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Heterologous survey of 130 DNA transposons in
human cells highlights their functional divergence
and expands the genome engineering toolbox
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e Forty active DNA TEs from mining 102 metazoan genomes
increase the TE toolbox diversity

e Tc1 elements with high copy nhumbers and IR-DR structures
tend to show high activity

e Active TEs show diverged functional features such as
insertion profile and cargo capacity

e MAG outperforms lentiviral vectors in CAR-T cell therapy
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In brief

A heterologous survey of 130 DNA
transposable elements (TEs) in human
cells not only unveils evolutionary and
functional features linked to transposition
activity but also expands the TE-based
genome engineering toolbox by
incorporating functionally diverse TEs,
particularly the highly potent MAG.
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SUMMARY

Experimental studies on DNA transposable elements (TEs) have been limited in scale, leading to a lack of un-
derstanding of the factors influencing transposition activity, evolutionary dynamics, and application potential
as genome engineering tools. We predicted 130 active DNA TEs from 102 metazoan genomes and evaluated
their activity in human cells. We identified 40 active (integration-competent) TEs, surpassing the cumulative
number (20) of TEs found previously. With this unified comparative data, we found that the Tc1/mariner su-
perfamily exhibits elevated activity, potentially explaining their pervasive horizontal transfers. Further func-
tional characterization of TEs revealed additional divergence in features such as insertion bias. Remarkably,
in CAR-T therapy for hematological and solid tumors, Mariner2_AG (MAG), the most active DNA TE identified,
largely outperformed two widely used vectors, the lentiviral vector and the TE-based vector SB100X. Overall,
this study highlights the varied transposition features and evolutionary dynamics of DNA TEs and increases
the TE toolbox diversity.

INTRODUCTION

In the 1940s, Barbara McClintock discovered the first transpos-
able element (TE), consisting of a pair of DNA transposons
harboring terminal inverted repeat (TIR), autonomous Ac, and
non-autonomous Ds.' McClintock found that TEs act as
“controlling elements” by affecting the expression of neigh-
boring genes and as mutagens by inducing changes in host ge-
nomes.? Over the subsequent 70 years, the field experienced
an expansion, with TEs discovered to inhabit nearly
all eukaryotic genomes.*® Among various types of TEs, DNA

L)

Updates

TEs include numerous superfamilies, such as hAT with Ac/Ds
as one founding member and Tc1/mariner. The contribution
of DNA TEs to their hosts has attracted broad interests where
they are domesticated in various important pathways.”~'°
Meanwhile, DNA TEs have been studied from three other angles,
including factors underlying transposition activity, evolutionary dy-
namics, and genome engineering tool development. Despite the
limited scale of these studies, they have contributed essential
knowledge. First, coding and noncoding determinants of transpo-
sition have been investigated. Residues including D (aspartic acid),
D, and E/D (E for glutamic acid) have been identified as the catalytic
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Figure 1. Mining of active TEs in 102 animal genomes and functional screening

(A) The pipelines for predicting active TEs and annotating coding and noncoding sequences.
(B) The distribution of 130 potentially active DNA TEs across species and superfamilies. The count of TEs belonging to each animal class is listed in parentheses.
The numbers in each superfamily are color-coded.
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core.'"™"® TIRs are bound by transposases,’'*'® and some Tc1/

mariner elements show characteristic structure with two imperfect
direct repeats (DRs) as the binding sites within each TIR (IR-
DR)."""""'9 Second, DNA TEs are believed to undergo “horizontal
transfer, vertical inactivation, and stochastic loss.”?°?2 That s, an
autonomous TE invades a host followed by repression and the
accumulation of inactivating mutations.*?"*>°> Furthermore,
non-autonomous TEs including miniature inverted repeat TEs
(MITEs, 50-800 bp internally deleted non-autonomous TEs) effi-
ciently compete for transposases encoded by related autonomous
TEs due to the presence of TIRs and their small size.?*° Third,
multiple DNA TEs have been developed as tools for versatile appli-
cations, including insertional mutagenesis and transgenesis.**°
Among these TEs, Sleeping Beauty (SB) from the Tc1/mariner su-
perfamily and piggyBac (PB) from the piggyBac superfamily have
drawn most attention.*®*” With extensive optimization of coding
and/or noncoding sequences, active variants (e.g., SB100X)
have been developed as potent non-viral vectors.**® SB100X-
based chimeric antigen receptor (CAR) T cell therapy has been em-
ployed to treat hematological tumors.®**'

Clearly, the bias toward a small number of DNA TEs and hetero-
geneity across experimental studies make it difficult to identify
general rules across TE superfamilies or families. Specifically,
the transposition activity of DNA TEs after their heterologous
expression in human cells remains unpredictable. How evolu-
tionary features (e.g., superfamily type) and sequence features
(e.g., IR-DR) affect transposition are largely unknown. Regarding
evolutionary dynamics, while the amplification of MITEs as dele-
tion derivatives of autonomous TEs has been reported,?®?"*
whether TE superfamilies are generally associated with MITEs is
less clear. From an application standpoint, head-to-head compar-
isons of DNA TEs concerning cargo size tolerance or integration
patterns are lacking.*® Furthermore, TE-based genome engineer-
ing tools with diverse functional characteristics, particularly highly
potent CAR-T vectors effectively treating both hematological and
solid tumors, remain underdeveloped.

To fill these gaps, we performed large-scale experiments of
DNA TEs in human cells to achieve two goals: (1) to derive gen-
eral rules about factors underlying transposition activity and
evolutionary dynamics and (2) to expand the TE toolbox. Specif-
ically, by mining 102 metazoan genomes, we predicted 130 pu-
tatively active DNA TEs spanning five superfamilies. Through
functional screening in human cells, we identified 40 active
TEs, twice the total number (20) of previously reported active
DNA TEs. Our analysis of this unified transposition activity
dataset reveals that the Tc1/mariner superfamily elements,
particularly those showing high copy number and possessing
an IR-DR structure, are active. The high activity contributes to
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pervasive horizontal transfers of Tc1/mariner.**~*® Furthermore,
compared with other TEs, active Tc1 elements are less associ-
ated with MITEs. In addition to activity and evolutionary dy-
namics, active TEs also exhibit diversified application features,
such as the cargo capacity and insertion patterns. We finally
demonstrated that the TE with the highest activity, i.e., Mari-
ner2_AG (MAG), largely outperformed the conventional lentiviral
vector and SB100X used in CAR-T therapy against both hemato-
logical malignancies and solid tumors. Overall, our study not only
highlights the divergence of DNA TEs in terms of transposition
activity and evolutionary dynamics but also expands TE-based
genome engineering toolbox by incorporating functionally
diverse TEs, particularly the highly potent MAG.

RESULTS

One hundred and thirty active DNA TEs were predicted
across 102 metazoan genomes
Toincrease the success rate of identifying DNA TEs mobile in hu-
man cells, we began with a literature survey and found 20 TEs
active in mammalian cells that were cumulatively identified in
past decades (Table S1; STAR Methods). With the exception
of Ac from plants, the other 19 TEs were from metazoans, with
fish at the top contributing six TEs (e.g., SB from salmon®').
Thus, we searched for active TEs in 100 publicly available meta-
zoan genomes with TE annotation, along with two fish genomes
without TE annotation. For each active TE candidate, we anno-
tated open reading frame (ORF) and TIR. In addition, since
DNA TEs recognize specific genomic target sites,”>*” we also
extracted target information. These three types of information
would enable the downstream experimental survey.

Specifically, from all 100 annotated genomes hosted by the
UCSC Genome Browser,”® we predicted 124 potentially active
DNA TEs via two rounds of filtration (Figure 1A; STAR Methods).
First, from 2,024 distinct DNA TEs corresponding to millions
of copies harbored by these genomes, we extracted 1,577
TEs with at least one potentially full-length autonomous copy
defined according to the consensus sequences annotated by
Repbase.”® We then only retained candidates harboring TIRs
and ORFs with a transposase domain in the consensus se-
quences. After addressing redundancy caused by TEs shared
across multiple species (STAR Methods), we identified 124
unique candidates (Table S2A). We further annotated target sites
by searching the hallmark sequence of transposition, i.e., target
site duplication (TSD), which comprises a short duplicated
sequence flanking TIRs.'?

To expand our survey to genomes without TE annotation, we
searched for active DNA TEs in two additional fish genomes,

(C) The distribution of the average percent divergence of DNA TEs relative to the consensus. Ascidiacea and Echinoidea in (B) are excluded due to a small number
of TEs. The boxplot shows the median with a black line, the first and third quartiles with hinges, and the minimum and maximum with whiskers. The actual data

points are also overlaid.

(D) The scheme for quantifying the transposition activity of TEs. For PIF/Harbinger elements, a second helper plasmid encoding the myb-like protein was co-
transfected. For plasmids, PGK (Phosphoglycerate Kinase) and CMV (Cytomegalovirus) represent two distinct promoters, while puroR indicates a gene with

puromycin resistance gene and GFP indicates the green fluorescent protein.

(E) The transposition activity of 40 active TEs and SB100X in HEK293T cells. For each superfamily, the number of active TEs and total candidates is shown in
parentheses. Two TEs from the unannotated fish genomes are shown in purple. Data are represented as mean + SD across two biological replicates.

See also Figure S1.
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Sinocyclocheilus tileihornes (cave fish) and Pseudoliparis swirei
(snailfish in the deep sea). In addition to the aforementioned fact
that fish contribute more active DNA TEs (Table S1), the genomes
of these two species from stressful environments may harbor
an increased number of TEs.’° After de novo TE annotation,
including TE consensus construction with RepeatModeler and
TE search with RepeatMasker (STAR Methods), we performed
the same two rounds of filtration (Figure 1A). By correcting low-
quality consensus sequences generated by RepeatModeler
and precisely predicting TIRs, we identified six final candidates
(Table S2B). Thus, we compiled a merged candidate list of 130
DNA TEs.

The distribution of TEs with respect to species and superfam-
ilies was consistent with previous knowledge, indicating a high
quality of the final candidate dataset. Although mammals ac-
counted for 55.9% (57/102) of the included species (Figure S1A),
TE candidates from mammals constituted only 15.4% (20/130,
Figure 1B) of all candidates and tended to be old, as indicated
by high percentage divergence relative to the consensus
sequence approximating the ancestral sequence (median:
14.6%, Figure 1C). These patterns are consistent with the loss
of DNA TE activity over at least the last 40 million years in most
mammal lineages.®'> The top two species, Alligator mississip-
piensis and Xenopus tropicalis, harbored 55 (42.3%) candidates,
in line with the high abundance of DNA TEs in these two spe-
cies.”®*®° On the other hand, 130 candidates span five superfam-
ilies (Tc1/mariner, hAT, piggyBac, PIF/Harbinger, and P), with
Tc1/mariner and hAT being the top two in terms of abundance,
consisting of 70 and 43 candidates, respectively. This pattern
is again in line with a previous report showing that the Tc1/mar-
iner and hAT elements are most pervasive in metazoans.>*
Among the six P elements, five were from the Anopheles gam-
biae genome, and one was from the Drosophila melanogaster
genome, which was also consistent with the insect bias of this
superfamily.®®>” Notably, all 20 known cases were from the
same five superfamilies (Table S1).

Altogether, by developing two bioinformatic pipelines, we pre-
dicted 130 active TE candidates and annotated their coding se-
quences, TIRs, and TSDs.

Functional screening in human cells identified 40 active
TEs

To evaluate the transposition activity of the 130 TEs in human
cells, we implemented a well-established assay,®'**®*° co-trans-
fecting one helper plasmid and one donor plasmid (Tables S3A
and S3B). Specifically, the helper encodes a human codon-opti-
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mized transposase (Figure 1D). The donor encodes puromycin
resistance gene and a GFP reporter flanked by corresponding
noncoding sequences (TSDs, TIRs, and spacer sequences be-
tween TIRs and coding regions, Figure 1A). After transfection
followed by puromycin selection, the number of resistant col-
onies represents the transposition activity. We profiled 60 TEs
in HEK293T and Hela cell lines (STAR Methods). Active TEs
were largely shared by both cell lines, and the activity level
was correlated (Spearman’s p = 0.83, Figures S1B and S1C).
We therefore screened the remaining 70 candidates in only
HEK293T cells.

Co-transfection assays identified 40 (30.7%) active TEs
(Figure 1E; STAR Methods). Among these TEs, three showed
higher activity than the positive control (SB100X), and the most
active Mariner2-AG show 19.8% higher activity compared with
SB100X with the difference being statistically significant (Stu-
dent’s t test p = 0.016). The second most active TE (Tc71-2_ST)
was from the cave fish and obtained from de novo annotation.

Collectively, by quantifying TE transposition activity in human
cells, we identified 40 active TEs, including the highly active Mar-
iner2-AG.

Forty active TEs increase the evolutionary diversity of
the DNA TE toolbox

Given the 40 active DNA TEs and 90 inactive ones, we wondered
how these TEs increased phylogenetic breadth relative to the 20
known active TEs (Table S1).

We first anchored all TEs in a phylogenetic tree, reconstructed
on the basis of alignment of the conserved catalytic DDE/D
domain (STAR Methods). Consistent with a previous cross-su-
perfamily analysis,'® the relationships between superfamilies
were not well resolved, as indicated by a low confidence score
(bootstrap < 70, Figure 2A). However, the within-superfamily
phylogeny was resolved, in which all members were clustered
with members from the same superfamily. Moreover, the estab-
lished phylogeny of three families in the animal Tc1/mariner su-
perfamily, namely, Tc1, Mariner, and Pogo, was reproduced.”
Similarly, the phylogeny of three families in the hAT superfamily,
Ac, Buster, and Tip100, was also largely reproduced,'®°
although two annotated Tip700 elements were clustered into
the Buster branch. This ambiguity possibly reflects the contro-
versy about whether Tip700 represents a family separated
from Ac and Buster.®'%°

These 40 active DNA TEs not only covered most major
branches on which known active TEs were located but also
expanded the phylogenetic space, especially for the Tc1/mariner

Figure 2. Evolutionary analyses of active and inactive DNA TEs

(A) Phylogenetic tree of the 130 candidate TEs and the 20 known active TEs. TEs in black and in gray are active and inactive, respectively. The bootstrap
confidence scores are labeled along major branches representing families or superfamilies. From inside to outside, the three concentric squares indicate known
TEs, novel active TEs, and TIR types (see also Figure 3A). Notably, although we focused on novel TEs (STAR Methods), Tc1-8B_DR was discovered in the process

of our project.®

B) The distribution of active TEs across superfamilies or families.
D) The distribution of the transposition activity across superfamilies.
F) The distribution of potentially full-length autonomous TE copy number.

(
(
(
(
(
(

See also Figure S1.

E) Horizontal transfers of DNA TEs in insects and vertebrates, broken down per superfamily. The data are from two studies.

C) The distribution of average divergences across active and inactive TEs. For (C), (D), and (F), the convention follows Figure 1C.

45,64

G) The weight of evolutionary features in predicting the presence or absence of transposition activity in human cells.

Cell 187, 3741-3760, July 11, 2024 3745




¢ CellPress

and hAT superfamilies (Figures 1B and 2A). Within the Tc7 family
of the Tc1/mariner superfamily, our dataset contributes 17
cases, in addition to the six previously known cases. These 23
cases are distributed in three clades, with clade 1 showing the
highest abundance, including aforementioned Mariner2-AG
and SB100X (Figure 2A). Tc1-15_Xt, TC1_FR2, and Tc1DR3_Xt
are scattered in clade 2, which does not include any previously
known active TE. The remaining clade 3 includes two active
TEs, i.e., Tc1-2_ST and Tc1-5_Xt. Compared with the Tc1 family,
the Pogo family has not been experimentally explored until the
recent identification of Passer.>* We have now added six cases
to this family, representing a broad phylogenetic space (Fig-
ure 2A). Our screen did not include any candidate from the
Mariner family, consisting of three known cases. This depletion
is possibly because of the distribution bias of Mariner in arthro-
pods,”"°® while mammals were overrepresented in our species
list (Figure S1A). Within the hAT superfamily, only five known
cases are scattered across all three families, Ac, Buster, and
Tip100, while 13 newly discovered cases with moderate
sequence similarity (<42%) to known cases are distributed in
the Ac and Buster families.

For the remaining three superfamilies with fewer cases tested
(Figure 1B), the increase in diversity was less pronounced. For
the piggyBac and PIF/Harbinger superfamilies, only two known
cases and one known case existed, respectively (Figure 2A).
Two active piggyBac elements and one PIF/Harbinger element
are now added, all of which show low similarity relative to the
known counterparts (<15%). In addition, although two known
active P elements have been reported (Figure 2A),°° TEs of this
superfamily are believed to be mainly active in insects since
their transposition likely depends on insect-specific partner pro-
teins.>"%%5" Thus, the absence of P activity in human cells
across all six candidates possibly reflects a general pattern.

In summary, our screening substantially increases the number
and diversity of active DNA TEs.

Tc1 elements with high copy numbers are more likely to
be active than other TEs

Motivated by the apparent enrichment of active DNA TEs in the
Tc1 family (Figure 2A), we analyzed the distribution of active TEs
across superfamilies and families. The overall proportion of
active TEs was 34.2% for Tc1/mariner, 30.2% for hAT, 40% for
piggyBac, 16.7% for PIF/Harbinger, and 0 for P superfamily (Fig-
ure 1E). Since the total number of candidate TEs in the last three
superfamilies was small (5, 6, and 6), these proportions were
associated with uncertainty. By exploiting the large number of
Tc1/mariner and hAT candidates, we performed family-level an-
alyses (Figure 2B). We found that a significantly higher proportion
of Tc1 elements than Pogo elements were active (45% vs. 20%,
Fisher’'s exact test p = 0.026, Figure 2B), and Buster (50%) ele-
ments were the most active, followed by Ac (31.8%) and
Tip100 elements (0%), with the difference between Buster and
Tip100 being significant (p = 0.017). These differences could
be attributed to the fact that DNA TEs from more active families
tend to be evolutionarily younger, as approximated by diver-
gence relative to the consensus sequence (Mann-Whitney test
p < 0.05, Figures S1D and S1E). Consistently, both active Tc1/
mariner elements and hAT elements tend to show lower diver-
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gence than their inactive counterparts (median: 2.1% vs. 6.9%,
2.2% vs. 6.5%, Figure 2C), although only the former comparison
is statistically significant due to the larger sample size (Mann-
Whitney test p = 0.004).

For active DNA TEs, we examined the distribution of transpo-
sition activity. Tc1/mariner showed the highest median activity
(561), followed by piggyBac (399), hAT (236), and PIF/Harbinger
(100, Figure 2D). The comparison between the two superfamilies
with a relatively higher number of active TEs, namely Tc1/mariner
and hAT, showed statistical significance. For family-level com-
parison, the median activity of Tc7 was marginally significantly
higher than that of Pogo (662 vs. 441, Mann-Whitney test p =
0.088, Figure S1F), while the median activity of Ac and Buster
was similar (249 vs. 208). The high heterologous transposition
activity of Tc1/mariner elements could contribute to their hori-
zontal transfers.** %% Consistently, the Tc1/mariner superfam-
ily accounted for more than 70% of horizontal transfers in
both insects and vertebrates (Figure 2E; STAR Methods). In
addition to factors such as superfamily/family and divergence
(Figures 2B-2D and S1D-S1F), active DNA TEs are also associ-
ated with a high number of potentially full-length autonomous
copies. The difference is significant for both Tc1/mariner and
hAT superfamilies (Mann-Whitney test p = 0.0018 and 0.0019,
respectively, Figure 2F).

Clearly, all these evolutionary features could overlap with each
other; for example, TEs with high copy numbers also show low
divergence. Moreover, homologous TEs should not be viewed
as independent data points. To control these technical issues
and generate an overview on which evolutionary information
best predicts whether DNA TEs are active in human cells, we
performed a joint modeling while controlling homology between
TEs (STAR Methods). We found that copy number was the stron-
gest predictive factor, while the other factors only made moder-
ate contributions (Figure 2G). This result is unsurprising since
copy number most directly reflects recent transposition activity
in the native genomes of TEs.

Collectively, our between- and within-superfamily analyses
show that high-copy-number Tc1 elements are most active in
human cells.

Tc1 elements exhibit higher activity in the presence of
an IR-DR structure and show a lower propensity for
evolving into MITEs
Next, by exploiting the unified activity dataset (Figure 2A), per-
forming dedicated experiments, and analyzing MITE sequences,
we estimated the importance of noncoding sequences for
transposition activities. We focused on the Tc1/mariner super-
family since it has the largest number of tested cases (Fig-
ure 2A) and IR-DR structure has been characterized in this
superfamily." 719

We first found that active Tc1/mariner elements were more
often associated with TIRs harboring IR-DR structure. Specif-
ically, in line with the diversity of TIRs of Tc7 elements,®®%°
sequence analyses revealed four distinct IR-DR architectures
(Figure 3A; Table S4; STAR Methods): (1) long TIR-DR: TIRs
with a length exceeding 100 bp, characterized by the presence
of two pairs of DRs similar to SB'"'""'%; (2) short TIR-DR: TIRs
with a length shorter than 100 bp, harboring one pair of DRs
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Figure 3. Evaluation of the importance of noncoding sequences
(A) Four TIR architectures in terms of DRs.
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(B) The distribution of transposition activity across active Tc7 elements. The convention follows Figure 1C.
(C) A schematic illustration of the transposon fragment in the top six active Tc1 elements. The breaking point of spacers indicates the previous position of

transposase.

(D) The relative transposition activity of the top six active Tc7 elements with spacer or internal DRs removed. DR/© represents the deletion of two inner DRs in
Tc1-2_ST (the black asterisks in C). Data are represented as mean + SD across two biological replicates.
(E) The distribution of 40 active TEs in terms of evolutionary models, broken down into superfamilies or families. Low copy number TEs: <3 non-autonomous

copies.
(F) Count of DNA TEs with MITEs containing intact TIRs.
See also Figure S2.

within the TIRs and the other pair in the spacer region; (3) short
TIR-DR*: similar to the short TIR-DR architecture, but with one
DR missing from the spacer region; and (4) short TIR-DR**:
similar to the short TIR-DR* architecture, but with all three DRs
present in the spacer region. Tc1 elements match the first three
architectures, while Pogo elements only match the last two ar-
chitectures (Figure 3A). This is in line with the fact that Pogo
TIRs are generally short (<40 bp).**"° Within Te1 family, mem-
bers with standard IR-DR structures or long TIR-DR architec-

tures are more frequently active (14/22 or 63.7%, Figure 3A)
than members with short TIRs (14.3%-27.2%, Fisher’s exact
test p < 0.054). Furthermore, among active Tc7 elements, those
with long TIRs showed higher activity (median: 700 vs. 300,
Mann-Whitney test p = 0.040, Figure 3B). Notably, after account-
ing for phylogenetic dependence or homology, the former
comparison becomes more pronounced (phylogenetic test
p < 0.033; STAR Methods), whereas the latter shows no signif-
icant difference (p = 0.293).
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In addition to TIRs or IR-DRs, the spacers of DNA TEs may also
affect transposition activity.?®"'~"® To test this hypothesis, we
compared the vector with a spacer and the counterpart lacking
a spacer (Figures 1A and 3C) for the top six most active TEs,
all of which were Tc1 elements (including Mariner2_AG, Tc1-
2_ST, Tc1-1_Xt, Tc1-3_FR, Tc1-8B_DR, and Tc1-1_PM; Fig-
ure 1E; Table S3). Despite the phylogenetic divergence among
these TEs (Figure 2A), all of them showed a moderate decrease
in transposition activity, with four reaching statistical significance
(Figure 3D), indicating that Tc7 spacers generally harbor func-
tional elements underlying the activity. For Tc7-2_ST, which
was phylogenetically diverged from the other five elements (Fig-
ure 2A), we further removed the two internal DRs and observed
the complete loss of activity (Figures 3C and 3D). Thus, for IR-
DR Tc1 elements belonging to either clade 1 (e.g., SB100X'%7*
in Figure 2A) or clade 3 (Tc71-2_ST), DRs are often essential.

Since TIRs are essential for transposition,'*?%?%"> we ex-
pected that MITEs, if present, would retain the intact TIRs of their
corresponding autonomous TEs. Hence, for 40 active DNA TEs,
we analyzed their MITEs (non-autonomous DNA TEs with high
copy numbers; STAR Methods). We identified three scenarios
(Figure S2A; Table S4): first, as described by Pace et al.,”® one
active autonomous DNA TE corresponds to a few MITEs; sec-
ond, no MITE is present where non-autonomous TEs represent
random low copy number deletion derivatives of autonomous
TEs; and third, in a hybrid mode, MITEs contribute a proportion
of non-autonomous TEs, and the remaining non-autonomous
TEs are deletion derivatives with low copy numbers. Among
different families or superfamilies, most active TEs largely fit
the first scenario, except for Tc1 elements, among which 8
(44.4%) and 3 (18.8%) fit the second and third scenarios, respec-
tively (Figure 3E). Regardless of the first or third scenario, all
MITEs always harbor intact TIRs of active DNA TEs (Figure 3F),
supporting their ubiquitous importance.

In summary, our findings corroborate the importance of TIRs.
Moreover, regarding Tc7 elements, they are more likely to be
active when long TIRs or IR-DR structures are present, their
spacers affect activity, and they are less likely to be associated
with MITEs.

Alignments of active DNA TEs along with experimental
validations reveal essential amino acids

In parallel to analyses of noncoding sequences, comparisons
between active and inactive DNA TEs also reveal key protein res-
idues underlying transposition activity.

¢ CellP’ress

We first focused on the Tc1 family within the Tc1/mariner su-
perfamily due to the abundance of both active and inactive el-
ements in this group (Figure 2A). We formulated three intercon-
nected hypotheses: (1) conserved amino acids, such as D, D,
and E/D,"""® are shared among active DNA TEs; (2) inactive
TEs exhibit greater variability at these sites; and (3) substitu-
tions of these amino acids affect transposition activity. Consis-
tently, sequence alignment revealed 23 conserved sites shared
by all 23 active TEs, including eight previously experimentally
validated essential sites (e.g., DDE), along with 15 novel sites
(Figure 4A; STAR Methods). Conversely, the inactive TEs
showed a median of one mutation at these sites (Figure 4B).
To ascertain the functional impact of these conserved sites,
particularly the 15 novel sites, we introduced mutations result-
ing in a change to either the amino acid state found in inactive
TEs or alanine (Ala) in cases where multiple derived states were
present in inactive TEs (Table S3C; STAR Methods). To gain a
comprehensive understanding, we examined two phylogeneti-
cally representative members, SB100X and Tc71-2_ST (Fig-
ure 2A). At seven sites (e.g., R131), introduced mutations
largely abolished the activity of both SB100X and Tc71-2_ST
(Figure 4C). Mutations at five sites (e.g., T102) disrupted the
activity of either SB100X or Tc7-2_ST, indicating differential
tolerance. Three sites (e.g., P269) tolerated mutations in both
Tc1 elements, suggesting that these sites affect other functions
(e.g., insertion preference) rather than transposition activity. For
12 sites involved in activity, structural modeling revealed that
10 sites were sequentially or spatially close to known critical
motifs, including DDE, SPDL (S for serine, P for proline, D for
aspartic acid, and L for leucine),”” and nuclear localization
signal (Figures 4D and S2B-S2D). The functional roles of the re-
maining two sites are more elusive.

Although we could not perform a similar analysis for the Pogo
family due to the small number of active TEs, we analyzed the
hAT superfamily. All patterns were reproduced: (1) active TEs
possessed the CCHH motif (C for cysteine and H for histidine),
DDE motif, and experimentally validated W319 of the RW motif
(R for arginine and W for tryptophan),’® along with seven novel
sites (Figure 4E); (2) inactive TEs harbored a median of two mu-
tations across these 15 sites (Figure 4F); (3) experimental inves-
tigation revealed the essentiality of four sites for two diverged
hAT members (hAT-7_PM and HAT1_AG, Figure 2A), together
with the differential importance of two sites (Figure 4G); and
(4) these six sites were situated in the spatial proximity to
DDE, the TIR interaction region, or the sequential vicinity of

Figure 4. Evaluation of the functional importance of conserved residues
(A) Conserved (unchanged) residues of active Tc1 elements. Domains or motifs of SB100X are shown at the top, while the position is numbered on the basis of

SB100X at the bottom. The tree topology is based on Figure 2A.

(B) The distribution of substituted residue number across inactive Tc7 elements. This panel and (F) follow the figure convention of Figure 1C.
(C) Mutational effects on transposition activity of Tc7 elements in HEK293T cells. Data are represented as mean + SD across two biological replicates. The three

residues tolerating mutations for both TEs are marked in light blue.

(D) Proximity of novel functional residues relative to known essential motifs of SB100X transposase.
(E) Conserved (unchanged) residues of active hAT elements. Domains or motifs of Hermes transposase are shown at the top, while the position is numbered on
the basis of Hermes transposase at the bottom. The tree topology is based on Figure 2A.

(F) The distribution of substituted residue number across inactive hAT elements.

(G) Mutational effects on transposition activity of hAT elements in HEK293T cells. Data are represented as mean + SD across two biological replicates.
(H) Proximity of novel functional residues relative to known essential motifs of Hermes transposase.

See also Figures S2 and S7.

Cell 187, 3741-3760, July 11, 2024 3749




¢ CellPress

the RW motif (Figures 4H and S2E-S2H). Unexpectedly, the re-
maining P437A mutation increased the transposition activity,
suggesting that P437 is evolutionarily maintained to fine-tune
the activity.

Altogether, the in silico and experimental analyses of the Tc1
family and the hAT superfamily revealed that our activity data
not only recovered those known essential amino acids but also
revealed novel important sites.

Active DNA TEs show diverse functional features

To evaluate the application potential of these active TEs, we
further studied three critical features: the insertion preference,
cargo size tolerance, and overproduction inhibition (transposition
inhibition upon high expression®**>%), We focused on the most
active and phylogenetically representative DNA TEs, including
the top six active Tc1 elements, one Pogo elements (Tigger4),
hAT-7_PM, HAT1_AG, and piggyBac-1_AMi (Figure 2A).

We analyzed the insertion patterns of these TEs together with
SB100X and piggyBac as controls (Table S5; STAR Methods).
Given rich functional annotations of K562 cells,”® we performed
analyses in this cell line after ensuring the activity of all 12 TEs
(Figure S3A). DNA TEs have evolved three insertion profiles:
insertion into transcriptionally active regions to ensure their
own expression; insertion into less important regions, or so-
called safe harbor, to make them less harmful to the host;
and semi-random insertion.?°®> Mapping data across 12 TEs
demonstrated all three profiles (Figures 5A and S3B-S3D): (1)
Tigger4, hAT members, and piggyBac showed enrichment to-
ward transcriptional start sites, with HAT1_AG showing the
strongest enrichment and Tigger4 showing the weakest enrich-
ment; (2) piggyBac-1_AMi insertion was biased toward both
repressed chromatin and various safe harbors, such as regions
without cancer-related genes; and (3) the remaining seven Tc1
members, including SB100X, exhibited a semi-random distribu-
tion with a weak enrichment toward genic regions. These
patterns align with the established bias of piggyBac toward
transcriptional start sites and the semi-random pattern of
SB100X.2°%¢ Additionally, an analysis across histone marks
also produced largely consistent patterns, such as the enrich-
ment of Tigger4, hAT members, and piggyBac toward active
marks (Figure S3E).

Furthermore, with the exception of Mariner2_AG, which pos-
sesses a small number of native sites, the remaining nine TEs
recognize similar motifs in human cells and their respective
native genomes (Figure S3F): (1) five Tc1 elements together
with Tigger4 (a Pogo element) recognized a TA motif; (2) HA-
T1_AG, an Ac element, bound to an 8-bp motif in which T and
A were overrepresented at the second and seventh positions,
respectively, while hAT-7_PM, a Buster element, bound to a
different 8-bp motif in which T and A were overrepresented at
the fourth and fifth positions, respectively; and (3) piggyBac-
1_AMi recognized a TTAA motif. All of these motifs were consis-
tent with the previous reports spanning different families or
superfamilies.'?"5:43:85:87

Second, with SB100X as a control, we evaluated the cargo size
tolerance capability for 9 out of the 10 aforementioned DNA TEs,
excluding Tigger4 due to its relatively low activity (Figure 1E; STAR
Methods). All TEs display their peak activity with the smallest
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cargo size (2 kb, Figure 5B), aligning with previous reports that
smaller non-autonomous DNA TEs tend to show higher activity
compared with their autonomous counterparts.”®”" However,
Mariner2_AG, Tc1-2_ST, and Tc1-1_Xt showed relatively stronger
tolerance for larger cargos, with their transposition activity remain-
ing at approximately 30% even with a 10-kb cargo, which is com-
parable to the extensively optimized SB100X.

Finally, we assayed the overproduction inhibition of the six
active Tc1 elements together with SB100X as the control. To
be less deleterious to hosts, some DNA TEs self-regulate their
transposition; for instance, high levels of transposase lead to
protein aggregation and subsequent reduction in transposi-
tion activity.®®®° By contrast, under an increasing transposase
level, the activity of other TEs can either reach a plateau
or monotonically rise.”>?° Six Tc7 elements together with
SB100X seemed to show all three possibilities. First, consis-
tent with a previous report,®® SB100X showed overproduction
inhibition, where transposition activity reached a peak with the
increasing doses of the helper plasmid (encoding transpo-
sase) and declined with the further increases of dose (Fig-
ure 5C). Tc1-3_FR, Tc1-1_PM, and Tc1-1_Xt seemed to be
also subjected to overproduction inhibition with varying dy-
namics. By contrast, Tc7-2_ST reached a plateau, while the
remaining two Tc7 members showed a roughly linear increase
in activity along with an increase of transposase. Certainly,
these three may also show overproduction inhibition with
further increases of helper doses.

Collectively, our head-to-head assays highlight the functional
diversity of the active DNA TEs, indicating broad application
potentials.

CAR-T cells engineered with Mariner2_AG show high
efficacy in eradicating tumors

Finally, to explore the practical utility of these active DNA TEs, we
evaluated them in therapeutic applications, specifically TE-
based CAR-T cell therapy.

Similar to our approach in HEK293T cells (Figure 1D; STAR
Methods), we first identified the most efficient TE vector in hu-
man T cells. Specifically, we tested Mariner2_AG, Tc1-1_Xt,
Tc1-3_FR, and Tc1-8B_DR on the basis of their activity, insertion
randomness, and efficiency across different cargo sizes
(Figures 1E, 5A, and 5B). Among them, Mariner2_AG (subse-
quently referred to as MAG) exhibited the highest activity (16%
vs. 2%-12%, Mann-Whitney test p < 0.01, Figure 6A). For com-
parison, SB100X and a lentiviral vector were included for their
routine usage in CAR-T therapies.>*™*' Notably, among the two
widely used lentiviral vectors, FUW®'°? and pRRLSIN,**"*° we
selected FUW due to its better performance in tumor cell lysis
(Figures S4A-S4C).

A typical CAR-T experiment consists of CAR-T cell generation
and amplification together with functional evaluation in vitro and
in vivo (Figure 6B). With electroporation, we co-delivered two
plasmids harboring the CD19 CAR and MAG transposase into
T cells. Notably, although the electroporation causes cell
toxicity,>® the cell numbers of all samples were similar to that
of the untreated control after recovery (Figure S4D; STAR
Methods). Despite the different vectors used, the proportions
of CAR-positive T cells generated with MAG (MAG-CD19),
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Figure 5. Functional characterization of active TEs

(A) The integration profile heatmap in K562 cells. The dendrogram on the left was generated on the basis of the Euclidean distances between rows after log
transformation. Branches with bootstrap confidence scores lower than 60 are collapsed.

(B) The transposition activity of TEs with different cargo sizes in HEK293T cells.

(C) The relative transposition activity of TEs at various helper-to-donor ratios in HeLa cells. Data are represented as mean + SD across two biological replicates.
See also Figures S3 and S7.

SB100X (SB-CD19), or lentivirus (LV-CD19) were similar (22%- expressing CD19 (STAR Methods). All three types of CAR-T
27%, Figure 6C). Next, we assessed the in vitro functionality of cells showed similar abilities to eliminate tumor cells across
CAR-T cells, using a hematological cancer cell line (K562) over-  different effector-to-target (CAR-T cells vs. cancer cells) ratios
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(Figure S4E). However, after subjecting the cells to four rounds of
tumor cell challenges, which induce T cell exhaustion,®? the LV-
CD19 CAR-T cells exhibited a decline in cytolysis, showing only
approximately 25% tumor lysis in the last round (Figure 6D). By
contrast, MAG-CD19 and SB-CD19 CAR-T cells maintained a
high efficacy, erasing almost all tumor cells even in the last
round. Given the similar T cell subtype composition observed
throughout this process (Figure S4F), the enhanced efficacy
of MAG-CD19 and SB-CD19 cells may stem from a greater pro-
portion of CAR-positive cells following each challenge round
compared with LV-CD19 cells (Figure S4G).

To evaluate the efficacy in vivo, we established a tumor
cell line-derived xenograft (CDX) model by injecting Raji-luci
cells (a hematological cancer cell line expressing luciferase)
into mice, followed by the administration of CAR-T cells (Fig-
ure 6E). LV-CD19 reduced tumor compared with the phos-
phate-buffered saline (PBS) buffer and T cell control groups.
However, SB-CD19 exhibited even better performance, and
MAG-CD19 outperformed both with respect to control of tumor
volumes (Figures 6F and 6G) and overall survivals (Figure 6H). To
validate MAG-CD19’s superiority over LV-CD19 and SB-CD19,
we conducted tests under the more challenging condition, using
an increased number of Raji-luci cells and a reduced number of
CAR-T cells, and observed similar results (Figures S4H-S4K).
Since all these experiments are based on T cells from a single hu-
man donor, we evaluated anti-tumor capability of MAG-CD19
relative to LV-CD19 using T cells from another donor (Figure S4L;
STAR Methods). Again, MAG-CD19 CAR-T cells showed
enhanced cytolysis (Figures S4M and S4N) and superior in vivo
efficacy (Figures S40 and S4P). The robust efficacy of MAG-
CD19 was consistent with its persistence in the peripheral blood
of treated mice (Figure S4Q).

Analogous in vitro and in vivo assays demonstrated the supe-
rior efficacy of MAG-CAR-T cells in the treatment of solid tumors
relative to LV- and SB-based approaches. Three types of anti-
HER1 CAR-T cells were engineered: LV-HER1, SB-HER1, and
MAG-HER1 (STAR Methods). In contrast to the anti-CD19 sce-
nario (Figures S4A-S4C), FUW now displays only moderately
higher activity compared with pRRLSIN in the multiple rounds
of tumor challenge assay (Figures S5A-S5C). Consequently,
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we performed evaluations against each of these two LV vectors.
In FUW-based assays, despite the high proportion of CAR-pos-
itive cells for FUW (Figure 6l), MAG-HER1 cells demonstrated
high resistance during in vitro challenges, particularly evident in
the final round (Figure 6J). Consistently, in vivo mouse data
indicated that MAG-HER1 CAR-T cells promptly controlled tu-
mor growth (Figures 6K and 6L), resulting in smaller tumors
compared with the LV and SB groups (Figures 6M and 6N). Sub-
sequently, for mice showing complete tumor clearance in the SB
and MAG groups, re-inoculated tumors were swiftly eliminated
(Figure 60), aligning with the persistent presence of CAR-T cells
in the peripheral blood of mice in these two groups (Figure S5D).
Evaluation results based on pRRLSIN largely recapitulated
the superiority of MAG-HER1 CAR-T cells (Figures S5E-S5J),
including high in vitro resistance of tumor cells (Figures S5F
and S5G), rapid in vivo tumor elimination (Figures S5H and
S5I), and sustained presence in the blood (Figure S5J).

Given potentially distinct functionalities across CARs with
different co-stimulatory domains,® we substituted the widely
used 4-1BB domain utilized in previous experiments with the
CD28 domain (Figures 6B, S4A, and S5A). MAG-CD19/HERT1
CAR-T cells again surpassed LV and SB CAR-T cells
(Figures S4R, S48, S5K, and S5L).

We then investigated the mechanisms underlying the perfor-
mance of TE-based CAR-T cells, particularly MAG cells. Given
similar T cell composition across different CAR-T cells (Fig-
ure S4F), the superiority of TE-based cells likely stems from their
persistence (e.g., Figures S4G and S5G). Notably, a main chal-
lenge to sustained CAR functionality is the potential for CARs
to elevate tonic signaling prior to tumor cell exposure, leading
to susceptibility to activation-induced cell death (AICD) and pre-
mature T cell exhaustion.®”°® To explore this possibility, we
exposed cells to continuous antigen stimulation, establishing a
model mimicking CAR-T cell exhaustion for both anti-CD19
and anti-HER1 therapies (Figures S6A and S6B; STAR Methods).
Before stimulation, quantification of specific markers revealed
comparable levels of tonic signaling and AICD across LV, SB,
and MAG CAR-T cells, with a slight elevation of phospho-CD3¢
(a tonic signaling marker) in MAG cells and Fas (an AICD marker)
in LV cells (Figures S6C and S6D). Similarly, all three cell types

Figure 6. Anti-tumor capability of lentiviral and TE-derived CAR-T cells
(A) The transposition activity of TEs in human T cells. Data are represented as mean + SD across two biological replicates.
(B) The workflow of lentiviral and TE-derived CAR-T cell generation and functional evaluation. EF1a and CMV promoters were used. For additional abbreviations,

please refer to the legend of Figure S4A.

(C) CAR expression quantification by flow cytometry analysis of CD19 CAR-T cells on the 12" day after electroporation. The terms "Freq" and "MFI" (mean
fluorescence intensity) denote the percentage of CAR-positive cells and the expression level of CAR, respectively.

(D) Tumor cell lysis ability of CD19 CAR-T cells across four rounds of incubation with K562-CD19 cells. Data are represented as mean + SEM (n = 3).

(E) Schematic of the in vivo experimental design using cell line-derived xenograft (CDX) models for CD19 CAR-T cells.

(F) Bioluminescence imaging results for five mice inoculated with Raji-luciferase tumor cells (Raji-luci).

(G) Quantification of luminescence. The average radiance (p.s/cm/s) represents the tumor burden. Data are represented as mean + SEM (n = 5).

(

(

H) The survival curve of tumor-bearing mice.

1) CAR expression quantification by flow cytometry analysis of HER1 CAR-T cells on the 12" day post-electroporation.
(J) Tumor cell lysis ability of HER1 CAR-T cells across five rounds of incubation with H266 cell lines. Data are represented as mean + SEM (n = 3).

(
(
(
(

K) Schematic of the in vivo experimental design using CDX models for HER1 CAR-T cells.

L) Tumor volume of mice bearing HER1* tumors. Data are represented as mean + SEM (n = 5).

M) Tumor status in mice on the 52" day after HER1 CAR-T cell injection. "NA" denotes complete tumor elimination. Data are represented as mean + SEM (n = 5).
N) Tumor weight in mice on the 52" day after HER1 CAR-T cell injection. Data are represented as mean + SEM (n = 5).

(O) Tumor volume in mice after tumor re-inoculation. Data are represented as mean + SEM (n = 5).

See also Figures S4, S5, and S6.
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showed analogous levels of exhaustion in the early stages of
stimulation, as evidenced by the expression of four marker
genes (Figure S6E). However, LV cells exhibited significantly
heightened exhaustion in later stages. Thus, although the extent
of antigen-independent tonic signaling and AICD is similar
across LV, SB, and MAG CAR-T cells, LV CAR-T cells demon-
strate earlier exhaustion following antigen stimulation. Consid-
ering the importance of sustained CAR expression for CAR-T
cell function®*"°" and the moderate insertion bias of SB and
MAG toward transcriptionally active regions in K562 cells (Fig-
ure 5A), it is conceivable that this bias persists in exhausted
T cells, contributing to their sustained functionality. Indeed, ana-
lyses of insertion site mapping data in T cells and public chro-
matin accessibility data from a T cell exhaustion model revealed
that approximately 9.1% of MAG insertions were located in open
chromatin pre-stimulation, with 81% of them remaining open in
dysfunctional or exhausted T cells (Figure S6F). In comparison,
these percentages were 3.8% and 73% for SB and 2.3% and
77% for LV, respectively (Figure S6G). Thus, the TE insertion
bias could be important in prolonging the CAR expression and
functionality of TE-based CAR-T cells, especially MAG cells.

Taken together, our analyses of hematological and solid tu-
mors demonstrated the superiority of MAG CAR-T cells over
LV CAR-T cells in both in vitro and in vivo contexts. Notably,
MAG CAR-T cells surpassed SB CAR-T cells in most compari-
sons, particularly in the in vivo evaluations.

DISCUSSION

By screening the largest set of DNA TEs in human cells to date,
we not only provide insights into the factors underlying the trans-
position activity and evolutionary dynamics but also expand the
TE-based genome engineering toolbox.

First, based on the unified activity dataset, including 130 DNA
TEs, we dissected evolutionary and functional factors associ-
ated with transposition activity. From an evolutionary standpoint,
four of five superfamilies consist of members active in human
cells, and the Tc1/mariner superfamily, especially the Tc1 family,
is enriched with high-activity members (Figures 2A, 2B, and 2D).
Furthermore, possibly because the number of autonomous
copies directly reflect the recent mobilization of TE, it best pre-
dicts the activity of TEs (Figure 2G). From a functional stand-
point, the general essentiality of TIRs has been corroborated
(Figure 3F), while Tc1 elements with the IR-DR structure tend
to be active (Figures 2A and 3A). In addition to TIRs, active TEs
harbor critical amino acids, including known functional motifs
and their proximal residues (Figures 4A and 4E). All these fea-
tures such as high copy number or essential residues are
valuable across multiple aspects. Specifically, although our
computational framework (Figure 1A) demonstrates decent
performance, with 30% of candidates being validated as active
(Figure 1E), it could be further enhanced by incorporating copy
number or residue information. Moreover, by introducing back-
mutation into MAG at 11 sites shared across most active TEs
but altered in MAG (Figure 4A), our pilot study identified one mu-
tation (M235Q) enhancing the activity by ~30% (Figures S7A and
S7B; STAR Methods). Presumably, other novel active TEs could
be similarly improved. Essential residue data can also be em-
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ployed to evaluate widely used tools such as PolyPhen-2'%

and ESM1b."% Although they effectively predict critical residues
within Tc1 elements (Figure S7C; STAR Methods), their perfor-
mance diminishes for hAT elements (Figure S7D), indicating
the necessity for optimization across protein families.

Second, our analyses substantiate horizontal transfer, vertical
inactivation, and stochastic loss model.>°2? Tc1/mariner ele-
ments are widely recognized for their susceptibility to horizontal
transfer (Figure 2E).**~%%1% Qur cross-superfamily survey now
provides a mechanistic basis, revealing that the Tc1/mariner su-
perfamily tends to show high heterologous activity (Figure 2D).
Furthermore, whether MITEs are generally associated with
various TE families during vertical inactivation is less clear. Our
analysis demonstrates that this is not always the case, especially
for the Tc1 family, in which MITEs are either absent or only
contribute a proportion of non-autonomous TEs (Figures 3E
and S2A). This peculiarity may be attributed to the small size of
Tc1 elements compared with other TEs (median: 1.6 kb vs.
2.4-5.8 kb, Figure S2I), suggesting that size reduction due to in-
ternal deletion may not confer a competitive binding capability
for Tc1 MITEs.

Third, our screening has expanded the DNA TE-based
genome engineering toolbox, especially by incorporating highly
potent MAG. Case studies in the last three decades cumulatively
identified 20 DNA TEs active in mammalian cells (Table S1). In
this study, we identified 40 cases and increased phylogenetic di-
versity (Figure 2A). Moreover, our head-to-head characterization
revealed the functional divergence of TEs (Figure 5). These data
could guide future TE-based applications in either mutagenesis
or transgenesis across a wide range of species, given the activity
of TEs in both diverse host species and human (Table S2). For
mutagenesis, since the TE toolbox consists of semi-randomly in-
serted members or members preferring transcriptionally active
or inactive regions (Figure 5A), multiple members with comple-
mentary biases target a genome more comprehensively, which
would be valuable for enhancer or gene mapping, as well as
random insertion.”*®>1% For transgenesis, our CAR-T therapy
experiments (Figures 6D-6H and 6J-60) showed that MAG
largely outperformed the conventionally used lentivirus and
SB100X. The significance of these results is 2-fold. On the one
hand, except codon optimization, MAG has not been subjected
to engineering, while SB100X went through five generations of
optimization over 10 years.*® Nonetheless, MAG largely outcom-
peted SB100X in terms of the activity and CAR-T therapy perfor-
mance (Figures 1E and 6), highlighting the performance of the
data-driven strategy for tool development. Note that MAG could
be further enhanced based on optimization strategies developed
for SB. For instance, among the five known SB mutations®® that
reduce genic integration bias (Figure 5A) and consequently lower
the risk of oncogenic transformation, three exhibited a similar ef-
fect for MAG without heavily impacting its activity (Figures S7E-
S7G). On the other hand, MAG shows superior performance in
CAR-T therapy against both hematological and solid tumors,
while DNA TE-based CAR-T therapy against solid tumors has
been rarely reported. Together with the simplicity and cost-
effectiveness of TE-based CAR-T cell generation compared
with lentiviral-based approaches,”’"'°%'%” MAG represents a
potent platform for developing CAR-T therapies targeting
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various tumors. In addition, it is important to note the recently
increasing popularity of CRISPR-Cas9-mediated knockin tech-
niques in CAR-T therapy (e.g., the insertion of CD19 CAR into
the T cell receptor « [TRAC] locus'°®'%%). This approach offers
the advantage of uniform endogenous regulation of CAR expres-
sion. Despite potential drawbacks such as undesired editing
outcomes, low integration efficiency, or the lack of long-term
follow-up, the knockin technique holds promise and supple-
ments conventional lentiviral or TE-based techniques.®” "%

In conclusion, our systematic and comparative framework
complements conventional case studies in illuminating basic
biology and empowering applied biology. Moreover, we have
highlighted the idiosyncratic nature of DNA TEs in transposition
activity, evolutionary dynamics, and application potential.
Shaped by the relentless arms race between hosts and TEs,
diverse TEs will continue to fascinate us, as they fascinated
McClintock 70 years ago.

Limitations of the study

Despite the substantial number of TEs screened (130), our da-
taset is undoubtedly incomplete. The insights gleaned from
this dataset are biased toward the overrepresented Tc1/mar-
iner and hAT elements. Future investigations into underrepre-
sented superfamilies or families hold promise for uncovering
novel evolutionary or functional insights. Moreover, the 40
newly discovered active TEs are only partially characterized.
Even for the extensively studied TE like MAG, follow-up
studies are needed to explore additional factors beyond inser-
tion bias influencing its CAR-T therapy potency, to optimize its
efficiency and safety, and to compare its performance against
alternative CAR-T systems, particularly the TRAC knockin
system.
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Antibodies

Pacific Blue™ Mouse Anti-Human CD3 Biolegend Cat#558117; RRID:AB_397038
PE anti-human CD4 Antibody (clone: OKT4) Biolegend Cat#317410; RRID:AB_571954
APC anti-human CD8a Antibody Biolegend Cat#301014; RRID:AB_2562054
PE anti-human CD45RO Antibody Biolegend Cat#304206; RRID:AB_2564160
APC anti-human CD197 (CCR7) Antibody Biolegend Cat#353213; RRID:AB_10915474

Alexa Fluor 647 AffiniPure F(ab’), Fragment
Goat Anti-Human IgG (H+L)

Alexa Fluor 647 AffiniPure Goat Anti-Mouse
1gG, F(ab’), Fragment Specific

Jackson ImmunoResearch

Jackson ImmunoResearch

Cat#109-606-003; RRID:AB_2337892

Cat#115-605-072;RRID:AB_2338910

PE anti-human CD3 Antibody Biolegend Cat#300408; RRID:AB_2564150
Brilliant Violet 421™ anti-human CD279 Biolegend Cat#367422; RRID:AB_2721516
(PD-1) Antibody

Brilliant Violet 421™ anti-human CD223 Biolegend Cat#369313; RRID:AB_2629797
(LAG-3) Antibody

APC anti-human CD152 (CTLA-4) Antibody Biolegend Cat#349908; RRID:AB_10680785
APC anti-human CD366 (Tim-3) Antibody Biolegend Cat#345012; RRID:AB_2561717
APC anti-human CD95 (Fas) Antibody Biolegend Cat#305611; RRID:AB_314550
Recombinant Alexa Fluor® 647 Anti-CD3 abcam Cat#ab237452; RRID:AB_3099663
zeta (phospho Y83) antibody[EP776(2)Y]

Anti-(G4S)n (BO2H1) mAb Hycells Cat#GS-ARFT100; RRID:AB_3099665
Bacterial and virus strains

pMD2.G Addgene Cat#12259

psPAX2 Addgene Cat#12260

FUW-EF1a-CAR This paper N/A

pRRLSIN-EF12-CAR Constructed by our lab N/A

Biological samples

Human umbilical cord blood Beijing Cord Blood Bank N/A

Chemicals, peptides, and recombinant proteins

Recombinant human IL2 protein
Recombinant human IL7 protein
Recombinant human IL15 protein
PE-Labeled Human CD19 (20-291) Protein,
His Tag (Site-specific conjugation)
FITC-Labeled Human EGFR Protein, His
Tag DMF Filed

7-AAD Viability Staining Solution
L-Glutamine

Trypsin-EDTA (0.25%)

Matrigel® Matrix

Penicillin-Streptomycin

Methylene Blue

Paraformaldehyde

Human mononuclear cell separation fluid
ACK Lysis Buffer

Sino Biological Inc
Sino Biological Inc
Sino Biological Inc
ACROBiosystems

ACROBiosystems

Biolegend

Gibco

Gibco

Corning

Thermo Fisher

Solarbio

aladdin

DongFang HuaHui Biomedical Technology
Thermo Fisher

Cat#11848-HNAE
Cat#11821-HNAE
Cat#10360-HNCE
Cat#CD9-HP2H3

Cat#EGR-HF2H5

Cat#420404
Cat#25030081
Cat#25200072
Cat#354277
Cat#15140-122
Cat#M8030
Cat#C104190
Cat#25710
Cat#A1049201
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Critical commercial assays

Lipofectamine™ 3000 Transfection Thermo Fisher Cat#L3000015
Reagent

DNeasy®Blood & Tissue Kit QIAGEN Cat#69504
DNA Clean Beads Vazyme Cat#N411
DNA Damage Repair Kit Vazyme Cat#N208
Universal End preparation Module for Vazyme Cat#N203
illumina

PrimeSTAR® HS DNA Polymerase Takara Cat#R010A
ImunoSep Human CD3* cell positive Beijing Nuowei Biotechnology Cat#710305
selection kit

Dynabeads™ Human T-Activator CD3/ Thermo Fisher Cat#11131D

CD28 for T Cell Expansion and Activation

P3 Primary Cell 4D-Nucleofector X Kit Lonza Cat#V4XP-3024

Steady-Glo® Luciferase Assay System Promega Cat#E2520

Deposited data

20 known active DNA TEs This paper Table S1

Sequences of 130 potentially active TEs This paper Table S2

TIR classification information This paper Table S4

Primers This paper Table S5

Raw colony images for transposition This paper Mendeley Data: https://doi.org/10.17632/

activity of 130 TEs in human cells pms2bvn442.2

Raw sequencing data This paper NCBI SRA: PRUNA988388 & NGDC GSA:
PRJCA017989

Code for detecting and characterizing DNA This paper Zenodo: https://doi.org/10.5281/zenodo.

TEs, and analyzing insertion sites 8106731

Alignment of Tc1 transposases This paper Mendeley Data: https://doi.org/10.17632/
ktfwtk6k3f.1

Alignment of hAT transposases This paper Mendeley Data: https://doi.org/10.17632/
b54z6nvy7t.1

Overlaid transposases’ structures of This paper Mendeley Data: https://doi.org/10.17632/

SB100X and Tc1-2_ST bz7kh3cgwp.1

Overlaid Transposases-TIR complexes of This paper Mendeley Data: https://doi.org/10.17632/

Hermes, HAT1_AG and hAT-7_PM y4xtj2yn7m.1

Scatter plot of non-autonomous TEs This paper Mendeley Data: https://doi.org/10.17632/

relative to the consensus autonomous bycpd2tcxw.1

sequences

The insertion sites of 12 DNA TEs This paper Mendeley Data: https://doi.org/10.17632/
2bmx6235k7.1

Experimental models: Cell lines

Human cell line: HEK 293T cell line ATCC Cat#CRL-11268

Human cell line: Hela cell line ATCC Cat#CRM-CCL-2

Human cell line: K562 cell line ATCC Cat#CRL-3343

Human cell line: NCI-H226 cell line ATCC Cat#CRL-5826

Mouse cell line: Neuro-2a ATCC Cat#CCL-131

Human cell line: K562-CD19-luciferase cell
line
Human cell line: Raji-luciferase cell line

Human cell line: NCI-H226-luciferase cell
line

Constructed in our previous paper

Constructed in our previous paper
Constructed in our previous paper

PMID: 27910851

PMID: 27910851
PMID: 31999649
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

Mouse: NPG (NOD.Cg-Prkdcs® Vitalstar N/A

l12rg™Vst/vst)

Oligonucleotides

Recombinant DNA

Plasmid: pCMV-hAT-2_AG This study Table S3
Plasmid: pCMV-AgaP12 This study Table S3
Plasmid: pCMV-P3_AG This study Table S3
Plasmid: pCMV-HAT2_CI This study Table S3
Plasmid: pCMV-HAT5_CI This study Table S3
Plasmid: pCMV-hAT-6_DR This study Table S3
Plasmid: pCMV-Chaplin1_DR This study Table S3
Plasmid: pCMV-Harbinger-4_XT-Myb This study Table S3
Plasmid: pCMV-Harbinger-4_XT-Tn This study Table S3
Plasmid: pPCMV-HAT1_AG This study Table S3
Plasmid: pCMV-AgaP15 This study Table S3
Plasmid: pCMV-IS4EU-1_DR This study Table S3
Plasmid: pCMV-POGO This study Table S3
Plasmid: pCMV-Tc1-8B_DR This study Table S3
Plasmid: pCMV-HOBO This study Table S3
Plasmid: pCMV-hAT-6_PM This study Table S3
Plasmid: pPCMV-MARISP1 This study Table S3
Plasmid: pCMV-BARI_DM This study Table S3
Plasmid: pCMV-hAT-3_XT This study Table S3
Plasmid: pCMV-P1_AG This study Table S3
Plasmid: pCMV-IS4EU-2_DR-Myb This study Table S3
Plasmid: pCMV-IS4EU-2_DR-Tn This study Table S3
Plasmid: pCMV-Tc1-3_Xt This study Table S3
Plasmid: pCMV-Mariner-1_PM This study Table S3
Plasmid: pCMV-P2_AG This study Table S3
Plasmid: pCMV-hAT-5_DR This study Table S3
Plasmid: pCMV-Tc1-3_FR This study Table S3
Plasmid: pCMV-Mariner-4_XT This study Table S3
Plasmid: pCMV-Tc1-5_Xt This study Table S3
Plasmid: pCMV-Tc1-10_Xt This study Table S3
Plasmid: pCMV-hAT-1_DP This study Table S3
Plasmid: pCMV-Mariner2_AG This study Table S3
Plasmid: pCMV-Tc1-1_Xt This study Table S3
Plasmid: pCMV-Tc1-1_AG This study Table S3
Plasmid: pCMV-Mariner-1_XT This study Table S3
Plasmid: pCMV-Tc1DR3_Xt This study Table S3
Plasmid: pCMV-hAT-1B_PM This study Table S3
Plasmid: pCMV-hAT-3_PM This study Table S3
Plasmid: pPCMV-hAT-6B_PM This study Table S3
Plasmid: pCMV-Tc1-1_PM This study Table S3
Plasmid: pCMV-TC1_XL This study Table S3
Plasmid: pCMV-Mariner-4_AMi This study Table S3
Plasmid: pCMV-Myotis_hAT1 This study Table S3
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Plasmid: pCMV-hAT-7_PM This study Table S3
Plasmid: pCMV-TC1_FR4 This study Table S3
Plasmid: pCMV-hAT-8_PM This study Table S3
Plasmid: pCMV-piggyBac1_Mm This study Table S3
Plasmid: pCMV-Tc1-11_Xt This study Table S3
Plasmid: pCMV-Tc1-16_Xt This study Table S3
Plasmid: pCMV-TC1-2_DM This study Table S3
Plasmid: pCMV-Tc1-4_Xt This study Table S3
Plasmid: pCMV-TC1_DM This study Table S3
Plasmid: pCMV-Tc1-15_Xt This study Table S3
Plasmid: pCMV-TC1_FR2 This study Table S3
Plasmid: pCMV-Mariner-6B_AMi This study Table S3
Plasmid: pCMV-Tc1-9_Xt This study Table S3
Plasmid: pCMV-hAT-9_XT This study Table S3
Plasmid: pCMV-Mariner-5_XT This study Table S3
Plasmid: pCMV-S2_DM This study Table S3
Plasmid: pCMV-PROTOP This study Table S3
Plasmid: pCMV-Tc1-8_Xt This study Table S3
Plasmid: pCMV-Tc1-12_Xt This study Table S3
Plasmid: pCMV-Mariner-6_AMi This study Table S3
Plasmid: pCMV-hAT-3_Gav This study Table S3
Plasmid: pCMV-Mariner-2_XT This study Table S3
Plasmid: pCMV-hAT-4_Crp This study Table S3
Plasmid: pCMV-OposCharlie2 This study Table S3
Plasmid: pCMV-hAT-1_AMi This study Table S3
Plasmid: pCMV-Mariner-2_AMi This study Table S3
Plasmid: pCMV-hAT-13_AMi This study Table S3
Plasmid: pCMV-hAT-12_AMi This study Table S3
Plasmid: pCMV-Mariner-7_Croc This study Table S3
Plasmid: pCMV-piggyBac-2_XT This study Table S3
Plasmid: pCMV-Mariner-3_AMi This study Table S3
Plasmid: pCMV-piggyBac1_ClI This study Table S3
Plasmid: pCMV-piggyBac-1_AMi This study Table S3
Plasmid: pCMV-Mariner-5_AMi This study Table S3
Plasmid: pCMV-Mariner-6_Crp This study Table S3
Plasmid: pCMV-Mariner-3_Crp This study Table S3
Plasmid: pCMV-hAT-3_AMi This study Table S3
Plasmid: pCMV-TC1_FR1 This study Table S3
Plasmid: pCMV-hAT-5_Croc This study Table S3
Plasmid: pCMV-hAT-8_AMi This study Table S3
Plasmid: pCMV-PARIS This study Table S3
Plasmid: pCMV-Mariner-2_PM This study Table S3
Plasmid: pCMV-piggyBac-1_XT This study Table S3
Plasmid: pCMV-Tigger1 This study Table S3
Plasmid: pCMV-Mariner-1_Crp This study Table S3
Plasmid: pCMV-S_DM This study Table S3
Plasmid: pCMV-hAT-12_Crp This study Table S3
Plasmid: pCMV-hAT-1_PM This study Table S3
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Plasmid: pCMV-Senkusha1 This study Table S3
Plasmid: pCMV-Tc1-2_PM This study Table S3
Plasmid: pCMV-hAT-2_Gav This study Table S3
Plasmid: pCMV-Tigger2f This study Table S3
Plasmid: pCMV-Tc1-4_DR This study Table S3
Plasmid: pCMV-Tigger17 This study Table S3
Plasmid: pCMV-Tigger3 This study Table S3
Plasmid: pCMV-hAT-14_Crp This study Table S3
Plasmid: pCMV-Mariner-9_Crp This study Table S3
Plasmid: pCMV-hAT-11_AMi This study Table S3
Plasmid: pCMV-hAT-17_Croc This study Table S3
Plasmid: pCMV-hAT-4_AMi This study Table S3
Plasmid: pCMV-Tigger4 This study Table S3
Plasmid: pCMV-Tigger7 This study Table S3
Plasmid: pCMV-Tigger2 This study Table S3
Plasmid: pCMV-hAT-19_Crp This study Table S3
Plasmid: pCMV-hAT-17B_Croc This study Table S3
Plasmid: pCMV-Tc1-13_Xt This study Table S3
Plasmid: pCMV-hAT-19B_Croc This study Table S3
Plasmid: pCMV-MarsTigger8 This study Table S3
Plasmid: pCMV-Tigger5 This study Table S3
Plasmid: pCMV-hAT-10_XT This study Table S3
Plasmid: pCMV-hAT-6_AMi This study Table S3
Plasmid: pCMV-MarsTiggeric This study Table S3
Plasmid: pCMV-Tigger17c This study Table S3
Plasmid: pCMV-Tc1-14_Xt This study Table S3
Plasmid: pCMV-Kanga1 This study Table S3
Plasmid: pCMV-Arthur1 This study Table S3
Plasmid: pCMV-Harbinger-1_Crp-Myb This study Table S3
Plasmid: pCMV-Harbinger-1_Crp-Tn This study Table S3
Plasmid: pCMV-Zaphod3 This study Table S3
Plasmid: pCMV-Joey1 This study Table S3
Plasmid: pCMV-Zaphod This study Table S3
Plasmid: pCMV-Harbinger-3_Ami-Myb This study Table S3
Plasmid: pCMV-Harbinger-3_Ami-Tn This study Table S3
Plasmid: pPCMV-MARWOLEN1 This study Table S3
Plasmid: pCMV-Zaphod2 This study Table S3
Plasmid: pCMV-Tc1-1_PS This study Table S3
Plasmid: pCMV-Tc1-1_ST This study Table S3
Plasmid: pCMV-Tc1-3_ST This study Table S3
Plasmid: pCMV-Tc1-4_ST This study Table S3
Plasmid: pCMV-Tc1-5_ST This study Table S3
Plasmid: pCMV-Tc1-2_ST This study Table S3
Plasmid: pCMV-piggyBac1_Mm This study Table S3
Plasmid: pCMV-piggyBac-2_XT This study Table S3
Plasmid: pCMV-piggyBac1_Cl This study Table S3
Plasmid: pCMV-piggyBac-1_AMi This study Table S3
Plasmid: pCMV-piggyBac-1_XT This study Table S3

(Continued on next page)
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Plasmid: pMV-hAT-2_AG This study Table S3
Plasmid: pMV-AgaP12 This study Table S3
Plasmid: pMV-P3_AG This study Table S3
Plasmid: pMV-HAT2_CI This study Table S3
Plasmid: pMV-HAT5_CI This study Table S3
Plasmid: pMV-hAT-6_DR This study Table S3
Plasmid: pMV-Chaplin1_DR This study Table S3
Plasmid: pMV-Harbinger-4_XT This study Table S3
Plasmid: pMV-HAT1_AG This study Table S3
Plasmid: pMV-AgaP15 This study Table S3
Plasmid: pMV-IS4EU-1_DR This study Table S3
Plasmid: pMV-POGO This study Table S3
Plasmid: pMV-Tc1-8B_DR This study Table S3
Plasmid: pMV-HOBO This study Table S3
Plasmid: pMV-hAT-6_PM This study Table S3
Plasmid: pMV-MARISP1 This study Table S3
Plasmid: pMV-BARI_DM This study Table S3
Plasmid: pMV-hAT-3_XT This study Table S3
Plasmid: pMV-P1_AG This study Table S3
Plasmid: pMV-IS4EU-2_DR This study Table S3
Plasmid: pMV-Tc1-3_Xt This study Table S3
Plasmid: pMV-Mariner-1_PM This study Table S3
Plasmid: pMV-P2_AG This study Table S3
Plasmid: pMV-hAT-5_DR This study Table S3
Plasmid: pMV-Tc1-3_FR This study Table S3
Plasmid: pMV-Mariner-4_XT This study Table S3
Plasmid: pMV-Tc1-5_Xt This study Table S3
Plasmid: pMV-Tc1-10_Xt This study Table S3
Plasmid: pMV-hAT-1_DP This study Table S3
Plasmid: pQLL-Mariner2_AG This study Table S3
Plasmid: pMV-Tc1-1_Xt This study Table S3
Plasmid: pQLL-Tc1-1_AG This study Table S3
Plasmid: pMV-Mariner-1_XT This study Table S3
Plasmid: pMV-Tc1DR3_Xt This study Table S3
Plasmid: pMV-hAT-1B_PM This study Table S3
Plasmid: pMV-hAT-3_PM This study Table S3
Plasmid: pMV-hAT-6B_PM This study Table S3
Plasmid: pMV-Tc1-1_PM This study Table S3
Plasmid: pMV-TC1_XL This study Table S3
Plasmid: pMV-Mariner-4_AMi This study Table S3
Plasmid: pMV-Myotis_hAT1 This study Table S3
Plasmid: pMV-hAT-7_PM This study Table S3
Plasmid: pMV-TC1_FR4 This study Table S3
Plasmid: pMV-hAT-8_PM This study Table S3
Plasmid: pMV-piggyBac1_Mm This study Table S3
Plasmid: pMV-Tc1-11_Xt This study Table S3
Plasmid: pMV-Tc1-16_Xt This study Table S3
Plasmid: pMV-TC1-2_DM This study Table S3
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Plasmid: pMV-Tc1-4_Xt This study Table S3
Plasmid: pMV-TC1_DM This study Table S3
Plasmid: pMV-Tc1-15_Xt This study Table S3
Plasmid: pMV-TC1_FR2 This study Table S3
Plasmid: pMV-Mariner-6B_AMi This study Table S3
Plasmid: pMV-Tc1-9_Xt This study Table S3
Plasmid: pMV-hAT-9_XT This study Table S3
Plasmid: pMV-Mariner-5_XT This study Table S3
Plasmid: pMV-S2_DM This study Table S3
Plasmid: pMV-PROTOP This study Table S3
Plasmid: pMV-Tc1-8_Xt This study Table S3
Plasmid: pMV-Tc1-12_Xt This study Table S3
Plasmid: pMV-Mariner-6_AMi This study Table S3
Plasmid: pMV-hAT-3_Gav This study Table S3
Plasmid: pMV-Mariner-2_XT This study Table S3
Plasmid: pMV-hAT-4_Crp This study Table S3
Plasmid: pMV-OposCharlie2 This study Table S3
Plasmid: pMV-hAT-1_AMi This study Table S3
Plasmid: pMV-Mariner-2_AMi This study Table S3
Plasmid: pMV-hAT-13_AMi This study Table S3
Plasmid: pMV-hAT-12_AMi This study Table S3
Plasmid: pMV-Mariner-7_Croc This study Table S3
Plasmid: pMV-piggyBac-2_XT This study Table S3
Plasmid: pMV-Mariner-3_AMi This study Table S3
Plasmid: pMV-piggyBac1_Cl This study Table S3
Plasmid: pMV-piggyBac-1_AMi This study Table S3
Plasmid: pMV-Mariner-5_AMi This study Table S3
Plasmid: pMV-Mariner-6_Crp This study Table S3
Plasmid: pMV-Mariner-3_Crp This study Table S3
Plasmid: pMV-hAT-3_AMi This study Table S3
Plasmid: pMV-TC1_FR1 This study Table S3
Plasmid: pMV-hAT-5_Croc This study Table S3
Plasmid: pMV-hAT-8_AMi This study Table S3
Plasmid: pMV-PARIS This study Table S3
Plasmid: pMV-Mariner-2_PM This study Table S3
Plasmid: pQLL-piggyBac-1_XT This study Table S3
Plasmid: pMV-Tigger1 This study Table S3
Plasmid: pMV-Mariner-1_Crp This study Table S3
Plasmid: pMV-S_DM This study Table S3
Plasmid: pMV-hAT-12_Crp This study Table S3
Plasmid: pMV-hAT-1_PM This study Table S3
Plasmid: pMV-Senkusha1 This study Table S3
Plasmid: pMV-Tc1-2_PM This study Table S3
Plasmid: pMV-hAT-2_Gav This study Table S3
Plasmid: pMV-Tigger2f This study Table S3
Plasmid: pMV-Tc1-4_DR This study Table S3
Plasmid: pMV-Tigger17 This study Table S3
Plasmid: pMV-Tigger3 This study Table S3
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Plasmid: pMV-hAT-14_Crp This study Table S3
Plasmid: pMV-Mariner-9_Crp This study Table S3
Plasmid: pMV-hAT-11_AMi This study Table S3
Plasmid: pMV-hAT-17_Croc This study Table S3
Plasmid: pMV-hAT-4_AMi This study Table S3
Plasmid: pMV-Tigger4 This study Table S3
Plasmid: pMV-Tigger7 This study Table S3
Plasmid: pMV-Tigger2 This study Table S3
Plasmid: pMV-hAT-19_Crp This study Table S3
Plasmid: pMV-hAT-17B_Croc This study Table S3
Plasmid: pMV-Tc1-13_Xt This study Table S3
Plasmid: pMV-hAT-19B_Croc This study Table S3
Plasmid: pMV-MarsTigger8 This study Table S3
Plasmid: pMV-Tigger5 This study Table S3
Plasmid: pQLL-hAT-10_XT This study Table S3
Plasmid: pMV-hAT-6_AMi This study Table S3
Plasmid: pMV-MarsTiggeric This study Table S3
Plasmid: pMV-Tigger17c This study Table S3
Plasmid: pMV-Tc1-14_Xt This study Table S3
Plasmid: pMV-Kanga1 This study Table S3
Plasmid: pMV-Arthur1 This study Table S3
Plasmid: pMV-Harbinger-1_Crp This study Table S3
Plasmid: pMV-Zaphod3 This study Table S3
Plasmid: pMV-Joey1 This study Table S3
Plasmid: pMV-Zaphod This study Table S3
Plasmid: pMV-Harbinger-3_AMi This study Table S3
Plasmid: pMV-MARWOLEN1 This study Table S3
Plasmid: pMV-Zaphod2 This study Table S3
Plasmid: pMV-Tc1-1_PS This study Table S3
Plasmid: pMV-Tc1-1_ST This study Table S3
Plasmid: pMV-Tc1-2_ST This study Table S3
Plasmid: pQLL-Tc1-3_ST This study Table S3
Plasmid: pMV-Tc1-4_ST This study Table S3
Plasmid: pMV-Tc1-5_ST This study Table S3
Plasmid: pQLL-MAG w/o spacer This study Table S3
Plasmid: pQLL-Tc1-1_Xt w/o spacer This study Table S3
Plasmid: pQLL-Tc1-3_FR w/o spacer This study Table S3
Plasmid: pQLL-Tc1-8B_DR w/o spacer This study Table S3
Plasmid: pMV-Tc1-1_PM w/o spacer This study Table S3
Plasmid: pMV-Tc1-2_ST w/o spacer This study Table S3
Plasmid: pMV-Tc1-2_ST DRi® This study Table S3
Plasmid: pCMV-SB100X-T102A This study Table S3
Plasmid: pCMV-SB100X-R131Y This study Table S3
Plasmid: pCMV-SB100X-E154A This study Table S3
Plasmid: pCMV-SB100X-W195M This study Table S3
Plasmid: pCMV-SB100X-Y218F This study Table S3
Plasmid: pCMV-SB100X-H249A This study Table S3
Plasmid: pCMV-SB100X-W268A This study Table S3
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Plasmid: pCMV-SB100X-P269A This study Table S3
Plasmid: pCMV-SB100X-P277A This study Table S3
Plasmid: pCMV-SB100X-1278A This study Table S3
Plasmid: pCMV-SB100X-W282F This study Table S3
Plasmid: pCMV-SB100X-W308A This study Table S3
Plasmid: pCMV-SB100X-L319A This study Table S3
Plasmid: pCMV-SB100X-R326H This study Table S3
Plasmid: pCMV-SB100X-G335A This study Table S3
Plasmid: pCMV-Tc1-2_ST-T102A This study Table S3
Plasmid: pCMV-Tc1-2_ST-R131Y This study Table S3
Plasmid: pCMV-Tc1-2_ST-E154A This study Table S3
Plasmid: pCMV-Tc1-2_ST-W195M This study Table S3
Plasmid: pCMV-Tc1-2_ST-Y218F This study Table S3
Plasmid: pCMV-Tc1-2_ST-H249A This study Table S3
Plasmid: pCMV-Tc1-2_ST-W268A This study Table S3
Plasmid: pCMV-Tc1-2_ST-P269A This study Table S3
Plasmid: pCMV-Tc1-2_ST-P277A This study Table S3
Plasmid: pCMV-Tc1-2_ST-I1278A This study Table S3
Plasmid: pCMV-Tc1-2_ST-W282F This study Table S3
Plasmid: pCMV-Tc1-2_ST-W308A This study Table S3
Plasmid: pCMV-Tc1-2_ST-L319A This study Table S3
Plasmid: pCMV-Tc1-2_ST-R326H This study Table S3
Plasmid: pCMV-Tc1-2_ST-G335A This study Table S3
Plasmid: pCMV-HAT1_AG-C265A This study Table S3
Plasmid: pCMV-HAT1_AG-H268A This study Table S3
Plasmid: pCMV-HAT1_AG-R318A This study Table S3
Plasmid: pCMV-HAT1_AG-S321A This study Table S3
Plasmid: pPCMV-HAT1_AG-P437A This study Table S3
Plasmid: pCMV-HAT1_AG-S576A This study Table S3
Plasmid: pCMV-HAT1_AG-R586A This study Table S3
Plasmid: pCMV-hAT-7-PM-C265A This study Table S3
Plasmid: pCMV-hAT-7-PM-H268A This study Table S3
Plasmid: pCMV-hAT-7-PM-R318A This study Table S3
Plasmid: pCMV-hAT-7-PM-S321A This study Table S3
Plasmid: pCMV-hAT-7-PM-P437A This study Table S3
Plasmid: pCMV-hAT-7-PM-S576A This study Table S3
Plasmid: pCMV-hAT-7-PM-R586A This study Table S3
Plasmid: pICOZ-MAG-K16V This study Table S3
Plasmid: pICOZ-MAG-E30K This study Table S3
Plasmid: pICOZ-MAG-N102G This study Table S3
Plasmid: pICOZ-MAG-N152E This study Table S3
Plasmid: pICOZ-MAG-V154F This study Table S3
Plasmid: pICOZ-MAG-R163W This study Table S3
Plasmid: pICOZ-MAG-P165K This study Table S3
Plasmid: pICOZ-MAG-A190G This study Table S3
Plasmid: pICOZ-MAG-1200L This study Table S3
Plasmid: pICOZ-MAG-M235Q This study Table S3
Plasmid: pICOZ-MAG-A263S This study Table S3

(Continued on next page)
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Plasmid: pICOZ-MAG-H181A This study Table S3
Plasmid: pICOZ-MAG-H181V This study Table S3
Plasmid: pICOZ-MAG-P240A This study Table S3
Plasmid: pICOZ-MAG-P240R This study Table S3
Plasmid: pICOZ-MAG-K241R This study Table S3
Plasmid: pMV-SB100X-5 kb This study Table S3
Plasmid: pMV-Tc1-2_ST-5 kb This study Table S3
Plasmid: pQLL-MAG-5 kb This study Table S3
Plasmid: pQLL-Tc1-1_Xt-5 kb This study Table S3
Plasmid: pQLL-Tc1-3_FR-5 kb This study Table S3
Plasmid: pQLL-Tc1-8B_DR-5 kb This study Table S3
Plasmid: pMV-Tc1-1_PM-5 kb This study Table S3
Plasmid: pMV-piggyBac-1_AMi-5 kb This study Table S3
Plasmid: pMV-HAT1_AG-5 kb This study Table S3
Plasmid: pMV-hAT-7_PM-5 kb This study Table S3
Plasmid: pMV-SB100X-10 kb This study Table S3
Plasmid: pMV-Tc1-2_ST-10 kb This study Table S3
Plasmid: pQLL-MAG-10 kb This study Table S3
Plasmid: pQLL-Tc1-1_Xt-10 kb This study Table S3
Plasmid: pQLL-Tc1-3_FR-10 kb This study Table S3
Plasmid: pQLL-Tc1-8B_DR-10 kb This study Table S3
Plasmid: pMV-Tc1-1_PM-10 kb This study Table S3
Plasmid: pMV-piggyBac-1_AMi-10 kb This study Table S3
Plasmid: pMV-HAT1_AG-10 kb This study Table S3
Plasmid: pMV-hAT-7_PM-10 kb This study Table S3
Plasmid: pRS313 This study Table S3
Plasmid: pMV-SB100X[EF1a-copGFP] This study Table S3
Plasmid: pQLL-MAGI[EF10-copGFP] This study Table S3
Plasmid: pQLL-Tc1-1_Xt[EF1a-copGFP] This study Table S3
Plasmid: pQLL-Tc1-3_FR[EF1a-copGFP] This study Table S3
Plasmid: pQLL-Tc1-8B_DR[EF1a-copGFP] This study Table S3
Plasmid: pICOZ-SB100X This study Table S3
[EF1a-CD19 4-1BB]

Plasmid: pICOZ-MAGIEF1a-CD19 4-1BB] This study Table S3
Plasmid: pICOZ-SB100X This study Table S3
[EF1a-HER1 4-1BB]

Plasmid: pICOZ-MAGIEF1a-HER1 4-1BB] This study Table S3
Plasmid: pICOZ-SB100X This study Table S3
[EF12-CD19 CD28Z]

Plasmid: pICOZ-MAGI[EF12-CD19 CD28Z] This study Table S3
Plasmid: pICOZ-SB100X This study Table S3
[EF1a-HER1 CD28Z]

Plasmid: pICOZ-MAGI[EF1a-HER1 CD28Z] This study Table S3
Plasmid: FUW-[EF1a-CD19 4-1BB] This study Table S3
Plasmid: FUW-[EF1a-HER1 4-1BB] This study Table S3
Plasmid: FUW-[EF1a-CD19 CD28Z] This study Table S3
Plasmid: FUW-[EF1a-HER1 CD28Z] This study Table S3
Plasmid: pRRLSIN-[EF12-CD19 4-1BB] This study Table S3
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Plasmid: pRRLSIN-[EF1a-HER1 4-1BB] This study Table S3
Plasmid: FUW-[EF1a-CD19 4-1BB-eGFP] This study Table S3
Plasmid: pICOZ-SB100X This study Table S3
[EF12-CD19 4-1BB-eGFP]

Plasmid: pICOZ-MAG This study Table S3
[EF12-CD19 4-1BB-eGFP]

Plasmid: pMD2.G Addgene Addgene: 12259
Plasmid: psPAX2 Addgene Addgene: 12260

Software and algorithms

Alphafold v2.0.0

ape v5.5

bedtools v2.30.0

Biorender

ChimeraX v1.4

Cutadapt v3.4

ENCODE ATAC-seq pipeline v2.2.2

ESM1b

FlowJo V10
GENESCAN v1.0
GraphPad Prism v8
Imaged V1.48
Image Lab

IQ-TREE v2.1.4-beta
iTOL v6

MAFFT v7.407
MEME Suite v5.3.0
Novoalign v3.09.04
ORFfinder v0.4.3

PfamScan v1.6

Picard v2.26.1

pIRS v2.0.2
PolyPhen-2 v2.2.3
PyMOL v 2.5.2
Rv4.1.0
RepeatMasker v4.1.2
RepeatModeler v1.0.11
WeblLogo v3.7.8

Jumper et al.'"?

Paradis et al.""®
Quinlan and Hall' "
Biorender
Pettersen et al.''®
Martin'®

Hitz etal.’"”

Brandes et al.’®®

FlowJo LLC
Burge and Karlin''®

GraphPad Software Inc

Image Processing and Analysis in Java

Bio-rad

Minh et al.""®

Letunic and Bor
| 121

k120

Yamada et a
Bailey et al.’®?
Novocraft Technologies
NCBI

Madeira et al.'?®

Broad Institute
Hu et al.’*

Adzhubei et al.'%

Schrédinger, LLC.

R Foundation for Statistical Computing
Smit et al.’*®

Smit and Hubley'#°

Crooks et al.’?’

https://www.deepmind.com/open-source/
alphafold

http://ape-package.ird.fr/
https://github.com/arg5x/bedtools2
https://www.bioRender.com
https://www.cgl.ucsf.edu/chimerax/
https://cutadapt.readthedocs.io/
https://github.com/ENCODE-DCC/atac-
seg-pipeline
https://github.com/ntranoslab/esm-
variants/
https://www.flowjo.com/solutions/flowjo
http://argonaute.mit.edu/GENSCAN.html
https://www.graphpad.com/
https://imagej.net/ij/index.html

https://www.bio-rad.com/ja-jp/product/
image-lab-software

http://www.igtree.org/
https://itol.embl.de/
https://mafft.cbrc.jp/alignment/software/
https://meme-suite.org/meme/
http://novocraft.com/

https://ftp.ncbi.nim.nih.gov/genomes/
TOOLS/ORFfinder/

http://ftp.ebi.ac.uk/pub/databases/Pfam/
Tools/

https://broadinstitute.github.io/picard/
https://github.com/galaxy001/pirs
http://genetics.bwh.harvard.edu/pph2/
https://pymol.org/
https://www.R-project.org/
https://www.repeatmasker.org/
https://www.repeatmasker.org/
http://weblogo.threeplusone.com/

Others

Fetal Bovine Serum

DMEM

RPMI 1640

Opti-MEM

DPBS

CTS OpTmizer™ T Cell Expansion SFM

Gibco
Gibco
Gibco
Gibco
Gibco
Gibco

Cat#A3161001
Cat#C11995500CP
Cat#C11875500CP
Cat#31985070
Cat#C14190500CP
Cat# A1048501
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yong E.
Zhang (zhangyong@ioz.ac.cn).

Materials availability
Almost all plasmids have been uploaded to Addgene for public accessibility as of the publication date.

Data and code availability

® Raw sequencing data have been deposited at the NCBI Sequence Read Archive and the National Genomics Data Center
(part of the China National Center for Bioinformation) and are publicly accessible. Original colony images, transposase
sequence alignment, predicted transposase structures, three models of evolutionary dynamics and insertion sites of 12
TEs have been deposited at Mendeley and are publicly available. Accession numbers or DOls are listed in the key resources
table.

® All original code has been deposited at Zenodo and is publicly available. Accession numbers or DOIs for these resources are
listed in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Depending on the specific purpose, we utilized a total of eight cell lines. Five cell lines, namely HEK293T, Hela, K562, H266 and
Neuro-2a cells, were obtained from the American Type Culture Collection (ATCC). Additionally, K562-CD19-luciferase cells, Raji-
luciferase cells (Raji-luci), and H266-luciferase (H266-luci) cells were generated through lentiviral transduction in our previous
work. 28129 All cell lines were maintained under standard conditions recommended by ATCC. HEK293T, Hel.a and Neuro-2a cells
were cultured in regular DMEM medium supplemented with 10% (v/v) FBS and 100 pg/mL penicillin and streptomycin. K562 and
H266 cells were cultured in RPMI 1640 medium supplemented with 10% FBS and 100 pg/mL penicillin and streptomycin. All cell lines
were grown in a humidified 37°C incubator with 5% CO,. To avoid mycoplasma contamination, monthly testing using the MycoBlue
Mycoplasma Detector (Vazyme) was performed on all cell lines.

Primary human T cells

The primary human T cells utilized in this study were isolated from fresh umbilical cord blood, obtained from healthy volunteer
donors who provided informed consent; and the cord blood was acquired from the Beijing Cord Blood Bank (Beijing, China).
Mononuclear cells were collected from the blood using Histopaque-1077 (Sigma-Aldrich) gradient separation following the
manufacturer’s instructions. Subsequently, T cells were isolated with the EasySep Human T Cell Enrichment Kit (Stemcell Tech-
nologies) and activated with anti-CD3/CD28 Dynabeads (Thermo Fisher Scientific) at a 1:1 ratio. The activated T cells were
cultured in OpTmizer™ CTS™ medium (Gibco, ThermoFisher) supplemented with 10% (v/v) heat-inactivated FBS (Gibco),
100 IU/mL IL-2, 10 ng/mL IL-7, and 50 ng/mL IL-15 (SinoBiological). The T cells were maintained in a humidified 37°C incubator
with 5% CO..

Animals

Tumor xenograft studies were performed using 5- to 6-week-old immunodeficient NOD-Prkdcscid 112rgtm1Vst/Vst (NPG) female
mice (Beijing Vitastar Biotechnology Co., Ltd.). All mice were maintained under pathogen-free conditions in an animal facility (Institute
of Zoology, Chinese Academy of Sciences) and cared for in accordance with the policies and certifications of the International As-
sociation for Assessment and Accreditation of Laboratory Animal Care.

METHOD DETAILS

Literature survey of DNA TEs active in mammalian cells
We identified 22 transpositionally active DNA TEs in mammalian cells through a literature review. In brief, we searched PubMed with
the following keywords: “DNA transposons”, “genetic tool” and “mammalian cell”. We then manually curated approximately 180
retrieved studies.

Among 22 TEs, 20 eukaryotic TEs belonged to the DNA TEs associated with TIRs. Detailed information regarding these 20 DNA
TEs, including their respective superfamily, host species, and references reporting their transpositional activity in mammalian cells,
is provided in Table S1. We excluded two TEs including Helraiser, harbored by bat genomes and belonging to the Helitron group

(lacking TIRs), and Mu, derived from bacteriophages.'**'*'
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Identification of potentially active DNA TEs

Identification of 124 active TEs from 100 annotated animal genomes

First, we identified potentially full-length autonomous DNA TE copies. We downloaded the genome sequences of 100 animal ge-
nomes with TE annotations provided by the UCSC Genome Browser (http://genome.ucsc.edu/, as October 2018). By exploiting
TE annotation generated via RepeatMasker v4.1.2'2° searches against the Repbase library (version 24.02), we identified
26,853,019 copies of 2024 DNA TEs across these animal genomes. To identify potentially full-length autonomous TE copies, we
focused on those matching over 90% of the consensus sequences provided by Repbase and mapping to the last bases at both
ends of consensus. This resulted in a set of 1,895,466 potentially full-length autonomous TE copies, corresponding to 1,577
consensus DNA TEs from Repbase. We purchased the license of Repbase to retrieve the corresponding consensus sequences
for further analysis.

Since Repbase consensus sequences lack coding sequence information, we performed annotation. For TEs belonging to the Tc1/
mariner, hAT, and piggyBac superfamilies encoding single-exon genes,*® we utilized ORFfinder v0.4.3 (https://www.ncbi.nim.nih.
gov/orffinder/) to predict open reading frames (ORFs) in their consensus sequences, setting a conservative length cutoff of 300 amino
acids (aa). For TEs from the P and PIF/Harbinger superfamilies, which encode genes with exon-intron structures, we employed
GENESCAN v1.0""® to identify ORFs using default parameters. We confirmed the canonical start codons (ATG) and splicing sites
(GT..AG) within the ORFs. To identify functional domains, we searched the predicted proteins against the Pfam library using
PfamScan v1.6.>> The predicted domains of all proteins included a transposase domain (PF03221, PF05699, PF12017,
PF13359, PF13843, and PF01498), along with a myb domain (PF01498, PF05485, and PF05699) specific to the PIF/Harbinger super-
family with dual ORFs.**"%?

Similarly, we annotated target site duplications (TSDs) and terminal inverted repeats (TIRs). Notably, for each candidate TE region,
the UCSC database only annotated one possible TE. However, this region could be derived from another similar TE. To increase the
copy number and thus to collect more information for inferring TSDs or TIRs, we performed reannotation by searching each of the
1,577 consensus sequences from Repbase against the 100 genomes with RepeatMasker. TE copies exhibiting identical termini to
the consensus TEs were retrieved, and a multiple sequence alignment of the 20-bp sequences flanking each copy was built with
MAFFT v7.407'?" given its accuracy.'®® TSDs were inferred on the basis of alignment with in-house Perl scripts. For 14 TEs
(Harbinger-1_Crp, Harbinger-3_AMi, Harbinger-4_XT, Senkusha1, IS4EU-1_DR, IS4EU-2_DR, Arthur1, TC1_XL, TC1_DM, hAT-4_
Crp, hAT-14_Crp, Zaphod, Zaphod2 and Zaphod3), the copy number was too low, and we could not generate a reliable alignment.
In such cases, we directly utilized the TSDs reported in the literatures'? for the corresponding TE family (if available) or superfamily.
Furthermore, we identified TIRs by aligning the 5’ and 3’ terminal 500-bp sequences of each TE. We defined well-aligned regions
covering the starting nucleotide of the consensus as TIRs. Occasional mismatches near the terminal regions were observed. To
accommodate this, specific parameters were implemented for allowing mismatches in TIRs: 1) up to two mismatches were permitted
within a continuous stretch of five nucleotides; 2) in cases of three or four mismatches, a continuous stretch of 10 nucleotides was
further examined. The latter criterion mainly applied to the Tc7 family TEs due to their potential to harbor long TIRs (> 100 bp, Fig-
ure 3A) and exhibit a greater number of mismatches. To further control the redundancy where multiple species shared an ancient TE
emerging in their common ancestor, we selected the species with the lowest average percent divergence between TE copies and the
corresponding Repbase consensus.

After these analyses, we generated the final dataset including 124 candidate TEs with essential domains, TIRs and TSDs
(Table S2A). Notably, among the 20 known active TEs, the species harboring eight TEs (ZB, Passer, Tc1, Hsmar1, TnpDM,
THAP9, Harbinger3_DR, and piggyBat) were included in these 100 species. For these eight TEs, four TEs (Passer, TnpDM,
THAP9 and piggyBat) were not present in Repbase. We excluded Tc1, Hsmar1 and Harbinger3_DR to focus on novel TEs. Only
ZB was included in the 124 candidates because its activity was not reported until 2021.%°

The reason that we focused on Repbase consensus sequences rather than phylogenetically reconstructed sequences is that the
latter strategy could be complicated by TE horizontal transfer.®' Certainly, it should be noted that consensus sequences could repre-
sent nonautonomous TEs with high copy number, and our heterologous screening would fail in this scenario. However, in previous
case studies,*3:85 134135 3 consensus strategy has been routinely used. We thus chose this strategy, considering its simplicity and
scalability.

De novo annotation of six active TEs in two fish genomes

We implemented a separate pipeline for two de novo-assembled fish genomes without TE annotation. Initially, RepeatModeler
v1.0.11"?° was employed with the default parameters to generate the TE family consensus for each genome. Similar to the previous
pipeline, ORFfinder (or GENESCAN for TEs from the P and PIF/Harbinger superfamilies) and PfamScan were used to identify TEs with
ORFs longer than 300 aa and encoding a transposase domain. Only 12 Tc1/mariner TEs were retained. However, alignments of two
termini indicated a lack of intact TIRs for the majority of consensus TEs. Therefore, on the basis of the TE copies most similar to the
consensus, we manually extended the TIRs by searching for the longest complementarily aligned flanking sequences associated
with “TA..TA” TSDs (canonical TSD of the Tc1/mariner superfamily®”; Figure S3F). After removing redundancy between TEs as re-
flected by the same transposase and TIRs, we finally retained six unique TEs (Table S2B). Based on these six reconstructed
consensus sequences, we reran RepeatMasker to search the genome and identified potentially full-length TE copies, as we did
for UCSC-annotated genomes. Notably, these TEs are named based on the Repbase convention, where the TE family name is fol-
lowed by a numeric ID and the initials of the species’ Latin name.
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Phylogenetic modeling of activity-related factors
We first reconstructed the phylogenetic tree of 130 candidate TEs together with 20 known TEs (Table S1). A total of 149 sequences
were involved since the recently discovered Tc7_8B_DR or ZB°° was included in our candidate list. We aligned the amino acid se-
quences of the relatively conserved catalytic DDE/D domain using MAFFT. We then generated the phylogenetic tree using IQ-TREE
v2.1.4-beta.’® To accelerate the tree building process, we used the following parameters according to the authors’ recommenda-
tion: -m MFP -bb 1000 -bnni -redo -T AUTO. We selected IS30 as the outgroup to root the tree since bacterial IS elements are
distantly related to eukaryotic DNA TEs."""*® We visualized the resulting phylogenetic tree using iTOL v6.'%°

We then performed phylogenetic logistic regression analysis by utilizing the R package phylolm v2.6"*” and following the approach
proposed by."*® Initially, we performed AlC-based stepwise model selection starting from the full model including the following fac-
tors: the copy number of potentially full-length autonomous TEs, superfamily and family (in case of Tc1/mariner and hAT), average
percent divergence relative to the corresponding consensus sequence and species divergence time (retrieved from TimeTree'*9)
relative to human. This process led us to identify the best model, which utilized copy number as the sole predictor. However, impor-
tantly, other models with a ,AIC less than 2 were also plausible (equivalent to a probability lower than 2.7-fold compared to the re-
ported best model), indicating some uncertainty regarding the best model. Consequently, we conducted model averaging by consid-
ering all possible combinations of the four variables. Individual models were built and weighted based on ,AIC."“? The relative
importance of each variable was determined by summing its weight across all models containing that particular variable.

Identification of nonautonomous TE copies

During the aforementioned reannotation process (searching genome with consensus sequences), we also identified nonautonomous
TE copies. In brief, we extracted candidate nonautonomous TEs as two adjacent TE fragment hits with intervals shorter than the
length of the consensus, i.e., one broken RepeatMasker alignment potentially caused by the internal deletion of an autonomous
TE. To ensure genuine TE insertions, we applied three filters: 1) the two fragments possessed intact termini matching the 5’ and
3’ ends of the consensus; 2) we restricted the length of ’N’s (unknown bases) between adjacent TE fragments to less than 20% of
the total TE length to avoid identifying fragmentations caused by assembly gaps; and 3) TSDs are present in the immediate flanking
region, indicating a single TE insertion. The retained copies, excluding the previously defined autonomous copies, were considered
as nonautonomous copies. These copies were then plotted in R as a scatter plot, illustrating their breakpoint positions relative to the
consensus sequence within the two fragments (Figure S2A; Mendeley Data: https://doi.org/10.17632/bycpd2tcxw.1). In addition, ac-
cording to the position of the breakpoint, we inferred whether miniature inverted repeat transposable elements (MITEs) have com-
plete TIRs.

Classification of TE evolutionary dynamics in terms of MITEs

We conducted an analysis of the breakpoints of nonautonomous copies and determined the number of nonautonomous copies with
breakpoints occurring at the same position or within a 50-bp vicinity to account for issues such as alignment uncertainty. Nonauton-
omous elements with at least three copies at the same position were defined as a MITE. For active DNA TEs, the distribution of MITEs
could be classified into three scenarios or models: the majority of nonautonomous copies are MITEs; TEs lack MITEs, and the nonau-
tonomous copies demonstrate random internal deletions, leading to length heterogeneity; and in a hybrid scenario, one or more
MITEs are present, but the majority exhibit random deletions.

Analyses of direct repeats in the Tc1/mariner superfamily
Since direct repeats (DRs) could be situated in TIRs or the flanking spacers (Figure 1A),"" we searched both regions. We developed
in-house Perl scripts to search DRs with a minimal repeat of 5 bp in order to tolerate mismatches in DRs and increase the sensitivity.
We required the simultaneous presence of DRs on both sides. Since the search could return more than one type of DR candidate for
one TE, we manually curated the results by prioritizing paired longer DRs with a symmetrical distribution on two sides (Table S4). As
shown in Figure 3A, we classified TEs into four types based on the length of TIRs, the number of DRs, and the relative positions of DRs
and TIRs.

For Figure 3A, the phylogenetic logistic regression'*® comparing TIR-DR types of active and inactive Tc7 elements was conducted
using the R package phylolm v2.6. For Figure 3B, the phylogenetic ANOVA'*" predicting activity quantitatively for active Tc? ele-
ments was performed using the R package geiger v2.0.11."%

Identification of critical residues associated with transposition activity

We identified conserved (unchanged) amino acids of active Tc1 transposases and assessed whether they affected transposition ac-
tivity. Specifically, different from Figure 2A with only deeply conserved catalytic DDE/D domain alignment, we took advantage of sim-
ilarity of Tc7 members and performed full sequence alignment of 40 Tc1 TEs in this study, the well-studied SB100X and Tc1 elements
known to be active in human cells (Minos, Tc1, Passport and FP; Figure 2A). By processing the multiple sequence alignment (Men-
deley Data: https://doi.org/10.17632/ktfwtk6k3f.1) with an in-house script, we identified 23 residues shared by all active transpo-
sases. To evaluate whether these residues affect transposition, we first conducted a literature review and found that eight residues
had been experimentally shown to be detrimental to transposase activity when mutated. These included G59 of the GRPR-like motif
in Rag-1"“® and DDE or SPDL motifs in Mos1."**'*> For the remaining 15 novel residues, we selected phylogenetically representative
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SB100X and Tc1-2_ST (Figure 2A) as targets to evaluate whether the mutations affect transposition activity. Among the 15 residues,
R131, W195, Y218, W282, and R326 were mutated to the corresponding residues found in inactive TEs. The others, such as residues
corresponding to multiple derived states, were mutated to alanine, the smallest residue. Subsequently, we quantified the transpo-
sition efficiency of TEs with these respective mutations in HEK293T cells, and the activities of the mutants were further normalized
to their respective wild-type transposases.

Analogously, we analyzed hAT transposases (Mendeley Data: https://doi.org/10.17632/b54z6nvy7t.1) encoded by 43 hAT ele-
ments from this study, Hermes with a crystal structure,’” and five hAT transposases previously known to be active in human cells
(Tol1, TcBuster, SPIN, Tol2 and Ac; Figure 2A). We identified 15 conserved residues in all 18 active hAT transposases, including
the conserved CCHH motif in the BED domain®'"'“® and the DDE motif in the catalytic domain."®> W319 guided hairpin formation
when the transferred DNA was cleaved from the original location in the transposition process of Hermes.”>'*’ To verify the function
of the remaining seven novel residues, we selected phylogenetically diverged hAT-7-PM and HAT1_AG as mutation targets and as-
sessed their function in HEK293T cells. The transposition activities of the mutants were also normalized to their respective wild-type
transposases.

Additionally, we employed two alternative tools, PolyPhen-2 v2.2.3'%> and ESM1b,'% for identification of critical residues.
Although originally developed to predict the effect of amino acid substitutions, we utilized them to infer the importance of residues
by considering residues associated with damaging mutations as critical. Specifically, PolyPhen-2 utilizes homology search across
nucleotide, protein, and structural databases to extract features for subsequent machine learning. The default HumDiv was used
as the probabilistic classifier, generating a Naive Bayes probabilistic score ranging from 0 to 1. Mutations with scores > 0.85 are typi-
cally classified as "probably damaging". Conversely, ESM1b is a protein language model trained on approximately 250 million protein
sequences. We derived a pseudo-log-likelihood ratio (PLLR) comparing wild-type protein with potential missense mutations based
on ESM1b model weights. Variants with lower PLLR scores are predicted to have a more deleterious effect. In our analysis, a PLLR
threshold of -5 was utilized to distinguish deleterious variants. To be conservative, we applied two levels of filtering. For each amino
acid within each transposase, we assessed mutations to the other 19 amino acid types using both tools. A critical amino acid is
defined as one where mutations to any other amino acids are deemed deleterious (score > 0.85 for PolyPhen-2 or PLLR < -5 for
ESM1b). Subsequently, by mapping these amino acids to the coordinates of SB or Hermes based on multiple sequence alignment,
a critical residue was designated if all homologous amino acids were deemed critical.

Protein structural modeling

The protein structures were predicted using AlphaFold v2.0.0.""? Structure images were generated in PyMOL v 2.5.5 (https://pymol.
org/). The focus was on the structures of the catalytic domains, as the nonconserved domains could result in low confidence in struc-
ture prediction. For the transposase-TIR complexes of hAT-7-PM and HAT1_AG, modeling was performed using ChimeraX 1.4,""®
with the crystal structure of the Hermes transposase-TIR complex as the template.”? Structure alignments of SB100X and Tc7-2_ST,
as well as Hermes and hAT-7-PM and HAT1_AG, were also conducted in ChimeraX, along with the calculation of hydrogen bonds.
The overlapping structures of SB100X and Tc7-2_ST can be found in "Mendeley Data: https://doi.org/10.17632/bz7kh3cgwp.1",
while the overlapping complexes of Hermes, hAT-7-PM and HAT-1-AG are shown in "Mendeley Data: https://doi.org/10.17632/
yaxtj2yn7m.1".

Plasmid construction

Plasmids for transposition screening in HEK293T and HelLa cell lines

In Tables S2 and S3, we have provided the amino acid sequences of transposase (Tnp) or Myb-like protein (myb for PIF/Harbinger),
transposon fragments (5’ and 3’ transposon sequences after removing the internal Tnp), and TSDs. These sequences were synthe-
sized by BGI (BGl, Suzhou, China). The Tnp sequences underwent codon optimization to match the human codon usage (Table S3A).
With EcoRI and Notl restriction enzyme sites,''® the codon-optimized Tnp sequences replaced the hyPBase ORF in the pCMV-hy-
PBase vector (hyperactive piggyBacSz; Figure 1D). These vectors served as helper plasmids (referred to as pCMV-Tnp) in the exper-
iments (Table S3A). The donor plasmid consists of the PGK-puro/eGFP-bGH poly(A) cassette flanked by the transposon fragments
and TSD (Table S3B). It was cloned into the general-purpose cloning vector pMV or pQLL (provided by BGI) with the same construc-
tion procedure as the helper plasmids.

Plasmids for transposase mutant experiments

The helper plasmids were constructed based on the wild-type transposase plasmid. For Figure 4, the expression plasmids used were
pCMV, while for Figure S7, pICOZ expression plasmids were utilized (Table S3C).

Plasmids for cargo capacity evaluation

Helper and donor plasmids were also employed in the experiments. The helper plasmids or pPCMV-Tnp remained unchanged, while
the donor plasmids were categorized into three types based on the length of the carrier genes (Table S3C). The first type encom-
passed a 2-kb cassette ([PGK-puro/eGFP-bGH poly(A)]) positioned between two transposon fragments, identical to that used in
the previous transposition activity detection experiments (Figure 1D; Table S3B). The second type accommodated a 5-kb cargo
gene with an additional 3-kb segment ([EF1between twV40 poly(A)]) appended to the first type. The third type featured a cargo
gene of up to 10 kb, with the HBB locus (5 kb) positioned at the 3’ end of the [EF1 with an additional 3-kb segment ([EF1between
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twV40 poly(A)]) appended to the first type. The thirdonstructed with pMV vectors, with the respective cargo genes (2-kb, 5-kb, and
10-kb) inserted between the transposon fragments (Figure 1D).

Plasmids used in primary T cells

To be consistent with the previous literatures on CAR-T based gene therapy,®”'*° we replaced the [PGK-puro/eGFP-bGH poly(A)]
cassette in pMV or pQLL vectors with the [EF1tween twV40 poly(A)]) appended to the first type. The thirdonstructed wiTable S3C).
Helper plasmids (pCMV-Tnp vectors), with a length of approximately 5.7 kb, were still utilized as before. For TE CAR-T cells, the
[EF1a-CAR-bGH poly (A)] cassette was cloned into transposon fragments, with TSD sequences flanking the fragments in donor plas-
mids. To mitigate cell toxicity caused by redundant bacterial sequences in plasmids and improve efficiency in transferring larger DNA
fragments, the donor and helper plasmids were further minimized using the pICOZ vector (1.1 kb) to replace the pMV (2.1 kb) and
pCMV (3.5 kb) vectors, respectively (Table S3C). For the generation of viral CAR-T cells, lentiviral vectors were utilized, including
the Fuw-EF1a-CAR plasmid and pRRLSIN-EF1a-CAR plasmid, along with packaging plasmids (pMD2.G and psPAX2,
Table S3C). Specifically, the Fuw-EF1al CAR-T cells, lentiviral vectors were uti,'® while the pRRLSIN-EF1Fuw-E'*® was generously
provided by Dr. Weidong Han (Department of Bio-therapeutic, Department of Molecular & Immunology, Chinese PLA General Hos-
pital, Beijing, China). CD19 and HER1 CARs were cloned into these two plasmids, respectively.

Transposition assay

Transposition assay in HEK293T cells

In the initial screening experiment, HEK293T and HelL a cell lines were employed to assess the transposition activity of the candidates.
For each well of a 24-well plate, 1.2 x 10° HEK293T cells were seeded one day before transfection. For transfection, 300 ng of plas-
mids was used (200 ng helper plasmid and 100 ng donor plasmid), along with 1 pL Lipofectamine® 2000 reagent (Thermo Fisher
Scientific) following the manufacturer’s recommendations. To serve as a transposition control, pPRS313 was co-transfected with
the donor plasmids. Each TE candidate was assayed with two biological replicates. After 48 hours of transfection, the proportion
of GFP-positive cells was determined using flow cytometry, representing the transfection efficiency to ensure the successful entry
and expression of plasmids within the cells. One percent of the transfected cells were further replated in a 10 cm plate and cultured in
selection medium containing DMEM supplemented with 0.5 ng/mL puromycin. After 10 days of puromycin selection, the cells were
fixed with 4% cold paraformaldehyde and stained with 0.2% methylene blue. The blue colonies were then quantified using ImageJ
v1.48. Active TEs were identified as those with a colony count 1.5 times higher in the group transfected with both helper and donor
plasmids compared to the group transfected without the helper plasmid.

Transposition assay in HelLa cells

The procedure in Hela cells largely mirrored that in HEK293T cells. The differences included initially seeding 7.5 x 10* Hela cells
prior to transfection, diluting the transfected Hela cells by 10%, and culturing the diluted transfected cells in selection medium
for 14 days. These changes were made because Hela cells are larger and grow more slowly than HEK293T cells.

Transposition assay in Neuro-2a cells

The procedure in Neuro-2a cells closely resembled that of HEK293T cells, with the only notable difference being the initial seeding
number, adjusted to 1.0 x 10° cells.

Transposition assay in K562 cells

To assess the transposition activity in suspension cells (e.g., K562), the transfection mixture, identical to that used in adherent cell
lines (HEK293T, HelLa and Neuro-2a), was initially added to each well of a 24-well plate, followed by the addition of 1.0 x 10° K562
cells in 300 puL medium. After 12 hours, the culture medium was added to each well to achieve a final volume of 1 mL. The transfected
cells were passaged every three days until the proportion of GFP-positive cells in the group transfected with only donor plasmids
decreased to nearly 0% after 12 days. At this moment, the proportion of GFP-positive cells in the group transfected with both donor
and help plasmids on the 12" day represents the transposition efficiency.

Transposition assay in T cells

Given that T cells are also suspension cells, we followed a procedure similar to that employed for K562 cells. Specifically, to deter-
mine the transposition efficiency of the four novel active TEs and SB100X in primary T cells, we introduced pCMV-Tnp (800 ng) and
PMV or pQLL-Transposon Fragment [EF1a-CopGFP-SV40 poly(A), 800 ng] into 1 x 106 resting CD3* T cells using 20 uL Nucleov-
ette™ strips and the EO-115 program of the Amaxa™ 4D-Nucleofector following the manufacturer’s instructions (Lonza, Cologne,
Germany). For control groups, only donor plasmids (pMV or pQLL -Transposon Fragment [EF1a-CopGFP-SV40 poly(A)]) were elec-
troporated to exclude transient expression and evaluate transposition efficiency more precisely. Five hours after transfection, the
transfected T cells were activated using anti-CD3/CD28 Dynabeads (Thermo Fisher). Cell viability was assessed 48 hours post-elec-
troporation through trypan blue staining. Subsequently, the proportion of GFP-positive cells was measured with flow cytometry every
three days. The proportion on the 12" day represents transposition activity.

Insertion site analyses

Generation and sequencing of integration-site mapping libraries

We conducted flow cytometry sorting on the 12'" day post-transfection to isolate GFP-positive K562 cells, indicative of stable trans-
gene integration through transposition events. Conversely, due to significant primary T cell loss during sorting, unsorted T cells were
directly utilized, with reliance solely on subsequent PCR assays for insertion site recovery.
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The genomic DNA was extracted from the cells using the DNeasy Blood & Tissue Kit (Qiagen) following the manufacturer’s instruc-
tions. The DNA was then sonicated in Snap-Cap microTUBEs (Covaris) using a Covaris S220 ultra-solicitor device under standard
conditions (peak incident power 105 W, duty factor 5%, cycles per burst 200, treatment time 80 s) to achieve an average fragment
size of 500 bp. The sonicated DNA was purified using 1.5 x VAHTS® DNA Clean beads (Vazyme), and fragments ranging from 200 to
500 bp were selectively obtained and purified with a 1% agarose gel. Then, the DNA underwent damage repair, end blunting, and
3'-A-tailing using the VAHTS® Universal Pro DNA Library Prep Kit (Vazyme). The DNA was further cleaned using 1.5 x VAHTS®
DNA Clean beads and subsequently ligated with a Y-adapter,'*° generated by annealing the Illumina common oligo with the barcode
adapter corresponding to each TE (Table S5). The ligation mixture was further purified using 1.2 x VAHTS® DNA Clean beads.

The eluted DNA was subjected to the first round of PCR using the P5-1 primer specific to the linker and TE/gene specific primers
(GSP1) targeting the left end sequence of TIR. The PCR employed PrimeSTAR® HS DNA Polymerase (Takara) with the following con-
ditions: 98°C for 5 min; 15 cycles of [98°C for 30 s, 70°C (-1°C/cycle) for 2 min, 72°C for 30 s]; 10 cycles of (98°C for 30 s, 55°C for
1 min, 72°C for 30 s); 72°C for 5 min; 4°C hold. The PCR products were purified using 1.2x VAHTS® DNA Clean beads and eluted in
15 pL of 1 x Tris-EDTA buffer, pH 8.0, then used as a template for the second round of PCR with the P5-2 nested primer for the linker
and GSP2 primers combined with specific primers for TIR and P7 adapter. The conditions for the second PCR were identical to those
of the first round. The final PCR products were purified using 1.2x VAHTS® DNA Clean beads and eluted in 20 pL of 1 x Tris-EDTA
buffer with a pH of 8.0. Finally, the samples were sequenced on the NovaSeq 6000 platform (Novogene) with the 150-bp paired-end
run settings.

Insertion-site identification

Clean data were obtained by selecting sequencing reads that passed the quality filter and ended with primer sequences correspond-
ing to TEs. Cutadapt v3.4"'® with the default parameters was used to trim sequences containing TIR and adapters. The remaining
reads were mapped to the human genome (UCSC hg38) using Novoalign v3.09.04 (Novocraft Technologies, http://novocraft.
com/) given its accuracy.'*® PCR duplicate reads were removed using the Picard MarkDuplicates tool v2.26.1 (Broad Institute,
https://broadinstitute.github.io/picard/). To determine the integration sites of TEs in K562 cells, the following procedure was imple-
mented: 1) uniquely mapped and properly paired reads with no more than 5-bp indels or mismatches in total were retained, disallow-
ing soft clipping at the ends of TEs; 2) within a 100-bp bin, only positions supported by at least two reads were considered as true
integration sites, while others were unreliable and discarded.

For Tigger4, additional filtering was applied to distinguish new integration sites from native ones preexisting in the human genome.
Initially, the hg38 genome was searched for Tigger4 fragments using RepeatMasker. Hits precisely aligned with the left or right ends
of Tigger4 consensus sequences were selected, and the corresponding genomic loci were extracted. Insertion sites identified from
the sequencing data were then compared with these loci using bedtools v2.30.0.""* Any sites matching these locations were
excluded as primer mis-targeting events.

The coordinates of the insertion sites for various TEs can be found in "Mendeley Data: https://doi.org/10.17632/2bmx6235k7.1".
Analyses of insertion-site preferences
We focused on four aspects: location at/in genes, location at transcription start sites (TSSs), chromatin states, and safe harbors.

First, we obtained gene annotations for the human genome (hg38) from the UCSC Genome Browser (track ncbiRefSeq). The dis-
tance between the integration site and the nearest gene was calculated and categorized into 10 kb intervals. Similarly, the distance to
TSSs was processed using 500-bp intervals. Chromatin state and histone mark annotations for K562 cells were downloaded from the
Roadmap Epigenomics project,”® including 15 ChromHMM states and broad histone domains (epigenome ID: E123). Coordinates of
these annotations were converted from hg19 to hg38 using the UCSC LiftOver tool. The integration sites were subsequently exam-
ined for overlap with chromatin states or histone marks using bedtools.

We then identified genomic safe harbors, defined as regions in the human genome capable of accommodating the expression of
newly integrated DNA without strong adverse effects on the host.?’ Safe harbors needed to meet specific criteria, including a dis-
tance of > 50 kb from TSSs, > 300 kb from cancer genes, and > 300 kb from microRNA genes, location outside of genes, and location
outside of conserved regions.®’ The cancer gene list was obtained from the oncoKB database,®" while TSS annotation, microRNA
gene annotations and conserved regions were from UCSC Genome Browser (track ncbiRefSeq, wgRna and phastConsElements30-
way, respectively). We assessed whether the integration sites overlapped with the identified safe harbors using bedtools.

To establish a random control dataset, we generated simulated reads with realistic error profiles using pIRS v2.0.2."%* Paired reads
with a length of 100 bp and an insert size of 300 + 50 bp (mean + SD) were simulated for the hg38 genome at a coverage level of 0.05.
The depth surpasses the actual values, guaranteeing ample genome coverage and facilitating subsequent fold enrichment calcula-
tions. These simulated reads were mapped back to the genome, and the resulting insertion sites served as control. We counted the
number of integration sites and control sites within the four sets of genomic features mentioned earlier. For each feature, we calcu-
lated the odds ratio of integration sites compared to control sites. TEs were heuristically clustered using complete linkage based on
the Euclidean distance of their log odds ratios in R 4.1.0. Poisson bootstrapping was performed on all integration sites of each TE, and
the same clustering method was applied to each bootstrap sample. Confidence levels were derived from 1,000 bootstrap clustering
trees using the ape 5.5 package. Branches with bootstrap confidence scores lower than 60 are collapsed. Note that the clustering’s
resolution power appears insufficient as the random control group remains indistinguishable from Tc1 elements (Figure 5A).
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Analysis of TSD motifs

To identify the target motifs of various TEs in their native genomes, we extracted the 20-bp flanking sequences of the putative auton-
omous TEs given the known motif size (< 20 bp, Table S2). Additionally, to investigate the integration preferences of TEs in K562 cells,
we extracted 20-bp sequences surrounding the integration sites in the human genome. Using WebLogo 3.7.8,"'%” we constructed
sequence logos and position weight matrices (PWMs) for both the native and human genomes based on these extracted sequences.
This allowed us to visualize the motifs and their sequence patterns.

To assess the similarity between the integration sites in the native genomes and K562 cells, we incorporated the PWMs built from
the K562 insertion sites into the HOCOMOCO Human v11 FULL motif database (downloaded from MEME Suite'??). Subsequently,
we utilized the MEME Tomtom tool 5.3.0 to search for the corresponding native genome motif within the merged database. The re-
sulting P-value, indicative of the match between the two motifs, was employed as a measure of statistical similarity.

Chromatin accessibility analysis during CAR-T cell exhaustion

We collected public Assay for Transposase-Accessible Chromatin with high-throughput sequencing (ATAC-seq) data from the NCBI
GEO Database (Accession GSE160139)."°? Unstimulated and exhausted CAR-T cell samples were included in the analysis. Utilizing
the ENCODE ATAC-seq pipeline v2.2.2""" with default parameters, raw FASTQ files from four replicates per condition were pro-
cessed to identify optimal overlap peaks, ensuring enhanced sensitivity in downstream analyses. Subsequently, mapped insertion
sites in T cells were examined for overlap with these ATAC-seq peaks using bedtools.

Cargo size tolerance of the top active TEs in the three superfamilies

Similar to previous efforts, > we constructed donor plasmids containing genes of three different lengths: 2 kb, 5 kb, and 10 kb (see
also “Plasmid construction” section, Tables S3C, S4, and S5). The experimental procedure followed the same steps as in the trans-
position assay in HEK293T cells. To account for variable transfection efficiency possibly caused by distinct plasmid size, we calcu-
lated transposition efficiency as follows: transposition efficiency = puromycin resistance colony number/ (cells number on the 2" day
after transfection x transfection efficiency).

Overproduction inhibition assays

Since the overproduction inhibition of SB100X has been studied in HeLa cells,'>* we herein used this cell line. The procedure is similar
to that described for the “Transposition assay in HelLa cells”. The donor plasmids utilized were pMV or pQLL-transposon fragment
[PGK-puro/eGFP], while the helper plasmid employed was pCMV-Tnp. Throughout the experiment, the transfection dose of the
donor plasmid remained constant at 100 ng. Following a previously reported method, ' the ratio of helper plasmids was gradually
adjusted from 0.125:1 to 2:1 relative to the donor plasmid, resulting in helper plasmid doses ranging from 12.5 ng to 200 ng. To ensure
consistent DNA transfection mass across all groups, an unrelated plasmid commonly employed in yeast studies (pRS313,'>°
Table S3C) was utilized for complementation. This approach maintained a stable total amount of transfected DNA, specifically
300 ng in the 2:1 group. Transposition activity was once again quantified using colony counts. To evaluate whether TEs exhibited
overproduction inhibition, we normalized the data by considering the highest observed transposition activity for each TE. This
normalization facilitated a comparative assessment of transposition activities across different doses.

CAR-T-related experiments

Generation of lentiviral CAR-T cells

Lentiviral CAR-T cells were produced as previously described."?? In brief, 12 ug FUW/pRRLSIN-CAR plasmid, 6 pg pMD2.G, and 6 pug
psPAX2 packing plasmid DNA were co-transfected into HEK293T cells using Lipofectamine 3000 (Thermo Fisher Scientific) when
HEK293T cells were 95% confluent. The virus supernatant was harvested at 48 h and 72 h post-transfection and then concentrated
by ultracentrifugation (Millipore) at 4000 rpm for 1 hour at 4°C. The concentrated virus was aliquoted and stored at -80°C for future
applications. Isolated T cells were first activated using CD3/CD28 beads, and 24 hours later, 1 x 108 T cells were resuspended in
1 mL of T cell medium and transduced with 50 uL of concentrated virus. Subsequently, 1 pL of polybrene was added to increase
the transduction efficiency. Notably, the proportion of anti-CD19 CD28 (the co-stimulatory domain) CAR-positive cells in the LV-
CD19 CD28 group is markedly low, with a positive rate of less than 4% observed on the 6" day post lentiviral infection. Consequently,
cells from this group underwent a round of enrichment via flow cytometry sorting.

Generation of TE CAR-T cells

For each sample, 5 x 10° T cells (activated by human CD3/28 Dynabeads for 48-72 hrs) were centrifuged at 300 x g for 5 min, and
then washed with 37°C warmed Opti-MEM (GIBCO) one time. Given the rapid change of electroporation techniques, %% '°%'%" we
employed three systems—Maxcyte STX, Lonza 4D, and B1mix—to deliver TE plasmids, each exhibiting moderately varied perfor-
mance outcomes. For Maxcyte STX, T cells were resuspended in 50 pL Opti-MEM containing 5 pg helper and 5 pg donor plasmids.
Cells were mixed gently and then transferred into electroporation cups (OC-100). Program-Expanded T cell 3 was used for human
activated T cells. For Lonza 4D, T cells were resuspended in 100 uL transfection buffer containing 5 ug helper and 5 ug donor plas-
mids. The P3 Primary Cell 4D-Nucleofector X Kit (V4XP-3024, Lonza), and program EO-115 were used for human stimulated T cell
electroporation. For B1mix, T cells were resuspended in 100 pL B1mix buffer containing 5 ng helper and 5 ug donor plasmids. Elec-
troporation cups (V4XP-3024, Lonza) and program EO-138 were used for human stimulated T cell electroporation.
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Using either platform, immediately after electroporation, the cells were carefully removed from the cups and transferred to 6-well
plates, and the cups were rinsed with the same volume of Opti-MEM. After resting for 20 min at 37°C with 5% CO, in a humidified
incubator, the cells were resuspended in complete culture media at 2.5 x 10° cells/mL. The percentage of CAR-positive cells was
calculated 2 days and 12 days after electroporation with Alexa Fluor 647 AffiniPure Goat Anti-Mouse IgG, F(ab’), Fragment Specific
(for CD19 CAR-T cells) or Alexa Fluor 647 AffiniPure F(ab’), Fragment Goat Anti-Human IgG (H+L) (for HER1 CAR-T cells) by flow
cytometry (BD Fortessa).

Luciferase-based cytolysis assay

K562-CD19-luciferase cells and H266-luciferase cells (H266-luci) were used to test the cytotoxic ability of CD19 CAR-T and HER1
CAR-T cells, respectively. Briefly, tumor cells were resuspended in RPMI 1640 medium at a density of 1 x 10° cells/mL and then
seeded in white opaque 96-well plates at 100uL per well. Effector cells were added to each well corresponding to a specific E:T ratio,
resulting in a final volume of 200uL/well. The plates were incubated at 37°C in 5% CO, for the required time. Four E:T ratios were
tested for CD19 CAR-T cells. Cells were co-incubated for 96 hours when the E:T ratio was 0.125:1 or 0.25:1, and for 48 hours
when the E:T ratio was 0.5:1 or 1:1. At the end of co-incubation, 10 uL of Steady-Glo luciferase substrate (Promega) was added,
and the reaction was carried out for 5 minutes at room temperature. PerkinElmer VICTOR X3 was used to measure luminescence
and the percentage of specific lysis was calculated using the equation: % killing = 100 — [(RLU from well with effector and target
cell coculture)/ (RLU from well with only target cells) x 100]. Notably, according to this formula, the resulting killing percentage could
potentially be below zero.

Multiple rounds of tumor cell challenge

In the initial round, CAR-T cells were co-incubated with corresponding target cells at an E:T ratio of 1:1. In each subsequent round, a
consistent number of fresh tumor cells, identical to the initial round, was added. Following a 48-hour co-incubation period in each
round, a small aliquot of cells with equivalent volumes from each group was harvested to assess cytotoxicity efficiency and the pro-
portion of CAR-positive cells. This process continued until the CAR-T cells cytolysis capability was significantly reduced. The per-
centage of specific lysis in every round was measured by luciferase assay using PerkinElmer VICTOR X3. CD19 CAR-T cells with
or without four rounds of tumor co-incubation were collected to analyze cell subtypes. PE anti-human CD4 and APC anti-human
CD8a antibodies were used to analyze the ratio change in CD4+ and CD8+ T cells. PE anti-human CD45RO and APC anti-human
CCRY7 antibodies were used to analyze the ratio change of CCR7-CD45RO- (effector), CCR7+CD45R0O- (naive), CCR7+CD45RO+
(central memory, CM), and CCR7-CD45R0O+ (effector memory, EM) subtypes. The percentage of CAR positive cells was detected
after every round of tumor co-incubation by co-staining with Pacific Blue™ Mouse Anti-Human CD3 antibody and PE-Labeled Hu-
man CD19 (20-291) Protein (for CD19 CAR-T cells) or and FITC-Labeled Human EGFR Protein (for HER1 CAR-T cells).
Evaluation of CAR-T cell function using mouse models

To evaluate the efficacy of CD19 CAR-T cells, we established a Raji-luci cell line-derived xenograft (CDX) model. Five- to six- week-
old female NOD-Prkdcscid ll2rgnull (NPG) mice (one kind of immunodeficient mouse, VitalStar, Beijing, China) were injected intra-
peritoneally with 3 x 10° or 5 x 10° Raji-luci cells. After 3 days, tumor engraftment was evaluated by serial biophotonic imaging using
the IVIS® Spectrum (Perkin Elmer). Mice with comparable tumor burden were divided into the following 5 groups: PBS buffer, T cells,
LV-CD19 CAR-T, SB-CD19 CAR-T and MAG-CD19 CAR-T groups. A total of 2 x 10° or 1.5 x 10° cells suspended in 100 pL PBS
buffer were administered by intravenous injection. Tumor burden was evaluated weekly by serial biophotonic imaging, and peripheral
blood samples were collected to analyze the proportion of human T cells by flow cytometry. In addition, the survival status of the
treated mice was recorded.

To evaluate the efficacy of HER1 CAR-T cells, we established an H266 cell line-derived CDX model by subcutaneous inoculation of
2% 108 H266 tumor cells into six-week-old NPG mice. When the tumor volume increased to 200-300 mm?®, mice were randomly as-
signed to five groups: PBS buffer, T cells, LV-HER1 CAR-T cells, SB-HER1 CAR-T cells, and MAG-HER1 CAR-T cells. A total of 3x
10° cells were administered to the mice by intravenous injection. The tumor size was monitored weekly. Peripheral blood samples
were collected on the 22" day to analyze the proportion of human T cells by flow cytometry. On the 52" day, tumors from mice
treated with PBS buffer were dissected into small pieces for tumor re-inoculation of the mice with complete tumor clearance,
comprising new mice with re-inoculation but without CAR-T cell injection.

Exploring the mechanisms underlying the heightened cytotoxicity of MAG CAR-T cells

T cells were isolated from four donors and used to generate CD19 or HER1 CAR-T cells utilizing LV or TE vectors. Initially, we imple-
mented an in vitro exhaustion model by subjecting CAR-T cells to multiple rounds of tumor challenges.®” The experiment was divided
into three stages: the unstimulated stage, where modified T cells (CAR-T cells) were cultured for eight days before antigen exposure;
the activation stage, where CAR-T cells were stimulated with two rounds of fresh tumor cells; and the potentially exhausted stage,
characterized by at least one group of CAR-T cells incapable of effectively clearing tumor cells after at least four rounds of challenges.
Notably, in the final stage, it remained plausible that the other two groups still contained a substantial proportion of functional
CAR-T cells.

To investigate whether the increased CAR expression in MAG CAR-T cells correlates with heightened tonic signaling, we evaluated
the expression of phospho-CD3{ in unstimulated CAR-T cells, serving as an indicator of tonic signaling intensity. Furthermore, we
quantified the expression levels of Fas, a marker associated with activation-induced cell death (AICD'*®), and exhaustion marker
genes (PD1, TIM3, LAG3, and CTLA4'%% %% Additionally, we assessed the expression of exhaustion marker genes in activated
CAR-T cells and potentially exhausted CAR-T cells.
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For gene expression quantification in unstimulated CAR-T cells, we utilized fluorescent antibody “Anti-(G4S)n (B02H1) mAb” to
detect CAR-T positive cells. We further designed four fluorescent antibody staining combinations: 1) Anti-(G4S)n (BO2H1) mAb
(FITC Chanel), and recombinant Alexa Fluor® 647 Anti-CD3¢ (phospho Y83) antibody; 2) Anti-(G4S)n (B0O2H1) mAb (FITC Chanel)
antibody and APC anti-human CD95 (Fas) antibody; 3) Anti-(G4S)n (B0O2H1) mAb, Brilliant Violet 421™ anti-human CD279 (PD-1) anti-
body and APC anti-human CD152 (CTLA-4) antibody; 4) Anti-(G4S)n (BO2H1) mAb (FITC Chanel), APC anti-human CD366 (Tim-3)
antibody, and Birilliant Violet 421™ anti-human CD223 (LAG-3) antibody.

Given the mixed nature of tumor and T cells in activated and exhausted T cell populations, we utilized 7-AAD to exclude dead cells
and PE anti-human CD3 antibody staining to isolate T cells. Subsequently, we designed two antibody combinations for analyzing
exhaustion marker gene expression: 1) PE anti-human CD3 antibody, Anti-(G4S)n (BO2H1) mAb (FITC Chenal), Brilliant Violet
421™ anti-human CD279 (PD-1) antibody and APC anti-human CD152 (CTLA-4) antibody; 2) PE anti-human CD3 antibody, Anti-
(G4S)n (BO2H1) mAb (FITC Chenal), APC anti-human CD366 (Tim-3) antibody, and Brilliant Violet 421™ anti-human CD223
(LAG-3) antibody. These combinatorial staining ensured the precise detection of gene expression in CAR-positive T cells within
the T cell population.

Flow cytometry

Cells were collected and prepared according to the sample loading requirements. Cell analysis was performed in CytoFLEX (Beck-
man) and BD Fortessa (BD Bioscience). Cell sorting was performed in MoFlo XDP (Beckman) and BD Fusion (BD Bioscience). For the
cells that needed to be stained, all operations were performed strictly according to the manufacturers’ protocols for the correspond-
ing antibodies. The antibodies used in this study are listed in the “key resources table”. All data generated by flow cytometry were
analyzed using FlowJo software.

A pilot study on optimization of MAG

Increase of activity

Based on the alignment of 23 active Tc1 transposases (Mendeley Data: https://doi.org/10.17632/ktfwtk6k3f.1), we identified semi-
conserved residues as those shared by more than 12 active transposases. Among these, MAG encodes 46 specific residues different
from the semi-conserved residues. Subsequently, we randomly selected 11 residues from MAG and replaced them with the corre-
sponding semi-conserved residues. The transposition activity of these substitutions was compared with that of the wild-type MAG in
HEK293T cells. The screening results showed the increase of activity for M235Q. To validate M235Q, further experiments were con-
ducted in both human HEK293T and mouse Neuro-2a cells.

Mitigation of insertion bias toward genic regions

For SB, three specific residues —H187, P247, and K248 —are implicated in target site selection.®® Based on the multiple sequence
alignment of 23 active Tc1 transposases (Mendeley Data: https://doi.org/10.17632/ktfwtk6k3f.1), we identified homologous residues
in MAG as H181, P240, and K241. Considering their mutational effects on transposition activity and the deviation of insertion sites
away from genes observed in SB1 00X,% we engineered five MAG transposase mutants: H181A, H181V, P240A, P240R, and K241R.
Then, we compared the transposition efficiency of MAG and these mutants in HEK293T and K562 cells. Three mutants (H181A,
H181V, and K241R) do not heavily impact its activity. Employing the methodology outlined in the preceding "Insertion site analyses"
section, we identified insertion sites for these three mutants in K562 cells and confirmed that they exhibit a weaker genic insertion
bias compared to the wild type.

Study approval
All experiments involving human samples and animals were approved by the Ethics Committee of the Institute of Zoology, Chinese
Academy of Sciences (10217039, 10Z220170081).

QUANTIFICATION AND STATISTICAL ANALYSIS

The data were presented as box plot, or as mean + standard deviation (SD) or standard error of the mean (SEM). Actual data in every
replicate were generally overlaid. Depending on the context, the statistical significances were measured by t test, Man-Whitney test,
or Fisher’s exact test. Unless specified, one-sided tests were performed. Notably, for t tests in Figures 6, S4, S5, S6B-S6E, and S7E,
Welch’s correction of unequal variance was performed.

All programs were run with default parameters, unless otherwise explained.
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Figure S1. Identification and evolutionary analyses of active DNA TEs, related to Figures 1 and 2

(A) The phylogenetic distribution of 102 animal species. The 102 animals are grouped into 13 classes, which are depicted on the inner branches and outer rings.
The number of species assigned to each class is shown within parentheses. Among Actinopteri, seven species possess preexisting TE annotations, while two
species undergo de novo annotation.

(B) Transposition efficiencies of 26 TEs and SB100X in HeLa cells. The inset on the right is used to better visualize the colony numbers of the last six TEs. Among
the 26 TEs, hAT-5_DR and IS4EU-1_DR are inactive in Hela cells, whereas all 26 TEs are active in HEK293T cells. Each error bar represents the mean + SD of
colony numbers on the basis of two biological replicates. For the inset, two actual data points are also overlaid.

(C) The correlation of transposition activity of active TEs between HEK293T and Hela cells. 26 TEs together with SB100X are plotted.

(D and E) The distribution of the average percent divergence of candidate TEs across the Tc1 and Pogo families (D) or across the Ac, Buster, and Tip100
families (E).

(F) The distribution of transposition activity of active TEs across families. Note that there is no active Tip700 element.
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Figure S2. Evaluation of the importance of noncoding sequences and novel conserved residues, related to Figures 3 and 4

(A) The three evolutionary models of DNA TEs, exemplified by Tigger4, Tc1-10_Xt, and Tc1-2_ST, respectively. Each dot shows the unmatched boundary where
the non-autonomous copy is aligned to their consensus autonomous sequences. Dots with similar positions share similar boundaries. Each copy contains two
unmatched positions on two sides. The copies are ordered by the left unmatched position.

(B) The overlaid structures of SB100X (light yellow) and Tc7-2_ST (sky blue) zooming on the SPDL motif (green) and DDE catalytic triad (red). Three novel residues,
namely R131, R326, and G335 (marked in blue), are near the SPDL motif. Several hydrogen bonds (the dotted green line) are present in the middle. Additionally,
W268 (also marked in blue) serves as a spatial neighbor to both the SPDL motif and D244.

(C and D) W195 (C) and H249 (D) are spatially close to DDE. Note that there is a hydrogen bond between H249 and D244. (C) also displays E154 (adjacent to D153).
(E) The overlaid structures of hAT-7-PM (pink), HAT1_AG (green), and Hermes (orange) zooming on the DDE catalytic triad (red). The figure convention follows
(A) except that TIR sequences are represented by dark gray. C265, H268, and W319 (in RW motif; see also Figure 4E) are close to the DDE motif.

(F) The hydrogen bond between R318 and the third base, “C,” on the transferring strands of TIRs, as well as the hydrogen bonds between S576 and surrounding
residues (e.g., E572) or the third base “C” in TIRs. For R318, see also (E) and (H).

(G) R586 in the minor groove of TIRs.

(H) The hydrogen bond between S321 and R318.

(I) The length distribution of 40 active TEs across superfamilies or families (for Tc1/mariner and hAT).

The SB100X structure refers to PDB: 5cr4, whereas the structure of Tc7-2_ST was predicted by AlphaFold2. Analogously, the Hermes structure refers to PDB:
4d1q, whereas the structures of hAT-7-PM and HAT1_AG were predicted by AlphaFold2. The transposase-TIR complex models were generated using ChimeraX
v1.4 (STAR Methods).
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Figure S3. Functional characterization of representative active TEs, related to Figure 5

(A) The transposition activity of active TEs in K562 cells. The proportion of GFP-positive K562 cells 12 days after transfection represents the activity. Error bars
represent the mean + SEM of activities on the basis of two biological replicates, and the actual data points are overlaid.

(B-D) The fold enrichment of integration sites around TSSs in K562 cells. Four TEs including piggyBac, HAT1_AG, hAT-7_PM, and Tigger4 show bias toward
regions around TSSs (B), piggyBac-1_Ami avoids the upstream region of TSSs (C), and SB100X and the six Tc7 TEs exhibit roughly random insertion patterns
around TSSs (D).

(E) The integration fold enrichment heatmap of the top six active Tc1 TEs, Tigger4, HAT1_AG, hAT-7_PM, piggyBac-1_AMi, SB100X, and piggyBac in K562 cells.
Fold enrichment values were computed relative to histone marks, with TEs sorted as in Figure 5A. Within active and repressed mark groups, individual marks are
ordered based on their decreasing mean enrichment fold. Note that ChromHMM utilized only five of the twelve marks, indicated with asterisks, to infer chromatin
states (STAR Methods).”®

(F) The motifs at the integration sites in native and K562 genomes. The motifs are generated by WebLogo. Motifs from the two contexts are significantly similar
(see also STAR Methods).
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Figure S4. Anti-tumor capability of lentiviral and TE-derived CD19 CAR-T cells, related to Figure 6

(A) A schematic diagram illustrating two commonly used lentiviral vectors (FUW and pRRSLIN) for CD19 CAR. The CMV and Rous sarcoma virus (RSV) promoters
were utilized, along with bGH and SV40 poly(A) signal sequences. TM denotes a transmembrane domain. ScFv, 4-1BB, and CD3{¢ represent three components of
CAR: the single-chain variable fragment, the co-stimulatory domain, and the stimulatory domain, respectively. Functional elements of lentiviral vector are shown,
including long terminal repeat (LTR), packaging signal of human immunodeficiency virus type 1(%¥), HIV rev response element (RRE), central polypurine tract and
central termination sequence of HIV-1 (cPPT/CTS), and woodchuck hepatitis virus posttranscriptional regulatory element (WPRE).

(B) Flow cytometry analysis of CD19 CAR-T cells on the 12'" day post-electroporation.

(C) Tumor cell lysis ability of CD19 CAR-T cells following multiple rounds of incubation with K562-CD19 cell lines. Data are represented as mean + SEM (n = 3).
(D) The relative live T cell number. This value is defined as cell number in the case group divided by cell number of the empty control group (electroporation without
any plasmid) on days 2, 6, and 12 after electroporation.

(E) Tumor cell lysis ability of CD19 CAR-T cells at different effector-to-target ratios (n = 4). The lysis ability is defined as follows: lysis % = 100 — ([RLU from wells
with effector and target cell coculture]/[RLU from wells with only target cells] x 100). Therefore, it is possible for the lysis percentage to be negative.

(F) T cell subtype composition of CAR-T cells before and after four rounds of incubation with K562-CD19 cell lines.

(G) The proportion of CD19 CAR-positive cells after one, two, three, and four rounds of incubation with K562-CD19 cell line. The initial proportion before in-
cubation is also shown.

(H) Schematic of the in vivo experimental design using CDX models.

(I and O) Bioluminescent imaging results of NPG mice inoculated with Raji-luciferase tumor cells (Raji-luci) at different time points after PBS buffer, T cells, or
CAR-T cells administration. (I) n = 5; (O) The group treated with MAG-CD19 CAR-T cells: n = 4; other groups: n = 3.

(J and P) Quantification of luminescence in (l) and (O).

(K) The survival curve of tumor-bearing mice treated with PBS buffer, T cells, or CAR-T cells.

(L) Flow cytometry analysis of CD19 CAR-T cells on the 12'" day after electroporation.

(M) Tumor cell lysis ability of CD19 CAR-T cells with different effector-to-target ratios. Data are represented as mean + SEM (n = 4).

(N) Tumor cell lysis ability of CD19 CAR-T cells after one, two, and three rounds of incubation with K562-CD19 cell lines. Data are represented as mean + SEM
(n=23).

(Q) The proportion of human T cells in the peripheral blood of mice at different time points after T cells or CAR-T cells administration.

(R) CAR expression quantification by flow cytometry analysis of CD19-CD28 CAR-T cells on the 12" day following electroporation. Note that the CD28
co-stimulatory domain was employed rather than the 4-1BB domain.

(S) Tumor cell lysis ability of CD19-CD28 CAR-T cells following multiple rounds of incubation with K562-CD19 cell lines. Data are represented as mean + SEM
(n=23).
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Figure S5. Anti-tumor capability of lentiviral and TE-derived HER1 CAR-T cells, related to Figure 6
(A) A schematic diagram illustrating FUW and pRRSLIN lentiviral vectors for HER1 CAR. The panel conventions follow Figures 6B and S4A. Notably, FUW-HER1
CAR-T cells are utilized in (D), (K), and (L), whereas pRRSLIN-HER1 CAR-T cells are employed in (E)—(J).

(B) CAR expression quantification by flow cytometry analysis of HER1 CAR-T cells on the 12" day post-electroporation.
(C) Tumor cell lysis ability of HER1 CAR-T cells following multiple rounds of incubation with H266 cell lines. Data are represented as mean + SEM (n = 3).

(D) The proportion of human T cells in the peripheral blood of the CDX tumor model on the 22" day following HER1 CAR-T cells injection. Data are represented as

mean + SEM (n = 5).

(E) CAR expression quantification by flow cytometry analysis of HER1 CAR-T cells on the 12™ day post-electroporation.

(legend continued on next page)
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(F) Tumor cell lysis ability of HER1 CAR-T cells across 5 rounds of incubation with H266 cell lines. Data are represented as mean + SEM (n = 3).

(G) The proportion of HER1 CAR-T cells after one to five rounds of incubation with H266 cell line. The initial proportion is also shown.

(H) Tumor volume of mice bearing HER1-positive tumors treated with PBS buffer, T cells, or CAR-T cells. Data are represented as mean + SEM (n = 5).

(I) The percentage of tumor-eliminated mice at 7, 14, 21, and 28 days following CAR-T cells injection.

(J) The proportion of human T cells in the peripheral blood of the CDX tumor model on the 22" day following HER1 CAR-T cells injection. Data are represented as
mean + SEM (n = 5).

(K) Flow cytometry analysis of HER1-CD28 CAR-T cells on the 12" day post-electroporation. Note that the CD28 co-stimulatory domain was employed rather
than the 4-1BB domain.

(L) Tumor cell lysis ability of HER1-CD28 CAR-T cells following multiple rounds of incubation with H266 cell lines. Data are represented as mean + SEM (n = 5).
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Figure S6. Potential mechanisms underlying the superiority of TE-based CAR-T cells, related to Figure 6
(A) Workflow for exhausting CAR-T cells. Unstimulated CAR-T cells were cultured for 14 days before exposure to tumor cells or antigen. Activated and potentially
exhausted CAR-T cells were generated by stimulation through two rounds of fresh tumor cell challenges and at least four rounds of tumor cell challenges,

respectively.

(B) CAR expression quantification. Flow cytometry analysis of CAR expression in unstimulated CAR-T cells on the 8" day post-electroporation (n = 4, with two
replicates for anti-CD19 cells and two replicates for anti-HER1 cells). Data are represented as mean + SEM.
(C) Proportion of Phospho-CD3¢ and CAR double-positive cells. Phospho-CD3( reflects the extent of tonic signaling. “EP” indicates empty control (electro-

poration without any plasmid). Data are represented as mean + SEM (n = 4).

(D) Proportion of Fas and CAR double-positive cells. Fas reflects the extent of AICD. Data are represented as mean + SEM (n = 4).
(E) Proportion of exhaustion marker-positive cells in unstimulated, activated, and potentially exhausted CAR-T cells. Four markers including PD1, TIM3, LAG3,

and CTLA4 were used. Data are represented as mean + SEM (n = 4).

(F) Proportion of integration sites in open chromatin regions of unstimulated CAR-T cells and exhausted CAR-T cells. “Shared” represents integration sites
located within open chromatin regions in both types of CAR-T cells. Error bar represents the 95% CI. Accessible chromatin regions were identified based on
assay for transposase-accessible chromatin with high-throughput sequencing (ATAC-seq) data (see also STAR Methods).

(G) The proportion of integration sites within open chromatin regions in exhausted CAR-T cells over those in unstimulated CAR-T cells. Error bars represent the

95% confidence interval (Cl).
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Figure S7. A pilot attempt to optimize MAG and assess the performance of tools in predicting crucial residues, related to Figures 4 and 5
(A) The relative transposition activity of 11 MAG mutations in HEK193T cell line. Among 46 sites shared across more than 50% Tc1 elements (Figure 4A) but
changed in MAG, we randomly picked 11 sites and mutated them to the conserved state. Each error bar represents the mean + SD of relative transposition activity
on the basis of four biological replicates. The actual data points are also overlaid. Only p values smaller than 0.05 are shown.

(B) The relative transposition activity of M235Q mutant in human HEK193T and mouse Neuro-2a cell lines. For M235Q, we performed validation experiments in
both HEK193T and Neuro-2a cell lines. Each error bar represents the mean + SD of relative transposition activity on the basis of six biological replicates. The
actual data points are also overlaid.

(C and D) Venn diagram illustrating critical residues identified in 23 active Tc1 elements (C) or 19 active hAT elements (D) by the conservation-based method,
PolyPhen-2, and ESM1b. “Conservation” denotes residues invariant across all active TEs.

(E) Relative transposition activity of wild-type MAG and five mutants in HEK293T and K562 cells. Data are represented as mean + SD (n = 2).

(F and G) Fold enrichment of integration sites for wild-type MAG, SB, and the three MAG mutants in gene regions (F) and TSS proximal (1 kb) regions (G) in K562
cells. Dashed lines represent random expectations (1.0), and error bars represent the 95% CI. TEs are sorted by decreasing folds. Since P240A and P240R
mutations in (E) heavily reduced the activity of MAG in both cell lines, they were excluded from insertion site mapping analyses.
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