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A B S T R A C T   

Chinese hamster ovary (CHO) cells are the most widely used host for the expression of therapeutic proteins. 
Recently, significant progress has been made due to advances in genome sequence and annotation quality to 
unravel the black box CHO. Nevertheless, in many cases the link between genotype and phenotype in the context 
of suspension cultivated production cell lines is still not fully understood. While frameshift approaches targeting 
coding genes are frequently used, the non-coding regions of the genome have received less attention with respect 
to such functional annotation. Importantly, for non-coding regions frameshift knock-out strategies are not 
feasible. In this study, we developed a CRISPR-mediated screening approach that performs full deletions of 
genomic regions to enable the functional study of both the translated and untranslated genome. 

An in silico pipeline for the computational high-throughput design of paired guide RNAs (pgRNAs) directing 
CRISPR/AsCpf1 was established and used to generate a library tackling process-related genes and long non- 
coding RNAs. Next generation sequencing analysis of the plasmid library revealed a sufficient, but highly var-
iable pgRNA composition. Recombinase-mediated cassette exchange was applied for pgRNA library integration 
rather than viral transduction to ensure single copy representation of pgRNAs per cell. After transient AsCpf1 
expression, cells were cultivated over two sequential batches to identify pgRNAs which massively affected 
growth and survival. By comparing pgRNA abundance, depleted candidates were identified and individually 
validated to verify their effect.   

1. Introduction 

Chinese hamster ovary (CHO) cell lines are the main expression 
systems for the production of biopharmaceuticals due to the ability of 
this cell line to grow to high cell densities in suspension and to produce 
high yields of complex recombinant proteins harboring human-like post- 

translational modifications [1,2]. Although CHO is being used for the 
production of recombinant biotherapeutics since 1987 [3], the link be-
tween non-coding transcripts as well as coding genes and observed 
phenotypes is still not fully understood [4]. One reason is the late 
availability of the genomic sequence for this cell line in 2011 only [5]. 
Nevertheless, researchers in the CHO community achieved tremendous 
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progress in terms of the reference genome sequence quality in recent 
years [6,7,8]. These studies enabled the investigation of the genome, 
transcriptome as well as the epigenome [9,10,11,12,13]. So far, gene 
annotation and assignment of the corresponding function are based on 
gene homology, de novo prediction or expression level [9,7]. This may 
not adequately reflect the function of the respective gene in CHO cells 
that are cultured in protein free medium in stirred-suspension bio-
reactors. In general, genetic studies are focused on the protein-coding 
part of the genome [14] covering approximately 2-3% of the entire 
sequence in human cells, which is also a likely estimate for CHO cells 
[15,16]. Untranslated transcripts, such as microRNAs or long 
non-coding RNAs (lncRNA), have an enormous effect on the phenotype, 
however [17,18,19]. This demonstrates the need also for an improved 
understanding of the function of the non-protein coding genome in the 
context of recombinant protein production and bioprocessing. 

Genetic screens performed using the Clustered Regularly Interspaced 
Short Palindromic Repeats (CRISPR) system and the CRISPR-associated 
protein 9 (Cas9) are the state-of-the-art approach to correlate the 
genome with the phenotype, as reviewed by Shalem et al. [20]. 
CRISPR/Cas9 screens can be conducted in array or pooled formats 
where the latter is preferred for genome-wide functional studies due to 
less complex handling and application in high-throughput screens. 
Therefore, a subset of proteins [21] or even the entire proteome [22] are 
covered by an appropriate number of guide RNAs (gRNAs) to create 
gene disruptions. By this approach, those genes that were responsible for 
the observed phenotype can be identified. Typically, gRNAs are 
designed to target close to the translation start site in the coding gene 
sequence so as to cause frameshifts or an early stop codon, thus dis-
rupting the function of the resulting protein. Per definition, this 
approach is limited to coding genes, however. 

Recently, Zhu et al. applied paired gRNAs (pgRNAs) with Cas9 to 
induce larger genomic deletions allowing the characterization of un-
translated lncRNAs in a genome-scale pooled screen in human cells [23]. 
In this study, pgRNAs were obtained as a single-stranded oligonucleo-
tide (oligo) pool. Additional cloning steps were required to achieve the 
delivery of a defined gRNA pair into a unique cell. Separate U6 pro-
moters drove proper gRNA transcription along with the necessary 
scaffold sequences, which together build the single gRNA (sgRNA). 
Here, the alternative CRISPR-associated protein in Prevotella and Fran-
cisella (Cpf1, also known as Cas12a) from Acidaminococcus sp BV3L6 
(AsCpf1) offers unique advantages over Cas9 as AsCpf1 requires a 
shorter sgRNA and has an additional RNase activity allowing the tran-
scription of sgRNAs from a tandem array, thereby meeting 
high-throughput oligo pool synthesis requirements and enabling pgRNA 
expression from a single U6 promoter [24]. Additionally, AsCpf1 rec-
ognizes an AT-rich protospacer adjacent motif (PAM) (5’-TTTN-gRNA) 
[25], which could be of additional benefit when targeting the 
non-coding part of the genome due to its increased AT content. As 
state-of-the-art, CRISPR/Cas9-mediated screens in pooled format are 
conducted using viral transduction with a low level of multiplicity of 
infection to deliver a single defined gRNA into each unique cell. How-
ever, viral transduction is highly dependent on obtained virus titers and 
the transduction efficiency of the cell line being screened [26]. Further, 
the application of viral systems is subject to specific biosafety re-
quirements, which are not given in every facility and thus can limit the 
use of such a screen setup [27,28]. An alternative approach is the use of 
recombinase mediated cassette exchange (RCME) which is typically 
used to target recombinant genes into highly active loci in the genome 
that enable stable and efficient protein production ([29]; L. [30]). If 
applied in library screening, the high transcriptional activity of the 
target locus would be of less importance, however, the ability to 
generate a library that has a homogeneous genetic background would 
reduce the occurrence of off-target effects that might be caused not by 
the integrated pgRNAs, but by the disruption of a gene at the integration 
site in some instances. In addition, due to the selection screen for 
replacement of the initially inserted target gene (i.e. GFP) one would 

have assurance that each cell contains only a single integrant. The main 
drawback of the RMCE method is the low efficiency of exchange within a 
cell pool, which typically lies between 0.5-2% [31] and thus necessitates 
efficient and high throughput selection methods, such as cell sorting, to 
ensure covering the entire library within the cell pool isolated. 

In pooled CRISPR screens, one unique gRNA is stably integrated per 
cell. Such stably integrated guides are essential for later discrimination 
of the effective gene editing events and function as barcodes for the 
subsequent read out. Once a desired phenotype was selected after ge-
netic gene alteration, the introduced changes can be investigated by 
targeted amplification of the stably integrated gRNAs followed by next 
generation sequencing (NGS) and subsequent quantification of gRNA 
specific abundance. An important consideration in designing such a 
screen is the certainty that only a single pgRNA is present in each cell. 
Other considerations include a good representation of the library. Here, 
a good rule of thumb is the use of three or more redundant gRNAs per 
target and a high coverage within the cell pool, depending on the effi-
ciency of integration [32,33,34,35,36]. 

In this study, we developed a protocol that enables the study of the 
entire coding and non-coding CHO genome by generating and validating 
a small-scale deletion approach with an alternative AsCpf1 pgRNAs 
pooled screening strategy. We established an in silico pipeline for the 
high-throughput computational design of pgRNAs guiding CRISPR/ 
AsCpf1 and designed an approach for high-throughput cloning and de-
livery of the pgRNA library into cells at single copy frequency, using 
RCME. An initial small-scale pgRNA library was created including 2,348 
pgRNAs. pgRNAs targeting 500 previously identified differentially 
expressed (DE) lncRNAs [18], 45 published bioprocess-related pro-
tein-coding genes ([37,38,39,40]b; [41,42,43,44]), the recombinant 
Erythropoietin FC fusion protein (EpoFc) and 164 randomers as 
non-targeting controls were designed. Effects of library synthesis, 
cloning and delivery into cells were monitored by NGS to evaluate 
variations on pgRNA representation and integrity. 
Recombinase-mediated cassette exchange (RMCE) was applied to 
maintain unique pgRNA integration into the host cell genome. After 
generation of genomic deletions and cultivation, Illumina sequencing of 
pgRNAs from genomic DNA was performed to determine the abundance 
of specific pgRNAs that had an immediate impact on growth. Ten 
pgRNAs were identified as possible growth reducing hits and were 
validated by transiently transfecting those pairs individually into CHO 
along with AsCpf1 to analyze changes in CHO growth behavior. 

2. Material and methods 

2.1. Computational high-throughput design of pgRNAs 

An in silico pipeline was established for the high-throughput design of 
CHO-specific pgRNAs navigating AsCpf1. For each target, the 2 kb 
flanking region upstream and downstream was evaluated for possible 
guides by using 27 nt windows starting at each consecutive position. The 
sequences with PAM sites (TTT[AGC]) at the 5`-end were selected as 
guides and mapped across the whole genome [8] to identify off-targets 
using Bowtie alignment software (v1.2.2). Alignment was performed 
with options for prioritizing finding all possible alignments over speed 
(-h) and report all alignments per each read (-a) without allowing any 
mismatch (-n=0) in a seed length of 18 nt (-l=18). The guides with 
non-unique alignment or individual GC content not within 30-70% or 
with GC content of the complete fragment not within 41±3% were 
filtered out. The guide sequences containing recognition sites for re-
striction enzymes BsmbI or BbsI (CGTCTC, GAAGAC) or repetition of the 
same nucleotide more than 5 times were removed from the list as well. 
Non-redundant guides were further ranked based on the cumulative 
scores that were computed based on the values found in Table S1. 
Preference was given to ‘TTTA’ sequence at the PAM site for both mates 
of the gRNA pair, alignment with zero mismatch and GC content of the 
fragment being equal to 0.41 [45]. Each target was then reported with 
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top four scoring pgRNA sequences. 

2.2. Construction of CRISPR/AsCpf1 pgRNA plasmid library 

The CRISPR/AsCpf1 pgRNA deletion library targeting non- as well as 
coding genes consisted of 2,348 different sequences. Each oligo had a 
length of 133 bp and the library was ordered as a ~12,000 single- 
stranded oligo pool (CustomArray). Phusion High-Fidelity DNA Poly-
merase (Thermo Fisher Scientific) was used to generate the double- 
stranded oligo pool. Therefore, the following reaction was performed 
in quadruplicates. Per replicate, a 50 µL PCR reaction was mixed ac-
cording to the manual using 3.5 ng original single-stranded oligos as 
template. The reaction was run with 98◦C 30 sec; 10 cycles of 98◦C 5 sec, 
60◦C 10 sec, 72◦C 15 sec; 72◦C 5 min. PCR products were pooled and 
cleaned by DNA Clean & Concentrator®-5 (Zymo Research). Amplifi-
cation was checked on a 2% Midori Green Advance agarose (Biozym) 
TAE gel. Next, the double-stranded oligo pool was cloned into pRMCE- 
EpoFc-UP or -DOWN (Fig. S1) via BsmBI (Esp3I) FastDigestTM (Thermo 
Fisher Scientific) by Golden Gate assembly as described previously [46]. 
After heat-shock transformation of NEB® 10-beta Competent Escherichia 
coli cells (NEB) (5 µL Golden Gate assembly mix (in theory 10 ng) added 
to 50 µL competent cells), a serial dilution of the transformation re-
actions was prepared to investigate cloning and transformation effi-
ciencies for both plasmid versions. A cut-off of a pgRNA representation 
of at least 250-fold with a reasonable low re-ligation rate was set. The 
rest of the transformation reactions was used to inoculate bacterial 
overnight cultures to obtain plasmid DNA pools (UP- and 
DOWN-pgRNA) using the EndoFree Plasmid Maxi Kit (Qiagen) as 
described in the manual. 

2.3. Plasmid library quality assessment 

Library quality was assessed by pgRNA sequence rescue followed by 
in-depth sequencing. 5 µg of UP-pgRNAs and DOWN-pgRNAs plasmid 
pool DNA were double digested with NdeI (NEB) and PciI (NEB) to 
isolate pgRNA DNA fragments (loss of 39 pgRNAs due to restriction 
recognition sites within oligo sequences, which served as restriction 
control). After restriction, samples were run on a 2% EtBr agarose 
(Biozyme) TAE gel and 164 nt long fragments of interest were extracted 
from the gel. DNA was extracted from the gel slices using the Hi Yield® 
Gel/PCR DNA Fragment Extraction Kit (Süd-Laborbedarf Gauting) fol-
lowed by a clean-up step using DNA Clean & Concentrator®-5 (Zymo 
Research). Samples were sequenced by Vienna Biocenter Core Facilities 
GmbH with a HiSeq2500 instrument (Illumina) paired end 125 bp (V4) 
in rapid mode as spike-in. 

2.4. Processing sequencing results of plasmid library 

Raw reads were trimmed using Trimmomatic (v. 0.36) [47] to 
remove low quality reads and sequencing adapters. To remove all 
possible reads with only backbone plasmid sequences, reads were 
mapped to the pRMCE-EpoFc backbone plasmids using Bowtie2 (v. 
2.26) [48] and only unmapped reads were used in subsequent steps. 
Cutadapt (v. 1.16) [49] and Trimmomatic (v. 0.36) were used to remove 
ends of reads belonging to plasmid backbones. Additionally, forward 
sequencing reads were excluded due to incomplete pgRNA spanning by 
trimming the backbone sequence with Trimmomatic and setting the 
minimal length to 85 bp. Reads were mapped to pgRNA sequences used 
for oligo library synthesis with BBMap (v. 38.25) [50] (minid=0.95, 
maxindel=10). Variants were called with FreeBayes [51] (v. 1.2.0) by 
setting the ploidy to 1 (-p), minimal alternate fraction (-F) to 0.15 and 
minimal alternate count (-C) to 5. Called variants were split into four 
groups - insertions, deletions, substitutions and complex, which were 
defined as mutations spanning > 3 nt on the reference and having 
multiple alternative sequences. Share of variants was calculated as 
percent of each variant group of the total variant count. Variant 

frequency was calculated as share of the reads supporting the variant, 
excluding perfect reads and sequencing errors on the specific position. 
Reads not supporting variants were extracted using VariantBam [52] 
and together with reads without any mismatches were counted per 
pgRNA. The counts were imported into R (v. 3.6.0.) and normalized 
using the edgeR (v. 3.26.8) trimmed mean of M values (TMM) normal-
ization method [53]. The R2 between normalized counts of UP-pgRNAs 
and DOWN-pgRNAs was calculated using the cor() function with 
‘Spearman’s rank correlation coefficient’. pgRNA representation was 
shown as percent of pgRNA containing variants, not containing variants 
and not represented at all in the plasmid pool. 

2.5. Generation of pre- and post-screening CHO pools 

RMCE to generate the pre-screening CHO pools – stable integration 
of one pgRNA per cell – was performed as described previously [54]. 
After antibiotic enrichment of exchanged cells (exchange of CD4 with 
EpoFc along with pgRNA), cold capture surface staining against CD4 and 
EpoFc was applied in combination with fluorescence-activated cell 
sorting (FACS) to enrich for CD4-/EpoFc+ cells in three subsequent 
rounds according to published protocols [55]. Copy number determi-
nation via qPCR against the U6 promoter, which is driving pgRNA 
transcription, was applied using FUT8 as an internal reference. Addi-
tionally, gene expression analysis to determine fold change (FC) in CD4 
and EpoFc expression was done to monitor successful cassette exchange. 
Pre-screening pgRNA CHO pools were applied to plasmid-based trans-
fection for transient AsCpf1 or Cas9 enzyme expression. 7 days post 
transfection altered cell pools were used to inoculate a 1st batch in spin 
bioreactor tubes. The 2nd batch was inoculated using cells from day 5 of 
the 1st batch. Growth and productivity were measured daily and were 
used to calculate specific productivities (Qp) and growth rates (µ) ([40] 
b). Detailed protocols for each step can be obtained from the supple-
mentary information. 

2.6. Cell library sample preparation for sequencing 

Stably integrated pgRNAs were amplified using gDNA sample pools 
and checked for pgRNA abundance by NGS. For each sample, 4×50 µL 
PCR reactions were performed using 2 U Phusion High-Fidelity DNA 
Polymerase (Thermo Fisher Scientific), the stable_pgRNA_pool primer 
pair and 825 ng gDNA as template. Remaining PCR reagents were added 
according to the manual. The following PCR cycling conditions were 
applied: 98◦C 30 sec; 25 cycles of 98◦C 5 sec, 65◦C 10 sec, 72◦C 15 sec; 
72◦C 5 min. PCR reactions were pooled per sample prior clean up using 
the DNA Clean & Concentrator®-5 kit (Zymo Research) as described in 
the manual. Quality of 137 bp pgRNA amplicons was monitored by 
NanoDrop (Thermo Fisher Scientific). NGS was performed on a 
HiSeq2500 instrument (Illumina) spike-in as paired end 125 bp (V4). 

2.7. Computational analysis of screen results 

Low quality reads, sequencing adapters and PCR primers were 
removed from the raw reads using Trimmomatic (v. 0.36). Reads were 
mapped to pgRNA sequences used for oligo library synthesis with 
BBMap (v. 38.25); minid=0.95, maxindel=10) and variants were 
analyzed using FreeBayes (v. 1.2.0; -F 0.15 -C 5 -p 1). Reads without 
variants were counted per pgRNA using a custom script. Counts were 
normalized using the edgeR (v. 3.26.8) TMM method and used for 
principal component analysis (PCA). To estimate common dispersion, 
the estimateDisp() function was used with all the non-targeting pgRNA 
counts. The results of the differential representation (DR) were acquired 
using the glmFit() and glmLRT() functions [53]. Depleted pgRNAs be-
tween AsCpf1 and Cas9 samples were defined by false discovery rate 
(FDR) value < 0.25 and log2FC < 0. Enriched pgRNAs were defined by 
the same FDR value and log2FC > 0. Intersections of depleted pgRNA in 
different datasets were analyzed using the UpSetR package (v. 1.4.0) 
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[56]. To check for potential off-targets and additional target sites of 
selected pgRNAs, BLAST command line application was used against the 
latest Chinese hamster genome assembly (CriGri-PICR) [8] as database 
with the following parameters: -evalue 1000 -word_size 7 -perc_identity 
80 -ungapped. The results were additionally filtered for alignment 
length > 22 and identity > 90%. 

2.8. pgRNA hit validation 

To validate the hits from the screen, respective pgRNAs were cloned 
individually into pY010(AsCpf1) and transfected as mentioned above 
into CHO-K1 glutamine synthetase (GS)− Herceptin producing cells. 
Growth after transfection in a 5 day batch experiment was analyzed by 
daily measurements on ViCELL XR Cell Counter (Beckman Coulter) and 
an in-house developed R package ViCellR ([40]b). gDNA was isolated on 
day 4 as described above and deletion PCR was performed using the 
following cycling conditions: 98◦C 2 min; 35 cycles of 98◦C 10 sec, 62◦C 
30 sec, 72◦C 1 min 30 sec; 72◦C 10 min. 

3. Results 

3.1. High-throughput design of CRISPR/AsCpf1 pgRNA 

An in silico pipeline was prepared for high-throughput design of 
CRISPR/AsCpf1 pgRNAs considering the availability of an efficient 
CHO- as well as an AsCpf1-specific tool. Per target, the 2 kb region 
upstream of the transcription start site (UP-TSS) as well as the 2 kb 
downstream region of the transcription termination site (DOWN-TTS) 
were screened for any 5`-TTTN PAM sequence (Fig. S2). The 23 nt 
sequence downstream of a PAM was defined as the gRNA sequence. UP- 
TSS and DOWN-TTS gRNAs without off-target activity were paired in the 
oligo frame for pool synthesis while avoiding redundancy. In the 
absence of gRNAs with preferred parameters for off-target activity, those 
with mismatches outside the seed were used. Each frame with non- 
redundant gRNAs was further scored based on the criteria suggested 
by Kim et al. for a high-throughput profiling of CRISPR/Cpf1 activity 
[45]. The scoring focus was set on low off-target activity, giving pref-
erence to TTTA sequence at the PAM site and an optimal GC content of 
41% (Table S1). Genome editing capacity of pgRNAs designed by the in 
silico tool was evaluated in wet lab experiments for the top three pairs for 
FUT8, RAD21 and CHD4 as protein coding genes as well as the highest 
scoring pair for three non-coding genes (ncGene) after transfection in 
CHO-K1 cells (Fig. S2). 

This tool was applied to design a small-scale CHO-specific AsCpf1 
pgRNA library containing four pgRNAs per target. Hence, the resulting 
oligo library consisted of 2,348 pgRNA sequences (of which 2,328 are 
unique and were used in the downstream bioinformatic analysis) tar-
geting 250 up- and down DE intergenic lncRNAs, 45 process-related 
coding genes, and the recombinant EpoFc model protein. As non- 
targeting controls, 164 random pairs not binding anywhere in the 
CHO genome were used (Table S2). While cumulative scores of the top 
four pgRNAs range from 1.85 to 3.00 for all coding genes, those for 
lncRNAs range from as low as 0.05 to 3.00 (Table 1, Table S3-5). 

3.2. Plasmid library cloning and quality assessment 

The pgRNA library was received from CustomArray Inc. as a 12,000 
single-stranded oligo pool (5-fold representation per pgRNA), PCR 
amplified with a low number of cycles and further cloned into two 
versions of the delivery plasmid backbone pRMCE-EpoFc either up- or 
downstream of the model protein EpoFc yielding the two plasmid li-
braries UP-pgRNAs and DOWN-pgRNAs. Cloning and transformation 
efficiencies were monitored during the plasmid pool preparation 
resulting in a 250- (UP-pgRNAs) and 300-fold (DOWN-pgRNAs) repre-
sentation per pgRNA with a backbone re-ligation rate of < 1% for both 
plasmid pools. An extensive analysis on the prepared plasmid pools was 
performed to assess pgRNA sequence quality as well as pgRNA repre-
sentation per sequence/target using rescued pgRNA DNA fragments 
(Fig. 1a). After NGS raw data processing, obtained reads (1.97×106 for 
UP-pgRNAs and 1.27×106 for DOWN-pgRNAs) were mapped to the 
sequences used for the oligo pool synthesis and sequence errors that 
were present in more than 15% of the reads were called as variants. The 
reads containing the variants were removed while the rest of the map-
ping reads (perfect matching and those with only sequencing errors) 
were counted per pgRNA. Next, the correlation of the two library ver-
sions (Fig. 1b) and the representation of the pgRNAs (Fig. 1c) were 
analyzed. In UP-pgRNAs, 3.1% of the total 2,328 pgRNAs were not 
present at all in the pool and for DOWN-pgRNAs 2.2% of the pairs were 
missing only. For the remaining pgRNAs, normalized counts were 
ranging from 0.9 to 3382.0 showing high fluctuation in pgRNA repre-
sentation. The normalized counts of both library versions were plotted 
against each other to estimate the similarity, however, no correlation 
was detected (R2 = 0.4245). Furthermore, the sequence quality was 
assessed by analyzing the presence as well as type of variants in the 
plasmid pool. Per variant, frequency of reads supporting each variant 
was calculated as ratio between reads supporting the variant and total 
reads at that position. The frequency of the reads that supported each 
variant had a wide range and was skewed towards the lower values 
(Fig. S3a). Variants were defined as insertions, deletions, substitutions 
or complex variants. The latter had to have multiple alternative se-
quences or span more than 3 nt. For UP-pgRNAs 47.3% and for DOWN- 
pgRNAs 37.9% of pgRNAs had at least one and up to four variants in the 
plasmid pool (Fig. 1c, Fig. S3b, Table S6). However, 97.4% of these 
pgRNAs in UP-pgRNAs and 98.2% in DOWN-pgRNAs had reads without 
variants in the sequence pool. Deletions occurred the most often with 
42.3% and 43.7% of all variants for UP-pgRNAs and DOWN-pgRNAs, 
respectively. The second most frequent variant type were substitutions 
(32.8% and 36.7%), insertions (23.1% and 18.2%) and complex variants 
were less abundant (1.9% and 1.4%) (Fig. 1d). In summary, variation in 
pgRNA representation and sequence variants that accumulated during 
the preparation of the plasmid pools were observed. 

3.3. Generation of the pre- and post-screening CHO pools 

Next, UP-pgRNAs and DOWN-pgRNAs plasmid pools were used to 
generate pre-screening CHO cell pools containing stably integrated 
pgRNAs based on a previously published landing pad cell line [54]. For 
RMCE, antibiotic selection, FACS, and all cell cultivation steps an 
appropriate number of cells were used to maintain a pgRNA represen-
tation of at least 100-fold (Table S7). In summary, two replicates of cell 
pools carrying the UP-pgRNA or DOWN-pgRNA library were generated 
(UP and DOWN), respectively. pgRNA and EpoFc co-integration was 
maintained by RCME and enrichment of CD4-/EpoFC+ was conducted 
via FACS. Successful cassette exchange and single copy integration per 
cell were verified via copy number determination targeting the U6 
promoter and gene expression analysis against CD4 as well as EpoFc 
(Fig. S4). 

Generated UP and DOWN pre-screening CHO cell pools underwent 
transient plasmid based AsCpf1 expression to initiate the formation of 
genomic deletions. In parallel, UP and DOWN cell pools were treated 

Table 1 
Summary of CRISPR/AsCpf1 pgRNA scores against coding and non-coding 
targets.   

pgRNAs against DE lncRNAs pgRNAs against coding genes 

Score Counts Percent of total Counts Percent of total 

3.0 547 27.4 59 32.8 
2.5 – 3.0 999 50.0 104 57.8 
2.0 – 2.5 358 17.9 14 7.8 
< 2.0 96 4.8 3 1.7 
Total 2000 100.0 180 100.0  
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with a Cas9 expressing plasmid to serve as an unmodified head-to-head 
control, which underwent the same process steps as AsCpf1 edited cells. 

As the lncRNAs targeted in the library were differentially expressed 
during batch culture, we hypothesized that some of them would have a 
direct effect on growth rate – either enhancing or inhibiting. We 
therefore performed a rapid screen for strong effects on growth, by 
subjecting the pools to two subsequent rounds of batch cultivation in 
duplicate spin tubes. No obvious phenotypic change between AsCp1 and 
Cas9 treated cell pools was observed (Fig. S5). To prove functionality of 
the alternative CRISPR/AsCpf1 pgRNA deletion screen strategy, the 
entire workflow was evaluated using a single gRNA pair targeting FUT8 
as a model gene. Stably FUT8 pgRNA expressing pre-screening CHO 
pools were generated and characterized. Further, cell pools were applied 
to transient AsCpf1 and Cas9 expression and analyzed with regards to 
fucosylation over cultivation (17d). The summarized results are pro-
vided in the supplement (Fig. S6). 

3.4. Analysis of NGS data revealing changes in pgRNA abundance 

Characterization of pgRNA presence in the genome and changes in 

abundance of AsCpf1 treated cell pools relative to Cas9 samples were 
performed via NGS of pgRNAs. Therefore, gDNA from cell pools of the 
exponential phase of the 2nd batch (day 5) was isolated from a number of 
cells that ensured a coverage of 280-fold for each pgRNA and used as 
template for pgRNA-targeted amplification via PCR. Sequencing data 
were analyzed as described for plasmid NGS samples and reads without 
variants were counted per pgRNA. Counts were transformed to counts 
per million (CPM) reads and pgRNAs were used for further analysis in 
case pgRNA CPM values were greater than 5 in at least three of the eight 
sample sets. 1,945 pgRNAs were left after this step, which represents 
83.5% of the original library and shows a lower pgRNA representation 
than in the plasmid pools. Log2 CPM counts were used for PCA to 
generate a plot indicating that samples were clustering according to 
their parental pre-screening CHO pool. CRISPR enzyme treated post- 
screening CHO pools were clustering more closely than biological du-
plicates from different CHO pre-screening pools. Results indicated a high 
variability in the representation of the pgRNAs (Fig. 2a). The data were 
split into four sets according to the parental cell pool (DOWN1, DOWN2, 
UP1, UP2) and filtered for CPM > 5 in at least one of the two samples 
(AsCpf1 or Cas9). In summary, 1,579 – 1,806 (67.8% - 77.6%) pgRNAs 

Fig. 1. Generation of AsCpf1 pgRNA library 
targeting lncRNAs and assessment of 
plasmid pool quality. (A) Graphical depiction 
of AsCpf1 pgRNA library composition, pgRNA 
library generation in pRMCE-EpoFc-UP and 
DOWN version, and plasmid pool quality 
assessment by next-generation (NGS) 
sequencing. (B) Correlation plot of normalized 
pgRNA counts of the two different plasmid 
versions. (C) Bar plot of pgRNA sequence 
quality in the plasmid pools. Identification of 
pgRNAs with correct sequences, sequences 
containing variants or pgRNAs not present in 
the library version. (D) Bar plot of determined 
pgRNA sequence variants in plasmid libraries.   

Fig. 2. Assessment of differentially repre-
sented (DR) pgRNAs in cell pools after 
genomic deletion and phenotypic screening. 
(A) Principal component analysis (PCA) plot of 
log2 counts per million (CPM) in pgRNA abun-
dance of UP (light) and DOWN (dark) cell pools 
applied to transient AsCpf1 (pink) or Cas9 
(blue) expression. (B) Intersections of signifi-
cantly depleted pgRNAs between AsCpf1 and 
Cas9 treated samples in four analyzed datasets. 
The bottom left bar plot shows the number of 
significantly depleted pgRNAs (logFC < 0, false 
discovery rate (FDR) < 0.25) in each dataset. 
The bars on the right show the number of 
depleted pgRNAs in each intersection or those 
found in one of the datasets only. pgRNAs pre-
sent in at least three of the datasets or lncRNAs 
targeted by at least two pgRNAs within mini-
mum two datasets were defined as potential hits 
(red).   
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were left after this filtering step. Between 43 as the lowest (DOWN1) and 
85 as the maximum (DOWN2) hits of depleted pgRNAs with a FDR <
0.25 were found in each set (Table S8-11). To improve the statistical 
power of potential hits, intersections of depleted pgRNAs in sets were 
analyzed (Fig. 2b). This showed two pgRNAs were depleted in all four 
sets (lnc4 P4 and lnc7 P3) and six were depleted in three of the sets (lnc1 
P1, lnc2 P4, lnc3 P1, lnc4 P3, lnc5 P4 and lnc6 P3). pgRNAs that were 
only depleted in two sets were also selected as hits if a different pair 
targeting the same lncRNA was depleted in three or four sets (lnc6 P4, 
lnc7 P4). This way, ten candidate pgRNAs – all targeting lncRNAs only – 
were identified and the corresponding reads from Cas9 treated control 
pools were analyzed in more detail. Candidate pgRNAs not identified in 
all four datasets were not detectable in neither the Cas9 nor AsCpf1 
missing dataset(s) or represented in the sample set(s) (Table S12). 
Additionally, normalized counts of identified candidate pgRNAs were 
re-evaluated in the UP and DOWN plasmid pool sequencing results 
showing no bias due to under- or overrepresentation of those particular 
pgRNAs in generated plasmid libraries (Fig. S7). However, between 25 
(DOWN1) and 60 (DOWN2) significant hits of enriched pgRNAs were 
identified in each set. Three pgRNA hits build intersections in two 
datasets having no additional pair tackling the same target in the 
remaining datasets, respectively (Fig. S8). Thus, no enriched candidate 
for further hit validation was selected. 

3.5. Validation of growth perturbing properties of candidate pgRNAs 

To validate the effect on growth of the ten depleted candidate 
pgRNAs, each of the pairs was individually cloned into the pY010 
(AsCpf1) vector (Fig. S9) and transfected into a CHO-K1 GS− Herceptin 
producer cell line. VCD and viability were measured daily to calculate µ 
during batch cultivation over 5 days (Fig. 3a, Fig. S10) and 4 days after 
transfection, deletion PCR was performed using gDNA as template 
(Fig. 3b). FUT8 P3 was used as a control in addition to an empty vector 
(EV) control, to assess the effect of stress from cell treatment on growth 
and to serve as a positive control for deletion PCR. For lnc1 P1 and lnc3 
P1, amplicons of the appropriate size were observed, however, no sig-
nificant effect on growth was detectable for edited cell pools from those 
samples. All other pgRNAs showed a significant effect on growth after 
transfection of the individual pgRNAs compared to the controls. For lnc2 
P4, lnc4 P3, lnc4 P4, lnc5 P4, lnc6 P4, lnc7 P3, lnc7 P4 reduced growth 
rates were obtained. In case of lnc6 P3, negative growth rates were 
calculated. Deletion of the corresponding lncRNAs could not be 

confirmed on DNA level, as no bands of the appropriate size were visible 
after deletion PCR. All pgRNAs strongly affecting growth were under-
taken a follow-up BLAST alignment resulting in multiple hits per tested 
pgRNA against the latest Chinese hamster genome assembly and tran-
scriptome [8] (Table S13-16). To investigate whether the observed ef-
fect on growth triggered by eight of the ten hits was due to specific 
lncRNA deletion or a result of tackling the additional pgRNA target sites, 
further pgRNAs targeting the respective lncRNA were tested in a similar 
experiment (Fig. 3c, Fig. S11). No significant effect on cell growth was 
observed for newly designed pgRNAs, although deletion PCR confirmed 
efficient lncRNA removal from a larger part of the cell populations 
(Fig. 3d). 

4. Discussion 

Functional genetic screens based on CRISPR/Cas9 are powerful tools 
to study the correlation between the genome and the observed pheno-
type. Here, we present an alternative CRISPR/AsCpf1 screening strat-
egy, which targets both the coding and non-coding genome by the 
formation of genomic deletions using paired gRNAs. Other than in the 
traditional frameshift approach, the application of gRNA pairs and the 
full deletion of the intermediary genomic sequence allows to study also 
the untranslated part of the genome. Even in the case of protein-coding 
targets, genes are completely removed from the cell system reducing the 
risk for potential cell stress as a result of the expression of truncated or 
nonsense proteins [57]. Additionally, CRISPR/AsCpf1 pgRNA delivery 
was performed by RMCE to avoid the need for viral transduction as 
biosafety requirements have to be fulfilled when working with viruses. 
Moreover, RMCE offers the opportunity to co-transport larger DNA 
fragments encoding for instance model molecules or even CRISPR en-
zymes. In this study, RMCE was used to stably co-integrate the genetic 
information for a recombinant product to mimic conditions CHO cells 
are facing in biopharmaceutical industry more closely [5]. Nowadays, 
numerous CRISPR libraries for Cas9 or dCas9 are commercially avail-
able and online tools are accessible to design and generate customized 
gRNA libraries. However, this is not the case for AsCpf1 and for pgRNAs 
to perform deletions. CHO-specific libraries are not listed for Cas9 and 
AsCpf1, respectively, although design tools for CHO and Cas9 are 
available [58]. Therefore, pgRNAs meeting the requirements described 
by Kim et al. [45] were designed by the in-house established in silico 
pipeline. Testing the pipeline with three coding genes and three 
non-coding transcript targets showed different editing efficiencies 

Fig. 3. pgRNA hit validation from screening. 
(A) Determination of growth rates (µ) from 
batch cultivation (days 1-5) after transient 
transfection of AsCpf1 along with candidate 
pgRNAs selected from screening. (B) Deletion 
PCR performed on day 4 of batch cultivation for 
lnc1 P1 and lnc3 P1 treated samples on 
genomic level, which had no effect on growth. 
(C) Determination of growth rates (µ) from 
batch cultivation (days 1-8) after transient 
transfection of AsCpf1 along with additional 
pgRNAs with minimal off-targets tackling 
lncRNA verified to be growth perturbing in (A) 
by the application of less scored pgRNAs. (D) 
Deletion PCR performed on day 4 of batch 
cultivation for lnc2 P1, lnc4 P1 and lnc7 P2 
treated samples on genomic level, which had no 
effect on growth. Batch experiments and dele-
tion PCRs performed in biological replicates 
(R01/R02). Transfection with empty vector 
(EV) and FUT8 served as controls without 
change in growth phenotype. Successful target 
deletion indicated by red box. M – ladder; NTC 
– no template control.   
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depending on the pgRNA being used. No obvious correlation between 
genome editing capacity and in silico score was observed for pgRNAs 
generated from the in-house pipeline, however, only a small number of 
pairs was tested. Further, there is a chance that InDels or other random 
mutations can occur due to the high genomic variability of CHO cells, 
therefore making the altered sequence inaccessible for the formation of a 
genomic deletion. However, these specific mutations that typically 
occur only in a subpopulation of cells, would have to be in precisely the 
same cells that received those specific pgRNAs to be of consequence. 
Nevertheless, his highlighted the need for multiple pgRNAs per gene (or 
genomic region) in the later screen to increase the certainty of target 
alteration. As published previously, genomic deletions of up to 150 kb 
were demonstrated to be size-independent and are rather influenced by 
individual gRNA on-target efficiency [24]. For the small-scale oligo li-
brary, 2,348 different CRISPR/AsCpf1 pgRNAs were designed tackling 
45 process-related coding genes, 500 untranslated intergenic lncRNAs, 
one model gene - each with four pairs per target - as well as 164 
non-targeting pgRNAs. Overall, designed pgRNAs reached high in silico 
scoring values. Variations in the GC content and the presence of 5`-TTTS 
PAM sequences are the primary reasons for reduced scoring values. 
Additionally, a tendency towards gRNA selection with mismatch map-
ping outside the seed sequence of lncRNA pgRNAs was observed. 
lncRNA gene bodies are found in intronic regions of coding genes as well 
as intergenic [59,60], whereas repetitive sequences are more common 
[61,62,5], which makes it more difficult to identify unique gRNAs. 

Plasmid library quality assessment via NGS analysis - which is not 
often done for genetic screens - showed sufficient representation of 
pgRNA sequences as only a small percentage of pgRNAs were missing. 
By isolating pgRNA containing plasmid fragments rather than PCR 
amplifying additional polymerase-mediated sequence errors were 
avoided. Interestingly, no correlation in pgRNA representation was 
observed between the two generated plasmid versions emphasizing that 
variability accumulated during plasmid pool preparations. The two 
versions were separated after PCR amplification of the single-stranded 
oligo pool, hence the fluctuation most likely developed during cloning 
into delivery plasmids and amplification in E.coli. Additionally, the 
quality was affected by variants in the sequences, which were found for 
approximately 40% of pgRNAs and were mostly deletions, but also 
substitutions, insertions and complex variants. The latter occurred very 
rarely showing that detected mutations seem to be rather simple without 
larger rearrangements. Sequence errors in the customized single- 
stranded oligo pool or generated during PCR amplification - although 
a high-fidelity Phusion polymerase was used with minimal replication 
cycles - might be the root cause for the observed sequence variants. An 
error rate of 1 out of 150 bases to 1 out of 200 bases was state by the 
oligo library supplier, which accumulates over the course of oligo syn-
thesis. By the application of AsCpf1 instead of Cas9, defined gRNA pairs - 
significantly shorter in length - were synthesized as a single array which 
was processed intracellularly by AsCpf1 RNase activity prior genome 
editing, therefore avoiding the accumulation of even more sequence 
errors during plasmid library preparation by additional cloning steps. 
However, the majority of pgRNAs were present with high coverage and 
good sequence quality in the prepared plasmid pools. 

As the state-of-the-art library delivery method, viral transduction is 
applied with a low level of multiplicity of infection assuming the inte-
gration of one gRNA copy per cell. However, this presumption is based 
on statistically equal gRNA distribution within the so generated pre- 
screening cell pool. In contrast, pgRNA integration by RMCE is more 
controlled. In theory, pgRNAs are integrated at the same spot in the 
landing pad cell line by exchange with a previously introduced marker 
gene leading to comparable pgRNA transcription. However, a risk of 
additional random integration of the pgRNAs cannot be excluded based 
on the experiments performed here. Still, overall, RCME offers a number 
of advantages over viral based delivery methods, including higher cer-
tainty of single integration events, less genomic background and 
straightforward analysis enrichment/depletion by PCR. 

Usually, transgenic Cas9-expressing cell lines are used as a starting 
point for pooled CRISPR-associated screens increasing the chance for 
successful genome editing [63]. At the same time, continuous CRISPR 
enzyme presence in the cells triggers the risk of unwanted off-target 
effects, which was prevented in this study by transient CRISPR protein 
addition. Introduction of genomic alterations is followed by a screening 
step, which is typically based on a desired phenotypic trait and can be 
either conducted by positive or negative selection [32,64]. In this 
experiment, a viability-based negative selection screen was applied by 
cultivation of edited cells under standard batch bioprocess conditions 
for 17 days to identify targets with an immediate effect on growth. 
Treatment of pre-screening cell pools with transient Cas9 expression, 
which should not result in genome editing, served as a head-to-head 
control in this study. Furthermore, proof-of-principle of the alternative 
AsCpf1 deletion screen strategy was confirmed by targeting FUT8 by one 
individual pgRNA. 

NGS results of pgRNA abundance in post-screening cell pools 
comparing AsCpf1 samples with the Cas9 controls revealed high vari-
ability in pgRNA representation between samples even when looking at 
genetically unmodified controls. In addition to the two plasmid libraries 
used, UP and DOWN cell pools were split into two replicates after 
transfection of pgRNA plasmid pools for RMCE and further treated 
separately. The high heterogeneity is reflected in the generated PCA 
plot. Here, replicates are clustering further apart than AsCpf1 and Cas9 
edited samples within the same replicate. Thus, the implementation and 
representation of the library seems to have a stronger effect on clustering 
than the deletion of coding genes and non-coding transcripts. Moreover, 
a standard differential representation analysis, whereby replicates are 
used to estimate gene-wise dispersion, was not possible due to high 
fluctuation between biological replicates. To overcome this, non- 
targeting pgRNAs were used to estimate the common dispersion be-
tween samples and DR pgRNAs were called in each replicate separately. 
In the screened cells, representation of pgRNAs was overall lower than in 
the initial plasmid libraries. This was observed for AsCpf1 altered as well 
as Cas9 unmodified cell pools. The loss of representation was most likely 
triggered by the low efficiency of genome integration of the library. The 
application of replicates as well as maintaining a high pgRNA coverage 
of at least 100-fold aimed to reduce these effects, but may benefit from 
more stringent coverage targets in future screen. Based on pgRNA 
abundance analysis between AsCpf1 and Cas9, only depleted pgRNAs 
were identified as intersections between multiple datasets. As described 
in the literature, the improvement of CHO growth characteristics is 
difficult [65] and negative selection screens based on growth reveal a 
higher number of depleted hits [66,64]. To identify a pgRNA with an 
effect on growth, a longer screen would have been necessary, to enable 
cells to increase or to decrease in numbers sufficiently to be detectable 
by the bioinformatic analysis. Accordingly, the ten pgRNAs targeting 
seven different lncRNAs that were determined in the screen were all 
depleted. The counts of the candidates were very low or zero in the 
AsCpf1 treated samples implying that cells receiving these pgRNAs were 
almost completely removed from the pool after genomic alteration and 
cultivation over 17 days under batch conditions. No pgRNA tackling 
coding genes was tracked as significantly depleted presumably because 
no essential gene was targeted in our library. 

Separate wet lab experiments of computationally identified hits 
validated eight out of ten pgRNAs to have a significantly negative effect 
on growth in a CHO Herceptin producer cell line. However, pgRNAs, 
which have additional target sites for one or both gRNAs, were 
confirmed to be the root cause for growth-perturbing properties in CHO 
rather than the specific deletion of the underlying DE lncRNA targets. In 
case of a lack of four gRNAs per target site during library design, which 
are unique as well as perfectly mapping or mapping with mismatches 
outside the seed sequence, the tool allowed to include gRNAs with non- 
unique target sites for pairing. lncRNAs are often located in repetitive 
genomic regions making it more complicated to design unique gRNAs, 
thus increasing the risk to create unwanted effects. Hence, growth- 
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perturbing properties from validated hits were most likely caused by 
fractionation of the genome due to thousands of additional gRNA editing 
sites in CHO. A different kind of bias was observed in a previous CRISPR 
screen targeting lncRNA splice sites [67], where some of the identified 
lncRNA hits were found in regions with copy number amplification or to 
be hosted by essential protein-coding genes. Cleavage of these regions 
led to higher rates of DNA damage translating into decreased cell 
viability and loss-of-function of the lncRNA hosting protein [68]. Such 
false positives are difficult to avoid when studying the less explored 
non-coding part of the genome, however, controlling and recognizing 
them is important and different strategies depending on the screen type 
have been proposed [69]. 

5. Conclusions 

In this study, a small-scale CRISPR/AsCpf1 deletion screen in CHO 
cells was established that targets both coding and non-coding regions of 
the genome. The overall feasibility of the proposed workflow was 
proven by the performance and validation of hits from a first small-scale 
deletion screening. Based on our experience, an initial screening 
experiment to get hands on experience and to identify potential pitfalls 
is highly recommended by the authors before moving forward to a 
genome-wide study. The following critical steps were identified during 
the preparation, execution and analysis, which deserve special attention 
in the design and performance of genome-scale screens: 

• Both positive and negative controls, that affect the desired pheno-
type that will be screened for, need to be included in the screen 
design. Additionally, validated controls, which are specific for the 
cell type, are of advantage.  

• The plasmid pool library must be of high quality, which should be 
ensured by good oligo pool synthesis, use of high proof-reading ca-
pacity polymerase and low number of cycles for PCR. Quality control 
by NGS sequencing is recommended before proceeding with the 
screen.  

• Representative library delivery is a major challenge. More efficient 
methods are needed for this step which can provide high library 
coverage. Furthermore, each pre-screening cell pool that is used as 
starting material for the study needs to be sequenced, so that 
screened cells can be directly compared against their starting mate-
rial rather than against the designed library.  

• To ensure full representation of the library, multiple transfections 
and the generation of pools with high coverage is recommended. 
Therefore, cell line specific characteristics, the library size and the 
screening strategy have to be taken into account. In general, a higher 
coverage will increase the robustness and statistical power of the 
screen.  

• Introduction of genomic deletions is followed by a screening step for 
phenotypes of interest. Here rare events need to be found, which is 
difficult especially in view of the high technical variability origi-
nating from preparation steps. During screen design, this should be 
considered and the use of highly effective methods to enrich for cells 
with the desired phenotype, such as cell sorting, is recommended. 
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