that not all Mediator subunits are required for the expression of the Mad-

target genes that we tested in the developing wing discs.  

Besides the specific roles of Med15, Med23, Med24 and Med31 in positively regulating 

Mad dependent transcription, depletion of several subunits results in different levels of 

developmental defects in wings or eyes (Table II.3), which suggests the small Mediator complex 

subunits may be required by different transcription activations differently and CDK8-CycC may 

function independently from the small Mediator complex in a variety of these activations.  

II.4.2 Role of Yki/YAP and different kinases in regulating Mad/Smad-dependent transcription

Interestingly, Yki/YAP, which can function as a transcriptional co-factor for Mad/Smad, 

was also reported to associate with several subunits of the Mediator complex to drive 

transcription.  Specifically, Med12, Med14, Med23, and Med24 were identified from a YAP IP-

mass spectrometry sample in HuCCT1 cells [128]. Med23 was also reported to regulate Yki-

dependent transcription of Diap1 in wing discs [129]. In this work, we found that Yki, Med12, 

Med23, and Med24 were also required for Mad-dependent transcription of sal-lacZ.  

Based on biochemical analyses of the Smad1 phosphomutants and cell biological 

analyses using cultured human epidermal keratinocytes (HaCaT cells), several kinases including 

CDK8, CDK9, and ERK2 were shown to phosphorylate serine residues (S) within the linker 

region of pSmad1 at S186, S195, S206, and S214, or the equivalent sites in pSmad2/3/5. These 

modifications were proposed to regulate positively Smad1-dependent transcriptional activity 

[63]. Of these sites, S206 and S214 are both conserved from Drosophila to humans (Fig. II.8B). 
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In addition, studies using Xenopus embryos and cultured L cells suggest that MAPKs may 

phosphorylate the linker region of Smad1 (including S214) and lead to its degradation [123]. 

Nevertheless, analyses with Drosophila embryos and wing discs indicate that S212 (equivalent 

to human pSmad1 S214) is phosphorylated by CDK8, while S204 (unique in Drosophila) and 

S208 (equivalent to human pSmad1 S210) are phosphorylated by Sgg/GSK3 [64]. These studies 

suggest the following model in explaining how Smads activate the expression of their target 

genes and how this process is turned off (Fig. II.8A, Fig. II.9): after Smads are phosphorylated at 

their C-termini and translocated into the nucleus, CDK8 and CDK9 (potentially also MAPKs) act 

as the priming kinases to further phosphorylate pSmads in the linker region at S206 and S214. 

This may facilitate the interaction between pSmads and transcriptional cofactors such as YAP, 

stimulating the expression of Smads target genes. Overexpression of Yki in Drosophila wing 

disc increases the expression of the vgQE-lacZ reporter [63], which validates the role of 

Yki/YAP in activating Mad/Smad1-dependent gene expression in vivo. Subsequently, pSmads 

Fig. II.9 Working model. Model of Mad/Smad-
dependent transcription activation through the CKM and 
the Mediator complex. GTFs, General Transcription 
Factors; MH1, Mad homology 1; MH2, Mad homology 2. 
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are further phosphorylated by GSK3 within the linker region at T202 and S210, which may 

facilitate Smad1/5 binding to E3 ubiquitin ligases such as Smurf1 and Nedd4L, causing the 

degradation of Smads through the ubiquitin-proteasome pathway [63, 64, 77, 109, 120].   

Although this model (Fig. II.9) is still rather speculative, it serves as a conceptual 

framework to explain how transactivation of Smads is coupled to its degradation, similar to other 

transcriptional activators [130]. It is challenging to determine whether these kinases act 

redundantly or specifically for different phosphorylation sites, the exact orders of these 

phosphorylation events, as well as their biological consequences in vivo. Moreover, it remains 

unexplored whether these regulatory mechanisms are conserved during evolution. The 

importance of these issues is highlighted by the critical role of TGFβ signaling in regulating the 

normal development of metazoans and the dysregulation of this pathway in a variety of human 

diseases such as cancers [108, 131-133].  

The precise spatiotemporal activation of the Dpp signaling pathway in the wings discs is 

critical for proper formation of the stereotypical vein patterns in Drosophila [113, 116]. This 

model system provides an ideal opportunity to dissect the dynamic regulation of the Mad-

activated gene expression in the nucleus. Indeed, depleting CDK8 in wing discs reduces 

expression of the Mad-dependent sal-lacZ reporter, suggesting that CDK8 positively regulates 

Mad-dependent transcription. This is consistent with the effects of CDK8 on Smad1/5-dependent 

transcription in mammals [63, 134]. Depleting CDK8 does not affect the phosphorylation of Mad 

at its C-terminus as revealed by pMad immunostaining (Fig. A.II.8), nor does it affect the 

physical interaction between CDK8 and the linker region of Mad, supporting the idea that CDK8 

may only affect subsequent phosphorylation of Mad, presumably within the linker region.  
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Besides CDK8-CycC, depleting CDK9-CycT also decreases the expression of the sal-

lacZ reporter, supporting the notion that CDK8-CycC and CDK9-CycT may play non-redundant 

roles in further phosphorylating pMad in the nucleus. However, we did not observe any effects 

of depletion of CDK7 or MAPKs on sal-lacZ expression, suggesting that their role in regulating 

the transcriptional activity of Smads may not be conserved in Drosophila. Alternatively, the two 

MAPK/ERK homologs, Rolled and ERK2, may act redundantly in regulating Mad-dependent 

transcription. Lastly, depleting Sgg/GSK3 in the dorsal compartment of the wing disc increases 

the size of this compartment, yet the expression level of the sal-lacZ reporter is similar to the 

ventral compartment. These observations are consistent with previous reports that 

phosphorylations of Mad/Smad in the linker regions by CDK8-CycC and Sgg/GSK3 regulate the 

level and range of Mad-dependent gene expression [63, 64, 77, 109, 120].  

Together with the previous reports [63, 64, 77, 109, 120, 135], our data support that 

CDK8-CycC and CDK9-CycT may phosphorylate pMad at the linker region, which may 

facilitate the binding between Yki and Mad. We speculate that this interaction may synergize the 

recruitment of the Mediator complex, presumably at least through the interaction between its 

Med15 subunit and the MH2 domain of Mad (Fig. II.9). Alternatively, Yki may also facilitate the 

recruitment of the whole Mediator complex through its interactions with Med12, Med23, and 

Med24. The synergistic interactions among Mad, Yki, the Mediator complex, and RNA Pol II 

may be required for the optimal transcriptional activation of the Mad-target genes (Fig. II.9).  

One of the challenges is to illustrate the dynamic interactions between these factors and 

diverse protein complexes that couple the transactivation effects of Mad/Smads on gene 

transcription with their subsequent degradation at the molecular level. Smad3 phosphorylation 

strongly correlates with Med15 levels in breast and lung cancer tissues; together, they potentiate 



metastasis of breast cancer cells [136]. Thus, it will be important to test whether additional 

Mediator subunits that we identified in Drosophila play similar roles in mammalian cells. It will 

also be interesting to determine whether a partial Mediator complex, composed of a subset of the 

Mediator subunits, exists and regulates Mad/Smad-dependent gene expression. Furthermore, 

detailed biochemical analyses may yield mechanistic insights into how CDK8 and Med15 act in 

concert in stimulating the Mad/Smad-dependent gene expression. 

II.4.3 Potential role of CDK8-CycC in regulating cross-talks among different signaling 

pathways 

Wing pouch-specific alteration of CDK8 activity results in two major phenotypes: 

disrupted vein patterns and altered size of wing blades. While the effects on wing size and cell 

numbers can be explained by the role of CDK8 in regulating cell proliferation through E2F1 [59, 

60], the effects of CDK8 on vein patterning are more complex. The stereotypical wing vein 

patterns in adult flies are gradually defined by elaborated spatiotemporal interplays among 

different signaling pathways, including Dpp, EGFR, Hedgehog (Hh), Notch (N), and Wingless 

(Wg), in the developing wing discs [109, 113, 114, 116]. During the larval and pupal stages, 

these signaling pathways and their downstream transcriptional targets coordinately control the 

cell proliferation and differentiation of cell in different parts of the wing disc to form individual 

veins.  

It is noteworthy that varying CDK8 activities has different effects on different veins: gain 

of CDK8 causes the loss of the L3 and L4 veins, but the vein patterns of L2 and L5 appear 

thicker and more diffusive; while the ectopic veins caused by reduction of CDK8 are mainly 

intertwined with the L2 and L5 veins (Fig. II.1). Our analyses on the genetic interactions 

between CDK8 and the components of the Dpp signaling pathway led us to discover the role of 
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the Mediator complex in Mad-stimulated transcription of sal. However, there is a gap in our 

understanding of how reduced expression of sal in wing discs is linked to the vein defects in 

adult wings. It is known that salm and spalt-related (salr), two members of the spalt gene family 

that encode zinc-finger transcriptional repressors, function downstream of the Dpp signaling 

pathway during development of the central part of the wing [137]. Depletion of either salm or 

salr alone resulted in ectopic vein formation around L2 in adult wings, yet depletion or loss of 

both salm or salr caused loss of vein phenotype [115, 138]. In addition, elimination of L2 in 

ventral-anterior and ectopic L5 in dorsal-posterior were observed in salm/salr clones at different 

region of the wing [115]. These observations suggest that the dosage of salm and salr in wing 

discs does not have a linear relationship with the wing vein patterning at the adult stage. 

Interestingly, it is known that the CKM complex regulates the transcriptional activities of 

the key transcription factors of these pathways, including N-ICD downstream of N signaling 

[61], Mad/Smad proteins ([63, 64] and this work). In addition, Med12 (Kohtalo, or Kto in 

Drosophila) and Med13 (Skuld, or Skd in Drosophila) subunits of the CKM interact with 

Pangolin (the lymphoid-enhancing factor (LEF)/T cell factor (TCF) homolog in Drosophila), the 

key transcription factor downstream of Wg signaling, through the transcriptional cofactors such 

as Pygopus, Legless, and Armadillo [139]. In mammalian cells, Med12 is also known to regulate 

the activities of Gli proteins, the key transcription factors downstream of Hh signaling [140, 

141]. Furthermore, the Mediator subunit Med23 interacts with ETS (E-twenty six transcription 

factor) proteins, a family of key transcription factors downstream of the EGFR signaling 

pathway [127]. However, whether CDK8-CycC also regulates TCF-, ETS- or Gli-dependent 

transcription is still not understood. Nevertheless, these studies in other biological contexts 

suggest that the effects of CDK8 on wing vein patterning are not likely solely through the Dpp 



signaling pathway. Therefore, we speculate that the potential interactions between CDK8 and the 

aforementioned signaling pathways may contribute to these differential effects on distinct veins. 

Further analyses of these cross-talks, as well as further mapping of other Df lines that modify the 

CDK8-specific vein phenotypes, may yield the insights into the molecular and dynamic 

mechanisms underlying these vein phenotypes.  

II.4.4 Identification of novel genomic loci that genetically interact with CDK8 in vivo

To understand how dysregulated CDK8-CycC contributes to a variety of human cancers, 

it is essential to elucidate the function and regulation of CDK8 in vivo. Given that the CDK8-

CycC pair and other subunits of the Mediator complex are conserved in almost all eukaryotes 

[5], Drosophila serves as an ideal model system to identify both the upstream regulators and the 

downstream effectors of CDK8 activity in vivo. Our dominant modifier genetic screen is based 

on the wing vein phenotypes caused by specific alteration of CDK8 activity in the developing 

wing disc, which serves as a unique in vivo readout for the CDK8-specific activities in 

metazoans. This screen led us to identify 26 genomic regions that include loci whose haplo-

insufficiency could consistently modify CDK8-CycC depletion or CDK8-overexpression 

phenotypes. Identification of Dad and genes encoding additional components of the Dpp 

signaling pathway provides a proof of principle for this approach. Since each of the 

chromosomal deficiencies uncovers multiple genes, further mapping of the relevant genome 

regions is expected to identify the specific genetic loci encoding factors that may function either 

upstream or downstream of CDK8 in vivo. It is hoped that further analyses of the underlying 

molecular mechanisms in both Drosophila and mammalian systems will advance our 

understanding of how dysregulation of CDK8 contributes to human diseases, thereby aiding the 

development of therapeutic approaches. 
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CHAPTER III  

ASYMMETRIC INTERDEPENDENCY AMONG THE FOUR SUBUNITS OF THE 

CDK8 MODULE IN DROSOPHILA 

III.1 Introduction

The multiprotein RNA polymerase II (Pol II) complex is required for the transcription of 

mRNAs and many non-coding RNAs in eukaryotic cells [142, 143]. Recruited by transcriptional 

activators, concerted actions of distinct multiprotein complexes, such as general transcription 

factors, Pol II, and the Mediator complex, are essential to achieve the precise control of Pol II 

initiation and elongation [142, 144]. Of these transcriptional complexes, the Mediator complex is 

the largest protein complex, composed of up to 30 conserved subunits that have been assigned to 

four distinct modules, the head module, the middle module , the tail module, and the CDK8 

kinase module (CKM) [2, 5, 7, 142, 145]. 

 The CKM complex is composed of four subunits, CDK8 (or its vertebrate paralog 

CDK19, also known as CDK8L), CycC, Med12 (or MED12L in vertebrates), and Med13 (or 

MED13L in vertebrates). There are two current models to explain how CKM regulates 

transcription: CKM can reversibly associate with the small Mediator complex, which comprises 

the head, middle, and tail modules, thereby blocking the interactions between the small Mediator 

complex and Pol II, and inhibiting the Pol II-dependent transcription [146, 147]; alternatively, 

the CDK8 kinase of CKM can phosphorylate a variety of transcription factors, thereby 

modulating their transcriptional activities in different biological contexts [59-66, 148-150].  

Biochemical purification of the CKM in yeast and mammals have revealed that the four 

CKM subunits can be purified together, and the structure of CKM has been determined using the 

cryogenic electron microscopy (cryo-EM) [147, 151, 152]. In addition, both CycC and Med12 
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are required for the CDK8 kinase activity in vitro kinase assays [151], and the direct interactions 

between the N-terminal segment of MED12 and the T-loop of CDK8 is essential for CDK8 

activation [152]. Consistent to these studies, missense mutations in exon 2 encoding part of the 

N-terminal segment of MED12, which have been identified in more than 62% of uterine

leiomyomas across countries [52], significantly reduce the kinase activities of CDK8-CycC or 

CDK19-CycC [153]. These biochemical analyses suggest that the four subunits of the CKM 

complex function together.  

Despite these elegant biochemical and structural studies, a number of genetic analyses in 

Drosophila suggest that the four subunits of CKM may have distinct functions during 

development. For example, null mutants of kto (encoding Kohtalo or Drosophila Med12) and 

skd (encoding Skuld of Drosophila Med13) are embryonic lethal, while cdk8 and cycC null 

mutants are pupal lethal [71, 85, 154]. In addition, genetically ablating CDK8, CycC, Med12 

(Kto), or Med13 (Skd) in Drosophila eye or leg results in distinct phenotypic consequences: 

tissue-specific loss of either Med12 or Med13 in eye or leg imaginal discs led to severe defects 

in adult eyes and legs, while tissue-specific ablation of CDK8 or CycC in eye or leg discs caused 

only minor defects in legs and no defects in eyes [71, 155]. The results of these genetic analyses 

are puzzling, considering the notion that the four subunits of CKM function together based on 

aforementioned biochemical analyses.  

In this work, we have generated a set of transgenic Drosophila lines that allow us to 

knock down the four subunits of the CKM either alone or in all possible combinations. We have 

observed distinct phenotypes when these subunits are depleted in Drosophila eyes. At the 

cellular level, depleting CDK8-CycC promotes cell proliferation, while depleting Med12-Med13 

does not obviously affect cell proliferation. Moreover, we have observed that the stabilities of the 
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four CKM subunits are asymmetrically interdependent: the stability of CDK8 is dependent on 

Med12 and Med13, but not CycC; the stabilities of Med12 and Med13 are interdependent to each 

other, while removing either CDK8 or CycC has no effects of the stabilities of MED12 and 

Med13. Given the reports showing that four subunits of the CKM are either mutated or amplified 

in a number of human cancers, cardiovascular and other diseases [10-12, 156], elucidating the 

specific impacts of these mutations on the function of the CKM, versus the kinase activities of 

CDK8 or CDK19, may advance our understanding of how mutations of these CKM subunits 

contribute to tumorigenesis in in different pathological contexts.  

III.2 Materials and Methods

III.2.1 Fly strains

Flies were raised on a standard cornmeal, molasses and yeast medium, and all genetic 

crosses were maintained at 25˚C. We obtained the following strains from the Bloomington 

Drosophila Stock Center: ap-Gal4 (BL-3041), nub-Gal4 (BL-25754), w1118; KrIf-1/CyO, 

P{en1}wgen11; P{Ubi-GFP.E2f1.1-230}5 P{Ubi-mRFP1.NLS.CycB.1-266}12/TM6B, Tb1 (BL-

55124). The following recombined lines were generated by this work: ap-Gal4/ In (2LR), wgGla, 

Bc; P{Ubi-GFP.E2f1.1-230}5 P{Ubi-mRFP1.NLS.CycB.1-266}12, ap-Gal4; Cdk8-

EGFP/SM6::TM6B, Tb, ap-Gal4; Med12-EGFP/SM6::TM6B, Tb, ap-Gal4; Med13-

EGFP/SM6::TM6B, Tb.  

III.2.2 Generation of transgenic RNAi flies

Transgenic RNAi lines that allow us to deplete different combinations of the four CKM 

subunits were generated using the pNP vector (Qian HH 2018). Specifically, pairs of oligoes 

were synthesized for each gene (detailed information on these oligoes is included in the Table 

III.1). To knock down one gene at a time, the oligoes were annealed and cloned into the pNP



vector digested with EcoRI/NheI. The resulting plasmids contained one short hairpin. To 

simultaneously deplete two genes, one plasmid obtained from the first step was digested with 

SpeI, and ligated with the short hairpin fragment (300bp) released from another plasmid by 

SpeI/XbaI digestion. The resulting plasmids contained two short hairpins. This process is 

reiterated to generate the plasmids containing three or four short hairpins. Transgenic fly lines 

were produced by injecting these constructs into y sc v nanos-integrase; attP2 stock by following 

the standard procedure [79].  

III.2.3 Tagging the endogenous loci with EGFP using the CRISPR-Cas9 technique

To tag EGFP to the endogenous loci of Cdk8, Med12, and Med13, three constructs were 

designed. The pCFD3 vector was used to express two sgRNA to make two double strand breaks 

of Cdk8 gene with primers gRNA-Cdk8- L-5.1, gRNA-Cdk8-L-3.1, gRNA-Cdk8-R-5.1, gRNA-

Cdk8-R-3.1 as described in general protocol for pCFD3 (citing 

http://www.crisprflydesign.org/wp-content/uploads/2014/05/Cloning-with-pCFD3.pdf), near the 

5’ and 3’ Untranslated Region (UTR) of Cdk8 gene. A donor DNA was provided as a Homolog 

Directed Recombination (HDR) template, which contained Cdk8 gene, EGFP inserted before the 

stop codon (Cdk8+EGFP-5.1 and Cdk8+EGFP-3.1), 1kb upstream of 5’ break point 

(Homology_arm-Cdk8-L-5.1 and Homology_arm-Cdk8-L-3.1) and 1kb downstream of 3’ break 

point (Homology_arm-Cdk8-R-5.1 and Homology_arm-Cdk8-R-3.1) as homology arm guide to 

align with fly genome. The Protospacer Adjacent Motif (PAM) sites were mutated to avoid 

unnecessary cuts, which were designed within the above primers. All the three fragments were 

amplified by PrimeStar Max premix (Takara, R045A) and assembled into pGEM-T easy vector 

(Promega, A1360) by NEBuilder HiFi DNA Assembly (NEB, E5520S). Then, all of the three 

constructs were co-injected together to embryo of fly strain, nos-Cas9 by the Rainbow 
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Transgenic Flies, Inc (Camarillo, CA). The successful insertion was screened by genotyping with 

PCR (Cdk8-EGFP-test-5.1, Cdk8-EGFP-test-3.1).  

III.2.4 Immunocytochemistry

Wing discs staining followed the same protocol as described before [157]. 

Phosphorylated Histone 3 Serine 10 signal was detected using an anti-PH3 monoclonal antibody 

(1:1000 in PBS-Triton X-100-NGS-BSA; obtained from the Sigma-Aldrich). Cleaved Dcp-1 

(Asp216) was detected by anti-cleaved Dcp-1 (1:1000 in PBS-Triton X-100-NGS-BSA; 

purchased from Cell Signaling, #9578). The secondary antibodies with fluorescent were goat 

anti-guinea pig (106-545-003), goat anti-mouse (115-545-003), or goat anti-rabbit (111-545-003) 

(from Jackson Immunological Laboratories). 

III.3 Results

III.3.1 Depletion of the CKM subunits distinctively impacts Drosophila development

Previous studies show that the null mutants of Cdk8 and CycC are pupal lethal, while that 

the null mutants of Med12 (kto) and Med13 (skd) are embryonic lethal [71, 85, 154, 155]. To 

determine the specific roles of individual CKM subunits during development, it is critical, but 

technically difficult, to simultaneously remove these subunits in different combinations in a 

tissue-specific manner. To circumvent this challenge, we took the advantage of the pNP vector, 

which allows simultaneous expression of multiple shRNAs specifically targeting distinct genes 

[158]. We have generated a set of transgenic RNAi Drosophila lines using this pNP vector to 

deplete the four CKM subunits either alone or in different combinations (Table III.1). 

Specifically, four lines were generated to knock down each of the four subunits alone (UAS-

CDK8-RNAi, UAS-CycC-RNAi, UAS-Med12-RNAi, and UAS-Med13-RNAi); six lines were 

designed to target different combinations of the two subunits of the CKM (UAS-CDK8-i-CycC-i, 

54 



55 

UAS-CDK8-i-Med12-i, UAS-CDK8-i-Med13-i, UAS-CycC-i-Med12-i, UAS-CycC-i-Med13-i, 

UAS-Med12-i-Med13-i); one line to simultaneously deplete three subunits (UAS-CDK8-i-CycC-

i-Med12-i); and one line to knock down all the four subunits (UAS-CDK8-i-CycC-i-Med12-i-

Med13-i (see Materials and Methods for details). To ensure consistent expression levels of 

shRNAs, all these constructs were site-specifically integrated into the attP2 site on the third 

chromosome [159]. 

Table III.1. Transgenic RNAi lines to deplete the CKM subunits in different combinations 

Single  
knock down 

Double  
knock down 

Triple  
knock down 

Quadruple knock 
down 

UAS-Cdk8-RNAi UAS-Cdk8-CycC-RNAi UAS-Cdk8-CycC-
Med12-RNAi 

UAS-Cdk8-CycC-
Med12-Med13-RNAi 

UAS-CycC-RNAi UAS-Cdk8-Med12-RNAi 

UAS-Med12-RNAi UAS-Cdk8-Med13-RNAi 

UAS-Med13-RNAi UAS-CycC-Med12-RNAi 

UAS-CycC-Med13-RNAi 

UAS-Med12-Med13-RNAi 

To analyze the function of distinct CKM subunits in vivo, we used eyeless-Gal4 (ey-

Gal4) to deplete these subunits in different combinations in Drosophila eye. Compared to the 

control (Fig. III.1A), depletion of either CDK8 (Fig. III.1B) or CycC (Fig. III.1C) alone or both 

CDK8 and CycC (Fig. III.1D) had no obvious effects on Drosophila eye development, while 

depleting Med12 (Fig. III.1E) or Med13 (Fig. A.III.1A) severely reduced size of the adult eyes. 

These observations are consistent to the previous report that eye-specific removal of CDK8 or 
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CycC did not affect eye development, but removal of Med12 alone, or Med12 and CDK8 

together, severely reduced the eye size [71]. Depletion of both Med12 and Med13 resulted in 

even smaller eyes than depleting either Med12 or Med13 alone, indicating that these phenotypes 

Fig. III.1. Eye defects caused by depletion of different combinations of the 
CKM subunits. Adult female eyes of (A) ey-Gal4/+ (control); (B) ey-Gal4/+; 
UAS-Cdk8-RNAi/+; (C) ey-Gal4/+; UAS-CycC-RNAi/+; (D) ey-Gal4/+; UAS-
Cdk8-RNAi CycC-RNAi/+; (E)  ey-Gal4/+; UAS-Med12-RNAi (F)  ey-Gal4/+; 
UAS-Med12-RNAi Med13-RNAi/+; (G) ey-Gal4/+; UAS-Cdk8-RNAi CycC-RNAi 
UAS-Med12-RNAi/+; and (H) ey-Gal4/+; UAS-Cdk8-RNAi CycC-RNAi UAS-
Med12-RNAi Med13-RNAi/+; (I) Quantification of eye sizes. 
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are hypomorphic and modifiable (Fig. III.1F). However, depleting CDK8-Med12 (Fig. A.III.1B) 

had similar eye size to depleting Med12 alone, and the eye size of depleting CDK8-Med13 (Fig. 

A.III.1C) or CycC-Med13 (Fig. A.III.1D) were similar to depleting Med13 alone. Interestingly,

simultaneous depletion of CDK8 and CycC (Fig. III.1G) or CycC (Fig. A.III.1E) alone together 

with Med12 led to larger eyes than knocking down Med12 alone (Fig. III.1D), although the eye 

size of these flies was still smaller than control. This result indicates a partial rescue of the 

Med12-RNAi phenotype by depleting CycC alone or CDK8 and CycC together. The partially 

rescue effects indicate that Med12-Med13 and CDK8-CycC may antagonize with each other 

during Drosophila eye development. Furthermore, knocking down all four CKM subunits (Fig. 

III.1H) led to similar effects to those caused by depleting Med12 and Med13 together (Fig.

III.1F), indicating that the rescuing effects of CDK8-CycC is dependent on residual Med12-

Med13. Quantification of these effects is shown in Fig. III.1I. 

Quantification of the eye phenotypes using this set of transgenic RNAi lines reveals four 

distinct classes of the RNAi effects (Fig. III.1I):  depletion of CDK8, CycC, or both CDK8 and 

CycC (Fig. III.1B, 1C and 1D) has no effects on eye sizes (designated as the Class I); depleting 

Med12 or Med13 alone (Fig. III.1D and A.III.1A) reduced the eye sizes (designated as the Class 

II); simultaneous depletion of one or two subunits of CDK8-CycC pair partially rescues the small 

eye phenotype caused by depleting Med12 alone (Fig. III.1G, A.III.1E and 1I, designated as the 

Class III); and finally, knocking down both Med12 and Med13 (Fig. III.1F), or all four subunits 

of the CKM (Fig. III.1H) resulted in the most severe small eye phenotypes compared to other 

combinations (designated as the Class IV). These observations suggest that the CKM,  

particularly Med12 and Med13, plays critical roles in eye development. These analyses also 

reveal an antagonistic function between the CDK8-CycC pair and the Med12-Med13 pair in 



vivo, which is unexpected because the four subunits of the CKM can be biochemically purified 

as a complex and have been assumed to function together. For simplicity, we focus on the 

following representative lines for each class in our subsequent analyses: UAS-Cdk8-i, CycC-i for 

Class I, UAS-Med12-i for Class II, UAS-Cdk8-i, CycC-i, Med12-i for Class III, UAS-Med12-i, 

Med13-i and UAS-Cdk8-i, CycC-i, Med12-i, Med13-i for Class IV.    

We further test the effects of depleting different subunits of the CKM in Drosophila wing 

with apterous-Gal4 (ap-Gal4), which is specifically expressed in the dorsal compartment of 

wing discs [90]. When CDK8 and CycC were depleted, the adult wings curled downwards to the 

ventral side of the wing (Fig. A.III.2B), consisting with the inhibitory effects of CDK8 on cell 

proliferation [59, 157]. In contrast, depleting Med12 (Fig. A.III.2C) alone severely disrupted the 

morphology of the wing, accompanied with blisters and shrunk wing blades. Similar effects were 

observed when CDK8 and CycC were depleted together with Med12 (Fig. A.III.2D). Depleting 

Med12 and Med13 together (Fig. A.III.2E) or depleting all four subunits simultaneously (Fig. 

A.III.2F) resulted in stronger defects in wing and thorax development, which disable the flies 

from eclosing or caused pupal lethality. These wing phenotypes are difficult to quantify, thus we 

further analyzed the effects at the cellular level in wing discs (see below).  

III.3.2 Distinct roles of the CKM subunits in regulating cell proliferation in wing discs

At the cellular level, altered organ sizes can be caused by changes in cell proliferation, 

cell death, or both. To examine the antagonistic effects between CDK8-CycC and Med12-Med13 

at the cellular level, we first determined the potential effects of depleting subunits of the CKM 

on apoptosis where we used cleaved Death caspase-1 (Dcp-1, homolog of Caspas-3) antibody to 

mark the apoptotic cells in wing disc [160]. As shown in Fig. A.II.2A, the cleaved Dcp-1 

positive cells are rarely detected in the wing pouch area of the control discs. Using ap-Gal4 to 
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deplete the five representative combinations of the CKM subunits did not alter the distribution or 

the number of Dcp-1 marked cells (Fig. A.III.3B-F), suggesting that knocking down of the CKM 

subunits has little effects on apoptosis.  

Next, we examined the effects of depleting the CKM subunits on cell proliferation with 

an anti-phospho-Histone H3 on Serine 10 (PH3) antibody, which marks the mitotic cells in wing 

discs. In control disc, PH3-positive cells are randomly distributed throughout the wing disc, and 

the ratio of the mitotic cells in the dorsal compartment to them in the ventral compartment is 

around one (Fig. III.2A and 2G). Depleting both CDK8 and CycC (Fig. III.2B) with ap-Gal4 

significantly increased the PH3-positive cells in the dorsal compartment compared to the ventral 

compartment of the same wing discs. However, depletion of Med12 alone (Fig. III.2C), or both 

Fig. III.2. Effects of depleting different combinations of the CKM subunits on the cell 
proliferation. Representative confocal images of wing discs with anti-PH3 (red) staining 
of the following genotypes: (A) ap-Gal4/+; (B) ap-Gal4/+; UAS-Cdk8-RNAi CycC-
RNAi/+; (C) ap-Gal4/+; UAS-Med12-RNAi; (D) ap-Gal4/+; UAS-Cdk8-RNAi CycC-RNAi 
UAS-Med12-RNAi/+; (E) ap-Gal4/+; UAS-Med12-RNAi Med13-RNAi/+; (F) ap-Gal4/+; 
UAS-Cdk8-RNAi CycC-RNAi UAS-Med12-RNAi Med13-RNAi/+; (G) Quantification of the 
PH3 signal ratio comparing Doral and Ventral compartment. At least five wing discs were 
examined for each genotype. Scale bar in C: 25μm. 
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Med12 and Med13 (Fig. III.2E), did not affect the number of mitotic cells, as the dorsal-ventral 

ratios of PH3-positive cells are close to one (Fig. III.2G). Interestingly, depletion of CDK8 and 

Fig. III.3. Different effects on cell cycle progression by depleting different 
combinations of the CKM subunits. Representative confocal images of wing discs 
of the following genotypes: (A) merge channel, (A’) GFP-E2f11-230

 (green) channel 
and (A’’) mRFP-CycB1-266 (red) channel of ap-Gal4/+;Ubi-GFP-E2f11-230, Ubi-
mRFP-CycB1-266/+; (B) merge channel, (B’) GFP-E2f11-230

 (green) channel and (B’’) 
mRFP-CycB1-266 (red) channel of ap-Gal4/+;Ubi-GFP-E2f11-230, Ubi-mRFP-CycB1-

266/UAS-CDK8-RNAi CycC-RNAi; (C) merge channel, (C’) GFP-E2f11-230
 (green) 

channel and (C’’) mRFP-CycB1-266 (red) channel of ap-Gal4/+;Ubi-GFP-E2f11-230, 
Ubi-mRFP-CycB1-266/UAS-Med12-RNAi Med13-RNAi; (D) merge channel, (D’) GFP-
E2f11-230

 (green) channel and (D’’) mRFP-CycB1-266 (red) channel of ap-Gal4/+;Ubi-
GFP-E2f11-230, Ubi-mRFP-CycB1-266/CDK8-RNAi CycC-RNAi Med12-RNAi Med13-
RNAi. At least five wing discs were examined for each genotype. Scale bar in A: 
25μm. 
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CycC in addition to Med12 significantly increased the number of PH3-positive cells in the dorsal 

compartment (Fig. III.2D and 2G); similar observations were made when Med12 and   

Med13 was depleted together with CDK8 and CycC (Fig. III.6F and 2G). These observations 

suggest that depletion of CDK8-CycC increases the number of cells entering mitosis, while 

depletion of Med12-Med13 had no obvious effects on mitosis. 

To further analyze the effects of depleting the CKM subunits on cell-cycle progression, 

we utilized the Fluorescent Ubiquitination-based Cell Cycle Indicator (FUCCI) technology in 

Drosophila, or the Fly-FUCCI system, which provides a sophisticated in vivo readout of cell-

cycle status of cells in complex developmental contexts [161]. In this system, combined 

expression of two fluorescent reporters, GFP-dE2f11-230 and mRFP-dCycB1-266, in all cells of 

developing tissues enables the labeling of cells in G1 phase with green fluorescence, cells in S 

phase are labeled in red, while the cells at the G2 phase express both probes and appear yellow 

[161].  

In the control disc, EGFP- and RFP-labeled cells are randomly distributed in the majority 

part of the wing discs (Fig. III.3A), suggesting that these cells are dividing asynchronously. 

Depleting both CDK8 and CycC (Fig. III.3B), in dorsal compartment of wing discs with ap-

Gal4, significantly increased red cells in the dorsal compartment, suggesting that reduction of 

CDK8-CycC potentiates the cells to enter into the S phase. This observation is consistent with 

the model that CDK8 functions as a negative regulator of E2F1, the key transcription factor that 

controls the G1-S phase transition [59, 60, 162]. However, compared to the cells in the ventral 

compartment, depletion Med12 and Med13 together, in the dorsal compartment did not cause 

any obvious effects on the distribution of cell-cycle phases (Fig. III.3C). Similarly, simultaneous 

depletion of all four subunits of the CKM (Fig. III.3D), in the dorsal compartment also did not 



have any obvious impacts on the cell-cycle progression compared to the cells in the ventral 

compartment. Taken together, these results suggest that depletion of CDK8-CycC increases cell 

proliferation by promoting the entry of both S phase and mitosis, while depletion of Med12-

Med13 does not. 

III.3.3 Asymmetric interdependency among the CKM subunits

Previously, we have reported that CycC protein is destabilized in cdk8 mutant larvae, but 

the stability of CDK8 protein is not affected in cycC mutants [85]. Although the underlying 

mechanism for this phenomenon remains unknown, we asked whether loss of one subunit of the 

CKM could affect the levels of other three CKM subunits. This question is difficult to address, 

due to limitations of the available antibodies against the CKM subunits for cell biological and 

biochemical assays.  

To rigorously analyze the protein levels of the CKM subunits, we have tagged to the 

endogenous loci of Cdk8, Med12 and Med13 with an enhanced green fluorescent protein 

(EGFP), and the endogenous locus of CycC with a red fluorescent protein (RFP), using the 

CRISPR-Cas9 technique (see Materials and Methods for details). All these tags were added to 

the C-termini of the CKM subunits, designated as CDK8-EGFP, CycC-RFP, Med12-EGFP, and 

Med13-EGFP. The homozygous of all these EGFP- or RFP-tagged lines are fully viable and 

fertile, suggesting that the fluorescent protein tags do not interfere the normal function of the 

CKM subunits in vivo. The specificity of these four lines was verified by PCR, and more 

importantly, by the genetic and cell biological analyses as described below.  These powerful 

genetic tools allowed us to deplete a single subunit of the CKM using ap-Gal4, and then analyze 

the potential impacts to the levels of all CKM subunits. 
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Fig III.4. Asymmetric interdependency among the four CKM subunits. 
Representative confocal images of wing discs with CDK8-EGFP (green) of the 
following genotypes: (A) ap-Gal4/+;CDK8-EGFP/+;  (B) ap-Gal4/+;CDK8-
EGFP/UAS-CDK8-i; (C) ap-Gal4/+;CDK8-EGFP/UAS-CycC-i; (D) ap-
Gal4/+;CDK8-EGFP/UAS-Med12-i; (E) ap-Gal4/+;CDK8-EGFP/UAS-Med13-i; 
with Med12-EGFP (green) of the following genotypes: (F) ap-Gal4/+;Med12-
EGFP/+;  (G) ap-Gal4/+;Med12-EGFP/UAS-CDK8-i; (H) ap-Gal4/+;Med12-
EGFP/UAS-CycC-i; (I) ap-Gal4/+;Med12-EGFP/UAS-Med12-i; (J) ap-
Gal4/+;Med12-EGFP/UAS-Med13-i; with Med13-EGFP (green) of the following 
genotypes: (K) ap-Gal4/+; Med13-EGFP/+;  (L) ap-Gal4/+; Med13-EGFP/UAS-
CDK8-i; (M) ap-Gal4/+;Med13-EGFP/UAS-CycC-i; (N) ap-Gal4/+; Med13-
EGFP/UAS-Med12-i; (O) ap-Gal4/+;Med13-EGFP/UAS-Med13-i. (P) Quantification 
of CDK8-EGFP signal comparing Dorsal vs Ventral compartment. (Q)Summary of the 
asymmetric interdependency. At least five wing discs were examined for each 
genotype. Scale bar in K: 25μm. 
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In wing discs from the third instar larvae, CDK8-EGFP (Fig. III.4A), Med12-EGFP (Fig. 

III.4F), and Med13-EGFP (Fig. III.4K) are even expressed in the nuclei of all cells. When CDK8

was depleted in the dorsal compartment of wing disc using ap-Gal4, CDK8-EGFP level was 

significantly reduced as expected (Fig. III.4B). Similarly, knocking down Med12 diminished 

Med12-EGFP levels (Fig. III.4I), and depleting Med13 ablated Med13-EGFP levels (Fig. 

III.4O). These results validate the specificity and efficacy of both the transgenic RNAi lines

targeting the CKM subunits as well as the EGFP tagged lines for these CKM subunits. 

More importantly, these genetic tools have allowed us to define the impacts of losing one 

subunit on the levels of other CKM subunits in vivo. We have observed that depletion of Med 12 

(Fig. III.4D) or Med13 (Fig. III.4E) in the dorsal compartment also reduced the levels of CDK8-

EGFP, which are statistically significant shown in Fig. III.4P, while depleting CycC has no 

effects on level of CDK8-EGFP (Fig. III.4C). 

Interestingly, depletion of CDK8 or CycC in the dorsal compartment of wing discs has no 

effects on the levels of Med12-EGFP (Fig. III.4G and Fig. III.4H), or the levels of Med13-EGFP 

(Fig. III.4L and Fig. III.4M), suggesting that the levels of Med12 or Med13 are not dependent on 

CDK8 or CycC. However, knocking down Med13 significantly reduced the levels of Med12-

EGFP (Fig. III.4J), while depleting Med12 also reduced the Med13-EGFP level (Fig. III.4N), 

suggesting that the levels of Med12 and Med13 are dependent on each other. These results show 

that the stability of CDK8 is dependent Med12 and Med13, but not on CycC; the stability of 

Med12 and Med13 are interdependent on each other, but not on CDK8 or CycC (Fig. III.5Q).  

To test whether the subunits are degraded through 20S proteasome with ubiquitination 

independent manner, we predicted the potential intrinsically disordered region of the four 

subunits (see Discussion below). From ANCHOR2 and IUPred2 predictions, at the end of C-



terminal around 50 amino acid of CDK8 (Fig. A.III.5A), at the end C-terminal of CycC (Fig. 

A.III.5B), the end of C-terminal around 500 amino acid of Med12 (Fig. A.III.5C) and 500 to 

1500 amino acids of Med13 are disordered (Fig. A.III.5D). These predicted intrinsically 

disordered region provide the structural possibility of 20S based proteasome degradation. 

III.4 Discussion

To study in vivo functions of the four CKM subunits, we generated genetic tool that allow 

us to deplete these CKM subunits in different combinations in fly eyes and wings. The specific 

phenotypes generated by this approach suggest that loss of the different CKM subunits may 

result in distinct consequences during the eye or wing development. At the cellular level, the 

major impact of these genetic perturbations of the CKM subunits is on cell-cycle progression, 

but not apoptosis. Reduction of CDK8 and CycC has a clear impact in regulating the G1-S phase 

transition. At the molecular level, we have observed that the stabilities of the CKM subunits are 

asymmetrically interdependent among the four subunits. Our further analyses led us to propose 

that intrinsic disordered regions in the CDK8, Med12, and Med13 may facilitate their 

degradation in a 20S proteasome-dependent manner. Taken together, these results have revealed 

new layer regulatory mechanism in fine-tuning the CKM subunits in vivo, which may have 

important implications in our understanding the in vivo impacts of mutation or amplification of 

specific CKM subunits in pathological contexts.   

III.4.1 The four subunits of the CKM function differently on regulating Drosophila eye and 

wing development 

Our observation suggests that CDK8 and CycC may not be required by eye and wing 

development, while Med12 and Med13 may be essential for them. These results are consistent 

with previous report showing that eyes with cdk8K185 and cycCY5 mitotic clones are normal, while 
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Med12T241 mitotic clones in eye caused strong defects on eye development [71]. In addition, 

depletion of CDK8 or CycC increased the wing cell number. Interestingly, depletion of different 

combinations had different impact on eye or wing development. The reduced eye size by 

depleting Med12 or Med13 can be reversed by additionally depletion of CDK8, CycC or both. 

However, depleting Med12 and Med13 together caused stronger defects on eye development, 

which cannot be rescued by additional knock down of CDK8, CycC or both. Taken the 

interdependency of the four subunits’ results together, when Med12 or Med13 is depleted, 

residue subunits may be still functional. Additional depletion of CDK8 or CycC may increase 

E2F1 activity to promote cell proliferation and partially compliment to the eye size loss. When 

both Med12 and Med13 are depleted, the majority of the CKM are dissembled, the transcription 

activity of important genes is strongly inhibited, such as Dpp signaling targets and Wnt signaling 

targets, and the eyes development are further disrupted. With the strong disruption caused by 

depletion of both Med12 and Med13, knocking down CDK8 and CycC together with them can 

no longer compliment the reduction of the eye size. These results are consistent to mitotic clones 

with both cdk8K185 and Med12T241. Mitotic clones of Med12T241 in eye caused strong defects on 

eye development, which phenotype was similar to the depletion of both Med12 and Med13. 

Additional mutation of Cdk8 cannot reverse the eye size reduction [71].  

These results are further dissected with wing phenotype and wing disc cellular level 

analyses. When CDK8 or CycC was depleted, the S phase cell population was increased, cell 

proliferation was promoted, and the final wing cell number was increased. These effects may be 

mainly through regulation of E2F1. However, depletion of Med12 or Med13 arrested cell cycle, 

likely at G2 stage, caused less cell proliferation and more apoptosis, and finally resulted in 

defects on wing development. As previous study suggested, Med12 and Med13 are required by 
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Wnt signaling targets transcription by bridging dTCF complex to the small Mediator complex, 

loss of Med12 and Med13 may cause retarded Wnt signaling or other important transcription 

processes [139] and resulted in the strong defects on wing development. Interestingly, when we 

deplete CDK8 together with Med13, we observed promoted cell proliferation based on the PH3 

staining. In addition, cell cycle distribution pattern was similar to depleting Med13 alone, shown 

with the FUCCI system. Taken the PH3 and FUCCI results together, these observations suggest 

combined effects of CDK8 and Med13 on cell cycle progression. However, the adult wing 

showed a blistered phenotype, which is the same as depletion of Med13 alone, indicating that 

Med13 is more dominant in controlling wing development. This dominant role in controlling 

wing development of Med13 is consistent with the conclusion from eyes. One puzzle from our 

observation is that depletion of both CDK8 and Med13 in wing discs did not increase the 

apoptosis, marked by cleaved Dcp-1. However, the blistered phenotype may be caused by 

apoptosis happened during pupae stage. Taken together, CDK8-CycC may function 

independently from Med12-Med13 to act as a negative regulator of cell proliferation through 

E2F1, and Med12-Med13 may function independently from CDK8-CycC to be required by 

varieties of transcription activation, such as Wnt targets, for wing or eye development.  

Notably, amplification or up-regulation of CDK8 was identified in multiple cancer types, 

including colorectal cancer and melanoma. In addition, its regulatory partner, CycC was also 

shown highly expressed in colorectal-adenocarcinoma, leukemia and lymphoma cells. Moreover, 

mutation of Med12 in exon 1 and exon 2 were identified in nearly 70% of uterine leiomyomas by 

the Lauri Aaltonen laboratory (Li et al., 2019). As different amplifications or mutations were 

identified in different subunits of the CKM in different diseases, the further investigation of the 



molecular mechanisms underpinning these complicated relationships among the four subunits 

will provide new strategies to treat diseases related to the four subunits. 

As vertebrates CKM is more complex, further examination or validation in mammalian 

system is required to understand the consequences of gain or loss of the subunits. Nevertheless, 

the distinct functions and asymmetric interdependency of the subunits of the CKM in eye or 

wing development raised novel directions to understand their roles in different biological 

contacts in vivo, especially in human diseases.  

III.4.2 Asymmetric interdependency among the four subunits of CKM

Cyro-EM results suggested that CDK8 indirectly interacts with Med12 through CycC, 

while Med13 connected to the other subunits by direct interaction with Med12. Loss of CDK8 or 

Med13 did not disrupt the formation of the CKM complex of the remaining three subunits after 

biochemical purification. However, our observation suggested that the four subunits may affect 

each other’s stability and may finally affect the complex formation and function in vivo.  

With depletion of CDK8, both CDK8 and CycC protein levels are decreased, which is 

consistent with our previous observations that in cdk8K185 L3 wondering larvae and white 

prepupae, both CDK8 and CycC are low with western blot. However, depletion of CycC only 

affects CycC protein level, consistent with the result of cycCY5 L3 wondering larvae and white 

prepupae western blot. Although CycC mRNA level was significantly increased with depletion 

of CDK8, CycC protein stability may strongly rely on the CDK8 protein level, resulting in the 

net effect of decrease in CycC protein level. However, while depleting either CDK8 or CycC, 

Med12 and Med13 protein levels are not affected obviously, although depleting CDK8 elevated 

Med12 and Med13 mRNA level in RT-qPCR result. As knocking down CDK8 reduced both 

CDK8 and CycC protein level, the kinase activity of the CKM may be lost. Similarly, depleting 
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CycC may disrupt the interaction between CDK8 and the other two subunits and inhibiting the 

kinase activity of the CKM, as CDK8 alone cannot function as a kinase, although the CDK8 

protein level is not affected. In both situations, Med12-Med13 may form a sub-complex or 

function independently as single subunit during development. 

On the other hand, depleting either Med12 or Med13 reduced all of the four subunits’ 

protein levels, without significant impact on mRNA level of the other subunits. Loss of Med12 

or Med13 may result in the dissemble of the entire complex and the abnormal function of all four 

subunits. However, the reduction of CDK8-EGFP level by depletion of Med12 or Med13 was 

not as significant as the reduction of CDK8-EGFP level by depletion of CDK8, depletion of 

Med12 or Med13 may not fully eliminate the CKM function. Residue partial complex may exist 

and still have kinase activity for some of the substrates.  

III.4.3 Potential regulation of the CKM subunits degradation

Our observation indicates that the four subunits of the CKM are asymmetrically 

interdependent. However, the underlining mechanism of the protein destabilization of one 

subunit caused by depleting of other subunits remains further exploring, for example, how CDK8 

is degraded upon depletion of Med12 or Med13. One theory for the degradation of subunits from 

protein complex is that the dissociation of protein complex will expose the intrinsically 

disordered region of protein monomers, be recognized and degraded by 20S proteasome [163]. 

Some hinds for this theory from previous works, suggest that intrinsically disordered region of 

p53 and ODC may be protected by large protein complex and disassembly of these complexes 

will release the disordered region and lead to their ubiquitin independent 20S proteasome 

degradation [163]. A recent structural analysis of the CKM suggested that the C-terminal of 

CDK8 may be wrapped and protected by Med12 [164]. Depletion of Med12 may expose this 
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intrinsically disordered C-terminal of CDK8 (Fig. A.III.5A) to 20S proteasome and cause CDK8 

ubiquitination independent degradation. As part of the other three CKM subunits, CycC, Med12 

and Med13 is also predicted to be intrinsically disordered, their degradation may follow the 

similar manner. However, the structural basis of CycC, Med12 and Med13 is poorly analyzed. It 

requires additional biochemical and genetic analysis to fully explore the regulation of the 

asymmetric interdependency.  
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CHAPTER IV  

CDK8-CYCLIN C MODULATES LIPOGENESIS BY DIRECTLY INHIBITING SREBP-

DEPENDENT TRANSCRIPTION IN DROSOPHILA 

IV.1 Introduction

Lipids, such as fatty acids, triglycerides, phospholipids, and sterols, play diverse and 

critical roles during the normal development of multicellular organisms [165, 166]. For 

examples, triglycerides serve as the major energy storage molecules; while phospholipids and 

sterols form membranes structures that are essential for compartmentation of eukaryotic cells 

[167]. Moreover, cholesterol and its derivatives as well as phosphatidylinositols can also 

function as signaling molecules or hormones in animals and plants [167]. In metazoans, lipids or 

fatty acids can be obtained either directly from diets, or synthesized in cells from acetyl-CoA, a 

process also known as de novo lipogenesis. The SREBP (sterol regulatory element-binding 

protein) family of transcription factors play critical and conserved roles in regulating the 

transcription of enzymes required for de novo lipid and cholesterol biosynthesis [168-171]. 

These key lipogenic enzymes include ACC (acetyl-CoA carboxylase, the rate-limiting enzyme 

for lipogenesis), ACS (acetyl-CoA synthetase), and FAS (fatty acid synthase, or FASN in 

vertebrates) [172-175].  

Given the fundamental role of SREBPs in regulating the transcription of lipogenic and 

cholesterogenic factors, it is not surprising that dysregulation of SREBPs has been reported in 

metabolism disorders and diseases such as cancer [176, 177]. In fact, elevated fatty acid 

biosynthesis and increased expression of lipogenic enzymes such FAS and ACC have been 

identified as a nearly universal feature in most human cancers [178, 179]. For example, 19 SNPs 

(single nucleotide polymorphism) within SREBF1 (Sterol Regulatory Element Binding 
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Transcription Factor 1, encodes SREBP1) have been identified in 40 unrelated obese patients 

[180]. Many of these SNPs, especially 54G/C (rs2297508, in exon 18c), have strong correlation 

with obesity and type 2 diabetes with cohort studies of a French and an Austrian population [180, 

181]. Significantly increased frequency SNP rs11868035 A/G in the intron region of the SREBF1 

has been observed in patients with NAFLD (non-alcoholic fatty liver disease) [182]. Aside from 

these metabolic disorders, elevated SREBP activity can also promote the growth or the 

metastasis of prostate cancer and breast cancer cells [183-189]. In contrast, downregulation of 

SREBPs inhibits progression of colon cancer [190, 191], endometrial cancer [192], pancreatic 

cancer [193], prostate cancer [194], as well as breast cancer [195]. Accordingly, therapeutic 

approaches have been developed to target the key lipogenic enzymes, such as ACC, FASN, and 

SCD (stearoyl-CoA desaturase), for cancer treatment [178, 196, 197]. Thus, understanding the 

function and regulation of SREBPs may provide mechanistic insights into these diseases, thereby 

aiding developing new approaches to treat them. 

In mammals, the three SREBPs are encoded by two different genes, SREBF1 and 

SREBF2. SREBP1a and SREBP1c are generated by alternative splicing of the SREBF1 

transcripts. SREBP1c plays a key role in regulating the transcription of lipogenic genes, while 

SREBP1a can regulate the expression of genes encoding both the lipogenic and cholesterogenic 

enzymes. SREBP2 is encoded by the SREBF2 gene and is critical in regulating the expression of 

enzymes involved in cholesterol biosynthesis [198]. The full-length SREBPs are membrane 

proteins localized in endoplasmic reticulum. These SREBP precursors consist of a bHLH-Zip 

DNA binding domain at the N-terminus, a transmembrane domain, and a regulatory domain at 

the C-terminus [199]. At presence of sterol, these full-length SREBPs associate with the SCAP 

(SREBP cleavage-activating protein)-INSIG (Insulin induced gene) as a stable complex. When 
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the intracellular level of sterols is low, INSIG is released and SREBP-SCAP is transported to the 

Golgi apparatus, where the full-length SREBP precursors are cleaved by two proteases, S1P 

(site-1 protease) followed by S2P (site-2 protease), resulting in the release of the N-terminal 

fragment with bHLH-Zip DNA binding domain [200]. These N-terminal SREBP fragments enter 

into nucleus.and stimulate the expression of SREBP-target genes, thus they are also known as the 

mSREBPs (mature or nuclear form of SREBPs) [198, 201].  

All of these aforementioned factors and regulations of the SREBP pathway are 

conserved, but much simpler, in invertebrates, such as Drosophila and C. elegans. In 

Drosophila, there is only one SREBP ortholog, in addition to single orthologs of other factors 

that control dSREBP processing, including dSCAP, dS1P and dS2P [168, 199, 202-204]. Instead 

of inhibiting by sterol, the cleavage of precursor dSREBP is regulated by the presence of 

palmitic acid [205], consistent to the notion that insects are auxotrophic for cholesterols due to 

absence of key enzymes for cholesterol biosynthesis [206, 207]. Despite this difference, dSREBP 

plays the conserved role in regulating de novo lipogenesis [168].  

We have previously reported that CDK8-CycC negatively regulates lipogenesis by 

inhibiting the transcriptional activity of the mSREBPs in both Drosophila and mammals [65]. 

Specifically, we have observed that loss of CDK8 and CycC increases the transcription of 

lipogenic genes and fat accumulation in Drosophila, cultured mammalian cells, and mouse livers 

[65]. In addition, we have identified a conserved Threonine residue, Thr402 of hSREBP or 

Thr390 of dSREBP, as the phosphorylation site by CDK8 in in vitro kinase assays [65]. 

Moreover, depleting CDK8 or CycC in cultured human embryonic kidney 293 (HEK293) cells 

reduces the levels of ubiquitinated mSREBP-1a, but increases the total protein levels of 

mSREBP-1a, suggesting that phosphorylation of mSREBPs by CDK8 destabilizes mSREBP 



through ubiquitin-dependent protein degradation [65]. However, the exact mechanisms of how 

CDK8 interacts with SREBP and the biological consequences of the SREBP phosphorylation by 

CDK8 in vivo are still not fully understood.  

Here we report our analyses of the role of phosphomutant SREBP (mature form of 

Drosophila SREBP-Thr390Ala, designated as the dSREBP-TA mutant) in regulating its stability, 

DNA binding, and transcriptional activities in Drosophila. Our results suggest that compared to 

the wild-type mature dSREBP, dSREBP-TA mutant proteins are more stable, displays stronger 

DNA binding, and more potent in stimulating the transcription of dSREBP target genes and fat 

accumulation in vivo. In addition, we have performed in vitro biochemical analyses and mapped 

the interactions between CDK8 and dSREBP, and we have observed six amino acids at the N-

terminus of dSREBP that are essential for the interactions between dSREBP and CDK8 (or 

Med15). Taken together, these results validate the critical roles of CDK8-meditated SREBP 

phosphorylation in regulating lipogenesis in vivo.  

IV.2 Material and Methods

IV.2.1 Fly maintenance and generation of UAS-dSREBP transgenic lines

Flies were raised at 25˚C on a standard cornmeal, molasses and yeast medium. To 

construct the UAS-dSREBP transgenic lines, we first amplified the DNA sequence of the nuclear 

form of dSREBP using the high fidelity PrimeSTAR Max DNA polymerase (Takara, R045A) 

and primers SREBP-5.10 and SREBP-3.10 (Table B.IV.1). After purification, the PCR fragment 

was inserted into the pENTR/D-TOPO vector (ThermoFisher, K240020), and then amplified in 

E. coli strain DH5α. The T390A mutation was generated with QuikChange II Site-Directed 

Mutagenesis Kit (Agilent Technologies, 200523) with primers SREBP-TA-5.1 and SREBP-TA-

3.1 (Table B.IV.1). After validation by sequencing, the two pENTR constructs were recombined 
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into the pVALIUM10-roe vector 

(https://plasmid.med.harvard.edu/PLASMID/GetVectorDetail.do?vectorid=495), which contains 

the attB sequence for site-specific insertion into Drosophila genome [208], using the Gateway 

LR Clonase II Enzyme mix (ThermoFisher, 11791100) following manufacturer’s instructions. 

The amplified constructs were micro-injected into integrase expressing fly strain with attP2 site 

(BL-25710: P{y[+t7.7]=nos-phiC31\int.NLS}X, y1 sc1 v1 sev21; P{y[+t7.7]=CaryP}attP2) using 

the service provided by Rainbow Transgenic Flies (Camarillo, CA).  

IV.2.2 Generation of somatic clones in larval fat body and intestines

The first instar larvae (24h after egg laying) were heat shocked at 37˚C for 5 minutes, and 

then raised at 25˚C until the wandering third instar larval stage. The fat body was dissected in 

PBS and fixed in 4% formaldehyde at room temperature for 10 minutes. For dFAS-EGFP 

imaging, the fat body was incubated with 1μM DAPI in PBS-Tween 20 (0.05% Tween 20) at 

room temperature for 10 minutes, washed by PBS-Tween 20 at room temperature for 10 minutes 

3 times and mounted in the Vectashield mounting media (Vector Laboratories, H-1000). For Nile 

red staining, the fat body was washed with PBS-Tween 20 for 10 minutes 3 times and incubated 

with 100 ng/mL Nile red at room temperature for 30 minutes, followed by DAPI staining and 

mounting as described above for dFAS-EGFP. For immunostaining using an anti-dSREBP 

antiserum [209], the fixed fat body was washed with PBS-Tween 20 for 10 minutes 3 times and 

blocked with PBS-Tween-20-NGS-BSA (PBS+0.05% Tween 20+5% Normal Goat Serum+0.2% 

Bovine Serum Albumin) at room temperature for one hour. The fat body was then incubated with 

anti-SREBP (1:100 diluted in PBS-Tween-20-NGS-BSA) at 4˚C overnight. After rinsing with 

PBS-Tween 20 three times, the tissues were then incubated in a secondary antibody (Alexa Fluor 

594 AffiniPure goat anti-rabbit, Jackson Immunological Laboratories, 111-585-003; 1:1000 
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diluted in PBS-Tween-20-NGS-BSA) at room temperature for one hour, followed by the same 

DAPI staining, rinsing, and mounting steps as described above.  

Three-day old adult flies of specific genotypes (as described in the Results section) were 

heat-shocked at 37˚C for 40 minutes. These animals were then starved by being kept in vials 

containing 1.5% agar for four hours at 25˚C. Intestines of these animals were dissected, fixed, 

stained with DAPI and mounted as described above. All of the confocal images in this work 

were taken by Nikon Ti Eclipse confocal microscope system, processed by the Adobe Photoshop 

CS6 software, and representative images were shown in figures. The quantification was 

performed by ImageJ.  

IV.2.3 Polytene spreading and immunostaining

For heat shock treatment, late third instar wandering larvae of w1118, UAS-SREBP+ and 

UAS-SREBPT390A were incubated at 37˚C for four hours. The slavery glands of these animals 

were dissected in PBS, fixed in one drop of 3.7% formaldehyde for 30 seconds and transferred to 

formaldehyde-acetic acid (H2O: 37% formaldehyde: acetic acid = 4:1:5) for further fixation. 

Cover slide was applied and tapped to smash the slavery glands and to spread the polytene. The 

slides were set on dry ice before the cover slides were removed by a razor blade. The slides were 

then washed with PBS and blocked in 5% fat-free milk in PBS. Anti-SREBP (1:100) was diluted 

in 5% fat-free milk in PBS and the slides were incubated in a humid chamber overnight at 4˚C. 

Following three rounds of PBS washes, a secondary antibody (Alexa Fluor 594 AffiniPure goat 

anti-rabbit; 1:1000) was applied at room temperature for two hours. Finally, the polytene was 

stained with 1μM DAPI, rinsed, and then mounted in Vectashield mounting media.  
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IV.2.4 RNA-seq sample preparation and data analysis

The total RNA from 10 third instar larvae of w1118 (control), cdk8K185, and cycCY5 

homozygotes at the wandering stage (triplicate for each genotype) was extracted using 1.0 ml of 

TRIzol Regent (Invitrogen), and then purified using the RNeasy Mini Kit (Qiagen, 74104) 

following the manufacturer’s instructions. The preparation and sequencing of the RNA libraries, 

as well as the quality control and adapter trimming, were performed by the Texas A&M 

University (TAMU) Genomics & Bioinformatics Service using the Illumina HiSeq 2500 

following the standard protocols.  

The processed files were uploaded to and analyzed on the TAMU High Performance 

Research Computing cluster Terra. RNA-seq sequences were aligned to the Drosophila 

melanogaster genome Flybase release 6.30 by STAR [210]. The gene counts were generated by 

featureCounts function from the Subread package [211]. Differential expression analysis was 

performed using DESeq2 R package [212], with adjusted p value cutoff 0.05 used to identify 

statistically significant differential expressed genes. The heat maps were generated by pheatmap 

R package [213] with normalized gene counts provided by DESeq2. The clusterProfiler R 

package was used to perform Gene Ontology analysis of significantly altered genes associated 

with Flybase gene ID [214]. The Benjamini-Hochberg multiple testing correction method was 

used and the output dotplot was generated by enrichplot R package [215]. 

IV.2.5 Protein expression and GST pull-down assay

CDK8 (AA1-262), Med15 (full length), and SREBP fragments were amplified with the 

PrimeSTAR Max premix (Takara, R045A), using primers listed in Table B.IV.1. These 

fragments were inserted into the pENTR/D-TOPO vector (ThermoFisher, K240020). The 

pENTR-SREBP-1-A-3 was mutated by QuikChange II Site-Directed Mutagenesis Kit (Agilent, 
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200523) using primers SREBP-mut-5.1 and SREBP-mut-3.1 (Table B.IV.1). The CDK8 and 

dMed15 fragments in pENTR vectors were recombined into the pDEST17 vector (N-terminal 

6XHis tag) with Gateway LR Clonase II Enzyme mix (ThermoFisher, 11791020). Similarly, the 

SREBP fragments, including mutated pENTR-SREBP-1-A-3, were recombined into pDEST15 

vector (N-terminal GST tag). The constructs were transformed to E. coli strain Rosetta for 

protein expression using standard protocols. Purification of GST-tagged proteins and the GST 

pull-down assays were performed using the same protocol as described previously [157].  

IV.2.6 Sequence alignment and analyses of the intrinsically disordered regions of SRBEP 

proteins and sequence alignment 

The AA sequences of SREBP proteins from different species were downloaded from 

NCBI RefSeq (National Center for Biotechnology Information Reference Sequence) database 

[216] and aligned using the Clustal Omega with default parameters

(https://www.ebi.ac.uk/Tools/msa/clustalo/) [217]. The SREBP sequences of different species in 

FASTA format were individually uploaded to https://iupred2a.elte.hu/ and performed 

ANCHOR2 [218] and IUPred2A [219] predictions with default parameters. The heat maps were 

drawn by pheatmap R package [213], based on the predicted scores. 

IV.3 Results

IV.3.1 Validation of the role of CDK8-CycC in regulating lipogenic gene expression using the 

RNA-seq analyses 

Previously, we have characterized the effects of CDK8 and CycC mutations on gene 

expression using the microarray analyses of the cdk8K185 and cycCY5 null mutant larvae [65]. 

However, there are a number of disadvantages of the microarray approach, such as high 

background owing to cross-hybridization, limited dynamic range of detection due to saturated 
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signals, as well as limited specificity and sensitivity, especially for low abundance transcripts 

[220]. To validate and extend our previous microarray analyses, we have performed 

transcriptome profiling of the cdk8K185 and cycCY5 homozygous larvae using the RNA-seq (RNA 

sequencing) technique (see Materials and Methods for details). The genes that are significantly 

altered in cdk8K185 and cycCY5 mutants comparing with the control (w1118) were categorized using 

the GseGO (Gene Set Enrichment Analysis of Gene Ontology) function from the clusterProfiler 

package [214]. The top 40 Gene Ontology categories are shown as a dotplot for cdk8K185 (Fig. 

IV.1A) and for cycCY5 (Fig. A.IV.1). Consistent to our previous reports that fatty acid

biosynthesis is elevated in cdk8K185 mutant larvae [65, 85], the fatty acid biosynthesis process is 

identified as one of the significantly upregulated gene categories (Fig. IV.1A). 

To display the changes of genes involved in the fatty acid biosynthesis process in a 

higher resolution, we have used a heatmap to show all the genes within the category of all the 

biological triplicates of cdk8K185, cycCY5, and the control (w1118). As the triplicates of the same 

genotypes were clustered together according to the X-axis clustering (Fig. IV.1B), validating that 

the biological replicates were correctly sampled. Importantly, the transcription of genes encoding 

the key enzymes for fatty acid biosynthesis, such as FAS and ACC, are significantly elevated in 

cdk8K185 or cycCY5 mutant larvae. The transcription of these two genes is directly activated by 

dSREBP, consisting with the model that the transcriptional activities of SREBP are elevated in 

cdk8K185 and cycCY5 mutants [65].  

SREBP-dependent lipogenesis is regulated by physiological conditions such as feeding 

and starvation. Extensive studies in the past decades have shown that the insulin/mTOR 

(mammalian target of rapamycin) signaling pathway is activated by dietary nutrients, such as 

carbohydrates and amino acids [221-225]. Interestingly, downregulation of CDK8-CycC by 
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insulin signaling is dependent on mTORC1 in cultured mammalian cells [226], while depleting 

Fig. IV.1. Fatty acid biosynthetic process genes are elevated in cdk8 and cycC null 
mutants. (A) Dotplot of the top 40 Gene Ontology categories of significantly altered 
genes in cdk8K185 comparing with w1118. (B) Heatmap of genes involved in fatty acid 
biosynthetic process category of triplicates of w1118, cdk8K185 and cycCY5. (C) 
Model: The role of CDK8-CycC in the context of insulin signaling and lipogenesis. 



CDK8 or CycC can potently abolish the effects of TOR activation on autophagosome formation 

in Drosophila [227]. Moreover, cdk8 and cycC mutant larvae are hypersensitive to high sugar 

diets and higher levels of dietary amino acids that stimulate TOR in Drosophila [228]. These 

results suggest that mTORC1 functions upstream of CDK8-CycC [14]. The RNA-Seq analyses 

(Fig. IV.1A, Fig. IV.1B), together with our previous work [65], support the model that dietary 

nutrients activated insulin/mTOR signaling stimulates SREBP-dependent lipogenic gene 

expression and lipogenesis by inhibiting CDK8-CycC (Fig. IV.1C).   

IV.3.2 Increased stability of phosphomutant dSREBP proteins in vivo

  Our in vitro biochemical analyses suggest that CDK8 may inhibit lipogenesis by directly 

phosphorylating SREBP at a conserved Thr residue (Fig. IV.2A) [65]. To further determine the 

impacts of SREBP phosphorylation by CDK8 in vivo, we have tested whether mutating the 

phosphorylation site affects the stability, DNA-binding ability, and the transcriptional activity of 

SREBP in Drosophila. Specifically, we have generated two transgenic lines allowing us to 

overexpress the mature, nuclear form (AA1-451) of either the wild-type dSREBP (UAS-

dSREBP+) or the phosphomutant dSREBP (UAS-dSREBPT390A). The Thr390Ala mutation was 

validated by sequencing (Fig. IV.2B). To reduce potential variation caused by chromatin 

environments of the insertion sites, we have used the pVALIUM10-roe vector, which flanks the 

expression cassettes with the gyspy insulators and supports site direct insertion with the attB 

integrase target sequence [208, 229]. The constructs were then specifically inserted at the same 

attP2 locus of the third chromosome (see Materials and Methods). 
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To test whether the stability of dSREBP is affected in the phosphomutant proteins, we 

performed a clonal analysis in larval fat body using the cis-chromosomal recombination (FLP-

out) system [230]. Specifically, we constructed the larvae with the following genotypes: hs-

flp/+; Actin>y+>Gal4, UAS-GFP/+; UAS-dSREBP+/+ and hs-flp/+; Actin>y+>Gal4, UAS-

GFP/+; UAS-dSREBPT390A/+. GFP-labeled adipocytes overexpress either the wild-type dSREBP 

or dSREBPT390A, and the levels of dSREBP were detected by immuno-staining using an anti-

dSREBP polyclonal antibody. Compared to the cells outside of the GFP positive clones, ectopic 

expression of both forms of dSREBP significantly increased the dSREBP levels as expected 

(Fig. IV.2C and 2D). Importantly, we have observed a stronger elevation of the levels of 

Fig IV.2. Increased stability of the phophomutant dSREBP proteins. (A) 
Alignment of the AA sequences of SREBP to show the conservation of Thr390Pro391 
(TP) from Drosophila to humans. (B) Validation of SREBPThr390Ala mutation by 
sequencing. (C/D) Representative confocal images of larvae fat body stained with an 
anti-SREBP antibody (red), GFP (green), and the DNA dye DAPI (blue). Detailed 
genotypes are: (C) hs-flp/+; Act>y+>GFP/+; UAS-dSREBP+/+; (D) hs-flp/+; 
Act>y+>GFP/+; UAS-dSREBPT390A/+. (C’/D’) The same images to C/D with only 
the anti-dSREBP staining (red) showed. Scale bar in C: 10μm. 



dSREBPT390A than the wild type dSREBP (Fig. IV.2C’ vs. 2D’), suggesting phosphomutant form 

of SREBP is more stable than wild type form of SREBP. 

IV.3.3 Increased DNA-binding ability of phosphomutant dSREBP proteins in vivo

We have previously proposed a model to explain how CDK8-CycC inhibits SREBP-

dependent gene expression, which posits that SREBP phosphorylation by CDK8 promotes the 

degradation of SREBP [65]. Consistent to this model, SREBP phosphorylation by CDK8 

increased the ubiquitination and degradation of SREBP [65], and the E3 ligase SCFFbw7b is 

required for ubiquitination of SREBP [231]. The mSREBPs bind to the promoters of their target 

genes as homodimers [198], but the molecular events between CDK8 phosphorylation and 

SREBP degradation are still not fully understood. One likely scenario is that CDK8 

phosphorylation reduces the DNA-binding ability of mSREBPs, thereby tipping the balance in 

favor of exporting phosphorylated mSREBPs from nucleus, aiding its subsequent degradation by 

the 26S proteosome. 

If DNA-binding ability of SREBP is reduced by CDK8 phosphorylation, then we expect 

the phosphomutant dSREBP proteins have increased chromatin-binding ability than wild type 

dSREBP. To test this prediction, we ectopically expressed either wild-type or phosphomutant 

dSREBP proteins in salary glands of the third instar larvae, and then analyzed the levels of 

SREBP bound to the polytene chromosomes by immunostaining. There is a minimal hsp70 core 

promoter between 5X UAS sequence and the multiple cloning site in the pVALIUM10-roe vector 

[208, 229], allowing us to induce SREBP expression by heat shock. Compared to the w1118 

control (Fig. IV.3A), overexpression of either dSREBP+ or dSREBPT390A increases SREBP 

binding to polytene chromosomes (Fig. IV.3B and 3C). However, compared to wild-type 

dSREBP (Fig. IV.3B), we have observed stronger phosphomutant SREBP-binding to polytene 
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chromatin (Fig. IV.3C). These observations suggest that phosphomutant SREBP increases its 

binding to chromatin than the wild-type SREBP proteins. 

IV.3.4 Potent effects of phosphomutant dSREBP in stimulating the lipogenic gene expression

in vivo 

To test whether increased DNA binding of dSREBPT390A correlates with more potent 

transcriptional activity at the cellular level, we generated transgenic reporter line using a 4kb 

promoter region of the dFAS (Drosophila fatty acid synthase) gene to drive the expression of 

EGFP (Fig. IV.4A), designated as the dFAS-EGFP reporter. To determine the effects of genetic 

perturbation on the expression of dFAS, we genetically recombine this reporter with the 

Actin>CD2>Gal4 UAS-RFP “flip out” system [232] (see Materials and Methods for details). 

Fig. IV.3. dSREBPT390A has stronger binding to DNA. Representative 
confocal images of an anti-SREBP antibody immunostaining (green) and the 
DNA dye DAPI (blue) in of the polytene chromosomes from larval salivary 
glands of the following genotypes: (A) w1118, control; (B) UAS-dSREBP+; and 
(C) UAS-dSREBPT390A/+. Scale bar in C: 10μm.
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To validate whether this dFAS-EGFP reporter is specific for SREBP activity, we deplete SREBP 

in the RFP marked clonal cells and observed that the clonal cells had lower EGFP level 

Fig IV.4. Phopho-mutant dSREBP protein is more potent in target transcription 
and lipid accumulation. (A) Scheme of FAS-EGFP reporter: ~ 4kb fragment 
upstream of the FASN1 gene from a BAC clone were used to drive the expression of 
an EGFP reporter. (B/B’) Representative confocal images of dFAS-EGFP (green), 
RFP (red) and DAPI (blue) in Drosophila larvae fat body of the following genotype: 
hs-flp/+; Act>y+>RFP/+; UAS-dSREBP-i/dFAS-EGFP; only dFAS-EGFP (green) is 
shown in B’. (C/D) Representative confocal images of dFAS-EGFP (green), RFP 
(red) and DAPI (blue) in Drosophila adult midgut of the following genotypes: (C) hs-
flp/+; Act>y+>RFP/+; UAS-dSREBP+/dFAS-EGFP; (D) hs-flp/+; Act>y+>RFP/+; 
UAS-dSREBPT390A/dFAS-EGFP. The signals of  FAS-EGFP (green) of the same 
images are shown in C’ and D’..(E/F) Representative confocal images of larvae fat 
body stained with Nile red (red), GFP (green), and DAPI (blue) of the following 
genotypes: (C) hs-flp/+; Act>y+>GFP/+; UAS-dSREBP+/+; (D) hs-flp/+; 
Act>y+>GFP/+; UAS-dSREBPT390A/+. The signals of Nile red staining (red) of the 
same images are shown in C’ and D’. All images in this figure have the same 
magnification; Scale bar in B’: 25μm. 
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comparing with surrounding cells (Fig. IV.4B), suggesting that dFAS-EGFP reporter is specific 

to SREBP. As shown in Fig. A.IV.2A and Fig. A.IV.2B, cells in clones marked with RFP 

overexpress dSREBP+ or m-dSREBPT390A and have increased expression of dFAS-EGFP 

compared to the neighboring cells. Importantly, stronger effects on dFAS-EGFP expression were 

observed in cell overexpressing dSREBPT390A than those overexpressing dSREBP+ (Fig. 

A.IV.2B).

To validate the effect of different forms of SREBP on dFAS transcription, we performed 

the same experiment in adult intestine with starvation. Starvation is expected to inhibit mTOR, 

which correlates with elevated CDK8 protein levels in Drosophila larvae [85]. Elevated CDK8 

phosphorylates and stimulates the degradation of nuclear dSREBP+, but not phosphomutant 

dSREBPT390A, thus it is expected that only dSREBPT390A can stimulate the expression of dFAS-

EGFP reporter upon starvation (Fig. IV.4C). To test this prediction and to avoid potential 

positional effects in midgut for our comparison, we focused our analyses on a posterior region of 

midgut, near the midgut and hindgut boundary, in adult flies. The endogenous expression of 

dFAS in the cells within this region is low (Fig. IV.4C and 4D). When overexpressing dSREBP+

in the RFP labeled clone cells, the dFAS-EGFP expression level is low and similar to the 

neighboring cells (Fig. IV.4C). In contrast, when the phosphomutant dSREBPT390A is 

overexpressed in RFP-labeled cells, the expression of dFAS-EGFP reporter was significantly 

increased than that of the neighboring cells (Fig. IV.4D). Taken together, our observations in 

both larval fat body and adult midgut suggest that overexpressing phosphomutant of dSREBP is 

more potent than the wild-type dSREBP in stimulating its target gene transcription in vivo.  

To test whether phosphomutant dSREBP is more potent than wild-type dSREBP in 

promoting lipid accumulation, we used the similar FLP-out system to generate somatic clones in 



larval fat body, marked by GFP, to overexpress either dSREBP+ or dSREBPT390A, and then 

analyzed the lipid accumulation by Nile red. Nile red has been applied to stain neutral lipids 

stored in intracellular lipid droplets, including TG (Triglycerides) [233], which are increased 

upon SREBP activation [234]. The mature dSREBPs are presumably maximally active in 

adipocytes at the wandering larval stage, ectopically expressed wild-type dSREBPs are largely 

degraded, making it difficult to observe any obvious effects comparing to the neighboring 

adipocytes (Fig. IV.4E, Fig. IV.4E’). In contrast, overexpressing phosphomutant dSREBPT390A 

led to stronger Nile red stained oil droplets in adipocytes marked with GFP, compared to the 

neighboring adipocytes (Fig. IV.4F, Fig. IV.4F’). These observations suggest that 

phosphomutant dSREBPT390A proteins are more potent in stimulating lipid accumulation than the 

wild-type dSREBPs in vivo.   

IV.3.5 N-terminus of dSREBP directly interacts with dCDK8

Previously, it has been reported that the N-terminus of human SREBP-1a (AA30-40) 

fused with GST can pull down several Mediator subunits, including CDK8, MED1, MED6, and 

MED15, from the HeLa cell nuclear extract, and hSREBP1a can directly interact with the KIX 

domain of hMED15 [235]. However, it is unclear whether CDK8 directly interacts with SREBP, 

or indirectly through the small Mediator complex, and whether the physical interactions between 

SREBP and MED15 are conserved in Drosophila. 
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To test whether dCDK8 directly interacts with dSREBP and to further map the specific 

regions mediating this interaction, we have performed three rounds of GST pull-down 

experiments. Specifically, we generated polyhistidine (His)-tagged dCDK8 (AA1-262), 

containing the ATP-binding site, A-loop, CycC interface, and substrate-binding domain [236, 

237]. Meanwhile, we generated GST-fusion proteins by dividing dSREBP into three partially 

Fig IV.5. Mapping the physical interactions between dCDK8 and the mature 
dSREBP. (A) Scheme of the mature, nuclear form of Drosophila SREBP, containing a 
bHLH domain from AA381 to AA338. (B-D) Western blots showing the three rounds 
GST pull-down assays that allowed to further map the specific regions in dSREBP that 
directly interact with His-tagged dCDK8 (see the Results section for more details). 



overlapping fragments (Fig. IV.5A), designated as GST-dSREBP-1 (AA1-250), GST-dSREBP-2 

(AA201-350, containing the bHLH-Zip domain), and GST-dSREBP-3 (AA301-451), 

respectively. As shown in Fig. IV.5B, His-dCDK8-N (AA1-262) can interact with GST-

dSREBP-1, but not GST-SREBP-2 or GST-SREBP-3, suggesting that AA1-200 of dSREBP 

interacts with dCDK8 in vitro. Next, we generated three smaller partially overlapping fragments 

of GST-SREBP-1 (Fig. IV.5A), and performed similar GST pull-down assays. We have 

observed that only GST-SREBP-1-A (AA1-100), but not GST-SREBP-1-B (AA51-200) or GST-

SREBP-1-C (AA151-250), can interact with His-CDK8-N (Fig. IV.5C), suggesting that AA1-50 

of dSREBP binds to dCDK8. In our third round of mapping, we have observed that GST-

SREBP-1-A-2 (AA1-50) and GST-SREBP-1-A-3 (AA1-75), but not GST-SREBP-1-A-1 (AA1-

25), can interact with His-dCDK8-N (Fig. IV.5A, Fig. IV.5D). These results suggest that the 

AA25-50 at the N-terminus of dSREBP can directly interact with dCDK8 in vitro.  

IV.3.6 N-terminus of dSREBP directly interacts with dMed15

Because the AA30-40 region of hSREBP1a directly interacts with the KIX domain of 

hMED15, we have tested whether the interaction is conserved in Drosophila. As shown in Fig. 

IV.6A, GST-SREBP-1-A-3 (AA1-75) can also pull down His-tagged full-length dMed15 

protein, suggesting that the interaction between the N-terminus of SREBP and MED15 is 

evolutionarily conserved. More importantly, the same region of dSREBP can directly interact 

with both dCDK8 and dMed15 (Fig. IV.5D and Fig. IV.6A), which may have important 

implications in our understanding of the dynamic processes that involve the small Mediator 

complex and the CDK8 module in SREBP-dependent gene expression (see Discussion). 

Mature or nuclear dSREBP contains a structured bHLH-Zip DNA-binding domain 

(AA284-334), but other parts of the nuclear dSREBP are largely intrinsic disordered (Fig. 
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A.IV.3). As a result, only the structure of the DNA-binding domain of nuclear SREBP1a has

been resolved using X-ray crystallography [238]. To identify the specific AAs within the N-

terminus of dSREBP that are required for direct interaction with dCDK8 or dMed15, we have 

first analyzed the intrinsic disordered regions of the SREBP from different species using the 

ANCHOR2 programs [218]. ANCHOR robustly predicts protein disorder based on an energy 

estimation approach and can also detect regions that probably gain energy by interacting with 

globular proteins [218]. We used heat maps to visualize the Anchor2 scores (AS) of the N-

terminus of SREBP proteins from Drosophila melanogaster, zebrafish (Danio rerio, SREBP1), 

Fig IV.6. Six amino acid (AA36-41) in N-terminal of SREBP are essential for the 
interaction between CDK8-SREBP and Med15-SREBP. (A) Western blots of the 
GST pull-down assay: interactions between the wild-type or AA36-41 mutated GST-
SREBP-1-A-3 and His-tagged N terminal fragment of dCDK8 or full length dMed15. 
(B) Heatmap of Anchor2 predication result of SREBP of different species of wild
type SREBP or mutated SREBP. AS: Anchor2 Score. (C) Sequence alignment of the
N-terminal of SREBP (AA25-50).
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frog (Xenopus laevis, SREBP1), chicken (Gallus gallus, SREBP1), mouse (Mus musculus, 

SREBP1a), and humans (Homo sapiens, SREBP1a) (Fig. IV.6C). Interestingly, these analyses 

reveal a hot spot overlapping from AA35 to AA44 across the species (Fig. IV.6B). Within this 

region, six amino acids, DMLDII (AA36-41) are highly conserved during evolution (Fig. 

IV.6C).

To test whether mutating these six AAs (DMLDII) can alter the intrinsic disorder level of 

the SREBP, we replaced them with six alanines from different species in silico and then analyzed 

protein disorder of these mutant SREBPs using the ANCHOR2 programs. As shown in Fig. 

IV.6C, the ANCHOR2 score hotspot is diminished within this region, indicating that these six

conserved AAs might be important for the dSREBP, dCDK8 and dMed15 interactions. To 

validate this prediction experimentally, we mutated these six AAs to alanines in the GST-

dSREBP-1-A-3 (AA1-75) fragment, and then performed GST pull-down assays. As shown in 

Fig. IV.6A, the mutation of these conserved six AAs in GST-SREBP-1-A-3 abolished its 

interaction with both dCDK8 and dMed15. These observations suggest that the conserved region 

within the N-terminus of dSREBP, particularly the highly conserved but disordered region 

DMLDII (AA36-41), is crucial in mediating the interactions between dSREBP and dCDK8 or 

dMed15. 

IV.4 Discussion

Studies in the past three decades have revealed an elegant model to explain how the 

SREBPs control the intracellular fatty acid and cholesterol homeostasis. Major efforts have been 

focused on understanding the mechanisms of how the full-length SREBP precursors are 

processed in the cytoplasm in response to intracellular levels of sterols and fatty acids [168-171]. 

Another key aspect of SREBP transcriptional regulation is related to the molecular events 
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happening in the nucleus, i.e., how the mature SREBP proteins activate the transcription of the 

lipogenic and cholesterogenic genes, and how this process is turned off. Through MED15, the 

small Mediator complex plays a critical role in SREBP-activated gene expression [235], while 

our previous work suggest that CDK8-CycC plays a conserved role in turning off SREBP 

activities in the nucleus in Drosophila and mammals [65]. In this work, we analyzed the effects 

of CDK8 phosphorylation of dSREBP in vivo, and then further mapped the specific regions of 

dSREBP that directly interacts dCDK8 and dMed15 using in vitro and in silico approaches. 

IV.4.1 Critical role of phosphorylation of SREBP Thr390 in vivo

Posttranslational modifications of SREBPs, such as acetylation and phosphorylation, play 

critical role in fine-tuning their activities [239, 240]. Using in vitro kinase assays, our previous 

study has identified the specific phosphorylation site of SREBP by CDK8, i.e., Thr402 of 

hSREBP1c, or Thr390 of dSREBP [65]. Further biochemical analyses using cultured mammalian 

cells have revealed that Thr402 phosphorylation regulates the stability of hSREBP1c [65]. To 

further validate this model in vivo, we have analyzed the effect of abolishing this 

phosphorylation in Drosophila, particularly on its impacts on DNA binding and stability of 

dSREBP, as well as the activity of dSREBP in stimulating its target gene expression and lipid 

accumulation. Compared to the wild-type dSREBP, phosphomutant dSREBP (dSREBPT390A) 

proteins are more stable, displays stronger chromosome binding, and more potent in stimulating 

dSREBP target gene expression and lipid accumulation in vivo.  

It is noteworthy that additional protein kinases have also been reported to phosphorylate 

multiple Thr and Ser residues of SREBP proteins, in addition to CDK8 phosphorylation of 

hSREBP1a at Thr402. For example, GSK-3β can phosphorylate Thr426 (equivalent to Thr402) 

and Ser430 (Fig. A.IV.4A), thereby promoting ubiquitination and degradation of hSREBP1a 
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[241]. Similarly, rat SREBP1c can be phosphorylated at Ser418, Ser419, and Ser422 residues 

(Fig. A.IV.4B) upon insulin treatment, and S6K (Ribosomal protein S6 kinase), a kinase 

downstream of insulin signaling, was shown to enhances SREBP1c precursor maturation and 

protects SREBP1c from proteasomal degradation [242]. These phosphorylation sites or Ser/Thr 

rich regions are conserved during evolution from Drosophila to human (Fig. A.IV.4A and 

A.IV.4B). Thus, it is possible that the proposed mechanisms for SREBP phosphorylation by

GSK-3β and S6K may be evolutionarily conserved in Drosophila. 

Interestingly, there are also several phosphorylation sites in SREBP that are not 

evolutionarily conserved. For example, rat SREBP1c Ser73 can be phosphorylated by GSK3, 

resulting in the dissociation of the SREBP-1c–SCAP complex and ubiquitination dependent 

proteasomal degradation of SREBP [243]. However, the Ser73 residue appears to be only 

conserved in mammalian SREBP proteins (Fig. A.IV.4C). In addition, Ser117 of hSREBP1a can 

be phosphorylated by stress activated MAPKs, mutating this phosphorylation site protects mice 

under normocaloric conditions from developing enlarged fatty livers [244], yet the Ser117 is also 

only conserved in mammals (Fig. A.IV.4D). Moreover, hSREBP1c Ser372 can be 

phosphorylated by AMPK (AMP-activated protein kinase), which suppresses SREBP-1c 

cleavage and nuclear translocation, thus inhibits SREBP-1c dependent transcription in 

hepatocytes [245]; however, the Ser372 residue of hSREBP1c is conserved in vertebrates only 

(Fig. A.IV.4E). Therefore, these analyses have revealed potential variations in the detailed 

molecular mechanisms of how insulin signaling stimulates SREBP-dependent lipogenic gene 

expression and promotes de novo lipogenesis in metazoans. To our knowledge, the role of GSK3 

and S6K in regulating SREBP activity has not be tested in Drosophila. However, based on AA 

sequence conservation of SREBPs, phosphorylation of SREBP by CDK8, GSK3 and S6K could 



be a more ancient regulatory mechanism than phosphorylation of SREBP by MAPKs and 

AMPK. Additional kinases are involved in regulating SREBP activities, which may offer 

adaptive advantages in coping with more complex physiological needs that require fine-tuned 

control of the activities of SREBP family of transcription factors in vertebrates, or mammals, 

compared to invertebrates such as insects.  

IV.4.2 Physiological regulation of SREBP and lipogenesis by feeding and starvation

Based on the regulation of SREBP by CDK8 concluded by our observations and previous 

reports about the other conserved phosphorylations by other kinases, we speculate the following 

model concluded in Fig. IV.1C, and the following amino acids are numbered based on the 

equivalent sites in Drosophila SREBP: 

Insulin signaling and amino acids can activate mTORC1 and its downstream kinase S6K 

[246-249], which can downregulate CDK8 [209, 226]. On one hand, mTORC1 activates S6K, 

which phosphorylate the SREBP precursors at Ser423, Ser424, Ser429, protect SREBP from 

proteasome degradation, and promotes its processing into mature form SREBP [242](Fig. 

IV.1C). On the other hand, activated mTORC1 can downregulate CDK8 [209, 226], which 

allows mSREBP to stimulate the lipogenic gene expression [65](Fig. IV.1C). According to this 

model, under feeding conditions, CDK8 can no longer inhibit SREBP, thus gain of either wild-

type SREBP or SREBP-Thr390Ala mutant can equally stimulate the expression of SREBP-target 

genes and lipogenesis. 

Conversely, we have previously reported that the level of CDK8 proteins is significantly 

elevated upon starvation, which occurs concurrently with the reduction of the mSREBP proteins 

in Drosophila larvae [209]. This elevation of CDK8 level may be through mTORC1[226]. In 

addition, it has been reported that starvation or overexpression of TSC1/TSC2 can reduced the 
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activity of mTORC1 and S6K [246, 250]. On one hand, as S6K activity is low, Ser423, Ser424, 

Ser429 of SREBP are not phosphorylated by S6K and unphosphorylated SREBP may be easily 

degraded [242](Fig. IV.1C). On the other hand, increased CDK8 will phosphorylate SREBP at 

Thr390 [65], which may subsequently phosphorylate by GSK3 at Ser394 [241], resulting in 

SREBP degradation  [65, 241] (Fig. IV.1C). Thus, overexpressed wild type SREBP can be 

quickly eliminated at starvation condition, suggested by the unchanged dFAS reporter signal 

(Fig. IV.4C). However, the reduction of SREBP activity can be impacted by the 

phosphomutation, as overexpressing phosphomutant form of SREBP can activate target 

transcription even with starvation (Fig. IV.4D). 

Therefore, CDK8 may play a more important role in inhibiting SREBP-dependent 

lipogenesis during starvation, while this mechanism is repressed by downregulating CDK8 

protein through mTORC1 under the feeding condition (Fig. IV.1C). Given that both CDK8 and 

GSK3 are shown to phosphorylate Thr390 of SREBP, it will be important to further investigate 

to how these different kinases may coordinate with each other in phosphorylating SREBP and 

lipogenesis in different biological contexts in vivo.  

IV.4.3 Physical interactions between SREBP and CDK8 or Med15

Our biochemical analyses suggest that both dCDK8 and dMed15 can physically interact 

with a small fragment within the N-terminus of dSREBP. Mutation of six amino acids (DMLDII, 

AA36-41) dSREBP abolished its interaction with both dCDK8 and dMed15, suggesting that 

these six AAs are essential for mediating these physical interactions. These results further extend 

the previous report that SREBP in C. elegans can interact with Med15 in both C. elegans and 

mammalian cells, and that MED15 is required for SREBP-activated gene expression [235].  
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There are several scenarios to explain the interplay among SREBP, CDK8, and MED15. 

Given the current understanding of the role of Mediator complexes and how the CDK8 module 

regulates the transcription of a number of transactivators, the most parsimonious model is that 

the mature SREBP homodimer binds to the sterol-response element of SREBP target genes, the 

N-terminus of SREBP directly interacts with the Med15 subunit of the small Mediator complex,

which interacts with RNA Pol II and other general transcription factors, allowing the 

transcription initiation (Fig. IV.7). Prior studies suggest that the CDK8 module is recruited to the 

transcription start sites shortly after the transcription initiation, thereby limiting the subsequent 

rounds of transcription re-initiation [61, 144].   

Although exactly how the CDK8 module is subsequently recruited to the promoter 

remains unclear, we speculate that the nascent mRNA transcripts might help to recruit the CDK8 

Fig. IV.7 Working model for SREBP dependent 
transcription. Model of SREBP-dependent 
transcription activation through Med15 and the small 
Mediator complex, which can be turned off through 
phosphorylation by CDK8. GTFs, General 
Transcription Factors. 
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module to the transcription start site, allowing the direct interactions between CDK8 and 

SREBP, or other transactivators (Fig. IV.7). It is also unclear whether CDK8 directly competes 

with Med15 in binding to the same N-terminus of SREBP or both of the N-termini of the SREBP 

homodimer (Fig. IV.7). Subsequently, CDK8 phosphorylates the Thr402 of hSREBP1c or 

Thr390 of dSREBP, thereby reducing SREBP binding to the SREs, favoring the export of 

phosphor-SREBPs to cytoplasm for further degradation (Fig. IV.7). In this model, Med15 

subunit of the small Mediator complex plays a key role in SREBP-activated expression of 

lipogenic genes, while CDK8 plays a critical role in turning this process off. This model can 

explain the biological consequence that we observed in CDK8 and CycC mutants, as we reported 

previously [65]. As summarized in this work, our analyses of dSREBP-T390A mutant provide 

further support for the model described above.  

Taken together, this work provides a better understanding of how mature SREBP activate 

its target gene transcription, and equally importantly, how this process is turned off. It provides 

yet another example of how transcription activation is coupled to its inactivation, and explains 

why transactivators generally have short half-life [130]. Perhaps, live imaging analyses using 

advanced microscopic approaches using fluorescent-tagged subunits of the Mediator complex 

may help to precisely define the dynamic process of how the small Mediator complex and the 

CDK8 module are recruited to the transcription start site in the future. 
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CHAPTER V  

CONCLUSION AND FUTURE DIRECTIONS 

V.1 The Mediator CDK8-Cyclin C complex modulates wing vein patterning in Drosophila

by stimulating Mad-dependent transcription 

Using our unique phenotypic readouts of the CDK8-specific activities in Drosophila 

adult wing, we have identified components of the Dpp signaling pathway that can genetically 

interact with CDK8-CycC. In addition, our biochemical analyses have revealed that CDK8 can 

directly interact with Mad in its linker region. Moreover, our developmental genetic analyses 

have revealed that CDK8-CycC may phosphorylate Mad at linker region and promotes Mad, 

Medea and Yki forming a transcriptional complex to drive the target genes, such as sal or vg 

expression. Furthermore, our analyses of all subunits of the Mediator complex have led us to 

discover that Med12, Med13, Med15, Med23, Med24, and Med31 are also required for Mad-

dependent transcription. These observations support the model that the Mediator complex 

functions as a molecular bridge between Mad-containing transcriptional complex and the general 

transcription machinery.  

From this dominant modifier genetic screen, only two of the partially overlapping 

deficiency lines were utilized to identify the Dpp component, dad. There are 24 additional 

deficiency lines that also uncover genes that can dominantly modify the wing phenotypes caused 

by alteration of CDK8-CycC. It will be important to further analyze these specific genetic loci in 

the future. In addition, we note that there are hundreds of deficiency alleles, that can modify one 

or two but not all of the wing phenotypes caused by altering CDK8 or CycC. Although the 

complexities underlying these “inconsistent” results, are still unknown, these alleles could also 

encode factors that functionally interact with CDK8 in vivo. Characterization of other upstream 
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regulators or downstream effectors of CDK8 is essential for a better understanding of CDK8 

function. 

Considering other potential genetic components and complexity of the venation 

regulation of Drosophila wing, it remains unclear exactly how CDK8 regulates vein formation 

during development. Although CDK8 was reported to have varieties of substrates in different 

species, whose homologs are also known to involve in venation of Drosophila wing, exactly how 

CDK8 regulates vein patterning during wing development is still not clear. In addition, several 

other signaling pathways, such as the Hh signaling pathway and the EGFR signaling pathway, 

coordinate together with Dpp signaling pathway finely during the vein cell-fate determination 

and differentiation. Coordinated interplay among these signaling pathways and downstream 

transcription factors are essential for precise spatiotemporal regulation of cell proliferation and 

differentiation to generate stereotypical vein patterns [114, 116, 251]. To provide insights to 

resolve the complexity of the signaling pathways coordination during normal development and 

diseases progression, it is important to investigate how these signaling pathways crosstalk with 

each other and how CDK8 plays any role in these complicated networks. 

Another interesting question related to this part of our study on CDK8 and Dpp signaling 

is that how CDK8 modulates the Dpp and Wnt signaling pathways in regulating vg transcription. 

The second and fourth intron of vg locus are the known to contain the regulatory elements that 

control the specific expression pattern of vg in wing discs [252], and the fourth intron was 

reported to be regulated by both Dpp and Wnt signaling pathways [81, 253, 254]. Additional 

work with more specific reporters for the transcriptional activities of Dpp or Wnt signaling is 

necessary to distinguish the potentially distinct effects of CDK8 on the expression of the target 

genes of these two important signaling pathways in the future. Further study of vg transcription 
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regulation may provide a powerful biological context to address this important but challenging 

problem.  

V.2 Distinct role of CDK8 module subunits and their asymmetric interdependency

Depletion of the CKM subunits in Drosophila eye and wing in different combinations led 

us to make some unexpected observations. In general, CDK8 and CycC are not required for eye 

development, and depletion of CDK8-CycC increased the wing cell number and affect vein 

patterning. In contrast, depletion of Med12-Med13 strongly disrupted the development of both 

Drosophila eye and wing. Additional developmental genetic analyses suggest that CDK8-CycC 

and Med12-Med13 have independent functions on cell proliferation and cell survival to each 

other pair of the subunits. Depletion of CDK8-CycC promotes cell proliferation, likely through 

their negative regulation on E2F1 [60, 68]. However, depletion of Med12-Med13 does not affect 

cell proliferation significantly, but may influence differentiation of eye or wing cells through Hh 

or Wg signaling pathways [139, 255].  

To systemically understand the potential distinct roles of two pairs of the CKM subunits, 

CDK8-CycC and Med12-Med13, in regulating transcription to determine animal development, it 

is important to perform transcriptome analysis, such as RNA-seq or scRNA-seq (single cell 

RNA-seq). From the transcriptome analyses of samples from depleting different combinations of 

the four subunits, we will be able to distinguish several groups of genes that are affected 

differently by perturbations of the CKM subunits. We speculate several possibilities: genes are 

affected by all the four subunits in the same trend, such as sal or vg described in Chapter II, 

which requires all four subunits; transcriptions are regulated by CDK8-CycC only, but not 

Med12-Med13, where one possibility is E2F1 target; genes are influenced by Med12-Med13 

depletion, but not CDK8-CycC, including Wg targets; genes are changed oppositely by altering 
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CDK8-CycC or Med12-Med13; and a group of gene is not affected by altering any of the four 

subunits. Further validation of transcriptional activity reporters from each group in vivo may 

significantly advance our knowledge of how the four CKM subunits function distinctly. 

Finally, we observed that the stability of the four subunits of the CKM are 

asymmetrically interdependent on each other, which is unexpected: Depletion of Med12 or 

Med13, but not CycC, can reduce the level of CDK8 protein; the stability of CycC is dependent 

on CDK8 [85], the stability of Med12 and Med13 are dependent on each other, but not affected 

by depletion of CDK8 or CycC. 

There are two major mechanisms for protein degradation in eukaryotic cells, lysosome 

dependent degradation and proteasome dependent degradation [256]. MED13 or MED13L was 

reported to be ubiquitinated by SCF–Fbw7 ligase and degraded through 26S proteasome [257]. 

However, it remains unclear whether this mechanism is conserved during evolution, whether 

MED13/MED13L is consistently degraded or promoted by unknown condition and whether loss 

of other CKM subunits trigger the degradation of MED13/MED13L through this mechanism. 

Moreover, the mechanisms that control the stability of the other three CKM subunits are 

unexplored to date. Understanding of the mechanism of asymmetric interdependency is 

important to understand how the four subunits affects each other stability in different type of 

cancers, when one of the subunits is amplified or mutated.  

To address this problem, it is important to distinguish whether the subunits are degraded 

through lysosome or proteasome. If they are degraded through proteasome, whether it is 20S 

proteasome dependent or 26S proteasome dependent. One potential explanation for the protein 

complex subunits degradation is that dissociation of the protein complex may expose 

intrinsically disordered region of the subunits, which will be recognized by 20S proteasome and 
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be degraded ubiquitination independently [163]. As described in Chapter III, all the four subunits 

have intrinsically disordered region to support the 20S proteasome dependent degradation. 

However, further genetic and biochemistry tests are required to address exactly how the other 

CKM subunits are degraded upon removal of one of the subunits. 

V.3 CDK8-Cyclin C modulates lipogenesis by directly inhibiting SREBP-dependent

transcription in Drosophila 

The third major part of my work focuses on analyzing the role of CDK8 in regulating 

lipogenesis in Drosophila. Previously, we have reported that phosphorylation of SREBP by 

CDK8 promotes the degradation of SREBP by 26S proteasome [258]. However, several 

questions remain unanswered. The first question is what the biological consequences of this 

phosphorylation in vivo. To address these questions, we have generated two overexpression lines 

to overexpression wild type mature form of SREBP or phospho-mutant form of SREBP. The 

observations indicate that the mutation of the phosphorylation site of nucleus form of SREBP 

stabilize the SREBP protein in larval fat body, increase chromosome binding of SREBP, further 

stimulate SREBP transcriptional target, FAS transcription in both larval fat body and adult 

intestine, and enhance the accumulation of lipid in larval fat body. 

Interestingly, as discussed in Chapter IV, there are several other highly conserved 

phosphorylation sites of SREBP by different kinases, such as GSK-3β [241] and S6K  [242]. 

However, it remains unclear whether these phosphorylation are conserved during evolution, 

whether the biologically consequences observed with biochemistry approaches or in cultured 

cells are consistent in vivo and how the different kinases coordinate with each other to modulate 

SREBP transcriptional activity. To address these questions, it is important to test them in the 

similar biological context in vivo, for example using Drosophila as a model system and perform 
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the similar examinations described in Chapter IV. Presumably, overexpressing the phospho-

mutants of other phosphorylation sites and additionally co-overexpressing different combinations 

of kinases will result in different effects on SREBP stability and transcriptional activity, which 

will extend our knowledge about how different kinases communicate and regulate SREBP with 

different site phosphorylations. 

Nevertheless, as described in Chapter IV, our biochemical analyses led us to identify six 

essential amino acids (AA) of N-terminus of SREBP for interaction between SREBP and CDK8. 

We have observed that mutating these six amino acids abolish the interaction. Interestingly, 

Med15, a reported positive regulator of SREBP dependent transcription [259], also interacts with 

SREBP through the same amino acid sequence. Taken together with the previous report about 

phosphorylation of SREBP by CDK8 [258], these results suggest CDK8 may interact with 

nucleus form of SREBP at N-terminus of SREBP but phosphorylate it at Threonine 390 and 

cause SREBP degradation.  

Our observation revealed the interactions between SREBP and CDK8 or Med15. 

However, it needs to be further studied to understand how CDK8 and Med15 coordinate with 

each other to interact with SREBP. There are two major possibilities that could be tested in the 

future: First, CDK8 and Med15 may compete with each other to bind to the same site. When 

CDK8 is abundant, it competes to bind with SREBP to phosphorylate it and causes SREBP 

degradation. When CDK8 level is low, SREBP may preferentially bind to Med15 and recruiting 

the rest of general transcription machinery for the expression of lipogenic genes; Second, Med15 

may bind to SREBP to recruit the small Mediator complex to drive the activation of SREBP 

dependent transcription, which subsequently introduce the CKM binding to SREBP and turn off 

SREBP dependent transcription by phosphorylation and degradation.  
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Overall, our work validated the role of CDK8 and the Mediator complex in stimulating 

Mad-dependent transcription, but CDK8-CycC negatively regulates SREBP dependent 

transcription and lipogenesis in vivo, further extended the knowledge about how the Mediator 

complex regulates transcription in different biological contexts. In addition, we have investigated 

the distinct roles of the four CKM subunits in regulating Drosophila development and their 

asymmetric interdependency. These results advance the knowledge about CDK8 or the CKM 

function in vivo, highlight the potential roles of CDK8 or the CKM in different types of cancers 

through regulating Mad/Smads or SREBP dependent transcriptions, and implicate complicated 

interdependent roles among the four CKM subunits in different biological contexts.  

This work also opens up new research directions, for example, identification of additional 

uncharacterized interactors of the CKM, and determination of the specific mechanisms that 

control the stabilities of the four CKM subunits. Drosophila provides a powerful model organism 

to addresses these important problems. These investigations are expected to significant advance 

our understandings of the role and regulation of the CKM and other subunits of the Mediator 

complex in different physiological or pathological conditions.  
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APPENDIX A 

FIGURES 

Fig. A.II.1 Effects of CDK8 on the size of wings, cell number, and cell sizes. (A) A normal 

wing; (B) high magnification of an L3-L4 intervein region showing the hairs in wing cells. (C) 

Quantification of wing sizes, total cell numbers, and hair density (reflecting cell sizes) in the 

control (black bars, genotype: “nub-Gal4/+; +”), CDK8- and CycC-depleted (blue, “nub-

Gal4/+; UAS-cdk8-RNAi UAS-cycC-RNAi/+”), and CDK8-overexpressing (red, “nub-Gal4 UAS-

cdk8+/+; +”) wings. One-sided t-tests were used to determine the statistical significance of the 

differences.  
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Fig. A.II.3 Effects of Dpp signaling pathway components on nub-Gal4. Representative 
confocal images of RFP signal of the wing pouch area of discs of the following genotypes: 
(A) nub-Gal>RFP/+; (B) nub-Gal>RFP/Mad1-2; and (C) nub-Gal>RFP/+; DadJ14E/+. At 
least five discs were examined for each genotype. All these images were taken at the same 
settings for fixations, staining, and confocal imaging. 

Fig. A.II.4 Validation of the sal-lacZ reporter. Representative confocal images of anti-β-Gal 
stainings of the wing pouch area of discs of the following genotypes: (A) ap-Gal4, sal-lacZ/+; 
UAS-dpp-RNAi/+; (B) ap-Gal4, sal-lacZ/+; UAS-Mad-RNAi/+ (BL-31315); and (B’) merge 
image of DAPI (blue) and anti-β-gal (green) channel of ap-Gal4, sal-lacZ/+; UAS-Mad-RNAi/ 
+ (BL-31315).  At least five discs were examined for each genotype.

Fig. A.II.2 Effects of CDK8 on the wing morphology with ap-Gal4. Representative adult 
wings of (A) w1118; (B) CyO/+; (C) ap-Gal4/+; UAS-Cdk8-RNAi CycC-RNAi/+; (D) ap-
Gal4/UAS-Cdk8+ 



129 

Fig. A.II.5 Quantification of the Sal-lacZ expression. (A) Three lines were drawn 
across the dorsal-ventral compartment boundary within the wing pouch area to 
calculate the intensity index profile; genotype: ap-Gal4, sal-lacZ/+; UAS-Cdk8-i/+. 
(B) An example of the index profile of one line, measured area below the index
profile, and its length. (C) Average and normalization of average intensity of the
anti-β-Gal staining in the dorsal and ventral compartments of a wing disc. (D)
Average of three lines. (E) Student’s t-test was used to compare the Sal-lacZ
expression levels in the dorsal and ventral compartments of five discs of the same
genotype. See Materials and Methods for more details.
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Fig. A.II.6 An alternative method to quantify the Sal-lacZ expression. (A) 
20x20μm squares were drawn in both dorsal and ventral compartments; genotype: 
ap-Gal4, sal-lacZ/+; UAS-Med15-i/+). (B) Mean intensity of the anti-β-Gal 
staining of three different discs within the taken squares was given. Dorsal to 
ventral ratio of each disc was calculated. Student’s t-test was used to compare the 
Sal-lacZ expression levels ratio between different genotypes (C), and plotted as 
column chart (D). See Materials and Methods for more details. 

Fig. A.II.7 Effects of depleting subunits of the CKM and CDK9 on ap-Gal4, 
and effect of depleting Ap on sal-lacZ. Representative confocal images of GFP 
(green) and DAPI (blue) signal of the wing pouch area of discs of the following 
genotypes: (A) ap-Gal>GFP/+; (B) ap-Gal4>GFP/+; UAS-Cdk8-i,CycC-i/+; (D) 
ap-Gal4>GFP/+; UAS-Cdk9-i/+; (E) ap-Gal4>GFP/+;UAS-Med12-i/+; (F) ap-
Gal4>GFP/+;UAS-Med13-i/+; (C) Confocal images of anti-β-Gal staining of wing 
discs of ap-Gal4,sal-lacZ/+; UAS-ap-i/+. At least five discs were examined for 
each genotype. 



131 

Fig. A.II.8 Depletion of CDK8 or CycC does not affect p-Mad level. 
Representative confocal images of anti-p-Mad staining of wing discs from the 
following genotypes: (A) ap-Gal4, sal-lacZ/+ (control); (B) ap-Gal4, sal-lacZ/+; 
UAS-Cdk8-i/+; (C) ap-Gal4, sal-lacZ/+; UAS-CycC-i; and (D) ap-Gal4, sal-
lacZ/+; UAS-Cdk8-i CycC-i. At least five discs were examined for each genotype. 
Scale bar in D: 25μm.  
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Fig. A.II.9 Additional results from the Y2H assay. Full-length (FL) Mad, Mad-
C2 fragment or CDK8 proteins as the bait are able to auto-activate in this assay. 
Refer the figure legend in Fig. 5 and the Materials and Methods for more details. 

Fig. A.II.10 Depletion of dedicated Mediator subunits strongly disrupted wing 
disc morphology. Representative confocal images of anti-β-Gal staining of wing 
discs of the following genotypes: (A) ap-Gal4, sal-lacZ/+; UAS-Med8-RNAi/+; (B) 
ap-Gal4, sal-lacZ/+; UAS-Med14-RNAi/+; (C) ap-Gal4, sal-lacZ/+; UAS-Med16-
RNAi/+; (D) ap-Gal4, sal-lacZ/+; UAS-Med17-RNAi/+; (E) ap-Gal4, sal-lacZ/+; 
UAS-Med21-RNAi/+; (F) in ap-Gal4, sal-lacZ/+; UAS-Med22-RNAi/+; and (G) ap-
Gal4/+; vgQE-lacZ/UAS-Med21-RNAi. At least five discs were examined for each 
genotype. Scale bar in F: 25μm.  
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Fig A.III.1. Eye defects caused by depletion of different combinations of the 
CKM subunits. Adult female eyes of (A) ey-Gal4/+; UAS-Med13-RNAi/+; (B) ey-
Gal4/+; UAS-Cdk8-RNAi Med12-RNAi/+; (C) ey-Gal4/+; UAS-Cdk8-RNAi Med13-
RNAi/+; (D)  ey-Gal4/+; UAS-CycC-RNAi Med13-RNAi (E) ey-Gal4/+; UAS-CycC-
RNAi Med12-RNAi/+.  

Fig A.III.2. Wing defects caused by depletion of different combinations of the 
CKM subunits.n Adult female eyes of (A) ap-Gal4/+ (control); (B) ap-Gal4/+; 
UAS-Cdk8-RNAi CycC-RNAi/+; (C) ap-Gal4/+; UAS-Med12-RNAi/+; (D) ap-
Gal4/+; UAS-Cdk8-RNAi CycC-RNAi Med12-RNAi/+; (E) ap-Gal4/+; UAS-
Med12-RNAi Med13-RNAi/+; (F) ap-Gal4/+; UAS-Cdk8-RNAi CycC-RNAi 
Med12-RNAi Med13-RNAi/+. 
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Fig A.III.3. Effects of depleting different combinations of the CKM subunits 
on the cell apoptosis. Representative confocal images of wing discs with anti-
cleaved-Dcp1 (red) staining of the following genotypes: (A) ap-Gal4/+; (B) ap-
Gal4/+; UAS-Cdk8-RNAi CycC-RNAi/+; (C) ap-Gal4/+; UAS-Med12-RNAi; 
(D) ap-Gal4/+; UAS-Cdk8-RNAi CycC-RNAi UAS-Med12-RNAi/+; (E) ap-
Gal4/+; UAS-Med12-RNAi Med13-RNAi/+; (F) ap-Gal4/+; UAS-Cdk8-RNAi
CycC-RNAi UAS-Med12-RNAi Med13-RNAi/+; (G) Quantification of the PH3
signal ratio comparing Doral and Ventral compartment. At least five wing discs
were examined for each genotype. Scale bar in C: 25μm.
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Fig A.III.4. Part of all the four CKM subunits are intrinsically 
disordered. Anchor2 and IUPred2 prediction results of Drosophila 
(A)CDK8; (B)CycC; (C)Med12; (D)Med13.
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Fig A.IV.1. Dotplot of the top 40 Gene Ontology categories of significant altered 
genes in cyccY5 comparing with w1118. 
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Fig A.IV.3. Anchor2 and IUPred2 prediction of the mature form dSREBP 

Fig A.IV.2. Phopho-mutant dSREBP protein is more potent in target 
transcription. Representative confocal merge channel image of FAS-EGFP 
(green), RFP (red) and DAPI (blue) in Drosophila larvae fat body of (A) hs-flp/+; 
Act>y+>RFP/+; UAS-SREBP+/FAS-EGFP; (B) hs-flp/+; Act>y+>RFP/+; UAS-
SREBPT390A/FAS-EGFP and only FAS-EGFP (green) of (A’) hs-flp/+; 
Act>y+>GFP/+; UAS-SREBP+/FAS-EGFP; (B’) hs-flp/+; Act>y+>GFP/+; UAS-
SREBPT390A/FAS-EGFP.  
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Fig A.IV.4. Sequence alignment around the potential phosphorylation sites of SREBP 
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APPENDIX B 

TABLES 

Table B.II.1. Results of 490 deficiency (Df) lines tested for potential dominant modification of vein phenotypes caused by altered 
levels of CDK8 or CycC. 

Stock # Deficiency lines Cytogenetic 
breakpoints 

nub>CDK8+ 
backrgound 

nub>CDK8-RNAi 
background 

nub>CycC-RNAi 
background 

27887  Df(1)BSC843 1A1;1A3 NE NE NE 
901  Df(1)svr 1A1;1B9--10 weak suppressor strong enhancer enhancer 
25058  Df(1)BSC530 1A5;1B12 NE NE lethal 
3370  Df(1)su(s)83 1B10;1D6--E1 lethal lethal  NE 
9053  Df(1)ED6443 1B14;1E1 NE NE NE 
26571  Df(1)BSC719 2A3;2B13 NE NE NE 
26569  Df(1)BSC717 2F2;3A4 NE NE NE 
8031  Df(1)ED411 3A3;3A8 NE enhancer enhancer 
9348  Df(1)ED6584 3A8;3B1 NE NE NE 
8948  Df(1)ED6630 3B1;3C5 NE NE NE 
27886  Df(1)BSC834 3C11;3F3 enhancer NE weak suppressor 
25059  Df(1)BSC531 3C3;3E2 enhancer strong suppressor strong suppressor 
9169  Df(1)ED6712 3D3;3F1 enhancer NE NE 
24145  Df(1)ED6716 3F3;4B4 NE NE NE 
25414  Df(1)BSC580 4A5;4C13 NE NE NE 
8956  Df(1)ED6727 4B6;4D5 NE NE NE 
944  Df(1)JC70 4C15--16;5A1--2 NE NE NE 
7708  Df(1)Exel6234 4F10;5A2 NE suppressor NE  
25061  Df(1)BSC533 4F4;4F10 NE NE NE 
8949  Df(1)ED6802 5A12;5D1 NE NE NE 
7709  Df(1)Exel6235 5A2;5A6 enhancer NE NE 
25114  Df(1)BSC571 5A4;5A10 NE NE NE 
5281  Df(1)dx81 5C3--10;6C3--12 lethal lethal lethal 
8947  Df(1)ED6829 5C7;5F3 suppressor NE NE 
7713  Df(1)Exel6239 5F2;6B1--2 NE NE NE 
7714  Df(1)Exel6240 6B2;6C4 NE NE NE 
24375  Df(1)BSC351 6C11;6D7 NE NE NE 
25063  Df(1)BSC535 6C2;6C8 enhancer NE NE 
3196  Df(1)Sxl-bt 6E2;7A6 suppressor strong enhancer strong enhancer 
8955  Df(1)ED6906 7A3;7B2 NE weak enhancer NE 
25064  Df(1)BSC536 7B2;7C1 NE suppressor suppressor 
6698  Df(1)hl-a 7B7;7E2 weak suppressor NE NE 
25697  Df(1)BSC622 7C2;7D1 NE NE NE 
949  Df(1)C128 7D1;7D5--6 enhancer NE strong enhancer 
26514  Df(1)BSC662 7D6;7F1 NE NE suppressor 
8033  Df(1)ED6957 8B6;8C13 NE NE enhancer 
25065  Df(1)BSC537 8C4;8E4 NE NE  NE 
26564  Df(1)BSC712 8F1;9B1 suppressor suppressor suppressor 
27586  Df(1)BSC825 7E1;8C4 NE enhancer NE 
9153  Df(1)ED7005 9B1;9D3 NE NE NE 
26853  Df(1)BSC755 9C4;9F5 NE NE NE 
25068  Df(1)BSC540 9E8;10A3 NE NE suppressor 
903  Df(1)v-L3 9F10;10A7--8 NE NE NE 
6219  Df(1)v-L1 9F13;10A5 NE enhancer enhancer 
25391  Df(1)BSC572 9F8;10A3 NE NE NE 
23672  Df(1)BSC287 10A10;10B11 NE NE NE 
26574  Df(1)BSC722 10B3;10E1 NE NE NE 
9171  Df(1)ED7147 10D6;11A1 NE NE NE 
9217  Df(1)ED7161 11A1;11B14 NE NE NE 
8898  Df(1)ED7170 11B15;11E8 NE NE NE 
26864  Df(1)BSC767 11E8;12A7 NE enhancer enhancer 
8952  Df(1)ED7217 12A9;12C6 suppressor NE NE 
24146  Df(1)ED7225 12C4;12E8 NE NE NE 
9352  Df(1)ED7229 12E5;12F2 NE NE NE 
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Continued Table B.II.1 

Stock # Deficiency lines Cytogenetic 
breakpoints 

nub>CDK8+ 
backrgound 

nub>CDK8-RNAi 
background 

nub>CycC-RNAi 
background 

9218  Df(1)ED7261 12F2;12F5 enhancer NE NE 
24336  Df(1)BSC310 12F5;13A10 NE NE NE 
8035  Df(1)ED7294 13B1;13C3 NE NE NE 
9219  Df(1)ED7331 13C3;13F1 NE NE NE 
26566  Df(1)BSC714 13E14;14A8 NE NE suppressor 
26855  Df(1)BSC758 14A6;14C1 NE suppressor suppressor 
26869  Df(1)BSC772 14B9;14C4 lethal strong suppressor strong enhancer 
23295  Df(1)FDD-0024486 14C4;14D1 NE suppressor NE 
26858  Df(1)BSC761 14D1;14F1 NE NE NE 
26857  Df(1)BSC760 14E1;14F2 NE NE NE 
1158  Df(1)rif 15A1--2;15A4--5 NE NE NE 
25416  Df(1)BSC582 15A1;15E2 NE NE NE 
8954  Df(1)ED7374 15A1;15E3 suppressor NE NE 
25417  Df(1)BSC583 15F1;16B10 NE NE NE 
25733  Df(1)BSC643 15F9;16F1 NE NE NE 
24429  Df(1)BSC405 16D5;16F6 NE NE pupa lethal 
24376  Df(1)BSC352 16F7;17A8 NE NE suppressor 
26568  Df(1)BSC716 17A3;17D6 NE NE NE 
9350  Df(1)ED7424 17D1;18C1 NE suppressor NE 
7768  Df(1)Exel7468 18B7;18C8 NE NE NE 
23171  Df(1)BSC275 18C8;18D3 NE NE NE 
9059  Df(1)ED7620 18D10;19A2 NE NE enhancer 
25420  Df(1)BSC586 18F2;19D1 NE NE NE 
25734  Df(1)BSC644 19C1;19E7 NE NE NE 
26560  Df(1)BSC708 19E7;20A4 NE NE NE 
7723  Df(1)Exel6255 20A1;20C1 NE NE NE 
27585  Df(1)BSC824 20C1;20F3 NE NE NE 
977  Df(1)DCB1-35b 19F1--2;20E--F NE weak suppressor weak suppressor 
4959  Df(2L)C' h35;h38L NE NE NE 
24626  Df(2L)ED50001 21A1;21B1 NE NE NE 
9353  Df(2L)ED5878 21B1;21B3 NE weak enhancer enhancer 
8901  Df(2L)ED19 21B3;21B7 NE strong enhancer enhancer 
24958  Df(2L)BSC454 21B7;21B8 suppressor weak suppressor NE 

8672  Df(2L)BSC106 21B7;21C2 NE NE NE or weak 
enhancer 

3548  Df(2L)al 21B8--C1;21C8--
D1 NE enhancer weak suppressor 

8673  Df(2L)BSC107 21C2;21E2 NE strong enhancer enhancer 
3084  Df(2L)ast2 21D1--2;22B2--3 weak enhancer NE weak suppressor 
8908  Df(2L)ED94 21E2;21E3 NE NE NE 
24118  Df(2L)ED105 21E2;22A1 NE suppressor strong suppressor 
7492  Df(2L)Exel6005 22A3;22B1 NE weak enhancer weak enhancer 
26540  Df(2L)BSC688 22B1;22D6 NE NE NE 
24959  Df(2L)BSC455 22D5;22E1 NE NE NE 
9176  Df(2L)ED136 22F4;23A3 NE NE NE 
7744  Df(2L)Exel6277 23A2;23B1 enhancer NE NE 
1581  Df(2L)JS31 23A3--4;23D strong suppressor enhancer enhancer 
26544  Df(2L)BSC692 23B3;23B7 NE NE NE 
9610  Df(2L)BSC180 23B7;23C3 NE NE NE 
8904  Df(2L)ED4651 23B8;23F3 NE NE NE 
6507  Df(2L)drm-P2 23F3--4;24A1--2 NE NE NE 
23677  Df(2L)BSC292 23F6;24A2 NE NE NE 
24123  Df(2L)ED247 24A2;24C3 NE NE NE 
5330  Df(2L)ed1 24A2;24D4 NE NE strong suppressor 
7495  Df(2L)Exel6009 24C3;24C8 NE NE enhancer 
7790  Df(2L)Exel8010 24C8;24D4 suppressor weak enhancer NE 
9600  Df(2L)BSC165 24D4;24D8 NE NE NE 
23680  Df(2L)BSC295 24D4;24F3 strong suppressor enhancer NE 
744  Df(2L)M24F-B 24E1--2;24F6--7 NE NE NE 
9270  Df(2L)ED250 24F4;25A7 NE NE NE 
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Continued Table B.II.1 

Stock # Deficiency lines Cytogenetic 
breakpoints 

nub>CDK8+ 
backrgound 

nub>CDK8-RNAi 
background 

nub>CycC-RNAi 
background 

24124  Df(2L)ED7853 25A3;25B10 NE NE NE 
1164  Df(2L)tkv3 25A4--5;25D5 weak enhancer strong enhancer strong enhancer 
9605  Df(2L)BSC172 25B10;25C1 NE NE NE 
8835  Df(2L)BSC110 25C1;25C4 NE NE NE 
8674  Df(2L)BSC109 25C4;25C8 NE NE NE 

7497  Df(2L)Exel6011 25C8;25D5 lethal enhancer NE or weak 
suppressor 

7498  Df(2L)Exel6012 25D5;25E6 NE strong suppressor suppressor 
9560  Df(2L)BSC169 25E5;25F3 weak enhancer NE enhancer 
9343  Df(2L)ED334 25F2;26B2 NE NE NE 
9341  Df(2L)ED385 26B1;26D7 NE NE NE 

6338  Df(2L)BSC6 26D3--E1;26F4--
7 NE NE NE 

24378  Df(2L)BSC354 26D7;26E3 enhancer NE NE 
9615  Df(2L)BSC188 26F1;27A2 NE NE NE 
24126  Df(2L)ED441 27A1;27E1 strong suppressor NE NE 
23676  Df(2L)BSC291 27D6;27F2 NE NE NE 
9060  Df(2L)ED489 27E4;28B1 NE NE NE 
9708  Df(2L)BSC233 27F3;28D2 NE NE NE 
9502  Df(2L)BSC142 28C3;28D3 NE NE NE 
7807  Df(2L)Exel7034 28E1;28F1 NE NE NE 
9704  Df(2L)BSC227 28E8;29B1 NE weak suppressor suppressor 
8836  Df(2L)BSC111 28F5;29B1 NE NE suppressor 

24132  Df(2L)ED629 29B4;29E4 strong enhancer NE NE or weak 
enhancer 

9631  Df(2L)BSC204 29D5;29F8 NE NE NE 
8906  Df(2L)ED678 29F5;30B12 NE NE NE 
24133  Df(2L)ED690 30B3;30E4 NE NE NE 
6478  Df(2L)BSC17 30C3--5;30F1 weak suppressor NE lethal 
9715  Df(2L)BSC240 30C7;30F2 NE NE NE 
8469  Df(2L)BSC50 30F4--5;31B1--4 NE NE NE 
26541  Df(2L)BSC689 30F5;31B1 NE NE NE 
9503  Df(2L)BSC143 31B1;31D9 suppressor NE NE 
1469  Df(2L)J39 31C--D;32D--E NE NE NE 
9635  Df(2L)BSC208 31D7;31D11 NE NE NE 
9637  Df(2L)BSC209 31D7;31E1 NE NE NE 
24135  Df(2L)ED8142 31E1;32A4 NE NE weak enhancer 
9642  Df(2L)BSC214 31F5;32B4 NE NE NE 

9641  Df(2L)BSC213 32B1;32C1 NE NE NE or weak 
suppressor 

9505  Df(2L)BSC145 32C1;32C1 NE NE NE 
9716  Df(2L)BSC241 32C1;32F2 suppressor NE NE 
9718  Df(2L)BSC244 32F2;33B6 enhancer strong suppressor strong suppressor 
7512 Df(2L)Exel6030 33A2--33B3 suppressor enhancer enhancer 
24109  Df(2L)ED761 33A2;33E5 NE weak suppressor suppressor 
8907  Df(2L)ED775 33B8;34A3 NE NE NE 
23662  Df(2L)BSC277 34A1;34B2 NE NE weak enhancer 
6999  Df(2L)BSC30 34A3;34B7--9 weak enhancer NE NE 
26865  Df(2L)BSC768 34A9;34B8 lethal  lethal lethal 
27383  Df(2L)BSC812 34B11;34E1 NE NE suppressor 
9594  Df(2L)BSC159 34B4;34C4 strong suppressor NE suppressor 
23152  Df(2L)BSC252 34D1;34F1 enhancer  NE NE 
9061  Df(2L)ED793 34E4;35B4 NE weak enhancer weak enhancer 
6963  Df(2L)ED3 35B2;35D1 NE NE NE 

8946  Df(2L)ED1050 35B8;35D4 NE NE NE or weak 
suppressor 

1491  Df(2L)r10 35D1;36A6--7 weak enhancer NE NE or weak 
enhancer 

26542  Df(2L)BSC690 35D4;35D4 NE NE NE 
7521  Df(2L)Exel6038 35D6;35E2 NE suppressor suppressor 
23663  Df(2L)BSC278 35E1;35F1 NE NE NE 
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Continued Table B.II.1 

Stock # Deficiency lines Cytogenetic 
breakpoints 

nub>CDK8+ 
backrgound 

nub>CDK8-RNAi 
background 

nub>CycC-RNAi 
background 

27353  Df(2L)BSC781 35F1;36A1 NE enhancer strong enhancer 
24113  Df(2L)ED1102 35F12;36A10 NE NE NE 
24114  Df(2L)ED1161 36A10;36C9 NE NE NE 
3180  Df(2L)H20 36A8--9;36E1--2 NE enhancer enhancer 
9507  Df(2L)BSC148 36C8;36E3 NE NE NE 
7839  Df(2L)Exel7070 36E2;36E6 suppressor NE NE 
23156  Df(2L)BSC256 36E3;36F2 NE NE NE 
7840  Df(2L)Exel8038 36E5;36F5 enhancer enhancer enhancer 
9508  Df(2L)BSC149 36F5;36F10 NE NE NE 
8935  Df(2L)ED1203 36F7;37C5 NE NE NE 
24116  Df(2L)ED1272 37C5;38A2 NE NE weak enhancer 
8679  Df(2L)ED1303 37E5;38C6 NE NE NE 

167  Df(2L)TW161 38A6--B1;40A4--
B1 NE NE NE 

9269  Df(2L)ED1315 38B4;38F5 NE NE NE 
9682  Df(2L)ED1378 38F1;39D2 NE NE NE 
9266  Df(2L)ED1473 39B4;40A5 NE weak suppressor NE 
9510  Df(2L)BSC151 40A5;40E5 NE NE suppressor 
741  Df(2R)M41A10 41A;41A NE weak enhancer NE 
25705  Df(2R)BSC630 41D3;41F11 NE NE NE 

749 In(2R)bw[VDe2L]Cy[R] 42A2;42A3 NE suppressor enhancer 

8045  Df(2R)ED1612 42A13;42E6 NE enhancer NE 
9683  Df(2R)ED1484 42A2;42A14 weak suppressor NE NE 
9062  Df(2R)ED1673 42E1;43D3 NE NE NE 
8931  Df(2R)ED1715 43A4;43F1 NE NE NE 
8941  Df(2R)ED1725 43E4;44B5 weak enhancer strong enhancer NE 

24335  Df(2R)BSC267 44A4;44C4 weak enhancer NE NE or weak 
suppressor 

9157  Df(2R)ED1770 44D5;45B4 enhancer strong enhancer enhancer 
9063  Df(2R)ED1791 44F7;45F1 NE NE NE 
23665  Df(2R)BSC280 45C4;45F4 NE NE strong enhancer 
9410  Df(2R)BSC132 45F6;46B4 NE NE enhancer 
23682  Df(2R)BSC298 46B2;46C7 NE weak enhancer NE 
1702  Df(2R)X1 46C;47A1 suppressor NE NE 
9539  Df(2R)BSC152 46C1;46D6 NE NE NE 
23686  Df(2R)BSC303 46E1;46F3 NE NE NE 
23666  Df(2R)BSC281 46F1;47A9 NE NE NE 
25428  Df(2R)BSC595 47A3;47F1 suppressor weak suppressor NE 
8910  Df(2R)ED2219 47D6;48B6 weak enhancer NE NE 
8912  Df(2R)ED2247 48A3;48D5 NE strong enhancer enhancer 
9626  Df(2R)BSC199 48C5;48E4 enhancer NE NE 
26551  Df(2R)BSC699 48D7;48E6 NE NE NE 
24929  Df(2R)BSC425 48F1;49A1 NE NE NE 
7543  Df(2R)Exel6061 48F1;49A6 enhancer NE NE 
1642  Df(2R)vg135 49A;49E1--2 NE NE NE 
23688  Df(2R)BSC305 49A4;49A10 NE NE NE 
24989  Df(2R)BSC485 49B10;49E6 suppressor strong suppressor strong suppressor 
7869  Df(2R)Exel7121 49B5;49B12 weak suppressor NE NE 

442  Df(2R)CX1 49C1--4;50C23--
D2 strong suppressor strong suppressor strong suppressor 

7544  Df(2R)Exel6062 49E6;49F1 NE NE NE or weak 
enhancer 

7871  Df(2R)Exel8057 49F1;49F10 suppressor NE NE 
23169  Df(2R)BSC273 49F4;50A13 NE NE suppressor 
23170  Df(2R)BSC274 50A7;50B4 NE NE NE 
23690  Df(2R)BSC307 50B6;50C18 NE suppressor suppressor 
24385  Df(2R)BSC361 50C3;50F1 NE NE NE 
24407  Df(2R)BSC383 50C6;50D2 NE suppressor suppressor 
7875  Df(2R)Exel7130 50D4;50E4 NE NE NE 
7876  Df(2R)Exel7131 50E4;50F6 NE NE NE 
8913  Df(2R)ED2354 50E6;51B1 NE suppressor NE 
7749  Df(2R)Exel6284 51B1;51C2 NE NE enhancer 
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24933  Df(2R)BSC429 51C2;51D1 NE NE weak enhancer 
25741  Df(2R)BSC651 51C5;51E2 NE NE NE 
9064  Df(2R)ED2426 51E2;52B1 NE NE NE 
8914  Df(2R)ED2436 51F11;52D11 NE NE NE 
8915  Df(2R)ED2457 52D11;52E7 lethal NE weak enhancer 
7885  Df(2R)Exel9060 52E11;52F1 strong suppressor NE NE 
3521  Df(2R)Jp6 52E3--5;52F NE NE NE 
7545  Df(2R)Exel6063 52F6;53C4 suppressor suppressor NE 

25078  Df(2R)BSC550 53C1;53C6 NE NE NE or weak 
suppressor 

7546  Df(2R)Exel6064 53C11;53D11 strong enhancer suppressor strong suppressor 
7888  Df(2R)Exel7144 53C8;53D2 weak suppressor NE NE 
9278  Df(2R)ED2747 53D11;53F8 NE NE NE 
24356  Df(2R)BSC331 53D14;54A1 NE NE NE 
7548  Df(2R)Exel6066 53F8;54B6 enhancer NE NE 
24379  Df(2R)BSC355 54B16;54C3 NE NE NE 
9596  Df(2R)BSC161 54B2;54B17 NE NE NE 
7890  Df(2R)Exel7149 54C10;54D5 weak suppressor NE NE 
24371  Df(2R)BSC347 54D2;54E9 NE NE NE 
6780  Df(2R)14H10W-35 54E5--7;55B5--7 enhancer strong enhancer strong enhancer 
9066  Df(2R)ED3610 54F1;55C8 NE NE suppressor 
8918  Df(2R)ED3683 55C2;56C4 NE NE NE 
7551  Df(2R)Exel6069 56B5;56C11 suppressor NE suppressor 
9423  Df(2R)BSC135 56C11;56D5 NE NE NE 
9067  Df(2R)ED3728 56D10;56E2 NE NE NE 

6647  Df(2R)BSC22 56D7--E3;56F9--
12 NE NE NE 

27354  Df(2R)BSC782 56D8;56D14 NE NE NE 
25678  Df(2R)BSC594 56E1;56F9 NE suppressor suppressor 
7896  Df(2R)Exel7162 56F11;56F16 NE enhancer enhancer 
6609  Df(2R)BSC19 56F12--14;57A4 weak suppressor NE weak suppressor 
26553  Df(2R)BSC701 56F15;57A9 NE NE NE 
26554  Df(2R)BSC702 57A2;57B3 NE NE NE 
9267  Df(2R)ED3791 57B1;57D4 NE NE NE 
3469  Df(2R)PK1 57C5;57F5--6 weak enhancer enhancer strong enhancer 
27582  Df(2R)BSC821 57D10;57E6 NE NE enhancer 
26516  Df(2R)BSC664 57D12;58A3 NE suppressor NE 
25430  Df(2R)BSC597 58A2;58F1 suppressor strong enhancer enhancer 
7903  Df(2R)Exel7173 58D4;58E5 NE strong enhancer enhancer 
25431  Df(2R)BSC598 58F3;59A1 NE NE weak suppressor 
27359  Df(2R)BSC787 58F4;59B1 NE NE NE 
3909  Df(2R)59AD 59A1--3;59D1--4 NE strong enhancer strong enhancer 
25432  Df(2R)BSC599 59B1;59B3 NE suppressor suppressor 
27356  Df(2R)BSC784 59B4;59B6 NE enhancer enhancer 

26866  Df(2R)BSC769 59B7;59D9 NE NE NE or weak 
suppressor 

26513  Df(2R)BSC661 59D8;59F5 weak suppressor NE NE 
9424  Df(2R)BSC136 59F5;60B6 suppressor suppressor strong suppressor 
24380  Df(2R)BSC356 60B8;60C4 NE strong enhancer NE 
27352  Df(2R)BSC780 60C2;60D14 strong suppressor strong enhancer strong enhancer 
7561 Df(2R)Exel6082 60C4--60C7 suppressor enhancer enhancer 
25436 Df(2R)BSC603 60C7--60D1 strong suppressor enhancer enhancer 
25437  Df(2R)BSC604 60D4;60E11 NE NE suppressor 
25441  Df(2R)BSC608 60E11;60F2 NE NE NE 

2471  Df(2R)M60E 60E2--3;60E11--
12 weak suppressor NE enhancer 

2528  Df(2R)gsb 60E9--10;60F1--
2 NE NE NE 
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4961  Df(2R)Kr10 60F1;60F5 NE lethal NE 
24758  Df(2R)ED50004 60F5;60F5 NE suppressor suppressor 
24627  Df(3L)ED50002 61A1;61B1 NE NE or suppressor NE 
8047  Df(3L)ED201 61B1;61C1 NE NE NE 
24386  Df(3L)BSC362 61C1;61C7 NE suppressor NE 
8049  Df(3L)ED4191 61C3;62A2 NE NE NE 

23674  Df(3L)BSC289 61F6;62A9 enhancer NE NE or weak 
suppressor 

9693  Df(3L)BSC181 62A11;62B7 strong enhancer NE NE or weak 
suppressor 

27372  Df(3L)BSC800 62A9;62A9 NE NE NE 
5411  Df(3L)Aprt-32 62B1;62E3 strong enhancer  NE enhancer 
8096  Df(3L)ED4287 62B4;62E5 strong enhancer  NE NE 
8976  Df(3L)BSC119 62E7;62F5 NE enhancer weak enhancer 
6755  Df(3L)BSC23 62E8;63B5--6 NE NE NE 
3650  Df(3L)M21 62F;63D strong suppressor suppressor suppressor 
7571  Df(3L)Exel6092 62F5;63A3 NE NE NE 
26523  Df(3L)BSC671 63A2;63B11 NE NE weak enhancer 

26524  Df(3L)BSC672 63A7;63B12 weak suppressor NE or weak 
enhancer NE 

8058  Df(3L)ED4293 63C1;63C1 NE NE NE 
8059  Df(3L)ED208 63C1;63F5 NE NE NE 
7573  Df(3L)Exel6094 63D2;63E1 NE   enhancer enhancer 
7574  Df(3L)Exel6095 63E1;63E3 weak suppressor suppressor NE 
24392  Df(3L)BSC368 63F1;64A4 NE NE NE 
7577  Df(3L)Exel6098 63F2;63F7 weak suppressor suppressor NE 
8060  Df(3L)ED4341 63F6;64B9 NE NE NE 
8061  Df(3L)ED210 64B9;64C13 NE NE NE 
3096  Df(3L)ZN47 64C;65C strong enhancer  NE NE 

24395  Df(3L)BSC371 64C1;64E1 suppressor NE or weak 
suppressor NE 

7585  Df(3L)Exel6106 64D6;64E2 NE NE enhancer 
7586  Df(3L)Exel6107 64E5;64F5 NE NE NE 
24914  Df(3L)BSC410 64E7;65B3 NE NE NE 
24915  Df(3L)BSC411 65A2;65C1 NE NE NE 
7588  Df(3L)Exel6109 65C3;65D3 enhancer NE NE 
6867  Df(3L)BSC27 65D4--5;65E4--6 NE NE NE 
9701  Df(3L)BSC224 65D5;65E6 suppressor NE NE 

6964  Df(3L)BSC33 65E10--F1;65F2-
-6 NE NE NE 

8974  Df(3L)BSC117 65E9;65F5 suppressor NE suppressor 
7929  Df(3L)Exel8104 65F7;66A4 NE NE NE 
7745  Df(3L)Exel6279 66A17;66B5 weak enhancer enhancer NE 

24399  Df(3L)BSC375 66A3;66A19 NE weak enhancer NE or weak 
enhancer 

24412  Df(3L)BSC388 66A8;66B11 suppressor NE suppressor 
7591  Df(3L)Exel6112 66B5;66C8 NE NE NE 
24413  Df(3L)BSC389 66C12;66D8 suppressor enhancer enhancer 

27576  Df(3L)BSC815 66C3;66D4 weak suppressor NE NE or weak 
enhancer 

8066  Df(3L)ED4421 66D12;67B3 NE weak suppressor suppressor 
27577  Df(3L)BSC816 66D9;66D12 weak suppressor enhancer strong enhancer 
7079  Df(3L)BSC35 66F1--2;67B2--3 suppressor suppressor  weak suppressor 
997  Df(3L)AC1 67A2;67D11--13 strong enhancer  enhancer enhancer 
8970  Df(3L)BSC113 67B1;67B5 NE NE NE 
8975  Df(3L)BSC118 67B11;67C5 NE NE suppressor 
24415  Df(3L)BSC391 67B7;67C5 NE enhancer enhancer 

24416  Df(3L)BSC392 67C4;67D1 suppressor NE or weak 
enhancer NE 

26525  Df(3L)BSC673 67C7;67D10 suppressor enhancer weak enhancer 
9355  Df(3L)ED4457 67E2;68A7 NE NE NE 
8068  Df(3L)ED4470 68A6;68E1 NE NE NE 
8069  Df(3L)ED4475 68C13;69B4 suppressor NE NE 
26828  Df(3L)BSC730 68F7;69E6 weak suppressor weak suppressor NE 
8072  Df(3L)ED4486 69C4;69F6 NE suppressor suppressor 
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6457  Df(3L)BSC12 69F6--
70A1;70A1--2 NE suppressor weak suppressor 

8097  Df(3L)ED4502 70A3;70C10 NE NE NE 
8073  Df(3L)ED4543 70C6;70F4 NE NE NE 
8074  Df(3L)ED217 70F4;71E1 NE enhancer enhancer 
24946  Df(3L)BSC442 71D2;71E3 weak suppressor NE NE 
27888  Df(3L)BSC845 71D3;72A1 suppressor NE NE 
27346  Df(3L)BSC774 71F1;72D10 suppressor NE NE 
24947  Df(3L)BSC443 72B1;72E4 suppressor NE pupal lethal 
8078  Df(3L)ED4606 72D4;73C4 NE NE NE 
8098  Df(3L)ED4674 73B5;73E5 strong enhancer  enhancer enhancer 
8099  Df(3L)ED4685 73D5;74E2 NE NE NE 
8100  Df(3L)ED4710 74D1;75B11 NE NE weak suppressor 
27347  Df(3L)BSC775 75A2;75E4 NE NE NE 
9697  Df(3L)BSC220 75F1;76A1 weak suppressor weak enhancer NE 
8087  Df(3L)ED229 76A1;76E1 strong suppressor suppressor NE 

6646  Df(3L)BSC20 76A7--B1;76B4--
5 suppressor NE suppressor 

7943  Df(3L)Exel9008 76B3--4;76B9 NE strong suppressor NE 
7944  Df(3L)Exel9009 76B5;76B9 suppressor suppressor NE 
7945  Df(3L)Exel9011 76B8;76B9 suppressor weak enhancer enhancer 
8088  Df(3L)ED4858 76D3;77C1 NE NE weak enhancer 
27369  Df(3L)BSC797 77C3;78A1 NE NE NE 
24953  Df(3L)BSC449 77F2;78C2 weak suppressor NE NE 
25116  Df(3L)BSC553 78A2;78C2 suppressor NE weak suppressor 
24923  Df(3L)BSC419 78C2;78D8 NE enhancer enhancer 
8101  Df(3L)ED4978 78D5;79A2 NE NE NE 
9700  Df(3L)BSC223 79A3;79B3 suppressor NE NE 
24955  Df(3L)BSC451 79B2;79F5 NE NE NE 
8089  Df(3L)ED230 79C2;80A4 NE NE enhancer 
7617  Df(3L)Exel6138 79D3;79E3 NE enhancer NE 
8102  Df(3L)ED5017 80A4;80C2 NE NE NE 
7002  Df(3L)1-16 80F;80F enhancer NE suppressor 
9226  Df(3R)ED5100 81F6;82E7 NE weak suppressor NE 

2596  Df(3L)6B-
29+Df(3R)6B-29 81Fa;81Fa suppressor enhancer enhancer 

2597  Df(3R)10-65 81Fa;81Fa suppressor NE NE 
8967  Df(3R)ED5147 82E7;83A1 NE enhancer NE 
8965  Df(3R)ED5156 82F8;83A4 NE NE NE 
7623 Df(3R)Exel6144 83A6-83A6 strong suppressor enhancer enhancer 
25077  Df(3R)BSC549 83A6;83B6 NE enhancer strong enhancer 
8103  Df(3R)ED5177 83B4;83B6 NE enhancer enhancer 

7443  Df(3R)BSC47 83B7--C1;83C6--
D1 suppressor NE NE 

7952  Df(3R)Exel7283 83B7;83C2 suppressor weak enhancer NE 
24968  Df(3R)BSC464 83B7;83E1 NE NE NE 
1990  Df(3R)Tpl10 83C1--2;84B1--2 enhancer NE weak suppressor 
7624  Df(3R)Exel6145 83C1;83C4 strong enhancer  suppressor enhancer 
26533  Df(3R)BSC681 83E2;83E5 NE NE NE 
26836  Df(3R)BSC738 83E5;84A1 weak suppressor NE enhancer 
24971  Df(3R)BSC467 83F1;84B2 suppressor NE NE 
1842  Df(3R)Antp17 84A5;84D9 NE NE NE 
25724  Df(3R)BSC633 84B2;84C3 NE NE weak suppressor 
8685  Df(3R)ED7665 84B4;84E11 NE NE NE 

24970  Df(3R)BSC466 84E1;85A10 strong enhancer enhancer NE or weak 
enhancer 

9077  Df(3R)ED5330 85A5;85D1 weak enhancer strong enhancer strong enhancer 
7631  Df(3R)Exel6152 85C11;85D2 suppressor NE NE 
9204  Df(3R)ED5339 85D1;85D11 NE weak suppressor NE 
24980  Df(3R)BSC476 85D16;85D24 NE NE NE 
7731  Df(3R)Exel6264 85D24;85E5 enhancer NE NE 
25011  Df(3R)BSC507 85D6;85D15 NE NE suppressor 
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9078  Df(3R)ED5438 85E5;85F8 weak enhancer NE NE 
7633  Df(3R)Exel6154 85E9;85F1 weak suppressor enhancer NE 
7634  Df(3R)Exel6155 85F1;85F10 NE NE NE 
9082  Df(3R)ED5474 85F11;86B1 NE suppressor suppressor 
9215  Df(3R)ED5495 85F16;86C7 enhancer suppressor suppressor 
25696  Df(3R)BSC621 85F5;85F14 NE NE NE 

7636  Df(3R)Exel6157 86B1;86B2--
86B3 lethal weak enhancer NE 

25126  Df(3R)BSC568 86C7;86D7 NE NE NE 
8957  Df(3R)ED5514 86C7;86E11 strong enhancer NE NE 
24973  Df(3R)BSC469 86D8;87A2 suppressor NE weak enhancer 
7965  Df(3R)Exel7310 86E18;87A1 suppressor strong enhancer enhancer 
8029  Df(3R)ED5577 86F9;87B13 NE NE weak enhancer 
24990  Df(3R)BSC486 87B10;87E9 suppressor NE enhancer 
7931  Df(3R)Exel7315 87B8;87B9 NE enhancer NE 
7973  Df(3R)Exel8157 87D8;87D10 NE strong suppressor suppressor 
8921  Df(3R)ED5623 87E3;88A4 NE weak enhancer NE 
7649  Df(3R)Exel6170 87F10;87F14 strong enhancer suppressor  enhancer 
7976  Df(3R)Exel8159 88A4;88B1 suppressor enhancer enhancer 
9090  Df(3R)ED5644 88A4;88C9 suppressor weak enhancer NE 
7734  Df(3R)Exel6267 88B1;88C2 weak suppressor weak enhancer NE 
23714  Df(3R)ED10555 88C9;88D8 NE NE NE 
7742  Df(3R)Exel6275 88D1;88D7 NE NE NE 
24137  Df(3R)ED5664 88D1;88E3 strong suppressor NE NE 
9152  Df(3R)ED5705 88E12;89A5 NE NE NE 
26848  Df(3R)BSC750 88E2;88E5 NE enhancer NE 
26839  Df(3R)BSC741 88E8;88F1 suppressor weak suppressor NE 
25019  Df(3R)BSC515 88F6;89A8 enhancer enhancer enhancer 
7983  Df(3R)Exel7328 89A12;89B6 NE NE NE 
26580  Df(3R)BSC728 89A8;89B2 suppressor NE NE 
9482  Df(3R)ED10642 89B17;89D5 NE weak suppressor NE 

7737  Df(3R)Exel6270 89B18;89D8 NE NE NE or weak 
enhancer 

3678  Df(3R)sbd45 89B4;89B10 NE NE NE 
1467  Df(3R)P115 89B7--8;89E7 suppressor NE NE 
9481  Df(3R)ED10639 89B7;89B18 NE suppressor suppressor 
3486  Df(3R)Ubx109 89D1--2;89E1--2 NE NE NE 
7655  Df(3R)Exel6176 89E11;89F1 strong suppressor weak enhancer weak enhancer 
8104  Df(3R)ED5780 89E11;90C1 NE NE weak enhancer 
26846  Df(3R)BSC748 89E5;89E11 strong suppressor enhancer enhancer 
27362  Df(3R)BSC790 90B6;90E2 NE suppressor suppressor 
25740  Df(3R)BSC650 90C6;91A2 suppressor NE weak suppresor 
7657  Df(3R)Exel6178 90F4;91A5 suppressor enhancer enhancer 
9208  Df(3R)ED5815 90F4;91B8 weak suppressor NE NE 
6962  Df(3R)ED2 91A5;91F1 NE NE enhancer 
7659  Df(3R)Exel6180 91B5;91C5 NE weak enhancer strong enhancer 
24139  Df(3R)ED5938 91D4;92A11 strong enhancer NE letahl 
8964  Df(3R)ED6025 92A11;92E2 NE NE NE 
25021  Df(3R)BSC517 92C1;92F13 NE NE NE 
9501  Df(3R)BSC141 92F2;93A1 NE suppressor NE 

7413  Df(3R)BSC43 92F7--
93A1;93B3--6 NE NE NE 

27580  Df(3R)BSC819 93A2;93B8 enhancer NE NE 
7739  Df(3R)Exel6272 93A4;93B13 NE NE NE 
9487  Df(3R)ED10845 93B9;93D4 NE NE NE 
26529  Df(3R)BSC677 93D1;93F14 lethal lethal NE 
8923  Df(3R)ED6085 93F14;94B5 enhancer NE weak suppressor 
8684  Df(3R)ED6096 94B5;94E7 NE NE enhancer 
25694  Df(3R)BSC619 94D10;94E13 NE NE NE 
9497  Df(3R)BSC137 94F1;95A4 NE NE NE 
24993  Df(3R)BSC489 94F3;95D1 NE NE NE 
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7675  Df(3R)Exel6196 95C12;95D8 NE NE NE 
9347  Df(3R)ED6187 95D10;96A7 weak enhancer weak enhancer NE 

Stock # Deficiency lines Cytogenetic 
breakpoints 

nub>CDK8+ 
backrgound 

nub>CDK8-RNAi 
background 

nub>CycC-RNAi 
background 

7676  Df(3R)Exel6197 95D8;95E1 NE enhancer NE 
9211  Df(3R)ED6220 96A7;96C3 NE suppressor weak suppressor 
24965  Df(3R)BSC461 96B15;96D1 NE NE weak suppressor 
7680  Df(3R)Exel6201 96C2;96C4 NE NE NE 
27404  Df(3R)FDD-0317950 96C8;96D1 suppressor NE NE 

7681  Df(3R)Exel6202 96D1;96D1 NE NE NE or weak 
enhancer 

7682  Df(3R)Exel6203 96E2;96E6 weak enhancer NE NE 
24909  Df(3R)BSC321 96E6;96E9 NE NE NE 
9500  Df(3R)BSC140 96F1;96F10 NE NE NE 
8105  Df(3R)ED6232 96F10;97D2 NE NE enhancer 
9210  Df(3R)ED6255 97D2;97F1 weak suppressor NE NE 
25001  Df(3R)BSC497 97E6;98B5 NE NE NE 
25390  Df(3R)BSC567 98B6;98E5 NE lethal lethal 
7688  Df(3R)Exel6210 98E1;98F5 weak suppressor NE NE 
27378  Df(3R)BSC806 98F1;98F10 NE NE NE 
25005  Df(3R)BSC501 98F10;99B9 NE NE NE 
3547  Df(3R)L127 99B5--6;99F1 weak suppressor enhancer enhancer 
25075  Df(3R)BSC547 99B5;99C2 NE NE NE 
7691  Df(3R)Exel6213 99C5;99D1 NE enhancer enhancer 
25695  Df(3R)BSC620 99C5;99D3 suppressor NE enhancer 
2352  Df(3R)X3F 99D1--2;99E1 suppressor  enhancer enhancer 
25006  Df(3R)BSC502 99D3;99D8 NE NE NE 
7692  Df(3R)Exel6214 99D5;99E2 NE lethal weak enhancer 
2234  Df(3R)R133 99E1--5;3Rt NE NE NE 
25007  Df(3R)BSC503 99E3;99F6 enhancer NE NE 
25008  Df(3R)BSC504 99F4;100A2 NE NE NE 
7997  Df(3R)Exel7378 99F8;100A5 NE NE NE 
2155  Df(3R)A113 100A;3Rt suppressor strong enhancer enhancer 
7918  Df(3R)Exel8194 100A4;100A7 suppressor weak enhancer enhancer 
24142  Df(3R)ED6346 100A5;100B1 NE NE NE 
26847  Df(3R)BSC749 100B1--100C1 suppressor NE enhancer 
27365  Df(3R)BSC793 100B5;100C4 NE NE NE 
24143  Df(3R)ED6361 100C7;100E3 NE NE NE 
24516  Df(3R)ED50003 100E1;100F5 enhancer NE NE 
9433  Df(4)M101-62f 101E;102B NE weak suppressor NE 
9421  Df(4)ED6364 101F1;102A6 NE NE NE 
9422  Df(4)ED6369 102A1;102C1 NE NE NE 
9579  Df(4)ED6380 102B7;102D5 NE enhancer NE       

NE, no effects.  
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Primer sequence (5' to 3') Primer name 

CACCATGGACTACGATTTCAAGAT CDK8-N-5.1 

CTACGGAAACCCCATCACATTGA CDK8-N-3.1 

CACCATGGACACGACACTGATGAAC dSREBP-5.10 

CTAGGCCCGACTACCTGTGCTTG dSREBP-3.11 

CACCATGCAGTCGTATCCGCAACCCTT dSREBP-5.12 

CTACTCCCTCTGCAGGCGCTG dSREBP-3.12 

CACCATGGACAAGATTAACGAGTTGAA dSREBP-5.13 

GAGTCCGAGGCGAGAGTG dSREBP-3.10 

CTACTGCTGATGCAGTTCCTCCT dSREBP-3.21 

CACCATGCAGATGTACAACATGCTGCT dSREBP-5.22 

CTACTGGGGCAAAGGAGCAGAAG dSREBP-3.22 

CACCATGACGGCGGTGTATCCCCCATC dSREBP-5.23 

CTAGACATCCTCCGCTTTGAACA dSREBP-3.31 

CTACGTCGGCGCCAGGTCCATGT dSREBP-3.32 

CTATTGCGGCTGCTGATCCACGG dSREBP-3.33 

GCGCCAGGTCCATGTCGTTGAGGGCGGCGGCCGCCGCGGCCGAGTGCAGGTCGGCGTCGAAC dSREBP-mut-5.1 

GTTCGACGCCGACCTGCACTCGGCCGCGGCGGCCGCCGCCCTCAACGACATGGACCTGGCGC dSREBP-mut-3.1 

ACGGATGCCGGACTGGCGCCGCCACGCAGCGAT dSREBP-TA-5.1 

ATCGCTGCGTGGCGGCGCCAGTCCGGCATCCGT dSREBP-TA-3.1 

Table B.IV.1. Primers for subcloning




