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Abstract

DNA methylation is critical for regulating gene expression, necessitating its accurate placement by 

enzymes such as the DNA methyltransferase DNMT3A. Dysregulation of this process is known 

to cause aberrant development and oncogenesis, yet how DNMT3A is regulated holistically by 

its three domains remains challenging to study. Here we integrate base editing with a DNA 

methylation reporter to perform in situ mutational scanning of DNMT3A in cells. We identify 

mutations throughout the protein that perturb function, including ones at an interdomain interface 

that block allosteric activation. Unexpectedly, we also find mutations in the PWWP domain, a 

histone reader, that modulate enzyme activity despite preserving histone recognition and protein 

stability. These effects arise from altered PWWP domain DNA affinity, which we show is a 

noncanonical function required for full activity in cells. Our findings highlight mechanisms 

of interdomain crosstalk and demonstrate a generalizable strategy to probe sequence-activity 

relationships of nonessential chromatin regulators.

Introduction

Chromatin regulation is essential for directing and safeguarding physiological processes. 

DNA methylation is a key chromatin modification that occurs throughout the human 

genome, primarily at CpG dinucleotide sites1,2. It has diverse functions, but canonically 

silences gene expression when present at promoter CpG islands2. DNA methylation is 

installed by the de novo DNA methyltransferases (DNMTs) DNMT3A and DNMT3B, 
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which are essential for mammalian development3. Indeed, mutations in DNMT3A lead 

to developmental disorders, such as Tatton-Brown-Rahman Syndrome (TBRS)4 and Heyn-

Sproul-Jackson Syndrome (HESJAS)5. Moreover, loss of DNMT3A in hematopoietic 

stem cells promotes self-renewal and leukemic transformation6,7, positioning DNMT3A 
mutations as important drivers of clonal hematopoiesis and acute myeloid leukemia (AML)8.

DNMT3A function is regulated by complex mechanisms involving its three domains. 

Beyond its direct role in catalysis, the methyltransferase (MTase) domain harbors interfaces 

enabling DNMT3A to complex with other copies of itself, DNMT3B, or the catalytically 

inactive homolog DNMT3L, thereby shaping its activity8-12. The two N-terminal domains, 

the ATRX-DNMT3-DNMT3L (ADD) and Pro-Trp-Trp-Pro (PWWP) domains, are readers 

of histone H3 unmethylated at lysine 4 (H3K4me0) and dimethylated at lysine 36 

(H3K36me2), respectively13-15. H3K4me0 recognition activates DNMT3A by repositioning 

the ADD domain, which otherwise blocks the DNA substrate binding site13. Recent studies 

have also found that H3K36me2 stimulates DNMT3A activity selectively over H3K36me0 

in vitro15,16, raising the question of whether crosstalk between the PWWP and MTase 

domains might exist.

Understanding the interplay between DNMT3A’s domains is critical to dissecting its role 

in disease and identifying novel therapeutics. Although structural approaches have yielded 

deep mechanistic insight into DNMT3A regulation12,13,17,18, to date no published structure 

has successfully resolved all three domains. A recent study evaluated how clinically 

observed mutations across DNMT3A’s full sequence impact function and stability19, 

demonstrating how large-scale mutational analysis can reveal novel insight. While this study 

used exogenously expressed DNMT3A, approaches such as CRISPR scanning could provide 

the opportunity to screen mutations introduced directly within the endogenous gene20-24. 

This approach has illuminated functional mechanisms of other chromatin regulators21-23, 

but is less easily applied to nonessential proteins like DNMT3A. This is because Cas9 

predominately generates frameshift mutations that can obscure in-frame mutations of 

interest, unless actively removed from the gene pool due to a fitness disadvantage. 

CRISPR mutational scanning is greatly empowered by base editors, which avoid insertion-

deletions (indels) and have more finely targeted and predictable mutational outcomes25. This 

technology, however, has so far been limited to viability-based screens26-33.

Here, we expand the scope of base editor screens using a genetically encoded methylation 

reporter to interrogate DNMT3A within its native state. Our study reveals novel insights 

into DNMT3A biochemistry and, more broadly, demonstrates a generalizable approach to 

studying chromatin regulators.

Results

A fluorescent reporter reads out endogenous DNMT3A activity

To enable readout of endogenous DNMT3A activity, we leveraged a chromatin regulation 

reporter providing a fluorescence-based readout of gene silencing activity34. We fused 

the accessory factor DNMT3L, which itself is catalytically inactive8,9, to the reverse Tet 

repressor (rTetR) to recruit endogenous DNMT3A to a genome-integrated reporter cassette 
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in a doxycycline (dox)-inducible fashion (Fig. 1a and Extended Data Fig. 1a). Subsequent 

DNA methylation of the reporter silences citrine expression, providing a fluorescence-based 

readout of DNMT3A activity amenable for base editor scanning (Fig. 1b). Upon treating 

a clonal K562 reporter cell line with dox, we observed complete reporter silencing with 

clearly resolved silenced and unsilenced states (Fig. 1c,d and Extended Data Fig. 1b). 

Silenced cells did not revert after dox washout, consistent with stable gene repression due 

to DNA methylation34. Moreover, targeted bisulfite sequencing of the integrated reporter 

showed a time-dependent gain of promoter methylation in dox-treated cells, confirming that 

methylation accompanies silencing (Extended Data Fig. 1c).

We next evaluated reporter sensitivity toward DNMT3A loss-of-function, which should 

impair its silencing under dox treatment. Because mammalian cells possess a second de 

novo DNMT, DNMT3B, we first tested whether this might interfere with detection of 

DNMT3A-mediated silencing. CRISPR-Cas9 knockout of DNMT3A, but not DNMT3B, 

caused defective reporter silencing (Fig. 1e,f and Extended Data Fig. 1d), consistent with 

K562 cells predominantly expressing inactive isoforms of DNMT3B35. This showed that 

our reporter selectively detects loss of DNMT3A. To assess sensitivity toward inactivating 

C to T base editing mutations, we designed a single-guide RNA (sgRNA) with the goal of 

introducing a nonsense mutation at the W698 codon, named sgW698 (Fig. 1g). Reporter 

cells edited with sgW698 displayed a silencing defect similar to that of DNMT3A-knockout 

cells (Fig. 1h and Extended Data Fig. 1e). We next isolated cells remaining citrine+ after dox 

treatment using fluorescence-activated cell sorting (FACS) and deep sequenced the edited 

site. Relative to unsorted cells, citrine+ cells were markedly depleted of the wild-type allele 

and enriched with alleles containing the W698* mutation, while retaining low rates of indels 

(Fig. 1i and Extended Data Fig. 1f). Thus, loss-of-function mutations are indeed enriched 

in cells defective for silencing. These results demonstrate that our reporter can detect 

base editing mutations introduced in the endogenous DNMT3A gene, enabling mutational 

scanning of the native protein.

Base editor scanning charts mutations impacting DNMT3A

To carry out base editor scanning, we designed a library containing all sgRNAs 

targeting exons and flanking intronic sequences of DNMT3A isoform 2 (DNMT3A2), 

the predominant isoform expressed in K56235. We transduced this library into reporter 

cells, treated the cells with dox, and sorted them based on citrine fluorescence (Fig. 1b). 

Using deep sequencing, we quantified sgRNA abundances in citrine+ or citrine− fractions 

compared to in unsorted cells and calculated “sgRNA scores” representing whether each 

sgRNA was enriched or depleted (see Methods). As expected, sgRNA scores were inversely 

correlated between citrine+ and citrine− fractions (Extended Data Fig. 2a,b). Having 

confirmed these broad correlations, we focused our analysis on the day 9 citrine+ cells, 

which showed the greatest effect size.

We classified each sgRNA based on its predicted mutational outcome, assuming complete 

editing within the +4 to +8 editing window25. sgRNAs predicted to introduce nonsense or 

splice site-disrupting mutations (“nonsense sgRNAs” or “splice site sgRNAs,” respectively) 

were largely enriched, indicating loss-of-function, while most silent and intronic sgRNAs 
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were unchanged in abundance (Fig. 2a,b). However, missense sgRNAs exhibited a wide 

range of scores, reflecting context-dependent effects. Consistent with expectations, those 

targeting residues at the active site or near the DNMT3A-DNMT3L interface were generally 

more enriched compared to all missense sgRNAs, as were those mapping within domains 

compared to those mapping outside of domains (Extended Data Fig. 2c,d). Residues targeted 

by the top MTase domain hits included E756, which participates in DNMT3A’s catalytic 

mechanism36; E664, which binds the SAH cofactor; G728 and L737, which reside in an α-

helix at the DNMT3A-DNMT3L interface; and D876, which is known to play a critical role 

in stabilizing the RD homodimer interface10 (Fig. 2c and Extended Data Fig. 2e-g). Thus, 

our screen successfully recapitulated regions known to be vital for DNMT3A function.

To further validate our screen, we picked two hits to study in depth, sgE756 and sgG532 

(Fig. 2a). sgE756 was one of several highly enriched sgRNAs mutating E756 (Fig. 2c). 

Conversely, sgG532 was strongly depleted, implying a gain-of-function effect. Because 

sgG532 targets the ADD domain autoinhibitory loop (Fig. 2d), we hypothesized that it 

might disrupt autoinhibition. Testing of each sgRNA individually confirmed defective and 

enhanced silencing for sgE756- and sgG532-treated cells, respectively (Fig. 2e and Extended 

Data Fig. 2h). We genotyped cells to verify that the predicted mutations, E756K and G532N, 

were linked to these effects. Indeed, sgE756-treated cells remaining citrine+ at day 9 were 

enriched with the E756K allele and depleted of the wild-type allele (Fig. 2f and Extended 

Data Fig. 2i), consistent with E756K being loss-of-function. sgE756 displayed lower editing 

efficiency compared to sgW698, explaining its milder effect on reporter silencing. For 

sgG532, since gain-of-function mutations should be enriched in early silencing cells, we 

sorted citrine− cells at day 3, confirming these were enriched for the G532N allele. To 

determine how these alleles were distributed in individual cells, we genotyped clonal lines 

derived from sgRNA-treated cells (Extended Data Fig. 3a,b). Consistent with previous 

work29, most cells edited with sgE756 or sgG532 remained completely wild-type or 

contained edits in all alleles, with partial editing being uncommon.

To biochemically verify that E756K and G532N alter catalytic activity, we next purified 

recombinant DNMT3A2 (Extended Data Fig. 4a) and conducted enzyme activity assays. 

These confirmed that the E756K mutant is catalytically dead, while the G532N mutant is 

hyperactive relative to wild-type (Fig. 2g). We also tested the effect of adding H3K4me0 

peptide, which promotes the release of DNMT3A autoinhibition13. Though wild-type 

DNMT3A2 was stimulated by H3K4me0 peptide, DNMT3A2 G532N could not be further 

stimulated, suggesting that its hyperactivity arises due to blocking the autoinhibited 

conformation. Taken together, these results demonstrate that our base editor scanning 

approach can accurately discern mutations that perturb DNMT3A function.

3D analysis highlights the ADD-MTase interface

Since functional regions in proteins can comprise residues far apart in the linear sequence, 

we next considered our screen results in the context of 3D space. We mapped each missense 

sgRNA to its targeted residue in the active conformation of DNMT3A (ADD-MTase 

truncation)13, reasoning that this might highlight functionally critical areas. We calculated 

a proximity-weighted enrichment score (PWES)22 for each pair of sgRNAs describing their 
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3D proximity and combined sgRNA scores (see Methods). Hierarchical clustering of the 

resulting PWES matrix defined eight sgRNA clusters (Fig. 3a,b), with the two most highly 

enriched clusters, clusters 3 and 4, targeting known functional hotspots: the active site and 

RD homodimer interface (Fig. 3c). Clusters 3 and 4 contained most of the highest-scoring 

sgRNAs considered here, with the notable exception of sgL737 in cluster 1, which targets 

the DNMT3A-DNMT3L interface (Extended Data Fig. 2f). We validated a selection of these 

hits (sgD641, sgE664/V665, sgD668, and sgL737), confirming on-target base editing and 

impaired reporter silencing (Extended Data Figs. 2e-g and 5a-d).

The ADD-MTase structure has been solved in both active and autoinhibited 

conformations13, and we hypothesized that comparing PWES values computed from the 

different structures might highlight residues involved in allostery. To investigate this, 

we calculated a “summed ΔPWES” for each sgRNA representing this comparison (see 

Methods). This measure was close to zero for most sgRNAs, but several sgRNAs in cluster 

2 (sgP799, sgT808, and sgE907) and cluster 5 (sgC520) displayed large, positive summed 

ΔPWES values (Fig. 3d), indicating that the autoinhibited to active conformational switch 

strengthens the overall magnitude of their PWES correlations to other sgRNAs. These 

hits mapped to residues around the active conformation ADD-MTase interface (Fig. 3e). 

Interestingly, mutations at this interface have been identified in AML patients37 (Fig. 3f), 

suggesting this may be a clinically relevant functional hotspot. Individual validation of 

these sgRNAs showed on-target editing but subtle effects (sgP799, sgT808, and sgE907) 

on reporter silencing (Extended Data Fig. 5a-d). To test whether the allelic distribution of 

editing might help explain these subtle effects, we genotyped clonal lines of sgE907-treated 

cells. Although heterozygous editing was still uncommon for sgE907, it occurred at a higher 

rate than for the validated hit sgE756 (Extended Data Fig. 3a,b). Given lower editing, we 

reasoned that these ADD-MTase sgRNAs may have partial loss-of-function effects more 

difficult to detect in our reporter assay.

We therefore turned to biochemical assays to directly test the effect of mutations around 

this interface on catalytic activity. The C520Y mutant (predicted product of sgC520) was 

catalytically defective (Fig. 3g), although genotyping revealed that sgC520 also edited a 

splice site outside the editing window (+9 position) (Extended Data Fig. 5b), accounting 

in part for its effects. Focusing on residues directly at the ADD-MTase interface, we 

noted that E907 likely stabilizes the interface through an ionic bond with R556 (Fig. 3e). 

Surprisingly, both the E907K (product of sgE907) and R556E charge-reversal mutants 

showed comparable activity to wild-type, unlike the C520Y mutant (Fig. 3g). We considered 

whether these mutations might instead affect allosteric activation, as has been shown for the 

nearby Q527A and R803A mutations38. Indeed, both E907K and R556E mutants displayed 

a lower fold-change stimulation upon addition of peptide compared to wild-type (Fig. 3h), 

indicating that the mutations impair the release of autoinhibition by H3K4me0, and that 

the active ADD-MTase interface is necessary for full allosteric activation. Blocking the 

E907-R556 interaction may force the H3K4me0-bound ADD domain to adopt a distinct 

orientation, such as an MTase-unbound state, that is less amenable to catalysis (Fig. 3i); 

alternatively, H3K4me0 binding itself may be disfavored. Both E907 and R556 are mutated 

in AML37, suggesting that this loss-of-function mechanism is clinically relevant. Thus, our 
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analysis shows that the active ADD-MTase interface is a functional hotspot, demonstrating 

the utility of 3D structural analysis to yield mechanistic insight.

PWWP domain mutations variably impact protein stability

We next turned our attention to the sgRNA hits within the PWWP domain (Fig. 4a,b). 

These were particularly intriguing since our reporter, which involves artificial DNMT3A 

recruitment, was not expected to show sensitivity to loss of H3K36me2 targeting, the 

canonical role of the PWWP domain14,15. We validated a panel of these sgRNAs in reporter 

cells. Genotyping confirmed on-target C to T editing concomitant with dramatic defects in 

reporter silencing for sgG293/E294, sgS312.2, and sgS337.1/.2 (Figs. 4c,d and Extended 

Data Fig. 5a). A weaker effect was observed for sgR301, likely due to heterozygous editing 

(Extended Data Fig. 3a,b). Among these hits were also two sgRNAs annotated as causing 

no predicted edits (sgS312.1) or only a silent mutation (sgE342.2) (Fig. 4b). Genotyping 

revealed that these sgRNAs produce the corresponding mutations, S312F and E342K, by 

editing outside the predicted window at the +9 and +10 positions, respectively (Fig. 4c). 

sgE342.1 and sgR366 failed to validate.

We considered whether loss-of-function was due to simply disrupting structural integrity. 

Recent work has showed that a large fraction of PWWP clinical mutations destabilize 

DNMT3A5,19, suggesting this is a ubiquitous loss-of-function mechanism. Thus, we 

examined the evolutionary conservation of the residues targeted by these sgRNAs. We 

reasoned that residues universally conserved across PWWP-containing proteins likely serve 

important structural roles and therefore might be intolerant to mutation, while residues 

conserved only in DNMT3A-like proteins might play functional roles specific to DNMT3A. 

Both G293 and E294 were highly conserved across proteins with PWWP domains (Fig. 

4e), suggesting that sgG293/E294 causes destabilization. However, the majority of validated 

sgRNAs targeted residues that were not conserved as broadly, namely R301, S312, S337, 

and E342.

Measuring the effects of sgRNA treatment on endogenous DNMT3A2 levels confirmed 

that sgG293/E294 destabilizes DNMT3A, as does sgS337.2 (Fig. 4f). However, many of 

the mutations tested did not obviously lower DNMT3A2 levels. To more quantitatively 

assess effects on stability, we measured DNMT3A2 expression in K562 cells using a 

dual-fluorescence stability reporter39 (Fig. 4g and Supplementary Fig. 1). Here, eGFP is 

fused to DNMT3A2 so its fluorescence reports on the amount of DNMT3A2 in the cell, 

while mCherry is expressed co-transcriptionally as a control. The ratio of eGFP to mCherry 

fluorescence thus provides a normalized measure of DNMT3A2 levels. We first tested 

several disease-associated mutations whose effects on stability have been characterized. 

Consistent with previous reports5,19, the I310N TBRS and R326C clonal hematopoiesis 

mutations were highly destabilizing, while the W330R HESJAS mutation preserved over 

60% of wild-type expression (Fig. 4g). As expected from our prior results, the G293K/

E294K and S337L mutants (products of sgG293/E294 and sgS337.1/.2) were highly 

unstable, as was the S312F mutant. In light of our conservation analysis, these results 

suggest that S337 and S312 play structural roles specific to the DNMT3A architecture. 
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Notably, however, both the R301W (product of sgR301) and E342K mutations preserved 

stability.

To rigorously evaluate the impacts of these mutations on biochemical stability, we purified 

recombinant PWWP domains (Extended Data Fig. 4b) and performed differential scanning 

fluorimetry (Fig. 4h). These results were highly concordant with the cellular stability 

reporter data. In particular, the R326C, S337L, and R366C mutants all had a greatly 

lowered melting temperature, indicating that they are intrinsically less stable than wild-type. 

Interestingly, the R366C mutant caused a larger effect here than in the stability reporter 

assay (Fig. 4g), suggesting its biochemical instability may be attenuated in the context of 

full-length DNMT3A2. Importantly, the melting temperatures of the R301W and E342K 

mutants were similar to that of wild-type (Fig. 4h), confirming that these disease-associated 

mutations4,19 do not adversely impact protein stability. Thus, these results point to the 

existence of additional mechanisms by which the stable R301W and E342K mutations 

impact function.

DNA binding by the PWWP domain modulates DNMT3A activity

We next considered whether R301W and E342K directly impair catalysis. Activity assays 

showed opposing effects, with the R301W mutant losing catalytic activity and the E342K 

mutant surprisingly gaining activity (Fig. 5a). To assess whether these mutations impact 

the PWWP domain’s histone reader function, we tested for stimulation by H3K36me215,16. 

As expected, wild-type DNMT3A2 was stimulated selectively by H3K36me2 peptide (H3 

residues 21–44), but not by H3K36me0 peptide. As a control, DNMT3A2 W330R, which 

lacks histone reader function due to a binding pocket mutation5, was refractory to histone 

stimulation and hyperactive at baseline like DNMT3A2 E342K. Notably, the R301W mutant 

was stimulated selectively by H3K36me2 like wild-type, suggesting it retains H3K36me2 

recognition, while the E342K mutant was not stimulated. Pulldown assays confirmed that 

wild-type PWWP domain selectively bound H3K36me2 over H3K36me0, while PWWP 

W330R showed no preference (Extended Data Fig. 6). We note that unexpected signal 

was observed for PWWP W330R, possibly due to nonspecific interactions arising from 

the negatively charged truncation used here. PWWP R301W produced high signal with 

both histone modification states, suggesting loss of binding specificity; however, given that 

DNMT3A2 R301W was stimulated by H3K36me2 only (Fig. 5a), this may have been due 

to enhanced nonspecific binding resulting from increased net negative charge. Interestingly, 

PWWP E342K bound H3K36me2 more strongly than H3K36me0 (Extended Data Fig. 

6), indicating that E342K preserves H3K36me2 recognition despite abrogating peptide 

stimulation. Since DNMT3A2 E342K’s basal activity was as high as stimulated wild-type 

enzyme (Fig. 5a), these results suggested that E342K may pre-activate DNMT3A.

The hyperactivity of the E342K variant biochemically was unexpected, since sgE342.2 

registered as loss-of-function in our reporter assay (Fig. 4d). Since sgE342.2 edited outside 

of the editing window (Fig. 4c), we considered whether bystander mutations might account 

for this discrepancy. To identify specific mutations associated with loss-of-function, we 

genotyped cells edited with three sgRNAs targeting the E342 codon and measured changes 

in allele frequency upon sorting for citrine+ dox-treated cells (Extended Data Fig. 7a,b). 
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Counterintuitively, the E342K allele was depleted in citrine+ cells for both sgE342.1 and 

sgE342.2, revealing a lack of correlation with loss-of-function. Moreover, E342K was 

abundant in cells treated with sgE342.3, a third sgRNA not enriched in our screen. In 

the case of sgE342.2, sorting for citrine+ cells enriched for alleles containing E342K and 

additional silent mutations, suggesting that reporter loss-of-function may have arisen from 

synonymous mutations impairing expression. Nonetheless, we further investigated both the 

E342K and R301W mutants biochemically due to their stark differences.

The prior results suggest that R301W and E342K affect function through a mechanism 

distinct from H3K36me2 recognition. Since these mutations alter charged surface residues 

in opposing ways (Fig. 4a), their contrasting effects on enzyme activity might arise from 

changes in electrostatic interactions. Prior studies have demonstrated that the DNMT3A 

PWWP domain nonspecifically binds DNA40,41, though this phenomenon has not been 

shown to promote activity. Structural alignment to the PWWP-containing protein LEDGF 

complexed to the nucleosome42 revealed that R301 and E342 likely interact with or repel 

DNA, respectively (Fig. 5b). To test this, we conducted electrophoretic mobility shift and 

fluorescence polarization assays to measure binding of purified PWWP domains to a DNA 

probe (Fig. 5c,d). In both assays, R301W decreased DNA affinity while E342K increased 

it, as predicted by the net changes in charge. Similar to E342K, the W330R mutation also 

increased DNA affinity, consistent with increasing net positive charge. Interestingly, this 

suggested a potential link between DNA binding and the increased basal activity of the 

W330R and E342K mutants (Fig. 5a).

To test whether altered DNA binding indeed accounts for these differences in catalytic 

activity, we measured activity profiles under increasing ionic strength, which attenuates 

charged interactions with DNA43. Compared to wild-type, the R301W mutation sensitized 

DNMT3A2 to increasing concentrations of NaCl, while both the W330R and E342K 

mutations conferred insensitivity—consistent with weaker and stronger DNA binding, 

respectively (Fig. 5e). We next considered whether impairment of PWWP domain DNA 

affinity is a general loss-of-function mechanism beyond the R301W mutant. We identified 

two additional positively charged residues, K299 and K343, predicted to interact with DNA 

(Fig. 5b), and tested the impact of mutating them on activity. Both mutations tested, K299N 

and K343E, impaired activity (Fig. 5f). Notably, the K299N mutation has been identified 

in AML37, indicating this loss-of-function mechanism may be relevant to DNMT3A’s role 

in disease. Taken together, our in vitro data demonstrate that mutations impacting PWWP 

domain DNA binding can modulate catalytic activity.

DNA binding is a noncanonical PWWP domain role in cells

We next considered whether the PWWP mutations affect binding to chromatin in 

DNMT3A’s native cellular context. To investigate this, we performed sequential salt 

extraction assays to test how these mutations affect the strength of DNMT3A2 association 

to chromatin. Consistent with our prior results, the K299N, R301W, and K343E mutations 

all impaired chromatin association, as reflected by elution at a lower concentration of salt 

compared to wild-type (Fig. 5g). The W330R mutant was as strongly bound to chromatin as 
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wild-type. Notably, we did not observe elution of the E342K mutant, possibly due to very 

tight binding to chromatin.

We next examined whether these mutations affect de novo DNA methylation in cells. We 

ectopically expressed mouse Dnmt3a2 variants in Dnmt1/Dnmt3a/Dnmt3b-triple knockout 

(TKO) mouse embryonic stem cells (ESCs)44 (Extended Data Fig. 8a-d) and conducted 

reduced representation bisulfite sequencing (RRBS)45 to measure DNA methylation. These 

cells are severely hypomethylated at baseline and rapidly lose methylation due to a 

lack of Dnmt1 maintenance, enabling us to evaluate methylation with high stringency. 

Consistent with in vitro results, Dnmt3a2 R297W (human R301W) produced less CpG 

methylation genome-wide than wild-type (Fig. 5h), while nevertheless retaining partial 

activity compared to catalytically dead E752K mutant (human E756K). As expected, 

Dnmt3a2 R297W produced predominately hypomethylated differentially methylated regions 

(DMRs) (Extended Data Fig. 9a). By contrast, both W326R and E338K mutants (human 

W330R and E342K, respectively) produced similar amounts of methylation compared to 

wild-type (Fig. 5h), though higher replicate variability was observed for the E338K mutant. 

Although similar numbers of hypo- and hypermethylated DMRs were called for the W326R 

mutant, they differed in genomic localization, consistent with mistargeting5,46 (Extended 

Data Fig. 9b).

To investigate whether these mutations affect histone targeting in cells, we mapped 

H3K4me3 and H3K36me2 in parental TKO ESCs by ChIP-seq. All active variants displayed 

a sharp reduction in methylation at regions with high H3K4me3 levels, as expected 

(Extended Data Fig. 9c). Dnmt3a2 W326R was equally able to methylate regions regardless 

of their H3K36me2 levels, and produced higher methylation at low H3K36me2 regions than 

the other variants (Fig. 5i and Extended Data Fig. 9d,e). This is consistent with mistargeting 

and aberrant spreading of methylation5,46, as well as the biochemical hyperactivity of 

DNMT3A2 W330R (Fig. 5a). By contrast, the wild-type, R297W, and E338K variants all 

displayed a positive correlation between DNA methylation and H3K36me2 levels (Fig. 5i), 

confirming that neither R297W nor E338K abrogate the PWWP domain’s canonical histone 

reader function. Therefore, our biochemical and genomic results together show that DNA 

binding is distinct from the PWWP domain’s canonical H3K36me2 reader function and 

plays an important role in cellular methylation (Fig. 6).

Discussion

The regulation of DNA methylation is of paramount importance to human health. Here, 

we innovate base editor screening to interrogate DNMT3A within its endogenous cellular 

ecosystem, identifying mutations impacting the diverse repertoire of functions mediated by 

its three domains. For instance, we show that the ADD-MTase interface is important for full 

allosteric stimulation. Additionally, like the recent large-scale DNMT3A mutational study19, 

we find an abundance of loss-of-function mutations within the MTase and PWWP domains. 

This prior study showed that destabilization was a common loss-of-function mechanism19, 

and indeed, we find that many of our PWWP domain hits also cause instability.
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A key finding of our study is that PWWP domain DNA binding is required for optimal 

DNMT3A function. PWWP domains are known to simultaneously bind methylated 

H3K36 and nucleosomal DNA42. With DNMT3A, this DNA interaction causes substrate 

inhibition41 and promotes oligonucleosome binding and heterochromatic localization40. 

However, a direct role in promoting catalytic activity has not previously been shown. 

We demonstrate that the R301W mutation impairs DNA binding and thereby causes 

a loss of activity (Fig. 6). Although we cannot rule out the possibility of additional 

effects, this phenomenon is recapitulated by two additional mutations, including the K299N 

AML mutation, demonstrating its generality and potential clinical relevance. By contrast, 

increased DNA binding of the E342K mutant hyperactivates DNMT3A and phenocopies 

H3K36me2 stimulation in vitro. Given the physical proximity of H3K36 and DNA, this 

could suggest that H3K36me2 stimulation occurs by promoting DNA binding. These 

findings implicate the PWWP domain in direct allosteric regulation of MTase activity. 

Future insight into how the PWWP domain interacts with the rest of DNMT3A will be 

essential to address this, and may reveal novel therapeutic opportunities.

Recent work has established the importance of the PWWP domain in mediating crosstalk 

between DNA methylation and histone modifications. PWWP mutations disrupting 

recognition of methylated H3K36, such as D329A and W330R, cause DNA methylation 

to invade Polycomb-marked regions5,46-48 through a DNMT3A1 N-terminus-specific 

interaction with the Polycomb H2AK119ub mark46,49. Interestingly, the N-terminus has also 

been ascribed a DNA binding role43, highlighting how the N-terminus and PWWP domain’s 

roles overlap. Critically, we show that even in the absence of the N-terminal interaction, the 

W330R HESJAS mutation still promotes DNA binding and affects DNMT3A2’s catalytic 

behavior. Thus, a key question raised by our study is whether and how DNA binding—or 

other unknown interactions mediated by the PWWP domain—affect this complex crosstalk.

More broadly, our work highlights important considerations for future base editor scanning 

experiments. We show how bystander mutations and variable editing efficiency can 

complicate screen results, underscoring the need for rigorous validation. Notably, however, 

these concerns may be mitigated by recent advances integrating target sequences into 

sgRNA vectors to enable simultaneous readout of editing outcomes31,33. Additionally, recent 

work has applied adenine base editors and Cas9 variants with expanded targeting to base 

editor screening31-33. These tools will greatly increase coverage of the total mutational 

space, further improving the utility of this approach.

Importantly, the fluorescent reporter adapted here has been used to characterize writer 

enzymes of a variety of repressive chromatin modifications34, and more recently has been 

extended to a diverse set of repressive and activating transcriptional effector domains50, 

demonstrating its versatility. Although artificial recruitment assays cannot reveal certain 

aspects of protein function such as genomic targeting, our strategy nevertheless enables 

systematic interrogation of sequence-activity relationships and can yield biochemical insight 

for proteins that are challenging to study in vitro. At the same time, it is not limited by target 

essentiality in cells. We anticipate future studies employing base editor scanning will yield 

novel insights into chromatin regulators and the complex, intertwined mechanisms defining 

their activities in cells.
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Methods

Cell culture

The following cell lines were used: K562 (ATCC), 293FT (Thermo Fisher Scientific), 

HEK293T (a gift from B.E. Bernstein, Massachusetts General Hospital), Dnmt1/Dnmt3a/
Dnmt3b-triple knockout (TKO) mouse embryonic stem cells (ESCs) (a gift from A. 

Meissner, Max Planck Institute), and CD-1 mouse embryonic fibroblasts (MEFS) (Lonza, 

Cat#M-FB-481). All cell lines were cultured in a humidified 5% CO2 incubator at 37 °C 

and were tested for mycoplasma. All media were supplemented with 100 U ml−1 penicillin 

and 100 μg ml−1 streptomycin (Gibco). Fetal bovine serum (FBS) was obtained from 

Peak Serum except for ESC medium. K562s were cultured in RPMI-1640 (Gibco) with 

10% FBS. HEK293Ts were cultured in DMEM (Gibco) with 10% FBS. 293FTs were 

cultured in DMEM with 10% FBS, 2 mM GlutaMAX (Gibco), and 1× MEM non-essential 

amino acids (Gibco). ESCs were cultured in KnockOut DMEM (Gibco) with 15% FBS 

(Gibco, heat-inactivated), 2 mM GlutaMAX, 1× MEM non-essential amino acids, 103 U 

ml−1 ESGRO leukemia inhibitory factor (Millipore), and 55 μM 2-mercaptoethanol (Gibco). 

ESCs were cultured on a layer of MEF feeders (inactivated with 10 μg ml−1 mitomycin C 

(Sigma-Aldrich)) plated on 0.2% gelatin-coated vessels, and medium was changed daily.

Lentiviral transduction

To produce lentivirus, transfer plasmid was co-transfected with GAG/POL and VSVG 
plasmids into HEK293Ts or 293FTs using FuGENE HD (Promega, 3.33:1 FuGENE:DNA) 

and the medium was replaced 6–8 h after transfection. 48–60 h later, the medium was 

collected, passed through a 0.45 μm filter, snap-frozen, and stored at −80 °C. To generate 

reporter cell lines and introduce sgRNAs, K562s were transduced by spinfection (1,800g, 

90 min, 37 °C) with 12 μg ml−1 polybrene (Santa Cruz Biotechnology) and the appropriate 

lentivirus. Transduced cells were selected using 2 μg ml−1 puromycin (Gibco) or FACS. A 

clonal methylation reporter cell line was first derived and used in all subsequent sgRNA 

transductions.

Plasmid construction

sgRNAs were ordered as synthetic oligonucleotides (Sigma-Aldrich), annealed, and ligated 

into the appropriate vector: lentiCRISPR v2 (Cas9 knockout), a gift from F. Zhang (Addgene 

#52961); or pRDA_254 (base editing), which expresses BE3.9max and is identical to 

pRDA_25629 (available at Addgene #158581) except lacking the guide capture sequence. 

Other plasmids were cloned by Gibson Assembly using NEBuilder HiFi (New England 

Biolabs). Cloning strains used were NEB Stable (lentiviral and PiggyBac vectors) and NEB 

5-alpha (other plasmids) (New England Biolabs). For base editor cloning, bacterial cultures 

were grown at 30 °C. Final constructs were validated by Sanger sequencing (Quintara 

Biosciences). Plasmids and oligonucleotides are provided in Supplementary Tables 1-3. Key 

plasmids, including methylation reporter vectors, have been deposited to Addgene #186966–

186970.

All DNMT3A expression plasmids encoded isoform 2 (human, residues 224–912; mouse, 

residues 220–908). Coding sequences of human DNMT3A and DNMT3L (mammalian 
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expression) were amplified from pcDNA3/Myc-DNMT3A and pcDNA3/Myc-DNMT3L, 

respectively, gifts from A. Riggs (Addgene #35521, 35523). The methylation reporter was 

derived from PhiC31-Neo-ins-5xTetO-pEF-H2B-Citrine-ins and pEX1-pEF-H2B-mCherry-

T2A-rTetR-KRAB, gifts from M. Elowitz (Addgene #78099, 78348). Reporter components 

(5xTetO-pEF-H2B-Citrine-SV40, pEF-H2B-mCherry-T2A-rTetR-DNMT3L-SV40) were 

each cloned into LT3REVIR, a gift from J. Zuber (Addgene #111176). For stability reporter 

constructs, DNMT3A2 was cloned into a modified Cilantro2, a gift from B. Ebert (Addgene 

#74450). For transfection constructs, FLAG-DNMT3A2 was cloned into pcDNA3. For 

PWWP domain bacterial expression, DNMT3A residues 278–427 were cloned into pET28b 

with a TEV protease-cleavable N-terminal His6-MBP tag. For PiggyBac constructs, the 

mouse Dnmt3a2 coding sequence (NM_007872.4) was synthesized in two pieces by 

Twist Bioscience and cloned as a CAG-Flag-Dnmt3a2-Ires2-mCherry-SV40 cassette into 

pSLQ2817, a gift from S. Qi (Addgene #84239).

Reporter silencing assays

Reporter cells were plated in triplicate at 1 × 105 cells ml−1 in medium with or without 

100 ng ml−1 dox (Sigma-Aldrich). Every 3 d, samples were removed for analysis and 

cells were passaged by dilution into fresh medium. For washout, cells were washed once 

with phosphate-buffered saline (PBS) and resuspended in medium without dox. For flow 

cytometry, Helix NP NIR viability dye (BioLegend) was added and data were collected on 

a NovoCyte 3000RYB and analyzed using NovoExpress (ACEA). Gates were set based on 

reference reporter cells cultured in parallel without dox (gating scheme in Extended Data 

Fig. 1b). Assays were performed twice using independently transduced cells.

Genotyping

Genomic DNA was purified using the QIAamp DNA Blood Mini or UCP DNA Micro 

kits (Qiagen), unless otherwise specified. 100 ng DNA was subjected to a first round 

of PCR (25–27 cycles, Q5 hot start high-fidelity DNA polymerase, New England 

Biolabs) to amplify the locus of interest and attach common overhangs. PCR products 

were purified by 1.5× SPRI clean-up (Mag-Bind Total Pure NGS beads, Omega Bio-

Tek), and 5 ng of each was amplified in a second round of PCR (8 cycles) to 

attach barcoded adapters. Primer sequences are provided in Supplementary Table 4. 

Final amplicons were purified by gel extraction (Zymo) and sequenced on an Illumina 

MiSeq. Data were processed using CRISPResso251 using the following parameters: --

quantification_window_size 20 --quantification_window_center −10 --plot_window_size 20 

-- exclude_bp_from_left 0 --exclude_bp_from_right 0 --min_average_read_quality 30 -- 

n_processes 12 --base_editor_output. Custom python scripts were used for downstream 

analysis.

Reporter bisulfite sequencing

Reporter cells were treated with 100 ng ml−1 dox starting at staggered timepoints for 

simultaneous harvest. Genomic DNA was extracted and subjected to bisulfite conversion 

using the EZ DNA Methylation kit (Zymo). Sequencing libraries were prepared as 

above, except EpiMark hot start Taq DNA polymerase (New England Biolabs) was used. 

Primer sequences are provided in Supplementary Table 4. Data were processed using 
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CRISPResso251 (default settings). A custom python script was used to compute the percent 

methylation at each position containing a bisulfite-convertible base in the reference sequence 

(C or G depending on primer design, elsewhere set to zero), defined as the following read 

count ratios: C/(C+T)×100 or G/(G+A)×100.

Immunoblotting

Cells were washed three times with cold PBS and lysed on ice in RIPA buffer (Boston 

BioProducts) with 1× Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific), 1 mM 

phenylmethylsulfonylfluoride (PMSF), and 2 mM EDTA (Thermo Fisher Scientific) (50 μl 

per million cells). Then, an equivalent volume of wash buffer (50 mM Tris-HCl, pH 8.0, 

50 mM NaCl, 2 mM MgCl2, 1× Halt Protease Inhibitor Cocktail, 1 mM PMSF) with 1:500 

benzonase (Sigma-Aldrich) was added, and samples were rotated at room temperature for 

20 min. Lysate was clarified by centrifugation and total protein concentration was measured 

with the BCA Protein Assay (Thermo Fisher Scientific). Samples were electrophoresed 

and transferred to an Immobilon-P membrane (Millipore) for endogenous DNMT3A 

blots or a 0.45 μm nitrocellulose membrane (Bio-Rad) otherwise. Membranes were 

blocked with tris-buffered saline tween (TBST) with 5% bovine serum albumin (BSA) 

and incubated with primary antibody: DNMT3A (Cell Signaling Technology, Cat#32578, 

D2H4B, 1:5,000), DNMT3B (Cell Signaling Technology, Cat#67259, D7O7O, 1:1,000), 

FLAG (Sigma-Aldrich, Cat#F1804, M2, 1:2,000), GAPDH (Santa Cruz Biotechnology, 

Cat#sc-47724, 0411, 1:2,000). Membranes were washed 3× with TBST and incubated with 

secondary antibody: anti-rabbit IgG HRP conjugate (Promega, Cat#W4011, 1:100,000 for 

DNMT3A, 1:20,000 for DNMT3B), anti-mouse IgG HRP conjugate (Promega, Cat#W4021, 

1:40,000 for FLAG, 1:100,000 for GAPDH). Following 3× washes with TBST, immunoblots 

were visualized using SuperSignal West Femto (DNMT3A) or SuperSignal West Pico PLUS 

(others) chemiluminescent substrates (Thermo Fisher Scientific).

Base editor scanning

The sgRNA library was designed as described previously29 to include all sgRNAs (NGG 

protospacer-adjacent motif) targeting exonic and flanking intronic regions of DNMT3A 
isoform 2 (NM_153759.3, ENST00000380746), excluding promiscuous sgRNAs and those 

with TTTT sequences. Negative (nontargeting, intergenic) and positive (essential splice 

site) controls were included. The library was synthesized as an oligonucleotide pool (Twist 

Biosciences) and cloned into pRDA_254 following published workflows24,52. Lentivirus 

was produced and titered by measuring cell counts after transduction and puromycin 

selection. 21 × 106 reporter cells were transduced with library lentivirus at a multiplicity 

of infection <0.3 and selected with puromycin for 7 d. Cells were then expanded and split 

into three replicate subcultures and treated with 100 ng ml−1 dox. 3 d, 6 d, and 9 d after 

starting dox treatment, cells were sorted on a FACSAria II (BD), collecting citrine+, citrine−, 

and unsorted (all mCherry+) cells. Genomic DNA was isolated using the QIAamp DNA 

Blood Mini kit and sgRNA sequences were amplified using barcoded primers, purified 

by gel extraction, and sequenced on an Illumina MiSeq as previously described22,24. At 

all steps, sufficient coverage of the library was maintained in accordance with published 

recommendations52.

Lue et al. Page 13

Nat Chem Biol. Author manuscript; available in PMC 2023 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Data analysis was performed using Python (v3.7.3) with Biopython (v1.76), Pandas 

(v1.0.1), NumPy (v1.18.1), and SciPy (v1.2.0). sgRNA scores were calculated as previously 

described22,24. Briefly, sequencing reads matching each sgRNA were quantified as reads 

per million, increased by a pseudocount of 1, log2-transformed, normalized to the plasmid 

library, and replicate-averaged. One sgRNA was excluded because zero reads were detected 

at day 0. Citrine+ and citrine− abundances were normalized to matched-timepoint unsorted 

abundances. The mean value for intergenic controls was subtracted to calculate the 

final sgRNA score. sgRNAs with scores >2 SD above or below the mean of intergenic 

negative controls were considered “enriched” or “depleted,” respectively. sgRNAs targeting 

DNMT3A were classified based on expected editing outcome, assuming any C within the 

editing window (protospacer +4 to +8) is converted to T, regardless of sequence context. 

sgRNAs were placed in one of 7 mutually exclusive classes: in order of assignment priority, 

(1) nonsense; (2) splice site; (3) missense; (4) silent; (5) exon, no predicted edits (no Cs); (6) 

intron/UTR; (7) intron/UTR, no predicted edits. Library sgRNA annotations and base editor 

scanning data are provided in Supplementary Data 1-3.

PWES analysis

The PWES for a given pair of sgRNAs i and j was calculated as previously described22 

using the following formula:

PWES = ni, j
∣ ni, j ∣

∣ ni, j ∣m

∣ ni, j ∣m + θm e− di, j
2

2t2

where ni, j is the sum of the day 9 citrine+ sgRNA scores for i and j, di, j is the Euclidean 

distance between their targeted residues, and m = 2, θ = 0.8, t = 16. Only missense sgRNAs 

editing residues resolved in the structures of active (PDB: 4U7T) and autoinhibited (PDB: 

4U7P) DNMT3A were considered. sgRNAs predicted to mutate two residues were assigned 

to the even-numbered residue. Hierarchical clustering of the active conformation scores 

(PWES4U7T) was performed as described previously22. ΔPWES was defined as ΔPWES 

= ∣PWES4U7T∣ − ∣PWES4U7P∣. For each sgRNA, this metric was summed over all other 

sgRNAs to calculate the summed ΔPWES (equivalent to a column sum of the ΔPWES 

matrix, excluding the diagonal). See Supplementary Data 4.

Conservation analysis

The protein sequence of full-length human DNMT3A (uniprot Q9Y6K1) was used as a 

query for five iterations of jackhmmer53 (v3.3) to search in the uniref database for sequences 

with homology. hmm searches were performed within these sequences using the hmm 

profiles from pfam for the PWWP domain (v17), ADD domain (v1) and MTase domain 

(v17), identifying subsets containing each domain. Subsets were intersected to generate a list 

of sequences containing homology to all three DNMT3A domains. Then, the same PWWP 

hmm profile was used to search in uniref to gather sequences from a wide diversity of 

proteins containing PWWP domains. Clustal omega54 (v1.2.0) was used to align both sets of 

sequences, and the relative level of conservation at each position in the DNMT3A PWWP 

domain was assessed from each alignment using Python with Biopython, Pandas, NumPy, 
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and Alignment object from EVcouplings (v0.0.5). Raw conservation scores are provided in 

Supplementary Data 7.

Stability reporter assay

Wild-type K562 cells were transduced with the appropriate lentivirus, selected with 

puromycin, and analyzed by flow cytometry. After gating for eGFP+ mCherry+ cells 

(gating scheme in Supplementary Fig. 1), the ratio of eGFP to mCherry geometric 

mean fluorescences was calculated. Mutant ratios were normalized to that of wild-type 

DNMT3A2 measured in parallel. Each mutant was assessed by two measurements of each of 

two independently generated cell lines.

Protein expression and purification

Full-length DNMT3A2 was expressed recombinantly in Rosetta2(DE3)pLysS cells 

(Novagen). Freshly transformed cells were grown in LB with 50 μg ml−1 kanamycin and 

50 μg ml−1 chloramphenicol at 37 °C to an optical density at 600 nm of 0.6–0.8. Cells were 

cooled on ice, induced with 1 mM isopropyl-β-D-thiogalactoside (IPTG) (Research Products 

International) at 16 °C overnight, and harvested. Purification was performed according to 

published protocol11 with some modifications. Cells were resuspended in lysis buffer (base 

buffer (50 mM Tris-HCl, pH 8.0 cold, 300 mM NaCl, 1 mM TCEP) with 10 mM imidazole 

and 0.1% Triton X-100) and sonicated. Lysate was clarified by centrifugation, further diluted 

with lysis buffer to a final volume of 175 ml per liter expression culture, and incubated with 

His60 Ni Superflow affinity resin (Takara). Resin was washed with base buffer containing a 

stepwise gradient of 20–100 mM imidazole, followed by elution using base buffer with 200 

mM imidazole. Eluate was exchanged into storage buffer (base buffer with no imidazole) 

using an Econo-Pac 10DG desalting column (Bio-Rad) and then concentrated to 0.5–1 mg 

ml−1 using Amicon Ultra 30 kDa centrifugal filters (Millipore) with resuspension of the 

sample in between 2 min spins at 2,500g. Frequent resuspension was necessary to prevent 

over-concentration, which resulted in reduced activity and/or precipitation of the protein.

DNMT3A PWWP domain was expressed in BL21(DE3) cells (New England Biolabs) as 

above, except cells were grown in TB with 50 μg ml−1 kanamycin and induced with 0.2 

mM IPTG. Cells were resuspended and sonicated in lysis buffer (PWWP base buffer (20 

mM Tris-HCl, pH 7.5 cold, 300 mM NaCl, 5% glycerol) with 10 mM imidazole and 

cOmplete, EDTA-free protease inhibitor (Roche)). Clarified lysate was subjected to Ni 

affinity purification, eluting with PWWP base buffer with 250 mM imidazole. The eluate 

was exchanged into cleavage buffer (50 mM Tris-HCl, pH 7.5 cold, 75 mM NaCl, 5% 

glycerol, 1 mM dithiothreitol (DTT), 0.5 mM EDTA) and incubated with TEV protease 

overnight at 4 °C. The cleaved His6-MBP tag was removed by incubation with Ni resin. The 

cleaved PWWP domain was subsequently purified using a HiTrap Heparin HP (Cytiva) to 

remove nucleic acid contamination (20 mM sodium phosphate, pH 7.5, 5% glycerol, 0–1.5 

M NaCl gradient). Finally, protein was polished on a Superdex 200 Increase 10/300 GL 

column (Cytiva), eluting in storage buffer (20 mM Tris-HCl, pH 7.5 cold, 150 mM NaCl, 

5% glycerol). We note that the S337L mutant was not purified by Heparin column.
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Purified proteins were quantified by absorbance at 280 nm using calculated extinction 

coefficients (Expasy ProtParam). Proteins were flash frozen in liquid N2 and stored at −80 

°C. For subsequent assays, thawed proteins were normalized to a common concentration in 

storage buffer before dilution into assay buffer.

Activity assays

DNMT3A activity was measured using a previously described protocol11 with some 

modifications. Reactions were conducted in triplicate in 50 μl volume using 10 μM 

base pairs poly(dI-dC) (Sigma-Aldrich); 0.5 μM adenosyl-L-methionine, S-[methyl-3H] 

(3H-SAM) (PerkinElmer, 16.5–18.0 Ci mmol−1); and 0.1 μM purified DNMT3A2 in assay 

buffer (50 mM sodium phosphate, pH 7.5, 20 mM NaCl, 1 mM TCEP-HCl, 0.1 mg ml−1 

BSA, 0.01% Triton X-100). Reactions were incubated at room temperature for 2 h and 

terminated with excess nonradioactive SAM (New England Biolabs) in 300 μl assay buffer. 

40 μl DEAE sepharose fast flow resin (Cytiva) was added, and samples were rotated at room 

temperature. Resin was recovered using a Pierce spin column (Thermo Fisher Scientific), 

washed with 2 × 250 μl wash buffer (50 mM sodium phosphate, pH 7.5, 20 mM NaCl, 1 

mM TCEP), resuspended in 200 μl H2O, and mixed with 4 ml Ultima Gold scintillation 

cocktail (PerkinElmer). Each sample was counted for 5 min on a Beckman LS 6000SC 

liquid scintillation counter. Raw measurements were corrected for background signal by 

subtracting the average of three mock (no enzyme) reactions processed in parallel.

For histone stimulation experiments, 1 μM peptide was added prior to enzyme. The 

following peptides were used: H3K4me0 (ARTKQTARKSTG-NH2, Biomatik), H3K36me0 

and H3K36me2 (histone H3 (21–44)-GK(biotin), Anaspec, Cat#AS-64440 and AS-64442).

For the NaCl titration experiment, a modified buffer was used during the reaction incubation 

(20 mM HEPES, pH 7.5, 1 mM TCEP-HCl, 0.1 mg ml−1 BSA, 0.01% Triton X-100, 

supplemented with 50 mM, 100 mM, or 150 mM NaCl) to minimize background ionic 

strength. After terminating reactions, NaCl was added to equalize concentration across 

samples before adding DEAE resin. Termination and subsequent steps were conducted using 

unmodified buffer.

Differential scanning fluorimetry

5 μM purified PWWP domain was incubated in triplicate with 5× SYPRO Orange (Thermo 

Fisher Scientific) in assay buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5% glycerol). 

Samples were heated from 10 °C to 95 °C (10 s at each 0.5 °C step) using a CFX Connect 

qPCR with CFX Manager software (Bio-Rad). Melting temperatures were calculated with 

DSFWorld55 (by sigmoid fitting, model 1).

Electrophoretic mobility shift assay

Purified PWWP domain at varying concentrations was incubated with 50 nM Cy3-labeled 

30 bp DNA probe (Supplementary Table 5) in assay buffer (20 mM HEPES, pH 7.5, 1 

mM EDTA, 1 mg ml−1 BSA, 8% glycerol) for 20 min at room temperature. 5 μl of each 

reaction was subjected to electrophoresis (≤20 V cm−1, 4 °C) using a 6% acrylamide DNA 
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retardation gel (Thermo Fisher Scientific). Gels were imaged using a Sapphire Biomolecular 

Imager with Sapphire Capture Software (Azure Biosystems).

Fluorescence polarization assay

Purified PWWP domain was diluted to 8 μM in assay buffer (20 mM HEPES, pH 7.5, 1 

mM EDTA, 0.5 mg ml−1 BSA, 8% glycerol) containing 20 nM Cy3-labeled 30 bp DNA 

probe (Supplementary Table 5). This was aliquoted in triplicate into a black 384-well plate 

(Corning), followed by 2-fold serial dilution in assay buffer containing 20 nM probe (final 

volume, 20 μl). The plate was incubated at room temperature for 1 h and read (1,700 ms 

integration) using a SpectraMax i3x with a rhodamine fluorescence polarization cartridge 

and SoftMax Pro software (Molecular Devices). Wells containing only assay buffer were 

used for background subtraction. The G-factor was adjusted to set the polarization of assay 

buffer and 20 nM probe only to a reference value of 27 mP. Curves were fit to the sigmoidal, 

4PL model in GraphPad Prism.

Peptide pulldown assay

1.5 nmol purified PWWP domain was incubated with 80 pmol biotinylated H3K36me0 or 

H3K36me2 peptide (same as in histone stimulation assays) in interaction buffer5 (50 mM 

Tris-HCl, pH 7.5 cold, 100 mM NaCl, 2 mM EDTA, 0.1% Triton X-100, fresh 0.5 mM DTT, 

fresh 0.2 mM PMSF, fresh 1× cOmplete EDTA-free protease inhibitor) overnight at 4 °C 

with rotation. 10 μl Dynabeads MyOne T1 streptavidin beads were then added, followed by 

rotation at 4 °C for 4 h. Beads were washed 5× with interaction buffer and boiled in loading 

buffer (95 °C, 5 min, 1000 rpm shaking). Eluted proteins were resolved by SDS-PAGE using 

a 10% tricine gel (Novex) and visualized by silver staining (Pierce).

Sequential salt extraction assay

For each condition, 3.5 × 106 HEK293Ts were plated in a 10 cm dish and transfected 

the following day with 3 μg FLAG-DNMT3A2 expression vector using 20 μl FuGENE 

HD. Two days post-transfection, cells were trypsinized and washed twice with cold PBS. 

2 × 106 cells were lysed with benzonase as described above to measure total exogenous 

expression, while 8 × 106 cells were subjected to sequential salt extraction according to 

published protocol56. Briefly, cells were resuspended in 1 ml modified buffer A (25 mM 

HEPES, pH 7.6, 25 mM KCl, 5 mM MgCl2, 0.05 mM EDTA, 0.1% NP-40 substitute, 10% 

glycerol), rotated for 10 min at 4 °C, and centrifuged (6,000g, 5 min, 4 °C) to isolate nuclei. 

Then, chromatin was extracted with increasing NaCl. For each extraction, nuclear material 

was resuspended in 200 μl mRIPA (50 mM Tris-HCl, pH 8.0, 1% NP-40 substitute, 0.25% 

sodium deoxycholate (NaDOC)) with the appropriate NaCl concentration, incubated on ice 

for 15 min, and centrifuged (6,500g, 3 min, 4 °C) to collect supernatant. Equal volumes of 

each extraction fraction were subjected to SDS-PAGE and immunoblotting.

ChIP-seq

MEF-depleted parent TKO ESCs were crosslinked with 1% formaldehyde (Sigma-Aldrich), 

quenching with 125 mM glycine. Cells were lysed, sonicated (Branson sonifier, 0.7 s on, 1.3 

s off, 5 min total on, 50% amplitude), and clarified by centrifugation. Lysates were rotated 

Lue et al. Page 17

Nat Chem Biol. Author manuscript; available in PMC 2023 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



overnight at 4 °C with the following antibodies: anti-H3K4me3 (Millipore, Cat#07-473, 

Lot#3394198, 1:240, 2.5 μg antibody for 4 × 106 cells), anti-H3K36me2 (Cell Signaling 

Technologies, Cat#2901, Lot#5, 1:150, 1 μg antibody for 10 × 106 cells). Dynabeads Protein 

G (Thermo Fisher Scientific) were added, and following incubation, beads were isolated 

and washed. Immunoprecipitated chromatin was eluted, treated with RNase (37 °C, 30 min) 

and Proteinase K (63 °C, overnight), and purified by 2× SPRI. 2.5 ng each sample was 

subjected to end-repair (End-It DNA End-Repair kit, Lucigen), A-tailing (Klenow fragment, 

3’-5’ exo–, New England Biolabs), ligation to barcoded adapters (KAPA), and PCR library 

amplification (NEB Ultra 2× master mix), followed by SPRI size-selection and purification. 

Libraries were sequenced using a NovaSeq SP kit (Illumina).

ChIP-seq data analysis

Reads were aligned to the mm10 genome (UCSC) using bwa-backtrack (v0.7.17-r1188). 

Samtools (v1.10) was used to convert output to bam format, followed by deduplication 

using Picard (v2.26.9) (https://github.com/broadinstitute/picard). DeepTools bamCompare57 

(v3.5.1) was used to create bigWig files for input-normalized ChIP signal (parameters: 

--extendReads --operation log2 --skipZeroOverZero -bs 200 --smoothLength 1000 --

scaleFactorsMethod SES). See Supplementary Table 6 for coverage statistics.

Generation of Dnmt3a2-expressing TKO ESCs

3.6 × 104 TKO ESCs were plated per well in a 12-well plate and transfected the following 

day with a 1:2 molar ratio of PBase:vector plasmids (1.1 μg total DNA, medium without 

antibiotics) using 3.83 μl FuGENE HD. PBase was a gift from A. Meissner (Max Planck 

Institute). Two rounds of FACS were used to isolate successfully transposed mCherry+ cells. 

14 d after transfection, cells were MEF-depleted and harvested.

RRBS

RRBS was performed according to a published enhanced protocol45 with modifications. 

Genomic DNA was isolated using the QIAamp DNA Blood Mini kit, and 80 ng was 

digested overnight at 37 °C with 150 units MspI (New England Biolabs). 0.5% unmethylated 

lambda phage DNA (Promega) was spiked in before digestion for assessment of bisulfite 

conversion efficiency. The digest was purified by phenol/chloroform extraction, subjected 

to end-repair and A-tailing, and ligated to barcoded adapters (xGen Methyl UDI-UMI 

Adapters, Integrated DNA Technologies) using concentrated T4 ligase (New England 

Biolabs). Adapter-ligated DNA was purified by 1× SPRI, size-selected by gel extraction, 

bisulfite-converted (EZ DNA Methylation kit, conversion with 55 cycles of 95 °C for 30 s, 

50 °C for 15 min), and amplified using EpiMark hot start Taq DNA polymerase. Libraries 

were sequenced using a NovaSeq SP kit.

RRBS data analysis

Sequencing reads were trimmed using Trim Galore (v0.6.7) (https://github.com/

FelixKrueger/TrimGalore) with parameters --illumina --rrbs --paired --length 21. Reads 

1 and 2 were swapped for trimming because the adapters used flip insert strandedness. 

Trimmed reads were aligned to the mm10 genome using Bismark58 (v0.23.1) (bowtie2 
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default). MethylDackel (v0.6.1) (https://github.com/dpryan79/MethylDackel) was used to 

extract methylation, retaining only CpGs with at least 5× coverage (parameters: -d 5 

--mergeContext -- keepDupes). These were further filtered for CpGs meeting coverage 

across all samples using BedTools2 intersect59. The resulting bedGraph files were converted 

to bigWig format using bedGraphToBigWig (UCSC) and then processed using DeepTools 

multiBigwigSummary57 (v3.5.1) along with ChIP-seq bigWigs. A custom python script 

was used to perform additional analysis. Differentially methylated regions were called 

using Defiant60 (v1.1.9) with parameters - c 5 -p 0.05 -s 5 -CpN 3 -d 2 -P 4 -S 2 -G 

5000. Intersections with genomic annotations (UCSC) were performed using BedTools2 

intersect59. See Supplementary Table 7 for coverage statistics.

Visualization

Data were visualized using Adobe Illustrator CS6, NovoExpress, GraphPad Prism and 

Microsoft Excel, Seaborn (v0.11.2), and Matplotlib (v3.1.3). Protein structures were 

visualized using PyMOL (Schrödinger). Color inversions and brightness adjustments of gels 

and blots were applied to the entire image using Adobe Photoshop CS6.

Statistics and replication

All statistical tests were two-sided, and are described in the figure legends. Tests were 

performed using SciPy or GraphPad Prism. Spearman correlations were calculated using 

Pandas. Unless otherwise noted, plots with error bars depict the mean ± SD of n = 3 

replicates. Error bars are not shown in scatterplots where smaller than the data points 

themselves. Methylation reporter assays and biochemical experiments were performed 

in two independent trials with similar results. Experiments involving next-generation 

sequencing were conducted once.
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Extended Data

Extended Data Fig. 1 ∣. Reporter silencing depends on DNMT3A and is concomitant with DNA 
methylation.
a, Schematic of lentiviral methylation reporter vectors. LTR, lentiviral long terminal repeat; 

TetO, tetracycline operator; SV40, simian virus 40 poly(A) sequence; rTetR, reverse Tet 

repressor. b, Representative gating scheme for flow cytometric analysis of reporter silencing 

assays. Helix NP NIR was used as a viability dye. Citrine fluorescence and mCherry 

fluorescence were monitored on the FITC and PE-Texas Red channels, respectively. c, 

Reporter methylation levels after varying duration of dox treatment measured by targeted 

bisulfite sequencing. In each plot, lines represent the percent cytosine methylation at each 

position (non-cytosine positions are set to 0). CpG sites are highlighted by dots. A schematic 

of the reporter is shown below, indicating the location of each sequenced region. This 

experiment was performed once (n = 1). d, Full timecourse for DNMT3-knockout silencing 

experiment shown in Fig. 1f (top), with representative histograms of citrine fluorescence 

from each day (bottom). e, Full timecourse for sgW698 silencing experiment shown in Fig. 

1h (top), with representative histograms of citrine fluorescence from each day (bottom). f, 
Deep sequencing of cells edited with sgW698 after 9 d of dox treatment, either sorted for 

citrine+ cells (yellow) or unsorted (gray). Plot shows the percentage of aligned reads with 

C to T base edits at each indicated protospacer position, or the percentage of aligned reads 

with indels. Sequencing was performed once (n = 1). For d and e, data and error bars (where 

larger than data point) are mean ± SD of n = 3 replicates, and results are representative of 

two independent experiments.
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Extended Data Fig. 2 ∣. Analysis and validation of DNMT3A base editor scanning results.
a–d, DNMT3A base editor scanning results: (a) heatmap depicting Spearman correlations 

between sgRNA scores at different timepoints and for citrine+ or citrine− cells, (b) 

correlation between day 9 citrine+ sgRNA scores and either day 3 citrine− sgRNA scores 

(left) or day 6 citrine+ sgRNA scores (right), (c) day 9 citrine+ sgRNA scores for select 

versus all missense sgRNAs (active site, residues within 5 angstroms of zebularine or SAH 

(PDB: 5YX2); near 3A-3L interface, residues called by the InterfaceResidues.py script 

(https://pymolwiki.org/index.php/InterfaceResidues) as at the DNMT3A-DNMT3L interface 

(PDB: 5YX2) and those adjacent to these residues in the linear sequence), (d) comparison 

of day 9 citrine+ sgRNA scores for missense sgRNAs targeting annotated domains versus 

any non-domain region of DNMT3A. Data are the average of n = 3 replicates. For c and 

d, dotted lines indicate ±2 SD of intergenic control sgRNAs, and boxplot components are 

as follows: center line, median; box, interquartile range; whiskers, up to 1.5 × interquartile 

range per the Tukey method. e–g, Structural views of the DNMT3A MTase domain (PDB: 

5YX2) highlighting residues targeted by several top enriched missense sgRNAs. Day 9 

citrine+ sgRNA scores for the corresponding sgRNAs are printed below (where multiple 

sgRNAs target the same residue(s), the top sgRNA is shown). h, Full timecourse for the 

silencing experiment shown in Fig. 2e. Data are mean ± SD of n = 3 replicates, and results 

are representative of two independent experiments. i, Deep sequencing of cells edited with 

sgE756 after 9 d of dox treatment (left) or with sgG532 after 3 d of dox treatment (right), 
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either unsorted or sorted as indicated. Plots show the percentage of aligned reads with C to 

T base edits at each indicated protospacer position, or the percentage of aligned reads with 

indels. Sequencing was performed once (n = 1).

Extended Data Fig. 3 ∣. Clonal analysis of base editing outcomes.
a, Barplots showing the frequencies of wild-type (blue) and base-edited (other colors as 

defined in the legend of each plot) alleles in clones derived from sgRNA-treated reporter 

cells (n = 24 clones for each sgRNA). Single cells were plated using FACS and expanded 

to derive clonal populations, followed by isolation of genomic DNA using QuickExtract 

DNA extraction solution (Lucigen). Library preparation, sequencing, and analysis were 

performed as for other genotyping experiments. In plots, each bar represents a clone, 

and theoretical allele frequencies are indicated by dotted lines (note that K562 is triploid 

for DNMT3A and therefore three alleles are expected for each clone). All alleles with 

less than 5% allele frequency were pooled and designated as “Other.” Alleles containing 

both missense and silent mutations were classified based on the missense mutation. Allele 

tables for each clone are shown in Supplementary Data 6. b, Summary of results in a 
showing the fractions of clones for each sgRNA that contain only wild-type or silent alleles 

(blue), only nonsynonymous edited alleles (red), or a combination of wild-type/silent and 

nonsynonymous edited alleles (blue/red checkered).
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Extended Data Fig. 4 ∣. SDS-PAGE of purified proteins.
a–b, Purified (a) full-length DNMT3A2 (80 kDa, residues 224–912 with N-terminal 

6×His tag) and (b) PWWP domains (17 kDa, residues 278–427, untagged). Proteins were 

electrophoresed on Novex 10% acrylamide tricine gels (Thermo Fisher Scientific) and 

visualized by Coomassie staining. 1 μg protein was loaded in each lane. Protein purifications 

were generally performed once, although wild-type DNMT3A2 was purified more than once 

and verified to have comparable activity across purifications. SDS-PAGE was performed 

twice independently for each purified protein with similar results, except for PWWP R326C, 

which was analyzed once.

Lue et al. Page 23

Nat Chem Biol. Author manuscript; available in PMC 2023 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Fig. 5 ∣. Individual validation of sgRNA hits.
a, Citrine fluorescence of base-edited cells after 9 d of dox treatment for 17 sgRNAs 

targeting DNMT3A (red or light red). Histograms are representative of n = 3 replicates. 

Top and bottom plots show data from two independent experimental trials (independent 

transductions). The citrine fluorescence histogram of nontargeting sgLucA control cells 

treated with dox in parallel (gray) is overlaid in each plot. Control data shown are identical 

for samples analyzed in the same experiment. Data shown in Fig. 4d corresponds to trial 

2 shown here. b, Next-generation sequencing analysis of base editing efficiency at each C 

within the target sites of the indicated sgRNAs. Allele tables are provided in Supplementary 

Data 5. c, Flow cytometric quantification of cells remaining citrine+ after 9 d of dox 

treatment. Data correspond to those shown in a (trial 2), and are mean ± SD of n = 3 

replicates. P values were calculated through two-tailed unpaired t tests comparing each 

sgRNA to sgLucA control. d, Aggregate base editing outcomes for the 17 sgRNAs presented 

in a (includes PWWP, ADD, and MTase hit sgRNAs). The efficiency of base editing 

is plotted at each protospacer position for all sgRNAs containing a C at that position. 

Horizontal lines indicate the median at each position. The number of sgRNAs (n) with a C at 

each position is printed above the plot. Protospacer positions within the editing window (+4 

to +8) are highlighted in red. The indel frequencies for all sgRNAs (n = 17) are shown to the 

right in dark gray. Genotyping was performed once for each sgRNA.

Extended Data Fig. 6 ∣. H3 peptide binding of purified PWWP domains.
Binding of purified PWWP domain variants to biotinylated H3K36me0 or H3K36me2 

peptides (H3 residues 21–44). Bound proteins were captured by streptavidin pulldown, 

resolved by SDS-PAGE, and visualized by silver staining. This experiment was performed 

in two independent trials, and both are shown. Within each experimental trial, gels were 

electrophoresed and stained in parallel. A longer silver stain exposure was used for trial 1 

than for trial 2. The PWWP truncation used here (residues 278–427, untagged, pI = 5.45 

(Expasy ProtParam)) is negatively charged at the assay pH (pH = 7.5), which could promote 
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nonspecific interactions with the positively charged histone peptide. Uncropped gels are 

provided as Source Data.

Extended Data Fig. 7 ∣. Analysis of base editing outcomes for three sgRNAs targeting the E342 
codon of DNMT3A.
a, Schematic of sgRNAs targeting the E342 codon. sgE342.1 (red) and sgE342.2 (light red) 

correspond to the screening hits presented in Fig. 4 and Extended Data Fig. 5. sgE342.3 

(purple) is an additional library sgRNA that did not score as a hit in the screen but also 

targets the E342 codon. b, Allele frequencies in base-edited reporter cells after 15 days 

of dox treatment, comparing citrine+ cells to unsorted cells. Genomic DNA was harvested 

using QuickExtract DNA extraction solution (Lucigen) and libraries were prepared and 

deep sequenced as for other genotyping experiments. Each row represents an allele (for 

the purposes of this analysis, alleles were merged if they were identical within the region 

depicted here). All alleles having at least 1% allele frequency in at least one sample are 

depicted. Left, nucleotide sequence of each allele, with C to T base edits shown in red (these 

appear as G to A because the protospacers are along the opposite strand) and deletions 

represented by dashes. Middle, amino acid sequence corresponding to the translation of the 

region shown, with missense and silent mutations colored blue and orange, respectively. 

Right, allele frequencies in unsorted or citrine+ cells for each sgRNA. Colored dots, citrine+ 

cells; gray dots, unsorted cells. Colored squares to the right of each plot indicate the 

log2(fold-change in allele frequency in citrine+ vs. unsorted cells). NA indicates undefined 

log2(fold-changes) where one or both of the allele frequencies is zero. This experiment was 

conducted once (n = 1).
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Extended Data Fig. 8 ∣. Generation of Dnmt3a2-complemented TKO ESCs.
a, Schematic of PiggyBac (PB) vector used for ectopic Dnmt3a2 expression in TKO ESCs. 

ITR, inverted terminal repeat; CAG, CAG promoter; IRES2, internal ribosome entry site 

2; SV40, simian virus 40 poly(A) sequence. b, Overview of Dnmt3a2 complementation 

experiment. c, Representative gating strategy for flow cytometric analysis and FACS of 

TKO ESCs. d, Flow cytometric analysis of mCherry fluorescence in ESCs transposed with 

the Dnmt3a2 expression vector. Top, histograms of mCherry fluorescence. Parent TKO 

ESCs are shown in gray (same data for all plots). Bottom, mCherry fluorescence versus 

forward scatter showing the percentage of cells that are gated as mCherry+. n = 2 biological 

replicates (separately transposed cells).
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Extended Data Fig. 9 ∣. Additional analysis of de novo DNA methylation in Dnmt3a2-
complemented TKO ESCs.
a, Counts of hypermethylated and hypomethylated differentially methylated regions (DMRs) 

called for each mutant Dnmt3a2 compared to wild-type Dnmt3a2. b, Overlap of called 

DMRs with three genomic annotations: CpG islands (gray), genic regions (red), and 

intergenic regions (blue). Hypermethylated and hypomethylated DMRs for each mutant 

were considered separately. The plot displays the percentage of DMRs in each group with 

any overlap with each genomic annotation. c, CpG methylation within 10 kb genomic bins 

ranked into quartiles based on normalized H3K4me3 ChIP-seq signal (n = 23,379 bins per 

quartile). Center line, median; box, interquartile range; whiskers, up to 1.5 × interquartile 

range per the Tukey method; outliers not shown. d, Difference in CpG methylation between 

top and bottom H3K36me2 quartiles for each sample. 10 kb genomic bins (n = 93,516 total) 

were grouped into quartiles, and the average methylation in the median bins from the top 

and bottom quartiles were compared. Biological replicates are shown separately (n = 2). e, 

CpG methylation within 10 kb genomic bins ranked into quantiles (n = 1,000 quantiles) 

based on normalized H3K36me2 ChIP-seq signal. The average bin methylation for each 

quantile is plotted against the H3K36me2 signal. For a–e, only CpGs with 5× coverage 

across all samples were considered. Methylation values in c and e represent the average of 

two biological replicates.

Lue et al. Page 27

Nat Chem Biol. Author manuscript; available in PMC 2023 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 ∣. A live-cell reporter enables fluorescence-based readout of endogenous DNMT3A activity.
a. Schematic of the methylation reporter. TetO, tetracycline operator; pEF, EF1α promoter; 

rTetR, reverse tetracycline repressor. Red lollipops indicate DNA methylation.

b. Overview of DNMT3A base editor scanning experiment.

c. Timecourse of reporter silencing measured by flow cytometry. Dotted line indicates dox 

washout on day 15. Data are mean ± SD of n = 3 replicates.

d. Citrine fluorescence of dox-treated cells at indicated timepoints from c.

e. Immunoblot of DNMT3-knockout reporter cells. Control, sgRNA recognizing the 

luciferase coding sequence (nontargeting sgLucA). Uncropped images are provided as 

Source Data.

f. Citrine fluorescence of cells from e measured by flow cytometry after 9 d of dox 

treatment.

g. sgW698 target site in DNMT3A. Numbers indicate positions along the protospacer 

(antisense to the DNMT3A gene). Expected base editing mutations are highlighted in red 

(these appear as G to A because the protospacer is along the opposite strand).

h. Citrine fluorescence of cells treated with sgW698 or sgLucA control measured by flow 

cytometry after 9 d of dox treatment.
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i. Allele frequencies in cells edited with sgW698 after 9 d of dox treatment, either sorted 

for citrine+ cells (yellow dots) or unsorted (gray dots). The wild-type allele is boxed, and 

only alleles with ≥1% allele frequency in at least one sample are shown. Protein product 

sequences are shown with nonsynonymous mutations in red. Splice, splice site mutation; 

LFC, log2(fold-change allele frequency in citrine+ versus unsorted cells). Genotyping was 

performed once (n = 1).

Histograms of citrine fluorescence in d, f, and h are representative of n = 3 replicates, 

and full results are shown in c and Extended Data Fig. 1d,e. Results in c–f and h are 

representative of two independent experiments. See also Extended Data Fig. 1.
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Fig. 2 ∣. Base editor scanning charts mutations across DNMT3A that impact function.
(a–b) DNMT3A base editor scanning results for citrine+ cells at day 9. Dotted lines indicate 

±2 SD of intergenic control sgRNAs, and data are the average of n = 3 replicates. Full screen 

data are provided in Supplementary Data 1-3.

a. Scatterplot of sgRNA scores for nonsense (red), missense (blue), and silent (orange) 

sgRNAs, plotted against the targeted site in the coding sequence.

b. Boxplot of sgRNA scores for sgRNAs classified by predicted editing outcome. Center 

line, median; box, interquartile range; whiskers, up to 1.5 × interquartile range per the Tukey 

method. The number of sgRNAs (n) in each category is printed on the plot above each label. 

Outliers and any categories with n < 20 are shown individually.

c. View of the DNMT3A active site (red) with the DNA substrate (gray) (PDB: 5YX2).

d. View of the ADD (blue)-MTase (red) autoinhibitory interface highlighting the 

autoinhibitory loop (PDB: 4U7P).

e. Citrine fluorescence of base editor-treated cells measured by flow cytometry after 9 d 

of dox treatment. Control, nontargeting sgLucA. Histograms are representative of n = 3 

replicates and full results are shown in Extended Data Fig. 2e.

f. Allele frequencies in base-edited cells. Top, cells edited with sgE756 after 9 d of dox 

treatment, comparing citrine+ (yellow dots) to unsorted (gray dots) cells. Bottom, cells 

edited with sgG532 after 3 d of dox treatment, comparing citrine− cells (blue dots) to 

unsorted cells (gray dots). The wild-type allele is boxed, and only alleles with ≥1% allele 

frequency in at least one sample are shown. Protein product sequences are shown with 

nonsynonymous mutations in red. LFC, log2(fold-change allele frequency in sorted versus 

unsorted cells). Genotyping was performed once (n = 1).

g. Activity of purified DNMT3A2 in the presence (red) or absence (gray) of H3K4me0 

peptide. Data are mean ± SD of n = 3 replicates. ND, not detected; NM, not measured.
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Results in e and g are representative of two independent experiments. See also Extended 

Data Figs. 2-4.
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Fig. 3 ∣. Functional hotspot analysis highlights an interdomain interface important for allosteric 
activation.
a. Heatmap depicting the PWES matrix for all pairs of missense sgRNAs (n = 118) 

mapping to resolved residues in the structure of active conformation DNMT3A (PDB: 

4U7T). sgRNAs are ordered by hierarchical clustering.

b. Boxplot of sgRNA scores in citrine+ cells at day 9 of the base editor scanning experiment, 

with sgRNAs organized by clusters from a. Data are the average of n = 3 replicates. Dotted 

lines indicate ±2 SD of intergenic control sgRNAs. Center line, median; box, interquartile 

range; whiskers, up to 1.5 × interquartile range per the Tukey method. Individual data points 

are overlaid.

c. View of the DNMT3A homodimer with residues targeted by sgRNAs in clusters 3 and 4 

highlighted (PDB: 4U7T).

d. Comparison of PWES values calculated using active conformation (PDB: 4U7T) 3D 

proximity versus those using autoinhibited conformation (PDB: 4U7P) 3D proximity, 

represented as the summed ΔPWES (see Methods for details). sgRNA scores, colors, and 

dotted lines correspond to those in b.

e. View of the ADD (blue)-MTase (red) interface in the structures of DNMT3A in active 

(left, PDB: 4U7T) or autoinhibited (right, PDB: 4U7P) conformations. Inset shows the ionic 

bond mediated by R556 and E907.

f. View of active conformation DNMT3A highlighting residues at the ADD-MTase interface 

that are mutated in AML (data from COSMIC) (PDB: 4U7T).
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g. Activity of purified DNMT3A2. Data are mean ± SD of n = 3 replicates.

h. Stimulation of purified DNMT3A2 by H3K4me0 peptide. Right, fold-change in activity 

in the presence of H3K4me0 versus in the absence of H3K4me0. Data are mean ± SD of 

n = 3 replicates. Fold-change errors were propagated from the individual SDs. Results are 

representative of two independent experiments.

i. Cartoon depicting impaired H3K4me0 stimulation caused by mutations disrupting the 

active conformation ADD-MTase interface.

See also Extended Data Figs. 3-5 and Supplementary Data 4.
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Fig. 4 ∣. PWWP domain mutations have variable impacts on protein stability.
a. View of the DNMT3A PWWP domain (gray) with key residues targeted by hit sgRNAs 

shown as red sticks (PDB: 3LLR (PWWP domain), 5CIU (H3K36me3)).

b. Base editor scanning results within the PWWP domain. Dotted line indicates mean + 2 

SD of intergenic control sgRNAs. Data are the same as in Fig. 2a,b and are the average of n 

= 3 replicates.

c. Base editing efficiency for selected PWWP sgRNAs. Each row depicts a protospacer 

sequence, with the heatmap intensity representing the C to T editing efficiency at each C 

measured by deep sequencing. Genotyping was performed once (n = 1). Allele tables are 

provided in Supplementary Data 5.

d. Flow cytometric quantification of sgRNA-treated cells remaining citrine+ after 9 d of dox 

treatment. Control, nontargeting sgLucA. Data are mean ± SD for n = 3 replicates. P values 

were calculated through two-tailed unpaired t tests comparing each sgRNA to control (ns, 

not significant). Citrine fluorescence histograms are shown in Extended Data Fig. 5a.

e. Conservation of each DNMT3A PWWP domain residue in two sets of related proteins. 

Raw values are provided in Supplementary Data 7.

f. Immunoblot for endogenous DNMT3A in reporter cells treated with the indicated sgRNAs 

(control, sgLucA). Uncropped images are provided as Source Data.

g. Stability of DNMT3A2 variants in K562 cells measured by a fluorescence reporter 

(schematic shown to left). Measurements are normalized to wild-type DNMT3A2 analyzed 

in parallel. Data are pooled from multiple experiments and are mean ± SD of n = 4 (two 

measurements of each of two independently transduced cell lines). Colored bars represent 

previously reported unstable (red) or stable (purple) disease-associated mutants5,19.
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h. Thermal stability of purified PWWP domains measured by differential scanning 

fluorimetry. The wild-type curve (gray) is superimposed over that of each mutant. Curves 

represent mean of n = 3 replicates. Melting temperatures (Tm) are printed for each variant 

(mean ± SD) and indicated by dashed lines.

Results in d, f, and h are representative of two independent experiments. See also Extended 

Data Figs. 3-5.
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Fig. 5 ∣. DNA binding by the PWWP domain modulates DNMT3A activity.
a. Activity of purified DNMT3A2 in the presence or absence of H3K36 peptide 

(residues 21–44). Right, calculated fold-change in activity observed with H3K36me2 versus 

H3K36me0.

b. View of the DNMT3A PWWP domain (PDB: 3LLR) aligned to the structure of the 

LEDGF-nucleosome complex (PDB: 6S01). Inset shows a close-up of the predicted DNA 

binding interface (LEDGF not shown in inset).

c–d. Binding of purified PWWP domains to a Cy3-labeled 30 bp oligonucleotide probe 

measured by (c) electrophoretic mobility shift assay and (d) fluorescence polarization assay.

e. Activity of purified DNMT3A2 under varying ionic strength (see Methods for details).

f. Activity of purified DNMT3A2, comparing effects of mutating residues at the PWWP-

DNA interface shown in b.

g. Sequential salt extraction assay showing stepwise elution of FLAG-DNMT3A2 from 

HEK293T nuclear extracts using increasing concentrations of NaCl. Total refers to total 

lysate obtained in parallel with benzonase nuclease treatment. Immunoblots were processed 

in parallel.

h. Genome-wide CpG methylation in TKO ESCs ectopically expressing Dnmt3a2. Left, 

CpG-level methylation, excluding CpGs with zero methylation in all samples (n = 683,371). 

Right, methylation averaged across 500 kb bins (n = 5,204). P values (***, P < 2.3 × 10−308) 

were calculated through two-sided Wilcoxon signed-rank tests.
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i. CpG methylation within 10 kb genomic bins ranked into quartiles based on normalized 

H3K36me2 ChIP-seq signal (n = 23,379 bins per quartile).

Data in a and d–f are mean ± SD for n = 3 replicates. Fold-change errors in a were 

propagated from the individual SDs. Unprocessed images for c and g are provided as Source 

Data. Results in a and c–g are representative of two independent experiments. For h and 

i, only CpGs with 5× coverage across all samples were considered, methylation values 

represent the average of two biological replicates, and boxplot components are as follows: 

center line, median; box, interquartile range; whiskers, up to 1.5 × interquartile range per the 

Tukey method; outliers not shown. See also Extended Data Figs. 4 and 6-9.
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Fig. 6 ∣. PWWP domain DNA binding is required for full activity.
Model showing the role of PWWP domain DNA binding in DNMT3A methylation. Top, 

wild-type PWWP domain binds DNA in addition to its canonical role as a H3K36me2 

reader. Bottom, mutations in the PWWP domain that disrupt DNA binding, such as R301W, 

lead to impaired methylation while preserving H3K36me2 targeting.
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