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A B S T R A C T

The utilization of human cDNA libraries in yeast genetic screens is an approach that has been used to identify 
novel gene functions and/or genetic and physical interaction partners through forward genetics using yeast two- 
hybrid (Y2H) and classical cDNA library screens. Here, we summarize several challenges that have been observed 
during the implementation of human cDNA library screens in Saccharomyces cerevisiae (budding yeast). Upon the 
utilization of DNA repair deficient-yeast strains to identify novel genes that rescue the toxic effect of DNA- 
damage inducing drugs, we have observed a wide range of transcripts that could rescue the strains. However, 
after several rounds of screening, most of these hits turned out to be false positives, most likely due to sponta
neous mutations in the yeast strains that arise as a rescue mechanism due to exposure to toxic DNA damage 
inducing-drugs.

The observed transcripts included mitochondrial hits, non-coding RNAs, truncated cDNAs, and transcription 
products that resulted from the internal priming of genomic regions. We have also noticed that most cDNA 
transcripts are not fused with the GAL4 activation domain (GAL4AD), rendering them unsuitable for Y2H 
screening. Consequently, we utilized Sanger sequencing to screen 282 transcripts obtained from either four 
different yeast screens or through direct fishing from a human kidney cDNA library. The aim was to gain insights 
into the different transcription products and to highlight the challenges of cDNA screening approaches in the 
presence of a significant number of undesired transcription products. In summary, this study describes the 
challenges encountering human cDNA library screening in yeast as a valuable technique that led to the identi
fication of important molecular mechanisms. The results open research venues to further optimize the process 
and increase its efficiency.

Abbreviations: Y2H, Yeast two-hybrid; GAL4AD, GAL4 activation domain; RT, Reverse transcriptase; GAL4 DNA-BD, GAL4 DNA-Binding Domain; HR, Homol
ogous recombination; TDP1, Tyrosyl phosphodiesterase 1; SSBR, Single-strand break repair; ATM, Ataxia-Telangiectasia Mutated; TDP2, Tyrosyl-DNA phosphodi
esterase 2; ncRNAs, Non-coding RNAs; CDS, Coding sequences; PASs, Polyadenylation signals; SC, media, Synthetic complete; MMS, Methyl Methansulfonate; HU, 
Hydroxyurea; CPT, Camptothecin; ORF, Open reading frame; 5′UTR, 5′ untranslated region; NLS, Nuclear localization signal; ESTs, Expressed sequence tags; eccDNA, 
Extrachromosomal circular DNA; LNA, Locked nucleic acid; PDD, Probe-directed degradation; NSR, Not-so-random.
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1. Introduction

Yeast stands out as a prominent example of eukaryotic cells, char
acterized by its fully sequenced genome, remarkable genetic adapt
ability, rapid replication rate, and cost-effectiveness1. Despite being a 
simple, single-celled organism, yeast plays a crucial role in unravelling 
the intricate mechanisms of various molecular pathways1. Conse
quently, the invaluable knowledge gained from yeast research serves as 
a valuable compass for molecular biologists seeking to navigate analo
gous pathways in the significantly more complex and sophisticated 
mammalian cell systems.1,2 Moreover, yeast studies help in deciphering 
the genetic and cellular disruptions underlying a wide range of diseases. 
Thus, this has paved the way for tailoring personalized medicine, 
improving diagnostics, and advancing therapies.1 Human cDNA library 
screening in yeast has been utilized by various labs to gain insights into 
gene functions and unravel molecular pathways or mechanisms 3. The 

approaches encompass classical human cDNA library screens and yeast 
two-hybrid screens (Fig. 1). The cDNA library is constructed through the 
utilization of the universal poly-A sequence present at the 3′ end of 
mRNA. An oligo (dT) primer anneals to poly-A mRNA, then the reverse 
transcriptase (RT) enzyme extends the annealed primer along the mRNA 
template to synthesize the cDNA.4 Afterwards, the cDNA is cloned into 
an appropriate vector, which is ultimately transferred into host bacteria 
to create the cDNA library5 (Fig. 1A).

Yeast two-hybrid (Y2H) assay is a powerful method to determine 
protein–protein interactions (PPIs).6–8 In this assay, prey and bait, are 
fused to the activation domain and the DNA binding domain of Gal4, 
respectively9. The reporter transcription is activated upon physical 
interaction of the two proteins of interest, which are either fused to 
GAL4 Activation Domain (GAL4 AD) or GAL4 DNA-Binding Domain 
(GAL4 DNA-BD)10. Through screening approaches, multiple preys can 
be screened against one bait to determine protein–protein interactions11

Fig. 1. Y2H cDNA library construction and screening procedure. A) The conventional procedure for cDNA library generation. B) Using the cDNA library in Y2H 
screens to identify protein–protein interactions. C) Using the cDNA library to screen for rescue genes involved in DNA repair. D) Screening randomly selected 
plasmids from the cDNA library to screen random samples from the library “Created with Biorender.com.”.
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(Fig. 1B). Remarkably, this robust system has facilitated the develop
ment of maps illustrating binary protein interactomes in both humans12

and yeast13,14. However, previous studies have highlighted the short
comings of Y2H screening, which can yield both false negative and false 
positive rescuers15. Important discoveries related to DNA repair mech
anisms were made using this approach, including the interactions be
tween Rad55 and Rad57, Mre11 and Rad50, as well as Rad51 and both 
Rad55 and Rad54, occurring in both mitotic and meiotic homologous 
recombination (HR).16–18 Additionally, thanks to this approach, the 
functional interaction between tyrosyl phosphodiesterase 1 (TDP1) and 
DNA ligase IIIa in single-strand break repair (SSBR) was discovered19. It 
is worth noting that the human Mre11 was also identified using this 
screen.20.

Screening of human cDNA libraries in yeast was also used to identify 
genetic rescue by human genes for mutant yeast strains through func
tional complementation21. The cDNA library vectors are transformed 
into the desired mutant yeast strain and positive hits capable of rescuing 
the mutant strains in the presence of stressors are identified through 
Sanger sequencing22 (Fig. 1C). This approach led to discoveries in 
different molecular pathways including steroid receptor signaling, 
apoptosis, the identification of Ataxia-Telangiectasia Mutated (ATM),23

and Tyrosyl-DNA phosphodiesterase 2 (TDP2).22,24 .
In our lab, we have conducted several human cDNA library screens in 

yeast to identify novel genes that rescue yeast mutant strains deficient in 
DNA damage tolerance pathways through exploiting their sensitivity to 
cytotoxic drugs including Methyl Methansulfonate (MMS), Hydroxyurea 
(HU), and Camptothecin (CPT) (Fig. 1C). We have noticed a significant 
challenge that hindered the fishing of the correct rescuer. In addition 
most transformants exhibited resistance to the applied cytotoxic 
stressors during the screening, but the hits were unable to rescue in 
subsequent rounds of confirmation. A significant number of the tran
scripts identified were non-coding, represented by non-coding RNAs 
(ncRNAs) and Sanger sequencing reads that map to genomic loci. We 
have also observed a large number of mitochondrial coding and non- 
coding transcripts. Furthermore, among the coding sequences (CDS) 
pool, most of the transcripts were truncated. Moreover, most CDS were 
not fused to GAL4 AD, rendering these genes unsuitable for Y2H screens 
(Fig. 1B), despite their suitability for genetic screens (Fig. 1C).

Therefore, we decided to further investigate the cDNA library to 
report the different pools of transcripts observed and highlight the issue 
of classical fishing of mRNA using oligo (dT) priming. As the diversity in 
transcript types observed not only impacts cDNA library screening but 
also in all techniques relying on poly-A priming such as qRT-PCR and 
Poly-A RNA-Seq.25–28 For this purpose, we combined a set of approxi
mately 133 transcripts (positives (full length and truncated sequences), 
false positives or undesired non-coding and mitochondrial sequences 
from four different screens) (Fig. 1C) with 149 transcripts randomly 
selected from the library without going through the screening process 
(Fig. 1D), to provide an overview of different transcript types in the 
library.

2. Materials and methods

2.1. The cDNA library

The Human Kidney Matchmaker™ cDNA Library was purchased 
from Clontech (Cat. No 638816). The mRNA was extracted from the 
kidneys of eight normal Caucasians male or female who were 24–55 
years old and died with trauma. The purchased library comprising cDNA 
library plasmids in one ml E. coli was amplified and the plasmids were 
isolated from E. coli using QIAGEN® Plasmid Plus Giga Kits (Cat. No. / 
ID: 12191) according to the manufacturer’s instructions.

2.2. Yeast screening

The following yeast strains were used in four different screens: W303 

rad5Δ::TRP1 was used in two screens, one against HU and one against 
MMS, W303 RAD5+ mms2Δ::KANMX4 was used in one screen against 
MMS and the W303 rad5Δ::TRP1 tdp1Δ::hphNT1 rad1Δ::HIS3MX6 was 
used in one screen against CPT.

Yeast competent cells were transformed with 1 μg of cDNA, vigor
ously vortexed, and incubated at room temperature for 15 min. After
wards, a PEG/LiAc was added, mixed thoroughly by gentle vortexing, 
and incubated on a thermoshaker at 30 ◦C, 700 rpm for 30 min. The 
mixture was gently vortexed every 10 min. Then, DMSO was added, 
mixed, and the tubes were placed in a 42 ◦C thermoblock for 15 minThe 
cells were subsequently centrifuged at 3,000 rpm for 3 min, and the 
supernatant was discarded. The pellet was re-suspended in one ml of 
autoclaved water by gentle pipetting and then spread onto synthetic 
complete (SC) media lacking Leucine (LEU) plates containing lethal 
doses of different drugs; CPT, HU, and MMS utilized according to the 
purpose of the screen. The plates were then incubated at 30 ◦C for 2–5 
days. Surviving colonies were isolated from the plates and the plasmids 
were extracted. For plasmid extraction, the surviving yeast colonies 
were inoculated in SC-LEU overnight cultures. On the following day, the 
cell pellets were collected and re-suspended in lysis buffer (2.5 M NaCl, 
0.1 M EDTA, 10 mM Tris base (pH 10), NaOH (0.8 g), 0.5 % Triton X- 
100, 10 % DMSO). This step was optimized according to the size of the 
pellet. Afterwards, 30 μl lyticase and 1.6 μl beta-mercaptoethanol were 
added and the suspension was incubated overnight at 37 ◦C. On the third 
day, the suspension was centrifuged, and plasmids were isolated using a 
mini-prep method. The extracted plasmids were then transformed into 
competent E. coli DH5α cells for amplification. The plasmids were 
further purified and retransformed into the mutant strains to test their 
rescue capability. During this validation step, false-positive plasmids 
that did not result in rescue for the mutant same strains were excluded as 
the rescue mostly arise from yeast spontaneous mutations. The prom
ising plasmids that resulted in rescue were sent for Sanger sequencing 
using pACT2-F and pACT2-R. To assess the transformation efficiency, 
100 μl of 1:10 and 1:100 dilutions of the mutant strains transformed 
with one µg of the library were spread onto control SC–LEU plates. The 
transformation efficiency for all screens were in the normal range.

2.3. Random selection of cDNA library plasmids

E. coli DH5α cells were transformed with 1 μl of the cDNA library, 
then incubated on ice for 30 min, followed by 90 sec heat shock at 42 ◦C. 
After 15 min of incubation on ice, one ml LB medium was added and 
cells were incubated for 1 h at 37 ◦C. The cells were spun down and 200 
μl LB medium were kept to re-suspend the cells. Finally, the cells were 
plated out on LB + ampicillin selective plates and incubated overnight at 
37 ◦C. The surviving colonies were isolated and the plasmids were 
extracted. The plasmids were screened via PCR using pACT2-F and 
pACT2-R to select plasmids of different sizes for further screening, 
reducing the possibility of sequencing the same gene. Finally, to identify 
the gene sequences of the randomly isolated plasmids, the plasmids were 
sent to Eurofins Genomics for Sanger sequencing.

2.4. Data analysis

pACT2-F (GATGATGAAGATACCCCAC) and pACT2-R (CAGTT
GAAGTGAACTTGC) were used to sequence the cDNA on the pACT2 li
brary vectors. The quality of the reads for the forward and reverse 
primers was assessed using A plasmid Editor (ApE) software (https:// 
jorgensen.biology.utah.edu/wayned/ape/). The sequences were subse
quently compared to a reference human genome through the NCBI 
Blastn alignment software and GenBank. To search for polyadenylation 
signals (PASs) of genomic fragments amplified via internal priming, 
Human blast search of Santa Cruz Genomics Institute (https://genome. 
ucsc.edu/cgi-bin/hgBlat) was used to identify the chromosomal locus 
needed for search on the PolyASite database (https://polyasite.unibas. 
ch/). Furthermore, to explore GAL4 fusion status, the expasy translate 
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tool was utilized (https://web.expasy.org/translate/), and the pie chart 
was designed using Graph Pad Prism 7.

3. Results

Our lab has employed the human cDNA library screening approach 
to discover new functions for coding genes via functional complemen
tation in yeast. However, the outcome of the screens revealed the 
presence of a significant number of undesired transcripts and false 
positives. Therefore, we investigated further analyze the nature of the 
transcripts within the cDNA library. We analyzed the sequencees of 282 
transcripts obtained either from the output of four different yeast 
screens or through random selection from the cDNA library to provide 
insights that could be useful for optimizing the library and other tech
niques that depend on poly-A priming for selecting mRNA tran
scripts.28,29 .

The human cDNA kidney library utilized was constructed using the 
pACT2 plasmid (Fig. 2). To determine the sequence of the DNA frag
ments carried by the pACT2 vectors, Sanger sequencing was performed 
using the universal pACT2-F and pACT2-R primers (Fig. 2). Here we 
describe the different sequences observed from our analysis.

3.1. 5′ end truncated cDNAs are enriched in the library

We have observed that 18.15 % of the analyzed hits comprised 5′end 
truncated cDNAs as presented in Table 1 and Table S1. To reach such a 

conclusion, we made sure that the quality of Sanger sequencing covering 
the adaptor sequence and the sequence of the transcript after the trun
cation were of very high quality. Interestingly, some Sanger reads 
mapped only to the 3′ UTRs of the mRNA (Table 2 and Table S2), indi
cating that the reverse transcriptase was not able to reach the open 
reading frame (ORF) of the genes (Fig. 3).

3.2. Internal priming for mRNA sequences generates truncated cDNAs 
among the library transcripts

Since conversion of the mRNA into cDNA is achieved through oligo 
(dT) priming30,31 (Fig. 4A), the binding of an oligo (dT) primer to an 
adenosine-rich (A-rich) region can simultaneously prevent the reverse 
transcriptase from extending the transcripts if it was previously primed 
to the downstream poly-A tail4 (Fig. 4B). Using the PolyASite database, 
we searched for (PASs) in different cDNA sequences suspected to be 
amplified through internal priming. For all reads, high-quality se
quences were analyzed. For SF3B1, no real poly A-sequence was 
recognized and the presence of an A-rich sequence was detected in Exon 
11, confirming its amplification from an A-rich internal region in the 
transcript (Table 3 and Table S3).

3.3. Several identified CDS transcripts were not fused to GAL4 AD

The cDNA should be fused with GAL4 AD to function in the context of 
the Y2H system.32 However, the vast majority of our analyzed CDS 

Fig. 2. pACT2 sequence. The pACT2 plasmid map shows the transcript cloned between the two restriction sites (EcoR1 and Xho1). PADH1; ADH1 promoter, TADH1; 
ADH1 transcription termination signal, NLS; Nuclear localization sequence, HA; HA epitope tag. pACT2-F and pACT2-R primers are used for sequencing purposes. 
“Created with Biorender.com.”.
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transcripts were not in frame with GAL4 AD (Tables 4, 5, Table S4, and 
Table S5). The main reason was that the coding sequence (CDS) was 
preceded by a 5′ untranslated region (5′UTR), which was present in 
between the GAL4 AD sequence and the Open Reading Frame (ORF) of 
the gene. To conclude whether the sequence was in frame or not with the 
GAL4 AD, we used the HA tag sequence that is cloned in frame with the 
GAL4 AD sequence as a reference. The sequencing results of the 5′UTR 
had to be accurate with no noise present in the chromatogram to make a 
conclusion (Tables 4, 5, Table S4, and Table S5). It is worth mentioning 
that the only sequence which shows noise in one nucleotide was 
excluded e.g. Thy-1 cell surface antigen (THY1), transcript variant 1.

As shown in (Table 4) and (Table 5), the vast majority of CDS were 

not in frame with the GAL4 AD and the HA sequence because the 5′ UTRs 
either contained stop codons before the start codon of the CDS, or the 5′ 
UTR sequence was not present in triplets, resulting in a frameshift. 
Consequently, the unfused hits are not suitable for Y2H experiments.

3.4. Multiple Sanger sequenced reads aligned to non-coding regions

Multiple reported ncRNAs were identified in our analysis. Many 
studies have indicated that the majority of ncRNAs are poly
adenylated.33,34 As a result, they are picked up by the conventional poly 
(dT) priming method. Table 6 and Table S6 show the number of non- 
coding RNAs analyzed.

In addition to the identified non-coding RNAs, we have observed that 
several sequenced fragments mapped to different genomic/chromo
somal regions which were not previously reported to produce transcripts 
(Table 7). The A-rich region that resulted in fishing these transcripts 
could not be identified as a poly-A site by the PolyASite database. The 3′ 
ends of the reads showed no indication of a poly-A cleavage site or 
upstream poly-A signal (Table S7), suggesting that these genomic se
quences were likely picked up from genomic DNA, not from transcrip
tion products, through internal priming with poly-A rich regions (Fig. 5). 
For the analysis, we used sequences that contained both forward and 
reverse sequencing reads and excluded reads that sequenced with one 
primer only. We also identified sequences that aligned to clone se
quences from different sequencing libraries (Table S8). Moreover, the 
oligo (dT) can bind to poly-A tracts in genomic DNA, which is expected 
to be contaminants due to incomplete removal, leading to nonspecific 
genomic amplification35 (Fig. 5).

3.5. Mitochondrial transcripts are highly enriched in the library

We observed that the library was enriched with reads that mapped to 
human mitochondrial sequences; both coding and non-coding (Table 8, 
Table S9, and Table S10). We summarized, in Table 8, the identified hits 
and classified them into full- length, 5′ or 3′ truncated. We also checked 
whether the poly-A site exists in the correct location. Moreover, we 
analyzed whether they were present as single transcripts or fused with 
other transcripts. We found that many mitochondrial sequences were 

Fig. 3. The inefficiency of the reverse transcriptase on large transcripts. 
“Created with Biorender.com.”.

Fig. 4. mRNA priming in cDNA libraries. A) Normal priming through reverse transcriptase elongation of cDNA after oligo (dT) binding to true poly-A tails. B) 
Internal priming that leads to the generation of truncated transcripts due to internal A-rich regions and reverse transcriptase stalling. “Created with Biorender.com.”.
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Table 1 
The 5′ end truncated cDNAs identified, bp; base pairs.

cDNA Name Number of bp 
missing from 5′ 
end

Status of the 
3′

Cathepsin D (CTSD) 731 Complete
Ferri [ME2] tin heavy chain 1 (FTH1) 21 Complete
Uromodulin (UMOD), transcript variant 5 1122 Complete
Trafficking from ER to Golgi regulator (TFG), 

transcript variant 2
924 Complete

Protein phosphatase 1 catalytic subunit alpha 
(PPP1CA), transcript variant 2

74 Complete

Dipeptidyl peptidase 9 (DPP9), transcript 
variant 14

2146 Complete

Aldolase, fructose-bisphosphate B (ALDOB) 94 Complete
Glutathione peroxidase 3 (GPX3), transcript 

variant 1
75 Complete

Actinin alpha 2 (ACTN2), transcript variant 1 1833 Complete
Apolipoprotein E (APOE), transcript variant 5 668 Complete
Cervical cancer oncogene 3 mRNA 346 Complete
COPI coat complex subunit alpha (COPA), 

transcript variant1
3358 Complete

Protein kinase AMP-activated non-catalytic 
subunit beta 1(PRKAB1)

367 Complete

ADP ribosylation factor like GTPase 6 
interacting protein 1 (ARL6IP1), transcript 
variant 1

368 Complete

Insulin like growth factor binding protein 7 
(IGFBP7), transcript variant 1

715 Complete

Transmembrane BAX inhibitor motif 
containing 6 (TMBIM6), transcript variant 1

113 Complete

Transmembrane BAX inhibitor motif 
containing 6 (TMBIM6), transcript variant 1

113 Complete

Acyl-CoA dehydrogenase short chain (ACADS), 
transcript variant 2

667 Complete

Plexin D1 (PLXND1) 5290 Complete
Actin gamma 1 (ACTG1), transcript variant 2 695 Complete
Palladin cytoskeletal associated protein 

(PALLD), transcript variant 4
1171 Complete

Glutathione peroxidase 3 (GPX3), transcript 
variant 2

536 Complete

Glycine amidinotransferase (GATM), transcript 
variant 2

493 Complete

RNA binding motif protein 25 (RBM25) 1846 Complete
Vascular cell adhesion molecule 1 (VCAM1) 1423 Complete
Albumin (ALB) 842 Complete
Exocyst complex component 3 (EXOC3) 1651 Complete
Betaine–homocysteine S-methyltransferase 

(BHMT)
1142 Complete

UDP-glucose pyrophosphorylase 2 (UGP2), 
transcript variant 1

1370 Complete

RAP interaction protein gamma 2 52 Complete
Ribosomal protein L3 (RPL3), transcript 

variant 1
225 Complete

Fibulin-5 212 Complete
General transcription factor IIB 128 Complete
Threonyl-tRNA synthetase 3 (TARS3) 1479 Complete
Methylenetetrahydrofolate dehydrogenase 

(NADP + dependent) 2, 
methenyltetrahydrofolate cyclohydrolase 
(MTHFD2), transcript variant 1

723 Complete

Lysine acetyltransferase 2A (KAT2A), 
transcript variant 1

1770 Complete

Profilin 2 (PFN2), transcript variant 2 174 Complete
Uromodulin (UMOD), transcript variant 5 1120 Complete
mRNA for KIAA0264 gene 8 Undetectable
Fibulin-5 212 Undetectable
Ornithine decarboxylase 1 (ODC1), transcript 

variant 3
213 Undetectable

ATP synthase F1 subunit alpha (ATP5F1A), 
transcript variant 4

640 Undetectable

Proteasome 26S subunit, ATPase 5 (PSMC5), 
transcript variant 1

19 Undetectable

Heat shock protein 90 alpha family class B 
member 1 (HSP90AB1), transcript variant 6

914 Undetectable

YY1 transcription factor (YY1) 113 Undetectable
General transcription factor IIB 128 Undetectable

Table 1 (continued )

cDNA Name Number of bp 
missing from 5′ 
end 

Status of the 
3′

Complement C1s (C1S), transcript variant 3 109 Undetectable
Proteasome (prosome, macropain) 26S 

subunit, ATPase, 5 (PSMC5)
19 Undetectable

Table 2 
Sequences identified as 3′UTRs fragments.

Name of the transcript Sequence 
detected

Thiol methyltransferase 1A (TMT1A) 3′UTR only
actin beta (ACTB) 3′UTR only
Adhesion G protein-coupled receptor G1 (ADGRG1), transcript 

variant 13
3′UTR only

Sarcoglycan beta (SGCB) 3′UTR only
Ras homolog family member A (RHOA), transcript variant 2 3′UTR only
Interactor of little elongation complex ELL subunit 2 (ICE2), 

transcript variant 3
3′UTR only

KIAA1018 mRNA for KIAA1018 protein 3′UTR only
Zinc finger protein 395 (ZNF395) 3′UTR only
mRNA for BDG-29 3′UTR only
Calnexin (CANX), transcript variant 2 3′UTR only
OTU deubiquitinase 4 (OTUD4), transcript variant 4 3′UTR only
Cingulin like 1 (CGNL1), transcript variant 1 3′UTR only
Tumor protein, translationally-controlled 1 (TPT1), transcript 

variant 3
3′UTR only

Ubiquilin 4 (UBQLN4), transcript variant 2 3′UTR only
SEC14 and spectrin domain containing 1 (SESTD1) 3′UTR only
WASP like actin nucleation promoting factor (WASL) 3′UTR only

Table 3 
Genes confirmed to be fished through internal priming.

Gene name Internal 
priming site

A-rich 
sequence 
localization

Sequence identified

Splicing 
Factor 3b 
Subunit 1 
(SF3B1)

@197419221 Exon 11 Chr2:197405136–197419220

Table 4 
GAL4 AD fusion status in complete CDS.

Gene GAL4 AD 
fusion

3′ end 
status

TMEM9 domain family member B (TMEM9B), 
transcript variant 1

Fused Complete

Ribosomal protein S4 X-linked (RPS4X)
Beta-2-microglobulin (B2M)
OK/SW-CL.16
Glutathione peroxidase 3 (GPX3), transcript variant 1 Not Fused Complete
Cytochrome c oxidase subunit IV isoform 1
MAGE family member H1 (MAGEH1)
Glycine cleavage system protein H(GCSH)
Nascent polypeptide associated complex subunit alpha 

(NACA), transcript variant 4
Oxidative stress responsive serine rich 1 (OSER1)
Humanin (HN1)
v-Jun sarcoma virus 17 oncogene homolog (avian) 

(JUN)
Ribosomal protein L10 (RPL10), transcript variant 5
Aspartate dehydrogenase domain containing, 

transcript variant 1 (ASPDH)
Signal recognition particle 14, transcript variant 1, 

(SRP14)
Phosphomannomutase 1 (PMM1)
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fused to tRNA. Mitochondrial transcripts are often transcribed as poly
cistronic primary RNA punctuated by tRNA, then RNases P and Z excise 
the flanking tRNA and liberate the pre-mRNA.36,37 However, the mature 
mt-mRNAs, except for ND6, contain a stretch of poly-A at the 3′ end.38

This indicates that the oligo (dT) can bind to either unprocessed mt- 
mRNA or mis-prime to mitochondrial genomic regions.

The ribosomal 16S rRNA was highly represented among the hits we 
analyzed (at least 29 transcripts were detected representing 9.96 % of 
total transcripts). The mitochondrial 16S rRNA is polyadenylated. In 
addition, it contains a consecutive A-rich sequence in the middle,39–41

which explains the reasons behind its frequent identification in the 
human cDNA library, whether it was amplified via normal or internal 
priming (Table S10).

A schematic representation for the mitochondrial transcripts we 
obtained throughout the analysis is represented in Fig. 6.

Our data overall showed that out of the 281 transcripts only 29.55 % 
of the cDNAs analyzed comprised the desired coding sequences (Fig. 7). 
However, as indicated in Fig. 7, only 6.41 % were full-length CDS and a 
smaller percentage was fused with GAL4 AD. Moreover, mitochondrial 
hits accounted for 27.04 % including transcripts and the 16S rRNA. 6.41 
% represented 3′UTR sequences that did not include ORFs. We have also 
seen other genomic loci-mapped hits, sequences derived from non- 
coding RNAs and clone sequences mapped-hits (Fig. 7). This, in turn, 
challenges the identification of positive hits and hinders the process of 
distinguishing them from false positives and irrelevant transcripts. Thus, 
we refer to the screening process as ‘fishing for a needle in a haystack’.

Table 5 
Gal4 AD fusion status in CDS with ‘complete 5′ end’ and ‘truncated or unde
tectable 3′ end’.

Gene GAL4 AD 
fusion

3′ end status

Eukaryotic translation elongation factor 1 alpha 1 
(EEF1A1)

Fused Undetectable

Splicing factor 3b subunit 1 (SF3B1), transcript 
variant X1

Not Fused Truncated

Thy-1 cell surface antigen (THY1), transcript variant 
1

NA Undetectable 

ER lipid raft associated 1 (ERLIN1), transcript 
variant 2

Not Fused 

Aldolase, fructose-bisphosphate B (ALDOB)
ATP synthase F1 subunit alpha (ATP5F1A), 

transcript variant 4
Growth arrest specific 6 (GAS6)
Ribosomal protein L4 (RPL4)
Phosphomannomutase 1 (PMM1)
WD repeat containing antisense to TP53 (WRAP53), 

transcript variant 4
DAB adaptor protein 2 (DAB2), transcript variant 1

Table 6 
ncRNAs identified in our analysis.

NcRNA name Sequence 
identified

Cold inducible RNA binding protein (CIRBP), transcript variant 5, 
non-coding RNA

Partial

Long intergenic non-protein coding RNA 622 (LINC00622), long 
non-coding RNA

Partial

LncNR4A1-AS lncRNA Partial
Aftiphilin (AFTPH), transcript variant 10, non-coding RNA Partial
Mitochondrial ribosomal protein L42 (MRPL42), transcript 

variant 5, non-coding RNA
Partial

Transforming acidic coiled-coil containing protein 1 (TACC1), 
transcript variant 38, non-coding RNA

Partial

Carbonic anhydrase 12 (CA12), transcript variant 4, non-coding 
RNA

Partial

Fibronectin type III domain containing 3A (FNDC3A), transcript 
variant 4, non-coding RNA

Partial

Table 7 
Sanger reads mapped to genomic locus. Analysis performed using Human 
BLAT Search.

Sanger reads mapped to chromosomal loci 
(Last bp indicated is the one before the A-rich 
region)

Correct Poly A site predicted at 
the 3′end

chr1:244,844,889–244,844,889 No
chr13:98,207,932–98,208,331 No
chr2:39,465,672–39,467,160 No
chr5:27,131,467–27,132,685 No
chr14:49,490,288–49,491,571 No
chr15:66,499,315–66,504,831 No
chr3:3,325,013–3,325,596 No
chr3:122,224,209–122,225,393 No
chr3:122,224,209–122,225,564 No
chr9:627,969–629,094 No
chrX:9,854,040–9,855,321 No
chr12:74,374,293–74,376,111 No
chr14:75,792,410–75,793,388 No
chr14:75,792,410–75,793,391 No
chr14:49490302–49491571 No
chr8:144,031,721–144,032,233 No
chr4:86,517,270–86,518,620 No
chr15:57,209,896–57,211,427 No
chr22:45,667,231–45,668,771 No
chr22:36,308,432–36,309,919 No

Fig. 5. Oligo (dT) primers bind to A-rich regions in genomic DNA “Created 
with Biorender.com.”.
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4. Discussion

cDNA library screens are utilized to discover new gene functions and 
to identify interaction partners. The use of these screens has resulted in 
the identification of novel or disease-related genes,22,23,42 as well as 
providing insights into gene function.43 Furthermore, the usage of such 
screens enables the identification of different isoforms produced 
through alternative polyadenylation.44 .

Although these libraries are powerful tools to study the complexity 

and functionality of the transcriptome, several challenges are encoun
tered in the conventional construction methods of cDNA libraries. 
Consequently, a vast range of transcripts such as truncated cDNAs, 
ncRNAs, and mitochondrial transcripts exist in the library alongside the 
full-length cDNAs (Tables 1-6). In addition, genomic sequences are 
sometimes amplified as a consequence of internal priming45–47

(Table 7).
In this study, sequencing was performed on 282 plasmids obtained 

from a human kidney cDNA library to identify the sequence of the DNA 

Table 8 
Mitochondrial hits status and their quantification.

Gene Name Total number of transcripts detected CDS fused to tRNA 5′ truncated cDNA 3′ truncated cDNA Correct poly-A site

MT-CYTB 13 0 11 3 6
MT-COX1 4 4 4 0 0
MT-COX2 4 3 3 1 0
MT-COX3 9 0 8 0 7
MT-ND1 6 0 5 0 6
MT-ND2 5 1 3 1 3
MT-ND4 4 0 3 0 4
MT-ATP6 1 0 1 0 0

Fig. 6. Schematic view of mitochondrial transcripts observed in our screens “Created with Biorender.com”.

Fig. 7. Pie chart showing the percentage of analyzed cDNAs and other transcripts in this study.
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fragment included in each. It is worth mentioning that several tran
scripts were identified multiple times, but we reported only one tran
script for simplicity, except for the mitochondrial hits, for which we 
showed counts, as significant repetition was observed.

Selection using the oligo (dT) strategy allows specific isolation of 
mRNA subpopulation, since mRNA transcripts typically represent only 
1–5 % of the total RNA extract in a given eukaryotic cell.48 Although this 
method has been exploited in cDNA library construction, it can intro
duce bias during data interpretation since some mRNA transcripts have 
no poly-A sequence.49,50 Interestingly, a large fraction of postnatal brain 
transcripts are poly(A)-51. Moreover, the expression of some mRNA 
transcripts is regulated in the cytoplasm by the addition or removal of 
the poly-A signal. Deadenylation keeps them in a silent state, while re- 
polyadenylation resumes the expression state52. Another issue arises 
during the identification of genes expressed at low level since they 
represent a small portion of the transcripts. This leads to a higher 
probability of identifying highly expressed genes over the low level 
during the screen process.53 .

Another challenge involved the limitation of RT enzyme to produce 
long transcripts, which lead to significant numbers of 3′ and 5′ end 
truncated cDNAs, especially for mRNAs longer than 1 kb54 (Tables 1 and 
5). As previously reported, we have observed a notable prevalence of 5′ 
truncated clones.55 The absence of full-length coding regions of the gene 
may give rise to the loss of regulatory regions or important functional 
domains within the gene of interest. To deal with this truncation, several 
strategies could be employed to mitigate this issue. For instance, pre
vious studies reported that utilizing the thermostable group II intron RTs 
fusion proteins, in contrast to retroviral RTs, could lead to higher 
processivity56,57. In addition, the thermostable group II intron RTs are 
capable of consistently profiling the entire transcriptome of RNAs 
without fragmentation. This conserves the alternative splicing patterns 
of the long transcripts. They also allow for less-biased profiling of RNA 
fragments. Furthermore, the high processivity and fidelity of these en
zymes enable the analysis of RNAs with secondary structures.57 .

Even though the use of cDNA libraries has led to the identification of 
numerous ncRNAs,58–62 the high abundance of non-coding transcripts 
complicates the process and analysis when the desired prey genes are 
coding. The same challenge arises with the use of Y2H screens, which 
aim to identify protein coding genes. Hence, specialized library con
struction methods could be employed to deplete ncRNAs, in order to 
improve the representation of protein-coding transcripts and reduce 
complexity. It is worth noting that size fractionation is usually imple
mented to eliminate the ncRNAs ranges 0.5–1 kb.63 .

Despite the challenge of having a significant number of unfused 
transcripts for the Y2H approach, the absence of fusion could be ad
vantageous for the utilization of the cDNA library in screening purposes 
(Fig. 1C). The GAL4 AD is fused to a nuclear localization signal (NLS) to 
enable the translated proteins to enter the nucleus to employ Y2H.6

However, the presence of a fusion means a forced nuclear localization 
for the candidates. If the aim of the screen is to identify novel rescue 
genes (Fig. 1C), forcing the proteins to localize to the nucleus can pre
vent them from performing the rescue function if it requires the proteins 
to localize other cellular compartments. Overall, the absence of a fusion 
product can be advantageous for functional screens (Fig. 1C) but not for 
Y2H screens (Fig. 1B). It has been shown that 12 % of the expressed 
sequence tags (ESTs) in the current dbEST database are 3′ terminal 
truncated due to internal priming sites in mRNAs. It has been also sug
gested that the frequency of internal priming is three times higher than 
terminal priming.4 In addition, internal priming may cause misidenti
fication of 3′ ends of novel-originated poly-A sites in the studies focusing 
on alternative polyadenylation64,65. Thus, there is a need to decrease the 
adverse impact of internal priming through library construction. In this 
context, the use of modified oligo (dT) primers, called anchored primers, 
was introduced to reduce the higher binding stability of the internal 
primed oligo (dT).66This can be achieved by the addition of 1–2 nucle
otides rather than T at the 3′ end of the oligo (dT). The recommended 

solution could reduce the rate of internal priming, but it does not pre
vent it.66.

Although nuclear DNA contamination causes severe consequences 
during cDNA library synthesis, nuclear genes only exist in an average of 
two copies in somatic cells compared with hundreds to thousands of 
mtDNA copies.67 The large fraction of mitochondrial transcripts in the 
cDNA library arises from cross-contamination of mtDNA during the RNA 
purification process or leakage of mitochondrial RNA from damaged 
cells.23,24 These sequences get amplified due to the presence of a poly-A 
sequence at their 3′ end, as polyadenylation is essential in completing 
their termination codons.38 Additionally, some mitochondrial genomic 
regions or tRNAs also get amplified through internal priming. The MssI 
restriction enzyme has been utilized to degrade the mtDNA in samples 
containing extrachromosomal circular DNA (eccDNA)68. Recently, a 
CRISPR/Cas9 system has been also implemented to cleave the circular 
mtDNA with guide RNA followed by digestion of linearized mtDNA by 
exonucleases69. These methods could be tested to determine whether 
they could decrease mtDNA contamination in RNA extracted for cDNA 
library construction. To the best of our knowledge, no reports have 
tested the effect of MssI on RNA integrity. It is worth noting that we 
observed a significant number of mitochondrial rRNA transcripts due to 
their abundance in RNA extracts70. These rRNAs should be eliminated 
prior to cDNA library preparation to avoid complicating analysis of 
obtained data. For instance, a sequence-specific probes approach was 
used to hybridize the rRNAs with biotinylated DNA or locked nucleic 
acid (LNA) probes. In addition, probe-directed degradation (PDD) and 
not-so-random (NSR) primers were two other approaches to deplete 
rRNA transcripts.71 .

4.1. General recommendations for cDNA library construction

In our study, we used a pre-constructed library. However, we gath
ered recommendations from the literature that could be useful for re
searchers constructing cDNA libraries from scratch. The high abundance 
of truncated cDNAs is attributed to several reasons, including limitation 
in reverse transcription as discussed,46 cDNA size fractionation bias, and 
mRNA sample degradation. Proper isolation of purified, high quality, 
and intact full-length mRNA is a critical step for cDNA construction72,73. 
Chong Wang & Hui Liu proposed performing mRNA-dependent experi
ments within two hours after mRNA extraction due to its relatively short 
half-life (T1/2) compared to other RNAs types. For instance, in blood 
samples, its half-life is only 16.4 hours74. Thus, cDNA library construc
tion should be improved by proper preparation of fresh mRNA samples 
within an accelerated timeframe, along with appropriate storage, and 
incubation duration. The traditional method of mRNA isolation, per
formed in acidic PH solution,72 yields a high amount of RNA; but its 
yield is not totally pure. Moreover, the remaining traces of phenol and 
chloroform have an adverse impact on the efficacy of RT. Therefore, it is 
recommended to apply an additional chloroform extraction and an 
additional 75 % ethanol washing RNA step in order to lower cycle 
threshold (Ct) values following reverse-transcription and RT-qPCR. In 
addition, this optimization is able to detect transcripts in low concen
tration and it is less time consuming compared with the conventional 
method73. Additionally, cDNA size selection is an important step before 
cDNA cloning into a vector. Following the protocol outlined by Sam
brook et al. (1989), gel electrophoresis filtrates non-ligated adaptors, 
adaptor dimmers, and incomplete cDNA below 400 bp, but it does not 
efficiently select large full-length cDNA fragments. An optimized sucrose 
gradient method for cDNA size fractionation was suggested, in which 
larger cDNA fragments (>1.5 kb) are trapped in higher sucrose con
certation.75 .

4.2. The future of genetic screens

While our utilization of human cDNA library screens in yeast aimed 
to identify novel genes regulating specific pathways,5,10,14,74 recently, 
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CRISPR-Cas9 represents a more efficient platform for genetic screening 
and has several advantages over cDNA libraries. The well-designed 
gRNA library used in pooled CRISPR screens, as well as validation of 
transfected cells using high-throughput sequencing, achieve unbiased 
phenotypic screening.76,77 In contrast to cDNA library screens, in pooled 
CRISPR screens, the targeted cells are introduced to various stressors 
such as drug treatment, viral infection, and cell competition.76,77 In 
Addition, CRISPR screening is applicable in various human cell lines and 
was successfully conducted in living animals such as transgenic mouse 
models, considering the entire body’s response to physiological and 
pathological conditions78. While in the pooled CRISPR screens, the 
gRNA library is delivered into cells in bulk, in arrayed CRISPR screens 
the cells are physically separated in 96-well plate, allowing them to be 
introduced to multiple perturbations. These two types of CRISPR screens 
have advantages over other screening approaches, as the pooled screens 
are used for molecular discoveries and the arrayed screens are employed 
for follow up investigations through proteomic analysis, imaging tech
nique, and metabolomics profiling.77,79 Additionally, the CRISPR system 
is more versatile than cDNAs and can be utilized in multiple screen 
formats such as loss of function and gain of function screen and CRISPR 
screening in wild type cells.80,81 Various Cas9 protein engineering ap
proaches also allow for customization to suit specific experimental de
signs, facilitating diverse screening strategies.82.

Furthermore, cDNA libraries are limited by their inability to control 
gene expression precisely to endogenous levels, potentially compro
mising the accuracy of gene physiological relevance assessment. Addi
tionally, they face the challenge of accounting for the complexity of the 
cell’s transcriptome83–85. In contrast, utilizing the CRISPR system in 
CRISPR activation screens ensures that every gene has an opportunity 
for expression, unlike cDNA libraries where longer genes often undergo 
incomplete transcription during reverse transcription.54,86.

5. Conclusion

In this study, we have discussed different challenges encountered 
during cDNA library screens. These include the inefficiency of reverse 
transcription, resulting in truncated cDNAs, and the utilization of oligo 
(dT) method results in fishing of non-mRNA transcripts such as mito
chondrial transcripts and ncRNA. Furthermore, internal priming results 
in the amplification of genomic regions. We have suggested some rec
ommendations to decrease the noise of non-specific transcripts and 
amplification products to provide more efficient genetic and Y2H 
screens. Nevertheless, we have to acknowledge the limitations and 
possible weaknesses that may have impacted our findings and conclu
sion. In many cases, the quality of the reverse primer sequencing was 
very low, possibly due to the long poly-A sequence87. Therefore, the 
results of the reverse primer were not included for many hits. However, 
no assumptions were made in this case regarding the 3′UTR or whether 
the transcript arises from poly A tail or internal priming amplification.

Overall, coding transcripts co-exist with other undesired transcripts/ 
noise and genomic fragments amplified through internal priming, fish
ing the positive hit could require massive screening processes, including 
repeated screens until a promising hit is identified. Therefore, we aim to 
raise awareness on challenges related to ‘human cDNA library screening 
in yeast’, which we believe is a valuable technique that have resulted in 
ground breaking discoveries.
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