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Here we describe TRACE (T7 polymerase-driven continuous 
editing), a method that enables continuous, targeted muta-
genesis in human cells using a cytidine deaminase fused to T7 
RNA polymerase. TRACE induces high rates of mutagenesis 
over multiple cell generations in genes under the control of a 
T7 promoter integrated in the genome. We used TRACE in a 
MEK1 inhibitor-resistance screen, and identified functionally 
correlated mutations.

Methods for studying the dynamics of eukaryotic cells, such 
as directed evolution, lineage tracing, and molecular recording, 
depend on developing tools for targeted, continuous mutagenesis1. 
However, existing tools rely on non-physiological environments, 
rapidly saturate mutagenized sites, or have been adapted only in 
bacterial or yeast systems2–8. Phage-assisted continuous evolution, 
for example, evolves in non-native environments, which may result 
in mutations that are less suited to physiological systems than to 
those in which they evolved2. Tools using non-homologous end 
joining-based DNA diversification from Cas9 cleavage saturate 
quickly after protospacer adjacent motif sequences are destroyed3, 
and make continuous, self-recurring mutagenesis impossible. 
Moreover, CRISPR–Cas9 systems such as CRISPR–X4 and EvolvR5 
target narrow genomic windows near to the sgRNA-binding site, 
or require the design, synthesis, and cellular delivery of numer-
ous sgRNAs that tile the regions of interest. Although a T7 RNA 
polymerase (T7 RNAP)-deaminase fusion approach was recently 
used for directed evolution in Escherischia coli6, and longer editing 
regions have been demonstrated6,7, an editor system that is efficient 
in inducing continuous nucleotide diversification in eukaryotic 
cells, especially in human cells, has not been demonstrated.

Here we demonstrate TRACE, a system for continuous, targeted 
mutagenesis in eukaryotic cells that combines the DNA processivity 
of bacteriophage DNA-dependent RNAPs with the somatic hyper-
mutation capability of cytidine deaminases. Bacteriophage RNAPs 
transcribe DNA sequences under the control of a specific pro-
moter without auxiliary transcription factors9. In particular, the T7 
RNAP-T7 promoter system can serve as an orthogonal gene expres-
sion system in mammalian cells10,11. We reasoned that by combining 
T7 RNAP with a cytidine deaminase, TRACE could continuously 
diversify DNA nucleotides downstream of a T7 promoter (Fig. 1a). 
To test this hypothesis, we devised a dual-plasmid system (pTarget 
and pEditor), in which the pTarget contained an enhanced green 
fluorescent protein (EGFP) gene downstream of a T7 promoter and 

the pEditor contained the T7 RNAP-cytidine deaminase fusion 
gene with a nuclear localization signal (Fig. 1b). Two variants of the 
cytidine deaminase, rat APOBEC1 (apolipoprotein B mRNA edit-
ing enzyme, catalytic polypeptide 1) and a hyperactive mutant of 
activation-induced cytidine deaminase, (AID*Δ)4,12, were chosen 
for the pEditor. We also tested variants containing a uracil DNA 
glycosylase inhibitor (UGI), which has been shown to facilitate 
C:G>T:A mutations12, fused to the 3′ end of the T7 RNAP (Fig. 1b).

We first confirmed that T7 RNAP-deaminase fusions main-
tain the transcriptional activity of T7 RNAP (Supplementary  
Fig. 1). We then tested the ability of the T7 RNAP-deaminase 
fusion to induce mutations within a targeted region. HEK293T 
cells transfected with both pTarget and pEditor were collected  
3 d after transfection. DNA from pTarget plasmids was extracted, 
and a window of ~2,000 base pairs (bp) downstream of the T7 
promoter was amplified by PCR for sequencing (Fig. 1c and 
Methods). The most efficient variant, pAID-T7-UGI, showed 
an average C>T mutation rate of 1.47 mutations per 1,000 bp 
(kb−1) and an average G>A mutation rate of 3.1 kb−1 (Fig. 1d). 
Both C>T and G>A substitutions were observed in the data, 
which suggested that there was no obvious mutational strand 
bias. AID constructs (pAID-T7-UGI, and pAID-T7) exhib-
ited higher enzymatic activity than did APOBEC, as shown by 
the average mutation rate (0.76 kb−1 C>T and 0.7 kb−1 G>A 
in pAPOEC-T7; 0.8 kb−1 C>T and 0.74 kb−1 G>A in pAPO-
BEC-T7-UGI; Fig. 1d). Importantly, cells transfected with only 
cytidine deaminase (pAPOBEC or pAID) showed C>T and 
G>A mutation rates similar to that of pT7 (Supplementary  
Fig. 2a). The rate of mutation to other bases from C and G was com-
parable between conditions (Supplementary Fig. 2b). We expect 
the base substitution rate measured in the absence of editor (pT7) 
to result from Illumina sequencing errors13. To examine the extent 
of off-target effects of TRACE in the genome beyond this measure-
ment noise, we developed a barcoded, transposase-based, targeted 
sequencing approach which allows for unique molecular identi-
fier (UMI)-based correction of sequencing errors (Supplementary  
Fig. 3a and Methods), with a detection lower limit of 10−6 mutations 
per bp. The measured genomic C>T and G>A substitution rate 
was in the order of 10−6 bp−1 after 6 d of diversification for control 
groups (pT7 and pAID-UGI) as well as for pAID-T7-UGI, and 
no statistical significance was observed between the control and 
experimental conditions (Dunnett’s test, pAID-T7-UGI versus  
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pT7, P = 0.2125 for C>T; P = 0.2790 for G>A). By contrast, 
TRACE induced on-target (T7 promoter driven) C>T and G>A 
mutation rates in the order of 10−3 bp−1 (Supplementary Fig. 3b).

Next, we developed TRACE to diversify targeted gene loci down-
stream of an integrated T7 promoter within the human genome. We 
observed a significant increase in mutation rates within a window 
of ~2,000 bp downstream of the T7 promoter with pAID-T7-UGI 
(number of bases with above-noise mutation rate, 112 of 459 Cs and 
83 of 406 Gs downstream; 7 of 407 Cs and 3 of 545 Gs upstream;  
Fig. 1e and Supplementary Fig. 4a). For pAID-T7-UGI, the aver-
age C>T and G>A mutation rate downstream of the T7 pro-
moter was significantly higher than that of the upstream region 
(Supplementary Fig. 4a). Examination of the rate of mutation to  
T and to A in the T7 promoter sequence revealed an elevation of 
the C>T mutation rate at base −5C in the pAID-T7-UGI condition, 
reaching on average approximately 0.5% of bases (Supplementary 
Fig. 4b and Supplementary Table 1). Although this substitution has 

been previously shown to weaken the T7 promoter binding by T7 
RNAP14, these data suggest that functional copies of the T7 pro-
moter remain largely intact, with a potential loss at a rate of approxi-
mately 1 in 200 copies over 6 d.

We then reasoned that engineering of either the elongation rate 
or the processivity of T7 RNAP could tune the probability of a cyti-
dine deaminase–DNA interaction, and thus tune the editing rate 
of TRACE. To this end, we tested three mutations (P266L, G645A 
and Q744R) within the wild type T7 RNAP based on previous stud-
ies15–17 (Fig. 1f). The G>A mutation rate in pAID-T7G645AQ744R-
UGI was significantly higher than that of the wild type (two-sided 
t-test, P = 0.0051), whereas the mutation rate of pAID-T7P266L-
UGI was significantly lower than that of the wild type (two-sided 
t-test, P = 0.0424; Fig. 1f). These results demonstrate the tunability 
of TRACE editing rates by T7 RNAP mutants.

Next, we asked whether TRACE could induce continuous nucleo-
tide diversification over multiple cellular generations. A HEK293T 
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Fig. 1 | TrACE enables highly efficient targeted mutagenesis. a, Schematic of TRACE. The recombinant fusion of cytidine deaminase and T7 RNAP 
recognizes a T7 promoter inserted upstream of a target gene. As the T7 RNAP transcribes DNA, the deaminase introduces point mutations (red star).  
b, Constructs tested in c–e. c, Representative high-throughput sequencing reads after diversification. C>T (green) and G>A (red) mutations are 
highlighted. d, Mean C>T and G>A mutation rate of the target region. Dashed line, mean sequencing error rate. e, Mutation rate per base across an ~4-kb 
region. Vertical dashed line, end position of T7 promoter. Horizontal dashed line, mean sequencing error rate. f, Tested T7 RNAP mutations (top) and 
their effect on mutation rate (bottom). Dashed line, mean sequencing error rate. All bars in the figure (d and f) represent mean ± s.e.m., n = 3 independent 
experiments. NLS, nuclear localization signal.
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clone with the T7 promoter-controlled target integrated into the 
genome was transfected with pAID-T7-UGI in a backbone con-
taining the SV40 origin (Methods). The TRACE-induced mutation 
rate over 20 d exhibited a marked, monotonic, continuous increase 
in mutation rate (Fig. 2a and Supplementary Table 2). Examination 
of the distribution of mutations per read revealed that the average 
number of mutations per contiguous Illumina sequencing read 
increased monotonically over time points (Fig. 2b, P < 0.01, one-
way ANOVA). These data suggest that TRACE is able to induce  
continuous nucleotide diversification across 20 cell generations  
(~1 d per generation). In addition, using barcoded lentiviral TRACE 
templates, we demonstrated mutation accumulation over time 

within the same molecular lineage (Fig. 2c and Supplementary Fig. 
5). Reads that share a unique lentiviral barcode also share private 
clonal and hierarchical sub-clonal mutations, which accumulate over 
time; this suggests the possibility of future applications of TRACE for 
lineage tracing. Moreover, using tetracycline-inducible expression 
of pEditor, we demonstrated dynamic control of editing over 20 d 
(Supplementary Fig. 6a and Supplementary Table 3). Automated live 
or dead cell quantification showed no significant difference in cell 
viability between cells with induced expression of TRACE compared 
to uninduced cells not expressing TRACE (Supplementary Fig. 6b).

Finally, we applied TRACE to perform functional mutagenesis 
in mammalian systems in two independent contexts. First, TRACE 
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Fig. 2 | TrACE enables continuous somatic mutations in targeted gene loci and identification of correlated MEK1 inhibitor-resistance mutations. a, C>T 
and G>A mutations over 20 d with integrated T7 promoter-target (mean ± s.e.m., n = 3 independent experiments). b, Top, distribution of the number of 
mutations per contiguous read over 20 d . Bottom, mean mutations per contiguous read over time points (mean ± s.e.m., n = 3 independent experiments). 
c, Sequencing read alignment of a unique barcoded target detected over three time points. Dendrograms showing the hierarchical relationship of the 
sequencing reads across time points are on the left of each alignment. A, Red; T, Green; C, Blue; G, yellow. d, Workflow of TRACE MEK1 inhibitor-resistance 
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was used to shift the fluorescence spectra of blue fluorescent pro-
tein (BFP). A single H66Y amino acid substitution causes a shift 
in the fluorescence excitation and emission spectra of BFP to that 
of green fluorescent protein (GFP)18 (Supplementary Fig. 7a). We 
integrated the BFP gene under the control of a T7 promoter into 
the HEK293T cell genome, and transfected with pEditor variants. 
After 3 d, automated cell counting was used to assay the ratio of 
GFP-positive cells to BFP-positive cells (representative images in 
Supplementary Fig. 7a). Overall, a significant percentage of BFP 
sequences were converted to GFP in pAID-T7 and pAID-T7-UGI 
groups (Supplementary Fig. 7b and counts in Supplementary Fig. 
7c). Second, we applied TRACE to screen for mutations within 
mitogen-activated protein kinase kinase 1 (MEK1 kinase, also 
known as MAP2K1) that promote resistance to pharmacologic inhi-
bition in mammalian cells. We diversified a T7 promoter-targeted 
MEK1 open reading frame integrated into the genome of A375 cells 
for 3 d and then selected with two MEK1 inhibitors, selumetinib 
and trametinib (Fig. 2d). We identified surviving MEK1 mutants 
using high-throughput sequencing (Methods; Fig. 2e,f), summa-
rized in Fig. 2f and described in Supplementary Table 4. Two muta-
tions (E38K and V211D) conferred resistance to both selumetinib 
and trametinib, which suggests that a similar resistance mechanism 
or mechanisms may be involved. To investigate whether muta-
tions are correlated beyond the read lengths obtained by Illumina 
sequencing, we examined the mutation profiles of individual MEK1 
molecules from trametinib-resistant cells via Sanger sequencing 
(Supplementary Fig. 8). We found that 57 of 152 single DNA clones 
sequenced had more than two mutations in the MEK1 molecule. In 
particular, E38K mutants existed only as double mutants with V211D 
across several MEK1 molecules, and not vice versa (Supplementary  
Fig. 8), which suggests the occurrence of a potential stepwise muta-
tion fixation under selection. To examine the functional correla-
tion between E38K and V211D, we performed a luciferase serum 
response element (SRE) reporter assay to test the effects of the 
two mutations, both individually and combined, on the activ-
ity of the MAPK–ERK signaling pathway. Notably, MEK1(E38K 
V211D) induced significantly higher reporter activity than 
did MEK1 wild type, MEK1(E38K) or MEK1(V211D) alone  
(Fig. 2g and Supplementary Table 5), which suggests a significant  
elevation in MAPK–ERK signaling pathway activity as a mecha-
nism of trametinib-resistance for the MEK1(E38K V211D) mutant. 
To our knowledge, no functional correlation between MEK1(E38K) 
and MEK1(V211D) has been characterized. In contrast with muta-
tion library screening methods, TRACE, when combined with 
long-read sequencing, can readily identify correlated mutations.

In summary, we demonstrate that TRACE generates nucleo-
tide diversity within the human genome at average C>T and G>A 
mutation rates in a tunable range from ~0.5 kb−1 to 4 kb−1 within  
a week. The high editing rate and large editing window (at least  
2,000 bp) exhibited by TRACE make it possible to target long  
genomic regions over multiple cellular generations, such that 
this method is on a par with, or exceeds, other technologies 
(Supplementary Table 6). Although insertion of the T7 promoter 
site is required, we anticipate that TRACE can diversify multiple 
genomic loci without disruption of reading frames, by avoiding 
the insertions and deletions that are observed with other DNA edi-
tors19,20. TRACE can also be engineered for dynamic control, and 
although further testing of the long-term off-target effects when 
integrated into animal models is needed, TRACE neither elevates 
global mutation rates within 6 d (with a current detection limit at 
10−6 bp−1) nor observably affects cell health over 20 d.

In the future, the base-editing profile of the system can be 
expanded by using other base-editing enzymes21, and orthogo-
nal bacteriophage polymerase systems (for example, SP6 RNAP) 
may permit differential editing on multiple loci. Furthermore, we 
anticipate that TRACE is well suited to serve as a long-term cellular 

recorder owing to its continuity, its ability to be engineered, and its 
wide recording window. For these reasons, we envision TRACE as 
an engineerable and generalized platform for nucleotide diversifica-
tion in mammalian systems.
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Methods
Design and construction of pTarget and pEditor plasmids. Plasmids and primers 
used in this report are listed in Supplementary Data Set 1. pcDNA3.1(+)-IRES-
GFP was a gift from K. L. Collins (Addgene plasmid 51406)22. pCMV-BE3 was a 
gift from D. Liu (Addgene plasmid 73021)12. pGH335_MS2-AID*Δ-Hygro was a 
gift from M. Bassik (Addgene plasmid 85406)4. pHR-EF1Alpha-puro-T2A-Tet-on 
3G-TRE3G-Ascl1 was a gift from S. Qi (Addgene plasmid 118593)23.  
Lenti_ CMV_T_IR, Lenti_PAX2, and Lenti_VSVg were gifts from J. L. Marshall. 
pLX-TRC313 was obtained from the Broad Institute Genetic Perturbation 
Platform. T7 RNAP and T2A-tdTomato were ordered as gBlocks from Integrated 
DNA Technologies (IDT). T7 promoter-MEK1 complementary DNA was ordered 
as a gene fragment from Genewiz. To generate pAPOBEC-T7 and pAPOBEC-T7-
UGI, the Cas9 (D10A) in the pCMV-BE3 construct was replaced with T7 RNAP 
by Gibson assembly. The original T7 promoter was deleted to avoid self-editing. 
To generate pAID-T7 and pAID-T7-UGI, rat APOBEC1 in pAPOBEC-T7 and 
pAPOBEC-T7-UGI was replaced with AID*Δ amplified from pGH335_MS2-
AID*Δ-Hygro. For the pTarget plasmid, the T7 promoter-GFP fragment was 
amplified from pcDNA3.1(+)-IRES-GFP and was subcloned into a pUC19 
backbone. This fragment was also subcloned into Lenti_CMV-T-IR to generate 
Lenti_CMV_T7_GFP-T-IR. A pTarget plasmid without the T7 promoter was 
also cloned as a negative control. The BFP fragment was generated from the GFP 
sequence via site-directed mutagenesis and was inserted into the pLX-TRC313 
backbone. pAID-T7G645A-UGI, pAID-T7P266L-UGI, pAID-T7P266LG645A-
UGI, and pAID-T7G645AQ744R-UGI were cloned via site-directed mutagenesis 
using wild type pAID-T7-UGI as a template. The AID-T7G645AQ744R-UGI 
fragment was subcloned into the pcDNA3.1(+) backbone via Gibson assembly 
to generate pcDNA3.1(+)-AID-T7G645AQ744R-UGI. The T2A-tdTomato 
sequence was inserted at the 3′ end of the UGI to generate pcDNA3.1(+)-AID-
T7G645AQ744R-UGI-T2A-tdTomato. The AID-T7 fragment was subcloned 
into pHR-EF1Alpha-puro-T2A-Tet-on 3G-TRE3G-Ascl1 via Gibson assembly 
to generate pHR-EF1Alpha-puro-T2A-Tet-on 3G-TRE3G-AID-T7. All plasmid 
sequences were verified using Sanger sequencing. All cloning primers were ordered 
from IDT. Plasmids were extracted using a Qiaprep Spin Miniprep Kit or Plasmid 
Plus Midi Kit (Qiagen).

Cell culture and plasmid transfection. HEK293T cells (ATCC) were grown 
in high-glucose (4.5 g l−1) DMEM medium supplemented with GlutaMAX, 
1 mM sodium pyruvate, 10% FBS, 100 units ml−1 of penicillin and 100 µg ml−1 
of streptomycin in a humidified chamber with 5% CO2 at 37 °C. Cells were 
maintained at ~80% confluence in 24-well plates on the day of transfection. For 
dual-plasmid transfection, 250 ng of pTarget and 250 ng of pEditor plasmids 
were mixed together with 1 μl of TransIT-X2 reagent (Mirus) and the mixture 
was incubated in 50 μl of Opti-MEM (Thermo Fisher Scientific) for 30 min. The 
mixture was then added drop-wise to each well. Alternatively, target-integrated 
single cell clones were cultured in 12-well plates and were transfected with 1,000 ng 
of pTarget plasmids.

Lentivirus production and generation of single cell clones. Three million 
HEK293T cells were cultured in 10 ml of culture medium in a 10 cm dish. Cells 
were transfected with 12 μg of transfer plasmids, 9 μg of Lenti_PAX2 and 3 μg of 
Lenti_VSVg. Culture medium was replaced 24 h after transfection with 6 ml of high-
glucose (4.5 g l−1) DMEM supplemented with GlutaMAX, 1 mM sodium pyruvate, 
30% FBS, 100 units ml−1 of penicillin and 100 µg ml−1 of streptomycin. Supernatant 
containing viral particles was filtered through 0.45 μM filters 24 h later. To generate 
the target-integrated HEK293T single cell clone, 0.5 × 106 HEK293T cells in a 6-well 
plate with 2.5 ml of culture medium received, drop-wise, 500 μl of viruses and 
8 μg ml−1 of polybrene. Two days after transduction, successfully integrated cells 
were selected by puromycin at a concentration of 1.5 μg ml−1. Integrated cells were 
subjected to fluorescence-activated cell sorting (FACS) in single cell format into 
96-well plates using a MoFlo Astrios EQ Cell Sorter (Beckman Coulter) and single 
cells were allowed to expand to form colonies. HEK293T cells were transduced 
with pLX-TRC313-BFP and pHR-EF1Alpha-puro-T2A-Tet-on 3G-TRE3G-
AID-T7 virus and were selected by puromycin at a concentration of 1.5 μg ml−1 and 
hygromycin at a concentration of 200 μg ml−1 to generate fully TRACE-integrated 
cell lines. To generate T7 promoter-MEK1-integrated A375 cells, cells were selected 
by hygromycin at a concentration of 200 μg ml−1.

Long-term monitoring of the accumulation of mutations. For the experiment 
shown in Fig. 2a, pEditor variant pAID-T7-UGI in an SV40 origin of replication-
containing pcDNA3.1(+) backbone was used to enable HEK293T cells to replicate 
the plasmid. A T2A-tdTomato sequence was also fused to the 3′ end of the editor 
sequence to monitor transfection efficiency and plasmid DNA replication. Target-
integrated single cell clones were cultured in 12-well plates and were transfected 
with 1,000 ng of pTarget plasmids. Half of the cell population was collected at 
the indicated time points, and the other half was passaged to a new 12-well plate. 
Red fluorescence (tdTomato) was visually monitored daily. A second transfection 
was performed on day 11. Genomic DNA (gDNA) samples from day 1 (before 
diversification), days 5, 10, 15, and 20 were obtained and the T7 promoter-
controlled target (~2,000 bp) was sequenced.

For the experiment shown in Supplementary Fig. 6, a tetracycline-inducible 
promoter-controlled pEditor variant pAID-T7 and the T7 promoter-controlled 
target were stably integrated into the HEK293T cell genome. Doxycycline (Dox,  
an analog of tetracycline) was added into the culture medium (1 μM) to activate  
the TRACE system. The TRACE-integrated HEK293T cells were cultured in bulk 
with or without Dox for 20 d. gDNA samples from day 1 (before diversification), 
days 6, 10, 16 and 20 were obtained and the T7 promoter-controlled target 
(~800 bp) was sequenced. Cell viability was assessed by the dye exclusion test using 
0.4% trypan blue solution (Thermo Fisher Scientific) and a Cellometer Auto T4 
(Nexcelom Bioscience).

Fluorescence microscopy and image analysis. T7 promoter-BFP-integrated 
HEK293T cells were seeded in a 24-well glass-bottom plate and transfected  
with pEditor. Cells were imaged using an inverted Nikon CSU-W1 Yokogawa 
spinning disk confocal microscope with 488 nm (GFP) and 405 nm (BFP) lasers, 
an air objective (Plan Apo λ, 4× or 20× , Nikon, or Plan Fluor 40× , Nikon), and 
an Andor Zyla sCMOS camera. NIS-Elements AR software (v4.30.01, Nikon) was 
used for image capture. Images were processed using ImageJ (National Institutes 
of Health (NIH)). CellProfiler (version 3.1.5, Broad Institute)24 was used for 
segmentation and for counting BFP- and GFP-positive cells. GFP-positive cells 
were further thresholded by Otsu’s method using integrated intensity with  
the R package autothresholdr25.

On-target mutation analysis. To sequence the targeted region (~2,000 bp) on 
pTarget, plasmids were extracted from ~1 million cells using a Qiaprep Spin 
Miniprep Kit. PCR was performed using Phusion U Hot Start PCR master mix 
(2×, Thermo Fisher Scientific). Approximately 100 ng of those plasmids was used 
as a template (primer sequences are shown in Supplementary Data Set 1) in a 
final volume of 40 μl. The following program was used: 1 cycle of 98 °C for 30 s, 
25 cycles of 98 °C for 10 s, 60 °C for 30 s, 72 °C for 1 min, and 1 cycle of 72 °C for 
5 min. Magnetic Ampure XP beads (Beckman Coulter) were added to samples 
at a 0.8:1 ratio to size select for the PCR fragments. Purified PCR products were 
eluted in 25 μl of water. The concentration of each sample was measured by Qubit 
(Thermo Fisher Scientific). From each sample, 0.5 ng of DNA in a volume of 2.5 μl 
was used as input for the subsequent library preparation. The sequencing library 
was prepared following the Nextera XT Kit protocol (Illumina), with half of the 
recommended amount of each reagent used. Sequencing was performed on a 
MiSeq (Illumina) with paired-end reads (read1,100 bp; index1, 8 bp; index2, 8 bp; 
read2, 100 bp).

To sequence the targeted genomic loci, genomic DNA was extracted from  
~1 million cells using the Quick-DNA Kit (Zymo Research). Approximately 75 ng 
of extracted genomic DNA was used as input. PCR was performed using Phusion 
U Hot Start PCR master mix with primers shown in Supplementary Data Set 1. 
DMSO (0.2 μl) was added to the PCR mix to make a final volume of 20 μl. The 
following program was used: 1 cycle of 98 °C for 30 s, 25 cycles of 98 °C for 10 s, 
60 °C for 30 s, 72 °C for 2 min, and 1 cycle of 72 °C for 5 min. Ampure XP beads 
were added to samples at a 0.8:1 ratio to size select for the PCR fragments.  
Purified PCR products were eluted in 10 μl of water. The concentration of 
each sample was measured by Qubit and the same Nextera XT Kit protocol as 
mentioned above was used to prepare the sequencing library. Sequencing was 
performed on a MiSeq (Illumina) with paired-end reads (read1,100 bp; index1, 
8 bp; index2, 8 bp; read2, 100 bp).

To calculate the mutation rate, ~1 million reads were produced for each sample. 
Illumina sequencing adapters were trimmed during sample demultiplexing using 
bcl2fastq2 (v2.19.1). Bases in each read with an Illumina quality score lower than 
25 were filtered. Alignment on the respective reference sequence was performed 
using Bowtie 2 (v2.2.4.1)26. Alignment files were generated in BAM format and 
were visualized in Geneious (v11.1.5). The mutation enrichment at each base 
was calculated with custom MATLAB scripts. The first and last 15 bases of each 
read aligned to the 5′ and 3′ ends of the reference sequence were trimmed to 
filter low coverage and low alignment quality reads due to the limits of Nextera 
tagmentation. Bases with a read count of less than 100 were also excluded from the 
analysis. We calculated the transitions, transversions, and indels observed at each 
position and plotted the C>T and G>A mutation profiles, respectively, for each 
sample. The mutation rate per base data were obtained by dividing the number 
of reads with mutations over the number of total reads at each base. The average 
mutation rate for each possible combination of base switching for each sample 
was calculated by averaging the mutation rate per base across the targeted region. 
The pT7 sample was used to estimate the measurement noise that was introduced 
through sample preparation and Illumina sequencing. To plot the mutations per 
read distribution shown in Fig. 2b, read 1 aligning to the targeted EGFP region was 
examined and the number of mutations for each read was counted.

Off-target mutation analysis. To test whether TRACE edits certain sites of the 
genome in preference to the target region27, we studied several housekeeping 
genes (GAPDH, β-actin, and α-tubulin) and a non-coding RNA (Malat1). Gene-
specific reverse primers were designed to target the above-mentioned genomic 
regions (Supplementary Data Set 1). The entire genome was first tagmented into 
DNA fragments with varying lengths using custom Tn5 (see below). A read 1 
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adapter sequence and a 6-base UMI were appended to one end of all of the DNA 
fragments, which were then PCR amplified using a universal forward primer and 
gene-specific reverse primers. Because all gene-specific reverse primers are ~20 bp 
in length, regions in other chromosomes sharing sequence homology with the 
primers were also amplified. Thus, the final sequencing library covers additional 
genomic regions to the initial seven regions that were targeted. The details of the 
sequencing library preparation and analysis are described below.

First, a read 1 adaptor was generated by annealing a forward strand sequence 
with a complementary mosaic end sequence (Supplementary Data Set 1). This 
equimolar mixture was heated at 85 °C for 3 min and then cooled to 20 °C over 
approximately 1–1.5 h (1% ramp). The annealed read 1 adaptor was diluted with 
100% glycerol at a 1:1 ratio. Second, 100 μl of Tn5 dilution buffer was prepared 
by mixing 50 μl of 100% glycerol, 5 μl of 1 M Tris pH 7.5, 2 μl of 5 M NaCl, 2 μl of 
5 mM EDTA, 1 μl of 100 mM DTT, 1 μl of 10% NP-40 and 39 μl of water. Third, 
25 μl of unloaded Tn5 enzyme (a gift from the F. Zhang Laboratory) was mixed 
with 25 μl of Tn5 dilution buffer and 50 μl of annealed read 1 adaptors. The mixture 
was then incubated at room temperature (22 °C) for 30 min. The loaded Tn5 can 
be stored at −20 °C and can be used for up to 2 weeks. Fourth, ~100 ng of genomic 
DNA, collected from HEK293T cells that had been incubated with pEditor 
variants for 6 d, was incubated with 2.5 μl of loaded Tn5 in 25 μl of Tagment DNA 
Buffer from the Nextera XT Kit. The final volume was 50 μl. The tagmentation 
mix was incubated at 55 °C for 5 min. The tagmentation reaction was stopped by 
performing a column purification using a NucleoSpin Gel and PCR Clean-Up Kit 
(Takara Bio). Purified DNA fragments were eluted in 40 μl of water. Fifth, 5 μl of 
tagmented DNAs were amplified by using barcoded universal forward primers 
and gene-specific reverse primers (Supplementary Data Set 1). Phusion U Hot 
Start PCR master mix (10 μl) was pre-heated to 85 °C and was then added into 
the PCR mix. The final volume for each PCR reaction was 20 μl. The following 
program was used: 1 cycle of 72 °C for 5 min, 98 °C for 30 s, 10 cycles of 98 °C for 
10 s, 64 °C for 30 s, 72 °C for 30 s, and 1 cycle of 72 °C for 5 min. Ampure XP beads 
were added to samples at a 1.8:1 ratio to purify the PCR fragments. Purified PCR 
products were eluted in 10 μl of water. Sixth, the 10 μl elution products were used 
for a second PCR in which a barcoded universal reverse primer and the same 
barcoded universal forward primer were mixed with 20 μl of Q5 Hot Start High-
Fidelity 2× Master Mix (NEB). The final volume of the PCR reaction was 20 μl. The 
following program was used: 1 cycle of 98 °C for 30 s, 15 cycles of 98 °C for 10 s, 
64 °C for 30 s, 72 °C for 30 s, and 1 cycle of 72 °C for 5 min. Ampure XP beads were 
added to samples at a 1.8:1 ratio to purify the PCR fragments. The concentration 
of each sample was measured by Qubit. Sequencing was performed on a Nextseq 
(Illumina) with paired-end reads (read1, 75 bp; index1, 8 bp; index2, 8 bp; read2, 
75 bp). Custom sequencing primers (Supplementary Data Set 1) were spiked-in 
according to the manufacturer’s instructions.

To quantify the off-target mutation rate, each sample received 1 million paired-
end reads. We trimmed 26 bases from the 5′ end of read 1, which contained the 
UMI, the custom read1 adaptor sequence and the mosaic end sequence. We also 
trimmed 20 bases from the 5′ end of read 2, which contained the gene-specific 
primer binding region, using custom MATLAB and python scripts. Trimmed 
paired-end reads were then aligned to hg19 using Bowtie2 with the parameter 
-X2000 to allow fragments of up to 2 kb to align. Reads that mapped to the 
mitochondria, chromosome Y, and unmapped contigs were removed. From the 
resulting BAM files, we used mpileup (samtools) to look at positions with reads 
that had minimum mapping qualities of 30 and minimum Q-scores of 32. Of those 
positions, any position that mapped to pericentromeric regions (on chromosome 
1 and chromosome 7), as well as any position with fewer than 10 reads were 
removed. UMIs for each read were extracted and were used to correct for 
sequencing errors; the most common base call for UMIs with at least two matching 
reads was determined to be the consensus base for that UMI at that position. 
Positions with <5 bases after UMI deduplication were filtered, and any position 
with <80% of the deduplicated UMIs with the same base call was filtered out as 
a SNP. Finally, a mutation rate was calculated at each position by dividing the 
number of UMI-deduplicated bases that were different from the consensus base by 
the total number of UMI-deduplicated bases measured. Statistical significance was 
determined with a Dunnett’s test.

Barcoded TRACE target library generation. Ultramers containing 20 bp barcodes 
(20 Ns; IDT) were annealed with equimolar annealing primers and phosphorylated 
with T4 polynucleotide kinase (95 °C for 5 min; cooled to 25 °C at ~5% ramp; 
oligonucleotide sequences are shown in Supplementary Data Set 1). Second 
strand synthesis of the annealed oligonucleotide was performed using Klenow 
fragment (NEB) at 25 °C for 30 min. The resulting double-stranded barcoded 
oligonucleotides were gel purified and inserted into a lentiviral backbone using 
Gibson assembly (primer sequences are shown in Supplementary Data Set 1). The 
Gibson assembly products were then purified by isopropanol precipitation and 
were transformed into Endura electrocompetent cells (Lucigen) using the following 
parameters: voltage, 1,800 V; capacitance, 10 μF; resistance, 600 Ω; cuvette, 1 mm. 
Approximately 0.8 × 106 colonies were recovered and plasmids were then extracted. 
Barcoded lentiviruses were produced as described above and HEK293T cells 
were transduced at a multiplicity of infection such that no cells received the same 
barcoded target. Cells were diversified by TRACE for an amount of time indicated 

in Supplementary Fig. 5 and gDNAs were extracted. A 900 bp region covering 
the 20 Ns barcode, the T7 promoter and the T7 promoter-controlled target was 
amplified by PCR with Phusion U Hot Start PCR master mix (2×, Thermo Fisher 
Scientific). The following program was used: 1 cycle of 98 °C for 30 s, 10 cycles 
of 98 °C for 10 s, 56.2 °C for 30 s, 72 °C for 1 min, and 1 cycle of 72 °C for 5 min. 
Exonuclease I (2 μl, E. coli; NEB) was added to the PCR products and the mixture 
was incubated at 37 °C for 15 min. Magnetic Ampure XP beads were then added to 
samples at a 0.8:1 ratio to size select for the PCR fragments. Purified PCR products 
were eluted in 10 μl of water. A second PCR was performed on the purified PCR 
products to attach the Illumina P5 and P7 handles using KAPA HiFi HotStart 
ReadyMix PCR Kit (2×, Kapa Biosystems). The following program was used: 1 
cycle of 95 °C for 3 min, 15 cycles of 98 °C for 20 s, 64 °C for 15 s, 72 °C for 1 min, 
and 1 cycle of 72 °C for 1 min (primer sequences are shown in Supplementary Data 
Set 1). The final PCR products were gel purified. Sequencing was performed on a 
MiSeq (V3; Illumina) with paired-end reads (read1, 225 bp; index1, 8 bp; index2, 
8 bp; read2, 150 bp).

MEK1 inhibitor-resistance screen. A375 cells were a gift from the F. Zhang 
Laboratory. T7-promoter-controlled MEK1 cDNA was lentivirally integrated 
into the genome. Cells were diversified by transfections of pEditor variant 
pcDNA3.1(+)-AIDT7G645AQ744R-UGI for 3 d. Cells transfected with empty 
vectors were treated as an undiversified control. Approximately 500,000 cells per 
well in a 24-well plate were placed under selection with either 1 μM selumetinib 
or 1 μM trametinib for 2 weeks. After selection, cells were harvested and genomic 
DNA was extracted. The MEK1 cDNA containing the mutations was PCR 
amplified using Phusion U Hot Start Master Mix (primer sequences were shown 
in Supplementary Data Set 1). Ampure XP beads were added to samples at a 0.8:1 
ratio to size select for the PCR fragments. Purified PCR products were eluted in 
10 μl of water. The concentration of each sample was measured by Qubit and the 
Nextera XT Kit protocol was used to prepare the sequencing library. Sequencing 
was performed on a MiSeq (Illumina) with paired-end reads (read1, 100 bp; 
index1, 8 bp; index2, 8 bp; read2, 100 bp). The mutation rate for each base of the 
MEK1 sequence was calculated for both pre- and post-selection samples. Fold 
enrichment was calculated by dividing the post-selection mutation rate of a base 
by the pre-selection mutation rate. Mutations with a mutation rate of more than 
1% and fold enrichment of more than 5 were identified. For Sanger sequencing on 
single MEK1 molecules, MEK1 molecules were PCR amplified using gDNA from 
trametinib-resistant cell colonies and were subsequently cloned into a  
pLX-TRC313 plasmid vector using Gibson assembly (primer sequences are shown 
in Supplementary Data Set 1). MEK1-containing plasmids were transformed into 
bacteria and single colonies were picked and mini-prepped.

SRE reporter assay. pcDNA3.1(+)-MEK1 wild type, pcDNA3.1(+)-MEK1E38K, 
pcDNA3.1(+)-MEK1V211D, and pcDNA3.1(+)-MEK1E38KV211D were 
generated using Gibson assembly (primer sequences are shown in Supplementary 
Data Set 1). The SRE reporter assay was performed using the SRE reporter kit  
(BPS Bioscience) according to the manufacturer’s instructions. In brief, ~40,000 
cells in 100 μl of growth medium per well were seeded in 96-well white assay plates. 
HEK293T cells were transfected with 60 ng of reporter plasmids along with 50 ng 
of respective MEK1 plasmids for 6 h before being washed and replenished with 
50 μl of trametinib-containing culture medium with 0.5% FBS. After 12 h, cells 
were washed and incubated with 50 μl of 0.5% FBS-containing culture medium 
supplemented with recombinant human epidermal grown factor protein (final 
concentration 10 ng ml−1) for 6 h. Reporter activity was then monitored using a 
dual luciferase (Firefly-Renilla) assay system (BPS Bioscience) according to the 
manufacturer’s instructions using a Synergy H4 plate reader (BioTek). The ratio 
between Firefly luminescence intensity and Renilla luminescence intensity was 
calculated for each well after subtracting background luminescence.

Statistics. The relevant statistical test, sample size, replicate type and P values for 
each figure and table are found in the figure or table and/or the corresponding 
figure legends or table footnotes.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The sequencing data supporting the findings of this study are available in NCBI 
BioProject database with accession number PRJNA555784.

Code availability
All custom code will be available upon request.
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