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Recent advances in CRISPR-Cas9 techniques, especially the dis-
covery of base and prime editing, have significantly improved
our ability to make precise changes in the genome. We hypoth-
esized that modulating certain endogenous pathway cells could
improve the action of those editing tools in mammalian cells.
We established a reporter system in which a small fragment
was integrated into the genome by prime editing (PE). With
this system, we screened an in-house small-molecule library
and identified a group of histone deacetylase inhibitors
(HDACi) increasing prime editing. We also found that
HDACi increased the efficiency of both cytosine base editing
(CBE) and adenine base editing (ABE). Moreover, HDACi
increased the purity of cytosine base editor products, which
was accompanied by an upregulation of the acetylation of ura-
cil DNA glycosylase (UNG) and UNG inhibitor (UGI) and an
enhancement of their interaction. In summary, our work
demonstrated that HDACi improves Cas9-mediated prime ed-
iting and base editing.

INTRODUCTION
The CRISPR systems, containing CRISPR-associated (Cas) proteins
and their interacting RNAs, enable microbes to prevent the invasion
of foreign phages and plasmids.1 The CRISPR systems are easily re-
programmable for genome-editing purposes, providing powerful tools
for basic biomedical research and clinical translation.2,3 Recently,
the development of base editing (BE) and prime editing (PE) tech-
nique enables targeted base conversions or the introduction of small
genetic changes, in an efficient and irreversible way, without causing
robust double-stranded DNA breaks (DSBs), making it practicable
to correct small pieces of genetic lesions in inherited diseases.4–6

Although the resulting edits of each editor are quite predictable and
repeatable, detailed mechanisms underlying the editing process
have remained largely unknown. Especially in the case of editing
mammalian genomes, which are frequently occupied with a multi-
tude of DNA-binding factors and folded into various degrees of com-
pactions, the entry of CRISPR editors to their target loci is not
straightforward.7 Several parameters, including chromatin folding
and histone occupation andmodification, are known to have an effect
on the efficiency of wild-type Cas9-mediated genome editing.8–10

Beyond binding to and cleaving their targets, Cas9 proteins could
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be also engineered to produce local base deamination (base editing)
and single-stranded DNA break (SSB) and the subsequent single-
stranded DNA (ssDNA) extension (prime editing).4–6 In most cases,
these genetic lesions are repaired by various DNA damage repair
mechanisms.11–13 Depending on the types of the lesions, a given
mechanism could increase or decrease the desired editing results.
For example, inhibition of the non-homologous end-joining
(NHEJ) pathway decreases wild-type Cas9-induced indel formation
while increasing homology-directed repair (HDR)-mediated frag-
ment insertion.14,15 Therefore, it is reasonable to hypothesize that
Cas9-mediated base or prime editing could be improved by
modulating endogenous pathways.

Here, we adopt a simple reporter system to screen candidates of small
molecules that might affect the editing efficiency of prime editors in
HEK293T cells. In the reporter system, a small fragment was inserted
into the genome through prime editing, the efficiency of which can be
easily read out by regular polymerase chain reaction (PCR). We con-
ducted a focused screen of small molecules that target chromatin
modifiers, cell-cycle progression, mitosis, DNA damage response,
or DNA repair. The screening identified a group of HDAC inhibitors
(HDACi) that obviously increased the efficiency of the PE reporter
system. HDAC inhibitors are known to be able to increase the acety-
lation levels of histones or other non-histone proteins, promoting an
open chromatin state.16 In-depth testing with additional target loci
and multiple PE strategies revealed that the improvement induced
by HDAC inhibitors was dependent on different targets and editing
types. We also tested the effect of HDAC inhibitors on base editing
and found that HDAC inhibition generally increased the efficiency
of both cytosine base editing (CBE) and adenine base editing
(ABE), which agrees with recent findings.17,18 In addition, we
observed that HDAC inhibition increased the purity of CBE products.
he Author(s).
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Figure 1. Screening of small molecules capable of improving prime editing

(A) Schematic diagram showing the screening strategy. The prime editor was designed to knock in a 40 bp DNA fragment into HEK3 site, and the resulting insertion can be

amplified using PCR and quantified using gel electrophoresis. (B) Representative gel electrophoresis and ImageJ analysis of the effect of small molecules on the 40 bp

knockin. Knockin bands were distinguishable from wild-type bands by gel electrophoresis (upper panel), and efficiency of the knockin was calculated using ImageJ software

(lower panels). Nexturastat A, which improved knockin efficiency, is marked in red. (C) Summary of the effect of 54 small molecules on knockin. Each molecule was used at a

concentration of 10 mM different drugs. The improvement ratios were calculated relative to DMSO. Three HDAC inhibitors, nexturastat A (DO1-f-2), abexinostat (DO1-d-4),

and vorinostat (DO1-b-9), that significantly improved the efficiency of knockin are labeled by red boxes. Editing efficiencies were measured using gel electrophoresis and

grayscale analysis.
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Mechanistically, we found that HDAC inhibition upregulated the
acetylation levels of both uracil DNA glycosylase inhibitor (UGI)
and uracil DNA glycosylase (UNG) and enhanced their interaction,
which possibly inhibited the action of UNG to remove urine in the
edited DNA strand. Collectively, our results reveal a group of clini-
cally safe molecules improving the efficiency of prime and base edi-
tors, which should improve the application of these tools.

RESULTS
Identification of HDAC inhibitors enhancing prime editing in

reporter

As a first step toward the screening, we established a PE-based reporter
system in which a 40 bp DNA fragment containing loxP sequence was
knocked into the HEK3 loci in HEK293T cells using PE3 strategies
(Figure 1A). The efficiency of the knockin was readily visualized by
PCR amplification and subsequent gel electrophoresis and ImageJ anal-
ysis. On the basis of this reporter system, we screened an in-house com-
pound library containing 54 small molecules targeting epigenetics, cell
cycle, replication, and DNA damage repair (Table S1). The screening
identified several molecules that increased the knockin frequency
(Table S1). Interestingly, a group of HDAC inhibitors, including nex-
turastat A (DO1-f-2), abexinostat (DO1-d-4), and vorinostat (DO1-
b-9), were among the efficient molecules that gave rise to remarkable
improvement of the knockin (Figure 1B). The efficiency of loxP
knockin was improved by nexturastat A, abexinostat, and vorinostat
by 2.06, 1.60, and 1.57 times, respectively (Figures 1B and 1C). There-
fore, these HDAC inhibitors were selected for further analysis.

HDAC inhibition improves PE-mediated insertion and deletion

but not point mutation

As prime editing can produce various types of editions depending on
the design of prime editing guide RNAs (pegRNAs), including tar-
geted insertion, deletion, and point mutation, we therefore sought
to verify whether these HDAC inhibitors are generally effective for
different types of editions in HEK293T cells. We designed all three
types of editions forHEK3 loci and examined the effects of HDAC in-
hibitors on targeted insertion, deletion, and point mutation editing ef-
ficiency via high-throughput sequencing (HTS) and Sanger
sequencing, respectively. In consistent with the above results gener-
ated by gel electrophoresis and ImageJ analysis, we found that
HDACi increased the efficiency of 40 bp knockin by 137% (Fig-
ure 2A). HDACi also showed an average of 130% increase in 40 bp
deletion (Figure 2A). However, to our surprise, HDAC inhibitors
did not improve efficiency of PE-mediated point mutation in HEK3
loci but rather inhibited it. Compared with the DMSO-treated group,
HDAC inhibitor treatment led to an average 42.7% reduction in point
mutation (15.7% versus 9%), with themost significant reduction up to
6% (Figure 2A).
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Figure 2. The effect of HDAC inhibitors on PE-mediated targeted insertions, deletions, and point mutations

(A) Four sites,HEK3, b-actin, VEGFA, and DNMT1, were used to investigate the effect of HDAC inhibitors on three different types of PE, including targeted insertion, deletion,

and point mutation. (B) The relative PE efficiency of HDAC inhibitors to DMSO. Data are represented as mean ± SD; asterisks indicate statistically significant differences

between DMSO-treated cells and HDAC inhibitor-treated cells (*p < 0.05, **p < 0.01, and ***p < 0.001). Knockin and deletion efficiencies were measured using high-

throughput sequencing (HTS), and point mutation efficiencies were analyzed using Sanger sequencing and EditR calculating.
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Next, we tested the effects of HDACi on an additional 3 target loci,
including b-actin, VEGFA, and DNMT1. Consistent with the above
observations on HEK3 loci, we found a distinct effect of HDACi on
different types of editing. Overall, HDACi has a positive effect on
PE-mediated insertion and deletion editions but has a negative effect
on point mutation. On b-actin loci, HDACi treatment increased the
efficiencies of insertion and deletion editing by 12% and 46%, respec-
tively (Figure 2A). On VEGFA loci, the efficiencies of insertion and
deletion were increased by HDACi by 10% and 20%, respectively
(Figure 2A). On DNMT1 loci, HDACi treatment increased the
insertion efficiency by 35% but did not obviously increase deletion
efficiency (Figure 2A). In contrast, HDACi treatment inhibited the
editing of point mutation across all 3 target loci (Figures 2A and
2B). The most extensive inhibition was observed on b-actin loci, the
editing efficiency of which was reduced by nearly 42%. Therefore,
together with the observations on HEK3 loci, these results suggested
that HDACi treatment improved the action of prime editing in
targeted insertion and deletion but not point mutation.

HDAC inhibition improves both cytosine and adenine base

editing

Next, we tested whether those HDAC inhibitors were effective in
improving the action of the base editing system in HEK293T cells.
Cytosine base editing of four well-characterized endogenous loci
was used to determine the effects of HDAC inhibitors. As shown in
Figure 3A, C-to-T conversions of targetable positions across all four
loci were improved by those inhibitors. Overall, nexturastat A, abex-
inostat, and vorinostat increased the editing efficiency of the cytosine
base editor BE3 by an average of 0.8, 0.73, and 0.93 times, respectively.
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Taking site 29 as an example, HDACi improved the editing of all
targetable cytosines in the putative editing window (Figure S1).

Next, we sought to dissect which HDAC was responsible for the
improvement. We first analyzed the targets of those positive inhibi-
tors and found that although nexturastat A was a highly selective
HDAC6 inhibitor, both abexinostat and vorinostat had a wide range
of targets (Figure S2A). It seemed, at this stage, that these small mol-
ecules might improve the editing efficiency of BE3 C-to-T conversion
by inhibiting HDAC6. However, the concentration of nexturastat A
used in the screening experiments was 10 mM, which could also
inhibit other HDACs, such as HDAC1 (3.02 mM) and HDAC2
(6.92 mM), beyond HDAC6. In order to rule out the possibility that
nexturastat A improved editing efficiency by inhibiting HDAC1 or
HDAC2, we conducted a series of tests with different concentrations
of nexturastat A. It turned out that nexturastat A can improve the
base editing of BE3 only when its concentration exceeded 3 mM (Fig-
ure S2B), suggesting that inhibition of HDAC1 and HDAC2 but not
HDAC6 was responsible for the improvement by Nexturastat A.

Consistent with this notion, previous studies have found that HDAC1
and HDAC2 inhibitors increased the indel frequencies of wild-type
Cas9. To test this possibility, we selected another HDAC inhibitor,
E14, that inhibits HDAC1, HDAC2, and HDAC3 at a half maximal
inhibitory concentrations (IC50) of 1.8, 3.6, and 3.0 nM, respectively,
in cell-free assays.19 We found that E14 treatment also significantly
increased C-to-T base editing across the above four target loci (Fig-
ure S2C). In addition, this observation was further confirmed by a
more specific HDAC inhibitor, romidepsin, which is highly selective



Figure 3. HDAC inhibitor treatment increased the editing efficiency of both BE3 and ABE7.10

(A) Effect of nexturastat A, abexinostat, and vorinostat on C-to-T editing of BE3 at four loci. The control group was treated with DMSO. (B) Effect of nexturastat A and abex-

inostat on A-to-G editing of ABE7.10 at 7 loci. (C) Relative efficiency of the editing of BE3 or ABE7.10 by nexturastat A and abexinostat treatment to that by DMSO treatment.

The efficiencies of both cytosine and adenosine base editing were quantified using Sanger sequencing and were analyzed using EditR. Each experiment was repeated at

least three times. Data are represented as mean ± SD; asterisks indicate statistically significant differences between DMSO-treated cells and HDAC inhibitor-treated cells

(*p < 0.05, **p < 0.01, and ***p < 0.001). Base editing efficiencies were analyzed using Sanger sequencing and EditR calculation.41
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for HDAC1 and HDAC2, with IC50 values of 36 nM for HDAC1 and
47 nM for HDAC2 in cell-free assays20 (Figure S2C). Therefore, these
analyses suggested that inhibition of HDAC1 and HDAC2 but not
HDAC6 was responsible for the improvement of base editing. In
addition, a parallel comparison of these HDAC inhibitors revealed
that their improvement effects on base editing were similar (Fig-
ure S2D). We also compared the cytotoxic effects of these inhibitors
and found that except for nexturastat A, they are all cytotoxic to
HEK293T cells (Figure S3).

To determine how general the improvement is, we tested the perfor-
mance of HDAC inhibitors on a wide range of loci edited by various
cytosine base editors and adenosine base editors. First, we used 7
additional endogenous loci to further characterize the action of
HDAC inhibitors on BE3. The results showed that the C-to-T base
editing of all loci was extensively improved by HDAC inhibitors (Fig-
ure S4). Compared with the DMSO-treated group, nexturastat A
treatment showed an average 0.86 times increase and abexinostat
showed a 1.22 times increase in BE3-mediated cytosine base editing.
Together with observations on the above four target loci, these results
suggested that HDAC inhibition could generally improve the editing
of BE3. Next, we determined whether HDAC inhibition was also
effective for adenosine base editing. We found that the adenosine
editing of all 8 target loci tested was improved by HDAC inhibition,
among which 7 loci were significant (Figure 3B). On average, nextura-
stat A increased the editing of ABE by 0.46 times and abexinostat by
0.43 times (Figure 3C). Notably, the improvement in ABE by both in-
hibitors was lower than that in CBE (Figure 3C). Collectively, these
data suggested that HDAC inhibition generally improved the action
of both cytosine and adenosine base editing.

Next, we sought to determine if the improvement was also effective on
other types of cytosine base editors. As shown in Figure 4A, both in-
hibitors increased the editing of SaCas9-derived CBE across all 5 loci,
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Figure 4. HDAC inhibitor treatment generally increased a wide range of CBEs

(A) The effect of nexturastat A and abexinostat treatment on the editing of the SaCas9-derived base editor BE3-SaKKH. The control group was treated with DMSO. (B) The

effect of nexturastat A and abexinostat treatment on different cytosine deaminase-derived base editors, including AID-BE3, target-AID, and A3A-BE3. The control group was

treated with DMSO. The editing efficiency was quantified using Sanger sequencing and was analyzed using EditR. Each experiment was repeated at least three times. Data

are represented as mean ± SD; asterisks indicate statistically significant differences between DMSO-treated cells and HDAC inhibitor-treated cells (*p < 0.05, **p < 0.01, and

***p < 0.001). Base editing efficiencies were analyzed using Sanger sequencing and EditR calculation.
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with an average increasement of 0.53 times for nexturastat A and 0.51
times for abexinostat (Figures 4A and S5). In addition, the improve-
ment was also obvious in SpCas9-derived non-classical base editors,
including AID-,21 target AID-,22 and A3A-fused23 base editors (Fig-
ure 4B), single guide RNA (sgRNA)-modified sgBEs24 (Figures S6A
and S6B), internally inlaid BE-PIGS25 (Figure S6C), and the simulta-
neous cytosine and adenine editor CABE (Figures S6D and S6E). To
further explore the general utility of HDACi in improving base edit-
ing, we tested the effects of HDACi on CBE in different cells,
including HCT116 (colorectal cells), hepG2 (hepatocytes), and
HeLa (cervical cells). The results showed that HDACi also improved
40 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
the efficiency of CBE in these cells, although the improvement levels
varied by cell type (Figure S7). Taken together, these data demon-
strated that the improvement by HDAC inhibition was universal
for base editing.

As HDAC inhibition generally increased base editing, it is therefore
conceivable that it also increases off-target editing. To elucidate
this, we investigated the performance of HDAC inhibitors on
sequence-dependent off-target editing of two well-characterized
target sites, HEK4 site and site 31, whose off-target sites were exten-
sively studied.6 As shown in Figures S8A–S8C, HDAC inhibitor



Figure 5. HDAC inhibitor treatment increased product purity of BE3

(A) Representative Sanger sequencing results and EditR analysis showing the effect of HDAC inhibitors on the editing of site 28 by BE3. (B) The effects of HDAC inhibitor

treatment on the C-to-T (left panel) and C-to-G/A (right panel) conversions of BE3 at 4 genomic loci. (C) Quantification of the product distribution of (B). Base editing efficiency

was quantified using Sanger sequencing and analyzed using EditR. Each experiment was repeated at least three times. Data are represented as mean ± SD; asterisks indi-

cate statistically significant differences between DMSO-treated cells and HDAC inhibitor-treated cells (*p < 0.05, **p < 0.01, and ***p < 0.001). Base editing efficiencies were

analyzed using Sanger sequencing and EditR calculation.
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treatment increased the editing of the HEK4 and site 31 off-target
sites, the level of which was comparable with that of on-target sites.
Similarly, we also found that HDAC inhibitor treatment increased
the efficiency of sequence-independent off-target editing as deter-
mined by R-loop assay26,27 (Figures S8D and S8E).

HDAC inhibition suppressed C-to-G editing by enhancing the

interaction between UNG and UGI

Product purity is one of the main features of cytosine base editors, as
some deaminated cytosines were converted to G or A other than T (in
most cases G), leading to impure editing products. In previous exper-
iments, we noticed that HDAC inhibitor treatment increased the
product purity of site 28 (i.e., the ratio of C-to-T conversion to all con-
versions in HEK293T cells) (Figure 5A). To determine whether this
phenomenon is common to different targets, we tested an additional
3 targets that were prone to yield impure products. As shown in
Figures 5B and 5C, inhibition of HDAC did increase product purity
across all target sites tested. On average, nexturastat A and abexino-
stat increased the ratio of C-to-T conversion by 0.45 and 0.35 times,
respectively, which were accompanied by the abatement of C-to-G
conversion. The ratio of C-to-G/A conversion was decreased by
0.44 times (nexturastat A) and 0.35 times (abexinostat).
Then we sought to elucidate howHDAC inhibition affects the purity of
base editing. The conversion fromC toGorAwas likely due to the inac-
curate repair of the target strand (the strand complementary to the
spacer of sgRNA) that was nicked by Cas9 HNH domain during base
editing. And possibly, when repairing the nick (ssDNA break), the uri-
dine in the non-target strand that was deaminated from cytosine was
supposed to be removed by UNG, generating an abasic site, which in
turn induced trans-lesion synthesis of the target strand, leading to incor-
poration of C or T in positions opposite to abasic site. Finally, the inac-
curately incorporatedC or Twas passed to the non-target strand asGor
A by DNA repair or DNA replication mechanisms. Therefore, the for-
mation of abasic site was the first step toward the generation of C-to-G
orC-to-Aconversion.Consistentwith thisnotion, in cells lackingUNG,
C-to-G or C-to-A conversion disappeared.28 Because the CBEs we used
contained UGI, a bacterial inhibitor of UNG, our investigation was
started with the effect of HDAC inhibition on CBE lacking UGI. We
removed UGI from the CBE and tested the effect of HDAC inhibitor
on the editing purity of site 28. As expect, the resulting BE-NO-UGI
produced muchmore impure editing than editors harboring UGI. Sur-
prisingly, HDAC inhibition could not improve the product purity of
BE-NO-UGI any longer (Figure 6A). This observation was further
confirmed by an additional 3 target sites (Figures 6B and 6C).
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Figure 6. The improvement of HDAC inhibitor treatment on product purity of BE3 required the presence of UGI

(A) Representative Sanger sequencing results and EditR analysis showing the effect of HDAC inhibitors on the editing of site 28 by BE-NO-UGI. (B) The effects of HDAC

inhibitor treatment on the C-to-T (left panel) and C-to-G/A (right panel) conversions of BE-NO-UGI. (C) Quantification of the product distribution of (B). Each experiment

was repeated at least three times. Data are represented as mean ± SD; asterisks indicate statistically significant differences between DMSO-treated cells and HDAC inhib-

itor-treated cells (*p < 0.05, **p < 0.01, and ***p < 0.001). Base editing efficiencies were analyzed using Sanger sequencing and EditR calculation.
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Moreover, we also tested the effect of HDAC inhibition on BE-NO-
UGI editing two target sites that are not inclined to generate impure
product, site 29 and DNMT1 (Figure S9). The results showed that
HDAC inhibition slightly improved the editing efficiency of BE-
NO-UGI, whereas the improvement was much lower than that of
BE3. Together, these observations suggested that UGI was required
for the improvement of both editing efficiency and product purity
by HDAC inhibition.

It is well known that acetylation modification is a key regulatory
mechanism for DNA repair pathways, and many repair players,29

including UNG, were found to contain acetylation modification.30,31

The fact that the improvement of HDAC inhibition on product purity
depended on the presence of UGI led us to hypothesize that HDAC
inhibition would promote the acetylation of UNG or UGI or both
to enhance their interaction, thereby strengthening the locally inhib-
itory effects of UNG-mediated BER. In fact, when we looked into the
acetylation status of UNG in HEK293T cells, we observed a consider-
able increasement of total lysine acetylation (Figure 7A). Strikingly,
we also found that UGI could be acetylated in its lysine residues,
the level of whichwas also increased byHDACi treatment (Figure 7B).
42 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
Next, we sought to investigate if the increasement in acetylation level
of UNG and UGI enhanced their interaction. We performed
NanoLuc binary technology (NanoBiT) assay to quantify their inter-
action (Figure 7C). As shown in Figure 7D, NanoBiT assay revealed
that HDACi treatment indeed enhanced the interaction between
UNG and UGI, in a dose-dependent manner. Taken together, these
results demonstrated that HDAC inhibition promotes the product
purity of CBE through increasing the acetylation of UNG and UGI.

DISCUSSION
In this work, we used a prime editing-mediated knockin system to
screen a panel of clinically safe drugs that targeted chromatin modi-
fiers, cell-cycle progression, mitosis, DNA damage response, and
DNA repair. The screening identified several HDAC inhibitors that
were able to increase the editing of the reporter system. Detailed eval-
uations with other types of base editing and additional loci revealed
that HDAC inhibition did not generally increase prime editing effi-
ciency. Rather, its effects were loci and editing type dependent. In
addition, we also found that HDAC inhibition generally increased
the editing efficiency of various base editing tools, including cytosine,
adenosine base editors, and their modified derivates.



Figure 7. HDAC inhibition increased the acetylation level of UNG and UGI and enhanced their interaction

(A) Western blotting (WB) showing the lysine acetylation level of UNG and UGI. WB analysis for the co-immunoprecipitation (co-IP) of whole-cell proteins from HEK293T

control cells or cells transfected with empty or FLAG-UNG plasmids (top panels). WB analysis for input whole-cell proteins (bottom panels). The transfected cells received

DMSO or romidepsin treatment as indicated. (B) Quantification of the relative acetylation level of UNG and UGI of cells treated with romidepsin to that of DMSO-treated cells.

(C) Schematic diagram showing the NanoBiT assay. NanoLuc topologymodel 9 consisting of a 10-stranded beta-barrel (left panel). The split point (red arrow) occurs between

residues 156th and 157th amino acids, generating a large fragment of 156 amino acids, referred to as 11S, and a small fragment of 11 amino acids, referred to as 114. The

interaction of fusion proteins pulled 11S and 114 together to form a functional luciferase (right panel). (D) Dose-dependent enhancement of romidepsin to the interaction

between UNG and UGI. Data are represented as mean ± SD; asterisks indicate statistically significant differences between DMSO-treated cells and HDAC inhibitor-treated

cells (*p < 0.05, **p < 0.01, ***p < 0.001).
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During the preparation of this report, it came to our attention that re-
sults similar to part of our observations were reported, showing that
HDAC inhibition enhances both adenosine and cytosine base edit-
ing.17,18 The underlined mechanisms were found to be attributable
mainly to increasing the expression levels of proteins and target acces-
sibility.17 Similar mechanisms of HDAC inhibition had also been
observed on wild-type Cas9-mediated gene editing, including
induction of indels by NHEJ and fragment knockin by HDR.8,9 These
results collectively suggest that HDAC inhibition has a general posi-
tive effect on Cas9-derived base editing tools, perhaps also ZFN and
TALEN.

However, the fact that HDAC inhibition specifically decreased PE-
mediated point mutation while increasing PE-mediated insertion
and deletion at the same sites (with identical pegRNA and nick
sgRNA) indicated that mechanisms other than protein expression
and target accessibility might take part. One reasonable possibility
would be that the repair mechanism of PE-mediated point mutation
is different from that of PE-mediated insertion or deletion and that
of base editing. And the mechanism responsible for the repair of
PE-mediated point mutation was adjusted by HDAC inhibition
against the desired point mutation. And if this is true, HDACi inhib-
iting PE-mediated point mutation also predicts that the level of the
adjustment surpasses the effect of HDACi on protein expression
and target accessibility. To the best of our knowledge, DNA lesions
created by PE had never been observed under natural conditions,
and themechanisms underlying the repair of these lesions were poorly
understood. Only speculation from not so similar scenarios such as
ssDNA invasion32 and flap removal33 is far from reaching an overall
view.14 Recently, the laboratory of David Liu found that mismatch
repair pathway had a negative effect on PE.34 Inhibition of key players
of the mismatch repair pathway (MMR), including MSH2, MSH6,
MLH1, and PMS2, increased the efficiency of PE. Interestingly, the
degree of increase was found to correlate with the type of PE, as it
declined as the length of edits increased. This result was consistent
with our observation that HDACi has varied effects on different types
of PEs. Considering that two different protein complexes were respon-
sible for censoring MMR substrates, with MutSa recognizing 1 nt
mismatch or loop and MutSb recognizing more than 2 nt mismatch
or loop,35,36 we speculated that HDACi might have different effects
on these two sensors and thus have different impacts on different types
of PEs. In fact, accumulating evidence suggests that acetylation
modification is an importantmechanism in the regulation ofMMRac-
tivity.37 However, the effects were somewhat controversial. HDAC6
deacetylates and ubiquitinates MSH2, causing decreased MMR activ-
ity,37 while the deacetylation of MSH2 by HDAC10 might promote
MMR.38 Further investigations are required in order to dissect the
exact mechanisms of the effects of HDACi on PE-induced lesions.
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 43
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Interestingly, in this work, we observed that HDACi treatment signif-
icantly inhibited the transition from C to G or A in cytosine base edit-
ing. And the inhibition was likely due to HDACi inducing hyper-acet-
ylation of UNG and/or UGI, which in turn led to increased
interaction between UNG and UGI. This result was consistent with
the observations of acetylation modification regulating the functions
of DNA repair proteins, including DNA binding ability, enzymatic
activity, and protein-protein interaction.29 In addition, as UNG inhi-
bition plays an important role in increasing the efficiency of cytosine
base editing,6,28 it is also reasonable to deduce that HDACi-induced
UNG inhibition also contributes to the improvement of CBE. In
agreement with this notion, the improvement level of HDAC on
CBE was dependent largely on the presence of UGI (Figure S6).

It is noteworthy that these observations made by Shin et al.17 and our-
selves were all obtained from cultured cells that underwent robust
proliferation. Whether the effect of HDAC inhibition also functions
in adult animals remains unclear. Especially considering that the ma-
jor target organs of gene therapy, such as liver, muscle, and retina,
typically exhibit low levels of cell proliferation in adults, future inves-
tigation is needed to determine if HDACi can improve base and prime
editing in vivo in adult animals. Of note, HDACi also increased off-
target efficiencies of base editing. Such effect should be considered
when using HDACi to improve base editing, especially for gene
therapy purpose.

MATERIALS AND METHODS
Design and construction of plasmid

Plasmids encoding base editors (BE3 #73021, ABE7.10 #102919, and
BE3-SaKKH #85170) and prime editor (PE2 #132775) were obtained
from Addgene. The sgRNA plasmids were constructed by inserting
spacers into Bbs1-digested empty sgRNA plasmids. Oligos used to
generate spacers are listed in Table S3. pegRNA fragments were con-
structed by PCR-mediated elongation of each sgRNA. Sequences of
sgRNA and pegRNA constructs are listed in Tables S2 and S3. AID-
BE3, target-AID, and A3A-BE3 plasmids have been described previ-
ously.23,28,39 The remaining plasmids, including CABE base editor,
nSaCas9, BE-NO-UGI, pVAX1-FLAG-UNG, pVAX1-FLAG-UGI,
and NanoBiT, are constructed by seamless cloning (ClonExpress II
One Step CloningKit; Vazyme Biotech). All plasmids were verified us-
ing Sanger sequencing. Sequence encoding NanoLuc was optimized
for mammalian cells and synthesized by TSINGKE Biology.
NanoLuc was split into two NanoBiT subunits, 114 and 11S, as previ-
ously described.40

Grayscale analysis

To determine the genome targeting knockin efficiency of prime edit-
ing atHEK3 site, PCR was performed using 2�Rapid TaqMaster Mix
(Vazyme) with primers 50-TGCATTTGTAGGCTTGATGC-30 and
50-GTCAACCAGTATCCCGGTGC-30 for amplification. Then the
PCR product DNA fragments were detected using gel electrophoresis.
The efficiencies of PE were calculated by analyzing the intensity of
bands corresponding to wild-type or edited alleles using ImageJ
software.
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Cell culture

HEK293T, HeLa, HepG2, and HCT116 cells were cultured in DMEM
(Gibco by Life Technologies), supplemented with 10% fetal bovine
serum (FBS) (Life Technologies) and 1% penicillin/streptomycin
(Boster Biological Technology) at 37�C and 5% CO2.
Plasmid transfection and drug treatments

In order to measure the editing efficiency at endogenous targets,
cells were plated into 24-well plates 12–24 h before transfection,
and each well was seeded with 2 � 105 cells. When cells reached
a confluence of �80% they were transfected with plasmids encoding
BEs (600 ng) and plasmids encoding sgRNAs (200 ng), or plasmids
encoding PE2 (550 ng), plasmids encoding pegRNAs (185 ng), and
plasmids encoding sgRNAs (60 ng) using Transeasy (Forgene). Af-
ter 12–16 h, the transfected cells were trypsinized and plated into
96-well plates and treated with HDAC inhibitors or DMSO (nega-
tive control). After 48 h of treatment, the cells were collected, and
the cell genome was extracted for subsequent editing efficiency
verification.
Orthogonal R-loop assays of independent off-target

For orthogonal R-loop assay, HEK293T cells were seeded on 24-well
plates (BIOFIL). Cells at a confluence of�70%–80% were transfected
with mixed plasmids encoding base editor (300 ng), SpCas9 on-target
sgRNA (200 ng), nsaCas9 (300 ng), and SaCas9 sgRNA (200 ng) tar-
geting a genomic locus unrelated to the on-target site. Specifically,
BE3 fused with on-target sgRNA and edits at the target site. Off-target
sgRNA fused with nsaCas9 to form R-loop at off-target sites to be edi-
ted by BE3. Seventy-two hours post-transfection, the genomic DNA
was extracted, and on-target and off-target efficiency was detected
using Sanger sequencing.
Sanger sequencing and EditR analysis

Cells were harvested 72 h post-transfection, and the genomic DNA
was extracted with freshly prepared DNA extraction buffer (the lysis
buffer is composed of 80% sterile water, 20% 10� PCR buffer, and
0.5% Proteinase K). The mixture was incubated at 55�C for 10 min
and then was inactivated at 95�C for 10 min. Genomic regions of in-
terest were amplified by PCR and then analyzed using Sanger
sequencing. The sequences of primers are listed in Table S4. Then
the base editing efficiency was quantified using EditR software
(http://baseditr.com), according to the author’s description.41
Deep sequencing of genomic DNA samples and data analysis

Genomic regions of interest were amplified using High-Fidelity DNA
Polymerase (Phanta Max Super-Fidelity) with primers flanked with
different barcodes (Tables S5–S7). The PCR products were gel-puri-
fied and quantified using NanoDrop (Thermo Fisher Scientific). Sam-
ples were sequenced commercially using Ilumina Hiseq-2000 plat-
form (Personal Biotechnology, Shanghai, China). The sequencing
reads were extracted using custom Python scripts, and editing effi-
ciency was manually analyzed using Excel software. The sequences
of wild-type and edited alleles were used as references.
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Cell viability assay

Cell viability analysis of HDAC inhibitors on HEK293T cell line was
performed using the MTS, Promega #G3582 assay. HEK293T cells
were digested and seeded on a 96-well plate. After 24 h, different con-
centrations of HDAC inhibitors were added to the DMEM, and
DMSOwas used as a negative control and treated with equal volumes.
Cell viability determination was performed after 48 h of drug treat-
ment. MTS reagent was diluted 1:5 with fresh medium and mixed
well, and the medium was then removed and 100 mL added to each
well. Absorbance was measured at 490 nm after incubating at 37�C
for 1.5 h. Cell viability was compared with the DMSO treatment
group. The data are obtained using GraphPad Prism 8.0.

Detection of acetylated UNG and UGI

HEK293T cells in a 60 mm2 dish were transfected with 5 mg pVAX-
FLAG-UNG or pJL-SaKKH-BE3 (catalog #85170; Addgene) using
Lipofectamine 2000. After transfection, cells were collected and
seeded in 20 mm2 tissue culture dishes. Twenty-four hours post-
transfection, cells were treated with DMSO or romidepsin (50 nM)
for 6 h at 37�C. Following treatment, cells were washed once with
ice-cold PBS (pH 7.4) and lysed with RIPA lysis buffer containing
2 mM PMSF and 2� protease inhibitors cocktail (catalog #HY-
K0010; MedChemExpress). Then, cell lysates were further homoge-
nized using ultrasound at 4�C and centrifuged (13,300 rpm at 4�C
for 15 min). Ten microliters of anti-FLAG magnetic beads (catalog
#HY-K0207; MedChemExpress) per sample were washed 4 times
with washing buffer (0.1% Tween 20 in PBS) and re-suspended in
10 mL pre-cold washing buffer. Bead solution (10 mL) was added
per sample and rotated 30 min at room temperature (RT). Following
incubation, beads were washed with washing buffer 5 times. Proteins
were eluted with 1� SDS-PAGE protein loading buffer and heated at
100�C for 10 min. The protein samples were separated using SDS-
PAGE and transferred to 0.45 mm polyvinylidene fluoride (PVDF)
film. Blots were blocked with 5% skim milk in TBS/T buffer (0.1%
Tween 20 in TBS) with gentle shaking at RT for 2 h. Following block-
ing, blots were probed with anti-FLAG antibody (catalog #14793;
CST) or anti-pan acetyl lysine antibody (catalog #PTM-102; PTM
BioLabs) overnight at 4�C. After 3 washes with TBS/T buffer, blots
were further incubated with secondary antibody with gentle shaking
at RT for 1 h. Membranes were finally imaged using the BIO-LAB
ChemiDoc MP imaging system with enhanced chemiluminescence
substrates (Abbkine). Band intensity was quantified using ImageJ
software, and the ratio of acetylated protein band to total protein
band was normalized to control. All experiments were performed
in triplicate, and statistical significance was determined using a
two-tailed Student’s t test in GraphPad Prism 8.0 software.

NanoBiT assay

HEK293T cells in a 60 mm2 dish were transfected with 5 mg
pcDNA3.1-114-HA-UNG and pcDNA3.1-11S-3�FLAG-UGI by
Lipofectamine 2000. After transfection, cells were collected and re-
suspended in phenol red free DMEM supplemented with 5% FBS at
a density of 5 � 105 cells/mL. Ninety microliters of cell suspension
was seeded in white 96-well tissue culture plates and grown in a
37�C, 5% CO2 incubator overnight. Subsequently, 10 mL of phenol
red free DMEM supplemented with 5% FBS containing 9� DMSO
or drugs was added to cells for 6 h. Before detection, 20 mL
NanoLuc substrate (catalog #N1110; Promega) was diluted in 1 mL
phenol red free DMEM containing 5% FBS. Then, cells were added
with 10 mL NanoLuc substrate and incubated at RT for 15 min.
Finally, luminescence was measured in a CLARIOstar microplate
reader (BMG Labtech). The half maximal effective concentration
(EC50) values were calculated using a dose-response model in
GraphPad Prism 8.0 software. All experiments were performed in
triplicate, and the values are presented as mean ± SD.

Statistical analysis

GraphPad Prism software (version 8.4.0) was used for all data anal-
ysis. All statistical comparison adjustment was performed using
two-tailed Student’s t test in SPSS software (version 21.0.0.0).
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