
Genetic analysis of the RNA polymerase II CTD in Drosophila

Feiyue Lua,b and David S. Gilmoura,*

aCenter for Eukaryotic Gene Regulation, Department of Biochemistry and Molecular Biology, The 
Pennsylvania State University, University Park, PA 16802, USA.

bThe Huck Institutes of Life Sciences, The Pennsylvania State University, University Park, PA 
16802, USA.

Abstract

The Carboxy-terminal Domain (CTD) of RNA polymerase II (Pol II) plays essential roles in 

regulating gene expression in eukaryotes. Here, we describe multiple genetic approaches for 

studying the CTD in Drosophila that complement pre-existing molecular analyses of the Pol II 

CTD in other experimental models. These approaches will allow one to assess the effects of any 

CTD mutations in a developmentally complex organism. The approaches discussed in this work 

can in principle, be applied to analyze other transcription components in eukaryotes.
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1. Introduction

The Pol II CTD is an essential binding platform for numerous factors regulating gene 

expression [1,2]. It is at the C-terminus of Rpb1, the largest subunit of Pol II, and consists 

primarily of repetitive arrays of seven amino acids (“heptads”) in many organisms. For 

example, the CTDs of budding yeast (S. cerevisiae) and fission yeast (S. pombe) have 26 

and 29 repeats respectively and most of these repeats match the seven amino acid consensus 

sequence: Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7 (YSPTSPS). Over three decades of 

mutational analyses of the yeast CTDs have established the significance of residues at each 

heptad position and that the functional unit of the CTD likely spans across two consecutive 

heptad repeats [1,2]. Subsequent biochemical and genomic analyses reveal that different 

patterns of phosphorylation constitute a CTD code that enable or exclude certain CTD:factor 

interactions as Pol II transcribes across genes [3].

In contrast to the yeast CTDs, the CTDs of higher eukaryotes are longer and have evolved 

numerous divergent motifs. For example, all mammalian CTDs have 52 repeats and 
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approximately half the repeats are different from YSPTSPS in at least one position. 

Biochemical and genomic analyses of the mammalian CTD suggest that the divergent motifs 

serve functions essential in developmentally-complex organisms: the conserved 7th position 

arginine in the distal portion of the CTD can be methylated [4,5] or citrullinated [6] while 

the 7th position lysines can be methylated [7] or acetylated [8]. Mutating these residues to 

alanine, which prevents post-translational modification, led to changes in gene expression in 

mammalian cultured cells [4,5,6,8]. In addition, the arginine methylation marks are bound 

by TDRD3 and SMN, factors present in higher eukaryotes [4,5]. One model is that the post-

translational marks on the divergent motifs expand the CTD code available in yeast, 

allowing more complex networks of CTD:factor interactions to occur in higher eukaryotes 

[3,9]. However, systematic mutational analyses of the mammalian CTD has not been 

performed in an animal model and most residue substitution mutations in the divergent 

residues of the CTD do not affect viability of mammalian cultured cells [4,7,8,10]. 

Therefore, the significance of these CTD residues in animal development and viability 

remains unclear.

We recently established two genetic approaches in Drosophila that have allowed us to 

mutate the CTD and test whether the presence of divergent motifs are required for 

development of the fly [11–13]. Unlike the yeast CTDs which are dominated by the 

consensus heptads, only 2 of 42 repeats of the Drosophila CTD match the consensus. In 

addition, the Drosophila CTD contains a 7th position arginine and 7th position lysines in its 

distal portion similar to what is present in mammals [4,7]. The well-established GAL4/UAS 

system and the more recently developed CRISPR/Cas9 technology make Drosophila an 

attractive model to perform genetic analyses of the CTD. Using these approaches, we have 

made the unexpected discovery that all divergent motifs can be replaced with consensus 

heptads without affecting the viability of Drosophila, although the number of consensus 

heptads is critically important for function [13]. Here, we describe the methods that we 

developed to perform a molecular genetic analysis of the RNA polymerase II CTD in 

Drosophila. These methods serve as a guide for altering the CTD and provide a framework 

for analyzing functional domains of other transcription components in Drosophila.

2. Functional analyses of the Drosophila CTD using GAL4/UAS

2.1 Design of an RNAi based approach

Since mutations in the CTD can lead to lethality, one way to perform a genetic analysis on 

the CTD is to conditionally inactivate the endogenous Rpb1 while simultaneously 

expressing an Rpb1 derivative harboring mutations in the CTD. In mammalian cells, this is 

achieved by inhibiting the endogenous Rpb1 with α-amanitin after transfecting into cells an 

expression construct encoding an α-amanitin resistant version of Rpb1 [4,5,7,8,10]. A 

conceptually similar experiment outlined in this section can be performed in Drosophila 

using the binary GAL4/UAS expression system [14]. As illustrated in Fig. 1, in this system, 

two UAS-driven transgenes are present in one fly line. One UAS transgene encodes a short 

hairpin designed to target a 21-nucleotide coding sequence in the body of the Rpb1 mRNA 

[15], which knocks down expression of the endogenous Rpb1. Ubiquitous expression of this 

Rpb1 RNAi (Rpb1i) alone in the fly causes lethality [11,12]. The other UAS transgene 
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encodes an RNAi-resistant derivative of Rpb1 that is rendered resistant to the RNAi with 

synonymous changes in the region targeted by the RNAi (Fig. 1 and 2, Rpb1i-res mutations). 

Neither transgene is expressed until the flies are mated to another fly line expressing GAL4. 

This system allows the simultaneous activation of both UAS transgenes in tissues where 

GAL4 is expressed. The Drosophila community has generated hundreds of GAL4 stocks 

that can be used to drive expression in various tissues. This allows for functional tests of 

CTD mutations in specific tissue or throughout the entire fly. Table 1 provides a list of 

GAL4 stocks that we have used to analyze the effects of CTD mutations. The GAL4 lines 

were obtained from the Bloomington Drosophila Stock Center (BDSC).

GAL4 drivers that are ubiquitously expressed serve to determine if CTD mutations affect 

development. The effects of a CTD mutation can be assess by monitoring the developmental 

stage at which individuals die when expression is driven by da-GAL4. A quantitative 

analysis can be readily obtained by using flies with a GAL4 transgene kept over a marked 

balancer chromosome. The rescue efficiency can be presented as the ratio of progeny with 

versus without the balancer marker. We have previously tested a series of CTD mutants 

using Act-GAL4 (BDSC# 4414), which is ubiquitously expressed. The Act-GAL4 transgene 

is maintained over a balancer marked by curly wings (CyO). In cases where an Rpb1 

derivative is fully rescued, approximately equal numbers of adult progeny with normal and 

curly wings will be produced whereas this ratio is skewed if the Rpb1 derivative is defective 

[11–13].

For Rpb1 derivatives with mutations that provide no rescue when ubiquitously expressed, a 

follow-up analysis with a tissue-specific GAL4 driver can be performed to determine if a 

mutant is completely inactive. A test with wing-specific expression works well because 

wings are non-essential organs for flies and a range of mutant phenotypes are readily 

observed. Alternatively, tissue-specific expression provides the possibility to perform 

molecular characterization on severe mutants that fail to develop any analyzable tissue when 

expressed ubiquitously. For example, the Sgs3-GAL4 driver is not activated in the salivary 

glands till mid third-instar larval stage after the salivary glands are well-developed [21].

It is important to note that although in general, the level of expression driven by GAL4/UAS 

tends to be higher than the endogenous level, the ubiquitous expression of wild-type Rpb1 

alone does not produce any phenotype. Moreover, co-expression of the Rpb1i-resistant wild-

type Rpb1 was sufficient to rescue defects of Rpb1i in all cases examined, indicating that 

there is no evidence of off-target effects of the Rpb1 RNAi. In addition, unlike its Rpb1i-

resistant counterpart, the Rpb1i sensitive form of Rpb1 was unable to rescue Rpb1i, showing 

that the elevated level of Rpb1 mRNA alone is not overwhelming the capacity of the Rpb1i 

[12]. In cases where the co-expression of a mutant Rpb1 with Rpb1i is unable to fully 

rescue, a control mating of the same GAL4 driver to UAS-driven mutant Rpb1 alone should 

be done to determine if the expression of the mutant alone produces any dominant-negative 

phenotype. An example of this is provided in Fig. 3.

2.2 Test of mutant CTD function using an Rpb1 embryonic lethal allele

An orthogonal approach to the RNAi rescue assay is to test if the ubiquitous expression of 

an Rpb1 derivative rescues an embryonic lethal Rpb1 allele. This allele of Rpb1, dubbed 
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Rpb1G0040 (Kyoto #111768), has a P-element inserted into the 5’ UTR of Rpb1 and is 

maintained over the X balancer chromosome FM7c [12]. In this assay, females carrying the 

Rpb1G0040 allele (Rpb1G0040/FM7c) are mated to males ubiquitously expressing an Rpb1 

derivative (da-GAL4, UAS-Rpb1). As illustrated in Fig. 4A, this mating will result in at least 

two types of male progeny: “A” progeny, marked by narrow eyes (B1), survive because of 

the wild-type Rpb1 allele on the FM7c balancer; “B” progeny, marked by yellow body color 

(y−) and normal eyes, are the products of nondisjunction. Additionally, if the GAL4-

mediated expression of the Rpb1 derivative fully rescues Rpb1G0040, “C” male progeny with 

wild-type body color (y+) and normal eyes will be present at a comparable number as “A” 

males. The presence of the P-element insertion in the Rpb1G0040 allele can be validated by 

PCR (Fig. 4B and C). As this rescue approach relies on the generation of a stable fly line 

ubiquitously expressing an Rpb1 derivative, it is limited to testing mutants that do not have 

severe dominant negative effects.

2.3 Design and generation of pUAST plasmids expressing Rpb1 derivatives

We use Clontech In-Fusion Cloning to insert fragments encoding various Rpb1 derivatives 

into pUASTattB plasmid (DGRC #1419). Most fragments can be obtained directly by 

amplification from genomic DNA or subclones of the amplified DNA, although we 

occasionally order 200 bp to 1 kb synthetic DNA fragments (Integrated DNA Technologies 

or Genscript) for sequences that are difficult to obtain by PCR. Each final pUASTattB-Rpb1 

vector (Fig. 2) contains: (1) a 5XUAS-hsp70 promoter [14]; (2) the entire Rpb1 coding 

region with the first two introns; (3) synonymous mutations changing the Rpb1 RNAi target 

sequences from 5′-AACGGTGAAACTGTCGAACAA-3′ to 5′-

AACCGTCAAGTTGAGCAACAA-3’; (4) white+ (w+) eye color marker for identifying 

transformants; (5) a double FLAG tag appending to the C-terminus of Rpb1 that 

distinguishes the transgenic Rpb1 from the endogenous counterpart; (6) an attB site for 

genome integration. The entire coding region of Rpb1 on the plasmid, including the double 

FLAG tag, is sequenced before submitting for microinjection services (Rainbow Transgenic 

Flies, Inc.).

2.4 PhiC31 integrase-mediated transformation and molecular validation

The Rpb1-containing pUASTattB plasmids are microinjected into embryos of a fly line with 

an attP site at a known genomic locus on its third chromosome (86Fb, BDSC# 24749). This 

fly line also carries a transgene on its X chromosome that expresses the PhiC31 integrase in 

its germline [23]. The integrase transgene can be removed by selecting orange-eyed G1 

males in the second mating (Fig. 2). Alternatively, because the integrase is marked by the 

expression of eye-specific EGFP, it can also be removed by selecting against progeny with 

green fluorescent eyes during subsequent matings. PhiC31 integrase causes recombination 

between attB on the plasmid and attP in the fly genome and results in incorporation of the 

entire plasmid into the genome. The injected individuals (G0) are then outcrossed to y1w*. 

As both parents carry w* mutation (a recessive allele that exhibits the white eye phenotype), 

the presence of progeny with the white+ (orange eyes when only one copy is present in the 

w* background) marker identifies the desired recombinants. Homozygous fly lines are 

established by selecting for red eye progeny (having two copies of white+) resulting from 

mating of orange eye siblings (Fig. 2, scheme 1). As the expression of the UAS transgenes is 
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not induced in the absence of GAL4, such red eye flies can be maintained as stable fly lines 

regardless of whether the Rpb1 derivative encoded in the pUAST plasmid is functional.

The PhiC31 transformation efficiency is rather high - we typically obtain tens to hundreds of 

orange-eyed G1 transformants per 100 injected embryos. To verify that the sequence 

encoding a CTD mutant is present, the region encompassing the transgenic CTD is PCR 

amplified from genomic DNA isolated from the orange eye recombinants and the resulting 

PCR product is sequenced. One PCR primer is complementary to sequence just upstream of 

the CTD while the other PCR primer is complementary to a sequence specific to the pUAST 

vector (see legend of Fig. 2 for sequences of primers). DNA isolated from y1w* flies is used 

as a control for non-specific amplification. PCR products that match predicted sizes are gel 

purified and sequenced to confirm that the transformed sequence is correct.

The GAL4-mediated expression of UAS-driven Rpb1 derivatives can be assessed by 

immunofluorescence or by western blotting tissue lysates using anti-FLAG antibody. 

Progeny arising from a mating of y1w* to the same GAL4 driver serves as a negative control 

for the expression analyses. We have used salivary glands (Act-GAL4, da-GAL4, Ab1-

GAL4 or Sgs3-GAL4) and fat body (CG-GAL4) for immunofluorescence analyses and 

employed indirect immunofluorescence to detect FLAG-tagged Rpb1 on spread polytene 

chromosomes [24] and in fixed intact tissues. We have had success detecting the expression 

of FLAG-Rpb1 derivatives by western blot using lysate prepared from embryos (da-GAL4), 

larval fat body (CG-GAL4), whole third-instar larvae (da-GAL4), whole early pupae (da-

GAL4), whole late pupae (Act-GAL4) and adult heads (da-GAL4). Western blot analysis 

using lysate prepared from salivary glands is problematic because something migrates just 

above the wild-type Drosophila Rpb1 (>200 kD) that interferes with the western blot 

analysis. We routinely use home-made 7% Tris-acetate gels [25] or commercial 3–8% Tris-

acetate gradient gels (Fisher Scientific) because we find that the Drosophila Rpb1 does not 

migrate well on a SDS-PAGE gel [26].

2.5 Establishment of stable fly lines containing two transgenes

The UAS-Rpb1 transgene needs to be meiotically recombined with UAS-Rpb1i (BDSC# 

36830) for the functional analyses in section 2.1 and with da-GAL4 (BDSC# 55850) for the 

functional analyses in section 2.2. These three transgenes are all located on the third 

chromosome. The original UAS-Rpb1i deposited at the Bloomington Drosophila Stock 

Center is maintained over a third chromosome balancer, likely due to a spontaneous 

recessive lethal mutation on the same chromosome that UAS-Rpb1i resides. We have 

established a stable fly line homozygous for UAS-Rpb1i by outcrossing the original UAS-

Rpb1i fly line to y1w*. The y1 allele is a recessive allele that gives rise to yellowish body 

color. The UAS-Rpb1i transgene is marked by a dominant y+ allele that reverts the 

yellowish body color of y1 flies back to the normal darker color. Three sequential matings 

are performed to produce the final fly line homozygous for both UAS-Rpb1i and UAS-Rpb1 

transgenes (Fig. 2, scheme 2). First, UAS-Rpb1i is mated to UAS-Rpb1/+ to generate 

progeny heterozygous for both transgenes. Second, the female offspring from the cross are 

mated to y1w* males containing third chromosome balancers. Third, normal body color 

(=UAS-Rpb1i present), orange-eyed (=UAS-Rpb1 present) siblings from the second cross 
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are mated to each other and the resulting progeny lacking the balancer marker are kept as 

stable homozygous stocks.

The da-GAL4 transgene is marked by mini-white+ (mw+), which gives rise to orange eyes 

(yellowish eye when only one copy is present). An approach similar to the one described 

above is applied to generate flies homozygous for both da-GAL4 and UAS-Rpb1 except that 

in the third step, light red eye progeny (one copy of white+ and one copy of mini-white+) 

are selected instead of normal body color (y1) (Fig. 2, scheme 3).

The presence of UAS-Rpb1i and da-GAL4 can be confirmed using the same PCR approach 

described above but with primers specific to either transgene. In addition, the co-existence of 

da-GAL4 and UAS-Rpb1 can be validated by immunofluorescence or western blot using 

anti-FLAG antibody as described in section 2.4.

2.6 Potential pitfalls

While Rpb1 derivatives that fail to rescue Rpb1i or Rpb1G0040 are defective, those Rpb1 

derivatives that provide rescue have two caveats. First, expression driven by GAL4/UAS 

tends to be high which could compensate for the potential loss of function of a Rpb1 

derivative. Second, residual endogenous Rpb1 could be present either due to incomplete 

depletion or maternal loading of Rpb1, although we have recently determined that the level 

of knockdown driven by Act-GAL4 is efficient both at the transcript [12] and protein levels 

[13] (both are at least ten-fold less than wild-type). To definitively assess if the mutants that 

function like wild-type are sufficient to support development of Drosophila, one can evaluate 

their performance following the CRISPR/Cas9 scheme described in section 3. Besides, the 

promoter in the pUAST vector is hardly activated in the female germline [27]. Therefore, 

rescue analyses in the female germline and assessment of female fertility should be 

interpreted with caution.

3. Functional analyses of the Drosophila CTD using CRISPR/Cas9

3.1 Design of a CRISPR/Cas9 based approach

CRISPR/Cas9 allows the functional test of an Rpb1 derivative under conditions where 

expression is driven by the endogenous Rpb1 promoter and the endogenous Rpb1 is absent 

if a viable fly line homozygous for the mutant Rpb1 allele can be established. In this assay, 

the endogenous genomic sequence encoding the CTD is replaced with sequence encoding a 

desired CTD mutation via CRISPR/Cas9-mediated genome editing. A DNA mixture 

containing three plasmids is injected into embryos that stably express Cas9 [28]. Two 

plasmids express sgRNAs that direct CRISPR/Cas9 cutting to genomic regions upstream and 

downstream of the CTD respectively. The third “donor” plasmid serves two purposes: (1) it 

contains two sequences that are homologous to outside sequences immediately adjacent to 

cut sites, which serve as templates for homologous recombination mediated repair; (2) it 

encodes the CTD mutations to be introduced, which is placed in between the two homology 

sequences. Successful CRISPR-ed recombinants can be identified as described in section 

3.4. Subsequent functional analyses are described in section 3.5.
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3.2 Design and generation of the two plasmids expressing sgRNAs

We have identified two CRISPR target sequences with zero predicted off-target sites using 

flyCRISPR Optimal Target Finder (http://tools.flycrispr.molbio.wisc.edu/targetFinder/). 

These sites were selected with “NGG PAM sequence only” and “Maximum Stringency” 

search filters so that they should have higher cleavage efficiency and are less likely to be off-

target. In addition, the two target sequences flank the CTD so that various CTD mutations 

can be introduced with the same targeting plasmids and homology sequences. One of the 

target sites is immediately upstream of the coding region of the CTD while the other is in the 

coding region of the downstream neighboring gene PGRP-SA. In hindsight, this genome 

editing scheme is not ideal as it disrupts the coding sequence of PGRP-SA. However, this 

has not had any detectable impact on our studies.

Regions encompassing the sequences of the guides are PCR amplified from the w1118 strain, 

which has the same X chromosome as the injected fly strain, and sequenced to confirm that 

the CRISPR target sequences match the sequence of the fly line that is being edited. 

Unphosphorylated, complementary strands encoding the sgRNAs are used (Integrated DNA 

Technologies): Rpb1_fw1: 5’- CTTCGAGAAACACTCGGCGAGGCT-3’ and Rpb1_rev1: 

5’-AAACAGCCTCGCCGAGTGTTTCTC-3’ direct cleavage adjacent to the start of the 

Drosophila CTD; Rpb1_fw2: 5’-CTTCGTAGGGATTTGAGAGCCAGTG-3’ and 

Rpb1_rev2: 5’-AAACCACTGGCTCTCAAATCCCTAC-3’ direct cleavage downstream of 

the 3’ UTR of Rpb1. They are annealed, phosphorylated by T4 polynucleotide kinase and 

cloned into the BbsI site of pU6-BbsI-chiRNA (Addgene #45946) following the protocol 

developed by flyCRISPR (http://flycrispr.molbio.wisc.edu/protocols/gRNA).

3.3 Design and generation of the donor plasmid

Similar to the generation of pUASTattB-Rpb1 plasmids, we also employ Clontech In-Fusion 

Cloning to insert various fragments into pHD-ScarlessDsRed plasmid (DGRC # 1364). Most 

fragments can be obtained via PCR amplification from w1118 genomic DNA. Sequences 

encoding mutant CTDs can also be either amplified from pre-existing pUASTattB-Rpb1 

plasmids or synthesized as DNA fragments (Integrated DNA Technologies or Genscript). 

Each final pHD-ScarlessDsRed-Rpb1 vector (Fig. 5) contains: (1) two ~1 kb homology 

arms; (2) sequence encoding a mutant CTD followed by the entire 3’ UTR of Rpb1; (3) a 

3XP3 driven DsRed marker for identifying CRISPR-ed candidates; (4) a double FLAG tag 

appended to the C-terminus of Rpb1 that distinguishes the modified Rpb1 from the 

unmodified counterpart; (5) synonymous mutations in one of the target sequences that 

render the plasmid sequence resistant to CRISPR cutting (this CRISPR targeted sequence 

was changed from 5′-GAGAAACACTCGGCGAGGCT −3′ to 5′-

GACTAACTGATGGGCTAGCT-3’; the other target sequence is separated from the PAM 

site by the DsRed cassette). The region spanning Homology Arm I, the CTD, the double 

FLAG tag and the 3’ UTR is cloned into the SapI sites while Homology Arm II is cloned 

into the AarI sites. Both inserts are sequenced before submitting for microinjection services 

(Bestgene Inc).
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3.4 CRISPR microinjection, subsequent crosses and molecular validation

The above DNA plasmids are mixed with guide plasmids at 100 ng/ul each and the donor 

plasmid at 500 ng/ul, and microinjected into embryos that stably express Cas9 in the 

germline (BDSC# 51324). The Cas9 transgene is marked by 3XP3-GFP, which can be 

eliminated in subsequent crosses by selecting against progeny with green fluorescent eyes or 

ocelli. CRISPR/Cas9-mediated genome editing occurs in the gametes produced by the 

injected individuals. The injected individuals (referred to as G0) are then mated to w1118 

flies and CRISPR-ed candidates among the G1 offspring will be marked with bright red 

fluorescent eyes (3XP3 driven DsRed) (Fig. 5). Integration of the DsRed cassette into the 

genome can occur in 3 ways: (1) successful modification of the endogenous Rpb1 locus as 

desired; (2) integration of the entire donor plasmid into one of the CRISPR target sites as a 

result of a single crossover; (3) integration of the entire donor plasmid elsewhere in the 

genome. Therefore, unlike the generation of UAS-Rpb1 fly lines where numerous G1 

transformants can be pooled in subsequent crosses, all G1 DsRed candidates should be 

outcrossed individually and maintained as separate lines even if they are derived from the 

same parent. G1 DsRed males are mated to Rpb1G0040/FM7c females whereas G1 DsRed 

females are mated to FM7c/Y males. DsRed-Rpb1/FM7c G2 females, which are marked by 

red fluorescent ocelli and light orange nicked eyes, will be mated to FM7c/Y males. If 

hemizygous DsRed-Rpb1/Y males are present and fertile, stable fly lines homozygous for 

DsRed-Rpb1 can be generated by selecting against the FM7c balancer. Otherwise, DsRed-
Rpb1/FM7c females and FM7c/Y males are maintained as final stocks.

The DsRed recombination rate is relatively low compared to PhiC31-mediated 

transformation - we typically obtain only a few to tens of DsRed G1 transformants per 100 

injected embryos. In our experience, the percentage of desired CRISPR-ed recombinants 

among all DsRed candidates varies from 20% to 50% for mutants that were previously 

shown to support development into adulthood when tested in the ubiquitous GAL4/UAS 

assay and 0 to 5% for mutants that do not support development to adulthood in the 

GAL4/UAS assay. A single crossover event that occurs in the homology arm upstream of the 

CTD coding region also results in the replacement of the endogenous CTD so these single 

crossover candidates can serve as backups in cases where double crossover candidates 

cannot be obtained. Therefore, we first perform a western blot on G2 DsRed late pupae to 

test if the FLAG-tagged Rpb1 derivative is expressed. Lysate prepared from w1118 serves as 

a negative control. Candidates that express FLAG-Rpb1 are subjected to PCR analysis using 

their genomic DNA as templates with the following primers: (1) one primer pair that 

contains a primer that anneals to genomic sequence outside of the homology arm and the 

other anneals to sequence in the DsRed cassette (Fig. 5, green arrows); (2) a primer pair 

flanking the CTD coding region (Fig. 5, orange arrows). Genomic DNA isolated from w1118 

can be used as a negative control template. The expression of the FLAG-Rpb1 derivative 

indicates that a crossover has occurred in the region that corresponds to Homology Arm I. 

As illustrated in Fig. 5, PCR validation using the green primer pair will determine if a 

crossover has also occurred within Homology Arm II. If a crossover has occurred in both 

homology arms, an amplicon containing Homology Arm II will be produced.
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Once a DsRed male is available, an alternative approach is to amplify DNA from the male 

with the magenta primers shown in Fig. 6A. One primer anneals to sequence near the end of 

the coding sequence of Rpb1 and the other anneals to sequence in the 3’ UTR. Desired 

candidates with the additional C-terminal tag can be distinguished from the unmodified 

counterparts based on differences in the sizes of their amplicons. Examples of detecting HA-

tagged and FLAG-tagged Rpb1 using this approach are provided in Fig. 6B.

3.5 Survival analyses

To analyze the performance of Rpb1 mutants that cannot be maintained as stable 

homozygous stocks, we monitor how long males hemizygous for mutant Rpb1 survive over 

the course of development. This can be achieved by maintaining the DsRed-Rpb1 allele over 

a GFP labeled X chromosome balancer (FM7i, P{w[+mC]=ActGFP}JMR3, BDSC# 4559) 

instead of FM7c. GFP positive individuals can be distinguished from the GFP negative 

counterpart beginning at the onset of larval stage. The effects of of various CTD mutations 

on development can be determined by monitoring the stage at which hemizygous DsRed-
Rpb1 males (GFP negative) disappear from the population.

To examine if Rpb1 mutants that can be maintained as stable homozygous stocks have 

defects, survival rates (embryonic hatch rates, percentages that develop into adults, life span, 

etc.) can be compared to a FLAG-tagged wild-type Rpb1 line that is generated via the same 

CRISPR/Cas9 editing scheme. In yeast, some CTD variants exhibit growth phenotypes 

under cold stress while supporting growth under normal culture conditions [29,30]. To 

further examine whether the Rpb1 mutants that function like wild-type under normal growth 

conditions (24°C) also function normally under temperature stresses, survival rates can be 

measured at 18°C or 30°C.

3.6 Potential pitfalls and discussion

Compared to GAL4/UAS, CRISPR/Cas9 has several limitations. First, as described in 

section 3.4, it is much more difficult to obtain a correct CRISPR-ed transformant containing 

an Rpb1 derivative that is defective in the GAL4/UAS assay. Second, CRISPR/Cas9 assay 

does not allow the assessment of function in a tissue-specific manner. Therefore, potential 

partial function of an Rpb1 derivative could be missed if a mutant Rpb1 allele fails to 

support development past the embryonic stage. Third, Rpb1 mutants that fail to develop at 

an early stage will not provide analyzable material. This might make it challenging to 

perform certain molecular analyses on these mutants in the absence of the endogenous 

Rpb1.

Considering these limitations, CRISPR/Cas9 assay should be viewed as a complementary 

approach to GAL4/UAS assays. Because the success rate of generating a CRISPR-ed Rpb1 

allele tends to be much lower than that of integrating a UAS-Rpb1 transgene into the 

genome, it is best to first perform the GAL4/UAS assays so that one has a rough estimate of 

how many DsRed G1 transformants are needed to obtain one desired CRISPR-ed candidate.
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4. Future perspective

Using the approaches described in this work, we have found a handful of CTD mutants that 

exhibit varying levels of dysfunction [11–13]. More defective mutants could be identified 

using the same methods. We envision that follow-up molecular characterization of these 

defective mutants will shed light on many questions. For example, various genome-wide 

sequencing analyses will determine if a mutant CTD is defective in transcription initiation, 

elongation, termination and RNA processing. If so, are these effects gene-specific? Affinity 

tags can be appended to the CTD following the same mutagenesis schemes to assist in 

purifying mutant Pol II so that CTD:factor interactions that are perturbed by these mutations 

can be identified. In addition, suppressors or enhancers of mutant CTD phenotypes can be 

identified following modifier screens in stable fly lines co-expressing Rpb1i and a CTD 

mutant specific in the fly wings, or with CRISPR-ed mutants that appear by themselves to 

function normally.
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Drosophila provides a multicellular system for analyzing the effects of CTD mutations

How to design, generate and validate UAS-Rpb1 fly lines harboring CTD mutations

How to modify the endogenous CTD of Drosophila using CRISPR/Cas9

How to assess the functionality of CTD mutations using GAL4/UAS and CRISPR/Cas9

Lu and Gilmour Page 13

Methods. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Schematic of GAL4/UAS based Rpb1 RNAi rescue approach. Parental GAL4 and UAS 

bearing fly lines (upper) are mated to generate offspring expressing GAL4 that activates 

expression of the UAS-target genes (lower).
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Fig. 2. 
Design of pUASTattB-Rpb1 and cross schemes to generate stable fly lines expressing 

various GAL4 and UAS transgenes. Blue genotypes designate steps where meiotic 

recombination events occur. In Drosophila, meiotic recombination is limited to females. 

Offspring with TM3 third chromosome balancer can be distinguished by their short bristles 

(Sb1). Primers for verifying the presence of pUASTattB-Rpb1 in the fly genome: fw: 5’-

CGCCTTCGGCTGCATCGG-3’ and rev: 5’-

ACAAAGATCCTCTAGAGGTACCCTCGAGC-3’. Primers for detecting UAS-Rpb1i 

transgene: fw: 5’-GGTGATAGAGCCTGAACCAG-3’ and rev: 5’-

TAATCGTGTGTGATGCCTACC-3’. Primers for detecting da-GAL4 transgene: fw: 5’-

GGATGCTCTTCATGGATTTG-3’ and 5’-CAACATCATTAGCGTCGGTGAG-3’.
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Fig. 3. 
Testing the functionality of Rpb1W81 [12,32,33] in Drosophila wings. Wing-specific 

expression was driven by ms1096-GAL4. Mating to y1w* serves as a control (D). The 

expression of Rpb1i alone gave rise to miniature-sized wings (A) that were rescued by the 

co-expression of wild-type Rpb1 (Rpb1WT, B), but not by the co-expression of Rpb1W81 

(C). The expression of Rpb1WT alone did not cause any defect (E) whereas the expression of 

Rpb1W81 alone led to a reduction in wing size (F). Yellow shadow in (F) corresponds to the 

size of the control wing shown in (D).
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Fig. 4. 
Testing the functionality of UAS-Rpb1 derivatives using the Rpb1G0040 allele. (A) 

Schematic of the Rpb1G0040 rescue assay. “C” type males have normal body color due to y+ 
while “B” type males have yellow body color due to y−. (B) Schematic for the PCR 

evaluation of the endogenous Rpb1 allele located on the X chromosome in progeny from the 

Rpb1G0040 rescue assay. Transcription start site (TSS) of Rpb1 is shown. Blue arrows 

represent primers. PCR amplification of the wild-type endogenous allele with primers F and 

R1 produces a 205 bp DNA. PCR amplification with primers F and R2 of the Rpb1G0040 

allele produces a 577 bp DNA. Sequences of primers: F: 5’-

AGAAGGCTGGGTAAACAATCAC-3’, R1: 5’-CTGCTACAACGACCGCAATA-3’ and R2: 

5’-AATGAACAGGACCTAACGCACA-3’. (C) PCR results for the endogenous Rpb1 allele 

following the scheme shown in (B). Genomic DNA was isolated from one male fly [34] and 

amplified with a mixture of primers F, R1 and R2. Lane 1 shows the product from one male 

containing the endogenous wild-type allele but not the Rpb1G0040 allele. Consequently, only 

the 205 bp DNA is produced. Lane 2 shows the product from a “C” male. The presence of a 

577 bp product confirms the presence of Rpb1G0040 while the absence of the 205 bp product 

indicates the absence of the endogenous wild-type allele.
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Fig. 5. 
Design of CRISPR/Cas9 plasmids and cross schemes to generate stable fly lines with 

modified CTDs. Rpb1G0040/FM7c was used as a convenient source of FM7c. Red triangles 

surrounding the eyes designate DsRed flies with bright red fluorescent eyes and ocelli. Red 

triangles above the fly head designate DsRed flies with bright red fluorescence in ocelli but 

not in eyes because fluorescence in eyes is largely masked by the eye pigment. Sequences of 

orange primers: fw: 5’-GGCGATCGAGCGTAGTCGGTACTT-3’ and rev: 5’-

CCAGGACCTTCGATGTCGCCGTATTT-3’. Sequences of green primers: fw: 5’-

CGGCATGCGAGCCTTCTATATCTT-3’ and rev: 5’-

ACGTACGTCACAATATGATTATCTTTCTAGGGTT-3’.
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Fig. 6. 
Alternative detection of the modified endogenous Rpb1 locus by PCR. (A) Schematic of 

PCR validation of the tagged CTD fly lines. Magenta arrows represent primers. One of the 

primers hybridizes to the acidic tip (red) that is retained in CTD mutants. The other primer 

hybridizes to the 3’ UTR of Rpb1. Sequences of primers: fw: 5’-

TCATACAGTGGGTTGTGCAAAGAA-3’ and rev: 5’-ACGTTCGAGGAGAGCGAAGAC 

−3’. (B) PCR reactions with primers annotated in (A). Genomic DNA was isolated from one 

male fly [34]. The increased sizes of the PCR products with HA-Rpb1 and FLAG-Rpb1 
compared with w1118 suggested that the desired tags were introduced.
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Table 1.

GAL4 lines useful for functional analysis of the CTD.

Name Symbol Chr. BDSC# Expression References

Act-GAL4 P{w[+mC]=Act5CGAL4}25FO1 2 4414 Ubiquitous [16]

da-GAL4 P{w[+mW.hs]=GAL4da.G32}UH1 3 55850 Ubiquitous [17]

ms1096GAL4 P{w[+mW.hs]=GawB}Bx[MS1 096] X 8860 Wing, robust expression [18]

C5-GAL4 P{w[+mW.hs]=GawB}cvc[C5] 3 30839 Wing, relatively low expression [19]

Ab1- GAL4 P{w[+mW.hs]=GawB}AB1 3 1824 Salivary glands [20]

Sgs3- GAL4 P{w[+mC]=Sgs3GAL4.PD}TP1 3 6870 Salivary glands, activated at mid third-instar [21]

CG-GAL4 P{w[+mC]=Cg-GAL4.A}2 2 7011 Fat body [22]
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